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Abstract: The interfacial adhesive properties of polypropylene/stainless steel were studied by the blister test. The polypropylene film 
with a squared free-standing window was pressured by oil from one side of film. The corresponding deformation field was observed 
by a digital speckle correlation method. The experimental results show that the squared film deforms and debonds from stainless steel 
with the increase of pressure. The debonding of the squared film in initiates from the center of edge and extends to the corner, and 
then the deformation of film evolves from square to circle shape. The interfacial adhesive energy of polypropylene/stainless steel is 
(22.60±1.55) J/m2, which is in agreement with that measured by film with a circular window. 
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1 Introduction 
 

The interfacial adhesion is a crucial factor to 
determine the performance of a coating or thin film on 
substrate [1−6]. A lot of methods have been proposed to 
characterize the interfacial adhesive properties of a 
coating/substrate system, such as cross-cut tape [7], 
peeling [8−10], nanoindentation [11−13], scratching 
[14−16] and blister tests [17−20]. In contrast to peeling 
and nanoindentation methods, the blister test is widely 
applied in the study of interfacial adhesive failure of 
various coatings [19,21−23]. As illustrated in Fig. 1(a), 
film firstly deflects outwards (i.e., the bulge test) under 
the uniform pressure p, forming a bulge with a constant 
diameter and an increasing altitude. When the pressure 
increases a small value of ∆p, the film starts to debond 
from substrate with the debonding radius of ∆a and the 
deflection of ∆ω0 (i.e., the blister test) (see Fig. 1(b)). 

DANNENBERG [24] initially proposed the blister 
test to measure the adhesion of thick organic coatings on 
metals. Later, WILLIAMS [25] introduced the 
pressurized circular blister test to measure the adhesive 
fracture energy of an elastomer film, and applied it to the 

debonding problem in engineering design. Based on the 
equation, LEE et al [19] extracted the adhesion energy 
between a silver electrode and pure barium titanate from 
experimental data. With these blister tests, the critical 
crack propagation energy of porous Ag/BaTiO3 interface 
was measured and its average value is 2.5 J/m2. 

The deformation measurement in blister tests is 
essential for the determination of mechanical properties 
and the selection of materials. The digital speckle 
correlation method (DSCM) can be used to measure the 
whole-field deformation through the analysis of speckles 
on the specimen surface before and after deformation 
[26]. In comparison with traditional optical methods, 
DSCM has the advantages of high accuracy, simple 
optical arrangement, and without the requirement of 
vibration isolation [27,28]. Based on DSCM, ZHU et al 
[27] proposed an accurate 3D measurement system and 
its availability and reliability were validated by 
experiments. YAN et al [28] used DSCM to realize the 
orientation function of an optical mouse with a higher 
resolution. 

In blister tests, the observed window of a 
free-standing film is circular and thus debonding is 
uniform along its edge [29,30]. CATLIN and WALKER 
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Fig. 1 Schematic of bulge test (a) and blister test (b) 
 
[31] prepared the specimens by depositing gold films on 
sodium chloride crystal substrate blanks and drilling a 
small circle hole through the substrate with a water jet. 
KAENEL et al [32] fabricated the specimens by spark 
machining a hole in aluminum plates. In these traditional 
blister tests, the results such as elastic modulus are rather 
sensitive to the small variation of film dimensions. With 
the development of micromachining techniques, it is 
possible to precisely fabricate blister specimens. For 
example, the specimen dimensions can be controlled by 
standard lithography and anisotropic etching techniques 
[33]. Because of the anisotropic etching of Si substrate, 
however, the observed window of a free-standing film is 
squared or rectangled. Although the mechanical 
properties of various films (e.g., nitride, polymer, Inconel 
and metal films [33−36]) deposited on Si substrate, such 
as elastic modulus, residual stress, and Poisson ratio, 
have been measured, few studies are made to take the 
interfacial adhesion into considerations. In this work, the 
whole deformation field and debonding process by 
DSCM are measured. The interfacial adhesive energy of 
polypropylene/stainless steel with a squared free- 
standing film window is studied by the blister test. In 
addition, the stress field can be obtained from the whole 
deformation field. 
 
2 DSCM principle 
 

As illustrated in Fig. 2, the DSCM includes two 
parts: in-plane and out-of-plane displacement measure- 
ments. In Figs. 2(a) and (b), P(xP, yP) and Q(xQ, yQ) are 
the two points on the surface image of a specimen before 
deformation. After deformation, points P and Q move to 
P* and Q*, respectively. The in-plane strain components 
can be written as follows [37]: 

 

 
Fig. 2 Illustration of principle of DSCM: (a) In-plane 
displacements before deformation; (b) In-plane displacements 
after deformation; (c) Out-plane displacements 
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Normally, to track the displacement of point P, a 
small squared subset S with (2M+1)×(2M+1) pixels 
around point P is chosen in the undeformed state. The 
position of the selected subset in the deformed image 
(named subset T) is obtained through searching the peak 
position of the distribution of correlation coefficient. 
Here, a typical correlation function is defined as [38]: 
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where K is the correlation coefficient; f(xi, yi) and g(xi, yi) 
are the gray values of subsets S and T, respectively; f  
and g  are their corresponding average gray values. 

The principle of out-of-plane displacement 
measurement is shown in Fig. 2(c). Random speckles are 
projected on the specimen surface by the projector R. If 
the film is in the undeformed state, speckles are 
projected to point N and then reflected to point C (i.e., 
the center of charge coupled device (CCD) camera). 
After deformation, the speckles are projected to point O 
and reflected along the OC ray to the CCD camera. The 
point M is the prolongation end of the OC ray. According 
to the geometric relationship, the in-plane displacement l 
can be obtained as 
 

/( )l MN L Hω ω= = −                          (3) 
 
where H is the distance between the CCD camera and 
specimen and L is the distance between the projector and 
CCD camera. Due to ω <<H, Eq. (3) can be written as 
 

( / )H L lω =                                   (4) 
 
3 Experimental 
 

A schematic of the blister test setup is shown in  
Fig. 3(a). The specimen was clamped onto the specimen 
holder that connects with the oil chamber. The pressure 
was applied by a stepper motor and measured by a 
pressure transducer. The deflection of the free-standing 
film was measured by DSCM. The white light was 
formed into speckle through the speckle fabrication and 
projected on the specimen surface via lens. The surface 
speckle images before and after deflection were recorded 
by a CCD camera. 

A stainless steel disc was used as substrate with the 
diameter and thickness of 34 mm and 3 mm, respectively. 
A squared hole, with the length of 4 mm, was machined 
at the center of substrate. The surface of substrate was 

then roughened by using the abrasive paper. To avoid air 
bubbles between the film and substrate, specimens were 
carefully prepared by pressing polypropylene film with a 
thickness of about 50 μm on stainless steel, as shown in 
Fig. 3(b). 
 

 
Fig. 3 Schematic of blister test setup (a) and photos of 
specimen at different pressures (b) 
 
4 Results and discussion 
 
4.1 Debonding process 

The whole deformation fields of polypropylene film 
before and after debonding are given in Figs. 4 and 5, 
respectively. It is seen in Fig. 4 that the film stretches 
upward under a uniform pressure and the contour profile 
of deformation is squared. As shown in Fig. 5(a), the 
deflection of polypropylene film increases with 
increasing pressure. The debonding initiates from the 
centers of four edges and towards their corners (see   
Fig. 5(b)). 

As shown in Fig. 6(a), at the pressures of 0.024 
MPa and 0.076 MPa, the deflection of polypropylene 
film slowly increases. Beyond the critical pressure of 
0.119 MPa, the squared film debonds from the centers of 
four sides (see insert in Fig. 6(a)). The pressures applied 
to polypropylene film decrease to 0.110 MPa and 0.100 
MPa with the increase of cracking and deflection. The 
debonding process is clearly seen from the photo of 
specimen in Fig. 3(b). The debonding appears from the 
centers of edges at p=0.119 MPa. With the increase of 
the debonding zone, the pressure decreases to 0.110 MPa. 
The shape of debonded film becomes circular      
with further debonding. It is also seen in Fig. 6(b) that 
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Fig. 4 Deformation field of polypropylene film before debonding at p=0.003 MPa: (a) 3D profile; (b) Contour map 
 

 

Fig. 5 Deformation field of polypropylene film after debonding at p=0.110 MPa: (a) 3D profile; (b) contour map 
 

 

Fig. 6 Deflection in xz-plane at different pressures (a) and pressure—time curve (b) during debonding process 
 
pressure monotonically increases at the beginning of the 
test. After the critical point D (pc=0.119 MPa), there is 
debonding between film and substrate, which causes the 
decrease of pressure. 

4.2 Stress fields 
A free-standing squared film, with the thickness of t 

and the side of 2a, is bonded to its substrate at the 
window edges. Let (u, v, ω) be the components of the 
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displacement parallel to the (x, y, z) directions (see   
Fig. 7(a)). Considering the clamped film edges, the 
boundary conditions are 
 

0, 0, 0    for 

0, 0, 0    for 

u x a
x

v y a
y

ωω

ωω

∂⎧ = = = = ±⎪ ∂⎪
⎨ ∂⎪ = = = = ±
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                (5) 

 
The displacement fields of a squared film with the 

side of 2a can be approximated by [39] 
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where c and ω0 are constants. If the deflection of a film 
is much larger than its thickness, the influence of 
bending can be ignored. Then, strains in the film are 
given by [33] 
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In the case of linear elasticity, the strain energy U 

can be expressed by 
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where t, E, and ν are the thickness, elastic modulus and 
Poisson ratio of the film, respectively. According to the 
virtual displacement principle, we have 
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By solving Eq. (9), the parameters of c and ω0 in Eq. 

(6) can be obtained as 
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where p is the pressure applied to the film and a is the 
half side of the film. For the polypropylene film, υ=0.38 
[40],  Eq. (10) can be simplified as 
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The stresses in the film can be written as 
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Figures 7(b) and (c) show respectively the stress 

fields of σx and σz in polypropylene film at the critical 
debonding pressure of 0.119 MPa and E=2 GPa [41]. In  
 

 
Fig. 7 Illustration of coordinate system (a) and stress fields of 
σx (b) and σz (c) in polypropylene film at p=0.119 MPa 
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Fig. 7(b), the maximum value of σx is distributed on both 
sides of x axis. It is seen in Fig. 7(c) that the maximum σz 
in film appears at the center of four edges and decreases 
to zero at the corners. According to the analysis of σz, the 
debonding of film occurs at the centers of four edges. 
 
4.3 Interfacial adhesive energy 

In the blister test, the film deforms under a uniform 
pressure. A part of the work done by the pressurizing oil 
is stored as the film’s elastic strain energy, and the rest of 
the work is available to break the interfacial bonding. If 
there is no residual stress in the film, the interfacial 
adhesive energy Gc can be calculated by [42] 
 

v
c c c1.25

π
G p

κ
ω=                            (13) 

 
where pc and ωc are the critical debonding pressure and 
its corresponding deflection. The coefficient κv, which 
accounts for the shape of the film, is roughly 1.62 for 
circular windows and 1.94 for squared windows. Thus, 
the interfacial adhesive energy of a polypropylene 
film/stainless steel system is (22.60±1.55) J/m2. To verify 
the result, the similar work is done on the circular film. 
The interfacial adhesive energy of a circular 
polypropylene film on stainless steel is (25.32±2.17) 
J/m2, which is consistent with the result of a squared 
film. 
 
5 Conclusions 
 

The interfacial adhesive properties of a squared film 
on substrate were studied by the blister test. In contrast to 
the uniform debonding of a circular film, debonding 
appears from the centers of four edges of a squared film 
and then propagates to their corners. The experimental 
results are explained by the distribution of stresses in the 
z direction, where the largest values are at the centers of 
four edges. The interfacial adhesive energy of 
polypropylene/stainless steel is (22.60±1.55) J/m2, which 
is in agreement with that obtained from a circular film. 
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摘  要：采用鼓包法研究聚丙烯薄膜/不锈钢基底的粘接性能。基于数字散斑相关法，对自由窗口的聚丙烯薄膜受

油压发生变形的全场形貌进行测量。实验结果表明：方形窗口薄膜的剥离最先从四边的中心开始，然后扩展到薄

膜的 4 个尖角，变形形貌从方形最后变成圆形。聚丙烯薄膜/不锈钢基底的界面粘接能为(22.60±1.55) J/m2，这个

结果和圆形薄膜窗口测量的结果吻合得较好。 

关键词：鼓包法；聚合物薄膜；界面粘接性能；脱粘；全场变形 

 (Edited by Hua YANG) 

 
 


