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A B S T R A C T :  The interface adhesion strength (or interface toughness) of a thin 
film/substrate system is often assessed by the micro-scratch test. For a brittle film 
material, the interface adhesion strength is easily obtained through measuring the 
scratch driving forces. However, to measure the interface adhesion strength (or in- 
terface toughness) for a metal thin film material (the ductile material) by the micro- 
scratch test is very difficult, because intense plastic deformation is involved and the 
problem is a three-dimensional elastic-plastic one. In the present research, using 
a double-cohesive zone model, the failure characteristics of the thin film/substrate 
system can be described and further simulated. For a steady-state scratching pro- 
cess, a three-dimensional elastic-plastic finite element method based on the double 
cohesive zone model is developed and adopted, and the steady-state fracture work 
of the total system is calculated. The parameter relations between the horizontal 
driving forces (or energy release rate of the scratching process) and the separation 
strength of thin film/substrate interface, and the material shear strength, as well as 
the material parameters axe developed. Furthermore, a scratch experiment for the 
A1/Si film/substrate system is carried out and the failure mechanisms are explored. 
Finally, the prediction results are applied to a scratch experiment for the Pt/NiO 
material system given in the literature. 

K E Y  WORDS:  micro-scratch test, ductile film, horizontal driving force, double 
cohesive zone model 

1 I N T R O D U C T I O N  

The micro-scratch test is an important experimental approach for determining the 

interfacial s t rength,  toughness and adhesion properties for the thin film or coating layer 

on the substrate interface [1]. Its working principle can be described as follows. On the 

material or specimen surface along the vertical direction an indentation force is exerted and 

the indenter tip penetrates inside the material, then the indenter is moved in the horizontal 

and vertical directions simultaneously according to a fixed proportion. When the indenter 

tip moves near the film/substrate interface, a region of the thin film or coating layer near 

the indenter tip will be delaminated along the interface. Through measuring the driving 

forces, and the scratch depth, as well as the failure geometry, one may obtain the  material 
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or interface adhesion properties. According to usual experimental observations, there are 
two main kinds of failure in the scratch testsIl~9] depending on the material property of the 
thin film or coating, whether ductile or brittle. One kind of failure can be described as for 
the ductile film case, a delaminated film strap is formed before the end of the scratch test 
and the delaminated film strap will be curved into a circular shape. The geometry of the 
delaminated area is near a rectangle groove shape. Another kind of failure is for a brittle 
film, a fan shaped damage zone is formed near the indenter tip, inside which the film will 
be pressed to break up into many small pieces and also delaminated from the substrate. In 
the present research, our attention will be focused on the metal film/ceramic (or brittle) 
substrate case. The ductile failure will be simulated and analyzed in detail. Furthermore, a 
micro-scratch experimental research for the A1/Si system, which is extensively used in the 
MEMS research area, will be carried out here. The prediction results will be compared with 
the experimental result of a metal thin film/ceramic substrate system. 

On the research of the material surface properties and adhesion work and strength of 
thin film or coating layer along the substrate interface, many experimental researches based 
on the scratch methods have been carried out in the past decade [1~9]. However, theoretical 
researches (or mechanics analyses) connected with the scratch experiments are very few [1]. 
This is because any theoretical s tudy must deal with the complicated failure geometry of 
the scratch test. It is obvious that  a three-dimensional elastic-plastic deformation problem 
must be solved, and a robust theoretical model for describing the scratch failure behavior is 
needed. Most theoretical researches were based on a simple geometry of the scratch failure 
strap and a simple mechanical equilibrium to simulate the scratch failure behavior [1~9]. 

However, it is difficult to use a simple model to describe the strong influence of plastic 
deformation on the micro-scratch behavior. It is well known that  plastic deformation has 
a strong shielding effect on the interface cracking [1~ So, in an elastic-plastic failure 
process, more energy is dissipated than in a pure elastic failure process. Therefore, it is 
important  to develop a reasonable mechanical model for the scratch test simulation. 

On the other hand, the failure characteristics of the scratch test for ductile thin film 
materials [2'4'6] are somewhat similar with the thin film peeling problems. Therefore, in the 
micro-scratch test research, the analytical method for the thin film peeling problem [14] is 
relevant. It is important  to obtain a reasonable relation between the critical driving force 
and the parameters of the materials and scratch strap geometry. 

In the present research, based on the three-dimensional character of failure strap, a 
new mechanical model describing the interface separation and the thin film shear failure, 
i.e., a double cohesive zone model will be presented. Using the new model, a relation 
between the scratch horizontal driving force and the parameters of the materials will be 
set up and used to predict the scratch work. Moreover, a micro-scratch experiment for the 
A1/Si film/substrate system, extensively used in the MEMS research area, will be carried 
out. The present prediction results will be applied to a scratch experiment for the P t /NiO 
material system given in the literature [6], and both results will be compared. 

2 F U N D A M E N T A L  D E S C R I P T I O N  A N D  S I M P L I F I C A T I O N  

From failure characteristics in ductile film scratching, the scratch test process can 
be described by Fig.l(a).  This process comprises two stages. The first stage is a normal 



496 ACTA MECHANICA SINICA (English Series) 2002 

scratch before thin film delamination along interface. With  the indenter moving forward 
and downward with the increase of scratch depth, especially when the indenter tip is near 
the interface, a region of thin film or coating layer near the indenter tip will be delaminated 
from the interface. Thereby, the scratch process is transferred to another stage. The failure 
character changes from the indenter grooving growth to the delaminated film strap formation 
and growth (or post-scratch process). For simplifying the analysis, the problem is divided 
into two sub-problems. One problem is "plate bend" under elastic-plastic large deformation 
for the delaminated thin film part BCD, see Fig.l(a). This sub-problem is easy. Another 
problem is a three-dimensional delaminating problem for a part  of thin film BA and jointed 
substrate. As in [14] for the peel test problem, in the present research, the solution of 
the former problem will be taken as the boundary condition and exerted on the section B 
(a small-rotation section) directly. For a mechanical analysis, usually, to set up a proper 
model is important  [15~17]. With  respect to scratch groove characters of ductile films [2'6], we 

present a new double-cohesive zone model to simulate the film failure and scratch work for 
the post-scratch process for the steady scratch advance. The model is shown in Fig.l(b).  
In the model, there are three cohesive zones, one is the separation-dominated cohesive zone 

and other two are shear-dominated cohesive zones. 

:::~::~::::~:::::~:~:i:i:~:::~.~::::::~:i:~:::::::::::::::::::::::::::::::::::::::~::~ 
�9 ......................+,..,........~...,......~,,,~, ~ ~st rate-..............,........,..,..,~.-.-...,.,..,,.,,,:,: 

T .'. . . . . . . . . . . . . . .  r 

V \ " x jl 
0 A, A~ 1 z ~ , ~ - / I  " ' -  ' 

w l / \ .  , ~ . . ~  
0 A1 A2 1 

(a) (b) 

Fig.1 The sketch of the micro-scratch test and the simplified model 

In Fig.l(b),  the thin film delaminates from the interface of thin fi lm/substrate (plane 
x2 = 0), and this failure process can be simulated by a separation-dominated cohesive zone 
surface. Simultaneously , the curved film layer is cut off from two sides of the delaminated 
region (planes x3 = - W  and 0). The cutting process for each plane can be described by the 
shear-dominated cohesive zone deformation. In Fig.l(b),  5r and 5r are the critical relative 
displacements for the separation and shear cohesive zone surfaces, respectively. The separa- 
tion cohesive zone model under plane strain case has been widely adopted and completely 
formulated in [10,11,13~15]. In the follow~n.g, we shall discuss and give a brief description 
and generalization for the two kinds of cohesive zone models for the three-dimensional case. 

Let (61,52,63) be the relative displacements at each cohesive surface along direction 

(x l, x2, x3), respectively, and define a normalized displacement quantity 

= < 1 V / 5  + + (1) 

The critical condition for the cohesive zone is, A -- 1. For the separation-dominated cohesive 
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zone case, 5r = 5r while for the shear-dominated cohesive zone case, 6r = 5ct. The traction 
relations, (r(A) and ~-(A), on the cohesive zone surfaces are sketched in Fig.l(b).  

The tractions can be formulated in detail as follows. Define a potential function 

H (61,62, 63) = 6r a (A') dA' (2) 

then, the tractions can be expressed as follows 

(T1,T2,T3)= (OH_ff~l, 0520H '-0-~30H) = ~a(A) (51,52,53) (3) 

Similarly, for the shear-dominated cohesive surface, we have 

~- (A) (51,52,53) (4) ( T1, T2 , T3 ) : 

Adhesion work per unit area along the cohesive surface can be written as 

1 
F 0 : ~aScn  (1 -[- )~2 -- ,~1) (5) 

for the separation zone, and 
1 

r0 ~ = ~ S c t  (1 + A2 - A1) (6) 

for the shear cohesive zone. Earlier work has shown that the shape parameters (A1 and A2) 
of the cohesive zone model have a secondary influence on the analytical results[ 1~ In 
the present analysis, we take (A1, A2) = (0.15, 0.5). Moreover, for reducing the number of 
governing parameters, we consider the case: 5c~ ~ 5ct : 5c, thus from (5) and (6), one has 

r U r o  = § 

3 E N E R G Y  B A N L A N C E  A N D  E L A S T I C - P L A S T I C  M E C H A N I C S  M E T H O D  

The double cohesive zone model has been sketched in Fig.l(b).  The variational equa- 
tion for the total system based on the virtue work principle can be derived as follows 

/v  Se~jaijdV = /v  Tr = /v SS~jD{~al (ekl - cPkz) dV = 

E 
k = l  + 

3 

6u~t~dS + ~ s[ 5u~t~dS} + WQSIAII : 

51u + - u;llT ldS + WQSIAll = 

3 

- ~= L~ 515illTddS + WQSIAll (7) 

where Sk(k = 1, 3) are cohesive surfaces, (ui, ti) axe the displacement and traction compo- 
nents on the cohesive zone surfaces, (6i, Ti) are the relative displacements and tractions on 
the cohesive surfaces, see formulas (1) to (4). A1 is the displacement of the point acted by 
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horizontal driving force Q per unit width, as shown in Fig.l(b). In the derivation of Eq.(7), 
the remote boundary conditions of the scratch test problem, which are the zero-displacement 
boundary condition at the bottom of the specimen and the traction-free boundary condi- 
tions at other sides, have been considered�9 For the curved strap, the plate-bend solution 
will be applied to the section B as the traction condition. Based on (7), one can develop the 
finite element algorithm for the scratch test problem. The incremental plastic constitutive 
relation is expressed as 

�9 E 5ikSjl + gijgk, - [1 + (2/3) (1 + v) H / E ]  cr{ crijcrkl elr (8) crij -- 1 + v 

~ /  2 v t cr~j is the deviator stress, ar = 3cr~Sr~j / is the effective stress; for plastic loading ~2 = 1, 

otherwise ~2 = 0. H is plastic modulus. In uniaxial tension, for the film material 

so that 

e = a / E  for a < cry e : ( a y / E )  (cr /ay)  1/N for cr > cry (9) 

H = E {(l /N)(crelcry) 1 / N - 1 -  1} -1 (10) 

Strap advance is assumed to occur in a steady-state such that  the stress and  strain increment 
components can be expressed as 

(o j, = y (0  j/0xi, 0  s/0xl) (11) 

where V is the velocity of the crack tip during film delamination in xl direction [Is]. Substi- 
tuting (11) into (8), a partial differential equation in full quantities is obtained, independent 
of V. Plastic strain components can be expressed by the stress and total strain as 

e --1 P = - (D sk ) (12) 

A numerical method [19] which employs iteration to satisfy condition (11) is used to 
directly obtain the steady-state solution, accompanying the specially designed finite ele- 
ment mesh. Similarly, in the present analyses, adopting the fundamental relations of tensors 
and matrixes, (7) can be transformed into the finite element relations. The specially de- 
signed finite element mesh for the purposes of meeting the either steady-state growth or 
the boundary conditions of the three-dimensional scratch geometry as discussed above is 
shown in Fig.2 (half of the total mesh geometry). Note that  the solution of detached film 
(BCD part, shown in Fig.l(a)) will be obtained separately. The element is an iso-parametric 
element, which includes 20 nodes. 27 Gauss integration points for each element are adopted 
during our numerical integration. The steps of solving the steady-state scratch problem can 
be described as follows: (1) Adopting a plastic strain distribution (in the first step, take 

P = 0), find displacement and strain. (2) Find stress distributions in plastic zone and un- 
loading zone using (8), (11) and yielding condition a~ = Y (Y is the current flow stress). (3) 
Find plastic strain by (12). Repeat those procedures until a convergent solution is obtained. 

Consider that  the substrate material is elastic and Young's modulus and Poisson ratio 
are E~ and u~, respectively�9 For a further simplification, neglect the effect of mismatch of film 
and substrate materials, so that  we take (E~, v~) = (E, v), furthermore, the friction between 
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Fig.2 Three-dimensional finite element mesh for scratch 
geometry except for the detached film 

the indenter head and the film is neglected in the present analysis. During the steady-state 
advance of the delaminated film strap, the total work per unit scratch advance is QW (QW 
is also called the energy release rate for the total system); the dissipated work per unit length 
along the separation cohesive surface is FoW; and along the two shear cohesive surfaces it 
is 2tF~, Let the plastic dissipation work be WFp. According to the energy balance under 
the steady-state advance, we have 

2t r 
Q = r0 + ~ F ~  + Fp (13) 

For elastic case, Fp = 0. In principle, the interface separation work (interface fracture 
toughness) F0 and the material shear work (or material shear strength) F~" could be deter- 
mined by experimental measurement. Obviously, the energy balance relation (13) for the 
thin film delamination based on the scratch mechanism (with part of film delamination) is 
different from that  for the conventional thin film delamination as discussed in [13, 20]. The 
normalized horizontal driving force Q during the steady-state advance of failure strap can 
be expressed by the related independent parameters as follows 

Q 1 +  ( 2 ~ ) ( ~ )  +-~oFP f ( E  f , "~ , t t N,u, fl) (14) 
"~0 = 0"y 0"y R 0 '  W '  

In (14) a reference length parameter has been introduced, Ro = EFo/[3~(1 - u2)c~], char- 
acterizing the plastic zone size in the vertical direction in small scale yielding. 

4 T H E  S O L U T I O N  F O R  D E T A C H E D  F I L M  S T R A P  

First, let us discuss the solution for the detached film strap (BCD part as shown in 
Fig.l(a)),  which is subjected to the plastic unloading bending deformation for the steady- 
state scratching, as discussed in [14]. Considering the smooth contact between the indenter 
head and the film, the bend solution can easily be obtained as follows 

M = 0 ~ = no 0 > Oc = fl 

M = B~o { v/ l  + (2Q/ Bn2 sin fl) s in(f l-  8) - l } 
(15) 

= no + M / B  OB < O <_ ~c 



500 ACTA MECHANICA SINICA (English Series) 2002 

where 8 is the film slope angle with respect to Xl direction, ~B and Pc are the 8 values taken 
at section B and section C, respectively; no is the residual curvature; B = Et3 /12(1  - v 2) is 
the bend modulus; Q is the horizontal driving force per unit width. Other parameters are 
defined in Fig.1. Note that  the choice of the section B location only has a small influence 
on the results of the total scratch problem as long as 0B is small [14]. The residual curvature 
no can be calculated using the formula 

(1) 
no - t3 w w x 2 -  ~ t  ePl (x2, za)dx3dx2 (16) 

when the plastic strain component aPl(x2, x3) has been obtained from the second problem, 
the film strap delamination problem, as discussed in the next section. 

5 N U M E R I C A L  S O L U T I O N S  A N D  A N A L Y S E S  

First apply the solution (15) to the section B (Fig.l(a)) equivalently with the linear- 
distributed traction, then carry out the three-dimensional finite element calculations. The 
finite element mesh is shown in Fig.2, and the section B is located at xl  = L. The three- 
dimensional elastic-plastic finite element calculation for the scratch test problem is carried 
out based on the concepts implemented in previous sections. The results and analyses are 
shown in the following. 

Figures 3(a)~(d) show the relations between the normalized horizontal driving force 
Q/Fo and the maximum separation and shear strengths for two kinds of cohesive zones, 
scratch strap depth and width, as well as the other material parameters. Figure 3(a) shows 
the influences of normalized depth t / R o  and the shear strength on the total  energy release 
rate (the horizontal driving force). The influence of the indenter angle /3 on the total 
energy release rate is shown in Fig.3(b). Figure 3(c) shows the influence of the material 
yielding strength on Q,/Fo, while Fig.3(d) shows the influence of the separation strength and 
the shear strength on the total energy release rate. From Figs.3(a) ~ (d), all parameters 

have considerably influences on the total energy release rate (the horizontal driving force). 
Specifically, the horizontal driving force variation is very sensitive to the shear strength and 

separation strength, especially for large values of the separation strength or shear strength. 

For the lower separation strength case, the horizontal driving force varies with the shear 

strength slowly as the shear strength increases, then sharply increases. For the higher 
separation strength, even a lower material shear strength will make the horizontal driving 
force increase very quickly. In Fig.3(d), the results of two different ratios, the thin film 

thickness to the delaminated film width, are compared. Clearly, the horizontal driving force 
varies sensitively with the ratios. Considering the typical metal films, in the present research, 

the results correspond to the lower strain hardening exponent value, i.e., N ---- 0.i. In Fig.3, 

the separation cohesive energy along interface/'0 is taken as the normalizing quantity. When 

the shear strength of material is zero and the elastic case is considered, the value of the 
normalized horizontal driving force (applied work per unit area) is equal to unity. When 

the material shear strength is not equal to zero, the normalized horizontal driving force will 

vary linearly with the shear strength from (14), for the elastic case. Obviously, from Fig.3, 
the energy contributed by the plastic deformation is very high. 
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Fig.3 Variations of the normalized horizontal driving force (or energy release rate) 

6 M I C R O - S C R A T C H  E X P E R I M E N T  F O R  THE AI /S i  SYSTEM 

A micro-scratch experiment for an A1/Si f i lm/substrate  system is carried out. The 

specimen preparat ion and the experimental  procedures are as follows. The specimen is 

prepared in the Micro-Electronic Insti tute of Peking University. The aluminum film is 
deposited on the surface of single-crystal silicon along (100) surface using the test  machine 

Research II, the product of Sputtered Film Co., US, under the conditions of 4.6mTorr,  
Ar l5SCCM, and 1000W. The specimens for several different thicknesses of the films are 

considered. The micro-scratch experiments are made on the Nanoindenter I I  Instrument,  

in the Sta te-Key Laboratory  of Non-Linear Mechanics, Inst i tute  of Mechanics, Chinese 
Academy of Sciences. During the micro-scratch experiment, different vertical loadings within 

the fixed t ime interval (50 s) are exerted on the specimens for different film thicknesses. 
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Figure 4 shows the SE photographs for the specimen surface profile after the scratch 
experiment. Figures 5(a) and (b) show the experimental results of the total  horizontal force 
and the vertical displacement variations with the horizontal displacement for several different 
thicknesses of films, respectively. From Figs.5(a) and (b), during the process of scratching, 
the total horizontal force increases as either the vertical or horizontal displacement increases. 
When the vertical displacement value approaches the film thickness, i.e. the indenter tip ap- 
proaches the interfac% the film is delaminated along the interface (from Fig.5(b)) abruptly. 

This phenomenon is similar to that  of the scratch experiment for the P t /NiO system in [6]. 
Thereafter,  the interface crack is created and advances along the interface for a while, and 
soon goes down within the silicon (substrate) due to the test instrument programming auto- 
matically. The horizontal driving force increases abruptly when the indenter tip approaches 
the interface during scratching (Fig.5(a)), thereafter, a stable value of the horizontal force 
is reached with the crack advancing along the interface, soon the horizontal force increases 
with the indenter tip moving forward deviating inside the substrate (Fig.5(a)). Unfortu- 
nately, due to the lack of some interface parameters about the A1/Si system, such as /'0 
value etc., the present experimental results can still not be compared with the predictions 
shown in the paper. The experiment work on the measurement of the adhesion ' energy F0 
for the A1/Si system is under way. 

(a) A group of the scratch grooves (b) The magnified SE photo of the 
scratch front profile 

Fig.4 The SEphotographs of the specimen surface profile 

In Ref.[6], a scratch experiment for the P t /NiO system was carried out. According to 
the experimental results and the related material and interface parameter values shown in 
[6], one can obtain F0 = 0.35J.m -2 and further obtain R0 ~ 100nm. The related experi- 
mental results for the scratch work and the parameters can be normalized. The normalized 
experimental results for the total  energy release rate are plotted with the present predic- 
tion results (Fig.3(b))  together, shown in Fig.6. The prediction curves are for different 
indenter angles, /~ = 90 ~ 120 ~ 135 ~ 150 ~ and 165 ~ The experimental results are for the 
P t /NiO film/substrate system and for the two kinds of techniques annealed at 500~ and 
800~ From Fig.6, the horizontal driving force increases as the thin film thickness increases 
and as the indenter angle increases. The indenter shape with the largest/~ corresponds to the 
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Fig.5 The micro-scratch experiment results for the A1/Si system. The exper- 
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Fig.6 The comparison of the present predictions with the experimental re- 
sults for the Pt/NiO system shown in [6] on the relations between the 
normalized horizontal driving force and the film thickness 

high driving force. From Fig.6, bo th  simulation results and experimental  results show a 

strong work contribution from the plastic dissipation for the ductile film scratching, espe- 

cially when the thin film thickness is large. As the thin film thickness increases, bo th  results 
of the normalized energy release rate show a similar trend of small scale yielding. 
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7 C O N C L U D I N G  R E M A R K S  

By the detailed analyses and the scratch experimental research for the A1/Si system 
in the present research, some important  conclusions are obtained as follows: (1) Thin film 
plastic deformation has an important  influence on the advance of delaminated film strap in 
the scratch test. (2) The interface separation strength and material shear strength have an 
important  influence on the failure of thin fi lm/substrate system. (3) The horizontal driving 
force depends on  the thin film or coating layer thickness. With  the increase of the thin 
film thickness, the horizontal driving force increases and approaches a stable value, which 
corresponds to the small scale yielding case. (4) In the micro-scratch experiment for the 
metal thin film on the brittle or ceramic substrate, the film delaminating mechanism shows 
that  as the scratch front approaches the interface, the film is delaminated abruptly. 

When either the interface separation strength or the material shear strength is large, a 
strong shielding effect from plastic deformation can be produced when the failure strengths 
are increased. In other words, with any cohesive strength increase, it is difficult or even 
impossible to make a film failure strap advance due to the strong plastic shielding. Such 
a prediction based on the conventional elastic-plastic theory seems somewhat contradictory 
to the true case. Actually, for the strong separation strength of interface or for the high 
shear strength, or for both, a strong plastic strain gradient effect could dominate the crack 
tip fields [21~24]. A reasonable simulation for this behavior might be obtained by using the 
strain gradient plasticity theory. A successful application of the strain gradient plasticity to 
the crack growth problem has been shown in [25]. 

On the researches of the thin fi lm/substrate system using the scratch test methods, 
many experimental studies and the qualitative analyses have been presented in the past 
decade [1~9]. However, the analysis models based on the strict mechanics analysis have been 
very few[l]). This is because the scratch test problem has the obvious three-dimensional 
deformation characters, and a simple model will go astray from the reality[ 1'2,6]. In the 
present research, a three-dimensional analysis based on the double-cohesive zone model has 
been carried out for the ductile film undergoing the steady-state scratch. Adopting the 
strict analysis for the scratching process, although the simulation is more closer to the true 
scratch test case than that  using a simple model, there axe many parameters included in 
the analysis, see formula (14). Through the present research, the parameter influences on 
the energy release rate in the scratch test have been assessed. The detailed investigations 
on the importance of several dominating parameters are under way by authors. 
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