THE IN-SITU MEASUREMENT OF MECHANICAL PROPERTIES OF
MULTI-LAYER COATINGS
by
PINYEN LIN

B.S., Chemical Engineering, National Taiwan University (1982)
M.S., Polymer Science and Engineering, Polytechnic University (1986)

SUBMITTED TO THE DEPARTMENT OF
MATERIALS SCIENCE AND ENGINEERING
IN PARTIAL FULFILLMENT OF THE REQUIREMENTS
FOR THE DEGREE OF

DOCTOR OF PHILQSOPHY IN MATERIALS SCIENCE AND ENGINEERING
ai the
MASSACHUSETTS INSTITUTE OF TECHNOLOGY
June, 1990

© Massachusetts Institute of Technology, 1990, All rights reserved

Signature of Author

Deﬁ;}mlem of Materials Science and Engineering
May 4, 1990

-

Certified by D) v%/g;vvy- LD 7 A5 A " tettaid

Professor Stephen D. Senturia
Department of Electrical Engineering and Computer Science
Thesis Supervisor

Accepted by . R

Alr?éfessor Thomas W. Eagar
Acting Chidrman, Graduate Committee

Depuitment of Materials Science and Engineering
MASSACHUSETTS INSTIi 4TE
0 TEGHNOLOGY

JUN 141330

UBHM?{(CH! VES




) L e
ol T e T e R e s T T e :

THE IN-SITU MEASUREMENT OF MECHANICAL PROPERTIES OF
MULTI-LAYER COATINGS
by
PINYEN LIN

Submitted to the Department of Materials Science and Engineering
on May 4, 1990 in partial fulfillment of the requirements
for the degree of Doctor of Philosophy in
Materials Science and Engineering

ABSTRACT

An in-situ technique was developed for analyzing the mechanical properties of
multi-layer polymeric films in terms of the properties of the individual layers. Several
different materials, including a polyimide and three organic paint resins, were used in this
study. The deflection of circular or square suspended membranes consisting of one or
more polymeric layers was measured as a function of applied differential pressure. This
so-called load-deflection behavior can be readily analyzed for a single layer to yield residual

stress and the biaxial modulus. This thesis addresses the extension of the load-deflection
technique to multi-layer films.

Sample fabrication methods for both square and circular suspended multi -layer
films were developed for this study. Square multi-layer suspended films were made by
spinning or spraying resin coatings on top of polyimide suspended membranes fabricated
using microelectronic techniques, and curing them. Single- and multi-layer circular
membranes were made without polyimide substrates by first applying the coating to a

release layer, bunding a circular ring to the coating, then removing the coating from the
release.

Finite element models for a single layer based on membrane mechanics were used
to analyze the load-deflection behavior of the uncoated polyimide and the single-layer resin
films. These results were used in a multi-layer finite element model for comparison with
the experimental behavior of the multi-layer coatings. The results from the bi-layer films
were in good agreement with those from single-layer films. This indicates that the lon-
deflection behavior of composite multi-layer coatings could be successfully analyzed in
terms of the corresponding properties of the constituent layers. It was found that the
effective biaxial modulus obeys a simple sum rule, while the residual stress must be
corrected in the thicker films due to thickness-induced bending effects. The limitation of
this technique is mainly from the variation of the film thickness, which reduces
significantly the accuracy of the results for the films with more than three layers.

Thesis Supervisor: Dr. Stephen D. Senturia

Tide: Professor of Electrical En gineering and Computer Science
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CHAPTER 1

Introduction

1.1 Motivation and Goals of Thesis

Polymeric coatings have been used in many ways from automobile paints to
package coatings for integrated circuits. It is important to understand the mechanical
properties of coatings in order to ensure they fulfill their designed functions [1]. Among
the mechanical properties, the biaxial modulus, the residual stress, and the in-plane Poisson
ratio of the coatings are particularly interesting since they describe the fundamental behavior
of the material as a thin film. To measure these properties, the in situ measurement
techniques are desirable since these techniques measure the mechanical properties of

coatings while they are in use.

At bresent, the residual stress measurement is usually performed using in situ
techniques, while the modulus and the in-plane Poisson ratio measurements are most often
carried out by other free-film techniques which require the removal of coatings from
substrates. The requirement of free-film samples not only makes it impossible to measure
the residual stress, but also may modify the properties of coatings. For example, for
residual stress which exceeds the limit of the linear elasticity regime, the free-film tensile
measurements may ‘causc a problem of accuracy. In addition, the in-plane Poisson ratio
measurement from free-film techniques has poor reproducibility due to the low precision of

the measurement of the tiny change in the lateral strain of thin coatings.
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Most coatings are based on organic polymers and many are multi-laycrcdk. The
materials of multi-layer paints, such as thbse used on automobiles, usually vary from layer
to layer, which causes nonuniformity of mechanical properties throughout the thickness
[2,3]. The multi-layer structure of coatings increases the difficulty of mechanical analysis
since the behavior of multi-layer films is not a simple average of single-layer behavior
[4,5]. The mechanical behavior of multi-layer coatings has not been well characterized,

and very few researchers have reported a satisfactory way to analyze multi-layer problems.

The blisfcr method is one way to measure mechanical properties of thin films in situ
[6-11]. In this method, the deflection of a suspended film is measured as a function of
applied pressure; this is known as the load-deflection behavior. The biaxial modulus and
the residual stress of the films can be extracted simultaneously from the relationshib
between the applied pressure and the deflection using a mathematical model. Using this
technique, the in-plane Poisson ratio can also be calculated by comparing the value of
biaxial modulus with the value of Young's modulus from uniaxial tensile tests [12].
Hence, the blister method and the uniaxial tensile tests have been chosen for this study.
However, the current techniques for fabricating test samples for the blister method are not
suitable for polymeric coatings partly due to the low chemical stability of coatings. In
addition, the mathematical model deals only with thin single-layer films, and hence, this

model is not applicable to the study of multi-layer coatings.

The goal of this work is to develop experimental techniques and corresponding
mathematical models for the in situ measurement of the mechanical properties of multi-layer
polymeric coatings. The first part of the goal will be accomplished with the development of
an in situ measurement technique which can be adopted by the coating industries for roiﬁ:ine
measurement. In developing this technique, three issues have to be considered: (a) the

fabrication of precise samples, (b) the reproducibility of mechanical measurements, and (c)'
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the ease of adoption of this technique by the coating industry. This implies that this
technique has to be capable of handling the multi-layer structure of coatings commonly
used for polymeric coatings. This technique will provide a new way to evaluate the
mechanical properties of each layer in a multi-layer coating system. A design of a chamber
to control the environmental conditions for the blister tests is also discussed in this

development as well.

The second part of the goal is to develop mathematical models for thick films and to
apply it to multi-layer coatings tested by the blister method. At present, only simplified thin
models are available. This causes errors in the evaluation of mechanical properties of
thicker films. As coatings get thicker, bending energy must be considered in the blister
method. Thus, the new model has to include this thickness effect and be usable for the
evaluﬁtion of mechanical properties of multi-layer coatings. Both analytical solutions and

the finite element method are used for this purpose.

1.2 Multi-layer Polymeric Coatings

Polymeric coatings have been used in human society in a variety of ways. - The
various coating products — paints, varnishes, lacquers, enamels, chemical coatings,
maintenance finishes, etc. — have been used to protect, decorate, and provide functional
properties to a number of surfaces and objects [2]. The composition of polymeric coating
usually includes polymers (resins), solvents, pigments, additives, and extenders [13].

Nevertheless, not all polymeric coatings have all of these ingredients.

Three commercially available coatings were selected for this study. These
polymeric coatings are clear finishes for the automobile and truck bodies and flexible

finishes for plastic substrates of automobiles [14]. The mechanical properties of these
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paints are quite different since they are designed to fit different purposes. The main
requirements for these finishes are appearance, durability and corrosion protection. The
finishes are mainly comprised of undercoats or primers and topcoats. Primers are applied
mainly to prevent corrosion, in addition to smoothing out small imperfection. Topcoats are

usually formulated to impart high gloss and excellent appearance.

Another polymer material studied in this work is polyirnide. Polyimide (PI) is a
class of polymers produced form dianhydrides reacted with diamines [15]. It has been
widely used as an electronic insulator in microelectronics and as a composite component in
other fields due to its low dielectric constant and excellent thermal and chemical stability

[16]. The PI suspended membrane for the blister method has been successfully produced

using microelectronic fabrication [10,17]. In this study, the PI suspended membrane was

used as a base on which other coatings were coated. That is, multi-layer square samples

were made by applying different coatings on top of single-layer PI samples.

1.3 Mechanic_al Property Measurements
1.3.1 Biaxial Modulus

A coating with high modulus can strengthen the coated substrates. However, a
high modulus implies brittleness, which may reduce the toughness of the material and
cause cracking problems. The most common way to obtain the biaxial modulus is to
measure Young's modulus which is modified from the biaxial modulus by a factor of one

minus the Poisson ratio (Eq. 1.1).

Young's modulus
1-v

Biaxial modulus =

(1.1)
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where Vv is the Poisson ratio. This measurement is done using a uniaxial tensile test
instrument on the coatings released from the substrate. To fabricate free-film samples, the
polymer coatings are coated on a weakly adhering substrate; or, the adhesion between
coatings and substrates is weakened by specific solutions or vapors after the curing
process. Then the coating is removed from its substrate as a free film and is cut into an
appropriate shape for a standard tensile test. The modulus is obtained from the relationship

between stress and strain.

Although the equipment for the uniaxial tensile test is reasonably easy to operate,
there are some drawbacks. First, it is very hard to remove coatings from their substrate
without modifying their properties. The film may be damaged during the process of
peeling and/or shape cutting, especially when coatings are very brittle and fragile. In
addition, the requirement of free-film samples in tensile tests causes the loss of the
information about residual stress. Finally, this measurement is adequate only for residual
stress (or strain) which does not exceed the limit of the linear elasticity regime of coatings.
The modulus measurement from a released coating may deviate from the real coating
properties when the residual stress is beyond the linear elastic regime. Thus, it is desirable

to measure Young's modulus in situ.

1.3.2 Residual Stress

Residual stress is an important parameter in terms of mechanical failure of the
coatings. Originating in the curing process, residual stress includes two parts: intrinsic
stress and the stress due to the mismatch of the thermal expansion coefficient between
coatings and substrates [18,19]. The intrinsic stress is generated by the evaporation of
solvents, the loss of small molecules due to chemical reaction, and the restrictive force in

the interface of polymer films and substrates [20]. The intrinsic stress is dependent on
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conditions such as chain mobility at cure temperature, degree of crosslinking, and so forth.
The thermal expansion coefficients of polymeric coatings are usually larger than those of
substrates such as ceramics, metal, etc. Therefore, tensile residual stress is more

commonly found in the polymeric coatings than compressive residual stress.

The importance of residual stress is four-fold. First, high residual stress aggravates
the problems of cracking and adhesion failure to the coatings [21]. Second, it may
introduce cracking to coatings applied on an irregular surface where the residual stress
concentration is high [22]. Third, the residual stress may deform the shape of the coated
subjects, since‘ the residual stress provides an intrinsic force to distort the coated subject.
Fourth, other physical properties, such as permeability, are also affected by residual stress.
The presence of such residual stress certainly affects the mechanical properties of coatings
and/or the substrates. As mentioned above, in a case of very high residual stress, it may

invalidate the results of the free-film tests due to the nonlinear elasticity of coatings.

Many stress-measuring techniques for residual stress have been developed recently
[23-27]. Residual stress in both inorganic and organic thin films on various substrates has
been measured [28-30]. For organic coatings, the most widely used technique is the plate
or beam deflection method (Fig. 1.1) [31-34]. In the case of plates, circular plates were
most often used due to their geometric simplicity. The procedure of residual stress
measurement is the following. The organic paints are first coated onto the substrate which
may be a plate or a strip. When residual stress is built up within the paints, the substrate is
warped or bent. The curvature of the deflected substrate can be measured optically,
electrically, or mechaﬁically [26,35]. By applying an adequate mathematical model, such
as the Stoney equation [36] for the circular plate, the residual stress of coatings can be
determined [25]. Similar techniques to measure the residual stress of inorganic coatings on

single crystal silicon wafers have been reported as well [37,38].
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(a)

Figure 1.1  (a) The plate deflection method; (b) the beam deflection method.

In this method, the experimental work is not complicated and the temperature
dependence of residual stress can also be studied. There are, however, some
disadvantages. For organic coatings, the residual stress is usually smaller than that of
inorganic or metallic films. Thus, the curvature or the deflection of the substrate may be
very small and difficult to determine easily and accurately. Since the substrate is usually a
metallic or an inorganic substrate, the surface of which can be optically smooth, the
problem of small deflections can be solved by using an expansive, sophisticated optical
instrument [39,40]. However, this instrument may not be applicable for a polymeric

substrate whose surface is apparently not optically smooth. An alternative way to solve the
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small deflection problem is reducing the thickness of the substrate. However, the bending
stiffness of coatings, which originally could be neglected in the thick-substrate situation,
then becomes significant. In this case, the Young's modulus of the coating is needed
before determining the residual stress [41-45]. In addition, the stress measured by these
methods are the average stress along the film. The stress difference across the substrate

can not be obtained by this method.

1.3.3 In-Plane Poisson Ratio

The in-plane Poisson ratio measurement is not commonly carried out due to
difficulty in measuring tiny changes in the lateral strain of thin coatings. Bauer [46]
measured the pressure dependence of stress on a thin film under a uniaxial load. Both in-
plane and out-of plane Poisson ratios can be evaluated from this method. However, this
technique also requires removal of coating from the substrate, which includes the
disadvantages of the free-film technique. Alternately, the bulk Poisson ratio, measured
from a bulky solid chunk instead of a thin coating, has been used to substitute the in-plane
Poisson ratio. However, it is arguable whether or not the bulk Poisson ratio is the same as

the in-plane Poisson ratio.

By using the blister method for different shapes of films, such as square and
rectangular, the separation of the Young's modulus from the in-plane Poisson ratio cﬁn be
achieved in theory because of the different Poisson ratio dependence in different geometries
[47]. The advantage of this technique is that the in-plane Poisson ratio can be measured
simply by applying the blister method to samples with different geometries. However, this

technique is in a preliminary stage and is still under investigation.
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Another feasible way to measure in-plane Poisson ratio is to use the blister method
together with the uniaxial tensile test since the results from both methods, the biaxial
modulus and the Young's modulus, also have different Poisson ratio dependence [48].
That is, the ratio of the Young's modulus and the biaxial modulus is one minus the Poisson
ratio (1-v). The disadvantage of this method is similar to the drawbacks of free-film énsile
tests; especially, the sample preparation of tensile tests needs tremendous caution.
Nevertheless, this technique seems to provide the most straightforward way of measuring

the in-plane Poisson ratio. Hence, this technique will be used in this study.

1.3.4 Blister Method

Another way of improving the above-mentioned plate or beam deflection method in
Section 1.2.2 is to create a suspended membranes by removing a portion of the substrate.
This method (Fig. 1.2) is called the blister method (or sometimes the load-deflection
method) [6-11]. It was originally designed to measure the stress-strain relationships in a
thin film by applying pressure on one side of the unsupported region and observing film
deflection using interferometry or microscopy techniques [6-8]. Recently, this method has
been used to determine the biaxial modulus and the residual stress of thin coatings. These
properties are extracted from the relationship between the applied pressure and the

deflection using a mathematical model.

The advantages of this in situ technique are: (a) problems of handling free-film
samples are eliminated; (b) knowing Young's modulus of films in advance is not
necessary; (c) the in-plane Poisson ratio can be obtained together with other mechanical
measurements. The limitation of the blister method is that only tensile residual stress can
be detected, since compressive residual stress wrinkles the suspended films which make

them unusable for the deflection measurement [25].

24




Figure 1.2 Cross-section of a suspended film undergoing a blister method.,

A nice way to prepare suspended films is to introduce microfabrication techniques
(10]. Using these techniques, the front side of silicon substrate is highly doped with
boron. A hole can be created by etching from the back side of the silicon substrate using an
etchant which stops at the boron doped layer. After the organic coating is deposited on the

boron-doped layer, the boron-doped layer is then removed, leaving a suspended organic

film.

* There are several advantages to this technique. First, the surface of silicon
substrate is clean and smooth so that the properties of films are reproducible. Second, the
size of the suspended membranes can be prccisely controlled by photolithography.
Polyimide suspended films have been successfully fabricated by these techniques in a clean
room facility [47,49]. To apply these techniques to any polymeric coatings, however,
coating materials are found usually incompatible to the clean room facility. In addition, the
sample fabrication time for this technique is long (approximately four hours per silicon

wafer).
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1.4 Organization of Thesis

In Chapter 2 the experimental methods used in this work are discussed. In
particular, the materials examined, the sample fabrication for the blister test and the uniaxial
tensile test, and the measurement setup are described in details. The mathematical models
for load-deflection experiments, which include the multi-layer models and the thickness
effect on the single-layer models, are presented in Chapter 3. In Chapter 4, the finite
element-analysis is used for calculating the constants of the models introduced in Chapter 3.
The results of load-deflection experiments and uniaxial tensile tests are shown in Chapter 5.
The humidity effect on the mechanical properties of coatings using load-deflection
- technique is given in Chapter 6. Finally, Chapter 7 shows the summary and the conclusion

of the this measuring technique.
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'CHAPTER 2

Materials And Experimental Methods

2.1 Introduction

The mechanical properties of polyimide (PI) and three polymeric resins used in
automotive paints were investigated in this study. Both single-layer and multi-layer films
were made from these materials for mechanical measurements usin g the blister test and the
uniaxial tensile test. Due to the differences in techniques of sample fabrication, there were
two types of samples: coatings with PI and coatings without PI. The blister test provided
information about the biaxial modulus and residual stress of films, while Young's modulus
was obtained from the uniaxial tensile test. The comparison of the results from the two
mechanical tests was made to evaluate the in-plane Poisson ratio of films. In summary, the
types of samples were shown in Table 2.1. The detail description of materials is given in

Section 2.2.

The samples containing PI included PI single-layer films and Pl+coatings (PI with
one or more paints) multi-layer films. The samples for the blister test were squai-e
suspended films and the samples for the uniaxial tensile test were ribbon-like films. Both
. types of samples were fabricated using microelectronic techniques. The effect of solvents
on mechénica.l properties of PI was also examined using the blister test on single-layer PI

samples.

The samples without PI were fabricated using a coat-and-peel method. These

samples included single-layer coating films and multi-layer coating films. Circular
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suspended films were the samples for the blister test, and ribbon-like free films were the
samples for the uniaxial tensile test. The effect of humidity on the mechanical properties of

coatings was also investigated using the blister test on single-layer coating samples.

Test 1 layer 2 layers 3 layers 4 layers

Blister PI PI+APC PI+APC+APC-D  PI+APC+APC-D+PEU
Test PI+APC-D PI+APC-D+PEU  PI+PEU+APC+APC-D |
(Square) PI+PEU PI+PEU+APC

Blister APC APC-D+APC APC-D+APC+PEU
Test APC-D PEU+APC-D PEU+APC-D+APC
(Circular) PEU APC+PEU

Tensile PI PI+APC

Test APC APC+PEU
APC-D APC-D+PEU
PEU

Table 2.1 The summary of the single-layer and multi-layer samples for mechanical
property measurements using the blister test and the uniaxial tensile test. PIis
polyimide; APC is acrylic polymer coating; APC-D is acrylic polymer coating
with dispersed resins; PEU is polyester urethane. PI+APC+APC-D means
that PI is the bottom layer, APC is in the middle, and APC-D is the top layer.

This chapter begins with an introduction of the materials studied in this work.
Next, the sample preparation for the blister test is described. The techniques for measuring
film thickness are described in Section 2.5. Then, the measurement setup and experimental
procedure for the blister test are given in Section 2.6. Finally, the sample preparation and

the equipment setup for the uniaxial tensile test are detailed in Section 2.7.
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2.2 Materials

Polyimides (PI) and three different polymeric resins were selected for in situ
mechanical property measurements. In this study, PI served as a basic layer for fabricating
multi-layer square samples using microelectronic techniques for the blister test. That is, the
polymeric coatings were always deposited onto the PI layer when making multi-layer

square samples.

All coatings in this study were resins used on automobiles and they were supplied
by the Marshall R&D Laboratories of E. I. DuPont de Nemours and Company. They were
chosen for several reasons. First, these coatings were quite different in their mechanical
properties, which provided a broad testing range for mechanical measurement. Second, the
coatings used here were composed of polymer resins and crosslinking agents only and
contained no additives such as pigments. It is desirable to begin with such simple systems,

especially since paints usually have a complicated formula.

The procedures to produce these coatings are described in detail in several U.S.
patents [50,51]. Brief descriptions of the composition of each coating are given in the

following sections.

2.2.1 Acrylic Polymer Coating

This coating is used primarily as a topcoat over automobiles and truck bodies
[50,52]. It is designed for good durability, weatherability and adhesion to base coats as
well as excellent aesthetic appearance. The coating is supplied in solution form with about

70% solid content. The process to make this coating typically includes two steps: (1) make
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an acrylic polymer; (2) mix it with melamine formaldehyde crosslinking agents. This

coating is called acrylic polymer coating (APC) in this study.

The monomers typically used to produce the acrylic polymer (in the first step) are
shown in Table 2.2. To avoid confusion with the next section, this acrylic polymer is
called acrylic polymer I The composition by weight is about 15% styrene, 30% butyl
methacrylate, 17% butyl acrylate, 38% hydroxyl propyl acrylate. This polymer is made by
radical polymerization in a solution which is composed of monomers, solvent (xylene),
polymerization initiators. The final polymer solution has about 71% solid content and the

weight-average molecular weight of acrylic polymer I is about 6,000.

Monomers Structures

Styrene CH,=CH-C¢Hj

butyl methacrylate CH,=C(CH3)-COOC,Hg
butyl acrylate CH,=CH-COOC4Hy
hydroxyl propyl acrylate CH,=CH-COOC;H,OH

Table 2.2 The major monomers needed to make acrylic polymer L.

The next step is to add crosslinking agents (methylated and butylated melamine
formaldehydes) to the solution of acrylic polymer I. The chemical structure of melamine is
shown in Fig. 2.1a. Melamine is reacted with formaldehyde (HCHO) to form melamine
formaldehyde (Fig. 2.1b). Melamine formaldehyde can form polymers through several
polymerization mechanisms (Fig. 2.2). The degree of polymerization is about 1-3. This

melamine formaldehyde is then reacted with methanol and/or butanol to form the
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crosslinking agents of this coating: methylated and butylated melamine formaldehydes (Fig.
2.3). An acid catalyst solution such as dodecylbenzene sulfonic acid (less than 2% by
weight) is added to the coating to increase the crosslinking rate during cure. Several
possible crosslinking mechanisms (between acrylic polymer I and methylated/butylated
-melamine formaldehydes) in the presence of acid catalyst are shown in Fig. 2.4 [53]. The
active functional groups for crosslinking are the hydroxyl groups of acrylic polymer I and
the methylated and butylated methylol groups of melamine formaldehydes. The mixing
ratio (by weight) 6f acrylic polymer I to methylated and butylatéd melamine formaldehydes

isabout2:l.'
HN \C/N\\C/ NH, RzN\C/N\\C/ NR’
I I |l |
N N
I I
NH, (a) NRz ()

Figure 2.1  The chemical structures of melamine and melamine formaldehyde. (a) the
structures of melamine; (b) the structure of melamine formaldehyde. In this
particular coating (APC), the : reaction between melamine and formaldehyde is
complete. That is, R'is the -CH,OH group and there is no -H group.

| | |
-NCH,0H + HN- —> -NCH,N- + H,0

| I
2 -NCH,0H —> -NCH,N- + CH,0 + H,0

| | |
2 -NCH,0H —> -NCH,-O-CH,N- + H,0

Figure 2.2  The possible polymerization mechanisms of melamine formaldehyde.
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|l |
N N
Y%
| R' = -CH,OCHj or
NR St
-CH,OC4Hg
Figure 2.3  The chemical structures of methylated and butylated melamine formaldehyde.

For the APC and APC-D coatings, the ratio of -CH,OCH3 group to
-CH,0C,H, group is 1:1.

| | oo
~NCH,OR + HN- —> -NCH,N-+ ROH

| L
2 _NCH,OR + H;0 —> -NCH,N- + HCHO + 2 ROH

| | |
2 —NCHzoR —_—> —NCHzN— + ROCHzoR

| | | |

_NCH,OR + HOCH,;N- —> -NCH,0CH;N-+ ROH
| |

_NCH,OH + HOR- —> -NCH,OR- + H,0

I I
-NCH,OR + HOR'- —> -NCH,OR'-+ ROH

Figure 2.4  The possible crosslinking mechanisms of methylated/butylated melamine
formaldehyde with acrylic polymer I. The R group stands for methyl and/or
butyl groups. The —R'OH groups are the hydroxyl groups in acrylic
polymer 1.
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2.2.2 Acrylic Polymer Coating With Dispersed Acrylic Resin

The second coating used in this study is also a finish coat on automobile and truck
bodies. The ingredients of this coating is the same for the APC except for an extra
component in this coating: a self stabilized dispersed acrylic resin. This coating is called
acrylic polymer coating with dispersed resin (APC-D). The extra component, dispersed
acrylic resin, is called acrylic polymer II. The procedure to produce this coating is typically
as follows: (1) make the acrylic polymer I; (2) make the acrylic polymer II; (3) mix the
acrylic polymer I and II with melamine formaldehyde crosslinking agents. The procedure
to make acrylic polymer I and melamine formaldehyde crosslinking agents were described

in the previous section.

Before producing acrylic polymer II, an acrylic polymer III has to be made first.
The acrylic polymer III is polymerized in a solution and has about 52% solid content. The
monomers for acrylic polymer III are shown in Table 2.3. The composition of acrylic
polymer III by weight is about 15% styrene, 28% butyl methacrylate, 30% butyl acrylate,
10% hydroxy ethyl acrylate, 2% acrylic acid, 15% ethyl methacrylate. The weight-average
molecular weight of acrylic polymer III is about 10,000. The acrylic polymer III is then
mixed with other monomers and solvents for another polymerization. The solvents are
mainly a mixture of xylene, butanol, heptane, isopropanol, and isobutanol. The monomers
added to such polymerization are shown in Table 2.4. Note that two crosslinking reactions
happened between the functional groups of monomers and acrylic polymer II. First,
glycidyl methacrylate (in Table 2.4) reacts withv the acrylic acid and hydroxyl groups in the
acrylic polymer III (in Table 2.3). Second, the acidic groups of acrylic acid (in Table 2.3)
reacts with hydroxyl group of hydroxy ethyl acrylate (in Tables 2.3 & 2.4). Hence, the
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final product (acrylic polymer II) is a crosslinked gel-like polymer and has about 60% solid
content. This polymer is called self stabilized dispersed resin.

Monomers Structures

Styrene CH,=CH-C¢Hj;

butyl methacrylate CH,=C(CH3;)-COOC4Hq
ethyl methacrylate CH,=C(CH,3)-COOC,H;
butyl acrylate CH,=CH-COOC,Hyq
hydroxy ethyl acrylate CH,=CH-COOC,H,OH
acrylic acid CH,=CH-COOH

Table 2.3 The major monomers for making acrylic polymer IIL

Monomers Structures

methyl methacrylate CH,=C(CH3)-COOCH,;
hydroxy ethyl acrylate CH,=CH-COOC,H,OH
Styrene CH,=CH-C¢Hjs
methyl acrylate CH,=CH-COOCH;4
/ \
glycidyl methacrylate CH,=C(CH;)-COOCH,CH-CH,

Table 2.4 The monomers added to reacted with acrylic pblymer I for making
acrylic polymer II
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The acrylic polymer II is then mixed with acrylic polymer I, crosslinking agents,
and solvents such as xylene, methanol, and methyl ethyl ketone. The mixing ratio (by
weight) of acrylic polymer I: acrylic polymer II: melamine formaldehyde is about 4:1:2.
The crosslinking mechanisms are similar to those shown in Fig. 2.4. The dodecylbenzene
sulfonic acid is also added (less than 2% by weight) to the coating to increase the

crosslinking rate during cure. The resulting coating has about 70% solid content.

2.2.3 Polyester Urethane Coating

The third type of coating is also a thermoset type of coating. This coating is a
flexible finish and is applied to flexible substrates of automobile and truck bodies. It is
called the branched aliphatic polyester urethane reacted with melamine formaldehyde
crosslinker (PEU) [51]. The PEU is formed in three steps: (1) make a branched hydroxyl
terminated polyester; (2) the branched polyester reacts with diisocyanates to form a
polyester urethane; (3) mix the polyester urethane with melamine formaldehyde
crosslinkers and acid catalyst. The solvent of this coating is a mixture of toluene,
methanol, butanol, and other aromatic hydrocarbon solvents, since different solvents were

added in those three steps.

In the first step, the branched hydroxyl terminated polyester was produced by a
esterification of neopentyl glycol, trimethylol propane, dodecenedioic acid and azelaic acid.
The chemical structures of monomers are shown in Table 2.5. The esterification is a
reaction of two types of monomers: one has acidic functional groups, the other has
hydroxyl functional groups. The mechanism is shown in Fig. 2.5a. To grow a branched
polyester, monomers with more than two functional groups (either acidic or hydroxyl) are
needed. In this particular coating, trimethylol propane (with three hydroxyi groups) was

used to make a branched polyester. Figure 2.5b shows the reaction for the branched
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polyester. To make a hydroxyl terminated polyester, excess hydroxyl groups were
introduced to the esterification. The final product (hydroxyl terminated polyester) has a

hydroxyl number of 110-250 and has an acid number of 1 or less.

Monomers Structures

neopentyl glycol HOCH,-CH(CH,),-CH,0OH
trimethylol propane HOCH,-CH(CH,0H)-CH,0H
dodecenedioic acid HOOC-(CH,)sCH=CH-COOH

azelaic acid HOOC-(CH,),-COOH

- Table 2.5 The major monomers for making the branched polyester.

0 0
I T
WM COH + HOM\ — A C-OWW/ + HP (a)
HO HO
HO OH HOC saar COH HO saav OH b
MO ROIYY T, —» HO OH (b)
HO © ° HO

Figure 2.5  (a) Ester group is the basis of polyester chemistry; (b) The mechanism to
form branched polyester.
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Second, the polyester was then reacted with a 1:1 mixture of 2,2,4-trimethyl
hexamethylene diisocyanate and 2,4,4-trimethyl hexamethylene diisocyanate (Fig. 2.6a) to
form the polyester urethane. In this step, the hydroxyl groups of polyester reacted with the
isocyanato groups to form the polyester urethane. The reaction to form the urethane group
is shown in Fig. 2.6b. The final composition of the polyester urethane contains by weight
about 32% neopentyl glycol, 4% trimethylol propane, 22% azelaic acid, 26%
dodecanedioic acid and 16% trimethylol hexamethylene diisocyanates. It has a hydroxyl

number about 60 and has a weight-average molecular weight about 15,000.

OCN-CHoCHoC(CHg)oCHoCH(CHg)CHo-NCO 2,4,4
a
OCN-CH,CH5CH(CH3)CHoC(CHg)oCHo-NCO 2,2,4 (a)
H O
| [} (t/))

v N=C=0 + HOWMN = AW N-=C-0wv

Figure 2.6  (a) The chemical structures of 2,2,4-trimethyl hexamethylenc diisocyanate
and 2,4,4-trimethyl hexamethylene diisocyanate; (b) Hydroxyl group reacted
with isocyanato group to form urethane group.

The crosslinking agents (methylated and butylated melamine formaldehydes) used
in the third step are similar to those in Section 2.2.1 (Fig. 2.1). However, the
compositions of the functional groups of crosslinking agents are different. First, melamine

reacts with formaldehyde to form melamine formaldehyde and the R groups in Fig. 2.1b
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are the -H group (19%) and the -CH,OH group (81%). Second, melamine formaldehyde
reacts with methanol and butanol to form methylated and butylated melamine
formaldehydes. The R groups of melamine formaldehyde (Fig. 2.3) are -H (19%), -
CH,0H (16%), -CH,OCHj; (16%) and -CH,OC4Hyg (33%). The mixing ratio (by weight)
of polyester urethane to methylated/butylated melamine formaldehydes is about 5:9. The
active functional group.s for crosslinking are the hydroxyl groups of polyester urethane and
the methylated and butylated methylol groups of melamine formaldehydes. The possible
crosslinking mechanisms are similar to those shown in Figs. 2.2 and 2.4. An acid catalyst
solution is added to the coating to increase the crosslinking rate. Solvents such as

methanol, butanol and xylene are also added in this mixing process. The solid content of

the final product is about 65% by weight.

2.2.4 Polyimides

Polyimide (PI)' is a class of polymers which are from the condensation
polymerization of dianhydride and diamine (Fig. 2.7a). Polyimide has very high thermal
stability (typically maximum temperature is 400-450°C) and is not solvent extractable. In
order to be easily processed, DuPont created a two-step polymerization for PI. In the first
step, polyamic acid (PAA) is produced by the reaction of diamine and dianhydride in an
appropriate solvent such as N-methylpyrrolidone (NMP). PAA (Fig. 2.7b) is soluble and
can be deposited on wafers by the spin coating technique. In the second step, imidization
occurs at a high temperature (usually above 200°C) and water molecules are generated from

this reaction (Fig. 2.7c).

Polyimides were made by DuPont and were obtained in the form of PAA in NMP
solvent. Figure 2.8 shows the diamines and dianhydrides of the PIs used in this work.
- These PIs contain benzophenonetetracarboxylic dianhydride (BTDA) and metaphenylene
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diamine (MPDA) and oxydianiline (ODA). The first PI, BTDA-MPDA(20%)/ODA(80%),
is known as DuPont Pyralin® 2555 and the second PI, BTDA-MPDA (40%)/0ODA(60%), is
known as Pyralin® 2525 [83]. These two PIs were chosen for their long linear elasticity
regime up to about 2.5% [12]. BTDA-MPDA(20%)/ODA(80%) was used primarily in this

-study, while BTDA-MPDA (40%)/ODA(60%) was used only in the test of solvent effect
(Section 2.3.3).
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Figure 2.7  (a) Diamine and dianhydride (b) polyamic acid is formed; (b) polyumde and
water are generated through imidization.
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Figure 2.8  The chemical structure of dianhydride and diamine used in this work.

2.3 Fabrication of Square Samples
2.3.1 Single-layer Square Suspended Films

The process to fabricate single-layer PI square samples for the blister method is
from Mehregany [49]. Figure 2.9 shows the schematic of the process. Two-inch <100>
silicon wafers (either n-type or p-type) were the starting materials (Fig. 2.9a). The wafers
were then subjected to a cleaning process such as RCA clean procedure to remove any
organic and inorganic residues from surfaces. A heavily boron doped layer (p* Si) was
formed onto the surface of Si wafers by a diffusion process (Fig. 2.9b). The boron was
deposited from solid sources at a temperature of 1175°C for 3 hours in an environment of
10% oxygen and 90% nitrogen. Then approximately 1 pm silicon dioxide layer was
grown (Fig. 2.9¢) in an oxidation oven at 1100°C for 210 minutes (15 minutes in dry

oxygen, 3 hours in steam and oxygen, 15 minutes in dry oxygen).




p+ Si

Shim

Coatings

PI

Figure 2.9  The fabrication of multi-layer square suspended films. (a) blank Si wafer;
(b) boron deposition; (c) thermal oxidation; (d) photolithography to open a
window on oxide; (e) anisotropic etching; (f) oxide removal; (g) polyimide
deposition; (h) SFy plasma etching; (i) fabrication of supporting shim; (j)
spray coated multi-layer paints.




A silicon oxide "window" was opened on the back side of the wafer by
photolithographic techniques (Fig. 2.9d). Using an anisotropic etching on the <100>
surface of silicon wafers, the edges of the window were created alon g <110> plane and the
window resulted in a square or rectangle shape. This is because the etching rate in the
<100> direction is the fa‘stest comparing to the other directions. The wafer was then
subjected to an etching solution which etches silicon fast but slows down at the p* Si layer
(Fig. 2.9¢). The etching was done in a 20% potassium hydroxide (KOH) aqueous solution
at 50°C [54]. The etching time for a two-inch silicon wafer (about 250+25 pm in
thickness) was typically 24-26 hours. A minimum of 6,000A masking silicon oxide was
needed in order to sustain KOH for such a long time. The etching time can be reduced to
about 4 hours as the etching temperature is increased to 80°C. However, the faster etching
rate gives a rougher surface on the p* silicon layer, which causes the difficulty of
uniformly removing the p* Si layer in a later step. In addition, thicker silicon oxide (about

1 pm) is needed for etching at 80°C.

The silicon dioxide layer was removed afterwards using hydrofluoric acid (Fig.
2.9f). An adhesion promoter was spun on the wafers before PI was spun to increase the
adhesion between PI and silicon. This adhesion promoter contained 0.5% Y-
aminopropyltriethoxysiliane in methanol(95%)/water(5%) and was prepared 20 hours
before usage. The polyamic acid was spun at 6000 rpm for 120 seconds. It was then
baked at 130°C for 10 minutes to remove solvents and to start imidization. Additional coats
were deposited and baked with the same procedure to make thick PI films. After two coats
were deposited, the wafers were then cured at 400°C in a nitrogen environment for one
hour to complete imidization (Fig. 2.9g). Finally, the boron doped layer is removed by
sulfur hexafluoride (SFg) plasma etching to form single-layer PI suspended films (Fig.

2.9h). Thickness of PI was about 4um.
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These samples either were glued to a lucite plate and were then ready for the blister
test; or, were subjected to spray coating for making multi-layer samples (described in the
next section). To glue the PI sample to a plate, the BIPAX® epoxy was used (#BB-F156,
from Tra-con, Inc., Medford, Massachusetts). The epoxy was cured at room temperature

for 24 hours.

The sizes of the square samples were determined in such a way that the working
pressure range for the blister tests fell in the middle range of the pressure sensor. That is,
the maximum pressure in the test should not be over or too close to the limit of the pressure
sensor (5 psi, in this study) and nor should it fall into a very small pressure range (e.g.
<0.1 psi) which would increase the error of pressure measurement. Hence, the size of
samples were varied from 2.8x2.8mm to 5.3x5.3mm, depending on the number of layers

and the thickness of samples.

2.3.2 Multi-layer Square Suspended Films

When PI single-layer suspended films were made, silicon shims were also
fabricated in the other part of wafer (Fig. 2.10a). Each pair of shims and suspended films
were fabricated from the same wafer since the variation of wafer thickness (£10%) from
one wafer to another caused misfit between shims and holes under the PI suspended films.
These shim structures were designed for supporting the PI film to sustain the high pressure
from the spraying gun when paints are coated onto PI films. Spraying technique was
selected in this study to deposit coatings because it is the method used to coat these paints
in industry, and the spraying was carried out in the DuPont Marshall Laboratory.
However, a few samples were coated by the spin technique and the difference in properties
of the coatings was insignificant (Chapter 5). These two coating techniques (spinning and

spraying) are discussed in Section 2.7.1.
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Figure 2.10 The fabrication of supporting shims. (a) cross-section of shim structure; (b)
‘ shim fills the entire space under the polyimide suspended film.

The anisotropic etching of silicon wafer resulted in a <111> plane. Therefore, the
angles of the etching corners are always 54.74° (Fig. 2.10a). Hence, the shims created
from the same wafer were in up-side-down positions; they were flipped over and fitted into
the holes (Fig. 2.10b). The accuracy of shim sizes is precisely controlled by
photolithography. Figure 2.11 shows photographs of a two-inch wafer with shims and
suspended films. Note that the four comers of the shims were the convex corners of two
<111> Si planes and were slightly etched away in the the KOH solution due to the higher
accessibility of Si atoms at corners to the etchant. However, this did not affect the

supporting function of the shim. The shims were then taped onto the back of the PI films

(Fig. 2.9i).
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The PI films with shims were then subjected to spray coating. After being sprayed,
coatings were subjected to a cure process at 250°F for 30 minutes. The PI+coating two-
layer suspended films were made after the curing step. The thickness of coatings was
around 1-2 mil (25-50 pm). The samples were then subjected to this spraying and curing
cycle for different coatings until all the designed layers were coated. The shims were
removed afterwards. Figure 2.9j shows the schematic structure of the multi-layer
suspended films. The multi-layer samples were then glued to lucite plates, as described in
the previous section. Note that in the multi-layer samples there were masked regions,
preserving areas of the original layer, to allow thickness measurements of subsequent
layers. These measurements were taken by using a surface profilometer in a later step

(Section 2.5).
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Figure 2.11 Photograph of a wafer with polyimide suspended films and the supporting
_ shims.
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As seen in Table 2.6, eight different types of layers were fabricated. As described,

polyimide is always the bottom layer in multi-layer samples.

Number of Sample Types

Layers
1 PI
2 PI+APC, PI+APC-D, PI+PEU
3 PI+APC+APC-D, PI+APC-D+PEU, PI+PEU+APC
4 PI+APC+APC-D+PEU, PI+PEU+APC+APC-D

Table 2.6 Types of square single-layer and multi-layer samples

2.3.3 Solvent Effect

During the fabrication of multi-layer samples, a top-layer coating was sprayed onto
an already-cured bottom-layer coating. That is, the bottom-layer coating was covered with
a wet coating before the top-layer coating was fully cured. Whether or not the solvent
molecules of top-layer diffused into the bottom layer and changed its mechanical properties
is not known. The purpose of this test was to examine whether or not the solvent of the
top layer affected the mechanical properties of the bottom layer. Hence, the procedure for

this test was to compare the mechanical properties of samples with and without solvent

treatment.

Polyimide single-layer samples were chosen for this test since PI is always the
bottom layer. Two different polyimides were chosen for this experiment: BTDA-

MPDA(20%)/ODA(80%) and BTDA-MPDA (40%)/ODA(60%). These five solvents:

46




xylene, heptane, methanol, butanol, and water were found in greatest amounts in the
coatings and, therefore, were selected for this test. The blister test was used to measure the

mechanical properties of PI.

The procedure of solvent treatment is as follows. The polyimide films, before
being bonded to the lucite plates, were soaked in solvents for 30 minutes at room
temperature. The films were then dried in a ventilated hood for three hours. Next, the
samples were heated to remove the rest of the solvents in a 250°F oven for 30 minutes,
mimicking the condition for curing paints. Then the PI samples were glued to the plates for
blister tests. Six different wafers coated with BTDA-MPDA(20%)/ODA(80%) and five
wafers coated with BTDA-MPDA(40%)/ODA(60%) were fabricated for this test. For each
type of PI samples, one of the wafers was the standard (no solvent treatment) and the rest

were individually treated with one of the five solvents.

2.4 Fabrication of Circular Samples

Circular suspended films have several advantages over square suspended films.
First, there are no corners in circular films eliminating the problem of high stress
concentration at corners. Hence, the deflection of films is not limited by material failure at
corners. Second, the simplicity of circular geometry (axial symmetry) makes the
mathematical analysis of mechanical behavior easier. This advantage is described in detail

in both Chapters 3 and 4.

The process shown here is modified from the existing industrial method (coat-and-
peel method) of sample preparation for free-film tensile tests. The schematic process is
show.n in Fig. 2.12. First, polyvinyl fluoride (PVF) films, (or Tedlar®, a trade name of
DuPont) were wrapped and taped to steel panels (Fig. 2.12a). PVF was selected for its
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low adhesion to the coatings used in this study. The coatings were then spray coated onto
the PVF films and cured at 250°F for 30 minutes. This spray-cure cycle was repeated until
all the desired coatings were deposited (Fig. 2.12b).

Tedlar®

stainless steel

(a) ‘| -

coating #2
b) coating #1

circular ring

epoxy A
( c ) A A A A A A
(d) e o oo
. epoxy B
@ NS lumi 1
........ T aluminum plate

Figure 2.12 The fabrication of multi-layer circular suspended film. (a) Tedlar® wrapped
steel panel; (b) spray coated multi-layer paints; (c) circular ring glued to the

surface of the coating; (d) removal of Tedlar® and steel panel; (¢) a mounted
sample. -
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Metal rings, with the polished surface facing downward, were glued to the coatings
using a gum-like epoxy (SM-100 Master Mend™ Epoxy, by Loctite Corporation,
Cleveland, Ohio) (Fig. 2.12c). In principle, any circular rings can be used to obtain the
circular shape for the coatings. In this work, inexpensive metal washers were chosen.
These washers were polished by a series of sand papers (the finest grade was #600). The
purpose of polishing the rings was to have sharp and clear boundaries around the rings so
that the sizes of circular films can be precisely measured. The epoxy was pressed against
the edge of the metal rings to have good contact betweeh epoxy and rings. The epoxy was
cured overnight at room temperature. There are several reasons for using this type of
epoxy. First, this non-liquid epoxy does not diffuse into the interface of ring and coating,.
This makes a very clear edge and reduce the error of measuring the size of rings. Second,
this epoxy has a high modulus and hardness so that when the films are deflected in the
blister tests the boundaries of the films do not move. Third, the adhesion of this €poxy to

both metal and plastics (polymers) is very strong.

- After the rings were attached to the coatings, the PVF and coatings were untaped
and separated from the steel panels. The PVF films were then peeled off the coatings (Fig.
2.12d). The ring and the coatings were flipped over and then glued (with BIPAX® epoxy)
to an aluminum plate with a hole at its center (Fig. 2.12e). This BIPAX® €poxy is the

same as that in Section 2.3.2. It was cured at room temperature for about 24 hours.

2.5 Thickness Measurement

There are two types of samples (one containing PI and the other without PI) for the
mechanical tests. The fabrication processes of these two samples are different: samples

containing PI were fabricated on Si substrates, while the samples without PI were made on
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PVF films. Hence, the techniques used for measuring thickness of these two samples are
different.
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Figure 2.13 A "U" shaped profile for measuﬁng the thickness of single-layer films using
the surface profilometer.

First, a surface scanning profilometer (Dektak®) was used for measuring the
thickness of polyimide and each layer of coatings on Si substrates. Two typical scanning
profiles are shown in Figs. 2.13 and 2.14. The films were scratched on the Si wafer and
the surface profile was "U" shaped (Fig. 2.13). For single-layer PI samples, the depth of

the "U" profile is the PI thickness. However, for multi-layer samples, the measurement
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only gives the overall thickness of films since the scratch went through all layers.
Therefore, the other profile, a step profile (Fig. 2.14), had to be used for the thickness of
each layer in multi-layer samples. This profile was obtained from scanning across the
boundary between the masked and unmasked regions (Fig. 2.9j). The thickness of the
individual layer was calculated from the height between two steps of the profile. The
profilometer was calibrated using both 1um and 10pum standards and the accuracy was

within 1%. The maximum thickness that can be measured by this profilometer is 60pm.
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Figure 2.14 A step profile for measuring the thickness of multi-layer films using the

surface profilometer.
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The second type of instrument for the thickness measurement was a Mitutoyo
digimatic indicator (ID-1 IOME). This micrometer-type instrument can be used to measure
thickness up to 10mm with a resolution of £1um. The coatings were released from the
PVF films first and the thickness was measured from a free film. The disadvantage of this
measurement was that only the overall thickness can be measured. Thus, to know the
thickness of each layer, the thickness of one film can be subtracted from the thickness of
another film. For example, the thickness of the top layer (in a bi-layer film) can be
calculated by subtracting the single-layer (bottom-layer) thickness from the bi-layer

thickness. Similar subtraction can be done for three-layer films.

Thickness of coatings, especially the spray coated films, was not uniform across a
wafer. Variation of thickness measurements will be discussed in Chapter 5. The problem
of thickness nonuniformity in spray coated films affects accuracy in the evaluation of the

mechanical properties of the coatings.

2.6 Blister Tests
2.6.1 Measurement Setup

A setup for the measurement of film deflection as a function of applied pressure for
the blister method was established by Allen [47] and has been modified by Pan [55]. In the
setup, a suspended film sample was clamped in a sample chamber (Fig. 2.15). The sample
chamber was assembled from three pieces: the viewing plate (3 inch diameter x 1/16 inch
thick), the clamping plate, and the pressure-inlet plate (4x4x0.5 inch for both). The
viewing plate contained a microscope cover glass (45x50x0.15mm). The big size of the
cover glass made the whole sample visible from the top of the chamber so that the center of

the films were easily determined. The clamping plate was used to clamp the sample to the
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o-ting at the center of the pressure-inlet plate. The pressure, from a compressed air source,

was applied to the sample through the hole inside the o-ring.

z-direction <«——— microscope
measurement
N— ' sample
2 /@
i < environmental air
air outlet «— 22277 I e ,
4 T inlet
T = )
/ = I_ 14— compressed air
purge valve - > ‘
x- and y- direction to pressure sensor
measurement

Figure 2.15 The cross-section of sample chamber. The environmental air flows over the
top of the sample; the sample is deflected by pressure air from the bottom.
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The pressure sensor was a differential pressure sensor (Model 142PCO5G,
maximum pressure 5 psi, by Honeywell) and was placed outside the pressure-inlet plate.
Eight volts were supplied to the pressure sensor (by an HP 6114A precision power
supply). A voltmeter was used to detect the output voltage from the pressure sensor and
was interfaced to an IBM AT personal computer using an IEEE-488 parallel bus. The

pressure sensor was calibrated by both water and mercury manometers.

Film deflection was measured as the vertical distance the microscope lens had to be
adjusted to keep the film in focus from flat film state to bulged film state. This distance
was measured by a built-in Mitutoyo digimatic indicator (ID-150ME). This indicator can
measure distance up to 50 mm. It was checked against the standard blocks and other

calibrated micrometers and showed good accuracy (£1um).

To measure deflection, the entire sample chamber as well as the sample itself was
seated under a microscope (Nikon Measurescope UM-2). This microscope had a large
space (five inches in vertical direction) for this purpose. Two speéial requirements were
also needed for microscope lens. First, the object lens must have high numerical aperture
(N. A.=0.5 here) for sufficient working distance for covering the sample with the sample.
chamber. The working distance of the lens was 9.8 mm. Second, the lens must have a
small depth-of-field (less than 1um) for accuracy in focusing the film. These two
requirements were included in this set-up. In addition, two micrometers in x- and y-
direction were built on the microscope stages for measuring the size of the samples. The
readout of these micrometers was linked to a computing system (QUADRA-CHEK II, by
Metronics) capable of calculating the center of the film by input of points. Figure 2.16

shows the photograph of the microscope setup for the blister test.
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Figure 2.16 The photograph of the measurement setup for the blister test.

2.6.2 Humidity Control

Humidity control of the environment in the blister test is described in this section. A
moisture generating system, which can deliver air with constant relative humidity (RH),
has been built by Mario [56] and Pan [55]. Figure 2.17 shows the schematic of the
system. A dry compressed air (about 100 psi) was the source for the system and was
branched into two streams: one stayed dry and the other was humidified. The humid air
was formed by letting dry air pass through a saturator. The humid air was then mixed with
the dry air and the dew point of the air mixture was detected using a thermoelectrically-

cooled optically-sensed condensation dew_ point hygrometer (General Eastern Model
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1200AP). The RH was then calculated by dividing the saturated vapor pressure at dew
point with the saturated vapor pressure at the ambient temperature. The RH of the
moistened air was controlled by adjusting the flow rates of both dry and humid streams.

Figure 2.18 shows both environmental air and pressure inlets of the sample chamber.
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Sample
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Figure 2.17 Schematic of the moistened compressed air system.
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Figure 2.18 Exploded view of the test chuck with a sample.
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Before being connected to the sample cﬁamber, the moistened air was separated into
two streams: one (environmental air) went to the clamping plate to keep the whole chamber
at a certain humidity, and the other (pressure air) went to the pressure-inlet plate to supply
pressure for the blister test. The pressure applied to the sample was adjusted using a needle

valve.

2.6.3 Experimental Procedure

All the blister tests were regularly performed at room temperature (about 23°C) and
room humidity (about 50% RH) except for those tests under humidity control. In the
regular tests, dry compressed air was used as the pressure source and the sample was left
open to the atmosphere. After the sample was placed in the sample chamber, the center of
the film was determined by x- and y-micrometer and QUADRA-CHEK II. The

magnification of the lens was 400x (10x for the eye piece and 40x for the object lens).

In each test, about 15-20 measurements were taken. The values of film deflection
were recorded when pressure was increased incrementally until "maximum" deflection was
reached. The maximum deflection was determined in such a way that the overall strain did
not exceed 0.5% (e.g. about 400pm for 5x5mm, 310 pm for 4x4mm, etc.). Film
deflection was set at zero before each test and the deflection after the test was recorded as
an indication of the margin of error in deflection measurement. This margin of error was

about 3-4 um in average.

In tests of humidity control, the sample was placed in the sample chamber as
mentioned in the previous section. The humidity of the air supply was controlled by
adjusting the flow rates of dry and humid air. The flow rate of the environmental air (to the

clamping plate) was set at 2 SCFH (standard cubic foot per hour). The purge valve in the
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pressure plate was opened so that the existing air could be purged and the moistened air
could surround the sample. The sample was kept in moistened condition for 90 minutes
before performing the test. The test started from dry air (around 0% RH) and after that, the
RH was increased by 20% incrementally up to 60%.

2.7 Uniaxial Tensile Tests

There were two types of samples used in the uniaxial tensile tests: (1) single-layer
PI and multi-layer PI+coating samples, which were fabricated using microelectronic
techniques; (2) single-layer paint samples (no PI), which were made using the coat-and-

peel method.

In order to compare results of the tensile tests with blister tests, the tensile test
samples were made using the same technique as the blister test samples since different
sample preparation may change the film quality and properties. The method to fabricate PI
films for tensile test using microelectronic techniques was first developed by Maseeh [17].

This method was slightly modified to fabricate multi-layer Pl+coating samples.

2.7.1 Sample Preparation by Microelectronic Fabrication

The samples made by microelectronic fabrication were PI single-layers and
Pl+coating bi-layers. These samples were made on Si wafers. The procedure can be
divided into two steps: (1) make PI and Pl+coating suspended films; (2) fabricate ribbon

shape samples from suspended films using oxygen plasma etching.

The first step was similar to the above-mentioned method (Sections 2.3.1 and
2.3.2). However, the differences are three-fold. First, the shape of suspended films used

in this section was rectangular instead of square. Second, the size (0.8x1.0inch) was
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bigger. Third, the paints were deposited onto PI suspended films by spin coating instead

of spraying for making multi-layer samples.

The spinning was carried out in a glove box purged with dry air. The thickness of
films can be varied by adjusting the speed of spinning. The relationship between the
thickness of coatings and spinning speed is shown in Fig. 2.19. Before spinning, the
coatings were filtered using filters attached to a syringe since dust particles inside the
coatings leave marks on the surface after spinning. The filters for APC and PEU were
Acrodisc® filters with 1um pore size (Gelman Sciences, Ann Arbor, Michigan). The filters
for APC-D was Millex®-LS filter with Sum pore size (Millipore Corporation, Bedford,

Massachusetts) since micro-gel in APC-D coating needs larger pore size.

The second step was to make ribbon shape PI and PI+coatings films. Figure 2.20
shows the schematic process of this step. The PI and PI+coatings suspended films were
made as mentioned above (Fig. 2.20a). An "T" shaped Si mask (Fig. 2.20b) was made by
photolithography and anisotropic etching of an Si wafer (Section 2.3.1, see Figs. 2.9a-¢).
This mask was then placed on top of the PI or PI+coatings suspended films (Fig. 2.20c).
An aluminum plate and six bent beams were used to press the mask to the suspended films
to prevent gapping between the mask and the film during the plasma etching (Fig. 2.20d).
The photograph of the aluminum plate and the sample is shown in Fig. 2.21. The whole
plate was then subjected to oxygen plasma etching to etch away PI and/or paints. The
mask was then removed after etching (Fig. 2.20¢). The wafer was broken according to the
back side grooves made by anisotropic etching (Fig. 2.20f). This resulted in ribbon-
shaped PI or Pl+coatings samples (Fig. 2.20g). The photograph of the sample is shown in
Fig. 2.22.
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Figure 2.19 The cured coating thickness versus the spinning speed.
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Figure 2.20 The fabrication of tensile test samples. (a) the PI or PI/paints suspended film;
(b) the "I" shaped Si mask; (¢) mask on top of suspended film; (d) mask and
film clamped on aluminum plate; (e) removal of mask; (f) breaking wafer; (g)
ribbon-shaped sample.
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Figure 2.21 The photograph of the aluminum plate and the sample.

The advantage of this method of fabrication is that both samples of the blister test
and the tensile test are made using the fabrication technique (microelectronic fabrication) so
that the results of both experiments are comparable. In addition, films are fairly uniform
and the dimension of samples are well controlled (by the mask). However, the
disadvantages are four-fold. First, the sample preparation needs tremendous caution since
the films are very delicate. Second, the sémple fabrication time is very long (about 4-5
hours for each sample) even though the Si mask is re-usable. Third, both ends of the
ribbon are constrained on the Si wafer, which introduces internal stress and potential
cracking at both ends resulting in premature breakage in the tensile test. Forth, the

maximum thickness of coatings that can be deposited is limited. That is, the high spinning
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speed gives the uniformity of the thickness but also reduces the thickness. To make a
regular 1 mil (25um) thick coatings, a spin-cure cycle has to be repeated many times (like

the case of PI).

HHHHHHHHi{ii!ééf@ii{%li

Figure 2.22 The photograph of the uniaxial test sample fabricated using microelectronic
- techniques. ‘

2.7.2 Sample Preparation by Coat-and-Peel Method

‘The samples fabricated by this method contain no PI. This method is similar to that
described in Section 2.4. The coatings were sprayed onto a steel panel wrapped with PVF
film. The coatings were then cured at 250°F for 30 minutes. This procedure was repeated
until all the desired coatings were deposited and cured. The PVF with coatings was then

untaped and separated from the steel panel. The films were cut into strips (1x8 cm) using a
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sharp surgical blade (Bard-Parker™ #11, Becton Dickinson and Company, Lincoln Park,
New Jersey). This cutting tool is especially useful for cutting brittle films to prevent
chipping at the edges.

The PVF were then peeled off. The coating strips were placed in a pre-cut heavy-
weight paper frame with a distance of one-inch between the inner edges (Fig. 2.23). The
strip of coatings was taped onto the paper frame widthwise. Thus, the sample length for

the tensile test is always one inch and the width is one centimeter.

~—— Paper frame

Figure 2.23 The schematic picture of the uniaxial test sample fabricated using free films
and paper frames.
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2.7.3 Measurement Setup

The uniaxial tensile tests were carried out using an Instron (model 1122) with a
2000-gram capacity load cell. Pneumatic grips were used to hold samples (the pressure
used was 60 psi). The film samples (taped on the paper frames) were mounted between
grips and then the frame édges were cut. The gauge length of the films was one inch and
the strain was determined from the cross-head displacement. The cross-head speed was
0.05 mm/min (or 0.2%/min) for the APC and APC-D, and was 0.5 mm/min (or 2%/min)

for PEU. All tests were performed at room temperature.

The results (load versus elongation) were collected on a chart recorder. The strain
was calculated by dividing the elongation with gauge length and the stress was calculated
by dividing the load with the cross section area of the sample strips. The Young's modulus

was calculated as the slope of the initial linear region of the load versus elongation plot.
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CHAPTER 3

Analytic Theory For Film Deflection

3.1 Introduction

In this chapter the analytical single-layer and multi-layer models for the load-
deflection behavior (the relationship between applied pressure and deflection) of suspended
films are developed. The purpose for this analysis is to find the functional form of the
relationship between pressure and deflection in blister tests. That is, the analytic solution
provides formulas for the relationship and the constants in the formulas are then determined

(Chapter 4) by finite element method (FEM), since FEM provides more accurate deformed

shapes.

Two different geometries of films are discussed here: circular and square shapes.
To start theoretical analysis, the displacement fields of deformed films are assumed. The
corresponding strain energy is then calculated and is subjected to an energy minimization
approach. In Section 3.2, the single-layer models for circular films are derived. Two
types of single-layer models are discussed: one, is the thin-film model and the other, is the
thick-film model. In the thin-film model, membrane-like behavior is assumed. That is, the
bending effect at the edge of the deformed films is neglected. However, as the films get
thicker, the bending effect has to be considered; the model including this effect is then
called the thick-film model. Similar models are also developed for single-layer square films

in Section 3.3.

67

St g FEa e e e e g e Creen T e St e



In Section 3.4, the multi-layer models of square membranes are developed. For the
case of multi-layer structures, the total strain energy is found by adding up the strain energy
of each layer. Then the total strain energy is subjected to energy minimization which is the
same as that used for single-layer models. There are also two models for multi-layer
structures. The first one is based on the thin-film single-layer model; that is, each layer in
the multi-layer structure behaves like the membrane in the thin-film model. The second
multi-layer model assumes that the mechanical behavior of every layer is based on the
thick-film behavior. The results of single-layer models (in Sections 3.2 and 3.3) show that
the relationship between pressure and deflection for square and circular films are very
similar except for the constants. Therefore, the multi-layer models for circular films are not
derived in this chapter; however, the constants for circular multi-layer models will be

calculated in the next chapter.

3.2 Circular Films
3.2.1 The Beams' Equation

A mechanical model for deflection of circular thin film has been developed by
Beams [6]. A typical cross-section of a deflected film under lateral pressure is shown in
Fig. 3.1. In Beams' equation, the relationship between pressure P and stress T is assumed

first that

=%T-d 3.1

where T is stress along the plane of membranes, d is deflection, a is radius of membranes,
and ¢ is thickness, and P is pressure. The stress T is a sum of the stretching stress and the

residual stress:
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r=L£¢i0, , (3.2)
1-v
where £ is the average strain of the membrane, E is Young's modulus, v is in-plane

Poisson ratio, and G, is residual stress. Substitution of Eq. 3.2 into Eq. 3.1 gives

Pa?  ,4E
— =(E)£+ 40, (3.3)

Figure 3.1  Cross-section of a suspended film undergoing a center deflection d at an
applied pressure P. The half-size/radius of the film is g and the thickness is
L.

By definition, the average strain of membrane can be expressed as

RB-a RO
E=—p—=—7-1 (3.4)

where R6 can be approximated by

. (a a?
RO=R sm'l(}—?-) =a (1 + 6T2) (3.5)

The value of R can be calculated by:
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@ d
R= 577 (3.6)
where a is the radius of the membrane. When the curvature R is much greater than the
deflection d, the value of d/2 can be neglected in Eq.3.6 and R is approximately equal to
a?/2d. By substituting Eq. 3.5 into Eq. 3.4 and with the approximation of R = a?/24, the

average strain is then given by

2
8—3_4:17 ) 3.7

By substituting Eq. 3.7 into Eq. 3.3, the final form of Beams' equation is written

Pa? 1 E |
W= Cza—z'(;-_v')(ﬂ + C} O'o (3'8)

where C, = 8/3 and C; = 4. Further discussion of Eq. 3.8 is given in Section 3.2.3.

3.2.2 Thin-Film Model

In this section, an energy minimization approach for thin film deflection is
introduced. Several assumptions are made in this mechanical analysis of film deflection.
First, it is assumed that the thickness of film is very small compared to the size of
diaphragms. In this study, the ratios of thickness-to-length for a single-layer circular
membrane are in the order of magnitude of 0.01, in which case, the assumption of thin film
is reasonable. The bending energy of the deflected membrane is neglected under this
assumption. The model generated in this section is called thin-film model. In case of
thicker films, this assumption may not be appropriate and the so-called thick-film model is
further discussed in Section 3.2.3.
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Second, plane stress is assumed. That is, the stress is entirely in the plane of the
film as the film is deflected. Third, it is assumed that there is no adhesive failure in the
interface between film and substrate as the film is deflected. This implies that displacement
at the edge of the suspended film is zero. Fourth, the residual stress of the film due to the
manner of fabrication is a constant and is biaxially distributed in the plane of the film.
Residual stress is also assumed to be uniform throughout the thickness of the film [60,61].
Fifth, the film is assumed in the linear elastic regime as it is deflected. The maximum
deflection of films in this study is controlled in such a way that the maximum overall strain

is less than 0.5%. Therefore, this assumption is quite reasonable.

The model for the deformed film is calculated using an energy minimization
approach. Thus, the first step is to calculate the total strain energy of a deformed film. Let
a circular membrane of radius a be clamped at the edge and be subjected to a uniform load
of P (Fig. 3.1). Assume that the shape of the deflected surface can be represented as a

hemispheric function:
w= (R2-r2)"? . (R-d) (3.9)
where w is the deflection in z-direction, R is the radius of curvature of the déﬂccted

membrane (Eq. 3.6), r is the radius position on the membrane, d is the deflection at the

center of the membrane. Equation 3.9 may be approximated as

2 r
w=R(1 -—Z’RT-W...)-(R-d) (3.10)

Substitution of the approximate form of Eq. 3.6 (R = a?/2d ) into Eq. 3.10 gives

, |
w=d(1 i %,—) (3.11)
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Figure 3.2 shows that Eq. 3.11 is a good approximation for Eq. 3.9 when R is much larger
than 4. Since Eq. 3.11 is simpler than Eq. 3.9 in the mathematical calculation and the

difference is trivial, Eq. 3.11 is then used exclusively in all following calculations.
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Figure 3.2 Modeled deflected shape along radius of a circular suspended film.

The displacement in r-direction u is assumed as [57]:
u=r(ar)(ky+kr+ksr?+...) (3.12)

which satisfies the boundary condition that ¥ must be equal to zero both at the center and at
the edge of the membranes. For Eq. 3.12, only two constants, k; and k,, are used in this
study. Thus, the strain in r-direction, €,, and the strain in the transverse direction, &, are

as follows (Fig. 3.3) [57]:
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£ =%+ 5-(%,’!) = kja + 2(k2a ky)r - 3kor? + 2—‘5’-2- (3.13)
&= %= (ar) (ky+hyr) | 314

N

d
Np+ Egrd"

Figure 3.3  The definition of forces in a circular film [57].

By definition of the force balance (Fig. 3.3) and Hooke's law (linear elasticity), the
following expressions are obtained
Nr=1_ (& + VE) (3.15)

Nx=1E—'2 (& + VE) (3.16)
-v
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where N, and N, are the force per unit length in the radial and transverse direction,
respectively, E is the Young's modulus, 7 is the thickness, and v is the in-plane Poisson

ratio. Therefore, the total forces along the plane of membrane become
Nt =N, +t g, (3.17)
Nf =N, +t0, (3.18)

where N, ' and Nt are the total force per unit length in radial direction and transverse
direction, respectively, and o, is the residual stress of the membrane. Using linear

elasticity, the total strain energy V is given by
1
V=5l (NJog, + Notg,) rdr db (3.19)

Substituting Egs. 3.15-3.18 into Eq. 3.19, the total strain energy can be written as

nEt

V=
1-v?

£ (e2+e2+2vee)rdr + oy [ (&, +e)r ar (3.20)

The first part of Eq. 3.20 is recognized as elastic strain energy V,,; and the second part of it
is the energy V. due to the residual stress. Thus, the total strain energy can be expressed

as
V=V, +V,, (3.21)

Therefore, by integrating Eq. 3.20, the elastic strain energy V,; due to the stretching can be

obtained as

el

vz "7 T TI0 6 5 " 32
(3.22)

nEt (k,za" 3k k,a’ , Tky2a® , (V-3)kjad? 4 2(v-3)k;a’d? 2d4)
5
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and the strain energy due to residual stress , V., can be calculated as follows
V,ps = TO1d2 (3.23)

The constants, k; and k,, are now determined using the assumption that the total strain
energy of the membrane for the equilibrium position is a minimum energy. Hence, from

the principle of the virtual displacement, it follows that

Vsvs _ Ny _
k —7k_2L_0 629
av

ﬁ: 0 (3.25)

where the system potential energy function V., is given by
Viys =V - [y Pwrdrde (3.26)

The integration of Eq. 3.26 and Eq. 3.25 yields

%g: Epfi (3.27)

From the two equations of Eq. 3.24, two linear equations for k; and k, are obtained.

k; = %ﬁ, ky = (3;;),‘12 =1‘5’- : (3.28)

Substituting k; and &, into Egs. 3.21-3.23, the total strain energy is given by

v TEd(T)

= o td? (3.29)
24a?(1-v)

Substituting V into Eq. 3.27, the relationship between pressure and deflection becomes:
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__Et (7-v) , 4o
P_(I-v) (y)d +?—d (3.30)

‘There are two terms on the right-hand side of Eq. 3.30: biaxial modulus term (43 term) and
residual stress term (d term). Equation 3.30 indicates that as the membrane is deflected, the
biaxial modulus is associated with d% and the residual stress is related to d. For future

convenience, Eq. 3.29 is re-written in the following manner:

%—: Cof(v) (IE_V)(EI-’)‘F +C 0, (3.31)

where the constants are expressed by:

m=2 ;=% Lau c=4 (3.32)
In Eq. 3.32, the constant C; was chosen to be the same as the constant in Beams' equation
(Eq. 3.8). Actually, the constants C; and f{ v) are not separable and C, can be any arbitrary
number as long as the value of C,f(v) is consistent. Equation 3.31 is the model for the
single-layer circular membrane using the thin-film assumption. The convenience of the
expression in Eq..3.31 is the linear relationship between P/d and d?. Hence, the biaxial
modulus and the residual stress can be determined by the slope and intercept of a plot of
P/d versus d?, provided that all the constants are known. Equation 3.31 indicates that the

coefficient of the modulus term C,f(v) is a function of Poisson ratio while the coefficient of
residual stress term C; is only a constant. The values of the constants obtained in this

analysis will be compared to those from finite element method in next chapter.
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3.2.3 Comparison of the Beams' Equation With Thin-film Model

In the small deflection regime (i.e. the magnitude of the deflection is smaller than
the thickness), the residual stress term of Eq. 3.30 is then much bigger than the biaxial
modulus term since size a is much larger than deflection d. Therefore, by neglecting the &3

term, Eq. 3.30 can be expressed:

4 .
= (3.33)

where the pressure is linearly proportional to the residual stress and to the deflection.

Comparing Eq. 3.33 with Eq. 3.1, the forms of both equations are the same. This

indicates these two equations are consistent in the case of small deflection.

Comparing Eq. 3.8 with Eq. 3.31, several similarities and differences are worth
mentioning. First, both equations show that the general form for the relationship between
pressure and deflection consists of two terms: biaxial modulus term and residual stress
term. Second, the valﬁe of C, from both equations are exactly the same. It indicates that
the residual stress evaluation is in good agreement in both calculations. Third, the function
f(v) is equal to unity in Beams' equation, while it is linearly Poisson ratio-dependent in Eq.
3.32. As mentioned above, the form of the Beams' equation is the same as the formula in
the small deflection regime, which may cause certain errors. The difference may be also
due to the different approach in calculating strain. The calculation of average strain in Eq.
3.32 is considered to be simplified; therefore, the Poisson ratio dependence of C,is
eliminated. In order to narrow down error in the calculation of C;, C;, and f(v), finite

element method is used and shown in the next chapter.
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3.2.4 Thick-Film Model

In this section, a thick-film model for circular membranes is generated. A typical
cross-section of the thick deflected circular membrane is shown in Fig. 3.4. All
assumptions for the deflected membranes in the previous section are still valid except the
thin film assumption. For thick-film model, it is assumed that the strain functions for a
thick deflected film are thickness dependent. That is, the strain on the top surface of
membrane may not be the same as that on the bottom surface. This is the major difference
between Fig. 3.4 and Fig. 3.1. The displacement in r-direction u is then assumed to be a
function of z-axis. As Fig. 3.4 shows, if lines are drawn throughout the thickness of the
membrane and perpendicularly to the surface, the lines would still be perpendicular to the

surface even after deflection.

Figure 3.4  The film deflection under thick-film assumption.
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To generate a z-dependent function for displacement functions, it is assumed that

the difference of lateral displacement in z direction is a linear function of z and is

proportional to the partial derivative of vertical displacement w. Therefore, the

displacement functions w and u are expressed by

=r(ar) (k1+k2r) zd— =r(a-r) (k;+kyr) +27nd£

r2
W=d(1 - 7)

(3.34)

(3.35)

N otice that displacement function w is not changed from Eq. 3.11. There is one extra term

in Eq. 3.34 (compared to Eq. 3.12) implying thickness effect on displacement. When z is

equal to zero (i.e. a very thin film), then the extra term vanishes and Eq. 3.34 is the same

as Eq. 3.12. That means for a very thin film, both models become the same. Thus, the

strain in the r direction, £,, and the strain in the transverse direction, &, are given by [57]:

ou 1 2:d 24P
£,=97+2-(d:’) = k;a + 2(koa-ky)r - 3k2r2+?2_+ =

&= %- (a-r) (ky+kyr) +212‘1

The strain energy due to the elastic stretching of the membrane becomes

v 2 2 (g2 re2+2veE) rdr d
el]VZ 20 +E&F +2VE,E,) r dr dz
Performing the integration:

el =

_ nEt k1204 3k1k2(15 7k2206 (V-3)k1ad2 2(V-3)k202d2
vl € T TI0 t T *t—3 15

B
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(3.37)

(3.38)

244
+ WJ

(3.39)



Strain energy due to residual stress , V,,, is

02 ta
Vies = 270, J.-IIZJO (E,+E)r drdz (3.40)

Performing the integration,
Vyes = WO td? (3.41)

Comparing Eq. 3.41 to Eq. 3.23, it is found that the strain energy of residual stress is the
same in both thin-film and thick-film models. This is in good agreement with the
assumption of constant residual stress. Comparing Eq. 3.39 to Eq. 3.22, the extra terms in
Eq. 3.39 are not a function of k; and k,. Therefore, the values of k; and k; solved in Eq.
3.24 are not changed. Substituting the values of &, and &, from Eq. 3.28 into Eq. 3.39,
the total strain energy V is then obtained by adding the strain energy of stretching and the

strain energy due to the residual stress.

N nEtd!(7-v) mER /d3 4142
V= 24a(1) + Ty (P-+ W)-'- TL'O'otdz (3.42)

From the principle of virtual displacement, it follows that

4
ARy 2 (3.43)

Combining Eqs. 3.42 and 3.43,
Et (7-v Er /6 I6EB 4o,
P=—2—{ |3+ L (0N CAP .
(1-v) (30“) +1-v(a“) +(3a4u-v) " ) G4

For the purpose of comparison, Eq. 3.44 is re-written as
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Pa? E Et Ed
= C Co0, 3.45
o =S (a2(1-v)) £+ (aZ(l-v))d i (aZ(I-V)J rhe G439

where the constants are

7-v

=LY c,- 16

, C3=6, C4=7 ,and C,=4 : (3.46)

W] %

Equation 3.45 is_the thick-film model for the single-layer circular membranes.
Compared to Eq. 3.31, there are two extra terms on the right-hand side of Eq. 3.45: the
term led by constant C; and the term led by constant C,. These two extra terms are due to
the bending effect of the thick films and are considered to be the thickness effect. These
two terms have higher order in thickness dependence, compared to the other two original
terms. Therefore, when films get thicker, the magnitude of the extra terms get bigger and
are not negligible. When films are very thin, Eq. 3.45 degenerates to Eq. 3.31. Equation
3.46 also indicates that the coefficients in the extra terms, C; and Cy, are not a function of
Poisson ratio. The values of these constants will be determined by finite element method in

Section 4.3.

3.3 Square Films
3.3.1 Thin-Film Model

In square cases, the formulation is very similar to that of circular membranes. Only
the geometry is different (Fig. 3.5). However, the formulation for the circular mcmbrancs‘
is easier than that of the square membranes because of the radial symmetry of circular
geometry. The assumption that used in Section 3.2.2 are used in this section as well. The

functions of displacements of the deflected membrane are assumed as [58,59]:
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Figure 3.5 The displacements and forces in the deflection of a square film (a) the

geometry of the film; (b) the displacements « and w; (c) the force balance in
film deflection. :

w=d cos(%) cos(%) (3.45)
u=c sin(%) cos(%) (3.46)
v=c sin(%) cos(’t x) (3.47)
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where the u, v, and w are the displacements along the x, y, and z axes respectively, d and ¢
are two constants to be determined, and 24 is the size of diaphragm (Fig. 3.5). Notice that
w fits the boundary conditions that zero at the edge and maximum at the center. Also, the

displacement u and v fit the boundary conditions that zero at both the center and the edge of

the membrane.

The energy minimization method based on Egs. 3.45-3.47 is similar to the method
in Section 3.2. The details of the calculation is shown in reference [58] and only the result

is presented here. Fora square membrane of side length 2g, the load-deflection relation is:

(#)-cuno(E)F)e-e
o (5 (5-3vP
] s , 49
where C; fiv) 32(1+v) (64 [64(1+v)+972(9-v)] ) -
C; =32,

P is the applied pressure, E is the Young's modulus, E/(I-v) is the biaxial modulus, o, is
the residual stress, v is the Poisson ratio, ¢ is the film thickness, and 4 is the deflection at

the center of the membrane.

For the case of polyimide thin films, the Poisson ratio, v, is assumed as 0.4. The

value of Cf{v) is, therefore, equal to 1.314 and Eq. 3.48 is reduced to the followings [58]:

%2- = 1314 (%Xi,)dz +3.044 c, (3.50)

The value of C,f(v) (Eq. 3.49) is not very sensitive to the value of Poisson ratio. That is,
the value of C,f{v) is only changed by 3.4% when Poisson ratio is changed by 10%
(+0.05) [47].
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3.3.2 Thick-Film Model

In this section the thickness effect of the square membranes is discussed. The
condition is similar to the circular case. The strain of the membrane is now assumed as a
function of z. That is, the strain at the top surface is not the same as that at the bottom
surface (Fig. 3.4). Thus, the lateral displacements, u and v, are not constant along the z-
axis. As discussed in Section 3.2.4, it is also assumed that the difference of lateral
displacements in z direction is a linear function of z and is proportional to the partial

derivative of the vertical displacement w:

w=d cos(%) cos(%) 3.51)
u=c sin(%) cos(%) -z -g% (3.52)
v=c sin(%) cos(%) -z %v_ (3.53)

where z is the vertical position on z-axis (Fig. 3.4). In this study, the origin of z axis is at
the center of the film. It is important to know that the lateral displacements, ¥ and v, are no
longer zero at the edge of the diaphragm. The elastic strain in x-direction and y-direction

are given as [59]:

2

& =§‘;+§(‘9¥) (3.54)
v 1wy

-0 556
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The force per unit length in the membrane are given as:

Et

N, = T2 (Ec+ VE,) (3.57)
N, = % (€, + VE,) (3.58)
Ny = 2tE(1+v) Ey ' (3.59)

For the linear elastic case, the total strain energy V can be expressed by
1
V= fjv (NxEx +N €y +NyyYyy) dx dy dz + J'v Oo(Ex+E)) dx dydz  (3.60)

The first part of the right-hand side of Eq. 3.60 is the strain energy of elastic force and the
second part of the right-hand side is the energy due to the residual stress. Substitute Egs.
3.54-3.59 into Eq. 3.60, the elastic strain energy and residual stress strain energy become

E 1/2
2(1-v2) Ju2

el =

a ra
E2+E2 +2VEE, + L (1-v)y.2) dx dy dz (3.61)
a’a y y 2 xy

t/2 afa
V,, = ooJ' / L [2(e,+e,) dx dy a2 (3.62)
-t/2

Therefore, the elastic strain energy due to the stretching can be obtained by performing the

integration:
___Et (16(1+v)c®2 7m2(9-v)c2 Spta4 (3v-5)m2dic
V""z(l-vz)( 9 T4 "6t 6a +
E2  (m2-v)dt d4m2dc nm2(1+3v)d3 _
2(1-v2?) ( 242+ "3a T 9a¢ (3.63)

The strain energy due to the residual stress , V,,, can be calculated as the following:
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Vi = ZZE (3.64)

The constant ¢ is determined from the condition that the total strain energy of the membrane
for a equilibrium position is in a minimum energy. Hence from the principle of the virtual

displacement, it follows that

%ﬂ = %‘E =0 (3.65)
where the system potential energy function given by

Ves =V - [, Pw dx dy (3.66)
Performing the integration, Eq. 3.66 becomes '

Vv
—;dy-a s ’=——’65"2 3.67)

From the first part of Eq. 3.65, ¢ can be solved.

c= (5-3v)d” > | (3.68)
16(1+v) (9-v)
IZa[ 97r.F+ y )

Substituting V and ¢ into Eq. 3.67, it becomes:

o) o colfi)as

(3.69)
Y 12(5-3v)m? I1+3v
- , 70
where C3(v) 16(1+v) ([64(I+v)+91t2(9-v)] 73 ) (3.70)
as  (2-v 128
= - : 3.71
Catv) 32(1+ v)( 4 [64(1+v)+971:2(9-v)]) (3.71)

86

| e meemme——————e



and C; and C\f('v) are the same as Eq. 3.49.

For the case of v = 0.4, the values of C3 and C,4 are 5.48 and 5.366, respectively.
Recall that the values of Cpf{v) and C; are 1.314 and 0.308, respectively. Therefore, Eq.
3.69 can be reduced as:

%2— = 1314 (Ii ;I_,)arz +548 (zE_vXé)d +5.365 (IE_VX%) +3.044 0, (372

The Eq. 3.72 is very similar to the Eq. 3.49 except two extra terms. These two terms are
negligible when the thickness ¢ is much smaller than the deflection d. It means Eq. 3.49 is
still a good approach when the thickness is very small. The values of constants will be re-
calculated using FEM and the discussion of the relative magnitude of these constants will

also be given in next chapter.

3.4 Multi-layer Models

From above calcuiation, it is found that the mathematical formula for the load-
deflection of circular and square membranes are the same except the coefficients in the
formula. Therefore, in this section only the multi-layer models for square membranes are
derived. The multi-layer model for circular membranes is assumed to be the same formula
as those for square membranes except the coefficients. Two different methods to calculate
the strain energy of multi-layer membranes are introduced here. The first model is under
the assumption of thin film. That is, each layer behaves like a thin film in Section 3.3.1.
The second model considers that each layer behaves like a thick film in Section 3.3.2.
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3.4.1 Thin Film Assumption in Multi-layer Model

In the case of multi-layer thin films, each layer has its own material parameters.
The subscript i is used in the following to indicate the parameters of i-th layer and there are
totally » different layers in each sample. It is assumed that no adhesive failure occurs in the

interface of layers. The deflection behavior is shown in Fig. 3.6.

Figure 3.6  The deflection of a multi-layer suspended film under the thin-film
assumption.

For a thin-film multi-layer model, it is assumed that there is no differences in lateral
displacements through the thickness. That is, the lines which are pérpendicular to x-y
plane before deflection would still be perpendicular to x-y plane after deflection (Fig. 3.6).

The displacements along x and y axes (« and v) for different layers are all the same:

w;,=d co:(%) co:(%)+ itk (3.73)
=1
u=c sin(%) cos(%) (3.74)
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vi=c¢ sin(ﬁaz) co. ”;) w (3.75)

As shown in Eq. 3.73, the extra term of w; is not a function of x and y. Therefore, ow;/ox
and ow;/dy are the same as those in the Eq 3.51. The strain energy of each layer in a multi-
layer membrane is computed from the single-layer model. The total strain energy of multi-
layer membranes can be calculated by summation of the strain energy of each layer. Using
the same energy minimization approach, the mamcmaﬁc analysis of n-layer thin films

showed the following relations:

Pa? 1 . 3.7
= GV, (;-)d? +C; Yo, (3.76)
. i=]

56

g (ZE,-:,-(SJ vI(1-v2 )J ?
n =1
where Cz(V",E",tl') = (m) ._IE"t"/(]‘V‘Z) -

n n
64 D Eg/(1-v;) + O E9m(9-v)i(I-v2)
=] =]

o5
Notice that the residual term is still a simple summation of the residual stress of each layer
while the biaxial modulus term turns into a very complicate result due to the difference of
Poisson ratio and thickness in each layer. It is also found that the value of C 1 in the muld-
layer model is the same as the value in the single-layer model. This is a big benefit for
calculating the residual stress of multi-layer membranes from experimental data since the
coefficient is only a constant (see also chapter 5). When the number of layers n is equal to

1, Eq. 3.76 reduces to the single-layer thin-film model (Eq. 3.48).

Assume the Poisson ratio of each layer is the same: v,=v. Therefore, Eq. 3.76 can

be reduced as
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P By (é)az +C, 20’,-:,- 3.77)

6 5 (5-3v)? C
here C, (Eyt) J Egn 3.78
where C (Eyt) 32(1+v)(64 [64(1+v}+9ﬂz(9-V)/)g7 t -
V2
C1=ﬁ

Equation 3.77 has a very similar form to Eq. 3.48 and the constants are also exactly the
same as Eq. 3.48. This indicates that the multi-layer thin-film model is a summation form
of the single-layer thin-film model. The constants in multi-layer model are the same as
those in single-layer model provided that the Poisson ratios of each layer are all the same.

Otherwise , the constants ends up in a very complicated form (Eq. 3.76).

3.4.2 Thick Film Assumption in Multi-layer Models

The schematic deflection for thick-film multi-layer is shown in Fig. 3.7. The
assumptions used in the previous section are also used here except the thin film
assumption. That is, in this section, each layer in the multi-layer stru?:ture behaves as the
thick film in Section 3.3.2. Therefore, the strain of each layer may not be the same and is a
function of the z-axis position. The functional forms of displacements are very similar as

Egs. 3.73-3.75 and are expressed by
w; = d co %) cos(%) + ’Z:k (3.79)
U =c siu(%") cos(%) -z (%"-;‘—) (3.80)
vi=c sin(%) cos(%) -z (aw,- ) (3.81)




il i
where z; is the position in z-direction for the i-th layer, and /:Z <z < Y 1
=1 k=1

Figure 3.7 The deflection of a multi-layer suspended film under the thick-film
assumption.

Follow the method shown in the previous section, the relationship between

deflection d and pressure P is shown as follows :

%: (7;’—2_,)(3 j@+Byd) + (% B; + ’3’% l_z;qz,-] (3.82)
where B; = 4§Eitipi -( ;Eﬂifh)z / i: Egr; (3.83)
B, = 32155‘;'7;'&' ;— ( ‘: ExBig:) (gEifﬂL)/ gEi’f i | (3.84)
B; = ZgEitiaihi -( gEitiﬁigi)z /( ngitir i (3.85)
fi= grk L G=Eef W=+ fufir f23 3.86)
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5 _ (3vi-5)n? _64(1+v) + 97(9-v)

N - , , 3.87
b 512(1-v2) 7 12(1-v2) ! 72(1-v2) (5.87)
-V, 2 .
06:%) ﬂ‘_=ﬂ_’ ‘,=(_lﬂ)_ﬂi, (3.88)
16(1-v2) 3(1-v2) 9(1-v2) ,

Although Eq. 3.82 is extremely complicated, it is noted that the similarity of the
formula between the single-layer thick-film model (Eq. 3.69) and the multi-layer thick-layer
model (Eq. 3.82). As mentioned in the above section, the complexity of this equation is
party due to the difference in the Poisson ratio of each layer. As also seen in Section 3.3.2,
two extra terms are shown in Eq. 3.82. These two terms are due to the bending effect in
the thick-film assumption. It is also noted that the coefficient of the residual term is still the

same as that in Eq. 3.69.
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CHAPTER 4

Finite Element Method for Film Deflection

4.1 Introduction

In this chapter. the finite element method (FEM) is introduced for the simulation of
load-deflection behavior of suspended films. This simulated load-deflection relationship
was used for calculating the geometry and Poisson ratio-dependent constants in the
mathematical models derived in the previous chapter. It is believed that the constants
calculated using FEM are more accurate than using analytic solutions due to more accurate

deflected shapes predicted by FEM simulations.

The first half of this chapter discusses the fundamentals and the verification of FEM
used for calculating film deflection. The basic concepts of FEM are briefly described in
Section 4.2. The use of FEM is verified in Section 4.3 which describes the details such as
types of the elements, the number of elements, and the comparison of the film deflections

from experiments, FEM, and analytic solutions.

The second half of this chapter describes FEM for calculating the constants in the
mathematical models derived in Chapter 3. These models include both thin-film and thick-
film models for circular (Section 4.4) and square samples (Section 4.5). The difference
between thin-film and thick-film models is called the thickness effect and is also discussed

in Sections 4.4.and 4.5. The constants of multi-layer models are determined in Section

4.6.
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The work of comparing deflected shapes (in Section 4.3.4) was carried out in
collaboration with Jeffrey Y. Pan and Fariborz Maseeh. This work has been reported by
Pan et al. in the 1990 IEEE Solid State Sensor and Actuator Workshop at Hilton Head
Island, South Carolina [62].

4.2 Basic Concepts of Finite Element Method

The finite element method (FEM) is generally applicable for numerical solutions
[63-66]. Problems of continuum mechanics, electric fields, heat transfer, and fluid flow
have been solved using FEM [67,68]. In this study, FEM is used solely for mechanical
analysis of film deflection. The FEM used in this study is the commercially available

ADINA program (ADINA Enginee;ing Inc., Watertown, Massachusetts).

The basic concepts of FEM are summarized and only the most general situation is
described here. To solve a general problem of solid mechanics using FEM, several steps
are followed: (1) discretize the body of solid, (2) select an interpolation model for elements,
(3) calculate the element stiffness matrices and the overall equilibrium equations, (4) solve

the nodal displacements, and (5) calculate stresses and strains.

In the first step, the actual body of solid (the film) is represented as a group of |
subdivisions called finite elements. These elements are considered to be interconnected at
specified joints called nodes or nodal points. The nodes are usually distributed on element
boundaries and/or inside elements. The nodes on the boundaries are shared with adjacent
elements. The choice of type, number, size, and arrangement of the elements depends on

the characteristics of the problem.

Next, it is assumed that the variation of the field variable (e.g. displacement, stress,

etc.) inside a finite element can be approximated by a simple polynomial function (called
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interpolation model). For example, if displacement is assumed, the model is called the
assumed displacement model. In the third step, using the assumed displacement model and
equilibrium equations, the element stiffness matrices and load vectors of an element are
derived . Then, these individual element stiffness matrices and load vectors are assembled

to form the overall equilibrium equations for the entire body.

Fourth, the overall equilibrium equations for the whole body are then incorporated
into boundary conditions. At this point, a set of 'simultancous equations (in a matrix form)
are generated. By solving these equations, the nodal values of the field variable (e.g.,
displacement) can be obtained. Finally, once the displacement field is known, other field
variables (such as stress, strain, etc.) throughout the whole group of elements can then be

calculated.

The ADINA program was run on a SUN-4 workstation. The discretization of the
elements, the material properties and the boundary conditions are needed as input for each
run. The films were modeled as linear elastic materials with uniform biaxial residual stress.

| The residual stress of films was generated as thermal stress by a temperature difference
between the film and the reference temperature. The film deflection was treated as a
nonlinear large-deflection small-strain problem, and therefore, the pressure loads were

increased incrementally to allow the geometrical convergence [69.70].

4.3 Finite Element Analysis on Film Deflection

“In this section, the FEM simulations for film deflection are presented. The
purposes are two-fold: (1) to find the correct element types for FEM analysis; (2) to verify

that FEM is more accurate than analytic solutions.
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4.3.1 Types of Elements

In this study, deflection of thin films by lateral pressure was simulated by FEM.
Several types of elements were used to solve this problem. The types of elements and the
" number of nodes selected for this work are shown in Table 4.1. Different elements were
used to check the consistency between elements. The geometries, shapes, and boundary

conditions of elements are described in this section.

Film Element Nodes per Number Number  Ratioed  Triangle
Shape Type Element ofElements of Nodes Elements Elements

Circular 2D solid 8 250 1005 yes no
2D solid 9 250 1255 no no

Shell 4 1200 1261 no no

Shell 4 1024 1057 no yes

Shell 16 105 1000 yes no

Shell 16 64 569 yes yes

Square Shell 4 576 625 no no
Shell 4 576 625 yes no

Shell 16 64 625 yes no

3D solid 20 256 1955 yes no

Table 4.1 The types of elements used in FEM for film deflection.

Four different types of elements were chosen for square films: shell 4-node
elements with two geometries, shell 16-node elements, and 3D-solid 20-node elements.
For circular films, more choices were available. Six types of elements were used (Table
4.1): shell 4-node elements with two geometries, shell 16-node elements also with two

geometries, as well as 2D-solid 8-node and 9-node elements (with axial symmetry).
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0 A 0] A
(a) Shell 4-node [:I () Shell 4-node [:]
B B
0 A 0 A
(c) Shell 16-node Eﬁ (d) Shell 16-node gg
O L 1 1 1 1 lﬂA O L1 1 L. 1 1 1 | JA
(e) 2D-solid 8-node D (f) 2D-solid 9-node [:1

Figure 4.1 The geometries of elements for circular films. (a) shell 4-node with triangle
elements; (b) shell 4-node without triangle elements; (¢) shell 16-node with
triangle and ratioed elements; (d) shell 16-node with ratioed elements; (e) 2D-
solid 8-node ratioed elements; (f) 2D-solid 9-node regular elements. The
point O is the center of the film and arc AB is the edge of the film.

Figures 4.1 and 4.2 show the schematic geometry of circular and square elements,
respectively. For each type of shell element in circular films, there were two different types
of mesh: one with triangle elements and the other without. The mesh with triangle elements
was straightforward, while the mesh without triangle elements was made from three

quadrilateral subgroups (Fig. 4.1). Ratioed elements were selected for several different
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elements (Figs. 4.1 and 4.2). The use of ratioed elements makes the size of the elements
along the film edges smaller than the element size at the center of film. It was found that
these small size elements were essential for shell 16-node and 3D-solid 20-node elements to
reduce edge displacement error which led to an offset in the center deflection. For 2D-solid
-and shell 4-node elements, the difference in deflection results between regular and ratioed
elements was very small (~0.15%). Examples and more discussion about ratioed elements

are given in Section 4.3.2.

B C
(a) Shell 4-node ]:]

o) A

B C
(b) Shell 4-node E]

o) A

B C
(c) Shell 16-node gﬁ

o A

B c
(d) 3D-solid 20-node g ﬁ
(0] A

Figure 4.2 The geometries of elements for square films. (a) shell 4-node regular
elements; (b) shell 4-node ratioed elements; (c) shell 16-node ratioed
elements; (d) 3D-solid 20-node elements. The point O is the comer of the
film and the point C is the center of the film.
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3D-solid elements are usually used for a bulky, 3-dimensional body of matter. In
order to use them for solving the problem of thin film (a sort of 2-dimensional geometry), a
fine mesh approach is necessary. That is why the number of nodes for 3D-solid elements

was the highest in Table 4.1, and its computing time was also the most among those

elements.

(a) Boundary conditions in z-direction

‘Z

NN R\

(b) Boundary conditions in y-direction

Figure 43  The boundary conditions for 2D-solid elements. (a) boundary conditions in
z-direction; (b) boundary conditions in y-direction.

The edges of suspended films were considered to be clamped edges and the
boundary conditions were fixed at film edges for zero degree of freedom. That is, all the

six degrees of freedom (x-, y-, z-axis translations and rotations) were fixed along the
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edges. However, the mesh of 2D-solid elements (with axial symmetry) in circular films
were the cross-section of the film, which was different from other elements. Hence, there
were two choices of boundary conditions for 2D-solid elements (Fig. 4.3): the boundary
conditions were fixed along z-axis (the same as other elements) or along y-axis. In the
actual fabricated samples, the suspended films were adhered onto substrates or rings, and
the y-direction boundary conditions were closer to the real situation in film deflection.
Nevertheless, this kind of boundary‘conditions (in y-direction) is applicable only for 2D-
solid elements in circular films. The boundary conditions along z-axis had to be used for
all other types of elements. The comparison between these two different boundary
conditions are shown in Fig. 4.4. The difference in film deflection was found to be

insignificant.

4.3.2 Convergence of the Film Deflection

In this section, the FEM simulated film deflections using different elements are
discussed. First, the center deflection as a function of the number of elements is described.
The purpose of these FEM simulations is to find out the numbers of elements that are
necessary for different elements in order to have convergence in FEM analysis. Second,

the results of FEM deflected shapes using different elements are compared.
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Figure 4.4 The deflection shapes for 2D-solid 8-node elements with boundary
conditions in y- and z-direction.

Figure 4.5 shows the convergence of the center deflection in square films,
simulated by FEM. These simulations were done by assuming the film properties and
geometries as: a=4mm, E=2910MPa, v=0.25, 0,=28.7MPa, and r=8.5um. Four different
types of elements were used: three ratioed elements (shell 4-node, shell 16-node, and 3D
20-node) and one regular element (shell 4-node). Figure 4.5 shows that the difference
between the results of these element types is less than 0.3% in a very fine mesh. Two
things are worth mentioning here. First, for shell 4-node elements, the difference between
ratioed and regular is indistinguishable (about 0.15%). Second, the 3D-solid element has

higher number of nodes (20 nodes) per element, and therefore, it needs a large number of
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nodes to converge. It is concluded that the FEM analysis converges to the same deflection

regardless of the element type when the mesh is fine enough.

600

T T T 1 T T 1 II 0 T 11
@-0--a 4-node el nts
o—o0—o 4-node ?dlff. slzes)
& -&-a 16-node (diff. slzes i
w—u—au 3d solid (diff. sizes

550~ —

500 ‘ —

400
F

CENTER DEFLECTION (microns)

350(— -
300 -
250 | [ 1 ll J S Lll 1 111
10 1 1 1E4
% po. oF Nopes'*°

Figure 4.5 The center deflection versus number of nodes for square films with four
different elements: shell 4-node (with two geometries) elements, shell 16-
node elements, and 3D-solid 20-node elements.

102




Another way of investigating the convergence of different elements is to look at the
simulated deflected shapes using different elements. The FEM simulation cf the deflected
shapes of square film is shown in Fig. 4.6a. These simulations were also carried out by
assuming: a=4mm, E=2910MPa, v=0.25, 0,=28.7MPa, and ¢=8.5um. Three different
types of elements were used. The numbers of elements for each type of element are shown
in Table 4.1. The difference in the center deflection between these types of elements was
indistinguishable (less than 0.3%). As mentioned above, for the types of shell 16-node
element and 3D-solid 20-node element, the element sizes along the edges had to be small
enough, otherwise the displacement error at the edge would lead to an offset in the center
deflection. In this study, the smallest size for shell 16-node element was 0.047mm, or
1.2%, and for 3D solid element was about 0.058mm, or 1.6% (the entire size of the film

was 4mm).

The results of the circular film were similar to square films and are shown in Fig.
4.6b. Again the difference in the center deflection among these different types of elements
was also less than 0.3%. This indicates that our FEM analysis was quite consistent among
these element types. Again, the ratioed elements were found necessary for two shell 16-
node elements, which is the same case as in the square films. Since the differences among
these types of elements were extremely small, the following FEM analyses were performed
using shell 4-node regular elements for square films and 2D-solid ratioed 8-node elements

(with y-axis boundary conditions) for circular films in order to save computing time.
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Figure 4.6a The deflection shapes for square films with three different elements: shell 4-
node , shell 16-node , and 3D-solid 20-node elements.
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Figure 4.6b The deflection shapes for circular films with six different elements: shell 4-
node (with and without triangle elements), shell 16-node (with and without
triangle elements), 2D-solid 8-node and 2D-solid 9-node elements.
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4.3.3 Normalized Deflected Shapes

According to load-deflection relationship (Chapter 3), the center deflection of films
is a function of film properties and geometries when pressure is constant. This section
examines whether the deflected shapes are changed with film properties. Several deflected
shapes were obtained from FEM by inputting different material properties. Table 4.2
shows the material parameters used and the corresponding center deflections. These
shapes were normalized with the center deflection and the normalized shapes were then

compared with each other.

Sample Young's Poisson ~ Residual ~ Thickness Center
Modulus (MPa) Ratio  Stress (MPa) (Lm) Deflection (Lm)

standard 900 0.25 10 1 340.6
change E 4500 0.25 10 1 83.1
change v 900 0.45 10 1 349.5
change G, 900 0.25 50 % 84.1

change t 900 0.25 10 82.9

Table 4.2 The change of material properties for the comparison of deflected shapes. The
film radius was 6.5 mm for all samples.

Figure 4.7 shows the normalized deflection shapes with different material
parameters. One of the deflected shapes in Fig. 4.7 was called the standard. There were
other four deflected shapes from different material properties (Table 4.2). For each of
these fouf deflected shapes, only one material parameter was changed. It was found that
the normalized shapes were almost the same despite the difference in deflections. THat

means the shapes after normalization were still the same, even though the center deflections
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were changed with different material properties. More discussion about the deflection

shape is presented in Section 4.3.5.

1 '5 L] L] L I' L] L ] L l 1 L] L T I L L] |1 L}
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L
0 2 4 6 8
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Figure 4.7 The normalized deflection shapes for circular films with different material
properties. The material properties were shown in Table 4.2.
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4.3.4 Comparison of Deflected Shapes

Figure 4.8 shows the comparison of the normalized deflected (square) shapes from
experiments with those predicted from FEM and analytical models. Two different deflected
shapes were plotted: center-to-midpoint shapes (Fig. 4.8a), and diagonal of the deflected
shapes (Fig. 4.8b). The diagonal deflected shapes in Fig. 4.8b show a lower slope at
corners, which implies a higher degree of constrains at corners. The analytical model for

Fig. 4.8 was from Eq. 3.45:
w = d cos (”T;) cos (%) 4.1)

where x and y are the position in x- and y-direction, d is the center deflection, and w is the
deflection height. As seen in Fig. 4.8, the difference between the experimental data and the
FEM results is within 0.5% in both diagonal and center-to-midpoint shapes. The
difference between the experimental data and the analytical model is over 10% at the

normalized position around 0.6.

Figure 4.9 is the comparison of the normalized deflected shapes for circular films
among experimental data, FEM simulation, and the analytical model. The shape from

analytic solutions was assumed to be a hemispheric function (Egs. 3.1 and 3.2)
w= (R2-r)" . (R-a) (4.2)

where r is the radius position on the film, R the radius of curvature of the deflected

membrane, and d the center deflection. The value of R can be calculated by

R=£+4 4.3)
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where a is the radius of the circular film. It was found that both FEM and analytical model

were in good agreement with the experimental data (Fig. 4.9). The difference among them

was within 3%. This indicated that the actual circular deflected shape was very close to a

hemispheric function.
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Figure 4.8 Experimental deflected shape versus FEM results and analytical model for
square films: (a) along center-to-midside; (b) diagonal.

109



1.2

1.0 1
=t
:.EJ) 0 8 -
E .
g
-§ 0.6 7
E 04 -}
0.2 j
0,0 M 1] - 1 v ] v 1 M 1 v
0.0 0.2 0.4 0.6 0.8 1.0 1.2
Normalized distance from center

Figure 4.9 Experimental deflected shape versus FEM results and analytical model for
circular films.

From the comparison of the shapes mentioned above, it is concluded that FEM
generates the actual deflected shapes in both square and circular films. Hence, using FEM
simulation to calculate the constants (C; and C,, and f{Vv)) in the mathematical models is
more accurate than using analytical solutions. The evaluation of the constants is presented

in Sections 4.4 and 4.5.
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4.3.5 Deflection Shape Change With Geometry

In the previous section, it was shown that the deflected shape predicted by a
hemispheric function is very close to the FEM simulation. In this section, the FEM was
used to simulate different deflected shapes with different géometries (such as thickness,
and film size). The purpose is to show that the hemispheric function in the analytic
solution can be used to predict the deflected shapes only when the film is very thin and/or

the film size is very large.

The difference in deflected shapes between thin and thick films are shown in Fig.
4.10. It was found that when the film was very thick (e.g. 420um), the slope of the
deflection at edges was much lower (like a plate deflection), since thicker films have higher
bending stiffness. For the case of thin film deflection (4.2um, Fig. 4.10), the deflection at
edges curves up very quickly. That is why the deflection shapes can be approximated by a
hemispheric function (Section 4.3.4) since the hemispheric function results in a finite slope

at film edges.

When using a larger film (i.e. the thickness-to-length ratio was decreased), the
membrane-like deflection shape appeared again (Fig. 4.10). Therefore, it is concluded that
the deflection shapes changes with thickness and/or with the thickness-to-length ratio of

films, especially the radius of curvature at film edges is changed.

The results of this FEM analysis indicates that the normalized deflected shapes
shown in Section 4.3.4 are a function of geometry. The hemispheric function is no longer
valid for deflection shapes when films get thicker and/or when thickness-to-length ratio
increases. Hence, using FEM is still the best available method to calculate the constants in

the mathematical models.
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Figure 4.10 Deflected shapes from FEM with different film geometries.

4.4 Load-Deflection Behavior for Circular Single-Layer Films

In Chapter 3, two different models for circular single-layer films were developed:
thin-film and thick-film models. In this section, the constants in these models are
calculated using FEM. The procedures are as follows: (1) assume material properties of
films as the input for FEM; (2) obtain the FEM results as a set of pressure-deflection data;
(3) plot the FEM pressure-deflection data (details follow) and use the least-square curve

fitting method to extract the constants from the fitting results.
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4.4.1 The Constants in the Circular Thin-Film Model

Figure 4.11 shows the typical FEM results of pressure versus deflection. From the

thin-film model (Eq. 3.25), the relationship between pressure and deflection is

P E /1
—=C2fv) m(;-)d? +C, 0, (4.4)
OI5 R L] | L L] I T 1] L L] l 1] L L] 1] |
04 [ .
— ; /D :
© - , i
o 0.3 |- -
= : # :
® i /’ ]
? - H .
@ 0.2} R4 —
& - A ]
0.1 e -
r )
: aB# :
OF_.B‘G.Pa:a 1 | L1 L | 1 1 1 1 ]
0 1.5

0.5 1
deflection (mm)

Figure 4.11 Typical FEM results in a P versus d plot.

113




0.4

-
-d
-

—
-4
-

—
-l
-
-
-

i1 1 1

0.3

0.2

0.1

pressure/deflection (MPa/mm)

lllelllllllllllll
\
Ilnglllllllllll

l L 1 1 L l | L L L

0.5 1
deflectionA2 (mmA2)

o
-

o
iy
0

Figure 4.12 Typical FEM results in a P/d versus @2 plot.

Figure 4.12 shows the FEM pressure-deflection results in a Pa2/td versus 42 plot.
Therefore, a least-square fitting for a straight line was generated. Since the material
properties and geometries of films were already known (such as ¢, g, E, v, and g,), two
constants (Cf(v) and Cj) were calculated from the slope and the intercept of the linear
fitting. Since the constant C,f{v) was Poisson ratio-dependent, several different sets of
material properties including different Poisson ratios were used in FEM analysis. The
entire procedure for calculating the constants was then repeated to obtain the Poisson ratio-

dependent function. The results are shown in Eq. 4.5 [62]: |
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1
C, =2.667, = -, C; =4.00 }
2 V) =056 + 02337 ! 4.5)

For convenience, the constant C; in Eq. 4.5 was chosen to be the same as the constants in
Beams' equation (Eq. 3.8). Actually, the constants C; and f(v) are not separable and C,
can be any arbitrary number as long as the value of C5f{'v) is consistent. The constant C,
was found not to be a function of Poisson ratio, as predicted by the analytic model (Eq.
3.31) and confirmed by FEM. As also shown in analytic models, these constants are not a
function of material properties and film sizes (such as 0,, E, t, and @). This was also

verified by FEM analysis using different material properties and sizes as FEM input.

4.4.2 The Constants in the Circular Thick-Film Model

When the thickness of films is increased, the thin-film model may not be valid

(details in Section 4.4.3). Thus, the thick-film model has to be used (Eq. 3.45)

Pa2 A )(azu ))dz +C; (;%V—))d +C, (ﬂfﬁv))f C,a, (4.6)
= C,ff )(az - ))cﬂ+C3 (GZZ‘_V))mc @.7

where C, in Eq. 4.7, is the summation of the two d-independent terms in the right-hand-
side of Eq. 4.6. There are now two more terms in the pressure-deflection relationship (Eq
4.6): the terms led by constants C3 and C4. Then the linear least-square fitting was not
suitable for the plot of P/d versus d2. Hence, a second order polynomial curve fitting for
the P/d versus d plot has to be used. The values of C,, C3, and C in Eq. 4.7 were

determined from the coefficients of the fitting.
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Through a series of FEM simulations with different film thickness (and no change
of the material properties), the values of C,, C3, and C were obtained as a function of
thicknesses. Figure 4.13 shows the FEM results on a plot of P/d versus d with different
film thickness. The calculated constants for the thick-film model are shown in Table 4.3.
Since the value of C was a function of thickness, a plot of C versus #? was obtained (Fig.
4.14). From the linear least-square fitting on such a plot, the values of C, and C; were
calculated from the slope and the intercept. The values of C, and C; were found to be 13.3
and 4.00, respectively. It is seen in Table 4.3 that the constant C; changes as thickness is
changed. This is partially because the C; term is relatively small compared to the C, term
(The C; term is only about 1.2%-2.8% of the C, term for the FEM analyses shown in
Table 4.3). Therefore, the variation in determining the constant C; through the curve

fitting of P/d versus d is higher.

Thickness (um) C, f(v=0.4) G, C (MPa)
5 2.332 5.62 40.040
20 2.316 2.53 40.261
50 2.314 1.29 41.246
70 2.331 0.65 42.348

Table 4.3 The results of FEM simulations for circular thick-film model with different
thickness. The FEM inputs were: a=6.5mm, E=900MPa, v=0.25, and
0,=10MPa. Using a polynomial curve fitting, the values of C, and C; were
calculated to be 13.3 and 4.005, respectively.

Using different Poisson ratios as the FEM input, the Poisson ratio-dependence was
examined. The values of C,f{v) was found to be the same as Eq. 4.5 within 1%. The
values of C3; and C, (at v=0.25 and r=70pm) were calculated to be 0.80 and 13.2,

respectively. Comparing these values with the values at v=0.4 (C; and C; were 0.65 and
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13.3, respectively, in Table 4.3), it is found that the constant C is almost independent of
Poisson ratio. Whether the constant Cj is Poisson ratio dependent is not clear since the
variation in determining the value of Cj; is high (Table 4.3), but in any event, it will be

shown that the C; term can be neglected even in the thick-film model.
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Figure 4.13 The FEM results in a P/d versus d plot with different thicknesses.
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Figure 4.14 The constant C versus the square of the thickness. The constants C; and C,
can be calculated for the slope and the intercept.
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With the C; term omitted, the relatibnship of pressure and deflection is

P E E2
P _¢ 4.8
- 2/ (aZ(z-v))ap * (aZ(I-v)) HC1% @9
) E
=Caftv) (az(l-v))dz +C (4.9)

Where the constant C is the same as that in Eq. 4.7. Equation 4.8 is called the simplified
thick-film model. A new set of constants was calculated from a plot of P/d versus a2 using
linear least-square fitting without C3. The results are shown in Table 4.4. The constants
C4 and C; were evaluated from a plot of C versus 2 and were 14.4 and 4.045,
respectively. After dropping the whole C; term, the changes of the constants C,and C,
were within 1%, while the change of the constant C, was about 8% (Tables 4.3 and 4.4).
The relatively large change of the values of C, is partly due to the small C, term compared
to the C; term. More discussion about these different models is given in the following

section.

Thickness (um) C, f(v=0.4) C (MPa) C, term/C; term |

5 2.335 40.245 0.03%
20 2.344 40.770 0.47%
50 2.354 41973 3.1%

70 2.359 42.828 6.2%

Table 4.4 The results of FEM simulations fitted without the C; term (for the simplified
thick-film model). The FEM inputs were the same as those in Table 4.3. The
values of C; and C; were 14.4 and 4.045, respectively.
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4.4.3 Discussion of Models for Circular Films

The summary of the constants in thin-film (Eq. 4.4), thick-film (Eq. 4.6), and
simplified thick-film (Eq. 4.8) models is shown in Table 4.5. Several conclusions are

drawn from a comparison of the constants in these models.

Model C, f(v=0.4) Cs Cy C,
thin-film 2.35 - - 4.00
thick-film 2323 185 13.44  4.005

4.045

simplified thick-film  2.348 - 14.40

Table 4.5 Summary of the constants for three different models. The Poisson ratio was
assumed to be 0.25 in all models.

- First, the values of C,f(v) and C; are very consistent no matter which models are
used. This indicates that the difference in the biaxial modulus evaluated from any model is
within 1%. Second, the values of Cof{v), C4, and C,, in simplified thick-film model are in
good agreement with the values of thick-film model constants. The differences between
these constants are less than 1% except for the value of C, (about 8%, Tables 4.3 and 4.4).

This confirms the assumption that the C; term in thick-film model is insignificant.

Third, using thin-film model to solve residual stress in a thick film causes a
problem of accuracy. Comparing the thin-film and simplified thick-film models (Eqgs. 4.4
and 4.8), both are a straight line in a P/d versus d? plot. However, the intercept of the
straight line contains both C, and C| terms in the simplified thick-film model, while it only
contains the C; term in the thin-film model. When the entire C, term is small (i.e.
thickness is small), the evaluation of residqal stress from either model is about the same.

When the film is thick, residual stress would be overestimated if the thin film model is
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applied to thick films. The higher the C, term is, the larger the error is. Equation 4.10

shows the ratio of the C, term over the C; term.

C4 term _ C4 Er?
C] term ~ CI Gan(I_V)

(4.10)

The ratio of C, term over C, term indicates the overestimated error of using thin-film model
for thick-film deflection. In the example shown in Table 4.4, there is about 6.2% error in
using a thin-film model to calculate the residual stress of a 70pm film. This error is called
the thickness effect, since the thickness of film plays an important role (The C, term
depends on the square of film thickness). As seen in Eq. 4.10, this ratio also varies with
other material properties and film sizes; it increases as the biaxial modulus increases or, as

the residual stress and/or the film size decreases.

4.5 Load-Deflection Behavior for Square Films

The forms of pressure-deflection relationship for square films are the same as those
for circular films. Thus, the procedures for determining the constants in the mathematical
models for square films are also the same as the procedures shown in Section 4.4 for
circular films. As mentioned in previous sections, there are three mathematical models to
be discussed: thin-film, thick-film, and simplified thick-film models. All the constants in
these three models for square films are calculated in Sections 4.5.1 to 4.5.3.

4.5.1 The Constants in the Square Thin-Film Model

The thin-film model for square films is given as Eq. 4.4 (Section 4.4.1).

P& _ E
d - Coftv) 1)

(%)dz +C; o, (4.4)
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The simulation was done using the following film properties and geometries: half-
size=4.826mm, E/(I-v)=5740MPa, G,=33.87MPa, and t=5.2um. The FEM simulated
results were plotted as P/d versus d2. Since the material properties were known, the
constants (C; and C,f{v)) at certain Poisson ratio were calculated. The constants (C; and
Cof(v)) were evaluated as a function of Poisson ratio by changing the values of Poisson
ratio from 0.1 to 0.5. Using curve fitting, the constant C,f(v) was presented as a function

of Poisson ratio:
Cof(v)=1981-0585v; C, =341 4.11)

For convenience, the constant C, was arbitrarily chosen as C,f{v=0.25). Thus, Eq. 4.11

can be rewritten as

C;=137; filv)=1446-0427v; C,;=341 (4.12)

4.5.2 The Constants in the Square Thick-Film Model

The thick-film model is applied to the deflection of a thick film (Egs. 4.6 and 4.7,

in Section 4.4.2):

Pa _ E Et ER
d = C2/V) (az(l-v)) £+ G (aZ(z-v)) 4+ G (aZ(I-V)J +C1o, 4.6)
E Et
= C d 4.7
21 (aZ(z-v))dz o (aZ(I-V)) e “n

Again, the P/d versus d plots were used since there were two more terms in the pressure-
deflection relationship. Hence, from a second order polynomial curve fitting of the FEM
pressure-deflection results, the values of C,f(Vv), C3, and C in Eq. 4.7 were determined.

The calculated constants for the thick-film model are shown in Table 4.6.
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Thickness (um) C, f(v=0.45) C; C (MPa)

5.2 1.728 -0.86 115.70
20 1.728 -0.25 117.96
50 1.727 -0.12 122.87
70 1.725 -0.09 126.42

Table 4.6 The results of FEM simulations for square thick-film model with different
thickness. The FEM inputs were: a=4.826mm, E=3157MPa, v=0.45, and
0,=33.87MPa. Using a polynomial least-square fitting, the values of C, and
C, were calculated to be 8.57 and 3.44, respectively.

Through a series of FEM simulations with different film thicknesses; a plot of C
versus 12 was obtained. From the linear least-square fitting on the plot of C versus #2, the
values of Cy and C; were calculated from the slope and the intercept. The values of C, and
C,; were 8.57 and 3.44, respectively.

Using different Poisson ratios as the FEM input, the Poisson ratio-dependence of
the value of C5f{'v) was found to be the same as Eq. 4.12 within 1%. The values of C; and
C4 (at v=0.25 and ¢t=5.2um) were calculated to be -0.89 and 8.56, respectively.
Comparing these values with the values at v=0.45 (C; and C, were -0.80 and 8.57,
respectively), it is again found that the constant C, is almost independent of Poisson ratio.
The Poisson ratio dependence of the constant Cj is not clear due to a large variation in

determining the value of C; (Table 4.6).

However, as shown in previous sections, the C;3 term can be neglected since the
value of the C; term is small compared to the C; term. This leads to the simplified thick-
film model (Eqs. 4.8 and 4.9):

123




———— w1

Pa? E | Er
= C2fv) (aZ(]-V)) #+Cy (az(l-v)) TH1% @8

= sz(V)( £

a(1-v)

)dz +C (4.9)

Revised constants for these equations were determined from the plot of P/d versus d?. As
shown previously, a series of FEM simulations were done as a function of thickness, so
that the constant C4 and C; can be calculated by linear curve fitting to a plot of C versus 2.

The results are shown in Table 4.7.

Thickness (um) C,f(v=0.45) C(MPa)  C,termyC, term

5.2 1.715 115.63 0.049%
20 1.714 117.88 0.072%
50 1.710 122.79 0.45%

70 - 1.707 126.33 0.89%

Table 4.7 The results of FEM simulations fitted without the C; term (for the simplified
thick-film model). The FEM inputs were the same as those in Table 4.6. The
values of C, and C; were 8.56 and 3.44, respectively.

4.5.3 Discussion of Models for Square Films

The summary of thin-film (Eq. 4.4), thick-film (Eq. 4.6), and simplified thick-film
(Eq. 4.8) models is shown in Table 4.8. The values of C,f(v) and C | are very consistent
for all the three models. Comparing the thick-film model with the simplified thick-film
model, the change in all the constants (C,f(v), C4, and C)) is within 1%. This confirms

the assumption that the C; term in thick-film model is insignificant. The situations are the

same as for circular films.
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Model C, f(v=0.45) C, C4 C,

Thin-Film 1.718 - - 3.41
Thick-Film - 1.727 -0.3 8.57 3.44
Simplified Thick-Film 1.712 - 8.56 3.44

Table 4.8 Summary of the constants for three different models. The Poisson ratio was
assumed to be 0.45 in all models.

The ratios of the C, term over the C; term are shown in Table 4.8. Compared to
Table 4.4, these ratios are smaller than those for circular films. As shown in Eq. 4.10, the
ratio is dependent on material properties and film geometries. Hence, this indicates that the
examples shown in Table 4.8 have a Qery low thickness effect which is discussed in

Section 4.4.3.

4.6 Mathematical Models for Multi-layer Films

In the following sections, the mathematical models for the load-deflection behavior
of multi-layer films are generated. As shown in Chapter 3, multi-layer models for both
circular and square films were derived from analytical solutions. Since the deflected shapes
predicted by analytic solutions were not accurate (Section 4.3.4), FEM analysis is used

here to derive the pressure-deflection relationship for both square and circular multi-layer

films.

4.6.1 Circular Films

The FEM simulation was done using 2D-solid 8-node elements and each layer has
250 elements (Table 4.1). A bi-layer structure was built for FEM analysis. The properties

of these two layers are shown in Table 4.9. Each layer has different biaxial modulus,
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thickness, and residual stress. Figure 4.15 shows the deflection results of FEM of the bi-
layer with reverse sequences. The results show that the difference between two sequences
was very small (less than 0.3%). This indicates that a summation type of formula is
suitable for the deflection of multi-layer films. Actually, the analytic solution also predicted
a similar formula for multi-layer films (Egs. 3.77 and 3.78, Chapter 3). Therefore, the

pressure-deflection relationship can be expressed as

(D) ) D) B3 B o
i=1 i=1 i=1
(4.13)

where the subscript i/ indicates the i-th layer of the films and there are n total layers in the

multi-layer structure.

Layers Young's Poisson Thickness Residual
Modulus (MPa) Ratio (Lm) Stress (MPa)

first . 900 0.4 5 10

second 100 0.4 25 1.1

Table 4.9 The properties of the circular bi-layer films for FEM analysis. The radius of
the circular film was 6.5mm.
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Figure 4.15 The FEM results of circular bi-layer films with reverse sequences. The
material properties of films were shown in Table 4.9.
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To prove Eq. 4.13, the results in Fig. 4.15 were subjected to a second order

polynomial curve fitting. The expression for the curve was given as
Pld = 0.0542 d? + 0.00146 d + 0.0265 (MPa/mm) (4.14)

Using the material parameters of individual layers listed in Table 4.9 and the constants

available for the single-layer model (Eq. 4.5 and Table 4.4), Eq. 4.13 was given by
Pld = 0.0549 d2 + 0.00154 d + 0.0265 (MPa/mm) (4.15)

The difference (between Eq. 4.14 and Eq. 4.15) in the d? term is within 1.3% and no
significant difference was found in the d-independent term. The difference in the d term
was about 5%, which is partly due to the relatively small size of the d term. The
comparison between Egs. 4.14 and 4.15 indicates that Eq. 4.13 can be used to predict

multi-layer load-deflection behavior using material parameters of individual layers.

As seen in the simplified thick-film model, the C; term was neglected since the C;

term is very small compared to the C; term (Eq. 4.8). Thus, Eq. 4.13 can be simplified as

n

PG Y o s

l=1 ‘:1

As shown in the previous sections, the constants of the simplified thick-film model (Eq.
4.16) were the same as those in the thick-film model (Table 4.4). Equation 4.16 is used as
the multi-layer model in Chapter 5 to evaluate the biaxial modulus and residual stress for

circular films.
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4.6.2 Square Films

As expected, the multi-layer model for deflection of square films has the same form
as circular films (Eq. 4.13). A bi-layer structure was built for FEM analysis. Table 4.10
shows the material parameters for individual layers in the bi-layer film. Both 3D-solid
ratioed elements and shell 4-node regular elements were used for FEM analysis (Table
4.1). For shell elements, an artificial linkage between two layers was needed due to the
nature of the element. The results are shown in Fig. 4.16. The difference between these
two types of elements was less than 0.5%. This indicates that the FEM was consistent

using these two types of elements.

Layers Young's Poisson Thickness Residual
Modulus (MPa) Ratio (um) Stress (MPa)

first 2910 0.25 5 28.7

second 900 0.4 25 10

Table 4.10 The properties of the circular bi-layer films for FEM analysis. The size of the
square film was 8x8 mm.
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Figure 4.16 The FEM results of square bi-layer films with different elements. The
material properties of films were shown in Table 4.10.
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Figure 4.17 shows the deflection results of FEM of the bi-layer with reverse
sequences. Again, the results show that the difference between two sequences was very

small (less than 0.3%). Therefore, the pressure-deflection relationship was expressed as

Eq. 4.13:

Pa? _(d? CoHfiVIEL (d : C3Eit?) 1 \ C4Et? S
T’(?)Z( Iy, J’“@Z( I, )”(7)2( 1-v, )‘“C’.-:Zf’""‘
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Figure 4.17 The FEM results of square bi-layer films with reverse sequences. The
material properties of films were shown in Table 4.10.
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To check the validity of Eq. 4.13 for square films, one of the curves in Fig. 4.17
was subjected to a second order polynomial curve fitting. The expression for the fitting

was given as
Pld= 0399 d?-0.0022 d + 0.0877 (MPa/mm) ~ (4.17)

Using the material parameters of individual layers listed in Table 4.10 and the constants

available for the single-layer model (Eq. 4.12 and Table 4.6), Eq. 4.17 was expressed by
Pld = 0.0395 d? - 0.0016 d + 0.0840 (MPa/mm) (4.18)

The difference between Eq. 4.17 and Eq. 4.18 was within 1% in the 42 term was about 4%
in the d-independent term. The difference in the d term was larger since the d term was
relatively small. Compared to Eq. 4.15 (circular equation), Eq. 4.18 (square equation)
shows a slightly large error in the d-independent term. Nevertheless, the comparison
between Eqs. 4.17 and 4.18 indicates that Eq. 4.13 is still reasonably good to use for
predicting the load-deflection behavior of square multi-layer films.

Equation 4.16 is the simplified thick-film model for square multi-layer films:

Pa? d? C,; i Eiti 1 . C iEiti3 n
T (7)2( ZJ;(-VV)- )* (?) z ,(_—4,_‘,. )+ ngl,ca.-t,- (4.16)
i=1 i=1

where the constants are shown in Table 4.8. This equation is also used as the multi-layer

model in Chapter 5 to evaluate the biaxial modulus and residual stress for square films.

132




CHAPTER 5

Mechanical Property Measurements

5.1 Introduction

The results of mechanical property measurements are presented in three sections:
load-deflection behavior for single-layer films, load-deflection behavior for muiti-layer
films, and uniaxial tensile tests. Both square and circular films were fabricated for single-
layer and multi-layer samples. From load-deflection experiments, the biaxial modulus and
the residual stress of films were evaluated using the single-layer and the multi-layer models
derived in Chapter 4. The results are presented in Section 5.2 (single-layer films) and in
Section 5.3 (multi-layer films). From uniaxial tensile tests, Young's moduli of films were
measured (Section 5.5). The in-plane Poisson ratios of films were calculated by comparing

the values of Young's modulus and of the biaxial modulus (Section 5.5.5).

Several discussions about using the load-deflection technique are presented in this
chapter as well. First, the errors in the load-deflection experiments were investigated
(Section 5.2.3). Next, the solvent and the processing effects on the mechanical properties
are discussed in Sections 5.2.4 and 5.2.5. Third, sensitivity of the mechanical
measurements was analyzed in Sections 5.4.2 and 5.4.3, to understand whether the results
of load-deflection tests are sensitive to the variation in thickness and material properties.
Fourth, the variation in thickness was measured and discussed in Section 5.4.1. Finally,
the effect of the strain rate on the measurements of the load-deflection test is given in

Section 5.4.4.
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Sample |[E/(1-v),or E| 6, MPa €, % Section #
Condition| GPa
As lst 2.2+0.2 | 1.4%0.15 | 0.06%0.02 522
layer
As2nd | 2.1%0.3 1.5+£0.4 0.07+0.03 5.3.2
layer
APC As 3rd 2.6%1 1.2+0.4 0.0540.02 5.3.2
(Circular) | layer
Twice- | 2.5£0.2 | 1.8+0.15 | 0.0710.01 5.2.5
cured
Slow
Blister Strain 1.94 1.43 0.074 5.4.4
Test Rate
As2nd | 2.3%20.3 1112 0.4810.15 5.3.2
layer
APC As 3rd 3.1+1 8.7£1.8 0.2840.14 5.3.2
(Square) | layer
As 4th - - - 5.3.2
layer
APC
single- As 1st | 1.20+0.01 - - 5.5.2
layer layer
Tensile | APCon | As2nd |1.4410.19 - - 5.53
Test PI layer
APC
single- | Twice- |1.4410.08 - - 554
layer cured 7
Table 5.1 The summary of the precessing conditions and the corresponding results for

Table 5.1 summarizes all the mechanical measurements for APC. The locations of

APC.

the details of measurements are also listed in Table 5.1. Both APC-D and PEU were

subjected to the similar mechanical tests and their results are shown in individual sections.
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Table 5.2 summarizes the results of the mechanical measurements for PI. The results of

solvent effect tests for PI are not shown here and will be shown in Table 5.4.

Sample |E/(1-v),or E| o, MPa €, % Section #
Condition| GPa

Blister PI As single- | 5.38%0.4 33.443 0.6240.02 5.2.2

Test (Square) | layer
Test of
Solvent - - - 5.2.4
Effect
Tensile PI As single-| 3.210.3 - - 5.5.2
Test layer

Table 5.2 The summary of the precessing conditions and the corresponding results for
PI. The results of solvent effect are listed in Table 5.4.

The results of mechanical properties of multi-layer coatings in Sections 5.2 and 5.3
were reported by Lin et al. at the 1990 Material Research Society Spring Conference [71].
The study of errors in the blister test (in Section 5.2.3) was carried out in conjunction with

Mark G. Allen, Jeffrey Y. Pan, and Fariborz Maseeh of MIT.
5.2 Blister Tests on Single-Layer Films

5.2.1 Types of Samples

Both circular and square single-layer samples were fabricated for the blister test. PI
(polyimide, BTDA-MPDA(40%)/ODA(60%)) was used to fabricate square samples.
Circular films were made using three different coatings: acrylic polymer coating (APC),
acrylic polymer coating with dispersed resin (APC-D), and polyester urethane (PEU). The
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thickness was about 4 um for PI and was about 30 pum for coatings. The details of sample

fabrication are shown in Sections 2.3.1 and 2.4.

5.2.2 Residual Stresses and Biaxial Moduli of Polyimide and Coatings

The maximum deflection for polyimide with/without coatings did not exceed about
0.5% elongation on average (for experimental procedures, see Section 2.6.3). This
ensured that the films remained in the linear elasticity regime when they were deflected.
Therefore, the linear elasticity assumption for mathematical models was still valid. More

discussion is given in Section 5.5.2.

For each type of film, at least four samples were measured. The load-deflection
data for single-layer PI samples are shown in Fig. 5.1, plotted as Pa?/dt versus (d/a ).
Since the thicknesses of these single-layer samples were small, the thickness effect of these
films was negligible (FEM analyses in Tables 4.4 and 4.8). Hence, the thin-film model

(Eq. 4.4) was used to evaluate mechanical properties:

PT"Z= Cy/(V) (IE—VXaif)dz +C,a, | (5.1)

where P is the applied pressure, d the center deflection, ¢ the thickness, a the radius or half-
edge of the membrane, E the Young's modulus, v the in-plane Poisson ratio, E/(1-v) the
biaxial modulus, and o, the residual stress. The Poisson ratio of PI was assumed to be 0.4
and the Poisson ratios for APC, APC-D, and PEU were assumed to be 0.42, 0.34, and
0.3, respectively. Later in Section 5.5.5, uniaxial tensile tests confirm these assumptions.

From the plot of Pa?/dt versus d?, the slope and the intercept can be expressed as:
E~1
Slope = C, f(v) [— 5.2
ope = C; f( )(I_V);_; (5.2)
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Intercept =C, 0, - (5.3)

where the constants C, and C,f{v) were obtained from Eq. 4. 11 for square films (PI) and
from Eq. 4.5 for cifcular films (coatings). Therefore, biaxial modulus and residual stress
were calculated from slopes and intercepts, respectively. Table 5.3 shows the average and
the deviation of results for PI and coatings. The residual strain, £, was calculated by
dividing residual stress by biaxial modulus. The information about residual strain indicates
how much the film has been stretched after it is cured. The average results of six PI
samples were 5.38 GPa for biaxial modulus and 33.4 MPa for residual stress. These

results were in good agreement with previous reports [72, 10].

T T T T T T T Y T T T B T
"ot E/(1-v) = 5.38+0.4 GPa -
L: .. Oo = 33.4+3 MPa -
F T &= 0.6240.1% T
2&"— —
Paz [ ]
T T
(Wa) PN s .GA. u: o, ¢ ¢ *0 O |
—. o .d,.ldpﬁ.g- .0. Q wm
dypeee -
1 1 1 1 | R B 1 ] i 1 1 1
] 2000 d2 6000
“aZ

Figure 5.1  The pressure-deflection data for PI using blister test.
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. Once-cured Twice-cured
Samples| PI
APC APC-D PEU APC APC-D PEU
E/(1-v),| 5.3810.4| 2.2+0.2 1.85£0.19] 0.06+0.01 2.5+0.2 2.1£0.2 | 0.116+0.02
GPa
Ty MPa 33.4+3 1.4+0.15 1.3+0.15 | 0.88+0.17 | 1.8+0.15 | 1.6+0.15 1.1+0.1
€, % 0.62+0.1 | 0.06+0.02|] 0.07£0.02 1.5+0.5 0.07£0.01| 0.08+0.08}] 0.95+0.2

Table 5.3 The biaxial modulus and residual stress of polyimide, once-cured coatings, and
twice-cured coatings. The measurements of twice-cured coatings are described
in Section 5.2.5.

5.2.3 Errors in Load-Deflection Measurements

The purpose of this section is to analyze the reproducibility of the blister method.
First, a repeated test was made on the same sample. A typical reproduced measurement is
shown in Fig. 5.2 and the difference between these two measurements was within 3%.
This indicates that the repeated measurements on the same sample were in good agreement.
Another way of testing reproducibility is to perform measurements on the same sample by
different people. In this case, a PI square sample was used. The standard deviation among
the four people's measurements was 4.3% for residual stress and 3.6% for biaxial modulus

[73]. This indicates the measuring technique was consistent.

To understand the reproducibility in sample fabrication, five different PI samples
fabricated by different people were tested by one person. The standard deviation was 2.5%
for residual stress measurement and was 2.6% for biaxial modulus measurement [73].

This implies that the sample fabrication technique for PI was also very consistent.
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Figure 5.2  The typical reproduced load-deflection measurements on same samples.

There were other variations in the load-deflection tests such as using different
pressure calibration curves, and the elimination of small pressure readings in data analysis.

The standard deviation among these variations was 2.6% for residual stress and was 2.8%

for biaxial modulus.
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Measurements of film size and thickness were also needed for evaluating
mechanical properties of films. The film size was measured using an x- and y-direction
micrometer built on the microscope stage. The resolution of the micrometer is 1 um and
the edges of film are reasonably sharp (the variation was less than 50 um). Therefore, the
error in size measurement was usually less than 0.8%. For film thickness, PI films were
very uniform (less than 3% variation), while the coatings fabricated from spraying were not
as uniform. Thickness variation of coatings was about +10%, even though the measuring
techniques had a good resolution. More discussion about the thickness variation is

presented in Section 5.4.1.

It is concluded that the measurement technique for the blister test is very consistent.
The variations in mechanical measurements due to personal error (e.g., to focus the film
through a microscope) is less than 4% usually. Hence, in the case of sprayed coatings, the
error due to the variation in thickness is probably the major error in this mechanical

measurement.

5.2.4 Solvent Effect on Mechanical Properties of Polyimide

The purpose of this section is to analyze whether solvents and the thermal curing of
coatings during the spray coating process affect the mechanical properties of PI. Square
single-layer PI samples were fabricated for the blister test. Two PIs were used: BTDA-
MPDA(20%)/ODA(80%) and BTDA-MPDA (40%)/ODA(60%). Five different solvents
~ were chosen for this study: xylene, heptane, methanol, butanol, and water. PI was soaked
in these solvents and then was dried at 250°F for 30 minutes to mimic the spray coating

| process. Details of experimental procedures are described in Section 2.3.3.
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The results are shown in Table 5.4. For BTDA-MPDA (20%)/ODA(80%), the
values of the biaxial modulus slightly dropped 7-8% when PI films were treated with
heptane or methanol, while xylene and water did not affect the biaxial modulus significantly
(Iess than 3%). The residual stress of BTDA-MPDA (20%)/ODA (80%) decreased 10-14%
when the films were soaked with xylene, methanol, or water, while the residual stress of

the heptane-treated PI was not affected.

For BTDA-MPDA(40%)/ODA(60%), the values of the biaxial modulus did not
change significantly (less than 5% on average). The changes in residual stress were also

within 5% except for the one treated with water (8.6%).

An unusual phenomenon was observed when PI samples were soaked in solvents.
Both types of PI films were strongly affected by methanol. The suspended tensile films
started to lose their tensile residue stress after they were immersed in methanol. The films
became wrinkled, suggesting either the development of compressive stress (buckling) or,
that the methanol had caused lateral swelling. After the films were dried, the wrinkles
disappeared and the films returned to a tensile stress state. In addition, the residual stress

still remained at a very high value.

In conclusion, the changes in the biaxial modulus of PI caused by the solvent
treatment were usually less than 5%, with an exception at about 8%. The change in the
residual stress was generally larger and the maximum decrease was about 14%. This
indicates that the treatment of solvents affects residual stress more than the biaxial modulus.
This is reasonable since the PI is under a tensile residual stress, and the driving force for
absorbing solvent molecules is thermodynamically favorable. The decrease in the residual
stress is possibly due to the increase in the residual solvent content in PI films. This

possibility has not been systematically investigated.
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Materials E/(1-v) (GPa)| AE/E | S (MPa) | AS/S

pure PI 6.27+0.2 36.8+0.3

xylene treated PI 6.4240.2 1+2.3% | 33.3+0.2 | -9.5%

PI-
2555 | heptane treated PI | 5.85+0.1 |-6.7% | 36.2+0.2 | -0.2%

methanol treated PI| 5.7+0.05 | -8.3% | 31.7+0.3 |-13.8%

water treated PI 6.0£0.15 | -3% 32+0.15 | -13%

— —— =

o merear———

pure PI 5.80+0.05 32.5+0.3

xylene treated PI 5.840.05 | +0.5%| 31.910.1 | -1.8%

pl. | heptane treated PI | 6.0+0.1 | +4.5%| 32.1£0.7 | -1.2%
2525

methanol treated PI| 5.840.15 | +1.3% | 34+0.15 | +4.6%

water treated PI 6.11£0.15| +5.4%|35.3+0.15| +8.6%

butanol treated PI | 5.7+0.05 | -1.1% | 33.910.3 | +4.3%

Table 5.4 The biaxial modulus and residual stress of polyimides subjected to solvent
treatment. PI-2555 is BTDA-MPDA(20%)/ODA(80%) and PI-2525 is BTDA-
MPDA(40%)/ODA(60%).
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The change in mechanical properties of PI will be reflected as a calculation error in
evaluating the mechanical properties of multi-layer coatings in Section 5.3. Further

discussion of the calculation error is given in Section 5.4.3.

5.2.5 Process Effect on Mechanical Properties of Coatings

In the processing of multi-layer films, the first layer was coated first and cured in
the oven; then the second layer was coated and cured. That is, a new coating is always
deposited onto an already-cured coating. This is the so-called wet-on-dry coating process.
In this case, the first layer was actually cured twice in a process of fabricating bi-layer
films. Therefore, it is essential to understand whether or not the mechanical properties of

the first layer were changed after the second curing.

Three different coatings were used in this study: APC, APC-D, and PEU. These
films were fabricated with normal procedures except that they were cured twice, for a total
of 60 minutes. Circular single-layer samples were made for the blister test. The
mechanical measurements of these twice-cured coatings are shown in Table 5.3. It was
found that both the biaxial modulus and the residual stress of coatings were increased in the
long curing process. The values of the biaxial modulus were increased by 15%-18% for
APC and APC-D, and were increased by about 93% for PEU. The values of residual
stress for all three coatings were increased by 26%-29%. The increase in the biaxial
modulus is possibly due to the higher degree of crosslinking after a longer cure [74]. As
mentioned in the previous section, the residual solvent content may affect the value of
residual stress. The increase in residual stress may be due to the decrease in residual

solvent content in the long curing process.
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The mechanical properties of coatings obtained from single-layer samples were
used for calculating the mechanical properties of multi-layer films. Hence, the properties of
twice-cured coatings should be used instead of those of once-cured coatings (see Table
5.3), since the first layer of coating was really cured twice during sample fabrication. As
seen in Table 5.4, the change in mechanical properties by this prolonged cure process for
PI (BTDA-MPDA(40%)/ODA(60%)) was much less than for coatings. Thus, the
mechanical properties of PI shown in Table 5.3 were still usable for calculating mechanical
properties of multi-layer films. The calculation for multi-layer films is given in the next

section.

5.3 Mechanical Properties of Multi-layer Films Using Blister Method
5.3.1 Types of Samples

All multi-layer samples in this study are listed in Table 5.5. For square samples,
eight types of films were fabricated. PI was always used as a bottom layer and three
coatings were deposited on top of it. There were three types of two-layer films: PI+APC,
PI+APC-D, and PI+PEU. There were three types of three-layer films: PI+APC+APC-D,
PI+PEU+APC, and PI+APC-D+PEU, and two types of four-layer samples:
PI+APC+APC-D+PEU and PI+PEU+APC+APC-D.

For circular samples, there were three types of two-layer films: APC-D+APC,
APC+PEU, and PEU+APC-D; and two types of three-layer films: PEU+APC-D+APC,
and APC-D+APC+PEU.
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Shape 2 layers 3 layers 4 layers

Square PI+APC PI+APC+APC-D PI+APC+APC-D+PEU
PI+APC-D PI+APC-D+PEU PI+PEU+APC+APC-D
PI+PEU PI+PEU+APC

Circular APC-D+APC  APC-D+APC+PEU
PEU+APC-D PEU+APC-D+APC
APC+PEU

Table 5.5 The types of square samples for mechanical property measurements. PI is
polyimide; APC is acrylic polymer coating; APC-D is acrylic polymer coating
with dispersed resins; PEU is polyester urethane. PI+APC+APC-D means
that PI is the bottom layer, APC is in the middle, and APC-D is the top layer.

5.3.2 Mechanical Measurements for Multi-layer Coatings

The typical results of multi-layer coatings are shown in Fig. 5.3. The equation

used to solve the multi-layer structure was from Eq. 4.16:

n n

P _ rd? CofiVEL (1 CuE3 &
Fo(E S (N (S o8 s

i=1 i:}

where the constants C;, C,f(v) and C, were obtained from Table 4.9 for square films and
from Table 4.5 for circular films. The subscript i stands for the i-th layer. For example,
for a PI+APC sample, the value of i is 1 for PI and is 2 for APC. From Eq. 5.4, the slope
and intercept of the pldt of Pa?/d versus d? can be expressed as:

_(1 Cof(V)E;
Slope = (?)Z(_I'Vi ) (5.5)

=
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n

Intercept = (é-)z (C‘;‘E;t )+ C 120},,: . (5.6)

i=1

To calculate the Poisson ratio-dependent constants, the Poisson ratio of PI was assumed to
be 0.4 and the Poisson ratios for APC, APC-D, and PEU were assumed to be 0.42, 0.34,

and 0.3, respectively. These assumptions are the same as in Section 5.2.2.

1
o 0 o #1188=4496.5 t=4.2+28 (um)
o o o #0228a=4496.5 1=4.3+25 (um) } —
s & & #108 8=4496.5 1=4.0+21+30 (um)
s & = $008 8=4496.5 t=4.0+21+30 (um) -
o o o #318 8=4496.5 t=4.2+28+23+25 (um)
+ ¢+ + #1223-4496.51=4.3425+23+21 (um)

1000— —
Pa2 [ ]
dt ]
(MPa) | s o o o 2layers =
O0g 0
50— c0gf § o0 ® -]
ey 506
- . aue Yy -3 layel's 7
R e N
R Suleenms s ¥ 4 layers 7
1 1 1 1 l 1 1 -l 1 l ] L 1 1
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d2
a2

Figure 5.3  The pressure-deflection data for PI+APC (two-layer), PI+APC+APC-D
(three-layer), and PI+APC+APC-D+PEU (four-layer) from the blister test.

146




The slope and intercept of each data line in Fig. 5.3 were calculated using least-
square fitting. Substituting the biaxial modulus and residual stress of the first layer (Table
5.3 for PI and twice-cured coatings) into Eqs. 5.5 and 5.6 (setting n equal to 2), the biaxial
modulus and residual stress of the second layer were calculated. Similarly, using the data
of three-layer films and including the previously-measured mechanical properties of the
first and second layers into Egs. 5.5 and 5.6 (now n equals 3), the biaxial modulus and
residual stress of the third layer were obtained. The calculation procedure was the same for

four-layer films.

The summary of the results for all square films is shown in Table 5.6. Table 5.7
shows the results of circular films. The residual strain, £, was calculated by dividing

residual stress by biaxial modulus. The results are discussed in the following section.

2 layers 3 layers 4 layers
APC APC-D | PEU APC APC-D PEU |APC-D | PEU
Sample PI PI PI PEU APC APC-D | APC |APC-D
PI PI PI PEU APC
PI PI
Top APC APC-D | PEU APC APC-D PEU |APC-D | PEU
layer
E/(1-v), 2.3+0.3 2.140.3 0.09+0.2 3.1x1 2.4+1 0.59£0.3 | 2.3t1 0.69+0.4
GPa
Gy 11+2 5.7+1 2.3+04 8.7+1.8 5.1+1.5 2.8+0.6 | 4.7+1.4 4.4+1.4
MPa
€, % |048+0.15 0.27+0.1 2.6*1 0.28+0.14 0.21+£0.12 0.29+0.15] 0.2+0.1 0.64+0.5

Table 5.6 The results of the biaxial modulus, the residual stress, and the residual strain

for multi-layer films (square samples).
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2 layers 3 layers
APC APC-D PEU PEU APC
Sample | APC-D PEU APC APC APC-D
APC-D PEU
Top APC APC-D PEU PEU APC
layer
E/1v), | 2.1#03 1.9+0.5 0.064+0.02 | 0.0120.008  2.6+1
GPa
6,, | 1.5:04 20:05 17605 | 071205 1.2:04
MPa
€ % |007+003 0.1+0.05  2.6£1 5.94.5  0.05+0.02

Table 5.7 The results of the biaxial modulus, the residual stress, and the residual strain
for multi-layer films (circular samples).

5.3.3 Discussion of Mechanical Properties of Multi-layer Coatings

Comparing Table 5.3 (for single-layers) with Tables 5.6 and 5.7 (for multi-layers),
the results of two-layer films were in good agreement (within 5%) with the results of
single-layer films. This indicates Eq. 5.1 and Eq. 5.4 are quite consistent with each other.
The deviation of the experimental results for the second layer was about 15%. The error
for the low modulus materials is even higher (e.g. PEU, about 22% for the biaxial
modulus). This is partly due to the large error in the subtraction of a high modulus layer
from the bi-layer (Egs. 5.5 and 5.6).

Comparing the biaxial moduli of two-layer films in Tables 5.6 and 5.7, the results

of circular films (Table 5.7) were in reasonable agreement with those of square films (Table

148




5.6) except for the PEU. As mentioned above, this is due to the large error in evaluating
the mechanical properties of low modulus materials on top of a high modulus material. As
also noted in this comparison, the biaxial moduli of coatings (Table 5.7) were generally
smaller than those in Table 5.6. This is partly due to the difference between the thickness
measurement techniques. The micrometer (for measuring circular films) usually gave
higher values than the surface profilometer (for square films) because of the surface
roughness of coatings. Therefore, the values of biaxial modulus for circular films were a

bit lower.

Comparing the residual stress of two-layer films in Tables 5.6 and 5.7, the residual
stress of coatings cured on the release layer (Tedlar®) is much lower than for those cured
on PI, where the adhesion is good. This shows why curing films on release layers may
not give the same results as curing on the final end-use substrate; hence the importance of

in situ methods.

Tables 5.6 and 5.7 also show that three-layer films and four-layer films have a large
deviation in the results of biaxial modulus and residual stress and hence, the results wére
only in fair agreement with those of first-layer and second-layer films. As mentioned in
Section 5.2.3, the variation in thickness of spray-coated films was probably the major error
source in this mechanical measurement. More discussion of load-deflection measurements

is given in the next section.
§.4 Discussion of Load-Deflection Measurements

5.4.1 The Variation of Thickness Data

The causes of the variation in thickness can be divided into two sources: the

uniformity of thickness and the surface roughness. The uniformity of films was tested by
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measuring'thc thickness of films on different locations across a 2-inch wafer. The coatings
were sprayed onto blank silicon wafers and the thicknesses of coatings at different
locations were measured using a surface profilometer. The results showed that the
thickness variations across a one-inch distance of APC, APC-D, and PEU were

approximately +4.5%, +3.7%, and +7.4%, respectively.

The surface roughness of spray-deposited coatings was not a problem at all. The
surfaces were scanned using a surface profilometer, which showed the roughness of APC
and APC-D was within £0.4um. The roughness of PEU was slightly higher (+1pum).
These data indicate that the roughness was not a problem since it only caused a variation of
approximately £1.3%-3.3%, assuming the thickness was 30um. However, the coatings
released from the Tedlar® films have duplicated the surface roughness of the Tedlar® films.
The surface roughness of the Tedlar® films was measured to be +1.2um, or 4%. Thus,
the thickness measured by the micrometer for circular samples (released from Tedlar®
films) tended to be slightly larger. This is probably why the values of the biaxial modulus
for circular films were slightly smaller than those for square films.

In conclusion, the thickness variation due to the spraying process was
approximately +3.7%-7.4%. The surface roughness of coatings was +1.3%-3.3%, while
the roughness introduced by Tedlar® films was £4%. Hence, the thickness variation was
approximately +5%-10.7% for square samples and was approximately £9%-14.7% for
circular samples. The additional variation of circular films was caused by the Tedlar®

films.
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5.4.2 Sensitivity of Mechanical Measurements on Thickness Data

The purpose of the sensitivity analysis is to understand how sensitive the
mechanical results are to the variations in thickness. Seven square samples (Table 5.8)

were chosen for this analysis.

2 layers 3 layers 4 layers
APC | APC-D | PEU APC APC-D| PEU |APC-D | PEU
Sample PI PI PI PEU APC | APC-D | APC |APC-D
PI PI PI PEU APC
PI PI

Top APC | APC-D | PEU APC APC-D| PEU |APC-D| PEU
layer .

AE/Epyg, | 1.1 2.2 t46 +6.8 2.4 - +37.4 %19

%

AG/Coqavg| *1.8 +10.3 214 +4.5 +10.3 45 | £36.3 *17
%

Table 5.8  Thickness sensitivity analysis on the evaluation of mechanical properties for
multi-layer films.

The procedures for calculating the biaxial modulus and the residual stress were
exactly the same as those in the previous section. The procedures began with the
Pl+coating two-layer samples. The thickness and mechanical data evaluated for PI were
assumed to be correct. Also, the thickness data for each coating layer were assumed to be
mismeasured with £10% margin of error. These "wrong" thickness data certainly gave
"wrong" answers in the calculation of the biaxial modulus and the residual stress of
coatings that were on top of the PI. Then the maximum and minimum biaxial moduli and

the residual stresses of the coatings analyzed from the "wrong" thickness data were
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recorded and were also used to evaluate the mechanical properties of PI+coating+coating
three-layer coatings. The procedures were repeated until all mechanical properties of four

layers were solved.

The results were c,alcuiated as the half difference between the maximum and the
minimum divided by the average value (Table 5.8). Two points are worth mentioning
here. First, the £10% variation in thickness did not cause a great difference in the results
of APC and APC-D in the two-layer films. Howévcr, large variations were found for PEU
in the two-layer films, due to the low biaxial modulus and residual stress of PEU. For
example, for APC and APC-D, the variation in biaxial modulus was up to £1.1%-2.2%
(PI+APC and PI+APC-D), while the variation of PEU was as high as +46% (PI+PEU).
Second, the mechanical resuits of the upper layer generally had a greater variatibn than the
results of the lower layers, except for the case when PEU was under APC and APC-D.
This is fcasonable because the generated errors of each layer were transferred to and
accumulated in the next calculation. It is found that the variations of the results are within
6% for two-layer films (except for PEU); the variations are less than 10% for three-layer
films, and are above 17% for four-layer samples. This indicates that highly uniform films
and accuracy in the thickness measurements are needed in order to evaluate the mechanical

properties of four-layer coatings within a reasonable error range.

5.4.3 Sensitivity of the Measurement on Mechanical Property Data

In the previous section, the effect on the mechanical properties of coatings were
shown when thickness of coatings was varied within a margin of £10% error. In this
section, the purpose of this analysis was to calculate sensitivity of the mechanical properties
of coatings from the load-deflection data of PI+coating films. In other words, it

investigated how much margin of error was generated when mechanical properties of PI
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were measured improperly. The assumed variation of the mechanical properties (biaxial
modulus and residual stress) of PI was +10%. The maximum and minimum biaxial
" modulus and residual stress of the coatings were calculated by the same procedures
presented in the previous section using 10% variation in the PI properties. Again, for
multi-layer films, these maximum and minimum properties of lower layer coatings were
used to calculate the properties of upper layers. Thus, the margin of errors of £10% was

transferred and propagated in the mechanical evaluation to see what the "worst cases”

would be.
2 layers 3 layers 4 layers
APC | APC-D | PEU APC APC-D| PEU |APC-D | PEU
Sample PI PI PI PEU APC | APC-D | APC |APC-D
PI PI PI PEU | APC
PI PI
Top APC | APC-D | PEU APC APC-D| PEU |APC-D | PEU
layer
AE/E,,, | 2.8 +3.7 +41 5.1 5.1 53 +18 +30
%
AC/Oyave] *4.2 +8.5 +24 t14 16 39 126 33
%
Table 5.9 Mechanical property sensitivity analysis on the evaluation of mechanical

properties for multi-layer films.

The results are shown in Table 5.9. For a high-modulus material (e.g., APC and
APC-D), the deviation was only 3-5% in the biaxial modulus and 4-16% in the residual
stress. For a low-modulus material (PEU), the deviations were quite dramatic — about 41-
53% change in the biaxial modulus and 24-39% change in the residual stress. The margin

of error was found to increase for a multi-layer structure. As expected, the results for the
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four-layer structures had the highest margin of error since the margin of errors of the three
bottom layers were accumulated in the mechanical evaluation of the fourth layer. For
example, as seen in Table 5.9, the variation in APC-D in a four-layer membrane (18% in
biaxial modulus and 26% in residual stress) is much higher than in a two- or three-layer

membrane (4-3% for biaxial modulus and 8-16% for residual stress).

Compared to Section 5.4.2, it was found that for residual stress, the £10% in the
mechanical properties of PI has more influence than the £10% in thickness variation. Both
variations affected the values of the biaxial modulus in a similar way. Hence, this analysis
indicates that if the "worst case" happened, the variation for low-modulus materials and the

variation for films more than three layers are too large to be acceptable.

5.4.4 Strain Rate Effect on Mechanical Properties of Coatings

In the load-deflection experiments, the relationship of pressure and deflection was
recorded. The change of the rate of increasing pressure is similar to the change of the strain
rate in the uniaxial tensile test. Thus, the "strain rate" discussed in this section is the
pressure rate. The load-deflection experiments were performed in a quasi-steady state.
That is, the pressure was increased at a very slow rate. In the experimental set-up, the

pressure was controlled by gradually opening a needle valve.

Usually, the rate of increasing pressure was estimated by dividing the final strain
with the time needed for pumping the film. The final strain was on the order of 0.5%. In
each experiment, 10-20 pressure-deflection readings were recorded. The time needed to
increase the pressure for each datum is about 1-3 seconds. Therefore, total time needed to

have a 0.5% strain was approximately 50 seconds. Then the estimated strain rate of load-
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deflection experiments was about 0.6% per minute. The corresponding pressure rate was

about 0.03 psi/sec, which was reasonably small.

In this study, the strain rate was reduced even more. The time needed to increase
the pressure for each reading was decreased to about 80 seconds. Thus, total time needed
for the entire experiment was about 1200 seconds. The strain rate was, therefore, about
0.02% per minute and the corresponding pressure rate was about 0.001 psi/sec. The effect

of the decreased strain rate is shown in Table 5.10.

Samples “APC APC-D PEU
E/(1-v), GPa 1.94 1.60 0.045
o,, MPa 1.43 1.27 0.88

e, % 0.074 0079 2.0

Table 5.10 The strain rate effect on the biaxial modulus and the residual stress of coatings.

As expected, the biaxial modulus and the residual stress of coatings decreased with
the strain rate. This is in good agreement with the literature [75]. However, some of the
changes in mechanical properties were less than 10%, which is very small and is within the
normal range of the experimental error. It was also found that PI was minimally affected

by the change of the strain rate.

5.5 Uniaxial Tensile Test

Uniaxial tensile tests are one of the most straightforward methods to obtain the
stress-strain relationship of materials. The purpose of this test is to obtain Young's

modulus of films which can be calculated from the initial slope of the stress-strain curve.
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The Young's modulus obtained from this test was then compared with biaxial modulus

from load-deflection tests to calculate in-plane Poisson ratio of films (Section 5.5.5).

5.5.1 Types of Samples

The materials used for this study were PI, APC, APC-D, and PEU. Table 5.11
shows that seven types of samples were subjected to uniaxial tensile tests: four single-layer
films and three bi-layer films. Among these samples, two of them were fabricated using
microfabrication techniques and these samples contained PI (BTDA-
MPDA (40%)/ODA(60%)). The other five types of samples were made using the coat-and-
peel method and contained no PI. The details of sample fabrication are described in

Sections 2.7.1 and 2.7.2.

1 layer 2 layers
PI PI+APC
APC APC+PEU
APC-D APC-D+PEU

PEU

Table 5.11 The samples for the uniaxial tensile test.

5.5.2 Young's Modulus for Single-Layer Films

To compare these results with the load-deflection measurement which was tested
under a quasi-steady state, the strain rate of this test was kept as low as possible. Since the
strain rate was very low, it took a little time for the Instron machine to apply the load to the

sample, which caused nonlinearity in the very beginning of the stress-strain plots.
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Therefore, the maximum slope in the beginning of the stress-strain curve was calculated to
be the Young's modulus of the film. A typical stress-strain curve is shown in Fig. 5.4.

The results for single-layer films are shown in Table 5.12.
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Figure 5.4  The stress-strain curve of PI in the uniaxial tensile test.
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- One of the assumption in the load-deflection experiment was the linear elasticity of
materials. The stress-strain results of PI, APC and APC-D indicated that this was a
reasonable assumption, since the residual strain plus the strain from the load-deflection test
did not exceed the linear elasticity regime. Therefore, the results from both load-deflection

and tensile tests were comparable.

Sample Number of Samples Young's Modulus, GPa Average, GPa

PI 7 34, 32, 30, 34, 3.240.3
32, 29, 33
APC 2 1.20, 1.21 1.20+0.01
APC-D 4 1.21, 1.24, 1.17, 1.20+0.04
1.18
PEU 3 0.052, 0.051, 0.048 0.05+0.002

Table 5.12 The Young's modulus of PI and coatings from the uniaxial tensile tests.

The case of PEU was slightly different. That is, the modulus actually measured
from load-deflection tests was smaller than the modulus calculated from the maximum
slope of the stress-strain curve (Fig. 5.5). Thus, in order to calculate the Poisson fatio of
PEU, the Young's modulus had to be measured from the slope after the residual stress
mark since that was the beginning point of the load-deflection test. This new value of
Young's modulus (called the "effective” Young's modulus) was calculated to be 0.041GPa
for PEU.
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Figure 5.5  The stress-strain curve of PEU in the uniaxial tensile test. The residual stress
(about 0.9MPa) was also marked in the curve.

5.5.3 Young's Modulus for Twice-Cured Coatings

Table 5.13 shows the Young's modulus for twice-cured coatings. These coatings

were fabricated in the same way as those in Table 5.12 except for two curings. It was
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found that the Young's moduli of the twice-cured coatings were higher than the once-cured
coatings. The increase in the Young's moduli was about 16%-19% for APC and APC-D,
and was about 122% for PEU. The increase for PEU was more than two-fold, indicating
that PEU is very sensitive to the curing process at elevated temperatures. Similar results

were also found from the load-deflection tests and were discussed in Section 5.2.5.

Sample Number of Samples Young's Modulus, GPa Average, GPa

APC 2 1.36, 1.51 1.4410.08
APC-D 2 146, 1.32, 1.39+0.07

PEU 3 0.117, 0.106, 0.117 0.11310.007

Table 5.13 The Young's modulus for twice-cured coatings.

5.5.4 Young's Modulus for Two-Layer Films

The average Young's modulus for three different two-layer films was measured.
The purpose of this test is to establish a bench mark for the mechanical properties of multi-
layer films measured by load-deflection tests. Assuming the strain on each layer is the

same during the tensile test, a first order approximation can be obtained:

2
Eagtix =Y Eit; (5.7)
i=]

where E,, is the average Young's modulus, ¢, the total thickness, the E; the individual

Ybung's modulus, and ¢; the individual thickness. Since the Young's modulus of the first
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layer was already obtained (Table 5.12), the Young's modulus of the second layer can be
calculated using Eq. 5.7.

The results calculated from Eq. 5.9 are shown in Table 5.14. Compared to Table
5.12, the results were in good agreement except for APC-D, for which only one sample
was available. It is concluded that the results of multi-layer films using the uniaxial tensile

test are a reasonable reference for the mechanical properties evaluated by the blister test.

Sample Top Layer Young's Modulus, GPa Average, GPa
PI+APC APC 1.52, 140, 1.63 1.44%0.19
1.25, 140
PEU+APC-D APC-D 0.73, 0.73

APC+PEU PEU 0.032, 0.074 0.053+0.021

Table 5.14 The Young's modulus of the top layer in the two-layer coatings.

5.5.5 Calculation of In-Plane Poisson Ratio

The results from uniaxial tensile tests give information about Young's modulus,
while the results from the load-deflection experiments give the values of the biaxial
modulus. Thus, by dividing the values in Table 5.3 by the values in Table 5.12, the in-
plane Poisson ratios can be obtained. For twice-cured coatings, the in-plane Poisson ratios
were also calculated from Tables 5.3 and 5.13. The values of in-plane Poisson ratios are

listed in Table 5.15.
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Once-cured Twice-cured
Samples
APC APC-D PEU APC APC-D PEU
E, GPa 1.20 1.22 0.041t 1.44 1.39 0.082f
E/(1-v), GPa 2.12 1.83 0.06 2.5 2.1 0.116
\Y 0.43 0.33 0.32 0.42 0.34 0.29

t E was calculated at the residual strain.

Table 5.15 The in-plane Poisson ratio for both once-cured and twice-cured coatings.

Tt is noted that the Poisson ratio of once-cured and twice-cured coatings were in
good agreement. This indicates that both measurements of biaxial modulus and Young's
modulus were very reasonable. In general, the margin of error of the Poisson ratio
measurements is about 20%, since both the results of the load-deflection test and the

uniaxial tensile test are in £10% margin of error.
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CHAPTER 6

Humidity Effect on Mechanical Properties

6.1 Introduction

The effect of environmental changes (e.g. humidity) on mechanical properties is
very importaht to the performance of coatings. In this chapter, the effects of humidity on
both the biaxial modulus and the residual stress of single-layer coatings were analyzed
using the blister method. The purpose of this study was to determine quantitatively the
change of mechanical properties due to the humidity effect. The focus of this work was to
verify the capability of this technique (the blister test) rather than to study the mechanism of

moisture absorption for coatings.

The fundamentals of the humidity effect on coatings are introduced in Section 6.2.
In Section 6.3, the types of samples used in this study are described. Two different types
of measurements are presented in Section 6.4: the change in mechanical properties as a
function of time and the change in the mechanical properties with respect to the relative

humidity (RH).

6.2 Background of Humidity Effect on Coatings

Humidity change is very critical to the performance of polymeric coatings. For
coatings used as paints, good weatherability and durability are essential. The most recent
studies about the humidity effect on coatings are related to outdoor exposure of coatings

[76]. When paints are used for outdoor purposes, moisture is one of the major factors
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causing the degradation of paint films. Other influences such as solar radiation,

temperature changes, and oxidation may also cause a change in the mechanical properties of
the coatings [2]. The so-called accelerated test methods were primarily used to examine the
mechanical failure of coatings under severe environmental conditions. Hence, most
investigations of these techniques were related to the degradation of coatings with respect

to chalking, scaling, gloss, hardness and so on.

Water absorption usually occurs when polymeric films are exposed to a humid
environment [77]. Moisture uptake can be measured using a gravimetric method which
measures the mass change of films after absorbing moisture. Other changes in physical
properties as a function of time (such as dieletric properties) can be used to measure the
diffusion constant of water molecules [78,79]. Also, the bending beam method for
measuring the residual stress of coatings (Section 1.2.2) has been used to monitor the
moisture effect on the residual stress [80]. Hence, the swelling factor which is correlated
to the moisture uptake and the hygroscopic strain can be calculated, provided that the

moisture content is known.

The mechanical properties of many polymers have been reported to be influenced
by the moisture content. For example, water molecules have been known to have a
plasticization effect to nylon [81]. In such a case, water molecules break the intermolecular
hydrogen bonding and decrease the modulus dramatically. Epoxy resins were also
reported to have a problem of adhesion failure due to water molecules modifying interfacial
bondings [82].
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6.3 Types of Samples

purged with dry air for about 2 hoyrs, Then the relative humidity (RH) of the sample
Chamber wag changed to 60%. All eXperiments were conducted a¢ Toom temperatyre, The
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The biaxial modulus and the residual stress of coatings versus time are shown in
Fig. 6.1. It is noted that the biaxial modulus was not changed significantly, while the
residual stress was decreased for about 30% after one hour in the humid environment.
Figure 6.1 also shows that the change in the residual stress levels off after one hour. This
indicates that the moisture absorption of the coatings were at equilibrium state after
approximately one hour. Hence, it is reasonable to believe that the samples reached a

equilibrium state of moisture absorption after 90 minutes in the humid environment.
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Figure 6.1  The biaxial modulus and residual stress versus time for a relative humidity
change from 0% to 60% at room temperature for APC.
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6.4.2 Humidity Effect on Mechanical Properties

The load-deflection data of APC are shown in Fig. 6.2. There were four different
RH: 0%, 20%, 40%, and 60%. Each measurement at certain RH was repeated once.
Figure 6.2 shows that the reproducibility of the measurements was reasonably good. The
biaxial modulus and the residual stress were calculated from the slope and the intercept of
the linear least-square fitting in Fig. 6.2. It is noted that the biaxial modulus of APC did
not change significantly with the RH, while the residual stress of APC was decreased as

the RH was increased.

Similarly, the biaxial modulus and the residual stress of APC-D and PEU were
obtained as a function of RH. Thus, the biaxial moduli of APC, APC-D, PEU at 0% RH
were calculated to be 2.6, 2.34, and 0.088 GPa, respectively. The residual stresses of
APC, APC-D, PEU at 0% RH were 3.05, 3.06, and 0.748 MPa, respectively. Figure 6.3
shows the change in the biaxial modulus as a function of RH for APC, APC-D, and PEU.
Similar to APC, the biaxial modulus of APC-D and PEU were not changed with RH.
Figure 6.4 shows the change of the residual stress for these three coatings. It is found that
the change in the residual stress decreased as the RH was increased. At 60% RH, the
residual stress of PEU decreased to about 9% and the residual stress of APC and APC-D
decreased up to 29% and 41%, respectively. These data indicates that the moisture
absorbed in the coatings causes a significant decrease in the residual stress, while the
biaxial modulus was not almost not affected. This implies that the water molecules inside
coatings did not cause a significant plasticizing effect to decrease the value of modulus.
The relaxation of the residual tensile stress is attributed to the swelling of coatings caused

by the absorption of water molecules.
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Figure 6.2  The pressure-deflection data for APC with different relative humidities. Each
experiment was repeated twice.
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Figure 6.3 The change of the biaxial modulus of APC, APC-D, and PEU versus the
relative humidity.
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Figure 6.4 The change of the residual stress of APC, APC-D, and PEU versus the
relative humidity.

6.5 Conclusion

The blister method were verified to be useful in studying the humidity effect of the
biaxial modulus and the residual stress of coatings. The humidity causes a significant
decrease in the residual stress but not in the biaxial modulus. It is found that the change of

the residual stress can be as large as 40% at 60% RH.
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CHAPTER 7

Summary and Conclusions

This thesis has discussed the in sifu measurement of the mechanical properties of
multi-layer films. The basic concept is to infer the mechanical properties of the films coated
on top of previously-characterized films using the blister methods and corresponding
mathematical models. This technique provided a new way to evaluate the mechanical
properties of each layer in a multi-layer coating system. This work contained two main

parts: the development of experimental techniques and the mathematical models.

The development of experimental techniques included sample fabrication and the
measuring techniques. Both square and circular multi-layer samples were fabricated for
this study. Polyimide, (PI) and three commercially available coatings were studied: acrylic
polymer coating (APC), acrylic polymer coating with dispersed resin (APC-D), and
polyester urethane (PEU). The design of the sample fabrication showed that the fabrication

technique can be adopted easily by the coating industry for routine measurement.

Mathematical models for single-layer and multi-layer films were developed.
Analytical solutions were used to obtain the form of the models and the finite element
method (FEM) was used to evaluate the constants in these models. FEM analysis
converged to the same deflection results regardless of the element type when the mesh was
fine enough. The use of FEM was justified by showing the FEM predicted deflection
shapes match the experimentally measured deflection shapes within 3%. When using FEM

for the study of film deflection, certain restriction on the mesh of elements have to be

171




considered, such as the use of ratioed elements to avoid errors in center deflection. The
thick-film model included the bending effect, caused by thickening films. The difference
between the thin-film model and the thick-film model was two additional terms due to the
bending effects. As the films get thicker, the thick-film model should be applied in order to

avoid the error in evaluating the residual stress.

The Young's moduli of coatings were obtained from standard Instron tests for this
comparison to the results of the blister test. The Instron test samples were made using the
same technique as used for load-deflection tests. The in-plane Poisson ratio of coatings
were evaluated by comparing the values of Young's modulus with the value of the biaxial

modulus.

The mechanical properties of top layers were inferred from the measurements of
single-layer and multi-layer films and hence, the mechanical properties of the first layer
should be well characterized. Several different analyses were done for the first layer
material: solvent effect, processing effect, strain rate effect, and humidity effect. The
solvent effect showed that PI was not significantly affected by the solvent and the curing
cycles. The process effect showed that both the biaxial modulus and residual stress of
twice-cured coatings were higher than those of the once-cured coatings. The increase was
as high as 93% for the biaxial modulus and 30% for the residual stress. The strain rate
effect showed that the mechanical properties of films were decreased with the strain rate of
the blister test. The blister method was verified to be useful in studying the humidity effect
of the biaxial modulus and the residual stress of coatings. The humidity caused a
significant decrease in the residual stress but not in the biaxial modulus. It was found that

the change of the residual stress can be as large as 40% at 60% RH.
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The mechanical properties of both the square and circular films were in agreement,
which implies the models for both shapes were consistent. The mechanical properties
evaluated from two-layer films were also in good agreement with the single-layer films,

indicating the consistency between the single-layer and multi-layer models.

The limitations of this technique are first, the long processing time for sample
fabrication and second, tl'le accuracy in the evaluating the mechanical properties of multi-
layer films more than three layers. The long processing time for preparing square samples
can be cut by using the circular films. However, circular films were fabricated on the
release layer (Tedlar®), from which the residual stress is much lower than those on well-

adhered substrates.

The accuracy on the evaluation of two-layer films is about 15%. The accuracy of
evaluating the mechanical properties of compliant materials on top of strong material is even
lower. The accuracy of evaluating the mechanical properties of the three-layer and four-
layer is ﬁoor also. The major factor causing this poor accuracy is the variation of
thickness. If the variation of the thickness is improved, then the accuracy of this technique

would certainly be improved as well.
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