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Determination of residual stress and interface adhesion

toughness of thin films by blisters

Abstract

Circular blisters and telephone cord blisters (TCBs) can spontaneously occur in thin films
under constant bi-axial compressive residual stress. In this work, new mechanical models are
used in conjunction with measurements of blister morphology parameters to determine the
residual stress in films and the adhesion toughness at interfaces. These new models are based
on the hypothesis that pockets of energy concentration (PECs) drive the nucleation and
growth of blisters instead of buckling, as in the conventional models, since the thin films are
under constant compressive residual stress. Predictions from the models are in excellent

agreement with independent experimental data.

Keywords: thin film, residual stress, fracture toughness, spalling fracture, adhesion strength

1 Introduction

Thin-layer/thick-substrate composite material systems are ubiquitous in daily life. Thin
layer materials exist in various forms such as films, coatings and oxidation scales. In this
work, they are collectively called ‘thin films’. Thin films perform various functions such as
corrosion protection [1], thermal barriers [1], stretchable electrodes in electronics [2] and
light trapping in solar cells [3]. Durability against delamination of composite material
systems is a key design consideration, which is closely related to the residual stress in the
film and the adhesion toughness at the interface. This work reports a method for both
laboratory and in-situ measurements of the residual stress and adhesion toughness.

Film delamination from a substrate often occurs as blisters, which appear to develop
spontaneously under constant compressive residual stresses. They are typically circular,
straight or telephone cord blisters (TCBs). These blisters are conventionally and most-widely
considered to be buckling-driven [4,5], that is, a pre-existing interface delamination without
outward deflection is assumed with a size larger than the critical buckling dimension [4,5].
Experimental observations [6], however, show no such pre-existing delamination. Wang,
Harvey et al. have recently proposed that spontaneous formation of blisters is driven by
pockets of energy concentration (PECs) [7-9]. Predictions of blister morphology from these
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PEC-driven models [6—8] are in excellent agreement with independent experimental results.
In this work, the measured morphology parameters are used to determine the compressive
residual stress in thin films and the adhesion toughness at the interface. The mechanical
models are briefly introduced in Section 2, and determination of residual stresses and
adhesion toughness for specific cases are reported in Section 3. Conclusions are drawn in

Section 4.

2  Mechanical models

2.1 Circular blisters

A circular blister with relevant geometry parameters is shown in Figure 1. The film
material is assumed to be homogeneous and isotropic with the Young’s modulus £ and

Poisson’s ratio v .

Figure 1. A circular blister.

According to the PECs theory in Ref. [7,8], the spontaneous formation of a blister is
determined by the parameter QQ, which represents the ratio between the plane-strain residual

strain energy density in the thin film and the adhesion toughness G, at the interface, that is,

Q:M, (1)
2EG

where o, is the bi-axial compressive residual stress. The mechanical condition for the of a
circular blister is Q>3/2 [7,8]. It is worth noting that the value of QO depends on the film
thickness / , the residual stress o, and the adhesion toughness G, for a given material.

Using measurements of film thickness / and blister height 4. at spallation, as shown in

Figure 1, the parameter Q2 can be calculated as
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Then the residual compressive stress o, is obtained by using Q and the measured blister

spallation radius R, as follows:
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If Q>>3/2 then the residual stress o, can be determined with R only, that is,
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The adhesion toughness G, at interface is then determined using Eq. (1).

2.2 Telephone cord blisters (TCB)

Figure 2 shows a TCB consisting of the fully-developed part and the nose part. The fully-

developed part has width 2R, height 4, , transverse amplitude 4, and wavelength 4. These

are the four morphology parameters of a TCB.

(a)

Figure 2. A telephone cord blister: (a) Top view and (b) 3D view of the cut (shown in a)

along the r -axis perpendicular to the sinusoidal centerline of the blister.

Yuan, Harvey et al. [9] have developed a completely-analytical model to determine the
four morphology parameters based on the PECs theory [7,8]. The theoretical predictions are
again in excellent agreement with extensive independent experimental data. Now, in this
work, the calculation is reversed to determine the residual stresses in the film and the

adhesion toughness at the interface by using measured morphology parameters. By using



measurements of the TCB height 4 the parameter Q is still given by Eq. (2), but with the

subscript x -coordinate swapped for the 7 -coordinate. Then the residual stress o, is obtained

7EQ (hY 3\”

The adhesion toughness at the interface G, is still determined using Eq. (1).

as

It is worth noting that parameter Q can also be determined by using the measured

wavelength-to-width ratio, that is,
-1

v—1
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3 Determination of residual stresses and adhesion toughness

The first case concerns the determination of residual stresses in alumina scales grown by
oxidation of FeCrAl alloy at high temperature [6]. Circular blisters spontaneously formed
under constant bi-axial compressive residual stresses and at room temperature after cooling
from high oxidation temperature. Their sizes were much smaller than the critical buckling
dimensions during both the nucleation and early-growth stages. After a period of unstable
growth, many blisters spalled off. In this work, the spallation radius measurements are used
to determine the residual stresses. Four, two and one blisters were measured in alumina scales
of thickness 4.9 um, 6.2 um and 8.0 um, respectively. The average spallation radii for each
alumina scale thickness are 75 pm, 97.5 um and 122.5 um, respectively. The respective
blister heights are not available. The Young’s modulus and Poisson’s ratio of the alumina
scales is £ =400 GPa and v =0.25, respectively. Since the blister heights are not available
the parameter Q can not be determined using Eq. (2). The residual compressive stresses o,
are therefore predicted using Eq. (4), and comparisons with the experimental results are

presented in Table 1. It is seen that an excellent agreement has been achieved between the

prediction and experimental values. This indicates that 2 is much larger than 3/2.



Table 1. Combined comparison of the residual compressive stresses o, in alumina scales.

Film thickness [pum] o, [GPa], Eq. (4) o, [GPa] (measured in Ref. [6])
4.9 4.49 4.46
6.2 4.26 4.45
8.0 4.49 4.31

The second case concerns the determination of residual stresses in tungsten film and its
adhesion toughness at the interface with silica substrate. The TCB morphology parameters in
Ref. [10] are used. The Young’s modulus and Poisson’s ratio of the tungsten films are taken

to be £E=411GPa and v =0.28, respectively. There are four groups of specimens with
different film thicknesses. The measurements of the TCB width 2R and height 4 were

performed at the curved section and straight section respectively, as shown in Figure 3.

() (b)

Figure 3. Telephone cord blister morphology measurement at (a) curved section and (b)
straight section [10].

The values of Q for each TCB are calculated using Eq. (2) with the measured value of 4
, and then the compressive residual stresses o, and interface adhesion toughnesses G, are

obtained using Egs. (5) and (1), respectively. The results are recorded in Table 2, in which
each group of results is for a different film thickness. It is worth noting that TCBs can form at

different values of €2>1.5 which depends on the film thickness 7, the residual stress o, and
the adhesion toughness G, for a given material [7,8]. It is observed that all QO values in Table

2 are larger than 1.5, which satisfies the formation condition of TCBs, that 1s, QQ>1.5[7,8].
Note that the second group of specimens strictly obeys this rule. The determined compressive

residual stresses o, and interface adhesion toughness G, at the curved and straight sections

in each group are very close to each other as expected. This demonstrates the validity of the



present method. The variations of residual stresses o, and interface adhesion toughness G,

in different groups show the effect of film thickness . The critical mode I and mode II

adhesion toughnesses, G,, and G, , can then be determined by using a mixed mode partition
theory [7,8].
Table 2. Theoretical predictions of the residual compressive stresses o, and interface

adhesion toughness G, with the morphologies of telephone cord blisters from Ref. [10].

Experimental measurements [10] Theoretical predictions
-2
Section h [nm] R [pm] A, [pm] Q,Eq. (2) o, [GPa], G, [Nm ]’
Eq. (5) Eq. (1)
Curved 8.11 0.847 4.15 1.67 0.08
Straight 100 7.4 0.787 3.70 1.76 0.09
Averaged 7.76 0.817 3.93 1.72 0.09
Curved 5.4 0.67 1.54 3.63 1.91
Straight 200 5.16 0.633 1.52 3.72 2.05
Averaged 5.28 0.652 1.53 3.68 1.98
Curved 17.5 1.43 2.72 1.10 0.11
Straight 225 17.2 1.36 2.54 1.05 0.11
Averaged 17.35 1.40 2.63 1.08 0.11
Curved 20 1.73 2.40 1.28 0.23
Straight 300 18.8 1.47 2.00 1.12 0.21
Averaged 19.4 1.60 2.20 1.20 0.22

4 Conclusion

Spontaneous formation of circular and telephone cord blisters in thin films can occur when
the parameter Q, that is, the ratio between the plane-strain residual strain energy density and
the adhesion toughness, is larger than 3/2. By measuring the blister morphology parameters,
the authors’ PEC-driven mechanical models [7-9] provide an accurate method to determine
the residual stresses in a thin film and the adhesion toughness at the interface between the
film and its substrate. This method is of considerable value as it can be used in both

laboratory tests and with in-situ measurements.
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