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Abstract. This paper reviews the research progress of soft substrate interlayer film, including the
applications and the preparation methods of the soft substrate interlayer film, the testing means of
the films’ structure and composition and the researches of the film damage, especially the dynamic
damage. As well as the future research directions and applications are put forward.

Keywords: soft substrate interlayer film, static and dynamic load, damage.
1. Introduction

With the development of science and technology, the scope of film application expands
gradually and the film material has become one of hot research fields now. Flexible films [1-4]
get rapid development, which have the advantages of the light weight, convenient transportation
and folding and bending performance. The mechanical properties of flexible film can affect
electrical, optical, mechanical and magnetic properties of the functional components. Thus
flexible film can be applied to the hard coating, film transistor and flexible electronics (such as
the flexible electronic display, thin-film solar panel, electronic skin, artificial muscle, etc.).

In the actual application process, the films work in a complicated environment. The external
load or thermal load will cause the film to produce crack, buckling and other structural changes,
which affects the service life of the films. In order to extend the service life and enhance the
mechanical properties of the film, substrate interlayer film soft (SSIF) structure is gradually into
people's horizons. The flexible film with transition layer is similar to the multilayer film’s structure,
which can effectively improve the mechanical strength and the mechanical strength of the film-
substrate system. The transition layer can combine the advantages of two different properties of
thin film and reduce the impact of the mismatch and improve the mechanical strength of the film
substrate system [5-8].

In this paper, we will mainly focus on the structure of soft substrate interlayer film and the
damage under dynamic and static loads.

2. The film damage under static load

In the practical application, the main failure modes of film are fracture, buckling and
delamination. When the film is subjected to tensile stress, the fracture and interface crack can be
produced. Similarly, the buckling and debonding are caused by compressive stress. The researches
of film damage are introduced in the following.

2.1. The crack damage of the film

At present, the relevant researches about the mechanical properties of the transition film are
still based on the experiments and finite element analysis [9-11]. Sun’s studies had found that the
organic transition film has a significant effect to improve the tensile properties of the inorganic
film system [12-14]. SiNy was deposited by plasma enhanced chemical vapor deposition on the
polyimide (PI) substrate. The observation and loading apparatus of the whole experiment process
were shown in Fig. 1(a). The results of SiNy film under different tensile loading conditions were
shown in Fig. 1(b), (c). In order to improve the service life of the thin film, the researchers
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modified the structure of the film, adding a PMDS interlayer film into the film. The structure of
the soft substrate interlayer film was shown in Fig. 2(a). The Schematic of the SiNy/PDMS films’
cracks under tensile stress was shown in Fig. 2(b).
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Fig. 1. An array of SiNx islands on a PI substrate stretched in uniaxial tension. a) Schematic of the in-situ
tensile test system under an optical microscope; b) and ¢) Micrographs of SiNx subjected to different strain
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Fig. 2. a) The structure of the soft substrate interlayer film;
b) The schematic of the SiNx/PDMS films’ cracks under tensile stress

It was found that the additional PDMS film made the critical strain of the SiNy film increase.
At the same time, the research group also found that after adding the transition PDMS film, the
size of the SiNy film island will affect the mode of crack (i.e. interface cracks and tunnel
cracks).The energy release rate of SiNy-PI membrane system is derived:

2
G = 16E {E* + Sappz} (L - 2a), (D

where E* = E /(1 — v?), L is the length of the film island and 2a is the length of debonding film.
Ore 18 a residual stress and €,y is the strain applied to the substrate.

2.2. Interfacial damage of flexible film

At present, scholars researched the crack on the interface of flexible film. Some scholars have
proposed the theory method of calculating the maximum stress for the interfacial fracture problem
of the flexible film [15-17].

Lu et al. [18] analyzed the buckling behavior of crack propagation, established the model by
the method of perturbation and calculated the energy release rate of the deformed and the
corresponding interface crack. In the film substrate system, the expansion of the interfacial crack
occurred after the film delamination buckling, the expression of the energy release rate is:

6(1—v
G= g(M2 t2AN?/12), 2
Et3
where M is the moment of the layered edge, E is the modulus of elasticity, t is the thickness of
the film and AN is the change of the force.
Using the perturbation method, the normalized control equation is established as:

2, W, W AT
L1 1+P( x1)+1<w1=0, 3)
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where w is the deflection of thin films, P, is the critical load and K is the stiffness of the film. Using
boundary conditions, both the value of deflection and the energy release rate can be calculated.

2.3. Buckling damage of thin films

The buckling of thin films is divided into the debonding buckling and non-debonding buckling.
The main forms of the debonding buckling are linear buckling, circular buckling, and telephone
linear buckling. In order to describe the buckling phenomenon, the buckling of thin films is studied
by experiments and numerical simulations. The researches on the theory of the film are still in the
exploration [19-21]. On the elastic substrate, the buckling of films caused by compressive stress
has been observed [22-24], and the sketch of buckling is shown in Fig. 3.
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a) 1.25 % compressive strain b) 2.78 % compressive state ¢) 2.94 compressive state
Fig. 4. Evolution of crack formation across a buckle. a) Formation of an equi-width buckle in the first step;
b) crack propagation from the buckle; ¢) crack-induced further delamination

Wang, et al. [22-24] observed the buckling of metal films on the PMMA substrate under
compressive stress. Buckling deformation was calculated by digital image correlation method.
The residual stress formed by different materials and ratios in the film and substrate system may
cause various instability modes. When the film and substrate structure is subjected to a uniaxial
compressive load, the critical stress of buckling is:

o= (7)) @

where E is elasticity modulus of the film, v is poisson ratio of the film, h is the height of buckling
and b is the width of the film. At the same time, they found that the transverse crack of the film
would appear when the compression load increased. The crack-induced further delamination caused
by the compression load was simulated using the finite element method, shown in the Fig. 4.

3. Damage behavior of thin films under dynamic loading

At the present stage, the theory of the damage of the film under the static load can be said to
have been mature. But the film specimens work in complex noise environment and random
disturbance including mechanical, thermal, etc. Therefore, the dynamic buckling of films should
be also analyzed [25-27].
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Bougzakis, et al. [28] obtained the young's modulus of the film by nano indentation technique.
At the same time, they had an experiment that the ball fallen to impact the surface of the film, and
then got the impact-time curve, as shown in Fig. 5. After repeated impact of the small ball, the
contact ring on the surface of the film became larger and larger and kept in a stable size finally.

It is not complete to analyze the effect of the load on the film substrate system by the
experiment, so we should have theoretical analysis. It is the fact that the internal stress wave is
generated in the system of film and substrate under dynamic load. Stress wave propagates in the
system of film and substrate, which will eventually lead to the buckling of the film. This theoretical
model can refer to the study of the buckling behavior of a single plate subjected to impact loading.
Petry, et al. [29] used dynamic load amplification factor to study the dynamic stability of a simple
supported plate with a defect under the impact load. The influence of the impact function, the size
of the defect and the geometric size of the plate on the buckling of the plate was studied. By
combining the plane strain model, the equilibrium equations were obtained.

ey D5 Ory _ (0w Pwdtw [(9%w)' 0wy 0wy )
dy? = 0x? 0dxdy \dxdy 0x2 0y? dx dy ox2 ay2 Y\

where w is the deflection of thin films. Based on the boundary conditions, the equation of the
buckling displacement of the surface was obtained.

Li, et al. [30] studied the system of film and substrate under dynamic load by experiments,
theory and finite element simulation. The organic glass (PMMA) was used as the substrate and
the metal Ti was prepared by sputtering deposition. The films with different thickness were
impacted by drop weight loading device. Using the force sensor and displacement sensor,
force-displacement curve was obtained. The photos of the film surface after the impact were
shown in Fig. 6.
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Fig. 6. The surface morphology of the film: a) the bottom surface of the impacted specimen,
b) the top of the impacted specimen

The Tiersten model [31] was used to analyze the impact of the structure of film and substrate.
They assumed that substrate was in accordance with plane motion control differential equation:

[+ zc) U+ )= v L Glu_ 0
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The boundary conditions of the Tiersten model were used in the contact interface:
Yy=0:7y +&u=0,0,+&v=0. (7
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After Laplace transform and inverse transform, the results were obtained:

1 (v 2 (*.
u(x,y, t) = ﬂf ePtdp [EJ- us(w,y, p)sinwx da)],
y—ico 0
1 y—ico 2 [®_ (8)
v(x,y,t) = m[ ePtdp [Ef v¢(w,y, p)coswx dw],
r y_l;o—ioo 20 o)
Ty, t) = 2im ePtdp [;f 5(w,y, p)sinwx dw],
y—ioo 0
1 y—ico 2 (®°_ c
Ux(x;y,t) zﬁj eptdp gj Ex (w;y;p)coswxdw ) (9)
y—ico 1]
.0 == [ era [212 “(0,y,p)coswx d ]
oy X, y,t) = 5= e’ ap |— o, (w,y,p)coswxdw|.
L7 2im ), ;e ), ”

Because of the complex solution, the numerical method wan used to analyze solution. The
Crump method was used to solve the numerical Laplace inverse transformation and the fast
Fourier transform was used to solve the Fourier inverse transformation. After transformation, the
final results were obtained. The numerical solution of displacement and stress can be solved by
using the Laplace inverse transform and the fast Fourier inverse transform of MATLAB.

4. Conclusion

Flexible film containing transition layer is in development. There are still many theoretical
problems and technical issues need to be studied and resolved. The researches of the damage
behavior and critical parameters and the damage evolution of soft substrate interlayer film under
tensile and compressive loading are not mature. It is difficult to design and applicate the film. A
complete theoretical system has not been formed for the film under dynamic loading.

Further understanding and characterization of the deformation and damage mechanism of the
film with transition layer are more useful in practice to improve the design of the transition film
components. The studies of mechanism and the researches on the reduction and prevention of
damage in the process of service are important for the application of these products.
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