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Abstract  
	
  

Poor	
  elevated	
  temperature	
  creep	
  properties	
  have	
  limited	
  the	
  use	
  of	
  traditional	
  Mg	
  alloys,	
  

such	
   as	
   Mg-­‐Al	
   alloys,	
   in	
   the	
   automotive	
   industry	
   primarily	
   to	
   ambient	
   temperature	
  

applications	
   in	
   automobiles.	
   Grain	
   boundary	
   reinforcement	
   was	
   commonly	
   used	
   to	
  

improve	
   elevated	
   creep	
   properties	
   of	
   Mg	
   alloys	
   by	
   preventing	
   grain	
   boundary	
   sliding.	
  

However,	
   the	
  main	
   creep	
  mechanism	
   is	
   still	
   under	
  debate.	
  More	
   recently,	
  precipitation	
  

hardening,	
  solid	
  solution	
  strengthening	
  and/or	
   the	
  diffusion	
  rate	
  of	
  solute	
   in	
   the	
  matrix	
  

have	
   been	
   proposed	
   as	
   the	
   key	
   factors	
   that	
   influence	
   creep.	
   High-­‐pressure	
   die-­‐cast	
  

(HPDC)	
   Mg-­‐rare	
   earth	
   (Mg-­‐RE)	
   alloys	
   are	
   an	
   ideal	
   choice	
   for	
   elevated	
   temperature	
  

automotive	
  parts,	
  such	
  as	
  powertrains,	
  due	
  to	
  their	
  excellent	
  elevated	
  temperature	
  creep	
  

resistance	
  and	
  high	
  production	
  rate.	
  

	
  

In	
   this	
   investigation	
   the	
   differences	
   in	
   elevated	
   temperature	
   creep	
   properties	
   of	
   three	
  

high-­‐pressure	
  die-­‐cast	
  Mg-­‐rare	
  earth	
  alloy	
  series,	
  Mg-­‐La-­‐Nd,	
  Mg-­‐La-­‐Y	
  and	
  Mg-­‐La-­‐Gd	
  have	
  

been	
   determined.	
   A	
   consistent	
   concentration	
   of	
   La	
   (0.45at.%)	
   was	
   used	
   to	
   maintain	
  

similar	
  grain	
  boundary	
  strengthening	
  for	
  all	
   the	
  alloys	
  and	
  also	
  to	
  assist	
  with	
  castability.	
  

The	
   ternary	
   RE	
   concentration	
   was	
   varied	
   and	
   the	
   RE	
   elements	
   were	
   chosen	
   to	
   have	
  

differing	
   solubility	
   in	
   Mg.	
   This	
   was	
   done	
   to	
   investigate	
   the	
   influence	
   of	
   solid	
   solution	
  

strengthening	
  and	
  precipitation	
  hardening	
  on	
  creep.	
  

	
  

The	
   creep	
   stress	
   exponent	
   in	
   combination	
   with	
   electron	
   microscopy	
   was	
   used	
   to	
  

determine	
   that	
   the	
   main	
   creep	
   mechanism	
   was	
   diffusion-­‐controlled	
   dislocation	
   climb.	
  

Dislocations	
  were	
  shown	
  to	
  be	
  decorated	
  by	
  precipitates	
   in	
  all	
   three	
  alloy	
  series.	
   It	
  was	
  

shown	
   that	
   the	
  Mg-­‐La-­‐Nd	
  alloy	
   series	
  had	
   significantly	
  worse	
   creep	
   resistance	
  at	
  177°C	
  

and	
  90	
  MPa	
  when	
  compared	
  with	
  the	
  Mg-­‐La-­‐Y	
  or	
  Mg-­‐La-­‐Gd	
  alloys	
  series.	
  For	
  alloys	
  with	
  

approximately	
   0.2	
   at.%	
   ternary	
   RE	
   or	
   greater,	
   the	
   Mg-­‐La-­‐Y	
   and	
   Mg-­‐La-­‐Gd	
   alloys	
   had	
  

minimum	
  creep	
  rates	
  of	
  approximately	
  5	
  x	
  10-­‐10	
   s-­‐1	
   in	
  comparison	
  with	
  Mg-­‐La-­‐Nd	
  alloys	
  

which	
  had	
  1	
  x	
  10-­‐8	
  s-­‐1.	
  Alloys	
  with	
  high	
  concentrations	
  of	
  ternary	
  RE	
  such	
  as	
  Mg-­‐0.45La-­‐



	
  
	
  

	
  
	
  
vi	
  

1.18Y	
   (at.%)	
  and	
  Mg-­‐0.45La-­‐0.87Gd	
   (at.%)	
   reached	
  0.1%	
  creep	
  strain	
   following	
  600	
  h	
  of	
  

creep	
  testing	
  at	
  90	
  MPa	
  and	
  177°C.	
  The	
  relatively	
  high	
  Nd-­‐concentrated	
  alloy	
  Mg-­‐0.45La-­‐

0.63Nd	
  had	
  significantly	
  worse	
  creep	
  properties	
  reaching	
  1	
  %	
  creep	
  strain	
  in	
  less	
  than	
  350	
  

h.	
  

	
  

The	
  morphology	
  of	
  the	
  microstructure	
  of	
  three	
  HPDC	
  Mg-­‐La-­‐RE	
  alloy	
  series	
  with	
  varying	
  

ternary	
  alloying	
  concentrations	
  was	
  compared.	
  It	
  was	
  found	
  that	
  all	
  alloys	
  had	
  relatively	
  

similar	
   morphologies	
   with	
   respect	
   to	
   average	
   grain	
   size,	
   volume	
   fraction	
   of	
   eutectic	
  

present	
  at	
  grain	
  boundaries	
  and	
  the	
  intermetallic	
  phase	
  present	
  in	
  the	
  eutectic.	
  The	
  age	
  

hardening	
   response	
  of	
   the	
   alloys	
   revealed	
   that	
   the	
  Mg-­‐La-­‐Nd	
  alloys	
   reached	
  peak-­‐aged	
  

conditions	
   sooner	
   than	
  Mg-­‐La-­‐Y	
   or	
  Mg-­‐La-­‐Gd	
  but	
   also	
   overaged	
  more	
   rapidly.	
   This	
  was	
  

used	
  to	
   indicate	
  that	
  Mg-­‐La-­‐Nd	
  alloys	
  had	
  the	
  poorest	
  thermal	
  stability/fastest	
  diffusion	
  

rate	
   of	
   solute	
   out	
   of	
   the	
   three	
   alloys	
   series	
   investigated.	
   The	
   precipitates	
   formed	
  

dynamically	
  during	
  creep	
  testing	
  and	
  were	
  finer	
   in	
  Mg-­‐La-­‐Y	
  and	
  Mg-­‐La-­‐Gd	
  alloys	
  than	
  in	
  

Mg-­‐La-­‐Nd	
  alloys.	
  	
  

	
  

It	
  was	
  shown	
  that	
  it	
  is	
  possible	
  to	
  solution	
  treat	
  for	
  a	
  relatively	
  short	
  duration,	
  or	
  solution	
  

treat	
   and	
   then	
   age	
  HPDC	
  Mg-­‐La-­‐RE	
   alloys	
  without	
   causing	
   any	
   surface	
   blistering	
   to	
   the	
  

casting.	
   However,	
   creep	
   properties	
   as	
   well	
   as	
   yield	
   strength	
   were	
   negatively	
   affected	
  

unless	
  relatively	
  high	
  concentrations	
  of	
  solute	
  in	
  solid	
  solution	
  or	
  a	
  relatively	
  high	
  number	
  

density	
  of	
  precipitates	
  were	
  present.	
  This	
  was	
  the	
  result	
  of	
  a	
  reduction	
  in	
  grain	
  boundary	
  

reinforcement	
  that	
  was	
  caused	
  by	
  the	
  intermetallic	
  becoming	
  less	
  continuous	
  and	
  also	
  by	
  

the	
   removal	
   of	
   the	
   supersaturated	
   region	
   of	
   solute	
   in	
   the	
   matrix	
   near	
   the	
   grain	
  

boundaries.	
  	
  

	
  

It	
  was	
  concluded	
  that	
   improvements	
  to	
  elevated	
  temperature	
  creep	
  resistance	
  of	
  HPDC	
  

Mg-­‐La-­‐RE	
   alloys	
   could	
   be	
   achieved	
  by	
   building	
   on	
   a	
   base	
  Mg-­‐RE	
   alloy	
   (Mg-­‐La)	
   that	
   had	
  

sufficiently	
   good	
   castability	
   and	
   grain	
   boundary	
   reinforcement	
   with	
   low	
  

diffusive/thermally	
  stable	
  soluble	
  ternary	
  RE	
  additions	
  in	
  solid	
  solution.	
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1 Introduction  

Automobile	
   usage	
   accounts	
   for	
   10%	
   of	
   greenhouse	
   gas	
   emissions	
   worldwide	
   [1].	
   As	
   a	
  

result	
  of	
  this,	
  weight-­‐saving	
  has	
  become	
  increasingly	
  important	
  for	
  the	
  automotive	
  sector	
  

as	
  regulatory	
  pressure	
  is	
   imposed	
  by	
  Governments	
  worldwide	
  to	
  compel	
  the	
  industry	
  to	
  

improve	
   the	
   fuel	
   efficiency	
   of	
   automobiles.	
   It	
   has	
   been	
   shown	
   that	
   fuel	
   consumption	
  

reduces	
  by	
  0.3–0.4	
   l/100	
  km	
  of	
  travel	
   for	
  every	
  100	
  kg	
  of	
  weight	
  reduction	
  for	
  a	
  similar	
  

vehicle	
   size	
   and	
   acceleration	
   performance	
   [2,	
   3].	
   Significant	
   weight-­‐saving	
   can	
   be	
  

achieved	
   by	
   replacing	
   the	
   heavier	
   components	
   in	
   automobiles,	
   such	
   as	
   those	
   in	
   the	
  

powertrain,	
   with	
   parts	
  manufactured	
   from	
   light-­‐weight	
  magnesium	
   alloys.	
   There	
   are	
   a	
  

number	
  of	
  advantages	
  related	
  to	
  the	
  use	
  of	
  magnesium	
  alloys	
  over	
  existing	
   light-­‐weight	
  

materials	
  such	
  as	
  aluminium	
  alloys.	
  Magnesium	
  is	
  approximately	
  1/3	
  the	
  weight	
  of	
  steel	
  

and	
  2/3	
  the	
  weight	
  of	
  aluminium.	
  However,	
  conventional	
  Mg	
  alloys	
  have	
  relatively	
  poor	
  

creep	
   resistance	
   at	
   elevated	
   temperatures	
   such	
   as	
   those	
   present	
   in	
   powertrain	
  

applications.	
  

	
  

Powertrain	
  components	
  are	
  traditionally	
  produced	
  by	
  high-­‐pressure	
  die-­‐casting	
  (HPDC)	
  in	
  

order	
   to	
  maximise	
   efficiency	
   and	
   reduce	
   the	
   cost	
   per	
   casting	
   [4,	
   5].	
   These	
   castings	
   are	
  

rarely	
  heat	
  treated	
  at	
  high	
  temperatures	
  as	
  the	
  porosity	
  or	
  entrained	
  gas	
  trapped	
  within	
  

may	
   cause	
   blistering	
   on	
   the	
   surface	
   of	
   the	
   cast	
   products.	
   In	
   recent	
   years,	
   it	
   has	
   been	
  

demonstrated	
   that	
   some	
   HPDC	
   Al	
   alloys	
   can	
   be	
   heat	
   treated	
   at	
   high	
   temperatures	
  

without	
   causing	
   any	
   surface	
   blistering	
   if	
   the	
   heat	
   treatment	
   temperature	
   and	
   time	
   are	
  

properly	
  controlled	
  [6].	
  However,	
  little	
  research	
  has	
  been	
  performed	
  for	
  HPDC	
  Mg	
  alloys	
  

in	
  relation	
  to	
  high	
  temperature	
  heat	
  treatments.	
  In	
  addition,	
  for	
  HPDC	
  alloys	
  that	
  can	
  be	
  

precipitation	
   hardened,	
   the	
   use	
   of	
   heat	
   treatment	
   may	
   offer	
   an	
   opportunity	
   for	
  

improvements	
  in	
  strength	
  and	
  creep	
  resistance.	
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The	
   Mg-­‐rare-­‐earth	
   (Mg-­‐RE)	
   based	
   alloys	
   are	
   age	
   hardenable	
   and	
   in	
   some	
   cases	
   high-­‐

pressure	
  die-­‐castable	
  [7,	
  8].	
  Moreover,	
  the	
  elevated	
  temperature	
  creep	
  resistance	
  of	
  RE	
  

containing	
   Mg	
   alloys	
   such	
   as	
   AE42	
   (Mg-­‐4Al-­‐2RE	
   wt.%),	
   AM-­‐SC1	
   (Mg-­‐1.7Nd-­‐0.5Zn-­‐1.0Zr	
  

and	
   1.0	
   other	
   RE	
   wt.%),	
   WE43	
   (Mg-­‐4.0wt.%Y-­‐3.3wt.%RE-­‐0.5wt.%Zr)	
   and	
   WE54	
   (Mg-­‐

5.1wt.%Y-­‐4wt.%RE-­‐0.5wt.%Zr)	
  is	
  excellent	
  in	
  comparison	
  to	
  other	
  Mg	
  alloys	
  [9,	
  10]	
  (Figure	
  

1.1).	
  

	
  
Figure	
  1.1:	
  Stress	
  for	
  0.1	
  %	
  creep	
  strain	
  in	
  100	
  h	
  for	
  cast	
  Mg	
  alloys	
  and	
  Al	
  alloy	
  A380	
  [9,	
  10].	
  

There	
  is	
  still	
  debate	
  in	
  the	
  literature	
  relating	
  to	
  the	
  main	
  mechanism	
  that	
  influences	
  creep	
  

in	
  Mg	
  alloys.	
  Grain	
  boundary	
  sliding	
  has	
  long	
  been	
  thought	
  to	
  be	
  the	
  critical	
  mechanism	
  

influencing	
   creep	
   [11].	
   However	
   more	
   recently,	
   improved	
   creep	
   properties	
   have	
   been	
  

attributed	
  to	
  pinning	
  or	
  otherwise	
  retarding	
  the	
  motion	
  of	
  dislocations	
  by	
  solute	
  in	
  solid	
  

solution	
  with	
  a	
  low	
  diffusivity	
  and/or	
  by	
  thermally	
  stable	
  precipitates	
  in	
  the	
  α-­‐Mg	
  matrix	
  

[12].	
  	
  

	
  

The	
  aims	
  of	
  this	
  project	
  are	
  to:	
  

• Determine	
   what	
   influence	
   different	
   RE	
   elements	
   (with	
   different	
   solid	
   solubilities	
   in	
  

Mg)	
   have	
   on	
   creep	
   resistance	
   through	
   solid	
   solution	
   strengthening,	
   precipitation	
  

hardening,	
  grain	
  boundary	
  reinforcement	
  and	
  solute	
  diffusion.	
  	
  

• Determine	
  the	
  effects	
  of	
  heat	
  treatment	
  on	
  HPDC	
  Mg-­‐La-­‐RE	
  alloys,	
  specifically	
  if	
  heat	
  

treatment	
  has	
  any	
  positive	
  influence	
  on	
  the	
  creep	
  resistance	
  of	
  the	
  alloys.	
  

• Determine	
  the	
  key	
  microstructural	
  influences	
  on	
  creep	
  performance	
  in	
  Mg	
  alloys.	
  

	
  

In	
  Chapter	
   2	
   of	
   this	
   thesis	
   a	
   review	
   of	
   the	
   current	
   literature	
  will	
   be	
   presented.	
   Firstly,	
  

high-­‐pressure	
   die-­‐casting	
   will	
   be	
   introduced.	
   The	
   importance	
   of	
   castability	
   and	
   the	
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influence	
   of	
   heat	
   treatment	
   on	
   precipitation	
   hardenable	
   Mg	
   alloys	
   will	
   be	
   discussed.	
  

Attention	
   will	
   be	
   brought	
   to	
   the	
   issue	
   of	
   heat-­‐treating	
   HPDC	
   alloys	
   and	
   the	
   limited	
  

research	
  on	
  heat-­‐treated	
  HPDC	
  Mg	
  and	
  also	
  Al	
  alloys	
  will	
  be	
  included.	
  The	
  stages	
  of	
  creep	
  

in	
  pure	
  metals	
  will	
  then	
  be	
  described.	
  Creep	
  mechanisms	
  will	
  also	
  be	
  described	
  in	
  detail.	
  

Following	
   this,	
   the	
   effects	
   of	
   alloying	
   additions	
   on	
   the	
   creep	
   properties	
   of	
   Mg	
   will	
   be	
  

investigated.	
  Particular	
  attention	
  will	
  be	
  given	
  to	
  various	
  RE	
  alloying	
  additions	
  in	
  Mg	
  alloys	
  

and	
  the	
  role	
  of	
  solid	
  solubility,	
  precipitation	
  hardening	
  and	
  diffusion	
  of	
  solute	
  and	
  grain	
  

boundary	
  reinforcement.	
  	
  

	
  

In	
  Chapter	
  3	
  the	
  casting	
  procedure	
  of	
  the	
  alloys,	
  experimental	
  procedures	
  and	
  techniques	
  

applied	
   to	
   those	
   alloys	
   used	
   in	
   this	
   thesis	
   are	
   explained	
   in	
   detail.	
   A	
   hot	
   tearing	
  

measurement	
  scale	
  of	
  HPDC	
  alloys	
  will	
  be	
  described	
  in	
  this	
  chapter.	
  Heat	
  treatment	
  and	
  

age	
   hardness	
   measurement	
   procedures	
   will	
   be	
   detailed.	
   Mechanical	
   testing	
   including	
  

tensile	
  testing	
  (both	
  at	
  room	
  temperature	
  and	
  elevated	
  temperatures)	
  and	
  compression	
  

testing	
  will	
  be	
  described.	
  The	
  creep	
  testing	
  procedure	
  will	
  also	
  be	
  described	
  in	
  detail.	
  To	
  

investigate	
  the	
  microstructure	
  of	
  the	
  alloys	
  used	
  in	
  this	
  thesis,	
  electron	
  microscopy	
  (SEM	
  

and	
   TEM),	
   energy-­‐dispersion	
   X-­‐ray	
   spectroscopy	
   (EDS)	
   and	
   electron	
   backscatter	
  

diffraction	
  (EBSD)	
  are	
  employed.	
  

	
  

A	
  preliminary	
   investigation	
  of	
  the	
  as-­‐cast	
  microstructure	
  of	
  Mg-­‐La-­‐Nd,	
  Mg-­‐La-­‐Y	
  and	
  Mg-­‐

La-­‐Gd	
  alloy	
   series	
   and	
   their	
   castability	
   is	
   presented	
   in	
  Chapter	
   4.	
   It	
   is	
   shown	
   that	
   for	
   a	
  

given	
  concentration	
  of	
   ternary	
   rare	
  earth	
  addition	
   the	
  alloys	
   in	
  each	
  series	
  have	
  similar	
  

average	
   grain	
   sizes	
   and	
   volume	
   fractions	
   of	
   eutectic	
   present	
   at	
   the	
   grain	
   boundaries.	
  

Furthermore	
  it	
   is	
  confirmed	
  that	
  the	
  intermetallic	
  present	
  in	
  the	
  eutectic	
  is	
  Mg12RE.	
  It	
   is	
  

shown	
   that	
   as	
   the	
   concentration	
   of	
   ternary	
   RE	
   is	
   increased	
   the	
   eutectic	
   morphology	
  

changed	
  from	
  lamellar	
  to	
  fibrous	
  to	
  increasingly	
  divorced.	
  A	
  hot	
  tearing	
  index	
  is	
  also	
  used	
  

to	
   describe	
   the	
   castability	
   of	
   the	
   three	
   alloy	
   series	
   investigated.	
   It	
   is	
   shown	
   that	
   the	
  

temperature-­‐fraction	
  solid	
  curves	
  for	
  Mg-­‐La-­‐RE	
  alloys	
  can	
  be	
  used	
  as	
  an	
  indication	
  of	
  hot	
  

tearing	
  susceptibility.	
  Furthermore,	
  the	
  solidification	
  temperature	
  of	
  the	
  eutectic	
  can	
  be	
  

used	
  as	
  an	
  approximate	
  indication	
  for	
  hot	
  tearing	
  susceptibility.	
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Chapter	
  5	
  presents	
  the	
  effects	
  of	
  alloying	
  additions	
  on	
  mechanical	
  and	
  creep	
  properties	
  

as	
  well	
  as	
  the	
  microstructure	
  of	
  alloys	
  in	
  the	
  as-­‐cast	
  condition	
  and	
  following	
  creep	
  testing.	
  

The	
  age	
  hardening	
  response	
  of	
  Mg-­‐La-­‐Nd	
  containing	
  alloys	
  is	
  more	
  rapid	
  than	
  either	
  Mg-­‐

La-­‐Y	
   or	
   Mg-­‐La-­‐Gd	
   alloys.	
   The	
   thermal	
   stability	
   of	
   the	
   Nd	
   precipitates	
   within	
   the	
  α-­‐Mg	
  

matrix	
  of	
  Mg-­‐La-­‐Nd	
  is	
  significantly	
  worse	
  than	
  either	
  the	
  precipitates	
  present	
  in	
  Mg-­‐La-­‐Y	
  

or	
  Mg-­‐La-­‐Gd	
  alloys.	
  The	
  peak	
  ageing	
  condition	
   in	
   the	
  Mg-­‐La-­‐Nd	
  alloys	
   is	
   reached	
  earlier	
  

than	
   the	
   Mg-­‐La-­‐Y	
   or	
   Mg-­‐La-­‐Gd	
   alloys	
   but	
   also	
   begins	
   to	
   overage	
   relatively	
   quickly	
  

following	
  peak	
  hardening.	
  The	
  creep	
  properties	
  of	
  the	
  Mg-­‐La-­‐Nd	
  alloys	
  are	
  also	
  shown	
  to	
  

be	
   significantly	
   worse	
   than	
   those	
   of	
   either	
   the	
   Mg-­‐La-­‐Y	
   or	
   Mg-­‐La-­‐Gd	
   alloys,	
   with	
  

comparable	
   ternary	
   RE	
   concentrations.	
   Microstructural	
   observations	
   of	
   the	
   alloys	
  

following	
   creep	
   testing	
   reveal	
   that	
   all	
   alloys	
   with	
   approximately	
   0.2	
   at.%	
   (or	
   greater)	
  

ternary	
  RE	
  can	
  form	
  dynamic	
  precipitates.	
  This	
  helps	
  to	
  show	
  that	
  it	
  is	
  not	
  only	
  the	
  mere	
  

presence	
   of	
   dynamic	
   precipitates	
   that	
   is	
   important	
   for	
   creep	
   resistance	
   but	
   rather	
   the	
  

thermal	
  stability	
  of	
  the	
  precipitates	
  and	
  ultimately	
  of	
  the	
  solute	
  in	
  solid	
  solution	
  are	
  also	
  

important.	
  	
  

	
  

Building	
   on	
   from	
   the	
   previous	
   chapter,	
   Chapter	
   6	
   isolates	
   the	
   influences	
   from	
   other	
  

microstructural	
   features/components/properties	
   of	
   the	
   alloys	
   such	
   as	
   grain	
   boundary	
  

reinforcement,	
   solid	
   solution	
   strengthening	
   and	
   precipitation	
   hardening.	
   This	
   was	
  

achieved	
   by	
   varying	
   the	
   microstructure	
   of	
   the	
   alloys	
   with	
   heat	
   treatment.	
   However,	
  

firstly,	
  it	
  was	
  necessary	
  to	
  identify	
  if	
  HPDC	
  Mg-­‐RE	
  alloys	
  could	
  be	
  successfully	
  heat-­‐treated	
  

without	
   causing	
   any	
   surface	
   blistering.	
   This	
   was	
   shown	
   to	
   be	
   possible	
   using	
   solution	
  

treatments	
  of	
  a	
  relatively	
  short	
  duration.	
  However,	
  at	
  best,	
  heat	
  treatment	
  had	
  a	
  minimal	
  

improvement	
   in	
   the	
   alloys	
   under	
   investigation	
   and	
   in	
   general	
   the	
   creep	
   resistance	
  

deteriorated	
   significantly.	
   The	
   average	
   grain	
   size	
   did	
   not	
   change	
   following	
   solution	
  

treatment	
  or	
  solution	
  treatment	
  and	
  then	
  peak	
  ageing.	
  The	
  intermetallic	
  phase	
  present	
  at	
  

the	
  grain	
  boundaries	
  did,	
  however,	
  become	
  discontinuous	
  following	
  heat	
  treatment.	
  This	
  

indicated	
   that	
   a	
   combination	
   of	
   the	
   strength	
   obtained	
   from	
   a	
   continuous	
   intermetallic	
  

network	
   at	
   the	
   grain	
   boundaries,	
   coupled	
  with	
   thermally	
   stable	
   solute	
   in	
   solid	
   solution	
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and	
   thermally	
   stable	
   precipitates	
   are	
   critical	
   for	
   good	
   elevated	
   temperature	
   creep	
  

properties.	
  

	
  

In	
   Chapter	
   7	
   the	
   results	
   of	
   the	
   previous	
   chapters	
   are	
   rationalised	
   and	
   a	
   general	
  

explanation	
  of	
  creep	
  resistance	
  in	
  HPDC	
  Mg-­‐La-­‐RE	
  alloys	
  is	
  given.	
  A	
  quantification	
  of	
  the	
  

key	
  microstructural	
  features	
  of	
  Mg-­‐La-­‐RE	
  alloys	
  are	
  made	
  to	
  assist	
  with	
  the	
  discussion	
  of	
  

the	
   influence	
   of	
   different	
   RE	
   elements	
   and	
   concentrations	
   in	
  Mg-­‐La	
   alloys.	
   The	
   Scheil-­‐

Gulliver	
  equation	
   is	
  used	
   to	
  model	
   the	
  concentration	
  of	
   solute	
   in	
   the	
   fraction	
  of	
  phase.	
  

Predicted	
   values	
   of	
   supersaturation,	
   solute	
   in	
   solid	
   solution,	
   eutectic	
   and	
   intermetallic	
  

phase	
   volume	
   fractions	
   are	
   used	
   to	
   help	
   discuss	
   the	
   results	
   presented	
   in	
   the	
   previous	
  

chapters.	
  

	
  

Key	
  conclusions	
  reached	
  in	
  this	
  present	
  work	
  and	
  recommendations	
  for	
  future	
  work	
  are	
  

then	
  given	
  in	
  Chapter	
  8.	
  A	
  summary	
  of	
  the	
  ways	
  in	
  which	
  the	
  microstructure	
  of	
  the	
  alloys	
  

under	
  investigation	
  will	
  be	
  modified	
  is	
  presented	
  in	
  Figure	
  1.2.	
  

	
  
Figure	
  1.2:	
  Methods	
  used	
  in	
  the	
  current	
  work	
  to	
  vary	
  the	
  microstructure	
  and	
  properties	
  of	
  the	
  HPDC	
  Mg-­‐
La-­‐RE	
   alloys	
   under	
   investigation	
   in	
   order	
   to	
   determine	
   the	
   influence	
   of	
   different	
   ternary	
   RE	
   alloys	
   on	
  
properties.	
  



	
  6	
  

2 Literature Review 

2.1	
   Introduction .................................................................................................................................... 7	
  

2.2	
   Microstructure	
  and	
  High-­‐Pressure	
  Die-­‐Castability	
  of	
  Mg-­‐Alloys..................................................... 7	
  
2.2.1	
   Microstructure	
  of	
  HPDC	
  Mg	
  Alloys............................................................................................ 7	
  
2.2.2	
   Castability ................................................................................................................................ 11	
  
2.2.3	
   Influence	
  of	
  Heat	
  Treatment	
  on	
  HPDC	
  Alloys. ........................................................................ 15	
  

2.3	
   Creep	
  in	
  Pure	
  Metals ..................................................................................................................... 17	
  
2.3.1	
   Primary	
  Creep.......................................................................................................................... 18	
  
2.3.2	
   Secondary	
  Creep ..................................................................................................................... 19	
  
2.3.2.1	
   Dislocation	
  Creep ............................................................................................................... 20	
  
2.3.2.2	
   Diffusional	
  Creep................................................................................................................ 21	
  
2.3.2.3	
   Grain	
  Boundary	
  Sliding ...................................................................................................... 22	
  
2.3.3	
   Determination	
  of	
  Creep	
  Mechanisms ..................................................................................... 22	
  
2.3.4	
   Tertiary	
  Creep.......................................................................................................................... 26	
  

2.4	
   Creep	
  Properties	
  of	
  Mg	
  Alloys....................................................................................................... 28	
  
2.4.1	
   Creep	
  of	
  Mg-­‐Al	
  alloys .............................................................................................................. 28	
  
2.4.1.1	
   Mg-­‐Al-­‐Zn	
  Alloys.................................................................................................................. 29	
  
2.4.1.2	
   Mg-­‐Al-­‐Si	
  Alloys................................................................................................................... 30	
  
2.4.1.3	
   Mg-­‐Al-­‐RE	
  Alloys ................................................................................................................. 31	
  
2.4.1.4	
   Mg-­‐Zn-­‐Al-­‐RE	
  Alloys ............................................................................................................ 33	
  
2.4.1.5	
   Mg-­‐Al-­‐Sr	
  Alloys .................................................................................................................. 34	
  
2.4.1.6	
   Mg-­‐Al-­‐Ca	
  Alloys ................................................................................................................. 34	
  
2.4.2	
   Creep	
  of	
  Mg-­‐RE	
  Alloys ............................................................................................................. 38	
  
2.4.3	
   Influence	
  of	
  Different	
  RE	
  on	
  Creep.......................................................................................... 39	
  

2.5	
   Effects	
  of	
  Microstructural	
  Features	
  on	
  Creep ............................................................................... 46	
  
2.5.1	
   Grain	
  Boundary	
  Reinforcement............................................................................................... 46	
  
2.5.2	
   Solute	
  in	
  Solid	
  Solution	
  and	
  Its	
  Effect	
  on	
  Creep ...................................................................... 49	
  
2.5.3	
   Precipitation	
  and	
  Its	
  Effect	
  on	
  Mechanical	
  Properties	
  and	
  Creep........................................... 50	
  

2.6	
   Summary ....................................................................................................................................... 57	
  

 



	
   	
  
	
   2	
  Literature	
  Review	
  
	
  

	
  
	
  

7	
  

2.1 Introduction  

This	
   chapter	
   provides	
   an	
   introduction	
   into	
   high-­‐pressure	
   die-­‐casting	
   (HPDC)	
   and	
   the	
  

castability	
  of	
  HPDC	
  Mg-­‐RE	
  alloys.	
  The	
  current	
  literature	
  on	
  heat	
  treatment	
  of	
  HPDC	
  alloys	
  

and	
   its	
  effect	
  on	
   the	
  microstructure,	
  mechanical	
  and	
  creep	
  properties	
  will	
  be	
   reviewed.	
  

An	
  introduction	
  into	
  creep	
  and	
  creep	
  properties	
  of	
  Mg	
  alloys	
  is	
  also	
  included.	
  As	
  there	
  is	
  

still	
   debate	
   in	
   relation	
   to	
   the	
   primary	
   creep	
   mechanism	
   in	
   Mg	
   alloys	
   [8,	
   13-­‐16],	
   a	
  

description	
   of	
   the	
   various	
   creep	
   mechanisms	
   will	
   be	
   given.	
   After	
   that	
   the	
   current	
  

knowledge	
  about	
  creep	
  in	
  relation	
  to	
  Mg	
  alloys	
  will	
  be	
  presented	
  and	
  it	
  will	
  be	
  shown	
  that	
  

Mg-­‐RE	
  alloys	
  have	
  particularly	
  good	
  creep	
  properties	
  at	
  elevated	
  temperatures.	
  	
  

	
  

2.2 Microstructure and High-Pressure Die-Castability of 
Mg-Alloys 

2.2.1 Microstructure of HPDC Mg Alloys 

High-­‐pressure	
   die-­‐casting	
   (HPDC)	
   can	
   produce	
   castings	
   rapidly	
   (20	
   castings	
   per	
  minute)	
  

and	
  in	
  near	
  net	
  shape.	
  This	
  makes	
  HPDC	
  an	
  ideal	
  casting	
  method	
  for	
  industries	
  requiring	
  

rapid	
   production	
   of	
   large	
   quantities	
   of	
   cast	
   parts	
   such	
   as	
   in	
   the	
   automotive	
   industry.	
  

There	
  are	
  a	
  number	
  of	
  different	
  types	
  of	
  die-­‐casting	
  methods	
  [5],	
  however,	
  since	
  all	
  the	
  

alloys	
   in	
  this	
  thesis	
  were	
  cast	
  using	
  a	
  cold-­‐chamber	
  high-­‐pressure	
  die-­‐casting	
  machine	
  a	
  

schematic	
  of	
  such	
  a	
  device	
  is	
  provided	
  in	
  Figure	
  2.1.	
  

	
  
Figure	
   2.1:	
   Schematic	
   of	
   a	
   cold	
   chamber	
   high-­‐pressure	
   die-­‐casting	
  machine	
   showing	
   the	
  molten	
  metal	
  
being	
  poured	
  from	
  a	
  ladle	
  into	
  the	
  shot	
  chamber	
  before	
  being	
  injected	
  into	
  the	
  die	
  [17].	
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The	
  casting	
  process	
  involves	
  melting	
  the	
  metal/alloy,	
  then	
  pouring	
  it	
  into	
  the	
  shot	
  sleeve.	
  

An	
   injection	
   piston	
   then	
   forces	
   the	
   melt	
   into	
   a	
   die	
   at	
   which	
   point	
   the	
   melt	
   rapidly	
  

solidifies	
   (order	
  of	
  seconds).	
  The	
  casting	
   is	
  then	
  ejected	
  from	
  the	
  die	
  and	
  the	
  process	
   is	
  

repeated.	
  	
  

	
  

The	
   as-­‐cast	
   microstructure	
   of	
   the	
   Mg–RE	
   alloys	
   contains	
   a	
   mixture	
   of	
   primary	
   α-­‐Mg	
  

dendrites	
   and	
   eutectic	
   (intermetallic	
   phase	
   and	
   eutectic	
   α-­‐Mg)	
   in	
   the	
   interdendritic	
  

regions	
  (Figure	
  2.2).	
  	
  

	
  
Figure	
  2.2:	
  As-­‐cast	
  microstructure	
  (SEM)	
  of	
  Mg–3.44	
  wt.%La	
  (a	
  and	
  d),	
  Mg–2.87	
  wt.%Ce	
  (b	
  and	
  e)	
  and	
  Mg–
2.60	
  wt.%Nd	
  (c	
  and	
  f)	
  alloys.	
  The	
  amount	
  of	
  intermetallic	
  phase	
  is	
  highest	
  in	
  the	
  La	
  containing	
  alloy	
  and	
  
lowest	
  in	
  the	
  Nd	
  containing	
  alloy	
  [14].	
  

	
  
Solidification	
  of	
  a	
  HPDC	
  alloy	
  occurs	
  under	
  highly	
  non-­‐equilibrium	
  conditions	
  due	
  to	
  the	
  

high	
   cooling	
   rates	
   (100	
   –	
   1000°C/s)	
   in	
   the	
   casting	
   process	
   [18].	
   As	
   a	
   result	
   there	
   is	
   a	
  

compositional	
  variation	
  across	
  the	
  dendrite	
  cell	
  where	
  the	
  central	
  area	
  of	
  a	
  grain/cell	
   is	
  

leaner	
   in	
   solute	
   than	
   at	
   the	
   edges,	
   this	
   is	
   referred	
   to	
   as	
   coring	
   [19,	
   20].	
   Under	
   non-­‐

equilibrium	
   solidification	
   conditions	
   the	
   solid	
   composition	
   differs	
   from	
   the	
   equilibrium	
  

composition	
  and	
  is	
  typically	
  lower	
  in	
  solute	
  in	
  comparison	
  to	
  the	
  equilibrium	
  composition.	
  

This	
  is	
  a	
  result	
  of	
  diffusion	
  in	
  the	
  solid	
  state	
  being	
  slow	
  and	
  not	
  having	
  sufficient	
  time	
  to	
  

reach	
   equilibrium	
   under	
   normal	
   cooling	
   rates.	
   Thus	
   the	
   remaining	
   liquid	
   becomes	
  

increasingly	
   concentrated/enriched	
   in	
   solute.	
   In	
   the	
   final	
   stages	
   of	
   solidification	
   of	
   a	
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grain/cell,	
   the	
   enriched	
   liquid	
   transforms	
   via	
   a	
   eutectic	
   reaction	
   at	
   an	
   appropriate	
  

temperature	
  to	
  form	
  the	
   intermetallic	
  phase	
  as	
  part	
  of	
  this	
  reaction	
  [20,	
  21].	
  Chia	
  et	
  al.	
  

[18]	
  have	
   shown	
   that	
   the	
   segregation	
  of	
   solute	
  during	
   solidification	
   that	
   is	
   expected	
   to	
  

form	
  under	
  such	
  non-­‐equilibrium	
  solidification	
  conditions	
  can	
  be	
  approximated	
  to	
  a	
  good	
  

degree	
  by	
  the	
  non-­‐equilibrium	
  lever	
  rule	
  or	
  Scheil-­‐Gulliver	
  equation:	
  

	
  	
  

€ 

Cs = kCo (1 − fs )
k−1 	
   (2.1)

	
  where,	
  Cs	
  is	
  the	
  concentration	
  of	
  solute	
  in	
  solid	
  solution,	
  k	
  is	
  the	
  partition	
  coefficient,	
  Co	
  is	
  

the	
  composition	
  of	
  the	
  alloy,	
  and	
  fs	
  is	
  the	
  fraction	
  solid.	
  

	
  

Eq.	
   (2.1)	
   approximates	
   non-­‐equilibrium	
   solidification	
  by	
   assuming	
   a	
   local	
   equilibrium	
  at	
  

the	
  liquid-­‐solid	
   interface	
  and	
  no	
  diffusion	
  in	
  the	
  solid	
  and	
  instantaneous	
  diffusion	
  in	
  the	
  

liquid.	
   This	
   allows	
   the	
   use	
   of	
   equilibrium	
   phase	
   diagram	
   information	
   in	
   solidification	
  

analysis	
  [20].	
  More	
  recently,	
  TerBush	
  et	
  al.	
  [22]	
  have	
  shown	
  that	
  while	
  the	
  Scheil-­‐Gulliver	
  

equation	
   can	
   approximate	
   the	
   solute	
   profile	
   of	
   HPDC	
   alloys	
   at	
   lower	
   fraction	
   solid	
  

percentages,	
   the	
  equation	
  generally	
  underestimates	
   the	
  concentration	
  of	
   solute	
  at	
  high	
  

fraction	
  solid	
  (>	
  80%	
  fraction).	
  	
  

	
  

It	
  is	
  possible	
  for	
  an	
  alloy	
  that	
  was	
  cast	
  by	
  HPDC	
  to	
  have	
  a	
  region	
  of	
  supersaturated	
  solid	
  

solution	
  near	
   the	
   grain	
  boundaries	
   even	
   if	
   the	
   alloying	
   addition	
   is	
   below	
   the	
  maximum	
  

solid	
  solubility.	
  Thus	
  it	
  is	
  possible	
  to	
  form	
  precipitates	
  in	
  such	
  alloys	
  either	
  by	
  some	
  form	
  

of	
   ageing	
   (static	
  precipitates)	
  or	
  during	
   the	
   time	
  when	
   the	
  alloy	
   is	
   exposed	
   to	
  elevated	
  

temperatures	
  during	
  its	
  use	
  (dynamic	
  precipitates)	
  [14].	
  

	
  

The	
  casting	
  microstructure	
  of	
  cold	
  chamber	
  HPDC	
  alloys	
  is	
  generally	
  described	
  in	
  terms	
  of	
  

a	
  hard	
   ‘skin’	
   layer;	
   comprised	
  of	
   fine	
  grains	
   (approximately	
  5µm	
  [18]),	
   a	
  higher	
   volume	
  

fraction	
  of	
   intermetallic	
   phases	
   and	
  more	
   solute	
   in	
   the	
  α-­‐phase,	
   and	
  a	
   relatively	
   softer	
  

‘core’	
   region;	
   comprised	
   of	
   large	
   grains	
   (approximately	
   20µm	
   [18])	
   together	
   with	
   an	
  

agglomeration	
  of	
   still	
   larger	
  grains	
   (approximately	
  100µm	
  [18]),	
   formed	
  externally	
   from	
  

the	
  die	
  in	
  the	
  shot	
  sleeve	
  (referred	
  to	
  as	
  externally	
  solidified	
  grains,	
  ESG)	
  [23],	
  as	
  shown	
  in	
  

Figure	
  2.3.	
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Figure	
   2.3:	
   The	
  micrograph	
   and	
   corresponding	
   schematic	
   diagram	
   of	
   the	
   cross-­‐section	
   of	
   a	
   tensile	
   bar	
  
normal	
  to	
  the	
  flow	
  direction	
  (FD)	
  showing	
  ‘skin’	
  and	
  ‘core’	
  regions	
  and	
  externally	
  solidified	
  grains	
  (ESG)	
  
[24].	
  

	
  

It	
   has	
   been	
   reported	
   that	
   HPDC	
   alloys	
   obtain	
   a	
   significant	
   proportion	
   of	
   their	
   strength	
  

from	
   the	
   fine-­‐grained	
   ‘skin’	
   region	
   of	
   the	
   casting	
   [25,	
   26].	
   Through	
   extensive	
   micro-­‐

hardness	
  testing	
  over	
  the	
  entire	
  cross	
  section	
  of	
  a	
  HPDC	
  Mg-­‐3.44	
  wt.%	
  La	
  alloy,	
  Figure	
  2.4	
  

[25],	
  it	
  was	
  shown	
  that	
  the	
  ‘skin’	
  region	
  had	
  significantly	
  higher	
  hardness	
  values	
  (ranging	
  

from	
  75	
  -­‐	
  100	
  HV)	
  than	
  the	
  ‘core’	
  region	
  (ranging	
  from	
  30	
  -­‐	
  45	
  HV).	
  

	
  
Figure	
  2.4:	
  (a)	
  Micro-­‐hardness	
  profile	
  with	
  a	
  colour	
  scale	
  and	
  (b)	
  indentation	
  pattern	
  for	
  the	
  cross-­‐section	
  
of	
  the	
  alloy	
  studied	
  [25].	
  

	
  
While	
   there	
   has	
   been	
   no	
   research	
   published	
   directly	
   comparing	
   the	
   effects	
   of	
   creep	
  

resistance	
   on	
   the	
   ‘core’	
   and	
   ‘skin’	
   regions	
   of	
   a	
   HPDC	
   alloy,	
   there	
   have	
   been	
   some	
  

publications	
  that	
  compare	
  creep	
  resistance	
   in	
  relation	
  to	
  grain	
  size.	
  Dargusch	
  et	
  al.	
   [26]	
  

compared	
  the	
  creep	
  response	
  of	
  HPDC	
  Mg-­‐Al-­‐Zn	
  alloy	
  (AZ91)	
  samples	
  that	
  were	
  1	
  mm	
  or	
  

FD	
  

ESGs	
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6	
   mm	
   thick.	
   The	
   elevated	
   temperature	
   mechanical	
   properties	
   were	
   improved	
   in	
   the	
  

thinner	
  castings	
  due	
  to	
  an	
  increased	
  proportion	
  of	
  the	
  fine-­‐grained	
  ‘skin’	
  region.	
  	
  

	
  

Another	
  microstructural	
  feature	
  of	
  HPDC	
  alloys	
  are	
  segregation	
  bands	
  formed	
  parallel	
  to	
  

the	
  casting	
  surface.	
  Scanning	
  electron	
  microscope	
  (SEM)	
  micrographs	
  depicting	
  the	
  ‘skin’,	
  

‘core’	
   and	
   banded	
  microstructures	
   for	
   an	
   as-­‐cast	
   HPDC	
   binary	
  Mg-­‐La	
   alloy	
   is	
   shown	
   in	
  

Figure	
  2.5.	
  

	
  
Figure	
   2.5:	
   Scanning	
   electron	
  microscope	
   backscatter	
   electron	
  micrographs	
   of	
   a)	
   corner,	
   b)	
   surface,	
   c)	
  
macrograph	
  of	
  the	
  entire	
  cross	
  section,	
  and	
  d)	
  ‘core’	
  region	
  [25].	
  

	
  

The	
   composition	
   of	
   these	
   bands	
   may	
   vary	
   considerably	
   and	
   may	
   consist	
   of	
   cracks,	
  

porosity	
  (shrinkage	
  and/or	
  gas	
  porosity)	
  and/or	
  segregated	
  bands	
  of	
  intermetallic	
  phases	
  

[27].	
  	
  

2.2.2 Castability 

Castability	
  is	
  a	
  critical	
  property	
  that	
  is	
  required	
  for	
  the	
  successful	
  adoption	
  of	
  Mg	
  alloys	
  in	
  

powertrain	
  components	
  by	
  the	
  automotive	
  industry	
  [4,	
  28,	
  29].	
  HPDC	
  can	
  produce	
  near-­‐

net	
  shape	
  castings	
  rapidly	
  and	
  relatively	
  cheaply.	
  The	
  castability	
  is	
  strongly	
  related	
  to	
  the	
  

band	
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alloy	
   composition	
   [28,	
   30].	
   Hot	
   tearing	
   is	
   a	
   major	
   defect	
   that	
   can	
   form	
   during	
   casting	
  

when	
  the	
  cast	
  piece	
   is	
  still	
   in	
  a	
  semi-­‐solid	
  state	
  and	
   is	
  often	
  a	
  key	
  defect	
  related	
  to	
  the	
  

rejection	
  of	
   castings	
   and	
   imposes	
   a	
   limitation	
   to	
   the	
  use	
  of	
   some	
  alloys	
   [31].	
   Campbell	
  

[32]	
  has	
  proposed	
  that	
  hot	
  tearing	
  is	
  predominately	
  controlled	
  by	
  the	
  presence	
  of	
  double	
  

oxide	
   films	
   (bifilms)	
   forming	
   during	
   casting.	
   Bifilms	
   are	
   created	
  when	
   a	
   dry	
   film	
  on	
   the	
  

surface	
  of	
  the	
  melt	
  is	
  folded	
  and	
  becomes	
  entrained	
  within	
  the	
  melt.	
  The	
  folded	
  faces	
  do	
  

not	
   bond	
   and	
   thus	
   form	
   a	
   defect	
  within	
   the	
   casting	
   that	
   can	
   promote	
   crack	
   formation	
  

[33].	
  However,	
  casting	
  shrinkage	
  may	
  manifest	
  as	
  other	
  defects	
  such	
  as	
  surface	
  slumping	
  

[34].	
   Hot	
   tearing	
   has	
   also	
   been	
   linked	
   to	
   the	
   lack	
   of	
   liquid	
   flow	
   to	
   provide	
   sufficient	
  

compensation	
  for	
  solidification	
  shrinkage	
  in	
  the	
  presence	
  of	
  the	
  imposed	
  thermal	
  stresses	
  

due	
   to	
   solidification	
   shrinkage	
   [31,	
   35],	
   thus	
   indicating	
   that	
   the	
   final	
   stages	
   of	
  

solidification	
  are	
  most	
  important.	
  In	
  comparison	
  to	
  Al	
  alloys	
  [31]	
  and	
  steels	
  [36],	
  relatively	
  

little	
  work	
  has	
  been	
  published	
  on	
  the	
  hot	
  tearing	
  susceptibility	
  (HTS)	
  of	
  Mg	
  alloys.	
  Some	
  

previous	
  work	
  has	
  been	
  published	
  on	
  the	
  castability	
  of	
  binary	
  Mg-­‐RE	
  alloys	
  [37-­‐39].	
  Wang	
  

et	
  al.[40]	
  have	
  recently	
  shown	
  in	
  binary	
  Mg-­‐Y	
  mould	
  cast	
  alloys	
  that	
  HTS	
  is	
  influenced	
  by	
  

grain	
  size,	
  solidification	
  range	
  and	
  amount	
  of	
  eutectic.	
   It	
  was	
  also	
   found	
  that	
   increasing	
  

the	
  mould	
   temperature	
   decreased	
   hot	
   tearing	
   since	
   it	
   reduced	
   the	
   cooling	
   rate	
   of	
   the	
  

casting	
  and	
  thus	
  produced	
  a	
  lower	
  thermal	
  gradient	
  and	
  lower	
  strain	
  rate	
  imposed	
  on	
  the	
  

casting	
  as	
  it	
  solidified	
  [40].	
  

	
  

A	
  number	
  of	
  methods	
  involving	
  complex	
  integrals	
  have	
  been	
  used	
  to	
  help	
  predict	
  the	
  HTS	
  

[32,	
  41-­‐43].	
  Due	
  to	
  the	
  complexity	
  of	
  these	
  methods	
  less	
  complex,	
  but	
  also	
  less	
  accurate,	
  

models	
   such	
   as	
   the	
   Clyne	
   and	
  Davies	
  model	
   [41]	
   are	
   often	
   used	
   to	
   predict	
   hot	
   tearing	
  

properties	
  [37,	
  44].	
  Hot	
  tearing	
  is	
  often	
  measured	
  using	
  restrained	
  bar	
  castings,	
  including	
  

“dog-­‐bone”	
   sections	
   [7,	
   45].	
   In	
   the	
   current	
   work,	
   a	
   more	
   discerning	
   scale,	
   originally	
  

created	
  by	
  Easton	
  et	
  al.	
  [39]	
  is	
  used	
  to	
  assess	
  hot	
  tearing	
  differences	
  in	
  alloys.	
  Easton	
  et	
  

al.	
   [39]	
  used	
   flat	
   tensile	
   specimens	
   to	
  provide	
  an	
   in-­‐situ	
   test	
   for	
  evaluating	
  hot	
   tearing,	
  

which	
  were	
   also	
   used	
   previously	
   [30,	
   45].	
   In	
   order	
   to	
   create	
   a	
   relatively	
   easy	
   and	
   also	
  

accurate	
  method	
  to	
  rank	
  castability,	
  a	
  five-­‐scale	
  rating	
  was	
  developed	
  to	
  evaluate	
  the	
  hot	
  

tearing	
  (Figure	
  2.6).	
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Figure	
   2.6:	
   Picture	
   of	
   a	
   series	
   of	
   flat	
   tensile	
   test	
   pieces	
   each	
   of	
  which	
   is	
   representative	
   of	
   one	
   of	
   the	
  
categories	
   in	
   the	
   hot	
   tearing	
   scale	
   defined	
   below	
   (the	
   reference	
   number	
   corresponding	
   to	
   the	
   scale	
   is	
  
indicated	
  at	
  the	
  bottom	
  of	
  each).	
  The	
  white	
  arrows	
  indicate	
  the	
  surface	
  dimples	
  that	
  are	
  associated	
  with	
  
internal	
  cracking	
  (see	
  also	
  Figure	
  2.7)	
  [39].	
  

	
  

The	
  rating	
  scale	
  for	
  the	
  hot	
  tearing	
  index	
  (HTI)	
  was	
  as	
  follows:	
  

0	
  =	
  No	
  cracks/dimples	
  in	
  the	
  sample	
  observed	
  by	
  the	
  naked	
  eye.	
  

1	
  =	
  Small	
  observable	
  dimple/s	
  that	
  require	
  close	
  examination	
  to	
  see.	
  

2	
  =	
  Dimple/s	
  easily	
  seen	
  by	
  the	
  naked	
  eye.	
  

3	
  =	
  Crack/s	
  observed	
  on	
  the	
  surface	
  of	
  the	
  sample,	
  but	
  the	
  sample	
  remains	
  intact.	
  

4	
  =	
  Sample	
  is	
  fractured.	
  

	
  

Easton	
   et	
   al.	
   [39]	
   also	
   gave	
   examples	
   of	
   the	
   outside	
   as-­‐cast	
   surface	
   of	
   flat	
   tensile	
  

specimens	
  using	
  low	
  magnification	
  optical	
  microscopy	
  (Figure	
  2.7).	
  Very	
  minor	
  tears	
  can	
  

be	
  present	
  in	
  samples	
  with	
  ratings	
  of	
  0,	
  however,	
  Easton	
  et	
  al.	
  [39]	
  stated	
  that	
  this	
  is	
  rare.	
  

	
  
Figure	
   2.7:	
   Low	
   magnification	
   photomicrographs	
   of	
   polished	
   longitudinal	
   cross-­‐sections	
   through	
   flat	
  
rectangular	
   tensile	
   test	
   pieces	
   that	
   display	
   differing	
   degrees	
   of	
   hot	
   tearing	
   as	
   determined	
   by	
   the	
   hot	
  
tearing	
   index.	
   	
  a)	
  HTI	
  0,	
  b)	
  HTI	
  2	
   (the	
  white	
  arrow	
   indicates	
   the	
  dimple	
   that	
   is	
  visible	
  on	
   the	
   specimen	
  
surface)	
  and	
  c)	
  HTI	
  3	
  (the	
  white	
  arrow	
  indicates	
  that	
  the	
  crack	
  is	
  clearly	
  visible	
  in	
  the	
  specimen	
  surface)	
  
[39].	
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Recently,	
  it	
  has	
  been	
  shown	
  that	
  a	
  simple	
  hot	
  tearing	
  indicator	
  (Sht2)	
  determined	
  from	
  the	
  

temperature-­‐fraction	
   solid	
   curve	
   of	
   binary	
   HPDC	
  Mg-­‐RE	
   alloys	
   can	
   be	
   used	
   to	
   indicate	
  

alloys	
   that	
   are	
   likely	
   to	
   have	
   high	
   HTS	
   (Figure	
   2.8)	
   [39].	
   The	
   hot	
   tearing	
   index	
   results	
  

(Figure	
  2.8a)	
  showed	
  that	
  the	
  HPDC	
  Mg-­‐La	
  alloys	
  were	
  significantly	
  less	
  susceptible	
  to	
  hot	
  

tearing	
   than	
   either	
  Mg-­‐Ce	
  or	
  Mg-­‐Nd	
   alloys	
   and	
   the	
   simulated	
   hot	
   tearing	
   susceptibility	
  

(Figure	
  2.8b)	
  also	
  showed	
  similar	
  results.	
  	
  

	
  
Figure	
   2.8:	
   a)	
   Hot	
   tear	
   index	
   (HTI)	
   of	
   the	
   binary	
   Mg-­‐RE	
   alloys	
   plotted	
   against	
   the	
   alloy	
   content	
   b)	
  
predictions	
  of	
  Sht2	
  for	
  fs,0=0.7,	
  fs,c0=0.98	
  for	
  the	
  three	
  magnesium-­‐rare	
  earth	
  alloy	
  systems	
  [39].	
  

	
  

The	
   indicator	
   (Sht2)	
   predicts	
   hot	
   tearing	
   susceptibility	
   from	
   the	
   integral	
   of	
   the	
  

temperature-­‐fraction	
   solid	
   curve	
   from	
   the	
   coherency	
   temperature	
   (the	
   temperature	
  

when	
  feeding	
  becomes	
  interdendritic)	
  to	
  the	
  coalescence	
  temperature	
  (the	
  temperature	
  

at	
  which	
  the	
  metal	
  has	
  solidified	
  sufficiently	
  to	
  act	
  as	
  a	
  solid)	
  Eq.	
  (2.2),	
  

	
  
	
  

(2.2)	
  

where	
   fs(T)	
   is	
   the	
   fraction	
   solid	
   at	
   temperature	
   T,	
   T0	
   is	
   the	
   temperature	
   at	
   which	
  

coherency	
  occurs,	
   Tco	
   is	
   the	
   temperature	
   at	
  which	
   coalescence	
  has	
   been	
   achieved.	
   The	
  

HTS	
   indicator	
   (Sht2)	
   (Figure	
   2.6b)	
   accurately	
   ranked	
   the	
   binary	
  Mg-­‐RE	
   alloys	
   in	
   order	
   of	
  

castability	
  and	
  also	
  showed	
  the	
  approximate	
  concentration	
  of	
  RE	
  that	
  has	
  the	
  worst	
  HTS	
  

in	
  each	
  alloy	
  series.	
  	
  

	
  

Computational	
  thermodynamics	
  was	
  used	
  for	
  microstructure	
  prediction	
  and	
  Eq.	
  (2.2)	
  [39]	
  

was	
  used	
  to	
  estimate	
  the	
  HTS.	
  To	
  estimate	
  the	
  HTS	
  using	
  Sht2,	
  fs	
  values	
  that	
  correspond	
  to	
  

the	
   temperature	
   of	
   coherency	
   (T0)	
   and	
   the	
   temperature	
   of	
   coalescence	
   (Tco)	
   were	
  

a b 
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required.	
   As	
   there	
   is	
   still	
   uncertainty	
   in	
   the	
   literature	
   as	
   to	
   what	
   fraction	
   solid	
  

corresponds	
   to	
   the	
   appropriate	
   T0	
   [46,	
   47],	
   Easton	
   et	
   al.	
   [39]	
   performed	
   a	
   sensitivity	
  

analysis	
   to	
   determine	
   how	
   changes	
   in	
   the	
   selection	
   of	
   the	
   coherency	
   and	
   coalescence	
  

points	
  influenced	
  the	
  predicted	
  values	
  of	
  HTS	
  (Sht2).	
  The	
  coherency	
  point	
  is	
  defined	
  as	
  the	
  

point	
  where	
  the	
  liquid	
  metal	
  flows	
  through	
  (or	
  feeds	
  through)	
  the	
  interdendritic	
  regions	
  

of	
   a	
   not	
   completely	
   solidified	
   casting.	
   For	
   binary	
   HPDC	
   Mg-­‐RE	
   alloys,	
   increasing	
   the	
  

coherency	
  point	
  from	
  fs	
  =	
  0	
  to	
  0.9	
  (the	
  fraction	
  solid	
  at	
  which	
  a	
  barrier	
  to	
  interdendritic	
  

feeding	
   may	
   become	
   significant)	
   did	
   not	
   change	
   the	
   concentration	
   at	
   which	
   peak	
   hot	
  

tearing	
  occurs	
  significantly.	
  As	
  a	
  result	
  of	
  this,	
  a	
  fs	
  value	
  of	
  0.7	
  (the	
  fraction	
  solid	
  at	
  which	
  

spherical	
   grains	
   touch)	
   was	
   chosen	
   for	
   the	
   coherency	
   point,	
   as	
   it	
   showed	
   a	
   moderate	
  

decrease	
  in	
  hot	
  tearing	
  susceptibility	
  after	
  the	
  peak	
  was	
  reached,	
  which	
  was	
  similar	
  to	
  the	
  

results	
   reported	
   in	
   Ref.	
   [39].	
   There	
   was,	
   however,	
   a	
   more	
   significant	
   effect	
   on	
   the	
  

concentration	
   at	
   which	
   peak	
   hot	
   tearing	
   was	
   noted	
   when	
   the	
   coalescence	
   point	
   was	
  

selected	
   in	
   the	
   range	
   between	
   fs	
   =	
   0.97	
   and	
   0.99.	
   Thus	
   0.98	
   fs	
   was	
   selected	
   as	
   the	
  

coalescence	
  point	
  since	
  it	
  is	
  mid	
  range	
  and	
  it	
  has	
  also	
  been	
  used	
  in	
  other	
  research	
  [41,	
  42,	
  

48].	
  

2.2.3 Influence of Heat Treatment on HPDC Alloys. 

	
  

Entrained	
   gas	
   (such	
   as	
   hydrogen)	
   porosity	
   and	
   shrinkage	
   porosity	
   can	
   be	
   distributed	
  

throughout	
   the	
   microstructure	
   of	
   HPDC	
   material	
   [23].	
   Porosity	
   in	
   HPDC	
   alloys	
   can	
  

interfere	
   with	
   subsequent	
   heat	
   treatments	
   performed	
   on	
   the	
   alloy	
   following	
   casting.	
  

Lumley	
  et	
   al.	
   [6]	
   have	
   demonstrated	
   that	
   traditional	
   high	
   temperature,	
   long-­‐term	
   solid	
  

solution	
  heat	
  treatments	
  can	
  cause	
  the	
  surface	
  of	
  the	
  alloy	
  (HPDC	
  Al-­‐based	
  alloy	
  A380)	
  to	
  

blister	
  due	
  to	
  the	
  expansion	
  of	
  gas	
  pores	
  within	
  or	
  near	
  to	
  the	
  ‘skin’	
  region	
  of	
  the	
  casting	
  

(Figure	
  2.9).	
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Figure	
  2.9:	
  a)	
  As-­‐cast	
  HPDC	
  aluminium	
  alloy,	
  b)	
  HPDC	
  aluminium	
  alloy	
  following	
  a	
  solution	
  treatment	
  of	
  
545°C	
  for	
  16	
  hours	
  [6].	
  

	
  

However,	
  modified	
  heat	
  treatments	
  could	
  be	
  used	
  to	
  improve	
  the	
  strength	
  of	
  the	
  HPDC	
  Al	
  

alloys	
   without	
   causing	
   blistering	
   or	
   deformation.	
   Figure	
   2.10	
   [6]	
   shows	
   that	
   relatively	
  

short-­‐term	
  solution	
  treatments	
  (15	
  minutes)	
  at	
  relatively	
  low	
  temperatures	
  (≈	
  490°C)	
  did	
  

not	
  cause	
  any	
  obvious	
  surface	
  blistering	
  of	
  the	
  samples.	
  

	
  
Figure	
   2.10:	
   Surface	
   appearance	
   of	
   Al	
   alloy	
   A380	
   in	
   as-­‐cast	
   condition	
   (a)	
   and	
   a	
   number	
   of	
   different	
  
solution	
  treatment	
  (ST)	
  temperatures.	
  Note	
  the	
  dramatic	
  difference	
  in	
  surface	
  appearance	
  of	
  sample	
  (b)	
  
aged	
  for	
  16h	
  in	
  comparison	
  to	
  the	
  15-­‐minute	
  ST	
  samples	
  (c)-­‐(i)	
  [6].	
  

	
  
The	
   0.2%	
   proof	
   stress	
   was	
   also	
   improved	
   significantly,	
   without	
   significant	
   loss	
   of	
  

elongation,	
   after	
   a	
   T6	
   (solution	
   treated,	
   quenched	
   in	
   cold	
   water	
   then	
   aged)	
   heat	
  

400µm 
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treatment	
   (Figure	
   2.11).	
   However,	
   no	
   information	
   was	
   given	
   with	
   respect	
   to	
   the	
  

improvement	
  of	
  creep	
  resistance.	
  	
  

	
  
Figure	
  2.11:	
  Average	
  values	
  for	
  0.2%	
  proof	
  stress	
  and	
  elongation	
  for	
  five	
  batches	
  of	
  A380	
  in	
  as-­‐cast,	
  as-­‐
solution	
   treated,	
   T4	
   and	
   T6	
   conditions.	
   Note	
   in	
   [6]	
   T4	
   includes	
   both	
   a	
   solution	
   treatment	
   stage	
   and	
   a	
  
natural	
  ageing	
  stage	
  (in	
  this	
  case	
  naturally	
  aged	
  for	
  14	
  days)	
  [6].	
  

	
  

Alternatively,	
   porosity	
   in	
   high-­‐pressure	
   die-­‐castings	
   can	
   be	
   reduced	
   through	
   the	
   use	
   of	
  

specifically	
  designed	
  vacuum	
  dies	
  [24,	
  35].	
  It	
  has	
  been	
  shown	
  in	
  a	
  HPDC	
  aluminium	
  alloy	
  

A356	
  that	
  the	
  amount	
  of	
  porosity	
  in	
  a	
  casting	
  can	
  be	
  reduced	
  from	
  approximately	
  3	
  %	
  (for	
  

a	
  piece	
  cast	
  under	
  conventional	
  HPDC	
  methods)	
   to	
  0.8	
  %	
  with	
   the	
  use	
  of	
  a	
  vacuum	
  die	
  

[49].	
  Subsequent	
  heat	
  treatments	
  of	
  vacuum	
  die-­‐castings	
  are	
  thus	
  prone	
  to	
  less	
  damage	
  

due	
  to	
  thermal	
  expansion	
  of	
  pores.	
  However,	
  this	
  process	
  adds	
  extra	
  costs	
  both	
  in	
  terms	
  

of	
  maintenance	
  and	
  equipment.	
  

	
  

2.3 Creep in Pure Metals 

Creep	
  is	
  time	
  and	
  temperature	
  dependant	
  >	
  0.4	
  Tm	
  (Tm	
  =	
  absolute	
  melting	
  temperature)	
  

evolution	
   of	
   strain	
   experienced	
   by	
   a	
   material	
   where	
   an	
   applied	
   stress,	
   below	
   the	
  

associated	
   yield	
   strength,	
   acts	
   on	
   the	
   material.	
   There	
   are	
   three	
   stages	
   of	
   creep	
  

deformation	
   namely,	
   primary,	
   secondary	
   (or	
   steady-­‐state)	
   and	
   tertiary	
   creep	
   (Figure	
  

2.12).	
  Instantaneous	
  strain	
  is	
  also	
  included	
  in	
  Figure	
  2.12	
  even	
  though	
  it	
  is	
  not	
  attributed	
  

to	
  creep	
  strain.	
  It	
  is	
  comprised	
  of	
  a	
  combination	
  of	
  elastic	
  and	
  plastic	
  strain	
  experienced	
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by	
  the	
  material	
  upon	
  the	
  application	
  of	
  a	
  stress.	
  This	
  thesis	
  is	
  focused	
  on	
  creep	
  properties	
  

and	
  thus	
  instantaneous	
  strain	
  will	
  not	
  be	
  discussed	
  in	
  any	
  great	
  detail. 

	
  
Figure	
  2.12:	
  Idealized	
  creep	
  curve	
  identifying	
  the	
  three	
  stages	
  of	
  creep	
  as	
  well	
  as	
  the	
  initial	
  instantaneous	
  
strain	
  that	
  can	
  be	
  experienced	
  by	
  the	
  material.	
  

	
  
The	
  primary	
  stage	
  of	
  creep	
  deformation	
  is	
  a	
  period	
  of	
  decreasing	
  creep	
  rate	
  where	
  strain	
  

hardening	
   occurs	
   more	
   rapidly	
   than	
   thermal	
   softening.	
   The	
   second	
   stage	
   of	
   creep	
  

deformation,	
   also	
   referred	
   to	
   as	
   steady-­‐state	
   creep,	
   is	
   a	
   period	
   of	
   near	
   constant	
   creep	
  

rate,	
   which	
   is	
   a	
   result	
   of	
   a	
   balance	
   between	
   strain	
   hardening	
   and	
   thermal	
   softening.	
  

Tertiary	
   creep	
   is	
   a	
   result	
   of	
  microstructure	
   instability	
   caused	
  by	
   prolonged	
   exposure	
   to	
  

high	
   temperatures	
   and	
   a	
   gradual	
   increase	
   in	
   stress	
   level	
   and	
   stress	
   concentration	
  

associated	
   with	
   cavity	
   growth	
   at	
   grain	
   boundaries	
   and	
   interphase	
   boundaries	
   [50].	
  

Rupture	
  of	
  the	
  material	
  then	
  follows.	
  	
  

2.3.1 Primary Creep 

In	
   pure	
   metals,	
   primary	
   (or	
   transient)	
   creep	
   occurs	
   immediately	
   following	
   any	
  

instantaneous	
  strain	
  that	
  the	
  metal	
  may	
  experience	
  upon	
  the	
  application	
  of	
  a	
   load.	
  This	
  

stage	
  of	
   creep	
   is	
   characterised	
  by	
  a	
   rapid	
  decrease	
   in	
   creep	
   rate	
  as	
   a	
   result	
  of	
   thermal	
  

softening	
   being	
   less	
   effective	
   than	
   work	
   (or	
   strain)	
   hardening,	
   which	
   occurs	
  

simultaneously.	
  This	
  stage	
  of	
  creep	
  can	
  be	
  defined	
  as	
  the	
  creep	
  strain	
  experienced	
  by	
  the	
  

sample	
  up	
  to	
  the	
  point	
  of	
  where	
  the	
  minimum	
  creep	
  rate	
  is	
  reached	
  [51].	
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A	
   number	
   of	
   processes	
  may	
   take	
   place	
   during	
   transient	
   creep	
   such	
   as	
   recrystallisation,	
  

which	
  increases	
  the	
  creep	
  rate.	
  Dislocation	
  pile-­‐ups	
  as	
  well	
  as	
  subgrain	
  formation	
  act	
  to	
  

work	
   or	
   strain	
   harden	
   the	
   metal	
   and	
   thus	
   help	
   to	
   decrease	
   the	
   creep	
   rate	
   [52,	
   53].	
  

Dislocation	
  pile-­‐ups	
  occur	
  as	
  a	
  result	
  of	
  an	
  obstacle	
  such	
  as	
  another	
  dislocation,	
  inclusion,	
  

precipitate,	
   grain	
   boundary	
   etc.	
   acting	
   as	
   barriers	
   to	
   the	
  motion	
   of	
   dislocations	
   in	
   the	
  

matrix	
  [54].	
  Subsequent	
  dislocations	
  can	
  thus	
  group	
  together	
  (or	
  pile-­‐up)	
  if	
  the	
  barrier	
  is	
  

strong	
  enough.	
  The	
  creep	
  rate	
  can	
  be	
  described	
  as	
  the	
  product	
  of	
  density,	
  ρ,	
  and	
  average	
  

glide	
  velocity,	
  vg,	
  of	
  mobile	
  dislocations	
  [55]	
  as	
  given	
  in	
  Eq.(2.3):	
  

	
  	
  

€ 

˙ ε s =M−1bρvg 	
   (2.3)	
  

where	
  b	
  =	
  magnitude	
  of	
   the	
  Burgers	
  vector	
  and	
  M	
  =	
  geometric	
   factor	
   (for	
  polycrystals:	
  

Taylor	
  factor).	
  As	
  the	
  material	
  hardens	
  with	
  increasing	
  strain	
  (during	
  creep)	
  a	
  decrease	
  in	
  

dislocation	
  spacing	
  occurs.	
  It	
  can	
  thus	
  be	
  stated	
  that	
  the	
  factor	
  vg	
  in	
  Eq.(2.3)	
  is	
  dominant	
  

in	
  the	
  transient	
  behaviour	
  of	
  primary	
  creep.	
  

2.3.2 Secondary Creep 

The	
  minimum	
  creep	
  rate	
  is	
  generally	
  found	
  within	
  the	
  secondary	
  or	
  steady-­‐state	
  period	
  of	
  

creep.	
   Under	
   steady-­‐state	
   conditions,	
   the	
   creep	
   rate,	
   ,	
   can	
   be	
   expressed	
   by	
   the	
  

Mukherjee-­‐Bird-­‐Dorn	
  equation	
  [56],	
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   (2.4)	
  

where	
  A	
  =	
  dimensionless	
  constant	
  

	
   G	
  =	
  shear	
  modulus	
  of	
  elasticity	
  

	
   b	
  =	
  magnitude	
  of	
  the	
  Burgers	
  vector	
  

	
   k	
  =	
  Boltzmann’s	
  constant	
  

	
   T	
  =	
  absolute	
  temperature	
  

	
   d	
  =	
  grain	
  size	
  

	
   σ	
  =	
  applied	
  stress	
  

	
   p	
  =	
  exponent	
  of	
  inverse	
  grain	
  size	
  

	
   n	
  =	
  exponent	
  of	
  stress	
  

	
   D	
  =	
  diffusivity.	
  

The	
  diffusivity	
  is	
  given	
  by	
  the	
  following	
  Arrhenius	
  type	
  equation,	
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D =Do exp −
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   (2.5)	
  

where	
  Do	
  =	
  diffusion	
  coefficient	
  

	
   Qc	
  =	
  activation	
  energy	
  of	
  diffusion	
  

Thus	
   	
  can	
  be	
  expressed	
  as,	
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(2.6)	
  

	
  

However,	
  generally	
  a	
  more	
  simplified	
  version	
  of	
  Eq.(2.6)	
  is	
  use,	
  	
  

	
  	
  

€ 

˙ ε s = Aσ n exp −Qc

RT

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 	
   (2.7)	
  

During	
  secondary	
  creep,	
  three	
  major	
  mechanisms	
  relevant	
  to	
  creep	
  deformation,	
  occur:	
  

• dislocation	
  creep,	
  

• diffusional	
  creep,	
  

• grain	
  boundary	
  sliding.	
  

In	
  the	
  following	
  sections	
  the	
  major	
  mechanisms	
  will	
  be	
  reviewed	
  in	
  detail.	
  

2.3.2.1 Dislocation Creep 
	
  

Dislocation	
  creep	
  is	
  the	
  result	
  of	
  dislocations	
  moving	
  through	
  the	
  material	
  causing	
  plastic	
  

deformation.	
   Dislocation	
   motion	
   may	
   be	
   obstructed	
   by	
   precipitates,	
   grain	
   boundaries,	
  

other	
  dislocations	
  and	
  solute	
  in	
  solid	
  solution	
  [57].	
  Solute	
  in	
  solid	
  solution	
  may	
  also	
  slow	
  

the	
   kinetics	
   of	
   dislocation	
   motion	
   through	
   solute	
   drag	
   [58,	
   59].	
   The	
   seminal	
   paper	
   by	
  

Cottrell	
  and	
  Jaswon	
  [60]	
  described	
  that	
  the	
  speed	
  of	
  the	
  dislocation	
  motion	
  is	
  limited	
  by	
  

the	
  migration	
  rate	
  of	
  the	
  solute	
  atoms.	
  There	
  are	
  two	
  basic	
  types	
  of	
  dislocation	
  motion,	
  

glide	
  and	
  climb	
  as	
   is	
  depicted	
   in	
  Figure	
  2.13.	
  Glide	
  or	
  conservative	
  motion	
  occurs	
   in	
  the	
  

slip	
   plane	
   and	
   slip	
   direction	
   of	
   the	
   dislocation.	
   It	
   is	
   possible,	
   at	
   relatively	
   high	
  

temperatures,	
   for	
  dislocations	
   to	
  avoid	
   those	
  obstacles	
   through	
   the	
   thermally	
  activated	
  

process	
   of	
   dislocation	
   climb	
   [61].	
   Climb	
   or	
   non-­‐conservative	
   motion	
   occurs	
  

perpendicularly	
  to	
  the	
  direction	
  and	
  plane	
  of	
  gliding.	
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Figure	
  2.13:	
  a)	
  Dislocation	
  glide,	
   the	
  arrows	
   indicate	
  the	
  applied	
  shear	
  stress	
  and	
  the	
  numbers	
   indicate	
  
the	
  movement	
  of	
  atoms,	
  b)	
  dislocation	
  climb,	
   in	
  (2)	
  the	
  dislocation	
  is	
  centred	
  in	
  row	
  A	
  and	
  is	
  shown	
  to	
  
climb	
  in	
  a	
  positive	
  sense	
  in	
  (1)	
  and	
  negative	
  in	
  (3)	
  via	
  diffusion	
  of	
  atoms	
  and	
  vacancies.	
  [54].	
  

2.3.2.2 Diffusional Creep 
	
  

In	
  a	
  material	
  undergoing	
  diffusional	
  creep,	
  there	
  is	
  a	
  transport	
  of	
  material	
  via	
  the	
  flow	
  of	
  

atoms	
   and	
   vacancies	
   due	
   to	
   an	
   applied	
   stress	
   [62].	
   Simultaneously,	
   there	
   is	
   a	
  

corresponding	
   flow	
   or	
   diffusion	
   of	
   atoms	
   in	
   the	
   opposite	
   direction	
   of	
   motion	
   of	
   the	
  

vacancies.	
   Diffusion	
   can	
   occur	
   through	
   the	
   grain,	
   this	
   is	
   referred	
   to	
   as	
  Nabarro-­‐Herring	
  

creep	
  [63]	
  or	
  along	
  grain	
  boundaries,	
  known	
  as	
  Coble	
  creep	
  [64]	
  (Figure	
  2.14).	
  

	
  

	
  

Figure	
  2.14:	
  Depiction	
  of	
  a)	
  Nabarro-­‐Herring	
  and	
  b)	
  Coble	
  creep	
  on	
  crystals	
  by	
  an	
  applied	
  stress	
  [65].	
  

a	
  

b	
  

3	
  2	
  1	
  

b	
  a	
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2.3.2.3 Grain Boundary Sliding 
	
  

Grain	
   boundary	
   sliding	
   (GBS)	
   is	
   a	
   shear	
   process	
   caused	
   by	
   an	
   applied	
   external	
   stress,	
  

which	
  causes	
  grains	
   in	
  polycrystalline	
  materials	
  to	
  move	
  or	
  “slide”	
  past	
  each	
  other	
  [66].	
  

There	
   are	
   distinct	
   types	
   of	
   GBS:	
   Rachinger	
   sliding	
   and	
   Lifshitz	
   sliding	
   [67].	
   Rachinger	
  

sliding	
   is	
   strain	
   accommodated	
   by	
   intragranular	
   dislocation	
   slip.	
   The	
   grains	
   thus	
  

experience	
  little	
  elongation	
  and	
  are	
  shifted	
  relative	
  to	
  one	
  another.	
  During	
  Lifshitz	
  sliding	
  

there	
   is	
   a	
   diffusive	
   mass	
   and/or	
   vacancy	
   flow	
   either	
   through	
   grains	
   or	
   around	
   grain	
  

boundaries	
  as	
  described	
  by	
  the	
  Nabarro-­‐Herring	
  or	
  Coble	
  creep	
  mechanism,	
  respectively.	
  

Unlike	
  Rachinger	
  sliding,	
  elongation,	
  or	
  otherwise	
  deformation,	
  of	
  the	
  grains	
  does	
  occur	
  

due	
   to	
   the	
   shearing	
   stresses	
   applied	
   normal	
   to	
   the	
   grain	
   boundaries	
   inducing	
   mass	
  

transfer.	
  

	
  

The	
  degree	
  of	
  GBS	
  can	
  be	
  measured	
  by	
  scribing	
  lines	
  or	
  using	
  a	
  focused	
  ion	
  beam	
  (FIB)	
  to	
  

mark	
   lines	
   across	
   grain	
   boundaries	
   before	
   creep	
   testing	
   and	
   measuring	
   the	
   offset	
  

following	
   creep	
   testing	
   (Figure	
   2.15).	
   Another	
   experimental	
   method	
   is	
   to	
  measure	
   the	
  

offset	
  perpendicular	
  to	
  the	
  sample	
  surface	
  using	
  interferometry	
  [67].	
  	
  

	
  
Figure	
   2.15:	
   Grain	
   boundary	
   sliding	
   revealed	
   through	
   the	
   use	
   of	
   a	
   transverse	
  marker	
   line	
   across	
   grain	
  
boundaries	
  for	
  a	
  Mg-­‐0.78Al	
  (wt.%)	
  alloy	
  creep	
  tested	
  at	
  17.2	
  MPa	
  and	
  200°C	
  [67].	
  

	
  

2.3.3 Determination of Creep Mechanisms 

Ashby	
   [61]	
   introduced	
   the	
  concept	
  of	
  deformation	
  mechanism	
  maps:	
  maps	
   that	
  display	
  

the	
   fields	
   of	
   stress	
   and	
   temperature	
   in	
  which	
   a	
   particular	
  mechanism	
  of	
   plastic	
   flow	
   is	
  

dominant	
   (Figure	
   2.16).	
   A	
   point	
   on	
   the	
   map	
   identifies	
   the	
   dominant	
   mechanism	
   at	
   a	
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particular	
  stress	
  and	
  temperature	
  (for	
  some	
  given	
  grain	
  size)	
  and	
   indicates	
  the	
  resulting	
  

strain-­‐rate.	
  	
  

	
  
Figure	
  2.16:	
  Deformation	
  mechanism	
  map	
  for	
  pure	
  Mg	
  with	
  average	
  grain	
  size	
  of	
  0.1mm	
  [61].	
  

	
  
Deformation	
  maps	
  can	
  be	
  used	
  to	
  provide	
  useful	
  information	
  as	
  to	
  the	
  creep	
  mechanism	
  

at	
  different	
  temperatures	
  and	
  stresses.	
  However,	
  few	
  deformation	
  mechanism	
  maps	
  exist	
  

for	
   Mg	
   alloys	
   [68].	
   Also,	
   much	
   like	
   phase	
   diagrams,	
   deformation	
   maps	
   are	
   only	
   as	
  

accurate	
  as	
  the	
  theory	
  and	
  experimental	
  data	
  used	
  to	
  construct	
  them.	
  

	
  

Alternatively,	
  a	
  method	
  which	
  uses	
  the	
  stress	
  exponent	
  (n),	
  exponent	
  of	
  inverse	
  grain	
  size	
  

(p)	
  and	
  the	
  activation	
  energy	
  of	
  diffusion	
  (QC)	
  from	
  Eq.	
  (2.6)	
  is	
  commonly	
  used	
  [69-­‐73]	
  to	
  

infer	
   the	
   dominant	
   creep	
  mechanism	
   at	
   a	
   particular	
   temperature	
   and	
   applied	
   stress.	
   It	
  

should	
  be	
  noted	
  that	
  Eq.	
  (2.6)	
  is	
  purely	
  empirical	
  and	
  although	
  the	
  values	
  for	
  p,	
  n	
  and	
  Qc	
  

are	
   dependent	
   on	
   microstructure	
   they	
   do	
   not	
   provide	
   any	
   information	
   on	
   specific	
  

microstructural	
   features	
   [70].	
   Also,	
   Eq.	
   (2.6)	
   does	
   not	
   accurately	
   identify	
   the	
   dominant	
  

creep	
   mechanism	
   at	
   higher	
   stress	
   levels.	
   An	
   alternative	
   equation	
   (hyperbolic	
   sine	
  

equation	
  [74,	
  75]),	
  related	
  to	
  Eq.	
  (2.6),	
  is	
  sometimes	
  used	
  to	
  indicate	
  higher	
  stress	
  creep	
  

mechanisms.	
   There	
   are	
   also	
   alternative	
   techniques	
   in	
   determining	
   creep	
   mechanisms	
  

such	
   as	
   the	
   θ	
   projection	
   concept,	
   the	
   hyperbolic	
   tangent	
   method	
   and	
   the	
   Wilshire	
  

equations,	
  which	
  are	
   reviewed	
   in	
   the	
  paper	
  by	
  Williams	
  et	
  al.	
   [76].	
   “However,	
   from	
  an	
  

alloy	
   development	
   perspective,	
   these	
   constants	
   (p,	
   n	
   and	
   Qc),	
   in	
   indicating	
   a	
   rate	
  

controlling	
  mechanism,	
  can	
  highlight	
  the	
  weakest	
  aspect	
  of	
  the	
  microstructure	
  from	
  the	
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perspective	
  of	
  creep	
  resistance	
  and	
  thus	
  indicate	
  the	
  best	
  place	
  to	
  start	
  when	
  looking	
  at	
  

microstructural	
  manipulations	
  to	
  further	
  improve	
  creep	
  resistance.”	
  [70]	
  	
  

	
  

The	
  stress	
  exponent,	
  n,	
  can	
  be	
  obtained	
  from	
  the	
  gradient	
  of	
  the	
  logarithm	
  of	
  strain	
  rate	
  

versus	
   the	
   logarithm	
   of	
   stress	
   plot	
   at	
   a	
   specific	
   temperature	
   (Figure	
   2.17).	
   It	
   is	
   usually	
  

regarded	
  that	
  a	
  stress	
  exponent	
  value	
  of	
  1	
  is	
  due	
  to	
  diffusion	
  creep,	
  a	
  value	
  of	
  2	
  due	
  to	
  

grain	
   boundary	
   sliding	
   [77].	
   Stress	
   exponents	
   near	
   3	
   are	
   due	
   to	
   glide	
   controlled	
  

dislocation	
  creep	
  [78]	
  and	
  stress	
  exponents	
  between	
  4	
  to	
  7	
  are	
  attributed	
  to	
  the	
  motion	
  

of	
  dislocations	
  [51].	
  Higher	
  stress	
  exponent	
  values	
   indicate	
  the	
  “power-­‐law”	
  method	
  for	
  

determining	
   creep	
   mechanisms	
   has	
   stopped	
   being	
   accurate	
   i.e.	
   power-­‐law	
   breakdown	
  

has	
  occurred.	
  

	
  

	
   	
  
	
  
Figure	
   2.17:	
   A	
   number	
   of	
   strain	
   rate	
   versus	
   stress	
   plots	
   showing	
   the	
   n	
   values	
   for	
   a)	
  Mg-­‐0.8wt.%Al	
   at	
  
various	
  temperatures	
  [79]	
  and	
  b)	
  Two	
  creep-­‐resistant	
  Mg	
  alloys	
  MEZ	
  and	
  AE42	
  at	
  175°C	
  [80].	
  

	
  

An	
  Arrhenius	
  plot	
  (strain	
  rate	
  vs.1/T)	
  at	
  a	
  specific	
  stress	
  level	
  will	
  determine	
  the	
  apparent	
  

activation	
  energy	
  of	
  creep	
  Qc	
  (Figure	
  2.18).	
  	
  

b	
  a	
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Figure	
  2.18:	
  Plot	
  of	
  strain	
  rate	
  vs.	
  1/T	
  at	
  various	
  stress	
  levels	
  for	
  a	
  Mg-­‐Nd	
  alloy.	
  The	
  value	
  shown	
  next	
  to	
  
each	
  line	
  is	
  the	
  activation	
  energy	
  of	
  creep	
  for	
  that	
  particular	
  stress	
  level	
  [81].	
  

	
  
Numerous	
   research	
   papers	
   have	
   been	
   published	
   where	
   the	
   stress	
   exponents	
   and	
  

activation	
   energies	
   have	
   been	
   calculated	
   for	
   a	
   wide	
   range	
   of	
  Mg	
   alloys	
   [58,	
   82-­‐84].	
   A	
  

summary	
  of	
  some	
  of	
  this	
  work	
  performed	
  on	
  Mg	
  alloys	
  is	
  shown	
  in	
  Table	
  2.1	
  (at	
  the	
  end	
  

of	
  this	
  section).	
  From	
  Table	
  2.1,	
  it	
  is	
  clear	
  that	
  numerous	
  different	
  creep	
  mechanisms	
  are	
  

claimed	
  to	
  be	
  dominant	
  at	
  different	
  temperatures	
  and/or	
  stresses.	
  The	
  large	
  variation	
  in	
  

creep	
  mechanisms	
  not	
  only	
  occurs	
  over	
  a	
  range	
  of	
  temperatures	
  but	
  also	
  between	
  alloys	
  

when	
  temperatures	
  and	
  stresses	
  remain	
  comparable.	
  It	
  is	
  thus	
  difficult	
  to	
  deduce	
  a	
  trend	
  

in	
  creep	
  mechanisms	
  with	
  regard	
  to	
  temperature	
  and/or	
  stress.	
  Table	
  2.1	
  also	
  shows	
  that	
  

certain	
  alloys	
  can	
  have	
  very	
  large	
  stress	
  exponents	
  (n	
  >	
  10)	
  [58,	
  85].	
  The	
  high	
  n	
  values	
  are	
  

typically	
  rationalised	
  by	
  introducing	
  a	
  threshold	
  stress,	
  σ0,	
  below	
  which	
  creep	
  cannot	
  be	
  

accurately	
   measured	
   [72,	
   86,	
   87].	
   The	
   power	
   law	
   equation	
   given	
   in	
   Eq.	
   (2.7)	
   is	
   thus	
  

modified	
  to	
  take	
  into	
  account	
  the	
  threshold	
  stress:	
  	
  

	
  	
  

€ 

˙ ε s = A(σ −σ 0 )n exp −Qc

RT

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 	
   (2.8)	
  

It	
   has	
   been	
   shown,	
   however,	
   that	
   this	
   method	
   cannot	
   always	
   be	
   used	
   to	
   correct	
   the	
  

theorem	
  and	
  furthermore	
  that	
  using	
  the	
  stress	
  exponent	
  alone	
   is	
  not	
  a	
  reliable	
  method	
  

for	
  identifying	
  creep	
  mechanisms	
  [85,	
  88,	
  89].	
  Rather,	
  it	
  is	
  suggested	
  that	
  microstructural	
  

investigations	
   should	
   be	
   used	
   in	
   combination	
   with	
   modelling	
   approaches	
   in	
   order	
   to	
  

accurately	
  identify	
  the	
  creep	
  mechanisms	
  in	
  high-­‐stress	
  exponent	
  materials.	
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The	
  exponent	
  for	
  the	
  inverse	
  grain	
  size	
  p	
  can	
  be	
  obtained	
  from	
  the	
  slope	
  of	
  the	
  strain	
  rate	
  

vs.	
   grain	
   size	
   plot	
   from	
   a	
   series	
   of	
   creep	
   tests	
   performed	
   at	
   the	
   same	
   stress	
   and	
  

temperature	
   using	
   samples	
   with	
   different	
   grain	
   diameters	
   [90].	
   Thus,	
   if	
   the	
   creep	
  

mechanism	
   is	
  not	
  dependent	
  on	
  grain	
  size	
   then	
  p	
  =	
  0.	
  When	
  creep	
  occurs	
  by	
  diffusion-­‐

controlled	
   generation	
   and	
   movement	
   of	
   dislocations	
   it	
   has	
   been	
   suggested	
   that	
   the	
  

steady-­‐state	
  creep	
  rate	
  is	
   independent	
  of	
  grain	
  size,	
  and	
  therefore	
  p	
  =	
  0	
  [56,	
  91].	
  When	
  

the	
  primary	
  creep	
  mechanism	
  is	
  either	
  Nabarro-­‐Herring	
  or	
  Coble	
  creep	
  the	
  inverse	
  grain	
  

size	
  exponent	
  is	
  taken	
  to	
  be	
  2	
  or	
  3,	
  respectively	
  [56,	
  91].	
  For	
  grain	
  boundary	
  sliding	
  p	
  has	
  

been	
  reported	
  to	
  equal	
  1	
  [56].	
  

	
  

2.3.4 Tertiary Creep 

The	
   research	
   presented	
   in	
   this	
   thesis	
   is	
   focused	
   on	
   the	
   properties	
   of	
  Mg	
   alloys	
   during	
  

steady-­‐state	
  creep.	
  Tertiary	
  creep	
  will,	
   thus,	
  be	
  discussed	
  relatively	
  briefly.	
  For	
  this	
   final	
  

stage	
  of	
  creep,	
  strain	
  hardening	
  and	
  thermal	
  softening	
  are	
  no	
  longer	
  balanced.	
  The	
  creep	
  

rate	
   begins	
   to	
   accelerate	
   until	
   rupture	
   of	
   the	
   material	
   occurs	
   due	
   to	
   microstructural	
  

and/or	
  metallurgical	
  changes	
  such	
  as	
  voids	
  or	
  cavities	
  forming,	
  cracking	
  of	
  the	
  grains	
  and	
  

grain	
  boundary	
  separation.	
  On	
  the	
  macroscopic	
  scale,	
  necking	
  (reduction	
  of	
  the	
  effective	
  

cross	
  sectional	
  area	
  of	
  the	
  material)	
  can	
  be	
  observed.	
  This	
  typically	
  occurs	
  at	
  the	
  point	
  of	
  

the	
  material,	
  which	
  will	
  soon	
  fail	
  due	
  to	
  the	
  growth	
  and	
  linking	
  up	
  of	
  cavities	
  [92].	
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Table	
   2.1:	
   Summary	
   of	
   some	
   of	
   the	
   creep	
   studies	
   on	
   Mg	
   alloys	
   with	
   assessment	
   of	
   dominant	
   creep	
  
mechanism	
  (n).	
  Note:	
  *	
  indicates	
  compression	
  creep	
  testing.	
  

Alloy	
  (wt.%)	
   T	
  (°C)	
   σ	
  (MPa)	
   n	
   Q	
  (kJ	
  mol-­‐1)	
   Ref	
  

Pure	
  Mg	
   200	
   20-­‐40	
   6.5	
   135	
  ±	
  10	
   [93]	
  
Pure	
  Mg	
   250	
   10-­‐25	
   5.2	
   135	
  ±	
  10	
   [93]	
  
Mg-­‐16Al	
   327	
   5-­‐30	
   4-­‐7	
   -­‐	
   [13]	
  
AZ31	
   150-­‐225	
   35-­‐140	
   3-­‐6	
   93.8-­‐126.6	
   [71]	
  
AZ91	
   150	
   40-­‐100	
   6.3	
   -­‐	
   [94]	
  
AZ91*	
   152	
   200-­‐650	
   6.0	
   112.6	
   [82]	
  
AZ91-­‐1RE*	
   152	
   200-­‐650	
   6.8	
   118.2	
   [82]	
  
AZ91-­‐2RE*	
   152	
   200-­‐650	
   6.7	
   110.2	
   [82]	
  
AZ91-­‐3RE*	
   152	
   200-­‐650	
   7.0	
   125.8	
   [82]	
  
AS31	
   125	
   80-­‐110	
   14.4	
   165	
   [85]	
  
MRI153	
   150	
   60-­‐110	
   6-­‐15	
   -­‐	
   [95]	
  
Mg-­‐1Ca-­‐1Zn-­‐0.6Zr	
   150	
   75-­‐110	
   6.2	
   -­‐	
   [94]	
  
Mg-­‐1Ca-­‐1Zn-­‐1Nd-­‐0.6Zr	
   150	
   90-­‐110	
   7.2	
   -­‐	
   [94]	
  
AE42	
   175	
   70-­‐90	
   34	
   -­‐	
   [96]	
  
AE44	
   175	
   90-­‐110	
   41	
   -­‐	
   [96]	
  
AE44	
   125	
   110-­‐160	
   27	
   140	
   [97]	
  
Mg-­‐1.5Mn-­‐0.3Ce	
   400	
   33	
   3.4	
   -­‐	
   [84]	
  
Mg-­‐3.44La	
   177	
   50-­‐90	
   9	
   -­‐	
   [14]	
  
Mg-­‐2.87Ce	
   177	
   50-­‐90	
   8	
   -­‐	
   [14]	
  
Mg-­‐2.6Nd	
   177	
   50-­‐90	
   6.9	
   -­‐	
   [14]	
  
Mg-­‐0.7	
  Y	
   277	
   >	
  70	
   12	
   -­‐	
   [58]	
  
Mg-­‐3.9	
  Y	
   277	
   50-­‐100	
   5	
   -­‐	
   [58]	
  
Mg-­‐5.6	
  Y	
   277	
   50-­‐120	
   5	
   -­‐	
   [58]	
  
Mg-­‐8.3	
  Y	
   277	
   >	
  150	
   12	
   -­‐	
   [58]	
  
Mg-­‐6Y-­‐4	
  Nd	
   290-­‐360	
   30-­‐80	
   6-­‐7	
   -­‐	
   [58]	
  
Mg-­‐5.8Y-­‐2.8Nd-­‐0.9Zr	
   <	
  200	
   20	
   -­‐	
   150	
   [58]	
  
Mg-­‐5.8Y-­‐2.8Nd-­‐0.9Zr	
   <	
  200	
   40	
   -­‐	
   135	
   [58]	
  
Mg-­‐5.8Y-­‐2.8Nd-­‐0.9Zr	
   <	
  200	
   60	
   -­‐	
   122	
   [58]	
  
Mg-­‐5.8Y-­‐2.8Nd-­‐0.9Zr	
   <	
  300	
   -­‐	
   3.1	
   -­‐	
   [58]	
  
Mg-­‐5.8Y-­‐2.8Nd-­‐0.9Zr	
   >	
  200	
   20	
   -­‐	
   257	
   [58]	
  
Mg-­‐5.8Y-­‐2.8Nd-­‐0.9Zr	
   >	
  200	
   40	
   -­‐	
   202	
   [58]	
  
Mg-­‐5.8Y-­‐2.8Nd-­‐0.9Zr	
   >	
  200	
   60	
   -­‐	
   179	
   [58]	
  
Mg-­‐5.8Y-­‐2.8Nd-­‐0.9Zr	
   >	
  300	
   -­‐	
   3.7	
   -­‐	
   [58]	
  
Mg-­‐6.2Y-­‐3Nd-­‐0.4Zr	
   200-­‐300	
   40	
   -­‐	
   606-­‐68	
   [58]	
  
Mg-­‐6.2Y-­‐3Nd-­‐0.4Zr	
   300-­‐350	
   40	
   -­‐	
   100-­‐226	
   [58]	
  
Mg-­‐6Y-­‐3Nd-­‐0.5Zr	
   200-­‐280	
   20	
   -­‐	
   50-­‐90	
   [58]	
  
Mg-­‐6Y-­‐3Nd-­‐0.5Zr	
   280-­‐350	
   20	
   -­‐	
   200-­‐300	
   [58]	
  
Mg-­‐1Y-­‐Zn-­‐Nd-­‐Zr	
   250-­‐350	
   40	
   -­‐	
   212	
   [58]	
  
Mg-­‐3Y-­‐Zn-­‐Nd-­‐Zr	
   250-­‐350	
   40	
   -­‐	
   187	
   [58]	
  
Mg-­‐5Y-­‐Zn-­‐Nd-­‐Zr	
   250-­‐350	
   40	
   -­‐	
   165	
   [58]	
  
Mg-­‐10Gd-­‐3Y-­‐Zr	
  (T6)	
   250	
   50-­‐120	
   5.2	
   -­‐	
   [98]	
  
Mg-­‐10Gd-­‐3Y-­‐Zr	
  (T6)	
   300	
   35-­‐65	
   5.9	
   -­‐	
   [98]	
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Table	
  2.1	
  cont.	
  

Alloy	
  (wt.%)	
   T	
  (°C)	
   σ	
  (MPa)	
   n	
   Q	
  (kJ	
  mol-­‐1)	
   Ref	
  

WE43	
   130-­‐170	
   180-­‐225	
   14	
   140	
   [58]	
  
WE43	
   230-­‐270	
   180-­‐225	
   2-­‐3	
   170	
   [58]	
  
WE54	
   <	
  200	
   100	
   -­‐	
   150	
   [58]	
  
WE54	
   <	
  200	
   150	
   -­‐	
   160	
   [58]	
  
WE54	
   >	
  200	
   100	
   -­‐	
   14	
   [58]	
  
WE54	
   >	
  200	
   150	
   -­‐	
   40	
   [58]	
  
WE54	
   150	
   50-­‐150	
   1.5	
   -­‐	
   [58]	
  
WE54	
   200	
   50-­‐150	
   3.4	
   -­‐	
   [58]	
  
WE54	
   230-­‐270	
   32-­‐82	
   4-­‐5	
   175-­‐221	
   [58]	
  
WE54	
   250	
   50-­‐150	
   3.3	
   -­‐	
   [58]	
  
	
  

2.4 Creep Properties of Mg Alloys 

A	
   large	
   number	
   of	
   alloying	
   additions	
   have	
   been	
   used	
   to	
   improve	
   the	
   creep	
   and	
  

mechanical	
  properties	
  of	
  Mg	
  Alloys.	
  Alloying	
  elements	
  in	
  Mg	
  such	
  as	
  Al,	
  Zn,	
  Mn,	
  Ag,	
  Si,	
  Sn,	
  

Ca	
   and	
   the	
   rare	
   earth	
   elements	
   (including	
   Y	
   which	
   will	
   be	
   referred	
   to	
   as	
   a	
   rare	
   earth	
  

element	
  in	
  this	
  current	
  work)	
  have	
  been	
  used	
  to	
  improve	
  the	
  strength,	
  creep	
  resistance,	
  

mechanical	
  properties	
  or	
  castability	
  of	
  Mg.	
  More	
  recently	
  a	
  debate	
  has	
  begun	
  relating	
  to	
  

the	
   importance	
   of	
   precipitation	
   hardening	
   and/or	
   solid	
   solution	
   strengthening	
   with	
  

regards	
   to	
   creep.	
   Some	
  Mg	
   alloys	
   have	
   been	
   found	
   to	
   be	
   age	
   hardenable	
   and/or	
   have	
  

thermally	
   stable	
   solute	
   in	
   solid	
   solution	
   and	
   less	
   emphasis	
   has	
   been	
   placed	
   on	
   grain	
  

boundary	
   reinforcement	
   to	
   Mg	
   alloys	
   [8,	
   13-­‐16].	
   In	
   the	
   following	
   sections,	
   creep	
  

properties	
   of	
   various	
  Mg	
   alloy	
   systems	
   will	
   be	
   briefly	
   investigated.	
   Following	
   that,	
   the	
  

creep	
  properties	
  of	
  Mg-­‐rare	
  earth	
  alloys	
  will	
  be	
  described	
  in	
  detail.	
  

2.4.1 Creep of Mg-Al alloys  

Mg-­‐Al	
  based	
  alloys	
  are	
  some	
  of	
  the	
  more	
  common	
  commercially	
  used	
  Mg	
  alloy	
  systems	
  

[99].	
  Aluminium	
  has	
  a	
   relatively	
  high	
  solid	
  solubility	
   in	
  Mg,	
  11.7	
  at.%	
  (12.9	
  wt.%)	
  at	
   the	
  

eutectic	
  temperature	
  of	
  437°C	
  (Figure	
  2.19).	
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Figure	
  2.19:	
  Mg-­‐Al	
  binary	
  phase	
  diagram	
  [100].	
  

	
  

2.4.1.1 Mg-Al-Zn Alloys 
	
  

One	
   of	
   the	
   earliest	
  mass-­‐produced	
  Mg	
   alloys	
  was	
   AZ91	
   (Mg-­‐9wt.%Al-­‐1wt.%Zn).	
   Due	
   to	
  

the	
   poor	
   elevated	
   temperature	
   (>	
   130°C)	
   creep	
   properties	
   of	
   AZ91	
   subsequent	
   Mg-­‐Al	
  

based	
  alloys	
  were	
  developed	
  [101,	
  102]	
  (Figure	
  2.20).	
  

	
  
Figure	
  2.20:	
  Creep	
  curves	
  for	
  as-­‐cast	
  AZ91D	
  (die-­‐cast)	
  under	
  constant	
  loads	
  at	
  150°C	
  [102].	
  

	
  
The	
   typical	
  microstructure	
   of	
   a	
  HPDC	
  AZ91	
   alloy	
   is	
   shown	
   in	
   Figure	
   2.21.	
   The	
  matrix	
   is	
  

composed	
   of	
   α-­‐primary	
   phase	
   and	
   an	
   intermetallic	
   β	
   phase	
   (Mg17Al12)	
   along	
   with	
   a	
  

supersaturated	
  solid	
  solution	
  Mg-­‐Al	
  rich	
  phase	
  α-­‐eutectic	
  (referred	
  to	
  as	
  α-­‐secondary	
  in	
  

[103])	
  is	
  present	
  at	
  grain/cell	
  boundaries.	
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Figure	
  2.21:	
  Typical	
  microstructure	
  of	
  HPDC	
  AZ91	
  [103].	
  

	
  

There	
   is	
   still	
   debate	
   as	
   to	
   the	
   exact	
   reason	
   for	
   the	
  poor	
   creep	
  properties	
   of	
  AZ91.	
   It	
   is	
  

often	
  stated	
  that	
  the	
  poor	
  creep	
  properties	
  of	
  Mg-­‐Al	
  alloys	
  are	
  related	
  to	
  the	
  softening	
  of	
  

the	
   intermetallic	
   β	
   phase,	
   Mg17Al12,	
   present	
   in	
   the	
   intergranular	
   region	
   of	
   the	
  

microstructure	
   that	
   forms	
   through	
   a	
   eutectic	
   reaction	
   at	
   437°C	
   [82,	
   104-­‐106].	
   Another	
  

commonly	
   stated	
   cause	
   of	
   poor	
   creep	
   resistance	
   in	
   Mg-­‐Al	
   alloys	
   is	
   the	
   discontinuous	
  

precipitation	
   of	
   Mg17Al12	
   which	
   can	
   lead	
   to	
   grain	
   boundary	
   sliding	
   [4,	
   12,	
   107].	
   The	
  

relatively	
   poor	
   creep	
   properties	
   of	
   Mg-­‐Al	
   alloys	
   have	
   also	
   been	
   attributed	
   to	
   high	
  

diffusivity	
  of	
  Al	
  in	
  Mg	
  solid	
  solution	
  [12].	
  

	
  

2.4.1.2 Mg-Al-Si Alloys 
	
  

In	
   an	
   attempt	
   to	
   address	
   the	
   poor	
   creep	
   properties	
   of	
   Mg-­‐Al-­‐Zn	
   alloys	
   up	
   to	
   150°C,	
  

alternative	
  alloying	
  additions	
  to	
  Mg	
  were	
  required.	
  The	
  die-­‐cast	
  Mg-­‐Al-­‐Si	
  alloy	
  system	
  was	
  

developed	
  [108]	
  and	
  Volkswagen	
  adopted	
  Mg-­‐Al-­‐Si	
  alloys	
  such	
  as	
  AS41	
   in	
  the	
  1970s	
  for	
  

automotive	
   applications	
   [106].	
   Mg2Si	
   precipitates	
   formed	
   in	
   the	
   AS	
   alloys	
   have	
   high	
  

hardness,	
   low	
   thermal	
   expansion	
   coefficient	
   and,	
   as	
   opposed	
   to	
  Mg17Al12,	
   have	
   a	
   high	
  

melting	
   temperature	
   (1085°C).	
   The	
   improved	
   elevated	
   temperature	
   strength	
   was	
  

attributed	
  to	
  the	
  increased	
  dispersion	
  strengthening	
  obtained	
  from	
  the	
  Mg2Si	
  phase	
  that	
  

forms	
   at	
   the	
   grain	
   boundaries	
   [106].	
   However,	
   the	
   addition	
   of	
   Si	
   does	
   not	
   significantly	
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hinder	
  the	
  formation	
  of	
  β-­‐phase	
  and	
  thus	
  does	
  not	
  substantially	
  increase	
  creep	
  resistance	
  

in	
  Mg	
  alloys	
  and	
  is	
  also	
  difficult	
  to	
  die-­‐cast	
  [88,	
  109].	
  

2.4.1.3 Mg-Al-RE Alloys 
	
  

Mg-­‐Al-­‐RE	
   alloys	
   showed	
   promising	
   improvements	
   to	
   elevated	
   temperature	
   creep	
  

properties	
  [72,	
  110-­‐112].	
  The	
  RE	
  component	
  in	
  this	
  alloy	
  series	
  is	
  often	
  added	
  as	
  La	
  or	
  Ce-­‐

rich	
  mischmetal	
  (a	
  mixture	
  of	
  a	
  number	
  of	
  RE	
  elements).	
  Two	
  of	
  the	
  more	
  common	
  Mg-­‐

Al-­‐RE	
  alloys	
  are	
  AE42	
  and	
  AE44.	
  The	
  improved	
  creep	
  resistance	
  of	
  AE	
  alloys	
  in	
  comparison	
  

to	
   Mg-­‐Al	
   alloys	
   such	
   AZ91	
   and	
   AS21	
   is	
   commonly	
   attributed	
   to	
   the	
   suppression	
   of	
  

Mg17Al12	
  due	
  to	
  the	
  preferential	
  formation	
  of	
  Al11RE3	
  phase	
  (body-­‐centred	
  orthorhombic,	
  

a	
   =	
   0.45	
   nm,	
   b	
   =	
   1.32	
   nm	
   and	
   c	
   =	
   0.99	
   nm)	
   [72,	
   110].	
   	
   AE44	
   has	
   a	
   typical	
   dendritic	
  

microstructure	
  characterised	
  by	
  primary	
  α-­‐Mg	
  dendrites	
  and	
  intermetallic	
  phases	
  present	
  

at	
  grain	
  boundaries	
  (lamellar-­‐like	
  morphology)	
  or	
  in	
  the	
  interdendritic	
  regions	
  (particulate	
  

shape)	
   (Figure	
  2.22).	
   	
   Zhu	
  et	
  al.	
   [110]	
   showed	
   that	
   the	
   lamellar-­‐like	
   intermetallic	
  phase	
  

present	
   in	
   AE44	
   at	
   the	
   grain	
   boundaries	
   is	
   Al11RE3	
   while	
   the	
   particulate	
   shaped	
  

intermetallic	
  was	
  Al2RE,	
  which	
  has	
  also	
  been	
  reported	
  [111].	
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Figure	
   2.22:	
   TEM	
  bright-­‐field	
   image,	
  microbeam	
   electron	
   diffractions,	
   and	
   EDS	
   spectra	
   showing	
   typical	
  
microstructure	
  and	
   identification	
  of	
   intermetallic	
  phases	
   in	
  as-­‐cast	
  AE44.	
  The	
   lamellar-­‐like	
   intermetallic	
  
phase	
  was	
  identified	
  to	
  be	
  Al11RE3	
  (body-­‐centred	
  orthorhombic	
  structure)	
  whereas	
  the	
  particulate-­‐shaped	
  
intermetallic	
  phase	
  is	
  Al2RE	
  (diamond	
  cubic	
  structure)	
  [110].	
  

	
  
AE44	
  has	
  better	
   creep	
   resistance	
   than	
  AE42	
   (Figure	
  2.23).	
   Powell	
  et	
   al.	
   [111]	
   proposed	
  

that	
  at	
  temperatures	
  above	
  150°C,	
  the	
  Al11RE3	
  phase	
  is	
  unstable	
  and	
  decomposes	
  to	
  the	
  

Al2RE	
   phase	
   leading	
   to	
   the	
   availability	
   of	
   more	
   Al	
   atoms	
   to	
   react	
   with	
   Mg	
   and	
   form	
  

Mg17Al12.	
  Since	
  Al11RE3	
  was	
  found	
  to	
  be	
  the	
  predominant	
  intermetallic	
  in	
  both	
  AE42	
  and	
  

AE44	
  the	
  superior	
  creep	
  resistance	
  of	
  the	
  latter	
  cannot	
  be	
  explained	
  by	
  this	
  mechanism.	
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Figure	
  2.23:	
  Minimum	
  creep	
  rate	
  plotted	
  against	
  applied	
  stress	
  at	
  175°C	
  for	
  AE44	
  compared	
  with	
  AE42	
  
[96].	
  

	
  
In	
   contrast,	
   Zhu	
   et	
   al.	
   [96]	
   concluded	
   that	
   the	
   improved	
   creep	
   properties	
   of	
   AE44	
   are	
  

related	
   to	
   the	
   higher	
   concentration	
   of	
   RE	
   in	
   solid	
   solution	
   in	
   the	
   α-­‐Mg	
   phase	
   which,	
  

contributes	
   to	
   greater	
   solid	
   solution	
   strengthening	
   and/or	
   precipitation	
   hardening	
   and	
  

also	
  to	
  the	
  removal	
  of	
  Al	
  from	
  the	
  matrix.	
  

2.4.1.4 Mg-Zn-Al-RE Alloys 
Additions	
  of	
  Zn	
  to	
  Mg-­‐Al-­‐RE	
  alloys	
  were	
  used	
  in	
  an	
  attempt	
  to	
  further	
  improve	
  their	
  high	
  

temperature	
  creep	
  properties	
  [113].	
  Zn	
  was	
  added	
  to	
  the	
  HPDC	
  Mg-­‐4Al-­‐4RE	
  (wt.%)	
  alloy	
  

due	
  to	
  its	
  high	
  solid	
  solution	
  strengthening	
  effect	
  in	
  the	
  α-­‐Mg	
  matrix	
  (a	
  reason	
  for	
  it	
  being	
  

included	
   in	
  AZ91).	
  Also,	
   in	
  alloys	
  where	
  Zn	
   is	
   the	
  major	
  alloying	
  addition,	
   fluidity	
   is	
  very	
  

good	
  and	
  the	
  creep	
  properties	
  are	
  improved,	
  in	
  comparison	
  to	
  Mg-­‐Al,	
  but	
  they	
  also	
  have	
  

greater	
   susceptibility	
   to	
   hot	
   tearing	
   [45,	
   114].	
   However,	
   Xiao	
   et	
   al.	
   [113]	
   showed	
   that	
  

increasing	
  concentrations	
  of	
  Zn	
  (from	
  1	
  wt.%	
  to	
  4	
  wt.%)	
   in	
  a	
  base	
  AE44	
  alloy	
  decreased	
  

the	
  creep	
  resistance	
  of	
  the	
  alloy	
  (Figure	
  2.24).	
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Figure	
  2.24:	
  Creep	
  curves	
  for	
  HPDC	
  AE44-­‐based	
  alloys	
  at	
  150°C	
  under	
  the	
  applied	
  stresses	
  of	
  a)	
  45	
  MPa	
  
and	
  b)	
  60	
  MPa.	
  

	
  
Following	
  microstructure	
  investigations,	
  Xiao	
  et	
  al.	
  [113]	
  concluded	
  that	
  the	
  reduction	
  in	
  

creep	
  strength	
  was	
  a	
  result	
  of	
  the	
  increase	
  of	
  Al2REZn2	
  phase	
  in	
  the	
  expense	
  of	
  Al11RE	
  and	
  

Al4RE	
   phases,	
   which	
   reduced	
   the	
   amount	
   of	
   dispersion	
   strengthening	
   of	
   the	
   eutectic.	
  

Additionally,	
  Xiao	
  et	
  al.	
   [113]	
  concluded	
  that	
  the	
  result	
  could	
  also	
  be	
  related	
  to	
  the	
  fact	
  

that	
  Zn	
  has	
  a	
  relatively	
  high	
  solid	
  solubility	
  (2.4	
  at.%	
  or	
  6.2	
  wt.%	
  [115])	
  in	
  Mg	
  but	
  also	
  the	
  

relatively	
  high	
  diffusivity	
  of	
  Zn	
  in	
  Mg	
  may	
  assist	
  in	
  dislocation	
  motion.	
  

	
  

2.4.1.5 Mg-Al-Sr Alloys 
The	
  Mg-­‐Al-­‐Sr	
  alloys	
  were	
  designed	
  as	
  viable	
  alternatives	
  to	
  Mg-­‐Al-­‐RE	
  alloys	
  [116].	
  As	
  with	
  

Mg-­‐Al-­‐Si	
   and	
  Mg-­‐Al-­‐RE	
   alloys	
   the	
   formation	
   of	
  Mg17Al12	
   is	
   reduced	
   by	
   the	
   preferential	
  

formation	
  of	
  another	
  phase,	
  namely	
  Al4Sr.	
  The	
  superior	
  creep	
  resistance	
  of	
  AJ52	
  (Mg-­‐5Al-­‐

2Sr	
  wt.%)	
  and	
  AJ62	
   (Mg-­‐6Al-­‐2Sr	
  wt.%)	
  has	
  been	
  attributed	
   to	
   the	
  presence	
  of	
   the	
  Al4Sr	
  

phase	
   [117].	
   “In	
   AJ-­‐alloys	
   the	
   interdendritic	
   network	
   of	
   Al4Sr	
   or	
   bulky-­‐phase	
   is	
   stable	
  

against	
   coarsening	
   at	
   temperatures	
   relevant	
   for	
   technical	
   applications,	
   since	
   Sr	
   is	
   not	
  

dissolved	
   in	
   the	
  matrix	
  so	
  that	
  additional	
  Al4Sr	
  or	
  bulky-­‐phase	
  cannot	
  be	
   formed	
  during	
  

creep	
  or	
  heat	
  treatment”	
  [116].	
  

	
  

2.4.1.6 Mg-Al-Ca Alloys 
More	
  recently	
   the	
  Mg-­‐Al-­‐Ca	
  based	
  alloys	
  such	
  as	
  AXJ530	
   (Mg-­‐5Al-­‐3Ca-­‐0.15Sn	
  wt.%)	
  and	
  

MR1230D	
   (Mg-­‐6.5Al-­‐2.25Ca-­‐0.25Sr-­‐0.8Sn)	
   have	
   shown	
   excellent	
   creep	
   resistance	
   at	
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temperatures	
  of	
  150°C	
  and	
  applied	
  stress	
  above	
  90	
  MPa	
  [118-­‐120].	
  A	
  third	
  alloy	
  that	
   is	
  

also	
   Mg-­‐Al-­‐Ca	
   based,	
   MRI153M	
   (Mg-­‐8Al-­‐1Ca-­‐0.27Sr	
   wt.%)	
   has	
   significantly	
   poorer	
  

elevated	
   temperature	
   creep	
   properties	
   in	
   comparison	
   to	
   the	
   other	
   two	
   alloys	
   (Figure	
  

2.25).	
  	
  

 
Figure	
  2.25:	
  Tensile	
  creep	
  behaviour	
  of	
  AXJ530,	
  MRI153M	
  and	
  MRI230D	
  crept	
  at	
  110	
  MPa	
  at	
  180°C.	
  Failed	
  
specimens	
  are	
  indicated	
  by	
  an	
  ‘x’.	
  [22] 

	
  

All	
   the	
   alloys	
   attempt	
   to	
   improve	
   the	
   elevated	
   temperature	
   creep	
   resistance	
   of	
  Mg-­‐Al	
  

based	
  alloys	
  by	
  introducing	
  stable	
  grain	
  boundary	
  phases	
  and	
  also	
  reducing	
  the	
  amount	
  of	
  

Mg17Al12	
  [95,	
  121].	
  The	
  microstructure	
  of	
  the	
  alloys	
  is	
  relatively	
  similar	
  (Figure	
  2.25).	
  The	
  

primary	
  α-­‐Mg	
  is	
  surrounded	
  by	
  eutectic	
  phases	
  in	
  the	
  interdendritic	
  regions,	
  the	
  average	
  

cell	
  size	
  is	
  approximately	
  11µm	
  and	
  the	
  grain	
  size	
  is	
  on	
  the	
  order	
  of	
  20µm	
  for	
  all	
  the	
  alloys	
  

[22].	
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Figure	
   2.26:	
   SEM	
   (BSE)	
   images	
   of	
   die-­‐cast	
   a)	
   AXJ530,	
   B)	
   MRI230D	
   and	
   c)	
   MR1153M.	
   The	
   darker	
   grey	
  
regions	
   are	
   cells	
   of	
   primary	
  α-­‐Mg,	
  while	
   the	
   brighter	
   contrast	
   features	
   are	
   intermetallic	
   phases	
   in	
   the	
  
eutectic.	
  [22]	
  

 
Thus	
   TerBush	
   et	
   al.	
   [22]	
   proposed	
   that	
   the	
   variation	
   in	
   creep	
   resistance	
   could	
   not	
   be	
  

attributed	
  to	
  differences	
   in	
  microstructure.	
  Rather,	
  the	
  differences	
   in	
  the	
  partitioning	
  of	
  

Al	
   and	
   Ca	
   in	
   the	
   primary	
   α-­‐Mg	
   phase	
   during	
   the	
   non-­‐equilibrium	
   solidification	
   was	
  

proposed	
  as	
   the	
   likely	
   reason	
   for	
   the	
  difference	
   in	
   creep	
   resistance.	
  The	
   segregation	
  of	
  

solute	
  in	
  solid	
  solution	
  profiles	
  of	
  the	
  three	
  major	
  elements	
  of	
  the	
  alloys	
  (Mg,	
  Al	
  and	
  Ca)	
  

are	
  shown	
  in	
  Figure	
  2.27	
  for	
  MRI230D,	
  MRI153M	
  and	
  AXJ530	
  and	
  AX44	
  (Mg-­‐3.8Al-­‐3.5Ca	
  

wt.%)	
  was	
  included	
  as	
  a	
  baseline	
  Mg-­‐Al-­‐Ca	
  comparison	
  alloy.	
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Figure	
  2.27:	
  Least-­‐mean-­‐squares	
   fit	
  of	
  concentration	
  profiles	
   for	
   (a)	
  Mg,	
   (b)	
  Al,	
  and	
   (c)	
  Ca	
   in	
  MRI153M,	
  
MRI230D,	
  AXJ530,	
  and	
  AX44,	
  as	
  measured	
  by	
  the	
  electron	
  microprobe.	
  (d)	
  Same	
  as	
  (b),	
  except	
  showing	
  
the	
  scatter	
  in	
  the	
  experimental	
  data,	
  which	
  is	
  caused	
  by	
  errors	
  in	
  the	
  Mg	
  concentrations	
  used	
  to	
  sort	
  the	
  
rest	
  of	
  the	
  elements	
  [118].	
  	
  

	
  
MRI230D	
  had	
  the	
  greater	
   level	
  of	
  Al	
  and	
  Ca	
   in	
  the	
  primary	
  α-­‐Mg	
  whilst	
  MRI153D	
  had	
  a	
  

higher	
   level	
   of	
   Al	
   (Figure	
   2.27)	
   compared	
   to	
   AX44	
   and	
   AXJ530.	
   The	
   differences	
   in	
   the	
  

partitioning	
   of	
   the	
   solute	
   in	
   solid	
   solution	
   were	
   regarded	
   to	
   influence	
   both	
   the	
   solid	
  

solution	
   and	
   precipitation	
   strengthening,	
   which	
   could	
   explain	
   the	
   differences	
   in	
   creep	
  

properties.	
  

	
  

Although	
   there	
   has	
   been	
   significant	
   advances	
   in	
   the	
   creep	
   resistance	
   of	
   Mg-­‐Al	
   based	
  

alloys	
   (as	
   shown	
   by	
   AXJ530)	
   by	
   the	
   suppression	
   of	
   the	
   Mg17Al12	
   phase,	
   the	
   creep	
  

resistance	
  of	
  Mg-­‐RE	
   (with	
  no	
  Al)	
   such	
  as	
   the	
  alloys	
  based	
  on	
  the	
  Mg-­‐Y-­‐Nd	
  system	
  [108]	
  

still	
  have	
  significantly	
  better	
  elevated	
  temperature	
  creep	
  properties.	
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2.4.2 Creep of Mg-RE Alloys 

An	
  alternative	
  method	
  to	
  overcome	
  the	
  detrimental	
  effects	
  of	
  Mg17Al12	
  is	
  to	
  produce	
  Mg	
  

alloys	
  without	
  any	
  Al	
  content.	
  Mg-­‐RE	
  alloys,	
  most	
  notably	
  WE54	
  (Mg-­‐5.1wt.%Y-­‐4wt.%RE-­‐

0.5wt.%Zr)	
   and	
   WE43	
   (Mg-­‐4.0wt.%Y-­‐3.3wt.%RE-­‐0.5wt.%Zr)	
   have	
   excellent	
   high	
  

temperature	
  creep	
  properties,	
  minimum	
  creep	
  rate	
  of	
  1.6	
  x	
  10-­‐7	
  s-­‐1	
  for	
  WE54	
  at	
  300°C	
  and	
  

40	
  MPa	
  and	
  7.34	
  x	
  10-­‐10	
  s-­‐1	
  for	
  WE43	
  at	
  200°C	
  and	
  60	
  MPa	
  [58].	
  	
  

	
  

The	
   instability	
   of	
   the	
   price	
   of	
   RE	
   elements	
   has	
   made	
   alloys	
   such	
   as	
   WE54	
   and	
   WE43	
  

economically	
  unviable	
  for	
  the	
  automotive	
  industry	
  (Figure	
  2.28).	
  	
  

	
  
Figure	
  2.28:	
  Cost	
  of	
  Nd	
  per	
  tonne	
  also	
  showing	
  cost	
  of	
  Al	
  for	
  comparison	
  [122].	
  

	
  
Thus	
   other	
  Mg-­‐RE	
   alloys,	
  with	
   lower	
   concentrations	
   of	
   RE,	
  which	
   still	
   have	
   good	
   creep	
  

resistance	
  have	
  also	
  been	
  devised.	
  Elektron	
  21	
   (Mg-­‐2.7Nd-­‐1.2Gd-­‐0.49Zr-­‐0.4Zn)	
  and	
  AM-­‐

SC1	
  (Mg-­‐1.7Nd-­‐0.5Zn-­‐1.0Zr	
  and	
  1.0	
  other	
  RE	
  wt.%)	
  are	
  some	
  alternatives	
  [123-­‐125]	
  that	
  

contain	
   less	
   RE,	
   but	
   due	
   to	
   being	
   sand	
   cast	
   alloys	
   they	
   did	
   not	
   meet	
   the	
   industry	
  

requirement	
  for	
  rapid	
  mass	
  production.	
  AM-­‐HP2+	
  (a	
  Mg-­‐RE-­‐Zn	
  alloy)	
   is	
  an	
  alternative	
  to	
  

AM-­‐SC1,	
  which	
  has	
  both	
  good	
  creep	
  resistance	
  at	
  temperatures	
  of	
  up	
  to	
  177°C	
  and	
  can	
  

be	
  mass-­‐produced	
  by	
  high-­‐pressure	
  die-­‐casting	
  [7,	
  126].	
  The	
  creep	
  resistance	
  of	
  AM-­‐HP2+	
  

is	
   shown	
   to	
   be	
   at	
   least	
   as	
   good	
   as	
   the	
   commonly	
   used	
   Al	
   alloy	
   A380	
   and	
   significantly	
  

better	
  than	
  some	
  of	
  the	
  more	
  commonly	
  used	
  Mg	
  alloys	
  such	
  as	
  AZ91	
  and	
  creep	
  resistant	
  

Mg-­‐Al	
  alloys	
  such	
  as	
  AE42	
  and	
  AXJ530	
  (Table	
  2.2).	
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Table	
   2.2:	
   Typical	
   secondary	
   creep	
   rates	
   (minimum	
   creep	
   rates)	
   and	
   tensile	
   0.2	
   %	
   proof	
   strength	
   of	
  
selected	
  die-­‐cast	
  Mg	
  alloys.	
  The	
  Al	
  alloy	
  A380	
  is	
  also	
  included	
  for	
  comparative	
  purposes.	
  [7,	
  12,	
  125,	
  127]	
  

	
   Secondary	
  creep	
  rate	
  (s-­‐1)	
   0.2	
  %	
  proof	
  strength	
  (MPa)	
  
Alloy	
   150°C	
  and	
  100	
  MPa	
   175°C	
  and	
  90	
  MPa	
   150°C	
   175°C	
  
AZ91	
   1.1	
  x	
  10-­‐6	
   5.0	
  x	
  10-­‐6	
   107	
   88	
  
AJ62	
   -­‐	
   2.6	
  x	
  10-­‐6	
   -­‐	
   93	
  
AE42	
   -­‐	
   1.1	
  x	
  10-­‐6	
   102	
   93	
  
AJ52	
   -­‐	
   9.4	
  x	
  10-­‐9	
   105	
   101	
  
AE44	
   8.0	
  x	
  10-­‐10	
   2.7	
  x	
  10-­‐9	
   117	
   112	
  
AXJ530	
   -­‐	
   1.6	
  x	
  10-­‐9	
   -­‐	
   146	
  
AM-­‐SC1	
   -­‐	
   2.0	
  x	
  10-­‐10*	
   135	
   131	
  

Elektron	
  21	
   -­‐	
   1.7	
  x	
  10-­‐8‡	
   160	
   -­‐	
  
AM-­‐HP2+	
   1.0	
  x	
  10-­‐10	
   1.0	
  x	
  10-­‐10	
   132	
   126	
  
A380	
   1.0	
  x	
  10-­‐10	
   1.9	
  x	
  10-­‐10	
   166	
   166	
  

*Creep	
  tested	
  at	
  177°C,	
  ‡Creep	
  tested	
  at	
  250°C.	
  

2.4.3 Influence of Different RE on Creep 

Rare	
  earth	
  elements	
  are	
  commonly	
  added	
  to	
  Mg	
  alloys	
  in	
  the	
  form	
  of	
  mischmetal,	
  which	
  

is	
  typically	
  rich	
  in	
  Ce	
  with	
  lower	
  concentrations	
  of	
  other	
  RE	
  elements	
  such	
  as	
  La	
  and	
  still	
  

lower	
   concentrations	
  of	
   Y,	
  Nd,	
   Pr	
   etc.	
   [9].	
   It	
   has	
  been	
   shown	
   that	
   individual	
   rare	
   earth	
  

elements	
  have	
  significantly	
  different	
  effects	
  on	
  the	
  properties	
  and	
  microstructure	
  of	
  the	
  

Mg	
   alloy	
   that	
   it	
   is	
   alloyed	
   with	
   [16,	
   128-­‐130].	
   The	
   differences	
   arise	
   from	
   the	
   varying	
  

amount	
   of	
   precipitation	
   strengthening	
   and/or	
   solid	
   solution	
   strengthening	
   which	
   is	
  

related	
  to	
  the	
  solubility	
  of	
  the	
  rare	
  earth	
  element	
  in	
  Mg.	
  

	
  

The	
  alloy	
  system	
  under	
  investigation	
  in	
  this	
  present	
  work	
  is	
  based	
  on	
  the	
  ternary	
  Mg-­‐La-­‐

RE	
   system,	
  which	
   is	
   discussed	
   in	
  more	
  detail	
   later	
   in	
   this	
   section.	
  RE	
  additions	
   that	
   are	
  

commonly	
  used	
  are	
  Ce,	
  Nd,	
  Y	
  and	
  Gd,	
  which	
  have	
  larger	
  atomic	
  radii	
  than	
  Mg	
  and	
  have	
  

varying	
  amounts	
  of	
  maximum	
  solid	
   solubility	
   in	
  Mg.	
  Atomic	
   radii	
  and	
  solubility	
  data	
   for	
  

the	
   commonly	
   used	
   alloying	
   additions	
   are	
   given	
   in	
   Table	
   2.3.	
   The	
   use	
   of	
   RE	
   elements	
  

enables	
   both	
   solid	
   solution	
   hardening	
   and	
   precipitation	
   hardening.	
   The	
   intermetallic	
  

phases	
  exhibit	
  little	
  diffusivity	
  and	
  a	
  good	
  coherence	
  to	
  the	
  matrix.	
  [58]	
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Table	
  2.3:	
  Radii	
  of	
  rare-­‐earth	
  elements	
  and	
  Mg	
  and	
  maximum	
  solid	
  solubility	
  of	
  Y,	
  La,	
  Ce,	
  Nd	
  and	
  Gd	
  in	
  
Mg	
  [131].	
  

Metal	
   Atomic	
  
number	
  

Ion	
   Atomic	
  
radii,	
  nm	
  

Ionic	
  
radii,	
  nm	
  

Eutectic	
  
Temperature,	
  

°C	
  

Max	
  Solid	
  
Solubility,	
  
at.%	
  (wt.%)	
  

Mg	
   12	
   Mg+2	
   0.16020	
   0.0720	
   -­‐	
   -­‐	
  

Y	
   39	
   Y+3	
   0.18012	
   0.0892	
   565	
   3.60	
  (12.0)	
  

La	
   57	
   La+3	
   0.18791	
   0.1061	
   612	
   0.04	
  (0.23)	
  

Ce	
   58	
   Ce+3	
   0.18247	
   0.1034	
   590	
   0.13	
  (0.74)	
  

Nd	
   60	
   Nd+3	
   0.18214	
   0.0995	
   552	
   0.63	
  (3.63)	
  

Gd	
   64	
   Gd+3	
   0.18013	
   0.0938	
   542	
   4.53	
  (23.48)	
  
	
  
Recently,	
   the	
  ternary	
  phase	
  diagram	
  determination	
  for	
  the	
  Mg-­‐La-­‐Nd	
  system	
  have	
  been	
  

reported	
  by	
  Gröbner	
  et	
  al.	
  [132]	
  at	
  500°C	
  as	
  shown	
  in	
  Figure	
  2.29.	
  	
  

	
  

	
  
Figure	
  2.29:	
  Calculated	
  isothermal	
  Mg-­‐La-­‐Nd	
  phase	
  diagram	
  section	
  at	
  500°C.	
  Three-­‐phase	
  triangles	
  are	
  
shaded	
  in	
  grey	
  [132].	
  

	
  

Following	
  an	
  extensive	
  review	
  of	
  the	
  literature,	
  no	
  ternary	
  phase	
  diagrams	
  for	
  Mg-­‐La-­‐Y	
  or	
  

Mg-­‐La-­‐Gd	
   could	
   be	
   found.	
   Thus	
   binary	
   Mg-­‐RE	
   phase	
   diagrams	
   have	
   been	
   used	
   to	
  

approximate	
  solubility,	
  possible	
  intermetallic	
  phases	
  and	
  melting	
  temperatures	
  for	
  the	
  RE	
  

elements	
   in	
  Mg	
  which	
  are	
  the	
  focus	
  of	
   the	
  current	
  work.	
  Figures	
  2.30	
  to	
  2.34	
  show	
  the	
  

binary	
  phase	
  diagrams	
  for	
  Mg-­‐La,	
  Mg-­‐Nd,	
  Mg-­‐Y	
  and	
  Mg-­‐Gd,	
  respectively.	
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Figure	
   2.30:	
   a)	
   Full	
   binary	
   phase	
   diagram	
   for	
  Mg-­‐La	
   in	
   at.%,	
   b)	
  Mg-­‐rich	
   section	
   of	
   the	
   phase	
   diagram	
  
(wt.%)	
  [131,	
  133].	
  

	
  

	
  

	
  

	
  

Figure	
  2.31:	
  a)	
  Full	
  binary	
  phase	
  diagram	
  for	
  Mg-­‐Nd,	
  b)	
  Mg-­‐rich	
  section	
  of	
  the	
  phase	
  diagram	
  (wt.%)	
  [131,	
  
134].	
  

	
  

	
  

	
  

	
  
Figure	
  2.32:	
  a)	
  Full	
  binary	
  phase	
  diagram	
  for	
  Mg-­‐Y,	
  b)	
  Mg-­‐rich	
  section	
  of	
  the	
  phase	
  diagram	
  (wt.%)	
  [131].	
  

a	
  
	
  

b	
  
	
  

b	
  
	
  

a	
  
	
  

b	
  
	
  

a	
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Figure	
  2.33:	
  a)	
  Full	
  binary	
  phase	
  diagram	
  for	
  Mg-­‐Gd,	
  b)	
  Mg-­‐rich	
  section	
  of	
  the	
  phase	
  diagram	
  (wt.%)	
  [131,	
  
135].	
  

	
  
There	
   is	
   general	
  agreement	
  on	
   the	
   form	
  of	
   the	
  Mg-­‐La	
   [131,	
  133,	
  136],	
  Mg-­‐Y	
   [131,	
  137]	
  

and	
  Mg-­‐Gd	
   [131,	
  135]	
  phase	
  diagrams.	
  There	
   is	
   still	
   some	
  debate	
  as	
   to	
   the	
  equilibrium	
  

intermetallic	
  phase	
  formed	
  in	
  the	
  Mg-­‐Nd	
  system.	
  Rokhlin	
  et	
  al.	
  [131]	
  and	
  Okamoto	
  [134]	
  

regard	
  Mg12Nd	
  to	
  be	
  a	
  metastable	
  phase	
  and	
  Mg41Nd5	
  as	
  being	
  the	
  stable	
  β	
  phase	
  for	
  Nd	
  

in	
  Mg.	
  Zhu	
  et	
  al.	
  [14],	
  following	
  TEM	
  analysis	
  of	
  a	
  binary	
  HPDC	
  Mg-­‐Nd	
  alloy,	
  showed	
  that	
  

intermetallic	
   phase	
   present	
   in	
   the	
   interdendritic	
   regions	
   was	
  Mg3Nd.	
   It	
   was	
   suggested	
  

that	
  the	
  Mg3Nd	
  intermetallic	
  phase	
  formed	
  instead	
  of	
  Mg12Nd	
  due	
  to	
  the	
  non-­‐equilibrium	
  

cooling	
  conditions	
  present	
  for	
  HPDC	
  alloys.	
  

	
  

In	
   order	
   to	
   form	
   solid-­‐state	
   precipitates	
   required	
   for	
   precipitation	
   hardening,	
   the	
   solid	
  

solubility	
   of	
   the	
   alloying	
   additions	
   should	
   decrease	
   continuously	
   with	
   the	
   decrease	
   in	
  

temperature	
   as	
   is	
   the	
   case	
   for	
   Mg-­‐Nd,	
   Mg-­‐Y	
   and	
   Mg-­‐Gd	
   alloys	
   according	
   to	
   their	
  

respective	
   phase	
   diagrams,	
   Figure	
   2.31	
   to	
   Figure	
   2.33.	
   During	
   the	
   ageing	
   of	
  Mg	
   alloys,	
  

precipitation	
   may	
   occur	
   by	
   the	
   formation	
   of	
   first	
   Guinier-­‐Preston	
   (GP)	
   zones	
   and/or	
  

metastable	
  phases	
  prior	
   to	
   the	
   formation	
  of	
   stable	
  or	
   equilibrium	
  precipitate	
  phase	
   [9,	
  

138].	
  The	
  precipitation	
  sequence	
  of	
  supersaturated	
  binary	
  solid	
  solutions	
  of	
  Mg-­‐Y,	
  Mg-­‐Nd	
  

and	
  Mg-­‐Gd	
  as	
  given	
  in	
  [139]	
  are	
  shown	
  in	
  Table	
  2.4.	
  

	
  

	
  

	
  

a	
  
	
  

b	
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Table	
   2.4:	
   Precipitation	
   sequences	
   in	
   individual	
   magnesium	
   alloy	
   systems	
   [139].	
   Note:	
   *	
   d	
   is	
   the	
  
separation	
  distance	
  of	
  columns	
  of	
  RE	
  atoms.	
  

	
  

Due	
  to	
  the	
  extremely	
  low	
  solid	
  solubility	
  of	
  La	
  in	
  Mg,	
  little	
  research	
  has	
  been	
  performed	
  

on	
   the	
   Mg-­‐La	
   ageing	
   sequence.	
   It	
   is	
   however	
   generally	
   accepted	
   that	
   the	
   equilibrium	
  

intermetallic	
   phase	
   to	
   form	
   in	
   the	
   Mg-­‐La	
   is	
   Mg12La	
   which	
   has	
   a	
   body-­‐centred	
  

orthorhombic	
  structure	
  [140].	
  	
  

	
  

Dynamic	
   precipitation,	
   that	
   is	
   precipitation	
   caused	
   during	
   deformation	
   of	
   an	
   alloy	
   as	
  

opposed	
  to	
  static	
  precipitation,	
  which	
  occurs	
  during	
  prior	
  heat	
  treatments,	
  has	
  also	
  been	
  

shown	
   to	
   influence	
   the	
   creep	
   properties	
   in	
   certain	
   Mg	
   alloys	
   [14,	
   141,	
   142].	
   In	
  

precipitation	
   hardenable	
   alloys	
   that	
   experience	
   an	
   applied	
   stress,	
   dynamic	
   precipitates	
  

tend	
   to	
   preferentially	
   nucleate	
   on	
   dislocations,	
   due	
   to	
   the	
   lower	
   nucleation	
   energy	
  

present	
  at	
  dislocations	
  (Figure	
  2.34).	
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Figure	
  2.34:	
  Dynamic	
  precipitation	
  during	
  creep	
  of	
  Mg-­‐2.4Y	
   (wt.%)	
  at	
  277°C	
  and	
  100	
  MPa:	
  a)	
   Just	
  after	
  
applying	
  load	
  and	
  b)	
  After	
  creep	
  for	
  20	
  h	
  [13].	
  

	
  

The	
   dynamic	
   precipitates	
   also	
   assist	
   to	
   impede	
   the	
  motion	
   of	
   dislocations	
   through	
   the	
  

alloy	
  matrix	
  and,	
   in	
  turn,	
  this	
  has	
  been	
  proposed	
  to	
  help	
   improve	
  creep	
  properties	
  [88].	
  

Zhu	
   et	
   al.	
   [14]	
   showed	
   that	
   dynamic	
   precipitation	
   increased	
   with	
   increasing	
  maximum	
  

solid	
   solubility	
   of	
   alloying	
   additions	
  namely,	
   La,	
   Ce	
  or	
  Nd	
   in	
  Mg	
   following	
   creep	
   testing	
  

(Figure	
  2.35).	
  	
  

	
  
Figure	
  2.35:	
  TEM	
  micrographs	
  showing	
  microstructures	
  of	
  Mg-­‐3.44La	
  (wt.%)	
  (a	
  and	
  d),	
  Mg-­‐2.87Ce	
  (wt.%)	
  
(b	
  and	
  e)	
  and	
  Mg-­‐2.60Nd	
  (c	
  and	
  f)	
  before	
  and	
  after	
  creep	
  testing	
  at	
  177°C	
  and	
  50	
  MPa	
  for	
  300	
  h.	
  Note	
  the	
  
increased	
  presence	
  of	
  precipitates	
  in	
  the	
  Mg-­‐2.87Ce	
  and	
  particularly	
  Mg-­‐2.60Nd	
  alloys	
  after	
  creep	
  [14].	
  

	
  

In	
   the	
   current	
  work,	
   the	
   differences	
   in	
   elevated	
   temperature	
   creep	
  properties	
   of	
   three	
  

high-­‐pressure	
  die-­‐cast	
  Mg-­‐rare	
  earth	
  (Mg-­‐RE)	
  alloy	
  series,	
  Mg-­‐La-­‐Nd,	
  Mg-­‐La-­‐Y	
  and	
  Mg-­‐La-­‐
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Gd	
   have	
   been	
   determined.	
   A	
   consistent	
   concentration	
   of	
   La	
   (0.45at.%)	
   was	
   used	
   to	
  

maintain	
  similar	
  grain	
  boundary	
  reinforcement	
  for	
  all	
   the	
  alloys	
  and	
  also	
  to	
  help	
  reduce	
  

hot	
   tearing	
   susceptibility	
   (Figure	
   2.8)	
   and	
   assist	
   with	
   castability.	
   The	
   ternary	
   RE	
  

concentration	
  was	
  varied	
  and	
  the	
  RE	
  elements	
  were	
  chosen	
  to	
  have	
  differing	
  solubility	
  in	
  

Mg.	
   This	
   was	
   done	
   to	
   investigate	
   the	
   influence	
   of	
   solid	
   solution	
   strengthening	
   and	
  

precipitation	
  hardening	
  on	
  creep.	
   If	
  binary	
  HPDC	
  Mg-­‐RE	
  alloys	
  were	
  used	
   to	
   investigate	
  

creep	
  properties	
  instead	
  of	
  ternary	
  Mg-­‐La-­‐RE	
  alloys,	
   it	
  would	
  be	
  more	
  difficult	
  to	
  isolate	
  

the	
   effects	
   of	
   intermetallic	
   at	
   grain	
   boundaries	
   or	
   the	
   soluble	
   RE	
   since	
   both	
   are	
   being	
  

influenced	
  by	
  the	
  same	
  alloying	
  addition.	
  	
  

	
  

A	
   significant	
   improvement	
   to	
   creep	
   resistance	
   was	
   also	
   shown	
   by	
   Zhu	
   et	
   al.	
   [14]	
   with	
  

increasing	
   solid	
   solubility	
   of	
   RE	
   in	
  Mg	
   (Figure	
   2.36).	
   However,	
   the	
   authors	
   [14]	
   did	
   not	
  

isolate	
  the	
   influence	
  that	
  precipitation	
  hardening	
  or	
  solid	
  solution	
  strengthening	
  had	
  on	
  

the	
  overall	
  improvement	
  to	
  creep.	
  

	
  
Figure	
  2.36:	
  Creep	
  curves	
  for	
  Mg-­‐3.44La,	
  Mg-­‐2.87Ce	
  and	
  Mg-­‐2.60Nd	
  (wt.%)	
  at	
  177°C	
  and	
  90	
  MPa	
  [14].	
  

	
  

It	
   should	
   be	
   noted	
   that	
   if	
   precipitation	
   hardening	
   and/or	
   solution	
   strengthening	
   are	
  

significant	
  inhibitors	
  of	
  creep	
  strain	
  then	
  solution	
  treatment,	
  quenching	
  and	
  then	
  ageing	
  

of	
  precipitation	
  hardenable	
  alloys,	
  such	
  as	
  those	
  used	
  in	
  the	
  research	
  by	
  Zhu	
  et	
  al.	
  [14]	
  or	
  

Suzuki	
  et	
   al.	
   [120]	
   (for	
  HPDC	
   alloy	
  AXJ530),	
  may	
  have	
   further	
   increased	
   the	
   precipitate	
  

volume	
  fraction	
  and	
  thus	
  may	
  have	
  further	
  improved	
  creep	
  resistance.	
  However,	
  neither	
  

Zhu	
  et	
  al.	
  [14]	
  and	
  Suzuki	
  et	
  al.	
  [120]	
  performed	
  such	
  heat	
  treatments.	
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2.5 Effects of Microstructural Features on Creep 

2.5.1 Grain Boundary Reinforcement 

Over	
   the	
   last	
   half	
   century,	
   grain-­‐boundary	
   sliding	
   has	
   been	
   considered	
   to	
   be	
   a	
   major	
  

contributor	
  to	
  creep	
  deformation	
  of	
  magnesium	
  alloys	
  [4,	
  11,	
  84,	
  99,	
  143-­‐145].	
  In	
  one	
  of	
  

the	
   earlier	
   studies	
   on	
   creep	
   of	
   Mg	
   alloys,	
   Bell	
   and	
   Langdon	
   [11]	
   claimed	
   that	
   grain	
  

boundary	
  sliding	
  in	
  Magnox	
  Al	
  80	
  (Mg-­‐0.78Al	
  wt.%)	
  caused	
  up	
  to	
  80%	
  of	
  the	
  total	
  creep	
  

deformation.	
  More	
  recently,	
  Janik	
  et	
  al.	
  [146]	
  demonstrated	
  that	
  for	
  a	
  squeeze	
  cast	
  Mg-­‐

3Y-­‐2Nd-­‐1Zn-­‐1Mn	
   (wt.%)	
   alloy	
   the	
   total	
   creep	
  deformation	
   attributed	
   to	
   grain-­‐boundary	
  

sliding	
   was	
   insignificant	
   (no	
   higher	
   than	
   5.7	
   %	
   of	
   the	
   total	
   deformation).	
   Rather	
   they	
  

showed	
  that	
  the	
  dominant	
  creep	
  mechanism	
  was	
  dislocation	
  creep	
  and	
  that	
  creep	
  failure	
  

was	
   the	
   result	
   of	
   the	
   nucleation,	
   and	
   coalescence	
   of	
   creep	
   cavities	
   present	
   at	
   grain	
  

boundaries.	
  

	
  
Figure	
   2.37:	
   Detail	
   of	
   creep	
   cavities	
   on	
   dendrite	
   boundaries	
   nucleated	
   during	
   exposure	
   of	
  Mg-­‐3Y-­‐2Nd-­‐
1Zn-­‐1Mn	
  at	
  300°C	
  and	
  50	
  MPa:	
  (a)	
  Single	
  creep	
  cavity	
  in	
  earlier	
  stage	
  of	
  creep	
  exposure	
  (relative	
  time	
  of	
  
test	
  t/tf=0.47);	
   (b)	
  Coalescence	
  of	
  cavities	
   in	
   later	
  stages	
  (relative	
  time	
  of	
  test	
  t/tf=0.67);	
   (c)	
  Continuous	
  
crack	
  in	
  crept	
  specimen	
  [146].	
  

	
  
Cavities	
   formed	
  at	
   grain	
  boundaries	
   can	
  grow	
  causing	
  weakening	
  of	
   the	
  material	
   [147].	
  

Alloying	
  additions	
  that	
  form	
  intermetallic	
  phases	
  at	
  grain	
  boundaries	
  are	
  often	
  used	
  to	
  act	
  

as	
  barriers	
  to	
  the	
  sliding	
  of	
  grains	
  or	
  to	
  prevent	
  dislocations	
  that	
  form	
  within	
  the	
  grain	
  to	
  

travel	
   to	
   neighbouring	
   grains.	
   It	
   has	
   been	
   shown	
   that	
   a	
   continuous	
   intermetallic	
   phase	
  

formed	
   at	
   grain	
   boundaries	
   can	
   help	
   to	
   improve	
   creep	
   properties	
   in	
   Mg	
   alloys	
   [148].	
  

Figure	
   2.38,	
   compares	
   the	
   creep	
   rate	
   of	
   different	
   Mg	
   alloys	
   with	
   varying	
   degrees	
   of	
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interconnected	
   intermetallic	
   at	
   grain	
   boundaries.	
   AZ91	
   is	
   shown	
   to	
   have	
   the	
   poorest	
  

creep	
  rate	
  properties	
  at	
  200°C	
  in	
  comparison	
  to	
  MRI230D	
  (which	
  was	
  cast	
  in	
  a	
  plate	
  with	
  

a	
  depth	
  of	
  6mm).	
  The	
  corresponding	
  micrographs	
  for	
  these	
  two	
  alloys	
  clearly	
  shows	
  that	
  

AZ91	
  (Figure	
  2.38h)	
  has	
  significantly	
   less	
   intermetallic	
  present	
  at	
  grain	
  boundaries	
  while	
  

MRI230D	
  (Figure	
  2.38n)	
  has	
  a	
  continuous	
  intermetallic	
  phase	
  present	
  at	
  grain	
  boundaries	
  

that	
  acts	
  like	
  a	
  skeleton	
  to	
  improve	
  the	
  strength	
  of	
  the	
  alloy.	
  In	
  addition,	
  the	
  intermetallic	
  

phase	
  in	
  MRI230D	
  is	
  more	
  stable	
  than	
  the	
  Mg17Al12	
  intermetallic	
  phase	
  (as	
  mentioned	
  in	
  

section	
  2.4.1).	
  

	
  
Figure	
  2.38:	
   (a-­‐g)	
  Sets	
  of	
  creep	
  rates	
  at	
   indicated	
  stress	
   levels	
  at	
  a	
   testing	
  temperature	
  of	
  200°C.	
  Open	
  
circles	
  shown	
  in	
  (c)	
  illustrate	
  the	
  evaluation	
  of	
  minimum	
  creep	
  rates.	
  All	
  graphs	
  share	
  the	
  same	
  axes.	
  The	
  
corresponding	
  SEM	
  micrographs	
  of	
  the	
  alloys	
  are	
  shown	
  in	
  (h	
  -­‐	
  n).	
  Note	
  the	
  step	
  measurements	
  indicate	
  
the	
  depth	
  of	
  the	
  stepped	
  plate	
  used	
  during	
  casting	
  [148].	
  

n	
  

m	
  l	
  

k	
  j	
  

i	
  h	
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Zhang	
  et	
  al.	
  [149]	
  showed	
  that	
  yield	
  strength	
  is	
  also	
  influenced	
  by	
  the	
  interconnectivity	
  of	
  

eutectic	
  or	
   intermetallic	
  phase	
  at	
  grain	
  boundaries	
   in	
  HPDC	
  Mg-­‐RE	
  alloys.	
  3D	
  numerical	
  

images	
  of	
  Mg-­‐0.62at.%La	
  and	
  Mg-­‐0.6at.%Nd	
  alloys	
  created	
  by	
  dual	
  beam	
  FIB	
  tomography	
  

(Figure	
  2.39)	
  were	
  incorporated	
  into	
  a	
  finite	
  element	
  model	
  code	
  and	
  used	
  to	
  model	
  their	
  

tensile	
  behaviour.	
  

	
  

	
  

Figure	
  2.39:	
  a)	
  Cubic	
  volume	
  of	
  the	
  HPDC	
  Mg-­‐La	
  alloy	
  examined	
  using	
  FIB.	
  The	
   lighter	
  phase	
   is	
  the	
  pro-­‐
eutectic	
  α-­‐Mg	
  whereas	
  the	
  darker	
  one	
  is	
  the	
  percolating	
  3D	
  (α-­‐Mg)-Mg12La	
  eutectic.	
  The	
  latter	
  is	
  shown	
  
on	
  its	
  own	
  in	
  (b)	
  [149].	
  

	
  

The	
  contribution	
  to	
  strength	
  by	
  individual	
  components	
  of	
  the	
  alloy	
  morphology	
  was	
  then	
  

used	
   to	
   predict	
   the	
   overall	
   yield	
   strength	
   of	
   the	
   alloy.	
   The	
  model	
   used	
   by	
   Zhang	
  et	
   al.	
  

[149]	
  predicted	
  that	
  the	
  eutectic/intermetallic	
  phase	
  skeleton	
  contributed	
  37	
  MPa	
  to	
  the	
  

yield	
  strength	
  of	
  the	
  Mg-­‐La	
  alloy.	
  This	
  value	
  was	
  closely	
  matched	
  to	
  the	
  drop	
  in	
  0.2%	
  PS	
  in	
  

a	
  HPDC	
  Mg-­‐0.45La-­‐0.63Nd	
  alloy	
  following	
  a	
  flash	
  anneal	
  at	
  520°C	
  for	
  1h	
  (presented	
  in	
  the	
  

current	
  work).	
  The	
  flash	
  anneal	
  did	
  not	
  significantly	
  alter	
  the	
  rest	
  of	
  the	
  	
  microstructure	
  of	
  

the	
  alloy	
  and	
  thus	
  demonstrated	
  that	
  a	
  continuous	
  eutectic	
  or	
  intermetallic	
  phase	
  at	
  grain	
  

boundaries	
   has	
   a	
   significant	
   contribution	
   to	
   the	
   yield	
   strength	
   of	
   HPDC	
   Mg-­‐RE	
   alloys.	
  

Further	
   results	
   on	
   the	
   effects	
   of	
   heat-­‐treating	
   ternary	
   HPDC	
   Mg-­‐La-­‐RE	
   alloys	
   are	
  

presented	
  in	
  Chapter	
  6.	
  

	
  

b
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2.5.2 Solute in Solid Solution and Its Effect on Creep 

Solid	
   solution	
   strengthening	
   is	
   a	
   method	
   that	
   can	
   be	
   used	
   to	
   strengthen	
   metals	
   by	
  

introducing	
   impurities	
   such	
   as	
   other	
   atoms,	
   which	
   can	
   be	
   present	
   as	
   substitutional	
   or	
  

interstitial	
  positions	
   in	
  solid	
  solution.	
  The	
   impurity	
  atoms	
   introduce	
  a	
  strain	
  on	
  the	
  host	
  

atoms	
   due	
   to	
   their	
   difference	
   in	
   atomic	
   size	
   (this	
   can	
   occur	
   if	
   the	
   impurity	
   atoms	
   are	
  

either	
  larger	
  or	
  smaller	
  than	
  the	
  host	
  atoms).	
  Solid	
  solution	
  strengthening	
  in	
  magnesium	
  

alloys	
  depends	
  on	
  the	
  solute	
  atoms	
  within	
  the	
  α-­‐Mg	
  phase	
  interacting	
  and	
  impeding	
  the	
  

movement	
  of	
  dislocations.	
  Dislocations	
  have	
  associated	
  stress	
  fields,	
  as	
  do	
  solute	
  atoms.	
  

The	
   stress	
   fields	
   from	
   solute	
   atoms	
   can	
   interact	
   with	
   dislocations	
   and	
   mutually	
   exert	
  

forces	
  between	
  one	
  another.	
  Each	
  of	
   these	
   interactions	
  represents	
  an	
  energy	
  barrier	
   to	
  

dislocation	
  motion	
  thus	
  causing	
  a	
  solid	
  solution	
  strengthening	
  effect	
  [65].	
  

	
  

It	
   has	
   been	
   shown	
   that	
   both	
   Y	
   and	
   Gd	
   have	
   a	
   considerably	
   higher	
   solid	
   solution	
  

strengthening	
  effect	
  in	
  Mg	
  than	
  either	
  Al	
  or	
  Zn	
  [150,	
  151].	
  Nie	
  et	
  al.	
  [12]	
  compared	
  two	
  

Mg	
  alloy	
  systems	
  with	
  approximately	
  equal	
  concentrations	
  of	
  alloying	
  additions,	
  Mg-­‐1.0Al	
  

(at.%)	
   and	
   Mg-­‐1.1Y	
   (at.%),	
   in	
   order	
   to	
   investigate	
   the	
   influence	
   of	
   solid	
   solution	
  

strengthening	
   and	
   precipitation	
   hardening	
   on	
   creep	
   properties.	
   The	
  Mg-­‐1.1Y	
   alloy	
   had	
  

superior	
   creep	
   resistance	
   to	
   the	
  Mg-­‐1.0Al	
   alloy	
   when	
   tested	
   at	
   277°C	
   over	
   a	
   range	
   of	
  

applied	
  stress	
  (Figure	
  2.40).	
  	
  

	
  
Figure	
  2.40:	
  Comparison	
  of	
  the	
  steady-­‐state	
  creep	
  rates	
  of	
  Mg-­‐1.0at.%Al	
  and	
  Mg-­‐1.1at.%Y	
  solid	
  solution	
  
alloys	
  subjected	
  to	
  different	
  stresses	
  at	
  277°C	
  [12].	
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Solid	
  solution	
  strengthening	
  was	
   regarded	
   to	
  be	
  approximately	
  equal	
   for	
   the	
   two	
  alloys	
  

since	
  both	
  had	
  approximately	
   the	
   same	
  concentrations	
  of	
  alloying	
  addition	
  and	
  both	
  Al	
  

and	
  Y	
  have	
  similar	
  absolute	
  atomic	
  misfits	
  when	
  in	
  solid	
  solution,	
  11	
  %	
  for	
  Y	
  and	
  -­‐14	
  %	
  for	
  

Al	
  [150].	
  By	
  comparing	
  the	
  rate	
  of	
  diffusivity	
  of	
  Al	
  in	
  Mg	
  and	
  Ce	
  (in	
  place	
  of	
  Y	
  due	
  to	
  the	
  

lack	
   of	
   sufficient	
   Y	
   diffusivity	
   data)	
   (Table	
   2.5)	
   and	
   the	
   previous	
   investigations	
   on	
   the	
  

morphology	
  and	
  evolution	
  of	
  precipitates	
  in	
  Mg-­‐Al	
  and	
  Mg-­‐RE	
  alloys	
  it	
  was	
  concluded	
  that	
  

the	
  faster	
  diffusivity	
  of	
  Al	
  in	
  Mg	
  was	
  a	
  determining	
  factor	
  between	
  the	
  creep	
  resistance	
  of	
  

the	
  alloys.	
  

	
  

Table	
  2.5:	
  Solid	
  diffusivity	
  of	
  Mg,	
  Ce	
  and	
  Al	
   in	
  magnesium	
  Do	
  =	
  diffusion	
  coefficient	
  and	
  Q	
  =	
  activation	
  
energy	
  [12].	
  *	
  Values	
  of	
  D0	
  and	
  Q	
  for	
  Zn	
  were	
  obtain	
  from	
  [152]	
  for	
  comparison.	
  

Element	
   D0	
  (m
2/s)	
   Q	
  (kJ/mol)	
   D	
  (m2/s)	
  at	
  150°C	
   D	
  (m2/s)	
  at	
  175°C	
  

Mg	
  //	
  c	
   0.0001	
   134.7	
   2.360	
  x	
  10-­‐21	
   1.999	
  x	
  10-­‐20	
  

Mg	
   	
  c	
   0.00015	
   136	
   2.447	
  x	
  10-­‐21	
   2.115	
  x	
  10-­‐20	
  
Ce	
   0.045	
   175.8	
   8.973	
  x	
  10-­‐24	
   1.458	
  x	
  10-­‐22	
  

Al	
   0.0012	
   143	
   2.677	
  x	
  10-­‐21	
   2.586	
  x	
  10-­‐20	
  

Zn*	
   0.00041	
   119.8	
   6.666	
  x	
  10-­‐20	
   4.455	
  x	
  10-­‐19	
  

	
  

2.5.3 Precipitation and Its Effect on Mechanical Properties and Creep  

Precipitation	
   strengthening,	
   also	
   referred	
   to	
   as	
   precipitation	
   hardening,	
   is	
   another	
  

method	
   that	
   can	
  be	
  used	
   to	
   introduce	
   an	
  obstacle	
   to	
  prevent	
  or	
   reduce	
   the	
  motion	
  of	
  

dislocations	
  in	
  alloys.	
  In	
  general,	
  supersaturated	
  solute	
  in	
  solid	
  solution	
  (α)	
  is	
  heated	
  to	
  a	
  

temperature	
   that	
   will	
   allow	
   precipitates	
   to	
   nucleate	
   (α	
   +	
   β	
   two	
   phase	
   region).	
   The	
   β	
  

precipitates	
   increase	
   the	
   yield	
   strength	
   of	
   the	
   alloy	
   by	
   impeding	
   the	
   movement	
   of	
  

dislocations	
   in	
   the	
   material.	
   The	
   influence	
   of	
   precipitates	
   on	
   yield	
   strength	
   can	
   be	
  

affected	
  by	
  the	
  orientation,	
  aspect	
  ratio	
  and	
  number	
  density	
  of	
  the	
  precipitates.	
  	
  

	
  

Precipitation	
  strengthening	
  has	
  been	
  observed	
  in	
  a	
  wide	
  range	
  of	
  alloys	
  particularly	
  in	
  Al	
  

alloys	
  [153]	
  and	
  also	
  Mg	
  alloys	
  such	
  as	
  WE54	
  (Mg-­‐5.2Y-­‐3RE-­‐0.7Zr	
  wt.%)	
  [154],	
  QE22	
  (Mg-­‐

2.5Ag-­‐2.1Di-­‐0.7Zr	
  wt.%)	
  [9]	
  and	
  AZ91	
  [101,	
  155].	
  Precipitates	
  can	
  act	
  as	
  obstacles	
  to	
  the	
  

motion	
  of	
  dislocations,	
  which	
  has	
  been	
  proposed	
  as	
  one	
  of	
  the	
  key	
  methods	
  to	
  improve	
  

creep	
  resistance	
  at	
  elevated	
  temperatures	
  in	
  Mg	
  alloys	
  [13,	
  16].	
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In	
  HCP	
  metals	
  such	
  as	
  Mg	
  alloys,	
  two	
  primary	
  types	
  of	
  dislocations	
  have	
  been	
  identified,	
  

<a>	
  and	
  <c	
  +	
  a>	
  type	
  dislocations	
  [54].	
  The	
  <a>	
  type	
  dislocations	
  are	
  the	
  most	
  commonly	
  

detected	
  type	
  of	
  dislocations	
  in	
  Mg-­‐alloys	
  and	
  glide	
  along	
  the	
  basal	
  plane.	
  The	
  <a>	
  type	
  

dislocations	
   can	
   also	
   glide	
  on	
  prismatic	
   or	
   pyramidal	
   plane	
   through	
   thermally	
   activated	
  

cross	
  slip.	
  The	
  <c	
  +	
  a>	
  type	
  dislocations	
  glide	
  on	
  second	
  order	
  pyramidal	
  planes	
  [54].	
  

	
  

Sato	
  et	
  al.	
  [156]	
  showed,	
  via	
  EBSD	
  microstructural	
  evolution	
  mapping	
  of	
  pure	
  Mg	
  during	
  

creep,	
   that	
  as	
  steady	
  state	
  creep	
  rates	
  were	
  reached	
  an	
   increasing	
  amount	
  of	
  prismatic	
  

slip	
  was	
  detected.	
   The	
  orientation,	
  morphology	
   and	
  number	
  density	
  of	
   precipitates	
   are	
  

important	
  factors	
  in	
  determining	
  how	
  effective	
  precipitates	
  are	
  in	
  strengthening	
  an	
  alloy.	
  

Models	
  have	
  been	
  proposed	
  [157]	
  showing	
  that	
  strengthening	
  is	
  achieved	
  in	
  precipitation	
  

hardenable	
   Mg	
   alloys	
   that	
   have	
   a	
   high	
   density	
   of	
   intrinsically	
   strong,	
   plate-­‐shaped	
  

precipitates	
  with	
  prismatic	
  habit	
  planes	
  and	
  large	
  aspect	
  ratios,	
  as	
  depicted	
  in	
  Figure	
  2.41.	
  

In	
   Figure	
   2.41a,	
   the	
   cross-­‐section	
   of	
   plate-­‐like	
   precipitates	
   on	
   the	
   prismatic	
   planes	
  

intersect	
  the	
  basal	
  slip	
  plane	
  (0001)	
  which	
  can	
  act	
  to	
  impede	
  dislocation	
  glide	
  along	
  that	
  

plane.	
  

	
  

	
  

Figure	
  2.41:	
  a)	
  Arrangement	
  of	
   	
  	
  

€ 

{101	
  0}α 	
  or	
   	
  	
  

€ 

{21	
  1	
  0}α 	
  precipitate	
  plates	
  in	
  a	
  triangular	
  prismatic	
  volume	
  
of	
  α-­‐Mg	
  matrix,	
  and	
  b)	
  projection	
  of	
  intersected	
  prismatic	
  plates	
  in	
  (0001)

α	
  slip	
  plane	
  of	
  α-­‐Mg	
  [157].	
  Lp	
  is	
  

the	
  mean	
  planar	
  centre-­‐to-­‐centre	
  inter-­‐precipitate	
  spacing,	
  dp	
  is	
  the	
  mean	
  diameter	
  of	
  the	
  plate,	
  tp	
  is	
  the	
  
mean	
  planar	
  thickness	
  and	
  λ 	
  is	
  the	
  effective	
  planar	
  inter-­‐particle	
  spacing.	
  

	
  
Figure	
   2.42	
   shows	
   the	
   ratio	
   of	
   Δτ	
   (Orowon	
   stress	
   increment	
   required	
   to	
   force	
   a	
  

dislocation	
  past	
  an	
  obstacle)	
  increases	
  significantly	
  for	
  prismatic	
  plane	
  precipitates	
  (Figure	
  

2.42b)	
  as	
  the	
  aspect	
  ratio	
  of	
  precipitate	
  plates/rods	
  increases	
  as	
  opposed	
  to	
  basal	
  plane	
  

precipitates	
   (Figure	
   2.42a)	
   or	
   rod	
   shaped	
   precipitates	
   (Figure	
   2.42c).	
   It	
   is	
   important	
   to	
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note	
  that	
  strengthening	
  is	
  only	
  improved	
  when	
  the	
  number	
  density	
  of	
  the	
  precipitates	
  is	
  

large	
  enough	
  i.e.	
  at	
  least	
  a	
  volume	
  fraction	
  0.04.	
  	
  

	
  
Figure	
   2.42:	
   Variation	
   of	
   ratio	
  Δτ(plate/rod)/Δτ(sphere)	
  with	
   plate/rod	
   aspect	
   ratio	
   for	
   strengthening	
  
attributing	
   to	
   a)	
   (0001)

α
,	
   b)	
   	
  	
  

€ 

{101	
  0}α 	
   or	
   	
  	
  

€ 

{21	
  1	
  0}α 	
   prismatic	
   plates,	
   and	
   c)	
   [0001]
α
	
   rods,	
   at	
   precipitate	
  

volume	
  fractions	
  of	
  0.02	
  and	
  0.04	
  [157].	
  

	
  
When	
   identical	
   volume	
   fractions	
   and	
  number	
  densities	
   of	
   precipitates	
   a	
   compared,	
   the	
  

effective	
   inter-­‐particle	
   spacing	
   of	
   prismatic	
   plates	
   are	
  more	
   effective	
   than	
   either	
   basal	
  

plates,	
  [0001]α	
  rods	
  or	
  spherical	
  particles	
  (Figure	
  2.43).	
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Figure	
  2.43:	
  Variation	
  of	
  effective	
  inter-­‐particle	
  spacing	
  with	
  number	
  density	
  of	
  particles	
  per	
  unit	
  volume	
  
of	
  the	
  magnesium	
  matrix	
  at	
  a	
  precipitate	
  volume	
  fraction	
  of	
  0.04.	
  Plate/rod	
  aspect	
  ratio	
  is	
  40:1	
  [157].	
  

	
  

Subsequently,	
  it	
  has	
  been	
  proposed	
  that	
  precipitate	
  plates	
  formed	
  on	
  the	
  basal	
  plane	
  of	
  

the	
   matrix	
   phase	
   provide	
   the	
   least	
   effective	
   barrier	
   to	
   gliding	
   dislocations	
   [157].	
   The	
  

precipitates	
  present	
   in	
  AZ91	
  are	
   regarded	
   to	
  be	
   ineffective	
   in	
   impeding	
   slip	
   that	
  occurs	
  

along	
   the	
   basal	
   plane	
   due	
   to	
   their	
   orientation	
   and	
   their	
   relatively	
   low	
   volume	
   fraction	
  

[155,	
  158].	
  When	
  a	
  comparison	
  is	
  made	
  between	
  the	
  minimum	
  creep	
  rates	
  of	
  AZ91	
  and	
  

WE54	
  (Table	
  2.6)	
  it	
  is	
  clear	
  that	
  WE54	
  has	
  significantly	
  better	
  creep	
  properties.	
  

	
  

Table	
   2.6:	
  Minimum	
  creep	
   rates	
   (compression	
   tests)	
   of	
  AZ91	
  and	
  WE54	
  alloys.	
  Note:	
   *	
   indicates	
   creep	
  
rate	
  measured	
  at	
  a	
  plastic	
  strain	
  of	
  4%	
  [159].	
  

Alloy	
   Temperature	
  (°C)	
   Applied	
  stress	
  (MPa)	
   Minimal	
  creep	
  rate	
  (10-­‐8	
  s-­‐1)	
  
AZ91	
   25	
   250	
   0.4	
  

	
   150	
   50	
   830*	
  
WE54	
   150	
   235	
   3.4	
  
	
   150	
   315	
   15	
  
	
   200	
   165	
   250	
  
	
   200	
   210	
   280*	
  

	
  

This	
   has	
   been	
   shown	
   experimentally	
   through	
   the	
   comparison	
   of	
   the	
   precipitate	
  

morphology	
   and	
   orientation	
   of	
   poor	
   creep	
   resistant	
   alloys	
   such	
   as	
   AZ91	
  with	
   those	
   of	
  

superior	
  creep	
  resistance	
  such	
  as	
  the	
  RE-­‐containing	
  alloys	
  WE54	
  and	
  WE43	
  (Figure	
  2.44).	
  

In	
   the	
   case	
   of	
   AZ91,	
   most	
   continuous	
   precipitates	
   are	
   orientated	
   parallel	
   to	
   the	
   basal	
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plane	
  before	
  they	
  develop	
  into	
  lath-­‐shaped	
  precipitates	
  on	
  subsequent	
  ageing	
  and	
  have	
  a	
  

Burgers	
   orientation	
   relationship	
   of	
   (0001)m//(110)p	
   and	
   	
  	
  

€ 

[12	
  10]m //[11	
  1]p 	
   [155]	
   (Figure	
  

2.44).	
   AZ91	
   also	
   has	
   a	
   small	
   proportion	
   of	
   relatively	
   coarse	
   continuous	
   precipitates	
  

perpendicular	
   to	
   the	
   basal	
   plane,	
   which	
   has	
   an	
   orientation	
   relationship	
   of	
  

	
  	
  

€ 

(0001)m //(11	
  1)p 	
  and	
  	
  	
  

€ 

[101	
  0]m //[11	
  1]p .	
  It	
  is	
  presumed	
  that	
  these	
  precipitates	
  are	
  coarse	
  as	
  

a	
   result	
   of	
   the	
   relatively	
   high	
   diffusion	
   rate	
   of	
   Al	
   atoms	
   when	
   in	
   solid	
   solution	
   with	
  

magnesium	
  [139]	
  (Figure	
  2.44).	
  	
  

	
  
Figure	
  2.44:	
  a)	
  Isothermal	
  ageing	
  curves	
  of	
  magnesium	
  alloy	
  AZ91	
  at	
  373	
  K	
  and	
  473	
  K	
  (100°C	
  and	
  200°C),	
  
b)	
  Transmission	
  electron	
  micrograph	
  showing	
  the	
  distribution	
  and	
  morphology	
  of	
  β 	
  precipitates	
  in	
  AZ91	
  

aged	
   for	
  8	
  h	
  at	
  473	
  K	
   (200	
   °C)	
  with	
   the	
  electron	
  beam	
  parallel	
   to	
   [0001]α .	
  Age-­‐hardening	
   response	
  of	
  

WE54	
  alloy,	
  c)	
  at	
  523	
  K	
  (250°C),	
  d)	
  Transmission	
  electron	
  micrograph	
  showing	
  distribution	
  of	
  precipitates	
  
in	
  a	
  WE54	
  sample	
  peak-­‐aged	
  at	
  523	
  K	
  (250°C)	
  [139].	
  

	
  
Precipitates	
   in	
   wrought	
   Mg-­‐RE	
   alloys	
   such	
   as	
   WE54	
   and	
   WE43	
   have	
   been	
   extensively	
  

investigated	
   [154,	
   157,	
   160,	
   161].	
   In	
   comparison	
   to	
   the	
   precipitates	
   present	
   in	
   Mg-­‐Al	
  

containing	
  alloys	
  such	
  as	
  AZ91,	
  Mg-­‐RE	
  precipitates	
  are	
  more	
  thermally	
  stable	
  and	
  form	
  on	
  

the	
  prismatic	
  planes	
  of	
  the	
  Mg	
  HCP	
  crystal	
  structure	
  [139]	
  (Figure	
  2.44).	
  The	
  evolution	
  of	
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precipitates	
   forming	
   in	
   a	
  Mg-­‐Gd-­‐Zr	
   alloy	
   at	
   an	
   isothermal	
   ageing	
   temperature	
  of	
   250°C	
  

starting	
   with	
   G-­‐P	
   zones	
   and	
   ending	
   as	
   stable	
   β	
   precipitates	
   is	
   shown	
   schematically	
   in	
  

Figure	
  2.45.	
  

	
  
Figure	
   2.45:	
   Schematic	
   diagram	
   showing	
   the	
   microstructural	
   evolution	
   from	
   G-­‐P	
   zones	
   to	
   β ’	
   then	
   a	
  
combination	
  of	
  β ’	
  and	
  β1	
  to	
  the	
  eventual	
  formation	
  of	
  equilibrium	
  β 	
  precipitates	
  in	
  Mg-­‐15Gd-­‐0.5Zr	
  and	
  
Mg-­‐10Gd-­‐3Y-­‐0.4Zr	
  (wt.%)	
  alloys	
  at	
  250°C	
  [162].	
  

	
  

Improvements	
   in	
   creep	
   properties	
   in	
   permanent	
   mould	
   cast	
   Mg	
   alloys	
   have	
   been	
  

observed	
  following	
  heat	
  treatment	
  to	
  peak	
  aged	
  conditions	
  [94,	
  163-­‐165].	
  Precipitation	
  of	
  

thermally	
   stable	
   solute	
   and/or	
   solid	
   solution	
   strengthening	
   in	
   Mg	
   alloys	
   has	
   been	
  

attributed	
   to	
   the	
   improvement	
   of	
   creep	
   properties.	
   Mg	
   alloys	
   are	
   often	
   aged	
   to	
   peak	
  

hardness	
  and	
  then	
  crept	
  in	
  order	
  to	
  improve	
  creep	
  properties	
  (Figure	
  2.46).	
  	
  

	
  

	
   	
  
Figure	
  2.46:	
  a)	
  Age	
  hardening	
  response	
  at	
  225°C	
  for	
  Mg-­‐10Y-­‐5Gd	
  (wt.%)	
  b)	
  creep	
  curves	
  of	
  Mg-­‐10Y-­‐5Gd	
  
alloys	
  in	
  as-­‐cast	
  and	
  peak	
  aged	
  conditions	
  tested	
  at	
  different	
  temperatures	
  and	
  stress	
  [163].	
  

a	
   b	
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To	
  a	
  lesser	
  extent,	
  solution	
  heat	
  treatments	
  have	
  also	
  been	
  applied	
  to	
  Mg	
  alloys	
  including	
  

thixoformed	
  AZ91	
  alloys	
   [75]	
  and	
  permanent	
  mould	
  castings	
  of	
  AZ91D	
  [102]	
   in	
  order	
  to	
  

improve	
   creep	
   properties	
   via	
   solid	
   solution	
   strengthening.	
   However,	
   little	
   research	
   has	
  

been	
   performed	
   on	
   the	
   heat	
   treatment	
   of	
   high-­‐pressure	
   die-­‐cast	
   (HPDC)	
   alloys	
   in	
  

particular	
  HPDC	
  Mg-­‐alloys.	
  HPDC	
  alloys	
  are	
  usually	
  not	
  heat	
  treated	
  due	
  to	
  the	
  presence	
  

of	
  porosity	
  throughout	
  the	
  casting,	
  which	
  may	
  expand	
  during	
  heat	
  treatment	
  and	
  cause	
  

damage	
  to	
  the	
  casting.	
  	
  

	
  

Suzuki	
  et	
  al.	
  [120]	
  have	
  shown	
  that	
  heat	
  treatment	
  may	
  improve	
  the	
  creep	
  properties	
  of	
  a	
  

Mg-­‐Al-­‐Ca	
  HPDC	
  alloy	
  without	
  surface	
  blistering,	
  however,	
   this	
  was	
  at	
   the	
  comparatively	
  

low	
   temperature	
   of	
   250°C	
   for	
   1h.	
   Barbagallo	
  et	
   al.	
   [166]	
   had	
   also	
   shown	
   that	
   solution	
  

treatment	
  of	
  a	
  HPDC	
  AS21X	
  (Mg-­‐2.1Al-­‐0.93Si-­‐0.16Zn	
  wt.%)	
  at	
  415°C	
  for	
  durations	
  of	
  up	
  to	
  

48	
  h	
   is	
  possible	
  without	
  causing	
  significant	
  damage	
  to	
  the	
  alloy.	
  However,	
  Barbagallo	
  et	
  

al.	
  [166]	
  were	
  more	
  interested	
  in	
  the	
  change	
  in	
  grain	
  size	
  during	
  solution	
  treatment	
  thus	
  

nothing	
  was	
  mentioned	
  on	
   creep	
  performance	
  or	
  anything	
   specifically	
  on	
   the	
  extent	
  of	
  

blistering	
  (if	
  any)	
  in	
  the	
  “skin”	
  region	
  of	
  the	
  alloys.	
  	
  

	
  

Gibson	
   et	
   al.	
   [167]	
   performed	
   T6	
   solution	
   treatment	
   (solution	
   treated	
   at	
   525°C	
   for	
   8h	
  

followed	
  cold	
  water	
  quench,	
  and	
  then	
  aged	
  at	
  215°C	
  for	
  4h)	
  on	
  two	
  HPDC	
  Mg-­‐RE	
  based	
  

alloys,	
   Alloy	
   A	
   (Mg-­‐0.10Nd-­‐0.07Ce-­‐0.06La-­‐0.15Zn-­‐0.14Y	
   at.%)	
   and	
   Alloy	
   B	
   (Mg-­‐0.09Nd-­‐

0.06Ce-­‐0.06La-­‐0.15Zn-­‐0.05Y	
  at.%).	
  A	
  comparison	
  of	
  the	
  creep	
  strain	
  between	
  the	
  as-­‐cast	
  

and	
  T6	
   conditions	
   is	
   shown	
   in	
  Figure	
  2.47.	
   It	
  demonstrates	
   that	
  T6	
  has	
  an	
   influence	
  on	
  

creep	
   properties.	
   However,	
   it	
   also	
   demonstrated	
   that	
   the	
   influence	
   on	
   creep	
   of	
   heat	
  

treatment	
   is	
   strongly	
   dependent	
   on	
   alloying	
   composition.	
   In	
   this	
   case,	
   Alloy	
   B’s	
   creep	
  

resistance	
  is	
  more	
  sensitive	
  to	
  heat	
  treatment	
  with	
  respect	
  to	
  Alloy	
  A.	
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Figure	
  2.47:	
  Creep	
  curves	
  for	
  Alloy	
  A	
  and	
  Alloy	
  B	
  for	
  (a)	
  as-­‐cast	
  and	
  (b)	
  T6	
  conditions	
  tested	
  at	
  177°C	
  and	
  
90MPa	
  [167].	
  

	
  

Gibson	
  et	
   al.	
   [167]	
   did	
   not	
   report	
   on	
   the	
   condition	
   of	
   the	
  HPDC	
   sample	
   surface	
   (i.e.	
   if	
  

blistering	
   occurred).	
   However,	
   in	
   subsequent	
   personal	
   correspondence	
  with	
  Dr.	
   Gibson	
  

(February	
  2011)	
  it	
  was	
  clarified	
  that	
  no	
  significant	
  blistering	
  was	
  detectable.	
  Gavras	
  et	
  al.	
  

[168]	
   showed	
   that	
   short-­‐term	
   solution	
   treatments	
   (1	
   h)	
   at	
   moderate	
   temperatures	
  

(520°C)	
  of	
  HPDC	
  Mg-­‐2.70La-­‐1.50Y	
  wt.%	
  (Mg-­‐0.49La-­‐0.42Y	
  at.%)	
  alloys	
  caused	
  no	
  blistering	
  

damage	
  to	
  the	
  surface	
  to	
  the	
  alloy.	
  The	
  effects	
  of	
  hydrogen/gas	
  porosity	
  are	
  not	
  as	
  severe	
  

for	
   magnesium	
   as	
   they	
   are	
   for	
   aluminium	
   alloys	
   [169,	
   170].	
   This	
   may	
   indicate	
   that	
  

improvements	
  to	
  strength	
  and	
  creep	
  resistance	
  in	
  Mg	
  with	
  sufficient	
  RE	
  alloying	
  additions	
  

may	
  be	
  possible	
  without	
  causing	
  blistering.	
  	
  

	
  

2.6 Summary 

The	
   review	
   of	
   the	
   literature	
   focused	
   on	
   creep	
   properties	
   of	
   Mg	
   alloys.	
   Methods	
   for	
  

improving	
   the	
  creep	
  properties	
  of	
  Mg	
  alloys	
  were	
   investigated.	
  Particular	
  attention	
  was	
  

focussed	
  on	
  Mg-­‐RE	
  alloys	
  due	
  to	
  their	
  good	
  elevated	
  temperature	
  creep	
  properties.	
  The	
  

castability	
  of	
  Mg-­‐RE	
  alloys	
  was	
  also	
   investigated	
   in	
  order	
  to	
  ensure	
  the	
  viability	
  of	
  mass	
  

production	
   and	
   low	
   cost	
   which	
   is	
   required	
   in	
   the	
   automotive	
   industry.	
   In	
   the	
   current	
  

work	
   an	
   investigation	
   on	
   the	
   castability	
   of	
   ternary	
   HPDC	
   Mg-­‐La-­‐RE	
   alloys	
   will	
   be	
  

conducted	
   since	
   the	
   addition	
  of	
   La	
   to	
  Mg	
   improved	
   castability	
   as	
  was	
   indicated	
   from	
  

previous	
  Mg-­‐La	
  HTS	
   results.	
   The	
   ternary	
  RE	
   is	
   of	
   importance	
  due	
   to	
   the	
  poor	
   elevated	
  

temperature	
  creep	
  resistance	
  of	
  Mg-­‐La	
  alloys	
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The	
   literature	
   review	
  revealed	
   that	
  elevated	
   temperature	
  creep	
  properties	
  of	
  Mg-­‐alloys	
  

have	
   been	
   improved	
   by	
   a	
   number	
   of	
   different	
   methods.	
   Key	
   factors	
   in	
   the	
   current	
  

literature,	
  which	
  will	
  provide	
  the	
  guidance	
  to	
  the	
  work	
  undertaken	
  in	
  this	
  thesis,	
  are:	
  

• grain	
  boundary	
  reinforcement	
  

• precipitation	
  hardening	
  

• solid	
  solution	
  strengthening.	
  

	
  

It	
  was	
  noted	
   that	
   there	
   is	
   still	
   debate	
  on	
   the	
  key	
   creep	
  mechanism	
  and	
   thus	
   there	
   is	
   a	
  

variety	
   of	
   methods	
   used	
   to	
   improve	
   elevated	
   temperature	
   creep	
   properties.	
   More	
  

recently,	
   less	
   importance	
   has	
   been	
   focussed	
   on	
   grain	
   boundary	
   strengthening	
   for	
   the	
  

improvement	
  of	
  creep	
  properties	
  in	
  Mg	
  alloys.	
  However,	
  it	
   is	
  still	
  not	
  clear	
  whether	
  one	
  

strengthening	
  mechanism	
  is	
  more	
   important	
  than	
  another	
  or	
  whether	
  a	
  combination	
  of	
  

strengthening	
  mechanisms	
  is	
  required.	
  It	
  is	
  therefore	
  of	
  great	
  importance	
  to	
  determine	
  

what	
  method	
  or	
  combination	
  of	
  methods	
  improves	
  the	
  creep	
  properties	
  in	
  HPDC	
  Mg-­‐RE	
  

alloys.	
   In	
   the	
   current	
   work	
   the	
   creep	
   mechanism(s)	
   of	
   HPDC	
   Mg-­‐La-­‐RE	
   will	
   be	
  

investigated.	
  This	
  is	
  achieved	
  in	
  the	
  current	
  work	
  by	
  primarily	
  focusing	
  on	
  three	
  groups	
  of	
  

alloy	
  concentrations:	
  

1. Mg-­‐La-­‐RE	
  alloys	
  that	
  are	
  primarily	
  strengthened	
  by	
  grain	
  boundary	
  reinforcement	
  

i.e.	
   Mg-­‐La-­‐RE	
   alloys	
   with	
   relatively	
   low	
   concentrations	
   of	
   ternary	
   RE	
  

(approximately	
   0.1	
   at.%)	
   but	
   have	
   the	
   majority	
   of	
   the	
   La	
   addition	
   present	
   as	
  

intermetallic	
  at	
  grain	
  boundaries	
  due	
  to	
  the	
  low	
  solid	
  solubility	
  in	
  Mg.	
  	
  

2. Mg-­‐La-­‐RE	
  alloys	
  with	
  concentrations	
  of	
  ternary	
  RE	
  where	
  the	
  minimum	
  creep	
  rate	
  

of	
  the	
  alloy	
  series	
  is	
  first	
  reached	
  (approximately	
  0.2	
  at.%).	
  

3. Mg-­‐La-­‐RE	
  alloys	
  with	
  sufficient	
  ternary	
  alloying	
  addition	
  for	
  precipitation	
  to	
  occur	
  

at	
  the	
  creep	
  testing	
  temperature.	
  

	
  

The	
   literature	
   has	
   shown	
   that	
   different	
   RE	
   elements	
   can	
   have	
   varying	
   amounts	
   of	
  

influence	
  on	
  creep	
  properties	
  in	
  Mg-­‐alloys.	
  This	
  is	
  related	
  to	
  the	
  solid	
  solubility	
  of	
  the	
  RE	
  

in	
   Mg,	
   the	
   rate	
   of	
   solute	
   diffusion	
   in	
   the	
   matrix	
   and	
   also	
   the	
   concentration	
   of	
   RE.	
   A	
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combination	
  of	
  various	
  RE	
  elements	
  in	
  Mg	
  will	
  thus	
  be	
  used	
  to	
  address	
  the	
  different	
  creep	
  

strengthening	
  methods	
  in	
  Mg	
  such	
  as:	
  

• Nd,	
  Y	
  and	
  Gd	
  have	
  significantly	
  higher	
  solid	
  solubility	
  in	
  Mg	
  compared	
  with	
  La	
  and	
  

also	
   have	
   notably	
   different	
   solubility	
   in	
   Mg	
   with	
   respect	
   to	
   each	
   other.	
   The	
  

influence	
   of	
   different	
   amounts	
   of	
   solid	
   solution	
   strengthening	
   and	
   in	
   turn	
  

precipitation	
  hardening	
  can	
  thus	
  be	
  determined	
  by	
  alloying	
  this	
  set	
  of	
  elements	
  to	
  

a	
  base	
  Mg-­‐La	
  alloy.	
  

	
  

Research	
   into	
   heat	
   treatment	
   of	
   HPDC	
   alloys	
   has	
   shown	
   that	
   it	
   may	
   be	
   possible	
   to	
  

improve	
   tensile	
   and	
   creep	
   properties	
   without	
   causing	
   any	
   damage	
   to	
   the	
   casting.	
   It	
   is	
  

therefore	
  important	
  to	
  determine	
  if	
  heat-­‐treatment	
  of	
  HPDC	
  Mg-­‐RE	
  alloys	
  can	
  be	
  used	
  to	
  

capitalise	
   on	
   the	
   strengthening	
   mechanisms	
   such	
   as	
   solid	
   solution	
   strengthening	
   or	
  

precipitation	
   hardening.	
   Hence	
   the	
   project	
   will	
   focus	
   on	
   understanding	
   the	
  

microstructural	
   effects	
   on	
   the	
   creep	
   properties	
   of	
  Mg-­‐La-­‐RE	
   alloys	
   with	
   RE	
   elements	
  

that	
  have	
  relatively	
  high	
  but	
  different	
  solubility	
  in	
  Mg	
  such	
  as	
  Nd,	
  Y	
  or	
  Gd	
  and	
  also	
  on	
  

the	
  prospects	
  of	
  using	
  heat	
  treatment	
  to	
  further	
  improve	
  the	
  properties.	
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3.1 Introduction 

There	
  are	
   two	
  main	
  points	
   in	
   this	
  work:	
  one	
   is	
   to	
   identify	
   the	
   influence	
  of	
  different	
  RE	
  

elements	
   on	
   the	
  mechanical	
   properties	
   of	
   HPDC	
  Mg-­‐La-­‐RE	
   alloys,	
   and	
   the	
   second	
   is	
   to	
  

examine	
   the	
   effect	
   of	
   heat	
   treatment	
   on	
   the	
  mechanical	
   properties	
   of	
   HPDC	
  Mg-­‐La-­‐RE	
  

alloys.	
  The	
  following	
  tests	
  were	
  conducted	
  on	
  the	
  HPDC	
  Mg-­‐La-­‐RE	
  alloys:	
  

• Heat	
  treatment	
  –	
  to	
  identify	
  the	
  feasibility	
  of	
  heat	
  treating	
  HPDC	
  Mg-­‐La-­‐RE	
  alloys	
  

and	
   to	
   determine	
   if	
   solid	
   solution	
   strengthening	
   or	
   solid	
   solution	
   strengthening	
  

and	
  peak	
  ageing	
  would	
  improve	
  alloy	
  properties.	
  

• Hardness	
   measurements	
   –	
   to	
   determine	
   peak	
   ageing	
   conditions	
   and	
   also	
   to	
  

indicate	
  the	
  thermal	
  stability	
  of	
  the	
  alloying	
  additions.	
  

• Tensile	
  and	
  compression	
  tests	
  at	
  room	
  temperature	
  and	
  elevated	
  temperature	
  –	
  

to	
   determine	
   the	
   influence	
   of	
   grain	
   boundary	
   reinforcement	
   from	
   eutectic	
   or	
  

intermetallic	
   on	
   the	
   strength	
   of	
   the	
   alloys.	
   This	
   is	
   also	
   used	
   to	
   determine	
   if	
   the	
  

applied	
  creep	
  stress	
  is	
  above	
  or	
  below	
  the	
  yield	
  strength	
  of	
  the	
  alloy.	
  

• Creep	
   testing	
   (in	
   both	
   tension	
   and	
   compression)	
   –	
   to	
   compare	
   the	
   influence	
   of	
  

different	
   ternary	
   RE	
   additions	
   and	
   concentrations	
   on	
   creep	
   properties	
   and	
   to	
  

assist	
  with	
  the	
  identification	
  of	
  creep	
  mechanisms.	
  

• Microstructural	
   characterisation	
   using	
   scanning	
   electron	
   microscopy	
   (SEM),	
  

electron	
  backscatter	
  diffraction	
  (EBSD),	
  energy-­‐dispersive	
  x-­‐ray	
  spectroscopy	
  (EDS)	
  

and	
  transmission	
  electron	
  microscopy	
  (TEM)	
  –	
  to	
  help	
  determine	
  if	
  there	
  are	
  any	
  

differences	
   in	
   grain	
   boundary	
   reinforcement,	
   grain	
   size,	
   solute	
   distribution	
   or	
  

precipitate	
  morphology	
  following	
  creep	
  testing.	
  

	
  

This	
   is	
   required	
   in	
   order	
   to	
   examine	
   the	
   changes	
   to	
   the	
   as-­‐cast	
   condition	
   (Chapter	
   4),	
  

following	
  elevated	
   temperature	
  mechanical	
  and	
  creep	
  testing	
   (Chapter	
  5)	
  and	
   following	
  

heat	
  treatment	
  and	
  mechanical	
  and	
  creep	
  testing	
  (Chapter	
  6).	
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3.2 HPDC of Experimental Materials 

A	
  series	
  of	
  ternary	
  Mg-­‐La-­‐Nd,	
  Mg-­‐La-­‐Y	
  and	
  Mg-­‐La-­‐Gd	
  alloys	
  were	
  cast	
  from	
  commercially	
  

pure	
  Mg	
  and	
  RE	
  elements	
  La,	
  Nd,	
  Y	
  and	
  Gd	
  using	
  a	
  250	
  tonne	
  Toshiba	
  cold	
  chamber	
  HPDC	
  

machine.	
  The	
  casting	
  parameters	
  are	
  given	
  in	
  Table	
  3.1:	
  

	
  

Table	
  3.1:	
  Casting	
  parameters	
  for	
  HPDC	
  of	
  alloys	
  in	
  this	
  project.	
  

Casting	
  Parameter	
   Parameter	
  Value	
  
Melt	
  temperature	
   740°C	
  

Oil	
  heaters	
  in	
  both	
  halves	
  of	
  the	
  die	
   250°C	
  
Accumulator	
  pressure	
   110	
  kg/cm2	
  

Ram	
  velocities,	
  slow	
  speed	
   Approximately	
  0.36	
  ms-­‐1	
  
Ram	
  velocities,	
  high	
  speed	
   Approximately	
  2.2	
  ms-­‐1	
  

Average	
  die	
  fill	
  time	
   600	
  ms	
  
Die	
  open	
  time	
   4	
  s	
  

	
  

AM-­‐cover	
  (tetrafluoroethane	
  0.2wt.%	
  and	
  99.8wt.%	
  nitrogen	
  gas)	
  was	
  used	
  to	
  protect	
  the	
  

melt.	
   The	
   compositions	
   of	
   the	
   alloys	
   are	
   measured	
   using	
   inductively	
   coupled	
   plasma	
  

atomic	
   emission	
   spectroscopy	
   (ICP-­‐AES)	
   and	
   shown	
   in	
   Table	
   3.2	
   (all	
   compositions	
   are	
  

given	
   in	
  at.%	
  unless	
  otherwise	
  stated).	
  All	
  alloys	
  used	
  a	
  La	
  content	
  close	
  to	
  0.45	
  at.%	
   in	
  

order	
  to	
  maintain	
  similar	
  amounts	
  of	
  intermetallic	
  at	
  grain	
  boundaries	
  and	
  also	
  to	
  assist	
  

with	
  castability.	
  Nd,	
  Y	
  and	
  Gd	
  contents	
  were	
  chosen	
  in	
  order	
  to	
  investigate	
  the	
  influence	
  

of	
   solid	
   solution	
   strengthening	
   and	
   also	
  precipitation	
  hardening	
  of	
   relatively	
   soluble	
  RE	
  

elements	
  in	
  Mg	
  on	
  creep	
  and	
  mechanical	
  properties.	
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Table	
   3.2:	
   Actual	
   alloy	
   compositions	
   determined	
   by	
   inductively	
   coupled	
   plasma	
   atomic	
   emission	
  
spectroscopy	
  (ICP-­‐AES).	
  

Alloy	
  (at.%)	
   La	
  (at.%)	
   Nd	
  (at.%)	
   Y	
  (at.%)	
   Gd	
  (at.%)	
   Mg	
  
Mg-­‐0.46La-­‐0.002Nd	
   0.456	
   0.002	
   -­‐	
   -­‐	
   Bal.	
  
Mg-­‐0.46La-­‐0.02Nd	
   0.456	
   0.016	
   -­‐	
   -­‐	
   Bal.	
  
Mg-­‐0.45La-­‐0.03Nd	
   0.451	
   0.031	
   -­‐	
   -­‐	
   Bal.	
  
Mg-­‐0.46La-­‐0.06Nd	
   0.459	
   0.060	
   -­‐	
   -­‐	
   Bal.	
  
Mg-­‐0.47La-­‐0.10Nd	
   0.469	
   0.104	
   -­‐	
   -­‐	
   Bal.	
  
Mg-­‐0.47La-­‐0.14Nd	
   0.466	
   0.144	
   -­‐	
   -­‐	
   Bal.	
  
Mg-­‐0.43La-­‐0.18Nd	
   0.430	
   0.175	
   -­‐	
   -­‐	
   Bal.	
  
Mg-­‐0.45La-­‐0.63Nd	
   0.453	
   0.630	
   -­‐	
   -­‐	
   Bal.	
  
Mg-­‐0.49La-­‐0.003Y	
   0.487	
   -­‐	
   0.003	
   -­‐	
   Bal.	
  
Mg-­‐0.49La-­‐0.02Y	
   0.485	
   -­‐	
   0.017	
   -­‐	
   Bal.	
  
Mg-­‐0.48-­‐0.05Y	
   0.477	
   -­‐	
   0.045	
   -­‐	
   Bal.	
  
Mg-­‐0.48-­‐0.12Y	
   0.477	
   -­‐	
   0.121	
   -­‐	
   Bal.	
  
Mg-­‐0.49La-­‐0.24Y	
   0.488	
   -­‐	
   0.236	
   -­‐	
   Bal.	
  
Mg-­‐0.49La-­‐0.31Y	
   0.493	
   -­‐	
   0.305	
   -­‐	
   Bal.	
  
Mg-­‐0.49La-­‐0.42Y	
   0.491	
   -­‐	
   0.421	
   -­‐	
   Bal.	
  
Mg-­‐0.44La-­‐0.70Y	
   0.435	
   -­‐	
   0.699	
   -­‐	
   Bal.	
  
Mg-­‐0.45La-­‐1.18	
   0.451	
   -­‐	
   1.183	
   -­‐	
   Bal.	
  
Mg-­‐0.48La-­‐0.003Gd	
   0.480	
   -­‐	
   -­‐	
   0.003	
   Bal.	
  
Mg-­‐0.45La-­‐0.01Gd	
   0.452	
   -­‐	
   -­‐	
   0.005	
   Bal.	
  
Mg-­‐0.45La-­‐0.04Gd	
   0.453	
   -­‐	
   -­‐	
   0.041	
   Bal.	
  
Mg-­‐0.45La-­‐0.10Gd	
   0.450	
   -­‐	
   -­‐	
   0.102	
   Bal.	
  
Mg-­‐0.46La-­‐0.21Gd	
   0.463	
   -­‐	
   -­‐	
   0.214	
   Bal.	
  
Mg-­‐0.46La-­‐0.60Gd	
   0.463	
   -­‐	
   -­‐	
   0.592	
   Bal.	
  
Mg-­‐0.45La-­‐0.87Gd	
   0.449	
   -­‐	
   -­‐	
   0.872	
   Bal.	
  
	
  
For	
   each	
   alloy,	
   approximately	
   40	
   castings	
  were	
  made.	
   Each	
   casting	
   consists	
   of	
   2	
   round	
  

“dog-­‐bone”	
  shaped	
  tensile	
  bars	
  and	
  one	
  flat	
  tensile	
  bar	
  (Figure	
  3.1).	
  	
  

	
  

	
  
Figure	
  3.1	
  A	
  HPDC	
  casting	
  showing	
  two	
  round	
  and	
  one	
  flat	
  tensile	
  sample.	
  [45].	
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Round	
  “dog-­‐bone”	
  tensile	
  bars	
  have	
  an	
  average	
  diameter	
  of	
  5.64	
  mm	
  in	
  the	
  gauge	
  length	
  

section	
  and	
  flat	
  “dog-­‐bone”	
  shaped	
  tensile	
  bars	
  with	
  a	
  thickness	
  of	
  3	
  mm	
  were	
  cast	
   for	
  

the	
  mechanical	
  testing	
  in	
  this	
  work	
  (Figure	
  3.2).	
  

	
  
Figure	
  3.2:	
  Schematic	
  diagram	
  of	
  a)	
  round	
  and	
  b)	
  flat	
  “dog-­‐bone”	
  shaped	
  tensile	
  bars	
  used	
  in	
  this	
  work.	
  
Note:	
  Dimensions	
  are	
  in	
  mm.	
  

	
  

3.3 Hot Tearing 

A	
  visual	
  inspection	
  of	
  the	
  surface	
  of	
  flat	
  tensile	
  samples	
  is	
  used	
  to	
  provide	
  the	
  hot	
  tearing	
  

criterion	
  proposed	
  by	
  Easton	
  et	
  al.	
  [171]	
  (Figure	
  2.6).	
  For	
  convenience,	
  the	
  rating	
  scale	
  for	
  

the	
   hot	
   tearing	
   index	
   (HTI)	
   that	
   was	
   used	
   to	
   assess	
   the	
   casting	
   quality	
   of	
   a	
   particular	
  

specimen	
  is	
  given	
  below:	
  

	
  

0	
  =	
  No	
  cracks/dimples	
  in	
  the	
  specimen	
  observed	
  by	
  the	
  naked	
  eye.	
  

1	
  =	
  Small	
  observable	
  dimple/s	
  that	
  require	
  close	
  examination	
  to	
  see.	
  

2	
  =	
  Dimple/s	
  easily	
  seen	
  by	
  the	
  naked	
  eye.	
  

3	
  =	
  Crack/s	
  observed	
  on	
  the	
  surface	
  of	
  the	
  specimen,	
  but	
  the	
  specimen	
  remained	
  intact.	
  

4	
  =	
  Specimen	
  is	
  fractured.	
  

	
  

a	
  

b	
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Whilst	
   fine	
   cracks	
   were	
   not	
   able	
   to	
   be	
   observed	
   by	
   the	
   naked	
   eye	
   and	
   cannot	
   be	
  

identified	
   by	
   this	
   evaluation,	
   the	
   test	
   is	
   able	
   to	
   select	
   out	
   alloys	
   that	
   have	
   a	
   high	
  

susceptibility	
   to	
   hot	
   tearing	
   and	
   consequently	
   decrease	
   the	
   amount	
   of	
   detailed	
  

metallography	
   required.	
   In	
   most	
   cases	
   25-­‐30	
   samples	
   were	
   available	
   for	
   analysis,	
  

producing	
   a	
   statistically	
   useful	
   set	
   of	
   data.	
   The	
   hot	
   tearing	
   index	
   is	
   determined	
   by	
   the	
  

mean	
   of	
   the	
   ratings	
   given	
   for	
   each	
   individual	
   specimen	
   of	
   a	
   particular	
   alloy	
   and	
   the	
  

standard	
  error	
  was	
  determined	
  to	
  give	
  a	
  measurement	
  of	
  the	
  uncertainty.	
  

	
  

Hot	
   tearing	
   is	
   also	
   predicted	
   qualitatively	
   using	
   a	
   hot	
   tearing	
   model	
   based	
   on	
   the	
  

temperature-­‐fraction	
   solid	
   behaviour,	
   and	
   the	
   coherency	
   and	
   coalescence	
   points	
   of	
   an	
  

alloy	
  could	
  be	
  used	
  to	
   indicate	
  hot	
   tearing	
  susceptibly	
   (HTS)	
   [171].	
  As	
   the	
  temperature-­‐

fraction	
   solid	
   curves	
   for	
   the	
  alloys	
   investigated	
  are	
  mathematically	
  difficult	
   to	
  describe,	
  

the	
   integral	
   between	
   the	
   coherency	
   and	
   coalescence	
   points	
   is	
   approximated	
   using	
   the	
  

trapezoidal	
   method	
   for	
   area	
   determination.	
   Pandat™	
   software	
   and	
   a	
   Mg-­‐RE	
   database	
  

developed	
  by	
  Gröbner	
  et	
  al.	
   [132]	
  are	
  used	
  to	
  produce	
  the	
   temperature	
   -­‐	
   fraction	
  solid	
  

curves.	
  Ternary	
  phase	
  diagrams	
  for	
  Mg-­‐La-­‐Y	
  or	
  Mg-­‐La-­‐Gd	
  are	
  not	
  available	
  and	
  thus	
  only	
  

the	
  Mg-­‐La-­‐Nd	
  system	
  could	
  be	
  simulated.	
  However,	
  an	
  indication	
  of	
  the	
  HTS	
  for	
  Mg-­‐La-­‐Y	
  

and	
  Mg-­‐La-­‐Gd	
  alloys	
   is	
  obtained	
  by	
  using	
   the	
  predicted	
  HTS	
  of	
  binary	
  Mg-­‐Y	
  and	
  Mg-­‐Gd	
  

alloys.	
  	
  

	
  

3.4 Mechanical Testing 

3.4.1 Hardness Testing 

	
  
Vickers	
  microhardness	
  measurements	
  on	
  flat	
  ‘dog	
  bone’	
  shaped	
  tensile	
  bars	
  are	
  obtained	
  

using	
  a	
  Duramin	
  A-­‐300	
  hardness-­‐testing	
  machine	
  with	
  a	
  1	
  kg	
  indentation.	
  Interrupted	
  age	
  

hardening	
  tests	
  are	
  performed	
  in	
  silicon	
  oil	
  baths	
  where	
  the	
  samples	
  are	
  removed	
  at	
  the	
  

appropriate	
   measurement	
   time	
   and	
   water	
   quenched	
   in	
   room	
   temperature	
   water.	
  

Measurements	
  are	
  recorded	
  after	
  1	
  h,	
  2h,	
  4h,	
  8h,	
  16h,	
  24h	
  and	
  then	
  for	
  twice	
  the	
  length	
  

of	
   time	
   as	
   the	
   previous	
   ageing	
   duration	
   until	
   peak	
   hardness	
   has	
   been	
   reached.	
   A	
  

minimum	
   of	
   5	
   indentations	
   are	
  made	
   per	
   sample	
   in	
   the	
   as-­‐cast	
   condition	
   and	
   at	
   each	
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ageing	
  measurement.	
  Each	
  indentation	
  is	
  made	
  a	
  distance	
  of	
  at	
  least	
  two	
  times	
  the	
  width	
  

of	
   an	
   indentation	
   mark	
   (approximately	
   0.5	
   mm)	
   apart	
   from	
   each	
   other	
   in	
   order	
   to	
  

minimise	
  the	
  influence	
  of	
  neighbouring	
  indentations	
  on	
  the	
  hardness	
  of	
  the	
  material.	
  

3.4.2 Heat Treatment 

3.4.2.1 T4 (Solution treatment and water quenching) 
Solution	
   treatments	
   are	
   performed	
   at	
   520°C	
   for	
   1	
   h	
   immediately	
   followed	
   by	
   room	
  

temperature	
  water	
   quenching	
   for	
   all	
   the	
   alloys	
   tested	
   in	
   this	
  work.	
   The	
   temperature	
   is	
  

selected	
  in	
  order	
  to	
  allow	
  for	
  the	
  solute	
  in	
  solid	
  solution	
  to	
  be	
  distributed	
  homogeneously	
  

throughout	
   the	
   grains	
   relatively	
   quickly	
  whilst	
  minimising	
   the	
   possibility	
   of	
  melting	
   the	
  

eutectic.	
   Samples	
   are	
   completely	
   buried	
   in	
   alumina	
   powder	
   and	
   solution	
   treated	
   in	
   a	
  

Tetlow	
   furnace.	
   The	
   solution	
   treatment	
   temperature	
   is	
   monitored	
   by	
   a	
   thermocouple	
  

built	
   into	
   the	
   furnace	
   and	
   by	
   a	
   second	
   thermocouple	
   placed	
   beside	
   the	
   samples	
   being	
  

solution	
   treated.	
   Samples	
   are	
   immediately	
  quenched	
   in	
   a	
   large	
  bucket	
   filled	
  with	
   room	
  

temperature	
  water	
  after	
  being	
  removed	
  from	
  the	
  furnace.	
  	
  

	
  

3.4.2.2 T5 (Ageing and water quenching) 
The	
  samples	
  are	
  aged	
  in	
  silicon	
  oil	
  baths	
  without	
  being	
  covered	
  and	
  then	
  quenched	
  in	
  a	
  

large	
  bucket	
  filled	
  with	
  room	
  temperature	
  water.	
  The	
  ageing	
  temperatures	
  are	
  chosen	
  to	
  

investigate	
   the	
   influence	
   of	
   relatively	
   low	
   (160°C)	
   and	
   relatively	
   high	
   (200°C)	
   ageing	
  

temperatures	
  on	
  HPDC	
  Mg-­‐La-­‐RE	
  alloys.	
  Ageing	
  is	
  also	
  performed	
  at	
  a	
  third,	
  intermediate	
  

temperature	
  (177°C)	
  that	
  is	
  also	
  the	
  temperature	
  used	
  during	
  creep	
  testing	
  (Table	
  3.3).	
  	
  

Table	
  3.3:	
  T5	
  peak	
  ageing	
  heat	
  treatment	
  for	
  the	
  three	
  alloy	
  series	
  investigated.	
  

Alloy	
  Series	
   Temperature	
   Duration	
  (h)	
  
Mg-­‐La-­‐Nd	
   160°C	
   20	
  
	
   177°C	
   10	
  
	
   200°C	
   1	
  
Mg-­‐La-­‐Y	
   160°C	
   1000	
  
	
   177°C	
   400	
  
	
   200°C	
   200	
  
Mg-­‐La-­‐Gd	
   160°C	
   1000	
  
	
   177°C	
   400	
  
	
   200°C	
   50	
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3.4.2.3 T6 (Solution treatment, water quenching and ageing) 
	
  

T6	
  heat	
  treatments	
  are	
  comprised	
  of	
  a	
  combination	
  of	
  solution	
  treatment	
   in	
  the	
  Tetlow	
  

muffle	
  furnace,	
  room	
  temperature	
  water	
  quenching	
  and	
  peak	
  ageing	
  in	
  an	
  oil	
  bath.	
  Once	
  

again,	
   solution	
   treatment	
   is	
   performed	
   at	
   520°C	
   for	
   1	
   h	
   with	
   the	
   samples	
   completely	
  

buried	
   in	
   alumina	
   powder	
   to	
   protect	
   them	
   from	
   oxidation.	
   The	
   samples	
   are	
   then	
  

quenched	
  in	
  room	
  temperature	
  water	
  and	
  then	
  aged	
  in	
  oil	
  baths	
  at	
  either	
  160°C,	
  177°C	
  or	
  

200°C	
   until	
   peak	
   ageing	
   conditions	
   are	
   reached	
   followed	
   by	
   a	
   final	
  water	
   quenching	
   in	
  

room	
  temperature	
  water	
  (Table	
  3.4).	
  

	
  

Table	
  3.4:	
  T6	
  heat	
  treatment	
  for	
  the	
  three	
  alloy	
  series	
  investigated	
  

Alloy	
  Series	
   Solution	
  Treatment	
   Peak	
  Ageing	
  Temperature	
  
Mg-­‐La-­‐Nd	
   520°C/1	
  h	
   160°C/	
  100	
  h	
  
	
   520°C/1	
  h	
   177°C/	
  16	
  h	
  
Mg-­‐La-­‐Y	
   520°C/1	
  h	
   160°C/	
  1700	
  h	
  
	
   520°C/1	
  h	
   177°C/	
  4000	
  h	
  	
  
Mg-­‐La-­‐Gd	
   520°C/1	
  h	
   160°C/	
  1100	
  h	
  
	
   520°C/1	
  h	
   177°C/	
  400	
  h	
  	
  
	
  

3.4.3 Tensile Testing 

	
  
Tensile	
   tests	
   are	
   conducted	
   on	
   as-­‐cast	
   round	
   “dumb-­‐bell”	
   specimens	
   at	
   room	
  

temperature	
   and	
   177°C	
   (creep	
   testing	
   temperature)	
   using	
   a	
   screw-­‐driven	
   Instron	
   4505	
  

with	
  a	
  100kN	
   load	
  cell.	
   The	
   round	
  specimens	
  are	
  chosen	
   for	
   testing	
   since	
   they	
  are	
  also	
  

used	
  for	
  creep	
  testing.	
  For	
  both	
  room	
  temperature	
  and	
  177°C	
  tensile	
  tests,	
  a	
  cross-­‐head	
  

speed	
   of	
   5mm/min	
   and	
   an	
   extensometer	
   gauge	
   length	
   of	
   25mm	
   are	
   used.	
   An	
   Instron	
  

2630-­‐106	
  extensometer	
   is	
  used	
  to	
  record	
  the	
  extension	
  of	
   the	
  specimens	
  during	
  tensile	
  

tests.	
  Round	
  tensile	
  samples	
  are	
  secured	
  in	
  tensile	
  clamps	
  and	
  a	
  preload	
  of	
  20	
  N	
  is	
  applied	
  

to	
  ensure	
  any	
   slack	
   in	
   the	
   clamps	
   is	
   removed.	
   Four	
   samples	
  are	
   tested	
   for	
  each	
   tensile	
  

testing	
   condition	
   and	
   an	
   average	
   of	
   these	
   results	
   are	
   used	
   to	
   determine	
   the	
   key	
  

parameters	
   such	
   as	
   0.2%	
   proof	
   stress	
   (0.2%	
   PS),	
   ultimate	
   tensile	
   strength	
   (UTS)	
   and	
  

elongation	
  to	
  fracture.	
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An	
   environmental	
   chamber	
   is	
   used	
   in	
   order	
   to	
   perform	
   tensile	
   tests	
   at	
   177°C.	
   For	
  

elevated	
   temperature	
   testing,	
   samples	
   are	
   placed	
   into	
   the	
   tensile	
   clamps	
   once	
   the	
  

environmental	
  chamber	
  has	
  reached	
  the	
  testing	
  temperature.	
  A	
  thermocouple	
  placed	
  at	
  

one	
  of	
  the	
  tensile	
  grips	
  is	
  used	
  to	
  monitor	
  the	
  temperature.	
  Once	
  the	
  sample	
  is	
  placed	
  in	
  

the	
   grips	
   it	
   is	
   held	
   for	
   approximately	
   5	
   minutes	
   for	
   the	
   sample	
   to	
   reach	
   the	
   testing	
  

temperature.	
   A	
   preload	
   of	
   50	
   N	
   is	
   then	
   applied	
   to	
   remove	
   any	
   slack	
   from	
   the	
   clamps	
  

before	
  tensile	
  testing	
  begins.	
  	
  

3.4.4 Creep Testing 

Constant	
   load	
   tensile	
   creep	
   tests	
  are	
  performed	
  on	
  as-­‐cast	
  and	
  heat	
   treated	
  Mg-­‐La-­‐Nd,	
  

Mg-­‐La-­‐Y	
  and	
  Mg-­‐La-­‐Gd	
  alloys	
  predominately	
  at	
  177°C	
  and	
  90	
  MPa.	
  However,	
  some	
  tests	
  

are	
  also	
  performed	
  at	
  lower	
  and	
  higher	
  stresses.	
  A	
  list	
  of	
  all	
  the	
  testing	
  conditions	
  can	
  be	
  

found	
   in	
   Table	
   3.5.	
   A	
   minimum	
   of	
   two	
   samples	
   are	
   tested	
   for	
   each	
   alloy	
   and	
   testing	
  

conditions.	
  

	
  

Table	
  3.5:	
  Test	
  conditions	
  for	
  each	
  alloy	
  that	
  are	
  tensile	
  creep	
  tested.	
  Note	
  *	
  indicates	
  tests	
  performed	
  by	
  
Dr.	
  Mark	
  Gibson	
  at	
  CSIRO.	
  

Testing	
  Conditions	
  
Composition	
  (at.%)	
  

Temp	
  (°C)	
   Stress	
  (MPa)	
  
Alloy	
  Conditions	
  

Mg-­‐0.46La-­‐0.002Nd	
   177	
   90	
   As-­‐Cast	
  
Mg-­‐0.46La-­‐0.02Nd	
   177	
   90	
   As-­‐Cast	
  
Mg-­‐0.45La-­‐0.03Nd	
   177	
   90	
   As-­‐Cast	
  
Mg-­‐0.46La-­‐0.06Nd	
   177	
   90	
   As-­‐Cast	
  
Mg-­‐0.47La-­‐0.10Nd	
   177	
   90	
   As-­‐Cast	
  
	
   177	
   90	
   T4	
  (520C/1h)	
  
	
   177	
   90	
   T6	
  (520C/1h	
  and	
  177C/16h)	
  
Mg-­‐0.47La-­‐0.14Nd	
   177	
   90	
   As-­‐Cast	
  
Mg-­‐0.43La-­‐0.18Nd	
  	
   177	
   90	
   As-­‐Cast	
  
	
   177	
   90	
   T4	
  (520C/1h)	
  
	
   177	
   90	
   T6	
  (520C/1h	
  and	
  177C/16h)	
  
Mg-­‐0.45La-­‐0.63Nd	
   177	
   70	
   As-­‐Cast	
  
	
   177	
   90	
   As-­‐Cast	
  
	
   177	
   110	
   As-­‐Cast	
  
	
   177	
   90	
   T4	
  (520C/1h)	
  
	
   177	
   90	
   T6	
  (520C/1h	
  and	
  177C/16h)	
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Table	
  3.5	
  cont.	
  

Testing	
  Conditions	
  
Composition	
  (at.%)	
  

Temp	
  (°C)	
   Stress	
  (MPa)	
  
Alloy	
  Conditions	
  

Mg-­‐0.49La-­‐0.003Y	
   177	
   90	
   As-­‐Cast*	
  
Mg-­‐0.49La-­‐0.02Y	
   177	
   90	
   As-­‐Cast*	
  
Mg-­‐0.48La-­‐0.04Y	
   177	
   90	
   As-­‐Cast*	
  
Mg-­‐0.48La-­‐0.12Y	
   177	
   90	
   As-­‐Cast	
  
	
   177	
   90	
   T4	
  (520C/1h)	
  
	
   177	
   90	
   T6	
  (520C/1h	
  and	
  160C/1700h)	
  
Mg-­‐0.49La-­‐0.24Y	
   177	
   90	
   As-­‐Cast	
  
	
   177	
   90	
   T4	
  (520C/1h)	
  
	
   177	
   90	
   T6	
  (520C/1h	
  and	
  160C/1700h)	
  
Mg-­‐0.49La-­‐0.30Y	
   177	
   90	
   As-­‐Cast	
  
Mg-­‐0.49La-­‐0.42Y	
   177	
   90	
   As-­‐Cast	
  
Mg-­‐0.43La-­‐0.70Y	
   177	
   90	
   As-­‐Cast	
  
Mg-­‐0.45La-­‐1.18Y	
   177	
   90	
   As-­‐Cast	
  
	
   177	
   110	
   As-­‐Cast	
  
	
   177	
   90	
   T4	
  (520C/1h)	
  
	
   177	
   90	
   T6	
  (520C/1h	
  and	
  160C/1700h)	
  
Mg-­‐0.48La-­‐0.003Gd	
   177	
   90	
   As-­‐Cast*	
  
Mg-­‐0.45La-­‐0.005Gd	
   177	
   90	
   As-­‐Cast*	
  
Mg-­‐0.45La-­‐0.04Gd	
   177	
   90	
   As-­‐Cast*	
  
Mg-­‐0.45La-­‐0.10Gd	
   177	
   90	
   As-­‐Cast	
  
	
   177	
   90	
   T4	
  (520C/1h)	
  
	
   177	
   90	
   T6	
  (520C/1h	
  and	
  177C/400h)	
  
Mg-­‐0.46La-­‐0.21Gd	
   177	
   90	
   As-­‐Cast	
  
	
   177	
   90	
   T4	
  (520C/1h)	
  
	
   177	
   90	
   T6	
  (520C/1h	
  and	
  177C/400h)	
  
Mg-­‐0.46La-­‐0.59Gd	
   177	
   90	
   As-­‐Cast	
  
	
   177	
   110	
   As-­‐Cast	
  
	
   177	
   90	
   T6	
  (520C/1h	
  and	
  160C/1700h)	
  
Mg-­‐0.45La-­‐0.87Gd	
   177	
   90	
   As-­‐Cast	
  
	
   177	
   90	
   T4	
  (520C/1h)	
  
	
   177	
   90	
   T6	
  (520C/1h	
  and	
  177C/400h)	
  
	
  

Creep	
   tests	
  are	
  performed	
   in	
  purpose	
  built	
   constant	
   load	
   tensile	
  creep	
   testing	
   rigs.	
  The	
  

key	
  components	
  of	
  the	
  rigs	
  are	
  a	
  silicon	
  oil	
  bath,	
  which	
  can	
  be	
  raised	
  to	
  envelop	
  the	
  test	
  

specimens	
   in	
   the	
   specimen	
   holders,	
   which	
   are	
   connected	
   to	
   arms,	
   to	
   which	
   weight	
   is	
  

applied	
  to	
  produce	
  the	
  required	
  stress	
  for	
  the	
  test	
  (Figure	
  3.3).	
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Figure	
  3.3:	
  a)	
  Side	
  view	
  of	
  the	
  creep	
  rig,	
  b)	
  samples	
  locked	
  into	
  the	
  holders,	
  c)	
  oil	
  bath	
  in	
  raised	
  position,	
  
completely	
  immersing	
  the	
  creep	
  samples	
  in	
  silicon	
  oil	
  which	
  is	
  at	
  the	
  testing	
  temperature	
  of	
  177°C.	
  

	
  
Two	
   samples	
   can	
   be	
   tested	
   per	
   creep	
   rig	
   (Figure	
   3.3).	
   	
   Round	
   tensile	
   sample	
   required	
  

approximately	
  10mm	
  to	
  be	
  cut	
  off	
  from	
  the	
  top	
  and	
  bottom	
  ends	
  of	
  the	
  grip	
  ends	
  of	
  the	
  

Applied	
  
weight	
  

Oil	
  bath	
  in	
  
lowered	
  
position	
  	
  

Specimen	
  
holder	
  	
  

Specimens	
  
locked	
  into	
  
holders	
  

Front	
  view	
  

Oil	
  bath	
  in	
  
raised	
  
position	
  

Side	
  view	
  

Arm	
  

a	
  

b	
   c	
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castings	
  and	
  holes	
  drilled	
   into	
   the	
  grip	
  ends	
   to	
  allow	
   the	
  samples	
   to	
  be	
   locked	
   into	
   the	
  

creep	
   rig	
   “arms”	
   (Figure	
   3.3b).	
   Round	
   tensile	
   samples	
   with	
   an	
   Instron	
   extensometer	
  

attached	
   to	
   every	
   sample	
   are	
   used	
   for	
   creep	
   testing	
   (Figure	
   3.4).	
   The	
   extensometer	
   is	
  

connected	
   to	
   a	
   data	
   logger	
   which	
   then	
   displays	
   the	
   extension	
   measurements	
   on	
   a	
  

computer	
  using	
  the	
  software	
  DeLogger	
  produced	
  by	
  dataTaker®.	
  

	
  
Figure	
  3.4:	
  Photo	
  of	
  Mg-­‐0.45La-­‐1.18Y	
  in	
  as-­‐cast	
  condition	
  cut	
  and	
  drilled	
  for	
  creep	
  testing	
  with	
  an	
  Instron	
  
extensometer	
  attached	
  to	
  it.	
  

	
  
An	
   oil	
   bath	
   filled	
   with	
   silicon	
   oil	
   is	
   preheated	
   to	
   the	
   appropriate	
   testing	
   temperature	
  

(177°C).	
   An	
   oil	
   bath	
   is	
   used	
   to	
   help	
  maintain	
   an	
   accurate	
   temperature	
   on	
   the	
   samples	
  

tested.	
  Once	
   the	
   temperature	
   is	
   reached	
   the	
  oil	
   bath	
   is	
   raised	
   to	
   completely	
   cover	
   the	
  

samples	
   (Figure	
  3.3c).	
  There	
   is	
  a	
  drop	
   in	
   temperature	
  of	
   the	
  silicon	
  oil	
  after	
   the	
  bath	
   is	
  

raised.	
   Testing	
   begins	
   once	
   the	
   temperature	
   of	
   the	
   oil	
   reaches	
   177°C	
   again,	
   this	
   takes	
  

between	
  5	
  to	
  10	
  minutes.	
  Weights	
  are	
  added	
  to	
  the	
  rear	
  end	
  of	
  the	
  testing	
  arm	
  to	
  apply	
  

the	
  required	
  testing	
  stress.	
  	
  

	
  

Upon	
   applying	
   the	
   load,	
  measurements	
   are	
   recorded	
   initially	
   every	
   10	
   seconds.	
   This	
   is	
  

done	
  to	
  ensure	
  an	
  accurate	
  measurement	
  of	
   the	
   initial	
  stages	
  of	
  creep.	
  Once	
  the	
  strain	
  

experienced	
   by	
   the	
   initial	
   application	
   of	
   the	
   load	
   stabilises	
   (after	
   approximately	
   10	
  

minutes)	
  i.e.	
  extensometer	
  measurements	
  do	
  not	
  change	
  significantly,	
  the	
  measurement	
  

duration	
   is	
   changed	
   to	
   once	
   every	
   15	
   minutes.	
   Measurements	
   over	
   this	
   interval	
   are	
  

maintained	
  until	
  the	
  sample	
  fails	
  or	
  the	
  duration	
  of	
  the	
  experiment	
  reaches	
  600	
  h.	
  

10	
  mm	
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In	
  order	
  to	
  perform	
  creep	
  tests	
  at	
  higher	
  temperatures	
  and	
  stresses	
  an	
  alternative	
  creep-­‐

testing	
   device	
   was	
   required.	
   This	
   was	
   necessary	
   since	
   the	
   tensile	
   creep	
   rigs	
   and	
  

extensometers	
   at	
   Monash	
   University	
   (Figure	
   3.3)	
   have	
   a	
   maximum	
   practical	
   testing	
  

temperature	
  of	
  200°C	
  and	
  stress	
  of	
  110	
  MPa.	
  At	
  higher	
  temperatures	
  or	
  stresses	
  damage	
  

could	
  occur	
   to	
   the	
  extensometer	
  or	
   creep	
  arm,	
   respectively.	
  Applied	
  Test	
   System	
   (ATS)	
  

(model	
   number	
   2330)	
   lever	
   arm	
   compression	
   creep	
   testing	
  machines	
   at	
   the	
  Helmholtz	
  

Zentrum	
   in	
   Geesthacht	
   (HZG),	
   Germany	
   were	
   used	
   to	
   perform	
   creep	
   tests	
   at	
   higher	
  

temperatures	
  and	
  stresses	
  under	
  the	
  supervision	
  of	
  Dr.	
  Hajo	
  Dieringa	
  (Figure	
  3.5).	
  	
  

	
  

Figure	
  3.5:	
  Photo	
  of	
   an	
  ATS	
   compression	
   creep	
  machine	
   showing	
   the	
   components	
  of	
   the	
   rig	
   inside	
   the	
  
oven	
  [172].	
  

	
  
Specimens	
  that	
  are	
  15mm	
  long	
  are	
  cut	
  from	
  the	
  gauge	
  length	
  of	
  round	
  tensile	
  samples.	
  It	
  

is	
   critical	
   that	
   the	
   top	
   and	
   bottom	
   edges	
   of	
   the	
   sample	
   are	
   parallel	
   for	
   accurate	
  

compression	
  measurements.	
  Some	
  light	
  polishing	
  using	
  2500	
  grit	
  silicon	
  carbide	
  paper	
  is	
  

used	
   to	
   ensure	
   that	
   the	
   top	
   and	
   bottom	
   surfaces	
   of	
   the	
   sample	
   that	
   mate	
   with	
   the	
  

compression	
  platens	
  are	
  flat.	
  A	
  minimum	
  of	
  2	
  specimens	
  are	
  compressed	
  for	
  each	
  alloy	
  

condition.	
  

	
  

Constant	
   temperatures	
   and	
   constant	
   stresses	
   are	
   selected	
   in	
   order	
   to	
   be	
   able	
   to	
  

determine	
  the	
  stress	
  exponent	
  of	
  creep	
  (n)	
  and	
  the	
  activation	
  energy	
  (Q)	
  (Table	
  3.6).	
  

	
  

Oven	
  

Compression	
  creep	
  
specimen	
  

Specimen	
  
holder	
  

Thermocouple	
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Table	
  3.6:	
  Test	
  conditions	
  for	
  each	
  alloy	
  that	
  was	
  compression	
  creep	
  tested.	
  

Alloy	
  (at.%)	
   Temperature	
  (°C)	
   Stress	
  (MPa)	
  
Mg-­‐0.45La-­‐0.63Nd	
   177	
   30	
  

	
   	
   90	
  
	
   225	
   90	
  
	
   275	
   30	
  
	
   	
   50	
  
	
   	
   90	
  

Mg-­‐0.45La-­‐1.18Y	
   177	
   90	
  
	
   	
   130	
  
	
   	
   150	
  
	
   225	
   90	
  
	
   275	
   90	
  
	
   	
   130	
  

	
  

Creep	
   strain	
   is	
   recorded	
   as	
   a	
   function	
   of	
   testing	
   time	
   and	
   plotted	
   using	
   Origin®	
   8.1	
  

software.	
   The	
   creep	
   strain	
   data	
   is	
   differentiated	
   over	
   time	
   using	
   Origin®	
   in	
   order	
   to	
  

determine	
   the	
   creep	
   rate	
   of	
   the	
   alloys	
   tested	
   for	
   both	
   tension	
   and	
   compression	
   creep	
  

tests.	
  

3.5 Microstructural Analysis 

Electron	
  microscopes	
  are	
  used	
   to	
  examine	
   the	
  alloys	
   in	
   the	
  as-­‐cast	
   condition	
  as	
  well	
   as	
  

following	
   creep	
   testing	
   in	
   the	
   as-­‐cast	
   and	
   heat	
   treated	
   conditions.	
   This	
   includes	
   the	
  

examination	
  of:	
  

• Pores	
  present	
  at	
  the	
  surface	
  or	
  “skin”	
  region	
  of	
  the	
  specimen	
  (SEM).	
  

• Characterisation	
  of	
  the	
  eutectic	
  at	
  grain	
  boundaries	
  (SEM).	
  

• Confirmation	
  of	
  intermetallic	
  phase	
  present	
  in	
  the	
  eutectic	
  (EBSD).	
  

• Average	
  grain	
  size	
  determination	
  (EBSD).	
  

• Investigation	
  of	
  static	
  or	
  dynamic	
  precipitates	
  in	
  the	
  α-­‐Mg	
  phase	
  (TEM).	
  

• Characterisation	
   of	
   the	
   distribution	
   of	
   solute	
   in	
   solid	
   solution	
   from	
   the	
   grain	
  

boundary	
  to	
  the	
  “core”	
  of	
  a	
  grain	
  (EDS	
  on	
  TEM).	
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3.5.1 Scanning Electron Microscopy 

	
  

Samples	
  are	
  cut	
  from	
  the	
  gauge	
  length	
  of	
  round	
  tensile	
  specimens	
  using	
  a	
  Buehler	
  Isomet	
  

slow	
   speed	
   saw.	
   Typically	
   the	
   specimen	
   would	
   be	
   approximately	
   10	
   mm	
   long.	
  

Metallographic	
  preparation	
  consists	
  of	
  grinding	
  the	
  specimen	
  using	
  silicon	
  carbide	
  paper	
  

with	
   successively	
   finer	
   grit	
   finishing	
  at	
   2500	
  grit	
   paper.	
   Polishing	
   then	
   continues	
  with	
  3	
  

µm	
  and	
  then	
  finally	
  1	
  µm	
  diamond	
  suspension	
  solution	
  on	
  a	
  neoprene	
  polishing	
  pad.	
  	
  

	
  

A	
   JEOL	
   JSM	
  7001F	
   field	
  emission	
  SEM	
   (Figure	
  3.7a),	
   equipped	
  with	
  an	
  EBSD	
  detector	
   is	
  

used	
   to	
   investigate	
   the	
   microstructure	
   of	
   the	
   metallographically	
   prepared	
   specimens.	
  

Back	
  scattered	
  electron	
  (BSE)	
  mode	
  with	
  an	
  accelerating	
  voltage	
  of	
  15	
  kV	
  and	
  a	
  working	
  

distance	
   of	
   10	
   mm	
   is	
   used	
   to	
   image	
   the	
   specimens.	
   Volume	
   fraction	
   analysis	
   of	
   the	
  

eutectic	
  in	
  a	
  specimen	
  is	
  determined	
  using	
  the	
  image	
  analysis	
  with	
  ImageJ	
  software.	
  The	
  

original	
   micrographs	
   are	
   colour	
   inverted	
   and	
   the	
   threshold/contrast	
   is	
   adjusted	
   to	
  

produce	
  a	
  high	
  contrast	
  between	
  the	
  eutectic	
  regions	
  of	
  the	
  sample	
  and	
  the	
  matrix.	
  Using	
  

the	
  ImageJ	
  “measure”	
  option,	
  the	
  amount	
  of	
  black	
  and	
  white	
  (i.e.	
  eutectic	
  and	
  matrix)	
  in	
  

the	
   image	
   is	
  measured.	
  A	
  minimum	
  of	
  5	
  high	
  contrast	
  BSE	
  SEM	
  images	
  from	
  the	
  “core”	
  

region	
  of	
  each	
  specimen	
  are	
  used	
  to	
  calculate	
  the	
  average	
  volume	
  fraction	
  of	
  eutectic.	
  

	
  

Specimens	
   approximately	
   100	
  µm	
   thick	
   are	
   used	
   for	
   both	
   grain	
   size	
   determination	
   and	
  

phase	
  confirmation	
  by	
  EBSD.	
  The	
  specimens	
  are	
  prepared	
  similarly	
  to	
  TEM	
  foils	
  (described	
  

in	
   3.5.2).	
   Relatively	
   thin	
   slices	
   (approximately	
   400	
   µm)	
   are	
   cut	
   from	
   a	
   round	
   tensile	
  

specimen	
  using	
  a	
  Buehler	
  IsoMet	
  low	
  speed	
  saw,	
  punched	
  into	
  3	
  mm	
  diameter	
  discs	
  and	
  

polished	
  to	
  approximately	
  100	
  µm	
  using	
  2500	
  grit	
  silicon	
  carbide	
  paper.	
  The	
  specimen	
  is	
  

then	
  ion	
  milled	
  for	
  1	
  hour	
  using	
  a	
  Gatan	
  691	
  Precision	
  Ion	
  Polishing	
  System	
  (PIPS)	
  with	
  an	
  

ion	
  gun	
  angle	
  of	
  4°	
  and	
  current	
  of	
  5	
  keV.	
  The	
  PIPS	
  process	
   is	
  excellent	
   in	
   removing	
   the	
  

strain	
  layer	
  in	
  the	
  surface	
  of	
  the	
  specimen	
  that	
  is	
  introduced	
  during	
  mechanical	
  polishing	
  

which	
  can	
  cause	
  poor	
  results	
  [173,	
  174].	
  	
  

	
  



	
   	
  
	
   3	
  Experimental	
  Procedures	
  

	
  
	
  

75	
  

EBSD	
   is	
   used	
   in	
   order	
   to	
   confirm	
   the	
   identity	
   of	
   the	
   intermetallic	
   phase	
   present	
   in	
   the	
  

alloys.	
   The	
   sample	
   (and	
   sample	
   stage)	
   is	
   tilted	
   to	
   70°	
   at	
   a	
  working	
   distance	
   of	
   15	
  mm	
  

inside	
   the	
   SEM	
   column	
   and	
   the	
   accelerating	
   voltage	
   of	
   15	
   kV.	
   Only	
   Kikuchi	
   patterns	
  

obtained	
  from	
  EBSD	
  with	
  a	
  mean	
  angular	
  deviation	
   (MAD)	
  value	
  of	
   less	
   than	
  0.5°	
   (ideal	
  

MAD	
   for	
   accurate	
   phase	
   confirmation)	
   are	
   considered	
   for	
   phase	
   identification	
   (Figure	
  

3.6a).	
   Kikuchi	
   maps	
   with	
   poor	
   MAD	
   values	
   (approximately	
   1°	
   or	
   greater)	
   have	
   poorly	
  

defined	
  Kikuchi	
  patterns,	
  which	
  cause	
  incorrect	
  phase	
  identifications	
  (Figure	
  3.6b).	
  

	
  

	
   	
  
Figure	
  3.6:	
  Kikuchi	
  map	
  overlaid	
  with	
   identification	
   lines	
  from	
  EBSD	
  phase	
   identification	
  for	
  Mg-­‐0.49La-­‐
0.24Y	
  for	
  a	
  map	
  with	
  an	
  MAD	
  of	
  a)	
  less	
  than	
  0.5°	
  and	
  b)	
  of	
  approximately	
  1°.	
  

	
  

Average	
   grain	
   size	
   measurements	
   in	
   the	
   “core”	
   and	
   “skin”	
   regions	
   of	
   round	
   tensile	
  

samples	
   are	
   obtained	
   from	
  EBSD	
  maps	
   using	
  Aztec	
   software	
   and	
   the	
   data	
   is	
   processed	
  

using	
  HKL	
  Channel5	
  software.	
  The	
  EBSD	
  maps	
  are	
  noise	
  reduced	
  in	
  HKL’s	
  Tango	
  software	
  

using	
   “standard	
  noise	
   reduction”	
  where	
  unindexable	
  points	
   are	
   corrected	
   if	
   they	
  had	
  4	
  

neighbouring	
   points	
   that	
   were	
   indexable.	
   A	
   step	
   size	
   of	
   0.5	
   µm	
   is	
   used	
   and	
   a	
  

magnification	
   was	
   chosen	
   to	
   allow	
   at	
   least	
   100	
   grains	
   to	
   be	
   present	
   within	
   the	
   EBSD	
  

scanning	
  window.	
  A	
  minimum	
  of	
  5	
  EBSD	
  maps	
  are	
  used	
  per	
  alloy	
  and	
  the	
  average	
  grain	
  

size	
  is	
  determined	
  from	
  a	
  combination	
  of	
  all	
  the	
  maps.	
  

	
  

Qualitative	
   measurements	
   of	
   the	
   concentration	
   of	
   alloying	
   additions	
   present	
   in	
   the	
  

eutectic	
  are	
  recorded	
  from	
  energy-­‐dispersive	
  x-­‐ray	
  spectroscopy	
  (EDS)	
  using	
  a	
  FEI	
  Quanta	
  

3D	
  FEG	
  FIB	
  (Figure	
  3.7b).	
  An	
  accelerating	
  voltage	
  of	
  15kV	
  at	
  a	
  working	
  distance	
  of	
  10mm	
  

is	
   used	
   for	
   each	
   point	
   scan.	
   A	
   single	
   point	
  measurement	
   is	
   recorded	
   for	
   a	
   local	
   region	
  

a	
   b	
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containing	
   the	
   eutectic	
   and	
   also	
   per	
   cell	
   in	
   a	
   grain.	
   A	
   minimum	
   of	
   15	
   EDS	
   point	
  

measurements	
  are	
  made	
  per	
  specimen	
  and	
  per	
  region	
  i.e.	
  eutectic	
  or	
  α-­‐Mg	
  matrix.	
  

	
   	
  
Figure	
  3.7:	
  Scanning	
  electron	
  microscopes	
  used	
   in	
   the	
  current	
  studies	
  a)	
   JEOL	
   JSM	
  7001F	
   field	
  emission	
  
scanning	
  electron	
  microscope	
  and	
  b)	
  FEI	
  Quanta	
  3D	
  FEG	
  FIB.	
  

	
  

3.5.2  Transmission Electron Microscopy 

	
  

All	
  specimens	
  used	
  for	
  transmission	
  electron	
  microscopy	
  (TEM)	
  are	
  cut	
  into	
  0.3	
  mm	
  thick	
  

slices	
  using	
  a	
  Buehler	
   IsoMet	
   low	
  speed	
  saw	
  from	
  round	
  tensile	
  samples.	
  The	
  slices	
  are	
  

then	
  cut	
  into	
  3	
  mm	
  diameter	
  discs	
  using	
  a	
  Gatan	
  precision	
  3	
  mm	
  punch.	
  The	
  3	
  mm	
  discs	
  

are	
  polished	
  using	
  2500	
  grit	
  silicon	
  carbide	
  paper	
  to	
  a	
  thickness	
  of	
  approximately	
  60	
  µm.	
  

The	
  foil	
   is	
  then	
  ion	
  milled	
  using	
  PIPS	
  with	
  ion	
  guns	
  tilted	
  to	
  4°	
  at	
  5	
  keV	
  until	
  a	
  hole	
  with	
  

sufficient	
  electron	
  transparent	
  area	
  around	
  the	
  edge	
  of	
  hole	
  is	
  formed.	
  The	
  angle	
  of	
  the	
  

ion	
  guns	
  is	
  reduced	
  to	
  2°	
  and	
  the	
  electron	
  voltage	
  reduced	
  to	
  2.5	
  keV	
  for	
  30	
  minutes.	
  	
  

	
  
A	
   FEI	
   Tecnai	
  G2	
   T20	
   TWIN	
   LaB6	
   TEM	
   (Figure	
   3.8a)	
   is	
   used	
   for	
   the	
  majority	
   of	
   the	
   TEM	
  

microscopy	
   in	
   this	
  work.	
  However,	
   a	
   Philips	
  CM20	
  TEM	
   (Figure	
  3.8b)	
  was	
   also	
  used	
   for	
  

some	
   of	
   the	
   work	
   in	
   this	
   thesis.	
   An	
   operating	
   voltage	
   of	
   200	
   kV	
   is	
   used	
   for	
   all	
   TEM	
  

observations.	
  TEM	
  was	
  primarily	
  used	
  to	
  determine	
  any	
  changes	
  in	
  the	
  microstructure	
  of	
  

specimens	
  from	
  their	
  as-­‐cast	
  condition	
  to	
  their	
  post-­‐crept	
  condition.	
  This	
  includes	
  bright	
  

field	
  (BF)	
  multi-­‐beam	
  imaging,	
  using	
  a	
  20	
  µm	
  objective	
  aperture,	
  to	
  observe	
  the	
  presence	
  

of	
  any	
  precipitates	
  formed	
  before	
  creep	
  testing	
  during	
  the	
  ageing	
  (static	
  precipitates)	
  or	
  

during	
  creep	
  testing	
  (dynamic	
  precipitates).	
  A	
  selected	
  area	
  aperture	
  of	
  10	
  µm	
  is	
  used	
  for	
  

selected	
  area	
  electron	
  diffraction	
  (SAED)	
  to	
  determine	
  the	
  orientation	
  of	
  the	
  grain	
  under	
  

a	
   b	
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investigation	
  and	
  to	
  identify	
  precipitate	
  phases.	
  A	
  double	
  tilt	
  holder	
  with	
  an	
  allowable	
  α	
  

tilt	
   range	
  of	
  ±50°	
  and	
  β	
  of	
  ±	
  25°	
   is	
  used.	
  SAED	
  diffraction	
  patterns	
  are	
  recorded	
  onto	
  a	
  

Gatan	
  SC200D	
  Orius	
  CCD	
  camera	
   (2k	
  x	
  2k)	
  and	
  micrographs	
  are	
  recorded	
  using	
  a	
  Gatan	
  

831	
  SC600	
  Orius	
  CCD	
  camera	
  (2.7k	
  x	
  2.7k).	
  

	
  

	
   	
  
Figure	
  3.8	
  Transmission	
  electron	
  microscopes	
  used	
  in	
  this	
  work	
  a)	
  FEI	
  Tecnai	
  G2	
  T20	
  TWIN	
  LaB6	
  TEM,	
  and	
  
b)	
  Philips	
  CM20.	
  

	
  

Table	
  3.7	
  summaries	
  the	
  techniques	
  used	
  in	
  the	
  respective	
  chapters	
  of	
  the	
  present	
  work.	
  

a	
   b	
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Table	
  3.7:	
  Summary	
  of	
  the	
  techniques	
  used	
  and	
  their	
  application	
  in	
  the	
  results	
  chapters	
  (Chapters	
  4	
  –	
  6).	
  

	
   Chapter	
  4	
   Chapter	
  5	
   Chapter	
  6	
  
Hardness	
  Measurement	
   	
   Identify	
  the	
  influence	
  of	
  

different	
  ternary	
  RE	
  
additions	
  on	
  
precipitation	
  hardening.	
  
	
  

Age	
  hardness	
  testing	
  of	
  
solution	
  treated	
  alloys	
  
to	
  determine	
  if	
  
increases	
  in	
  the	
  
concentration	
  of	
  solute	
  
in	
  solid	
  solution	
  
improve	
  the	
  ageing	
  
response	
  of	
  the	
  alloys.	
  

Scanning	
  Electron	
  
Microscopy	
  

Morphology	
  
characterisation	
  and	
  
eutectic	
  volume	
  fraction	
  
measurements.	
  

	
   Surface	
  
characterisation	
  of	
  the	
  
alloys	
  following	
  heat	
  
treatment	
  and	
  also	
  
characterisation	
  of	
  the	
  
morphology	
  change	
  of	
  
the	
  alloys	
  compared	
  to	
  
the	
  as-­‐cast	
  condition.	
  

Transmission	
  Electron	
  
Microscopy	
  

EDS	
  line	
  scan	
  to	
  identify	
  
the	
  inhomogeneous	
  
distribution	
  of	
  solute	
  in	
  
solid	
  solution.	
  
	
  

BSE	
  micrographs	
  and	
  
SAED	
  are	
  used	
  to	
  
characterise	
  the	
  
microstructure	
  of	
  the	
  
alloys	
  following	
  creep	
  
testing.	
  

BSE	
  and	
  SAED	
  are	
  used	
  
to	
  help	
  characterise	
  
changes	
  in	
  precipitate	
  
formation	
  in	
  
comparison	
  to	
  the	
  as-­‐
cast	
  condition	
  of	
  T4	
  and	
  
T6	
  alloys	
  following	
  
creep	
  testing.	
  

Castability	
   Hot	
  tearing	
  index	
  
determination	
  

	
   	
  

Microstructure	
  
Simulation	
  using	
  
PandatTM	
  

Intermetallic	
  volume	
  
fraction	
  predictions	
  using	
  
Mg-­‐La-­‐Nd	
  ternary	
  phase	
  
diagram	
  information	
  in	
  
PandatTM	
  

	
   	
  

Tensile	
  Testing	
   	
   Room	
  and	
  elevated	
  
temperature	
  tensile	
  
testing	
  to	
  determine	
  the	
  
effects	
  of	
  varying	
  
concentrations	
  of	
  
ternary	
  RE	
  and	
  varying	
  
ternary	
  RE	
  elements	
  on	
  
tensile	
  properties.	
  

Testing	
  of	
  T4	
  and	
  T6	
  
alloys	
  at	
  room	
  
temperature	
  and	
  177°C	
  
to	
  see	
  if	
  solid	
  solution	
  
strengthening	
  or	
  
precipitation	
  hardening	
  
improves	
  as-­‐cast	
  tensile	
  
properties.	
  	
  

Creep	
  Testing	
   	
   Determine	
  how	
  varying	
  
ternary	
  RE	
  additions	
  and	
  
concentrations	
  of	
  RE	
  
influence	
  elevated	
  
temperature	
  creep	
  
properties	
  of	
  as-­‐cast	
  
HPDC	
  Mg-­‐La-­‐RE	
  alloys.	
  
Compressive	
  creep	
  tests	
  
are	
  performed	
  to	
  
indicate	
  creep	
  
mechanisms.	
  

Testing	
  of	
  T4	
  and	
  T6	
  
alloys	
  is	
  also	
  performed	
  
to	
  help	
  to	
  determine	
  if	
  
solid	
  solution	
  
strengthening	
  or	
  
precipitation	
  hardening	
  
improves	
  the	
  as-­‐cast	
  
tensile	
  properties	
  of	
  
the	
  alloys.	
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4.1 Introduction 

In	
  this	
  chapter	
  the	
  microstructure,	
  castability	
  and	
  mechanical	
  properties	
  of	
  three	
  Mg-­‐La-­‐

RE	
  alloy	
  series,	
  namely	
  Mg-­‐La-­‐Nd,	
  Mg-­‐La-­‐Y	
  and	
  Mg-­‐La-­‐Gd	
  are	
  investigated.	
  The	
  focus	
  here	
  

is	
   to	
   identify	
  what	
   influence	
  different	
   ternary	
  RE	
   elements	
   have	
  on	
  microstructure	
   and	
  

castability	
   at	
   room	
   temperature	
   for	
   alloys	
   in	
   the	
   as-­‐cast	
   condition.	
   The	
   influence	
   of	
  

varying	
   the	
   concentration	
   of	
   the	
   ternary	
   alloying	
   addition	
   is	
   also	
   investigated.	
   The	
  

morphology	
   of	
   the	
   eutectic	
   present	
   at	
   grain	
   boundaries	
   is	
   presented	
   and	
   the	
   effect	
   of	
  

different	
   concentrations	
  of	
   ternary	
  RE	
  on	
   the	
  morphology	
   is	
   shown.	
   The	
   Scheil-­‐Gulliver	
  

equation	
   is	
   used	
   to	
   produce	
   the	
   temperature-­‐fraction	
   solid	
   curves	
   for	
   the	
   alloys.	
   This	
  

information	
   is	
   then	
   used	
   as	
   input	
   parameters	
   into	
   a	
   simple	
   model	
   that	
   predicts	
   hot	
  

tearing	
  susceptibility.	
  An	
  attempt	
  to	
  relate	
  castability	
  with	
  microstructure	
  is	
  also	
  made.	
  

4.2 Experimental Results on Microstructure 

4.2.1 Microstructure of As-Cast Mg-La-RE Alloys 

The	
   microstructure	
   of	
   all	
   the	
   alloys	
   investigated	
   consists	
   of	
   an	
   α-­‐Mg	
   matrix	
   with	
   a	
  

dendritic	
   morphology	
   and	
   a	
   eutectic	
   composed	
   of	
   α-­‐Mg	
   and	
   a	
   La-­‐rich	
   intermetallic,	
  

formed	
   at	
   the	
   grain/cell	
   boundaries	
   (Figure	
   4.1).	
   The	
   eutectic	
   creates	
   a	
   skeleton-­‐like	
  

structure	
  that	
  is	
  present	
  throughout	
  the	
  alloy.	
  Gas	
  pores	
  formed	
  during	
  solidification	
  are	
  

also	
  detected	
  in	
  the	
  microstructure.	
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Figure	
  4.1:	
  SEM	
  BSE	
  micrographs	
  of	
  the	
  dendritic	
  morphology	
  of	
  the	
  “core”	
  region	
  of	
  Mg-­‐0.43La-­‐0.18Nd,	
  
Mg-­‐0.49La-­‐0.24Y	
   and	
   Mg-­‐0.46La-­‐0.21Gd	
   (at.%)	
   are	
   shown	
   in	
   images	
   a),	
   b)	
   and	
   c)	
   respectively.	
   The	
  
brighter	
  feature	
  in	
  the	
  microstructure	
  is	
  the	
  eutectic	
  and	
  the	
  darker	
  grey	
  feature	
  is	
  the	
  α-­‐Mg	
  matrix.	
  Gas	
  
pores	
  (dark/black	
  features)	
  are	
  circled.	
  

	
  
The	
   average	
   grain	
   size	
   of	
   grains	
   near	
   the	
   “core”	
   region	
   of	
   a	
   round	
   tensile	
   sample	
   is	
  

determined	
  by	
  EBSD	
  (Figure	
  4.2)	
  to	
  be	
  approximately	
  9-­‐10	
  µm	
  for	
  each	
  of	
  the	
  alloy	
  series	
  

(Table	
   4.1).	
   However,	
   the	
   few	
   externally	
   solidified	
   grains	
   [175],	
   present	
   in	
   the	
   “core”	
  

region	
  of	
  the	
  samples,	
  can	
  be	
  as	
  large	
  as	
  20	
  -­‐	
  30	
  µm.	
  Grains	
  present	
  near	
  the	
  surface	
  or	
  

“skin”	
   region	
   of	
   the	
   castings	
   are	
   smaller	
   (approximately	
   6	
   µm)	
   as	
   solidification	
   is	
  more	
  

rapid	
  near	
  the	
  mould	
  wall	
  [25]	
  (Figure	
  4.3).	
  

	
  

	
   	
  
	
  

Figure	
  4.2:	
  EBSD	
  maps	
  showing	
  grains	
  in	
  (a)	
  Mg-­‐0.45La-­‐1.18Y	
  and	
  (b)	
  Mg-­‐0.45La-­‐0.63Nd	
  alloys	
  in	
  the	
  as-­‐
cast	
  condition	
  [130].	
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Table	
  4.1:	
  Average	
  grain	
  sizes	
  in	
  “core”	
  and	
  “skin”	
  regions	
  for	
  Mg-­‐La-­‐RE	
  alloys.	
  

Alloy	
  Composition,	
  
at.%	
  	
  

Average	
  Grain	
  Size	
  at	
  
“Core”,	
  µm	
  (±SD)	
  

Average	
  Grain	
  Size	
  at	
  
“Skin”,	
  µm	
  (±SD)	
  

Mg-­‐0.47La-­‐0.10Nd	
   9.9	
  (±	
  1.0)	
   	
  
Mg-­‐0.43La-­‐0.18Nd	
   9.1	
  (±	
  0.5)	
   5.8	
  (±	
  0.4)	
  
Mg-­‐0.45La-­‐0.63Nd	
   9.4	
  (±	
  0.8)	
   	
  
	
   	
   	
  
Mg-­‐0.48La-­‐0.12Y	
   10.0	
  (±	
  1.1)	
   	
  
Mg-­‐0.49La-­‐0.24Y	
   9.8	
  (±	
  1.1)	
   6.1	
  (±	
  0.3)	
  
Mg-­‐0.45La-­‐1.18Y	
   8.5	
  (±	
  0.6)	
   	
  
	
   	
   	
  
Mg-­‐0.45La-­‐0.10Gd	
   9.9	
  (±	
  1.2)	
   	
  
Mg-­‐0.46La-­‐0.21Gd	
   9.0	
  (±	
  1.1)	
   7.0	
  (±	
  0.1)	
  
Mg-­‐0.45La-­‐0.87Gd	
   9.0	
  (±	
  0.5)	
   	
  

	
  

	
  
Figure	
  4.3:	
  SEM	
  BSE	
  micrographs	
  of	
  a)	
  “skin”	
  region	
  and	
  b)	
  “core”	
  region	
  of	
  Mg-­‐0.49La-­‐0.24Y.	
  

 

4.2.2 Eutectic and Intermetallic Characterisation 

The	
  volume	
  fraction	
  of	
  eutectic	
  was	
  determined	
  from	
  BSE	
  micrographs	
  of	
  Mg-­‐La-­‐RE	
  alloys	
  

(Figure	
  4.4).	
  The	
  BSE	
  micrographs	
  were	
  converted	
   into	
  high	
  contrast	
   images	
   in	
  order	
   to	
  

help	
   determine	
   the	
   amount	
   of	
   α-­‐Mg	
   and	
   eutectic	
   present	
   in	
   the	
   image	
   using	
   image	
  

analysis	
  software	
  (ImageJ).	
  A	
  minimum	
  of	
  four	
  high	
  contrast	
  images	
  are	
  obtained	
  for	
  each	
  

alloy	
  under	
  investigation	
  in	
  this	
  chapter	
  and	
  an	
  example	
  of	
  this	
  shown	
  in	
  Figure	
  4.4.	
  

a b 

Sample	
  
surface	
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Figure	
  4.4:	
  An	
  example	
  SEM	
  BSE	
  micrograph	
  used	
  to	
  determine	
  the	
  amount	
  of	
  eutectic	
  present	
  in	
  an	
  alloy	
  
of	
  as-­‐cast	
  Mg-­‐0.45La-­‐0.63Nd	
  a)	
  original	
   image	
   from	
  SEM	
  and	
  b)	
   inverted	
  high	
  contrast	
   image	
  to	
   isolate	
  
eutectic.	
  	
  

	
  

The	
  average	
  volume	
   fraction	
  of	
   eutectic	
   is	
  determined	
   for	
   the	
  alloys	
  within	
  each	
   series	
  

and	
   is	
   compared	
   to	
  a	
  binary	
  Mg-­‐La	
  alloy	
   from	
  BSE	
  micrograph	
  analysis	
   (Table	
  4.2).	
   The	
  

eutectic	
   volume	
   fraction	
   for	
   the	
   binary	
   Mg-­‐0.46La	
   alloy	
   is	
   determined	
   to	
   be	
  

approximately	
   14%	
   and	
   the	
   volume	
   fraction	
   of	
   eutectic	
   is	
   observed	
   to	
   increase	
   with	
  

ternary	
  alloying	
  content.	
  

	
  
Table	
   4.2:	
   Average	
   volume	
   fraction	
   of	
   eutectic	
   for	
   Mg-­‐La-­‐Nd,	
   Mg-­‐La-­‐Y	
   and	
   Mg-­‐La-­‐Gd	
   with	
   similar	
  
concentrations	
  of	
  La	
  but	
  with	
  varying	
  concentrations	
  of	
  ternary	
  RE.	
  The	
  average	
  volume	
  fraction	
  of	
  binary	
  
Mg-­‐0.46La	
  is	
  also	
  included	
  for	
  comparison.	
  

Alloy	
  Composition,	
  
at.%	
  

Eutectic	
  Volume	
  
Fraction,	
  %	
  (±SD)	
  

Mg-­‐0.46La	
   14.1	
  (±	
  1.0)	
  
	
   	
  
Mg-­‐0.47La-­‐0.10Nd	
   16.7	
  (±	
  1.5)	
  
Mg-­‐0.43La-­‐0.18Nd	
   18.9	
  (±	
  1.3)	
  
Mg-­‐0.45La-­‐0.63Nd	
   24.7	
  (±	
  1.1)	
  

	
   	
  
Mg-­‐0.48La-­‐0.12Y	
   18.3	
  (±	
  1.6)	
  
Mg-­‐0.49La-­‐0.24Y	
   18.1	
  (±	
  0.8)	
  
Mg-­‐0.45La-­‐1.18Y	
   26.4	
  (±	
  1.1)	
  

	
   	
  
Mg-­‐0.45La-­‐0.10Gd	
   17.3	
  (±	
  1.5)	
  
Mg-­‐0.46La-­‐0.21Gd	
   18.0	
  (±	
  0.6)	
  
Mg-­‐0.45La-­‐0.87Gd	
   31.8	
  (±	
  2.0)	
  

	
  

a	
   b	
  



	
   	
  
	
   4	
  As-­‐Cast	
  Microstructure	
  and	
  Castability	
  of	
  Mg-­‐La-­‐RE	
  Alloys	
  

	
  
	
  
84	
  

The	
  morphology	
  of	
  the	
  eutectic	
  phase	
  changes	
  relative	
  to	
  ternary	
  alloying	
  addition	
  (Figure	
  

4.5,	
   a	
   micrograph	
   of	
   the	
   binary	
   Mg-­‐0.46La	
   alloy	
   is	
   also	
   shown	
   for	
   comparison).	
   For	
  

relatively	
   low	
  concentrations	
  of	
  Nd,	
  Y	
  or	
  Gd	
  (approximately	
  0.2	
  at.%)	
  the	
  eutectic	
  has	
  a	
  

well-­‐defined	
   lamellar	
  morphology	
   similar	
   to	
   the	
   binary	
  Mg-­‐0.46La	
   alloy	
   [18].	
  When	
   the	
  

concentration	
   of	
   the	
   ternary	
   addition	
   is	
   increased	
   (greater	
   than	
   0.2	
   at.%)	
   the	
   eutectic	
  

becomes	
   less	
   lamellar	
   and	
   increasingly	
  more	
   divorced.	
   This	
   is	
   less	
   evident	
   in	
   the	
   alloy	
  

containing	
   Nd,	
   which	
   has	
   a	
   more	
   complex	
   regular	
   morphology	
   as	
   the	
   proportion	
   of	
  

continuous	
  intermetallic	
  phase	
  in	
  the	
  eutectic	
  increases.	
  	
  

	
  
Figure	
  4.5:	
  SEM	
  BSE	
  micrographs	
  showing	
  eutectic	
  morphologies	
  in	
  a)	
  Mg-­‐0.46La,	
  b)	
  Mg-­‐0.43La-­‐0.18Nd,	
  c)	
  
Mg-­‐0.45La-­‐0.63Nd,	
   d)	
   Mg-­‐0.49La-­‐0.24Y,	
   e)	
   Mg-­‐0.45La-­‐1.18Y,	
   f)	
   Mg-­‐0.46La-­‐0.21Gd	
   and	
   g)	
   Mg-­‐0.45La-­‐
0.87Gd	
  alloys.	
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Using	
   EDS	
   the	
   atomic	
   ratio	
   of	
   the	
   ternary	
   alloying	
   element	
   to	
   La	
   in	
   the	
   eutectic,	
   the	
  

intermetallic	
  phase	
  present	
  in	
  the	
  eutectic	
  is	
  found	
  to	
  increase	
  with	
  the	
  total	
  increase	
  of	
  

ternary	
  alloying	
  addition	
  (Figure	
  4.6).	
  The	
  ratio	
  of	
  Nd	
  to	
  La	
  in	
  the	
  eutectic	
  is	
  higher	
  than	
  

either	
  the	
  ratio	
  of	
  Y	
  to	
  La	
  or	
  Gd	
  to	
  La	
  i.e.	
  more	
  Nd	
  is	
  present	
  in	
  the	
  eutectic	
  in	
  comparison	
  

to	
   Y	
  or	
  Gd	
  at	
   similar	
   concentrations.	
   In	
   an	
   attempt	
   to	
   simulate	
   the	
  microstructure,	
   the	
  

temperature	
   -­‐	
   fraction	
   solid	
   curves	
   of	
  Mg-­‐La-­‐Nd	
   alloys	
   are	
   determined	
   using	
   the	
   non-­‐

equilibrium	
   solidification	
   setting	
   in	
   PandatTM.	
   The	
   ternary	
   phase	
   diagram	
   database	
   for	
  

Mg-­‐La-­‐Nd	
  was	
   obtained	
   from	
   Gröbner	
   et	
   al.	
   [132].	
   From	
   the	
   fraction	
   solid	
   curves,	
   the	
  

temperature	
   at	
  which	
   the	
   eutectic	
   begins	
   to	
   solidify	
   and	
   also	
   at	
  which	
   is	
   it	
   completely	
  

solid	
  are	
  determined.	
  Using	
  the	
  equivalent	
  of	
  the	
  lever	
  rule	
  for	
  ternary	
  phase	
  diagrams	
  or	
  

alternatively	
  the	
  point	
  calculation	
  feature	
  in	
  PandatTM,	
  the	
  concentrations	
  of	
  La	
  and	
  Nd	
  in	
  

the	
  eutectic	
   at	
   these	
   temperatures	
   can	
  be	
  determined.	
   The	
   ratio	
  of	
   ternary	
  RE	
   to	
   La	
   is	
  

then	
   plotted	
   and	
   compared	
   with	
   the	
   experimentally	
   determined	
   ratios	
   (Figure	
   4.6).	
   A	
  

lower	
   bound	
   (lower	
   dashed	
   curve	
   in	
   Figure	
   4.6)	
   to	
   the	
   predicted	
   Nd	
   to	
   La	
   ratio	
   is	
  

calculated	
  by	
  using	
  the	
  concentrations	
  of	
  Nd	
  and	
  La	
  that	
  are	
  predicted	
  to	
  be	
  present	
  as	
  

the	
  eutectic	
  begins	
  to	
  form	
  (this	
  is	
  obtained	
  from	
  the	
  temperature	
  -­‐	
  fraction	
  solid	
  curves	
  

for	
   each	
   Mg-­‐La-­‐Nd	
   alloy).	
   The	
   upper	
   bound	
   (top	
   dashed	
   curve	
   in	
   Figure	
   4.6)	
   for	
   the	
  

predicted	
   Nd	
   to	
   La	
   ratio	
   is	
   calculated	
   in	
   the	
   same	
   way	
   but	
   with	
   the	
   use	
   of	
   the	
  

concentrations	
  of	
  Nd	
  and	
   La	
   in	
   the	
  eutectic	
   following	
   complete	
   solidification.	
  However,	
  

the	
  predicted	
  values	
  underestimate	
  the	
  values	
  determined	
  by	
  EDS.	
  It	
  is	
  interesting	
  to	
  note	
  

that	
   there	
   appears	
   to	
   be	
   a	
   slightly	
   greater	
   amount	
   of	
   Gd	
   in	
   the	
   eutectic	
   than	
   Y.	
   The	
  

opposite	
  result	
  would	
  have	
  been	
  expected	
  due	
  to	
  the	
  lower	
  solid	
  solubility	
  of	
  Y	
  in	
  Mg	
  in	
  

comparison	
  to	
  Gd	
  in	
  Mg	
  (3.60	
  at.%	
  and	
  4.53	
  at.%	
  for	
  Y	
  or	
  Gd	
  in	
  Mg	
  respectively)	
  [131].	
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Figure	
   4.6:	
   Atomic	
   ratio	
   of	
   total	
   ternary	
   alloying	
   addition	
   to	
   La	
   present	
   in	
   the	
   eutectic	
   for	
   alloys	
  with	
  
relatively	
  low,	
  medium	
  and	
  high	
  concentrations	
  of	
  Nd,	
  Y	
  or	
  Gd	
  determined	
  from	
  EDS	
  and	
  predicted	
  from	
  
the	
  Scheil-­‐Gulliver	
  equation.	
  The	
  dashed	
  lines	
  indicate	
  upper	
  and	
  lower	
  bounds	
  of	
  the	
  predicted	
  Nd	
  to	
  La	
  
ratio	
  predicted	
  by	
  the	
  Scheil-­‐Gulliver	
  equation.	
  	
  

	
  

The	
  Mg12RE	
   phase	
   is	
   the	
  most	
   commonly	
   found	
   intermetallic	
   phase	
   in	
   the	
   as-­‐solidified	
  

microstructure	
   of	
  Mg-­‐La,	
  Mg-­‐Ce	
   or	
  Mg-­‐Nd	
   alloys	
   [16,	
   132]	
   due	
   to	
   its	
   combination	
   of	
   a	
  

relatively	
   low	
   barrier	
   to	
   nucleation	
   and	
   relative	
   thermodynamic	
   stability	
   [176].	
   Kikuchi	
  

maps	
   taken	
   from	
   the	
   intermetallic	
   phase	
   in	
   Mg-­‐La-­‐Nd,	
   Mg-­‐La-­‐Y	
   and	
   Mg-­‐La-­‐Gd	
   alloys	
  

obtained	
   using	
   EBSD	
   are	
   used	
   to	
   confirm	
   the	
   phase	
   identity	
   of	
   the	
   intermetallic	
   to	
   be	
  

Mg12RE.	
  Figure	
  4.7	
  shows	
  the	
  Kikuchi	
  maps	
  from	
  the	
  intermetallic	
  present	
  in	
  Mg-­‐0.45La-­‐

0.63Nd,	
  Mg-­‐0.45La-­‐1.18Y	
   and	
  Mg-­‐0.45La-­‐0.87Gd	
  with	
   the	
  Mg12RE	
   Kikuchi	
  map	
   outlines	
  

overlaid	
  on	
  top	
   indicating	
  a	
  close	
  correlation	
  between	
  the	
  two	
  (mean	
  angular	
  deviation	
  

(MAD)	
  <	
  0.5°).	
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Figure	
   4.7:	
   Kikuchi	
   maps	
   obtained	
   from	
   the	
   intermetallic	
   present	
   in	
   the	
   eutectic	
   are	
   overlaid	
   with	
  
identification	
   lines	
   from	
  EBSD	
  phase	
   identification	
   for	
  Mg12RE	
  a)	
  Mg-­‐0.45La-­‐0.63Nd	
  b)	
  Mg-­‐0.45La-­‐1.18Y	
  
and	
  c)	
  Mg-­‐0.45La-­‐0.87Gd	
  alloys.	
  

	
  
The	
  concentration	
  profile	
  of	
  solute	
   in	
  solid	
  solution	
  across	
   the	
  grain	
  of	
  an	
  as-­‐cast	
  HPDC	
  

alloy	
  (Mg-­‐0.45La-­‐1.18Y)	
  is	
  obtained	
  from	
  an	
  EDS	
  line	
  scan	
  using	
  TEM	
  (Figure	
  4.8).	
  The	
  line	
  

scan	
   shows	
   that	
   the	
   concentration	
   of	
   the	
   ternary	
   alloying	
   addition	
   (in	
   this	
   case	
   Y)	
  

decreases	
  rapidly	
  from	
  a	
  point	
  near	
  the	
  grain	
  boundary	
  towards	
  the	
  centre	
  of	
  the	
  grain.	
  

	
  

	
  
Figure	
  4.8:	
  a)	
  STEM	
  micrograph	
  of	
  Mg-­‐0.45La-­‐1.18Y	
  grain	
  in	
  as-­‐cast	
  condition	
  showing	
  where	
  the	
  EDS	
  line	
  
scan	
  is	
  recorded	
  and	
  b)	
  the	
  corresponding	
  EDS	
  line	
  scan	
  measurements	
  for	
  Mg,	
  La	
  and	
  Y	
  across	
  the	
  grain.	
  

a	
   b	
  

(Start) (End) 
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This	
   is	
   as	
   a	
   result	
   of	
   the	
   rapid	
   solidification	
   that	
   occurs	
   during	
   HPDC	
   and	
   the	
   solute	
  

distribution	
  can	
  thus	
  be	
  more	
  accurately	
  modelled	
  using	
  the	
  Scheil-­‐Gulliver	
  rule,	
  Eq.	
  (2.1),	
  

rather	
  than	
  the	
  lever	
  rule.	
  

	
  

4.3 Castability 

The	
  hot	
  tearing	
  index,	
  which	
  was	
  detailed	
  in	
  Section	
  3.3,	
  is	
  used	
  to	
  rate	
  susceptibility	
  to	
  

hot	
   tearing	
   for	
   each	
   alloy.	
   Table	
   4.3	
   shows	
   the	
   number	
   of	
   specimens	
   per	
   alloy	
   that	
  

obtained	
  a	
  particular	
  hot	
  tearing	
  rating.	
  	
  

	
  

All	
  of	
   the	
  ternary	
  RE	
  elements	
   increase	
  the	
  HTS,	
  even	
  for	
  relatively	
   low	
  ternary	
  alloying	
  

additions	
   (Figure	
   4.9).	
   Y	
   and	
   Gd	
   appeared	
   to	
   have	
   the	
   greatest	
   negative	
   effect	
   on	
   hot	
  

tearing	
  susceptibility	
  but	
  both	
  show	
  a	
  substantial	
   improvement	
   in	
   the	
  hot	
   tearing	
   index	
  

above	
  0.1	
  and	
  0.2	
  at.%,	
  respectively.	
  At	
  concentrations	
  above	
  0.6	
  –	
  0.7	
  at.%	
  there	
  is	
  little	
  

further	
   increase	
   in	
  hot	
  tearing	
  observed.	
  Nd	
  additions	
  show	
  a	
   less	
  steep	
   increase	
   in	
  hot	
  

tearing	
   susceptibility	
   for	
   relatively	
   small	
   additions	
   but	
   at	
   0.6	
   at.%	
   there	
   is	
   still	
   no	
  

significant	
  decrease	
   in	
  the	
  HTS.	
  These	
  results	
  are	
  typical	
  of	
   the	
  hot	
  tearing	
  Λ-­‐curve	
  [37,	
  

43,	
   177,	
   178],	
   where	
   small	
   amounts	
   of	
   a	
   secondary	
   or	
   in	
   this	
   case,	
   ternary	
   element,	
  

increase	
  the	
  hot	
  tearing	
  whilst	
  greater	
  levels	
  of	
  addition	
  result	
  in	
  a	
  reduction	
  HTS.	
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Table	
  4.3:	
  List	
  of	
  alloys	
  used	
  to	
  determine	
  hot	
  tearing	
  susceptibility.	
  The	
  number	
  of	
  samples	
  per	
  alloy	
  that	
  
received	
   a	
   particular	
   hot	
   tearing	
   rating	
   and	
   the	
   hot	
   tearing	
   index	
   (HTI)	
   and	
   standard	
   error	
   (SE)	
   are	
  
included.	
  

	
   Hot	
  Tearing	
  Rating	
  Scale	
   	
   	
  
Alloy	
   0	
   1	
   2	
   3	
   4	
   Total	
  Samples	
   HTI	
   SE	
  
Mg-­‐0.46La-­‐0.002Nd	
   30	
   0	
   0	
   0	
   0	
   30	
   0.0	
   0.00	
  
Mg-­‐0.46La-­‐0.02Nd	
   24	
   6	
   0	
   0	
   0	
   30	
   0.2	
   0.09	
  
Mg-­‐0.45La-­‐0.03Nd	
   16	
   12	
   0	
   0	
   0	
   28	
   0.4	
   0.07	
  
Mg-­‐0.46La-­‐0.06Nd	
   19	
   11	
   0	
   0	
   0	
   30	
   0.4	
   0.08	
  
Mg-­‐0.47La-­‐0.10Nd	
   10	
   20	
   0	
   0	
   0	
   30	
   0.7	
   0.09	
  
Mg-­‐0.47La-­‐0.14Nd	
   18	
   12	
   0	
   0	
   0	
   30	
   0.4	
   0.09	
  
Mg-­‐0.43La-­‐0.18Nd	
   11	
   19	
   0	
   0	
   0	
   30	
   0.6	
   0.09	
  
Mg-­‐0.45La-­‐0.63Nd	
   41	
   35	
   4	
   0	
   0	
   80	
   0.5	
   0.03	
  
Mg-­‐0.49La-­‐0.003Y	
   30	
   0	
   0	
   0	
   0	
   30	
   0.0	
   0.00	
  
Mg-­‐0.49La-­‐0.02Y	
   9	
   21	
   0	
   0	
   0	
   30	
   0.7	
   0.07	
  
Mg-­‐0.48La-­‐0.05Y	
   5	
   25	
   0	
   0	
   0	
   30	
   0.8	
   0.10	
  
Mg-­‐0.48La-­‐0.12Y	
   7	
   23	
   0	
   0	
   0	
   30	
   0.8	
   0.09	
  
Mg-­‐0.49La-­‐0.24Y	
   16	
   14	
   0	
   0	
   0	
   30	
   0.5	
   0.09	
  
Mg-­‐0.49La-­‐0.31Y	
   18	
   12	
   0	
   0	
   0	
   30	
   0.4	
   0.09	
  
Mg-­‐0.49La-­‐0.42Y	
   16	
   14	
   0	
   0	
   0	
   30	
   0.5	
   0.09	
  
Mg-­‐0.44La-­‐0.70Y	
   75	
   5	
   0	
   0	
   0	
   80	
   0.1	
   0.07	
  
Mg-­‐0.45La-­‐1.18Y	
   74	
   6	
   0	
   0	
   0	
   80	
   0.1	
   0.00	
  
Mg-­‐0.48La-­‐0.003Gd	
   30	
   0	
   0	
   0	
   0	
   30	
   0.3	
   0.09	
  
Mg-­‐0.45La-­‐0.01Gd	
   15	
   15	
   0	
   0	
   0	
   30	
   0.5	
   0.09	
  
Mg-­‐0.45La-­‐0.04Gd	
   10	
   20	
   0	
   0	
   0	
   30	
   0.7	
   0.09	
  
Mg-­‐0.45La-­‐0.10Gd	
   4	
   26	
   0	
   0	
   0	
   30	
   0.9	
   0.06	
  
Mg-­‐0.46La-­‐0.21Gd	
   6	
   24	
   0	
   0	
   0	
   30	
   0.8	
   0.07	
  
Mg-­‐0.46La-­‐0.60Gd	
   74	
   6	
   0	
   0	
   0	
   80	
   0.1	
   0.03	
  
Mg-­‐0.45La-­‐0.87Gd	
   56	
   4	
   0	
   0	
   0	
   60	
   0.1	
   0.03	
  
	
  

	
  
Figure	
  4.9:	
  Hot	
  tearing	
   index	
  as	
  a	
  function	
  of	
  total	
  ternary	
  alloying	
  addition	
  for	
  Mg-­‐La-­‐Nd,	
  Mg-­‐La-­‐Y	
  and	
  
Mg-­‐La-­‐Gd	
  alloy	
  series.	
  Note:	
  lower	
  hot	
  tearing	
  indices	
  indicate	
  better	
  castability.	
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4.4 Discussion 

4.4.1 Effects of Alloying Elements on Microstructure 

	
  

The	
   alloys	
   investigated	
   had	
   similar	
   average	
   grain	
   sizes	
   and	
   an	
   identical	
   intermetallic	
  

phase.	
   The	
   intermetallic	
   phase	
   had	
   higher	
   concentrations	
   of	
   La	
   in	
   comparison	
   to	
   the	
  

ternary	
  RE	
  content	
  due	
  to	
  the	
  lower	
  solid	
  solubility	
  of	
  La	
  in	
  Mg	
  (0.04	
  at.%).	
  In	
  Chia	
  et	
  al.	
  

[18]	
  the	
  intermetallic	
  phase	
  in	
  a	
  binary	
  HPDC	
  Mg-­‐La	
  was	
  shown	
  to	
  be	
  Mg12La.	
  This	
  is	
  due	
  

to	
  a	
  combination	
  of	
  relatively	
  low	
  nucleation	
  barrier	
  and	
  thermodynamic	
  stability.	
  Using	
  

Kikuchi	
  maps	
  obtained	
  via	
  EBSD	
  (Figure	
  4.7)	
  this	
  current	
  research	
  was	
  able	
  to	
  confirm	
  that	
  

the	
  intermetallic	
  phase	
  in	
  ternary	
  Mg-­‐La-­‐RE	
  alloys	
  is	
  also	
  Mg12RE.	
  	
  

	
  

The	
   fraction	
   of	
   the	
   α-­‐Mg	
   eutectic	
   and	
   intermetallic	
   in	
   at.%	
   was	
   obtained	
   from	
   the	
  

temperature	
  –	
   fraction	
  solid	
  curves	
  and	
   then	
  converted	
   into	
  volume	
   fractions	
  assuming	
  

that	
  the	
  density	
  of	
  the	
  intermetallic	
  was	
  equal	
  to	
  the	
  density	
  of	
  Mg12La	
  (ρint),	
  2.27	
  g/cm
3	
  

[18]	
   and	
   the	
   density	
   of	
   the	
  α-­‐Mg	
   eutectic	
   was	
   equal	
   to	
   the	
   density	
   of	
  Mg	
   (ρα),	
   1.738	
  

g/cm3.	
  Thus	
  the	
  total	
  volume	
  fraction	
  of	
  the	
  intermetallic	
  in	
  the	
  eutectic	
  (volint)	
  could	
  be	
  

determined	
  from	
  Eq.	
  (4.1).	
  

	
  

	
  
(4.1)	
  

where	
  mint	
   and	
  mα	
   are	
   the	
   weight	
   fraction	
   of	
   the	
   intermetallic	
   and	
  α-­‐Mg	
   respectively	
  

(Figure	
  4.10).	
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Figure	
  4.10:	
  Comparison	
  between	
  experimentally	
  determined	
  eutectic	
  volume	
  fraction	
  (Exp)	
  and	
  Scheil-­‐
Gulliver	
   (S-­‐G)	
   equation	
   calculations	
   for	
   the	
   volume	
   fraction	
   of	
   eutectic	
   as	
   a	
   function	
   of	
   total	
   ternary	
  
alloying	
   concentration	
   for	
   each	
   alloy	
   series	
   and	
   a	
   binary	
   Mg-­‐0.46La	
   alloy.	
   The	
   Scheil-­‐Gulliver	
   (S-­‐G)	
  
equation	
  predicted	
  volume	
  fraction	
  of	
  intermetallic	
  in	
  Mg-­‐La-­‐Nd	
  alloys	
  is	
  also	
  included	
  for	
  comparison.	
  	
  

	
  
Due	
   to	
   the	
   unavailability	
   of	
   ternary	
   Mg-­‐La-­‐Y	
   or	
   Mg-­‐La-­‐Gd	
   thermodynamic	
   data,	
   a	
  

comparison	
   of	
   the	
   volume	
   fraction	
   of	
   intermetallic	
   in	
  Mg-­‐La-­‐Y	
   or	
  Mg-­‐La-­‐Gd	
   cannot	
   be	
  

made.	
   However,	
   due	
   to	
   the	
   high	
   solubility	
   of	
   Y	
   or	
   Gd	
   in	
  Mg	
   (3.60	
   at.%	
   and	
   4.53	
   at.%	
  

respectively)	
  in	
  a	
  binary	
  alloy	
  it	
  would	
  be	
  expected	
  that	
  more	
  Y	
  and	
  Gd	
  would	
  be	
  soluble	
  

in	
  α-­‐Mg	
  in	
  ternary	
  alloys	
  and	
  thus	
  less	
  present	
  in	
  the	
  intermetallic	
  phase	
  (Figure	
  4.6).	
  

	
  

A	
  majority	
  of	
  the	
  volume	
  fraction	
  of	
  the	
  eutectic	
  was	
  shown	
  to	
  be	
  composed	
  of	
  Mg12La	
  

with	
  ternary	
  RE	
  dissolved	
  in	
  the	
  intermetallic	
  phase	
  (Figure	
  4.10).	
  The	
  volume	
  fraction	
  of	
  

eutectic	
  did	
  not	
  increase	
  significantly	
  with	
  the	
  addition	
  of	
  ternary	
  RE	
  until	
  relatively	
  high	
  

concentrations	
  (greater	
  than	
  0.2	
  at.%)	
  were	
  added	
  to	
  the	
  alloy.	
  This	
  can	
  be	
  attributed	
  to	
  

the	
  ternary	
  RE	
  going	
  into	
  solid	
  solution	
  due	
  to	
  their	
  higher	
  solid	
  solubility	
  than	
  that	
  of	
  La	
  

in	
  Mg.	
  	
  

	
  

Increasing	
   the	
   ternary	
   alloying	
   content	
   resulted	
   in	
   the	
   morphology	
   of	
   the	
   eutectic	
  

changing	
   gradually	
   from	
   a	
   lamellar	
   form,	
   to	
   one	
   with	
   a	
   fibrous	
   α-­‐Mg	
   phase	
   within	
   a	
  

matrix	
  of	
   intermetallic	
  phase,	
  to	
  an	
  increasingly	
  divorced,	
  discontinuous	
  eutectic	
  (Figure	
  

4.5).	
  This	
  was,	
  however,	
  more	
  apparent	
  for	
  alloys	
  containing	
  either	
  Y	
  or	
  Gd,	
  particularly	
  

above	
  0.2	
  at%	
  as	
  opposed	
   to	
  Nd,	
  where	
   the	
  eutectic	
   remained	
   fibrous	
  up	
   to	
  0.63	
  at.%.	
  	
  

Based	
  on	
  surface	
  energy	
  minimisation	
   for	
  eutectic	
  phases	
  with	
  similar	
   surface	
  energy	
   if	
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the	
  volume	
  fraction	
  of	
  one	
  phase	
  in	
  the	
  eutectic	
  is	
  less	
  than	
  approximately	
  10	
  %	
  (0.1)	
  it	
  is	
  

divorced,	
   between	
   10	
   %	
   (0.1)	
   and	
   28	
   %	
   (0.28)	
   the	
   eutectic	
   will	
   be	
   fibrous	
   and	
   if	
   it	
   is	
  

between	
  28	
  %	
  (0.28)	
  to	
  50	
  %	
  (0.5)	
  the	
  eutectic	
  will	
  have	
  a	
  lamellar	
  morphology	
  [179].	
  	
  In	
  

the	
  case	
  of	
  the	
  alloys	
  being	
  studied,	
  the	
  α-­‐Mg	
  is	
  in	
  general	
  the	
  minor	
  phase.	
  

	
  

Mg12RE	
  is	
  a	
  metastable	
  phase	
  in	
  Mg-­‐Nd	
  alloys	
  but	
  is	
  often	
  found	
  in	
  cast	
  alloys	
  due	
  to	
  its	
  

combination	
   of	
   reasonably	
   low	
   nucleation	
   barrier	
   and	
   relative	
   thermodynamic	
   stability	
  

[176].	
  Mg12(La,Nd)	
   forms	
  a	
   continuous	
   solid	
   solution	
   for	
   the	
   rare	
  earth	
  elements	
   [180].	
  

Hence,	
  as	
   the	
  alloy	
  becomes	
   richer	
   in	
  Nd,	
   the	
  proportion	
  of	
  Mg12RE	
   in	
   the	
  eutectic	
  will	
  

increase	
  leading	
  to	
  the	
  change	
  in	
  eutectic	
  morphology.	
  

	
  

Mg12RE	
   is	
   not	
   a	
   stable	
   phase	
   in	
   either	
   binary	
   Mg-­‐Y	
   nor	
   Mg-­‐Gd	
   alloys.	
   	
   In	
   fact	
   the	
  

equilibrium	
  eutectic	
  concentrations	
  are	
  above	
  that	
  to	
  form	
  Mg12RE	
  hence	
  such	
  a	
  eutectic	
  

will	
  not	
  be	
  able	
  to	
  form	
  even	
  under	
  non-­‐equilibrium	
  conditions	
  (Table	
  4.4).	
  	
  In	
  the	
  case	
  of	
  

the	
  alloys	
  considered	
  here,	
  there	
  is	
  a	
  continuous	
  solid	
  solution	
  for	
  the	
  rare	
  earths	
  in	
  the	
  

Mg12RE	
  phase	
  [18],	
  which	
  was	
  confirmed	
  to	
  be	
  the	
  intermetallic	
  in	
  all	
  cases	
  (Figure	
  4.7).	
  	
  

This	
  means	
  that	
  Y	
  and	
  Gd	
  can	
  be	
  expected	
  to	
  have	
  a	
  similar	
  but	
  more	
  dramatic	
  effect	
  than	
  

Nd	
   on	
   the	
   eutectic	
   morphology,	
   with	
   the	
   eutectic	
   becoming	
   divorced	
   at	
   lower	
  

concentrations	
  than	
  for	
  the	
  Nd	
  containing	
  alloys	
  (Figure	
  4.5).	
  

	
  
Table	
  4.4:	
  Eutectic	
  concentration	
  [131]	
  and	
  concentration	
  of	
  Mg12RE	
  in	
  binary	
  Mg-­‐RE	
  alloys	
  with	
  the	
  ratio	
  
of	
  the	
  two	
  concentrations	
  where	
  greater	
  than	
  1	
  means	
  the	
  eutectic	
  composition	
  is	
  less	
  than	
  the	
  Mg12RE	
  
phase.	
  Mg-­‐La	
  is	
  shown	
  for	
  comparative	
  purposes.	
  	
  

	
   Ceut	
  (wt.%)	
   CMg12RE	
  (wt.%)	
   Ceut	
  :	
  CMg12RE	
  
Mg-­‐La	
   16.5	
   32.3	
   0.51	
  
Mg-­‐Nd	
   33.0	
   33.1	
   0.99	
  
Mg-­‐Y	
   26.6	
   12.4	
   2.14	
  
Mg-­‐Gd	
   40.4	
   35.0	
   1.15	
  

	
  

4.4.2 Modelling the Castability of Alloys with Different Alloying Elements 

	
  

Hot	
  tearing	
  is	
  a	
  major	
  defect	
  that	
  can	
  form	
  during	
  casting	
  when	
  the	
  cast	
  piece	
  is	
  still	
  in	
  a	
  

semi-­‐solid	
  state	
  and	
  is	
  often	
  a	
  key	
  defect	
  related	
  to	
  the	
  rejection	
  of	
  castings	
  and	
  imposes	
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a	
   limitation	
   to	
   the	
   use	
   of	
   alloys	
   [31].	
   Hot	
   tearing	
   is	
   linked	
   to	
   the	
   lack	
   of	
   sufficient	
  

compensation	
  for	
  solidification	
  shrinkage	
  by	
  liquid	
  flow	
  in	
  the	
  presence	
  of	
  thermal	
  stress	
  

due	
  to	
  solidification	
  shrinkage	
  [31,	
  35].	
  This	
  indicates	
  that	
  the	
  final	
  stages	
  of	
  solidification	
  

are	
  the	
  most	
  critical.	
  A	
  simple	
  hot	
  tearing	
  model	
  proposed	
  by	
  Easton	
  et	
  al.	
  [39]	
  was	
  used	
  

to	
   help	
  model	
   the	
  hot	
   tearing	
   susceptibly	
   from	
   the	
   temperature-­‐fraction	
   solid	
   curve	
  of	
  

binary	
  HPDC	
  Mg-­‐RE	
  alloys	
  can	
  accurately	
  predict	
  HTS	
  of	
  the	
  alloys.	
  The	
  model	
  predicts	
  hot	
  

tearing	
  susceptibility	
  from	
  the	
  integral	
  of	
  the	
  temperature-­‐fraction	
  of	
  solid	
  curve	
  from	
  the	
  

coherency	
   (the	
   temperature	
   when	
   feeding	
   becomes	
   interdendritic)	
   to	
   the	
   coalescence	
  

(the	
  temperature	
  at	
  which	
  the	
  metal	
  has	
  solidified	
  sufficiently	
  to	
  act	
  as	
  a	
  solid)	
  points	
  (Eq.	
  

(4.2)),	
  	
  

	
  
	
  

(4.2)	
  

where	
   fs(T)	
   is	
   the	
   fraction	
   of	
   solid	
   at	
   temperature	
   T,	
   T0	
   is	
   the	
   temperature	
   at	
   which	
  

coherency	
  occurs,	
   Tco	
   is	
   the	
   temperature	
   at	
  which	
   coalescence	
  has	
   been	
   achieved.	
   The	
  

area	
   under	
   the	
   temperature	
   –	
   fraction	
   of	
   phase	
   curve	
   between	
   the	
   coherency	
   and	
  

coalescence	
  points	
  is	
  used	
  to	
  approximate	
  the	
  integral	
  (Figure	
  4.11).	
  

	
  
Figure	
  4.11:	
  Temperature	
  –	
  fraction	
  solid	
  curve	
  for	
  Mg-­‐0.49La-­‐0.18Nd.	
  The	
  blue	
  highlighted	
  area	
  indicates	
  
the	
  region	
  of	
  the	
  curve	
  between	
  the	
  points	
  of	
  coherency	
  and	
  coalescence,	
  which	
  were	
  chosen	
  to	
  be	
  0.7	
  
and	
  0.98	
  respectively.	
  

	
  
The	
  Mg-­‐La-­‐Y	
   and	
  Mg-­‐La-­‐Gd	
  alloy	
   series	
  have	
  a	
  Λ-­‐shaped	
  HTS	
   curve	
  with	
   a	
  peak	
   in	
  HTS	
  

occurring	
   at	
   ternary	
   concentrations	
   of	
   approximately	
   0.05	
   and	
   0.1	
   at.%,	
   respectively.	
  

Above	
  this	
  concentration,	
  there	
  was	
  a	
  significant	
  improvement	
  to	
  HTS	
  at	
  higher	
  alloying	
  

concentrations	
  (Figure	
  4.9).	
  This	
  result	
  is	
  commonly	
  observed	
  in	
  Mg	
  alloys	
  where	
  alloying	
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additions	
  of	
  approximately	
  0.1	
  at.%	
  begin	
  to	
  improve	
  HTS	
  [37,	
  39,	
  181,	
  182].	
  The	
  Mg-­‐La-­‐

Nd	
  alloy	
  series	
  did	
  not	
  experience	
  the	
  same	
  degree	
  of	
  improvement.	
  Rather,	
  a	
  relatively	
  

minor	
   yet	
   steady	
   rate	
   of	
   improvement	
   in	
   HTS	
  was	
  measured	
   for	
   Nd	
   concentrations	
   of	
  

greater	
  than	
  0.2	
  at.%.	
   In	
  terms	
  of	
  castability,	
  a	
  hot	
  tearing	
   index	
  greater	
  than	
  0.2–0.4	
   is	
  

problematic,	
  that	
  is,	
  hot	
  tearing	
  is	
  still	
  prevalent	
  throughout	
  the	
  casting.	
  Easton	
  et	
  al.	
  [45]	
  

have	
  previously	
  mentioned	
  that	
  binary	
  Mg-­‐Al	
  alloys	
  are	
  less	
  prone	
  to	
  HTS	
  than	
  a	
  number	
  

of	
  Mg-­‐Zn-­‐Al	
  and	
  Mg-­‐Zn-­‐Al-­‐RE	
  alloys	
  and	
  in	
  fact	
  show	
  little	
  to	
  no	
  signs	
  of	
  hot	
  tearing	
  (i.e.	
  

hot	
   tearing	
   index	
  well	
  below	
  0.2	
  –	
  0.4	
   range).	
  Thus	
   in	
   relation	
   to	
  castability,	
  only	
  alloys	
  

with	
  virtually	
  no	
  ternary	
  RE	
  or	
  alloys	
  with	
  Y	
  or	
  Gd	
  additions	
  of	
  greater	
  than	
  0.6	
  –	
  1.2	
  at.%	
  

have	
  relatively	
  good	
  castability.	
  

	
  

It	
  has	
  been	
  shown	
  that	
  hot	
  tearing	
  susceptibility	
  can	
  be	
  influenced	
  by	
  grain	
  morphology	
  

and	
   size,	
   solidification	
   range	
   and	
   the	
   amount	
   of	
   eutectic	
   [31,	
   38,	
   40].	
   The	
   eutectic	
  

temperatures	
  of	
   the	
  binary	
  Mg-­‐Nd,	
  Mg-­‐Y	
  and	
  Mg-­‐Gd	
  alloys	
   (Table	
  4.5)	
  are	
  all	
   relatively	
  

similar	
  when	
  compared	
  with	
  Mg-­‐La,	
  which	
  has	
  a	
  significantly	
  higher	
  eutectic	
  temperature.	
  

Hence	
  the	
  solidification	
  range	
  of	
  the	
  three	
  alloy	
  series	
  investigated	
  may	
  also	
  be	
  assumed	
  

to	
  be	
  similar.	
  

	
  

Table	
  4.5:	
  Eutectic	
  temperatures	
  of	
  RE	
  elements	
  in	
  Mg	
  at	
  the	
  Mg-­‐rich	
  side	
  of	
  the	
  phase	
  diagram	
  [131].	
  

Alloy	
  System	
   Eutectic	
  Temperature	
  (°C)	
  
Mg-­‐La	
   612	
  
Mg-­‐Nd	
   552	
  
Mg-­‐Y	
   565	
  
Mg-­‐Gd	
   542	
  

	
  

Grain	
   size	
   is	
   also	
   similar	
   between	
   all	
   alloys	
   investigated	
   (Table	
   4.1).	
   The	
   total	
   volume	
  

fraction	
  of	
  eutectic	
   is	
   relatively	
  similar	
  between	
  all	
   the	
  alloys	
   investigated	
   (Figure	
  4.10).	
  

There	
   is	
  however	
  a	
  difference	
   in	
   the	
  morphology	
  of	
   the	
  eutectic	
  between	
   the	
  Y	
  or	
  Gd-­‐	
  

containing	
   alloys	
   and	
   the	
   Nd-­‐containing	
   alloys.	
   This	
   is	
   most	
   apparent	
   at	
   ternary	
  

concentrations	
  greater	
  than	
  0.2	
  at.%	
  (Figure	
  4.5).	
  Feeding	
  channels	
  allow	
  for	
  the	
  flow	
  of	
  

the	
  molten	
  component	
  of	
  the	
  alloy	
  during	
  final	
  stages	
  of	
  solidification	
  to	
  fill	
  the	
  voids	
  in	
  

the	
   castings	
   and	
   prevent	
   hot	
   tearing	
   [37].	
   The	
   difference	
   in	
   the	
   morphology	
   of	
   the	
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eutectic	
   for	
   higher	
   concentrated	
   Y	
   or	
   Gd	
   to	
   Nd	
   containing	
   alloys	
   may	
   influence	
   the	
  

feeding	
  channels	
  during	
  solidification.	
  However,	
  further	
  analysis	
  of	
  the	
  morphology	
  of	
  the	
  

eutectic	
  is	
  required	
  to	
  confirm	
  this.	
  

	
  

The	
  temperature	
  –	
  fraction	
  solid	
  curves	
  for	
  Mg-­‐La-­‐Nd	
  alloys	
  were	
  modelled	
  using	
  the	
  non-­‐

equilibrium	
   solidification	
   simulation	
   feature	
   in	
   PandatTM	
   with	
   Mg-­‐La-­‐Nd	
   phase	
  

information	
  from	
  Gröbner	
  et	
  al.	
  [132]	
  for	
  Mg-­‐La-­‐Nd	
  alloys	
  (Figure	
  4.12).	
  

	
  
Figure	
   4.12:	
   Temperature-­‐fraction	
   solid	
   curves	
   determined	
  using	
   Scheil-­‐Gulliver	
   equation	
   for	
  Mg-­‐La-­‐Nd	
  
alloys	
  with	
  varying	
  concentrations	
  of	
  Nd	
  alloying	
  addition.	
  

	
  

The	
  integral	
  between	
  the	
  point	
  of	
  coherency	
  (when	
  the	
  fraction	
  solid	
  is	
  0.7)	
  to	
  the	
  point	
  

of	
  coalescence	
  (when	
  the	
  fraction	
  solid	
   is	
  0.98)	
  of	
  the	
  temperature-­‐fraction	
  solid	
  curves	
  

for	
   Mg-­‐La-­‐Nd	
   alloys	
   is	
   used	
   to	
   provide	
   an	
   indication	
   of	
   castability	
   [39]	
   (Figure	
   4.13).	
  

However	
   the	
   Sht2	
   values	
   can	
   show	
  a	
   similar	
   trend	
   in	
  HTS	
   for	
   an	
  alloy	
   series	
   and	
   can	
  be	
  

used	
  to	
  qualitatively	
  compare	
  the	
  HTS	
  of	
  different	
  alloys.	
  Thus	
  it	
  can	
  be	
  deduced	
  from	
  this	
  

comparison	
   that	
   the	
   final	
   stages	
   of	
   solidification	
   are	
   critical	
   to	
   the	
   HTS	
   of	
   the	
   alloys.	
  

Furthermore,	
   the	
   solidification	
   temperature	
   of	
   the	
   eutectic	
   can	
   be	
   used	
   as	
   an	
  

approximate	
   indication	
   for	
   the	
   relative	
   HTS	
   of	
   the	
   alloy	
   series,	
   as	
   has	
   been	
   found	
  

elsewhere	
  [39,	
  183].	
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Figure	
  4.13:	
  Comparison	
  between	
  experimentally	
  determined	
  HTS	
  and	
  predicted	
  HTS	
   for	
   the	
  Mg-­‐La-­‐Nd	
  
alloy	
  system	
  (compositions	
  given	
  in	
  Table	
  4.3).	
  Note:	
  lower	
  hot	
  tearing	
  indices	
  indicate	
  better	
  castability.	
  	
  

	
  

An	
  indication	
  of	
  the	
  HTS	
  of	
  Mg-­‐La-­‐Y	
  and	
  Mg-­‐La-­‐Gd	
  is	
  made	
  from	
  the	
  temperature-­‐fraction	
  

solid	
  curves	
  for	
  the	
  equivalent	
  binary	
  Mg-­‐Y	
  and	
  Mg-­‐Gd,	
  i.e.	
  with	
  the	
  concentration	
  of	
  Y	
  or	
  

Gd	
  that	
  is	
  present	
  in	
  the	
  ternary	
  Mg-­‐La-­‐RE	
  alloys.	
  In	
  this	
  instance,	
  the	
  influence	
  of	
  La	
  on	
  

HTS	
  can	
  be	
   ignored	
  due	
  to	
  the	
  eutectic	
   temperature	
  of	
  Mg-­‐La	
  being	
  significantly	
  higher	
  

than	
   the	
   eutectic	
   temperatures	
   of	
  Mg-­‐Nd,	
  Mg-­‐Y	
   or	
  Mg-­‐Gd	
   and	
   hence	
   does	
   not	
   have	
   a	
  

major	
   effect	
   on	
   the	
   final	
   stages	
   of	
   solidification	
   (Table	
   4.5).	
   Figure	
   4.14a	
   compares	
   the	
  

predicted	
  HTS	
  of	
  Mg-­‐La-­‐Nd	
  alloys	
  with	
  Mg-­‐Nd	
  alloys	
  with	
  identical	
  concentrations	
  of	
  Nd.	
  

The	
  predicted	
  hot	
  tearing	
  curves	
  for	
  the	
  binary	
  alloys	
  were	
  produced	
  in	
  the	
  same	
  way	
  as	
  

for	
   the	
   Mg-­‐La-­‐Nd	
   alloys	
   i.e.	
   the	
   HTS	
   predicted	
   by	
   Sht2	
   (Eq.	
   (4.2)).	
   The	
   corresponding	
  

temperatures	
   for	
   the	
  coherency	
  and	
  coalescence	
  points	
   for	
  each	
  alloy	
  are	
  presented	
   in	
  

Appendix	
  A.	
   	
   It	
   is	
  obvious	
  that	
  although	
  the	
  magnitude	
  of	
   the	
  predicted	
  HTS	
   for	
  Mg-­‐Nd	
  

alloys	
   is	
   higher	
   than	
   that	
   for	
   the	
   Mg-­‐La-­‐Nd	
   alloys,	
   the	
   point	
   at	
   which	
   hot	
   tear	
  

susceptibility	
  peaks	
  or	
  begins	
   to	
   reach	
   the	
  plateau	
   (as	
   is	
   the	
  case	
   for	
   the	
  Mg-­‐La-­‐Nd	
  Sht2	
  

curve)	
  correlate	
  well.	
  Thus	
  an	
  attempt	
  to	
  predict	
  HTS	
  from	
  the	
  Mg-­‐Y	
  and	
  Mg-­‐Gd	
  systems	
  

can	
  be	
  used	
  to	
  make	
  a	
  qualitative	
  estimate	
  of	
  HTS	
  for	
  the	
  Mg-­‐La-­‐Y	
  and	
  Mg-­‐La-­‐Gd	
  alloys.	
  

Figure	
   4.14b	
   shows	
   that	
   a	
   similar	
   trend	
   in	
   relation	
   to	
   the	
   peaks	
   in	
   hot	
   tearing	
  

susceptibility	
  of	
  the	
  experimentally	
  determined	
  hot	
  tearing	
  index	
  of	
  Mg-­‐La-­‐Y	
  and	
  Mg-­‐La-­‐

Gd	
   alloys	
   and	
   that	
   of	
   the	
   Sht2	
   indicator	
   for	
   HTS	
   for	
   Mg-­‐Y	
   and	
   Mg-­‐Gd.	
   However,	
   the	
  

concentration	
   of	
   Y	
   or	
   Gd	
   at	
   which	
   the	
   peaks	
   are	
   reached	
   in	
   the	
  Mg-­‐Y	
   and	
  Mg-­‐Gd	
   Sht2	
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simulations	
  do	
  not	
  match	
  those	
  of	
  the	
  equivalent	
  ternary	
  RE	
  alloys.	
  Thus	
  the	
  binary	
  Mg-­‐

RE	
   cannot	
   be	
   used	
   to	
   perfectly	
   substitute	
   the	
   Mg-­‐La-­‐RE	
   hot	
   tearing	
   susceptibility	
  

simulations.	
  

	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
   	
  
Figure	
   4.14:	
   a)	
   HTS	
   predictions	
   for	
  Mg-­‐Y	
   and	
  Mg-­‐Gd.	
   The	
   predicted	
   HTS	
   for	
  Mg-­‐La-­‐Nd	
   and	
   the	
   binary	
  
equivalent	
   alloys	
  Mg-­‐Nd	
   is	
   included	
   for	
   comparison	
   and	
   b)	
   comparison	
   between	
   experimentally	
   (Exp)	
  
determined	
  HTS	
  and	
  predicted	
  HTS	
  using	
  binary	
  Mg-­‐Y	
  and	
  Mg-­‐Gd	
  equivalent	
  alloys	
  for	
  the	
  Mg-­‐La-­‐Y	
  and	
  
Mg-­‐La-­‐Gd	
  alloy	
  systems	
  when	
  the	
  point	
  of	
  coherency	
  is	
  0.7fs	
  and	
  the	
  point	
  of	
  coalescence	
  is	
  0.98fs.	
  

	
  
By	
   changing	
   the	
   value	
   of	
   the	
   point	
   of	
   coherency	
   (from	
   0.7fs	
   to	
   0.9fs)	
   and	
   coalescence	
  

(from	
  0.98fs	
   to	
   0.99fs)	
   the	
   binary	
   alloy	
   (Mg-­‐Y	
   and	
  Mg-­‐Gd)	
   simulations	
   can	
   be	
   improved	
  

(Figure	
  4.15).	
  However,	
  there	
  are	
  still	
  significant	
  differences	
  in	
  the	
  simulated	
  hot	
  tearing	
  

curves	
  in	
  comparison	
  to	
  the	
  experimentally	
  determined	
  values.	
  

a	
  

b	
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Figure	
  4.15:	
  Comparison	
  between	
  experimentally	
   (Exp)	
  determined	
  HTS	
  and	
  predicted	
  HTS	
  using	
  binary	
  
Mg-­‐Y	
   and	
   Mg-­‐Gd	
   equivalent	
   alloys	
   for	
   the	
   Mg-­‐La-­‐Y	
   and	
   Mg-­‐La-­‐Gd	
   alloy	
   systems	
   when	
   the	
   point	
   of	
  
coherency	
  is	
  0.9fs	
  and	
  the	
  point	
  of	
  coalescence	
  is	
  0.99fs.	
  

	
  
According	
  to	
  Easton	
  et	
  al.	
   [171]	
  the	
  selection	
  of	
  the	
  coherency	
  point	
   is	
  not	
  as	
  critical	
  as	
  

the	
  selection	
  of	
  the	
  coalescence	
  point	
  since	
  hot	
  tearing	
  is	
  significantly	
  influenced	
  by	
  the	
  

final	
   stages	
   of	
   solidification.	
   This	
   is	
   related	
   to	
   feeding	
   constrictions	
   and	
   strain	
  

accumulation	
  occurs	
  during	
  the	
  final	
  10	
  %	
  of	
  solidification	
  [171].	
  However,	
  changing	
  the	
  

coherency	
   point	
   and	
   the	
   coalescence	
   points	
   assisted	
   in	
   producing	
   an	
   improved	
   hot	
  

tearing	
   simulation	
   for	
  Mg-­‐Y	
   and	
  Mg-­‐Gd	
   alloys.	
   It	
   has	
   been	
   shown	
   in	
   [46,	
   47]	
   that	
   the	
  

composition	
  of	
  more	
  complex	
  alloy	
  systems	
  can	
  cause	
  significant	
  changes	
  to	
  hot	
  tearing	
  

susceptibility.	
  Figure	
  4.5	
  shows	
  that	
  increasing	
  the	
  concentration	
  of	
  ternary	
  RE	
  causes	
  the	
  

eutectic	
  morphology	
  to	
  become	
  increasingly	
  divorced.	
  This	
   is	
  more	
  apparent	
   in	
  the	
  Y	
  or	
  

Gd-­‐containing	
   alloys	
   than	
   the	
   Nd-­‐containing	
   alloys.	
   The	
   change	
   in	
   morphology	
   could	
  

influence	
  the	
  feeding	
  of	
  liquid	
  metal	
  during	
  solidification	
  and	
  thus	
  could	
  also	
  change	
  the	
  

points	
  of	
  coherency	
  and/or	
  coalescence.	
  The	
  influence	
  of	
  the	
  more	
  complex	
  composition	
  

may	
  however	
  be	
  more	
  apparent	
  nearer	
   its	
   final	
  stages	
  of	
  solidification.	
  Thus	
  choosing	
  a	
  

coherency	
   point	
   at	
   a	
   point	
   later	
   than	
   0.7fs	
   produce	
   a	
  more	
   accurate	
  model.	
   This	
   may	
  

explain	
   the	
   differences	
   in	
   the	
   simulated	
   HTS	
   of	
   the	
   binary	
   and	
   ternary	
   Mg-­‐rare	
   earth	
  

alloys.	
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4.5 Conclusions 

The	
  as-­‐cast	
  Mg-­‐La-­‐RE	
  alloys	
  studied	
  here	
  share	
  similar	
  grain	
  sizes,	
  intermetallic	
  phase	
  and	
  

grain	
  boundary	
  reinforcement.	
  The	
  greatest	
  difference	
  between	
  the	
  alloys	
  arises	
  from	
  the	
  

solid	
  solubility	
  of	
  the	
  ternary	
  additions	
  in	
  Mg,	
  which	
  in	
  turn	
  influence	
  the	
  volume	
  fraction	
  

of	
   intermetallic	
   phase	
   in	
   the	
   eutectic.	
   The	
   influence	
   of	
   different	
   ternary	
   rare	
   earth	
  

elements	
   and	
   concentrations	
   on	
  microstructure	
   and	
   castability	
  were	
   examined	
   and	
   the	
  

following	
  trends	
  were	
  established.	
  	
  

	
  

• Each	
  alloy	
  series	
  had	
  similar	
  average	
  grain	
  sizes	
  and	
  percentage	
  volume	
  fraction	
  

of	
   eutectic.	
   The	
   intermetallic	
   phase	
   present	
   in	
   the	
   eutectic	
   in	
   each	
   alloy	
   series	
  

was	
   confirmed	
   to	
   be	
  Mg12RE.	
   However,	
   as	
   the	
   ternary	
   concentration	
   increased	
  

the	
  eutectic	
  morphology	
  changed	
  from	
  largely	
  lamellar	
  to	
  one	
  increasingly	
  more	
  

divorced.	
  This	
  was	
  more	
  apparent	
   in	
  the	
  Mg-­‐La-­‐Y	
  and	
  Mg-­‐La-­‐Gd	
  alloys	
  than	
  Mg-­‐

La-­‐Nd	
  alloys.	
  

	
  	
  

• It	
  was	
   found	
   that	
  micro-­‐alloying	
  additions	
  of	
  Nd,	
  Y	
  or	
  Gd	
   to	
  a	
  base	
  Mg-­‐La	
  alloy	
  

increases	
   hot	
   tearing	
   susceptibility	
   significantly.	
   However,	
   Y	
   or	
   Gd	
   alloying	
  

additions	
  of	
   greater	
   than	
  approximately	
  0.1	
  or	
   0.2	
   at.%,	
   respectively,	
   decreases	
  

hot	
  tearing	
  susceptibility.	
  Furthermore,	
  Mg-­‐La-­‐Y	
  and	
  Mg-­‐La-­‐Gd	
  alloys	
  with	
  ternary	
  

RE	
  concentrations	
  greater	
  than	
  0.6	
  at.%	
  had	
  very	
  good	
  castability.	
  

	
  

• No	
   significant	
   improvement	
   to	
   hot	
   tearing	
   susceptibility	
   was	
   detected	
   in	
   Nd-­‐

containing	
  alloys	
  for	
  concentrations	
  of	
  Nd	
  up	
  to	
  0.63	
  at.%.	
  This	
  may	
  be	
  related	
  to	
  

the	
  difference	
  in	
  the	
  morphology	
  of	
  the	
  eutectic	
  for	
  higher	
  concentrated	
  Y	
  or	
  Gd	
  

to	
  Nd	
  containing	
  alloys,	
  which	
  in	
  turn	
  may	
  influence	
  the	
  feeding	
  channels	
  during	
  

solidification.	
  	
  

	
  

• Temperature-­‐fraction	
  solid	
  curves	
   (from	
  0.7	
   to	
  0.98	
   fraction	
  solid)	
  were	
  used	
  as	
  

input	
  parameters	
  into	
  a	
  simple	
  equation	
  to	
  indicate	
  HTS.	
  The	
  experimental	
  results	
  

closely	
   matched	
   the	
   trend	
   in	
   HTS	
   produced	
   from	
   the	
   model	
   for	
   the	
  Mg-­‐La-­‐Nd	
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alloy	
  system.	
  The	
  use	
  of	
  binary	
  Mg-­‐RE	
  HTS	
  simulations	
  to	
  predict	
  HTS	
  for	
  Mg-­‐La-­‐

RE	
  could	
  only	
  be	
  used	
  to	
  broadly	
  estimate	
  HTS.	
  Binary	
  HTS	
  simulations	
  could	
  be	
  

improved	
  if	
  coherency	
  and	
  coalescence	
  points	
  were	
  adjusted.	
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5.1 Introduction 

In	
  Chapter	
  4	
  it	
  was	
  shown	
  that	
  different	
  ternary	
  RE	
  alloying	
  elements	
  and	
  concentrations	
  

in	
  a	
  Mg-­‐La	
  alloy	
  have	
  notable	
  differences	
  in	
  the	
  microstructure	
  and	
  castability	
  of	
  as-­‐cast	
  

alloys.	
   The	
   average	
   grain	
   size	
   of	
   each	
   alloy	
   series	
  was	
   not	
   significantly	
   affected	
   by	
   the	
  

different	
  ternary	
  RE	
  additions.	
  The	
  eutectic	
  morphology	
  and	
  the	
  castability	
  of	
  the	
  alloys	
  

were,	
   however,	
   influenced	
   by	
   the	
   selection	
   and	
   concentration	
   of	
   the	
   ternary	
   RE.	
  With	
  

increasing	
  concentration	
  of	
  ternary	
  RE	
  the	
  intermetallic	
  phase	
  in	
  the	
  eutectic	
  became	
  less	
  

continuous	
  and	
  the	
  castability	
  also	
  began	
  to	
  improve	
  in	
  the	
  Mg-­‐La-­‐Y	
  and	
  Mg-­‐La-­‐Gd	
  alloy	
  

series,	
  there	
  was	
  less	
  of	
  an	
  improvement	
  for	
  the	
  Mg-­‐La-­‐Nd	
  alloys.	
  

	
  

Chapter	
  5	
  investigates	
  further	
  the	
  influence	
  of	
  different	
  ternary	
  RE	
  element	
  additions	
  on	
  

the	
   properties	
   of	
  Mg-­‐La-­‐RE	
   alloys	
   such	
   as	
   tensile	
   and	
   creep	
   properties.	
   Zhu	
   et	
   al.	
   [88]	
  

suggests	
   that	
   the	
  concentration	
  of	
   solute	
   in	
   solid	
   solution	
  and/or	
  dynamic	
  precipitation	
  

are	
   significant	
   factors	
   that	
   influence	
   the	
   creep	
   resistance	
   of	
   HPDC	
   Mg-­‐RE	
   alloys	
   at	
  

elevated	
  temperatures.	
  In	
  this	
  chapter	
  the	
  properties	
  of	
  as-­‐cast	
  HPDC	
  Mg-­‐La-­‐RE	
  alloys	
  at	
  

room	
  temperature	
  and	
  elevated	
  temperatures	
  are	
  investigated.	
  The	
  aims	
  of	
  this	
  chapter	
  

are	
  to:	
  

• Identify	
  the	
  influence	
  of	
  ternary	
  RE	
  (Nd,	
  Y	
  and	
  Gd)	
  additions	
  on	
  creep	
  properties.	
  

• Determine	
  the	
  effectiveness	
  of	
  solute	
  in	
  solid	
  solution	
  and	
  dynamic	
  precipitation	
  

on	
  creep	
  resistance.	
  

• Identify	
   the	
   likely	
   creep	
   mechanisms	
   in	
   HPDC	
   Mg-­‐La-­‐RE	
   alloys	
   at	
   elevated	
  

temperatures.	
  

These	
  points	
  will	
  be	
  addressed	
  by:	
  

• Examining	
   the	
  age	
  hardening	
   response	
   to	
  determine	
   the	
   thermal	
   stability	
  of	
   the	
  

alloys,	
   which	
   is	
   used	
   as	
   an	
   indication	
   to	
   the	
   diffusion	
   rate	
   of	
   solute	
   in	
   solid	
  

solution.	
  

• Creep	
   testing	
   at	
   177°C	
   and	
   90	
   MPa	
   to	
   compare	
   the	
   influence	
   of	
   ternary	
   RE	
  

additions	
  with	
  varying	
  amounts	
  of	
  solubility	
  in	
  Mg.	
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• Using	
  creep	
  tests	
  over	
  a	
  range	
  of	
  temperatures	
  and	
  stresses	
  in	
  combination	
  with	
  

microstructure	
   analysis	
   (TEM)	
   of	
   crept	
   alloys	
   to	
   deduce	
   the	
   likely	
   creep	
  

mechanism.	
  

5.2 Tensile Properties of As-die-cast Mg-La-RE Alloys 

Room	
  temperature	
  tensile	
  properties	
  are	
  measured	
  for	
  each	
  alloy	
  series	
  over	
  a	
  range	
  of	
  

relatively	
  low	
  to	
  high	
  ternary	
  alloying	
  additions.	
  There	
  is	
  no	
  well-­‐defined	
  yield	
  point	
  in	
  the	
  

alloys	
   (Figure	
   5.1).	
   Instead	
   of	
   a	
   well-­‐defined	
   yield	
   point	
   there	
   is	
   a	
   gradual	
   increase	
   in	
  

stress	
  followed	
  by	
  a	
  dip	
  and	
  then	
  either	
  a	
  relatively	
  constant	
  amount	
  of	
  stress	
  or	
  another	
  

gradual	
   increase	
   in	
   stress	
   until	
   failure	
   occurs.	
   This	
   is	
   more	
   clearly	
   defined	
   as	
   the	
  

concentration	
  of	
  ternary	
  RE	
   is	
   increased	
   in	
  each	
  alloy	
  series.	
  Thus	
  a	
  0.2%	
  proof	
  stress	
   is	
  

used	
  for	
  the	
  alloys	
  tested.	
  There	
  is	
  a	
  significant	
  increase	
  in	
  0.2%	
  PS	
  with	
  increasing	
  alloy	
  

addition	
  (Table	
  5.1).	
  

	
  

Table	
  5.1:	
  Average	
  tensile	
  properties	
  at	
  room	
  temperature	
  for	
  Mg-­‐La-­‐Nd,	
  Mg-­‐La-­‐Y	
  and	
  Mg-­‐La-­‐Gd	
  alloys	
  in	
  
the	
  as-­‐cast	
  condition.	
  

Alloy	
  Composition	
  (at.%)	
   0.2%	
  PS	
  ±SD	
  (MPa)	
   UTS	
  ±SD	
  (MPa)	
   Elong.	
  ±SD	
  (%)	
  
Mg-­‐0.47La-­‐0.10Nd	
   146.7	
  (±	
  3.0)	
   166.7	
  (±	
  2.3)	
   2.7	
  (±	
  0.3)	
  
Mg-­‐0.43La-­‐0.18Nd	
   151.6	
  (±	
  3.2)	
   167.1	
  (±	
  4.5)	
   2.3	
  (±	
  0.7)	
  
Mg-­‐0.45La-­‐0.63Nd	
   196.9	
  (±	
  4.2)	
   198.6	
  (±	
  4.2)	
   2.1	
  (±	
  0.7)	
  
Mg-­‐0.48La-­‐0.12Y	
   155.2	
  (±	
  1.6)	
   175.8	
  (±	
  1.0)	
   3.9	
  (±	
  0.4)	
  
Mg-­‐0.49La-­‐0.24Y	
   158.7	
  (±	
  1.6)	
   180.4	
  (±	
  3.9)	
   4.4	
  (±	
  0.4)	
  
Mg-­‐0.45La-­‐1.18Y	
   186.4	
  (±	
  2.1)	
   213.6	
  (±	
  5.8)	
   4.0	
  (±	
  0.7)	
  
Mg-­‐0.45La-­‐0.10Gd	
   145.7	
  (±	
  5.1)	
   169.4	
  (±	
  8.7)	
   3.4	
  (±	
  0.9)	
  
Mg-­‐0.46La-­‐0.21Gd	
   159.6	
  (±	
  2.4)	
   180.2	
  (±	
  7.9)	
   4.7	
  (±	
  0.8)	
  
Mg-­‐0.45La-­‐0.87Gd	
   182.3	
  (±	
  3.1)	
   200.2	
  (±	
  5.6)	
   3.8	
  (±	
  0.3)	
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Figure	
  5.1:	
  Stress-­‐strain	
  curves	
  at	
  room	
  temperature	
  for	
  as-­‐cast	
  alloys	
  with	
  ternary	
  RE	
  additions	
  of	
  a)	
  Nd,	
  
b)	
  Y	
  and	
  c)	
  Gd.	
  

	
  
As	
   can	
   be	
   seen	
   in	
   Figure	
   5.2a,	
   the	
   0.2%	
   PS	
   increases	
   with	
   increasing	
   ternary	
   alloying	
  

addition	
   in	
   each	
   alloy	
   series.	
   At	
   concentrations	
   less	
   than	
   0.1	
   at.%	
   the	
   Mg-­‐La-­‐Nd	
   alloy	
  

series	
  has	
  the	
  lowest	
  0.2	
  %	
  PS	
  at	
  room	
  temperature.	
  At	
  approximately	
  0.2	
  at.%	
  of	
  ternary	
  

alloy	
  addition	
  all	
  three	
  alloy	
  series	
  have	
  comparable	
  0.2	
  %	
  PS.	
  Above	
  this	
  concentration	
  of	
  

ternary	
  alloying	
  addition,	
  the	
  Nd	
  containing	
  alloys	
  have	
  a	
  higher	
  0.2	
  %	
  PS	
  than	
  either	
  Y	
  or	
  

Gd-­‐containing	
  alloys.	
  Specifically,	
  the	
  Mg-­‐0.45La-­‐0.63Nd	
  alloy	
  has	
  a	
  0.2	
  %	
  PS	
  of	
  195	
  MPa,	
  

whereas	
  Gd	
  or	
   Y	
   containing	
  alloys	
  with	
   similar	
   additions	
  would	
  have	
  a	
  0.2	
  %	
  PS	
  of	
   less	
  

than	
  180	
  MPa.	
  Elongation	
  to	
  fracture	
  (Figure	
  5.2b)	
   is	
  reduced	
  for	
  all	
  alloy	
  series	
  but	
  the	
  

most	
   significant	
   decrease	
   in	
   elongation	
   occurs	
   in	
   the	
  Mg-­‐La-­‐Nd	
   alloy	
   series.	
   There	
   is	
   a	
  

reduction	
  in	
  the	
  elongation	
  in	
  the	
  Nd	
  containing	
  alloys	
  at	
  concentrations	
  greater	
  than	
  0.1	
  

at.%	
  Nd.	
  

a b 

c 
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Figure	
  5.2:	
  a)	
  0.2%	
  proof	
  stress	
  and	
  b)	
  elongation	
  for	
  Mg-­‐La-­‐Nd,	
  Mg-­‐La-­‐Y	
  and	
  Mg-­‐La-­‐Gd	
  alloys,	
  tested	
  at	
  
room	
  temperature.	
  

	
  

Similar	
   to	
   the	
   room	
   temperature	
   as-­‐cast	
   tensile	
   strength,	
   the	
   alloys	
   with	
   higher	
  

concentrations	
  of	
   ternary	
  alloying	
  additions	
  have	
  better	
   strength	
  properties	
   (Table	
  5.2).	
  

There	
   is	
   a	
   yield	
   “plateau”	
   or	
   yield	
   point	
   elongation	
   [184]	
   present	
   in	
   the	
   highest	
  

concentrated	
   alloys	
   in	
   each	
   alloy	
   series	
   immediately	
   following	
   the	
   elastic	
   region	
   of	
   the	
  

stress-­‐strain	
  curve.	
  This	
   is	
  then	
  followed	
  by	
  an	
   increase	
   in	
  stress	
  due	
  to	
  work	
  hardening	
  

(Figure	
  5.3).	
  

	
  

Table	
  5.2:	
  Average	
  tensile	
  properties	
  at	
  177°C	
  for	
  Mg-­‐La-­‐Nd,	
  Mg-­‐La-­‐Y	
  and	
  Mg-­‐La-­‐Gd	
  alloys	
  in	
  the	
  as-­‐cast	
  
condition.	
  

Alloy	
  Composition	
  (at.%)	
   0.2%	
  PS	
  ±SD	
  (MPa)	
   UTS	
  ±SD	
  (MPa)	
   Elong.	
  ±SD	
  (%)	
  
Mg-­‐0.47La-­‐0.10Nd	
   103.4	
  (±	
  0.9)	
   126.5	
  (±	
  1.6)	
   11.9	
  (±	
  2.2)	
  
Mg-­‐0.43La-­‐0.18Nd	
   111.2	
  (±	
  2.3)	
   143.4	
  (±	
  1.9)	
   19.1	
  (±	
  1.8)	
  
Mg-­‐0.45La-­‐0.63Nd	
   134.4	
  (±	
  2.0)	
   175.8	
  (±	
  4.1)	
   5.6	
  (±	
  1.0)	
  
Mg-­‐0.48La-­‐0.12Y	
   108.0	
  (±	
  1.0)	
   137.7	
  (±	
  2.2)	
   19.8	
  (±	
  2.0)	
  
Mg-­‐0.49La-­‐0.24Y	
   112.8	
  (±	
  1.5)	
   153.0	
  (±	
  2.5)	
   14.2	
  (±	
  2.3)	
  
Mg-­‐0.45La-­‐1.18Y	
   150.6	
  (±	
  1.4)	
   205.7	
  (±	
  3.6)	
   5.3	
  (±	
  0.8)	
  
Mg-­‐0.45La-­‐0.10Gd	
   100.6	
  (±	
  1.4)	
   129.3	
  (±	
  3.0)	
   16.2	
  (±	
  4.6)	
  
Mg-­‐0.46La-­‐0.21Gd	
   110.9	
  (±	
  1.7)	
   151.1	
  (±	
  2.5)	
   12.3	
  (±	
  0.8)	
  
Mg-­‐0.45La-­‐0.87Gd	
   140.2	
  (±	
  4.6)	
   192.9	
  (±	
  2.1)	
   5.4	
  (±	
  0.4)	
  

	
  

a  b 
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Figure	
  5.3:	
  Stress-­‐Strain	
  curves	
  at	
  177°C	
  for	
  as-­‐cast	
  alloys	
  with	
  ternary	
  RE	
  additions	
  of	
  a)	
  Nd,	
  b)	
  Y	
  and	
  c)	
  
Gd.	
  	
  

	
  
All	
   three	
   alloy	
   series	
   appear	
   to	
   have	
   comparable	
   0.2%	
   PS	
   for	
   a	
   given	
   ternary	
   RE	
  

concentration,	
   which	
   is	
   different	
   to	
   the	
   results	
   at	
   room	
   temperature	
   (Figure	
   5.1).	
   At	
  

177°C,	
  the	
  highest	
  concentrated	
  Nd-­‐containing	
  alloy	
  (Mg-­‐0.45La-­‐0.63Nd)	
  does	
  not	
  have	
  a	
  

significantly	
  higher	
  0.2	
  %	
  PS	
  when	
  compared	
  with	
  comparable	
  Y	
  or	
  Gd-­‐containing	
  alloys	
  

(Figure	
  5.4).	
  The	
  total	
  elongation	
  to	
  failure	
  is	
  similar	
  for	
  each	
  of	
  the	
  three	
  alloy	
  series.	
  The	
  

0.2%	
  PS	
  of	
  the	
  lowest	
  concentrated	
  ternary	
  alloys	
  is	
  approximately	
  98	
  MPa	
  and	
  there	
  is	
  a	
  

near	
  linear	
  increase	
  in	
  strength	
  with	
  increasing	
  concentration	
  of	
  ternary	
  alloying	
  addition	
  

for	
  all	
  three	
  alloy	
  series.	
  	
  

	
  	
  	
  

a  b  

c  
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Figure	
   5.4:	
   a)	
   0.2%	
   proof	
   stress	
   and	
   b)	
   elongation	
   for	
   Mg-­‐La-­‐Nd,	
   Mg-­‐La-­‐Y	
   and	
   Mg-­‐La-­‐Gd	
   alloy	
   series,	
  
tested	
  at	
  177°C	
  in	
  as-­‐cast	
  condition.	
  	
  

	
  

In	
  addition	
  to	
  tensile	
  creep	
  testing	
  at	
  177°C	
  of	
  all	
   the	
  alloys	
   investigated	
   in	
  this	
  section,	
  

Mg-­‐0.45La-­‐0.63Nd	
   and	
   Mg-­‐0.45La-­‐1.18Y	
   are	
   also	
   compression	
   creep	
   tested	
   at	
   177°C,	
  

225°C	
   and	
   275°C,	
   shown	
   in	
   Section	
   5.4.2.	
   It	
   is	
   thus	
   important	
   to	
   determine	
   the	
  

compression	
  properties	
  of	
  Mg-­‐0.45La-­‐0.63Nd	
  and	
  Mg-­‐0.45La-­‐1.18Y	
  at	
  177°C,	
  225°C	
  and	
  

275°C	
  (Table	
  5.3).	
  

	
  

Table	
  5.3:	
  Compression	
  properties	
  of	
  Mg-­‐0.45La-­‐0.63Nd	
  and	
  Mg-­‐0.45La-­‐1.18Y	
  in	
  as-­‐cast	
  condition.	
  

Alloy	
   Temp	
  (°C)	
   0.2%	
  PS	
  (MPa)	
   UCS	
  (MPa)	
   Compression	
  (%)	
  
Mg-­‐0.45La-­‐0.63Nd	
   225	
   167.3	
  (±	
  2.5)	
   248.4	
  (±	
  2.9)	
   39.5	
  (±	
  5.6)	
  
Mg-­‐0.45La-­‐0.63Nd	
   275	
   150.0	
  (±	
  1.5)	
   210.0	
  (±	
  1.1)	
   48.6	
  (±	
  5.7)	
  
	
   	
   	
   	
   	
  
Mg-­‐0.45La-­‐1.18Y	
   225	
   169.0	
  (±	
  16.5)	
   292.5	
  (±	
  7.7)	
   41.9	
  (±	
  12.0)	
  
Mg-­‐0.45La-­‐1.18Y	
   275	
   176.7	
  (±	
  2.9)	
   271.3	
  (±	
  2.5)	
   37.6	
  (±	
  1.9)	
  
	
  

The	
  Mg-­‐0.45La-­‐0.63Nd	
   has	
   poorer	
   0.2	
   %	
   PS	
   under	
   compression	
   than	
  Mg-­‐0.45La-­‐1.18Y.	
  

This	
  is	
  unlike	
  the	
  tensile	
  properties	
  of	
  these	
  two	
  alloys	
  at	
  the	
  lower	
  testing	
  temperature	
  

of	
   177°C	
  where	
   the	
  highest	
   concentrated	
  Nd-­‐containing	
   alloy	
   has	
   the	
  highest	
   0.2	
  %	
  PS	
  

under	
   tension.	
   Mg-­‐0.45La-­‐0.63Nd	
   does	
   however	
   have	
   greater	
   compression	
   strain	
   to	
  

failure	
  than	
  Mg-­‐0.45La-­‐1.18Y	
  at	
  both	
  225°C	
  and	
  275°C.	
  

a  b  
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5.3 Age Hardening of Mg-La-RE Alloys  

The	
  solubility	
  of	
  the	
  ternary	
  alloying	
  elements	
  in	
  Mg	
  at	
  160°C,	
  177°C	
  and	
  200°C	
  spanned	
  

the	
   range,	
   which	
   produces	
   castings	
   that	
   are	
   likely	
   to	
   experience	
   an	
   age	
   hardening	
  

response.	
   Ageing	
   at	
   177°C	
   was	
   performed	
   since	
   the	
   majority	
   of	
   creep	
   testing	
   is	
  

performed	
  at	
   this	
   temperature	
  and	
   it	
  also	
  compliments	
   the	
  age	
  hardness	
   results	
  of	
   the	
  

relatively	
   low	
   and	
   high	
   ageing	
   temperatures	
   of	
   160°C	
   and	
   200°C,	
   respectively.	
   In	
   the	
  

absence	
   of	
   ternary	
   Mg-­‐La-­‐Y	
   and	
   Mg-­‐La-­‐Gd	
   phase	
   diagrams,	
   binary	
   phase	
   diagram	
  

information	
  was	
  used.	
  The	
   solubilities	
  of	
   Y,	
  Nd	
  and	
  Gd	
   in	
  Mg	
  at	
   the	
  ageing	
  and	
   testing	
  

temperatures	
  (160°C,	
  177°C	
  and	
  200°C)	
  are	
  shown	
  in	
  Table	
  5.4.	
  	
  

	
  

Table	
  5.4:	
  Solubilities	
  of	
  Y,	
  Nd	
  and	
  Gd	
  in	
  Mg	
  at	
  160°C,	
  177°C	
  and	
  200°C.	
  Note:	
  Nd	
  solubility	
  values	
  were	
  
taken	
   from	
  the	
  Mg-­‐La-­‐Nd	
   ternary	
  phase	
  diagram	
  and	
  Y	
  and	
  Gd	
  solubility	
   in	
  Mg	
  were	
  determined	
   from	
  
solvus	
  line	
  projections	
  of	
  binary	
  phase	
  diagrams,	
  [135]	
  and	
  [131]	
  respectively.	
  

Solubility	
  in	
  Mg	
  at	
  
Element	
  

160°C	
   177°C	
   200°C	
  
Nd	
   0.008at.%	
  (0.045wt.%)	
   0.008at.%	
  (0.045wt.%)	
   0.008at.%	
  (0.045wt.%)	
  	
  
Y	
   0.45at.%	
  (1.62wt.%)	
   0.52at.%	
  (1.86wt.%)	
   0.61at.%	
  (2.21wt.%)	
  
Gd	
   0.51at.%	
  (3.22wt.%)	
   0.56at.%	
  (3.50wt.%)	
   0.61at.%	
  (3.82wt.%)	
  

	
  

The	
  Nd	
  solubility	
   in	
  Mg	
  is	
  taken	
  from	
  the	
  Mg-­‐La-­‐Nd	
  ternary	
  phase	
  diagram	
  produced	
  by	
  

Gröbner	
   et	
   al.	
   [132]	
   and	
   Y	
   or	
   Gd	
   solubility	
   in	
   Mg	
   are	
   from	
   binary	
   phase	
   diagrams	
   or	
  

approximations	
   taken	
   from	
   solvus	
   line	
   projections	
   of	
   existing	
   binary	
   phase	
   diagrams	
  

extended	
  to	
  cover	
  the	
  ageing	
  temperatures	
  (Figure	
  5.5).	
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Figure	
  5.5:	
   Solvus	
   line	
  projections	
   for	
   a)	
  Mg-­‐Nd,	
  b)	
  Mg-­‐Y	
   and	
   c)	
  Mg-­‐Gd	
   constructed	
   from	
  binary	
  phase	
  
diagram	
  data	
  from	
  [131]	
  for	
  Mg-­‐Nd	
  and	
  Mg-­‐Y	
  and	
  	
  [135]	
  for	
  Mg-­‐Gd.	
  

	
  

There	
  is	
  good	
  correlation	
  between	
  the	
  solubility	
  of	
  Nd	
  in	
  Mg	
  determined	
  from	
  the	
  Mg-­‐La-­‐

Nd	
   ternary	
  phase	
  diagram	
  and	
   the	
   from	
   the	
   solvus	
   line	
  projection	
  of	
   the	
  Mg-­‐Nd	
  binary	
  

phase	
  diagram	
  (Table	
  5.5).	
  	
  

	
  

Table	
  5.5:	
  Comparison	
  of	
  the	
  solubility	
  of	
  Nd	
  in	
  Mg	
  determined	
  from	
  solvus	
  line	
  projections	
  of	
  the	
  Mg-­‐Nd	
  
phase	
  diagram	
  [131]	
  and	
  ternary	
  Mg-­‐La-­‐Nd	
  phase	
  diagram	
  [132].	
  

Solubility	
  of	
  Nd	
  in	
  Mg	
  at	
  	
  
160°C	
   177°C	
   200°C	
  

From	
  Solvus	
  
Projection	
  	
  

0.007at.%	
  (0.04wt.%)	
   0.008at.%	
  (0.05wt.%)	
   0.013at.%	
  (0.077wt.%)	
  

Ternary	
  Phase	
  
Diagram	
  

0.008at.%	
  (0.045wt.%)	
   0.008at.%	
  (0.045wt.%)	
   0.008at.%	
  (0.045wt.%)	
  

	
  

When	
   the	
   concentrations	
   of	
   the	
   ternary	
   alloying	
   additions	
   are	
   increased	
   above	
   the	
  

solubility	
  limit	
  at	
  200°C	
  an	
  age	
  hardening	
  response	
  is	
  observed	
  at	
  160°C,	
  177°C	
  and	
  200°C	
  

b  

c  

a  



	
   	
  
	
   5	
  Effects	
  of	
  Alloying	
  Elements	
  on	
  As-­‐Cast	
  Mechanical	
  Properties	
  and	
  Microstructure	
  

	
  
	
  
110	
  

(Figure	
   5.6),	
   as	
   would	
   be	
   expected.	
   Since,	
   Mg-­‐0.43La-­‐0.18Nd	
   already	
   has	
   a	
   Nd	
  

concentration	
   greater	
   than	
   the	
   solubility	
   limit	
   at	
   these	
   ageing	
   temperatures	
   it	
   was	
  

decided	
   to	
   produce	
   an	
   Mg-­‐La-­‐Nd	
   alloy	
   where	
   the	
   concentration	
   of	
   Nd	
   was	
   equal	
   to	
  

maximum	
   solid	
   solubility	
   of	
   Nd	
   in	
  Mg	
   (0.63	
   at.%).	
   The	
   alloy	
   series	
   containing	
   the	
   least	
  

soluble	
  ternary	
  alloying	
  addition	
  (Nd)	
  reaches	
  peak	
  aged	
  conditions	
  before	
  either	
  the	
  Mg-­‐

La-­‐Y	
   or	
  Mg-­‐La-­‐Gd	
  when	
   aged	
   at	
   160°C,	
   177°C	
   or	
   200°C,	
   (Table	
   5.6).	
  Mg-­‐0.45La-­‐0.63Nd	
  

begins	
   to	
   overage	
   far	
   more	
   rapidly,	
   particularly	
   at	
   160°C	
   and	
   177°C,	
   than	
   Mg-­‐0.45La-­‐

1.18Y	
   or	
  Mg-­‐0.45La-­‐0.87Gd.	
   At	
   177°C	
   (the	
   creep	
   testing	
   temperature)	
   both	
   Y-­‐	
   and	
  Gd-­‐

containing	
  alloys	
  appear	
   to	
  have	
  relatively	
  slow	
  ageing	
  kinetics,	
   reaching	
  peak	
  hardness	
  

after	
  approximately	
  1000	
  h	
  of	
  ageing.	
  

	
  
Figure	
  5.6:	
  Age	
  hardening	
   response	
  of	
  Mg-­‐0.45La-­‐0.63Nd,	
  Mg-­‐0.45La-­‐1.18Y	
  and	
  Mg-­‐0.45La-­‐0.87Gd	
  at	
  a)	
  
160°C,	
  b)	
  177°C	
  and	
  c)	
  200°C.	
  

	
  

a	
   b	
  

c	
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Table	
   5.6:	
   Approximate	
   peak	
   ageing	
   duration	
   for	
   Mg-­‐0.45La-­‐0.63Nd,	
   Mg-­‐0.45La-­‐1.18Y	
   and	
  Mg-­‐0.45La-­‐
0.87Gd	
  at	
  160,	
  177	
  and	
  200°C.	
  

Ageing	
  
Temperature,	
  °C	
  

Mg-­‐0.45La-­‐0.63Nd	
  
Peak	
  Ageing	
  Time,	
  h	
  

Mg-­‐0.45La-­‐1.18Y	
  
Peak	
  Ageing	
  Time,	
  h	
  

Mg-­‐0.45La-­‐0.87Gd	
  
Peak	
  Ageing	
  Time,	
  h	
  

160	
   20	
   1000	
   1000	
  
177	
   10	
   400	
   400	
  
200	
   1	
   200	
   50	
  
	
  

However,	
  due	
  to	
  the	
  inhomogeneous	
  distribution	
  of	
  solute	
  in	
  solid	
  solution	
  as	
  a	
  result	
  of	
  

rapid	
   solidification	
   during	
   casting	
   (Figure	
   4.8)	
   there	
   is	
   still	
   a	
   supersaturated	
   region	
   of	
  

solute	
   near	
   the	
   grain	
   boundary	
   in	
   alloys	
   with	
   significantly	
   less	
   ternary	
   alloy	
  

concentrations.	
  	
  

	
  

In	
  order	
  to	
  determine	
  the	
  influence	
  of	
  the	
  supersaturated	
  region	
  of	
  solute	
  in	
  the	
  as-­‐cast	
  

alloys	
  on	
  age	
  hardening,	
  alloys	
  with	
  less	
  ternary	
  RE	
  than	
  those	
  used	
  in	
  Figure	
  5.6	
  are	
  also	
  

heat-­‐treated.	
  Three	
  alloys	
  with	
  approximately	
  0.2	
  at.%	
  ternary	
  RE	
  are	
  aged	
  at	
  160°C	
  and	
  

200°C.	
  The	
  Mg-­‐0.43La-­‐0.18Nd	
  alloy	
  still	
  contains	
  a	
  ternary	
  concentration	
  that	
  is	
  above	
  the	
  

solid	
  solubility	
  of	
  Nd	
  in	
  Mg	
  at	
  200°C	
  (Table	
  5.4)	
  but	
  both	
  Mg-­‐0.49La-­‐0.24Y	
  and	
  Mg-­‐0.46La-­‐

0.21Gd	
  are	
  not	
  supersaturated.	
  However,	
  due	
  to	
  the	
  non-­‐equilibrium	
  solidification	
  of	
  all	
  

the	
  alloys	
  a	
  region	
  of	
  supersaturated	
  solute	
  near	
  the	
  grain/cell	
  boundaries	
  in	
  each	
  of	
  the	
  

three	
  alloys	
  with	
  approximately	
  0.2	
  at.%	
  ternary	
  RE	
  is	
  present.	
  This	
  region	
  however	
  is	
  not	
  

substantial	
  enough	
  to	
  produce	
  an	
  age	
  hardening	
  response	
  at	
  160°C	
  or	
  200°C	
  (Figure	
  5.7).	
  	
  

	
  
Figure	
  5.7:	
  Age	
  hardening	
  response	
  of	
  Mg-­‐0.43La-­‐0.18Nd,	
  Mg-­‐0.49La-­‐0.24Y	
  and	
  Mg-­‐0.46La-­‐0.21Gd	
  during	
  
isothermal	
  ageing	
  at	
  a)	
  160°C	
  and	
  b)	
  200°C.	
  

a	
   b	
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5.4 Creep Properties of HPDC Mg-La-RE Alloys  

5.4.1 Tensile Creep 

Increasing	
  the	
  ternary	
  alloying	
  concentration	
  from	
  approximately	
  0.1	
  at.%	
  to	
  0.2	
  at.%	
  in	
  

all	
  alloy	
  series	
  improves	
  primary	
  creep	
  significantly	
  (Figure	
  5.8).	
  Since	
  it	
  is	
  not	
  always	
  clear	
  

when	
  primary	
  creep	
  ends	
  and	
  steady	
  state	
  creep	
  begins	
  a	
  value	
  of	
  5	
  h	
  of	
  creep	
  testing	
  is	
  

chosen	
   to	
  be	
   the	
  end	
  point	
  of	
  primary	
   creep.	
   This	
  point	
  was	
   chosen	
  as	
   it	
   generally	
   fell	
  

within	
  the	
  region	
  of	
  pronounced	
  initial	
  creep	
  strain	
  and	
  allows	
  for	
  more	
  meaningful	
  and	
  

direct	
   comparisons	
   of	
   primary	
   creep	
   strain	
   between	
   alloys.	
   An	
   improvement	
   in	
   steady-­‐

state	
  creep	
  also	
  occurs	
  for	
  ternary	
  alloying	
  additions	
  up	
  to	
  0.2	
  at.%.	
  This	
  however,	
  is	
  more	
  

pronounced	
  in	
  the	
  Mg-­‐La-­‐Y	
  and	
  Mg-­‐La-­‐Gd	
  alloys	
  where	
  0.1%	
  creep	
  strain	
  is	
  reached	
  after	
  

approximately	
  600	
  h	
  compared	
  to	
  the	
  Mg-­‐La-­‐Nd	
  alloy,	
  which	
  reaches	
  tertiary	
  creep	
  in	
  less	
  

than	
  50	
  h	
  (Figure	
  5.8).	
  

	
  
Figure	
  5.8:	
  Creep	
  strain	
  curves	
  for	
  three	
  as-­‐cast	
  a)	
  Mg-­‐La-­‐Nd	
  b)	
  Mg-­‐La-­‐Y	
  and	
  c)	
  Mg-­‐La-­‐Gd	
  alloys	
  tested	
  at	
  
177°C	
  and	
  90MPa.	
  

	
  a	
   	
  	
  b	
  

	
  c	
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Additions	
  of	
  ternary	
  alloying	
  elements	
  greater	
  than	
  0.2	
  at.%	
  do	
   little	
  to	
  further	
   improve	
  

steady-­‐state	
   creep	
   (Figure	
   5.9).	
   However,	
   it	
  may	
   assist	
   to	
   prolong	
   the	
   onset	
   of	
   tertiary	
  

creep	
  as	
  is	
  demonstrated	
  by	
  the	
  delayed	
  onset	
  of	
  tertiary	
  creep	
  in	
  the	
  Mg-­‐0.45La-­‐0.63Nd	
  

alloy	
   (Figure	
   5.8a).	
   The	
   minimum	
   creep	
   rate	
   (MCR)	
   decreases	
   with	
   increasing	
  

concentration	
  of	
  ternary	
  alloying	
  addition	
  and	
  reaches	
  a	
  plateau	
  after	
  approximately	
  0.2	
  

at.%	
  of	
  ternary	
  addition	
  in	
  all	
  three	
  alloy	
  series.	
  A	
  difference	
  between	
  the	
  MCR	
  of	
  the	
  Nd	
  

containing	
  alloys	
  with	
  the	
  Gd	
  and	
  Y	
  containing	
  alloys	
  is	
  also	
  observed.	
  The	
  Nd-­‐containing	
  

alloys	
  reach	
  a	
  MCR	
  of	
  approximately	
  1×10-­‐8	
  s-­‐1	
  at	
  0.2	
  at.%	
  in	
  comparison	
  with	
  the	
  Gd	
  and	
  

Y	
  containing	
  alloys	
  that	
  plateau	
  at	
  approximately	
  8×10-­‐10	
  s-­‐1.	
  The	
  Y-­‐containing	
  alloys	
  have	
  

a	
   slightly	
   lower	
  MCR	
   than	
   the	
   Gd-­‐containing	
   alloys	
   at	
   lower	
   concentrations	
   of	
   ternary	
  

addition	
  (i.e.	
  less	
  than	
  0.2	
  at.%)	
  but	
  at	
  lower	
  concentrations	
  the	
  Y-­‐containing	
  alloys	
  have	
  

approximately	
  equal	
  MCRs	
   to	
   the	
  Gd-­‐containing	
  alloys	
   for	
  a	
   similar	
   solute	
   content.	
   The	
  

Nd-­‐containing	
  alloys	
  generally	
  have	
  the	
  same	
  MCR	
  at	
  the	
   lower	
  concentrations	
  as	
  the	
  Y	
  

and	
  Gd	
  containing	
  alloys.	
  	
  

	
  

Figure	
  5.9:	
  Minimum	
  creep	
  rate	
  as	
  a	
  function	
  of	
  total	
  ternary	
  alloying	
  addition	
  concentration	
  for	
  Mg-­‐La-­‐
Nd,	
  Mg-­‐La-­‐Y	
  and	
  Mg-­‐La-­‐Gd	
  alloy	
  series	
  tested	
  at	
  177°C	
  and	
  90MPa.	
  	
  

	
  

5.4.2 Compression Creep 

The	
  creep	
  results	
  in	
  this	
  section	
  are	
  obtained	
  from	
  compression	
  creep	
  testing	
  rather	
  than	
  

tension	
  creep	
  testing	
  (which	
  was	
  the	
  case	
  for	
  the	
  creep	
  tests	
  in	
  section	
  5.4.1).	
  This	
  is	
  done	
  

due	
   to	
   the	
   limitations	
   in	
   both	
   temperature	
   (maximum	
   of	
   200°C)	
   and	
   applied	
   stress	
  

(maximum	
   110	
   MPa)	
   that	
   could	
   be	
   used	
   in	
   the	
   tension	
   creep	
   apparatus	
   at	
   Monash	
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University	
  without	
  causing	
  damage	
  to	
  the	
  rig.	
  The	
  minimum	
  compression	
  creep	
  rates	
  for	
  

all	
  the	
  alloys	
  and	
  conditions	
  are	
  given	
  in	
  Table	
  5.7.	
  

Table	
   5.7:	
   Average	
   minimum	
   (±SD)	
   creep	
   rate	
   of	
   Mg-­‐0.45La-­‐0.63Nd	
   and	
   Mg-­‐0.45La-­‐1.18Y	
   specimens	
  
compression	
   creep	
   tested	
  over	
  a	
  number	
  of	
   temperatures	
  and	
   stresses.	
   Tests	
  were	
  performed	
  at	
  HZG,	
  
Germany.	
  

Alloy	
   Testing	
  Condition	
   Min.	
  Creep	
  Rate	
  (s-­‐1)	
  
Mg-­‐0.45La-­‐0.63Nd	
   177oC/30MPa	
   6.2	
  x	
  10-­‐11	
  (±3.6	
  x	
  10-­‐11)	
  

	
   177oC/90MPa	
   9.4	
  x	
  10-­‐9	
  (±1.8	
  x	
  10-­‐9)	
  
	
   225°C/90MPa	
   9.3	
  x	
  10-­‐7	
  (±3.0	
  x	
  10-­‐7)	
  

	
   275oC/30MPa	
   9.6	
  x	
  10-­‐8	
  (±9.6	
  x	
  10-­‐11)	
  
	
   275°C/50MPa	
   3.8	
  x	
  10-­‐6	
  (±2.0	
  x	
  10-­‐7)	
  

	
   275oC/90MPa	
   2.5	
  x	
  10-­‐4	
  (±1.2	
  x	
  10-­‐4)	
  
	
   	
   	
  
Mg-­‐0.45La-­‐1.18Y	
   177°C/90MPa	
   1.7	
  x	
  10-­‐10	
  (±9.3	
  x	
  10-­‐12)	
  

	
   177°C/130MPa	
   3.4	
  x	
  10-­‐10	
  (±7.0	
  x	
  10-­‐11)	
  
	
   177°C/150MPa	
   9.2	
  x	
  10-­‐10	
  (±1.0	
  x	
  10-­‐10)	
  
	
   225°C/90MPa	
   5.0	
  x	
  10-­‐9	
  (±6.3	
  x	
  10-­‐10)	
  
	
   275°C/70MPa	
   5.2	
  x	
  10-­‐7	
  (±3.3	
  x	
  10-­‐8)	
  
	
   275oC/90MPa	
   3.4	
  x	
  10-­‐6	
  (±3.7	
  x	
  10-­‐7)	
  
	
   275oC/130MPa	
   5.0	
  x	
  10-­‐5	
  (±2.4	
  x	
  10-­‐6)	
  

	
  
When	
   a	
   comparison	
   is	
   made	
   between	
   alloys	
   tested	
   in	
   compression	
   and	
   tensile	
   creep	
  

under	
   the	
   same	
   stress	
   and	
   temperature	
   conditions	
   there	
   is	
   no	
   significant	
   difference	
  

between	
  the	
  creep	
  response	
  during	
  primary	
  and	
  secondary	
  creep	
  (Figure	
  5.10).	
  There	
  is	
  

typically	
  a	
  difference	
  between	
  tensile	
  creep	
  properties	
  and	
  compression	
  creep	
  properties	
  

in	
  Al	
  containing	
  Mg	
  alloys	
  [185-­‐187].	
  

	
  
Figure	
   5.10:	
   Comparison	
   between	
   compression	
   and	
   tensile	
   creep	
   for	
   a)	
  Mg-­‐0.45La-­‐0.63Nd	
   and	
   b)	
  Mg-­‐
0.45La-­‐1.18Y	
  creep	
  tested	
  at	
  177°C	
  and	
  90	
  MPa.	
  	
  	
  

Compression	
  creep	
  testing	
  was	
  used	
  to	
  determine	
  the	
  creep	
  strength	
  of	
  the	
  material	
  over	
  

a	
  greater	
  range	
  of	
  temperatures	
  and	
  stresses.	
  Due	
  to	
  the	
  limited	
  number	
  of	
  available	
  of	
  

a  b  
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compression	
   creep	
   testing	
   machines	
   at	
   the	
   Helmholtz	
   Zentrum	
   Geesthacht	
   (HZG),	
  

Germany	
  only	
   two	
  alloys	
  were	
  tested.	
  One	
  was	
  the	
  highest	
  concentrated	
  Nd	
  containing	
  

alloy	
   investigated	
   in	
   this	
  work	
  and	
  the	
  other	
  was	
  the	
  highest	
  concentrated	
  Y	
  containing	
  

alloy	
   (Figure	
   5.11).	
   No	
   Gd-­‐containing	
   alloy	
   was	
   tested	
   since	
   both	
   Y	
   and	
   Gd	
   containing	
  

alloys	
  have	
  similar	
  creep	
  responses.	
  

	
  

	
  
Figure	
  5.11:	
  Compression	
  creep	
  curves	
  for	
  a)	
  Mg-­‐0.45La-­‐0.63Nd	
  and	
  b)	
  Mg-­‐0.45La-­‐1.18Y	
  alloys	
  tested	
  over	
  
a	
  range	
  of	
  temperatures	
  and	
  stresses.	
  

	
  
The	
   compression	
   properties	
   of	
   Mg-­‐0.45La-­‐0.63Nd	
   (Table	
   5.3)	
   show	
   that	
   the	
   0.2%	
   PS	
  

(under	
  compression)	
   is	
  approximately	
  150	
  MPa	
  at	
  275°C.	
  All	
   compression	
   tests	
   for	
  Mg-­‐

0.45La-­‐0.63Nd	
   are	
   performed	
   with	
   an	
   applied	
   stress	
   110MPa	
   or	
   lower	
   at	
   177°C	
   and	
  

275°C.	
  The	
  stress	
  exponent	
  at	
  275°C	
  for	
  Mg-­‐0.45La-­‐0.63Nd	
  is	
  almost	
  identical	
  to	
  that	
  of	
  

the	
  Mg-­‐0.45La-­‐1.18Y	
  alloy	
  at	
   the	
   same	
   temperature,	
  n	
  =	
  7.3.	
   It	
   is	
  difficult	
   to	
  determine	
  

the	
  n	
  value	
  at	
  177°C	
  because	
  it	
  is	
  not	
  clear	
  if	
  there	
  is	
  a	
  “mechanism”	
  change	
  between	
  30	
  

–	
  70	
  MPa	
  and	
  70	
  -­‐	
  110MPa.	
  If	
  there	
  is	
  a	
  change	
  then	
  the	
  n	
  value	
  between	
  30	
  -­‐	
  70MPa	
  is	
  

3.3	
   and	
   that	
   between	
  70	
   –	
   110MPa	
   is	
   14.7	
   (Figure	
   5.12).	
  Minimum	
  creep	
   rates	
   of	
  Mg-­‐

0.45La-­‐0.63Nd	
  at	
  177°C	
  and	
  90MPa	
  in	
  compression	
  and	
  tensile	
  creep	
  tests	
  are	
  available.	
  

A	
  comparison	
  between	
  the	
  two	
  sets	
  of	
  data	
  is	
  included	
  in	
  Figure	
  5.10.	
  

a  b  
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Figure	
  5.12:	
  Creep	
  rate	
  versus	
  stress	
   for	
  Mg-­‐0.45La-­‐0.63Nd	
  at	
  177°C	
  and	
  275°C.	
  Note	
   the	
  open	
  symbol	
  
indicates	
  tensile	
  creep	
  data.	
  	
  

	
  
The	
  activation	
  energy	
  at	
  30MPa	
  was	
  Q	
  =	
  147.9	
  kJ/mol	
  and	
  at	
  90MPa	
  Q	
  =	
  201.9kJ/mol	
  as	
  

shown	
   in	
   Figure	
   5.13.	
   The	
   activation	
   energy	
   determined	
   at	
   30	
   MPa	
   should	
   only	
   be	
  

regarded	
  as	
  an	
  estimate	
  since	
  only	
  two	
  temperatures	
  are	
  used	
  to	
  calculate	
  the	
  value.	
  

	
  
Figure	
  5.13:	
  Creep	
  strain	
  rate	
  vs.	
  1/T	
  with	
  activation	
  energies	
  (Q)	
  for	
  Mg-­‐0.45La-­‐0.63Nd	
  at	
  30	
  and	
  90MPa.	
  

	
  

The	
  compression	
  properties	
  of	
  Mg-­‐0.45La-­‐1.18Y	
  (Table	
  5.3)	
  show	
  that	
  the	
  0.2%	
  PS	
  (under	
  

compression)	
   is	
   approximately	
  185	
  MPa	
  at	
  275°C.	
  All	
   compression	
   tests	
   for	
  Mg-­‐0.45La-­‐

1.18Y	
  are	
  performed	
  with	
  an	
  applied	
  stress	
  150MPa	
  or	
  lower	
  at	
  177°C	
  and	
  275°C.	
  Using	
  

both	
  compression	
  and	
  tensile	
  minimum	
  creep	
  rate	
  values	
  for	
  Mg-­‐0.45La-­‐1.18Y	
  at	
  177°C,	
  a	
  

stress	
  exponent	
  n	
  =	
  3.4	
  was	
  calculated	
  (Figure	
  5.14).	
  Due	
  to	
  high	
  creep	
  resistance	
  of	
  this	
  

alloy	
  at	
  177°C	
   there	
   is	
   little	
   change	
   in	
  MCR	
  between	
  90	
  and	
  110	
  MPa.	
  Once	
  again,	
   this	
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makes	
  it	
  difficult	
  to	
  determine	
  if	
  steady	
  state	
  creep	
  has	
  been	
  reached.	
  Thus	
  the	
  n	
  values	
  

obtained	
  at	
  177°C	
  from	
  90	
  to	
  150	
  MPa	
  or	
  110	
  to	
  150	
  MPa	
  should	
  only	
  be	
  used	
  to	
  indicate	
  

the	
  creep	
  mechanism.	
  

	
  

The	
   stress	
   exponent	
   at	
   275°C	
   is	
   found	
   to	
   be	
   n=	
   7.4	
   which	
   indicates	
   that	
   the	
   creep	
  

mechanism	
  is	
  related	
  to	
  diffusion	
  controlled	
  dislocation	
  motion	
  [94].	
  This	
  value	
  should	
  be	
  

regarded	
  to	
  be	
  more	
  reliable	
  than	
  the	
  n-­‐value	
  determined	
  at	
  177°C.	
  

	
  
Figure	
  5.14:	
  Creep	
  rate	
  versus	
  stress	
  for	
  Mg-­‐0.45La-­‐1.18Y	
  at	
  177°C	
  and	
  275°C	
  to	
  determine	
  the	
  n-­‐values.	
  
Note	
  the	
  open	
  symbol	
  indicates	
  tensile	
  creep	
  data.	
  

	
  
The	
   activation	
   energy	
   (Q)	
   at	
   90	
   and	
   130MPa	
   is	
   also	
   determined	
   for	
   Mg-­‐0.45La-­‐1.18Y.	
  

However	
  the	
  Q	
  values	
  should	
  only	
  be	
  regarded	
  as	
  a	
  broad	
  indication	
  of	
  the	
  true	
  activation	
  

energy	
  at	
  130	
  MPa	
  since	
  only	
   two	
  temperatures	
  are	
  used.	
  At	
  90MPa,	
  Q	
  =	
  211.1	
  kJ/mol	
  

and	
  at	
  130MPa,	
  Q	
  =	
  250.1	
  kJ/mol	
  (Figure	
  5.15).	
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Figure	
  5.15:	
  Creep	
  strain	
  rate	
  vs.	
  1/T	
  with	
  activation	
  energies	
  (Q)	
  for	
  Mg-­‐0.45La-­‐1.18Y	
  at	
  90	
  and	
  130MPa.	
  

	
  

5.5 Microstructure of HPDC Mg-La-RE Alloys Following 
Creep Testing 

Comparable	
   precipitate	
  morphology	
   and	
   distribution	
   are	
   also	
   observed	
   in	
   compression	
  

crept	
   and	
   tensile	
   crept	
   alloys	
   at	
   177°C	
   and	
   90	
   MPa	
   as	
   will	
   be	
   shown	
   further	
   in	
   this	
  

chapter.	
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Figure	
  5.16:	
  [0001]α	
  Bright	
  field	
  (BF)	
  TEM	
  micrographs	
  following	
  creep	
  testing	
  at	
  177°C	
  and	
  90	
  MPa	
  in	
  the	
  
as-­‐cast	
   condition	
   of	
   a)	
  Mg-­‐0.47La-­‐0.10Nd,	
   b)	
  Mg-­‐0.43La-­‐0.18Nd,	
   c)	
  Mg-­‐0.45La-­‐0.63Nd	
   following	
   tensile	
  
creep,	
   d)	
   Mg-­‐0.45La-­‐0.63Nd	
   following	
   compression	
   creep.	
   Higher	
   resolution	
   micrographs	
   more	
   clearly	
  
showing	
   precipitates	
   are	
   also	
   included	
   for	
   tensile	
   crept	
   e)	
  Mg-­‐0.43La-­‐0.18Nd	
   and	
   f)	
  Mg-­‐0.45La-­‐0.63Nd	
  
and	
  precipitate	
  morphology	
  g)	
  Mg-­‐0.43La-­‐0.18Nd	
  and	
  h)	
  Mg-­‐0.45La-­‐0.63Nd.	
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Continuous	
   dynamic	
   precipitates	
   are	
   detected	
   in	
   the	
  α-­‐Mg	
  phase	
   of	
  Mg-­‐0.43La-­‐0.18Nd	
  

and	
   Mg-­‐0.45La-­‐0.63Nd	
   alloys	
   but	
   not	
   in	
   Mg-­‐0.47La-­‐0.10Nd.	
   When	
   viewed	
   along	
   the	
  

[0001]α	
  direction,	
  the	
  precipitates	
  present	
  in	
  the	
  higher	
  concentrated	
  Nd-­‐containing	
  alloy	
  

(Figure	
  5.16e	
  and	
  f)	
  have	
  a	
  plate-­‐like	
  morphology	
  and	
  lie	
  on	
  the	
  basal	
  plane	
  (Figure	
  5.16g	
  

and	
  h).	
  	
  Only	
  two	
  of	
  the	
  three	
  precipitate	
  variants,	
  which	
  have	
  their	
  long	
  axis	
  parallel	
  to	
  

the	
  	
  

€ 

11	
  00
α
	
  directions,	
  are	
  observed.	
  

	
  
Figure	
   5.17	
   shows	
   the	
   morphology	
   of	
   the	
   microstructure	
   in	
   Mg-­‐La-­‐Y	
   alloys	
   following	
  

creep.	
  Similar	
  to	
  the	
  Mg-­‐La-­‐Nd	
  alloys,	
  the	
  Mg-­‐La-­‐Y	
  alloy	
  with	
  the	
  lowest	
  concentration	
  of	
  

ternary	
   alloying	
   addition,	
   Mg-­‐0.48La-­‐0.12Y,	
   does	
   not	
   have	
   any	
   observable	
   dynamic	
  

precipitates.	
  The	
  precipitates	
   in	
  the	
  Mg-­‐0.49La-­‐0.24Y	
  and	
  Mg-­‐0.45La-­‐1.18Y	
  alloys	
  have	
  a	
  

greater	
  number	
  density	
  near	
  grain	
  boundary	
   regions.	
  However,	
   the	
  precipitates	
   in	
  alloy	
  

Mg-­‐0.45La-­‐1.18Y	
  are	
  significantly	
  finer	
  than	
  those	
  of	
  Mg-­‐0.49La-­‐0.24Y.	
  

	
  
Figure	
   5.17:	
   [0001]α	
   BF	
   TEM	
  micrographs	
   following	
   tensile	
   creep	
   testing	
   at	
   177°C	
   and	
   90	
  MPa	
   a)	
  Mg-­‐
0.48La-­‐0.12Y,	
  b)	
  Mg-­‐0.49La-­‐0.24Y	
  and	
  c)	
  Mg-­‐0.45La-­‐1.18Y	
  following	
  tensile	
  creep	
  and	
  d)	
  Mg-­‐0.45La-­‐1.18Y	
  
following	
  compression	
  creep.	
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However,	
   unlike	
   the	
  precipitates	
  present	
   in	
   the	
  Nd-­‐containing	
   alloys	
   the	
  precipitates	
   in	
  

the	
  Y-­‐containing	
  alloys	
  do	
  not	
  appear	
  as	
  plates	
  along	
  the	
  [0001]α	
  direction	
  (Figure	
  5.18).	
  

The	
   precipitates	
   in	
   the	
  Mg-­‐0.49La-­‐0.24Y	
   alloy	
   have	
   an	
   irregular	
   elongated	
  morphology	
  

while	
   the	
  precipitates	
   in	
   the	
  Mg-­‐0.45La-­‐1.18Y	
  alloy	
  are	
   relatively	
   fine	
  β’	
   precipitates,	
   in	
  

both	
  tensile	
  and	
  compression	
  crept	
  samples	
  (Figure	
  5.19).	
  

	
  

	
  
Figure	
  5.18:	
  Precipitate	
  in	
  Mg-­‐0.49La-­‐0.24Y	
  alloy	
  following	
  creep	
  testing	
  at	
  177°C	
  and	
  90	
  MPa	
  for	
  600	
  h	
  in	
  
the	
  as-­‐cast	
  condition.	
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Figure	
   5.19:	
   a)	
   and	
   b)	
   Region	
   of	
   a	
   Mg-­‐0.45La-­‐1.18Y	
   specimen	
   densely	
   populated	
   with	
   β ’	
   precipitates	
  
tensile	
   crept	
   at	
   177°C	
  and	
  90	
  MPa,	
   c	
   and	
  d)	
   comparable	
   region	
  of	
   precipitates	
   in	
   a	
   compression	
   crept	
  
sample	
  at	
  177°C	
  and	
  90	
  MPa,	
  e)	
  higher	
   resolution	
  micrograph	
  of	
   the	
  β ’	
  precipitates	
   from	
  tensile	
   crept	
  
sample	
  and	
  f)	
  diffraction	
  pattern	
  from	
  the	
  region	
  which	
  identifies	
  the	
  precipitates	
  as	
  β ’.	
  

	
  
Similarly	
   to	
   the	
   Mg-­‐La-­‐Nd	
   and	
   Mg-­‐La-­‐Y	
   alloys,	
   the	
   Mg-­‐La-­‐Gd	
   with	
   less	
   than	
   0.2	
   at.%	
  

ternary	
   RE	
   addition	
   do	
   not	
   have	
   any	
   observable	
   precipitates	
   nucleating	
   dynamically	
  

during	
  creep	
  (Figure	
  5.20a).	
  It	
  is	
  only	
  at	
  ternary	
  concentrations	
  of	
  approximately	
  0.2	
  at.%	
  

or	
  greater	
  that	
  dynamic	
  precipitates	
  become	
  resolvable	
  (Figure	
  5.20b	
  and	
  c).	
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Figure	
   5.20:	
   BF	
   TEM	
   micrographs	
   of	
   as-­‐cast	
   a)	
   Mg-­‐0.45La-­‐0.10Gd,	
   b)	
   Mg-­‐0.46La-­‐0.21Gd	
   c)	
   Mg-­‐0.45La-­‐
0.87Gd	
  following	
  creep	
  testing	
  at	
  177°C	
  and	
  90	
  MPa.	
  

	
  
Similar	
   to	
   the	
  Mg-­‐0.49La-­‐0.24Y	
  alloy	
   following	
  creep	
   testing	
   the	
  precipitates	
   in	
   the	
  Mg-­‐

0.46La-­‐0.21Gd	
  alloy	
  also	
  have	
  an	
  irregular	
  shaped	
  morphology	
  (Figure	
  5.21).	
  The	
  irregular	
  

shaped	
   precipitates	
   appear	
   to	
   be	
   have	
   a	
   similar	
   appearance	
   to	
   the	
   β’-­‐	
   β1	
   precipitates	
  

found	
  in	
  Mg-­‐Gd	
  alloys	
  [162].	
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Figure	
  5.21:	
  Dynamic	
  precipitates	
  of	
  Mg-­‐0.46La-­‐0.21Gd	
  a)	
  nucleating	
  near	
  grain	
  boundary	
  and	
  b)	
  higher	
  
resolution	
  micrograph	
  of	
  precipitates.	
  Micrographs	
  recorded	
  along	
  the	
  [0001]α	
  direction.	
  

	
  
A	
   highly	
   concentrated	
   region	
   of	
   dynamic	
   precipitates	
   situated	
   very	
   near	
   to	
   the	
   grain	
  

boundaries	
   are	
   observed	
   in	
   as-­‐cast	
  Mg-­‐0.45La-­‐0.87Gd	
   following	
   creep	
   testing	
   at	
   177°C	
  

and	
  90	
  MPa	
  after	
  600	
  h.	
  Precipitates	
  of	
  β’	
  connected	
  to	
  β1	
  (as	
  previously	
  shown	
  in	
  [188]	
  

and	
   [139])	
   are	
   present	
   in	
   the	
   localised	
   region	
   with	
   high	
   precipitation	
   number	
   density	
  

along	
  β’	
  precipitates	
  on	
  their	
  own	
  (Figure	
  5.22).	
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Figure	
  5.22:	
  Dynamic	
  precipitates	
  observed	
  in	
  alloy	
  Mg-­‐0.45La-­‐0.87Gd	
  a)	
  Dynamic	
  precipitates	
  nucleating	
  
throughout	
   grain	
   b)	
   diffraction	
   pattern	
   from	
   densely	
   populated	
   region	
   of	
   precipitates	
   aligned	
   along	
  
[0001]	
   showing	
  β ’	
   precipitates,	
   c)	
   dense	
   concentration	
  of	
  β ’	
   precipitates	
  near	
   grain	
  boundary	
  d)	
  outer	
  
region	
  of	
  densely	
   concentrated	
  precipitate	
   region	
  showing	
  a	
   combination	
  of	
  β ’	
   and	
  β ’+	
  β1	
  precipitates	
  
and	
  e)	
  elongated	
  β ’	
  precipitates	
  near	
  grain	
  centre.	
  	
  

	
  
Dislocations	
  with	
   dynamic	
   precipitates	
   nucleating	
   on	
   them	
   are	
   also	
   clearly	
   observed	
   in	
  

Mg-­‐La-­‐Nd,	
   Mg-­‐La-­‐Y	
   and	
   Mg-­‐La-­‐Gd	
   alloys	
   (Figure	
   5.23).	
   Dislocations	
   are	
   present	
  

throughout	
   the	
   grains	
   in	
   each	
   alloy	
   investigated	
   but	
   also	
   appear	
   to	
   pile-­‐up	
   near	
   grain	
  

boundaries.	
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Figure	
  5.23:	
  Dislocations	
   in	
  a)	
  Mg-­‐0.45La-­‐0.63Nd	
  and	
  b)	
  Mg-­‐0.45La-­‐1.18Y	
  and	
  c)	
  Mg-­‐0.45La-­‐0.87Gd	
  with	
  
higher	
  resolution	
  localised	
  micrographs.	
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5.6 Discussion 

5.6.1 Effect of Alloying Elements on Tensile Properties 

At	
  ternary	
  concentrations	
  greater	
  than	
  approximately	
  0.2	
  at.%,	
  the	
  0.2	
  %	
  PS	
  of	
  Mg-­‐La-­‐Nd	
  

alloys	
   is	
  greater	
   than	
  the	
  two	
  other	
  alloy	
  series.	
  Caceres	
  et	
  al.	
   [189]	
  have	
  modelled	
  the	
  

yield	
   strength	
   (YS)	
   of	
   HPDC	
  Mg	
   alloys	
   by	
   attempting	
   to	
   determine	
   the	
   contribution	
   to	
  

strength	
  from	
  key	
  strengthening	
  components	
  in	
  the	
  alloys.	
  The	
  components	
  include	
  solid	
  

solution	
   strengthening	
   (σss),	
   grain	
   boundary	
   strengthening	
   that	
   is	
   related	
   to	
   the	
   Hall-­‐

Petch	
   relationship	
   (σgb)	
   and	
   grain	
   boundary	
   reinforcement	
   present	
   at	
   grain	
   and	
   cell	
  

boundaries	
   (referred	
   to	
   as	
   dispersion	
   strengthening	
   by	
   Caceres	
   et	
   al.	
   [189])	
   from	
   the	
  

intermetallic	
  phase	
  (ΔσMg-­‐RE).	
  Thus	
  the	
  following	
  equation	
  can	
  be	
  used	
  to	
  model	
  the	
  YS	
  of	
  

the	
  Mg-­‐La-­‐RE	
  alloys:	
  

	
   	
  
(5.1)	
  

Although	
  modelling	
   the	
  contribution	
   from	
  each	
  strengthening	
  component	
   is	
  useful,	
   this	
  

current	
  work	
  only	
  intends	
  to	
  use	
  the	
  model	
  given	
  in	
  Eq.	
  (5.1)	
  for	
  qualitative	
  analysis.	
  The	
  

eutectic	
  volume	
  fraction	
  of	
  the	
  three	
  alloy	
  series	
  are	
  relatively	
  similar	
  for	
  a	
  given	
  ternary	
  

alloying	
   addition	
   (Figure	
   4.10),	
   as	
   is	
   the	
   average	
   grain	
   size	
   and	
   the	
   intermetallic	
   phase	
  

present	
   in	
   the	
   eutectic	
   in	
   all	
   three	
   alloy	
   series	
   was	
   confirmed	
   to	
   be	
   predominantly	
  

Mg12RE.	
   However,	
   there	
   is	
   a	
   difference	
   between	
   the	
   ratio	
   of	
   ternary	
   RE	
   to	
   La	
   in	
   the	
  

eutectic	
  where	
  the	
  Nd-­‐containing	
  alloys	
  had	
  the	
  highest	
  ratio	
  of	
  ternary	
  RE	
  to	
  La	
  (Figure	
  

4.6).	
  This	
  information,	
  in	
  combination	
  with	
  the	
  comparison	
  of	
  solid	
  solubilities	
  of	
  Nd,	
  Y	
  or	
  

Gd	
   in	
  Mg	
   (Table	
  2.3),	
   can	
  be	
  used	
   to	
   indicate	
   that	
  Mg-­‐La-­‐Nd	
  alloys	
  have	
  higher	
  volume	
  

fractions	
   of	
   intermetallic	
   phase	
   than	
   Mg-­‐La-­‐Y	
   and	
   Mg-­‐La-­‐Gd.	
   Moreover,	
   it	
   has	
   been	
  

shown	
   by	
   Zhang	
   et	
   al.	
   [149]	
   that	
   a	
   continuous	
   intermetallic	
   phase	
   at	
   grain	
   boundaries	
  

may	
   contribute	
   between	
   20-­‐30	
  MPa	
   of	
   strength	
   to	
   the	
   yield	
   strength	
   of	
   HPDC	
  Mg-­‐RE	
  

alloys.	
   The	
   highest	
   concentrated	
   Mg-­‐La-­‐Nd	
   alloy	
   has	
   a	
   greater	
   degree	
   of	
   intermetallic	
  

phase	
  connectivity	
  between	
  grains	
  (Figure	
  4.1).	
  Thus	
  the	
  greater	
  amount	
  of	
  solid	
  solution	
  

strengthening	
  present	
  in	
  the	
  Mg-­‐La-­‐Y	
  and	
  Mg-­‐La-­‐Gd	
  alloys	
  appear	
  to	
  be	
  not	
  as	
  significant	
  

to	
  the	
  improvement	
  of	
  yield	
  strength	
  as	
  the	
  grain	
  boundary	
  strengthening	
  in	
  the	
  Mg-­‐La-­‐

Nd	
  alloys	
  from	
  the	
  increased	
  concentration	
  of	
  Nd	
  in	
  the	
  eutectic	
  (Figure	
  4.6).	
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Using	
  the	
  predicted	
  intermetallic	
  phase	
  volume	
  fraction	
  of	
  Mg-­‐La-­‐Nd	
  alloys	
  (Figure	
  4.10),	
  

Figure	
  5.24	
  shows	
  that	
  0.2%	
  proof	
  stress	
  increases	
  in	
  Mg-­‐La-­‐Nd	
  alloys	
  with	
  the	
  increase	
  in	
  

the	
  volume	
  fraction	
  of	
  intermetallic	
  phase	
  and	
  elongation	
  to	
  fracture	
  steadily	
  decreases.	
  

From	
   Chia	
   et	
   al.	
   [18]	
   a	
   comparison	
   can	
   be	
   made	
   between	
   the	
   influence	
   of	
   the	
  

intermetallic	
  phase	
   in	
  binary	
  HPDC	
  Mg-­‐La	
  and	
  that	
  of	
   ternary	
  HPDC	
  Mg-­‐La-­‐Nd	
  alloys	
  on	
  

0.2%	
  proof	
  stress	
  and	
  elongation.	
  There	
  is	
  good	
  correlation	
  between	
  the	
  volume	
  fraction	
  

of	
  intermetallic	
  phase	
  in	
  the	
  binary	
  Mg-­‐La	
  series	
  and	
  the	
  Mg-­‐La-­‐Nd	
  series	
  with	
  respect	
  to	
  

0.2%	
  proof	
  stress.	
  However,	
  the	
  elongation	
  to	
  fracture	
  values	
  for	
  Mg-­‐La	
  with	
  greater	
  than	
  

approximately	
  5	
  volume	
  percent	
   intermetallic	
  phase	
  are	
  significantly	
   lower	
   than	
  Mg-­‐La-­‐

Nd	
  alloys	
  with	
  comparable	
  volume	
  fractions	
  of	
  intermetallic	
  phase.	
  

	
  

Figure	
   5.24:	
   a)	
   0.2%	
   proof	
   stress	
   and	
   b)	
   elongation	
   at	
   room	
   temperature	
   as	
   a	
   function	
   of	
   predicted	
  
volume	
  fractions	
  of	
  eutectic	
  or	
  intermetallic	
  phase	
  in	
  pure	
  Mg,	
  Mg-­‐La	
  from	
  Chia	
  et	
  al.	
  [18]	
  and	
  Mg-­‐La-­‐Nd	
  
alloys	
  from	
  the	
  current	
  work.	
  

	
  
Chia	
  et	
  al.	
  [18]	
  concluded	
  that	
  yield	
  strength	
  and	
  elongation	
  in	
  binary	
  HPDC	
  Mg-­‐RE	
  alloys	
  

are	
  dependent	
  on	
   volume	
   fraction	
  and	
   type	
  of	
   intermetallic	
   phase.	
   The	
   increased	
  0.2%	
  

proof	
   strength	
   at	
   room	
   temperature	
   in	
   the	
   Nd	
   containing	
   alloys,	
   especially	
   for	
  

concentrations	
   of	
   Nd	
   greater	
   than	
   0.2	
   at.%,	
   can	
   be	
   attributed	
   to	
   the	
   increased	
   grain	
  

boundary	
   reinforcement	
   achieved	
   from	
   increased	
   amounts	
   of	
   intermetallic	
   phase	
   [18,	
  

190].	
  	
  

	
  

Elongation	
  to	
  fracture	
  is	
  shown	
  to	
  decrease	
  with	
  increasing	
  fraction	
  of	
  intermetallic	
  phase	
  

in	
  the	
  eutectic	
  (Figure	
  5.24b).	
  There	
  does,	
  however,	
  appear	
  to	
  be	
  some	
  other	
  influence	
  on	
  

a	
   b	
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elongation	
   besides	
   the	
   volume	
   fraction	
   of	
   intermetallic	
   phase	
   because	
   the	
   Mg-­‐La-­‐Nd	
  

alloys,	
  with	
  greater	
   than	
  5	
  %	
  volume	
   fraction	
  of	
   intermetallic	
  phase,	
  have	
  almost	
   twice	
  

the	
   elongation	
   to	
   fracture	
   than	
   the	
  Mg-­‐La	
   alloys,	
  with	
   comparable	
   volume	
   fractions	
   of	
  

intermetallic	
  phase.	
  This	
  may	
  simply	
  be	
  related	
  to	
  the	
  variance	
  in	
  metal	
  quality	
  or	
  casting	
  

defects	
   between	
   different	
   cast	
   batches,	
   which	
   has	
   also	
   been	
   shown	
   to	
   cause	
   other	
  

properties	
  such	
  as	
   impact	
  toughness	
  to	
  vary	
   in	
  binary	
  HPDC	
  Mg-­‐Nd	
  alloys	
  [191].	
  Several	
  

authors	
  have	
  also	
  noted	
   that	
  oxide	
  bifilms	
   [192,	
  193]	
  or	
  variations	
   in	
  porosity	
  decrease	
  

elongation	
  [194].	
  	
  

	
  

At	
  177°C,	
  the	
  as-­‐cast	
  0.2%	
  proof	
  stress	
  and	
  elongation	
  of	
  Mg-­‐La-­‐Nd,	
  Mg-­‐La-­‐Y	
  and	
  Mg-­‐La-­‐

Gd	
   alloys	
   appear	
   to	
   be	
   proportional	
   to	
   the	
   concentration	
   of	
   ternary	
   alloying	
   additions.	
  

This	
  is	
  irrespective	
  of	
  what	
  particular	
  ternary	
  RE	
  element	
  is	
  used	
  (Figure	
  5.4).	
  This	
  differs	
  

from	
   the	
   as-­‐cast	
   room	
   temperature	
   0.2	
   %	
   proof	
   stress	
   results	
   (Figure	
   5.2),	
   where	
   the	
  

highest	
  concentrated	
  Nd	
  alloy	
  had	
  a	
  significantly	
  higher	
  0.2	
  %	
  proof	
  stress	
  than	
  Mg-­‐La-­‐Y	
  

or	
  Mg-­‐La-­‐Gd	
  alloys,	
  with	
  comparable	
  ternary	
  RE	
  concentrations.	
  Zhang	
  et	
  al.	
   [149]	
  have	
  

shown	
  that	
  the	
  morphology	
  of	
  the	
  eutectic	
  can	
  play	
  a	
  significant	
  role	
  with	
  respect	
  to	
  yield	
  

strength	
   for	
   Mg-­‐RE	
   alloys.	
   From	
   the	
   morphology	
   of	
   the	
   microstructure	
   of	
   the	
   three	
  

relatively	
  high	
   concentrated	
  alloys	
   (Figure	
  4.5),	
   the	
  Mg-­‐0.45La-­‐0.63Nd	
  alloy	
  has	
   a	
  more	
  

continuous	
  intermetallic	
  phase	
  in	
  the	
  eutectic	
  than	
  either	
  Mg-­‐0.45La-­‐1.18Y	
  or	
  Mg-­‐0.45La-­‐

0.87Gd.	
  Thus	
  the	
  continuous	
  intermetallic	
  phase	
  can	
  lead	
  to	
  easier	
  propagation	
  of	
  cracks	
  

throughout	
  the	
  alloy	
  causing	
  it	
  to	
  have	
  lower	
  yield	
  strength.	
  

	
  

The	
  elevated	
  temperature	
  stress-­‐strain	
  curves	
  of	
  the	
  three	
  alloy	
  series	
  tested	
  have	
  a	
  yield	
  

point	
  elongation	
  region	
  (i.e.	
  following	
  yielding	
  there	
  is	
  a	
  plateau	
  in	
  the	
  stress-­‐strain	
  curve	
  

[195])	
  (Figure	
  5.3).	
  The	
  yield	
  point	
  elongation	
  is	
  more	
  clearly	
  defined	
  as	
  the	
  concentration	
  

of	
   the	
   ternary	
   alloying	
   addition	
   increases	
   and	
   thus	
   is	
  more	
   apparent	
   in	
   the	
  Mg-­‐0.45La-­‐

1.18Y	
  and	
  Mg-­‐0.45La-­‐0.87Gd	
  alloys	
  rather	
  than	
  in	
  Mg-­‐0.45La-­‐0.63Nd.	
  This	
  feature	
  is	
  often	
  

present	
   in	
   stress-­‐strain	
   curves	
   of	
   low	
   carbon	
   steels	
   and	
   is	
   attributed	
   to	
   Lüders	
   band	
  

formation.	
   The	
  mechanism	
   that	
   produces	
   this	
   is	
   dynamic	
   strain	
   ageing	
  which	
   is	
   where	
  

dislocations	
  are	
  pinned	
  by	
   the	
  “atmospheres”	
  around	
   interstitial	
  atoms	
   in	
   the	
  matrix	
  of	
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the	
   material.	
   However,	
   the	
   cause	
   of	
   the	
   yield	
   point	
   elongation	
   is	
   not	
   completely	
  

understood	
   in	
  Mg	
  alloys	
   [184,	
  196].	
  Barnett	
  et	
  al.	
   [184]	
  have	
  attempted	
   to	
  explain	
   this	
  

phenomenon	
  by	
  attributing	
  it	
  to	
  the	
  formation	
  of	
  twins	
  which	
  propagate	
  over	
  the	
  sample	
  

in	
   a	
   Lüders	
   front.	
   A	
   relationship	
   between	
   grain	
   size	
   and	
   the	
   presence	
   of	
   yield	
   point	
  

elongation	
  has	
  also	
  been	
  proposed	
  in	
  Al	
  alloys	
  [195,	
  197].	
  However,	
  the	
  alloys	
  used	
  in	
  the	
  

present	
  research	
  have	
  approximately	
  equal	
  average	
  grain	
  sizes	
  but	
  yield	
  point	
  elongation	
  

is	
  more	
  clearly	
  defined	
  in	
  higher	
  concentrated	
  alloys.	
  The	
  classical	
  understanding	
  for	
  the	
  

cause	
   in	
   Mg	
   alloys,	
   described	
   by	
   Kent	
   and	
   Kelly	
   [198]	
   using	
   a	
   Mg-­‐0.5wt.%Th	
   alloy,	
  

attributed	
   the	
   yield	
   point	
   elongation	
   to	
   “various	
   forms	
   of	
   interaction	
   between	
   solute	
  

atoms	
   and	
  dislocations.”	
   This	
   appears	
   to	
   be	
   the	
  most	
   likely	
   reason	
   for	
   the	
  presence	
  of	
  

elongated	
  yield	
   strength	
   in	
   the	
  alloys	
   investigated	
   in	
   the	
  current	
  work.	
  Only	
  alloys	
  with	
  

relatively	
  large	
  amounts	
  of	
  solute	
  in	
  solid	
  solution	
  appear	
  to	
  have	
  yield	
  point	
  elongations.	
  

However,	
  further	
  work	
  is	
  required	
  to	
  fully	
  understand	
  this	
  phenomenon	
  in	
  the	
  current	
  set	
  

of	
  alloys.	
  

5.6.2 Effect of Alloying Elements on Hardening Response of As-Cast Alloys 

The	
   alloys	
   with	
   approximately	
   0.2	
   at.%	
   ternary	
   RE	
   did	
   not	
   produce	
   age	
   hardening	
   at	
  

ageing	
  temperatures	
  of	
  160°C	
  or	
  200°C	
  (Figure	
  5.7).	
  Due	
  to	
  the	
  relatively	
  small	
  amount	
  

precipitation	
  in	
  the	
  alloys	
  it	
  is	
  possible	
  that	
  there	
  was	
  an	
  insufficient	
  increase	
  in	
  hardness	
  

to	
   distinguish	
   from	
   the	
   relatively	
   hard	
   Mg-­‐RE	
   rich	
   eutectic	
   present	
   at	
   grain/cell	
  

boundaries.	
  Yin	
  et	
  al.	
  [199]	
  demonstrated	
  in	
  another	
  Mg-­‐RE	
  rich	
  alloy	
  (Mg-­‐11Y-­‐5Gd-­‐2Zn-­‐

0.5Zr	
  wt.%)	
   that	
   there	
  was	
   a	
   difference	
  of	
   approximately	
   35	
  Vickers	
   hardness	
  between	
  

the	
   eutectic	
   (146.4	
   ±	
   5.4	
   HV)	
   and	
   the	
   α-­‐Mg	
   matrix	
   (111.2	
   ±	
   5.0	
   HV)	
   in	
   the	
   as-­‐cast	
  

condition.	
  The	
  increased	
  amount	
  of	
  detectable	
  precipitates	
  in	
  the	
  alloys	
  with	
  greater	
  than	
  

0.2	
  at.%	
   ternary	
  RE	
  do	
  have	
  an	
  appreciable	
  age	
  hardness	
   response,	
   enough	
   to	
  become	
  

measureable	
  even	
  in	
  the	
  presence	
  of	
  a	
  relatively	
  hard	
  Mg-­‐La	
  rich	
  intermetallic.	
  

	
  
The	
  age	
  hardening	
  results	
  of	
  the	
  alloys	
  with	
  relatively	
  high	
  concentrations	
  of	
  Nd,	
  Y	
  or	
  Gd	
  

(Mg-­‐0.45La-­‐0.63Nd,	
  Mg-­‐0.45La-­‐1.18Y	
  and	
  Mg-­‐0.45La-­‐0.87Gd)	
  indicate	
  that	
  the	
  Mg-­‐La-­‐Nd	
  

alloys	
   reach	
   peak	
   ageing	
   conditions	
   before	
   Mg-­‐La-­‐Y	
   or	
   Mg-­‐La-­‐Gd	
   alloys	
   but	
   begin	
   to	
  

overage	
  relatively	
  quickly	
  soon	
  after	
  that	
  point.	
  This	
  can	
  be	
  used	
  as	
  an	
  indication	
  that	
  the	
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thermal	
  diffusivity	
  of	
  Nd	
  in	
  solid	
  solution	
  is	
  greater	
  than	
  Y	
  or	
  Gd	
  in	
  Mg.	
  Whilst	
  this	
  did	
  not	
  

appear	
  to	
  have	
  a	
  significant	
  influence	
  on	
  the	
  tensile	
  properties	
  at	
  177°C	
  (Figure	
  5.4)	
  there	
  

was	
  a	
  noticeable	
  difference	
  between	
   the	
  creep	
  properties	
  of	
  Mg-­‐La-­‐Nd	
  and	
  Mg-­‐La-­‐Y	
  or	
  

Mg-­‐La-­‐Gd	
  alloys	
  (Figure	
  5.8).	
  

	
  

5.6.3 Effect of Alloying Elements on Creep Properties and Microstructure  

	
  

For	
  each	
  alloy	
  series	
  creep	
  tested,	
  a	
  clear	
  improvement	
  in	
  creep	
  properties	
  (both	
  time	
  to	
  

failure	
   and	
   creep	
   strain)	
   was	
   achieved	
   with	
   increasing	
   concentration	
   of	
   the	
   ternary	
  

alloying	
  addition,	
  up	
  to	
  approximately	
  0.2	
  at.%	
  (Figure	
  5.9).	
  In	
  general,	
  the	
  Mg-­‐La-­‐Gd	
  and	
  

Mg-­‐La-­‐Y	
  alloys	
  had	
  similar	
  creep	
  properties	
  with	
   the	
  exception	
  of	
   the	
   low	
  concentrated	
  

Mg-­‐La-­‐Gd,	
  which	
  failed	
  prior	
  to	
  400h	
  when	
  tested	
  at	
  177°C	
  and	
  90MPa.	
  This	
  is	
  despite	
  the	
  

difference	
  in	
  the	
  morphology	
  of	
  the	
  precipitates	
  between	
  Mg-­‐La-­‐Y	
  and	
  Mg-­‐La-­‐Gd	
  alloys.	
  

The	
  Mg-­‐La-­‐Nd	
  alloy	
  series	
  was	
  the	
  least	
  creep	
  resistant	
  when	
  compared	
  to	
  the	
  other	
  two	
  

alloy	
  series	
  tested.	
  None	
  of	
  the	
  alloys	
  with	
  relatively	
  low	
  ternary	
  alloying	
  additions	
  appear	
  

to	
  have	
  any	
  resolvable	
  precipitates	
  dynamically	
  nucleating	
  from	
  the	
  matrix.	
  There	
  is	
  also	
  

no	
   evidence	
   of	
   precipitates	
   nucleating	
   on	
   dislocations	
   for	
   the	
   alloys	
  with	
   relatively	
   low	
  

ternary	
  alloying	
  additions.	
  	
  

	
  

Zhu	
  et	
  al.	
  [14]	
  have	
  previously	
  shown	
  for	
  binary	
  HPDC	
  Mg-­‐RE	
  alloys	
  that	
  RE	
  additions	
  with	
  

higher	
  solid	
  solubility	
   in	
  Mg	
   improve	
  creep	
  resistance.	
  The	
  results	
   shown	
   in	
   the	
  current	
  

work	
   indicated	
   that	
   once	
   a	
   certain	
   concentration	
   of	
   ternary	
   RE	
   is	
   present	
   any	
   further	
  

increase	
  in	
  ternary	
  RE	
  does	
  little	
  to	
  further	
  improve	
  creep	
  properties	
  (Figure	
  5.9).	
  Gd	
  has	
  

a	
   significantly	
   higher	
  maximum	
   solid	
   solubility	
   in	
  Mg	
   than	
   Y	
   (4.53	
   at.%	
   and	
   3.60	
   at.%,	
  

respectively).	
  However,	
   both	
   alloy	
   series	
   have	
   very	
   similar	
   creep	
  properties	
   particularly	
  

for	
  alloys	
  with	
  approximately	
  0.2	
  at.%	
  or	
  greater	
  ternary	
  alloying	
  addition.	
  Since	
  there	
  is	
  a	
  

greater	
  amount	
  of	
  solute	
  in	
  solid	
  solution	
  in	
  the	
  higher	
  concentrated	
  alloys,	
  this	
  indicates	
  

a	
  limit	
  to	
  the	
  strengthening	
  that	
  is	
  achieved	
  by	
  solid	
  solution	
  strengthening.	
  There	
  is	
  also	
  

a	
  limit	
  to	
  the	
  strengthening	
  achieved	
  by	
  precipitation	
  hardening.	
  Precipitates	
  also	
  appear	
  

to	
   improve	
   creep	
   properties	
   but	
   once	
   again	
   they	
   also	
   appear	
   to	
   reach	
   a	
   limit	
   to	
   their	
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ability	
  to	
  further	
  improve	
  properties.	
  This	
  is	
  shown	
  when	
  a	
  comparison	
  is	
  made	
  between	
  

the	
   creep	
   properties	
   and	
   microstructure	
   following	
   creep	
   testing.	
   Both	
   alloys	
   with	
  

approximately	
  0.2	
  at.%	
  ternary	
  RE	
  and	
  those	
  with	
  much	
  greater	
  concentrations	
  of	
  ternary	
  

RE	
   have	
   similar	
   creep	
   properties	
   even	
   though	
   the	
   distribution	
   of	
   precipitates	
   differs	
  

significantly	
   (Section	
   5.5).	
   The	
   rate	
   of	
   the	
   diffusion	
   of	
   the	
   solute	
   in	
   solid	
   solution,	
  

however,	
   is	
   shown	
   to	
   be	
   of	
   significant	
   importance	
   since	
   the	
  Mg-­‐La-­‐Nd	
   alloys	
   have	
   the	
  

poorest	
   creep	
   properties	
   and	
   from	
   the	
   fast	
   age	
   hardness	
   response	
   of	
  Mg-­‐La-­‐Nd	
   alloys	
  

(Figure	
  5.6),	
  Nd	
  can	
  be	
  inferred	
  to	
  have	
  a	
  higher	
  diffusion	
  coefficient	
  than	
  either	
  Y	
  or	
  Gd	
  

in	
  Mg.	
  	
  

	
  

The	
  volume	
  fraction	
  of	
  eutectic	
  was	
  also	
  relatively	
  consistent	
  between	
  alloy	
  series	
  (Figure	
  

4.10)	
   for	
   comparable	
   ternary	
   RE	
   additions.	
   Within	
   individual	
   series	
   a	
   relatively	
   small	
  

difference	
  between	
  the	
  volume	
  fraction	
  of	
  eutectic	
   in	
   the	
   least	
  concentrated	
  alloys	
  and	
  

the	
  medium	
   or	
   high	
   concentrated	
   alloys	
  was	
   detected.	
   The	
   results	
   from	
   the	
  Mg-­‐La-­‐Nd	
  

alloys	
  indicate	
  that	
  the	
  improvement	
  in	
  creep	
  resistance	
  with	
  increasing	
  Nd	
  concentration	
  

is	
   independent	
   of	
   the	
   volume	
   fraction	
   of	
   eutectic.	
   The	
   creep	
   properties	
   continue	
   to	
  

improve	
   with	
   increasing	
   Nd	
   concentration	
   but	
   the	
   volume	
   fraction	
   of	
   eutectic	
   only	
  

increases	
   from	
   the	
   low	
   to	
  medium	
   concentrated	
   alloys	
   and	
   remains	
   approximately	
   the	
  

same	
  for	
  the	
  highly	
  concentrated	
  alloy.	
  

	
  

Using	
  the	
  compression	
  and	
  tensile	
  creep	
  results,	
  the	
  stress	
  exponent	
  (n)	
  was	
  determined	
  

for	
   the	
  Mg-­‐La-­‐Nd	
  and	
  Mg-­‐La-­‐Y	
  alloys.	
  Stress	
  exponents	
  of	
  7.3	
  and	
  7.4	
  were	
  determined	
  

for	
  Mg-­‐0.45La-­‐0.63Nd	
   and	
  Mg-­‐0.45La-­‐1.18Y	
   alloys,	
   respectively.	
   This	
   indicates	
   that	
   the	
  

dislocation	
  motion	
   is	
   a	
   likely	
   creep	
  mechanism,	
   in	
   particular	
   lattice	
   diffusion-­‐controlled	
  

dislocation	
  climb	
  as	
  was	
  similarly	
  shown	
  for	
  Mg–1Ca–1Zn–0.6Zr	
   (n	
  =	
  7.2)	
   [94].	
  Typically,	
  

minimum	
   creep	
   rates	
   from	
   compression	
   and	
   tensile	
   experiments	
   are	
   not	
   used	
   in	
  

combination	
  to	
  determine	
  stress	
  exponents	
  due	
  to	
  the	
  difference	
  in	
  creep	
  properties	
  of	
  

the	
  alloy	
  when	
  tested	
  under	
  compression	
  in	
  comparison	
  to	
  tension.	
  In	
  HPDC	
  Mg-­‐Al	
  alloys	
  

such	
  as	
  AM60,	
  Agnew	
  et	
  al.	
  [186],	
  and	
  AM50,	
  Xu	
  et	
  al.	
  [185],	
  compression	
  creep	
  results	
  

were	
   shown	
   to	
  differ	
   from	
   tensile	
   creep	
   results	
  when	
   the	
  alloys	
  were	
   tested	
  under	
   the	
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same	
  conditions.	
  They	
  proposed	
  that	
  compression	
  creep	
  tests	
  resulted	
  in	
  minimising	
  the	
  

precipitation	
   of	
   the	
   thermally	
   unstable	
  β-­‐Mg17Al12	
   phase,	
  which	
   has	
   been	
   attributed	
   to	
  

poor	
   elevated	
   temperature	
   creep	
   properties.	
   However	
   due	
   to	
   the	
   good	
   correlation	
  

between	
   compressive	
   and	
   tensile	
   creep	
   results	
   in	
   the	
   current	
   work,	
   both	
   sets	
   of	
   data	
  

were	
  used.	
  This	
  is	
  likely	
  due	
  to	
  the	
  similarity	
  of	
  the	
  microstructure,	
  in	
  particular	
  eutectic	
  

volume	
   fraction	
   and	
   precipitate	
   phase	
   and	
   distribution	
   within	
   the	
   alloys	
   tested	
   under	
  

compression	
  or	
  tension	
  Figures	
  5.16	
  and	
  5.17.	
  

	
  

5.7 Conclusions 

	
  

There	
   is	
  a	
  significant	
  effect	
  on	
  the	
  creep	
  properties	
  of	
  Mg-­‐La	
  based	
  alloys	
   in	
  relation	
  to	
  

which	
  ternary	
  RE	
  is	
  added	
  to	
  the	
  Mg-­‐0.45La	
  base	
  alloy.	
  	
  

• The	
  relatively	
  fast	
  diffusion	
  of	
  Nd	
  in	
  the	
  α-­‐Mg	
  matrix	
  contributes	
  to	
  the	
  poor	
  creep	
  

resistance	
  of	
  the	
  Mg-­‐La-­‐Nd	
  alloys	
  in	
  comparison	
  to	
  Mg-­‐La-­‐Y	
  and	
  Mg-­‐La-­‐Gd	
  alloys.	
  

This	
   results	
   in	
   larger	
   precipitates	
   in	
  Mg-­‐La-­‐Nd	
   alloys	
   than	
  Mg-­‐La-­‐Y	
   or	
  Mg-­‐La-­‐Gd	
  

alloy	
  with	
  comparable	
  ternary	
  RE	
  additions.	
  

• The	
  microstructure	
  observations	
   following	
  creep	
   testing	
  of	
   the	
  alloys	
   reveal	
   that	
  

all	
   alloys	
  with	
   approximately	
   0.2	
   at.%	
   (or	
   greater)	
   ternary	
   RE	
   can	
   form	
  dynamic	
  

precipitates.	
  This	
  helps	
  to	
  show	
  that	
  it	
   is	
  not	
  only	
  the	
  mere	
  presence	
  of	
  dynamic	
  

precipitates	
   that	
   is	
   important	
   for	
  creep	
  resistance	
  but	
   rather	
   thermal	
   stability	
  of	
  

the	
  precipitates	
  and	
  ultimately	
  of	
  the	
  solute	
  in	
  solid	
  solution	
  that	
  is	
  important.	
  

• The	
  thermal	
  stability	
  of	
  the	
  solute	
   is	
  solid	
  solution	
   is	
  particularly	
   important	
  since	
  

the	
   creep	
   mechanism	
   was	
   indicated	
   to	
   be	
   related	
   to	
   diffusion-­‐controlled	
  

dislocation	
  climb.	
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6.1 Introduction 

In	
   Chapter	
   5,	
   three	
   Mg-­‐La-­‐RE	
   alloy	
   series	
   were	
   mechanically	
   tested	
   in	
   the	
   as-­‐cast	
  

condition	
  and	
  their	
  microstructures	
  were	
  investigated	
  following	
  creep	
  testing.	
  The	
  effect	
  

of	
  alloying	
  additions	
  and	
   their	
   concentration	
  was	
   the	
  primary	
   focus	
  of	
   the	
  chapter.	
  The	
  

thermal	
   stability	
   of	
   dynamic	
   precipitates	
   was	
   concluded	
   to	
   be	
   an	
   important	
   factor	
   on	
  

creep	
   properties	
   of	
   the	
  Mg-­‐La-­‐Nd	
   alloys	
   and	
  Mg-­‐La-­‐Y	
   and	
  Mg-­‐La-­‐Gd	
   alloys,	
   which	
   had	
  

more	
  thermally	
  stable	
  precipitates.	
  

	
  

Further	
  work	
  is	
  required	
  to	
  attempt	
  to	
  isolate	
  the	
  influences	
  from	
  other	
  microstructural	
  

features/components/properties	
  of	
  the	
  alloys.	
  This	
  includes:	
  

• What	
  influence	
  does	
  the	
  strength	
  of	
  the	
  continuous	
  intermetallic	
  phase	
  present	
  in	
  

the	
  eutectic	
  at	
  grain	
  boundaries	
  play	
  on	
  creep	
  properties?	
  

• Can	
  solid	
  solution	
  strengthening	
  be	
  used	
  as	
  the	
  primary	
  method	
  to	
  improve	
  creep	
  

properties?	
  

• Can	
   static	
   precipitates	
   improve	
   creep	
  properties	
  when	
   there	
   is	
   little	
   to	
   no	
   grain	
  

boundary	
  reinforcement	
  from	
  the	
  eutectic?	
  

	
  

These	
   points	
   will	
   be	
   addressed	
   by	
   heat-­‐treating	
   alloys	
   in	
   each	
   alloy	
   series	
   in	
   order	
   to	
  

isolate	
   the	
   influences	
   of	
   precipitation	
   hardening,	
   solid	
   solution	
   strengthening	
   or	
   grain	
  

boundary	
   reinforcement.	
   In	
   Chapter	
   5,	
   it	
   was	
   shown	
   that	
   even	
   though	
   the	
   Mg-­‐La-­‐RE	
  

alloys	
  with	
   approximately	
   0.2	
   at.%	
   ternary	
   RE	
   did	
   not	
   show	
   an	
   age	
   hardness	
   response	
  

they	
  did	
  still	
   form	
  dynamic	
  precipitates	
  during	
  creep	
  testing.	
  Alloys	
  with	
  greater	
  ternary	
  

RE	
  concentrations	
  showed	
  both	
  an	
  age	
  hardness	
  response	
  and	
  the	
  presence	
  of	
  dynamic	
  

precipitates.	
  Consequently,	
  three	
  levels	
  of	
  ternary	
  RE	
  were	
  investigated:	
  

• A	
  relatively	
  low	
  concentration	
  of	
  ternary	
  RE	
  (approximately	
  0.1	
  at.%).	
  

• A	
   medium	
   level	
   concentration	
   that	
   correlated	
   with	
   ternary	
   RE	
   concentration	
  

where	
   the	
   minimum	
   creep	
   rate	
   in	
   the	
   three	
   alloy	
   series	
   reached	
   its	
   minimum	
  

(approximately	
  0.2	
  at.%).	
  

• Finally,	
  a	
  relatively	
  high	
  concentration	
  of	
  ternary	
  RE	
  (approximate	
  or	
  greater	
  than	
  

the	
  solubility	
  limit	
  at	
  177°C	
  in	
  Mg).	
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These	
   ternary	
  RE	
  concentrations	
  were	
  chosen	
   in	
  order	
   to	
   identify	
   the	
   influence	
  of	
   solid	
  

solution	
   strengthening	
   and/or	
   precipitation	
   hardening	
   on	
   mechanical	
   and	
   creep	
  

properties.	
  The	
  alloys	
  with	
  less	
  than	
  0.2	
  at.%	
  ternary	
  	
  RE	
  alloys	
  are	
  ideal	
  for	
  determining	
  

the	
   influence	
   of	
   eutectic/intermetallic	
   phase	
   at	
   grain	
   boundaries	
   with	
   regards	
   to	
  

mechanical	
  and	
  creep	
  properties	
  because	
   they	
  contain	
  a	
  minimal	
  amount	
  of	
  RE	
   in	
  solid	
  

solution.	
   They	
   can	
   also	
   be	
   used	
   to	
   compare	
   the	
   influence	
   of	
   a	
   lack	
   of	
   precipitation	
  

hardening	
  and/or	
  solid	
  solution	
  strengthening	
  has	
  on	
  the	
  properties	
  of	
  the	
  alloys.	
  	
  

	
  

6.2 Ageing Response of Solution Treated HPDC Mg-La-
RE Alloys 

In	
  Chapter	
  5	
   it	
  was	
   shown	
   that	
  no	
  age	
  hardening	
   response	
  occurred	
   in	
  Mg-­‐La-­‐RE	
  alloys	
  

with	
  approximately	
  0.2	
  at.%	
  ternary	
  RE	
  at	
  160°C	
  or	
  200°C	
  (Figure	
  5.7).	
  As	
  a	
  result	
  of	
  this,	
  

heat	
  treatments	
  in	
  this	
  chapter	
  are	
  concentrated	
  on	
  alloys	
  with	
  higher	
  concentrations	
  of	
  

ternary	
  RE.	
  Specifically,	
   the	
  age	
  hardness	
  response	
  of	
   the	
  alloys	
  with	
  the	
  higher	
  ternary	
  

concentration,	
  Mg-­‐0.45La-­‐0.63Nd,	
  Mg-­‐La-­‐0.45La-­‐1.18Y	
   and	
  Mg-­‐0.45La-­‐0.87Gd	
   following	
  

solution	
  treatment	
  at	
  520°C	
  for	
  1	
  h	
  will	
  be	
  investigated	
  in	
  this	
  section.	
  The	
  duration	
  of	
  the	
  

solution	
  treatment	
  was	
  determined	
  using	
  the	
  approximation	
  for	
  diffusion	
  from	
  Fick’s	
  1st	
  

Law	
  [20],	
  

	
   	
   (6.1)	
  

where	
  	
  x	
  	
  =	
  diffusion	
  distance	
  (m),	
  

	
   D	
  =	
  diffusion	
  rate	
  (m2/s),	
  and	
  

	
   t	
  	
  =	
  time	
  (s).	
  

An	
   estimate	
   of	
   the	
   time	
   required	
   for	
   diffusion	
   at	
   520°C	
   throughout	
   an	
   entire	
   grain	
   is	
  

made.	
  No	
  information	
  in	
  the	
  literature	
  was	
  found	
  for	
  the	
  diffusion	
  of	
  Nd,	
  Y	
  and	
  Gd	
  in	
  Mg	
  

so	
   the	
   diffusion	
   coefficient	
   (Do)	
   and	
   activation	
   energy	
   (Q)	
   of	
   Ce	
   in	
   Mg	
   (0.045	
   m2/s,	
  

175.8kJ/mol	
   respectively	
   [12])	
  were	
   used	
   to	
   estimate	
   the	
   diffusion	
   rate	
   at	
   520°C	
   to	
   be	
  

1.168	
  x	
  10-­‐13	
  m2/s	
  using	
  the	
  Arrhenius	
  type	
  equation	
  for	
  diffusivity	
  shown	
  below	
  

	
  

	
  
(6.2)	
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This	
   is	
  an	
  acceptable	
  approximation	
   for	
   the	
  diffusion	
  of	
  Nd,	
  Y	
  or	
  Gd	
   in	
  Mg	
  since	
  Ce	
  has	
  

approximately	
   the	
   same	
  atomic	
   radii,	
   0.18247	
  nm	
   for	
  Ce	
   and	
  0.18214	
  nm,	
   0.18012	
  nm	
  

and	
   0.18013	
  nm	
   for	
  Nd,	
   Y	
   and	
  Gd,	
   respectively	
   [131].	
  Using	
   10	
  µm	
  as	
   the	
   average	
   cell	
  

(dendrite	
  size),	
  the	
  diffusion	
  time	
  was	
  calculated	
  to	
  be	
  ≈	
  0.25	
  h.	
  To	
  take	
  into	
  account	
  the	
  

difference	
   (increase)	
   in	
   cell	
   size	
   closer	
   to	
   the	
   ‘core’	
  of	
   the	
   sample	
  a	
   solution	
   treatment	
  

time	
  of	
  1	
  h	
  was	
  used.	
  

	
  

Mg-­‐0.45La-­‐0.63Nd,	
  Mg-­‐0.45La-­‐1.18Y	
  and	
  Mg-­‐0.45La-­‐0.87Gd	
  alloys	
  were	
  aged	
  at	
  160°C	
  or	
  

177°C	
  following	
  solution	
  treatment	
  at	
  520°C	
  for	
  1	
  h	
  and	
  water	
  quenching.	
  It	
  is	
  surprising	
  

that	
  the	
  Mg-­‐0.45La-­‐1.18Y	
  alloy	
  took	
  approximately	
  2300	
  h	
  longer	
  to	
  reach	
  peak	
  hardness	
  

at	
  177°C	
  than	
  it	
  did	
  at	
  160°C.	
  The	
  age	
  hardening	
  tests	
  were	
  repeated	
  for	
  Mg-­‐0.45La-­‐1.18Y	
  

at	
   both	
   160°C	
   and	
   177°C	
   following	
   solution	
   treatment	
   at	
   520°C	
   for	
   1	
   h	
   and	
   water	
  

quenching	
  in	
  order	
  to	
  confirm	
  the	
  unexpected	
  ageing	
  response	
  (Figure	
  6.1)	
  i.e.	
  the	
  earlier	
  

onset	
  of	
  peak	
  hardness	
  at	
  160°C.	
  

	
  

	
  
Figure	
  6.1:	
  Repeated	
  age	
  hardening	
  response	
  of	
  Mg-­‐0.45La-­‐1.18Y	
  solution	
  treated	
  at	
  520°C	
  for	
  1	
  h	
  and	
  
aged	
  at	
  a)	
  160°C	
  or	
  b)	
  177°C.	
  Note:	
  AC	
  =	
  as-­‐cast	
  and	
  AQ	
  =	
  as-­‐quenched.	
  

	
  

The	
  peak	
  hardness	
  at	
  160°C	
  was	
  reached	
  at	
  100,	
  1700	
  and	
  1100	
  h	
  for	
  Mg-­‐0.45La-­‐0.63Nd,	
  

Mg-­‐0.45La-­‐1.18Y	
   and	
   Mg-­‐0.45La-­‐0.87Gd	
   alloys,	
   respectively.	
   When	
   the	
   same	
   alloy	
  

compositions	
  were	
  aged	
  at	
  177°C	
  following	
  solution	
  treatment	
  and	
  water	
  quenching,	
  the	
  

peak	
  hardness	
  was	
  reached	
  at	
  16,	
  4000	
  and	
  400	
  h,	
  respectively	
  (Figure	
  6.2).	
  

Ageing	
  temperature	
  160°C	
   Ageing	
  temperature	
  177°C	
  

a	
   b	
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Figure	
   6.2:	
   Age	
   hardening	
   response	
   for	
   Mg-­‐0.45La-­‐0.63Nd,	
   Mg-­‐0.45La-­‐1.18Y	
   and	
   Mg-­‐0.45La-­‐0.87Gd	
  
following	
   solution	
   treatment	
   at	
   520°C	
   for	
   1	
   h	
   and	
   then	
   aged	
   at	
   a)	
   160°C	
   or	
   b)	
   177°C.	
   Note	
   c)	
   is	
   a	
  
combination	
  of	
  the	
  177°C	
  ageing	
  curves	
  of	
  the	
  Mg-­‐La-­‐Nd	
  and	
  Mg-­‐La-­‐Gd	
  alloys	
  with	
  the	
  160°C	
  ageing	
  curve	
  
of	
  the	
  Mg-­‐La-­‐Y	
  alloy.	
  Note:	
  AC	
  =	
  as-­‐cast	
  and	
  AQ	
  =	
  as-­‐quenched.	
  

	
  

6.3 Tensile Properties of Heat Treated HPDC Mg-La-RE 
Alloys 

The	
  influence	
  of	
  solution	
  treatment	
  (T4)	
  at	
  520°C	
  for	
  1	
  h	
  and	
  also	
  solution	
  treatment	
  at	
  

520°C	
   for	
   1	
   h,	
   water	
   quenching	
   and	
   then	
   peak	
   ageing	
   (T6)	
   at	
   177°C	
   (or	
   160°C	
   for	
   Y-­‐

containing	
   alloys)	
   on	
   tensile	
   strength	
   for	
   each	
   of	
   the	
   alloy	
   systems	
   investigated	
   in	
   this	
  

thesis	
   are	
   presented	
   in	
   this	
   section.	
   Alloys	
  with	
   relatively	
   low	
   (approximately	
   0.1	
   at.%)	
  

ternary	
  RE	
   and	
   intermediate	
   (approximately	
   0.2	
   at.%)	
   are	
   also	
  heat	
   treated	
   and	
   tensile	
  

tested	
   in	
   addition	
   to	
   alloys	
   with	
   relatively	
   high	
   concentrations	
   of	
   ternary	
   RE.	
   It	
   is	
  

important	
  to	
  investigate	
  the	
  properties	
  of	
  the	
  low	
  and	
  intermediate	
  concentrated	
  alloys	
  

to	
   determine	
   what	
   influence,	
   if	
   any,	
   would	
   alloys	
   with	
   little	
   to	
   no	
   solid	
   solution	
  

a	
   b	
  

c	
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strengthening	
   and/or	
   precipitation	
   hardening	
   have	
   on	
   tensile	
   properties.	
   The	
   low	
   and	
  

medium	
  concentrated	
  alloys	
  can	
  thus	
  be	
  used	
  to	
  determine	
  what	
   influence	
  the	
  eutectic	
  

or	
   the	
   intermetallic	
  phase	
  at	
  grain	
  boundaries	
  has	
  on	
   tensile	
  properties	
  since	
   there	
   is	
  a	
  

minimal	
  influence	
  from	
  other	
  strengthening	
  factors.	
  In	
  addition	
  to	
  this,	
  due	
  to	
  the	
  alloys	
  

being	
  solution	
  treated	
  for	
  only	
  a	
  relatively	
  short	
  period	
  of	
  time	
  the	
  average	
  grain	
  size	
  in	
  

the	
  alloys	
  does	
  not	
  change	
  (see	
  Section	
  6.5)	
  which	
  is	
  another	
  variable	
  that	
  can	
  influence	
  

strength	
   [200].	
   Lastly,	
   since	
   all	
   the	
   alloys	
   tensile	
   tested	
   in	
   this	
   chapter	
  were	
   also	
   creep	
  

tested	
  following	
  the	
  same	
  heat	
  treatments	
  it	
  is	
  also	
  important	
  to	
  know	
  the	
  yield	
  strength	
  

(or	
   in	
   this	
   case	
   the	
   0.2%	
   PS)	
   to	
   understand	
   the	
   creep	
   properties	
   of	
   these	
   alloys	
   (in	
  

particular	
  in	
  the	
  early	
  stages	
  of	
  creep).	
  Tensile	
  property	
  values	
  at	
  room	
  temperature	
  and	
  

177°C	
   including	
   0.2	
   %	
   PS,	
   ultimate	
   tensile	
   strength	
   and	
   elongation	
   to	
   fracture	
   are	
  

presented	
  in	
  Appendix	
  B	
  for	
  alloys	
  in	
  the	
  T4	
  and	
  T6	
  heat	
  treated	
  conditions	
  as	
  well	
  as	
  in	
  

the	
  as-­‐cast	
  condition	
  for	
  comparison.	
  

	
  

There	
   is	
   little	
   improvement	
   to	
   as-­‐cast	
   0.2%	
   PS	
   or	
   ultimate	
   tensile	
   strength	
   (UTS)	
  when	
  

Mg-­‐La-­‐Nd	
  alloys	
  are	
  subjected	
  to	
  a	
  T4	
  or	
  T6	
  heat	
  treatment,	
  in	
  fact	
  they	
  are	
  often	
  lower	
  

than	
  in	
  the	
  as-­‐cast	
  condition	
  particularly	
  at	
  lower	
  concentrations	
  (Table	
  6.1).	
  	
  

	
  

Table	
  6.1:	
  Tensile	
  properties	
  at	
  177°C	
  of	
  Mg-­‐La-­‐Nd	
  alloys	
  in	
  as-­‐cast,	
  T4	
  and	
  T6	
  conditions.	
  

Alloy	
  Composition	
  
at.%	
  

Condition	
   0.2%	
  PS	
  ±SD	
  
MPa	
  

UTS	
  ±SD	
  MPa	
   %Elong.	
  ±SD	
  

Mg-­‐0.47La-­‐0.10Nd	
   As-­‐Cast	
   103.4	
  (±	
  0.9)	
   126.5	
  (±	
  1.6)	
   11.9	
  (±	
  2.2)	
  
Mg-­‐0.47La-­‐0.10Nd	
   T4	
   84.1	
  (±	
  2.7)	
   122.3	
  (±	
  1.7)	
   16.3	
  (±	
  1.9)	
  
Mg-­‐0.47La-­‐0.10Nd	
   T6	
   92.4	
  (±	
  1.3)	
   125.9	
  (±	
  2.0)	
   13.5	
  (±	
  1.6)	
  
	
   	
   	
   	
   	
  
Mg-­‐0.43La-­‐0.18Nd	
   As-­‐Cast	
   111.2	
  (±	
  2.3)	
   143.4	
  (±	
  1.9)	
   19.1	
  (±	
  1.8)	
  
Mg-­‐0.43La-­‐0.18Nd	
   T4	
   83.0	
  (±	
  1.6)	
   131.4	
  (±	
  5.4)	
   12.7	
  (±	
  4.6)	
  
Mg-­‐0.43La-­‐0.18Nd	
   T6	
   96.0	
  (±	
  1.5)	
   135.3	
  (±	
  1.1)	
   9.3	
  (±	
  1.1)	
  
	
   	
   	
   	
   	
  
Mg-­‐0.45La-­‐0.63Nd	
   As-­‐Cast	
   134.4	
  (±	
  2.0)	
   175.8	
  (±	
  4.1)	
   5.6	
  (±	
  1.0)	
  
Mg-­‐0.45La-­‐0.63Nd	
   T4	
   126.5	
  (±	
  3.2)	
   191.1	
  (±	
  3.5)	
   11.5	
  (±	
  1.0)	
  
Mg-­‐0.45La-­‐0.63Nd	
   T6	
   144.9	
  (±	
  2.3)	
   201.3	
  (±	
  3.4)	
   6.4	
  (±	
  1.4)	
  
	
  

It	
  is	
  only	
  at	
  relatively	
  high	
  concentrations	
  of	
  Nd	
  (as	
  in	
  Mg-­‐0.45La-­‐0.63Nd)	
  that	
  some	
  small	
  

improvements	
  to	
  0.2%	
  PS	
  and	
  UTS	
  are	
  achieved	
  with	
  an	
  increase	
  in	
  0.2%	
  PS	
  from	
  the	
  as-­‐
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cast	
  condition,	
  134.4	
  (±2.0)	
  MPa,	
  to	
  the	
  T6	
  condition,	
  144.9	
  (±2.3)	
  MPa	
  (Table	
  6.1).	
  There	
  

is	
   an	
   improvement	
   in	
   the	
   elongation	
   to	
   fracture	
   as	
   a	
   result	
   of	
   there	
   being	
   a	
   less	
  

continuous	
   brittle	
   intermetallic	
   phase	
   present	
   at	
   the	
   grain	
   boundaries,	
   which	
   will	
   be	
  

shown	
  in	
  Section	
  6.5.	
  There	
  is	
  a	
  yield	
  “plateau”	
  or	
  yield	
  point	
  elongation	
  [184]	
  present	
  in	
  

the	
   as-­‐cast	
   Mg-­‐0.43La-­‐0.18Nd,	
   but	
   this	
   is	
   less	
   apparent	
   following	
   either	
   a	
   T4	
   or	
   T6	
  

treatment	
  immediately	
  following	
  the	
  elastic	
  region	
  of	
  the	
  stress-­‐strain	
  curves	
  (Figure	
  6.3).	
  

However,	
  for	
  Mg-­‐0.45La-­‐0.63Nd	
  sample	
  a	
  T4	
  solution	
  treatment	
  resulted	
  in	
  an	
  increase	
  in	
  

yield	
  point	
  elongation	
  (Figure	
  6.3c).	
  

	
  

Figure	
  6.3:	
  Stress-­‐strain	
  curves	
  at	
  177°C	
  for	
  a)	
  Mg-­‐0.47La-­‐0.10Nd,	
  b)	
  Mg-­‐0.43La-­‐0.18Nd	
  and	
  c)	
  Mg-­‐0.45La-­‐
0.63Nd	
   in	
   T4	
   (520°C/1h)	
   and	
  T6	
   (520°C/1h	
  and	
  177°C/16h)	
   conditions.	
  As-­‐cast	
   stress-­‐strain	
   curves	
   are	
  
also	
  included	
  for	
  comparison.	
  Note:	
  There	
  is	
  a	
  change	
  in	
  scale	
  size	
  in	
  c)	
  for	
  clarity.	
  

	
  
The	
   0.2%	
  PS	
   for	
   the	
   T4	
   or	
   T6	
   treated	
  Mg-­‐La-­‐Y	
   alloys	
  was	
   not	
   improved	
   significantly.	
   In	
  

fact,	
   it	
  was	
  generally	
  worse	
   than	
   that	
  of	
   the	
  alloys	
   in	
   the	
  as-­‐cast	
   condition,	
   (Table	
  6.2).	
  

This	
  is	
  similar	
  to	
  the	
  tensile	
  results	
  for	
  the	
  T4	
  and	
  T6	
  treated	
  Mg-­‐La-­‐Nd	
  alloys.	
  

a	
   b	
  

c	
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Table	
  6.2:	
  Tensile	
  properties	
  at	
  177°C	
  of	
  Mg-­‐La-­‐Y	
  alloys	
  in	
  as-­‐cast,	
  T4	
  and	
  T6	
  conditions.	
  

Alloy	
  Composition	
  
at.%	
  

Condition	
   0.2%	
  PS	
  ±SD	
  
MPa	
  

UTS	
  ±SD	
  MPa	
   %Elong.	
  ±SD	
  

Mg-­‐0.48La-­‐0.12Y	
   As-­‐Cast	
   108.0	
  (±	
  1.0)	
   137.7	
  (±	
  2.2)	
   19.5	
  (±	
  3.2)	
  
Mg-­‐0.48La-­‐0.12Y	
   T4	
   85.7	
  (±	
  1.5)	
   127.8	
  (±	
  1.6)	
   23.4	
  (±	
  2.9)	
  
Mg-­‐0.48La-­‐0.12Y	
   T6	
   91.9	
  (±	
  2.6)	
   132.8	
  (±	
  2.5)	
   19.8	
  (±	
  2.0)	
  
	
   	
   	
   	
   	
  
Mg-­‐0.49La-­‐0.24Y	
   As-­‐Cast	
   112.8	
  (±	
  1.5)	
   153.0	
  (±	
  2.5)	
   14.2	
  (±	
  2.3)	
  
Mg-­‐0.49La-­‐0.24Y	
   T4	
   87.2	
  (±	
  0.3)	
   145.4	
  (±	
  1.0)	
   21.5	
  (±	
  1.8)	
  
Mg-­‐0.49La-­‐0.24Y	
   T6	
   98.8	
  (±	
  1.3)	
   145.0	
  (±	
  1.5)	
   15.1	
  (±	
  1.2)	
  
	
   	
   	
   	
   	
  
Mg-­‐0.45La-­‐1.18Y	
   As-­‐Cast	
   150.6	
  (±	
  1.4)	
   205.7	
  (±	
  3.6)	
   5.3	
  (±	
  0.8)	
  
Mg-­‐0.45La-­‐1.18Y	
   T4	
   134.8	
  (±	
  2.2)	
   219.0	
  (±	
  12.2)	
   9.1	
  (±	
  3.4)	
  
Mg-­‐0.45La-­‐1.18Y	
   T6	
   177.7	
  (±	
  6.2)	
   248.2	
  (±	
  7.6)	
   5.5	
  (±	
  1.4)	
  
	
  

At	
   relatively	
   low	
   and	
   medium	
   Y	
   additions	
   (Mg-­‐0.48La-­‐0.12Y	
   and	
   Mg-­‐0.49La-­‐0.24Y	
  

respectively)	
  neither	
  T4	
  nor	
  T6	
  heat	
  treatments	
   improved	
  the	
  as-­‐cast	
  0.2%	
  PS	
  or	
  UTS	
  of	
  

the	
   alloys	
   (Figure	
   6.4).	
   There	
   was	
   some	
   improvement	
   to	
   the	
   elongation	
   to	
   fracture	
   in	
  

these	
   two	
   alloys	
   following	
   a	
   T4	
   heat	
   treatment.	
   In	
  Mg-­‐0.48La-­‐0.12Y	
   the	
   elongation	
   to	
  

fracture	
   increased	
   from	
  19.5 ± 3.2 % to	
  23.4 ± 2.9 %	
  and	
   for	
  Mg-­‐0.49La-­‐0.24Y	
   from	
  

approximately	
  14.2 ± 2.3 %	
  to	
  21.5 ± 1.8 %	
  (Table	
  6.2).	
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Figure	
  6.4:	
   Stress-­‐strain	
   curves	
   at	
   177°C	
   for	
   a)	
  Mg-­‐0.48La-­‐0.12Y,	
   b)	
  Mg-­‐0.49La-­‐0.24Y	
  and	
   c)	
  Mg-­‐0.45La-­‐
1.18Y	
   in	
  T4	
   (520°C/1h)	
  and	
  T6	
   (520°C/1h	
  and	
  160°C/1700h)	
  conditions.	
  As-­‐cast	
  stress-­‐strain	
  curves	
  are	
  
also	
  included	
  for	
  comparison.	
  Note:	
  There	
  is	
  a	
  change	
  in	
  scale	
  size	
  in	
  c)	
  for	
  clarity.	
  

	
  
Once	
  again	
  the	
  exception	
  to	
  this	
  result	
  is	
  the	
  alloy	
  with	
  the	
  highest	
  addition	
  of	
  ternary	
  RE	
  

concentration	
  tested,	
  Mg-­‐0.45La-­‐1.18Y,	
  where	
  a	
  significant	
  improvement	
  to	
  the	
  0.2%	
  PS	
  

following	
  a	
  T6	
  heat-­‐treatment	
  was	
  observed	
  (Figure	
  6.4c).	
  The	
  average	
  0.2%	
  PS	
  at	
  177°C	
  

for	
   as-­‐cast	
   Mg-­‐0.45La-­‐1.18Y	
   was	
   150.6	
   ±	
   1.4	
   MPa	
   and	
   after	
   T6	
   heat	
   treatment	
   it	
   was	
  

177.7	
  ±	
  6.2	
  MPa.	
  It	
  is	
  also	
  interesting	
  to	
  note	
  that	
  the	
  stress-­‐strain	
  curve	
  for	
  Mg-­‐0.45La-­‐

1.18Y,	
   following	
   a	
   T4	
   heat	
   treatment,	
   has	
   a	
   serrated	
   flow,	
   which	
   is	
   indicative	
   of	
   the	
  

Portevin-­‐Le	
  Chatelier	
  effect	
  [201].	
  

	
  

a	
   b	
  

c	
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For	
   the	
  Mg-­‐La-­‐Gd	
  series,	
   it	
   is	
  again	
  shown	
  that	
  a	
  T4	
  or	
  T6	
  heat	
   treatment	
  does	
   little	
   to	
  

improve	
  the	
  0.2%	
  PS	
  or	
  UTS.	
  There	
  is	
  no	
  improvement	
  to	
  0.2%	
  PS	
  or	
  UTS	
  following	
  heat	
  

treatment	
   in	
   the	
   low	
   (Mg-­‐0.45La-­‐0.10Gd)	
   or	
   intermediate	
   (Mg-­‐0.46La-­‐0.21Gd)	
   Gd	
  

concentrated	
  alloys	
  (Table	
  6.3).	
  However,	
  when	
  relatively	
  high	
  concentrations	
  of	
  Gd	
  are	
  

added	
   (as	
   in	
  Mg-­‐0.45La-­‐0.87Gd)	
   a	
   T6	
  heat	
   treatment	
   increased	
   the	
   average	
  0.2%	
  PS	
   at	
  

177°C	
  from	
  140.2	
  ±	
  4.6	
  MPa	
  (in	
  the	
  as-­‐cast	
  condition)	
  to	
  208.3	
  ±	
  8.8	
  MPa	
  (Table	
  6.3).	
  The	
  

Portevin-­‐Le	
  Chatelier	
   effect	
  was	
   also	
  detected	
   in	
  Mg-­‐0.45La-­‐0.87Gd	
   in	
   the	
  T4	
   condition	
  

(Figure	
  6.5).	
  	
  

	
  

Table	
  6.3:	
  Tensile	
  properties	
  at	
  177°C	
  of	
  Mg-­‐La-­‐Gd	
  alloys	
  in	
  as-­‐cast,	
  T4	
  and	
  T6	
  conditions.	
  

Alloy	
  Composition	
  	
   Condition	
   0.2%	
  PS	
  (±SD)	
  MPa	
   UTS	
  ±SD	
  (MPa)	
   %Elong.	
  (±SD)	
  

Mg-­‐0.45La-­‐0.10Gd	
   As-­‐Cast	
   100.6	
  (±	
  1.4)	
   129.3	
  (±	
  3.0)	
   16.2	
  (±	
  4.6)	
  
Mg-­‐0.45La-­‐0.10Gd	
   T4	
   87.1	
  (±	
  2.6)	
   127.8	
  (±	
  1.6)	
   20.0	
  (±	
  3.9)	
  
Mg-­‐0.45La-­‐0.10Gd	
   T6	
   92.3	
  (±	
  0.6)	
   124.6	
  (±	
  1.3)	
   15.4	
  (±	
  3.4)	
  
	
   	
   	
   	
   	
  
Mg-­‐0.46La-­‐0.21Gd	
   As-­‐Cast	
   110.9	
  (±	
  1.7)	
   151.1	
  (±	
  2.5)	
   12.3	
  (±	
  0.8)	
  
Mg-­‐0.46La-­‐0.21Gd	
   T4	
   82.1	
  (±	
  2.2)	
   145.0	
  (±	
  2.1)	
   15.9	
  (±	
  2.1)	
  
Mg-­‐0.46La-­‐0.21Gd	
   T6	
   103.5	
  (±	
  0.4)	
   141.7	
  (±	
  8.6)	
   10.0	
  (±	
  3.0)	
  
	
   	
   	
   	
   	
  
Mg-­‐0.45La-­‐0.87Gd	
   As-­‐Cast	
   140.2	
  (±	
  4.6)	
   192.9	
  (±	
  2.1)	
   5.4	
  (±	
  0.4)	
  
Mg-­‐0.45La-­‐0.87Gd	
   T4	
   127.0	
  (±	
  2.8)	
   205.3	
  (±	
  5.9)	
   10.1	
  (±	
  0.6)	
  
Mg-­‐0.45La-­‐0.87Gd	
   T6	
   208.3	
  (±	
  8.8)	
   243.3	
  (±	
  7.7)	
   2.4	
  (±	
  0.8)	
  
	
  

Solution	
  treatment	
  alone	
  does	
  not	
  improve	
  the	
  0.2%	
  PS	
  of	
  Mg-­‐0.45La-­‐0.87Gd,	
  there	
  was	
  a	
  

drop	
   in	
   the	
   0.2%	
   PS	
   from	
   the	
   as-­‐cast	
   condition,	
   140.2	
   ±	
   4.6	
  MPa,	
   to	
   the	
   T4	
   condition,	
  

127.0	
  ±	
  2.8	
  MPa.	
  T6	
  heat	
   treatment	
  has	
  a	
  significant	
  effect	
  on	
  the	
  0.2%	
  PS	
   for	
   the	
  Mg-­‐

0.45La-­‐0.87Gd,	
  this	
  being	
  208.3 ± 8.8 MPa.	
  The	
  elongation	
  to	
  fracture	
  results	
  of	
  the	
  T6	
  

treated	
  Mg-­‐0.45La-­‐0.87Gd	
  specimens	
  are	
  worse	
  than	
  those	
  in	
  the	
  as-­‐cast	
  condition,	
  5.4	
  ±	
  

0.4	
  %	
  in	
  the	
  as-­‐cast	
  condition	
  and	
  2.4	
  ±	
  0.8	
  %	
  in	
  the	
  T6	
  condition	
  (Table	
  6.3).	
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Figure	
   6.5:	
   Stress-­‐strain	
   curves	
   at	
   177°C	
   for	
   a)	
   Mg-­‐0.45La-­‐0.10Gd,	
   b)	
   Mg-­‐0.46La-­‐0.21Gd	
   c)	
   Mg-­‐0.45La-­‐
0.87Gd	
  in	
  T4	
  (520°C/1h)	
  and	
  T6	
  (520°C/1h	
  and	
  177°C/400h)	
  conditions.	
  As-­‐cast	
  stress-­‐strain	
  curves	
  are	
  
also	
  included	
  for	
  comparison.	
  Note:	
  There	
  is	
  a	
  change	
  in	
  scale	
  size	
  in	
  c)	
  for	
  clarity.	
  

	
  

Yield	
  point	
  elongations	
  are	
  also	
  less	
  defined	
  or	
  non-­‐existent	
  in	
  the	
  alloys	
  tested	
  following	
  

a	
   T4	
   or	
   T6	
   heat	
   treatment.	
   This	
   is	
   consistent	
   with	
   the	
   hypothesis	
   that	
   yield	
   point	
  

elongation	
  is	
  related	
  to	
  dynamic	
  strain	
  ageing	
  as	
  discussed	
  in	
  Chapter	
  5.	
  

6.4 Creep Properties of Heat Treated HPDC Mg-La-RE 
Alloys 

The	
   creep	
   strain	
   results	
   for	
   the	
   Mg-­‐La-­‐Nd	
   alloys,	
   show	
   that,	
   in	
   general,	
   the	
   solution	
  

treatment	
  (T4)	
  or	
  solution	
  treatment	
  and	
  then	
  peak	
  ageing	
  (T6)	
  of	
  Mg-­‐0.47La-­‐0.10Nd	
  and	
  

Mg-­‐0.43La-­‐0.18Nd	
   alloys	
   resulted	
   in	
   poorer	
   creep	
   properties	
   than	
   those	
   in	
   the	
   as-­‐cast	
  

condition	
  (Figure	
  6.6a	
  and	
  b).	
  However,	
  this	
  is	
  not	
  the	
  case	
  for	
  the	
  highest	
  concentrated	
  

a	
   b	
  

c	
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Nd-­‐containing	
  alloy	
  Mg-­‐0.45La-­‐0.63Nd	
  (Figure	
  6.6c).	
  Following	
  a	
  T4	
  or	
  T6	
  heat	
  treatment,	
  

the	
   Mg-­‐0.47La-­‐0.10Nd	
   alloy	
   failed	
   in	
   less	
   than	
   40	
   and	
   60	
   h,	
   respectively,	
   which	
   is	
  

approximately	
  67%	
  and	
  50%	
  faster	
  than	
  in	
  the	
  as-­‐cast	
  condition	
  (Figure	
  6.6a).	
  Increasing	
  

the	
   concentration	
   of	
  Nd	
   to	
   0.18	
   at.%	
   improves	
   the	
   creep	
   response	
   of	
   the	
   alloys	
  which	
  

were	
  T4	
  or	
  T6	
  heat	
  treated	
  but	
  the	
  as-­‐cast	
  Mg-­‐La-­‐Nd	
  alloy	
  still	
  has	
  a	
  significantly	
  better	
  

creep	
   response	
   (Figure	
   6.6b).	
  However,	
   even	
  with	
   an	
   addition	
  of	
   0.63	
   at.%Nd,	
   solution	
  

treatment	
  alone	
  does	
  not	
  improve	
  the	
  creep	
  strain	
  response	
  of	
  the	
  alloy.	
  Only	
  after	
  a	
  T6	
  

heat	
   treatment	
  was	
   a	
   slight	
   improvement	
   to	
   the	
   creep	
   response	
   at	
   177°C	
   and	
   90	
  MPa	
  

observed,	
  compared	
  with	
  the	
  as-­‐cast	
  alloy	
  (Figure	
  6.6c).	
  Following	
  600	
  h	
  of	
  creep	
  testing	
  

at	
   177°C	
   and	
   90MPa	
   both	
   the	
   as-­‐cast	
   and	
   T6	
   Mg-­‐0.45La-­‐0.63Nd	
   samples	
   experienced	
  

approximately	
  the	
  same	
  creep	
  strain,	
  approximately	
  3.5	
  %.	
  	
  	
  

	
  

	
  

	
  
Figure	
  6.6:	
  Creep	
   strain	
   comparisons	
  of	
  as-­‐cast,	
   T4	
   (520°C/1h)	
  and	
  T6	
   (520°C/1h	
  and	
  177°C/16h	
  a)	
   for	
  
Mg-­‐0.47La-­‐0.10Nd,	
   b)	
   Mg-­‐0.43La-­‐0.18Nd	
   and	
   c)	
   Mg-­‐0.45La-­‐0.63Nd	
   alloys	
   creep	
   tested	
   at	
   177°C	
   and	
  
90MPa.	
  	
  

a	
   b	
  

c	
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The	
   most	
   significant	
   difference	
   between	
   as-­‐cast	
   and	
   heat	
   treated	
   Mg-­‐La-­‐Nd	
   alloys	
   is	
  

shown	
  in	
  the	
  relatively	
  low	
  ternary	
  concentrated	
  alloys	
  such	
  as	
  Mg-­‐0.45La-­‐0.10Nd	
  (Figure	
  

6.7).	
  At	
  approximately	
  0.1	
  at.%	
  Nd	
  the	
  minimum	
  creep	
  rate	
  for	
  the	
  T4	
  and	
  T6	
  conditions	
  is	
  

approximately	
   1	
   order	
   of	
   magnitude	
   higher	
   (worse)	
   than	
   in	
   the	
   as-­‐cast	
   condition,	
  

approximately	
  8	
  x	
  10-­‐7	
  for	
  the	
  T4	
  and	
  T6	
  conditions	
  and	
  8	
  x	
  10-­‐8	
  for	
  the	
  as-­‐cast	
  condition.	
  

At	
  higher	
  concentrations	
  the	
  creep	
  response	
  is	
  very	
  similar.	
  

	
  
Figure	
  6.7:	
  Comparison	
  of	
  minimum	
  creep	
  rates	
  as	
  a	
  function	
  of	
  ternary	
  addition	
  concentration	
  in	
  the	
  as-­‐
cast,	
  T4	
  (520°C/1h)	
  and	
  T6	
  (520°C/1h	
  and	
  177°C/16h)	
  for	
  the	
  Mg-­‐La-­‐Nd	
  alloy	
  series	
  and	
  creep	
  tested	
  at	
  
177°C	
  and	
  90MPa.	
  	
  	
  

	
  
The	
   relatively	
   low	
   Y	
   concentrated	
   alloy,	
   Mg-­‐0.48La-­‐0.12Y,	
   in	
   a	
   T4	
   or	
   T6	
   condition	
   has	
  

significantly	
  poorer	
  creep	
  strain	
  response	
  than	
  that	
  in	
  the	
  as-­‐cast	
  condition.	
  In	
  the	
  as-­‐cast	
  

condition	
   the	
   Mg-­‐0.48La-­‐0.12Y	
   sample	
   experiences	
   approximately	
   1	
   %	
   creep	
   strain	
  

following	
  600	
  h	
  of	
  creep	
  testing	
  while	
  the	
  T4	
  equivalent	
  alloy	
  failed	
  after	
  approximately	
  

200	
  h.	
  A	
  comparison	
  between	
  the	
  as-­‐cast	
  and	
  heat-­‐treated	
  creep	
  strain	
  properties	
  shows	
  

that	
  even	
  for	
  Y	
  additions	
  of	
  up	
  to	
  0.24	
  at.%,	
  there	
  is	
  also	
  a	
  negative	
  impact	
  on	
  creep	
  strain	
  

by	
  a	
  T4	
  or	
  T6	
  heat	
  treatment	
  (Figure	
  6.8b).	
  The	
  negative	
  impact	
  of	
  a	
  T4	
  heat	
  treatment	
  on	
  

Mg-­‐0.49La-­‐0.24Y	
  is	
  mostly	
  noticeable	
  due	
  to	
  the	
  reduction	
  in	
  the	
  0.2	
  %	
  PS	
  to	
  85.7	
  MPa	
  (in	
  

comparison	
  108.0	
  MPa	
   in	
   the	
  as-­‐cast	
   condition),	
  which	
   results	
   in	
   the	
  alloy	
  experiencing	
  

approximately	
  1	
  %	
  strain	
  upon	
  the	
  application	
  of	
  a	
  90	
  MPa	
  stress.	
  The	
  remainder	
  of	
  the	
  

creep	
   strain	
   curve	
   for	
   the	
  Mg-­‐0.49La-­‐0.24Y	
  T4	
   sample	
   follows	
   the	
   same	
   trend	
  as	
   its	
  as-­‐
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cast	
  counterpart	
  (however,	
  with	
  a	
  higher	
  creep	
  strain).	
  There	
  is	
  no	
  significant	
  difference	
  

between	
  the	
  creep	
  properties	
  of	
  the	
  as-­‐cast,	
  T4	
  or	
  T6	
  Mg-­‐0.45La-­‐1.18Y	
  samples.	
  

	
  
Figure	
  6.8:	
  Creep	
  strain	
  comparisons	
  of	
  as-­‐cast,	
  T4	
  (520°C/1h)	
  and	
  T6	
  (520°C/1h	
  and	
  160°C/1700h)	
  for	
  a)	
  
Mg-­‐0.48La-­‐0.12Y,	
  b)	
  Mg-­‐0.49La-­‐0.24Y	
  and	
   c)	
  Mg-­‐0.45La-­‐1.18Y	
  alloys	
   creep	
   tested	
  at	
  177°C	
  and	
  90MPa.	
  
Note:	
  There	
  is	
  a	
  change	
  in	
  scale	
  for	
  c)	
  for	
  clarity.	
  

	
  
The	
   comparison	
   of	
   the	
   minimum	
   creep	
   rate	
   for	
   Mg-­‐La-­‐Y	
   alloys	
   in	
   as-­‐cast,	
   T4	
   and	
   T6	
  

conditions	
  (Figure	
  6.9)	
  shows	
  that	
  the	
  Mg-­‐0.48La-­‐0.12Y	
  as-­‐cast	
  alloy	
  has	
  a	
  minimum	
  creep	
  

rate	
  of	
  at	
  least	
  1	
  order	
  of	
  magnitude	
  lower	
  than	
  that	
  for	
  the	
  T4	
  or	
  T6	
  heat	
  treated	
  alloys	
  

(similar	
   to	
  the	
   low	
  concentrated	
  Mg-­‐La-­‐Nd	
  alloy).	
   It	
   is	
   interesting	
  to	
  note	
   for	
   the	
  higher	
  

concentrated	
   Mg-­‐La-­‐Y	
   alloys,	
   once	
   the	
   heat-­‐treated	
   alloys	
   reach	
   their	
   respective	
  

minimum	
   creep	
   rates,	
   there	
   is	
   no	
   significant	
   difference	
   to	
   the	
   as-­‐cast	
   minimum	
   creep	
  

rate.	
  	
  

a	
   b	
  

c	
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Figure	
  6.9:	
  Comparison	
  of	
  minimum	
  creep	
  rates	
  as	
  a	
  function	
  of	
  ternary	
  addition	
  concentration	
  in	
  the	
  as-­‐
cast,	
  T4	
  (520°C/1h)	
  and	
  T6	
  (520°C/1h	
  and	
  160°C/1700h)	
  for	
  the	
  Mg-­‐La-­‐Y	
  alloy	
  series	
  and	
  creep	
  tested	
  at	
  
177°C	
  and	
  90MPa.	
  	
  

	
  
Increasing	
  the	
  concentration	
  of	
  Gd	
  in	
  Mg-­‐La-­‐Gd	
  reduces	
  the	
  difference	
  between	
  the	
  creep	
  

response	
  for	
  the	
  T4	
  and	
  T6	
  alloys	
  in	
  relation	
  to	
  the	
  as-­‐cast	
  alloy,	
  as	
  was	
  also	
  observed	
  in	
  

the	
  Mg-­‐La-­‐Nd	
  and	
  Mg-­‐La-­‐Y	
  alloys.	
  For	
  relatively	
  low	
  concentrations	
  of	
  Gd	
  in	
  the	
  Mg-­‐La-­‐Gd	
  

alloys	
  (Mg-­‐0.45La-­‐0.10Gd)	
  that	
  have	
  been	
  a	
  T4	
  or	
  T6	
  heat	
  treatment,	
  the	
  time	
  to	
  fracture	
  

reduced	
   from	
   approximately	
   400	
   h	
   to	
   less	
   than	
   100	
   h	
   (Figure	
   6.10a).	
   When	
   the	
  

concentration	
  of	
  Gd	
  was	
   increased	
   to	
   0.21	
   at.%	
   (Mg-­‐0.46La-­‐0.21Gd)	
   the	
   alloy	
   does	
   not	
  

fracture	
  even	
  up	
  to	
  600	
  h	
  of	
  creep	
  testing	
  at	
  177°C	
  and	
  90	
  MPa	
  in	
  either	
  T4,	
  T6	
  or	
  as-­‐cast	
  

conditions	
  (Figure	
  6.10b).	
  It	
  is	
  also	
  found	
  that	
  at	
  relatively	
  high	
  concentrations	
  of	
  Gd	
  (such	
  

as	
   for	
   Mg-­‐0.45La-­‐0.87Gd)	
   that	
   there	
   is	
   no	
   significant	
   difference	
   between	
   the	
   creep	
  

responses	
  of	
  T4,	
  T6	
  or	
  as-­‐cast	
  alloys,	
  which	
  is	
  similar	
  to	
  the	
  higher	
  concentrated	
  Mg-­‐La-­‐Y	
  

alloy.	
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Figure	
  6.10:	
  Creep	
  strain	
  comparisons	
  of	
  as-­‐cast,	
  T4	
  (520°C/1h)	
  and	
  T6	
  (520°C/1h	
  and	
  177°C/400h)	
  for	
  a)	
  
Mg-­‐0.45La-­‐0.10Gd,	
  b)	
  Mg-­‐0.46La-­‐0.21Gd	
  c)	
  Mg-­‐0.45La-­‐0.87Gd	
  alloys	
   creep	
   tested	
  at	
  177°C	
  and	
  90MPa.	
  
Note:	
  There	
  is	
  a	
  change	
  in	
  scale	
  for	
  c)	
  for	
  clarity.	
  

	
  

No	
  significant	
  difference	
  to	
  minimum	
  creep	
  rate	
  was	
  measured	
  between	
  the	
  T4,	
  T6	
  and	
  

as-­‐cast	
  conditions	
  for	
  the	
  alloys	
  with	
  greater	
  than	
  0.2	
  at.%	
  ternary	
  RE,	
  which	
  is	
  similar	
  to	
  

the	
   previous	
   results	
   shown	
   for	
   the	
   Mg-­‐La-­‐Nd	
   and	
   Mg-­‐La-­‐Y	
   alloys	
   (Figure	
   6.11).	
   The	
  

relatively	
   low	
   concentrated	
   Mg-­‐La-­‐Gd	
   alloys	
   in	
   the	
   T4	
   and	
   T6	
   conditions	
   have	
  

approximately	
  1	
  order	
  of	
  magnitude	
  higher	
  minimum	
  creep	
   rates	
  when	
  compared	
  with	
  

that	
  of	
  the	
  as-­‐cast	
  condition,	
  approximately	
  9	
  x	
  10-­‐6	
  s-­‐1	
  for	
  T4	
  and	
  T6	
  alloys	
  and	
  1	
  x	
  10-­‐8	
  s-­‐1	
  

for	
  the	
  as-­‐cast	
  condition.	
  

a	
   b	
  

c	
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Figure	
  6.11:	
  Comparison	
  of	
  minimum	
  creep	
  rates	
  as	
  a	
   function	
  of	
  ternary	
  addition	
  concentration	
   in	
  the	
  
as-­‐cast,	
  T4	
  (520°C/1h)	
  and	
  T6	
  (520°C/1h	
  and	
  177°C/400h)	
  for	
  the	
  Mg-­‐La-­‐Gd	
  alloy	
  series	
  and	
  creep	
  tested	
  
at	
  177°C	
  and	
  90MPa.	
  

	
  

6.5 Microstructures of Heat Treated HPDC Mg-La-RE 
Alloys 

6.5.1 Surface After Solution Treatment 

A	
   relatively	
   short	
   solution	
   treatment	
  duration	
  of	
   1	
   h	
   at	
   520°C	
  was	
   selected	
   following	
   a	
  

calculation	
  for	
  the	
  period	
  of	
  time	
  it	
  would	
  take	
  the	
  solute	
  to	
  theoretically	
  be	
  distributed	
  

homogeneously	
  throughout	
  the	
  grain	
  and	
  also	
  to	
  ensure	
  that	
  no	
  blistering	
  occurred	
  at	
  the	
  

surface	
  region	
  of	
  the	
  samples	
  (Section	
  6.2).	
  

	
  

Figure	
   6.12	
   shows	
   that	
   no	
   significant	
   deformation	
   or	
   any	
   observable	
   blisters	
   on	
   the	
  

surface	
   of	
   the	
   specimens	
   were	
   present	
   after	
   heat	
   treatment.	
   There	
   was	
   some	
   slight	
  

discoloration	
   of	
   the	
   solution	
   treated	
   specimens,	
   however,	
   this	
   is	
   only	
   a	
   superficial	
  

blemish.	
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Figure	
  6.12:	
  Mg-­‐0.49La-­‐0.42Y	
  specimens	
  a)	
  as-­‐cast,	
  b)	
  solution	
  treated	
  at	
  520°C	
  for	
  1h,	
  c)	
  solution	
  treated	
  
at	
   520°C	
   for	
   1h	
   and	
   aged	
   at	
   160° 	
   for	
   24h,	
   and	
   d)	
   SEM	
   topographical	
   image	
   of	
   ‘skin’	
   region	
   in	
   the	
   T6	
  
specimen	
  showing	
  no	
  blistering	
  of	
  pores.	
  

	
  

The	
   pockmark-­‐like	
   features	
   in	
   the	
   “skin”	
   region	
   of	
   the	
   sample	
   are	
   gas	
   pores	
   (Figure	
  

6.12d).	
  They	
  do	
  not	
  appear	
  to	
  be	
  connected	
  to	
  the	
  surface	
  of	
  the	
  sample.	
  This	
  is	
  even	
  true	
  

for	
  the	
  pores	
  very	
  near	
  to	
  the	
  surface	
  of	
  the	
  sample.	
  

6.5.2 Microstructure After Heat Treatment 

Following	
   solution	
   treatment	
   and	
   water	
   quenching	
   (T4)	
   or	
   solution	
   treatment,	
   water	
  

quenching	
   and	
   peak	
   ageing	
   (T6)	
   the	
   average	
   grain	
   size	
   for	
   all	
   alloys	
   in	
   the	
   three	
   alloy	
  

series	
   investigated	
   remained	
   relatively	
   unchanged	
   compared	
   to	
   that	
   of	
   the	
   as-­‐cast	
  

condition,	
  at	
  approximately	
  9	
  µm	
  (Table	
  6.4).	
  

	
  

Table	
  6.4:	
  Average	
  grain	
  size	
  for	
  Mg-­‐0.45La-­‐0.63Nd,	
  Mg-­‐0.45La-­‐1.18Y	
  and	
  Mg-­‐0.45La-­‐0.87Gd	
  in	
  T4	
  and	
  T6	
  
conditions.	
  As-­‐Cast	
  average	
  grain	
  sizes	
  are	
  included	
  for	
  comparison.	
  

Alloy	
   Condition	
   Ave	
  Grain	
  Size	
  (±SD),	
  µm	
  
Mg-­‐0.45La-­‐0.63Nd	
   As-­‐Cast	
   9.4	
  (±	
  0.8)	
  
	
   T4	
  (520°C/1h)	
   8.9	
  (±	
  0.5)	
  
	
   T6	
  (520°C/1h	
  and	
  177°C/16h)	
   9.1	
  (±	
  0.3)	
  
Mg-­‐0.45La-­‐1.18Y	
   As-­‐Cast	
   8.5	
  (±	
  0.6)	
  
	
   T4	
  (520°C/1h)	
   9.4	
  (±	
  0.4)	
  
	
   T6	
  (520°C/1h	
  and	
  160°C/1700h)	
   8.9	
  (±	
  0.6)	
  
Mg-­‐0.45La-­‐0.87Gd	
   As-­‐Cast	
   9.0	
  (±	
  0.5)	
  
	
   T4	
  (520°C/1h)	
   9.5	
  (±	
  0.4)	
  
	
   T6	
  (520°C/1h	
  and	
  177°C/400h)	
   9.1	
  (±	
  0.3)	
  

a	
   b	
   c	
   d	
  

Pores	
  near	
  
the	
  surface	
  

of	
  the	
  
sample	
  

No	
  
Blistering	
  

Specimen	
  
surface	
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Following	
   T4	
   or	
   T6	
   heat	
   treatment,	
   only	
   a	
   Mg-­‐La-­‐rich	
   Mg12RE	
   intermetallic	
   phase	
  

remained	
  at	
  the	
  grain	
  boundary	
  (Figure	
  6.13).	
  The	
  intermetallic	
  phase	
  is	
  significantly	
  less	
  

continuous	
  in	
  comparison	
  to	
  the	
  as-­‐cast	
  condition	
  (Figure	
  4.1)	
  following	
  heat	
  treatment.	
  	
  

	
  
Figure	
  6.13:	
  SEM	
  BSE	
  micrographs	
  of	
  the	
  “core”	
  region	
  of	
  solution	
  treated	
  (520°C	
  for	
  1	
  h)	
  a)	
  Mg-­‐0.47La-­‐
0.10Nd,	
   b)	
   Mg-­‐0.48La-­‐0.12Y,	
   c)	
   Mg-­‐0.45La-­‐0.10Gd,	
   d)	
   Mg-­‐0.43La-­‐0.18Nd	
   e)	
   Mg-­‐0.49La-­‐0.24Y,	
   f)	
   Mg-­‐
0.46La-­‐0.21Gd,	
  g)	
  Mg-­‐0.45La-­‐0.63Nd,	
  h)	
  Mg-­‐0.45La-­‐1.18Y	
  and	
  i)	
  Mg-­‐0.45La-­‐0.87Gd	
  alloys.	
  	
  

	
  
The	
  volume	
  fraction	
  of	
  eutectic	
  in	
  the	
  as-­‐cast	
  alloys	
  is	
  approximately	
  18	
  %	
  for	
  alloys	
  with	
  

approximately	
  0.1	
  or	
  0.2	
  at.%	
  ternary	
  RE	
  and	
  25	
  %	
  or	
  greater	
   for	
   the	
  alloys	
  with	
  higher	
  

concentrations	
   of	
   ternary	
   RE	
   (Figure	
   6.14a).	
   The	
   volume	
   fraction	
   of	
   the	
   intermetallic	
  

phase	
  remaining	
  at	
  the	
  grain	
  boundaries	
  following	
  solution	
  treatment	
  is	
  approximately	
  10	
  

%	
  in	
  all	
  alloys	
  regardless	
  of	
  the	
  ternary	
  RE	
  concentration.	
  Figure	
  6.14b	
  demonstrates	
  that	
  

the	
   ratio	
  of	
   ternary	
  RE	
   to	
   La	
  decreases	
   significantly	
   following	
   solution	
   treatment.	
   Thus,	
  

the	
   volume	
   fraction	
   measured	
   for	
   the	
   alloys	
   in	
   either	
   the	
   T4	
   or	
   T6	
   conditions	
   should	
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actually	
   be	
   considered	
   as	
   a	
   measurement	
   of	
   the	
   volume	
   fraction	
   of	
   the	
   intermetallic	
  

phase.	
  

	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
   	
  
Figure	
  6.14:	
  a)	
  Measured	
  volume	
  fraction	
  of	
  eutectic	
   in	
  as-­‐cast	
  or	
   intermetallic	
   in	
  T4	
  (520°C/1h)	
  and	
  T6	
  
(520°C/1h	
  and	
  peak	
   ageing)	
  Mg-­‐La-­‐RE	
   alloys	
  with	
   varying	
   concentrations	
  of	
   ternary	
   alloying	
   additions,	
  
and	
  b)	
  Atomic	
  ratio	
  of	
  total	
  ternary	
  alloying	
  addition	
  to	
  La	
  present	
  in	
  the	
  eutectic	
  for	
  alloys	
  in	
  as-­‐cast	
  and	
  
in	
  the	
  intermetallic	
  for	
  alloys	
  in	
  the	
  T4	
  condition	
  determined	
  from	
  EDS.	
  

	
  

6.5.3 Microstructure After Heat Treatment and Creep Testing 

	
  
An	
   investigation	
   into	
   the	
   influence	
   of	
   the	
   T4	
   and	
   T6	
   heat	
   treatments	
   on	
   the	
  

microstructure	
   of	
   the	
   three	
   alloy	
   series	
   following	
   creep	
   testing	
   is	
   presented	
   in	
   the	
  

remainder	
  of	
  this	
  section.	
  Figure	
  6.15	
  shows	
  micrographs	
  in	
  Mg-­‐0.47La-­‐0.10Nd,	
  Mg-­‐43La-­‐

0.18Nd	
  and	
  Mg-­‐0.45La-­‐0.63Nd	
  alloys	
  following	
  creep	
  testing	
  in	
  the	
  T4	
  condition.	
  

b	
  

a	
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Figure	
   6.15:	
   Low	
  magnification	
   bright	
   field	
   TEM	
  micrographs	
   along	
   [0001]α	
   of	
   a)	
  Mg-­‐0.47La-­‐0.10Nd,	
   b)	
  
Mg-­‐0.43La-­‐0.18Nd	
  and	
  c)	
  Mg-­‐0.45La-­‐0.63Nd	
  following	
  creep	
  testing	
  at	
  177°C	
  and	
  90	
  MPa	
  T4	
  (520°C-­‐1h)	
  
condition.	
  

	
  

Dynamic	
  precipitates	
  are	
  present	
  in	
  Mg-­‐0.47La-­‐0.10Nd,	
  Mg-­‐43La-­‐0.18Nd	
  and	
  Mg-­‐0.45La-­‐

0.63Nd	
   alloys	
   following	
   creep	
   testing	
   at	
   177°C	
   and	
   90	
   MPa	
   (Figure	
   6.16).	
   As	
   the	
  

concentration	
  of	
  Nd	
  was	
   increased	
   in	
  the	
  alloys,	
   the	
  number	
  density	
  of	
   the	
  precipitates	
  

appeared	
  also	
  to	
  increase	
  (Figure	
  6.16).	
  In	
  Mg-­‐0.45La-­‐0.63Nd	
  it	
   is	
  clearer	
  that	
  the	
  plate-­‐

like	
   β	
   precipitates	
   (as	
   viewed	
   along	
   [0001]α)	
   form	
   on	
   the	
   prismatic	
   planes	
   where	
   the	
  

precipitate	
   length	
   ranges	
   from	
  60	
   to	
  150	
  nm.	
  The	
   irregular	
   shape	
  of	
   the	
  precipitates	
   in	
  

Mg-­‐0.47La-­‐0.10Nd	
   and	
  Mg-­‐0.43La-­‐0.18Nd	
   alloys	
  makes	
   it	
   less	
   clear	
   to	
   determine	
  what	
  

planes	
  they	
  form	
  on	
  (Figure	
  6.16).	
  The	
  number	
  density	
  of	
  precipitates	
  appears	
  to	
  increase	
  

with	
  increasing	
  concentration	
  of	
  ternary	
  RE.	
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Figure	
   6.16:	
   Higher	
   magnification	
   bright	
   field	
   TEM	
  micrographs	
   along	
   [0001]α	
   of	
   dynamic	
   precipitates	
  
formed	
  during	
  creep	
  testing	
  at	
  177°C	
  and	
  90	
  MPa	
  in	
  T4	
  a)	
  and	
  b)	
  Mg-­‐0.47La-­‐0.10Nd,	
  c	
  and	
  d)	
  Mg-­‐0.43La-­‐
0.18Nd	
  and	
  e)	
  and	
  f)	
  and	
  Mg-­‐0.45La-­‐0.63Nd.	
  Note:	
  precipitates	
  are	
  circled	
  in	
  a)	
  for	
  clarity.	
  

	
  
Figure	
  6.17	
   shows	
   grains	
  of	
  Mg-­‐0.47La-­‐0.10Nd,	
  Mg-­‐43La-­‐0.18Nd	
  and	
  Mg-­‐0.45La-­‐0.63Nd	
  

alloys	
  following	
  creep	
  testing	
  in	
  T6	
  condition	
  (solution	
  treatment	
  at	
  520°C	
  and	
  ageing	
  at	
  

177°C	
  for	
  16h).	
  The	
  post	
  creep	
  microstructure	
  of	
  the	
  Mg-­‐La-­‐Nd	
  series	
  following	
  a	
  T6	
  heat	
  

treatment	
  also	
  revealed	
  that	
  the	
  precipitates	
  nucleate	
  in	
  Mg-­‐0.47La-­‐0.10Nd,	
  Mg-­‐0.43La-­‐

0.18Nd	
  and	
  Mg-­‐0.45La-­‐0.63Nd	
  (Figure	
  6.18).	
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Figure	
   6.17:	
   Low	
  magnification	
   bright	
   field	
   TEM	
  micrographs	
   along	
   [0001]α	
   of	
   a)	
  Mg-­‐0.47La-­‐0.10Nd,	
   b)	
  
Mg-­‐0.43La-­‐0.18Nd	
  and	
  c)	
  Mg-­‐0.45La-­‐0.63Nd	
  following	
  creep	
  testing	
  at	
  177°C	
  and	
  90	
  MPa	
  in	
  T6	
  (520°C-­‐1h	
  
and	
  then	
  peak	
  aged)	
  condition.	
  	
  

	
  
The	
   higher	
   concentration	
   of	
   Nd	
   in	
   Mg-­‐0.45La-­‐0.63Nd	
   resulted	
   in	
   a	
   greater	
   number	
   of	
  

precipitates	
   nucleating,	
   in	
   comparison	
   to	
   the	
   other	
   two	
   Mg-­‐La-­‐Nd	
   alloys.	
   In	
   the	
   Mg-­‐

0.45La-­‐0.63Nd	
   alloy	
   the	
   precipitate	
   size	
   varies	
   in	
   length	
   between	
   60	
   nm	
   and	
   150	
   nm,	
  

which	
  is	
  comparable	
  to	
  the	
  T4	
  heat-­‐treated	
  and	
  crept	
  Mg-­‐0.45La-­‐0.63Nd	
  alloy.	
  In	
  the	
  Mg-­‐

0.47La-­‐0.10Nd	
   and	
   Mg-­‐0.43La-­‐0.18Nd	
   alloys	
   the	
   precipitates	
   are	
   significantly	
   finer,	
  

approximately	
  5	
  –	
  10	
  nm.	
  The	
  plate-­‐like	
  β	
  precipitates	
  present	
  in	
  Mg-­‐0.45La-­‐0.63Nd	
  tend	
  

to	
  be	
  oriented	
  along	
  two	
  directions	
  (Figure	
  6.18).	
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Figure	
   6.18:	
   Higher	
  magnification	
   bright	
   field	
   TEM	
  micrographs	
   along	
   [0001]α	
   of	
   precipitates	
   following	
  
creep	
  testing	
  at	
  177°C	
  and	
  90	
  MPa	
  in	
  T6	
  (520°C	
  for	
  1h	
  and	
  peak	
  aged)	
  a)	
  and	
  b)	
  Mg-­‐0.47La-­‐0.10Nd,	
  c)	
  Mg-­‐
0.43La-­‐0.18Nd	
  and	
  d)	
  Mg-­‐0.45La-­‐0.63Nd	
  alloys.	
  	
  

	
  
There	
   were	
   no	
   detectable	
   precipitates	
   in	
   any	
   of	
   the	
   Mg-­‐La-­‐Y	
   alloys	
   following	
   just	
   a	
  

solution	
   treatment	
   and	
   then	
   creep	
   testing	
   (Figure	
   6.19).	
   This	
   is	
   different	
   to	
   the	
   results	
  

presented	
   in	
   Figure	
   5.17	
   of	
   the	
   as-­‐cast	
  Mg-­‐La-­‐Y	
   alloys	
   following	
   creep	
   testing,	
  where	
   a	
  

localised	
   region	
   with	
   a	
   dense	
   population	
   of	
   fine	
   β’	
   precipitates	
   was	
   found	
   near	
   grain	
  

boundary	
   regions.	
   This	
   is	
   likely	
   related	
   to	
   the	
   slower	
   age	
   hardening	
   response	
   in	
   Mg-­‐

0.45La-­‐1.18Y	
   following	
   solution	
   treatment	
   (Figure	
   6.2)	
   in	
   comparison	
   to	
   the	
   as	
   cast	
  

condition	
  (Figure	
  5.7).	
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Figure	
  6.19:	
  Low	
  magnification	
  bright	
  field	
  TEM	
  micrographs	
  along	
  [0001]α	
  of	
  a)	
  Mg-­‐0.48La-­‐0.12Y,	
  b)	
  Mg-­‐
0.49La-­‐0.24Y	
   and	
   c)	
   Mg-­‐0.45La-­‐1.18Y	
   following	
   creep	
   testing	
   at	
   177°C	
   and	
   90	
   MPa	
   T4	
   (520°C-­‐1h)	
  
condition.	
  

	
  
Figure	
  6.20	
  shows	
  grains	
  of	
  the	
  Mg-­‐0.48La-­‐0.12Y,	
  Mg-­‐0.49La-­‐0.24Y	
  and	
  Mg-­‐0.45La-­‐1.18Y	
  

alloys	
   a	
   T6	
   condition	
   following	
   creep	
   testing.	
   For	
  Mg-­‐0.48La-­‐0.12Y	
   in	
   the	
   T6	
   and	
   crept	
  

condition,	
  no	
  precipitates	
  were	
  observed	
   (Figure	
  6.20a).	
  However,	
   the	
  Mg-­‐0.49La-­‐0.24Y	
  

and	
  Mg-­‐0.45La-­‐1.18Y	
  T6	
  and	
  crept	
  alloys	
  have	
  resolvable	
  β’	
  precipitates	
  throughout	
  the	
  

grains	
  (Figure	
  6.21).	
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Figure	
  6.20:	
  Low	
  magnification	
  bright	
  field	
  TEM	
  micrographs	
  along	
  [0001]α	
  of	
  cast	
  a)	
  Mg-­‐0.48La-­‐0.12Y,	
  b)	
  
Mg-­‐0.49La-­‐0.24Y	
  and	
   c)	
  Mg-­‐0.45La-­‐1.18Y	
   following	
   creep	
   testing	
  at	
  177°C	
  and	
  90	
  MPa	
   in	
  T6	
   (520°C-­‐1h	
  
and	
  then	
  peak	
  aged)	
  condition.	
  

	
  
Figure	
   6.21	
   shows	
   that	
   the	
   precipitates	
   have	
   an	
   irregular	
   shape	
   when	
   viewed	
   along	
  

[0001]α	
  direction	
  and	
  are	
  distributed	
  throughout	
  the	
  grain	
  and	
  also	
  on	
  dislocations.	
  	
  

	
  

Figure	
  6.21:	
  Bright	
  field	
  TEM	
  micrographs	
  along	
  [0001]α	
  of	
  precipitates	
  following	
  creep	
  testing	
  at	
  177°C	
  
and	
  90	
  MPa	
  in	
  T6	
  (520°C	
  for	
  1h	
  and	
  peak	
  aged)	
  a)	
  and	
  b)	
  Mg-­‐0.49La-­‐0.24Y.	
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The	
   precipitates	
   in	
  Mg-­‐0.45La-­‐1.18Y	
   have	
   a	
   significantly	
   different	
  morphology	
   than	
   the	
  

precipitates	
   in	
   the	
  Mg-­‐0.49La-­‐0.24Y	
   alloy	
   (Figure	
   6.22).	
   The	
   precipitates	
   in	
   Mg-­‐0.45La-­‐

1.18Y	
   appear	
   to	
   have	
   to	
   two	
   different	
  morphologies.	
  One	
  morphology	
   has	
   a	
   cluster	
   of	
  

very	
  thin	
  plates	
  (approximately	
  2	
  atoms	
  wide)	
  that	
  form	
  on	
  the	
  prismatic	
  plane	
  	
  	
  

€ 

{101	
  0} ,	
  

and	
   the	
   other	
   is	
   globular	
   and	
   these	
   particles	
   are	
   often	
   located	
   in	
   the	
   centre	
   of	
   each	
  

cluster	
  of	
  prismatic	
  plates.	
  The	
  globular	
  shape	
  is	
  consistent	
  with	
  the	
  β’	
  phase,	
  as	
  shown	
  in	
  

the	
   electron	
  diffraction	
  pattern	
   (Figure	
   6.22d).	
   The	
   clusters	
   of	
   the	
  prismatic	
   thin	
  plates	
  

are	
  not	
  consistent	
  with	
  any	
  precipitate	
  phases	
   reported	
   in	
   the	
   literature,	
  and	
   therefore	
  

their	
  identity	
  is	
  unclear.	
  

	
  
Figure	
  6.22:	
  TEM	
  micrographs	
  along	
  [0001]α	
  of	
  precipitates	
  following	
  creep	
  testing	
  at	
  177°C	
  and	
  90	
  MPa	
  
in	
  T6	
   (520°C	
   for	
  1h	
  and	
  peak	
  aged)	
  a)	
   –	
   c)	
  Mg-­‐0.45La-­‐1.18Y	
  and	
  d)	
  diffraction	
  pattern	
   from	
   the	
   region	
  
shown	
  in	
  (a)	
  indicating	
  that	
  the	
  globular	
  phase	
  is	
  β ’.	
  Note:	
  image	
  c)	
  was	
  obtained	
  by	
  Ms	
  Wen-­‐Fan	
  Xu	
  on	
  
the	
  author’s	
  behalf	
  using	
  a	
  FEI	
  F20	
  TEM	
  in	
  dark	
  field	
  mode.	
  

	
  
Figure	
  6.23	
  shows	
  grains	
  of	
  Mg-­‐0.45La-­‐0.10Gd,	
  Mg-­‐0.46La-­‐0.21Gd	
  and	
  Mg-­‐0.45La-­‐0.87Gd	
  

following	
  T4	
  solution	
  treatment	
  and	
  creep	
  testing.	
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Figure	
   6.23:	
   Low	
  magnification	
   bright	
   field	
   TEM	
  micrographs	
   along	
   [0001]α	
   of	
   a)	
  Mg-­‐0.45La-­‐0.10Gd,	
   b)	
  
Mg-­‐0.46La-­‐0.21Gd	
   c)	
   Mg-­‐0.45La-­‐0.87Gd	
   following	
   creep	
   testing	
   at	
   177°C	
   and	
   90	
   MPa	
   T4	
   (520°C-­‐1h)	
  
condition.	
  	
  

	
  

No	
  precipitates	
  were	
  resolved	
   in	
  Mg-­‐0.45La-­‐0.10Gd	
  following	
  solution	
  treatment	
  (520°C	
  

for	
  1h)	
  and	
  then	
  crept	
  at	
  177°C	
  and	
  90	
  MPa	
  (Figure	
  6.24a).	
  Precipitates	
  were	
  present	
  in	
  

the	
  crept	
  as-­‐cast	
  Mg-­‐0.46La-­‐0.21Gd,	
  decorating	
  dislocations	
  (Figures	
  6.24b	
  and	
  c).	
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Figure	
  6.24:	
  Higher	
  magnification	
  bright	
  field	
  TEM	
  micrographs	
  along	
  [0001]α	
  of	
  a)	
  Mg-­‐0.45La-­‐0.10Gd,	
  b)	
  
and	
  c)	
  Mg-­‐0.46La-­‐0.21Gd	
  following	
  creep	
  testing	
  at	
  177°C	
  and	
  90	
  MPa	
  T4	
  (520°C-­‐1h)	
  condition.	
  Note:	
  c)	
  
shows	
  a	
  higher	
  resolution	
  micrographs	
  of	
  one	
  of	
  the	
  dislocations	
  decorated	
  with	
  precipitates	
  from	
  b).	
  

	
  

The	
   precipitates	
   in	
   the	
   T4	
   solution	
   treated	
   and	
   then	
   crept	
  Mg-­‐0.45La-­‐0.87Gd	
   alloy	
   are	
  

homogeneously	
  distributed	
  throughout	
  the	
  grain	
  (Figure	
  6.25a).	
  The	
  precipitates	
  are	
  also	
  

shown	
  decorating	
  dislocations	
  (Figure	
  6.25b).	
  The	
  precipitates	
  in	
  Mg-­‐0.45La-­‐0.87Gd	
  have	
  

a	
   central	
   spheroidal	
   particle	
  with	
   a	
   number	
   of	
   thinner	
   platelets	
   that	
   are	
   normal	
   to	
   the	
  

spheroid	
  (Figure	
  6.25c).	
  SAED	
  patterns	
  indicate	
  that	
  the	
  precipitates	
  in	
  Mg-­‐0.45La-­‐0.87Gd	
  

are	
  β’	
  (Figure	
  6.25d).	
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Figure	
   6.25:	
   a)	
   –	
   c)	
   Bright	
   field	
   TEM	
  micrographs	
   along	
   [0001]α	
   of	
   dynamic	
   precipitates	
   formed	
   during	
  
creep	
  testing	
  at	
  177°C	
  and	
  90	
  MPa	
  in	
  Mg-­‐0.45La-­‐0.87Gd	
  in	
  T4	
  condition	
  and	
  d)	
  diffraction	
  pattern	
  from	
  
the	
  region	
  which	
  identifies	
  the	
  precipitates	
  as	
  β ’.	
  

	
  

Figure	
   6.26	
   shows	
   grains	
   of	
   the	
   Mg-­‐0.45La-­‐0.10Gd,	
   Mg-­‐0.46La-­‐0.21Gd	
   and	
  Mg-­‐0.45La-­‐

0.87Gd	
  alloys	
  after	
  a	
  T6	
  heat	
  treatment	
  and	
  following	
  creep	
  testing.	
  The	
  number	
  density	
  

of	
  precipitates	
   increases	
   significantly	
  with	
   increasing	
   concentration	
  of	
  Gd.	
   The	
  grains	
   in	
  

the	
   Mg-­‐0.45La-­‐0.87Gd	
   alloy	
   are	
   shown	
   to	
   have	
   a	
   high	
   number	
   of	
   precipitates	
  

homogenously	
  distributed	
  throughout	
  the	
  grain	
  (Figure	
  6.26c).	
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Figure	
   6.26:	
   Low	
  magnification	
   bright	
   field	
   TEM	
  micrographs	
   along	
   [0001]α	
   of	
   a)	
  Mg-­‐0.45La-­‐0.10Gd,	
   b)	
  
Mg-­‐0.46La-­‐0.21Gd	
  c)	
  Mg-­‐0.45La-­‐0.87Gd	
  following	
  creep	
  testing	
  at	
  177°C	
  and	
  90	
  MPa	
  in	
  T6	
  (520°C-­‐1h	
  and	
  
then	
  peak	
  aged)	
  condition.	
  

	
  

No	
  precipitates	
  in	
  Mg-­‐0.45La-­‐0.10Gd	
  could	
  be	
  resolved	
  (Figure	
  6.27a).	
  Precipitates	
  in	
  Mg-­‐

0.46La-­‐0.21Gd	
  are	
   sporadically	
  distributed	
   throughout	
   the	
  grain	
   (Figure	
  6.27b)	
  and	
  also	
  

appear	
  to	
  decorate	
  dislocations.	
  The	
  precipitates	
   in	
  Mg-­‐0.46La-­‐0.21Gd	
  have	
  an	
   irregular	
  

morphology	
  when	
  viewed	
  along	
  [0001]α	
  (Figure	
  6.27c).	
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Figure	
   6.27:	
   Higher	
  magnification	
   bright	
   field	
   TEM	
  micrographs	
   along	
   [0001]α	
   of	
   precipitates	
   following	
  
creep	
  testing	
  at	
  177°C	
  and	
  90	
  MPa	
  in	
  T6	
  condition	
  (520°C	
  for	
  1h	
  and	
  peak	
  aged)	
  a)	
  Mg-­‐0.45La-­‐0.10Gd	
  and	
  
b)	
  -­‐	
  c)	
  Mg-­‐0.46La-­‐0.21Gd.	
  

	
  

However,	
   when	
   significantly	
   higher	
   concentrations	
   of	
   the	
   ternary	
   alloying	
   element	
   is	
  

added	
  (as	
   in	
  Mg-­‐0.45La-­‐0.87Gd)	
  the	
  morphology	
  of	
  the	
  precipitates	
  changes	
  remarkably	
  

as	
  was	
   also	
   shown	
   in	
   the	
   T4	
  heat-­‐treated	
   and	
   crept	
  Mg-­‐La-­‐Gd	
   alloys	
   (Figure	
   6.28).	
   The	
  

precipitates	
   of	
  Mg-­‐0.45La-­‐0.87Gd	
   are	
   homogeneously	
   distributed	
   throughout	
   the	
   grain	
  

(Figure	
  6.28a)	
  and	
  also	
  decorate	
  dislocations.	
  The	
  precipitates	
  in	
  the	
  T6	
  heat-­‐treated	
  and	
  

crept	
  Mg-­‐0.45La-­‐0.87Gd	
  alloy	
  (Figure	
  6.28b)	
  are	
  comprised	
  of	
  the	
  same	
  precipitate	
  phase	
  

(β’)	
  as	
  the	
  T4	
  alloy	
  (Figure	
  6.25c),	
  which	
  is	
  confirmed	
  in	
  Figure	
  6.28c.	
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Figure	
  6.28:	
  Bright	
  field	
  TEM	
  micrographs	
  along	
  [0001]α	
  of	
  precipitates	
  following	
  creep	
  testing	
  at	
  177°C	
  
and	
  90	
  MPa	
  in	
  T6	
  (520°C	
  for	
  1h	
  and	
  peak	
  aged)	
  a)	
  –	
  b)	
  Mg-­‐0.45La-­‐0.87Gd	
  and	
  c)	
  diffraction	
  pattern	
  from	
  
the	
  region	
  which	
  identifies	
  the	
  precipitates	
  as	
  β ’.	
  Note:	
  A	
  dislocation	
  decorated	
  by	
  precipitates	
  is	
  circled	
  
in	
  a).	
  

	
  

6.6 Discussion 

6.6.1 Heat Treatment of HPDC Mg-La-RE Alloys 

It	
   has	
   previously	
   been	
   found	
   by	
  Gibson	
   (in	
   a	
   personal	
   communication)	
   that	
   short-­‐term	
  

heat	
  treatments	
  at	
  moderate	
  temperatures	
  (480°C	
  –	
  520°C)	
  can	
  successfully	
  be	
  applied	
  to	
  

HPDC	
  Mg-­‐RE	
  alloys	
  without	
  causing	
  any	
  damage	
  to	
  the	
  surface	
  of	
  the	
  sample.	
  Due	
  to	
  the	
  

relatively	
  short	
  duration	
  of	
  the	
  solution	
  treatment	
  and	
  also	
  due	
  to	
  the	
  use	
  of	
  a	
  moderate	
  

solution	
   treatment	
   temperature	
   (520°C),	
   gas	
   pores	
   that	
  were	
   created	
   during	
   the	
  HPDC	
  

process	
  did	
  not	
  have	
  the	
  sufficient	
  time	
  or	
  thermal	
  energy	
  to	
  expand.	
  Thus	
  pores	
  near	
  the	
  

surface	
  to	
  the	
  casting	
  (in	
  the	
  “skin”)	
  region	
  did	
  not	
  cause	
  any	
  blistering	
  to	
  occur.	
  Lumley	
  

et	
  al.	
  [6]	
  showed	
  that	
  it	
  was	
  possible	
  to	
  achieve	
  a	
  substantive	
  age	
  hardening	
  response	
  in	
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HPDC	
  Al	
  alloys	
  when	
  heat	
  treated	
  at	
  temperatures	
  of	
  490°C	
  or	
  less,	
  over	
  durations	
  of	
  24	
  h	
  

or	
   less	
   without	
   causing	
   damage.	
   This	
   was	
   not	
   true	
   for	
   the	
   HPDC	
   Mg-­‐La-­‐RE	
   alloys	
  

investigated	
  in	
  the	
  current	
  work,	
  as	
  will	
  be	
  discussed	
  in	
  this	
  section.	
  

6.6.2 Age Hardening Response 

The	
   age	
   hardness	
   curves	
   (Figure	
   6.2)	
   of	
   solution	
   treated	
   alloys	
   show	
   that	
   longer	
   heat	
  

treatments	
   are	
   required	
   in	
   comparison	
   to	
   alloys	
   that	
   were	
   aged	
   from	
   the	
   as-­‐cast	
  

condition	
  in	
  order	
  to	
  reach	
  a	
  peak	
  aged	
  condition	
  (Figure	
  5.6).	
  The	
  length	
  of	
  time	
  taken	
  to	
  

reach	
   peak	
   ageing	
   conditions	
   was	
   longer	
   following	
   solution	
   treatment	
   and	
   the	
   peak	
  

hardness	
  value	
  lower	
  in	
  comparison	
  to	
  the	
  alloys	
  aged	
  initially	
  from	
  the	
  as-­‐cast	
  condition.	
  

This	
  is	
  a	
  result	
  of	
  the	
  removal	
  of	
  the	
  localised	
  region	
  of	
  supersaturated	
  solute	
  in	
  the	
  α-­‐Mg	
  

matrix	
  near	
  grain	
  boundaries,	
  which	
   is	
  present	
   in	
  the	
  as-­‐cast	
  alloys.	
   In	
  Chapter	
  5,	
   it	
  was	
  

shown	
   that	
   Mg-­‐0.45La-­‐1.18Y	
   and	
   Mg-­‐0.45La-­‐0.87Gd	
   alloys	
   had	
   densely	
   concentrated	
  

precipitates	
   near	
   grain	
   boundaries	
   but	
  with	
   little	
   or	
   no	
   precipitates	
   closer	
   to	
   the	
   grain	
  

interior.	
  This,	
  in	
  addition	
  to	
  EDS	
  line	
  scans	
  (Figure	
  4.8)	
  helped	
  to	
  confirm	
  the	
  cored	
  solute	
  

distribution.	
   When	
   HPDC	
   Mg-­‐La-­‐RE	
   alloys	
   are	
   solution	
   treated,	
   the	
   solute	
   becomes	
  

homogeneously	
  distributed.	
  As	
  a	
  result	
  of	
  this,	
  it	
  takes	
  significantly	
  longer	
  for	
  the	
  alloys	
  to	
  

reach	
   the	
  peak-­‐aged	
   condition	
  due	
   to	
   the	
   lower	
   local	
   supersaturation	
  of	
   solute	
   in	
   solid	
  

solution.	
  	
  

	
  

The	
  thermal	
  stability	
  of	
  the	
  precipitates	
  in	
  the	
  Y	
  or	
  Gd	
  containing	
  alloys	
  was	
  significantly	
  

better	
  than	
  the	
  Nd	
  containing	
  alloys	
  (which	
  was	
  also	
  indicated	
  from	
  the	
  Mg-­‐La-­‐Nd	
  alloys	
  

that	
  were	
  aged	
   from	
  as-­‐cast	
   condition	
   in	
  Chapter	
  5).	
  The	
  precipitates	
  do	
  not	
  appear	
   to	
  

coarsen	
  in	
  the	
  Y	
  or	
  Gd-­‐containing	
  alloys	
  as	
  fast	
  as	
   in	
  the	
  Nd-­‐containing	
  alloys.	
  However,	
  

there	
  was	
  an	
  unexpected	
  result	
  for	
  Mg-­‐0.45La-­‐1.18Y	
  alloy.	
  Heat-­‐treating	
  Mg-­‐0.45La-­‐1.18Y	
  

at	
   the	
   lower	
   temperature	
   of	
   160°C	
   (in	
   comparison	
   to	
   177°C)	
   resulted	
   in	
   a	
   shorter	
  

duration	
  for	
  the	
  alloy	
  to	
  reach	
  peak	
  hardness.	
   It	
  would	
  be	
  expected	
  that	
  peak	
  hardness	
  

would	
  be	
  achieved	
  sooner	
  at	
  higher	
  temperatures,	
  as	
  this	
  would	
  increase	
  the	
  kinetics	
  of	
  

the	
  precipitation	
  reaction.	
   In	
  order	
  to	
  verify	
  the	
  results,	
  repeat	
  age	
  hardness	
  tests	
  were	
  

performed	
  on	
  another	
  set	
  of	
  Mg-­‐0.45La-­‐1.18Y	
  specimens	
  following	
  a	
  solution	
  treatment	
  

of	
  520°C	
  for	
  1	
  h,	
  water	
  quenching	
  and	
  ageing	
  at	
  160°C	
  and	
  177°C	
  (Figure	
  6.1).	
  The	
  results	
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were	
  consistent	
  with	
  the	
  original	
  set	
  of	
  heat	
  treatment	
  data.	
  Furthermore,	
  this	
  result	
  was	
  

only	
  observed	
  in	
  the	
  Mg-­‐La-­‐Y	
  alloy.	
  Both	
  the	
  Mg-­‐La-­‐Nd	
  and	
  Mg-­‐La-­‐Gd	
  alloys	
  reached	
  peak	
  

hardness	
  values	
  earlier	
  at	
   the	
  ageing	
   temperature	
  of	
  177°C.	
  Regardless	
  of	
   this	
   result,	
   it	
  

was	
   evident	
   that	
   ageing	
   any	
   of	
   the	
   alloys	
   following	
   solution	
   treatment	
   and	
   water	
  

quenching	
  did	
  not	
  improve	
  the	
  ageing	
  response	
  of	
  the	
  alloys	
  in	
  comparison	
  with	
  the	
  aged	
  

alloys	
  from	
  the	
  as-­‐cast	
  condition	
  (Figure	
  5.6).	
  	
  	
  

	
  

6.6.3 Influence of Heat-Treatment on Tensile Properties of HPDC Mg-La-RE 
Alloys 

The	
  effects	
  of	
  solid	
  solution	
  strengthening	
  or	
  precipitation	
  hardening	
  on	
  tensile	
  strength	
  

were	
  examined	
  in	
  the	
  Mg-­‐La-­‐Nd,	
  Mg-­‐La-­‐Y	
  and	
  Mg-­‐La-­‐Gd	
  alloy	
  series.	
  All	
  three	
  alloy	
  series	
  

required	
   concentrations	
   of	
   ternary	
   RE	
   significantly	
   greater	
   than	
   0.2	
   at.%	
   before	
   any	
  

improvements	
  to	
  the	
  tensile	
  properties	
  were	
  observed	
  (Figure	
  6.29).	
  Alloys	
  with	
  relatively	
  

high	
  concentrations	
  of	
  ternary	
  RE	
  begin	
  to	
  counteract	
  the	
  loss	
  in	
  strength	
  from	
  the	
  grain	
  

boundary	
  following	
  heat	
  treatment.	
  For	
  the	
  Mg-­‐0.45La-­‐0.63Nd	
  alloy,	
  either	
  a	
  T4	
  or	
  a	
  T6	
  

heat	
   treatment	
   resulted	
   in	
   improved	
   tensile	
   properties	
   (Figure	
   6.3)	
   (T4	
   causes	
   slight	
  

improvement	
  in	
  UTS	
  and	
  ductility	
  even	
  though	
  yield	
  strength	
  reduces	
  while	
  T6	
  improved	
  

0.2	
  %	
  PS,	
  UTS	
  and	
  ductility).	
  For	
  the	
  Mg-­‐0.45La-­‐1.18Y	
  and	
  Mg-­‐0.45La-­‐0.87Gd	
  alloys	
  the	
  T6	
  

heat	
  treatment	
  improved	
  the	
  0.2	
  %	
  PS	
  significantly.	
  This	
  can	
  be	
  attributed	
  to	
  the	
  higher	
  

solid	
  solubility	
  of	
  Y	
  and	
  Gd	
  in	
  Mg	
  in	
  comparison	
  to	
  Nd.	
  The	
  0.2%	
  PS	
  and	
  UTS	
  appeared	
  not	
  

to	
   change	
   significantly	
   following	
   solution	
   treatment	
   in	
   the	
   Mg-­‐0.45La-­‐1.18Y	
   and	
   Mg-­‐

0.45La-­‐0.87Gd	
  alloys.	
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Figure	
  6.29:	
  Influence	
  of	
  the	
  volume	
  fraction	
  of	
  intermetallic	
  at	
  grain	
  boundaries	
  on	
  0.2	
  %	
  PS	
  at	
  177°C	
  for	
  
Mg-­‐La-­‐Nd,	
  Mg-­‐La-­‐Y	
   and	
  Mg-­‐La-­‐Gd	
   in	
   as-­‐cast	
   (AC)	
   T4	
   and	
   b)	
   T6	
   conditions.	
   The	
   alloys	
  with	
   the	
   highest	
  
concentration	
  of	
  ternary	
  RE	
  and	
  those	
  with	
  approximately	
  0.25	
  at.%	
  ternary	
  RE	
  or	
  less	
  that	
  were	
  tested	
  in	
  
the	
  present	
  work	
  are	
  indicated.	
  

	
  
Following	
   solution	
   treatment	
   the	
   morphology	
   of	
   the	
   intermetallic	
   phase	
   became	
  

significantly	
  less	
  continuous	
  (Figure	
  6.13)	
  compared	
  to	
  the	
  as-­‐cast	
  condition	
  (Figure	
  4.1).	
  

There	
   is	
   also	
   a	
   redistribution	
   of	
   solute	
   in	
   solid	
   solution	
   from	
   the	
   localised	
   region	
   near	
  

grain/cell	
   boundaries	
   in	
   the	
   as-­‐cast	
   condition	
   to	
   being	
   distributed	
   homogeneously	
  

throughout	
   the	
  grain.	
  These	
   two	
  effects	
   that	
  are	
  caused	
  by	
   the	
  heat	
   treatment	
  process	
  

contribute	
  to	
  the	
  lowering	
  of	
  the	
  0.2%	
  PS	
  of	
  the	
  alloys.	
  Without	
  sufficient	
  strengthening	
  

from	
   precipitation	
   hardening	
   or	
   solid	
   solution	
   strengthening,	
   the	
   yield	
   strength	
   of	
   the	
  

alloys	
   drops	
   below	
   that	
   of	
   the	
   as-­‐cast	
   condition	
   as	
   seen	
   in	
   all	
   the	
   alloys	
   with	
  

approximately	
   0.2	
   at%	
   (or	
   less)	
   ternary	
   alloying	
   addition	
   (Tables	
   6.1-­‐6.3).	
   As	
   shown	
   by	
  

Zhang	
  et	
  al.	
  [149]	
  a	
  continuous	
  intermetallic	
  phase	
  at	
  the	
  grain	
  boundaries	
  in	
  HPDC	
  Mg-­‐

RE	
  alloys	
  can	
  contribute	
  up	
  to	
  30	
  MPa	
  of	
  strength	
  to	
  the	
  material.	
  	
  

	
  

The	
  stress-­‐strain	
  curves	
  of	
   the	
  highest	
  concentration	
  Y	
  or	
  Gd	
  ternary	
  RE	
   i.e.	
  Mg-­‐0.45La-­‐

1.18Y	
   or	
   Mg-­‐0.45La-­‐0.87Gd	
   alloys	
   following	
   solution	
   treatment	
   (T4)	
   demonstrated	
   a	
  

serrated	
   flow	
   or	
   Portevin-­‐Le	
   Chatelier	
   (PLC)	
   effect	
   at	
   177°C.	
   No	
   serrated	
   flow	
   was	
  

observed	
   in	
   the	
   alloy	
   in	
   the	
   highest	
   concentration	
   of	
   ternary	
   Nd	
   (Mg-­‐0.45La-­‐0.63Nd)	
  

≥	
  0.25at.%	
  TRE	
  

≤	
  0.25at.%	
  TRE	
  



	
   	
  
6	
  Effects	
  of	
  Heat	
  Treatment	
  on	
  Mechanical	
  Properties	
  and	
  Creep	
  on	
  Mg-­‐La-­‐RE	
  Alloys	
  

	
  
	
  
170	
  

following	
   solution	
   treatment	
   or	
   in	
   any	
   other	
   alloy	
   investigated	
   in	
   the	
   as-­‐cast	
   or	
   T6	
  

conditions.	
  	
  

	
  

The	
   serrated	
   flow	
   is	
   commonly	
   attributed	
   to	
   the	
   dynamic	
   interaction	
   between	
  mobile	
  

dislocations	
   and	
   solute	
   atoms	
   diffusing	
   (or	
   dynamic	
   strain	
   ageing)	
   [202].	
   Solution	
  

treatment	
   increases	
   the	
   concentration	
   of	
   solute	
   in	
   solid	
   solution	
   and	
   also	
   helps	
   to	
  

homogeneously	
  distribute	
  the	
  solute	
  atoms	
  throughout	
  the	
  grain.	
  The	
  highest	
  ternary	
  RE	
  

containing	
   alloys	
   would	
   thus	
   necessarily	
   have	
   the	
   greatest	
   amount	
   of	
   solute	
   in	
   solid	
  

solution	
  and	
  a	
  more	
   clearly	
  defined	
  PLC	
  effect.	
   If	
   all	
   of	
   the	
   ternary	
  RE	
  was	
  dissolved	
   in	
  

solid	
   solution,	
   the	
   highest	
   concentrated	
   Nd	
   alloy	
   (Mg-­‐0.45La-­‐0.63Nd)	
   would	
   have	
   0.63	
  

at.%	
  Nd	
   in	
   the	
  α-­‐Mg	
  matrix.	
   The	
  highest	
   concentrated	
  Y	
  or	
  Gd	
  alloys	
  have	
   significantly	
  

more	
  solute	
  in	
  solid	
  solution	
  (0.55	
  or	
  0.24	
  at.%	
  ternary	
  RE	
  respectively)	
  than	
  Mg-­‐0.45La-­‐

0.63Nd.	
  This	
  may	
  explain	
  why	
  no	
  PLC	
  effect	
  was	
  detected	
  in	
  the	
  T4	
  processed	
  Mg-­‐0.45La-­‐

0.63Nd	
  when	
  tensile	
  tested	
  at	
  177°C.	
  Zhu	
  and	
  Nie	
  [203]	
  as	
  well	
  as	
  Fang	
  et	
  al.	
  [204]	
  have	
  

reported	
  on	
  the	
  serrated	
  flow	
  in	
  WE54	
  and	
  Mg-­‐Gd	
  alloys,	
  respectively,	
  for	
  similar	
  tensile	
  

testing	
   temperatures	
   (150°C	
   -­‐	
   300°C).	
   It	
   was	
   concluded	
   in	
   both	
   [203,	
   204]	
   that	
   the	
  

serrated	
   flow	
  was	
   a	
   result	
   of	
   dynamic	
   strain	
   ageing.	
  Wu	
   et	
   al.	
   [205]	
   also	
   recorded	
   the	
  

presence	
   of	
   a	
   serrated	
   stress-­‐strain	
   curve	
   in	
   rolled	
   sheets	
   of	
  Mg-­‐2.74Gd-­‐1.06Zn	
   (wt.%)	
  

that	
  were	
  annealed	
  and	
  aged	
  at	
  different	
  temperatures.	
  They	
  claimed	
  that	
  the	
  serrated	
  

flow	
  was	
  attributed	
  to	
  shearing	
  of	
  precipitates	
  by	
  gliding	
  dislocations.	
  	
  

	
  

6.6.4 Precipitates in Mg-La-RE Alloys following Heat Treatment and Creep 

	
  

It	
   is	
   outside	
   the	
   scope	
   of	
   this	
   thesis	
   to	
   perform	
   a	
   detailed	
   characterisation	
   of	
   the	
  

precipitate	
   phases	
   in	
   the	
   Mg-­‐La-­‐RE	
   alloys.	
   However,	
   a	
   brief	
   overview	
   of	
   the	
   different	
  

precipitates	
   that	
   form	
  during	
   ageing	
   or	
   creep	
   testing	
   is	
   shown.	
   The	
  morphology	
   of	
   the	
  

precipitates	
  was	
   shown	
   to	
   be	
   significantly	
   different	
   between	
   the	
   three	
   alloy	
   series	
   and	
  

also	
   within	
   alloy	
   series	
   in	
   some	
   instances.	
   	
   The	
   Nd-­‐rich	
   precipitates	
   are	
   noticeably	
  

different	
   in	
   comparison	
   to	
   the	
   Y	
   or	
   Gd	
   precipitates	
   since	
   they	
   are	
   plate-­‐like	
   β1	
   or	
   β	
  

precipitates	
   that	
  are	
  oriented	
  along	
   the	
  prismatic	
  planes	
  of	
   the	
  α-­‐Mg	
  matrix	
   [139].	
  The	
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precipitates	
   in	
   the	
  Mg-­‐0.49La-­‐0.24Y	
   T6	
   alloy	
   (Figure	
   6.21)	
   have	
   a	
   significantly	
   different	
  

morphology	
   from	
   those	
   of	
   the	
   Mg-­‐0.45La-­‐1.18Y	
   T6	
   alloy	
   (Figure	
   6.22).	
   It	
   is	
   unclear	
  

precisely	
  what	
  the	
  identity	
  of	
  the	
  precipitates	
  in	
  the	
  Mg-­‐0.49La-­‐0.24Y	
  T6	
  alloys	
  are	
  after	
  

creep	
  testing.	
  However,	
  they	
  have	
  a	
  significantly	
  different	
  morphology	
  to	
  the	
  metastable	
  

β’	
   phase	
   that	
  was	
  observed	
   in	
  binary	
  Mg-­‐Y	
  alloys	
   [206].	
   The	
  precipitates	
   in	
   the	
  T6	
  Mg-­‐

0.45La-­‐1.18Y	
  crept	
  alloys	
  appear	
  to	
  be	
  an	
  unknown	
  phase	
  nucleating	
  from	
  the	
  centre	
  of	
  

another	
   metastable	
   β’	
   phase.	
   The	
   β’	
   phase	
   in	
   the	
   Gd	
   containing	
   alloys	
   has	
   a	
   similar	
  

morphology	
  to	
  the	
  β’	
  phase	
  in	
  the	
  Y	
  alloys	
  but	
  is	
  much	
  easier	
  to	
  reconcile.	
  The	
  Gd-­‐based	
  

β’	
  phase	
  has	
  a	
  spheroidal	
  shaped	
  particle	
  with	
  a	
  number	
  of	
  thinner	
  β’’	
  platelets	
  that	
  are	
  

attached	
   to	
   the	
   spheroidal	
  β’	
   particle	
   (Figure	
   6.25).	
   Liu	
   et	
   al.	
   [207]	
   have	
  modelled	
   the	
  

formation	
  of	
   the	
  Mg-­‐Y	
   and	
  Mg-­‐Gd	
  β’	
   precipitates	
   and	
   concluded	
   that	
   the	
   difference	
   in	
  

morphology	
  is	
  a	
  result	
  of	
  the	
  difference	
  between	
  the	
  interfacial	
  energies	
  and	
  elastic	
  strain	
  

energy	
  anisotropy	
  of	
  the	
  two	
  alloys.	
  

	
  

6.6.5 Influence of Heat Treatment on Creep Properties and Microstructure 

	
  

Creep	
  properties	
  of	
  T4	
  or	
  T6	
  processed	
  alloys	
  were	
  either	
  worse	
  or	
  at	
  best	
  comparable	
  to	
  

the	
   equivalent	
   alloys	
   in	
   the	
   as-­‐cast	
   condition.	
   Following	
   solution	
   treatment	
   or	
   solution	
  

treatment	
   and	
   peak	
   ageing,	
   the	
   average	
   grain	
   size	
   of	
   the	
   alloys	
   was	
   not	
   significantly	
  

different	
   from	
   that	
  of	
   the	
  as-­‐cast	
   alloys	
   (Table	
  6.4)	
  due	
   to	
   the	
   relatively	
   short	
  duration	
  

time	
  of	
  the	
  solution	
  treatment.	
  	
  

	
  

The	
   heat	
   treatments	
   did,	
   however,	
   significantly	
   change	
   the	
   morphology	
   of	
   the	
  

microstructure	
  at	
   the	
  grain	
  boundaries.	
   In	
   the	
  as-­‐cast	
   condition	
   there	
  was	
  a	
  eutectic	
  at	
  

the	
  grain	
  boundaries,	
  which	
  was	
  comprised	
  of	
  a	
  lamellar	
  morphology	
  (eutectic	
  α-­‐Mg	
  and	
  

Mg-­‐La-­‐rich	
   intermetallic	
   phase)	
   that	
  was	
   relatively	
   continuous	
   throughout	
   the	
  material.	
  

Following	
  solution	
  treatment	
  or	
  solution	
  treatment	
  and	
  then	
  ageing	
  the	
  continuity	
  of	
  the	
  

intermetallic	
   phase	
   at	
   grain	
   boundaries	
   was	
   reduced	
   and	
   became	
   increasingly	
  

discontinuous	
   (Figure	
   6.13)	
   in	
   comparison	
   to	
   the	
   as-­‐cast	
   condition	
   (Figure	
   4.1).	
   Hence	
  

performing	
   a	
   solution	
   treatment	
   assisted	
   in	
   isolating	
   what	
   influence	
   grain	
   boundary	
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reinforcement	
   had	
   on	
   the	
   creep	
   properties	
   of	
   the	
   alloys	
   particularly	
   since	
   grain	
   size	
  

effects	
  could	
  be	
  ignored.	
  

	
  

Solution	
   treatment	
   also	
   helped	
   distribute	
   the	
   solute	
   in	
   solid	
   solution	
   homogeneously	
  

throughout	
   the	
   grains	
   of	
   the	
   alloys	
   following	
   solution	
   treatment	
   as	
   predicted	
   by	
   the	
  

calculation	
  from	
  Eq.	
  (6.1).	
  There	
  is	
  no	
  longer	
  a	
  region	
  of	
  highly	
  concentrated	
  solute	
  near	
  

the	
  grain	
  boundaries,	
  which	
  would	
  have	
  been	
   the	
  most	
   likely	
   region	
   for	
  precipitates	
   to	
  

form.	
  There	
  were,	
  however,	
  no	
   resolvable	
  precipitates	
   following	
   the	
  T4	
  heat	
   treatment	
  

and	
  subsequent	
  creep	
  testing	
  of	
  the	
  Mg-­‐La-­‐Y	
  alloys.	
  This	
  can	
  be	
  explained	
  by	
  examining	
  

the	
  age	
  hardening	
  response	
  for	
  Mg-­‐0.45La-­‐1.18Y	
  (Figure	
  6.2).	
  It	
  requires	
  at	
  least	
  1700	
  h	
  of	
  

ageing	
   at	
   160°C	
   or	
   4000	
   h	
   at	
   177°C	
   before	
   any	
   noticeable	
   change	
   in	
   hardness	
   was	
  

observed.	
   The	
   T4	
  Mg-­‐0.45La-­‐1.18Y	
   crept	
   alloy	
   had	
   been	
   exposed	
   to	
   a	
   temperature	
   of	
  

177°C	
  for	
  only	
  600	
  h	
  and	
  as	
  such	
  no	
  precipitates	
  would	
  be	
  expected	
  to	
  have	
  form	
  in	
  the	
  

microstructure.	
  

	
  

It	
   is	
   important	
   to	
   note	
   that	
   the	
   alloys	
  with	
   approximately	
   0.1	
   at.%	
   ternary	
   RE	
   and	
   the	
  

alloys	
   with	
   approximately	
   0.2	
   at.%	
   following	
   either	
   a	
   T4	
   or	
   a	
   T6	
   heat	
   treatment	
   have	
  

comparable	
  0.2	
  %	
  PS	
  (Table	
  6.3).	
  The	
  T4	
  or	
  T6	
  0.2	
  at.%	
  alloys	
  experienced	
  less	
  initial	
  strain	
  

during	
  creep	
  testing	
  than	
  the	
  0.1	
  at.%	
  alloys.	
  The	
  discontinuity	
  of	
  the	
  intermetallic	
  phase	
  

at	
  grain	
  boundaries	
  is	
  similar	
  between	
  these	
  two	
  sets	
  of	
  alloys	
  following	
  a	
  T4	
  or	
  T6	
  heat	
  

treatment	
  (Figure	
  6.14).	
  	
  In	
  addition,	
  there	
  was	
  no	
  significant	
  change	
  to	
  the	
  average	
  grain	
  

size	
   (Table	
   6.4).	
   The	
   higher	
   concentration	
   of	
   solute	
   in	
   solid	
   solution	
   (following	
   T4	
  

processing)	
  and	
  also	
  the	
  presence	
  of	
  static	
  precipitates	
  (following	
  T6	
  processing)	
  are	
  likely	
  

to	
   counteract	
   the	
   reduced	
   amount	
   grain	
   boundary	
   strengthening	
   as	
   a	
   result	
   of	
   the	
  

eutectic	
   dissolving	
   and	
   only	
   a	
   discontinuous	
   Mg12RE	
   intermetallic	
   phase	
   remaining	
   at	
  

grain	
  boundaries.	
  However,	
  this	
  is	
  still	
  not	
  effective	
  for	
  improving	
  the	
  creep	
  properties	
  of	
  

the	
   as-­‐cast	
   alloys,	
   which	
   have	
   excellent	
   grain	
   boundary	
   reinforcement,	
   and	
   a	
   localised	
  

region	
  of	
  supersaturated	
  solute	
  that	
  allows	
  for	
  dynamic	
  precipitation	
  to	
  occur.	
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It	
   was	
   interesting	
   that	
   precipitates	
   were	
   detected	
   in	
   alloys	
   that	
   should	
   not	
   have	
  

precipitates	
   according	
   to	
   their	
   solid	
   solubility	
   in	
  Mg,	
   namely,	
   the	
  Mg-­‐0.49La-­‐0.24Y	
   and	
  

Mg-­‐0.46La-­‐0.21Gd	
  alloys	
  in	
  the	
  T6	
  and	
  crept	
  condition	
  as	
  is	
  shown	
  by	
  the	
  solubility	
  limit	
  

of	
  Y	
  or	
  Gd	
  in	
  Mg	
  at	
  177°C	
  (Table	
  5.4).	
  The	
  precipitates	
  of	
  these	
  alloys	
  are	
  relatively	
  fine	
  

(approximately	
  10	
  -­‐	
  20	
  nm)	
  and	
  are	
   few	
   in	
  number,	
  Figures	
  6.21	
  and	
  6.27,	
   respectively.	
  

Rokhlin	
  et	
  al.	
   [208]	
  proposed	
  that	
  when	
  RE	
  elements	
  with	
   low	
  solid	
  solubility	
   in	
  Mg	
  are	
  

added	
  with	
   higher	
   soluble	
  RE	
   elements	
   the	
   solubility	
   of	
   the	
   higher	
   solubility	
   RE	
  will	
   be	
  

lowered.	
  In	
  this	
  case	
  the	
  La	
  alloying	
  addition	
  (maximum	
  solid	
  solubility	
  of	
  0.04	
  at.%	
  in	
  Mg)	
  

may	
   lower	
   the	
   solid	
   solubilities	
   for	
   the	
   more	
   soluble	
   Y	
   or	
   Gd	
   alloys	
   (maximum	
   solid	
  

solubility	
  of	
  3.60	
  and	
  4.53	
  at.%,	
  respectively)	
  causing	
  precipitation	
  Mg-­‐0.49La-­‐0.24Y	
  and	
  

Mg-­‐0.46La-­‐0.21Gd	
  specimens	
  during	
  a	
  T6	
  heat	
  treatment.	
  

	
  

Precipitation	
   hardening	
   has	
   previously	
   been	
   suggested	
   to	
   be	
   one	
   of	
   the	
   methods	
   to	
  

improve	
   creep	
   resistance	
   in	
  Mg	
   alloys	
   [13,	
   88].	
   Precipitates	
   are	
   present	
   in	
   all	
   the	
   high	
  

concentrated	
   ternary	
   RE	
   alloys	
   following	
   a	
   T6	
   heat	
   treatment	
   and	
   creep	
   testing.	
   The	
  

aspect	
  ratio	
  of	
  the	
  precipitates,	
  precipitate	
  number	
  density	
  and	
  thermal	
  stability	
  of	
  solute	
  

can	
   all	
   contribute	
   to	
   alloy	
   strengthening	
   [157].	
   However	
   the	
   morphology	
   of	
   the	
  

precipitates	
  differ	
  significantly	
  between	
  alloy	
  series,	
  in	
  particular	
  of	
  the	
  high	
  concentrated	
  

alloys.	
  When	
  the	
  number	
  density	
  of	
  the	
  precipitates	
  varies	
  between	
  alloys	
  it	
  is	
  difficult	
  to	
  

isolate	
   the	
   influence	
   of	
   the	
   precipitate	
   aspect	
   ratio	
   on	
   strength	
   because	
   the	
   effective	
  

inter-­‐particle	
   spacing	
   also	
   influences	
   the	
   strength	
   of	
   the	
   alloy.	
   These	
   factors	
   may	
   also	
  

influence	
  creep	
  resistance	
  with	
  respect	
  to	
  impeding	
  dislocation	
  motion	
  [14].	
  

	
  

The	
  precipitate	
  number	
  density	
  of	
   the	
  T6	
  Mg-­‐0.45La-­‐1.18Y	
  alloy	
   following	
  creep	
   testing	
  

(Figure	
  6.22a)	
  appeared	
  to	
  be	
  less	
  than	
  either	
  T6	
  Mg-­‐0.45La-­‐0.63Nd	
  (Figure	
  6.18d)	
  or	
  T6	
  

Mg-­‐0.45La-­‐0.87Gd	
  (Figure	
  6.28a)	
  heat	
  treated	
  and	
  crept	
  alloys.	
  However,	
  the	
  Mg-­‐0.45La-­‐

1.18Y	
   alloy	
   had	
   a	
   substantial	
   increase	
   in	
   0.2	
   %	
   PS	
   following	
   T6	
   heat	
   treatment	
   when	
  

compared	
   to	
   the	
   as-­‐cast	
   condition	
   and	
   also	
   the	
   slow	
   age	
  hardening	
   rate.	
   These	
   results	
  

may	
  indicate	
  that	
  precipitation	
  strengthening	
  is	
  present	
  but	
  the	
  precipitates	
  are	
  too	
  fine	
  

to	
   be	
   resolved	
   with	
   conventional	
   TEM.	
   Yet	
   the	
  Mg-­‐0.45La-­‐1.18Y	
   alloy	
   had	
   a	
  minimum	
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creep	
  rate,	
  which	
  was	
  approximately	
  1	
  order	
  of	
  magnitude	
  lower	
  than	
  Mg-­‐0.45La-­‐0.63Nd	
  

(section	
  6.4).	
  However,	
  the	
  precipitates	
  in	
  Mg-­‐0.45La-­‐0.63Nd	
  were	
  on	
  average	
  larger	
  and	
  

coarser	
   than	
   those	
   in	
   either	
  Mg-­‐0.45La-­‐1.18Y	
   or	
  Mg-­‐0.45La-­‐0.87Gd.	
   The	
   precipitates	
   in	
  

Mg-­‐0.45La-­‐0.63Nd	
   alloys	
   began	
   to	
   overage	
   earlier	
   than	
   both	
  Mg-­‐0.45La-­‐1.18Y	
   and	
  Mg-­‐

0.45La-­‐0.87Gd	
  alloys	
   (Figure	
   6.2).	
   From	
   this	
   result	
   it	
   can	
  be	
   assumed	
   that	
   the	
  diffusion	
  

rate	
  of	
  solute	
   in	
  solid	
  solution	
  was	
   faster	
   in	
  Mg-­‐La-­‐Nd	
  alloys	
   than	
  Mg-­‐La-­‐Y	
  or	
  Mg-­‐La-­‐Gd	
  

alloys.	
  This	
  resulted	
  in	
  a	
  reduced	
  number	
  density	
  of	
  precipitates	
  in	
  comparison	
  to	
  the	
  Mg-­‐

La-­‐Y	
   or	
  Mg-­‐La-­‐Gd	
   alloys.	
   This	
   is	
   likely	
   to	
   reduce	
   the	
   effectiveness	
   of	
   the	
   precipitates	
   in	
  

pinning	
   or	
   otherwise	
   retarding	
   the	
   motion	
   of	
   dislocations	
   within	
   the	
   grain.	
   It	
   is	
   also	
  

important	
  to	
  note	
  that	
  the	
  Mg-­‐0.45La-­‐1.18Y	
  alloys	
  following	
  T4	
  heat	
  treatment	
  and	
  creep	
  

testing	
  have	
  no	
  dynamic	
  precipitates	
   (Figure	
  6.19c)	
  but	
  still	
  have	
  a	
  minimum	
  creep	
  rate	
  

(Figure	
   6.9)	
   that	
   is	
   over	
   1	
   order	
   of	
   magnitude	
   lower	
   than	
   T4	
   heat	
   treated	
  Mg-­‐0.45La-­‐

0.63Nd	
   alloy	
   (Figure	
   6.7).	
   This	
   indicates	
   that	
   excellent	
   creep	
   properties	
   can	
   also	
   be	
  

obtained	
  with	
  a	
  solute	
  in	
  solid	
  solution	
  that	
  has	
  a	
  sufficiently	
  low	
  diffusion	
  rate.	
  

	
  

It	
  was	
   shown	
  previously,	
   in	
  Chapter	
  5	
   for	
   the	
  as-­‐cast	
  alloys	
   following	
   subsequent	
  creep	
  

testing,	
   that	
   both	
   Y	
   and	
   Gd	
   containing	
   alloys	
   had	
   better	
   creep	
   properties	
   than	
   Nd	
  

containing	
   alloys,	
   even	
   though	
  all	
   alloys	
   (with	
   the	
   appropriate	
   concentration	
  of	
   ternary	
  

RE)	
   had	
   precipitation	
   occurring.	
   The	
   thermal	
   stability	
   of	
   the	
   precipitates,	
   which	
   is	
  

ultimately	
   related	
   to	
   the	
   diffusivity	
   of	
   the	
   solute	
   in	
   solid	
   solution	
   is	
   also	
   a	
   contributing	
  

factor	
  in	
  relation	
  to	
  creep	
  resistance	
  as	
  was	
  also	
  concluded	
  by	
  Nie	
  et	
  al.	
  [12].	
  

	
  

6.7 Conclusions 

• Short-­‐term	
  solution	
  treatments	
  (1h)	
  at	
  520°C	
  can	
  be	
  applied	
  successfully	
  to	
  HPDC	
  

Mg-­‐La-­‐RE	
   alloys	
   without	
   causing	
   any	
   surface	
   blistering.	
   However,	
   subsequent	
  

ageing	
   of	
   the	
   alloys	
   does	
   not	
   necessarily	
   result	
   in	
   significantly	
   higher	
   peak	
   age	
  

hardness	
   in	
   comparison	
   to	
   the	
   corresponding	
   as-­‐cast	
   alloys	
   that	
   were	
   aged	
  

directly.	
   This	
   is	
   likely	
   related	
   to	
   the	
   removal	
   of	
   the	
   localised	
   region	
   of	
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supersaturated	
   solute	
   in	
   the	
  α-­‐Mg	
   matrix	
   near	
   grain	
   boundaries	
   in	
   the	
   as-­‐cast	
  

condition	
  or	
  the	
  intermetallic	
  structure	
  change.	
  

• Yield	
  strength	
  or	
  0.2%	
  PS	
  is,	
  in	
  general,	
  negatively	
  affected	
  by	
  either	
  T4	
  or	
  T6	
  heat	
  

treatments.	
  Only	
  Mg-­‐La-­‐RE	
  alloys	
  with	
  relatively	
  high	
  concentrations	
  of	
  ternary	
  RE	
  

that	
  were	
  T6	
  heat	
  treated	
  have	
  higher	
  0.2	
  %	
  PS	
  than	
  the	
  as-­‐cast	
  alloys.	
  T4	
  solution	
  

treatments	
   of	
   relatively	
   high	
   concentrations	
   of	
   ternary	
   RE	
   tend	
   to	
   have	
   no	
  

influence	
   on	
   the	
   0.2	
   %	
   PS.	
   This	
   may	
   indicate	
   a	
   balance	
   between	
   the	
   strength	
  

obtained	
   from	
   a	
   continuous	
   eutectic/intermetallic	
   at	
   grain	
   boundaries	
   and	
  

increased	
  solid	
  solution	
  strengthening.	
  

• Creep	
   properties	
   of	
   HPDC	
   Mg-­‐La-­‐RE	
   alloys	
   were	
   either	
   negatively	
   affected	
   or	
  

showed	
   little	
   or	
   no	
   improvement	
   after	
   a	
   T4	
   or	
   T6	
   heat	
   treatment.	
   Due	
   to	
   the	
  

reduction	
   in	
   grain	
   boundary	
   strengthening,	
   primary	
   creep	
   strain	
   is	
   increased	
  

following	
  T4	
  and	
  T6	
  processing	
  for	
  alloys	
  with	
  ternary	
  RE	
  additions	
  of	
  less	
  than	
  0.2	
  

at.%.	
  However,	
   relatively	
  high	
  concentrations	
  of	
   ternary	
  RE	
  appeared	
   to	
  balance	
  

(but	
   not	
   significantly	
   improve)	
   the	
   negative	
   influence	
   of	
   either	
   solid	
   solution	
  

strengthening	
  and/or	
  precipitation	
  hardening.	
  	
  

• Further	
  evidence	
   that	
   the	
   thermal	
   stability	
  of	
   the	
   solute	
   in	
   solid	
   solution,	
  which	
  

also	
  influences	
  the	
  precipitate	
  number	
  density,	
  is	
  an	
  important	
  factor	
  in	
  the	
  alloy’s	
  

creep	
  properties. 
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7.1 Introduction 

The	
   creep	
   mechanisms	
   in	
   Mg	
   alloys	
   are	
   still	
   under	
   debate	
   [12,	
   14,	
   70,	
   90,	
   109].	
  

Conventional	
   thinking	
   suggested	
   that	
   grain	
   boundary	
   reinforcement	
   to	
   prevent	
   grain	
  

boundary	
  sliding	
   is	
  the	
  most	
   important	
  approach	
  to	
   improve	
  creep	
  properties	
  [67,	
  209].	
  

More	
  recently,	
  solid	
  solution	
  strengthening	
  and/or	
  precipitation	
  hardening	
  [13,	
  14]	
  or	
  the	
  

diffusion	
   rate	
  of	
   solute	
   in	
   solid	
   solution	
  have	
  been	
  proposed	
  as	
  alternate	
   factors	
  which	
  

affect	
  the	
  creep	
  resistance	
  in	
  Mg	
  alloys	
  [12].	
  

	
  

In	
  this	
  chapter,	
  results	
  from	
  Chapters	
  4	
  –	
  6	
  are	
  discussed	
  and	
  used	
  to	
  develop	
  a	
  deeper	
  

understanding	
   of	
   the	
   relationship	
   between	
   the	
  microstructure	
   and	
   properties	
   of	
   HPDC	
  

Mg-­‐La-­‐RE	
  alloys.	
  Figure	
  7.1	
  summaries	
  the	
  influence	
  of	
  microstructure	
  on	
  creep	
  found	
  in	
  

the	
  previous	
  results	
  chapters.	
  

	
  
Figure	
  7.1:	
  Summary	
  diagram	
  of	
  the	
  influence	
  of	
  microstructure	
  including	
  grain	
  boundary	
  reinforcement	
  
and	
   varying	
   ternary	
   RE	
   concentrations	
   on	
   the	
   creep	
   properties.	
   Note:	
   GBR	
   is	
   grain	
   boundary	
  
reinforcement,	
  SSS	
  is	
  solid	
  solution	
  strengthening	
  and	
  PPtn	
  is	
  precipitation	
  hardening.	
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The	
  main	
  findings	
  were:	
  

• In	
   the	
   as-­‐cast	
   condition,	
  Mg-­‐La-­‐Nd,	
  Mg-­‐La-­‐Y	
   and	
  Mg-­‐La-­‐Gd	
  had	
   relatively	
   similar	
  

microstructural	
   features	
   such	
   as	
   grain	
   size,	
   grain	
   boundary	
   reinforcement	
   and	
  

intermetallic	
  phase	
  present	
   in	
   the	
  eutectic.	
  However	
  the	
  creep	
  properties	
  of	
   the	
  

Mg-­‐La-­‐Nd	
   alloys	
   were	
   significantly	
   worse	
   than	
   those	
   of	
   Mg-­‐La-­‐Y	
   or	
   Mg-­‐La-­‐Gd	
  

alloys.	
  

• Increasing	
  the	
  concentration	
  of	
  ternary	
  RE	
  initially	
  improved	
  creep	
  properties	
  but	
  

then	
  no	
  further	
  improvement	
  was	
  found	
  beyond	
  approximately	
  a	
  0.2	
  at.%	
  ternary	
  

addition	
  of	
  RE.	
  

• The	
   Nd	
   containing	
   alloys	
   reach	
   peak	
   hardness	
   earlier	
   than	
   either	
   Y	
   or	
   Gd	
  

containing	
   and	
   also	
   began	
   to	
   overage	
   more	
   rapidly.	
   The	
   thermal	
  

stability/diffusivity	
  of	
  solute	
  in	
  solid	
  solution	
  was	
  a	
  key	
  contributing	
  factor	
  in	
  creep	
  

resistance.	
  

• Solution	
   treatment	
   did	
   not,	
   in	
   general,	
   improve	
   creep	
   properties.	
   Solution	
  

treatment	
   caused	
   the	
   intermetallic	
   phase	
   in	
   the	
   eutectic	
   to	
   become	
   less	
  

continuous	
   and	
   thus	
   reduced	
   its	
   effectiveness	
   as	
   grain	
   boundary	
   reinforcement	
  

was	
  reduced.	
  

• When	
   there	
   was	
   insufficient	
   grain	
   boundary	
   reinforcement	
   the	
   yield	
   strength	
  

decreased,	
  including	
  at	
  elevated	
  temperatures,	
  which	
  reduced	
  creep	
  strength.	
  	
  

7.2 Simulating Microstructure 

To	
   assist	
   with	
   the	
   discussion	
   of	
   the	
   influence	
   of	
   different	
   ternary	
   RE	
   elements	
   and	
  

concentrations	
   in	
  Mg-­‐La	
  alloys	
  this	
  section	
  attempts	
  to	
  quantify	
   the	
  key	
  microstructural	
  

features	
   of	
   Mg-­‐La-­‐RE	
   alloys.	
   This	
   is	
   done	
   using	
   assumptions	
   based	
   on	
   phase	
   diagram	
  

predictions	
  and	
  the	
  Scheil-­‐Gulliver	
  equation	
  (S-­‐G)	
  (Eq.	
  (7.1))	
  for	
  the	
  as-­‐cast	
  microstructure	
  

to	
  produce	
  solute	
  distribution	
  curves.	
  	
  

	
   	
   (7.1)	
  

where	
  Cs	
  is	
  the	
  concentration	
  of	
  solute	
  in	
  solid	
  solution,	
  k	
  is	
  the	
  partition	
  coefficient,	
  Co	
  is	
  

the	
  composition	
  of	
  the	
  alloy,	
  and	
  fs	
  is	
  the	
  fraction	
  solid	
  (or	
  fraction	
  of	
  phase).	
  The	
  Scheil-­‐

Gulliver	
  equation	
  assumes	
  a	
  local	
  equilibrium	
  at	
  the	
  liquid-­‐solid	
  interface,	
  no	
  diffusion	
  in	
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the	
  solid	
  and	
  instantaneous	
  diffusion	
  in	
  the	
  liquid.	
  It	
  is	
  used	
  to	
  estimate	
  the	
  concentration	
  

of	
  solute	
  in	
  solid	
  solution	
  in	
  the	
  alloys	
  investigated.	
  The	
  S-­‐G	
  approximation	
  is	
  used	
  due	
  to	
  

the	
  non-­‐equilibrium	
  solidification	
  of	
  the	
  alloys	
  analysed	
  in	
  the	
  current	
  work	
  and	
  has	
  been	
  

previously	
  used	
  for	
  alloys	
  including	
  binary	
  HPDC	
  Mg-­‐RE	
  [14],	
  thermodynamic	
  modelling	
  of	
  

Mg-­‐Zn-­‐Y	
  systems	
  [43,	
  210]	
  and	
  solute	
  partitioning	
  measurements	
  in	
  Mg-­‐Al-­‐Ca-­‐based	
  cast	
  

alloys	
  [22].	
  	
  

	
  

Data	
   for	
   the	
  Mg-­‐La-­‐Nd	
  system	
  has	
  been	
  developed	
  recently	
   [132],	
  however,	
  due	
   to	
   the	
  

unavailability	
   of	
   ternary	
   thermodynamic	
   data	
   for	
   the	
   Mg-­‐La-­‐Y	
   and	
   Mg-­‐La-­‐Gd	
   systems,	
  

binary	
  phase	
  diagrams	
  of	
  Mg-­‐Y	
  and	
  Mg-­‐Gd	
  were	
  used	
  to	
  obtain	
  the	
  partition	
  coefficients	
  

and	
   the	
   gradient	
   of	
   the	
   liquidus.	
   Binary	
  Mg-­‐Nd	
   data	
  was	
   used	
   as	
  well	
   as	
  Mg-­‐La-­‐Nd	
   to	
  

indicate	
   how	
   La	
   may	
   affect	
   the	
   predictions	
   from	
   the	
   binary	
   system	
   (Figure	
   7.2).	
   The	
  

supersaturation	
   of	
   RE	
  was	
   determined	
   by	
  measuring	
   the	
   area	
   under	
   the	
   solute	
   profile	
  

curve	
  down	
  to	
  the	
  solubility	
  limit	
  at	
  177°C	
  from	
  the	
  Mg-­‐La-­‐Nd	
  solute	
  profiles	
  (as	
  indicated	
  

in	
  Figure	
  7.2a).	
  In	
  the	
  as-­‐cast	
  condition	
  each	
  alloy	
  Cs	
  –	
  fraction	
  of	
  phase	
  profile	
  has	
  three	
  

distinct	
  regions	
  as	
  listed	
  below	
  and	
  identified	
  in	
  Figure	
  7.2e:	
  

	
  

i. A	
  region	
  where	
  RE	
  concentration	
  increases	
  with	
  solid	
  fraction	
  that	
  is	
  related	
  to	
  the	
  

solute	
  distribution	
  from	
  the	
  centre	
  to	
  the	
  edge	
  of	
  the	
  grain,	
  i.e.	
  coring.	
  

ii. A	
  region	
  of	
  eutectic	
  α-­‐Mg.	
  

iii. A	
  region	
  of	
  the	
  intermetallic	
  phase.	
  

	
  

It	
   should	
  be	
  noted	
   that	
   the	
   i	
   and	
   ii	
   regions	
   listed	
   above	
   are	
   relatively	
   small	
   in	
   the	
  Cs	
   –	
  

fraction	
  of	
  phase	
  profiles	
  in	
  the	
  low	
  and	
  medium	
  concentrated	
  alloys	
  and	
  thus	
  difficult	
  to	
  

see.	
   They	
   are	
   more	
   clearly	
   seen	
   within	
   the	
   alloys	
   with	
   higher	
   concentrations	
   of	
   RE	
  

addition.	
   Thus	
   the	
   as-­‐cast	
   Cs	
   –	
   fraction	
   of	
   phase	
   profiles	
   for	
   low	
   and	
   medium	
  

concentrations	
   of	
   RE	
   do	
   not	
   have	
   a	
   clearly	
   shown	
   region	
   ii.	
   The	
   Cs	
   –	
   fraction	
   of	
   phase	
  

curves	
  for	
  T6	
  heat-­‐treated	
  alloys	
  following	
  ageing	
  are	
  also	
  represented	
  in	
  the	
  binary	
  Cs	
  –	
  

fraction	
  of	
  phase	
  curves.	
  The	
  Cs	
  –	
  fraction	
  of	
  phase	
  profiles	
  for	
  the	
  alloys	
  at	
  equilibrium	
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conditions	
   following	
   T6	
   heat	
   treatment	
   is	
   represented	
   by	
   two	
   regions	
   and	
   identified	
   in	
  

Figure	
  7.2f:	
  

x. The	
   concentration	
   of	
   solute	
   in	
   solid	
   solution	
   at	
   equilibrium	
   (this	
   is	
   equal	
   to	
   the	
  

solubility	
  of	
   the	
  RE	
   in	
  Mg	
  at	
   the	
  ageing	
   temperature)	
   following	
  ageing	
   (at	
  160°C	
  

for	
  the	
  Y-­‐containing	
  alloys	
  or	
  177°C	
  for	
  Nd	
  or	
  Gd-­‐containing	
  alloys).	
  	
  

y. If	
  it	
  is	
  possible	
  for	
  precipitates	
  to	
  nucleate	
  there	
  is	
  also	
  a	
  region	
  that	
  is	
  related	
  to	
  

the	
  equilibrium	
  concentration	
  of	
  precipitates	
  that	
  form.	
  

	
  

It	
   should	
   be	
   noted,	
   since	
   the	
   solute	
   profiles	
   are	
   based	
   on	
   ideal	
   upper	
   bound	
  

approximations,	
   precipitates	
   are	
   predicted	
   to	
   form	
   following	
   heat	
   treatment	
   in	
   some	
  

alloys	
  such	
  as	
  Mg-­‐0.1Nd	
  following	
  heat	
  treatments	
  where	
  in	
  practise	
  no	
  precipitates	
  were	
  

detected.	
  The	
  binary	
  Mg-­‐RE	
  solute	
  profiles	
  were	
  calculated	
  manually	
  using	
  Eq.	
  (7.1)	
  (i.e.	
  

not	
  using	
  PandatTM).	
  The	
  gradient	
  of	
  the	
  liquidus	
  line	
  (assumed	
  to	
  be	
  linear	
  and	
  obtained	
  

from	
  [131])	
  and	
  the	
  partition	
  coefficient	
  used	
  in	
  the	
  Scheil-­‐Gulliver	
  equation	
  to	
  create	
  the	
  

solute	
  profile	
  curves	
  are	
  given	
  in	
  Table	
  7.1.	
  

	
  

Table	
  7.1:	
  Values	
  of	
  the	
  gradient	
  of	
  the	
  liquidus	
  line	
  and	
  partition	
  coefficients	
  for	
  Mg-­‐Nd,	
  Mg-­‐Y	
  and	
  Mg-­‐
Gd	
  alloy	
  systems	
  [131].	
  

Alloy	
  system	
   Gradient	
  of	
  Liquidus	
  Line	
   Partition	
  Coefficient	
  (k)	
  
Mg-­‐Nd	
   -­‐13.05	
   0.0816	
  
Mg-­‐Y	
   -­‐9.42	
   0.398	
  
Mg-­‐Gd	
   -­‐11.39	
   0.47	
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Figure	
   7.2:	
   Composition	
   profiles	
   of	
   a)	
   Mg-­‐0.47La-­‐0.10Nd,	
   b)	
   Mg-­‐0.10Nd,	
   c)	
   Mg-­‐0.43La-­‐0.18Nd,	
   d)	
   Mg-­‐
0.18Nd,	
   e)	
   Mg-­‐0.45La-­‐0.63Nd	
   and	
   f)	
   Mg-­‐0.63Nd	
   in	
   as-­‐cast,	
   equilibrium	
   T4	
   (520°C)	
   and	
   T6	
   (177°C)	
  
conditions.	
  The	
  solubility	
  of	
  Nd	
  at	
  ageing/testing	
  temperature	
  of	
  177°C	
  is	
  also	
  included.	
   	
  Note	
  in	
  a)	
  the	
  
region	
  of	
  supersaturation	
  is	
  shown,	
  in	
  e)	
  the	
  distinct	
  regions	
  of	
  the	
  composition	
  profile	
  curve	
  are	
  labelled	
  
and	
   f)	
   the	
   distinct	
   regions	
   of	
   the	
   curve	
   following	
   solution	
   treatment	
   and	
   then	
   ageing	
   at	
   177°C	
   are	
  
labelled.	
  	
  

	
  
Table	
  7.2	
  shows	
  that	
  the	
  supersaturation	
  measurements	
  of	
  Nd	
  in	
  Mg	
  for	
  Mg-­‐La-­‐Nd	
  alloys	
  

are	
   lower	
   than	
   for	
  Mg-­‐Nd	
   alloys.	
   This	
   is	
   likely	
   related	
   to	
   the	
   low	
   solubility	
   of	
   La	
   in	
  Mg	
  

(maximum	
  solid	
  solubility	
  of	
  La	
  in	
  Mg	
  is	
  0.04	
  at.%),	
  which	
  may	
  lower	
  the	
  solubility	
  of	
  Nd	
  in	
  

a	
   b	
  

c	
  

i	
   ii	
  

iii	
  
e	
  

x	
  
	
  

y	
  

d	
  

f	
  

Supersaturated	
  RE	
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Mg	
  [208].	
  Thus	
  the	
  Cs	
  –	
  fraction	
  of	
  phase	
  curves	
  should	
  be	
  regarded	
  as	
  ideal	
  upper	
  bound	
  

approximations.	
  

	
  

Table	
  7.2:	
  Supersaturation	
  approximations	
  for	
  Mg-­‐La-­‐Nd,	
  Mg-­‐Nd,	
  Mg-­‐Y	
  and	
  Mg-­‐Gd	
  alloys	
  obtained	
  from	
  
ternary	
  and	
  binary	
  temperature-­‐fraction	
  of	
  phase	
  curves	
  respectively.	
  	
  

Alloy	
   Condition	
   Supersaturation	
  (at.%)	
  
Mg-­‐0.47La-­‐0.10Nd	
   As-­‐Cast	
   0.016	
  
Mg-­‐0.43La-­‐0.18Nd	
   As-­‐Cast	
   0.024	
  
Mg-­‐0.45La-­‐0.63Nd	
   As-­‐Cast	
   0.085	
  
	
   	
   	
  
Mg-­‐0.10Nd	
   As-­‐Cast	
   0.034	
  
	
   T4	
   0.09	
  
Mg-­‐0.12Y	
   As-­‐Cast	
   0.011	
  
	
   T4	
   0	
  
Mg-­‐0.10Gd	
   As-­‐Cast	
   0.018	
  
	
   T4	
   0	
  
	
   	
   	
  
Mg-­‐0.18Nd	
   As-­‐Cast	
   0.059	
  
	
   T4	
   0.17	
  
Mg-­‐0.24Y	
   As-­‐Cast	
   0.025	
  
	
   T4	
   0	
  
Mg-­‐0.21Gd	
   As-­‐Cast	
   0.029	
  
	
   T4	
   0	
  
	
   	
   	
  
Mg-­‐0.63Nd	
   As-­‐Cast	
   0.149	
  
	
   T4	
   0.62	
  
Mg-­‐1.18Y	
   As-­‐Cast	
   0.32	
  
	
   T4	
   0.74	
  
Mg-­‐0.87Gd	
   As-­‐Cast	
   0.29	
  
	
   T4	
   0.31	
  

	
  

The	
  binary	
  Mg-­‐RE	
  Cs	
  -­‐	
  fraction	
  of	
  phase	
  curves	
  presented	
  in	
  Figures	
  7.3	
  –	
  7.5	
  are	
  adequate	
  

for	
   a	
   first	
   order	
   approximation	
   to	
   the	
   solute	
   concentrations	
   following	
   casting.	
   It	
   is	
  

assumed	
  that	
   following	
  solution	
   treatment	
  all	
  of	
   the	
   ternary	
  RE	
  goes	
   into	
  solid	
  solution	
  

and	
  is	
  homogeneously	
  distributed	
  across	
  the	
  grain	
  thus	
  removing	
  the	
  localised	
  region	
  of	
  

supersaturation	
   near	
   grain	
   boundaries.	
   The	
   Cs	
   -­‐	
   fraction	
   of	
   phase	
   curves	
   of	
   the	
   alloys	
  

following	
   solution	
   treatment	
   (520°C)	
   and	
   water	
   quenching	
   (T4)	
   are	
   also	
   presented	
   in	
  

Figures	
   7.3	
   -­‐	
   7.5.	
   The	
   Cs	
   –	
   fraction	
   of	
   phase	
   profiles	
   for	
   the	
   alloys	
   following	
   solution	
  

treatment	
   (520°C)	
   are	
   consequently	
   shown	
   as	
   a	
   constant	
   solute	
   concentration	
   in	
   solid	
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solution.	
   The	
   concentration	
   of	
   solute	
   in	
   solid	
   solution	
   and/or	
   supersaturation	
   of	
   solute	
  

(depending	
  on	
  the	
  concentration	
  of	
  RE	
  in	
  the	
  alloy	
  and	
  the	
  temperature	
  of	
  operation)	
  can	
  

then	
  be	
  determined.	
  

	
  

The	
  Mg-­‐La-­‐RE	
  alloys	
  with	
  relatively	
  low	
  ternary	
  RE	
  (approximately	
  0.1	
  at.%	
  ternary	
  RE)	
  all	
  

have	
   relatively	
  minor	
  amounts	
  of	
   supersaturated	
  solute	
   in	
   solid	
   solution	
  as	
   indicated	
   in	
  

Figure	
   7.2,	
   i.e.	
   the	
   region	
   of	
   the	
   curve	
   is	
   present	
   above	
   the	
   solubility	
   limit	
   at	
   160°C	
  or	
  

177°C	
  is	
  relatively	
  small	
  (Table	
  7.2).	
  In	
  instances	
  where	
  the	
  Cs	
  is	
  below	
  the	
  solubility	
  the	
  

alloy	
  has	
  no	
  supersaturated	
  solute	
  in	
  solid	
  solution.	
  Due	
  to	
  the	
  low	
  solubility	
  limit	
  of	
  Nd	
  in	
  

Mg	
  at	
  177°C	
  (0.0084	
  at.%)	
  the	
  Mg-­‐0.10Nd	
  alloy	
  is	
  the	
  only	
  low	
  concentrated	
  alloy	
  to	
  have	
  

some	
  (0.09	
  at%	
  Nd)	
  supersaturated	
  solute	
  in	
  solid	
  solution	
  (Table	
  7.2).	
  	
  

	
   	
  
Figure	
  7.3:	
  Composition	
  profiles	
  of	
  a)	
  Mg-­‐0.12Y	
  and	
  b)	
  Mg-­‐0.10Gd	
  in	
  as-­‐cast	
  condition	
  and	
  at	
  equilibrium	
  
following	
  T4	
  solution	
  treatment	
  (520°C)	
  and	
  T6	
  ageing	
  (160°C	
  or	
  177°C)	
  temperatures.	
  The	
  solubility	
  of	
  Y	
  
or	
  Gd	
  at	
  their	
  respective	
  ageing	
  temperatures	
  is	
  also	
  included.	
  	
  

	
  
When	
  concentrations	
  of	
  RE	
  are	
  increased	
  to	
  approximately	
  0.2	
  at.%	
  the	
  amount	
  of	
  solute	
  

in	
  solution	
  increases	
  in	
  the	
  as-­‐cast	
  alloys	
  (Figure	
  7.4).	
  The	
  Cs-­‐fraction	
  of	
  phase	
  curves	
  for	
  

Mg-­‐0.49La-­‐0.24Y	
  and	
  Mg-­‐0.46La-­‐0.21Gd	
  following	
  T4	
  and/or	
  T6	
  heat	
  treatments	
  indicate	
  

that	
  no	
  precipitates	
  should	
  nucleate	
  following	
  creep	
  testing	
  or	
  ageing	
  because	
  the	
  solute	
  

content	
   is	
   below	
   the	
   solid	
   solubility	
   limit	
   (Table	
   7.2).	
  However	
   in	
   certain	
   instances,	
   the	
  

experimental	
  evidence	
  presented	
  in	
  Section	
  6.5.3	
  shows	
  that	
  precipitates	
  do	
  still	
  nucleate	
  

from	
  these	
  alloys	
  following	
  creep	
  testing	
  in	
  both	
  T4	
  and	
  T6	
  conditions.	
  This	
  may	
  also	
  be	
  

explained	
  by	
  the	
  influence	
  of	
  La	
  on	
  reducing	
  the	
  solubility	
  of	
  the	
  ternary	
  RE	
  in	
  Mg.	
  

	
  

b	
  a	
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Figure	
  7.4:	
  Composition	
  profiles	
  of	
  a)	
  Mg-­‐0.24Y	
  and	
  b)	
  Mg-­‐0.21Gd	
  in	
  as-­‐cast	
  condition	
  and	
  at	
  equilibrium	
  
following	
  T4	
  solution	
  treatment	
  (520°C)	
  and	
  T6	
  ageing	
  (160°C	
  or	
  177°C)	
  temperatures.	
  The	
  solubility	
  of	
  Y	
  
or	
  Gd	
  at	
  their	
  respective	
  ageing	
  temperatures	
  is	
  also	
  included.	
  	
  

	
  

The	
  concentrations	
  of	
  RE	
  in	
  the	
  high	
  concentrated	
  alloys	
  used	
  in	
  this	
  thesis	
  were	
  chosen	
  

to	
  allow	
  for	
  precipitation	
  to	
  occur	
  at	
  least	
  at	
  an	
  ageing	
  temperature	
  of	
  200°C	
  (Table	
  5.4).	
  

As	
  a	
  result	
  of	
  this,	
  all	
  highly	
  concentrated	
  alloys	
  are	
  supersaturated	
  in	
  not	
  only	
  the	
  as-­‐cast	
  

condition	
   but	
   also	
   following	
   solution	
   treatment	
   (Figure	
   7.5).	
   Thus	
   T6	
   heat	
   treatments	
  

result	
  in	
  precipitates	
  forming	
  in	
  all	
  of	
  the	
  high	
  RE	
  concentrated	
  alloys	
  (Table	
  7.2).	
  	
  

	
  
	
  
Figure	
  7.5:	
  Composition	
  profiles	
  of	
  a)	
  Mg-­‐1.18Y	
  and	
  c)	
  Mg-­‐0.87Gd	
  in	
  as-­‐cast	
  condition	
  and	
  at	
  equilibrium	
  
following	
  T4	
  solution	
  treatment	
  (520°C)	
  and	
  T6	
  ageing	
  (160°C	
  or	
  177°C)	
  temperatures.	
  The	
  solubility	
  of	
  Y	
  
or	
  Gd	
  at	
  their	
  respective	
  ageing	
  temperatures	
  is	
  also	
  included.	
  	
  

	
  

7.3 Mechanical Properties 

The	
   volume	
   fraction	
   of	
   eutectic	
   or	
   intermetallic	
   phase	
   at	
   grain	
   boundaries	
   can	
   have	
   a	
  

significant	
   impact	
  on	
   the	
  subsequent	
  mechanical	
  properties	
  of	
  as-­‐cast	
  alloys	
   [18].	
  Grain	
  

a	
   b	
  

a	
   b	
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size	
  has	
  also	
  been	
  shown	
  to	
   influence	
  the	
  yield	
  strength	
  of	
  Mg	
  alloys	
   [200,	
  211].	
   In	
   the	
  

current	
   work,	
   the	
   average	
   grain	
   size	
   (approximately	
   9-­‐10µm)	
   does	
   not	
   change	
  

significantly	
  between	
  or	
  within	
  alloy	
  series	
   (Table	
  4.1).	
   In	
  addition,	
  due	
  to	
  the	
  relatively	
  

short-­‐term	
  solution	
  treatment	
  duration	
  (1h),	
  referred	
  to	
  as	
  a	
  “flash”	
  annealing	
  by	
  Zhang	
  

et	
   al.	
   [149],	
   grain	
   size	
   change	
   is	
   also	
   negligible	
   for	
   either	
   T4	
   or	
   T6	
   heat	
   treated	
   alloys	
  

(Table	
  6.4).	
  Thus	
  changes	
  to	
  0.2	
  %	
  PS	
  in	
  the	
  alloys	
  used	
  in	
  the	
  current	
  work	
  can	
  be	
  more	
  

easily	
  correlated	
  with	
  changes	
  to	
  other	
  microstructural	
   features	
  such	
  as	
  grain	
  boundary	
  

reinforcement.	
  	
  

	
  

When	
   the	
   0.2	
  %	
   PS	
   of	
   the	
   as-­‐cast	
   ternary	
   HPDC	
  Mg-­‐La-­‐RE	
   alloys	
   is	
   plotted	
   against	
   the	
  

volume	
  fraction	
  of	
  eutectic	
  (for	
  as-­‐cast	
  alloys)	
  or	
  intermetallic	
  (for	
  heat	
  treated	
  alloys)	
  a	
  

direct	
  correlation	
  between	
  the	
  eutectic/intermetallic	
  fraction	
  at	
  the	
  grain	
  boundaries	
  and	
  

yield	
   strength	
   is	
  observed	
   (Figure	
  7.6).	
  0.2	
  %	
  PS	
   increases	
  with	
   the	
  amount	
  eutectic	
   (or	
  

intermetallic	
  phase	
  for	
  the	
  alloys	
  that	
  have	
  undergone	
  T4	
  or	
  T6	
  heat	
  treatment).	
  Chia	
  et	
  

al.	
   [18]	
   have	
   previously	
   shown	
   in	
   binary	
   HPDC	
   Mg-­‐RE	
   that	
   the	
   volume	
   fraction	
   of	
  

intermetallic	
  phase	
  at	
  grain	
  boundaries	
   contributes	
   significantly	
   to	
   the	
  yield	
   strength	
  of	
  

the	
  alloys.	
  In	
  the	
  present	
  work,	
  the	
  intermetallic	
  phase	
  in	
  the	
  eutectic	
  was	
  confirmed	
  to	
  

be	
  Mg12RE	
  in	
  the	
  alloys	
  (Figure	
  4.7)	
  due	
  to	
  the	
  presence	
  of	
  La	
  in	
  the	
  intermetallic	
  phase.	
  It	
  

should	
   be	
   noted	
   that	
   the	
   Mg-­‐La-­‐Nd	
   intermetallic	
   volume	
   fraction	
   simulation	
   over	
  

estimates	
  the	
  volume	
  fraction	
  of	
  intermetallic	
  of	
  the	
  final	
  Mg-­‐La-­‐Nd	
  intermetallic	
  point	
  in	
  

(Figure	
  7.6).	
  This	
  may	
  be	
  a	
  result	
  of	
  the	
  difference	
  in	
  eutectic	
  volume	
  fraction	
  measured	
  

over	
   a	
   number	
   of	
   different	
   positions	
   from	
  micrographs	
   of	
   an	
   alloy.	
   TerBush	
   et	
   al.	
   [22]	
  

have	
  previously	
  shown	
  that	
  the	
  S-­‐G	
  equation	
  can	
  approximate	
  the	
  solute	
  profile	
  of	
  HPDC	
  

alloys	
  relatively	
  well	
  at	
  lower	
  fraction	
  solid	
  percentages	
  but	
  generally	
  underestimates	
  the	
  

solute	
   contribution	
   at	
   high	
   fraction	
   solid	
   percentages.	
   This	
   may	
   also	
   explain	
   why	
   the	
  

volume	
  fraction	
  of	
  intermetallic	
  is	
  over	
  estimated.	
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Figure	
  7.6:	
  0.2	
  %	
  PS	
  at	
  a)	
  room	
  temperature	
  and	
  b)	
  177°C	
  for	
  Mg-­‐La-­‐Nd,	
  Mg-­‐La-­‐Y	
  and	
  Mg-­‐La-­‐Gd	
  alloys	
  as	
  a	
  
function	
  of	
  the	
  volume	
  fraction	
  of	
  eutectic	
  in	
  as-­‐cast	
  (AC)	
  alloys	
  or	
  intermetallic	
  in	
  T4	
  and	
  T6	
  heat-­‐treated	
  
alloys	
   experimentally	
  measured.	
   The	
   volume	
   fraction	
   of	
   intermetallic	
   for	
  Mg-­‐La-­‐Nd	
   alloys	
   determined	
  
from	
  temperature-­‐fraction	
  of	
  phase	
  curves	
  (Sim)	
  is	
  included	
  for	
  comparison.	
  

	
  
The	
   as-­‐cast	
  Mg-­‐La-­‐Nd	
   intermetallic	
   simulated	
   volume	
   fraction	
   line	
   in	
   Figure	
   7.6a	
   and	
   b	
  

may	
   also	
   be	
   used	
   as	
   an	
   indication	
   of	
   the	
   influence	
   of	
   intermetallic	
   connectivity	
  

throughout	
   the	
   alloy	
   on	
   yield	
   strength	
   (or	
   0.2	
   %	
   PS).	
   At	
   the	
   beginning	
   of	
   this	
   line	
  

(approximately	
   10	
   %	
   intermetallic	
   volume	
   fraction)	
   the	
   0.2	
   %	
   PS	
   of	
   the	
   alloys	
   with	
  

approximately	
  ≥	
  0.25	
  at.%	
   ternary	
  RE	
   is	
   relatively	
   low	
   (approximately	
  100	
  MPa	
  or	
   less).	
  

The	
  alloys	
  with	
  approximately	
  10%	
  intermetallic	
  volume	
  fraction	
  also	
  have	
  a	
  significantly	
  

more	
   discontinuous	
   intermetallic	
   phase	
   present	
   at	
   grain	
   boundaries	
   (Figure	
   6.13)	
   in	
  

comparison	
  to	
  the	
  alloys	
  with	
  approximately	
  ≥	
  17%	
  eutectic	
   in	
  the	
  as-­‐cast	
  alloys	
  (Figure	
  

a	
  

b	
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4.1).	
   The	
   dissolution	
   of	
   the	
   eutectic	
   at	
   the	
   grain	
   boundaries	
   leads	
   to	
   a	
   discontinuous	
  

Mg12RE	
  intermetallic	
  phase	
  and	
  the	
  removal	
  of	
  the	
  supersaturated	
  region	
  of	
  solute	
  near	
  

grain	
   boundaries	
   (section	
   7.2).	
   As	
   a	
   result	
   of	
   the	
   weakening	
   of	
   the	
   grain	
   boundary	
   by	
  

solution	
  treatment,	
  yield	
  strength	
  (or	
  0.2%	
  PS)	
  is	
  reduced	
  in	
  HPDC	
  Mg-­‐La-­‐RE	
  alloys	
  when	
  

compared	
  to	
  as-­‐cast	
  properties	
  both	
  at	
  room	
  temperature	
  and	
  177°C	
  (Figure	
  7.6).	
  	
  

	
  

The	
   current	
   work	
   helped	
   to	
   confirm	
   a	
   model	
   created	
   by	
   Zhang	
   et	
   al.	
   [149]	
   which	
  

attributed	
  a	
  reduction	
  of	
  up	
  to	
  30	
  MPa	
  in	
  HPDC	
  Mg-­‐La-­‐RE	
  alloys	
  to	
  the	
  interconnectivity	
  

of	
  intermetallic	
  at	
  grain	
  boundaries.	
  The	
  intermetallic	
  phase	
  present	
  at	
  grain	
  boundaries	
  

is	
  less	
  continuous	
  following	
  short-­‐term	
  (1	
  h)	
  solution	
  treatments	
  at	
  520°C	
  in	
  comparison	
  

to	
   the	
   as-­‐cast	
   condition	
   when	
   the	
   intermetallic	
   phase	
   is	
   present	
   in	
   the	
   eutectic.	
   The	
  

reduction	
   in	
  grain	
  boundary	
   strengthening	
  can	
  be	
  compensated	
   in	
  alloys	
  with	
   relatively	
  

high	
  concentrations	
  of	
   ternary	
  RE	
  addition	
   (i.e.	
  0.63	
  at.%	
  Nd,	
  1.18	
  at.%	
  Y	
  and	
  0.87	
  at.%	
  

Gd)	
   (Figure	
   7.6).	
   Thus	
   solid	
   solution	
   strengthening	
   and/or	
   precipitation	
   hardening	
   can	
  

improve	
  the	
  creep	
  properties	
  of	
  an	
  alloy	
  when	
  relatively	
  large	
  concentrations	
  of	
  ternary	
  

RE	
  are	
  used.	
  However,	
  from	
  a	
  practical	
  and	
  also	
  an	
  industry	
  viewpoint	
  this	
  is	
  superfluous	
  

if	
  properties	
  are	
  at	
  best	
  only	
  marginally	
  better	
  than	
  the	
  as-­‐cast	
  condition.	
  

7.4 Effect of Microstructure on Creep 

Microstructures	
  of	
  Mg	
  alloys	
  have	
  been	
  modified	
  in	
  numerous	
  ways	
  in	
  order	
  to	
  improve	
  

their	
   creep	
  properties	
   [4,	
   8,	
   11,	
   13-­‐16,	
   143].	
  Grain	
  boundaries	
  have	
  been	
   reinforced	
   to	
  

prevent	
  grain	
  boundary	
  sliding	
  [4,	
  11,	
  84,	
  99,	
  143-­‐145].	
  Alloying	
  additions	
  such	
  as	
  Ca,	
  Sr,	
  

Sn	
   and	
   RE	
   have	
   been	
   used	
   to	
   improve	
   precipitation	
   hardening	
   and/or	
   solid	
   solution	
  

strengthening	
   [14,	
   101,	
   111,	
   118].	
   The	
   alloys	
   used	
   in	
   the	
   present	
   work	
   have	
   grain	
  

boundary	
  reinforcement	
  due	
  to	
  the	
  presence	
  of	
  a	
  eutectic	
  skeleton	
  that	
  is	
  comprised	
  of	
  

eutectic	
  α-­‐Mg	
  and	
  the	
  Mg12RE	
  intermetallic	
  phase	
  at	
  the	
  grain	
  boundaries	
  and	
  also	
  solid	
  

solution	
  strengthening	
  and	
  precipitation	
  hardening.	
  

	
  

The	
  experimentally	
  determined	
  stress	
  exponents	
   (n)	
   for	
   the	
  Mg-­‐0.45La-­‐0.63Nd	
  and	
  Mg-­‐

0.45La-­‐1.18Y	
   alloys	
   at	
   177°C	
   were	
   7.3	
   and	
   7.4,	
   respectively,	
   which	
   indicated	
   that	
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diffusion-­‐controlled	
  dislocation	
  climb	
  was	
  the	
  key	
  creep	
  mechanism.	
  However,	
  since	
  this	
  

method	
   for	
   determining	
   the	
   creep	
  mechanism	
   is	
   not	
   always	
   accurate	
   [85,	
   88,	
   89]	
   the	
  

examination	
  of	
   the	
   influence	
  of	
  different	
   ternary	
  RE	
  elements	
  on	
  mechanical	
  and	
  creep	
  

properties	
  of	
  HPDC	
  Mg-­‐La-­‐RE	
  is	
  also	
  used	
  to	
  discuss	
  the	
  likely	
  creep	
  mechanism.	
  

	
  

The	
  volume	
  fraction	
  of	
  eutectic	
  at	
  the	
  grain	
  boundaries	
  was	
  relatively	
  consistent	
  between	
  

alloy	
  series	
  for	
  a	
  given	
  concentration	
  of	
  ternary	
  RE	
  (Figure	
  6.14).	
  The	
  volume	
  fraction	
  of	
  

eutectic	
  at	
  grain	
  boundaries	
  is	
  taken	
  to	
  be	
  an	
  indication	
  of	
  the	
  amount	
  of	
  grain	
  boundary	
  

reinforcement.	
   There	
   was	
   still,	
   however,	
   a	
   difference	
   between	
   creep	
   properties	
  

(particularly	
   between	
   the	
  Mg-­‐La-­‐Nd	
   alloys	
   and	
   the	
  Mg-­‐La-­‐Y	
   or	
  Mg-­‐La-­‐Gd	
   alloys,	
   Figure	
  

5.8).	
  	
  

	
  

In	
   this	
   section	
   both	
   the	
   minimum	
   creep	
   rates	
   and	
   primary	
   creep	
   strain	
   are	
   used	
   in	
  

conjunction	
   with	
   microstructural	
   properties	
   to	
   help	
   discuss	
   the	
   influence	
   of	
  

microstructure	
  on	
  creep.	
  The	
  minimum	
  creep	
  rate	
  was	
  determined	
  from	
  the	
  region	
  of	
  the	
  

creep	
  strain	
  curves	
  where	
  the	
  change	
  in	
  creep	
  strain	
  over	
  time	
  was	
  the	
  lowest.	
  The	
  creep	
  

strain	
   following	
  5	
  h	
  of	
  creep	
   testing	
  was	
  used	
   to	
   indicate	
   the	
  primary	
  creep	
  strain.	
  This	
  

point	
  was	
  chosen	
  as	
  it	
  generally	
  fell	
  within	
  the	
  region	
  of	
  decreasing	
  creep	
  rate	
  and	
  allows	
  

for	
   more	
   meaningful	
   and	
   direct	
   comparisons	
   of	
   primary	
   creep	
   strain	
   between	
   alloys	
  

(Figure	
  7.7).	
  	
  

	
  

	
  
Figure	
   7.7:	
   Example	
   of	
   a	
   typical	
   creep	
   strain	
   curve	
   of	
   the	
   alloys	
   investigated	
   in	
   the	
   current	
  work.	
   The	
  
primary	
  creep	
  strain	
  at	
  5	
  h	
  and	
  the	
  region	
  where	
  the	
  minimum	
  creep	
  rate	
  is	
  calculated	
  are	
  indicated.	
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When	
  a	
  comparison	
  is	
  made	
  between	
  the	
  minimum	
  creep	
  rate	
  and	
  the	
  volume	
  fraction	
  of	
  

eutectic	
   (Figure	
   7.8a),	
   it	
   is	
   clear	
   that	
   increasing	
   the	
   volume	
   fraction	
   of	
   eutectic,	
   by	
   the	
  

addition	
   of	
   more	
   ternary	
   RE	
   initially,	
   reduces	
   the	
   minimum	
   creep	
   rate	
   (i.e.	
   from	
  

approximately	
   0.1	
   to	
   0.2	
   at.%	
   ternary	
   RE).	
   However,	
   a	
   further	
   increase	
   in	
   the	
   volume	
  

fraction	
   of	
   eutectic	
   did	
   not	
   lead	
   to	
   a	
   significant	
   further	
   improvement	
   in	
   the	
  minimum	
  

creep	
  rate.	
  When	
  a	
  comparison	
   is	
  made	
  between	
  the	
  0.2%	
  PS	
  and	
  minimum	
  creep	
  rate	
  

(Figure	
   7.8b)	
   a	
   similar	
   trend	
   to	
   that	
   shown	
   in	
   Figure	
   7.8a	
   is	
   found.	
   Initially	
   there	
   is	
   a	
  

correlation	
  between	
  0.2%	
  PS	
  and	
  minimum	
  creep	
  rate	
  but	
  once	
  approximately	
  0.2	
  at.%	
  

ternary	
   RE	
   is	
   added	
   to	
   the	
   base	
   Mg-­‐La	
   alloy	
   little	
   further	
   improvement	
   in	
   creep	
   is	
  

observed	
  even	
  though	
  the	
  0.2%	
  PS	
  continues	
  to	
  increase.	
  	
  

	
  
Figure	
  7.8:	
  Minimum	
  creep	
  rate	
  of	
  as-­‐cast	
  Mg-­‐La-­‐Nd,	
  Mg-­‐La-­‐Y	
  and	
  Mg-­‐La-­‐Gd	
  alloys	
  with	
  change	
  in	
  ternary	
  
RE	
  in	
  comparison	
  with	
  a)	
  eutectic	
  volume	
  fraction	
  and	
  b)	
  0.2	
  %	
  PS.	
  	
  

	
  
If	
   grain	
   boundary	
   reinforcement	
   were	
   the	
   key	
   method	
   to	
   improve	
   creep	
   resistance	
   it	
  

would	
   be	
   expected	
   that	
   the	
   creep	
   properties	
   would	
   continue	
   to	
   improve	
   with	
   further	
  

grain	
   boundary	
   reinforcement.	
   This	
   indicates	
   that	
   grain	
   boundary	
   reinforcement	
   is	
   not	
  

the	
  primary	
  method	
  for	
   the	
   improvement	
  of	
  creep	
  resistance	
   in	
   the	
  alloys	
   investigated.	
  

Rather	
  grain	
  boundary	
  reinforcement	
  is	
  useful	
  in	
  improving	
  the	
  0.2%	
  PS	
  (or	
  yield	
  strength)	
  

of	
   the	
   alloys	
   but	
   once	
   this	
   is	
   high	
   enough	
   little	
   further	
   effect	
   is	
   observed.	
   This	
   is	
  

particularly	
   important	
   in	
   order	
   to	
   minimise	
   the	
   significant	
   amounts	
   of	
   instantaneous	
  

strain	
  (the	
  strain	
  experienced	
  by	
  a	
  sample	
  immediately	
  upon	
  the	
  application	
  of	
  a	
  stress)	
  

and	
  appears	
  to	
  also	
  help	
  reduce	
  the	
  extent	
  of	
  primary	
  creep	
  strain.	
  	
  

a	
   b	
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It	
  was	
  shown	
  in	
  Section	
  7.2	
  that	
  the	
  alloys	
  with	
  approximately	
  0.1	
  at.%	
  ternary	
  RE	
  have	
  

relatively	
  low	
  concentrations	
  of	
  supersaturation	
  in	
  comparison	
  to	
  Mg-­‐0.45La-­‐0.63Nd,	
  Mg-­‐

0.45La-­‐1.18Y	
   and	
   Mg-­‐0.45La-­‐0.87Gd	
   and	
   thus	
   have	
   little	
   solid	
   solution	
   strengthening.	
  

Furthermore,	
   it	
  was	
   shown	
   in	
  Sections	
  5.5	
  and	
  6.5.3	
   that	
  alloys	
  with	
  approximately	
  0.1	
  

at.%	
   ternary	
   RE	
   had	
   no	
   precipitates	
   and	
   therefore	
   no	
   precipitation	
   strengthening.	
   The	
  

alloys	
   with	
   ternary	
   RE	
   additions	
   of	
   0.2	
   at.%	
   or	
   greater	
   generally	
   had	
   precipitates	
  

nucleating	
   either	
   statically	
   (during	
   heat	
   treatment)	
   or	
   dynamically	
   (during	
   creep).	
   It	
   is	
  

thus	
   assumed	
   that	
   the	
   0.1	
   at.%	
   ternary	
   RE	
   containing	
   alloys	
   only	
   had	
   grain	
   boundary	
  

reinforcement	
  as	
  their	
  main	
  strengthening	
  method.	
  When	
  grain	
  boundary	
  reinforcement	
  

was	
  the	
  only	
  significant	
  contributing	
  factor	
  to	
  the	
  strengthening	
  of	
  the	
  alloys,	
  the	
  0.2%	
  PS	
  

of	
  the	
  alloys	
  was	
  approximately	
  equal	
  to	
  the	
  creep	
  testing	
  stress	
  of	
  90	
  MPa.	
  This	
  was	
  due	
  

to	
  the	
  lack	
  of	
  sufficient	
  solid	
  solution	
  strengthening	
  or	
  precipitation	
  hardening.	
  Thus	
  the	
  

low	
  concentrated	
  alloys	
  had	
  significantly	
  worse	
  creep	
  properties.	
  Figure	
  7.9	
  showed	
  that	
  

Mg-­‐0.47La-­‐0.10Nd,	
   Mg-­‐0.48La-­‐0.12Y	
   and	
   Mg-­‐0.45La-­‐0.10Gd	
   had	
   the	
   highest	
   primary	
  

creep	
  strain	
  and	
  also	
  had	
  a	
  0.2	
  %	
  PS	
  near	
  that	
  of	
  the	
  creep	
  testing	
  strain	
  (90	
  MPa).	
  This	
  

demonstrates	
   that	
   in	
   order	
   to	
   improve	
   creep	
   properties	
   both	
   grain	
   boundary	
  

reinforcement	
  and	
  some	
  form	
  of	
  thermally	
  stable	
  solute	
  in	
  solid	
  solution	
  are	
  required.	
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Figure	
  7.9	
  Primary	
  creep	
  strain	
  after	
  5	
  h	
  of	
  creep	
  strain	
  (εp,	
   t=5h)	
  as	
  a	
  function	
  of	
  0.2%	
  PS	
  and	
  eutectic	
  or	
  
intermetallic	
  fraction	
  for	
  Mg-­‐La-­‐Nd,	
  Mg-­‐La-­‐Y	
  and	
  Mg-­‐La-­‐Gd	
  creep	
  tested	
  at	
  177°C	
  and	
  90	
  MPa	
  and	
  tensile	
  
tested	
  at	
  177°C	
  in	
  a)	
  as-­‐cast,	
  b)	
  T4	
  and	
  c)	
  T6	
  conditions.	
  Note:	
  Mg-­‐0.47La-­‐0.10Nd,	
  Mg-­‐0.48La-­‐0.12Y	
  and	
  
Mg-­‐0.45La-­‐0.10Gd	
  are	
  circled.	
  

	
  

When	
  the	
  alloys	
  are	
  solution	
  treated	
  (T4)	
  (Figure	
  7.9b)	
  or	
  solution	
  treated	
  and	
  then	
  aged	
  

(T6)	
   (Figure	
   7.9c)	
   the	
   creep	
   rate	
   generally	
   increases.	
   This	
   appears	
   to	
   be	
   due	
   to	
   the	
  

intermetallic	
   phase	
   becoming	
   less	
   continuous	
   at	
   the	
   grain	
   boundaries	
   following	
   the	
  

solution	
  treatment	
  (Figure	
  6.13)	
  than	
  that	
  observed	
   in	
  the	
  as-­‐cast	
  condition	
  (Figure	
  4.1)	
  

causing	
  a	
  decrease	
  in	
  yield	
  strength	
  to	
  below	
  or	
  close	
  to	
  the	
  testing	
  stress	
  of	
  90	
  MPa.	
  It	
  

was	
   similarly	
   shown	
   by	
   Amberger	
   et	
   al.[148]	
   that	
   HPDC	
   Mg	
   alloys	
   with	
   a	
   highly	
  

interconnected	
  and	
  strong	
  intermetallic	
  phase	
  skeleton,	
  as	
  was	
  shown	
  in	
  MRI	
  230D,	
  were	
  

able	
  to	
  effectively	
  shield	
  the	
   load	
  from	
  the	
  softer	
  α-­‐Mg	
  matrix.	
  However,	
   there	
   is	
  still	
  a	
  

difference	
  between	
  the	
  creep	
  properties	
  of	
  the	
  Mg-­‐La-­‐Nd	
  alloys	
  and	
  those	
  of	
  the	
  Mg-­‐La-­‐Y	
  

and	
  Mg-­‐La-­‐Gd	
  alloys	
  even	
  though	
  they	
  all	
  have	
  similar	
  grain	
  boundary	
  reinforcement.	
  Zhu	
  

et	
  al.	
   [14]	
  have	
  shown	
  that	
  different	
  RE	
  elements	
   in	
  HPDC	
  Mg-­‐RE	
  alloys	
  with	
   increasing	
  

a	
   b	
  

c	
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amounts	
  of	
   supersaturated	
  solute	
   in	
  Mg	
  can	
   improve	
  creep	
   resistance	
  at	
  177°C	
  and	
  90	
  

MPa.	
   In	
   the	
   current	
  work,	
  Mg-­‐0.10Nd	
  had	
  a	
  higher	
   concentration	
  of	
   supersaturated	
  RE	
  

(0.034	
  at.%	
  or	
  0.016at.%	
  for	
  Mg-­‐0.47La-­‐0.10Nd)	
  than	
  either	
  Mg-­‐0.12Y	
  (0.011	
  at.%)	
  or	
  Mg-­‐

0.10Gd	
   (0.018	
  at.%).	
  This	
   is	
  also	
   true	
   for	
  Mg-­‐0.18Nd	
   in	
  comparison	
   to	
  Mg-­‐0.24Y	
  or	
  Mg-­‐

0.21Gd.	
   A	
   direct	
   comparison	
   of	
   the	
   supersaturation	
   cannot	
   be	
   made	
   with	
   the	
   highest	
  

concentrated	
   alloy	
   since	
   the	
   ternary	
   RE	
   concentrations	
   vary.	
   However,	
   the	
   amount	
   of	
  

supersaturated	
  solute	
  does	
  not	
  appear	
  to	
  be	
  the	
  only	
  influence	
  on	
  creep	
  resistance	
  since	
  

both	
   the	
   Y	
   and	
  Gd-­‐containing	
   alloys	
   have	
   better	
   creep	
   properties	
   (Figure	
   7.10).	
   This	
   is	
  

particularly	
  true	
  for	
  all	
  of	
  the	
  alloys	
  with	
  approximately	
  0.2	
  at.%	
  ternary	
  RE.	
  	
  

	
  
Figure	
  7.10:	
  Minimum	
  creep	
  rate	
  of	
  Mg-­‐La-­‐Nd,	
  Mg-­‐La-­‐Y	
  and	
  Mg-­‐La-­‐Gd	
  alloys	
   in	
   the	
  as-­‐cast	
  condition	
   in	
  
relation	
  to	
  concentration	
  of	
  supersaturation	
  measured	
  from	
  Mg-­‐Nd,	
  Mg-­‐Y	
  and	
  Mg-­‐Gd	
  binary	
  alternative	
  
simulations.	
  Note:	
  the	
  supersaturation	
  was	
  calculated	
  from	
  binary	
  Cs	
  –	
  fraction	
  of	
  phase	
  profiles	
  of	
  Mg-­‐
Nd,	
  Mg-­‐Y	
  and	
  Mg-­‐Gd.	
  

	
  
Both	
  Mg-­‐0.48La-­‐0.12Y	
  and	
  Mg-­‐0.45La-­‐0.10Gd	
  had	
  better	
  creep	
  properties	
  than	
  those	
  of	
  

Mg-­‐0.45La-­‐0.63Nd.	
  When	
   the	
   concentration	
   of	
   the	
   ternary	
   RE	
  was	
   increased	
   the	
   creep	
  

properties	
  improved	
  in	
  all	
  three	
  alloy	
  series	
  (Section	
  5.3.1).	
  Mg-­‐0.43La-­‐0.18Nd	
  has	
  more	
  

supersaturated	
  solute	
  in	
  solid	
  solution	
  in	
  the	
  as-­‐cast	
  condition	
  but	
  is	
  still	
  the	
  least	
  creep	
  

resistant	
  of	
  the	
  three	
  medium	
  concentrated	
  alloys,	
   i.e.	
   in	
  comparison	
  to	
  the	
  Mg-­‐0.49La-­‐

0.24Y	
  and	
  Mg-­‐0.46La-­‐0.21Gd	
  alloys	
  (Figure	
  7.4).	
  Moreover,	
  the	
  Mg-­‐0.43La-­‐0.18Nd	
  alloy	
  is	
  

the	
   only	
   alloy	
   of	
   the	
   three	
   that	
   has	
   any	
   concentration	
   of	
   supersaturation	
   following	
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solution	
   treatment	
   (0.17	
   at.%	
  Nd)	
   at	
   520°C	
   (Table	
   7.2).	
   However,	
  Mg-­‐0.43La-­‐0.18Nd	
   in	
  

the	
  T4	
  or	
  T6	
  conditions	
  had	
  poorer	
  creep	
  properties	
  than	
  in	
  the	
  as-­‐cast	
  condition	
  (Figure	
  

6.6).	
   Following	
   solution	
   treatment	
   the	
   concentration	
   of	
   supersaturated	
   solute	
   in	
   solid	
  

solution	
  is	
  even	
  greater	
  than	
  it	
   is	
   in	
  the	
  as-­‐cast	
  condition	
  but	
  the	
  creep	
  properties	
  of	
  T4	
  

Mg-­‐La-­‐Nd	
  alloys	
  are	
  still	
  not	
  better	
  than	
  in	
  the	
  as-­‐cast	
  condition	
  (Figure	
  7.11).	
  

	
  
Figure	
   7.11:	
   Comparison	
   of	
   minimum	
   creep	
   rates	
   in	
   Mg-­‐La-­‐Nd	
   alloys	
   in	
   the	
   as-­‐cast	
   condition	
   and	
   T4	
  
condition	
   as	
   a	
   function	
   of	
   supersaturation	
   of	
   solute	
   and	
   volume	
   fraction	
   of	
   intermetallic.	
   Note	
   the	
  
intermetallic	
   volume	
   fraction	
   for	
   the	
   as-­‐cast	
   alloys	
   was	
   determined	
   from	
   the	
  Mg-­‐La-­‐Nd	
   temperature-­‐
fraction	
  of	
  phase	
  curves	
  and	
  for	
  T4	
  from	
  BSE	
  SEM	
  micrograph	
  image	
  analysis.	
  

	
  
When	
   the	
   total	
   concentration	
   of	
   solute	
   in	
   solid	
   solution	
   (not	
   just	
   the	
   supersaturated	
  

solute)	
   is	
   plotted	
   against	
   minimum	
   creep	
   rate	
   and	
   RE	
   concentration	
   (Figure	
   7.12)	
   it	
   is	
  

shown	
   that	
   for	
   comparable	
   RE	
   additions	
   the	
   Y	
   or	
   Gd-­‐containing	
   alloys	
   have	
   higher	
  

concentrations	
  of	
  solute	
  in	
  solid	
  than	
  Nd-­‐containing	
  alloys.	
  This	
  indicates	
  that	
  the	
  Mg-­‐La-­‐Y	
  

and	
  Mg-­‐La-­‐Gd	
  alloys	
  have	
  higher	
  amounts	
  of	
  solid	
  solution	
  strengthening	
  than	
  the	
  Mg-­‐La-­‐

Nd	
  alloys.	
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Figure	
  7.12:	
  Minimum	
  creep	
  rate	
  of	
  Mg-­‐La-­‐Nd,	
  Mg-­‐La-­‐Y	
  and	
  Mg-­‐La-­‐Gd	
  alloys	
   in	
   the	
  as-­‐cast	
  condition	
   in	
  
relation	
  to	
  concentration	
  of	
  total	
  solute	
  is	
  solid	
  solution	
  measured	
  from	
  Mg-­‐Nd,	
  Mg-­‐Y	
  and	
  Mg-­‐Gd	
  binary	
  
alternative	
  simulations.	
  	
  

	
  
Age	
  hardening	
   testing	
   showed	
   that	
  Nd-­‐containing	
  alloys	
   (specifically	
  Mg-­‐0.45La-­‐0.63Nd)	
  

reached	
   peak	
   hardness	
   and	
   then	
   overaged	
   before	
   the	
   Y	
   or	
   Gd-­‐containing	
   alloys	
   when	
  

aged	
  from	
  the	
  as-­‐cast	
  condition	
  (Figure	
  5.6)	
  or	
  following	
  solution	
  treatment	
  (Figure	
  6.2).	
  

This	
   indicates	
  Nd	
   is	
   the	
   least	
   thermally	
   stable	
   solute	
   in	
   solid	
   compared	
  with	
  Y	
  or	
  Gd.	
  A	
  

comparison	
  is	
  made	
  between	
  minimum	
  creep	
  rate	
  and	
  the	
  time	
  taken	
  to	
  reach	
  peak-­‐aged	
  

conditions	
  for	
  the	
  Mg-­‐La-­‐Nd,	
  Mg-­‐La-­‐Y	
  and	
  Mg-­‐La-­‐Gd	
  alloys	
  (Figure	
  7.13).	
  	
  

	
  
Figure	
  7.13:	
  Minimum	
  creep	
  rate	
  at	
  177°C	
  and	
  90	
  MPa	
  for	
  Mg-­‐0.45La-­‐0.63Nd,	
  Mg-­‐0.45La-­‐1.18Y	
  and	
  Mg-­‐
0.45La-­‐0.87Gd	
  in	
  relation	
  to	
  peak	
  ageing	
  duration	
  at	
  160°C.	
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Using	
  the	
  peak	
  hardness	
  duration	
  as	
  an	
  indication	
  of	
  the	
  thermal	
  stability	
  or	
  diffusion	
  rate	
  

of	
  the	
  ternary	
  RE	
  in	
  the	
  alloys,	
  Figure	
  7.13	
  indicates	
  that	
  the	
  greater	
  thermal	
  stability	
  of	
  Y	
  

or	
  Gd	
  solute	
  than	
  Nd	
  in	
  Mg	
  has	
  a	
  significant	
  influence	
  on	
  creep	
  resistance.	
  

7.5 Improving Creep Performance by Microstructure 
Engineering 

By	
   examining	
   the	
   influences	
   of	
   different	
   ternary	
   RE	
   elements	
   on	
   the	
   mechanical	
   and	
  

creep	
   properties	
   of	
   HPDC	
   Mg-­‐La-­‐RE	
   a	
   likely	
   creep	
   mechanism	
   can	
   be	
   proposed.	
   The	
  

influence	
  of	
  grain	
  boundary	
  reinforcement	
  on	
  creep	
  properties	
  of	
  Mg	
  alloys	
  has	
  long	
  been	
  

thought	
  of	
  as	
  the	
  most	
  important	
  way	
  to	
  improve	
  creep	
  strength	
  [4,	
  11,	
  84,	
  99,	
  143-­‐145].	
  

In	
   this	
   current	
   work,	
   it	
   has	
   been	
   shown	
   that	
   grain	
   boundary	
   reinforcement	
   is	
   directly	
  

related	
  to	
  an	
   improvement	
  of	
  yield	
  strength.	
  This	
   is	
   indirectly	
  related	
  to	
  creep	
  strength,	
  

particularly	
  primary	
  creep	
  (Figure	
  7.6).	
  Thus	
  it	
  is	
  firstly	
  important	
  to	
  strengthen	
  the	
  alloy	
  

sufficiently	
  via	
  grain	
  boundary	
  reinforcement	
  to	
  achieve	
  sufficient	
  high	
  temperature	
  yield	
  

strength	
   in	
   order	
   to	
   minimise	
   any	
   instantaneous	
   strain	
   or	
   primary	
   creep	
   strain	
  

experienced	
  by	
  the	
  alloy	
  upon	
  the	
  application	
  of	
  a	
  stress.	
  

	
  

Grain	
   boundary	
   reinforcement	
   remained	
   relatively	
   consistent	
   between	
   the	
   alloy	
   series	
  

investigated	
  in	
  the	
  current	
  work	
  due	
  to	
  the	
  consistent	
  amount	
  of	
  eutectic	
  or	
  intermetallic	
  

phase	
  volume	
  fraction	
  at	
  grain	
  boundaries	
  for	
  a	
  given	
  concentration	
  of	
  ternary	
  RE	
  (Figure	
  

6.14).	
   There	
   is	
   also	
   little	
  difference	
  between	
   the	
  average	
  grain	
   sizes	
  within	
  or	
  between	
  

alloys	
   series	
   or	
   after	
   heat	
   treatment.	
   Section	
   7.2	
   indicated	
   that	
   the	
   concentration	
   of	
  

supersaturation	
  of	
   solute	
   in	
  solid	
  solution	
  may	
   improve	
  creep	
  resistance	
  with	
   increased	
  

concentration	
  of	
  supersaturation.	
  However,	
  out	
  of	
  the	
  three	
  alloy	
  systems,	
  the	
  Mg-­‐La-­‐Nd	
  

series	
  in	
  general	
  had	
  larger	
  concentrations	
  of	
  supersaturation	
  than	
  either	
  the	
  Mg-­‐La-­‐Y	
  or	
  

Mg-­‐La-­‐Gd	
  series.	
  

	
  

There	
  was	
  still	
  a	
  significant	
  difference	
  in	
  creep	
  properties,	
  in	
  particular	
  between	
  the	
  Mg-­‐

La-­‐Nd	
   alloys	
   and	
   the	
  Mg-­‐La-­‐Y	
   or	
  Mg-­‐La-­‐Gd	
   alloys	
   (Figure	
   5.8)	
  with	
   the	
  Mg-­‐La-­‐Nd	
   alloys	
  

having	
   the	
  poorest	
   creep	
  properties	
  out	
  of	
   the	
   three	
  systems.	
  The	
  Y	
  and	
  Gd-­‐containing	
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have	
  greater	
  amounts	
  of	
  solid	
  solution	
  strengthening	
  than	
  the	
  Nd-­‐containing	
  alloys	
  due	
  to	
  

their	
  higher	
  solid	
  solubility	
  in	
  Mg.	
  However,	
  if	
  higher	
  soluble	
  alloying	
  additions	
  were	
  the	
  

reason	
  for	
  improved	
  creep	
  properties,	
  Mg-­‐Al	
  alloys	
  such	
  as	
  AZ91	
  should	
  also	
  demonstrate	
  

good	
   high	
   temperature	
   creep	
   resistance	
   instead	
   of	
   having	
   poor	
   creep	
   resistance	
   [104,	
  

143].	
  

	
  

The	
  morphology	
  and	
  number	
  density	
  of	
  the	
  precipitates	
  also	
  varied	
  between	
  alloy	
  series.	
  

In	
  general,	
  the	
  Nd-­‐containing	
  alloys	
  had	
  coarse	
  plate-­‐like	
  precipitates	
  oriented	
  along	
  the	
  

prismatic	
   planes	
   (as	
   shown	
   in	
   Mg-­‐0.45La-­‐0.63Nd	
   alloys).	
   The	
   precipitates	
   in	
   the	
   Nd-­‐

containing	
  alloys	
   also	
  had	
  a	
   lower	
  number	
  density	
   in	
   comparison	
   to	
   alloys	
   in	
   the	
  other	
  

two	
  series.	
  The	
  age	
  hardening	
  response	
  of	
   the	
  Mg-­‐La-­‐Nd	
  alloys	
  were	
  significantly	
   faster	
  

and	
  lower	
  than	
  the	
  Mg-­‐La-­‐Y	
  or	
  Mg-­‐La-­‐Gd	
  alloys	
  in	
  either	
  the	
  as-­‐cast	
  (Figure	
  5.6)	
  or	
  heat	
  

treated	
  (Figure	
  6.2)	
  conditions.	
  This	
  is	
  a	
  significant	
  point	
  of	
  difference	
  between	
  the	
  alloy	
  

systems.	
  The	
  age	
  hardening	
  response	
  is	
  a	
  good	
  indication	
  that	
  the	
  thermal	
  diffusivity	
  and	
  

the	
   kinetics	
   of	
   the	
   solute	
   in	
   solid	
   solution	
  of	
  Mg-­‐La-­‐Nd	
   alloys	
   are	
   faster	
   (less	
   thermally	
  

stable)	
  than	
  Mg-­‐La-­‐Y	
  or	
  Mg-­‐La-­‐Gd	
  alloys.	
  Nie	
  et	
  al.	
   [12]	
  have	
  also	
  shown	
  previously	
  that	
  

the	
  diffusion	
  of	
  solute	
   in	
  solid	
  solution	
   in	
  Mg	
  alloys	
  has	
  a	
  significant	
  effect	
  on	
  creep.	
   	
  A	
  

comparison	
  of	
   the	
   diffusion	
   coefficients	
   of	
   the	
   rare	
   earth	
   element	
   Ce	
   and	
   some	
  of	
   the	
  

more	
  common	
  elements	
  alloyed	
  with	
  Mg,	
  such	
  as	
  Al	
  and	
  Zn	
   (Table	
  2.5)	
  showed	
  Ce	
  had	
  

the	
   lower	
  diffusion	
  rates	
  at	
   temperatures	
  of	
  150°C	
  and	
  175°C.	
   It	
  can	
  be	
  concluded	
  that	
  

the	
  relatively	
  slow	
  diffusion	
  rate	
  of	
  rare	
  earth	
  element	
  would	
  help	
  to	
  impeded	
  dislocation	
  

motion	
  either	
  by	
  the	
  solute	
  or	
  by	
  the	
  presence	
  of	
  more	
  thermally	
  stable	
  precipitates.	
  The	
  

mobility	
   of	
   glide	
   and	
   climb	
   dislocations,	
   which	
   is	
   dependent	
   on	
   effective	
   diffusion	
  

coefficient	
  of	
  atoms	
   in	
   the	
  α-­‐Mg	
   lattice,	
  Del	
  may	
  be	
  approximated	
  by	
   the	
  equation	
   (Eq.	
  

(7.2)).	
  	
  

	
  
	
   (7.2)	
  

where	
  B	
  and	
  n	
  are	
  constants,	
  b	
  is	
  the	
  Burgers	
  vector	
  of	
  lattice	
  dislocations	
  of	
  the	
  matrix	
  

phase	
  and	
  σ0	
   is	
  a	
  threshold	
  stress	
  which	
   is	
  effected	
  by	
  the	
  distribution	
  of	
  second	
  phase	
  

particles	
  [12].	
  Del	
  is	
  given	
  by	
  [212]:	
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€ 

Del =
DsDMg

1 − cs( )Ds + csDMg

	
   (7.3)	
  

where	
  Ds	
   is	
   the	
  diffusion	
  coefficient	
  of	
  the	
  solute	
  atoms	
   in	
  α-­‐Mg	
   lattice,	
  DMg	
   is	
   the	
  self-­‐

diffusion	
   coefficient	
   and	
   cs	
   is	
   the	
   atomic	
   fraction	
   of	
   solute	
   atoms	
   within	
   in	
   the	
  α-­‐Mg	
  

phase.	
  This	
  is	
  a	
  good	
  indication	
  that	
  the	
  thermal	
  stability	
  or	
  diffusion	
  of	
  the	
  solute	
  and,	
  in	
  

turn,	
  the	
  precipitate	
  size	
  and	
  number	
  density	
  of	
  Mg-­‐La-­‐RE	
  alloys	
  is	
  a	
  contributing	
  factor	
  to	
  

creep	
   resistance.	
   It	
   also	
   helps	
   to	
   confirm	
   the	
   creep	
   mechanism,	
   diffusion	
   controlled	
  

dislocation	
  creep,	
  which	
  was	
  experimentally	
  determined.	
  	
  

	
  

7.6 Summary 

In	
  order	
  to	
  produce	
  an	
  optimal	
  high-­‐pressure	
  die-­‐castable	
  and	
  creep	
  resistance	
  Mg-­‐La-­‐RE	
  

alloy,	
  the	
  alloy	
  needs	
  to	
  be	
  engineered	
  from	
  the	
  macro	
  to	
  the	
  atomic	
  scales	
  (Figure	
  7.14).	
  

	
  
Figure	
  7.14:	
  Overview	
  of	
  a	
  HPDC	
  Mg-­‐La-­‐RE	
  sample	
   (Mg-­‐0.45La-­‐0.87Gd)	
   that	
   shows	
   the	
   influence	
  of	
   the	
  
alloy	
  features	
  on	
  the	
  properties	
  of	
  the	
  sample.	
  

	
  

• Grain	
  boundary	
  reinforcement	
  is	
  critical	
  for	
  the	
  improvement	
  of	
  yield	
  strength,	
  which	
  

is	
   further	
   related	
   to	
   the	
   influence	
   of	
   instantaneous	
   strain	
   or	
   primary	
   creep	
   strain.	
  

However	
   grain	
   boundary	
   reinforcement	
   has	
   little	
   further	
   influence	
   on	
   steady	
   state	
  

creep	
  when	
  there	
  is	
  sufficient	
  ternary	
  RE	
  present.	
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• Precipitate	
  morphology	
  and	
  number	
  density	
  can	
  influence	
  the	
  yield	
  strength	
  of	
  Mg-­‐La-­‐

RE.	
   Precipitates	
  may	
   also	
   act	
   as	
   barriers	
   to	
   dislocation	
  movement.	
   However,	
   if	
   the	
  

precipitates	
   overage	
   quickly	
   their	
   influence	
   on	
   improving	
   creep	
   properties	
   is	
  

diminished.	
  

• The	
   rate	
   of	
   diffusion	
   of	
   solute	
   in	
   solid	
   solution	
   is	
   critically	
   important	
   to	
   the	
   creep	
  

resistance.	
  A	
  diagram	
  that	
  summaries	
  the	
   influence	
  of	
  varies	
  RE	
  elements	
  as	
  well	
  as	
  

some	
  commonly	
  used	
  Mg	
  alloy	
  elements	
  on	
  creep	
  performance	
  is	
  presented	
  in	
  Figure	
  

7.15.	
  

	
  
Figure	
   7.15:	
   Influence	
   of	
   solute	
   in	
   Mg	
   solid	
   solution	
   on	
   creep.	
   Examples	
   of	
   commonly	
   used	
   alloying	
  
additions	
  in	
  Mg	
  alloys	
  are	
  included	
  along	
  with	
  RE	
  elements	
  for	
  comparison.	
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8 Conclusions and 
Recommendations for Future 
Work 

8.1 Conclusion 

The	
   aims	
   of	
   this	
   work	
   were	
   to	
   determine	
   the	
   effects	
   of	
   different	
   ternary	
   rare	
   earth	
  

alloying	
   additions	
   (Nd,	
   Y	
   or	
   Gd)	
   and	
   heat	
   treatment	
   on	
   the	
   creep	
   properties	
   and	
  

microstructure	
   of	
   high-­‐pressure	
   die-­‐cast	
   Mg-­‐La-­‐RE	
   alloys.	
   It	
   was	
   concluded	
   that	
  

improvements	
  to	
  elevated	
  temperature	
  creep	
  resistance	
  of	
  HPDC	
  Mg-­‐RE	
  alloys	
  could	
  be	
  

achieved	
  by	
  building	
  on	
  a	
  base	
  Mg-­‐RE	
  alloy	
  (Mg-­‐La)	
  that	
  had	
  sufficiently	
  good	
  castability	
  

and	
  grain	
  boundary	
  reinforcement	
  with	
  low	
  diffusivity/thermally	
  stable	
  soluble	
  ternary	
  RE	
  

additions	
   in	
   solid	
   solution.	
   This	
   helped	
   to	
   strengthen	
   the	
   alloy	
   from	
   the	
  macro	
   to	
   the	
  

atomic	
   scale.	
   The	
   results	
   from	
   this	
   study	
   allow	
   for	
   conclusions	
   on	
   key	
   contributors	
   to	
  

elevated	
  temperature	
  creep	
  properties.	
  The	
  following	
  conclusions	
  can	
  be	
  made:	
  

	
  

• To	
  achieve	
  excellent	
  creep	
  properties	
  in	
  HPDC	
  Mg-­‐La-­‐RE	
  alloys	
  the	
  presence	
  of	
  

thermally	
   stable	
   precipitates	
   and	
   slow	
   diffusing	
   solute	
   in	
   solid	
   solution	
   in	
  

combination	
   with	
   grain	
   boundary	
   reinforcement	
   are	
   required	
   to	
   impede	
  

dislocation	
  motion.	
  	
  	
  

The	
  creep	
  mechanism	
  was	
  determined	
  to	
  be	
  diffusion-­‐controlled	
  dislocation	
  creep.	
  Grain	
  

boundary	
   reinforcement	
   via	
   the	
   eutectic	
   or	
   intermetallic	
   phase	
   present	
   at	
   grain	
  

boundaries	
  as	
  well	
  as	
  average	
  grain	
  size	
  was	
  approximately	
  equal	
  between	
  the	
  three	
  alloy	
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series	
  investigated.	
  The	
  creep	
  properties	
  of	
  Mg-­‐La-­‐Nd	
  alloys	
  were,	
  however,	
  significantly	
  

worse	
  when	
  compared	
  to	
  Mg-­‐La-­‐Y	
  or	
  Mg-­‐La-­‐Gd	
  alloys	
  with	
  similar	
  ternary	
  RE	
  additions.	
  	
  

	
  

The	
  ageing	
  response	
  showed	
  that	
  Mg-­‐La-­‐Nd	
  alloys	
  overage	
  faster	
  than	
  either	
  Mg-­‐La-­‐Y	
  or	
  

Mg-­‐La-­‐Gd	
  alloys.	
  The	
  microstructure	
  observations	
  following	
  creep	
  testing	
  of	
  as-­‐cast	
  alloys	
  

revealed	
   that	
   all	
   alloys	
   with	
   approximately	
   0.2	
   at.%	
   (or	
   greater)	
   ternary	
   RE	
   can	
   form	
  

dynamic	
  precipitates.	
  This	
  helped	
  to	
  show	
  that	
  the	
  thermal	
  stability	
  of	
  the	
  solute	
  in	
  solid	
  

solution,	
   which	
   also	
   influences	
   the	
   precipitate	
   number	
   density	
   could	
   influence	
   creep	
  

properties.	
  	
  The	
  age	
  hardening	
  response	
  showed	
  a	
  significant	
  difference	
  between	
  the	
  Mg-­‐

La-­‐Nd	
  and	
  Mg-­‐La-­‐Y	
  and	
  Mg-­‐La-­‐Gd	
  alloys,	
  which	
  indicates	
  differences	
  in	
  thermal	
  diffusivity	
  

of	
   solute	
   in	
   solid	
   solution.	
  The	
   diffusion	
   of	
   the	
   solute	
   in	
   solid	
   solution	
  was	
   particularly	
  

important	
   since	
   the	
   creep	
   mechanism	
   was	
   related	
   to	
   diffusion-­‐controlled	
   dislocation	
  

climb	
  from	
  stress	
  exponent	
  calculations.	
  

	
  

• The	
   as-­‐cast	
   Mg-­‐La-­‐RE	
   alloys	
   investigated	
   had	
   similar	
   grain	
   sizes,	
   intermetallic	
  

phase	
  and	
  grain	
  boundary	
   reinforcement.	
  Difference	
  between	
   the	
  alloys	
  arises	
  

from	
  the	
  solid	
  solubility	
  of	
  the	
  ternary	
  additions	
  in	
  Mg.	
  	
  

	
  

The	
  morphology	
  of	
  the	
  microstructure	
  of	
  three	
  HPDC	
  Mg-­‐RE	
  alloy	
  series	
  (Mg-­‐La-­‐Y,	
  Mg-­‐La-­‐

Gd	
  and	
  Mg-­‐La-­‐Nd)	
  with	
  varying	
  ternary	
  alloying	
  addition	
  concentrations	
  were	
  compared.	
  

It	
  was	
  found	
  that	
  all	
  alloys	
  have	
  relatively	
  similar	
  morphologies	
  with	
  respect	
  to	
  grain	
  size,	
  

average	
   volume	
   fraction	
   of	
   eutectic	
   present	
   at	
   grain	
   boundaries	
   and	
   the	
   intermetallic	
  

phase	
  present	
  in	
  the	
  eutectic.	
  The	
  morphology	
  of	
  the	
  eutectic	
  was	
  found	
  to	
  change	
  from	
  

a	
  lamellar	
  eutectic	
  composed	
  of	
  α-­‐Mg	
  and	
  an	
  intermetallic	
  phase	
  of	
  Mg12RE	
  to	
  a	
  fibrous	
  

α-­‐Mg	
  phase	
  within	
  a	
  matrix	
  of	
  an	
   intermetallic	
  phase	
  and	
  then	
  a	
  divorced	
  eutectic	
  with	
  

increasing	
  ternary	
  RE	
  addition.	
  

	
  

It	
   is	
   therefore	
   concluded	
   any	
   difference	
   in	
   creep	
   properties	
   between	
   alloys	
   must	
   be	
  

independent	
  of	
  grain	
  size,	
   intermetallic	
  phase	
  and/or	
  grain	
  boundary	
  reinforcement	
  and	
  

be	
  related	
  to	
  other	
  alloy	
  attributes	
  such	
  as	
  precipitation	
  hardening	
  and/or	
  solid	
  solution	
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strengthening	
  which	
   are	
   in	
   turn	
   related	
   to	
   the	
   selection	
  of	
   ternary	
   alloying	
  RE	
  element	
  

addition	
  to	
  the	
  alloys.	
  

	
  

• Short-­‐term	
   heat	
   treatments	
   can	
   successfully	
   be	
   applied	
   to	
   HPDC	
   Mg	
   alloys	
  

without	
   causing	
   blistering	
   to	
   the	
   surface	
   of	
   a	
   casting.	
   However,	
   there	
   is	
   no	
  

significant	
  improvement	
  to	
  creep	
  properties.	
  	
  

	
  

In	
   the	
   as-­‐cast	
   condition	
   the	
   alloys	
   under	
   investigation	
   had	
   a	
   continuous	
   intermetallic	
  

phase	
  present	
  in	
  the	
  eutectic	
  at	
  grain	
  boundaries	
  that	
  acted	
  like	
  a	
  skeleton	
  to	
  strengthen	
  

the	
  alloys.	
  When	
  the	
  alloys	
  were	
  solution	
  treated	
  at	
  520°C	
  for	
  1h	
  the	
  eutectic	
  α-­‐Mg	
  was	
  

distributed	
   homogeneously	
   throughout	
   the	
   grain	
   and	
   a	
   discontinuous	
   Mg12RE	
  

intermetallic	
  phase	
  remained	
  at	
  the	
  grain	
  boundaries.	
  This	
  caused	
  a	
  reduction	
  in	
  0.2	
  %	
  PS	
  

but	
   did	
   not	
   significantly	
   increase	
   solid	
   solution	
   strengthening.	
   Furthermore,	
   any	
  

subsequent	
  precipitation	
  hardening	
  did	
  little	
  to	
  improve	
  the	
  strength	
  of	
  the	
  alloys.	
  Creep	
  

properties	
  were	
  also	
  negatively	
  affected	
  following	
  solution	
  treatment.	
  	
  

	
  

Only	
  when	
  significantly	
  high	
  concentrations	
  of	
  ternary	
  RE	
  were	
  added	
  to	
  the	
  alloy	
  do	
  the	
  

creep	
  properties	
  become	
  similar	
  to	
  those	
  in	
  the	
  as-­‐cast	
  condition.	
  It	
  was	
  thus	
  concluded	
  

that	
  grain	
  boundary	
   reinforcement	
  was	
  a	
  practical	
  method	
   to	
  maintain	
  both	
  good	
  yield	
  

strength	
  and	
  to	
  reduce	
  the	
  initial	
  amount	
  of	
  pronounced	
  creep	
  strain.	
  However,	
  without	
  a	
  

thermally	
  stable	
  solute	
  present	
  in	
  solid	
  solution	
  and	
  in	
  turn	
  thermally	
  stable	
  precipitates	
  

to	
  impede	
  the	
  movement	
  of	
  dislocations,	
  creep	
  properties	
  are	
  still	
  poor.	
  	
  

	
  

• Micro-­‐alloying	
  additions	
  of	
  Nd,	
  Y	
  or	
  Gd	
  to	
  a	
  base	
  HPDC	
  Mg-­‐La	
  alloy	
  significantly	
  

increased	
  hot	
   tearing	
   susceptibility.	
  Y	
  or	
  Gd	
  alloying	
  additions	
  of	
   greater	
   than	
  

approximately	
  0.1	
  or	
  0.2	
  at.%,	
  respectively,	
  decreased	
  hot	
  tearing	
  susceptibility.	
  

However	
  no	
  significant	
   improvement	
  to	
  hot	
  tearing	
  was	
  detected	
   in	
  Mg-­‐La-­‐Nd	
  

alloys	
  for	
  concentrations	
  of	
  Nd	
  up	
  to	
  0.63	
  at.%	
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The	
  alloys	
  investigated	
  had	
  similar	
  grain	
  morphology	
  and	
  size,	
  solidification	
  range	
  and	
  the	
  

amount	
   of	
   eutectic.	
   It	
   was	
   shown	
   that	
   hot	
   tearing	
   susceptibility	
   can	
   be	
   accurately	
  

predicted	
  from	
  the	
  integral	
  between	
  the	
  coherency	
  and	
  coalescence	
  points	
  obtained	
  from	
  

computational	
  thermodynamic	
  temperature-­‐fraction	
  solid	
  curves.	
  	
  

	
  

The	
   ternary	
   alloying	
   content	
   of	
  Mg-­‐La-­‐RE	
  HPDC	
   alloys	
   significantly	
   affected	
   hot	
   tearing	
  

susceptibility.	
   Compositions	
   of	
   HPDC	
   Mg-­‐La-­‐RE	
   alloys	
   with	
   low	
   hot	
   tearing	
  

susceptibility/good	
  castability	
  either	
  had	
  approximately	
  zero	
  ternary	
  RE	
  or	
  had	
  ≥	
  0.6	
  at.%	
  

concentrations	
  of	
  ternary	
  RE.	
  However,	
  an	
  improvement	
  in	
  hot	
  tearing	
  susceptibility	
  was	
  

only	
  detected	
   in	
  Mg-­‐La-­‐Y	
  and	
  Mg-­‐La-­‐Gd	
  alloys.	
  Once	
  the	
  concentration	
  of	
   ternary	
  RE	
  of	
  

Mg-­‐La-­‐Nd	
  alloys	
  reached	
  approximately	
  0.2	
  at.%	
  only	
  a	
  relatively	
  minor	
   improvement	
   in	
  

hot	
   tearing	
   susceptibility	
   have	
   measured	
   in	
   the	
   Mg-­‐0.45La-­‐0.63Nd	
   alloy.	
   There	
   was	
   a	
  

difference	
   in	
  the	
  morphology	
  of	
  the	
  eutectic	
  between	
  the	
  Y	
  or	
  Gd-­‐containing	
  alloys	
  and	
  

the	
  Nd-­‐containing	
  alloys.	
  This	
  was	
  most	
  apparent	
  at	
  ternary	
  concentrations	
  greater	
  than	
  

0.2	
  at.%.	
  Feeding	
  channels	
  allow	
  for	
  the	
  flow	
  of	
  the	
  molten	
  component	
  of	
  the	
  alloy	
  during	
  

final	
  stages	
  of	
  solidification	
  to	
   fill	
   the	
  voids	
   in	
  the	
  castings	
  and	
  prevent	
  hot	
  tearing.	
  The	
  

difference	
  in	
  morphology	
  of	
  the	
  eutectic	
  for	
  higher	
  concentrated	
  Y	
  or	
  Gd	
  to	
  Nd	
  containing	
  

alloys	
  may	
  influence	
  the	
  feeding	
  channels	
  during	
  solidification.	
  

	
  

8.2 Future Work  

Whilst	
   this	
  work	
  offers	
   reasonable	
   explanations	
   for	
   creep	
  mechanisms	
  being	
   related	
   to	
  

thermally	
  stable	
  solute	
  in	
  solid	
  solution	
  and	
  precipitate	
  so	
  long	
  as	
  there	
  is	
  sufficient	
  grain	
  

boundary	
   reinforcement,	
   there	
   are	
   a	
   number	
   of	
   areas	
   where	
   further	
   testing	
   and	
  

validation	
  would	
  be	
  useful.	
  

	
  

• Diffusion	
  coefficient	
  measurements	
   for	
  Nd,	
  Y	
  or	
  Gd	
   in	
  Mg:	
   In	
   this	
  current	
  work	
  

the	
  diffusion	
  coefficient	
  (Do)	
  and	
  the	
  activation	
  energy	
  (Q)	
  of	
  Ce	
  in	
  Mg	
  were	
  used	
  

due	
  to	
  the	
  lack	
  of	
  diffusion	
  data	
  on	
  other	
  RE	
  elements	
  such	
  as	
  Nd,	
  Y	
  or	
  Gd.	
  Nie	
  et	
  

al.	
  [12]	
  similarly	
  had	
  to	
  use	
  diffusion	
  measurements	
  of	
  Ce	
  in	
  Mg	
  for	
  calculations	
  of	
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a	
   Mg-­‐Y	
   alloy.	
   Since	
   the	
   current	
   work	
   has	
   proposed	
   the	
   importance	
   of	
   thermal	
  

diffusivity	
   of	
   the	
  different	
  RE	
  on	
   creep	
   it	
   is	
   important	
   to	
   have	
  diffusion	
  data	
   on	
  

these	
  (and	
  ideally	
  all)	
  RE	
  elements	
  in	
  Mg.	
  

	
  

A	
  diffusion	
  couple	
  between	
  pure	
  Mg	
  and	
  the	
  various	
  RE	
  elements	
  could	
  be	
  used	
  to	
  

measure	
   the	
   diffusion	
   coefficients.	
   This	
  may	
   also	
   help	
   to	
   understand	
  why	
   the	
   Y	
  

containing	
   alloys	
   in	
   this	
   current	
   work	
   had	
   significantly	
   slower	
   age	
   hardening	
  

response	
  at	
  177°C	
  than	
  either	
  Nd	
  or	
  Gd.	
  

	
  

• CALPHAD	
  predictions	
  for	
  Mg-­‐La-­‐Y	
  and	
  Mg-­‐La-­‐Gd	
  alloys:	
  Although	
  there	
  has	
  been	
  

work	
  published	
  on	
  ternary	
  phase	
  diagrams	
  for	
  Mg-­‐Ce-­‐RE	
  alloys	
  such	
  as	
  Mg-­‐Ce-­‐La	
  

[213],	
  Mg-­‐Ce-­‐Y	
  or	
  Mg-­‐Ce-­‐Nd	
  [180,	
  214],	
  only	
  a	
  relatively	
  small	
  amount	
  of	
  work	
  has	
  

been	
  published	
  on	
  Mg-­‐La-­‐RE	
  alloys	
  such	
  as	
  Mg-­‐La-­‐Nd	
  [132].	
   In	
  the	
  current	
  work,	
  

binary	
  phase	
  diagrams	
   for	
  Mg-­‐Y	
  and	
  Mg-­‐Gd	
  alloys	
  were	
  used	
   in	
  place	
  of	
   ternary	
  

Mg-­‐La-­‐Y	
   and	
  Mg-­‐La-­‐Gd	
  phase	
  diagrams.	
   This	
  was	
   sufficient	
   in	
   the	
  present	
  work,	
  

however,	
   more	
   accurate	
   analysis	
   could	
   be	
   obtained	
   if	
   ternary	
   Mg-­‐La-­‐RE	
   phase	
  

diagrams	
  were	
  available.	
   In	
  relation	
  to	
  hot	
  tearing	
  predications,	
   it	
  was	
  clear	
  that	
  

using	
  binary	
  phase	
  diagrams	
  was	
  less	
  accurate	
  than	
  using	
  ternary	
  phase	
  diagrams	
  

to	
  help	
   indicate	
  the	
  hot	
  tearing	
  susceptibility	
  of	
  ternary	
  Mg-­‐La-­‐RE	
  alloys.	
  Also,	
   in	
  

some	
   instances	
   precipitates	
   were	
   present	
   in	
   alloys	
   that	
   according	
   to	
   their	
  

equivalent	
  binary	
  phase	
  diagrams	
  should	
  not	
  be	
  present.	
  Ternary	
  phase	
  diagrams	
  

for	
  the	
  Mg-­‐La-­‐Y	
  alloys	
  may	
  also	
  help	
  with	
  the	
  identification	
  of	
  precipitates	
  present	
  

in	
  theT6	
  Mg-­‐0.45La-­‐1.18Y	
  alloy	
  shown	
  in	
  Figure	
  6.22.	
  

	
  

• Solubility	
   of	
   different	
   metastable	
   phases	
   in	
   Mg:	
   The	
   composition	
   of	
   solute	
   –	
  

fraction	
  of	
  phase	
  curves	
  used	
  to	
  determine	
  the	
  concentration	
  of	
  supersaturation	
  

of	
  RE	
  in	
  Mg	
  predicted	
  in	
  some	
  instances	
  that	
  precipitates	
  should	
  form	
  during	
  heat	
  

treatment	
  or	
  creep	
  testing.	
  The	
  transmission	
  electron	
  microscopy	
  did	
  not	
  always	
  

support	
  the	
  predictions.	
  This	
  is	
  may	
  be	
  the	
  result	
  of	
  using	
  phase	
  diagrams	
  that	
  are	
  

based	
  on	
  thermal	
  equilibrium	
  data.	
  The	
  metastable	
  phases	
  may	
  have	
  a	
  different	
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solubility	
  than	
  that	
  presented	
  in	
  thermal	
  equilibrium	
  phase	
  diagrams.	
  In	
  order	
  to	
  

produce	
  more	
  accurate	
  microstructure	
  models	
  or	
  predications	
  it	
  would	
  be	
  useful	
  

to	
  determine	
  the	
  solubility	
  of	
  the	
  Mg-­‐RE	
  metastable	
  phase.	
  This	
  can	
  be	
  achieved	
  

in	
   a	
   similar	
   way	
   to	
   equilibrium	
   phase	
   determination.	
   However,	
   the	
   selection	
   of	
  

appropriate	
  compositions	
   is	
  required	
   in	
  order	
  to	
  determine	
  composition	
  tie	
   lines	
  

and	
  other	
  phase	
  data.	
  

	
  

• Model	
   considering	
   the	
   influences	
   of	
   microstructure	
   including	
   grain	
   boundary	
  

reinforcement,	
   precipitation	
   strengthening	
   and	
   solid	
   solution	
   strengthening	
  on	
  

creep:	
   The	
   present	
   study	
   has	
   shown	
   that	
   creep	
   properties	
   can	
   be	
   improved	
  

through	
  a	
  combination	
  of	
  factors	
  for	
  HPDC	
  Mg-­‐La-­‐RE	
  alloys.	
  These	
  included	
  grain	
  

boundary	
   reinforcement,	
   precipitates	
   that	
   were	
   thermally	
   stable	
   at	
   the	
   testing	
  

temperature	
   and	
  by	
   solute	
   that	
   had	
   a	
   slow	
  diffusion	
   rate.	
   It	
  would	
  be	
  useful	
   to	
  

create	
  a	
  model,	
  which	
  can	
  incorporate	
  properties	
  of	
  alloying	
  additions	
  to	
  Mg	
  such	
  

as	
   solid	
   solubility,	
   ageing	
   kinetics	
   and	
   grain	
   boundary	
   reinforcement	
   to	
   help	
  

predict	
   creep	
   properties.	
   This	
   would	
   allow	
   for	
   a	
   broader	
   understanding	
   of	
   the	
  

influence	
  of	
  alloying	
  additions	
  (not	
  necessarily	
  RE	
  elements)	
  on	
  Mg	
  without	
  having	
  

to	
  cast	
  multiple	
  alloys	
  and	
  perform	
  time	
  consuming	
  experiments.	
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Appendix A 
Table	
   A1:	
   Temperatures	
   that	
   correlate	
   to	
   the	
   coherency	
   point	
   (T0)	
   and	
   the	
   coalescence	
   point	
   (Tco)	
  
obtained	
   from	
   temperature	
   -­‐	
   fraction	
   solid	
   curves	
   produced	
   using	
   the	
   Gröbner	
   [132]	
   database	
   in	
  
PandatTM.	
  

Alloy	
  (at.%)	
   T0	
  (°C)	
   Tco	
  (°C)	
  
Mg-­‐0.46La-­‐0.002Nd	
   633.9	
   624.3	
  
Mg-­‐0.46La-­‐0.02Nd	
   633.6	
   610.8	
  
Mg-­‐0.45La-­‐0.03Nd	
   633.3	
   608.3	
  
Mg-­‐0.46La-­‐0.06Nd	
   631.8	
   603.5	
  
Mg-­‐0.47La-­‐0.10Nd	
   629.7	
   595.3	
  
Mg-­‐0.47La-­‐0.14Nd	
   628.3	
   586.8	
  
Mg-­‐0.43La-­‐0.18Nd	
   628.6	
   578.7	
  
Mg-­‐0.45La-­‐0.63Nd	
   606.5	
   541.8	
  
	
   	
   	
  
Binary	
  Alloys	
  (at.%)	
   	
   	
  
Mg-­‐0.002Nd	
   649.8	
   649.1	
  
Mg-­‐0.02Nd	
   649.4	
   643.0	
  
Mg-­‐0.03Nd	
   649.0	
   635.1	
  
Mg-­‐0.06Nd	
   648.2	
   616.4	
  
Mg-­‐0.10Nd	
   646.9	
   582.8	
  
Mg-­‐0.14Nd	
   645.6	
   546.7	
  
Mg-­‐0.18Nd	
   644.7	
   541.7	
  
Mg-­‐0.63Nd	
   627.6	
   541.7	
  
	
   	
   	
  
Mg-­‐0.003Y	
   649.8	
   649.4	
  
Mg-­‐0.02Y	
   649.6	
   647.3	
  
Mg-­‐0.04Y	
   649.8	
   642.7	
  
Mg-­‐0.12Y	
   647.7	
   630.0	
  
Mg-­‐0.24Y	
   645.6	
   611.6	
  
Mg-­‐0.30Y	
   644.3	
   601.9	
  
Mg-­‐0.42Y	
   642.1	
   587.7	
  
Mg-­‐0.70Y	
   636.8	
   574.5	
  
Mg-­‐1.18Y	
   627.1	
   574.5	
  
	
   	
   	
  
Mg-­‐0.003Gd	
   649.8	
   649.2	
  
Mg-­‐0.005Gd	
   649.8	
   648.9	
  
Mg-­‐0.04Gd	
   649.0	
   640.9	
  
Mg-­‐0.10Gd	
   647.8	
   626.7	
  
Mg-­‐0.21Gd	
   645.4	
   599.6	
  
Mg-­‐0.59Gd	
   637.1	
   576.1	
  
Mg-­‐0.87Gd	
   630.9	
   576.1	
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Appendix B 
Table	
  B1:	
  Tensile	
  properties	
  of	
  Mg-­‐La-­‐Nd,	
  Mg-­‐La-­‐Y	
  and	
  Mg-­‐La-­‐Gd	
  alloys	
  in	
  As-­‐Cast,	
  T4	
  or	
  T6	
  conditions	
  at	
  
room	
  temperature	
  (RT)	
  and	
  177°C.	
  

Alloy	
  Composition	
  
at.%	
  

0.2%	
  PS	
  ±SD	
  
(MPa)	
  

UTS	
  ±SD	
  (MPa)	
   Elong.	
  ±SD	
  
(%)	
  

Condition	
   Testing	
  
Temp.	
  

Mg-­‐0.47La-­‐0.10Nd	
   146.7	
  (±	
  3.0)	
   166.7	
  (±	
  2.3)	
   2.7	
  (±	
  0.3)	
   As-­‐Cast	
   RT	
  
Mg-­‐0.43La-­‐0.18Nd	
   151.6	
  (±	
  3.2)	
   167.1	
  (±	
  4.5)	
   2.3	
  (±	
  0.7)	
   As-­‐Cast	
   RT	
  
Mg-­‐0.45La-­‐0.63Nd	
   196.9	
  (±	
  4.2)	
   198.6	
  (±	
  4.2)	
   2.1	
  (±	
  0.7)	
   As-­‐Cast	
   RT	
  
Mg-­‐0.48La-­‐0.12Y	
   155.2	
  (±	
  1.6)	
   175.8	
  (±	
  1.0)	
   3.9	
  (±	
  0.4)	
   As-­‐Cast	
   RT	
  
Mg-­‐0.49La-­‐0.24Y	
   158.7	
  (±	
  1.6)	
   180.4	
  (±	
  3.9)	
   4.4	
  (±	
  0.4)	
   As-­‐Cast	
   RT	
  
Mg-­‐0.45La-­‐1.18Y	
   186.4	
  (±	
  2.1)	
   213.6	
  (±	
  5.8)	
   4.0	
  (±	
  0.7)	
   As-­‐Cast	
   RT	
  
Mg-­‐0.45La-­‐0.10Gd	
   145.7	
  (±	
  5.1)	
   169.4	
  (±	
  8.7)	
   3.4	
  (±	
  0.9)	
   As-­‐Cast	
   RT	
  
Mg-­‐0.46La-­‐0.21Gd	
   159.6	
  (±	
  2.4)	
   180.2	
  (±	
  7.9)	
   4.7	
  (±	
  0.8)	
   As-­‐Cast	
   RT	
  
Mg-­‐0.45La-­‐0.87Gd	
   182.3	
  (±	
  3.1)	
   200.2	
  (±	
  5.6)	
   3.8	
  (±	
  0.3)	
   As-­‐Cast	
   RT	
  
	
   	
   	
   	
   	
   	
  
Mg-­‐0.47La-­‐0.10Nd	
   103.4	
  (±	
  0.9)	
   126.5	
  (±	
  1.6)	
   11.9	
  (±	
  2.2)	
   As-­‐Cast	
   177°C	
  
Mg-­‐0.43La-­‐0.18Nd	
   111.2	
  (±	
  2.3)	
   143.4	
  (±	
  1.9)	
   19.1	
  (±	
  1.8)	
   As-­‐Cast	
   177°C	
  
Mg-­‐0.45La-­‐0.63Nd	
   134.4	
  (±	
  2.0)	
   175.8	
  (±	
  4.1)	
   5.6	
  (±	
  1.0)	
   As-­‐Cast	
   177°C	
  
Mg-­‐0.48La-­‐0.12Y	
   108.0	
  (±	
  1.0)	
   137.7	
  (±	
  2.2)	
   19.8	
  (±	
  2.0)	
   As-­‐Cast	
   177°C	
  
Mg-­‐0.49La-­‐0.24Y	
   112.8	
  (±	
  1.5)	
   153.0	
  (±	
  2.5)	
   14.2	
  (±	
  2.3)	
   As-­‐Cast	
   177°C	
  
Mg-­‐0.45La-­‐1.18Y	
   150.6	
  (±	
  1.4)	
   205.7	
  (±	
  3.6)	
   5.3	
  (±	
  0.8)	
   As-­‐Cast	
   177°C	
  
Mg-­‐0.45La-­‐0.10Gd	
   100.6	
  (±	
  1.4)	
   129.3	
  (±	
  3.0)	
   16.2	
  (±	
  4.6)	
   As-­‐Cast	
   177°C	
  
Mg-­‐0.46La-­‐0.21Gd	
   110.9	
  (±	
  1.7)	
   151.1	
  (±	
  2.5)	
   12.3	
  (±	
  0.8)	
   As-­‐Cast	
   177°C	
  
Mg-­‐0.45La-­‐0.87Gd	
   140.2	
  (±	
  4.6)	
   192.9	
  (±	
  2.1)	
   5.4	
  (±	
  0.4)	
   As-­‐Cast	
   177°C	
  
	
   	
   	
   	
   	
   	
  
Mg-­‐0.47La-­‐0.10Nd	
   106.1	
  (±	
  2.6)	
   158.6	
  (±	
  3.1)	
   3.7	
  (±	
  0.4)	
   T4	
   RT	
  
Mg-­‐0.43La-­‐0.18Nd	
   119.2	
  (±	
  2.4)	
   163.8	
  (±	
  10.6)	
   4.9	
  (±	
  1.2)	
   T4	
   RT	
  
Mg-­‐0.45La-­‐0.63Nd	
   147.7	
  (±	
  3.6)	
   185.3	
  (±	
  7.9)	
   4.0	
  (±	
  0.5)	
   T4	
   RT	
  
Mg-­‐0.48La-­‐0.12Y	
   110.9	
  (±	
  4.1)	
   185.9	
  (±	
  8.8)	
   7.2	
  (±	
  0.9)	
   T4	
   RT	
  
Mg-­‐0.49La-­‐0.24Y	
   107.4	
  (±	
  3.9)	
   179.1	
  (±	
  9.9)	
   6.5	
  (±	
  1.1)	
   T4	
   RT	
  
Mg-­‐0.45La-­‐1.18Y	
   136.2	
  (±	
  0.8)	
   209.2	
  (±	
  14.0)	
   7.6	
  (±	
  3.0)	
   T4	
   RT	
  
Mg-­‐0.45La-­‐0.10Gd	
   102.9	
  (±	
  2.0)	
   172.6	
  (±	
  6.4)	
   5.9	
  (±	
  0.6)	
   T4	
   RT	
  
Mg-­‐0.46La-­‐0.21Gd	
   126.9	
  (±	
  2.6)	
   174.1	
  (±	
  3.4)	
   5.7	
  (±	
  0.5)	
   T4	
   RT	
  
Mg-­‐0.45La-­‐0.87Gd	
   131.3	
  (±	
  3.9)	
   193.8	
  (±	
  3.2)	
   5.8	
  (±	
  0.5)	
   T4	
   RT	
  
	
   	
   	
   	
   	
   	
  
Mg-­‐0.47La-­‐0.10Nd	
   84.1	
  (±	
  2.7)	
   122.3	
  (±	
  1.7)	
   16.3	
  (±	
  1.9)	
   T4	
   177°C	
  
Mg-­‐0.43La-­‐0.18Nd	
   83.0	
  (±	
  1.6)	
   131.4	
  (±	
  5.4)	
   12.7	
  (±	
  4.6)	
   T4	
   177°C	
  
Mg-­‐0.45La-­‐0.63Nd	
   126.5	
  (±	
  3.2)	
   191.1	
  (±	
  3.5)	
   11.5	
  (±	
  1.0)	
   T4	
   177°C	
  
Mg-­‐0.48La-­‐0.12Y	
   85.7	
  (±	
  1.5)	
   127.8	
  (±	
  1.6)	
   23.4	
  (±	
  2.9)	
   T4	
   177°C	
  
Mg-­‐0.49La-­‐0.24Y	
   87.2	
  (±	
  0.3)	
   145.4	
  (±	
  1.0)	
   21.5	
  (±	
  1.8)	
   T4	
   177°C	
  
Mg-­‐0.45La-­‐1.18Y	
   134.8	
  (±	
  2.2)	
   219.0	
  (±	
  12.2)	
   9.1	
  (±	
  3.4)	
   T4	
   177°C	
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Table	
  B1:	
  cont.	
  

Alloy	
  Composition	
  
at.%	
  

0.2%	
  PS	
  ±SD	
  
(MPa)	
  

UTS	
  ±SD	
  (MPa)	
   Elong.	
  ±SD	
  
(%)	
  

Condition	
   Testing	
  
Temp.	
  

Mg-­‐0.45La-­‐0.10Gd	
   87.1	
  (±	
  2.6)	
   127.8	
  (±	
  1.6)	
   20.0	
  (±	
  3.9)	
   T4	
   177°C	
  
Mg-­‐0.46La-­‐0.21Gd	
   82.1	
  (±	
  2.2)	
   145.0	
  (±	
  2.1)	
   15.9	
  (±	
  2.1)	
   T4	
   177°C	
  
Mg-­‐0.45La-­‐0.87Gd	
   127.0	
  (±	
  2.8)	
   205.3	
  (±	
  5.9)	
   10.1	
  (±	
  0.6)	
   T4	
   177°C	
  
	
   	
   	
   	
   	
   	
  
Mg-­‐0.47La-­‐0.10Nd	
   126.6	
  (±	
  4.3)	
   164.3	
  (±	
  4.8)	
   4.0	
  (±	
  0.6)	
   T6	
   RT	
  
Mg-­‐0.43La-­‐0.18Nd	
   132.7	
  (±	
  4.0)	
   161.0	
  (±	
  2.4)	
   3.6	
  (±	
  0.5)	
   T6	
   RT	
  
Mg-­‐0.45La-­‐0.63Nd	
   188.5	
  (±	
  0.3)	
   215.8	
  (±	
  2.7)	
   2.6	
  (±	
  0.2)	
   T6	
   RT	
  
Mg-­‐0.48La-­‐0.12Y	
   129.9	
  (±	
  2.0)	
   180.7	
  (±	
  6.4)	
   5.7	
  (±	
  0.7)	
   T6	
   RT	
  
Mg-­‐0.49La-­‐0.24Y	
   137.8	
  (±	
  2.0)	
   183.7	
  (±	
  7.3)	
   6.4	
  (±	
  1.1)	
   T6	
   RT	
  
Mg-­‐0.45La-­‐1.18Y	
   203.2	
  (±	
  5.1)	
   252.7	
  (±	
  8.1)	
   2.8	
  (±	
  0.3)	
   T6	
   RT	
  
Mg-­‐0.45La-­‐0.10Gd	
   117.8	
  (±	
  8.6)	
   179.8	
  (±	
  0.9)	
   5.8	
  (±	
  0.0)	
   T6	
   RT	
  
Mg-­‐0.46La-­‐0.21Gd	
   137.2	
  (±	
  1.7)	
   173.6	
  (±	
  3.1)	
   4.9	
  (±	
  0.3)	
   T6	
   RT	
  
Mg-­‐0.45La-­‐0.87Gd	
   216.5	
  (±	
  5.7)	
   265.7	
  (±	
  7.7)	
   1.7	
  (±	
  0.3)	
   T6	
   RT	
  
	
   	
   	
   	
   	
   	
  
Mg-­‐0.47La-­‐0.10Nd	
   92.4	
  (±	
  1.3)	
   125.9	
  (±	
  2.0)	
   13.5	
  (±	
  1.6)	
   T6	
   177°C	
  
Mg-­‐0.43La-­‐0.18Nd	
   96.0	
  (±	
  1.5)	
   135.3	
  (±	
  1.1)	
   9.3	
  (±	
  1.1)	
   T6	
   177°C	
  
Mg-­‐0.45La-­‐0.63Nd	
   144.9	
  (±	
  2.3)	
   201.3	
  (±	
  3.4)	
   6.4	
  (±	
  1.4)	
   T6	
   177°C	
  
Mg-­‐0.48La-­‐0.12Y	
   91.9	
  (±	
  2.6)	
   132.8	
  (±	
  2.5)	
   19.5	
  (±	
  3.2)	
   T6	
   177°C	
  
Mg-­‐0.49La-­‐0.24Y	
   98.8	
  (±	
  1.3)	
   145.0	
  (±	
  1.5)	
   15.1	
  (±	
  1.2)	
   T6	
   177°C	
  
Mg-­‐0.45La-­‐1.18Y	
   177.7	
  (±	
  6.2)	
   248.2	
  (±	
  7.6)	
   5.5	
  (±	
  1.4)	
   T6	
   177°C	
  
Mg-­‐0.45La-­‐0.10Gd	
   92.3	
  (±	
  0.6)	
   124.6	
  (±	
  1.3)	
   15.4	
  (±	
  3.4)	
   T6	
   177°C	
  
Mg-­‐0.46La-­‐0.21Gd	
   103.5	
  (±	
  0.4)	
   141.7	
  (±	
  8.6)	
   10.0	
  (±	
  3.0)	
   T6	
   177°C	
  
Mg-­‐0.45La-­‐0.87Gd	
   208.3	
  (±	
  8.8)	
   243.3	
  (±	
  7.7)	
   2.4	
  (±	
  0.8)	
   T6	
   177°C	
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