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Abstract. Mechanical models are developed to determine the mode I and Il ad-
hesion toughness of monolayer thin films using circular blister tests under the
pressure load. The interface fracture of monolayer thin film blisters is mode |
dominant for linear bending with small deflection while it is mode Il dominant
for membrane stretching with large deflection. By taking the advantage of the
large mode mixity difference between these two limiting cases, the mode | and
I adhesion toughness are determined in conjunction with a linear failure crite-
rion. Thin films under membrane stretching have larger adhesion toughness
than thicker films under bending. Experimental results demonstrate the validity
of the method.
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1 Introduction

Thin films can detach the substrates by buckling [1-5], pockets of energy concentra-
tion [6-8], etc.; therefore, the adhesion toughness of thin films is a major concern in
engineering applications. Several experimental techniques have been developed to
determine the film’s adhesion toughness, such as peeling [9], scratching [10] and
blister tests [11-13]. The blister tests are widely used in microelectronics and coating
fields. The first blister test was reported by Dannenberg in 1961 [11], which was fur-
ther developed by Jensen [12,13]. Also, multiple theoretical models have been devel-
oped to correlate the adhesion toughness of thin films with the blister morphology
[14,15] that is induced by either a pressure load or a point load. Films, such as gra-
phene, and substrates with various material properties and thickness are employed in
the blister tests, hence the limits of membrane stretching with large deflections and
linear bending with small deflections, and even transition characteristics are necessary
in deriving the film’s adhesion toughness. Furthermore, the adhesion toughness is
influenced by the through-thickness shearing and film sliding [16]. The present work
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aims to develop mechanical models to determine the mode | and Il adhesion tough-
ness of thin films by using circular blister tests under a pressure load, then the me-
chanical models are validated with experimental results [17]. Also, the mechanical
models for the circular blister test under a point load are developed in Ref. [18].

2 Analytical mechanical model for the circular blister test
with a pressure load

Figure 1 shows a circular blister under a pressure load p. The blister radius is Ry

with B denoting the blister tip, and the central deflection is § . The film thickness is
h, which is assumed much smaller than the substrate thickness. Hence, the global
deformation of the substrate is negligible. The film’s Young’s modulus is E and the
Poisson’s ratio is v .

Fig. 1. A circular blister test with a thin film under a pressure load on a thick substrate.

2.1  Linear bending mechanical model for small deflection

For linear bending limit with small deflections, denoted by the subscript b, the crack
tip loads [3-5], i.e. bending moment MB(Nm m'l), in-plane force NB(N m'l), and

through-thickness shear force P, (N m'l) are
1, 1
MBbzngB’ Ng, =0 and PBb=EpRB )

The mode I and Il energy release rates (ERRs) based on 2D partition theories [16,19—
21] are,

G, :0.6227% p3, L+ A )

G, - 0.3773% 03, (3)

where ¢, is the blister central deflection,

o, -2 ov)oRe @)
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and A represents the through-thickness shear effect,
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o Pg,h _ 4h (5)
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The mode mixity p is readily obtained by Egs. (2) and (3),
p=G,/G, =0.6059/(L+ 1) (6)

Based on Egs. (5) and (6), it is found the mode mixity approaches to pure mode | for
large A (or small R;/h), and approaches to 0.6059 for very small 4. In addition, the

total ERR can be given by combining Egs. (2) and (3) and expressed by

G =G, +G, =G,(1+G,/G,)=G,[L+0.62274(2+ A)] @)
where G, :1/(2 p&b) is the ERR component from Jensen's work [3-5], which does
not account for through-thickness shear; but Gy demonstrates the ERR component

due to the crack tip through-thickness shear force P,,. It is seen that the through-
thickness shear tends to decrease the mode mixity shown by Eq. (6) and consequently

to reduce the adhesion toughness, as per Eq. (7).
2.2 Membrane stretching mechanical model for large deflection

For membrane stretching limit with large deflections, denoted by the subscript m, the
crack tip loads [3-5] in Eq. (1) become

h (Enp’r2)"

2p2 /3 1
MBm :Z 3(1—V2}p(v) 2 7 NBm :(Ehp RB)‘/ €D(V) and PBm :EpRB (8)

where the parameter ¢(v) is

)= (1.078+0.636v )"°

9
2l6fi—v? )| 2
The blister central deflection becomes
13 2\V3
s, :0.9635{—3(1”)} [D—RB] (10)
T-v Eh
The mode | and Il ERRs [16,19-21] are
~ ps,, (0.7578-0.1429v )
G, = 0.6227x 5 170 (11)
2
G, =03773x ps,, (L.400+0.2358) (12)
8 o)t ()
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Hence, the total ERR is

G_{ L (1—v2)¢(v)z}p_5m (13)

8o(v) 2 )

and the mode mixity for membrane stretching with large deflection is

(14)

2
. 0'6059[ 1.400 + 0.2358v j

0.7578-0.1429v

Eqg. (14) shows that p varies from 2.0680 for v =0 to 2.9634 for v =0.5, and re-
mains constant during blister radial growth. The adhesion toughness G, therefore

remains constant with mode Il dominant, and consequently it is expected to be larger
than the adhesion toughness of films under linear bending.

Now, the linear failure criterion is used to derive the mode I and Il adhesion tough-
ness, which is considered as an accurate failure criterion for interfaces with low adhe-
sion toughness [6,7,16,22,23]. For any given mode mixity p , the corresponding ad-

hesion toughness G, is

G, = (1p"'Gp)f|éGuc (15)

Based on Eg. (15), by choosing two values of mode mixities, with their corresponding
adhesion toughness, the mode | and Il adhesion toughness can be readily obtained.
But, when used in conjunction with linear bending model, more accurate predictions
for G, and G, can be determined than from using just the linear bending model
alone. Hence, by choosing p, and p,,, with G, and G_,, the mode I and Il adhe-

sion toughness can be obtained as

cm?

— Gchcm (pb _pm) 16
e prcb(1+pm)_pchm(1+pb) ( )

_ Gchcm(pb _pm) 17
IIE_Gcm(l+pb)_Gcb(1+pm) ( )

3 Experimental validation

The mechanical models developed above are validated using the experimental results
as presented in Ref. [17]. In the first experiment group, photoresist films with three
different thickness h are blistered from the copper substrate with a thickness of 80
pum, under a pressure load. The film’s Young’s modulus is 3.6 GPa and the Poisson’s
ratio is 0.35. The Young's modulus of copper is about 128 GPa, which is much larger
than that of the photoresist films. Therefore, the present thin film models are still
applicable. Based on the comparison between the predicted and experimental adhe-
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sion toughness, it is found that h=10pum corresponds to membrane stretching limit,
and both h=31um and h=60pum correlates to linear bending limit. The predictions
of the adhesion toughness based on the analytical model are summarised in Table 1.

Table 1. Analytical predictions of the adhesion toughness for various film thickness.

Thickness Mode mixity Measured adhesion Mode | Mode 11
(um) (p=GW/G) Toughness (J m?) Toughness (J m?)  Toughness (J m?)
Photoresist/copper
10 2.6583 Eq. (14) 0.3487 Eq. (13)
31 0.5189 Eq. (6)  0.2827 Eq. (7) [0.2845 Eq. (15)]  0.2446 Eq. (16) 0.4152 Eq. (17)
60 0.4535 Eq. (6) 0.2805 Eq. (7)
Photoresist-graphene/copper
10 2.6583 Eq. (14) 0.4435 Eq. (13)
31 0.5189 Eq. (6)  0.3711 Eq. (7) [0.3710 Eq. (15)]  0.3240 Eq. (16) 0.5149 Eq. (17)
60 0.4535 Eqg. (6) 0.3664 Eq. (7)

First, the mode mixities and the corresponding adhesion toughness at R; =1530 pm
for h=10um and h=60um are determined by Egs. (13) and (14), and Egs. (6) and

(7), respectively. Then, the film’s mode | and mode Il adhesion toughness can be
determined with the mode mixities and the corresponding adhesion toughness at for
thickness 10 um and 60 um by Eqgs. (16) and (17). Next, substituting G,., G,. and p

for thickness 31 um into Eq. (15) gives the analytical G, =0.2845J m?, which is in

excellent agreement with the experimental result shown in Table 1.

In the second experiment group, a monolayer graphene is sandwiched between the
photoresist films and the copper substrate. The thickness of the monolayer graphene is
about 0.347 nm [16]. Even considering the Young’s modulus of the graphene is about
1000 GPa, its effective thickness is still much smaller than the thickness of the photo-
resist films and it is therefore ignored in the present work. The addition of the gra-
phene layer, however, changes the adhesion toughness at the interface. Following the
same analytical procedure as that for the first group, the analytical predictions are
summarised in Table 1. It is seen again the analytical adhesion toughness
G, =0.3710J m? for h=31um is in excellent agreement with the experimental re-

sult shown in Table 1.

4 Conclusions

This work shows the mechanical models for circular blister tests under a pressure
load. The large mode mixity difference between the limits of membrane stretching
and linear bending enables the mode | and Il adhesion toughness of thin films to be
accurately determined, which can be well validated with experimental results. For
linear bending with small deflection, the interface fracture of thin film blisters is
mode | dominant. The through-thickness shear force makes an extra contribution to
the mode | ERR and decreases the mode mixity. The thicker the film is, the smaller
the adhesion toughness is. For membrane stretching with large deflection, the inter-
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face fracture is mode 1l dominant. Membrane films consequently have larger adhesion
toughness. Furthermore, the through-thickness shear force has no effect on the mode
mixity which is only dependent on the Poisson's ratio. In addition, the mechanical
models for circular blister tests under a point load are developed in Ref. [18].
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