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a  b  s  t  r  a  c  t  

The  present  study  focuses  on  the  roles  of  structure,  stress  and  temperature  on  the  mobility  of  facets  
bounding  twin  domains  and  on  the  overall  impact  on  the  growth  kinetics  of  {  10  ̄1  2  }  twins  in  Mg.  We  first  
use  molecular  dynamics  simulations  (MD)  to  study  the  relationship  between  interface  structures,  stress,  
temperature  and  mobility.  As  facets  can  exhibit  distinct  atomic  scale  structures,  we  also  quantify  the  
effect  of  stress  relaxation  mediated  by  misfit  dislocations  on  the  mobility  of  the  basal-prismatic  interface.  
The  information  gathered  for  ten  different  facets  is  used  to  calibrate  an  anisotropic  phase  field  model  
predicting  the  effects  of  temperature  and  stress  on  the  kinetics  and  shape  of  a  growing  {  10  ̄1  2  }  3D  twin,  
by  comparison  with  MD  data.  The  comparative  analysis  suggests  that,  as  compared  to  simulations  of  
individual  facets,  the  effective  mobility  of  facets  can  be  significantly  different  during  growth  of  a  3D  
twin.  This  can  be  attributed  to  the  complex  three-dimensional  internal  stress  state  of  the  twin  and  to  
coupling  in  facet  motion  triggered  by  facet  junctions.  As  such,  by  directly  fitting  both  the  twin  growth  
kinetics  and  morphology  as  predicted  by  MD  for  different  stresses  and  temperatures,  we  can  identify  a  
limited  set  of  rate-limiting  facets  that  control  twin  growth  and  morphology,  and  measure  their  effective  
mobility.  

© 2021  Acta  Materialia  Inc.  Published  by  Elsevier  Ltd.  All  rights  reserved.  

1.  Introduction  

Deformation  twins  can  be  readily  activated  in  hexagonal  closed  

packed  (hcp)  media  to  accommodate  plastic  deformation  along  the  

c-axis  of  the  host  crystals  [  1  ,  2  ].  Historically,  a  large  number  of  

fundamental  studies  on  twinning  in  hcp  metals  have  focused  on  

{  10  ̄1  2  }  twinning  in  Mg  owing  to  its  elastic  properties  (i.e.  mini-  

mal  elastic  anisotropy)  and  potential  industrial  applications.  A  mi-  

crostructure  deformed  by  deformation  twins  will  likely  contain  

a  relatively  complex  network  of  3-dimensional  twin  domains  for  

which  the  shape,  while  often  idealized  as  ellipsoidal,  can  adopt  

particularly  irregular  morphologies  (e.g.  concave  shapes,  large  fluc-  

tuations  in  thickness  for  a  given  twin,  etc.)  [3–8]  .  This  has  been  

shown  by  serial  section  of  deformation  samples  and  use  of  electron  

back  scattering  diffraction  (EBSD)  to  reconstruct  3-dimensional  

twinned  volumes  [7]  .  The  complex  3-dimensional  twin  shapes  re-  

sult  from  (i)  the  local  fluctuations  in  internal  stresses  (provid-  

ing  non-uniform  driving  forces  for  growth)  [9–11]  ,  (ii)  the  poten-  

tial  anisotropy  in  the  migration  mode  of  defects  mediating  the  
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twin  transformation  [  4  ,  9  ,  12  ]  and  (iii)  the  short-range  interactions  

between  twin  domains  and  other  defects  (i.e.  grain  boundaries,  

twins,  dislocations,  precipitates)  [13–16]  .  Naturally,  a  rigorous  un-  

derstanding  of  the  relative  contribution  of  these  effects  necessi-  

tates  that  the  defects  and  facets  which  bound  twin  domains  and  

carry  the  twin  transformation  be  fully  characterized.  In  this  regard,  

a  relatively  large  body  of  work  has  been  dedicated  to  studying  ad-  

missible  defects  and  facets  connected  to  the  coherent  twin  bound-  

ary  [  6  ,  17–25  ].  These  2-dimensional  studies  offer  a  partial  rendering  

of  the  large  panoply  of  energetically  favorable  defects  and  facets  

that  can  bound  a  3-dimensional  twin  domain  [  5  ,  8  ,  26–28  ].  

Recently,  studies  using  high  resolution  transmission  electron  

microscopy  (HRTEM)  [  3  ,  8  ]  and  MD  simulations  [  5  ,  6  ,  26  ,  28  ]  have  

yielded  a  comprehensive  3-dimensional  picture  of  the  types  and  

geometry  of  facets  that  can  bound  a  3D  {  10  ̄1  2  }  twin  in  Mg.  For  

instance,  in  addition  to  the  {  10  ̄1  2  }  coherent  twin  boundary  (CTB)  

[29–31]  ,  other  interfaces,  such  as  basal-prismatic  or  prismatic-  

basal  (BP,  PB)  interfaces  [  18  ,  19  ,  21  ,  22  ,  24  ,  25  ,  32–34  ]  in  the  twinning  

direction,  twist  pyramidal-pyramidal  and  twist  prismatic-prismatic  

(Twist-PyPy1,  Twist-PrPr2)  facets  [  3  ,  8  ,  17  ,  26  ,  27  ]  in  the  transverse  

direction,  or  tilt  pyramidal-pyramidal  (Tilt-PyPy1)  facets  [8]  in  an  

intermediate  direction,  were  reported.  To  understand  the  kinetics  

https://doi.org/10.1016/j.actamat.2020.116603  
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of  twin  growth  and  its  dependence  on  stress  and  temperature,  one  

must  first  know  the  elementary  behaviors  of  individual  interfaces  

that  build  the  twins,  prior  to  studying  their  collective  behavior.  

Naturally,  the  atomic  structure  of  a  given  facet  (i.e.  coherent,  semi-  

coherent,  serrated…),  its  equilibrium  and  non-equilibrium  defect  

content  (dislocations,  disconnections,  faults…),  and  the  interfacial  

excess  energy  will  all  play  a  role  in  its  temperature-,  and  po-  

tentially  stress-,  dependent  mobility.  Such  relationship  between  

facet  structure,  migration  mode  and  mobility  is  not  known  for  all  

facets.  Thus  far,  most  attention  has  been  placed  on  the  CTB  for  

which  migration  is  mediated  by  the  nucleation  and  propagation  of  

disconnection  loops/terraces  [  9  ,  35–37  ].  Importantly,  depending  on  

stress  and  temperature,  the  kinetics  of  migrations  are  either  lim-  

ited  by  terrace  nucleation  or  by  propagation  rates.  Another  critical  

point  was  recently  raised  in  the  case  of  the  PB  facet;  its  structure  

and  consequently  its  mobility  can  drastically  change  depending  on  

stress.  Specifically,  using  MD  simulations  and  HRTEM,  the  atomic-  

scale  structures  of  BP  facets  in  their  unloaded  /  loaded  states  was  

characterized/simulated  [28]  .  It  was  found  using  MD  simulations  

that  loaded  BP  serrated  interfaces,  which  are  composed  of  short  

coherent  segments,  relax  into  long  coherent  facets  upon  unload-  

ing.  The  resulting  long  facets  are  in  good  agreement  with  those  

observed  in  the  microscope.  Fully  relaxed  structures  with  misfit  

dislocations  progressively  form  and  eventually  render  the  whole  

facet  immobile.  Conversely,  upon  subjecting  this  facet  to  a  suf-  

ficiently  large  stress,  MD  simulations  showed  that  these  relaxed  

facets  change  back  into  a  non-relaxed  state  and  become  mobile  

again  [28]  .  Importantly,  these  results  highlight  that  the  level  of  

stress  relaxation  of  these  interface  structures  have  a  strong  effect  

on  the  corresponding  stress  and  temperature  dependent  mobility.  

Currently,  it  is  unclear  whether  these  findings  generally  apply  to  

all  facets.  

By  only  studying  the  intrinsic  motion  of  facets  one  is  unlikely  to  

completely  rationalize  twin  growth  kinetics,  at  the  very  least  dur-  

ing  the  early  stages  of  growth  of  the  twin  embryo.  First,  the  twin  

transformation  will  generate  complex  non-uniform  stress/strain  

fields  acting  upon  the  twin  facets  [9–11]  .  The  extent  to  which  these  

internal  stresses,  which  have  been  shown  to  be  more  intense  along  

direction  perpendicular  to  both  the  CTB  boundary  and  shear  direc-  

tion,  modulate  the  structure  of  facets  is  not  clear.  Second,  to  fully  

enclose  the  twin  domain,  facets  will  necessarily  form  junctions  

(e.g.  PB  facet  connected  to  a  CTB).  Several  studies  [  22  ,  38  ,  39  ]  have  

focused  on  the  structure  of  these  junctions  thereby  proposing  to  

mathematically  represent  them  as  disclinations.  Importantly,  in  ref  

[39]  ,  atomistic  simulations  showed  that  the  motion  of  these  junc-  

tions  is  often  accompanied  by  the  emission  of  disconnections.  This  

mechanism  was  then  rationalized  at  the  continuum  level  using  a  

disclination  dynamics  framework  which,  in  addition  to  postulating  

a  crystallographic  framework  for  disclination  motion,  showed  that  

it  is  energetically  favorable  to  emit  a  disconnection  during  the  con-  

servative  non-planar  motion  of  disclinations  [40]  .  The  overall  role  

of  this  ‘coupled’  facet  motion  mediation  by  the  emission  of  discon-  

nections  at  facet  junctions  has  not  been  quantified.  

The  aforementioned  points  suggest  that  both  intrinsic  facet  mo-  

tion  and  growth  of  3D  twin  domains  should  be  studied  to  ratio-  

nalize  the  potential  roles  of  both  facet  couplings  and  of  internal  

stresses  on  twin  growth.  A  first  step  was  taken  in  this  direction  

whereby  combining  MD  and  phase  field  modeling  of  a  “crater” de-  

fect  formed  by  inserting  a  dislocation  shear  loop  onto  a  CTB  [9]  .  

It  was  found  that  facets  such  as  the  PB  and  Twist-PyPy1  migrate  

faster  than  other  facets  and  that  they  control  the  kinetics  of  the  

crater.  This  result  was  attributed  to  the  local  stress  field  near  facet  

junction  and  to  the  non-equilibrium  structure  and  high  mobility  of  

these  facets.  

To  more  comprehensively  address  the  aforementioned  ques-  

tions,  we  first  report  in  this  work  MD  simulations  of  model  in-  

dividual  twin  facets  which  were  recently  reported  for  {  10  ̄1  2  }  3D  

twins  in  Mg  [8]  .  New  facets  are  also  reported  for  a  total  of  ten  

facets.  The  velocity  of  each  facet  is  quantified  as  a  function  of  the  

resolved  shear  stress  (RSS)  in  the  range  0–500  MPa,  and  temper-  

atures  in  the  range  10  0–50  0  K.  Several  facets  are  highly  mobile  

and  show  a  slight  variation  of  velocity  with  changing  stress  and  

temperature.  In  contrast  some  interfaces,  in  particular  the  CTB  and  

the  BP/PB,  show  a  strong  dependence  on  stress  and  temperature.  

In  light  of  the  results  mentioned  above  on  the  effect  of  stress  re-  

laxation  on  the  structure  and  mobility  of  BP  interfaces  [28]  ,  we  

further  quantify  the  relation  between  the  mobility  and  the  level  of  

stress  relaxation  mediated  by  misfit  dislocations  as  a  function  the  

applied  stress  and  the  temperature.  Finally,  to  assess  how  the  be-  

havior  of  individual  facets  can  change  when  connected  together  to  

build  a  3D  twin  domain,  the  growth  of  a  nanotwin  is  simulated  for  

applied  stresses  in  the  range  1GPa-2  GPa  for  temperatures  in  the  

range  10  0  K-50  0  K.  All  this  data  is  used  and  analyzed  by  means  of  

an  anisotropic  phase  field  model  recently  developed  [9]  .  First,  we  

parameterize  the  phase  field  model  with  mobilities  that  depends  

on  the  type  of  facet  (CTB,  PB,  Twist-PrPr2  etc.).  The  mobilities  used  

in  the  PF  model  are  calibrated  from  MD  data  for  individual  facets  

such  that  the  facet  velocity  for  a  given  RSS  and  temperature  fol-  

lows  the  values  measured  by  MD  simulations.  With  this  phase  field  

model,  we  simulate  3D  twin  growth  by  using  the  same  initial  twin  

embryo  as  in  the  MD  simulations,  for  different  stresses  and  tem-  

peratures.  Among  the  different  results  presented,  the  simulations  

show  importantly  that  the  effective  mobilities  of  some  facets  in  a  

growing  twin  can  be  significantly  different  from  those  of  individual  

facets.  This  is  primarily  attributed  to  the  complex  internal  stress  

state  of  the  twin,  not  limited  to  the  RSS  acting  along  the  shear  di-  

rection  but  also  normal  stresses  and  shear  stresses  in  other  direc-  

tions.  It  can  also  be  attributed  to  facet  junctions  which  can  alter  

facet  migration  mechanisms  (i.e.  constraint  the  state/configuration  

of  a  facet),  and  trigger  coupled  facet  migration.  As  such,  we  pro-  

pose  then  another  version  of  the  phase  field  model,  whereby  we  

fit  directly  both  the  twin  growth  kinetics  and  the  twin  shapes  as  

predicted  by  MD  so  as  to  calibrate  effective  facets  mobilities.  Im-  

portantly,  we  also  show  that  among  the  ten  different  facets  initially  

considered,  a  limited  set  of  rate-limiting  facets  can  be  identified,  

which  controls  the  overall  twin  growth  kinetics  and  morphology.  

2.  Molecular  dynamics  simulations  

Given  the  large  number  of  facets  used  in  this  study,  Table  1  

presents  a  list  of  all  acronyms  used  in  the  rest  of  the  study.  

Table  1.  
List  of  acronyms  used  throughout  the  manuscript.  

Acronym  Definition  

CTB  coherent  twin  boundary  
FTB  front  twin  boundary  
BP  basal  -  prismatic  
PB  prismatic  -  basal  
Tilt  PyPy1  tilt  pyramidal  1  -  pyramidal  1  
Twist  PyPy1  twist  pyramidal  1  -  pyramidal  1  
Twist  PrPr2  twist  prismatic  2  -  prismatic  2  
MD  molecular  dynamics  
PF  phase  field  
RSS  resolved  shear  stress  
HRTEM  high  resolution  transmission  electron  microscopy  
TD  twinning  disconnection  
BS  bright  side  
DS  dark  side  
K  1  normal  direction  
η1  twinning  direction  
λ transverse  direction  

2  
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Fig.  1.  (a)  Schematics  showing  a  bicrystal  model  containing  a  twin  facet.  (b)  Two  parameters  δ and  θ are  used  to  define  a  twin  facet.  (c)  An  unrelaxed  twin  nucleus  bound  
by  BP,  PB  and  T-PrPr2  interfaces.  (d)  Relaxed  twin  nucleus  for  loading  .  

2.1.  Simulation  setup  

MD  simulations  are  performed  using  LAMMPS  [41]  .  The  simu-  

lations  employ  the  modified  embedded  atom  method  (MEAM)  po-  

tential  developed  by  Wu  et  al.  [42]  .  

2.1.1.  Simulations  of  individual  facets  

Apart  from  the  CTB,  twin  facets  could  adopt  three  configura-  

tions,  (i)  coherent,  (ii)  semi-coherent  with  partial  stress  relaxation  

and  (iii)  semi-coherent  with  fully  relaxed  stress,  corresponding  to  

different  stages  of  twinning.  At  the  beginning  of  the  twin  trans-  

formation,  twins  are  enclosed  by  CTBs  and  short  coherent  twin  

facets.  These  can  have  large  long-range  stress  and  strain  fields  

[  5  ,  28  ],  resulting  in  a  local  deviation  of  orientation  between  twin  

and  matrix  from  the  perfect  (  ̄1  012  )  twin  orientation  [  19  ,  20  ,  43  ].  As  

the  twin  grows,  misfit  dislocations  can  appear  on  these  facets  to  

relax  the  stress  state,  thereby  destroying  the  local  coherency  on  

the  facets.  This  process  is  mediated  by  dislocation  rearrangement  

and/or  emission  of  lattice  dislocations  [  5  ,  17  ,  19  ,  28  ].  The  fully  re-  

laxed  facet  places  the  twin  and  matrix  in  the  perfect/exact  crystal-  

lographic  (  ̄1  012  )  twin  orientation.  The  semi-coherent  facets  with  

stress  partially  relaxed  is  in  the  intermediate  state.  To  first  quantify  

the  energy  and  mobility  of  twin  facets,  bicrystal  models  are  used.  

To  form  CTB  or  semi-coherent  facets  with  fully  relaxed  stresses,  

upper  and  lower  crystals  are  created  with  perfect  (  ̄1  012  )  twin  ori-  

entation.  To  form  coherent  facets  without  stress  relaxation,  a  twin  

shear  s  0  =  0  .  13  acting  as  a  pre-strain  is  equally  distributed  to  up-  

per  and  lower  crystals.  When  a  lower  pre-strain  s  is  applied,  semi-  

coherent  facets  with  partially  relaxed  stresses  are  created.  The  ra-  

tio  s/  s  0  is  used  a  simple  metric  for  the  degree  of  stress  not  re-  

laxed.  Further,  the  degree  of  stress  relaxation  can  be  estimated  by  

1  − s/  s  0  .  

The  models  which  are  schematically  shown  in  Fig.  1  (a),  and  

have  the  following  dimension  35  × 20  × 35  nm  3  .  In  these  mod-  

els,  the  y-direction  is  normal  to  the  twin  facets,  the  z-direction  is  

along  the  intersection  line  between  the  facet  and  twinning  plane  

and  the  x-direction  is  along  the  cross-product  of  the  y-  and  z-  

directions.  Wang  et  al.  [8]  reported  possible  choices  z-axis  with  

relatively  lower  indexes.  The  alignment  of  a  twin  facet  can  be  de-  

termined  by  two  angles  δ and  θ .  As  shown  in  Fig.  1  (b),  δ is  the  

angle  between  the  z-axis  and  the  twinning  direction  η1  ,  and  θ is  

the  angle  between  the  y-axis  and  the  twin  normal  K  1  .  The  indices  

of  all  twin  facets  studied  in  this  work  as  well  as  their  δ and  θ
are  shown  in  the  Appendix  .  With  periodic  boundary  conditions  in  

x-  and  y-directions  and  a  1  nm  fixed  region  adjacent  to  the  sur-  

face  normal  to  y-direction,  the  models  are  relaxed  at  10  K  until  

the  maximum  force  on  each  atom  is  less  than  5pN.  The  1  nm  

fixed  regions  adjacent  to  the  surface  normal  to  the  twin  normal  

direction  is  applied  because  the  periodic  length  in  this  direction  

is  relatively  large.  To  enable  periodic  boundary  condition  in  the  

twin  normal  direction  requires  a  much  larger  model  and  a  longer  

computer  time.  The  fixed  boundary  condition  has  negligible  impact  

on  the  twin  growth  in  this  direction  because  TBs  are  always  far  

from  the  fixed  boundary.  The  interface  energies  of  all  relaxed  facets  

considered  in  this  work  are  then  calculated  and  listed  in  Table  2  .  

All  facets  are  identified  in  the  twin  domain  shown  in  Fig.  2  .  Note  

that  the  front  twin  boundary  (FTB)  and  the  coherent  twin  bound-  

ary  (CTB)  are  conjugate  boundaries.  Hence,  hereafter,  all  properties  

(energy,  velocity,  mobility)  for  the  FTB  are  the  same  as  for  the  CTB.  

At  temperature  ranging  from  25  to  500  K,  a  stress  tensor  which  

produces  a  RSS  associated  with  (  ̄1  012  )  twinning  (which  could  be  

10  0,  30  0  and  50  0  MPa)  is  applied  to  the  relaxed  models  to  drive  

the  migration  of  twin  facets.  The  overall  velocity  of  a  facet  is  cal-  

culated  by,  

v  =  
˙  ε  x  y  ′  L  y  

ε  tw  
x  y  ′  

(1)  

where  ˙  ε  x  y  ′  is  the  12-component  of  the  strain  rate  tensor  defined  in  

the  coordinate  in  which  the  x’-axis  is  along  the  twinning  direction  

η1  ,  the  y’-axis  is  along  the  twin  normal  direction  K  1  ,  and  the  z’-  

3  
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Table  2  
Excess  energies  of  twin  facets  and  corresponding  angles  in  the  polar  coordinate  system.  

Facet/Energy  (J/m  2  )  δ (  °)  

0  (BS)  38.8  49.9  67.2  90  (DS)  

θ (  °)  0  CTB/0.149  CTB/0.149  CTB/0.149  CTB/0.149  CTB/0.149  
37.9  – – B/0.130  – –

40.6  – – – – –

45  BP/0.122  – – – –

49.8  – – – – Twist-PyPy1/0.112  
68.7  – – – C/0.105  –

75.3  – – – – –

90  FTB/0.149  A/0.123  Tilt-PyPy1/0.112  D/0.092  Twist-PrPr2/0.096  

Fig.  2.  Sketch  of  a  three-dimensional  twin  showing  all  facets  considered  in  the  present  work.  

axis  is  along  the  zone  axis  λ.  L  y  is  the  dimension  of  the  model  

along  the  y-direction.  ε  tw  
x  y  ′  is the 12-component of the characteristic  

strain  associated  with  (  ̄1  012  )  twinning,  which  is  0.065.  

2.1.2.  Simulations  of  three-dimensional  twin  growth  

Construction  of  the  model  containing  a  3D  (  ̄1  012  )  twin  do-  

main  starts  with  a  60  × 30  × 60  nm  3  single  crystal  in  the  co-  

ordinate  system  in  which  the  x’-direction  is  aligned  with  the  

[  10  ̄1  1  ]  direction,  the  y’-direction  is  normal  to  the  (  ̄1  012  )  plane  

and  the  z’-direction  is  along  the  [  1  ̄2  10  ]  direction.  Following  the  

pure-shuffle  mechanism  associated  with  (  ̄1  012  )  twinning  [33]  ,  a  

6  × 6  × 12  nm  3  twin  nucleus  as  shown  in  Fig.  1  (c)  which  is  

bounded  by  coherent  PB,  BP  and  Twist-PrPr2  interfaces  is  created.  

With  periodic  boundary  conditions  in  the  x’-  and  z’-directions  and  

a  1  nm  fixed  region  adjacent  to  the  surface  normal  to  the  y’-  

direction,  the  relaxed  model  as  shown  in  Fig.  1  (d)  is  obtained  af-  

ter  multiple  loading-unloading  cycles  under  a  deformation  gradient  

with  one  non-zero  simple  shear  component  F  12  at  5  K.  With  the  

same  boundary  conditions,  a  RSS  which  could  be  1  or  2  GPa  is  im-  

posed  to  the  model  at  temperature  100  or  500  K  to  trigger  growth  

of  the  twin  domain.  The  dimensions  of  the  twin  domain  along  x’-,  

y’-  and  z’-directions  are  monitored  during  loading.  Lastly,  the  MD  

simulations  are  stopped  whenever  one  of  the  three  dimensions  of  

the  3D  twin  reaches  half  of  the  simulation  box  so  that  interaction  

between  periodic  images  is  weak.  

2.2.  Velocity  of  coherent  facets  at  different  temperatures  and  strain  

rates  

Migration  of  coherent  facets  without  stress  relaxation  is  first  in-  

vestigated.  Dang  et  al.  [28]  showed  that  the  migrating  twin  facets  

are  in  non-relaxed  states.  Facets  summarized  in  Table  1  are  simu-  

lated.  CTBs  [29–31]  and  BP/PB  facets  [  18  ,  19  ,  21  ,  22  ,  24  ,  25  ,  32–34  ]  are  

widely  reported.  Twist-PyPy1  and  Twist-PrPr2  facets  on  the  lateral  

side  of  the  twin  are  characterized  [  3  ,  8  ,  17  ,  26  ,  27  ].  In  the  most  re-  

cent  work,  Tilt-PyPy1,  C  and  D  facets  are  observed  via  HRTEM.  A  

and  B  facets  are  not  reported  yet  but  have  relatively  low  indexes.  

Under  loading  producing  10  0,  30  0  or  50  0  MPa  RSS  at  25–500  K,  

we  observe  migration  of  most  of  the  twin  facets.  Images  of  the  on-  

set  of  terrace  nucleation  which  triggers  migration  of  CTB  (  θ =  0  ◦),  

PB  (  δ =  0  ◦ and  θ =  45  ◦)  and  Twist-PyPy1  (  δ =  90  ◦ and  θ =  49  .  8  ◦)  

interfaces  are  shown  in  Fig.  3  .  In  Fig.  3  (a),  (c)  and  (e),  terraces  en-  

closed  by  the  red  dashed  lines  are  disconnections  on  these  facets.  

Migration  of  these  facets  is  accomplished  by  nucleation  and  mi-  

gration  of  these  disconnection  loops.  This  feature  applies  to  all  

mobile  facets  tested  in  the  simulations  in  this  section.  It  is  well  

accepted  that  motion  of  CTB  along  K  1  direction  (so-called  twin  

growth)  are  accomplished  by  nucleation  and  migration  of  TDs  on  

CTBs  [  9  ,  35–37  ].  Twin  propagation  via  other  types  of  disconnections  

is  unlikely.  These  results  will  be  further  compared  with  3D  simula-  

tions  of  twin  propagation  and  growth  in  Section  2.3  .  Fig.  3  (b),  (d)  

and  (f)  shows  the  morphology  of  twin  facets  during  migration.  The  

CTB  and  Twist-PyPy1  interfaces  remain  flat  during  migration  while  

the  PB  interface  gradually  shows  a  mountain-like  morphology.  The  

morphology  is  related  to  the  relative  nucleation  rate  and  mobility  

of  these  disconnections.  

Following  Eq.  (1)  ,  the  average  facet  velocity  is  calculated.  Fig.  4  

shows  the  natural  logarithm  of  facet  velocity  as  a  function  of  in-  

verse  temperature  for  facets  with  δ =  0  ◦ -these  facets  will  be  re-  

ferred  as  bright  side  BS  facets-.  As  shown,  larger  RSS  are  required  

at  lower  temperatures  to  move  the  facet.  For  all  temperatures  stud-  

ied,  the  PB  facet  with  θ =  45  ◦ shows  higher  velocity  than  the  CTB  

4  



M.  Gong,  J.  Graham,  V.  Taupin  et  al.  Acta  Materialia  208  (2021)  116603  

Fig.  3.  Migration  of  a  CTB  under  300  MPa  RSS  at  200  K:(a)  Nucleation  of  2-layer  TD  loop  on  CTB.  (b)  CTB  keeps  flat  during  migration.  Migration  of  a  PB  interface  under  
300  MPa  RSS  at  200  K:  (c)  Nucleation  of  1-layer  and  2-layer  disconnection  loop  on  PB  interface.  (d)  PB  interface  shows  mountain-like  morphology  during  migration.  Migration  
of  a  Twist-PyPy1  interface  under  500  MPa  RSS  at  50  K:  (e)  Nucleation  of  1-layer  disconnection  loop  on  Twist-PyPy1  interface.  (f)  Twist-PyPy1  interface  keeps  flat  during  
migration.  

Fig.  4.  Natural  logarithm  of  average  velocity  as  a  function  of  inverse  of  tempera-  
ture  for  the  facets  with  δ =  0  ◦ .  (Solid  lines  are  associated  with  CTB  with  θ =  0  ◦ and  
dashed  lines  are  associated  with  PB  with  θ =  45  ◦ .).  

with  θ =  0  ◦.  A  linear  relation  between  natural  logarithm  of  facet  

velocity  and  inverse  of  temperature  is  also  found  for  both  CTBs  

and  PB  facets.  So,  the  facet  velocity  follows  an  Arrhenius-type  law.  

Slopes  associated  with  the  PB  facets  with  θ =  45  ◦ are  smaller  than  

those  associated  with  the  CTBs  with  θ =  45  ◦.  For  the  same  type  

of  facet,  the  curve  corresponding  to  a  larger  RSS  shows  a  smaller  

slope,  indicating  that  larger  RSS  minimize  the  effect  of  temperature  

likely  as  a  result  of  the  ease  of  terrace  nucleation.  

Fig.  5  plots  the  natural  logarithm  of  facet  velocity  as  a  func-  

tion  of  inverse  of  temperature  for  the  facets  with  δ &  =  0  ◦.  These  

curves  associated  with  δ &  =  0  ◦ and  θ &  =  0  ◦ exhibit  similar  feature  

to  each  other.  First,  they  can  migrate  at  lower  temperature  and  

with  smaller  RSS  compared  to  CTBs  and  PB  facets.  Second,  their  

slopes  are  much  smaller  than  the  slopes  associated  with  θ =  0  ◦ as  

shown  in  Fig.  4  ,  indicating  that  the  migration  of  facets  with  δ &  =  0  ◦

and  θ &  =  0  ◦ is  less  sensitive  to  temperature.  That  is  likely  due  to  a  

smaller  terrace  nucleation  activation  energy  compared  to  the  PB  

facet  and  CTB.  Third,  a  close  look  at  these  curves  shows  that  a  

linear  relation  stands  at  lower  temperatures  (~25–200  K)  but  fails  

at  higher  temperature  (~30  0–50  0  K).  In  the  range  30  0–50  0  K  (as  

shown  in  the  range  2.0  × 10  −3  –3.3  × 10  −3  inverse  of  temperature  

in  the  insets  in  Fig.  5  ),  the  facet  velocity  decreases  when  temper-  

ature  increases.  To  rationalize  these  findings  let  us  recall  first  that  

migration  of  facets  is  controlled  by  nucleation  and  further  expan-  

sion  of  disconnections  [  35  ,  36  ].  Depending  on  the  facet  type,  stress  

and  temperature,  the  rate  limiting  factor  may  be  the  nucleation  of  

terraces  or  the  propagation  of  nucleated  loops.  We  note  that  the  

drop  in  velocity  is  only  observed  in  facets  which  overall  exhibit  a  

minimal  temperature  dependence  on  mobility.  Further,  these  facets  

tend  to  remain  flat  in  all  temperature  regimes  and  also  tend  to  

move  at  high  velocity.  The  drop  is  also  found  to  be  less  impor-  

tant  at  higher  temperatures.  We  speculate,  that  the  velocity  drop  at  

high  temperature  is  more  likely  to  occur  in  facets  with  a  low  ter-  

race  nucleation  barrier  in  which  the  propagation  of  terraces  is  rate  

limiting.  In  this  case  as  temperature  is  increased  thermal  phonons  

are  expected  to  limit  the  overall  velocity  of  the  facets.  As  stress  

is  increased  one  can  counterbalance  the  phonon  drag;  which  ra-  

tionalizes  why  this  drop  in  velocities  is  less  pronounced  at  higher  

stresses.  

2.3.  Reduction  of  facet  velocity  after  stress  relaxation  

Stress  relaxation  of  coherent  facets  is  accompanied  by  forma-  

tion  of  misfit  dislocations  which  pin  the  motion  of  facets  [  17  ,  28  ].  

Here,  we  study  the  PB  facets  with  different  degree  of  stress  relax-  

ation.  The  estimation  of  the  degree  of  stress  relaxation  is  defined  

5  
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Fig.  5.  Natural  logarithm  of  average  velocity  as  a  function  of  inverse  of  temperature  for  the  facets  with  (a)  δ =  38  .  8  ◦,  (b)  δ =  49  .  9  ◦,  (c)  δ =  67  .  2  ◦,  and  (d)  δ =  90  ◦ .  (The  insets  
on  the  top  show  the  curves  in  high  velocity  regime.  The  insets  enclosed  by  dashed  rectangles  shows  the  curves  in  high  temperature  (10  0–50  0  K)  regime.).  

in  Section  2.1  .  Fig.  6  (a)  and  (b)  demonstrates  the  effect  of  misfit  

dislocations  which  are  marked  by  two  yellow  solid  lines.  As  shown  

in  Fig.  6  (b),  the  coherent  regions  far  from  the  misfit  dislocations  

migrate  faster  than  the  other  regions,  showing  obvious  obstruction  

of  the  misfit  dislocations  to  the  motion  of  facets.  Fig.  6  (c)  shows  

the  shear  strain  associated  with  twinning  as  a  function  of  load-  

ing  time  for  the  PB  facets  with  different  degree  of  stress  relaxation  

under  a  loading  that  produces  300  MPa  RSS  at  200  K.  Consistently  

with  simulations  from  Dang  et  al.  [28]  ,  the  completely  relaxed  PB  

facet  does  not  migrate.  For  the  unrelaxed  and  partially  relaxed  PB  

facet,  the  shear  strain  rate  (slope  of  curves  in  Fig.  6  (c))  is  relatively  

small  at  the  beginning  of  loading.  The  shear  strain  rate  increases  

with  time  because  the  stress  field  of  nucleated  terraces  facilitates  

the  nucleation  of  other  terraces  [35]  .  After  some  time,  the  shear  

strain  rate  reaches  a  constant  value.  Knowing  the  shear  strain  rate  

and  following  Eq.  (1)  ,  velocities  of  PB  facets  are  calculated.  Corre-  

6  
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Fig.  6.  (a)  Initial  configuration  of  a  PB  interface  with  two  misfit  dislocations.  (b)  Configuration  after  18  ps  loading  producing  300  MPa  RSS  at  200  K.  (c)  Shear  strain  associated  
with  twinning  with  respect  to  loading  time.  (d)  Facet  velocity  with  respect  to  degree  of  stress  relaxation  of  the  facet.  

spondingly,  the  velocities  increase  with  time  and  reach  a  steady  

value.  These  velocities  are  considered  as  the  PB  facet  velocities  

and  are  plotted  with  respect  to  the  amount  of  stress  relaxation  in  

Fig.  6  (d).  At  the  beginning  of  loading,  the  shear  strain  increases  

faster  for  the  partially  relaxed  (24  and  47%  relaxed)  PB  facets.  This  

is  probably  because  the  local  stress  near  misfit  dislocation  triggers  

the  nucleation  of  disconnections  while  there  is  no  preferred  nu-  

cleation  cite  on  unrelaxed  (0%  relaxed)  PB  facets.  At  later  stages  of  

loading,  the  disconnections  continuously  nucleate  and  the  veloc-  

ity  reaches  a  steady  value.  As  shown  in  Fig.  6  (d),  the  average  facet  

velocity  decreases  when  the  degree  of  stress  relaxation  increases.  

Clearly  this  simulation  is  not  sufficient  to  demonstrate  the  effect  of  

stress  relaxation  to  all  twin  facets  but  shows  a  trend  whereby  the  

most  relaxed  facets  have  lower  mobility.  

2.3.  Three-dimensional  twin  propagation  and  growth  

By  loading  the  initial  configuration  as  shown  in  Fig.  1  (d),  the  

3D  twin  may  grow.  It  should  be  noted  that  a  loading  that  pro-  

duces  at  least  750  MPa  is  needed  to  avoid  shrinkage  of  the  twin  

(yet  given  the  3D  nature  of  the  twin  domain  and  the  anisotropy  in  

facet  mobilities,  this  imposed  stress  does  not  strictly  stabilize  the  

twin).  We  first  examine  the  mechanisms  associated  with  migra-  

tion  of  twin  facets.  Taking  the  case  (1  GPa  RSS  and  100  K)  shown  

in  Fig.  7  (a)  as  an  example,  nucleation  and  migration  of  TDs  on  CTB  

and  disconnections  on  BP/PB  facet  marked  by  the  red  dashed  lines  

are  observed.  Meanwhile,  no  disconnection  is  found  on  the  other  

facets.  Migration  of  these  facets  is  accomplished  by  motion  of  ar-  

rays  of  TDs  instead  of  nucleation  and  migration  of  their  own  dis-  

connections.  Such  observation  is  also  found  in  the  cases  shown  

in  Fig.  7  (b)-(d).  In  these  cases,  migration  of  other  facets  is  en-  

tirely  coupled  and  driven  by  the  nucleation  of  terraces  (as  sin-  

gle  TD  or  array  of  TDs)  at  the  junction  between  the  CTB  and  PB  

facet.  Fig.  7  (c’)  shows  the  cross-section  of  the  twin  viewed  along  

-  λ direction  containing  the  junction  between  CTB  and  PB  facets.  

It  shows  a  clear  trend  that  TDs  nucleate  from  the  junction  and  

glide  towards  the  middle  of  CTB.  However,  cross-section  viewed  

along  η1  direction  as  shown  in  Fig.  7  (c’’)  indicates  that  TDs  nu-  

cleate  far  from  the  junction  between  CTB  and  facets  on  the  lateral  

side  of  the  twin.  This  is  different  from  the  mechanisms  revealed  

in  simulations  in  Section  2.2  .  The  latter  is  likely  more  pertinent  

when  the  twin  has  grown  to  large  sizes  while  the  coupled  migra-  

tion  process  is  expected  to  be  more  critical  to  the  incipient  growth  

of  a  twin  embryo.  We  then  examine  the  morphology  of  the  3D  

twins  during  loading.  As  shown  in  Fig.  7  (a)-(d),  the  morphology  

of  the  twins  varies  when  the  RSS  and  the  temperature  change.  

Fig.  7  (e)  and  (f)  shows  the  change  of  dimensions  in  K  1  ,  η1  and  

λ directions  with  respect  to  loading  time.  The  change  of  dimen-  

sions  are  fairly  linear  with  loading  time.  Thus,  the  slopes  represent  

the  average  velocity  in  different  directions.  At  lower  temperature  

(100  K)  and  with  smaller  RSS  (1  GPa),  twin  growth  in  the  λ di-  

rection  is  much  faster  than  that  in  K  1  and  η1  directions,  resulting  

in  a  strip-like  twin  as  shown  in  Fig.  7  (a).  An  increase  in  loading  

and  temperature  results  in  more  isotropic  twin  growth.  Fig.  7  (e)  

compares  the  twin  growth  with  the  same  loading  (1  GPa)  but  at  

different  tem  peratures  (100  and  500  K).  Changing  the  temperature  

from  100  to  500  K,  the  velocities  along  the  K  1  ,  η1  and  λ directions  

changes  from  0  to  274  m/s,  from  200  to  800  m/s  and  from  1540  to  

1735  m/s.  There  is  a  dramatic  increase  in  the  velocity  along  K  1  and  

η1  directions  and  a  relatively  small  increase  in  the  velocity  along  

7  
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Fig.  7.  Configuration  of  a  3D  twin  (a)  after  8  ps  loading  producing  1  GPa  RSS  at  100  K,  (b)  after  8  ps  loading  producing  1  GPa  RSS  at  500  K,  (c)  after  4.8  ps  loading  
producing  2  GPa  RSS  at  100  K,  and  (d)  after  4  ps  loading  producing  2  GPa  RSS  at  500  K.  The  cross-section  near  the  junctions  between  CTBs  and  twin  facets  viewed  along  
(c’)  -  λ direction  and  (c’’)  η1  direction(e)  Change  of  dimensions  of  the  3D  twin  in  K  1  ,  η1  and  λ directions  under  a  loading  producing  1  GPa  RSS  at  100  and  500  K.  (f)  Change  
of  dimensions  of  the  3D  twin  in  K  1  ,  η1  and  λ directions  under  a  loading  producing  1  and  2  GPa  RSS  at  100  K.  

λ direction.  Consequently,  the  twin  shown  in  Fig.  7  (b)  shows  more  

isotropic  shape  than  the  twin  shown  in  Fig.  7  (a).  Twin  growth  and  

propagation  along  K  1  and  η1  directions  is  accomplished  by  nucle-  

ation  and  propagation  of  TDs  on  CTB  and  disconnections  on  BP/PB,  

which  is  temperature-dependent.  Twin  propagation  along  the  λ di-  

rection  is  accomplished  by  migration  of  arrays  of  TDs,  and  is  less  

temperature-dependent.  Fig.  7  (f)  compares  the  twin  growth  with  

different  loading  magnitudes  (1  and  2  GPa)  but  at  the  same  tem-  

perature  (100  K).  Changing  the  RSS  from  1  to  2  GPa,  the  velocities  

along  the  K  1  ,  η1  and  λ directions  changes  from  0  to  1160  m/s,  from  

200  to  1695  m/s  and  from  1540  to  2519  m/s,  resulting  a  twin  mor-  

phology  as  shown  in  Fig.  7  (c).  Fig.  7  (d)  shows  the  twin  morphology  

after  4  ps  loading  which  produces  2  GPa  RSS  at  500  K.  The  changes  

of  dimensions  in  K  1  ,  η1  and  λ directions  are  11.7,  13.6  and  19.6  nm.  

A  particularly  isotropic  twin  growth  case  is  shown.  The  simula-  

tions  of  3D  twin  propagation  and  growth  reveal  the  twin  growth  

along  K  1  direction  mediated  by  TD  on  CTB,  twin  propagation  along  

the  η1  direction  via  disconnection  on  BP/PB  facet  and  twin  prop-  

agation  along  the  λ direction  via  migration  of  arrays  of  TDs.  The  

mechanisms  associated  with  migration  of  facets  with  δ &  =  0  ◦ and  

θ &  =  0  ◦ revealed  by  simulation  of  single  facet  (in  Section  2.2  )  and  

by  3D  twin  growth  (in  section  2.4)  are  different.  This  could  be  due  

to  the  aforementioned  coupled  migration  process  and  to  the  sig-  

nificantly  different  stress  profiles  exerted  on  the  facets  in  the  3D  

twin  growth  simulations  vis  a  vis  the  individual  facet  migration  

simulations.  However,  some  trends  are  similar  in  both  cases.  For  

8  
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example,  both  simulations  reveal  that  the  velocities  of  these  facets  

with  δ &  =  0  ◦ and  θ &  =  0  ◦ are  less  temperature-dependent  than  the  

velocities  of  CTB  and  BP/PB  facets.  

For  the  sake  of  perspective,  one  should  note  that  the  3D  twin  

shapes  predicted  by  MD  simulations  should  be  evidently  different  

from  the  shape  of  twins  in  bulk  polycrystalline  hcp  metals.  Firstly,  

the  size  of  simulation  box  (all  dimensions  less  than  60  nm)  and  

relaxation/loading  time  (less  than  10  ps)  are  small.  The  3D  twin  in  

MD  simulations  is  much  smaller  in  dimension  than  the  twins  in  

real  cases.  Meanwhile,  defect  content  on  twin  facets  is  also  differ-  

ent  from  that  in  real  cases  because  the  relaxation  of  stress  associ-  

ated  with  twin  facets  is  assisted  by  thermal  fluctuation  and  cannot  

be  fulfilled  in  pico-second  scale.  In  parallel,  in  MD  simulations,  the  

surroundings  of  the  twins  are  defect-free,  which  differs  from  real  

cases  in  which  twin  growth  is  impeded  by  surrounding  lattice  dis-  

locations,  precipitates  and  grain  boundaries.  Misfit  dislocations  on  

twin  facets,  lattice  dislocations  and  precipitates  locally  can  pin  the  

motion  of  twin  facets,  resulting  in  the  irregular-shaped  twins  char-  

acterized  in  experiments  [7]  .  

3.  Anisotropic  phase-field  model  

Previously  [9]  ,  we  developed  an  anisotropic  phase  field  model,  

whereby  a  facet  dependent  energy  and  mobility  allowed  deconvo-  

luting  the  role  of  stress  field  and  structure  dependent  energy  and  

mobility  on  the  kinetics  of  a  “crater” defect  formed  on  a  CTB  by  

MD  simulations  in  Mg.  Here,  we  further  propose  to  use  this  model  

to  reproduce  and  analyze  the  3D  twin  growth  morphology  and  ki-  

netics  as  obtained  by  MD  simulations  presented  above.  As  previ-  

ously  mentioned,  we  use  a  PF  model  with  facet  mobilities  that  de-  

pend  on  the  type  of  facet  (CTB,  PB,  Twist-PrPr2  etc.).  The  mobility  

values  in  the  PF  model  are  first  calibrated  from  MD  data  for  in-  

dividual  facets.  More  precisely,  they  are  calibrated  such  that  the  

facet  velocity  for  a  given  RSS  and  temperature  follows  the  values  

measured  by  MD  simulations.  We  first  use  this  model  to  simulate  

3D  twin  growth  for  different  stresses  and  temperatures,  by  using  

the  same  initial  twin  geometry  as  in  MD  simulations.  A  specific  

case,  100K-1  GPa,  will  be  analyzed  in  detail  in  comparison  with  

MD  results.  Second,  we  propose  another  strategy  whereby  we  fit  

directly  the  effective  mobilities  from  the  twin  growth  kinetics  and  

the  twin  shapes  as  predicted  by  MD  simulations.  In  doing  so,  we  

can  identify,  among  the  ten  facets  initially  considered,  which  are  

the  rate-limiting  facets  that  control  the  overall  twin  growth  kinet-  

ics  and  morphology.  

3.1.  Phase  field  model  

More  details  on  the  phase  field  model  are  available  in  [9]  .  The  

phase-field  variable  φ represents  the  local  twin  volume  fraction  at  

a  material  point.  The  matrix  phase  is  φ =  0  and  the  twin  phase  is  

φ =  1  .  The  continuous  region  where  0  <  φ <  1  is  the  twin  bound-  

ary.  The  Helmholtz  free  energy  contains  three  contributions  corre-  

sponding  to  the  elastic  strain  energy  E,  the  barrier  energy  f  and  the  

interfacial  gradient  energy  '.  Based  on  existing  works  [  10  ,  44–49  ],  

we  write  

F =  

∫  ∫  ∫  

V  
(  E  +  f  +  ')  dV (2)  

The  elastic  strain  energy  density  is  

E  =  
1  

2  
ε  e  :  C  :  ε  e  (3)  

With  

ε  e  =  ε  − h  (  φ)  ε  tw  (4)  

C  =  (  1  − h  (  φ)  )  C  M  +  h  (  φ)  C  tw  (5)  

The  stiffness  tensors  of  the  matrix  and  twin  phase  are  C  M  and  

C  tw  .  The  interpolation  function  is  h  (φ)  =  φ2  (  3  − 2  φ)  .  ε is  the  total  

strain  tensor  and  ε  tw  is  the  strain  due  to  twinning,  with  compo-  

nents  ε  tw  
13  =  ε  tw  

31  =  s  0  /  2  ,  s  0  =  0  .  13  is  the  twinning  shear.  The  Cauchy  

stress  tensor  is  

σ =  C  :  ε  e  =  (  1  − h  (  φ)  )  C  M  :  
(
ε  − h  (  φ)  ε  tw  

)

+  h  (  φ)  C  tw  :  
(
ε  − h  (  φ)  ε  tw  

)
(6)  

The  barrier  energy  f  is  a  double-well  potential  

f  (  φ)  =  W φ2  (  1  − φ)  
2  (7)  

where  W  is  the  height  of  the  barrier  equal  to  7.5  × 10  8  J/m  3  .  The  

gradient  energy  ' is  

' =  
1  

2  
κ|∇φ|  2  (8)  

where  ∇ is  the  Nabla  operator.  The  coefficient  κ includes  depen-  

dence  on  ∇φ to  introduce  an  orientation  dependent  interfacial  en-  

ergy  γ (  ∇φ)  through  

κ =  
18  γ 2  

W 
(9)  

Note  that  Eq.  (9)  is  a  simplified  expression  exact  for  a  one-  

dimensional  interface  when  the  elastic  energy  contribution  to  the  

total  energy  is  neglected.  We  should  keep  in  mind  that  in  some  

critical  cases  (e.g.  Twist-PrPr2  facet  which  can  be  subjected  to  

large  internal  stresses),  the  elastic  energy  can  contribute  to  the  to-  

tal  energy  by  an  amount  as  high  as  ~30%.  The  spatiotemporal  evo-  

lution  of  the  phase-field  variable  is  given  by  

dφ
dt  

=  −L  
∂F 

∂φ
(10)  

where  L  is  the  mobility.  The  energies  of  facets  considered  are  

shown  in  the  table  1  ,  while  the  corresponding  facets  are  shown  

in  the  Fig.  2  .  All  other  facets  have  a  higher  energy  (160mJ/m  2  )  

so  as  to  penalize  their  existence.  Details  on  the  implementation  

of  facet  dependent  interfacial  energy  can  be  found  in  a  recent  

work  [9]  .  In  a  similar  manner,  we  introduce  a  facet  dependent  

mobility  L  =  L  (  ∇φ)  discussed  later  on  in  this  paper.  We  use  

general  orthotropic  elasticity  for  Mg,  with  C  11  =  C  22  =  59,740  MPa,  

C  33  =  61,700  MPa,  C  12  =  26,240  MPa,  C  13  =  C  23  =  21,700  MPa  and  

C  44  =  C  55  =  C  66  =  34,883  MPa.  C  M  and  C  tw  tensors  are  rotated  accord-  

ing  to  parent  and  twin  orientations  with  respect  to  the  global  

axis  system.  The  equations  are  numerically  solved  with  a  spectral  

code  using  Fast  Fourier  Transform  (FFT)  algorithms.  The  balance  of  

Cauchy  stress  is  solved  with  the  accelerated  scheme  [50]  with  the  

use  of  the  rotated  scheme  for  the  modified  Green  tensor  [51]  and  

of  1st/2nd  order  centered  finite  difference  schemes  for  the  calcula-  

tion  of  all  spatial  derivatives  [52]  .  The  FFT  grid  is  composed  of  128  

× 256  × 64  voxels  in  the  twinning  shear,  transverse  and  normal  

directions,  for  all  simulations.  To  ensure  that  no  numerical  pinning  

occurs,  the  voxel  size  is  0.431  nm  in  all  directions.  Twin  growth  

is  activated  by  applying  a  constant  macroscopic  shear  stress  +13  
(creep)  to  the  simulation  box.  In  our  simulations,  the  stress  compo-  

nent  σ13  corresponds  to  the  RSS  on  the  twin  system.  Fig.  8  shows  

a  typical  PF  simulation  of  3D  twin  growth,  where  facets  are  clearly  

visible.  Their  presence  is  due  to  the  anisotropic  mobility  intro-  

duced  in  the  PF  model.  Although  the  phase  variable  is  a  contin-  

uous  function,  as  can  be  seen  on  the  left  figure,  in  the  following  

we  visualize  discrete  3D  twins  using  a  threshold  plot.  As  shown  

in  the  right  figure  (  Fig.  8  ),  we  show  only  FFT  voxels  for  which  the  

phase  field  variable  is  greater  or  equal  to  0.5.  This  plot  allows  for  

an  easier  comparison  between  PF  and  MD  results.  
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Fig.  8.  Simulation  of  3D  twin  growth  with  the  PF  model  showing  the  presence  of  facets  due  to  anisotropic  mobility.  (a)  Phase  field  distribution.  (b)  Plot  of  the  3D  twin  
obtained  by  showing  all  voxels  where  the  phase  field  variable  is  greater  or  equal  to  0.5.  

Fig.  9.  Initial  twin  domain.  Top:  Initial  twin  and  associated  internal  RSS  field  (MPa)  in  MD  simulations.  Bottom:  Initial  twin  domain  in  the  phase  field  simulations  (threshold  
plot  showing  only  φ >  0  .  5  )  and  associated  internal  RSS  field  (MPa),  the  color  scale  is  the  same  for  phase  field  and  MD  simulations.  

3.2.  Initial  twin  domain  

The  initial  twin  domain  geometry  in  the  phase  field  simulations  

is  the  same  as  that  built  from  MD  simulations.  The  size  of  the  sim-  

ulation  box  is  ~55  nm,  ~110  nm  and  ~28  nm  in  the  shear,  trans-  

verse  and  normal  direction,  respectively.  In  the  same  directions,  

the  length  of  the  initial  twin  is  ~17  nm,  ~19  nm  and  ~9  nm.  The  

phase  field  variable  is  slightly  smeared  out  in  the  twin  boundary  

areas  to  set  up  diffuse  interfaces  that  can  move,  such  that  PF  simu-  

lations  can  start,  and  the  twin  can  grow.  This  slight  initial  diffusion  

of  the  phase  field  can  be  seen  in  the  profiles  shown  in  the  Fig.  9  .  

The  initial  twin  domain  is  shown  in  the  Fig.  9  ,  along  with  the  dis-  

tribution  of  the  internal  RSS.  To  yield  direct  comparison  with  MD  

results,  the  mean  RSS  value  in  the  phase  field  model  has  been  re-  

moved  in  the  figure.  The  similarity  between  the  stress  fields  ob-  

tained  from  MD  and  phase  field  models  is  appreciable.  However,  

one  must  note  that  the  negative  stresses  inside  the  twin  are  a  

much  larger  in  MD  simulations  -the  difference  is  up  to  500  MPa  in  

the  middle  of  the  twin,  values  are  in  better  agreement  across  twin  

interfaces,  MD  stress  magnitudes  being  still  larger  than  PF  values-.  

In  the  figure,  strong  positive  stresses  can  be  seen  in  the  transverse  

direction  in  front  of  the  twin  boundary,  while  the  upper  and  lower  

CTB  interfaces  are  subjected  to  negative  stresses.  A  closer  inspec-  

tion  of  stresses  in  the  shear,  transverse  and  normal  directions  is  

presented  in  the  Fig.  10  .  In  the  transverse  direction,  the  stresses  

acting  on  the  Twist-PrPr2  interfaces  are  both  positive  and  nega-  

tive,  positive  values  being  slightly  larger  such  that  the  mean  RSS  

value  across  the  Twist-PrPr2  facet  is  positive.  Along  the  shear  and  

normal  directions  however,  the  RSS  acting  on  FTB  and  CTB  facets  

is  mostly  negative,  resulting  in  negative  mean  values  across  the  

facets.  The  mean  RSS  magnitude  is  larger  for  the  CTB  than  for  the  

FTB.  As  presented  below,  such  stresses  have  a  strong  impact  on  the  

anisotropic  twin  growth  kinetics.  

3.3.  Simulation  of  twin  growth  with  mobilities  calibrated  as  per  

molecular  dynamics  simulations  of  individual  facets  

In  the  phase  field  model,  one  can  relate  the  mobility  of  an  in-  

terface  to  its  velocity  and  to  the  RSS  applied  on  that  interface.  Such  

is  done  in  phase  field  dislocation  models  and  phase  field  twinning  

models  [53]  .  Assuming  a  one-dimensional  interface  and  that  the  

elastic  energy  is  negligible  as  compared  to  barrier  and  gradient  en-  

ergies  (meaning  that  the  diffuse  interface  is  in  equilibrium  under  

the  counteracting  actions  of  driving  forces  coming  from  gradient  
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Fig.  10.  Internal  RSS  profiles  (GPa)  in  the  initial  twin  domain  in  the  phase  field  simulations  (red  lines).  The  phase  field  variable  is  plotted  in  dark  blue  lines.  The  gray  
shaded  areas  show  Twist-PrPr2,  FTB  and  CTB  interfaces  along  the  transverse,  shear  and  normal  directions,  respectively.  In  the  x  axis,  a  denotes  the  lattice  parameter  in  Mg,  
a  =  0.321  nm.  The  mean  stress  value  has  been  subtracted  in  the  stress  profiles.  (For  interpretation  of  the  references  to  colour  in  this  figure  legend,  the  reader  is  referred  to  
the  web  version  of  this  article.)  

and  barrier  energies),  and  assuming  that  the  interface  is  moving  

in  a  stationary  configuration  (not  deforming)  at  constant  velocity  v  

under  the  action  of  a  RSS  σ ,  one  can  write  

L  =  
v  
√  

W 

6  
√  

2  σε  
√  

κ
(11)  

where  L  is  the  interface  mobility  and  ε is  the  magnitude  of  

the  twin  shear  strain.  In  the  forthcoming  simulations,  we  use  

Eq.  (11)  to  calibrate  the  mobility  of  facets  in  the  PF  simulations  

from  the  velocity  curves  obtained  by  MD  simulations.  The  value  

σ corresponds  to  the  mean  RSS  across  the  facets  (it  is  processed  

during  the  PF  simulation  and  updated  at  every  timestep)  in  the  PF  

simulations  and  v  is  the  corresponding  velocity  measured  in  MD  

for  a  given  RSS  and  temperature.  Here  as  well,  one  should  note  

that  Eq.  (11)  is  a  simplification  which  (i)  uses  the  gradient  energy  

factor  κ obtained  from  simplified  Eq.  (9)  and,  (ii)  neglects  the  ef-  

fect  of  internal  stresses  on  interface  mobility.  It  is  difficult  to  evalu-  

ate  how  the  internal  stresses  will  affect  the  thickness  and  mobility  

of  interfaces  in  a  3D  growing  twin.  However,  from  the  comparison  

of  stress  dependent  facet  velocities  in  the  forthcoming  PF  simula-  

tions  with  MD  simulations  of  individual  facets,  we  observed  that  

using  Eqs.  (9  ,  11  )  give  the  expected  trends  for  the  growing  twins.  

In  situations  where  the  mean  RSS  across  facets  exceeds  the  maxi-  

mum  value  500  MPa  used  in  MD  simulations  of  individual  facets,  

linear  extrapolation  is  used  and  we  limit  the  maximum  velocity  to  

3200  m/s,  the  order  of  the  shear  wave  velocity  in  Mg.  

It  is  important  to  note  that  for  facets  that  are  not  reported  in  

MD  simulations  (facets  other  than  the  ten  reported  facets  in  the  

Fig.  2  and  Table  1  ),  we  chose  to  fix  a  larger  mobility  such  that  

they  do  not  appear  during  the  PF  simulations  of  twin  growth.  In-  

deed,  using  a  smaller  mobility  for  those  facets  leads  to  twin  do-  

mains  where  only  facets  not  desired  are  seen  and  the  twin  shape  

does  not  compare  well  with  MD  predictions.  Conversely,  with  our  

choice,  only  reported  facets  appear  in  the  PF  simulations  of  twin  

growth,  as  the  non-desired  facets  that  form  immediately  disappear.  

Note  also  that  for  the  FTB,  we  use  both  excess  energy  and  mobility  

of  the  CTB.  

Different  results  for  the  case  (100  K-1  GPa)  are  presented  in  

Fig.  11  .  We  choose  this  case  as  the  mean  RSS  across  facets  and  

the  temperature  are  the  lowest,  such  that  it  limits  the  effect  of  

linear  extrapolations  made  on  the  facet  velocities.  Fig.  11  (a)  shows  

the  reference  twin  as  obtained  from  MD  simulations  after  8  ps  of  

loading.  In  the  first  phase-field  simulation  shown  in  Fig.  11  b),  we  

use  all  facet  mobilities  as  estimated  from  MD  data  and  Eq.  (11)  .  

BP  and  PB  facets  are  non-relaxed  interfaces,  hence  very  mobile.  

Although  twin  shape  predicted  by  phase  field  shows  features  in  

good  agreement  with  the  MD  result,  we  note  some  critical  dis-  

agreement.  BP  and  PB  facets  are  not  observed.  This  is  because  their  

mobility  at  ~700  MPa  is  too  large,  as  we  considered  the  mobility  

of  non-relaxed  facets.  Also,  Tilt-PyPy1  and  B  facets  are  too  large  

(in  particular  the  Tilt-PyPy1  facet),  such  that  the  twin  shape  is  al-  

tered  and  becomes  very  sharp  at  the  tip  of  the  transverse  side.  

This  is  because  the  mobility  of  these  facets  is  too  low.  Concerning  

PB/BP  facets,  we  run  a  new  phase  field  simulation,  whereby  the  

mobility  of  BP  and  PB  facets  are  calibrated  by  using  velocities  for  

24%  partially-relaxed  facets  obtained  from  MD  simulations.  In  this  

case,  the  mobility  of  PB  and  BP  facets  is  reduced,  and  they  now  

can  be  barely  seen  in  Fig.  11  (c),  in  better  agreement  with  MD  sim-  

ulations.  Concerning  Tilt-PyPy1  and  B  facets,  we  assume  that  Tilt-  

PyPy1  and  B  facets  have  an  effective  mobility  that  is  greater  than  

the  mobility  of  individual  facets.  As  such,  we  arbitrarily  shift  up  

their  velocities  by  800  m/s  (increase  the  order  of  50%).  The  result  

is  shown  in  Fig.  10  (d).  The  twin  shape  is  now  in  better  agreement  

with  MD  results.  In  particular,  we  can  observe  A,  Tilt-PyPy1,  B,  C,  

D,  Twist-PyPy1  and  Twist-PrPr2  facets,  which  allow  building  the  

complex  twin  shape  in  front  of  the  transverse  direction.  Finally,  as  

we  considered  24%  relaxed  BP  and  PB  facets,  it  seems  reasonable  

to  increase  the  PB  and  BP  excess  energies  in  the  PF  simulations,  as  

the  facets  contain  misfit  dislocations.  We  use  the  arbitrary  value  

0.3  J/m  2  ,  instead  of  0.122  J/m  2  .  The  result  is  shown  in  Fig.  11  (e).  

One  can  see  that  the  BP  and  PB  appear  now  more  clearly  (see  

white  arrows  in  the  figure)  with  better  agreement  with  MD  results.  

Fig.  12  shows  phase  field  predictions  for  the  cases  (500  K-  

1  GPa)  and  (100  K-2  GPa),  which  allows  studying  the  effect  of  
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Fig.  11.  Twin  growth  at  100  K  and  1  GPa.  (a)  MD  result.  (b)  Phase  field  result  with  facet  mobilities  calibrated  as  per  MD  simulations  of  individual  facets.  (c)  Phase  field  
result  when  using  mobility  of  BP  and  PB  calibrated  from  24%  relaxed  facets  from  MD  simulations.  (d)  Phase  field  result  when  correcting  the  mobility  of  Tilt-PyPy1  and  B  
facets.  (e)  Phase  field  result  when  increasing  the  excess  energy  of  24%  relaxed  BP  and  PB  facets.  In  (a,  b,  c,  d),  the  mean  stress  across  facets  is  shown  with  the  color  code  
(Pa).  

Fig.  12.  Phase  field  results  for  different  applied  stresses  and  temperatures.  Facet  mobilities  are  calibrated  from  as  per  MD  simulations  of  individual  facets.  BP  and  PB  facets  
are  24%  relaxed  facets,  with  increased  excess  energy.  Mobility  of  Tilt-PyPy1  and  B  facets  are  corrected.  Color-coded  is  shown  the  mean  stress  across  facets  (Pa).  

temperature  or  stress,  as  compared  to  the  reference  case  (100  K,  

1  GPa).  Although  we  observe  some  resemblance  with  MD  simula-  

tions,  in  particular  the  evolution  of  BP  and  PB  facets  (24%  partially  

relaxed  with  increased  energy),  the  twin  shapes  are  in  disagree-  

ment  with  MD  results.  In  particular,  while  the  propagation  and  

shape  of  growing  twins  in  the  transverse  direction  appear  to  be  

relatively  satisfactory,  the  coupled  motion  of  FTB,  PB/BP  and  CTB  

interfaces  does  not  follow  the  kinetics  predicted  by  MD.  

The  above  results  clearly  indicate  that  the  effective  mobility  of  

facets  in  a  growing  twin  can  be  significantly  different  from  the  

mobilities  obtained  when  considering  individual  facets.  In  particu-  

lar  we  found  important  changes  for  the  Tilt-PyPy1,  PB-BP,  CTB  and  

12  



M.  Gong,  J.  Graham,  V.  Taupin  et  al.  Acta  Materialia  208  (2021)  116603  

Fig.  13.  Cuts  revealing  the  complex  three-dimensional  internal  stress  state  in  the  initial  twin  domain  in  the  phase  field  model.  (a)  Internal  normal  stress  ση1  η1  (Pa).  (b)  
Internal  shear  stress  σλη1  (Pa).  (c)  Internal  shear  stress  σλκ1  (Pa).  

FTB  facets.  It  can  be  attributed  to  different  factors.  First,  it  is  likely  

that  junctions  (in  particular  CTB-PB  and  FTB-PB  junctions)  trigger  

coupled  motion  of  facets.  Second,  there  exists  a  complex  three-  

dimensional  stress  state  in  the  twin  domain,  which  certainly  alters  

the  twin  facet  motion.  Third,  this  complex  stress  state  could  also  

condition  which  state  (i.e.  amount  of  relaxation)  the  facet  finds  it-  

self  in.  In  Figs.  10  –12  ),  we  can  see  the  remarkable  differences  in  

the  RSS  acting  on  the  different  twin  facets.  In  Fig.  13  ,  we  further  

evidence  the  complex  stress  state  by  plotting  other  (normal  and  

shear)  components  of  the  Cauchy  stress  tensor  in  different  cuts.  

Facets  can  be  subjected  to  very  different  stress  states,  importantly  

not  limited  to  the  macroscopically  imposed  RSS.  Such  stress  field  

is  clearly  different  from  that  in  the  MD  simulations  of  individual  

facets.  Note  in  particular  in  Fig.  13  (a)  that  normal  stress  with  al-  

ternating  sign  acting  on  the  PB  and  BP  facets.  This  might  affect  the  

mobility  of  the  PB  and  BP  facets  and  possibly  explain  the  asymme-  

try  in  PB  and  BP  facet  sizes  observed  by  MD  in  the  Fig.  7  .  

3.4.  Phase  field  model  with  effective  facet  mobilities  

Taking  into  account  the  above  results,  we  propose  another  

strategy  whereby  we  will  calibrate  effective  mobilities  of  facets  by  

directly  fitting  both  the  twin  growth  kinetics  and  morphology  as  

predicted  by  MD  simulations.  More  precisely,  we  will  model  the  

four  cases  shown  in  Fig.  7  ,  namely  (100  K-1  GPa),  (100  K-2  GPa),  

(500  K-1  GPa)  and  (500  K-2  GPa).  For  each  case,  we  assume  that  

the  facet  mobility  is  constant  and  depends  only  on  the  type  of  

facet.  The  facet  mobilities  are  fitted  until  we  can  reproduce  sat-  

isfactorily  both  the  final  twin  shapes  and  the  twin  growth  kinetics  

curves  shown  in  the  Fig.  7  .  The  different  mobilities  obtained  for  

the  4  cases  will  then  be  discussed  with  regards  to  MD  data.  As  per  

the  fitting  procedure,  we  conclude  that  the  most  important,  rate-  

limiting  facets,  which  control  both  the  twin  morphology  and  the  

twin  growth  kinetics,  are  the  CTB  in  the  normal  direction,  PB/BP  

facets  and  the  FTB  along  the  shear  direction,  and  Twist-PrPr2  and  

Twist-PyPy1  facets  in  the  transverse  directions.  All  other  facets  are  

found  to  be  less  important  and  they  do  not  need  to  be  used  ex-  

plicitly  for  calibration.  We  simply  let  these  interfaces  have  a  larger  

excess  energy  and  mobility  (energy  is  0.161  J/m  2  ,  effective  drag  

in  the  Fig.  17  is  ~2  × 10  −4  Pa.s).  The  final  twin  shapes  for  the  4  

cases  tested  are  shown  in  the  Fig.  14  ,  where  a  reasonable  agree-  

ment  with  MD  is  obtained.  

The  case  (100  K-1  GPa)  shown  in  Fig.  13  (a)  exhibits  clearly  a  

remarkable  feature  as  compared  to  MD.  Through  a  bulging  mecha-  

nism,  the  PF  model  mimics  the  migration  of  the  CTB  by  the  nucle-  

ation  and  propagation  of  disconnection  loops.  The  latter  are  nucle-  

ated  at  the  junctions  between  BP/PB  facets  and  CTB,  and  propagate  

along  the  CTB,  making  the  latter  migrating  in  the  normal  direction  

by  elementary  steps.  One  should  keep  in  mind  that  these  apparent  

discrete  disconnection  loops  in  Fig.  13  (a)  are  not  explicitly  intro-  

duced  in  the  PF  model  and  that  they  result  here  from  a  threshold  

plot  of  the  continuous  phase  field  variable.  However,  like  in  MD,  

this  mechanism  predicted  by  PF,  which  actually  mimics  the  nucle-  

ation  and  motion  of  not  single  disconnection  loops  but  rather  en-  

sembles  of  disconnection  loops  given  the  PF  spatial  resolution,  is  

driven  by  the  internal  shear  stress  field  of  the  twin.  In  particular,  

the  initiation  of  the  bulging  mechanism  (disconnection  loop  nucle-  

ation)  is  caused  by  stress  concentrations  at  the  PB/CTB  and  BP/CTB  

junctions.  The  propagation  is  then  driven  by  the  applied  stress.  

In  one  applies  a  stress  of  1  GPa  but  increases  the  temperature  

from  100  K  to  500  K  (compare  Fig.  14  (a)  and  (b)),  the  expansion  

of  the  twin  along  the  shear  direction  is  increased.  Note  that,  in  

agreement  with  MD,  the  migration  of  the  CTB  remains  mediated  

by  this  bulging  mechanism  initiating  at  the  PB-CTB  and  BP-CTB  

junctions,  whereas  the  FTB  appears  to  migrate  independently  with-  

out  assistance  of  PB/BP  junctions.  The  RSS  acting  on  the  FTB  is  ap-  

parently  sufficient  to  drive  its  motion,  without  requiring  assistance  

of  a  bulging  mechanism  initiating  at  PB-FTB  and  BP-FTB  junctions.  

Such  is  also  observed  for  the  motion  of  PB  and  BP  facets,  similarly  

to  MD.  At  high  stress  and/or  high  temperature,  Twist-PrPr2  facets  

are  fast  and  barely  visible,  while  the  Twist-PyPy1  facets  are  present  

due  to  their  lower  mobility.  Finally,  Figs.  15  and  16  present  the  

twin  growth  kinetics  curves  obtained  by  the  simplified  PF  model.  

A  very  close  agreement  with  MD  results  can  be  obtained.  In  par-  
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Fig.  14.  Phase  field  simulations  of  twin  growth  at  different  applied  stresses  and  temperatures  (threshold  plot  showing  only  φ >  0  .  5  ).  The  results  should  be  compared  with  
MD  predictions  in  Fig.  6  .  

Fig.  15.  Twin  dimension  evolution  from  the  phase  field  simulations.  Effect  of  temperature  at  1  GPa.  Similarly  to  Fig.  6  ,  the  curves  show  the  changes  of  twin  length  in  the  
shear  (circles),  transverse  (triangles)  and  normal  (squares)  directions.  MD  values  are  also  reported  for  comparison.  

ticular,  the  PF  simulations  also  predict  a  linear  increase  in  the  di-  

mensions  of  the  twin  with  time.  A  slight  increase  of  rate  in  the  

transverse  direction  is  observed  for  the  cases  at  100  K  and  can  be  

attributed  to  periodic  boundary  conditions  that  cause  an  attractive  

effect  of  close  opposite  twin  boundaries.  

Fig.  17  (a)  shows  the  effective  drag  coefficients  (inverse  of  ef-  

fective  mobility)  found  to  match  the  MD  predictions,  in  terms  of  

3D  growth  kinetics  and  final  twin  shapes.  In  this  figure,  interesting  

trends  can  be  seen.  First,  we  see  that  the  CTB,  FTB  and  PB  facets  

exhibit  a  temperature  dependence,  in  agreement  with  MD.  This  

can  be  attributed  to  high  activation  energies  and  thermally  acti-  

vated  migration  mechanisms.  Note  that  the  mobility  of  the  PB  and  

BP  facets  should  be  low  to  see  these  facets  in  the  twin.  These  low  

mobilities  correspond  to  partially-relaxed  facets,  in  agreement  with  

Section  3.3  .  Second,  as  discussed,  the  mobility  of  the  FTB  should  

be  larger  than  that  of  the  CTB.  This  was  attributed  to  both  the  ef-  

fect  of  junctions  with  PB  and  BP  facets  and  to  the  complex  three-  

dimensional  stress  state  of  the  twin.  Last,  all  other  facets  show  a  

limited  temperature  and  stress  dependence,  suggesting  lower  ac-  

tivation  energies  for  migration  and  in  agreement  with  MD  find-  

ings.  The  Twist-PrPr2  facet  has  the  highest  mobility  and  shows  the  

smallest  stress  and  temperature  dependence.  

In  Fig  17  (b)  we  now  show  a  comparison  of  the  effective  drag  

coefficient  obtained  by  fit  of  the  PF  model  to  the  3D  twin  growth  

kinetics  predicted  by  MD  (  Section  3.4  )  vis  a  vis  the  drag  coefficient  

obtained  from  Eq.  (11)  and  MD  simulations  of  individual  facets  

(  Section  3.3  ).  One  can  see  that  overall,  the  effective  drag  for  each  

facet  is  close  but  not  exactly  that  of  individual  facets.  The  tem-  

perature  dependence  of  CTB,  FTB  and  PB/BP  effective  mobilities  

is  naturally  retrieved  by  the  PF  model.  Significant  differences  be-  

tween  individual  and  connected  facet  mobilities  are  observed  for  

the  CTB  and  PB/BP  facets.  This  observation  is  complementary  to  

MD  results,  which  showed  that  mobilities  of  individual  and  con-  

nected  facets  are  different.  Counterintuitively,  we  note  that  for  the  
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Fig.  16.  Twin  dimension  evolution  from  the  phase  field  simulations.  Effect  of  stress  at  100  K.  Similarly  to  Fig.  6  ,  the  curves  show  the  changes  of  twin  length  in  the  shear  
(circles),  transverse  (triangles)  and  normal  (squares)  directions.  MD  values  are  also  reported  for  comparison.  

Fig.  17.  (a)  Effective  drag  of  facets  obtained  by  fit  of  MD  simulations  of  3D  twin  growth  for  the  4  cases  considered.  (b)  Comparison  of  effective  drag  obtained  by  fit  of  3D  
twin  growth  vs  drag  obtained  from  Eq.  (11)  and  MD  simulations  of  individual  facets  (cross  symbols).  

CTB  and  PB/BP  facets,  the  effective  drag  is  larger  than  that  obtained  

using  Eq.  (11)  together  with  the  mean  RSS  across  facets  and  MD  

velocities  for  individual  facets.  These  differences  could  either  be  at-  

tributed  to  the  coupled  migration  (i.e.  bulging  process)  of  the  CTB  

and  PB  facets  or  to  the  fact  that  the  presence  of  these  junctions  

constrains  the  state  of  relaxation  of  the  PB  facets.  

We  conclude  this  section  by  further  probing  the  relative  im-  

portance  of  the  internal  RSS  field  and  effective  facet  mobility  on  

the  twin  growth  morphology  and  kinetics,  as  a  function  of  stress  

and  temperature.  To  do  so,  we  run  another  set  of  PF  simulations  

presented  in  Fig.  18  .  We  considered  the  cases  (100K-1  GPa)  and  

(500K-1  GPa)  and  tried  PF  simulations  where  we  inverted  the  ef-  

fective  mobilities  of  the  bright  and  dark  sides.  More  precisely,  the  

bright  side  facets  (FTB,  PB/BP)  have  the  mobility  of  dark  side  facets  

(Twist-PrPr2,  TwistPyPy1),  and  conversely.  In  this  figure,  simula-  

tions  where  the  facet  mobilities  have  not  been  swapped  are  on  the  

left,  while  simulations  with  swapped  mobilities  are  on  the  right.  

We  considered  only  the  cases  for  1  GPa  applied  stress,  because  the  

cases  with  2  GPa  applied  stress  hinder  the  internal  stresses  val-  

ues  and  their  effects  on  twin  growth.  At  low  temperature  (100  K),  

we  observe  strong  effects  when  swapping  the  mobilities.  It  is  

then  interesting  to  compare  the  propagation  ratio  ‘transverse  di-  

rection/shear  direction’  in  the  normal  case  to  the  ratio  ‘shear  direc-  

tion/transverse  direction’  in  the  swapped  case.  We  should  expect  

that  they  would  be  the  same  if  the  internal  stress  field  of  the  twin  

had  no  influence  on  facet  motion.  Here  however,  the  second  ratio  

(i.e.  shear/transverse)  is  lower  than  the  first  one,  showing  that  the  

internal  stress  field  plays  an  important  role  in  the  fast  propagation  

in  the  transverse  direction  and  the  lower  propagation  in  the  shear  

direction.  At  100  K,  both  the  effective  mobilities  and  the  internal  

stress  field  are  important.  At  500  K  however,  one  can  see  that  the  

two  ratios  get  appreciably  closer,  showing  that  the  effect  of  inter-  

nal  stresses  is  predominant  in  twin  growth.  
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Fig.  18.  Top:  on  the  left,  the  twin  shape  after  15.6  ps  at  1  GPa  and  100  K  predicted  by  PF  using  effective  mobilities  is  shown.  On  the  right  is  shown  the  twin  shape  when  
BS  and  DS  mobilities  are  swapped.  Bottom:  on  the  left  is  shown  the  twin  shape  after  14  ps  at  1  GPa  and  500  K  predicted  by  PF  using  effective  mobilities.  On  the  right  is  
shown  the  twin  shape  when  BS  and  DS  mobilities  are  swapped.  

4.  Conclusions  

This  combined  MD  and  PF  study  of  individual  facets  and  3D  

twin  growth  considered  the  effect  of  facet  structures,  stress  and  

temperature  on  the  kinetics  of  relative  facet  migration  rates  and  

twin  growth.  The  major  results  obtained  are:  

-  A  phase  field  model  was  derived  and  calibrated  against  atom-  

istic  simulations  of  planar  facet  motion  and  of  growth  of  3D  

twin  domains.  The  phase  field  model  is  found  to  reproduce  

reasonably  well  the  internal  stress  distribution  surrounding  the  

twin  and  as  such  provides  acceptable  estimates  of  the  driv-  

ing  force  for  triggering  the  motion  of  facets.  Through  a  bulging  

mechanism,  the  PF  model  is  able  to  mimic  the  migration  of  

the  CTB  by  the  nucleation  of  ensembles  of  disconnection  loops  

at  PB-CTB  and  BP-CTB  junctions  and  their  propagation  along  

the  CTB,  although  these  crystal  defects  are  not  explicitly  intro-  

duced  in  the  PF  model.  The  initiation  of  this  bulging  mecha-  

nism,  like  the  nucleation  of  disconnections  in  the  MD  simula-  

tions,  is  driven  by  the  local  stress  concentrations  at  the  junc-  

tions.  

-  Some  facets  might  change  from  a  fully-relaxed,  to  a  partially-  

relaxed  structures  under  applied  stress  during  twin  growth,  

having  a  drastically  different  mobility  and  then  affecting  3D  

twin  growth.  This  was  shown  to  be  important  for  PB  and  BP  

facets,  where  using  MD  data  for  partially  relaxed  facets  in  the  

phase  field  simulations  provides  a  better  match  of  twin  growth  

shapes  and  kinetics  as  compared  to  MD  data.  This  result  corrob-  

orates  previous  findings  [28]  and  might  be  important  for  other  

facets.  

-  The  mobility  and  relative  contribution  of  individual  facets  on  

twin  growth  kinetics  can  change  significantly  when  they  are  

connected  to  other  facets  to  build  a  3D  twin.  This  work  reveals  

that  the  effective  mobility  of  CTB,  PB/BP  facets  can  differ  sig-  

nificantly  from  that  extracted  from  the  study  of  non-connected  

facets.  This  can  be  attributed  to  either  coupled  motion  of  facets  

or  to  the  fact  that  junctions  may  prevent  the  PB/BP  facet  from  

fully  relaxing.  

-  By  running  simulations  where  effective  facet  mobilities  of  

bright  and  dark  sides  have  been  inverted,  we  found  that  at  low  

temperature  and  low  stress,  both  the  heterogeneous  internal  

stress  field  and  effective  facet  mobilities  are  important  to  ex-  

plain  the  anisotropy  of  twin  growth.  When  increasing  the  tem-  

perature,  the  effect  of  internal  stresses  becomes  predominant.  

-  As  suggested  by  one  of  the  PF  model  proposed,  although  many  

facets  can  be  used  to  build  a  3D  twin,  it  appears  that  a  lim-  

ited  set  of  rate-limiting  facets  controls  the  overall  kinetics  and  

morphology  of  twin  growth.  We  found  that  these  facets  are  the  

CTB  in  the  normal  direction,  BP/PB  facets  and  the  FTB  in  the  

shear  direction,  and  the  Twist-PrPr2  and  Twist-PyPy1  facets  in  

the  transverse  directions.  

-  In  the  range  of  stress  and  temperature  tested,  it  appears  from  

both  MD  and  phase  field  simulations  that  the  mobility  of  most  

of  interfaces  show  a  slight  dependence  on  stress  and  tempera-  

ture,  indicating  low  activation  energies  for  their  motion.  This  

is  not  true  however  for  the  CTB,  FTB  and  PB/BP  interfaces,  

for  which  accounting  for  stress  and  temperature  dependence  is  

mandatory.  
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Appendix  

Facet  δ (  °)  /  θ (  °)  Index  

CTB  -  /  0  {  ̄1  012  }||{  10  ̄1  ̄2  }  
BP  0  /  45  {  0  0  02  }||{  10  ̄1  0  }  
FTB  0  /  90  {  10  ̄1  2  }||{  ̄1  01  ̄2  }  
A  38.8  /  90  {  14  ̄5  6  }||{  14  ̄5  ̄6  }  
B  49.9  /  37.9  {  ̄1  ̄1  21  }||{  ̄1  103  }  
Tilt-PyPy1  49.9  /  90  {  0  ̄1  1  ̄1  }||{  01  ̄1  1  }  
C  67.2  /  68.7  {  0  ̄1  10  }||{  ̄1  2  ̄1  2  }  
D  67.2  /  90  {  1  ̄4  3  ̄2  }||{  ̄1  4  ̄3  2  }  
Twist-PyPy1  90  /  49.8  {  ̄1  101  }||{  0  ̄1  11  }  
Twist-PrPr2  90  /  90  {  ̄1  2  ̄1  0  }||{  1  ̄2  10  }  
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