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ABSTRACT: This study investigated the effect of moisture on a model silane coupling
agent modified adhesive bond. Fourier transform infrared–attenuated total reflectance
(FTIR-ATR) spectroscopy was used to characterize the transport of moisture to a poly-
propylene-silane interphase and monitor the resulting chemical changes. The FTIR-
ATR method offers the advantage of in-situ examination of the diffusion process, as
well as the ability to characterize chemical changes that occur due to the presence of
moisture. Experiments were conducted at ambient and elevated temperatures. The
results of the real-time measurements demonstrated that moisture will migrate
through the polypropylene to the silane interphase. The diffusion behavior was de-
scribed well by a Fickian model. The apparent diffusion coefficients for water in the
polypropylene-silane bilayer were on the order of the diffusion coefficients for water in
polypropylene at both test temperatures. Furthermore, changes in the spectra were
observed during the diffusion experiments. These changes were indicative of hydrolysis
of the siloxane backbone in the silane layer while buried beneath the polypropylene film.
This finding is significant as it presents direct evidence of a degradation mechanism in
silane-modified adhesive bonds. q 1997 John Wiley & Sons, Inc. J Appl Polym Sci 64: 1971–
1985, 1997

Key words: adhesion; adhesive bonding; polymer–silane interphase; silane coupling
agents; FTIR-ATR; water diffusion; polymer composite

INTRODUCTION mechanisms and reviewed thoroughly else-
where.1–5 However, very little direct information

Recently, the use of chemical coupling agents for regarding the nature of the buried polymer-silane
adhesion improvement has received widespread interphase, or the effect of moisture on the in-
attention. Specifically, silane coupling agents are terphase, has been presented. A better under-
often used to promote adhesion between inorganic standing of the polymer-silane interphase and the
oxides and polymers.1–5 The hot-wet performance potential interactions between moisture and si-
of composites as well as adhesive bonds has been lane may point to mechanisms that improve the
dramatically improved in instances where silane long-term adhesion of silane-modified bonds.
coupling agents have been employed. This im- Although the use of silanes generally improves
provement has been attributed to a number of the hot-wet properties of the composite or adhe-

sive bond, there is usually some loss in mechani-
cal performance after exposure to hot-wet condi-Correspondence to: J. W. Gillespie Jr.

q 1997 John Wiley & Sons, Inc. CCC 0021-8995/97/101971-15 tions, which indicates the existence of interaction
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1972 MCKNIGHT AND GILLESPIE, JR.

between the moisture and the bond. Reversible ally employ gravimetric means. The kinetics of
water uptake are often described by Fick’s secondhydrolysis of the siloxane network has been sug-

gested previously by Plueddemann to explain law, and the diffusion can be considered to be one-
dimensional in instances in which the samplesome of the effects of moisture on composite prop-

erties.1 Boerio has proposed that silane coupling thickness is much less than the length and width.
The diffusion of water into polymers is usuallyagents improve the performance of epoxy-alumi-

num bonds by increasing the induction period for measured by monitoring the weight change of
samples exposed to moist environments as a func-the hydration of the underlying aluminum oxide

layer.2 Previous research in our laboratories has tion of time. In this case, the solution to Fick’s
second law is related to the weight gain throughpointed to potential hydrolysis of the silane layer

adjacent to the inorganic surface when exposed to the following expression to obtain the diffusion
constant:hot-wet conditions.6–7 This hydrolysis was be-

lieved to cause significant decreases in joint per-
formance and affect the overall durability of the M (t )

M`

Å 1bonded structure. However, since hydrolysis was
detected on the failure surfaces after testing had
been completed, it was difficult to ascertain when 0 8

p2 ∑
`

nÅ0

1
(2n / 1)2 expF0 (2n / 1)2p2Dt

4l2 G (1)the hydrolysis had initiated. These and other pre-
viously reported results motivate a study of the
behavior of the polymer-silane interface in the
presence of water. Ideally, an in-situ investigation Here, M (t ) represents the change in weight at

any time, M` is the equilibrium uptake, l is thewould be preferred so that the kinetics of any
physical or chemical changes can be studied di- film half thickness, and D is the diffusion constant

of the penetrant. This equation has been widelyrectly.
In this work, an in-situ method for studying used to determine diffusion coefficients of perme-

ants in polymers. Several excellent studies onthe polymer-silane interphase and moisture in-
gress to the interface is described. The technique moisture uptake of polymers and composites have

been published previously8–11 and have revealedinvolves the use of attenuated total reflectance in
conjunction with Fourier transform infrared spec- the usefulness of this technique. Thus, by moni-

toring the weight of samples exposed to moisture,troscopy (FTIR-ATR). This experimental method
has the ability to monitor both the kinetics of the diffusion coefficient of water can be easily ob-

tained.moisture ingress, as well as any chemical changes
occurring in the deposited silane layer. A brief Table I lists typical values for diffusion con-

stants and equilibrium uptakes for water at dif-background on the use of FTIR-ATR and applica-
tions for diffusion studies are discussed, and ex- ferent temperatures for various polymeric and

polymer composite materials. Diffusion of waterperimental results from a polymer-silane pair
consisting of polypropylene (PP) and vinylbenzyl- in semicrystalline thermoplastic polymers is gen-

erally slower than in thermosets, as evidenced by(trimethoxysilyl)-propylethanediamine hydro-
chloride (acationic-styrlamine coupling agent the diffusion values for water in polyetherether

ketone (PEEK) and PP as compared to epoxies.hence denoted as CSS) are presented. The changes
in the spectra that occur upon processing of the Additionally, the equilibrium uptakes in semi-

crystalline thermoplastics are very small, whichbond are evaluated. Also, the diffusion of water
to the interphase and its effects are studied in hinders the effective use of gravimetric tech-

niques to study the transport process.situ at two temperatures. It is hoped that this
study will provide further insight into the mecha- In addition to gravimetric methods, several

other experimental techniques have been evalu-nisms for performance loss in adhesively bonded
aluminum samples that had been treated using ated for use as effective probes to study diffusion

in polymers. FTIR-ATR spectroscopy has beensilane coupling agents.
shown to be a very effective and sensitive tech-
nique for studying molecular changes at surfaces
and interfaces.16 Two distinct advantages of usingBACKGROUND
an FTIR-ATR technique over other existing meth-
ods for diffusivity evaluation include the in-situTraditional methods for determining the rate of

diffusion of liquid permeants in polymers gener- measurement of concentrations and the possibil-

8E93 4135/ 8E93$$4135 04-01-97 11:11:48 polaa W: Poly Applied



IN-SITU EXAMINATION OF WATER DIFFUSION 1973

Table I Moisture Diffusivity and Uptake Data for Various Polymers Obtained from the Literature

Diffusion
Temperature Coefficient Final Uptake

Polymer (7C) (cm2/s) (wt %) Reference

Epoxy adhesives 20 1.5–3.0 1 1009 3–6 8, 10, 11
40 6–10 1 1009 3–7

Polydimethylsiloxane 25 3.5–5 1 1005 6–8 8
60 1004 8–9 9

Polypropylene 65 3.8 1 1008 0.235 7

Polyetheretherketone 25 4.9 1 1009 0.41 14, 15
35 8.8 1 1009 0.44
65 2.2 1 1008 0.50
95 3.2 1 1008 0.55

Carbon fiber/polyimide composite
(K3A-polyimide) 25 É 1 1 1009 — 13

40 É 2.5 1 1009 —
80 (75% RH) É 1.5 1 1008 —

Polyetherimide 25 3 1 1009 — 13
65 2 1 1008 —

Polyacrylonitrile 25 10010 — 12

ity of achieving small penetration depths (of the nal reflection element (IRE) —as an optical wave
guide to obtain an IR spectrum. The sample isorder of 0.1–0.5 mm).

The physics of ATR spectroscopy offers a placed in contact to the IRE surface; and above
the critical angle, the IR radiation is totally re-unique opportunity to probe changes that occur in

the region immediately next to the solid surface, flected at the interface. When radiation is totally
internally reflected, an evanescent wave is formedincluding buried interfaces. Previous reflection-

absorbance infrared (RAIR) spectroscopy studies at the IRE/sample interface that interacts with
the material. If the sample absorbs the IR, attenu-on silane primers have shown that significant

changes occur when the silanes are heated in air ation of the total reflection of the propagating
beam inside the IRE will occur, yielding an IRor exposed to reactive monomers.2–3,6–7 However,

little information is available concerning the spectrum. The amplitude of the evanescent wave
decays exponentially from the surface, whichchemical changes that occur in a silane that is

buried beneath a coating or adhesive layer. There- means that the largest contribution to the spec-
trum comes from the material that is adjacent tofore, an ATR study of the polymer-silane in-

terphase should complement earlier RAIR studies the IRE surface. Figure 1 shows this effect sche-
matically. In FTIR-ATR, the penetration depth isof silanes.2–3,6–7 In this way, more insight can be

gained on the chemical structure of the silane defined as the distance from the IRE surface, over
which the magnitude of the penetrating electricprimer layer, the changes that occur upon pro-

cessing, and any associated interactions with the field diminishes by a factor of 1/e and is given by
the following expression:polymer coating.

In addition to studying the chemistry at buried
interfaces, FTIR-ATR has been used to study

dp Å
l

2pn2(sin2 u 0 (n2 /n1))1/2 (2)transport phenomena in polymeric systems.
FTIR-ATR studies on diffusion of water through
organic coatings,12,17 polymer-polymer interdiffu-
sion,18–20 and diffusion of amine curing agents in where l is the wavelength of the radiation in vac-

uum, u is the angle of incidence, and n1 and n2solid epoxy resins21 have been reported. A unique
advantage of internal reflection spectroscopy is are the refractive indices of the IRE and sample

respectively.16 The absorbance measured in FTIR-the use of an optically dense medium—an inter-
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1974 MCKNIGHT AND GILLESPIE, JR.

higher than for polypropylene, as indicated in Ta-
ble I. Also, the equilibrium uptake of the silane
layer may be significantly higher than that of PP.
In fact, recent neutron reflectivity experiments
have shown that the equilibrium moisture content
in a silane-modified polyimide interphase is much
higher than in the bulk polymer.22

Analysis of the transient transport behavior in
multilayered solids can be extremely complex,
and the process used to obtain a solution7,23 will
only be outlined here. The starting point for the

Figure 1 Schematic of the evanescent wave formed analysis is to write the governing diffusion equa-
at the internal reflection element-sample interface. The tion (Fick’s Second Law) for each material. Here,
depth of penetration is defined through eq. (2). the PP is designated as Material 1, with diffusion

coefficient D1 and equilibrium moisture uptake
c`1 , and the silane is designated Material 2 (D2 ,

ATR spectroscopy is given by the following expres- c`2) . The thickness of the silane primer is a , and
sion, which is analogous to the Beer–Lambert law the thickness of the PP is l . The origin of the
for transmission: coordinate system lies at the interface between

the silane and the PP. (Fig. 2 shows the problem
A Å *

`

0
aSC (z ) exp(02z /dp ) dz (3) geometry for each diffusion problem.) Appropriate

boundary conditions are also needed. These repre-
sent the constant concentration condition at the

where z is the distance from the surface, a is PP-water interface and no penetration condition
the oscillator strength, C (z ) is the concentration, at the crystal surface. Two additional boundary
S is the cross-sectional area, and dp is the pene- conditions are found by applying matching condi-
tration depth.16 This expression represents a tions at the PP-silane interface.23,24 First, there is
weighted average of the concentration of the IR an equilibrium condition that must be maintained
absorbing chemical species C (z ) . Thus, the

at the interface at all times. Additionally, thechanges in concentration can be directly related
fluxes must be matched at the interface due toto the change in absorbance measured during the
conservation of mass. The initial condition for theexperiment. Furthermore, bulk phase homoge-
diffusion problem is zero concentration through-neous chemical reactions and interactions be-
out the entire bilayer.tween the species can be simultaneously moni-

Problems of this type are best solved analyti-tored if the necessary bands are detectable and
cally using the method of Laplace transforms.23

distinguishable. Therefore, FTIR-ATR is well
The use of Laplace transforms to solve partial dif-suited to studying the diffusion and effects of
ferential equations has been widely documentedmoisture on the polymer-silane interphase in situ.
in numerous texts23–25 and will only be outlinedIn order to evaluate the kinetics of the diffusion
here. The first step is to perform a Laplace trans-process, the physics of FTIR-ATR must be incor-
form on the governing equations and the associ-porated with a suitable diffusion model.
ated boundary conditions. This set of transformedEquation (3) indicates that the measured ab-
differential equations is solved in Laplace space.sorbance can be directly related to the concentra-
Once the solutions have been obtained in Laplacetion of the absorbing species in the vicinity of the
space, the inverse Laplace transform is calculatedinternal reflection element. Thus, by analyzing
to obtain the solutions in real space for each re-the absorbance data using a suitable diffusion
gion. The solutions in real space can be deter-model, the diffusion coefficient can be determined.
mined through use of the Laplace Inversion For-The transport of the moisture through the poly-
mula23,25 in order to obtain the transform. Thepropylene and silane layers will first be modeled
Inversion Formula is a contour integral in com-using a bilayer film approach. The different trans-
plex space and is often used in conjunction withport properties of the silane and polypropylene
the Residue Theorem.25 It has been shown7 thatcan be included using such a model. This is a rea-
the resulting solution describing the diffusion ofsonable approach, since the diffusion constant for

water in polysiloxanes can be orders of magnitude water through the bilayer film is expressed as
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c2(z , t ) Å c1`

k

0 2c1`

k
∑
`

mÅ1

[cos pbm (a 0 z ) ] exp(0D1b2
mt )

bm[ ( l / spa ) sin bml cos pbma
/ (pa / sl ) cos bml sin pbma ]

(5)

where the bns are obtained by evaluating the
poles of the following expression:

cos bml cos pbma 0 s sin l sin pbma Å 0 (6)

with

p Å
√

D1

D2

s Å 1
k

√
D2

D1

The term k represents the equilibrium partition
coefficient for water in polypropylene and CSS.
Clearly, the solutions for the bilayer film cannot
be readily manipulated in order to fit the diffusion
equation using absorbance data. The solution
listed in eqs. (4) through (6) requires the indepen-
dent diffusion constants and problem geometry a
priori as input in order to determine the coeffi-
cients of the infinite series. However, since the
thickness of the silane layer is extremely small
and transport through the polypropylene would
conceptually appear to be the rate-limiting step,
it may be possible to study the diffusion process
using a simpler single film solution.

To this end, case studies can be performed us-
ing these solutions to provide insight into the de-
viation from the behavior that is predicted by the
one film-diffusion solution. Using the compositeFigure 2 Geometry and coordinate system for the dif-
bilayer solution, the concentration profile of mois-fusion problems. Note the location of the origin in each
ture can be determined for any given geometry ascase. In the bilayer problem, the silane and polymer
a function of time. Then, the calculated concentra-layers are modeled independently, while they are com-

bined in the single-film case. tion profile can be used in eq. (5) to model the
measured absorbance that would develop with
time, and these results can be compared to the
single film solution. The solution to penetrant dif-c1(z , t ) Å c1` fusion in a single film has been previously incorpo-
rated with eq. (5) to relate the change in ab-
sorbance to the Fickian diffusion process,12,18–21

and this approach will be used here. Essentially,0 2c1` ∑
`

mÅ1

[cos bmz cos pbma
/ s sin bmz sin pbma ]

1 exp(0D1b2
mt )

bm[ ( l / spa ) sin bml cos pbma
/ (pa / sl ) cos bml sin pbma ]

the absorbance at any time can be normalized to
the overall change in absorbance and fitted to an
expression in which the diffusion coefficient D is(4)
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the only fitting parameter.8,12–14 When the film the experiments, the deviation from the results
obtained from a one-film solution is not very sig-thickness is much greater than the penetration

depth ( l @ dp ) , this relationship can be expressed nificant. If the equilibrium concentration of water
is much greater in the silane than in the PP (c2`as
@ c1` ) , then there appears to be a slight effect.
The time needed to reach steady state is longerA` 0 A (t )

A` 0 A0 than in the one-film case. This makes sense physi-
cally, as more moisture is needed in the silane to
achieve equilibrium, and transport through the
polypropylene film is the rate-limiting step in this
process. Even in this worse case, the discrepancy
is small. Thus, reasonable fits should be obtained
when using the one-film solution on the diffusion
data for water into the PP-silane system. Due to

Å

∑
`

nÅ0

(01)n

(2n / 1)3p2 / 16S L
dp
D2

(2n / 1)

1 expS0S (2n / 1)p
2L D2

DtD
H ∑

`

nÅ0
F (01)n

(2n / 1)3p2 / 16S L
dp
D2

(2n / 1)
GJ the expected small deviations, the experimental

data presented in the next section will be fitted
with the one-film solution; however, it is carefully
noted that the calculated diffusion constants will
only be considered apparent values for the entire(7)
bilayer.

where A (t ) , A0 , and A` are the real-time, initial,
and equilibrium absorbance, respectively; L is the
film thickness; and dp is the penetration depth EXPERIMENTAL
of the radiation at the band of interest.8,21 This
expression can be used to fit the simulated ab- Optical Constants, Depth of Penetration,
sorbance data calculated from the concentration and Band Selection
profiles that are determined from eqs. (4) – (6).

For example, in the experiments that will be The value of the penetration depth is a necessary
parameter for proper evaluation of the diffusivity.described in this work, the silane thickness usu-

ally was on the order of 0.5 mm, and the polymer Therefore, the indices of refraction in the IR must
be known for the polymers that are being evalu-film was about 100 mm. The diffusion constant for

water in polypropylene at 657C has been experi- ated. A method described by Harrick16 to deter-
mine the index of refraction of samples in the IRmentally measured at approximately 3.8 1 1008

cm2/s.7 Additionally, assuming moisture diffusion evaluates the critical angle for total internal re-
flection by monitoring the shape of the absorbancebehavior in a silane is reasonably close to that in

a siloxane polymer, the diffusion constant should bands as the angle of incidence is changed. The
dispersion associated with the band shapebe about 11 1004 cm2/s. These values can be used

to determine the bs, and the concentration profile changes dramatically at the critical angle. The
index of refraction of the polymer can be obtainedof water in the composite bilayer at any given

time can be calculated. Equation (3) can then be once the critical angle has been determined. Using
this method, the index of refraction in the IR re-used to calculate the theoretical absorbance of a

band due to the concentration of the water inside gion for PP was found to be approximately 1.27,
and the index of refraction for CSS was found tothe whole domain, and this data can be fitted with

eq. (7) to determine the error associated with us- be about 1.3. Work by Skourlis and McCullough21

has shown that the depth of penetration is rela-ing a one film-diffusion solution.
The normalized absorbance calculated from the tively insensitive to changes in index of refraction

of this magnitude. Thus, an average value of nmodel output is shown in Figure 3 as a function
of different equilibrium concentration ratios (k Å 1.285 will be used accordingly in eq. (4) to deter-

mine penetration depth at the wavelengths of in-values). The fits obtained from the one film solu-
tion approximation are also shown. [That is, the terest.

For the FTIR-ATR method to provide usefulmodel data for the bilayer case was fitted using eq.
(7).] Table II summarizes the apparent diffusion information on diffusion processes, distinguish-

able bands for the two components of the diffusionconstants obtained when eq. (6) was used to fit
the model data. For the geometry to be used in couple must be identified. Spectra for CSS, PP,
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IN-SITU EXAMINATION OF WATER DIFFUSION 1977

Figure 3 Change in the absorbance calculated using the concentration profiles ob-
tained with the bilayer solution and associated fit resulting from the single-film diffu-
sion solution. Each set of data and fit represents a different equilibrium partition of
water between the two layers.

and water were evaluated for suitable peaks to expected to have hydrated oxides on the sur-
faces.26 Although differences in the specific naturemonitor during the diffusion process. The OH

stretching band near 3400 cm01 associated with of the hydrated oxides are known to produce dif-
ferences in the properties of adsorbed silane films,water was taken as the peak to monitor for diffu-

sion. The peak due to the main chain CH deforma- these IREs will serve as model substrates for typi-
cal hydrated inorganic oxide surfaces. Primer so-tion at 1458 cm01 will be followed to assess the

change in concentration of the polymer species lutions were composed of hydrolyzed CSS silane
in a 95% methanol–5% water mixture. The chem-during the diffusion process.
ical structure of this silane before hydrolysis is
shown as follows:

Specimen Preparation

CH2FTIR-ATR specimens were prepared using the fol-
lowing method, which mirrors the bonding pro-

Å CHC6H4CH2NH(CH2)3NH(CH2)3Si(OCH3)3

HClcess previously used in our laboratory.6–7 The
IREs in this study were composed of germanium
(n Å 4.0) or silicon (n Å 3.8) and had a 60-degree To fabricate the ATR specimens, CSS primer was

first solution coated onto the IRE and then driedincidence angle. Both of these IRE materials are

Table II Summary of Bilayer Diffusion Model Results

Fitted Values [eq. (6)]

Case D (apparent) Error Compared to DPP

cpp Å kcs (k Å) (11008 cm2/s) (11008 cm2/s) R (% Error)

All PP (c` Å 1) 3.7999 0.0006 0.9997 0.038%
k Å 1 3.6942 .0628 0.9995 2.7%
k Å 1

4 3.6595 .0627 0.9994 5.3%
k Å 1

32 2.7398 0.150 0.9813 27.9%
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resents only the CSS primer layer after being de-
posited on the IRE and dried for 30 minutes at
657C. The ATR spectrum is very similar to what
has been reported for other alkoxy silane coupling
agents.2–3 After deposition, the film appears to be
partially hydrolyzed, as indicated by the presence
of the moderate band at 905 cm01 , which can be
assigned to the Si{OH vibration.2,4 However, the
silane film appears to have condensed somewhat
into a low-molecular-weight polysiloxane, as indi-
cated by the presence of the well-characterized
bands corresponding to the Si{O{Si vibra-
tional modes.2–3,27 The strong peak near 1115
cm01 has been assigned previously to both Si{Figure 4 Schematic of the experimental set-up for
O{Si and Si{O{C vibrational modes. Often,the FTIR-ATR diffusion studies.
the two modes are very close in location and diffi-
cult to distinguish.28 The presence of the shoulderfor 30 minutes at 657C. (The deposited silane
at 1038 cm01 , assigned to vibrations of Si{O{Silayer was estimated gravimetrically to be about
species, further indicates the presence of a silox-0.2–0.4 microns in thickness.) The FTIR-ATR
ane.2–3 These observations are consistent withspectrum of the hydrolyzed silane primer layer
previous FTIR studies of silane coupling agents.on the IRE was acquired. Next, a film of PP was

Additionally, peaks are present that corre-pressed to the primed surface, and the assembly
spond to the vinyl functional groups on the si-was heated in vacuum to 2007C, where it was held
lane.27 At elevated temperatures or in the pres-for one hour. Previous research has shown that
ence of free radicals, the vinyl groups can openthe one-hour dwell period results in maximum
and cross-link to form a network polymer struc-bond strength between the CSS silane and the
ture. Decreases in the intensity of these bandspolypropylene film.6–7 Upon cooling, another spec-
may indicate that such reactions have occurred.trum was collected at room temperature to estab-
The peak at 989 cm01 can be assigned to the out-lish the initial state of the PP-silane bilayer and
of-plane CH stretch in the vinyl group.28 Theto evaluate the chemical structure of the PP-CSS
small peak at 1406 cm01 has been assigned to theinterface.
scissoring mode of the vinyl species,28 and a bandTo study the ingress of moisture to the in-

terphase, the diffusion couple was completed by
pressing an open boat cell onto the coated IRE
and filling the cell with deionized/distilled water.
(Fig. 4 schematically shows a cut-away view of
the experimental set-up.) The temperature of the
water was maintained using feedback-controlled
heating of the IRE and boat cell assembly with
internally mounted cartridge heaters. Room tem-
perature tests were conducted at ambient condi-
tions, and the temperature was assumed to vary
little during the experiment. Diffusion of water
into the PP–silane bilayer film was monitored by
recording spectra in real time. The experiment
was concluded at the point where no change in
spectra could be detected, and this was assumed
to be the equilibrium state.

RESULTS AND DISCUSSION Figure 5 FTIR-ATR spectra of CSS film and the CSS-
PP bilayer on a germanium IRE. Note the increase inInitial Spectra of PP-CSS Bilayers the siloxane peak and the decrease of the silanol peak.

Figure 5 shows the two ATR spectra obtained Also, the intensity of the vinyl bands has greatly dimin-
ished.from the CSS-PP sample. The lower spectrum rep-
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IN-SITU EXAMINATION OF WATER DIFFUSION 1979

appears at 1628 cm01 arising from the asymmetric
stretch of the bond.28 In general, the appearance
of this spectrum is very similar to spectra of CSS
coupling agents adsorbed on aluminum sub-
strates obtained previously using RAIR,6–7 as
would be expected.

The upper spectra in Figure 3 were obtained
after PP was bonded to the silane-treated germa-
nium surface at 2007C. Two important chemical
changes are evident. First, the intensity of the
band assigned to the silanol groups (905 cm01)
has substantially decreased, and the intensity of
the siloxane peak (1058 cm01) has increased, indi-
cating further cross-linking in the siloxane net-
work. These results are consistent with previous

Figure 6 Evolution of the OH stretching band at 3400RAIR studies of silane coupling agents on metallic
cm01 during a diffusion experiment. A correspondingsubstrates that indicated increased siloxane for-
decrease in the organic peaks is also observed, indicat-

mation after heating.2–3,6–7 At this point, it should ing a change in composition in the polymer film. A sche-
be noted that aromatics often show out-of-plane matic of the water concentration profile in the film with
bending in the 900–700 cm01 range. The large increasing time is inset.
change of intensity of the band at 905 cm01 upon
heating, and the corresponding increase of the Si-
{O{Si peak, would seem to indicate that the adhesion enhancement between silane and non-

reactive polymer systems.1,6–7 Furthermore, whileband at 905 cm01 does not arise from the aromatic
vibrational mode. More likely, the aromatic spe- several earlier RAIR studies have observed the

condensation of the silanols to form a siloxanecies are indicated by the band located near 790
cm01 , which does not change intensity apprecia- network on silane-coated metal surfaces,2–3,6–7 lit-

tle direct evidence has been presented that showsbly after heating. This assignment is in agree-
ment with previous IR studies of silane coupling network formation in the silane while buried un-

der a polymer coating. These findings help to de-agents containing aromatic species3 and is consis-
tent with the 900–700 cm01 range for this vibra- velop a clearer understanding of the polymer-

silane interphase, as they demonstrate that thetion.28 Therefore, it is reasonable to assume that
relative changes in the bands at 1038 and 905 siloxane network will form and the vinyl groups

appear to react while buried beneath a polymercm01 can be attributed to changes in the siloxane
network formed in the silane primer layer. coating.

Interestingly, the absorbance of the peaks asso-
ciated with the vinyl groups has decreased. These

Diffusion of Water to the PP-Silane Interfacechanges appear to indicate that some of the vinyl
groups in the silane have reacted to form a net- After the initial spectra were obtained, the boat

cell was filled with water, spectra were taken atwork structure in the presence of the PP. Charac-
teristic bands from the bonded PP film can be regular intervals, and the changes in the spectra

were examined. Diffusion of moisture could beclearly seen as well. The CH deformation vibra-
tions for the main-chain and methyl side groups28 clearly observed, as evidenced by significant

changes in the IR spectra. Figure 6 shows theare observed at 1458 cm01 , and the symmetric
CH3 deformation band is evident at 1364 cm01 . increase of the OH stretching band (3400 cm01)

that occurs during the experiments. The increaseNo new bands appeared in the ATR spectrum of
the silane-PP bilayer that were not identified in in the water peak with time demonstrates the

transport of water through the polymer film andthe individual spectra of the CSS or PP. There-
fore, no obvious grafting reaction between the si- the increase of water concentration. In all of the

experiments, an initially rapid increase in ab-lane and the PP could be detected at the level of
sensitivity of the ATR method. sorbance of the OH band was seen, followed by a

gradual increase to an asymptotic value corre-These results are interesting, as they provide
evidence that tends to support the previously pro- sponding to the equilibrium state. Simultane-

ously, there was a complementary decrease in theposed diffusion based mechanism responsible for
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organic peaks. The reduction in absorbance from on the IRE surface were made in the present
study. In fact, the films could not be removed fromthe organic species can be attributed to a decrease

in relative concentration of the organic groups. the IREs after the experiments, thereby dis-
counting the debonding mechanism for increasedAnalysis of the absorbance data using eq. (7) will

yield a calculation of the apparent diffusion con- water content at the interphase.
Another very important issue to consider is anystant for water through the PP-silane bilayer for

each experiment. potential reaction of the diffusing species. The
Fickian diffusion analysis assumes that no chemi-A set of typical normalized experimental data

for water diffusing through the PP-silane bilayer cal reactions take place in the films. Previous
studies in our laboratories have indicated that si-at 657C and room temperature is shown in Figure

7(a) and (b), along with the fits obtained using loxane hydrolysis in bare CSS films on aluminum
will readily occur.6,7 Any hydrolysis reaction of theeq. (7). Reasonable agreement between the exper-

imental data and the Fickian fit is observed. The siloxane with the incoming water will obviously
change the concentration of the water as a func-calculated diffusion coefficients were the same or-

der of magnitude as the PP film (É 3.8 tion of time. Water will be consumed by the hydro-
lysis reaction; hence, the concentration of free wa-1 1008 cm2/s) for all of the 657C studies. The

small discrepancies in absolute value of the diffu- ter as measured by ATR will appear to be less.
This argument is consistent with the observationssion coefficient are to be expected due to effects

such as uncertainty in film thickness measure- seen in the ATR experiments. The findings of the
diffusion study motivate a close examination ofments, thickness variations, and film defects. At

room temperature, the diffusion coefficients were the changes in the chemical nature of the PP-
silane interphase to understand some of thecalculated to be about an order of magnitude

lower. This is consistent with previous studies on anomalies in the long time results. However, it is
very clear that migration of water through thethe temperature dependence of diffusion of water

in polymers. A summary of the experimental re- PP-silane bilayer does occur at a rate that is com-
parable to the rate of moisture uptake in the bulksults is listed in Table III. In addition to the rea-

sonable apparent diffusion values, the R2-value PP. The effects of the moisture on the silane layer
will be discussed in the following section.was above 0.92 in all cases, indicating good agree-

ment between the model and the data. However,
there were some anomalies observed in all of the

Changes in the Silane Layer Due to the Presencedata, despite the high correlation coefficients.
of WaterMost commonly, the fits occasionally overesti-

mated the amount of water in the interphase at The results of the diffusion study indicated that
water will migrate through the PP to the silanelong times.

This behavior may be attributed to a number layer. It is now important to consider whether
moisture may affect the chemical structure of theof mechanisms. These could include nonFickian

behavior at higher concentrations, a concentra- silane. Changes due to chemical reactions be-
tween the water and the siloxane are more rele-tion dependence on the diffusivity, and the fact

that the film is not homogenous. Some research- vant to the decrease in hot-wet performance ob-
served in silane-modified adhesive bonds. As pre-ers have shown that water at the IRE-polymer

interface can cause debonding of the film from viously noted, some researchers have suggested
that the reduction in hot-wet mechanical proper-the IRE.17 Since the material closest to the IRE

surface contributes most significantly to the ab- ties of certain glass-fiber (silane-treated) compos-
ites is due to the hydrolysis of the siloxane net-sorbance, a layer of pure water adjacent to the

IRE surface would certainly result in a higher work found in sizings.1 Previous work in our labo-
ratories proposed that hydrolysis of the siloxanemeasurement of final absorbance. This effect

would tend to artificially shift the calculated val- layer preceded joint separation, and the hydroly-
sis was actually one cause of the mechanical deg-ues of normalized absorbance at shorter times to

comparatively lower values. However, in the cases radation.6 Thus, direct spectroscopic evidence of
the hydrolysis reaction would support this hy-in which water was observed at the IRE-sample

interface, the films were easily removed from the pothesis.
Figure 8 shows a portion of the ATR spectraIRE after the experiment was finished, and a fine

layer of water was observed on the IRE beneath obtained as a function of time (temperature
Å 657C; germanium IRE; 60-degree angle of inci-the film.17 No such physical observations of water

8E93 4135/ 8E93$$4135 04-01-97 11:11:48 polaa W: Poly Applied



IN-SITU EXAMINATION OF WATER DIFFUSION 1981

Figure 7 Typical plots of the normalized absorbance data and the associated Fickian
fits obtained from eq. (7): (a) data for 657C; (b) data for 257C (note differences in time
scales for each plot) .

dence). Some interesting features should be crease in the siloxane band would represent de-
creases in that chemical group. Here, it is clearnoted. Much attention can be focused on the

Si{O regions of the spectra obtained during the that the peak corresponding to Si{O{Si at 1058
cm01 changes as moisture is incorporated into themoisture diffusion experiments. Two bands that

can be examined to study the hydrolysis behavior interface. After an induction period of about 20
minutes, the peak begins to disappear and isof CSS are the Si{OH and Si{O{Si peaks as-

signed at 905 and 1058 cm01 , respectively. In- eventually only represented by a weak shoulder.
The decrease in the intensity of this peak is com-creases in the Si{OH peak would be a direct

measure of the degree of hydrolysis as the silox- pletely reversed from the changes that were ob-
served upon heating and point to hydrolysis of theane undergoes the reaction. Likewise, the de-
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Table III Summary of the Results from FTIR-ATR Diffusion Experiments

Standard
Number of Experiment, PP Thickness D (apparent) Error
Type of IRE, and Peak T (7C) (mm) (11008 cm2/s) (11008 cm2/s) R2

1) Germanium (3400 cm01) 65 100 { 10 2.68 0.124 0.992
1) Germanium (1458 cm01) 65 100 { 10 2.29 0.153 0.978
2) Germanium (3400 cm01) 25 101 { 12 0.150 0.0151 0.972
2) Germanium (1458 cm01) 25 101 { 12 0.13 0.014 0.973
3) Silicon (3400 cm01) 65 100 { 14 5.27 0.583 0.958
4) Silicon (3400 cm01) 65 110 { 14 2.042 0.287 0.922
5) Silicon (3400 cm01) 25 95 { 13 0.459 0.0599 0.951

siloxane. Furthermore, the intensity of the silanol cussed, the decreasing concentration of polymer
due to the diffusion of water into the film resultsband remains approximately constant as the ex-

posure to moisture continues. As previously dis- in an overall decrease in the polymer signal. Thus,
the unchanging signal from the silanol peak indi-
cates that the silanol concentration is actually in-
creasing in the system. These changes in the spec-
tra demonstrate that hydrolysis of the siloxane
network occurs under the PP surface layer.

Detailed measurement of the rate of change of
the siloxane and silanol peaks has been used to
determine the kinetics of hydrolysis and conden-
sation reactions in silane solutions.4 There are
problems with using such a simple analysis on
the case presented here. First, the kinetic models
assume that there is a constant concentration of
solution adjacent to the crystal surface; therefore,
changes in the spectra would be due to chemical
and not compositional changes. That is clearly not
the case in our study. Since water is diffusing to
the interface, the appearance of the spectra will
change due to relative concentration changes. The
overall intensity of the spectra in Figure 8 is de-
creasing as the relative concentration of the or-
ganic species decreases compared to the water.
Therefore, a modified methodology must be used
to study hydrolysis occurring simultaneously with
diffusion.

An approach that enables an investigation of
the hydrolysis process is to ratio the absorbance
of the band from a reacting group to that from a
non-reaction species. There are chemical groups
in the PP-silane layer whose intensities should
not change due to the hydrolysis of the siloxane
network. These bands should only change with
changes in relative concentration caused by diffu-
sion of water into the PP-silane bilayer. If it isFigure 8 Region of an FTIR-ATR spectra taken dur-
assumed that the relative changes due to diffu-ing a diffusion experiment. Hydrolysis appears to be
sion are similar for the groups that react and dooccurring, as shown by the disappearing Si{O{Si
not react, the non-reacting group can be used toband at 1038 cm01 and the relative increase of the sila-

nol band appearing at 905 cm01 . scale the changes in the reacting species.
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Figure 9 Plot of the normalized absorbance for two nonreacting bands, as well as
the silanol group normalized to a nonreacting band. The change in the ratio indicates
that hydrolysis of the siloxane is occurring: (a) data for 657C; (b) data for 257C (note
log time scale for each plot) .

Figure 9 shows a representative plot of the nor- in Figure 9(b) for the room temperature study.
Hydrolysis occurs at room temperature as well.malized change in intensity for a non-reacting

band (side group methyl CH) and reacting band However, the final extent, as well as the rate, is
significantly less for the room temperature case.(Si{OH). Both bands have been normalized

with respect to a second non-reacting band (CH These results are easily interpreted in terms of
the hydrolysis reaction. As the silanols are pro-stretching on PP main chain). The relatively flat

response for the two non-reacting bands is easily duced from hydrolysis of the siloxane, their con-
centration increases with respect to the non-re-contrasted by the rapidly changing relative inten-

sity of the silanol group. A similar plot is shown acting groups (e.g., the CH groups in the PP).
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The initiation of this reaction occurs after only 10 comparable to the diffusivity of moisture in neat
PP. Anomalies found in the diffusion data pointedminutes. Thus, the PP does not have to be satu-

rated for the reaction to take place. This finding to chemical reactions between the water and the
polymer and provided further motivation for aprovides direct spectroscopic evidence for hydroly-

sis of silane layers beneath a polymer coating. more thorough analysis of the chemical changes
in the spectra as a function of exposure time.Furthermore, the fact that hydrolysis occurs be-

neath the PP lends support to the degradation Examination of the spectra in the siloxane re-
gion showed that the siloxane peaks decreasedmechanism for PP-CSS/aluminum joints exposed

to hot-wet conditions.6–7 It is now reasonable to in intensity and shape. This reduction could be
attributed to two factors: 1) a change in the rela-conclude that hydrolysis of the silane layer can

occur prior to joint separation. tive concentration of the polymer with respect to
the water; and 2) hydrolysis of the siloxane net-It is also important to note that no changes

were found in the regions corresponding to the work. To separate the two effects, a normalization
scheme was used to track the relative changes ofvinyl groups. Not surprisingly, the stability of

cross-links formed by reaction of the vinyl species the peaks as a function of time. When two non-
reacting peaks were ratioed at each time, a rela-are much more stable in the presence of water.

The cross-linking that forms the silane network tively flat response was seen. In contrast, dra-
matic changes were seen when the silanol bandstructure results from both silanol condensation

and reaction of the vinyl groups. If hydrolysis only was normalized to a nonreacting peak. This indi-
cates that hydrolysis was readily occurring at theaffects the siloxane backbone, some network in-

tegrity should remain due to the cross-links be- silane interphase.
tween the functional groups. Therefore, some de-
gree of mechanical toughness in joints exposed
to hot-wet conditions should be retained. This is REFERENCES
consistent with previously reported durability
studies.
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