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The adhesion between nylon-6/aluminium is discussed in terms of mechanical interlocking
mechanism on a microscopic scale. A new “shaft-loaded” blister test was adopted to
measure simultaneously the adhesive properties of thin nylon-6 films. Fracture toughness is
also measured by a double cantilever beam geometry. Variables including polymer film
thickness, hot-press conditions and durability are also investigated.

1. Introduction

Technological advances in microelectronics require
good adhesive properties of thin polymeric and ce-
ramic thin films on many critical surfaces. For in-
stance, metallic contacts, dielectric in capacitors,
packaging against mechanical damage, optical and
magnetic thin films, etc. all require good adhesion
performance to be engineering reliable. Debonding of
such films caused by contaminants, intrusion of envir-
onmental species at fractured interfaces, or residual
thermal stress in the fabrication process, leads to
breakdown of electronic components which could be
costly to repair. It is therefore necessary to probe into
the adhesion mechanism and to quantify the adhesive
strength.

The mechanism of adhesion between polymer thin
film and a rigid metal/ceramics substrate can be
divided into two different trends, one along the line of
interfacial chemistry [1, 2] and the other mechanical
interlocking [3, 4].

Adhesion between polymer, ceramics and metal is
strenuous due to the different bonding mechanisms
of the atoms or molecules involved. Macropolymer
molecules are bonded together via weak van der
Waals forces and/or hydrogen bonding; the atomic
structure of ceramics is, on the other hand, governed
by strong covalent bonds; metallic ions are pulled
together by the overlap of electron clouds. When these
vastly different materials combine to form a com-
posite, the adhesion at the dissimilar interfaces might
be the consequence of a combination of the above
forces, or probably none of them. For instance, in
some polymer composite blends, the formation of
a crystallized interlayer increases the mechanical com-
munication between the matrix and the fibres and thus
give better adhesion [5]. Thus studies of the dissimilar
interfaces hold an important key to improving the
reliability of engineering materials. Enhancement of
adhesion can be achieved by the addition of coupling

agents, ion beam stitching, pre-deposition sputtering
and surface treatment [ 3, 6] of the substrate, etc.

The physical aspects are equally important in
adhesion performance. It is now believed that a dis-
similar interface must be considered as a three-dimen-
sional entity, rather than a smooth two-dimensional
plane [3]. A roughened metal or ceramic surface has
a significant positive effect on the “mechanical inter-
locking” of a polymer overlayer. The interlayer, or
sometimes known as “interphase”, consists of metal
oxide protrusions from the metal surface and polymer
fingers locked into the valleys. When a polymer is
deposited on such a surface, the penetrating fingers of
either side provide a much larger adhesive surface as
well as “anchors™. In this paper, we will concentrate on
the topological control of the substrate surface and
its effect on the overall adhesion at metal/polymer
interfaces.

The literature on interfacial physics and chemistry
is voluminous, yet standard ways to quantify adhesion
are controversial and non-conclusive. The conven-
tional peeling test leads to serious plastic deformation
because of high angle bending at the crack front [7];
pin pull tests are difficult to quantify in terms of
fracture mechanics [6]; micro-indentation is restricted
to very weak adhesion and interpretation of experi-
mental data is difficult [8]; other novel methods do
not conform to conventional fracture mechanics and
are much restricted by interpretation. The now cele-
brated “blister test” is by far the best and only method
which yields consistent adhesion measurements based
on fracture mechanics [9, 10].

A blister specimen is fabricated by first depositing
the polymeric film on the specified substrate. A hole
is drilled or chemically etched through the substrate
reaching the interface. A fluid of either gas or liquid
is then allowed to pressurize the overlying film until
a blister crack is formed. The relation between the
applied pressure and the debonding area thus gives
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a measure of the adhesive strength. However, the now
available fracture mechanics model is strictly re-
stricted to elastic deformation only, though plastic
yielding is almost unavoidable in a strong interface.
An alternative mode of blister test is one driven by
a mechanical shaft [11], in that, both elastic and
plastic moduli, plastic yield strength, and energy of
adhesion can all be simultaneously measured in
a single experiment. We will adopt the shaft-loaded
blister test in the present work. Further control ex-
periments using the double cantilever beam (DCB)
geometry was also carried out.

We also investigated the several controlling factors
which influence the interfacial interlocking using DCB
geometry, such as the hot-pressing temperature of the
specimens, and exposure of the interface to environ-
ments.

2. Experiment

Polyamides and polyimides on metal surfaces and
silicon wafers are of special interest in the micro-
electronics industries due to their wide application.
We will examine the dissimilar interfaces of nylon-6/
aluminium as an example.

2.1. Materials

2.1.1. Nylon-6

The detailed chemical composition, preparation pro-
cess, mechanical properties of bulk nylon-6 are well
documented [12, 13]. Here we are only interested in
the physical aspects of adhesion, so raw nylon-6 is
used without any chemical treatment. It is well known
that the polymer is hygroscopic and its water content
has significant influence on the mechanical properties.
When it is heated to its melting point at 223°C,
effervescence of water vapour occurs followed by
oxidation which turns the polymer from clear to
a brownish opaque colour. The nylon-6 used in our
experiments was left in a vacuum oven at 70 °C over-
night to get rid of the water and was then stored in
a desiccator with copper sulphate anhydride. When it
melted at elevated temperature, no effervescence was
observed and the polymer remained clear. The melted
nylon-6 solidified when the temperature dropped
below 180°C.

Nylon-6 was cut into rectangular sheets of approx-
imately 10cm x0.5cm and 2 mm thick. The stress—
strain response was tested by a universal testing
machine. The test was run several times with the
crosshead speed in the range from 0.1 to 50 mms ™.
The result is plotted in Fig. 1. The stress—strain re-
sponses of nylon-6 at various crosshead speeds almost
coincided with one another. The elastic modulus was
found to be 530 + 30 MPa. When the yielding stress
at 30 + 3 MPa was reached, necking occurred at some
unspecified position on the specimen, followed by
drawing. The external load remained constant upon
specimen elongation until the entire tensile bar was
reduced to a uniform width, then the specimen broke.
The post-yielding elastic modulus of a necked speci-
men was difficult to measure. However, it would be
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Figure I The stress—strain response of nylon-6 for crosshead velo-
city of 0.1, 0.5, 1.0, and 10.0 ms~1. The grey line represents the
average stress—strain behaviour. Plastic yielding and subsequent
necking occurs once the strain reaches approximately 0.16. The
inset shows an enlarged plot for strain from 0.0 to 0.2. The dotted
line shows the linear elastic portion of the mechanical behaviour.

reasonable to assume that nylon-6 is perfectly plastic
in the present work.

2.1.2. Aluminium surfaces.
Fresh aluminium is oxidized spontaneously in air
which leaves a thin oxide layer on the surface [14]. It
is now believed that when a long-chain carbon poly-
mer adheres to aluminium, the hydrogen on some
radical groups of the polymer attach to the oxide film
resulting in the formation of a hydroxyl group. It is
such hydrogen bonding which gives rise to the ad-
hesion. The metal oxide surface layer is thus essential
to adhesion. Here we are only interested in the mech-
anical interlocking mechanism. The surface treat-
merits described below are to modify the topology of
the surface oxide layer to enhance adhesion.
Aluminium plates were polished to 1 pm finish. The
plain surface was investigated along with three surface
treatments [15]: (a) phosphoric acid anodization
process, (b) sulphuric acid anodization process and
(c) P2 etching process (sulpho-ferric etch). In treat-
ment (a), the electrolyte was prepared by dissolving
160 ml of 85% phosphoric acid in 1 litre of deionized
water. The aluminium plate was attached to the anode
of a d.c. supply, with a carbon rod as the cathode. The
d.c. voltage was applied stepwise to 10 V in 2-5 min
and subsequently maintained at 10V for 25 min at
room temperature. In treatment (b), the electrolyte
was a 10% sulphuric acid heated to 70-80°C. The
voltage across the electrodes was kept at 20 V for 10
min. In treatment (c), the etching solution consisted of
200 ml of concentrated sulphuric acid, 150 g of ferric
sulphate, and deionized water to make up to 1 litre
of solution. The aluminium plates were left dipped in
the solution for 5 min at 60-65°C. In all three treat-
ments, the specimens were rinsed thoroughly in water



for 5 min before the polymer deposition. The mirror
surfaces tarnished after surface treatment, due to the
pitting of aluminium and growth of the oxide layer.
Experiments were also carried out for aluminium
plates dipped in the P2 etch for 1, 2, 4, and 6 min. The
surfaces were left in laboratory air to dry before thin
film deposition.

2.2. Shaft-loaded blister test

2.2.1. Specimen preparation

A small lump of nylon-6 was left on a treated alumi-
nium plate of dimensions 15 mm x 15 mm and 2 mm
thickness. The specimen, covered with thin aluminium
foil, was then put on a hot stage. The temperature was
slowly raised at a rate of 1°Cs~! until it reached
240°C, and held constant for 3 min before cooling at
— 1°C s~ ! to room temperature at 25 °C. The thick-
ness of the nylon-6 film deposited on the aluminium
substrate was made to be in the range of 100-200 pm
and uniform over the entire surface. The film remained
clear as it had prior to melting. Occasionally some
films were oxidized and turned a brownish opaque
colour. Such specimens were discarded.

2.2.2. Shaft-loaded blister test

An axisymmetric vent of diameter 11 mm was bored
through the plate by a mechanical drill. In the drilling
process, a small amount of plastic deformation was
induced at the centre of the film.

A stainless steel cylindrical shaft with parallel flat
ends and diameter of 1 mm was attached to the load
cell of a universal testing mechine (Fig. 2a). A steel ball
of 1 mm diameter was left in the vent leading to the
blister. The shaft was aligned to touch the steel ball
and had a crosshead speed of 0.1 mm min~*. The
applied load P versus shaft displacement w, was re-
corded simultaneously throughout the entire loading
process. The load was removed at intervals allowing
the measurement of the debonding radius a. The
blister was then re-loaded. Such loading—unloading—
reloading cycle was repeated several times for cach
blister with an ever increasing blister radius.

An alternative blister test is a modified indentation
technique (Fig. 2a and b). Since the adhesive strength
can be determined by the applied load P and the
corresponding debonding radius a only, we do not
have to measure the blister central deflection wy which
can be deduced from P and a. In this method, after
a fixed P is applied, 2a is measured at the load re-
moval. No record of wy will be kept. In most micro-
hardness testers, P is usually limited to between 10 g
and 1 kg and the maximum distance travelled by the
indenter is constrained. This presents another restric-
tion of the indentation technique. In spite of all the
limitations and constraints, the test method is simple
to carry out.

A special indenter with a round ended shaft was
made with a radius of I mm (Fig. 2a). The specimen
with the thin film facing down was put on a ring
support so that the path of the shaft would not be
obstructed. When the indentation load was removed,
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Figure 2 Sketch of a shaft loaded membrane blister. (a}) An external
P pushes against a steel ball of radius R which in turn drives
a debonding blister of radius a. (b) A blister is supported by a sta-
tionary shaft with a spherical end. An external load P is applied via
a cylindrical shell of radius much bigger than the blister radius.

the specimen was flipped over and the debonding
radius measured under an optical microscope. A com-
plementary alternative was to use a cylindrical shell
indenter (Fig. 2b). While the blister was resting on
a stationary protruding round ended shaft, the inden-
tation load was applied via the axisymmetrically
placed shell indenter. On removal of the external load,
the debonding radius could be measured without dis-
placing the specimen. Subsequent measurements were
made by increasing P. Most of the adhesion energy
measurements quoted later will be based on the inden-
tation technique.

The adhesion at the nylon-6/aluminium interface
was also measured in the presence of water. A drop of
water was used to fill the blister volume before load-
ing. The specimens were then stored for 10 months in
laboratory air to assess the infiuence of ageing.

2.3. Double cantilever beam configuration

Aluminium bars of dimensions 150 mm x 25 mm and
10 mm thickness were polished to 30 pm finish (Fig. 3).
Here only the plain, P2 etching process was investi-
gated. Two sheets of aluminium foil were sandwiched
between two nylon-6 sheets to provide a pre-crack
from one end. The stack was then placed in between
two metal bars before hot-pressing. The thickness of
the nylon-6 interlayer was predetermined by placing
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Figure 3 A double cantilever beam (DCB) geometry. The breadth
and thickness of the specimen are b ==25mm and 4 = 10 mm,
respectively.

two aluminium strips of equal thickness at both ends
of the aluminium bars. While a pressing load of
100-150 N was applied to the specimen, the temper-
ature was raised to 230-240°C and kept constant for
15 min. The specimens were ready when the melt
cooled to room temperature. External load was ap-
plied via two drilled holes 7 mm from the free end of
each cantilever arm and was measured as a function of
central displacement, i.e. crack opening displacement,
using an Instron machine. The crack length was meas-
ured in the course of loading.

The effect on the adhesion energy upon variations
of (a) nylon-6 interlayer thickness, (b) hold time at
elevated temperature and hot-press temperature, and
(c) water exposure time were investigated. To vary
the nylon-6 interlayer thickness, space bars of thick-
ness ranging from 0.2 to 1 mm were to separate the
two sandwiching aluminium bars. When the nylon-6
melt solidified, the interlayer assumed the thickness
of the space bar. To test the hot-press hold time, the
temperature was held at 230 °C for the designated time
interval before testing. To investigate the hot-press
temperature, the specimens were held for 15 min at the
designated temperature ranging from 220 to 350°C.
Heating above 350°C led to substantial oxidation
degradation of nylon-6. The specimens were then
cooled in laboratory air to room temperature. To test
the durability of the nylon-6/aluminium- interface in
water, a number of specimens were prepared at 240 °C
for 15 min. The samples were then fully immersed in
cold tap water and individually removed from the
bath and tested at their respective time intervals of
2,4, 8,11 and 14 days.

3. Results and analysis
3.1. Shaft-loaded blister
A plot of P versus w, for a typical specimen is shown
in Fig. 4. The loading and unloading-cycle were repeated
four times. As the shaft was pushed into the blister
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Figure 4 External load P as a function of blister central deflection
wo (vertical shaft displacement). Curves 14 are four consecutive
loadings of the same specimen. The onset of debonding of the
first run is marked on the plot. The area covered bounded by
any two curves represents the surface energy dissipated for the
growing debonding area. Plastic deformation occurs when the
stretching stress on the membrane reaches the yielding strength
of nylon-6.

at a small load, the blister “inflated” with its axisym-
metric boundary remaining at the circumference of the
bored vent. As the applied load was raised to a certain
threshold P*, debonding took place and the slope of
the P-w, response decreased significantly. An almost
linear P-w, response followed. The pre-debonding
stage and the debonding stage were clearly identified
in every loading curve. When the external load was
removed, the blister returned to its original shape
and w, dropped to zero. The blister was reloaded, but
followed a different path to the critical debonding
transition where the debonding front had stopped
previously. Debonding followed. Four such consecu-
tive loading curves (1-4) for a typical specimen were
shown in Fig. 4. When the applied load was increased
beyond a certain threshold (curve 4), the P-w, re-
sponse distinctly turned due to plastic yielding. Such
a critical transition from elastic-to-plastic response
was observed in almost every specimen. Debonding
continued as the applied load increased further. How-
ever, the rate of crack growth diminished, as a certain
saturation limit of the debonding front was ap-
proached. The last stage of the blister loading resulted
in piercing the blister at the centre, as predicted for
a thin perfectly plastic polymer film [11]. Fig. 5a to
¢ show the experimental data wo(P), a(w,) and a(P),
respectively, of a typical specimen with no surface
treatment of the aluminium substrate.

The specific energy of adhesion W for a shaft-
loaded blister test of a thin flexible membrane adhered
to a rigid substrate has been obtained in our previous
work [11] and is outlined in Appendix A. For a blister
debonding undergoing elastic stretching (but without
bending) deformation, we obtain
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Figure 5 The measured blister central deflection w,, debonding
radius  and external load P of one typical specimen with no surface
treatment on the aluminium substrate: (a) w, as a function of P;
(b) wo as a function of g; (c) a as a function of P. In all three cases,
a linear relationship is obtained.
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where E and h are the elastic modulus and thickness
of the membrane, respectively. The functions wg(P),
a(wy) and a(P) are thus predicted to follow a linear
relationship. The linear relationships are verified in
Fig. 5a to c. Once Equation 1 is satisfied, debond-
ing occurs. For some tough interfaces, the membrane
was pierced by the shaft before any debonding took
place.

There is an alternative way to measure W. For an
elastic blister of initial radius «;, increasing external
load traces a path P;(w,) during the first loading
(Fig. 4). Free inflation of the blister continues until the
applied load reaches a threshold (P*),, when debond-
ing begins. The maximum elastic energy stored in the

blister with a radius a; is given by

(Up = J " Pywo)dwo @

P=0

r=a

Further increase in P leads to debonding and further
inflation of the blister. If the final load and debonding
radius are (P*),, and a;, respectively, the area under
this section from P = (P*), to P =(P¥), is there-
fore the sum of the debonding energy and the elastic
energy of a larger blister of various radii. Now the
external load is removed and reloaded from P = 0 to
P = (P*),, and a loading of P¢(w,) is traced. The area
under this curve is the elastic energy stored in the
blister of radius a;. The amount of surface energy
expenditure in expanding the blister from g; to 4
is therefore given by the area 4;; bounded by P;(wg)
and Pg(wy), and the specific debonding energy be-
comes W = Ay/n(af — af). This technique is generally
known as the work area method applicable to elastic
fracture of solids and best exemplified by the book by
Atkins and Mai [16]. Fither the indentation Equation
1 or the work area method yields similar W. Hereafter
we will present only the indentation results using
Equation 1.

The debonding energies of nylon-6 film from the
aluminium substrate are summarized in Fig. 6. The
three sets of results in each surface treatment corres-
pond to (a) measurements made in laboratory air a
few hours after the deposition, (b) debonding assisted
by liquid water, (¢) ageing for 10 months. The data
scatter is over a large range. However, the “relative”
W measured under dry and wet conditions and
after ageing are fairly consistent from one specimen
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Figure 6 Debonding energy of nylon-6/aluminium interface for sev-
eral surface treatments of aluminium surfaces. Open symbols denote
debonding energy measured shortly after the specimens are pre-
pared; shaded symbols show measurements in liquid water; dark
symbols show measurement in laboratory atmosphere 10 months
after specimen preparation.
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to another. The P2 etched specimens show the best
adhesion under all three conditions, followed by sul-
phuric acid anodization and phosphoric acid anodiz-
ation. The plain aluminium surfaces show the weakest
adhesion with nylon-6.

For a plain aluminium specimen, W varies in the
range from 90 to 240 Jm ™2, In the presence of water,
some individual specimens show a weakened adhesion
of 4-5% smaller than in the dry condition, while
others no longer sustain an axisymmetric blister ge-
ometry. The debonding front grows in an unpredict-
able geometry in some cases. After a period of 10
months, adhesion of nylon-6 in these specimens ai-
most fades away completely, dropping significantly to
a low of 30 to 60 Jm ™2, barely 10 per cent of the
original strength in some cases.

In P2 ectched specimens, adhesion is strongest
among all surface treatments in this study. W varies in
the range from 200 to 560 Jm~? and perhaps even
higher in some individual specimens where debonding
was not observed. Severe plastic deformation occurred
prior to debonding. In the strongest adhered speci-
mens, the blister crack never grew out of the initial
radius, but piercing of the membrane was observed.
This sets a lower bound to W of 600 Jm~2 The
debonding front was somewhat difficult to locate in
the P2 etched specimens because of the tarnished
aluminium surfaces. In the presence of water, all speci-
mens show a drop of approximately 80 Jm ™2, i.e. the
new W is about 80% of the original adhesion strength.
A period of 10 months elapsed, the adhesion of nylon-
6 on aluminium surfaces deteriorated by 30 to 75%.
There was no significant difference between specimens
with 2, 4, 5, and 6 min of surface treatments, except
that the 1 min treatment gave a slightly smaller ad-
hesion. Raman spectrum of the aluminium substrate
after debonding showed the presence of nylon-6, but
not on specimens with other surface treatments. At the
melting temperature, nylon-6 fingers “anchored” well
onto the pits on the substrate.

With anodized aluminium surfaces in sulphuric
acid, W varies in the range from 130 to 300 Jm 2. In
the presence of water, all specimens show a drop of
20-40Jm~2 from the original adhesion strength.
The consequence of ageing leads to a spectrum of
responses. Some specimens retained the original ad-
hesion strength as if no deterioration was present.
W in some dropped significantly to a level similar
to that of the untreated plain aluminium surfaces.
The rest dropped by a small amount of about
10-20Jm™2.

With anodized aluminium surfaces in phosphoric
acid, adhesion of nylon-6 is only slightly better than
plain surfaces. W varies in the range from 100 to
270 Jm ™2, In the presence of water, most specimens
show a drop of 30-40Jm~? from the original ad-
hesion strength.

3.2. DCB configuration

The crack growth in the DCB configuration was in an
intermittent fashion. In this section we calculate the
adhesion energy using the maximum load at crack
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initiation, ie. fracture toughness G¢ [17]:

4F*(3c¢? + d?)

W o=

G 1c = (3)
where c is the crack length in the specimen; b and d
are the dimensions of the aluminium bars as shown in
Fig. 3; E4; is the elastic modulus of aluminium which
is taken to be 69 GPa.

Since the adhesion is shown in the previous section
to be the strongest with the P2 etched aluminium
surface, DCB experiments were conducted only on
such interfaces. Adhesion energy varies from 200 to
500 Ym ™2 over the specimen samples even though the
aluminium surface treatment is identical, which is con-
sistent with the measurements obtained by the blister
test. Because of the large data scatter, we will only
show an individual set of data in this section.

3.2.1. Thickness of nylon-6 interlayer
In specimen preparation, the pre-crack was made to
be within the nylon-6 interlayer. However, there are
two distinguished modes of fracture in the DCB tests:
{a) cohesive interface failure, where the crack con-
tinued to propagate through the nylon-6; and (b} ad-
hesive interface debonding, where the crack ran into
the nylon-6/aluminium dissimilar interface soon after
it began to propagate. Such phenomena were shown re-
markably in the film thickness variation experiments.
Fig. 7a shows the fracture energy measured as an
increasing function of nylon-6 film thickness. When
the film is thin, cohesive interface failure dominates.
As the thickness increases beyond a threshold, adhes-
ive failure prevails. The experiments were repeated
several times with the same aluminium surface treat-
ment and other treatments, and the same cohe-
sive/adhesive failure transition occurs at the same
threshold. Though adhesive layer thickness does not
usually affect adhesion, it has a significant effect when
the plastic zone around the debonding front is large.
With relatively thin adhesive layers the presence of
high modulus and high yield strength substrates, such
as aluminium alloys, may restrict the full volume of
the plastic zone from developing in the adhesive
layer. Thus cohesive failure in the nylon-6 adhesive
is expected and so is a decreasing adhesion energy
when the adhesive layer is smaller than a certain
threshold. As shown in Fig. 7a, the critical thickness
is approximately 0.6 mm. The specimens prepared
for the subsequent experiments were made to have
the nylon-6 layer thicker than this critical value in
order to enhance crack propagation at the nylon-6/
aluminium interface.

3.2.2. Hold time and hot-press temperature
The fracture toughness of the interface is significantly
controlled by the hot-pressing time and temperature.
The dependence is shown in Fig. 7b and c, respectively.
The fracture strength of the nylon-6/aluminium inter-
face increases as either quantity increases, followed by
a sudden drop after passing a critical threshold hold
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Figure 7(a) Fracture toughness of nylon-6/aluminium interface as a function of nylon-6 interlayer thickness. The crack runs into nylon-6
interlayer (open symbols) when the interlayer is thin, while debonding occurs at the dissimilar interface (dark symbols) for thick nylon-6 films.
(b} Fracture toughness of nylon-6/aluminium interface as a function of holding time at hot-press temperature. The linear portion of the
log-log plot gives an approximate slope of 0.3. Subsequent drop of fracture toughness is due to oxidation degradation of the nylon-6
interlayer. (¢) Fracture toughness of nylon-6/aluminium interface as a function of hot-press temperature. A linear increase in fracture
toughness at low temperature is followed by a sudden decrease due to oxidation degradation of the nylon-6 interlayer. (d) Fracture toughness

of nylon-6/aluminium interface as a function of water exposure time.

time or temperature. It was noted that the nylon-6 was
oxidized when it was held at the melting temperature
for a long enough time. Thermal degradation/oxida-
tion reduces the fracture toughness.

When a polymer is melted, its viscosity lowers and
the wettability increases [ 3]. The reduction of contact
angle allows the polymer melt to flow into the surface
pits of the aluminium surface which enhances capil-
lary penetration of the melt and creates mechanical
interlocking anchors. Newman [ 18] proposed a model
with the time dependent contact angle as a function of
the surface tension of the polymer liquid to its vapour,
the flow viscosity, and range of interfacial interaction.
Based on this theory, Wu [19] argued that the rate of
adhesive strength § (or W) development in many
systems obeys a simple relation

S = At (4)

where 4 and b are some constants with the latter in
the range between 1/4 and 1/5. Viscosity and dynamic
contact angle of nylon-6 at elevated temperature are
well documented. In Fig. 7b, the best fit value for b is
0.3 which agrees reasonably well with the theory.
The hot-press temperature dependence of the frac-
ture strength is believed to be the consequence of
lowered viscosity at elevated temperature. Provided
there is no degradation of the nylon-6 interlayer
due to oxidation at high temperature, the capillary

penetration of the polymer into the surface pits yields
better macroscopic adhesion.

3.2.3. Durability

The mechanical properties of nylon-6 is notorious for
its dependence on its water content [ 12]. The interface
strength deteriorates as the time of exposure to water
is lengthened (Fig. 7d). Environmental assisted crack
growth is well documented in many engineering ma-
terials [16, 20-247]. The weakening of adhesion at the
interface in the presence of water is believed to be the
consequence of dielectric shielding of eclectrostatic
attraction, cleavage of strong covalent bonds, chem-
ical reaction, etc. In polymer/metal interfaces, the hy-
drogen bonding between metal oxide and polymer
chain molecules is much weakened in a dielectric me-
dium such as water. In our blister specimens, dimin-
ished adhesion was observed in moist air. Capillary
condensation of water molecules [25] in the surface
pits and debonding front is thought to play an impor-
tant role.

4. Conclusions

Of the three aluminium surface treatments: P2 etching
process, sulphuric acid anodization and phosphoric
acid anodization, P2 is the most effective in bonding
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nylon-6 onto aluminium substrate. 3-D mechanical
interlocking between the polymer and metal is the
main reason for effective adhesion.

Appendix A: Derivation of the specific
work of interface
adhesion W
Here we present a brief outline of the derivation of
W while the detailed version will be published else-
where [11]. For a thin flexible blister elastically
stretched by a central point load (Fig. 2a), the work of
the applied load is given by

Up =—Pwy = —2=m f qg(r)w(r)rdr (A1)
[4]
where w(r) represents the blister geometry, assumed to
be conical
r
w(r) = wg (1 — a) (A2)
and ¢(r) is defined to be
1d
q(r) = ——(@¥) (A3)
r dr

with the load function ¥ = P/2nr for a central point
load. The elastic encrgy of stretching stored in the
elastic medium is given by
Ug = 2TCJ‘ (N.e. + N.g)rdr (A4)
¢}
where N and ¢ are the membrane stress and strain,
respectively, and the subscripts r and t denote the

radial and tangential components. By the principle of

virtual work, 8Ug + 8U, = 0, we obtain
4Pa? ~ mEhw} (A5)

For a debonding blister in equilibrium, the energy
required to expose an area na” is Ug = ma’ W. Energy
balance requires 8Uy + dUp + 8Us = 0 with respect
to the debonding area na”, which implies (using Equa-

tion A5)
N 1 P\?
= n?Eh \w,

which is Equation la.

(A6)
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