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Mechanical measurement of the residual stress in thin PVD films 

R.O.E. Vijgen, J.H. Dautzenberg 
Eindhoven. University of Technology. Department of Mechmicul Engineering, P.O. Box 513 5600 MB Eindhoven. The Netherlands 

Abstract 

A practical mechanical bending plate method is proposed to calculate the residual stress present in thin physical vapour deposition films. 
A thin circular foil of stainless steel is coated with TiN, using an unbalanced magnetron sputtering technique. Sectioning of this foil into 
narrow strips leads to an easily measurable radius of curvature. With the help of calculations based on the finite element method it is shown 

that, if the width-to-length ratio is small, the analytical formula of Senderoff is valid. Above a certain width-to-length ratio, serious errors in 
calculated stress values are introduced using Senderoff. The second part of this paper describes the influences of the deposition parameters of 
TiN on the residual stress in the coating. An increase of the bias voltage results in a higher compressive stress, varying from -4.2 to - 7.2 
GPa. Experiments with different substrate materials show that the growth stress is independent of the substrate material. The total residual 
stress present in the coating increases with a higher magnetron current and a lower working gas pressure. 

There was excellent agreement between the results of the proposed method and X-ray diffraction ( Seemann-Bohlin). 

Keywords: Stress; Physical vapour deposition; Steel; Titanium nitride 

1. Introduction 

Residual stresses in coatings influence the mechanical 

properties such as hardness, fracture strain and adherence 
[ 1,2]. These stresses arise because of the expansion mis- 

match between the coating and the substrate exposed to a 

temperature gradient (thermomechanical stresses) and 

growth stresses. The growth stress originates from rapid 

solidification and intense ion bombardment. Both phenomena 

result in all kinds of lattice imperfections [3]. Residual 

stresses can be measured with a X-ray diffraction (XRD) 

[4,5] or a mechanical “bending plate method” [ 6,7]. The 

XRD method is based on measurement of the change in the 

lattice plane distance of a certain hkl plane set for different 

orientations of the specimen [8]. With the bending plate 

method the change in curvature of a substrate is measured 
which is a result of the present residual stress in the deposited 

coating. This method is preferred to.XRD because of the 
practical use in the job-coat industry. The choice of the rela- 
tion between substrate deformation and coating stress 

depends on the maximum substrate deflection. If the maxi- 
mum mid-plain deflection is in the order of the plate thick- 
ness, the relations based on the plate theory of Kirchhoff are 

used. Such small deflections, however, require an accurate 
measuring system leading to time consumable displacement 
analyses. In the case of large deflections, Senderoff’s stress 
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formulas are used (Appendix A), which are based on the 
elastic beam theory [ 91. 

This theory is only applicable if the width-to-length ratio 

of the substrate is small. The validity of Senderoff s formula, 
regarding the substrate geometry used, is checked by means 
of the finite element method (FEM) . 

This paper describes a method that can easily be used in 
the job-coat industry. Results are presented of the calculated 
residual stress of TIN as a function of the substrate material, 

the bias voltage, the magnetron current and the argon pres- 

sure. The calculated residual stresses obtained from the bend- 

ing foil method are compared with the XRD stress analysis. 

2. Experimental set-up 

All coatings are produced with a Teer UDP 350 4-RF 
system [ IO] using 4 unbalanced magnetrons (Type II), a 
closed magnetic field configuration, an optical gas control 
and a radio frequency (r.f.) bias supply. The TIN coatings 
are deposited on a stationary substrate, using only 1 magne- 
tron. In all experiments the distance substrate-target (D,,) 
was 130 mm. 

The standard coating cycle (Table 1) consists of a clean- 
ing procedure, a deposition stage and a cooling down period. 
During sputter cleaning the bias voltage was - 1000 V and 
the magnetron was set to a constant current of 0.2 A. This 
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Table 1 
The standard coating cycle of a TIN coating. The run consists of a cleaning 

procedure, a deposition stage and a cooling down period 

Cleaning procedure 

15 min ultrasonic cleaning in alcohol 

Pumping down vacuum chamber until p < IO-’ Pa 

Inlet of argon until P = 0.3 Pa 

30 min sputter cleaning 

bias voltage, V, = - 1000 V; magnetron current, Imaa = 0.2 A 

Deposition stage 

Bias voltage, V, = - 150 V; magnetron current, I,,,% = 7.5 A 

Inlet of nitrogen 

Decrease of V,, to the desired value 

Cooling down 

way more ions were ejected into the plasma leading to a 

higher cleaning efficiency. Furthermore, the target was 
cleaned and residual oxygen is gettered by the metal. In the 

deposition stage the bias voltage was decreased down to 
- 150 V and a metallic titanium coating of approximately 50 
nm deposited by increasing the current of the magnetron to 

the desired value (normally 7.5 A). The titanium intensity 
(1,) was measured with an optical emission monitor and set 

tol(55% of the initial value of Z,) . Inlet of nitrogen decreases 
the intensity from I0 to I. After the intensity of titanium was 

set, the bias voltage decreased to the desired value and held 

constant during the deposition of TiN. For all reported exper- 

iments it has to be mentioned that no parameter was changed 
during the deposition of TIN. The chemical composition of 

the produced coatings ranges from Ti, 52N0 48 up to Ti,,,,N,,h, 
(Rutherford backscattering spectroscopy (RBS) measure- 
men ts) . 

A circular thin foil (substrate, thickness 70 pm) was 
mounted in a substrate holder. A chamber was machined into 

the holder that allowed the substrate to move in a radial 
direction (Fig. 1) . Shortly after TiN deposition, the temper- 

ature was measured with a calibrated infrared temperature 

monitor. 

Due to concentricity of the substrate and coating no 

remarkable bending occurred. The circular substrate was sec- 

tioned into small rectangular strips (beams) with a width of 
0.2 mm and a length of 30 mm, using a shearing machine. 
The radius of curvature was measured with a calibrated over- 

head projector (Appendix B). The coating thickness was 
measured with a modified ball crater method (Appendix B) 

Fig. 1. Schematic drawing of the substrate holder used. 

using an electro-sparking machine. The depth of the eroded 

hole greatly influences the accuracy of the measured coating 

thickness. Using this equipment results in the accurate obtain- 
ment of the prescribed erosion depth. An error analysis of the 
used method was performed (Appendix B) and applied to 
all the measurements. The estimated error ( +S,) is pre- 
sented in the figures as an error bar. 

3. Results 

The validity of Senderoffs theory, with respect to the 

width-to-length ratio (w/Z), is checked with the help of finite 

element calculations. In Fig. 2, the radius of curvature is 

shown as a function of the width-to-length ratio of a 75 km 
thick substrate made of stainless steel. The initial stress in a 

1.65 pm thick TIN coating is - 5.3 GPa applied in two- 
dimensions parallel to the surface. The physical constants 
used are summarised in Table 2 [ 1 l-131. It is evident from 

this figure that the radius of curvature remains constant below 

a width-to-length ratio (w/Z) of 0.07. Comparison of the 
results of Senderoff’s mode1 and the finite element calcula- 
tions gives excellent agreement for a width-to-length ratio 

below 0.07. Above this value, serious errors are introduced 
with regard to the calculated stress using this analytical for- 

mula. 
The total residual stress is the sum of the growth stresses 

and the thermomechanical stress. To investigate the influence 

of the substrate material on the stresses three different mate- 
rials are coated with a 1.25 pm thick TIN coating (bias 

voltage, V, = - 65 V; magnetron current, Zmag = 7.5 A; work- 
ing gas pressure ,PAr = 0.3 Pa). 

The temperature during the deposition process ranged from 

250 “C (end of the cleaning stage) to 300 “C (end of the 
deposition stage). The thermomechanical stress was calcu- 

lated with the formulas of Hsueh and Evans [ 141. The results 

are represented in Fig. 3. From this figure it can be concluded 

that the growth stress is independent of the substrate material. 

50 + FEM-calculations 

--senderoff 
+ 

+ I-- 
-0.00 0.10 0.20 

Width to length ratio w/l [-] 

Fig. 2. Comparison of the calculated radius of curvature obtained by finite 
element calculations and Senderoff’s formula. 
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Furthermore thermomechanical stresses (in the order of 1 
GPa) have a minor contribution to the total residual stress 
(intheorderof6GPa). 

Increase of the bias voltage from 20 V to 150 V ( Zmag = 7.5 

A, PAr= 0.3 Pa) results in a larger compressive stress 
(Fig. 4). This behaviour is explained by the higher kinetic 

energy of the bombarding ArC ions on the substrate with 

increasing bias voltage. Changing the magnetron current 

from 4 to 6 A (V, = - 65 V, P,, = 0.3 Pa) results in a constant 

Table 2 

The Young’s modulus E, the Poisson’s ratio v and the linear expansion 

coefficient (I of the used substrate materials and the TiN coating [ 1 I-131 

AK1 316 

Molybdenum 

Tungsten 

TiN 

E (GPa)l (rx1o-6 (Y’) v 

177 16.2 0.3 

325 5.5 0.28 

405 4.4 0.28 

600 9.4 0.25 

2 

0 

-10 

-12 

-14 

W MO AISI 

Material 

mm 
u 

lea atherm UgrOWth 

Fig. 3. Total residual stress ores. thermomechanical stress crtherm and growth 

stress ogmwUI of TiN as a function of the substrate material. 
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Fig. 4. Total residual stress of TiN vs. the bias voltage V,. 
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Fig. 5. Total residual stress of TiN vs. the magnetron current (Imag) 

Table 3 

The growth stress oemw,,, of TIN as a function of the magnetron current Imas 

I maa (TIC, IJ growlh KIN, o%rntil (WIN,) 

(A) (GW (GW 

4 -5.1 -4.5 2.6 -1.7 

5 -5.1 -4.5 2.6 -1.7 

6 -5.2 -4.6 2.6 - 1.8 

7 -5.6 -5.0 2.8 - 1.8 

7.5 -6.4 - 5.5 2.9 - 1.9 

CT,,, total residual stress; cggrowU1. g rowth stress; N,/N,,,, substrate ion-to- 

metal arrival rate. 

Working gas pressure [Pa] 

Fig. 6. Total residual stress of TiN vs. the working gas pressure. 

total residual stress (Fig. 5). Above a magnetron current of 
6 A, the compressive stress in the coating increases with 
higher magnetron current. The growth stress as a function of 
the magnetron current also increases above I,,,ag=6 A 
(Table 3). This increase is a result of the higher ion-to-metal 
arrival rate N,IN,. 

Decrease of the working gas pressure below a value of 0.3 
Pa (Fig. 6) results in a large increase in the total residual 
stress (V, = - 65 V, Zmag = 7.5 A). This behaviour might be 
explained by a decrease of gas scattering with lower gas 
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pressure, leading to more energetic ions with a higher kinetic 

energy. 

4. Discussion 

First of all, it should be stated that the calculated residual 
stress is an average value, assuming that no stress gradient 

perpendicular to the interface is present. 
The error propagation of this test method is illustrated by 

the following example. An approximately 1 pm thick TIN 

coating was deposited on a 70 p.m thick stainless steel foil. 
The radius of curvature measured with the overhead pro- 

jector was 26.1& 1.3 mm (R f S,). Using the ball crater 

method a layer thickness of 1.45 f 0.08 was measured. Sub- 
stitution of these values in Eq. (Al) (Appendix A) and, 

respectively, Eq. (A6) (Appendix B) , result in a total resid- 

ual stress value of 6.6f0.4 GPa (for details see Appendix 
B) . Fig. 7 shows the total residual stress measured for eight 

different test pieces produced at the same deposition para- 
meters. 

XRD stress analyses are carried out to check the bending 
foil method. The Seemann Bohlin geometry was used 
because of the low penetration depth of the X-rays [ 51. The 
residual stress was measured from three different TIN coat- 

ings with this method at the Bergakademie Freiberg, Ger- 
many. A comparison of the results of both methods showed 

good agreement (Table 4). 

FEM calculations were carried out to investigate the influ- 

ence of plastic deformation of the substrate on the curvature 

of the beam. In Fig. 8 the curvature is plotted vs. the total 
residual stress. Above approximately 3 GPa, plastic defor- 
mation occurs leading to an increase in curvature. However, 
stripping off the coating leads to a flat substrate indicating 
that no plastic deformation has taken place. The difference 
between the calculations and experiments might be explained 
by the high flow stress of the substrate material caused by 
cold rolling. 

0 

-2 

-4 

-6 T-l 
T 

*i I 
I + T T 

i!tl:i 

-8 

0 2 4 6 8 10 

Number of meaSureme.nt 

Fig. 7. Variation of the total residual stress. 

Table 4 

Comparison of the total residual stress of TIN obtained with the bending foil 

and the XRD method for three different bias voltages 

Bias voltage (V) Bending foil method (GPa) XRD method (GPa) 

-20 -4.2 -3.9 

-65 - 6.4 -5.8 

- 150 -7.0 -6.8 

2oor----- 
pla5tic 

‘.b., i.. I 

... 
‘.. 

. \, 
50 ‘~,... 

‘.. 

elastic \ 
‘x. 

‘, 

0 J 
-10 -8 -6 -4 -2 0 

Total residual stress [GPa] 

Fig. 8. Influence of plastic deformation of the substrate on the curvature of 

the beam. (material AISI 316 characteristic stress C= 1400, the strain- 

hardening exponent n = 0.5 and the pre-strain g = 0.037). 

0 

TiNAISI316 

T 
e1.45 pnl 

& 

-2 hs=70 1” 

B m -4 l-----n Es=177 GPa 

R=26.1 mm 

-iI 
3 

$ 4: ++++++ 
g 

-8 - 

-10 ’ J 

Young’s modulus [GPa] 

Fig. 9. The total residual stress as a function of Young’s modulus of the 

coating. 

The Young’s modulus of the coating is taken from the 
literature (ETiN = 600 GPa) . This value might be too high or 
may vary with the deposition parameters. Initial calculations 
of the Young’s modulus of TiN, using the nano-indentation 
technique [ 1.51, resulted in a value of 577 GPa. This result 
agrees well with work carried out by Wang [ 161. However, 
more research has to be done on this subject. In order to give 
an indication for the introduced error in the total residual 
stress, calculations were performed with different values of 
the Young’s modulus of coating. In Fig. 9, the results are 
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2.00 

TiN AISI 316 

hf=1.45 pm 
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R126.1 mm 
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Fig. IO. The experimental error of the total residual stress (S,) as a function 

of the experimental error of the measured coating thickness (S,,). 

presented for a 1.65 p.m thick coating deposited on a 75 pm 

stainless steel substrate with a radius of curvature of 34 mm. 
Varying the Young’s modulus of TIN from 400 to 650 GPa 

results in a stress value of - 6.2 GPa to - 6.7 GPa. This result 

indicates that the variation of the TiN Young’s modulus is of 
minor interest. Errors introduced by coating thickness meas- 

urements result in large errors in the calculated stress 
(Fig. 10). This error diminishes as the coating thickness 

becomes larger. 
The trend in the total residual stress as a function of the 

bias voltage and the substrate ion-to-neutral ratio (magnetron 
current) is also observed by Musil et al. [ 171. They related 
the residual stress to the deposition parameter E,, which is 

proportional to the product of the bias voltage and the sub- 
strate ion-to-metal arrival rate. The increase in total residual 
stress of our experiments takes place at an E,, of 150 eV 

atom-‘. This increase corroborates the work proposed by 

Musil et al. However, below an Ep of 150 eV atom-’ they 
found a tensile stress present in the coating and related this 

to the porous coating structure. Similar behaviour regarding 

the transition from porous to dense (E,> 150 eV atom- ‘) 
was found in our experiments. The value of the calculated 

stresses, however, differs and might be a result of the com- 
pressive stress present in the columns of the TIN coating. 

The trend of the total residual stress as a function of the 
working gas pressure is similar to the work presented by 
Cernyetal. [18]. 

5. Conclusions 

An accurate and practical method is presented to measure 
the residual stresses of thin films. A comparison between the 
finite element analysis and Senderoffs model shows an 
excellent agreement if the width-to-length ratio is small (w/ 
E < 0.07). Above this value, serious errors are introduced. 

There was excellent agreement between the results 
obtained with the bending foil method and the XRD method. 

The total error of the proposed method is mainly determined 
by the error introduced by the film thickness measurement 

( Shr) .Experiments with different substrate materials show a 
constant growth stress. 

Increase of the bias voltage results in a higher residual 
stress. An abrupt increase in growth stress is found if the 
magnetron current is increased from 6 to 7.5 A. The growth 

stress is proportional to the ratio of the ion current density 

and the deposition rate. Both trends can be explained by the 

deposition parameter Er proposed by Musil et al. [ 171. The 

total residual stress decreases with higher discharge pressure. 

Appendix A. Senderoff’s formula 

The total residual stress was calculated using Senderoff’s 

formula: 

(AlI 

where (T,, is the total residual stress ( GPa), E, the Young’s 
modulus of the coating (GPa), Es the Young’s modulus of 

the substrate ( GPa), v, the Poisson’s ratio of the coating, u, 
the Poisson’s ratio of the substrate, h, the thickness of the 

substrate (m) , h, the thickness of the coating (m), and R the 
radius of curvature (m) . 

Appendix B. Error analysis of the used bending foil 
method 

The radius of curvature was measured with an overhead 

projector (magnification 20). By measuring a and df 

(Fig. 11) the radius of curvature R was calculated using: 

R,&+a’ 

24 
(Bl) 

where R is the radius of curvature (mm), d, the deflection 
(mm) (seeFig. ll),andathedistance(mm) (seeFig. 11). 

The experimental error of the radius measurement is: 

(B2) 

Fig. 11. Schematic drawing of the bent beam, showing the parameter d,, a 

and the radius of curvature R. 
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Substrate 

Fig. 12. Schematic drawing of an eroded hole, showing the ball radius r, the 

inner diameter d, the outer diameter D and the coating thickness It,. 

where Sn is the experimental error of the radius measurement 

(mm), S,, the experimental error in measuring d, (mm), and 
S, the experimental error in measuring a (mm). 

The coating thickness hr was measured with a modified 
ball crater technique. A ball is electro-machined into the coat- 

ing/substrate (Fig. 12). 

h[={m- d(+ 1/4D2) (B3) 

where h, is the coating thickness (pm), r the radius of the 

sparking ball ( km), d the inner diameter of the sparked hole 
( p.m) , and D the outer diameter of the sparked hole (km). 

The experimental error of this technique was calculated 
using the following formula: 

(B4) 

where S,,, is the experimental error in the determination of the 

coating thickness (pm), S, the experimental error in the 

determination of the inner diameterd (km), and SD the exper- 

imental error in the determination of the outer diameter D 

(pm). 
Both mentioned errors result in the total experimental error 

of the bending foil method: 

035) 

where S, is the experimental systematic error of the total 
residual stress ( GPa), E’, the effective Young’s modulus of 

the coating (EJ ( 1 - v,) ) ( GPa), E’, the effective Young’s 
modulus of the substrate (Es/ ( 1 - v~) ) ( GPa) , h, the thick- 
ness of the substrate (m) , h, the thickness of the coating (m), 

and R the radius of curvature (m) . 

The following example gives an indication of the error 

propagation. 
An approximately 1.5 km thick TIN coating is deposited 
on stainless steel (70 pm). 

The radius of curvature of a sectioned beam R, and the 
related systematic error Sn, are calculated using Eqs. (B 1) 

or (B2), respectively, using the following parameters: 
2~’ = 401 mm (magnification 20) ; d; = 40 mm (magni- 

fication 20) ; S, = 2 mm (magnification 20) ; S,,= 2 mm 

(magnification 20). Resulting in R=26.1 mm and 
Sn= 1.3 mm. 

Substitution of: D=86X2.3 km; d=29X2.3 km; 

r = 3000 pm; Sd = 4.6 pm; S, = 4.6 pm into Eqs. (B3) or 
(B4), respectively, results in a layer thickness h,= 1.45 

pm and an error LS,*~= 0.08 pm. 
The total residual stress (Eq. (Al) ) of this example is 

- 6.6 GPa with an experimental error (Eq. (B.5) ) S, = 0.4 

GPa. This error &S,, is presented in the figures as an error 
bar. 
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