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Abstract : The influence of a gradient interlayer on the residual stress and cracking in TiN thin films was studied as a

function of the thickness of gradient interlayer. Both X ray imrsitu tensile testing and grazing method were used to measure

the residual stress in thin films . In TiN films, there exists a residual stress of 10 GPa, which can be re markably decreased

by a gradient interlayer between film and substrate . The cracking behavior of fil ms after tension shows that the crack of

film/substrate syste m begins at interface bet ween film and substrate .
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1 INTRODUCTION

The residual stress in films has important influ-
ence on the properties of a film/substrate syste m!7.
Previous research!?! on TiC/ Al revealed that the mag-
nitude of residual compressive stress in TiC thin fil ms
is as great as 10 GPa, which decreases remarkably
with the increase of the thickness of gradient interlay-
er between film and substrate. In order to further
confirm this conclusion and explore the decrease
mechanis m of residual stress of the fil m/substrate sys-
tem, two kinds of X ray diffraction methods were
used to measure the residual stress in TiN fil ms ( AISI
304 substrate) with a gradient interlayer between the
TiN film and substrate . The cracking behavior of fil m
after tension is observed by optical microscopy and
SEM. According to the experimental results, a
mechanism on the initiation and the development of
cracks in the film/substrate system is presented and
the effects of the gradient interlayer on the residual
stress of the film/substrate and cracking are dis-
cussed .

2 EXPERI MENTAL

2.1 Sample preparation

TiN/ stainless steel ( AISI 304) composite syste m
was designed as linear gradient interlayer. The de-
signed thicknesses of gradient layer ( hg) were 0 (no
gradient layer) , 100nm, 300 nm and 500 nm , respec
tively . The composition change in the gradient inter
layer from substrate to coating side was designed that
the stainless steel-content decreased from 100 % to 0
and TiN content increased from 0 to 100 % . A2 pm
thick TiN coating was deposited on the surface of the

gradient layer . AES profile analysis of gradient layers
is shown in Fig.1 . The gradient layer and TiN coat-
ing were prepared by ANCLVA SPC 350 multi-target
magnetic sputtering system . One RF target was TiN
and the other was stainless steel . The gradient layer
can be deposited by two targets alternatively by rotat-
ing the substrate holder. The change of gradient layer
composition can be achieved by modifying the power
of TiN and stainless steel targets .

The substrate was AISI 304 stainless steel,
which was polished with 1 pm diamond paste and
then cleaned ultrasonically in acetone . Before sputter-
ing , the chamber was evacuated and then cleaned by
50eV Ar” beam sputtering. pa =4x 10" "' Pa during
depositing . The distance bet ween target and substrate
was 80 mm . The substrate holder was rotated at a
speed of 20 r/ min .

2.2 Residual stress measuring method

The residual stress was measured by normal
grazing method ( GM)*land the X ray tensile testing
(XTT) method. The former has been described ?!.
The latter is a method proposed by Noyan et al for
thin films research'*!. We have designed a mini
tensile tester for adhesion and residual stress measure-
ment of thin films on metallic substrates'>*®!. This
method is given as that, a plate tensile specimen ( as
shown in Fig.2(a)) with a gradient interlayer and a
TiN coating on one side is extended by a minft tensile
tester mounted on the X ray diffractometer. At the
same time , the lattice space dy parallel to the surface
of thin film was measured by XRD. When the film
adheres to the substrate and the yielding and cracking
in the film does not occur, the djy parallel to the
film surface decreases gradually associated with the
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Fig.2 Specimen for XTT (a) and
sche matic tensile curve (' b)

relaxing of residual compressive stress in films; once
the crack is initiated, the residual stress in film will
be relaxed almost completely, the lattice space ap-
proached to d, corresponding to the state of residual
stressfree and afterwards it keeps constant as the
specimen is extended continuously(see Fig.2(b)) .
Therefore , the residual stress( 0) in films can be de-
termined by measuring the difference bet ween d and
dy,i.e. Adyy, where d is the lattice space of hkl
plane before extending. Assume that the residual

stress in films is a planar stress condition[7], then

o,= 0= 0 (1)
50 g;:-EU(Ux+ gy)z_%% (2)
or & = d l-io do _ A;Ohkl (3)
then o= .o (4)
where E and Uare the elastic modulus and the Pois-

son ratio, respectively . If the residual stress <, is not
relaxed, that is, 0,=0, g, #0, the lattice space d,
( d, #d,) after the crack being propagated can be de-

tected . In this condition,

/ U U
=_. —0 =. —0
E=- 7% =-7 (5)
o di - dg
and & = — ;7 (6)
do
E dy - dy
therefore 0 =- — a4 (7)
From Eqn.s(4) and (7)
dy = 2d, - d’ (8)
substitute Eqn.(8) into Eqn.(7)
E d'- d
then 0= v 4. 24, (9)

where E =640 GPa and v=0.2!*!  Substitute d
and d into Eqn.(9) , 9can be obtained.

After tension, the surface and cross-section
(A—A) of specimens were observed by optical mi-
croscopy and SEM, respectively .

3 RESULTS AND DISCUSSION

3.1 Residual stress in TiN thin films

The residual stress in TiN films measured by
means of XTT and GM is listed in Table 1 and shown
in Fig .3 . It is found that:

1) the values of residual stress in TiN films mea-
sured by different methods are close to 10 GPa, which
are in agree ment with those data of Elstuer et al[g];
2) the behavior of the decreased residual stress in

TiN films by gradient interlayer is similar to that

Table 1 Data of residual stress measured
in TiN fil ms
No. hy/ nm 7 GPa
Grazing method Tensile testing
0 0 -13.0 -14.2
1 100 - 8.8 -12.8
3 300 -11.7 -10.9
5 500 -9.9 -8.4
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Fig.3 Effects of thickness of
gradient layer on residual stress in fil ms

observed in TiC/ Al systemi*7.

3.2  Relationship between cracking behavior and
residual stress in films

It is easy to find that there are many cracks per
pendicular to the extension direction and a few in-
clined cracks on film surface . The crack density de-
creases with the increase of interlayer thickness, as
shown in Figs .4 and 5 .

Details can be found by SEM on cross-section of
a specimen that the cross section morphology of
cracks looks like a “ droplet” , whose maximum width
is at the interface bet ween fil m and substrate , and the
global bottom of cracks is at the side of substrate .

(a)

The crack extends like a “ wedge” towards the surface
of TiN film ( Fig .6) .

The above facts indicated that :

1) The cracking initiates at the film/substrate
interface during tension. Since the extension of cracks
in the side of substrate is impeded due to a good duc
tility of AISI 304, the tips of cracks become blunt
and globular so that they fail to extend. However, in
the side of brittle TiN film the cracks propagate and
penetrate through the film . With the specimens being
tensed continually , the residual compressive stress in
the film surface appears to get smaller and smaller as
the width of cracks increases, allowing the two sides
of top gap of cracks to come into contact on the sur
face of the film. The cracks divide the film into some
trapezoid parts, but the film still adheres with sub-
strate so that the compressive stress is preserved in
the fil ms near substrate. The difference between the
top and bottom width of the trapeze can be used to e-
valuate the values of compressive stress re maining in
the films . The evaluated results agree with the mea-
sured values .

2) As mentiioned above, the cracks in fil ms re-
sult from the local plastic deformation of the substrate
near the film. Therefore , the residual stress at inter
face region strongly affects the properties of film/sub-
strate system . The gradient interlayer can delay the
generation of the cracks in films and decrease the

| (b).
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Fig.4 Micrographs of surface of specimens after extension
(a) —h,=0;(b) —h,=100nm; (¢) —h,=300nm; (d) —h,=500nm
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Fig .5 Effect of interlayer thickness on
density of cracks in fil ms

Fig.6 SEM morphology of A— A
section of extended specimen

g + -
film film
interlayer S
substrate
substrate

Fig.7 Sche matic representation of stress distribution
across coating and substrate cross-section

number of cracks . Thornto and Hoff man'®!

a sche matic diagram of stress distribution across fil m

proposed

and substrate cross-section ( Fig.7) . It is believed
that the tensile stress must be maintained in the sub-
strate near the film to balance the compressive stress
in films . When the specimens are tensed, local yield-
ing first occurs in the substrate region very near the
film then the cracking occurs at the brittle TiN film
adhering to the substrate , that is a cracking source .
With an interlayer deposited between the substrate
and the film, the intrinsic stress in film imposed in
sputtering procedure will be relaxed easily through
the plastic deformation in interlayer and substrate,

and then a fewer cracking sources form at the inter
face because of the lower residual tensile stress in sub-
strate (as shown in Fig .7) .

4 CONCLUSIONS

1) A residual compression stress (10 GPa) exists
in hard brittle TiN films deposited by magnetrom
sputtering on the plastic substrate . The gradient in-
terlayer between film and substrate can re markably
decrease the residual stress in the thin film .

2) The cracking sources in film/substrate syste m
under tensile forces initiate at interface between film
and substrate . The decrease of residual stress can re-
markably delay the cracking in films and enhance the
fil m failure- resistance .

3) The X ray tensile testing is an effective
method to measure the residual stress in thin fil ms
and the measured results is close to those by using
grazing method with parallel beam .
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Fig.4 DSC curves of mixed powders after
different times of ball milling
1—0h;2—4h;3—10h;4—10h

tunity to diffuse to other side at a low te mperature,
stimulated by the crystal defects .

The most important interfacial reaction in Al-SiC
system is Al + SiC— Al,C; + Si. Since Al,C; is a brit-
tle phase and has poor anticorrosion property, this re-
There are two
reasons for the low level of interface reaction in our

action is often regarded harmful°7 .

high-energy ball milling experiment . First, this reac
tion need a te mperature as high as 650 ~ 700 ¢, 10] ,
however, the experimental te mperature was not high
enough for the reaction. Second, the solubility of
Al,4C; in the Al matrix is quite small, in terms of the
theory of che mical reaction balance, in order to pro-
duce more Al,;C;, more Si should be re moved or dis-
solved into the Al matrix. Since AlF30Si powders
contain a large amount of Si, it is difficult for the re-
action to proceed rightward. In other words, the re-
action has been retarded due to both thermodynamics
and kinetics .

As the hardness of SiC, is far higher than that of
AIF30Si alloy powder, after ball milling for a long
time, some of SiC particles were pressed into alloy
powder, which brings two advantages to MMC fabri-
cation process . First, it can ease the wearability of
the mould and improve shaping ability of the mixed
powders. Second, since the wettability between the
same type of materials is better than that of different
one, it can promote sintering process to attain
stronger bonding. In fact, some researchers have
used high-energy ball milling to fabricate Al/ SiC,

co mposites[ iy

Considering the equipment condition
and the cost, high-energy ball milling can serve as an
effective reinforce ment pre-treatment method in the

fabrication of MMC .
5 CONCLUSIONS

1) Through high-energy ball milling , both Al

308Si alloy powders and their microstructure are obvi-
ously refined.

2) After highrenergy ball milling , close-contact-
ed interface is formed between the alloy powders and
SiC, without interfacial reaction. No reaction but re-

laxation of the powder can be detected by DSC.
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