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Chemical Aging in Epoxies: A Local Study
of the Interphases to Air and to Metals

A. Meiser, K. Willstrand, P. Fehling, and W. Possart
Saarland University, Chair for Adhesion & Interphases in Polymers,
Saarbruecken, Germany

The aging behavior of an epoxy adhesive (DGEBA and DETA) in the bulk surface
region and in the contact region to metal substrates (Au, Cu) is studied locally.
Therefore, the chemical depth profile during aging is recorded with FTIR
microscopy on sample surfaces prepared with low angle microtomy. Two environ-
mental conditions are applied at 60°C for up to 500 days to separate the role of
temperature and humidity in aging.

Quantitative evaluation of the IR spectra provides the following results: in the bulk
surface region, three aging mechanisms form a gradient region of more than
200 um. Their intensity and depth profile depend on the environmental conditions.
Epoxy-metal contacts are unaffected under dry conditions. Humidity is needed to
form a 50 um thick region where the copper substrate accelerates aging. Based on
the experimental results, chemical aging mechanisms are discussed.

Keywords: Aging; Epoxy; FTIR microscopy; Interphase

INTRODUCTION

The aging of adhesives and paints determines the durability of struc-
tural bonds and coatings provided corrosion is prevented. In principle,
it is well known that the chemical aging of polymers depends on
environmental factors such as humidity [1-3], temperature [4-6],
irradiation [5,7], gases [8,9], etc. and on the polymer state itself
[1,4-6]. In addition, the properties of a polymer adhesive and,
therefore, the aging behavior will be influenced by the substrate that
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causes the formation of an interphase [10-15]. Despite the great
number of publications, the complex interplay of that many factors
and parameters is not fully revealed. For a better understanding of
aging of adhesives and paints, it is crucial to reveal the chemical pro-
cesses in the bulk polymer, at its surface, and in the polymer-substrate
interphase as a function of the given environmental conditions.

Therefore, the depth profile of the chemical properties has to be stud-
ied as a function of time. However, several limitations complicate that
experimental task. First, the adhesive bulk and the adherends bury the
interphase. This problem can be, in part, circumvented by studying
thin films on metal substrates or on fibers with surface sensitive tech-
niques like XPS, TOF-SIMS, UV/VIS, Raman, or FTIR spectroscopy
[16—21]. However, the thin film could form a surphase at the contact
with the atmosphere. Then, it might be a problem to transfer thin film
results to thicker films or to adhesive joints because this surphase could
influence the thin film performance. Secondly, depth profiles in real
joints are not accessible in a non-destructive way with the aforemen-
tioned surface sensitive techniques. Therefore, different sample prep-
aration techniques are proposed in the literature. Focused ion beam
milling is promising, but still suffers from ion implantation and from
the delicate degradation behavior of polymers [22]. Chemical depth
profiling by scratching the sample surface with an abrasive paper
(Si-Carb sampling) is reported [23,24]. The spectra of the particles
adhering to the paper are measured with diffuse reflectance (DRIFT)
but the mechanical abrasion of the polymer might introduce unwanted
chemical modification. Repeated microtome sectioning in combina-
tion with transmission spectroscopy and microscopy is reported as a
method to monitor the depth profile during aging [23-25]. Alterna-
tively, Watts and coworkers described a microtome preparation tech-
nique for polymer interphases. Here the sample is cut at a defined
ultra low angle with respect to the interphase. Then, the cut surface
is studied successfully with XPS and TOF-SIMS [20,21,26].

In this article, a similar preparation technique is utilized and the
depth profile in metal-polymer joints is recorded by FTIR microscopy.
For the exposed surface zone and for the interphase to gold and copper
substrates, the depth profiles are revealed after chemical aging in an
epoxy network under dry and wet conditions.

EXPERIMENTAL
Materials and Sample Preparation

The examined epoxy adhesive system consists of the widely used digly-
cidyl ether of bisphenol A (DGEBA, DOW Chemicals D.E.R. 332
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provided by DOW Deutschland GmbH & Co. OHG, Stade, Germany)
and the aliphatic curing agent diethylene triamine (DETA, provided
by Fluka, Buchs, Switzerland). Curing proceeds at room temperature
(RT) by the oxirane ring addition to primary and secondary
amine groups, resulting in hydroxyl groups. The chosen mass ratio
DGEBA : DETA = 100 : 14 corresponds to a slight excess of amine
hydrogen compared with epoxy rings. The monomers are mixed in a
closed glass vessel at 55°C for 5 min.

The samples are prepared subsequently in a glove box filled with
COy-reduced, dried air (dew point: —70°C) to minimize the contact
with ambient air in order to avoid parasitic reactions between amine,
H,0, and CO.,.

The liquid epoxy adhesive is cast in a silicone mould with rec-
tangular openings (1.5 x 8 x 12mm depth) to produce rectangular
epoxy blocks that fit in the sample holder of the microtome. Bulk
samples are obtained by covering both sides of the filled mould with
PTFE films (25 um thick) fixed on float glass. Thereby, the epoxy
block has smooth and flat surfaces at the top ends ensuring the
dimensional accuracy necessary for defined low angle cuts. The
chemical conversion of epoxy rings is constant across these bulk
samples. Hence, the PTFE film does not influence the cross linking
reactions. For the preparation of metal-epoxy interfaces, one of the
PTFE films on the filled mould is replaced by a pure copper or gold
film (ca. 100nm thick) that was prepared on a silicon wafer by
physical vapor deposition.

The samples were cured in dried air at RT for 72h. The resulting
samples show incomplete conversion of epoxy groups. In addition, a
post-curing step may follow in argon at 120°C for 1h. It leads to a
completely cured network in bulk. Finally, the samples demold easily
due to the poor adhesion on silicone and on PTFE. In the case of metal-
epoxy contacts, the wafer is removed after curing by thermal shock
leaving the intact metal layer on the epoxy.

Aging Conditions

In the dark and at the moderate aging temperature of 60°C, the
samples are exposed to two different environments to discriminate
the role of humidity and Oz in aging: thermo-oxidative aging in dry
air (dew point: —70°C), and hygro-thermo-oxidative aging in wet air
(90% RH). The depth profile of the chemical modifications during
aging is monitored by regular sample characterization during up to
500 d using FTIR microscopy. The u-ATR spectra are recorded along
a line on the surface produced by low angle cutting as described below.
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Microtomy

The top face (1.5 x 8mm) of each sample is cut on an Ultra Cut
E microtome (Reichert, Nussloch, Germany) with diamond knives
(Diatome, Biel, Switzerland). Its long side corresponds to the cutting
direction and is inclined horizontally by o« = 2° to produce a low angle
cut with respect to the top surface. Figure 1 visualizes the cutting
steps.

At first, both top edges are trimmed with a glass knife that is verti-
cally inclined by 40° until the residual top surface has a width of
0.5mm at the broader end. This reduces the cutting width and, there-
fore, the cutting force in the following stepwise sectioning. Then, the
top surface is trimmed at the chosen inclination angle with a diamond
trimming blade (Diatome ultratrim) until two-thirds of the top surface
is removed. The following sections are made with a diamond knife
(Diatome ultra AFM) to produce a smooth and artifact-free surface.
The cutting force is reduced further by wetting the cutting edge with
distilled water. A part of the top surface remains uncut to allow for a
precise determination of the cutting angle afterwards and for the
study of the aging of the epoxy bulk surface.

White Light Interferometry

The microtomed samples are examined with a white light interfer-
ometer (Zygo New View 200, supplied by LOT GmbH, Darmstadt,
Germany). The angle between the top surface and the prepared cut
surface is determined along four lines perpendicular to the cut edge.
The mean value represents the real cutting angle of the sample.

e N

X> T )

FIGURE 1 Microtomy—principal steps of sample preparation for depth
profiling.
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FTIR Microscopy

The chemical state of the sample is studied as a function of the
distance from the sample surface. For that purpose, a Hyperion
2000 FTIR microscope (Bruker Optik GmbH, Ettlingen, Germany)
is used in ATR mode with p-polarized light in the mid IR range
(400-4000cm ). The germanium crystal of the u-ATR objective
possesses a tip diameter of 100 um. The lateral distance, 1, on the
cut surface corresponds to a certain depth, z, below the initial surface
or the metal-epoxy interface.

z=1-sina. (1)

Accordingly, a lateral resolution of 100 um, equal to the tip diameter,
corresponds to a depth resolution of 3.5 um for an inclination angle «
of 2°. ATR spectra are recorded point-wise at a minimum distance
of 100um on the cut surface perpendicularly to the cut edge.
Co-addition of 300 scans at each position results in a good signal-
to-noise ratio. The sample spectra are divided by an ATR reference
spectrum of the atmosphere. This eliminates the optical effects of
the ATR crystal, the light source, and the gas atmosphere in the light
path. The influence of temporal variations of humidity is minimized
by purging the customized sample compartment with dry air.
Additionally, the atmospheric compensation function implemented
in the software of the spectrometer is applied to eliminate the HyO
and COy bands in each spectrum.

The depth profile of the oxirane consumption and of several aging
bands is derived by means of quantitative spectral analysis. The spec-
troscopic degree of oxirane consumption, UH;, is calculated from the
peak height, Ig;5, of the band at 915cm™" normalized to the peak

height, I;510 of the phenyl ring stretching vibration at 1510 cm™':

_ Lo15(z)/T1510(2)

Un(z) =1
v 195/ i510

(2)

The initial state of the non-reacted epoxy mixture (t = 0) cannot be
measured as the system starts to react during mixing. It is estimated
from the volumetric addition of pure DGEBA and DETA u-ATR
spectra with respect to their masses, m, and densities, p, according
to Eq. (3).

IO(f/) _ Myperpa/ Pocesa * Iocesa (P) + Mppra/ Pogra * Ioera (7) (3)
mDGEBA/ Pocesa + mDETA/ Porra
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FIGURE 2 Aging bands at 1725, 1660, and 1600 cm ™! on the surface of bulk

specimens after curing and aging in dry and wet air and the chosen baseline
definition.

Furthermore, two new aging bands arise at 1725 and 1660 cm ! and a
hidden band increases under the phenylene bands at 1600cm ™!
during aging. Their peak heights are determined as shown in Fig. 2
and normalized to the peak height, 1519, according to Eq. (4):

Lo (2) = Li725(2) /T1510(2). (4)

For these aging bands at 1725, 1660, and 1600cm ' a reasonable
assignment to chemical groups is proposed in Table 1 (c¢f. [14,27]).
Although the assignment is not absolutely free of ambiguity, it

TABLE 1 Assignment for the IR Bands Observed During Aging

IR band (cm™) 1725 1660 1600
Functional Ketone, aldehyde, Alkene, conjugated conjugated alkene
group saturated alkene (sym.), (asym.), amino salt
carboxylic acid oxime, imine,

enamine, amide
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provides the starting point for our hypotheses on the chemical aging
mechanisms in the epoxy.

RESULTS

Surface Region of Epoxy Bulk Samples: Oxirane Conversion
During Aging

Network formation is complete in post-cured bulk samples, whereas,
RT-curing results in vitrification at a spectroscopic degree of epoxy
conversion of only ~71%. This chemically induced glass transition
slows down the epoxy consumption rate by orders of magnitude. Many
reactive groups remain in the polymer. They are consumed during
aging (Fig. 3). The rate of that ongoing oxirane conversion depends
on the aging conditions.

The conversion in dry air proceeds quite homogeneously across the
sample. Hence, atmospheric effects are not involved and the curing
process simply continues during aging. Oxirane conversion reaches
96% after 50d of aging (Fig. 3a). Under wet conditions, it takes only
16d (Fig. 3b) for the same conversion. The penetrated water acceler-
ates the network formation by polymer plasticization [28]. Moreover,
water is expected to catalyze the oxirane ring opening reaction [29].
The conversion increases very homogenously in all samples, i.e., the
water penetrates the top 200 um of the epoxy within less than 16d,
thus resulting in a homogenous acceleration of the epoxy conversion
in this surphase region to air. This conclusion is supported by the
observation that the water uptake of post-cured bulk samples reaches
almost equilibrium after only 10d [28].

Crrpo-—g—o0—o-0 0

90 3 E 90 4

854 a. 100:14 bulk, RT cured, dry air § 854 b. 100:14 bulk, RT cured, wet air

[%]
[%]

- 0d —&— 0d
b cd -0
55 go ] ~0- 16d ] ¥ god O- 16d j
—e— 50d 80 o 49d
—O—100d O—100d
753 —A-197d 3 754 A-200d 1
—A—248d —A—302d

. Pusssen 5 5 5 = 7o Pmsssns o 5 o =

T T T T T T T T
? 50 100 150 200 0 50 100 150 200
Air z[um] Atir z[um]

FIGURE 3 Oxirane conversion as a function of position in RT-cured bulk
samples during aging in dry and wet air.
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Surface Region of Epoxy Bulk Samples: Chemical Aging
Effects in Dry Air

A first aging peak at 1660 cm ! rises on the epoxy after 16d on RT-
cured samples and after 50d on post-cured samples (Figs. 4a,b). The
air must cause the corresponding chemical modification as the peak
starts close to the epoxy surface before it appears inside the sample.
For RT- and post-cured bulk samples as well, the peak height, 1460,
increases with time and advances into the material. After 100d, a
120 pm wide gradient has formed. That inhomogeneous region of
chemical modification extends over more than 200 pm after 248 d. Both
network states show a quite identical development with respect to
Ligso (tage, 2z) until 248d. In conclusion, the different content of
residual reactive groups in the RT- and post-cured samples, especially
amine hydrogen, is not the reason for this aging mechanism.

A second aging peak at 1725 cm ! appears after 16d at the surface
of RT-cured samples and after 50d on the post-cured specimens
(Figs. 5a,b). The intensity 1795 (tage) also rises and proceeds into the
epoxy, but more slowly than I;g60 (tage). As the result, the gradient
of this chemical modification is steeper and reaches only 170 um into
the polymer after 248d. However, Ii795 (tage, z) develops simul-
taneously for the two network states again. Thus, the residual amine
hydrogen content does not influence the kinetics of this mechanism
either.

Note that the bands at 1660 and 1725 cm ™! (Figs. 4 and 5, respect-
ively) do not develop synchronously. In fact, the band at 1660 cm *
extends more quickly over a broader range with a smoother gradient
into the epoxy than the band at 1725cm ™' which is restricted to a
narrow surface region for the first 100d. Additionally, they always

T T T T T T
018 \ a. 100:14 bulk, RT cured, dry air, 1660 cmi' | 0'18'%\ b. 100:14 bulk, postcured, dry air, 1660 cmi* 3
0169 | = od ] 0.16]4! & 0d ]

o 16d \\ —0— 1ed

5o ] 3o S a0a ]

2 0.12] | A 1o7q] & 0129 A 197d §

§ ot —A248d 3 E 0.10] ~A— 248d ]

0.08 E
B
E 0.064 E
Z 0.044 3
0.02 ASSASN
0.00 o

FIGURE 4 Intensity of the aging band at 1660 cm ™ in RT- and post-cured
bulk samples during aging in dry air.
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FIGURE 5 Intensity of the aging band at 1725ecm™" in RT- and post-cured
bulk samples during aging in dry air.

reach different intensities with I 669 (tage, Z) >> I1725 (tage, ). Accord-
ing to any IR spectroscopic experience, however, stretching vibrations
v(C=0) absorb strongly, if not very strong, while the IR absorptions
of ¥(—C=C-) and v(—C=N-) are weak or at best of medium strength
[27]. Therefore, the observed intensity ratio points at a higher con-
centration of —C=C— and —C=N- species than of C=0 species. All
these findings indicate that both bands cannot result from only one
reaction.

A third spectral change is observed for the band at 1600 cm ™
(Fig. 6.) It changes intensity in a more complicated manner. The
general level of intensity rises within the first 16 d of aging but then
the I;600 goes down inside the epoxy. Simultaneously, the peak height
increases at the surface after 16 d for RT-cured samples and after 50 d

1

o
Y
R
o
N
N

T T T
a. 100:14 bulk, RT cured, dry air, 1600 cm’' b. 100:14 bulk, postcured, dry air, 1600 cm’

042 —&— 0d ] 042 —&- od]
—0— 16d -0 16d
e —e— 50d = —e— 50d
~§’ 0.40 —0—100d { @ 0.40 —0O—100d
—A—197d 2 —A—197d
2 —— 248d 2 A 248d
8 0.38 4 § o384 4
g g
g 0.36 b g
z 2] z
0.34 ]
AN
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FIGURE 6 Intensity of the aging band at 1600 cm™" in RT- and post-cured
bulk samples during aging in dry air.
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for post-cured samples. It takes 248d to extend a gradient of more
than 200 pm into both kinds of samples. The development of the gradi-
ent in time and space coincides well with the behavior of the aging
peak at 1660 cm~'. Once more, RT-cured samples and post-cured sam-
ples show a comparable behavior.

Surface Region of Epoxy Bulk Samples: Chemical Aging
Effects in Wet Air

In wet air, the band at 1660 cm ! can be found after 16 d at the surface
of the RT- and post-cured samples and increases over time (Figs. 7a,b).
Contrary to aging under dry conditions, a second maximum in band
height appears ca. 20 um beneath the surface after 200d. The height
of this maximum increases and it shifts into the sample in the course
of aging. A steep drop in band height and a smooth gradient over more
than 200 pm follows the maximum on the bulk side. Thus, a further
process like degradation or evaporation leads to this depletion zone.
Compared with aging in dry air (cf. Fig. 4), the I1g¢¢ is slightly weaker
in the gradient region despite the plasticizing effect of water. This
also indicates that the presence of water supports the degradation of
the formed product not only in the surface-near region, but also in
the bulk.

The band at 1725 cm ! appears close to the surface after 16 d as well
(Figs. 8a,b), but is very small compared with aging in dry air (cf.
Fig. 5). It only affects the top 50 um after 400 d. Therefore, the pres-
ence of water either hinders the formation of the product or leads to
its consumption.

T T T T

0.189 0189

T T T
a. 100:14 bulk, RT cured, wet air, 1660 cm'”’ : n b. 100:14 bulk, postcured, wet air, 1660 cmi’
0.164 —&—  0d ] o] M —=— od ]
o 16d
- 0.144 0.144 :f\%" e 49d 7
ko) o LN | O— 100d
0.124 E ' E
2 2 012 Ai// \ —A— 200d
E 0.104 ® 010172 X.‘ —4—302d ]
§ 0081 § 0089 \
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Z 004 i omgg o Z004]
9
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FIGURE 7 Intensities of the aging band at 1660 cm ™! in RT- and post-cured
bulk samples during aging in wet air.
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FIGURE 8 Intensities of the aging band at 1725cm ™! in RT- and post-cured
bulk samples during aging in wet air.

An increase of the band at 1600cm ™! is observed for RT-cured
samples first at the surface after 16d (Fig. 9). The highest value is
reached after 100d. Afterwards, the intensity drops again indicating
a degradation of the formed product. In post-cured samples, Iig00
increases slowly at the surface over 400d, but it never reaches the
intensity observed on RT-cured samples. Thus, in RT-cured samples
the aging mechanism takes advantage of the higher availability of
reactants and of the more flexible network in the early stage of aging.
In the further course of aging, a second maximum at a depth of
20—-40pum appears in both networks, as for I;gg0. Therefore, the
product behind I;699 also degrades under the influence of water as
discussed for I;g69. Compared with aging in dry air (c¢f. Fig. 6), L1600
develops faster and reaches higher values. Thus, the presence of

. -1
water promotes the mechanism. The bands at 1660cm™" and
0.44 1 T T T 0.44 1 T T T
3 a. 100:14 bulk, RT cured, wet air, 1600 cm’ b. 100:14 bulk, postcured, wet air, 1600 cm’
0421 - od ] 0421 -=— 0od ]
—O0— 16d —o0— 16d
2 —@— 49od £
D 0404 I} —0—100d { @
£ i A 200d] £
2 ﬁj —A—302d 2
§ 03844 ~m-400d ] 8
3 : g
2036— H JO-00-000000000000 ] g
s LR L e el 2
0347 RS N NN NN N
AAAAAAAAAAAAAAAAAA AAAA
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FIGURE 9 Intensities of the aging band at 1600 cm ™! in RT- and post-cured
bulk samples during aging in wet air.
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1600 cm® behave similarly and they show higher intensities and a
second maximum within the material under wet conditions. Hence,
they could arise from the same mechanism.

Metal-Epoxy Contact: Chemical Aging in Dry Air

While the aging of the region near the surface is relevant for coatings,
the behavior of the buried interphase in metal substrates is most
important for coatings and adhesives as well.

As a first example, the aging of post-cured epoxy-gold samples (full
oxirane consumption) is considered under dry aging conditions
(Fig. 10). During 500d, no spectral changes arise on the cut surfaces
within the 200 um zone of the metal-contrary to the bulk surface
(see above). Therefore, the thin gold film does not influence the poly-
mer but it acts as an effective protection against the surrounding
atmosphere.

As a second example, aging in copper-epoxy specimens is considered.
Copper was chosen because it forms complexes with amines during
curing [10,30] and because it accelerates degradation in ultra-thin
epoxy films [14,31,32].

Post-curing results in full oxirane conversion within the copper-
epoxy sample even at a 3 um distance from the substrate, as in the
bulk specimens (not shown). Figure 11 depicts the oxirane conversion
within the first 3 um of the RT-cured epoxy at the Cu contact as a
function of aging time under dry and wet conditions. Here, the freshly
prepared samples reach the same spectroscopic degree of epoxy
conversion as the bulk after RT-curing (~71%). During aging, the
samples show a spatially homogeneous oxirane conversion in the

T T T T T T T
a. AW-EP 100:14, postcured, dry air, 1660 cm’ b. AUEP 100:14, postcured, dry air, 1725 cm”
—&— od -=&— od
0.04 g 0.04 4
—0— 100d o
£ e s50d | B oo
£ §1 —e— 500d
g 2
i 1
3 § 0.02- J
; ;
P4
0.00
T T T

FIGURE 10 Intensities of the aging bands at 1660 and 1725cm™! in post-
cured Au-EP samples during aging in dry air.
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FIGURE 11 Oxirane conversion in RT-cured epoxy in the 3 um region at the
contact with Cu during aging in dry and wet air.

3um zone at the metal contact and also deeper in the epoxy (not
shown here). Therefore, any influence of the copper substrate on
the cross-linking reactions extends less than 3 um into the freshly
formed polymer. The samples reach nearly full epoxy conversion after
300d in dry air and 100d in wet air at 60°C. This temporal develop-
ment and the acceleration by water are in good agreement with the
bulk results.

Under dry conditions, no band at 1725cm ' develops near the
substrate during 498 d, both in RT- and post-cured Cu-epoxy samples.
Obviously, the aging mechanisms related to 1795 need atmospheric
oxygen that is available mainly in the surface region of the epoxy.
The band at 1660 cm ! increases weakly throughout the whole sample
(cf. Fig. 12) but it is much weaker than at the epoxy bulk surface. Due
to the low 116609 no related change of intensity is found for the band at
1600 cm .

In conclusion, the aging mechanisms affect mainly the epoxy
surface region of some hundred micrometers width under dry con-
ditions. This indicates that the mechanisms need atmospheric oxygen.
The oxygen content in the bulk and near the substrate appears to be
insufficient to start chemical aging. Cu does not trigger the aging of
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FIGURE 12 Intensity of the aging band at 1660 cm ! in RT- and post-cured
Cu-EP samples during aging in dry air.

the epoxy when the interphase is shielded from atmospheric influ-
ences by the epoxy bulk.

Metal-Epoxy Contact: Chemical Aging in Wet Air

Contrary to dry aging, the bands at 1660 cm ' and 1600 cm ' develop
close to the copper substrate, especially in RT-cured samples (cf.
Figs. 13,14).

The band at 1660 cm ™! forms an intensity gradient that extends
over ca. 50 um after 484 d (cf. Fig. 13). The gradient is slightly stronger
for the RT-cured samples but it is also present in the post-cured
specimens. The more flexible network prior to aging, resulting in
higher mobility of the reactants, can explain the stronger aging of
RT-cured samples. Far from the substrate, 1159 develops only slowly
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FIGURE 13 Intensity of the aging band at 1660 cm ' in RT- and post-cured
Cu-EP samples during aging in wet air.
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FIGURE 14 Intensity of the aging band at 1600 cm ! in RT- and post-cured
Cu-EP samples during aging in wet air.

and weakly. Hence, wet aging conditions force chemical aging in an
interphase at copper, too.

The band intensity at 1600 cm ! changes in a more complex manner
comparable with the surface (Fig. 14.) The general level of intensity
rises within the first 100d of aging but then I;599 goes down inside
the epoxy while a gradient of some 50 pm forms at the interphase to
copper again. This gradient exists in the same region as the gradient
for I;g60. Interestingly, no band at 1725cm ' develops in Cu-epoxy
interphase although it is visible at the surface.

In conclusion, the water penetrating through the bulk starts
pronounced aging in the Cu-epoxy interphase while the bulk is less
affected by the water uptake. Therefore, the copper substrate acceler-
ates the aging in its surroundings under wet conditions. The copper
substrate pushes only some of the reactions, however. The absence of
the band at 1725 cm ™! shows that certain reactions can be suppressed
or the others are favored. Thus, the copper substrate leads to a higher
selectivity of the aging reactions.

DISCUSSION

For ultra-thin epoxy films on metals, hypotheses on the chemical
modification mechanisms under moderate aging conditions have been
discussed in previous work [14]. In bulk samples, the interphase in the
metal substrate is buried. This increases the diffusion path length for
water and gases, hence, decreasing their availability in the inter-
phase. The situation is also different with respect to macromolecular
mobility but, in principle, the aging chemistry must be similar in
the bulk surface region, at adhesive contacts between metal substrate
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and epoxy bulk, and for thin films, provided the metal does not affect
the reactions. With these presumptions, possible reactions that result
in the chemical groups assigned to the bands emerging in the IR
spectra are discussed now.

Surface Region of Epoxy Bulk Samples: Chemical Aging
Mechanisms in Dry Air

In post-cured samples, oxirane and primary amine groups are
consumed completely while secondary amines are left due to the initial
amine excess. Tertiary amine groups forming network nodes and
hydroxyl groups resulting from network formation dominate the struc-
ture. Therefore, oxirane groups are not involved in aging, but second-
ary and tertiary amines and hydroxyl groups can be attacked.
Additionally, the a-C-atoms to the nitrogen and to the ether bond can
be oxidized.

In RT-cured samples, residual oxirane rings, primary and second-
ary amines are integrated into the chemically vitrified network.
Therefore, they can react only by local molecular movements. Never-
theless, oxirane conversion proceeds homogenously throughout the
sample. In particular, it proceeds faster than the observed chemical
aging processes that start at the surface. Therefore, the oxirane
conversion is due to the addition of oxirane and amine groups that
reinforce the network; reactions of aging products with oxirane groups
are unlikely. The temporal separation of cross-linking and aging
diminishes the differences in the availability of functional groups
and of the chemical structure between initially RT and post-cured
samples for the aging reactions. This explains why both network
states show a comparable behavior of all aging bands. Thus, reactions
of primary amines are unimportant for the observed aging bands. As a
consequence, only secondary and tertiary amines, hydroxyl groups, or
backbone C-atoms can be involved in the aging mechanisms in dry air.
Secondary amine groups can oxidize to oxime (1660cm ') and alde-
hyde (1725cm 1) [33]:

Ox. 0
—C—N—C— ———>» —C—C=N—OH + —C\ 5
H, H H, H, H H (5)
1660 cm -1 1725 cm -1

However, 11795 and I 460 do not develop synchronously. In conse-
quence, the oxidation of secondary amines can contribute to both
observed bands, but it cannot be the only reaction mechanism.
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Tertiary amines are also reported to be oxidized by molecular
oxygen. The reaction results in backbone scission that weakens the
network [6]:

QH OH
[ ..rﬁ\c']"\ _c. ox o [ <':\ ,]N\ + H,C=6. 1660 cm
Gl ﬁ e wH™C7, "OH 27w

2 M H,
/ \Sx., -H,0
1660 cm-1
H
N=C

OH OH
HO 6
\ C N C
HO + Hec—c Hc—OH FHYCT e T ®)
€ H & H, (I-_I)
1660 cm -1

HO  NH, 0:8\ 1725 cm -1
HC—C + Hc—oOH
H &

Via Cope elimination, an alkene (1660cm ', as shown) or a

hydroxyl alkene (1660 cm!, not shown) is formed depending on the
position of the cleavage. The latter can be transformed into the more
stable keto form (1725cm™1). According to the literature, the Cope
elimination takes place at more than 100°C. Nevertheless, the
breaking of amine cross-links in the network nodes could proceed
slowly at the moderate aging temperature. The unstable hydroxyla-
mine, the second product of the Cope elimination, can convert on a
first route into an imine (1660 cm ') that can decompose in the pres-
ence of water into a primary amine and an aldehyde (1725cm™1). As
a second reaction path, the formation of amide groups (1660cm 1)
via nitrone and oxaziridine intermediates (not shown) is proposed
[6]. As all products can explain the observed aging bands, both reac-
tion paths are possible according to our study.

In principle, the OH-groups in the network can oxidize slowly to
ketones (1725 cm ™ 1):

R2 R2
/ Ox. /
R1 o) N R1 o N
) oW T W W
OH ° 1725 cm !
However, high temperatures and catalysts are needed for quanti-

tative ketone formation [34]. Therefore, this reaction seems unlikely
in the epoxy bulk.
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Part of the OH-groups in the network could also dehydrate [2]:

R2
/ < >
R1—©—0 N
\ / \ / \ +H,0
c—cp W ——— (8)
H, Non

1660 cm-' & 1600 cm-!

The formed water evaporates. The remaining alkene units possess
IR bands at about 1660 cm ' and 1600 cm ! that showed a synchron-
ous gradient formation in the spectra.

According to the literature on aging in the epoxy bulk (e.g.
[2,4,5,8,9,35,36]), C-atoms in the a-position to tertiary amine groups
and to the ether group experience preferential radical oxidation
with Oy to carbonyl (1730cm ') and amide (1660cm ') groups at
100-250°C or under UV irradiation at moderate temperatures. For
our samples, aging is studied at a moderate temperature of 60°C and
in the dark, but the studied period is much longer than in the cited
literature, and the oxidation by molecular oxygen is also observed at
RT [34]. Therefore, radical oxidation might also contribute to the
observed band development:

OH
H,C—CH Ry
/
R—O CH,—N
R3
/ /OH OH
HO—O\ OH H,C—CH R, H,C—CH R,
?C—CH Ry R1—O/ CH—N R,—O CH—N
Ri—O CHy—N Ho—©& Rs 0—0 R
Voo
l ! o
OH 1725 cm // R,
0 OH / H,c—C
\ / H,C—CH Ry / \ + CH—N
HC—CH R, \ R—O oH [/
\ —o0 CH—N Ry
Ri—0 CHZ—N\ o/' Rs 1725 cm
l o l AW
OH OH
o) OH H,C—CH R, . /. R
H,C—CH
\ / 4 7 + cH—N
HC—CH /R2 R—O CH+ N R— 7\
—_ 0 . R
R—0O CH,~N 1725 cm‘o Rs 3
1725 cm \ 1660 cm!
R3



20: 13 21 January 2011

Downl oaded At:

Aging in Epoxies: A Study of Interphases to Air and Metals 317

Alkyl radicals and molecular oxygen form peroxy radicals that
transfer their radical state to reactive groups. In the epoxy, the
o-C-atoms at tertiary amine groups and at the ether group are attacked
preferentially. The resulting hydroperoxides tend to dissociate. The
final oxidation products, such as carbonyls (ketones or aldehydes),
amides, or carboxylic acids are formed by peroxy decomposition with
network cleavage. Such radical oxidation processes can also explain
the IR band at 1725cm ! and at 1660 cm ' observed in bulk aging.

Some of the carbonyls formed according to Egs. (5)—(7), and (9) could
react with residual secondary amine groups to form enamines
(1660 cm ™) — ¢f. Eq. (10) for a ketone. This reaction could also contrib-
ute to the most pronounced band. However, no decrease of I 795 is
observed. Therefore, the consumption of carbonyl groups is at least
slower than their formation. This is reasonable because both species
are integrated into the network. Therefore, their reaction is limited
by the low molecular mobility:

H 1660 cm-' & 1600 cm -
2 H
—C JR2 _C\ JR2
>=o + oy P >—N\ +H,0 (10)
—C R2 —cC R2
H, Hz

In conclusion, all the presented aging reactions need oxygen. This
explains why the chemical aging starts at the bulk surface and
proceeds into the material. As the bands form steep gradients from
the epoxy surface into the bulk, the kinetics of all mechanisms is con-
trolled by the diffusion of oxygen. The band at 1725 cm ! indicates the
formation of carbonyl or carboxyl groups while the origin of the band
at 1660cm ! can be attributed to oximes, amides, enamines, and
alkenes. As conjugated alkenes also absorb at 1600 cm !, their forma-
tion would explain the synchronous development of the band at
1600 cm~'. Nevertheless, several reaction routes are possible to form
these products under dry conditions. In particular, it cannot be
decided whether the aging is dominated by the oxidation of secondary
or tertiary amines or by the oxidation of backbone C-atoms.

Surface Region of Epoxy Bulk Samples: Chemical Aging
Mechanisms in Wet Air

In wet air, water plasticizes the stiff epoxy network and leads to a Ty
depression from 131 to 99°C in the post-cured bulk [28]. Water also
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catalyzes the opening of oxirane rings. Thus, its presence accelerates
the oxirane-amine addition. Therefore, the RT-cured samples quickly
reach full oxirane conversion as found in the spectra and a network
state comparable with post-cured samples leading to the observed
synchronous development of chemical aging.

The plasticization of the network enhances any macromolecular
mobility and molecular diffusion processes. Therefore, the reactions
found under dry aging conditions should be accelerated, but the influ-
ence of water on the equilibrium and its reaction with the products
must be taken into account. Additionally, water molecules accumulate
at polar groups of the network like amines and hamper their oxidation
by protonation.

While water only slightly accelerates the formation of the band
at 1600 cm !, the band at 1725cm ! develops much more weakly in
wet air. On the one hand, the formation of the carbonyl species
[Egs. (5)—(7), and (9)] may be hindered in two ways. First, a partial
protonation of secondary and tertiary amine groups would hinder their
oxidation according to Eqgs. (5) and (6). Secondly, the formation of the
amide (1660 cm ') after Cope elimination [Eq. (6)] may be favored
under wet conditions compared with the formation of the imine that
would produce water and a carbonyl (1725 cm ™ !). On the other hand,
formed carbonyl species might immediately react with water. There-
fore, some hydrolytic reactions should be taken into account:

,/O OH

—C—C—C + HO —/—= —C—C—C—H (11)

H, H, \H H, H, ?
OH

The comparable intensities of the band at 1660 cm ! under dry and
wet conditions leads to the conclusion that the dehydration of hydroxyl
groups is unlikely to be the origin of this band. The penetrating water
should push the back reaction, especially at the surface where the
band actually arises-first. As their oxidation is ruled out above, the
hydroxyl groups formed during cross-linking are hardly involved in
the observed aging processes.

The formed maximum in peak intensity of the bands at 1660 and
1600 cm ' is due to a maximum of concentration of the corresponding
light-absorbing chemical species. Moreover, a concentration maximum
indicates two or more competing processes of formation and consump-
tion of the chemical species. There are at least two possible explana-
tions for the depletion at the surface. On the one hand, the chemical
species belonging to 1,460 degrades under the influence of water. The
product is volatile and diffuses to the sample surface where it
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evaporates. This leads to the observed depletion in the near surface
region and pushes the degradation into the epoxy specimen. The higher
maximum in post-cured samples is due to the fully cross-linked
network. Here, the very low polymer mobility hinders diffusion and
evaporation of volatiles. However, no such degradation mechanism can
be proposed as there are several mechanisms [Egs. (5), (6), (8)—(10)]
and products that might be responsible for the band. On the other
hand, the plasticization of the network can explain the depletion with-
out further chemical reaction. By the enhanced molecular mobility,
volatile network fragments can more easily diffuse to the surface and
evaporate, than under dry conditions, leading to the depletion zone.
In fact, such short fragments have been found with electron stimulated
ionization mass spectroscopy (ESI-MS) in the immersion bath of
epoxy bulk samples [28].

Metal-Epoxy Contact: Chemical Aging Mechanisms

For the epoxy bulk on a copper substrate, the copper surface does not
activate any aging reaction under dry conditions. Obviously, the oxy-
gen concentration near the copper surface and in deeper regions of
the bulk is insufficient to start chemical aging processes. Therefore,
aging is limited to the surface region.

In wet air, the fast water uptake within 10d does not lead to aging
in the bulk. Therefore, the oxygen concentration still is insufficient in
the bulk. Nevertheless, a 50 um broad zone of accelerated aging is
detected near the copper substrate. Thus, certain reactions leading
to the bands at 1660 and 1600 cm ! are promoted close to the metal
when water is present. The absence of the band at 1725 cm ! indicates
that the —C=C— or —C=N- species, corresponding to the bands at
1660 and 1600 cm !, form more easily than the carbonyls and consume
all the oxygen available on the substrate.

CONCLUSIONS

The presented preparation method is well suited for studies of the
depth profile of aging in polymers, both in the interphases with air
and with metals.

The spectra show that the applied aging conditions promote the
ongoing curing as long as oxirane groups are available, despite the
glassy state of the epoxy. Water accelerates the network formation.
As cross-linking proceeds faster than the aging reactions, RT-cured
samples quickly reach a network structure comparable with post-cured
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samples. Therefore, the temporal and local development of aging is
similar in both networks.

In the surface region of epoxy bulk samples, different degradation
processes take place under moderate aging conditions and form gradi-
ents from the surface to more than 200 ym in depth. Two bands at
1660 and 1600 cm ! develop quite synchronously under dry and wet
conditions as well. Humidity does not accelerate the reaction, but leads
to a depletion zone at the surface. That points to a degradation or
evaporation of the aging products under the influence of water. The
band at 1725cm ! is only observed in a narrow region close to the
surface. It is stronger under dry conditions. Thus, at least two inde-
pendent aging mechanisms are active. They are based on diffusion-
controlled oxidation and they attack either secondary or tertiary
amines or backbone C-atoms. However, the assignment of the observed
bands to chemical reaction remains ambiguous. Further experiments
are under way to solve this problem: Samples with other DGEBA:
DETA ratios are studied under the same aging conditions to lighten
the role of secondary amines in aging. Additionally, a higher aging
temperature is chosen to check if aging under more severe conditions
follows the same reaction routes as under moderate conditions.

Copper-metal interphases show no aging under dry conditions, but
wet conditions activate aging in a surprisingly large zone of 50 pm
depth. Similar studies are under way for other metals in order to check
their influence on aging from a more general point of view. Further
studies will show how far the chemical modifications observed in inter-
phases during aging will affect the mechanical performance of the
adhesive joint.
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