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TiC layers were chemically vapour deposited at 1273 K on Fe-C substrates with carbon con- 
tents between 0.06 and 1.20wt% C. X-ray diffraction stress analyses showed that large com- 
pressive stresses are present in the TiC coatings and that small tensile stresses are present in 
the substrates. The stresses developed during cooling from the deposition temperature to room 
temperature, owing to the difference in thermal shrink between coating and substrate. How- 
ever, stress relaxation was also evident. This was provoked by the phase transformation 
processes occuring in the substrate on cooling. Stress relaxation was hindered when grain- 
boundary cementite formed in the substrates. The stresses present in the TiC coatings on sub- 
strates without grain-boundary cementite can be predicted quantitatively. 

1 .  I n t r o d u c t i o n  
TiC coatings are widely used for their excellent wear 
and corrosion resistance. For example, coating of 
cutting and forming tools with TiC prolongs their 
lifetime considerably [1]. 

Chemically vapour deposited (CVD) TiC layers on 
steels exhibit large internal stresses [2-4]. These stresses 
control to a great extent the adherence of the layer to 
the substrate and can also influence the fracture, 
fatigue, wear and corrosion resistance of the coating- 
substrate composite [5]. However, a full understand- 
ing of the development of (residual) stresses in both 
coating and substrate is lacking. 

This contribution concerns the stresses in the CVD 
TiC layers and in the corresponding Fe-C substrates 
as determined by X-ray diffraction without layer 
removal. The development and subsequent partial 
relaxation of the stresses are explained quantitatively. 

2. Specimen preparation 
Fe-C substrates, with carbon contents between 0.06 
and 1.20 wt % C, were prepared from powders of iron 
(Ventron, 99.999 wt %) and graphite (Ventron, F.R.G., 
99.5 wt %). All substrates (diameter 30 mm and thick- 
ness 10mm) were mechanically polished (final stage 
1/zm diamond), ultrasonically cleaned in ethanol, 
degreased with freon and etched in a 2% nital solution 
prior to coating with TiC. 

The CVD process was carried out in a standard 
industrial reactor system (Bernex Co., Switzerland). 
TiC was deposited during 5 h at 1273 + 5 K from H2 
gas with 3 vol % TiCI4, at a total pressure of 6.7 kPa. 
However, a number of substrates were coated in a gas 
atmosphere containing also 3vo1% CH4. In those 
cases not only carbon from the substrate, but also 
carbon from the gas atmosphere contributed to the 
TiC formation. 

After layer deposition the specimens were allowed 
to cool in the reactor in a protective H2 atmosphere; 
this took about 2 h. 

3. X-ray diffraction strain and stress 
determination 

X-ray diffraction stress determination according 
to the sin2O method [6] is based on the following 
relation: 

- d o  

¢'~' - do 

_ !~,kl~ sin2~ (l) - -  s ~ k l ( f f  1 ~ -  0"2) -~- 202 u ,  

_hkl where h k l are the indices of the Bragg reflection, ~ 
is the strain of the (h k l) spacing in the direction (~b, ~) 
(cf. Fig. 1), d is the spacing of the (hk l )  planes as 
obtained from the peak position of the Bragg reflec- 
tion measured for the direction (4, ~), do is the 
strain-free (hk l )  spacing, 0-1 and 0-2 are the principal 
stresses in the plane of the specimen surface (0-3 = 0), 
a~ = al cos 2 q5 + 0-2 sin2 q~ and S~ kt and ~,21 ~hk~ are the 
so-called X-ray elastic constants for the (h k l) planes. 

For the TiC coatings and the substrates investi- 
gated, a plot ofd4, O against sin 2 ~ (Fig. 2) indeed yields 
a straight line as prescribed by Equation 1. Without 
any  knowledge about do, still an accurate stress 0-4 
(error < 1%) can be obtained from the slope of the 
straight line, because, for that purpose, it is allowed to 
replace do by d4,~=0 in the denominator of Equation 1. 
For the specimens investigated it was experimentally 
verified that 0"~ did not depend on ~b, which implies 
that 

0"t = 0"2 = a~ = all (2) 

The X-ray elastic constants used for the TiC coat- 
ings were calculated from the single-crystal elastic 
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Figure 1 Definitions of angles ~b and O. In the e) diffractometer ~k is 
measured along the o) circle. 

constants of TiC0.gl [7] by using the Eshelby-Kr6ner 
model [8]: 

SI hk' = ( -0 .390  - 0.177F)10-6MPa -1 (3) 

x~hkt (2.55 + 0.53F)10-6MPa -I (4) 
2 ~ , 2  ~-- 

where F = ( h 2 k  2 + k212 + lZh2)/(h  2 + k 2 -b lZ) 2. 
From Equations 3 and 4 it follows that TiC is elasti- 
cally nearly isotropic. 

The X-ray elastic constants used for the ferrite 
matrix of Fe-C substrates were calculated from the 
single-crystal elastic constants of pure iron [8] by using 
also the Eshelby-Kr6ner model: 

S~ kt = ( -1 .88  + 2.54F)10-6MPa - '  (5) 

1 chkl (7.61 7.61 F)10-6 MPa -1 (6) 

Numerical values for the elastic constants used in 
the present investigation are given in Table I. 

For the stress measurements Siemens ~o diffrac- 
tometers (type F and D500), with a graphite mono- 
chromator in the diffracted beam, were employed. The 
equipment settings for the reflections chosen are given 
in Table II. During the stress measurements, the 
specimens were rotated around an axis perpendicular 
to the specimen surface (cf. Equation 2). The choice of 
the reflections was mainly based on constraints of 
(i) minimal overlap with adjacent reflections, and 
(ii) large 20 values to obtain a high accuracy in the 
determination of the lattice spacings and to be able to 
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Figure 2 do, ~ against sin2~ for the 422-CuKct reflection of a TiC 
coating and for the 2 1 1-CrKct ferrite reflection of its F e - C  
(0.27 wt % C) substrate. Deposited with CH 4 in the gas phase. 

reach a large specimen tilt (0 in Fig. 1) in the co 
diffractometers. 

The measured profiles were corrected for (i) the 
dead time of the counting system, (ii) a linear back- 
ground fitted to the extremities of the profile recorded, 
(iii) the angle-dependencies of Lorentz-polarization 
[10] and absorption factors, and (iv) the presence of 
K~2 radiation [11]. Thereafter, the peak positions were 
determined by fitting a parabola to the peak region of 
the profiles. Systematic (small) errors in the peak posi- 
tions, due to defocusing (increasing with increasing 
0), were eliminated by calibration against stress-free 
reference samples. From the peak positions thus 
found, the lattice spacings were calculated. 

T A B L E  I The elastic constants, at room temperature, and the 
linear expansion coefficient, ~, used for the TiC coatings and the 
F e - C  substrates. The X-ray elastic constants, S~ k/ and ~S~1 h~t, 
Young's  modulus, E, and Poisson ratio, v, were obtained from the 
single-crystal elastic constants of TiC0.gl [7] and pure Fe [8] by using 
the Eshelby-Kr6ner  model [8]. For  the combined 5 1 1/3 3 3 reflec- 
tion, the constants for the 5 1 1 and the 3 3 3 reflections, as obtained 
from Equations 3 and 4, were averaged using the multiplicity factors 
of the lattice planes as weighing factors 

4 2 2  

TiC F e - C  

5 1 1 / 3 3 3  211  

S~ kl (10 -6 MPa - t )  --0.434 - 0 . 4 1 4  - 1.25 
1 hk l  ~S~ (10 6 M P a - l )  2.68 2.62 5.71 

E (GPa) 449 212 
v 0.191 0.291 

(10 -6) (K - t )  7.6 [9] see Section 4 

4. Results 
4.1. Residual stresses in the TiC coatings 
Large compressive stresses are present in all TiC coat- 
ings (Table III). The results from the 422-CuK~ and 
the 511/333-CoKfl reflections are the same within the 
experimental error, indicating a consistent data 
evaluation. 

The stress in the TiC coatings parallel to the 
coating/substrate interface depends on the carbon 
content of the substrate (cf. Table III). There is prac- 
tically no difference in stress between TiC coatings 
deposited with and without C H  4 in the gas phase. The 
main differences between the TiC coatings deposited 
with and without c n  4 a r e  the coating thickness and 
the degree of preferred orientation of the crystallites 
(texture). The coating thickness increases with the 
carbon content of the substrate (Table III), and is 
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T A B L E I I Conditions for X-ray diffraction measurements 

TiC coating 

Reflection 4 2 2 -CuKc~ 

Ferrite substrate 

5 1 1/3 3 3-CoKfl 2 1 I-CrK~ 

X-ray tube operated at 50 kV, 25 mA 45 kV, 22 mA 55 kV, 20 mA 
Divergence slit 1 ° 0.781 ° !-" 

Receiving slit 0.05 °20 0.137 ° 20 0.15 ° 20 
20 range 117-127 ° 145-159.9 ° [50-162 ° 
20 step size at e) = 0 0.04 ° 0.10 ° 0.05 ° 

at o3 > 0 0.05 ° 0.10 ° 0.05 ° 
Counts at peak ~ 3000 ~ 1500 ~ 2000 
Diffractometer (Siemens) D500 F D500 

larger for coatings deposited in the presence of CH4 
than for coatings deposited in the absence of CH4. 
Texture analyses have shown that in all TiC coatings 
a weak to moderate ( 1 1 0)-fibre texture is present and 
that in TiC coatings deposited in the presence of CH4 
also a weak, secondary (3 2 1)-fibre texture com- 
ponent exists (see also [12]). It appears that, for the 
same substrate, both coating thickness and texture 
have no effect on the residual stress in the TiC coatings 
investigated. 

A stress gradient in the present TiC coatings is 
unlikely because: (i) the d¢.~ against sin:0 plots yield 
a straight line in all cases (cf. Fig. 2) (penetration 
depth decreases with increasing 0) and (ii) it was 
experimentally verified that for different coating thick- 
nesses on the same substrate the same stress is found 
(cf. Table III with CH4 versus without CH4). This was 
consistent with the finding that the carbon concen- 
tration is almost constant over the thickness of the 
TiC coatings [13]. 

4.2. Residual stresses in the Fe--C substrates 
Because of the absorption of the X-rays by the TiC 
coating, substrate-stress measurements could not be 
performed if the coating thickness exceeded about 
12 pm. So only substrates with a low carbon content 
were analysed (cf. Table liD. The substrates show a 
very small tensile stress in the region adjacent to the 
TiC coating (Table IV). It was expected that the 
stresses in the substrates with a higher carbon content 
were of the same order of magnitude. This was con- 
firmed by an additional experiment performed with a 
substrate of high carbon content (1.0wt%C, see 

Table IV), where the coating thickness was about the 
limiting value of 12 #m (see above). 

5. Discussion 
5.1. Development of thermal stresses and 

strains 
Stresses in coating and substrate develop during cool- 
ing from the deposition temperature (1273 K) to room 
temperature by the difference in thermal shrink 
between the TiC coating and the Fe-C substrate. At 
the deposition temperature the Fe-C alloys are aus- 
tenitic. On cooling, a "normal" thermal shrink of the 
Fe-C alloy occurs until, at a certain temperature 
(depending on the carbon content of the alloy), in the 
hypo-eutectoid alloys ferrite and in the hypereutectoid 
alloys cementite starts to form. On further cooling 
these processes continue until, at the eutectoid tempera- 
ture, all remaining austenite transforms to pearlite 
[14]. The total result of these phase transformations, 
which occur in a temperature range, is a volume 
increase of the alloy. During further cooling to room 
temperature a "normal" thermal shrink occurs again. 
For all Fe-C alloys investigated, cooling from the 
CVD temperature to room temperature yields a net 
shrink (see also Fig. 3). TiC experiences only a 
"normal" thermal shrink. 

In the absence of delamination, the difference in 
thermal shrink between coating and substrate has to 
be bridged at the coating/substrate interface. The TiC 
coatings are very thin as compared with the sub- 
strates. Then, according to a simple model based on 
elastic accommodation of strains, mechanical equi- 
librium and a homogeneous stress distribution in 

T A B L E I I I Experimental stresses (all , see Equation 2), experimental strains (ell , see Equation 7) and calculated strains (thermal strain 
s'r~ , see Section 5,1), parallel to the coating/substrate interface, in CVD TiC coatings of thickness t on Fe -C  substrates. Relative errors are 
indicated 

Carbon content eilh(10 -3) TiC deposited without CH 4 TiC deposited with CH 4 Reflection 

substrate _ (%) _ 811h (h k l) 
(wt % C) £T,II (MPa) ~;il (I0-3) el i ~ ~h t (l~m) o-ii (MPa) ell (10 -3) ell - -  I t ( ~ m )  (%) e,. 

0.06 ± 0.01 -5 .11  -2270  -4 .09  20 1.6 - 2 3 3 0  -4 .20  18 2.4 422 
0.27 ± 0.01 -5 .28  -2300  --4.14 21 7.1 - 2 3 3 0  -4 .19  21 9,2 422 

-2420  --4.37 17 - 2 3 5 0  -4 .23  20 511/333 
0.48 ± 0,02 - 6 . 0 4  -2715  -4 .89  19 13 .5  - 2 5 3 0  -4 .56  24 14,9 422 
0.76 _+ 0.04 - 6 . 4 6  -3100  -5 .59  14 15 .9  -3030  -5 .46  16 20.0 422 
0.93 _+ 0.05 - 6 . 9 0  -3240  -5 .85  15 17 .3  -3120  -5 .63  18 23.5 422 

-3170  - 5 . 7 2  17 -3110  -5 .60  t9 511/333 
1.2 ± 0.06 - 8 . 7 0  -3280  --5.90 32 21.6 -3180  --5.73 34 27.8 422 

Error: _+5% _+2% + 2 %  - -+5% -+2% _+2% - ± 5 %  - 
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Figure 3 Relative shrink, ~q/l, of  TiC (see 
Table I) and of  an F e - C  alloy with 
0.48 wt % C [16] during cooling from the 
deposition temperature to room tem- 
perature. The expected strain, s~h, and the 
strain, ~]u~, that would occur if the coating/ 
substrate assembly was strain-free at the 
eutectoid temperature, are indicated. 

both coating and substrate [15], it follows that the 
difference in thermal shrink between coating and 
substrate will be predominantly assimilated by the 
coating. 

The net shrink of the Fe-C alloys is larger than of 
TiC (cf. Fig. 3) and therefore, a compressive stress is 
expected in the coatings. This agrees with the experi- 
ments (see Table III). For a quantitative comparison 
with the experiments the expected strain in the coat- 
ing, ell h, is calculated as depicted in Fig. 3 (the coating/ 
substrate composite is assumed to be strain-free at the 
deposition temperature). The carbon-content depend- 
ent shrink of the substrates was taken into account 
using literature data [16]. The results are gathered in 
Table III. The theoretically predicted thermal strain, 
e~h, increases with the carbon content of the substrate. 
This is mainly due to the decrease of the volume 
change during the phase transformations with increas- 
ing carbon content. 

In Table III the expected strains, ell h, are com- 
pared with the experimental strains, ca. For that com- 
parison not the macrostrain at ~b = 90 ° of the ( h k l) 
lattice spacing (e~%0o in Equation 1), but the macro- 
scopic strain, sll, i.e. an average over all crystallites, is 
needed. This is simply related to the experimental 
stress, m~, by 

1 - - v  
sll = E a!l (7) 

where v is the Poisson ratio and E is the Young's 
modulus of the coating (see Table I). 

The experimental residual strain, ell, in the TiC 
coating is 14 to 34% smaller than the theoretical 
estimate, e~h (cf. Table III). The substrate region 
adjacent to the TiC coating assimilates only 2 to 5% 
of the theoretical thermal strain, e~h (cf. Table IV). 
Hence, in all cases the experimental residual strain in 

the TiC coatings is smaller than the expected, theoreti- 
cal strain. 

5.2. Relaxation 
After cooling, neither fracture nor delamination of the 
TiC coatings was observed (according to light micro- 
scopical as well as scanning-electron microscopical 
analysis). Then, it can be concluded from the dif- 
ference between the theoretical and experimental 
strains that stress relaxation has occurred. 

Relaxation induced by (recovery) processes in the 
TiC coating is not likely since the yield strength [17] 
and hardness [18] of TiC are high at the temperatures 
occurring during the experiments. On the other hand 
the substrates have a low yield strength at the higher 
temperatures of the experiments [19]. 

It is assumed that stress relaxation is predominantly 
caused by the phase transformations occurring in the 
substrates on cooling, cf. [3]. This is sustained by 
Fig. 4, where the experimental strain s~, (Equation 7) 
and the strain e~ ut, that occurs if the coating/substrate 
composite would be strain-free at the eutectoid tem- 
perature (i.e. after the completion of the phase trans- 
formations (see Fig. 3)) are plotted against the carbon 
content of the substrate [16]. e,] ut is nearly independent 
of the carbon content of the substrate. Clearly, a 
fair agreement between e, and e~,t exists (Fig. 4). For the 
TiC coatings on the low carbon content substrates e~ut 
is a little larger than the experimental strain (Fig. 4), 
so some stress relaxation after the phase transfor- 
mations is not to be excluded in those cases. 

For the TiC coatings on substrates containing 
0.76, 0.93 and 1.20wt % C e~ut is somewhat smaller 
than the experimental strain. In these substrates the 
formation of grain-boundary cementite, which hap- 
pens before austenite transforms to pearlite, probably 
hinders a full relaxation of the instantaneous strains. 

T A B  LE IV Experimental stresses (%, see Equation 2) and experimental strains (ell , see Equation 7), parallel to the coating/substrate 
interface, in F e - C  substrates coated with CVD TiC. Errors are indicated. 

Carbon content Fe-C coated without CH 4 Fe C coated with CH 4 Reflection 

substrate (wt % C) (MPa) (10 3) (MPa) ~tl (l 0 3) (h k / )  
rrlt ~ll ~lt 

0.06 + 0.01 33 0.11 45 0.15 211 
0.27 ___ 0.01 68 0.23 88 0.30 211 
1.00 4- 0.05 74 0.25 - 211 

Error: + 10 + 0.03 + 10 + 0.03 - 

1 7 0 4  
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Figure 4 Experimental strains, eli, in CVD TiC coatings on Fe-C 
substrates against the carbon content of the substrate. The strain e~,t 
is calculated from the difference in thermal shrink between coating 
and substrate, that develops during cooling from the eutectoid 
temperature to room temperature (see section 5.2, last paragraph). 
(CVD with CH4: (Ill) 422-CuKc¢ and (A) 51 l/333-CoKfl; CVD 
without CH4: (E?) 422-CuKc~ and (,x) 511/333-CoKfl). 

Note that the formation of grain boundary cementite 
in the substrate containing 0.76 wt % C (see Fig. 5) is 
caused by the presence of chromium, which shifts the 
eutectoid composition of the Fe-C system to a smaller 
carbon content [20]. The chromium, which had dif- 
fused into the substrate region adjacent to the TiC 
coating, originates from the environment in the CVD 
reactor (see discussion in [13]). The thermal shrink of 
the substrates is not influenced by the presence of 
chromium, because the surface region in which it is 
present (about 5 #m thick) is very small as compared 
to the thickness of the substrates (see Section 2). 

6. Conclusions 
Large compressive residual stresses occur in TiC 
layers chemically vapour deposited on Fe-C sub- 
strates. Small tensile residual stresses occur in the 
substrate region adjacent to the TiC layers. 

The stresses in the TiC layers deposited with and 
without C H  4 in the gas phase are practically the same 
irrespective of differences in texture and coating 
thickness. 

The stresses are induced by cooling after deposition. 
The experimental strains are up to 35% smaller than 
the strains predicted from the difference in shrink 
between TiC and the Fe-C alloys provoked by the 
cooling from the CVD temperature to room tem- 
perature. Relaxation of the thermal stresses is induced 
by the phase transformation processes in the substrate 
region adjacent to the TiC coating. Minor surface 
modification of substrates (e.g. decarburization or 
in-diffusion of impurities) may influence the relax- 
ation behaviour significantly. 

In coatings on hypo-eutectoid Fe-C substrates all 
stresses built up by cooling from the CVD tem- 
perature to the eutectoid temperature completely 

Figure 5 Optical micrograph of a cross-section after nital etching of 
an Fe C substrate containing 0.76 wt % C where chromium had 
diffused into the substrate region adjacent to the TiC coating (chro- 
mium originates from the CVD reactor environment). In this region 
at the grain boundaries an (Fe, C0-carbide (arrows) is formed 
owing to the presence of chromium. 

relax. This can be ascribed to the phase transfor- 
mations occurring in the substrate. In coatings on 
hypereutectoid Fe-C substrates a complete relaxation 
above the eutectoid temperature is hindered by the 
formation of grain-boundary cementite. 
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