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 Abstract:  In this study,  we  investigate the  residual  stress  of  titanium carbicle  films with  the X-ray diffraction methed.
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 evaporated  TIC films by chemical  vapor  depesition. Therefore, in this paper, the X-ray stress  measurernent  for
 <110>-oriented  films was  formulated by intreducing the weighted  average  method.  The formulation showed  that the

 relation  between  the  stress  of  the  specimen  and  the strain  measured  by X-ray diffraction depended on  lhe  measured

 diffraction planes. Then, a stress  calculation  was  performed and  discussed based on  the loading  experirnents.
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1. INTRODUCTION

   Recently, ceramic  coating  has become  necessary  as  a

method  foT improving the material  surface  in terms  of

mechanical,  thermal, chemical  and  electrical peTfoTm-
ances.  Since titanium  compounds  generally have a higher
meiting  point and  superior  anticorrosion  properties in
comparison  with  iTon, the utilization  of  the compounds,

particularly, titanium carbide  (TiC) and  titanium nitride

(TiN), has increased,

   However,  the residual  stress  caused  by coating  has an
eiifect en  the performances of  films and  occasionally

leads to the generation of  exfoliations  and  cracks.  There-
fore, it is important to examine  the residual  stress  in
films. Stress measurement  by the X-ray difftaction
method  is effective for this examination.  By means  of

conventional  X-ray stress  measurement,  i.e,, the sin2th
technique,  it is possible to measure  the  average  internal
stress  within  the  X-ray penetration depth [1,2]. However,
the technique is often  inapplicable to films coaled  by
chemical  vapor  deposition (CVD) and  physical vapor

deposition (PVD), because the technique formulated for
the isotTopic elastic  theory  is not  app]icable  to the ani-

sotropic  films with  the preferTed oTientations such  as

<111>  and  <100>,  It is necessary  to get rid  of  the  incon-
sistency  for the X-ray stress  measurement,  In recent

yeaTs, X-ray stress  measuiements  for films with  [OOI],
[111] and  [110] fiber textures have been reported  by
Hanabusa et al. [3] and  others  [4-6].
   In this study, the X-ray stress measurement  for
<110>-oTieflted  materials  was  foimulated in terms of

anisotropic  elastic  theoTy. The improvements were

mainly  the intreduction of  the crystallite orientation

distribution afld  the X-ray stTess determination for the
nonlinear  relation  between measured  stTain and  sin2th  

,

where  th was  the angle  between the normals  to the difl
fraction plane and  the specimen  surface.  MoTeover, the

stress and  lattice constant  of  TiC filrns were  determined
by  the X-ray stress measurement,  and  the stress  detcTmi-

nation  was  discussed based on  the loading experiments.

2. X-RALY  STRESS  ANAI;YSIS  OF  <110>-ORIENT.

ED  FILMS

2.1. The X-ray Stress-Strain Relation of  Single Cubic
Crystal
   The crystal system  (C) is defined as  a  Cartesian co-
ordinate  systern so that the three axes,  Ci, C2 and  C3,
correspond  to the crystal orientations  [100], [OIO] and

[OOI] in single cubic  crystal, respectively.  As shown  in
Fig, 1, the intermediate system  (I) is formed as the coor-
dinate system  with  the I3 axis  along  the [1101 direction
from the C system  by the coordinate  transformation
   ,matnx

aij 
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(1)

   Rotating the I system  about  the I3 axis, the new  sys-

tem  is equivalent  to the sample  coordinate  system  (S)
with  which  the Si and  S3 axes  coTrespond  to the longitu-
dinal direction and  normal  diiection of  the specimen

surface,  respectively,  as  shown  in Fig. 2. The  coordinate

transfoTmation matrix  is expressed  by

Bij --cosr
 sinr  O

-sinr cosr  O

  O OI,

where  r is the rotation  angle  from the I to S system.

   The laboratory coordinate  system  (L) is defined so
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th2t the Iti axis  is normal  to the diffraction plane (hkl) by
the coordinate  transformation matrix  toij with  rotation

angles(O,th).

oij
 
-ncosthcosth  -sin(bcosthsinth

sinabcosab  -sinth

  cosO  O

sindisinth  costh

   The elastic compliance  Sijki in the S
tained  by  the coordinate  transformation

Sijkl=" rcia

(3)

system  is ob-

Xl'brckcXkdSCabcd , (4)

where  SCijkt is the elastic  comp]iance  of the C system  and

Xij is the transformation matrix  from the C to S system,

as  shown  in Fig. 3. MoTeover, averaging  the elastic  com-

pliafice S about  the S3 axis, the macroscopic  elastic

cornpliance  <S>  of  [110]-oriented films is obtained,

<s>=x=f(r)S(r)d7
X"f (r)d r'

toHSamp}esystem

s

Laboratorysystem

L

Biv XiJ' rij

at･Intermediatesys.

I

Crystalsystem

c

Fig, 3. Definitions of  coordinate  transformation tensors,

where  the weight  function f( r  ) is rated as the contrib
tion of  each  crystallite  orientation  and  the averaging

denoted by angle  brackets.

   Substituting the fo11owing transformation rules:

u-IS

ELij･ ==  ?'ikrjtECkt ,oCij  -- xkinijoSkl , 7'ij "= a)i.7toj , (6)

//g,g,:tgt
th,Z.t5̀g,:reSi,iY/oa

,h

"

p
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where  SX33ij is

EL33  = SX33ijaSij 
,

defined by

SX33ij -= r3.r3bSCabcdXicXjd =  tu3aCD3bSabij ,

  sX33ij -- (snvcos20+s22ijsin2o

        +  Si2ij sin  20 - S3wy ) sin  2 ab +  s3iij

        +  (S13ij COSdi  +  S23ij Sin th) sin 21t).

   Forsin2th

Cs

(7)

(8)

(9)

the principal stress  state and  ab=O, there is no

term in the X-ray stress-strain relation as follows:

(5)

EL33 = [CSIIn -Sl133 bSl +  CSI122 -S2233 bS2
    +(Sl133-S2as3PS3]Sin2th  (10)

    +Sl133USI+Sn33US2+S3333US3.

However,  Eq, (10) has nonlinearity  in the sin2  th diagram
because the elastic compliance  in the  S system  is a  func-
tion of  r ,

   The X-ray stress-strain  relations  have  been calculated
for the [111] and  [100] fiber textures  by Hanabusa et al.

[3] and  others  [4-6].

EL33as- iiSCo +2SCn  +SC44  sin2 th for[111]-

 t2sCn +  (S Cu  -sCn  isin2th for[1oo],

    sCo EsCn  rsCi2 -lsC44  
,

                     2

(11)

(12)

238

NII-Electronic  



The Society of Materials Science, Japan

NII-Electronic Library Service

The  Society  ofMaterials  Science,  Japan

X-Ray Stress Measurementfor <11e>-OrientedTiC  Films

T
 dlptben

 
hbx

 za-
 co

T
 esmbcb"exan

 ve

2

1

o

-1o

O,2

(a) TiC fiber mod

10

5

o

-5

(EL33)     1oS

 2

      1
    +-s
      2

tsCo(cos2r)+sCagtsin2th
Co+2sCn

 
,

(13)

 O.4 O.6

   sin2  th

el with  S Co=-

O,8

O.35TPa'1.

1

      O 02  O.4 O.6 O.8 1

                    sin2  th

     (b) Cu fiber model  with  S 
Ce=14.7TPa'i.

Fig, 4. Lattice strain distribution for <11O>-oriented
   model  of TiC and  Cu in biaxial stress state.

where  SCii, SCi2, SC44 are  the three independent compo-
nents  of  the elastic compliance  for single  cubic  crystal.

As shown  by each  straight line in Fig. 4, Eq. (11) has
linearity in the sin2 th diagram,

2.2. The X-ray Stress-Strain Relations of Polycrystal-
line Films
   Although  macroscopic  mechanical  behaviors of ori-

ented  film are  invariable for rotatioA  aTound  the S3 axis,

not  all  crystallites  contribute  to the X-ray diffruction;
oniy  those crystallites  that satisfy  the diffraction condi-
tion can  be measured.  Therefore, it is necessary  to aver-

age  the lattice strain by the weight  function from the

effective  crystallite  distribution of the X-ray difftaction.
The  averaged  Iattice strain <  E 

L3i>
 is obtained  from Eq.

(10) as  follows:

(Eis3i3).[sco(cos2r(i-gsm2r))+;sC44]sm2ib(i4)

     +gsCo(sin2r)+sCn  ,

where  the Reuss  model  in which  the stress  is assumed  to

be constant  [7], Biaxial and  uniaxial  stress  states  are

assumed  foi Eqs. (13) and  (14), respectiveiy.

   Measuring the diffraction plane (hkt) of  oTiented

films, the Si vector  along  the Si axis  and  the particular
angle  rp  for diffracted crystallites are uniquely  deter-
mined  because the L3 and  S3 axes  are given by [hkl] and

[110] in the  C  system,  respectively.

           S,-fa  -k, -fa -k>  21), (i4)

            7p=arctan(  Zi-kih). (is)

2.3. X-ray  Stress Anatysis for <110)-Oriented  TiC
Films
   The  values  of  E 

L3]1
 O  

S
 were  calculated  for TiC 420

diffractiofi with  (SCn, SCi2, SC44)± (2.10, -O.36, 5.61)

[lflTPa] [8] by Eq. (13). Thble 1 presents the numerical

results, In the calculation,  the Dirac delta function was
applied  for the ciystallite erientation  distribution f ( r),
because only  the crystallites with  the particular angle  r p

can  contTibute  to the dithaction, [abc] and  E  are  the

direction and  Ybung's modulus  along  the Si axis  for
measured  crystallites,  respectively.  For available  X-ray
difftaction planes, Fig. 4 (a) also shows  the numerica)
results  of  Eq. (13) in relation  to sin2  iP, , These values  aTe

slightly  clifferent from  the straight  line in Fig. 4 (a). For

&9･P,P?gE'iO,},Wll? ,TclC,;.lh,g.8] T,9g,Cli,Ig,SV,iE,b,fo,i ,CglPl e g
shown  in Fig. 4 (b), It is evident  that the largeT the SLo of

kble  1. Numerical values  of  E 
L33/

 o  
S
 and  Ybung  moduli

 from  the measured  planes for 420 for <110>-oiiented

     TiC  film in biaxial stress state (th <  60 deg).
hklth,degSin2thrp,degEL331oS,III'PaSl[abc]S11,lfTPaE,GPa

42024018,4O,10-9090-O,612[llO][110]2.27440,O

402042

402042

50.8O.60-125125-54.7S4.7O.7S6[lil][lll][11i]plll2.33429.2
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the elastic anisotropy,  the greater the nonlinearity  of

<110>-oriented  materials.  Generally, the conventional

sin2 th technique which  uses  the linearity is inapplicable
to <110>-oriented  materials. Therefore, it is necessary  to
determine the X-ray stress by a different calculation

without  ttsing  the linearity.

(1) Measurement for the difftaction plane {hkl}
   Since the  lattice strain  is obtained  from

EL3j =  
d-dodo,

Eq. (13) may  be expressed  as

               d=dolsoS+1),

(16)

(17)

where  S represents  the right-hand  side  of Eq. (13) and  d
and  do are  the stressed  and  unstressed  lattice spacings,

Tespectively.  Provided that the elastic constants  of  the
single  crystal  are  known,  S only  has the parameter (hkl),
Hereby, if the  diffraction plane can  be measured  in dif-
ferent th angles  as  (thi, di) and  (iP2, d2), Eq. (17) for
two  measured  values  (di, Si), (d2, S2) becomes  the si-

multaneous  equations  of  ( O 
S,
 do). Namely,

os.  d2-di

dlS2 
-
 d2Sl,do=dlS2

 -d2Sl

S2-Sl'(18)

(2) Measurement  for different difftaction planes
   The  X-ray stress and  lattice constant  ao,  instead of  do,
can  be determined from Eq. (17) by the least-squares
method  for nonlinear  parameters [9]. The  matrix  equa-

1.6

L2

1.6

S 1.2･totS

 1,6.Ege

 1.2'E6at

 1.6

1.2

Cr-K a

(a)ie,=oe Tic22o

(b)th.5e

(c)il).loe
TiClll

(d)th.lsO

50  100

Diffraction angle  2 e 
,
 deg

Fig. 5. DifiEraction pattern of  TiC  fi}m.

150

tion is obtained  by  the  method  fo

(ai, Si) as  fo11ows

 2(s,os+1}
aoiE]S,ls,oS+1)

   i

r  the measured  values

ao2si  (sioS +i
   i

  2(aos,P
   i

(6boJg)
-
 2 (S,oS + 1)R,

 
-
 E] aos, R,

    i ,

(19)

where  R=  aiO-ai  and  aiO  is an  estimated  value  for the
measurement  of the lattice constant.  Solving the matrix
equation  for (6ao, 6 oS)  by the iterative method,  the

stress and  lattice constant  can  be deteTmined from

ao =aoO  +Sao,oS  ..  oSO  +auS  
,

where  aoO and  oSO  are initial
constant  and  stress,  respectively.

3. EXPERIMENTS

(20)

estimates  of  the lattice

3.1. Specimen
   The specimen  is coated  with  TiC  film on  a piece of
high-speed cutting tool (JIS: SKH51)  by CVD.  CVD
coating  was  carried out four times with  3.6, 3.5, 3.7 and
3.7um  thickness. The  ihickness  of  the film is approxi-
mately  14,5"m  on  the 50-mm-long, 10-mm-wide and
5.7-mm-thick  substrate.  Figure 5 shows  the  relation

between  the th angle  and  the X-ray diffraction intensity.
It is understood  that there is a  preferred orientation  with

<110>.

3.2. X-ray Stress Measurement
   An X-ray instrument with  parallel beam  optics was

used.  The difftaction profiles of  TiC 420 by CoKa
X-rays were  measured.  These measurement  conditions

are  listed in [fable 2. The  diffraction intensity and  difrac-
tion angle2e  were  measured  around  th=18 and  51 deg
for the TiC420  diffraction, because the angles  are deter-
mined  by the crystallographic  relation, as shown  in [Ilible
1. Then, two angles  of(thi,  th2) in the intensity peak
were  calculated  by parabola approximation,  and  (2 e i, 2
O2) at  these  peak positions were  determined by  the

1[hble 2, Condition ofX-ray  stress measurement.
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Fig, 6.Difftaction angle  and  Iattice stTain distribution of

        TiC420measurement.

linear approximation  shown  in Fig, 6, Finally, the X-ray
stress was  determined by the following equation  ob-

tained from the Bragg condition  2dsin e =n  A and  Eq.
(18):

os=-  sine2-sinel

s2 sine2  -s, sin e,
(21)

3.3. Comparison between X-ray Stress and  Applied
Stress
   The measured  stress oS  by Eq, (21) was  compared

with  the applied  stress oA  by a small  four-point bend-
ing jig in order  to verify  the effectiveness  of  the X-ray
stress  measurement.  The  applied  strain  E 

A
 was  measured

using  a strain gage on  the substrate, and  the applied

stress  was  calculated  as  the product of  the mechanical

elastic costant  and  the applied  strain, The  macroscopic

elastic constant  EA=444.26 GPa  was  calculaied  by Eq.
(5). Then, the X-ray strain was  calculated  by Hooke's
law ESii=  Sll OSi  in the S system,  For two  specific

angles  (th i, th2)=(18.4, 50.8) deg, these  values  of  Sii
along  the Si axes  were  estimated  as  (2.27, 2.33)frPa, as
shown  in Table 1.

(23)

4. RESUIJTS  AND  DISCUSSION

4.1. Residual Stress Vhlue of  TiC Film
   The  X-ray stress was  determined by Eq. (21) for TiC
420  diffraction from  the measured  values  of  (th i, 2e  i;
ib2,  2e?)=(21.4, 134.6; 49.5, 135.5)deg. Then, the lat-
tice constant  ae=O.4335nm  and  diffraction angle  2eo=
134.97 deg were  calculated  by Eq. (18). Table 3 presents
the X-ray stress values  by the present method  and  those

obtained  by the isotropic Reuss model.  In the isotropic
Reuss model,  the stress is cleterminecl by

where  the unstressed  diffraction angle  2ee  was  meas-

ured  from the  TjC  powder.
   High compressive  stresses  were  measured  in the film
and  the absolute  value  of  stress  was  smaller  for the pre-
sent  method  than for the isotropic Reuss model.

4.2. Applied  Stress VAIue
   The  experiments  were  conducted  under  the condition

of  the applied  strain  values  O, O,50× 10'3 and  1.o× lo'3,
[Ilable 4 and  Fig. 7 show  the results and  the relation be-

 Table 4, Applied and  X-ray strain and  stress values,

AppliedApplied X-ray X-raystrain
'stram

stTess stress EXno'3along

E"flo'3oA,MPaoX,GPaSlforth1,th2

o o -2.33 -5,30,-5.44

O.50 222.1 -2,08 -4,73,-4.85

1.0 444.3 -179 -4,06,-4.16

po-

×

X-
 ve<,sNtz

 ta
 di'

×

1.5

1

O,5

''''''''''''''''''''a

 ..ttt'''l'''t'''''i'''

i

'''''J'''''''

'  th1A

 lt)2

't'''''''

Fig. 7.

 O O.5 1 1,5

        Applied strain E 
A,

 × lo-3

Di£ference between applied  and  X-Tay strain fbr
        TiC420  diffraction,
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stress  states.  The redttced  strain was  represented  in order
to iower the infiuence of residual  stress.  TheTe is a  dif-
ference between  the applied  strain and  the reduced  X-ray
strain.  It is evident  that the X-ray strain  is not  necessarily

equivalent  to the macrostrain.  Since the measured  crys-

taliites in the  specimen  only  satisfy  the X-ray difftaction
condition,  the number  of  measured  crystallites is far less
than the number  of  crystallites  centributing  to the applied
strain. Provided that all crystallites  are measurable  by
X-ray diffraction, the  averaged  X-ray strain  may  ap-

proximate the applied  strain. As  a  series of  experiments,

it is necessary  to verify  the X-ray stress  measurement  for
<110>-oriented  films by a loading test, inclusive of  the

measurement  of  the mechanical  elastic  constants,  and  to

take the imperfectly oriented  films and  the interaction
among  crystallites  into consideiation.

5. CONCLUSIONS

(1) The X-ray stress measurement  for <110>-oriented

films was  foTmulated, The X-ray stress-strain  relation

revealed  nonlinearity  in the relation  between  the lattice
strain and  the sin2th for the dependence of  difftaction
planes.(2)

 If two  kinds of  cliffiaction planes, fbr instance 420
and  402  planes, are measurable,  then X-ray stress deter-
mination  without  the unstressed  lattice spacing  was

manifested  for <110>-orienteci  materials. Moreover, for
the measured  data of  plural dithaction planes, the X-ray

stress  determination was  proposed by the least-squares
method  for nonlinear  parameters.
(3) The stress  detefmination was  applied  to the present
TiC film coated  by  CVD  since  the specimen  had a <110>

preferred orien{ation  normal  to the  specimen  suTface.  As
a result, compressive  stTess could  be measured  in the
film,(4)

 It was  possible to calculate  the elastic  constant  of

measured  crystallites and  the strain value  by the X-ray
diffiaction method.  It was  evident  that the values  were

not  always  equai  to macroscopic  values.
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