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N ear net shape ( N N S )  manu f actu ri ng  has show n 
promi se f or the f u t u re o f  f o u n d r y  i n d u str y ,  

d ecreasi ng  machi ni ng  allow ance and  i ncreasi ng  the 
ef f i ci ency  of  prod u cti on d ramati cally .  T he i mpact of  
thermal stress during casting solidification on the defects 
and  d ef ormati on i s of  g reat concern.  E ng i neers and  
researchers make great efforts to try to precisely control 
the d ef ormati on of  casti ng s [ 1 ] ,  b u t the d ef ormati on of  
castings is still a difficult puzzle. Numerical simulation 
of  thermal stress i n casti ng  i s an ef f ecti ve approach 
to pred i ct the d i stri b u t i on of  thermal stress and  the 
d ef ormati on of  casti ng s,  assessi ng  the sou nd ness of  
prod u cts [ 2 ] .  B ased  on the resu lts of  nu meri cal si mu lati on,  
the process d esi g ner can mod i f y  the shape of  the ori g i nal 
casti ng s so as to compensate f or the d ef ormati on d u ri ng  
soli d i f i cati on w hi le preservi ng  the sou nd ness of  the 
casti ng s [ 3 ] .

M any  stu d i es have b een mad e on the d ef ormati on 
resu lti ng  f rom thermal stress.  W ang  Y u epi ng  [ 4 ]  u sed    
P roC A S T  sof t w are to si mu late the casti ng  process 
of  t u r b i ne b lad es mad e of  N i - b ased  su peralloy .  H e 
compared  the resu lts of  nu meri cal si mu lati on and  the 
measu rements tak en i n the ex peri ments,  provi d i n g  
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suggestions for process optimization so as to reduce the 
resi d u al stress and  i mprove the g eometri cal preci si on 
and  stab i l i t y .  B y  appl y i n g  A N S Y S  to the thermal 
stress si mu lati on,  C heng  J i ang u o,  et al.  [ 5 ]  ob tai ned  the 
distribution of displacement differences in the casting. 
T hey  chang ed  the g eometry  of  the casti ng  accord i ng  
to the ref erence poi nts and  achi eved  the d esi red  shape 
w i th d ef ormati on su pplements.  L i  H u i ,  et al.  [ 6 ]  u sed  
ProCAST to simulate the casting process, analyzing the 
i nf lu ences of  pou ri ng  temperatu re and  mold - shak i ng  
temperatu re on the resi d u al stress and  d ef ormati on 
of  casti ng s.  W ang  P eng  [ 7 ]  stu d i ed  the parts of  larg e 
thi n- w alled  cy li nd ri cal shells of  Z L 2 0 5 A  alloy .  T he 
deformation during the solidification of the casting and 
q u enchi ng  af ter the soli d i f i cati on w ere si mu lated  b y  
commerci al si mu lati on sof tw are P roC A S T  and  heat 
treatment mod u les i n S Y S W E L D si mu lati on sof tw are,  
and  r u les i n the d e f ormat i on w ere achi eved .  C u i  
X i npeng  et al.  [ 8 ]  simulated the temperature field, stress 
f i eld  and  casti ng  d ef ormati on of  T i - A lloy  f ramew ork  
castings during the pouring and solidification processes 
b ased  on P roC A S T  sof tw are.  T hei r si mu lati on resu lts 
revealed  that the temperatu re of  the u pper and  i nner part 
of  the f ramew ork  casti ng s w as mu ch low er than that of  
the b ottom part and  the pou ri ng  g ates.  W ei  Dong hai  et 
al.  [ 9 ]  used the simulation software JSCAST to analyze 
the stress and  strai n of  stress- b ox  speci mens mad e of  
g ray  i ron ( H T 2 5 0 ,  H T 3 0 0 ,  H T 3 5 0 )  and  d u cti le i ron 
( Q T 4 0 0 - 1 8 ,  Q T 6 0 0 - 3 ,  Q T 8 0 0 - 2 ) .  T hey  conclu d ed  f rom 
the si mu lati on resu lts that the larg er elasti c mod u lu s led  
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F i g . 1:   S c h e m at i c  of  M old  S urf ac e  E le m e nt  M e t h od

to the larg er resi d u al stress i n the casti ng s.  
I n the af orementi oned  stu d i es,  the b ou nd ary  cond i ti ons of  the 

mold used a simplified model, either rigid or with no resistance, 
lead i ng  to resu lts of  relati vely  low  preci si on.  F or some cases 
w i th compli cated  casti ng  g eometri es and  real mold  cond i ti ons,  
the calculations of the thermal stress may become difficult tasks. 
E ven the sophi sti cated  commerci al sof tw are P RO C A S T  may  
suffer from the problems of convergence failure. Therefore, we 
need  new  approaches to g u arantee hi g h accu racy  and  calcu lati on 
converg ence f or arb i trary  complex  casti ng  processes.

During the solidification process of castings, the casting and the 
mold  ( or core)  i nteract w i th each other i n complex  w ay s [ 1 0 ] .  T he 
casti ng  may  separate f rom the mold  or merg e i nto the mold ,  and  
there are f ri cti ons on the i nterf aces b etw een them.  M od eli ng  of  the 
i nteracti on b etw een casti ng  and  mold  i s cri ti cal f or the preci si on of  
nu meri cal si mu lati on.  T here are three approaches of  mod eli ng :  

( a)  T he mold  i s consi d ered  as ri g i d  or havi ng  no resi stance.
T hi s k i nd of  approach i s easy to i mplement but  w i th a large  

amount  of  error [ 1 1 ,  1 2 ] . A rigid mold is fit for the case of a metal 

mold; while the mold with no resistance is fit for the case of a 
sof t sand  mold .

(b) The effect of the mold is simplified with a well-designed 
mathemati cal mod el.

T h i s k i n d  o f  approach i s s i mple b u t onl y  appl i es i n 
some parti cu lar cases,  i . e.  some cases w i th speci al casti ng  
g eometri es [ 1 3 ,  1 4 ] .  

( c)  T he mold  i s mod eled  as contact elements.
T hi s k i nd  of  approach has the hi g hest nu meri cal preci si on 

as i t accord s to the real i nteracti ons b etw een casti ng  and  mold .  
H ow ever,  thi s method  i nvolves compli cated  contact prob lems 
w i th nonli neari ty ;  theref ore the calcu lati on may  f ai l to converg e 
f or some compli cated  casti ng  processes [ 1 5 - 1 7 ] .

W e propose a new  k i nd  of  approach called  mold  su rf ace element 
( M S E )  method ,  w hi ch d eems the mold  as b ou nd ary  elements 
arou nd  the casti ng  ( F i g .  1 ) .  T he proposed  method  i s capab le of  
si mu lati ng  compli cated  contact prob lems b etw een the casti ng  
and  mold  ( or core)  w i th d esi rab le preci si on and  compu tati onal 
efficiency.

1 Mold surface element method
T he mai n i de a of  the mold  sur f ace element ( M S E )  method  i s 
to u se the su rf ace elements i nstead  of  b od y  elements to ex press 
the i nteracti ons b etw een the casti ng  and  the mold .  T he su rf ace 
elements are pi ck ed  u p f rom the b od y  elements i n the mesh of  
the casti ng .  T hen the mechani cal b ou nd ary  cond i ti ons can b e set 
on these su rf ace elements accord i ng  to the casti ng  process.  I n 
the common method  of  “ contact elements” ,  the thermal stress 
calcu lati on i nvolves not only  the casti ng  b u t also the mold  and  
the contact prob lems at the i nterf aces.  T hu s the present method  
de mands  f ew er calcul ati ons than the contact element method,  
improving the calculation efficiency and stability. 

T he M S E  method  f eatu res several ad vantag es:
( 1 )  C ompared  w i th the method  of  a ri g i d  mold  or a mold  

w i th no resi stance,  the M S E  method  can d escri b e the complex  
boundary condition of the mold efficiently and effectively, such as 
the casti ng  process w i th mold  parts of  several k i nd s of  materi als.  

( 2 )  C ompared  w i th the contact element method ,  there i s no 
calcu lati on f or the strai n and  the stress of  the mold  i n the present 
method ,  thu s the total compu tati on can b e red u ced  and  the 
efficiency and convergency can be improved. 

( 3 )  A ll the restri cti ons of  d i splacement are set au tomati cally ,  
assuring the non-singularity of the stiffness matrix.

T he f ollow i ng  secti on d i scu sses how  to i nteg rate the mold  
su rf ace element method  i nto the trad i t i onal thermal stress 

eq u ati ons.
T he thermal stress and  d ef ormati on evolu ti on i n casti ng  i s 

controlled  b y  the f ollow i ng  three eq u ati ons
( 1 )  C onsti tu ti on eq u ati on

w here,  σ i s the tensor of  stress,  Dep i s the tensor of  elastoplasti c 
consti tu ti on,  ε i s the tensor of  strai n,  and  ε0  i s the tensor of  i ni ti al 
strai n cau sed  b y  temperatu re vari ati on.

( 2 )  G eometry  eq u ati on

w here ,  L i s the tensor o f  g eometr i c relat i on ,  u i s the 
d i splacement.

( 3 )  E nerg y  eq u ati on

w here,   i s the total potenti al energ y ,  Ω i s the reg i on of  
solu ti on,  F i s the b od y  f orce,  and  T i s the su rf ace f orce.

I n the f i ni te element method ,  the d i splacement u can b e 
discretized as Eq. (4). 

w here,  N i s the i nterpolati on f u ncti on of  the f i ni te element 
method .

A ccord i ng  to the i ncremental theory  i n the elastoplasti ci ty ,  

( 4)

( 3)

( 2)

( 1)
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the ab ove three eq u ati ons can b e transf ormed  i nto the f ollow i ng  
discretized forms:

w here ,   an d   are the st i f f ness matr i x ,  the 
i ncremental d i splacement vector and  the load  vector i n the i- th 
step,  respecti vely .

   can b e ex pressed  as:

w here,   i s the elastoplasti c tensor i n the i- th step.
   can b e ex pressed  as:

w here ,   and   are the strai n of  i ni ti al tensor,  the b od y  
f orce and  the su rf ace f orce i n the i- th step,  respecti vely .  

  can b e calcu lated  b y  the temperatu re vari ati on i n the 
i- th step  and the thermal expansion coefficient α,  as show n 
i n E q .  ( 8 ) :

I n the mold  su rf ace element method ,  the reacti on f rom the 
mold  to the casti ng  correlates to the d i splacement of  the su rf ace 
of  the casti ng ,  as show n i n E q .  ( 9 ) .

w here,  n i s the normal of  the su rf ace element,  mi nu s means the 
d i recti on of  the f orce i s opposi te to n,   i s the operati on of  tensor 
prod u ct,   i s the i ncremental d i splacement of  the 
su rf ace elements i n the i - th step,   i s the ef f ecti ve sti f f ness 
coefficient of the mold in the i- th step,  w hi ch i s ex pressed  as:

w here,  βm i s the sti f f ness coef f i ci ent of  the mold ,   i s the 
accu mu lated  d i splacement u nti l the ( i- 1 ) th step.  I t i s ex pressed  as:

T he af orementi oned  eq u ati ons consti tu te the mod els i n the 
nu meri cal si mu lati on of  casti ng  thermal stress.  B y  solvi ng  the 
li near sy stem show n i n E q .  ( 5 ) ,  the i ncremental d i splacement i n 
each step can b e calcu lated .  T hen the total d i splacement,  total 
strai n and  total stress can b e calcu lated  b y  u si ng  E q .  ( 1 2 ) ,  E q .  ( 1 3 )  
and  E q .  ( 1 4 ) ,  respecti vely .

2  Test case for MSE method
T he stress latti ce casti ng  w i th mu lt i ple cores of  d i f f erent 
hard ness w as u sed  to ex ami ne the appli cab i li ty  and  correctness 
of  the M S E  method .  M eanw hi le,  the resu lts f rom P RO C A S T  
w ere u sed  to vali d ate the M S E  method .

F i g u re 2  show s the g eometri c mod el of  the stress latti ce w i th 
cores of different hardness, among which the blue core is made 
of  hard  materi al ( i . e.  resi n sand )  and  the red  core i s mad e of  sof t 
materi al ( i . e.  sod i u m si li cate sand ) .  T ab le 1  d emonstrates the 
parameters i n the stress latti ce casti ng  process.

F i g . 2:   G e om e t ri c  m od e l of  s t re s s  lat t i c e  c as t i ng  p roc e s s  w i t h  
c ore s  of  d i f f e re nt  s t i f f ne s s

T ab le  1:  P aram e t e rs  of  s t re s s  lat t i c e  c as t i ng  p roc e s s

M at e ri al E las t i c  m od ulus  at
 20 º C  ( G P a) P oi s s on rat i o I ni t i al t e m p e rat ure  ( º C )

Casting ZG25 200 0.27 1,550

Hard core Resin bonded sand 100 0.3 20

Soft core Sodium silicate bonded sand 10 0.3 20

Mold Resin bonded sand 100 0.3 20

( 9)

F i g u re 3  show s the mod u lu s d i stri b u ti on on the mold  su rf ace 
elements w hi ch accord  w i th the parameters i n the casti ng  process.

Figure 4 demonstrates the final distribution of the stress and 
d ef ormati on of  the casti ng .  I n F i g .  4 ,  b ecau se of  the ob stacle 
of  the hard  core,  the thi n b ar of  the stress latti ce close to the 
hard core suffers from a great stress concentration and greater 
d ef ormati on;  theref ore i t has a g reater possi b i li ty  of  crack i ng .  

Contrarily, the effective stress on the thin bar close to the soft 
core i s mu ch smaller than that on the other si d e as the sof t core 
d oes not restri ct the shri nk ag e of  the casti ng .   

T he casti ng  si mu lati on sof t w are P RO C A S T  appli es the 
contact element method  to d escri b e the i nteracti on b etw een the 
casti ng  and  the mold .  H ere,  the compu tati on f or the same test 
case show n i n F i g .  2  b y  b oth the M S E  method  and  P RO C A S T  

Soft core

Hard core

( 8)

( 7)

( 12)

( 13)

( 14)

( 6)

( 5)

( 10)

( 1 1)
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F i g . 3 :    M od ulus  d i s t ri b ut i on on m old  s urf ac e  e le m e nt s

F i g . 4:   S i m ulat e d  s t re s s  d i s t ri b ut i on and  d e f orm at i on of  
s t re s s  lat t i c e  c as t i ng  d ue  t o c ore s  w i t h  d i f f e re nt  
s t i f f ne s s  b y M S E

F i g . 5 :   S i m ulat e d  s t re s s  d i s t ri b ut i on and  d e f orm at i on 
of  s t re s s  lat t i c e  c as t i ng  d ue  t o c ore s  of  d i f f e re nt  
s t i f f ne s s  b y P R O C A S T

T ab le  2:  R e s ult s  c om p ari s on b e t w e e n M S E  and  P R O C A S T  m e t h od s

M S E  m e t h od C ont ac t  e le m e nt  m e t h od  i n P R O C A S T  

The largest equivalent stress on Bar I (MPa) 452 487

The largest equivalent stress on Bar II (MPa) 331 362

The largest equivalent plastic strain on Bar I (MPa) 5.67E-2 6.20E-2

The largest equivalent plastic strain on Bar II (MPa) 2.23E-4 5.10E-4

The number of elements in casting 61,059 tetrahedron elements 61,059 tetrahedron elements

The number of elements in mold and cores 19,488 triangle elements 157,561 tetrahedron elements

Computation time (min) 42 573

are compared  u nd er the same compu tati on platf orm ( C P U :  
I ntel i 7 - 4 5 0 0 ;  M emory :  8 G ) .  T he resu lt b y  P RO C A S T  i s show n 
i n F i g .  5 .  F i g u res 4  and  d emonstrate si mi lar d i stri b u ti ons of  
thermal stress as w ell as the d ef ormati on.  T ab le 2  show s the 
specific numerical comparisons. Here, the thin bar next to the 
hard  core i s mark ed  as B ar I ,  and  the other thi n b ar nex t to the 
sof t core i s mark ed  as B ar I I .  O b vi ou sly ,  b oth the method s 
prod u ced  si mi lar resu lts.  B ecau se the M S E  method  u ses su rf ace 
elements ( 1 9 , 4 8 8  tri ang le elements)  to d escri b e the i nteracti on 
b etw een the casti ng  and  the mold ,  the compu tati on consu mpti on 
i s d ramati call y  red u ced .  T he t i me consu med  b y  the M S E  
method  i s merely  1 / 1 0  of  that of  the contact element method .
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452.71

422.06

391.41

360.76

330.11

299.47

268.82

238.17

207.52

176.87

146.23

115.58

84.93

54.28

23.63

Effective stress (MPa)

480.0
448.0
416.0
384.0
352.0
320.0
288.0
256.0
224.0
192.0
160.0
128.0
96.0
64.0
32.0
0.0

Effective stress (MPa)

F i g . 6 :  C onc av e  on s urf ac e  of  a p rod uc t

T hi s test case show s that the M S E  method  i s capab le of  
d escri b i ng  the complex  b ou nd ary  cond i ti ons b etw een the casti ng  
and  the mold .  M eanw hi le the preci si on of  the M S E  method  i s 
close to that of  the contact element method .

2 Verification of MSE method
T w o casti ng s w ere si mu lated  w i th the M S E  method ,  and  the 
results were compared with the real castings. The first one is a 
casti ng  u sed  on trai ns.  A s show n i n F i g .  6 ,  there i s a d epressi on 
at the center of  one f ace of  the casti ng .  F i g u re 7  i llu strates the 
nu meri cal si mu lati on resu lts.  I n F i g .  7 ,  the d ef ormati on of  
the casti ng  has b een mag ni f i ed  b y  5  ti mes so as to show  the 
concavi ty  more clearly .  
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F i g . 7:   S i m ulat i v e  c onc av e  on s urf ac e  of  a p rod uc t

T ab le  3 :  R e s ult s  c om p ari s on b e t w e e n M S E  m e t h od  and  
e x p e ri m e nt  ( d e p t h  at  p oi nt  A ,  m m )

S i m ulat e d  b y M S E E x p e ri m e nt

0.81 1.0

F i g . 8 :   E v olut i on of  d i s p lac e m e nt  along  X  ax i s  at  t h re e  p oi nt s  on c onc av i t y of  p rod uc t

T hree posi ti ons,  mark ed  as P oi nt A ,  P oi nt B  and  P oi nt C  are 
selected  on the concavi ty .  P oi nt A  i s located  at the center of  the 
d epressed  f ace,  w hi le P oi nt B  and  P oi nt C  are at the ed g es of  
the concavi ty .  F i g u re 8  show s the evolu ti on of  the d i splacement 
along  the X  ax i s at three poi nts on the concavi ty  of  the prod u ct.  
As the casting solidifies and shrinks, the displacement along the 
X  ax i s at P oi nts A ,  B  and  C  b ecome smaller.  B ef ore 1 1 6  s d u ri ng  

F i g . 9 :   G e om e t ri c  m od e l of  a c as t i ng  p roc e s s

the solidification, the shrinkage at Point A is less than those at 
P oi nts B  and  C .  H ow ever,  the shri nk ag e at P oi nt A  accelerates 
af ter 1 1 6  s and  b ecomes larg er than those of  P oi nts B  and  C .  
A f ter soli d i f i cati on,  the shri nk ag e at P oi nt A  i s 1  mm more 
than those at P oi nts B  and  C ,  resu lti ng  i n the d epressi on.  T hi s 
analy si s b y  nu meri cal si mu lati on accord s w ell w i th the resu lts i n 
the ex peri ments.

T ab le 3  show s the d ef ormati on resu lts f rom the M S E  method  
and  the ex peri ment.  I t i s clear that the si mu lati on resu lt accord s 
w ell w i th that of  the ex peri ment.

F i g u re 9  i llu strates another g eometri c mod el of  the prod u ct 
u sed  i n the trai n.  T hi s prod u ct f eatu res several planes.  H ow ever,  
there are some concaves on the u pper si d e of  the real prod u ct,  as 
show n i n F i g .  1 0 .  T he resu lts of  nu meri cal si mu lati on on the lef t 
of  F i g .  1 0  su ccessf u lly  pred i cted  the concave prob lem f ou nd  i n 
the reali ty .  
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4 Conclusion
T h i s paper presents a new  k i n d  o f  approach called  mold  
su rf ace element ( M S E )  method ,  w hi ch d eems the mold  as 
b ei ng  b ou nd ary  elements arou nd  the casti ng .  T he method  can 
describe the complex boundary condition of the mold efficiently 
and effectively, such as the casting process with mold parts of 
several different kinds of materials. As there is no calculation 
f or the strai n and  the stress of  the mold ,  the total compu tati on 
can be obviously reduced, and the efficiency and convergence 
can b e i mproved .  A ll the restri cti ons of  d i splacement are set 
au tomati cally ,  assu ri ng  the non- si ng u lari ty  of  the sti f f ness 
matr i x .  T w o pract i cal pro d u cts are u se d  to ver i f y  the 
appli cab i li ty  and  accu racy  of  the M S E  method .  T he resu lts show  
that the M S E  method  su ccessf u lly  pred i cts the d ef ormati on of  
the casti ng  f ou nd  i n the reali ty ,  provi d i ng  g u i d ance f or process 
optimization.
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