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Abstract

Films (20 nm < dip <5 um) and 1-mm adhesive joints of an amine-cured epoxy (DETA-DGEBA) are studied on native
surfaces of Au, Al and Cu. For the films, IR spectroscopy reveals the chemistry as a function of dg,. Curing is based on
amine-epoxy reactions only. Compared to the bulk, the gross reaction rate slows down for the RT-curing. A metal-specific
‘chemical interphase’ with reduced epoxy group consumption extends over some 100 nm. Post-curing (393 K, 1 h) is not
sufficient to consume all epoxy groups. Brillouin spectroscopy and microscopy provide local mechanical stiffness data (c,,) with
better than 10-pm resolution. The RT-cured films possess mechanical heterogeneities on the sub-mm scale. Their glass tempera-
ture is well below RT for most films while Tgum =326 K. In the adhesive joints, ‘mechanical interphases’ are detected on the
metal side with an unexpected width of up to some 100 pm and with a ¢, ;-maximum inside the epoxy. Its shape, height and
position depend on the metal and the epoxy curing state. It is interpreted as the result of competing influences from epoxy
structure and internal stresses. During polymerisation, a ‘morphological interphase’ should form with a 3-dimensional hetero-
geneous structure that is specific for the metal and the route of compound formation. Hence, the properties of thin films are not
generally equivalent to the situation in thick adhesive bonds. To cite this article: W. Possart et al., C. R. Chimie 9 (2006).
© 2005 Académie des sciences. Published by Elsevier SAS. All rights reserved.

Résumé

L’étude des films minces (20 nm < dgp < 5 um) et adhésifs (dip = 1 mm) de réseaux époxy-amine (DGEBA-DETA) réticulés
sur des surfaces natives d’Au, d’Al, et de Cu est présentée ici. Pour les films, la spectroscopie IR révele la chimie du polymere
en fonction de dip. Les réactions de polymérisation considérées sont fondées sur les réactions époxy-amine. Comparée au bulk,
la vitesse de réaction est ralentie durant la polymérisation a température ambiante. L« interphase chimique », spécifique au
métal, accompagnée par la réduction de la consommation des groupes époxy peut atteindre une largeur de quelque 100 nm.
Meéme la post-polymérisation a 393 K pendant une heure n’est pas suffisante pour la consommation totale des groupes époxy. La
spectroscopie, plus particulierement la microscopie Brillouin permet 1’obtention du profil du module d’élasticité longitudinal,
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¢, avec une résolution supérieure a 10 um. Des hétérogénéités mécaniques a 1’échelle du sub-mm sont observées pour des films
minces, polymérisés a température ambiante. Leurs températures de transition vitreuse se situent en dessous de la température
ambiante alors que Tg”lk: 326 K. Pour les adhésifs, des interphases mécaniques mesurées, coté métal, peuvent atteindre des
largeurs surprenantes de quelques 100 pm accompagnées d’un maximum de ¢,,. Sa forme, hauteur, position dépendent du métal
et de I’état de polymérisation de I’époxy. L interphase mécanique est interprétée comme le résultat d’influences concurrentes de
la structure époxy et des stress internes engendrés a la surface du métal. Durant la polymérisation, une « interphase mor-
phologique », de structure tridimensionnelle hétérogene, spécifique au métal et au chemin emprunté pendant la formation du
composant, se forme. Il en résulte que les propriétés des films minces ne sont généralement pas équivalentes a celles observées

pour les adhésifs épais. Pour citer cet article : W. Possart et al., C. R. Chimie 9 (2006).
© 2005 Académie des sciences. Published by Elsevier SAS. All rights reserved.
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1. Introduction

Epoxy thermosets are key components for many
polymer composites, coatings, paints, lacquers as well
as for structural adhesives used in metal adhesive joints.
Mainly, multifunctional amines are utilized as curing
agent for the bi- or multifunctional epoxy resin. The
kinetics of the hierarchy of possible reactions is not
fully discovered but it is well-known from many previ-
ous studies (e.g., [1-4]) that the network formation in
bulk is dominated in stoichiometric mixtures by the
chemical reactions of epoxy groups (= oxirane rings)
with primary and secondary amines (Eq. (1)).

The curing temperature ranges from room tempera-
ture (for aliphatic amines) to ca. 120—150 °C (aromatic

O, R2
rRi— 4 HO—TH—CHZ—N: —
i R3

Howeyver, the reaction rate is much smaller than for
the reactions (1). Other experimental studies even
exclude reaction (2) for mixtures containing the stoi-
chiometric quantity or an excess of amine hydrogen.
As a fourth type of reaction, the ionic homopolymeri-
sation of epoxy groups is discussed. It requires a Lewis
base as a catalyst and the presence of hydroxyl groups
that are capable to form a hydrogen bond with the
oxirane ring. This reaction proceeds quite slowly even

o
RI—D & HN—R2 —= R1—CH—CH,—N—R?
OH H )

O, R2 R2
s
RI—LN W] — Ri— H—CH,—N
R3 G R3

amines) and up to some 180 °C (for some aromatic
amines, dicyandiamide). The evolving hydroxyl groups
may catalyse the amine reactions. Some authors assume
areaction of oxirane rings with the generated hydroxyl
groups (Eq. (2)).

R2

R1— cu—cuz—o—tle—cHz—N: @

R3
OH R1

at elevated temperatures. Due to steric hindrance and
low chemical activity, the tertiary amine and the
hydroxyl groups produced in reactions (1) are expected
to be not effective for the homopolymerisation.

A substrate or a filler is combined with the epoxy
system in its liquid stage of curing. Here, the liquid
epoxy mixture has to wet the solid partner, which shall
be a metal in our case. Wetting is caused by elementary
adhesion forces which act on quite a short range: a few
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nanometres for Van der Waals forces and just a few ang-
stroms for any kind of chemical bonding. Much work
has been spent on the measurement and on the quanti-
tative description of these aspects of fundamental adhe-
sion, but this task remains to be one of the most chal-
lenging of contemporary research. In thermosets, the
description is complicated by the ongoing chemical
reactions that change the organic adhesion partners con-
tinuously during the formation of the polymer net-
work. For amine-based epoxies, the current state of
knowledge on chemical adhesion mechanisms (e.g.,
[5-17]) can be briefly summarised as follows. Electron
and IR spectra of adsorbed model molecules reveal that
oxirane rings interact very weakly with many native
metal surfaces. Similarly, the hydroxyl groups at the
network chains show only poor reactivity with metal
surfaces (Al, Fe, steel, Zn, Cu). For primary and sec-
ondary amine groups, the measurements indicate pro-
tonation of these soft Lewis bases from acidic OH-
groups on the oxide surface. On the other hand, the lone
electron pair at the N atom in all types of amine groups
can act as an electron donor for metal atoms being in
various states of oxidation. So far, it is not sure, how-
ever, which of these chemical interactions actually pro-
vide a strong and reliable adhesive bond between the
epoxy network and the metal surface.

The role that the metal side plays in adhesion is even
less understood. So-called ‘active surface sites’ are dis-
cussed as partners for interactions with the adhesive
sites at the polymer chains but the very nature of these
sites is hardly identified even for ideal surfaces of pure
metals. An advanced description will have to regard the
electronic structure of the surface region in detail, fac-
ing the complications that are introduced on most met-
als by the (hydr)oxide layers which are often amor-
phous. Moreover, such native metal surfaces are covered
by a very thin carbonaceous layer that forms immedi-
ately and inevitably when the metal contacts atmo-
sphere for the first time. The species are mostly hydro-
carbons but in part they undergo specific chemical
reactions with the metal oxide underneath. Any adhe-
sive has to displace this contamination layer for strong
bonding and hence difficult mechanisms of competi-
tive adsorption, dissolution of the contaminants and
related thermodynamics are involved in the formation
of the adhesive contact.

In this paper, we will leave it at that and consider the
consequences that the phase boundary per se and the

adhesion mechanisms can have for the curing and for
the resulting polymer network properties in epoxy-
metal interphases. In the literature (see, e.g., [18-27]),
these interphases are discussed to play a key role for
the technical performance of a compound material. It
will be shown that their physical and chemical proper-
ties can deviate considerably from the bulk.

2. Experimental

The study of polymer-metal interphases poses a
number of difficult problems to the experimentalist.
Most experimental techniques are unable to detect inter-
phase processes or properties in a real material com-
pound because the techniques either collect an integral
signal from both the interphase and the bulk regions of
the sample or they are sensitive only to the sample sur-
face region. Specialized experiments like second har-
monics spectroscopy or surface enhanced Raman spec-
troscopy need specific situations at the polymer-metal
interface and quantitative spectra interpretation is still
limited. Things become even more complicated for
metal-polymer-metal sandwiches where the inter-
phases are completely hidden by the metals. As a result,
there are merely three alternatives for experimental
access to such interphases:

e investigation of fracture surfaces;

* measurements at cross-sections;

e studies on thin polymer films with varying thick-
ness.

Each route has its own advantages and shortcom-
ings. This paper refers to thin epoxy films on metal sub-
strates and, in part, adhesive joints of the kind glass-
epoxy-metal are studied. Starting with thick films, the
spectra are dominated by the bulk-like fraction of the
polymer. In thin films, we may expect the interphases
to provide the main contribution to the measured sig-
nals. Two limiting aspects have to be observed for the
thin film route, however. Firstly, the metal interface and
the interface to the surrounding atmosphere will give
rise to different interphases which will ‘overlap’ in very
thin films. Secondly, some components could evapo-
rate out of the film during preparation. Moreover, it
should be kept in mind that the geometric confinement
modifies per se the processes and structures in very thin
polymer films.

Samples are studied by Fourier transform infrared
reflection spectroscopy and by Brillouin spectroscopy
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IR beam

Epoxy film

Fig. 1. Optical situations for bulk (ATR, top) and thin film samples
(ERAS, bottom).

(BS). In addition, our newly developed Brillouin
microscopy (BM) provides the profile of the high-
frequency elastic modulus across thick epoxy layers
with a resolution of better than 10 um.

2.1. Measuring techniques

In the epoxy bulk, chemistry is investigated by FTIR
attenuated total reflection spectroscopy (ATR) as illus-
trated in Fig. la. The incident infrared light is totally
reflected at the plane interface between the internal
reflection element (IRE) and the sample.

A modest refractive index of the IRE (n,,,q. = 2.43)
and an incident angle of 60° (well above the critical
angle of total reflection) are chosen for the s-polarised
light in order to get a penetration depth of some microns.
Hence, the spectra provide the bulk properties of the
epoxy. Thin polymer films on metal substrates are
evaluated by FTIR external reflection absorption spec-
troscopy (ERAS, Fig. 1b) with p-polarised light at 70°
angle of incidence. Fig. 2a,b provides two spectra for
illustration. In the case of ERAS, the light penetrates
the polymer film and is reflected from the metal inter-
face. The light undergoes partial reflection and refrac-
tion at the air interface (not shown in Fig. 1b). The mul-
tiple reflections and refractions produce an interference
pattern that modulates the spectrum (see [28-30] for
details). As a result, neither ATR spectra with ERA
spectra nor ERA spectra from epoxy films of different
thickness can be compared directly.

This problem of incomparability is solved in the fol-
lowing way (for the physics see, e.g., [28-31]). For the
epoxy bulk, the optical function
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Fig. 2. (a) ATR reflectance spectrum for the room temperature cured
epoxy. Reflectance is calculated as the quotient of the ATR spectra
from the interfaces IRE-epoxy and IRE-air, respectively. (b) Exter-
nal reflectance spectrum for 100-nm epoxy cured at room tempera-
ture for 72 h on an Al mirror. Reflectance is obtained as the quotient
of the ERA spectra from the epoxy film on the Al and from the uncoa-
ted Al

ﬁEP(V’ tcure) = nEP(v’ tcure) +1- KEP(V’ tcure)

can be calculated from the ATR spectrum with the
Fresnel formulae. This was done with the ATR spectra
measured for different epoxy bulk states during and
after curing. Then, using this experimental 7i,( y) for
a given epoxy state as well as the other optical param-
eters of a real thin film sample experiment (angle of
ip Moge(v) and thick-
ness of the underlying metal oxide, and ﬁmetal(; ) for
the substrate metal), the Drude functions are utilised to

incidence, epoxy thickness d
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calculate an ERA spectrum for this sample. In the fol-
lowing, we call this a ‘bulk-like’ spectrum because it is
exactly the ERA spectrum that we would measure in
case that the epoxy layer would possess bulk proper-
ties in this real sample [30,31]. The ‘bulk-like’ spec-
trum serves as a very good reference for the ERA spec-
trum that has been actually measured on the given thin
film specimen.

Below 500 nm, dp; is estimated by variable angle
spectroscopic ellipsometry (VASE, angles of inci-
dence: 65°,70°, 75°). For thicker films, part of the poly-
mer layer is removed from the substrate. The resulting
step between coated and free substrate areas is evapo-
rated with a thin, still reflecting Al-layer (ca. 50 nm).
The step height is evaluated by white light interferom-
etry (WLI). Such d,-data derived by VASE and WLI
are not always very precise due to inhomogeneities in
ultra-thin films and to some non-uniformity of thick
epoxy layers. Therefore, IR spectroscopy and spectra
calculation [30] were combined as a non-destructive
technique to confirm the results of VASE and WLI. The
method is based on a profound comparison of several
band intensities (preferably phenylene ring stretching
vibrations) in measured spectra and in calculated ‘bulk-
like’ spectra with varying dp.

Brillouin spectroscopy (BS) is an optical method and
can be used to study the propagation of hypersonic
modes (GHz-range) in amorphous viscoelastic liquids
and in polymer glasses. It is not necessary to generate
these modes by external influences because the ther-
mal fluctuations themselves result in density fluctua-
tions that can be described as propagating hypersonic
modes. In addition to the longitudinal mode, acoustic
shear modes also propagate in a liquid provided that
the shear viscosity becomes a frequency-clamped trans-
port quantity for the high frequencies involved in BS (a
static shear modulus does not exist, of course). In the
isotropic bulk, the mechanical behaviour is described
by two elastic stiffness coefficients, the longitudinal
stiffness ¢; = c,, and the shear stiffness ¢ = c,,.

In the Brillouin experiment, some photons of the
incident laser beam are scattered by the hypersonic
modes in the transparent sample. The spectrum of the
scattered light is analysed for a chosen scattering angle
0. The hypersonic modes are interpreted as acoustic
phonons that interact with the photons of the laser light
illuminating the sample (cf. [32]). Fig. 3 illustrates a

reflecting substrate

sample film

A %
. Q, %
g Laser beam % S
© %, profile 0,
(I )
& %

Fig. 3. Typical scattering geometry for a transparent film on a reflec-

ting substrate. k;, k: wave vectors of the incident laser and the scat-

tered light, respectively. ¢g: wave vector of the phonons involved in
scattering. 0: scattering angle. Schematically, the insert depicts the
zoomed cross-section of the region where the scattered light is col-
lected by the spectrometer optics (light grey area) from the focussed
incident laser beam (grey area). As indicated in the insert, the spec-
trometer optics possesses a sharp focus for Brillouin microscopy.
Then, only a small part of scattered light (illustrated as a small hat-
ched circle in the insert) is focussed to the spectrometer entrance.

scattering geometry that is useful to study transparent
films on a reflecting substrate [33].
As indicated in the insert of Fig. 3, momentum is

conserved for the photons (Zi, ELT wave vectors for
incident and scattered photons) interacting with longi-
tudinally (L) and transverse (T) polarised phonons

(wave vectors ;L‘T as selected by the angle 0):
nk =nk £ ngt" 3)

Energy conservation also holds for the scattering pro-
cess

h a)SL’T =hw,xh foltd “4)

the wET are the angular frequencies for the photons
scattered at the phonons with the angular frequencies
ol f, = w,/27 is the frequency of the incident laser
light. Recently, a new kind of Brillouin microscope
(BM) was presented [33], which has been used in some
measurements for this paper. As indicated in the insert
of Fig. 3, the BM takes advantage of a strong optical
amplification of the illuminated area within the
sample. From this small cross-section volume (see the
hatched circle in the insert), only a small part of the
scattered light is focussed on the entrance pinhole of
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Fig. 4. Schematic Brillouin spectrum of a bulk amorphous solid after
deconvolution of the spectrometer profile. The Rayleigh line repre-
sents the elastically scattered light. Lg, L, g: Stokes and Antistokes
Brillouin lines of photons that are inelastically scattered at the lon-
gitudinally polarised acoustic phonon, Tg, T,g: Stokes and Antisto-
kes Brillouin lines of photons that are inelastically scattered at the
transverse polarised acoustic phonon. The line widths I ; result
from the temporal attenuation of the L, T-phonon modes (/°}. not
shown).
the spectrometer. As a result, the spatial resolution is
well below 10 um.

Fig. 4 depicts the schematic drawing for a Brillouin
spectrum of an isotropic sample.

The frequencies fSL’T = a)i"T/ 2w are found at the
maximum of the Brillouin lines Lg o5 and Tg As.

f BT 5) = QL’T(E )/2m are the frequencies of the
acoustic phonons that cause the light scattering accord-
ing to eq. (4). The phase velocities v L,T(E ) of the
acoustic phonon modes are calculated according to Eq.
(5) from the phonon frequencies fL’T measured for the
chosen ¢

N EELY =€) LYo DL

2n sin —
2
where n is the refractive index, /lloaser
wavelength in vacuum and 6 is the internal scattering
angle in the sample (Fig. 3).
The elastic stiffness moduli are obtained by

is the laser

_ 2
CLr=PVer ©)

with p as the mass density in the scattering volume.
So far it is assumed that all acoustic modes propagate

in the plane wave limit and that I L’T(E) < <fL’T(g).
In thin films (thickness dg, < v ./ fL’T) with or with-

out substrate, the conceptm(r)nf plane waves fails and the
phonons propagate as guided waves. Usually this yields
a complicated acoustic mode spectrum. It can be inter-
preted quantitatively only in simple cases, e.g., for a
homogeneous film with exactly known boundary con-
ditions. In other cases, a qualitative interpretation can
be given at least. Thus, the glass transition of a film can
be deduced from the temperature dependence of the

mode diagram.

2.2. Materials and sample preparation

The epoxy system consists of the diglycidyl ether of
bisphenol A (DGEBA, DOW Plastics D.E.R. 332) with
two oxirane rings and diethylene triamine (DETA,
DOW Plastics D.E.H.) with five reactive hydrogen
atoms in two primary and one secondary amine groups:

[0} ?HJ o
1—\‘—(?“;—0—@7?—@—0—%2—& HZN-—CHZ—CHZ—I‘IJ—CHZ—CHZ—NHZ (7)
CH,

The mass ratio is chosen as DGEBA:
DETA = 100: 14. This corresponds to a mixing ratio of
1 mol DGEBA on 0.462 mol DETA and hence to
1.155 mol amine hydrogen on 1 mol oxirane rings. The
components are stirred in a closed glass vessel in the
molten state at 55 °C for 5 min and cooled down to
room temperature within about 1 min. Then, the mix-
ture is transferred into a glove box for film preparation

H

in CO,-reduced, dry air (dew point: =70 °C, residual
CO, content: < 200-300 ppm). Bulk samples as well
as epoxy films with dgp = 3 pm are prepared by direct
casting. Thin films with dgp <2 pum are obtained by
spin coating from the appropriately diluted solution in
methyl ethyl ketone (MEK). This solvent is chosen
because it inhibits the curing reactions during the film
preparation. In general, ketones are known to form imi-
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nes by condensation with primary and secondary
amines:

R1\ R1\
/CZO + HN—R3 —= /CZN—R3 + H,0
R2 R2
R1
. /R3 R1\ /Ra (8)
C=0 + HN _— C—N + H,0
/ \ / \
R2 R4 R2 R4

As illustrated by the infrared spectra in Fig. 5, MEK
reacts slowly with DETA. For an arbitrary mixing ratio
chosen in this test, chemical equilibrium is reached
within about 30 min.

The imine content can be increased by a growing
MEK concentration or by removing water (as the
co-product). Imine decomposes by removing MEK (e.g.
in vacuum) or by addition of water. Reaction (8) is fully
reversible. This is essential for the sample preparation
from the diluted reactive epoxy system. MEK evapo-
rates quickly from the spin coated layers. About 10 min
after preparation, the IR bands of MEK disappeared
from the thin film spectra (dgp < 200 nm) and imine is
not found in these films (Fig. 9 for example). Hence,
the majority of imine molecules decomposed very
quickly due to the evaporation of MEK and to the
amine-epoxy polyaddition. The thicker layers lose the
solvent almost completely within 72 h (Fig. 8) and very
little imine is present in the IR spectra. Therefore we
conclude that MEK does not possess a significant influ-

1.00 ————
3 0.95-
= .
8
7] "
= :
S el
& 0.904 v e
5 1 t
J I 1660 cm™: roact”
Y C=N str. imine - - 3min
0.85- oo T e 10 min |
! 1 s 20 min
! R T - R 30 min
v 1713 em™: C=0 str. MEK 60 min
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Fig. 5. IR-ATR spectra for an arbitrary mixture of DETA (2 g) and
MEK (3.8 ml) at room temperature as a function of reaction time
f,eacy after mixing. The decreasing bands at 1713 cm™" and 1597 cm ™"
as well as the growing band at 1660 cm™' clearly depict the conden-
sation of amine and ketone into imine.

ence on the amine conversion in the epoxy films at room
temperature (see Sections 3.1 and 3.2 for further evi-
dence).

The metal substrates are obtained by evaporation of
ca. 100 nm of pure Al, Cu or Au onto Si (100) wafers.
As shown by extensive surface analysis (XPS, Scan-
ning Auger Microscopy, TOF-SIMS, AFM) [34,35],
these native metal surfaces are extremely smooth (rms
roughness < 1 nm) and the overall chemical state is
reproducible within reasonable limits.

As a first curing step, the film specimens are stored
in CO,-reduced, dry air at room temperature (RT, ca.
23 °C) for 72 h. Only in case that curing was moni-
tored by IR and by BS spectroscopy, a short contact
with ambient atmosphere was necessary for sample
transfer into the spectrometer. After 72 h, the gross reac-
tion rate is very low but the oxirane consumption is
well below 100%. These ‘RT-cured’ samples are ready
for investigation. An additional ‘post-curing’ step at
120 °C in argon for 1 h provides complete oxirane con-
sumption in the bulk. Post-cured epoxy films are also
characterised.

All steps of the preparation regime must obey an
exact timing and well-defined conditions concerning
temperatures and ambient atmosphere.

3. Results and discussion

The curing process at room temperature as well as
the chemical and mechanical state are studied in
RT-cured and post-cured epoxy layers on Au, Al and
Cu and compared with the corresponding bulk. The
gross chemical reaction and the resulting chemical
states are characterised by the FTIR spectroscopic tech-
niques described above. The mechanical stiffness at
hypersonic frequencies is measured by Brillouin spec-
troscopy and microscopy.

3.1. Curing at room temperature

The chemical kinetics of room temperature curing
is followed in situ by IR-ATR spectroscopy for the bulk
and by IR-ERAS for epoxy films on the Al substrate
(Fig. 2 as an example for the spectra). Neither the amine
bands nor the hydroxyl bands are suited for a quantita-
tive analysis because they overlap strongly with each
other (NH and OH stretching region) or with other
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bands (e.g., NH, deformation at ca. 1597 cm™) in the
mid IR range. As a quantitative measure, the spectro-
scopic degree of epoxy consumption Ug}, can be calcu-
lated from the normalised band intensity /g5 o (Peak

height) of the oxirane stretching vibration at 915 cm™":

Ui:l; - 1 _ I‘)lS,norm(tcur_e)
1915,norm(tcure - 0) (9)
: Lo15(1 re)
Wlth 1915,n0rm(tcure) = e

11510( tcure)

The phenylene ring stretching vibration at 1510 cm™

serves as internal standard. In eq. (9), the band intensi-
ties also depend on the respective extinction coeffi-
cients. Therefore, Upy, is not a priori identical with the
chemical consumption. Fig. 6 depicts UIEl},( toure) and

the corresponding spectroscopic reaction rate U E},( toure)
for a couple of layers on Al. Additionally, the reference
curves (marked as ‘bulk-like’) are presented for each
epoxy thickness. These reference curves are obtained
from the ‘bulk-like’ ERA spectra that are calculated for

the given d, from the optical function n (V. o) Of
the epoxy bulk and other parameters of the thin film
sample as described in Section 2.1.

The ‘bulk-like’ curves are very similar in both plots.
The small differences are due to the influence of d;, on
the IR-ERA spectra (interference of the IR light) which
is very weak in the range of 100-200 nm. In the initial
stage of curing, the slight s-shape in UIEI;(t ) and

the corresponding maximum in the rate U g},( t ) for
the ‘bulk-like’ curves confirm a weak auto-acceleration
of the chemical reactions. Such an effect has been
reported in the literature. It is attributed to the auto-
catalytic influence of the hydroxyl and tertiary amine
groups in the forming epoxy polymer — cf. eqs. (1, 2).
U g},(tcm) reaches 73% as the final value for RT-
curing in the ‘bulk-like’ curves.

The real thin layers are different. The auto-catalytic
effect is not observed in the initial reaction stage and
hence the initial gross reaction rates are slower than in
the bulk. After 48 h, the remaining reaction rates are
small but significantly higher than in the bulk. The most
striking difference appears for the final values of
Ug},( t...) in the real samples. It reaches only 38% and
36% in the 200-nm and the 100-nm layers, respec-
tively, instead of the 73% that should be obtained in the

cure

67
te (M)
0 10 0 30 40 50
BD 1 1 1 I 1 e
100 nm "bulk-like'—____
70+ N - E
60 200 nm 'bulk-like' |
9 50+ 200 nm EP on Al .
L T . SUUp E
e
304 4
100 nm EP on Al
204 4
10 -
D T T T T T
0 500 1000 1500 2000 2500 3000
t.. (min)
tuure (h)
0 10 20 30 40 50
i - 1 1 1 1 i
0.1+ .
£
£
-?\3 200 nm EP on Al
0.01 E
T
- 100 nm EP on Al
e &
=]
T
1E-3+ —
100 nm bulklike’” e
T T T T T
0 500 1000 1500 2000 2500 3000
t,. (min)

Fig. 6. Spectroscopic epoxy consumption Ui;,( t o) and correspon-
ding rate dUg;,/dtcure as determined by IR-ERAS for 100 nm (—)
and 200 nm epoxy (---) on Al (for the first 48 h of RT-curing). The
reference curves (marked as ‘bulk-like’) represent Ug;(tcm) and
dU g})/dtcure in case that the reactions would proceed in the thin films
as in the bulk.

case that the chemical reactions would have proceeded
as in the bulk. A lack of amine groups owing to the
formation of imine with MEK is not the reason for the
low oxirane conversion because no imine band is found
in the IR spectra of such thin films (Fig. 9). Hence, the
chemical kinetics of oxirane conversion requires more
time with decreasing epoxy thickness.
Curing-induced changes of the mechanical proper-
ties are depicted by the phonon frequencies f(z,,.) as
measured by BS. These samples were in contact with
air inside the thermostat of the spectrometer at 298 K.
Some of our results indicate that the measuring atmo-
sphere (contents of water and CO,) influences the cur-
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ing to some extent. Therefore, the BS results on curing
should be related only in a qualitative manner with the
IR spectroscopic data given above. Fig. 7 provides the
curves for the bulk and for 200 nm epoxy on Al as an
example. In the bulk, the phonons propagate as plane
waves but in thin films they form guided waves with
complexly shaped wave fronts. Therefore, only the
development of f; with ¢ may be compared.

All functions f(,,.) grow as it is expected for the
ongoing network formation in the bulk and in the film
as well. For the longitudinal bulk phonon, ftL’u'k(tcure)
goes up steeply within the first 6 h. As for the spectro-
scopic epoxy consumption in Fig. 6, the curve pos-
sesses a weak s-shape at this stage. It levels after ca.
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9 h. In the layer, only one broad guided wave phonon at
£ is observed in the initial stage of curing. That phonon
possesses an average longitudinal polarisation. f; rises
strongly for at least 12 h. Then, it does not level but
continues to increase weakly until the end of the mea-
surement (48 h). Hence, progress of chemical reac-
tions is much slower than in the bulk and it does not
cease within two days. The transverse bulk phonon at
f{;ulk belongs to the shear wave. Therefore, the increase
of f';”lk monitors the solidification in the bulk which
almost levels after about 9 h. In the thin film, it takes
about 22 h before three more phonons are observed in
addition to f in the Brillouin spectrum. The strongest
one at f, is shown in Fig. 7. The average polarisation
of the f,-phonon resembles very much a transverse
wave. Therefore, its appearance indicates that there is
a liquid-solid transition in the thin epoxy films but it is
much delayed in comparison to the bulk.

In conclusion, room temperature curing is ham-
pered in thin epoxy films. The BS provides first hints
on network structures with a polymer dynamics that is
different from the bulk.

3.2. Properties of the RT-cured films

As discussed in Section 3.1, the curing reactions have
virtually stopped in the epoxy samples after 72 h. For
the bulk network, it is well established that this stop
results from the vitrification which is caused by the cur-
ing itself. Gravimetric measurements show that small
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Fig. 8. 2-um epoxy film on Au (ERAS, 70°, p-polarisation). The curves marked as ‘bulk-like’ always represent the epoxy consumption in case
that the reactions would proceed in the thin films in the same way as in the bulk. Bands at 1713 cm™" and 1660 cm™" indicate traces of residual

MEK and of imine.
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Fig. 9. 110-nm epoxy film on Al (ERAS, 70°, p-polarisation).

bulk samples (< 10 mg) lose just about 1% of their mass
during RT-curing due to evaporation of DETA [36].
Even with this loss of hardener, an excess of
1.072 mol amine hydrogen on 1 mol oxirane rings
remains. One could suspect for the thin films, however,
that more DETA might evaporate due to the higher
surface-volume-ratio and less amine hydrogen would
be available than in the bulk samples. As a precaution,
the epoxy mixture is pre-cured at room temperature for
1 h prior to the preparation of the films considered now.
During that pre-curing step, about 18% of the oxirane
groups are consumed. Assuming a reactivity ratio of
2.5:1 for primary and secondary amine hydrogen, it is
estimated by a simple Monte-Carlo simulation that ca.
60% of the DETA molecules formed oligomers at this
stage of reaction. The tests with other reactivity ratios
show that the percentage of oligomerised DETA does
not change dramatically —a ratio of 1:1 results in about
80%. Experiments prove that oligomers do not evapo-
rate at moderate temperatures. Additional arguments
against the evaporation hypothesis will be given below
for our samples.

We start with an analysis of the IR-ERA spectra in
order to compare the chemical state of the films
(20 nm < dgp < 2 um) on the three metal substrates. As
mentioned in Sect. 2.1, reference to the bulk is made
by using ‘bulk-like’ ERA spectra that are calculated for
the given experimental conditions with the measured
optical function of the RT-cured epoxy bulk. Apart from
a small excess of residual oxirane, the chemical state
of thick epoxy layers on all metals corresponds very
well to the bulk — see Fig. 8 for example. In particular,

no specific ether band is observed (asymmetric stretch-
ing at ca. 1140 cm™") where the intensity should be
higher if the metal surfaces would have stimulated the
reaction of oxirane with hydroxyl groups (cf. eq. (2)).

Thin films like 110 nm epoxy on Al (Fig. 9), contain
some more residual oxirane groups than the bulk.
Hence, the curing reached a lower level. Again, no ether
band is observed at 1140 cm™'. This indicates that the
oxirane-hydroxyl reaction does not take place during
RT-curing. Instead, in the region between 1150 and
1060 cm™" where lattice vibrations of the tertiary amines
are involved, the spectral intensity is somewhat lower
for the 110-nm sample than for the corresponding ‘bulk-
like’ spectrum. In accordance with the reduced oxirane
consumption in the real thin film, this is explained by a
lower content of tertiary amine groups that have weak
bands in this frequency range.

Fig. 10 summarises the data for the IR-spectroscopic
degree of oxirane consumption in the epoxy films on
the three metals after 72 h cure at room temperature.

Although the residual oxirane content in the bulk is
constant after the RT-curing from the chemical point of
view, the three ‘bulk-like’ curves for the spectroscopic
final consumption U;RT_CL“ .rpdepend ond . in Fig. 10.
This illustrates how the interference pattern modifies
the IR-ERA spectra of thin films.

In the real layers on the three metal substrates, the
UE}_CW sgp-data fall more and more behind the ex-
pected bulk value with decreasing d . This behaviour
proves once more that a MEK-amine condensation (cf.
reaction in eq. (8)) does not explain the reduced oxirane
consumption in thin spin coating films. The content of
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Au after RT-curing.

residual imine tends to grow with dp, and hence

U LRT_CW 1gp Should go down for the thicker layers but it
approaches the oxirane consumption in the solvent-
free bulk. In the second place, the curves for
Upreueaep(dpp) seem to support the DETA evapora-
tion hypothesis: The thinner the film the stronger the
effects caused by evaporation of DETA. Hence, the
oxirane consumption would go down with d, as well.
Things are not that simple, however. In the thin films
made from pre-cured epoxy, the level of oxirane con-
sumption after RT-curing is higher (e.g., URT_Lure JEP
(100 nm) =59% and URT_curedEP( 200nm) =61%
on Al, see Fig. 10) than in the thin films prepared from
the freshly mixed epoxy (36% and 38%, respectively,
cf. Sect. 3.1, Fig. 6). Hence, some material may have
evaporated during the measurement of reaction kinet-
ics in films made of freshly prepared epoxy. Moreover,
we have strong evidence that water vapour and CO, in
environmental air have an essential impact on the evapo-
ration mechanism of DETA and therefore on the final
degree of cure. But for the epoxy films made of pre-
cured material, the following experiment proved that
evaporation is negligible in dry atmosphere. Such a film
(dgp = 100 um) was prepared by the Doctor’s blade
technique in argon atmosphere on a Cu substrate.
Another Cu substrate was placed 1.5 mm above this
sample forming a sealed compartment. The tempera-
ture was kept constant at 25 °C for the curing sample
while the upper Cu substrate was cooled by a Peltier
element. After about 2 h of curing, the upper Cu sub-
strate is transferred into the IR spectrometer without
contact to ambient air and an ERA spectrum is taken.
Within the limits of spectroscopic sensitivity, no adsorp-
tion products were detected on the Cu mirror. Since
DETA undergoes chemisorption on copper (see below)
this result proves that amine does not evaporate signifi-
cantly out of films made of pre-cured material under
the given conditions.

Additionally, it can be seen in Fig 10 from the

data for the thinnest films that the URT cured p d€pENd
on the kind of metal surface. URT_Cure 4gp(= 20 nm)

reaches only ca. 55% on Au and Al while it is about
58% at the Cu substrate. With increasing thickness,
U ;RT cured pp{ dpp) Tises stronger on Au than on Al On
Cu, the situation differs in another aspect: Us RT—cured EP
is no longer a monotonous function but has a minimum

in the 100-nm layers. Near to the copper oxide, the
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oxirane consumption rises again. Such a minimum can-
not be explained by DETA evaporation but it can result
from a catalytic effect of the copper substrate on net-
work formation.

Summing up, the observed U?T_me Jpp-data are in-
fluenced by the metal substrates that impede the curing
reactions. It is surprising that this reduced oxirane con-
sumption does not confine to the vicinity of the sub-
strate but it extends some micrometers into the epoxy.
That can hardly be explained by DETA adhesion to the
metal surfaces because the surface area would not
accommodate so many molecules, even for a closely
packed monolayer. On the other hand, each phase
boundary modifies the thermodynamic potential and
this could provoke special processes of structure for-
mation of an interphase on the local scale. We presume
that the components of the epoxy system undergo seg-
regation or even some kind of phase separation while
the thin films are in the liquid state. These processes
are stimulated by the metal substrates, probably in con-
junction with a latent incompatibility of the compo-
nents in the reacting system. We showed in previous
studies [37,38] that the DGEBA-DETA system can
develop inhomogeneities in the bulk.

Otherwise, shape and structure of the thin film spec-
tra on Au or on Al are similar to the ‘bulk-like’ spectra
(Fig. 9). The three little peaks on the broad OH stretch-
ing band in the ‘bulk-like’ spectra represent NH stretch-
ing modes. Their intensity is overrated by the spectra
simulation. It should be noted, however, that Roche et
al. [39] report on Al complexes formed by amine com-
pounds in the epoxy on native Al substrates. On Cu
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(Fig. 11), massive deviations from the bulk arise in the
OH and NH stretching region (3600-3100 cm™"). The
bands possess quite a different shape and position. For
the phenylene ring stretching doublet (1610 and
1580 cm™), the intensity increased considerably but
the phenylene band at 1510 cm™ does not change.
Additionally, a new band appears at about 1390 cm™".

Hence, the chemical state in the epoxy must have
been considerably modified by the copper surface dur-
ing the RT-curing. Fig. 12 gives evidence that DETA
forms a complex with the Cu substrate.

As a consequence of this interaction, amine band
intensities altered considerably, in particular within the
spectral regions of 3000 — 3400 cm™' (NH stretching
vibrations) and 1600 cm™' (NH, deformation). As
shown in Fig. 11, these specific spectral features are
also present in ultra-thin epoxy films on Cu. Recently,
Cu** jons have been detected by XPS and TOF-SIMS
in such films and in real adhesive joints epoxy-copper
[35]. Hence, a Cu-DETA complexation takes place in
the epoxy interphase on copper. DETA literally dis-
solves the copper hydroxide on the Cu substrate. This
process explains why the OH stretching intensity
(3600-3200 cm™") is significantly reduced (Fig. 11). It
is important to note that these effects are observed on
copper only. In our case, their intensity is moderate
because the uncoated Cu substrates were stored in dry
air (cf. also the band shape at 1600 cm™" in Fig. 19).
They increase considerably on Cu substrates that were
stored under environmental conditions (i.e. humid air).

As discussed above, the incomplete chemical con-
version of oxirane groups could be related to some het-
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erogeneity in the epoxy films. The lateral variation of
mechanical film properties is obtained by a sequence
of locally measured Brillouin spectra. Resolution is
determined by the diameter of the laser beam
(ca. 10 um). As an example, Fig. 13 depicts a selection
of results for the longitudinal phonon in thick films that
are beyond the guided wave limit. The propagation of
these plane sound waves does not depend on d,, but it
is only a function of the elastic properties of the epoxy
network. Hence the local frequency values depict the
variations of the elastic stiffness and density.

The high-frequency elastic stiffness coefficient ¢,
on the right ordinate in Fig. 13 is calculated by

¢y = Prp vi = Aép Pep fi with A, = const (10)
with the macroscopic bulk density pg, =1.17 g cm™.
This is an appropriate estimate of pr, for the following
reasons. During room temperature cure, p, increases
by 3.9% in total but the first 3.5% appear in the liquid
state in the early stages of reaction. Hence, the change
of pyp s estimated to be about 0.4% in the solid state.
In Fig. 13, the phonon frequencies vary locally by
ca. +30... = 150 MHz (of,/f, = 0.3--1.5 %, corres-
pondingly). That is well beyond the experimental
scatter of Af,/f; ==0.01% for the single Brillouin
measurement. If anharmonicity [32] is disregarded as
an effect of higher order then the rules of error
propagation can be applied to eq. (10):

ocy, _ Opgp 9 %

n PEp fu

With the measured variations of dp,/p., = 0.4%
and of /f, = 0.3--1.5 %, the influence of f; domi-

nates the local variation of c,, in general. Hence, the
measured frequency variations are mainly caused by
the local elastic properties of the epoxy films that vary
on the sub-mm scale. This result supports the view that
the epoxy films are inhomogeneous.

Table 1 summarises the average values c_11 for each
layer along the lateral traces given in Fig. 13.

For the 3.2 um-layers, the c_”—data correspond to the
mean bulk value (¢]\") = 9.1 = 0.3 GPa. We note that
the relatively big experimental error of ( c}ﬁ'lk> is due to
the averaging over an ensemble of bulk samples that
were prepared at differing room temperatures within a
period of more than one year. The error of c_ll is sig-
nificantly smaller because it refers to lateral variations

of ¢,, on a given sample. Therefore, it is significant

that ¢, tends to increase with decreasing epoxy thick-
ness in the considered d,-range for each metal. This
seems to be surprising in view of the inverse trend found
for the oxirane consumption. However, the mechanical
properties of polymer films are influenced by the inter-
faces to the substrate and to the atmosphere. Both effects
are not present in the bulk. The epoxy adheres to the
rigid metal substrate which causes a stiffening effect
on the polymer in a relevant gradient layer. The free
surface could have the opposite effect. In these Bril-
louin measurements, the scattering volume extends over
Table 1

Lateral average data c_“ (GPa) as derived from the frequencies of the
longitudinal mode in RT-cured epoxy films on Au, Al and Cu

dgp 0.65+0.05pm 1.8+02um 3.2+0.2 um
c_ll on Au 9.45 +0.07 9.31 £0.06 9.15+0.14
a on Al 9.20+0.12 9.11 £0.05 9.02 +0.04
c_“on Cu not measured  9.31 +0.09 8.94 + 0.06
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Fig. 13. Lateral variation of the longitudinal sound mode frequency
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Al and Cu after RT-cure. (a) dp = 0.65 pm, (b) 1.8 pum, (c) 3.2 um.

<C‘])le> is the mean value for bulk samples.

the whole thickness of the films. Hence, the decreasing
function c_“( dygp) indicates that the adhesive inter-
phase causes on average a dominant stiffening even for
the 0.65-um films.

10.4

10.2

f, (GHz)

781 E

f, (GHz)

76} .
56F T T T T T T .

54} .

f, (GHz)

33.8 340 342 344 346 348 350

Lateral position (mm)
Fig. 14. Lateral variation of the guided sound mode frequencies f; in

a 200 nm epoxy film on Al after RT-cure.

Fig. 14 provides the lateral frequency variations for
three guided sound waves observed in a RT-cured
200-nm epoxy film on Al. Hence, c,, cannot be easily
determined. All phonons show a simultaneous pattern
of frequency variation. The f, vary locally
by + 150 MHz at maximum (Jf,/f, = 1.5, 1.9, 2.8%)
around their mean values. This is in the same range as
for the plane waves in the thick films. Therefore, the
slight local variations of d, (as observed by SFM) do
not dominate the f-variations. The thin epoxy film
possesses a significant lateral inhomogeneity in terms
of high-frequency elastic properties on the sub-mm
scale.

The Brillouin frequencies f; reveal a remarkable de-
pendence of the glass transition temperature on dp;, for
the RT-cured films. For these measurements, the posi-
tion of the scattering volume is chosen randomly. The
laser beam is defocussed to 50-um diameter. The speci-
men is cooled down to low temperature (e.g., 110 K).
Then, after stepwise heating, the spectra are recorded
isothermally at subsequent temperatures. The f; are de-
picted as a function of temperature — see Fig. 15 for an
example.

Coming from low temperature, the curves f,(T)
show a simultaneous kink that marks the static glass
transition temperature 73" in the polymer film [32].
Above 300 K, all frequencies start growing. That cor-
responds to a rising mechanical modulus due to the
re-activated curing reactions. This curing finished at
about 325 K. The temperature range is so small because
of the long acquisition time at each isothermal step.
The upward curvature in f,( 7') between 360-420 K in-
dicates the termination of the structural glass relax-
ation process.
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Fig. 15. Phonon frequencies f, and f, for the guided sound waves as

a function of temperature in a 200-nm epoxy film on Al after

RT-curing. 74" is marked by the dashed line.

Table 2 summarises the static glass transition tem-
peratures 7;;"" on Au, Al and Cu as measured at ran-
domly chosen spots on the samples.

On all metals, the data reveal a pronounced decline
of TS with d, although the positions for the scatter-
ing volume were not allocated to a particular feature in
the laterally varying stiffness. Most samples even do
not vitrify during RT-curing. These epoxy layers remain
in the viscoelastic state at room temperature although
the chemical reactions have almost stopped. This result
is in contrast to the bulk where the curing rate slows
down by many orders of magnitude due to vitrifica-
tion. Therefore, a new mechanism must prevent the
reaction partners from reacting in the epoxy films at
some stage of RT-curing. A homogeneous chemical
immobilisation of amine or epoxy groups can be
excluded because the T-depression is also present on
the inert gold substrates. However, the partial demix-
ing effect discussed above can provide an alternative
explanation. Demixing would lead to a heterogeneous
structure that separates the reaction partners. They have
to diffuse through the phase boundaries before they
react. The flux of diffusing molecules is directly related

Table 2

Static glass temperature T(;mic in RT-cured epoxy films on Al and
Cu. For comparison, the bulk 7 is given according to a
temperature-modulated DSC measurement

dyp Tgaﬁcon Au ng “on Al Témicon Cu T inbulk
235+ 16 nm 265K 243 K 274 K 326 K
14+02pm 292K 262 K 286 K

5.7+0.2um* 301 K 275K 286 K

#Epoxy not pre-polymerised for reasons of viscosity.

to the area of the phase boundaries. In the bulk, the
reactant molecules diffuse from one phase through the
whole area of the phase boundary, that can by approxi-
mated as a sphere with the surface n D’, into the sur-
rounding phases. In the epoxy bulk, the diffusion is
effective during RT-curing until 7, reached 326 K.
Now, the heterogeneities deduced from the laterally
resolved Brillouin data possess lateral dimensions on
the sub-mm scale. We presume that this scale corre-
sponds to the characteristic size D of the supposed
phases. As a consequence, the area of the phase bound-
ary is cut by the interfaces air—film and film—substrate
if dg, becomes smaller than the phase size D. This is
the case for the epoxy films. The remaining diffusive
flux is restricted to the curved surface 7 D d, of the
remaining spherical layer. The effective rate of chemi-
cal reactions is small, therefore, and Tgmc is lower for
the thinner films just after the RT-curing.

Fig. 16 provides the results of u-BS measurements
for the depth profile in 1 mm epoxy layers on Al, Cu
and Au after RT-cure. On the upper side of the layer, a
thin glass plate completes the adhesive joint thus pre-
venting evaporation of DETA. As above, the bulk den-
sity pgp = 1.17 g cm™ is used for an estimation of [

Inside the three epoxy layers, the plateau values
c‘l’:]ateau are almost the same (c?"“"(Au) =9.84 GPa,
P AL =9.75 GPa, ""(Cu)=9.66 GPa). The
values appear to be slightly higher than the mean bulk
value (c';llﬂk =(9.1 £0.3) GPa, but this could simply
result from variations of room temperature during
preparation. Furthermore, the statistical ensemble might
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Fig. 16. Elastic stiffness coefficient c,, as a function of the normal
position z;, of the scattering volume inside a RT-cured epoxy layer
between Au, Al or Cu on one side and a glass slide on the other side
(at zgp = 0 mm).

c,, (GPa)
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have been not big enough for the determination of a
true (1)

At the metal side, specific maxima in ¢, indicate a
surprisingly broad interphase with mechanical proper-
ties modified due to the presence of the metal sub-
strate. In the interphases on the native oxides of Al and
Cu, the maximum in ¢, reaches about 107% of the
corresponding ¢, At these two metal interfaces we
have ¢,, = 1.05-c"““". The interphase appears to be
slightly narrower on Al (ca. 230 um, measured at the
foot of the ¢, ,-peak) than on Cu (ca. 300 pm). On Au,
the interphase extends only to some 190 um into the
epoxy and the stiffness maximum (at z, = 930 um) is
closer to the interface than on Al or Cu (at ca. 880 pum).
Another interphase with a drop in ¢, is found at the
glass side of the samples. Actually, it would be expected
to be the same in all specimens but this is not the case.
We suppose that appearance and profile of this inter-
phase are also sensitive to the state of the glass surface
which was not controlled explicitly in these experi-
ments.

The data points that are closest to the metal sur-
faces, represent the elastic properties averaged over a
Azg,-region of 5-um. Tentatively, they can be com-
pared with the data given in Table 1 for the films with
dgp = 3.2 um. In the 1-mm adhesive joints, the ¢, ,-data
at the metals are by ca. 0.8—1.3 GPa higher than in the
3.2-um films. This is an indication that the thin films
might be not representative for the mechanical proper-
ties of the interphase in the thick adhesive joints.

It is not straightforward to understand why c,, goes
through a maximum far from the metal and why the
interphases are so broad. The maximum implies that
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the polymer structure formed under the influence of at
least two competing processes. They can not relate
directly to the mechanisms of fundamental adhesion
because of the broadness of the interphase. However,
an increase of stiffness ¢;; would be caused by an in-
creased epoxy consumption which would result in a
denser network. As the consequence, the observed
maximum in c,, corresponds to a maximum network
density. This picture fits qualitatively to the view that
segregation or even phase separation are triggered by
the metal surfaces. It seems that the lateral heterogene-
ity, observed on the thin epoxy films, now extends con-
siderably into the epoxy in the adhesive joint. A plau-
sible explanation for the maximum itself will be given
in the next section.

3.3. Properties of the post-cured films

Post-curing (120 °C, 1 h) increases the oxirane con-
sumption to 100% in bulk, but it remains incomplete in
the epoxy layers on the metals. The ERA spectra do
not show the formation of any ether species. Hence the
reaction between oxirane rings and hydroxyl groups (cf.
eq. (2)) did not take place. This conclusion is further
supported by the spectroscopic changes in the OH/NH
stretching region - see the spectra in Fig. 17 for the
50 nm films.

As expected for the oxirane—amine reaction, post-
curing results in a rise of intensity for the OH band on
each metal. For the epoxy layer on Cu, we note in pass-
ing that the post-curing process ‘corrected’ the ‘de-
formed’ shape of the OH / NH band. Therefore, the
particular Cu-induced chemical reactions in the epoxy
at room temperature must have been reversed during
post-curing.

frocia T T T

1.00 g,

______

0.99

Reflectance

OH and NH
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0.98 + E
Post-cured samples
0.97 E

— Ay, ----- Al —--= Cu

3600 3400 3200 3000 2800
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Fig. 17. Changes for the hydroxyl / amine bands caused by the post-curing of 50-nm epoxy on Au, Al, Cu. (ERAS, 70°, p-polarisation).



76 W. Possart et al. / C. R. Chimie 9 (2006) 60-79

Fig. 18 summarises the U;Rostcured ep(d

Al, Cu and Au.

The thick layers approach the full oxirane consump-
tion as it is characteristic for the bulk (note that the
accuracy of Ug;slcuredEP(d gp) is not that good around
100% because the IR band intensities go to zero). Even
in the thinnest films, the oxirane consumption increases
to more than 75%. These high values are another point
against the assumption that a considerable amount of
DETA could have evaporated out of the epoxy films.
For a final answer, post-cured films on Au have been
stored in argon at 40 °C for 100 d [40]. The residual
oxirane groups reacted fully in the thin epoxy films
within about 50 days. Again, no new band developed
in the ether region. Keeping in mind that the oxirane
ring does not react with the Au surface, we conclude
from these findings that the oxirane groups reacted only
with amine hydrogen in the epoxy films under the given

ep)-data for
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Fig. 18. Oxirane consumption on Al, Cu, Au as a function of d,
after post-curing in argon atmosphere (ERAS, 70° p-polarisation).
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conditions. As a consequence, the necessary amount of
DETA must have been available in the thin layers.

Generally, the residual oxirane contents increase with
decreasing epoxy thickness in the post-cured samples
(Fig. 18). The absolute values of U;Roswured ep(dygp) scat-
ter somewhat from sample to sample. It is obvious that
the metals influence the post-curing specifically. In the
range of 100-600 nm, most oxirane is consumed on
Cu, followed by Al and Au.

In addition to the specific oxirane consumption, new
IR bands are observed at ca. 1660 cm™" and 1738 cm™
in the post-cured epoxy layers on all three metals.
Fig. 19 compares the situation prior and after post-
curing for 50 nm films as an example.

On Al and Au, the band at 1738 cm™' is very
weak in the RT-cured films. It grows slightly as a
result of post-curing, mainly for the thinner films.
For Cu, the situation is different again. The well sepa-
rated band at 1738 cm™" is already present after RT-
curing and the intensity increases significantly due to

post-curing. Fig. 20 summarises Ipv. . p(dpp) and

;Rosl_wred ep(dygp) for the band at 1738 cm™.

The band at 1660 cm™" is well developed in the
RT-cured films on Cu while it is hardly observed on Al
and Au (Fig. 19). Post-curing results in some rise of
band intensity in the epoxy on Al as well as on Au and
even more pronounced on Cu. Band intensity is largest
for the thinnest films, which do not contain any residual
MEK after room temperature curing. All these features
show that now the band at 1660 cm™" does not depict
the imine that would result from the condensation reac-
tion of MEK and DETA according to eq. (8). It is con-
cluded from these metal-specific differences that the
bands at 1660 cm™" and 1738 cm™" indicate two differ-
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Fig. 19. IR bands at ca. 1660 cm™" and 1738 cm™" in 50-nm epoxy on Al, Cu and Au prior and after post-curing (ERAS, 70°, p-polarisation).
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Fig. 20. IR intensity at 1738 cm™" as a function of dpp in epoxy films on Al, Cu and Au prior and after post-curing (ERAS, 70°, p-polarisation).

ent functional groups or chemical products because the
band intensities do not develop simultaneously.

These data confirm the specific influence of the met-
als on the curing chemistry. Its long range over some
hundred nanometres supports again the view that some
kind of segregation or phase separation must be present
also in the post-cured epoxy films. That results in inter-
phases with specific chemical structures.

Fig. 21 provides the pu-BS results for 1-mm epoxy
on Cu after post-curing as an example for the effect of
post-curing on the mechanical properties in the adhe-
sive joints.

Generally, the post-curing produces the expected
increase in network stiffness. It is most interesting, how-
ever, that the ¢, -profile changed completely. The pla-
teau level of ¢, inside the epoxy increased to the value
for the original maximum at the Cu side. Post-curing

11.24 —e— post-cured (120 °C, 1 h)
11.04 —o— RT-cured (23 °C, 48 h)

10.84
10.64
10.44
10.2| 4
10.0

9.8

9.6

c,, (GPa)

0.0 0.2 0.4 0.6 0.8 1.0
z_, (mm)
Fig. 21. ¢, (zp) inside 1 mm epoxy between a glass slide and the
native surface of a Cu PVD layer on a Si wafer. RT-curing at 23 °C
and additional post-curing at 120 °C for 1 h.

replaced this old maximum by a new one. It is very
small and it is located almost on the metal interface. At
the glass side, the minimum converted into a maxi-
mum but we will not consider that further.

Post-curing at 120 °C means at first that the epoxy
network reaches the viscoelastic state where the inter-
nal stresses relax quickly. Such stresses developed at
room temperature as the result of adhesive bonding
between epoxy and metal surface on one hand and
shrinkage due to polymerisation on the other hand. That
introduces lateral shear stress which tends to reduce ¢,
[32]. At least in part, this stress would explain the
decrease of ¢, between the maximum and the metal
interface. Secondly, the chemical reactions continue at
120 °C and increase the network density but without
substantial shrinkage. It is known for the bulk that this
post-curing results in full epoxy consumption and in a
network structure which is not per se homogeneous.
For the adhesive joint, the high plateau value
(cll’lﬁt;t;l_cmd(Cu) = 10.6 GPa) represents the stiffness
for the post-cured bulk. It is equal to the former maxi-
mum found in the RT-cured joint. This coincidence sug-
gests that this former maximum should reflect a region
with fully cured network. The clear c -decrease,
found for the RT-cured samples between their
¢,,-maximum and the metal, almost vanished during
the post-curing. This should be caused by the stress
relaxation mentioned above. In the post-cured epoxy,
the little new maximum near to the metal could indi-
cate that there is a new interphase (< 100 pm broad)
with increased effective stiffness due to the internal
stresses that arise during cooling from 120 °C to room
temperature.
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4. Conclusions

The formation of interphases has been studied in thin
films (20 nm < d, < 5 um) and in thick adhesive joints
(dgp =1 mm) prepared with an amine-cured epoxy
system on smooth native surfaces of aluminium, cop-
per and gold. The chemical state of the thin epoxy films
has been monitored by IR spectroscopic techniques. It
turns out that the curing reactions at room temperature
slow down in a metal-specific manner and almost fin-
ish within 72 h. As shown by Brillouin spectroscopy
(BS), the solidification is considerably delayed in thin
films as compared with the bulk. Films should be pre-
pared from a pre-polymerised mixture because a
remarkable part of the DETA would evaporate, other-
wise.

Even with the pre-polymerised material, the final
epoxy consumption is much lower in the films than in
the bulk. The effects extend over several hundred
nanometres of film thickness. We consider that region
as a ‘chemical interphase’ which is much beyond the
interaction range of any mechanism of fundamental
adhesion. In the RT-cured films, the static glass transi-
tion temperatures 7, (determined by BS) are well
below room temperature and they decrease with d, to
the level of 250 K for 200 nm films. Despite these sur-
prisingly low Tétaﬁc—values, the curing reactions remain
incomplete to a significant extent. This behaviour is in
contrast to the inhibition mechanism for the curing pro-
cess in the bulk where vitrification plays the dominant
role and leads to a T; = 326 K. Moreover, laterally re-
solved BS reveals a mechanical heterogeneity in the
sub-mm range. Post-curing induces additional chemi-
cal changes that are specific for the metal substrate. In
contrast to the bulk, the oxirane consumption is still
less than 100%.

From these results we conclude that the epoxy net-
work does not possess a homogeneous morphology in
the thin films. Adhesion and thermodynamic processes
like segregation of components at the metal interface
or at the air interface, trigger the formation of hetero-
geneities in the liquid stage. As a result, a specific layer,
containing such heterogeneities, is formed at the metal
interface. We call this layer the ‘morphological inter-
phase’. It extends over the unexpected long range of at
least some hundred micrometers. The heterogeneities
are not a simple gradient layer perpendicular to the sub-
strate but they form a 3-dimensional structure. Inside

the heterogeneities, the chemical reactions are sup-
posed to proceed at different rates during curing due to
the differences in composition. This provides the
observed 3-dimensional ‘morphological interphases’.

For the thick adhesive joints, information on the local
chemical state is not available for experimental rea-
sons. However, the newly developed Brillouin micros-
copy provided data for the local mechanical properties
(stiffness coefficient ¢,, measured at GHz frequen-
cies) with a spatial resolution of 10 um inside the adhe-
sive joints. On the metal side in RT-cured joints, ¢,
forms broad peaks of more than 100 um width. Obvi-
ously, this dimension does not fit to any range common
for adhesion forces. The ¢ ,-maximum is located at ca.
70-120 pm distance from the metal interface. It could
correspond to a fully cured region. The c,,-peak im-
plies that the polymer structure forms in this ‘mechani-
cal interphase’ at room temperature under the influ-
ence of at least two competing processes like degree of
curing and macromolecular packing at one hand and
internal stresses due to polymerisation on the other
hand. The picture fits qualitatively to the view that seg-
regation or even phase separation are triggered by the
metal surfaces. Quantitatively, the adhesive joints turn
out to develop other mechanical properties than the thin
epoxy films. It seems that the lateral heterogeneity,
observed for the thin films, now extends in some way
into the epoxy in the adhesive joint. In the post-cured
adhesive joints, the ¢, -peak has changed position,
shape and height. This should reflect the stress relax-
ation in the viscoelastic state as well as additional
chemical conversion and the development of new inter-
nal stresses during cooling to room temperature after
post curing.

All results show that pronounced interphases of com-
plex morphological and chemical structure develop dur-
ing the formation of the polymer network. The term
‘interphase’ does not possess a general meaning, how-
ever. It has to be defined not only for the given kind of
specimen but, more important, also in the context of
the considered property like stiffness, network density,
distribution of functional groups etc. A complex
3-dimensional morphology must be assumed for the
interphase and the interphase properties become field
variables. Apart from the adhesion mechanisms, the
interphases turn out to be a second key element for an
understanding of the performance of polymer compos-
ites and adhesive joints. Further research is needed in
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order to reveal the morphology, including its character-
istic scales, and to characterise the physical and chemi-
cal properties of the interphase as a dynamic region
between solid substrate and polymer.
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