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Abstract

An original laser-interferometric creep rate spectroscopy method was used for studying the molecular mobility in the glassy state of a
series of ‘model’ epoxy-amine networks varying in cross-link density and rigidity. The experiments were carried out over the temperature
range 115-300 K, which covers the regions where the secondary relaxations are expected to occur. The creep rate spectra (CRS) obtained &
low compressive stresses exhibited systematically multiple creep feks, irrespective of the applied stress and the experimental time in
the ranges under consideration, namely 20—40 MPa and 10-40 s, respectively. Data analysis was based on the inspection of the major peak
of the CRS without entering much into the details of the fine structure. The peaks assigneg teldration were shown to depend on the
changes in network cross-link density and to the addition of antiplasticizing molecules in the same way as reported earlier from dynamic
mechanical analysis (DMA) antiC nuclear magnetic resonance (NMR) studies. In the case of the resins cured with aromatic amines, for
which noy relaxation is evidenced by DMA, creep rate spectroscopy allowed the detection of an additional relaxation, s’ catled
temperatures well below the process. It was tentatively assigned to DMA-inactive motions of the aromatic amine residues, i.e. to the
phenyl ring flips of the diphenylmethane uni®.1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction One of the typical features of these epoxy networks is the
occurrence of strong suly; relaxations. On the dynamic
During the past decades, the epoxy resins have been thenechanical traces, the second@process shows up over
subject of numerous studies. Among them, particular atten-a broad temperature range (typically 120-300 K, respec-
tion [1-8] has been paid to the epoxy-amine networks basedtively in the case of the DGEBA-DDM and DGEBA-
on diglycidylether of bisphenol A (DGEBA) and 4:4 HMDA networks studied at a frequency ef = 1 Hz). It
diaminodiphenylmethane (DDM) or hexamethylenediamine has been shown [2,6] that the extent of this relaxation
(HMDA). The use of these two curing agents led to depends strongly on the architecture of the network: the
networks presenting similar cross-link densities but to lower the cross-link density, the narrower the temperature
substantial differences in chain rigidity and, as a conse- range covered and the weaker the mechanical damping.
guence, in glass transition temperatufg In addition, Antiplasticization of the fully cross-linked networks was
mixtures of these primary diamines with their homologous shown to provoke the same effects on tBerelaxation
primary monoamines or secondary diamines were used topeak as the reduction of the cross-link density [9]. In addi-
allow the cross-link density of the networks to vary without tion, another mechanically active secondary relaxation, so-
significant modifications in their chemical structure. Now, called y, has been observed at lower temperatures in the
such materials whose architecture, kinetics of formation case of networks presenting sufficiently long aliphatic
[3,4], dynamic mechanical properties [1,2,6], and chain sequences [10,11], either in the epoxide moiety or in the
packing characteristics [7] has been extensively discussedamine unit. As an example, the process was detected on
can be regarded as ‘model’ networks. the dynamic mechanical traces relative to the DGEBA
networks of the HMDA series, but not on the traces relative
*Corresponding author. Tel.= 33-1-40-79-46-79; fax:+ 33-1-40-79- to the DGEBA_DD_M Sene,s [2]. .
46-86. The high-resolution solid state nuclear magnetic reso-
E-mail addressJean-Louis.Halary@espci.fr (J.L. Halary) nance (NMR) has proven to be a powerful tool for the
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Table 1

V.A. Bershtein et al. / Polymer 40 (1999) 6687—-6698

Chemical formulae and origin of the chemicals used for the preparation of the epoxy networks

Chemical Formula

Origin

DGEBA

4,4 diaminodiphenyl methane

4-benzyl aniline

H2N—©-CH2—©

HMDA
Hexylamine (HA)

H2N-(CH,)e—NH,
HN—(CH)s—CH,

Antiplasticizer (AP)

C|l'i3
- e
Cta—CHCHp o—@—?@—o CHp GH— Chyp
o CHg o

@—o CHp CHOH CHp o—@— NH CO CHy

Bakelite (Rutapox 162)

Fluka

Our laboratory [22,23]

Aldrich
Merck

Our laboratory (as
described in Ref. [9])

assignment of the suly transitions [5,6,9,12,13]. The
relaxation observed in the DGEBA-HMDA series was
unambiguously related to motions of the central ,GHof
the hexamethylene sequences. The origin ofgheelaxa-
tion was shown to be much more complex for two main
reasons. Firstly, it is likely that two types of units are
involved in the molecular motions which develop over the
temperature range where tBeransition is observed by the
NMR methods, namely the motions of the hydroxypropy-
lether —-CH-CHOH-CH-0O- moieties and the DGEBA
ring flips [6,12,13]. Secondly, the spatial scale of the

The goal of the present study is to take advantage of the
high resolution of the laser-interferometric creep rate spec-
troscopy to support the main features of the Syhbelaxa-
tions of epoxy networks. To this end, selected systems were
chosen in this publication by accounting for the effects of
cross-link density, chain rigidity and antiplasticization.

2. Experimental

2.1. Materials

motions depends on both temperature and network architec-

ture. Localized motions at the scale of an epoxy-amine
repeat unit, were shown to occur at low temperature irre-
spective of the network. However, cooperative modes
implying several repeat units would be responsible for the
additional damping, which is observed on the high tempera-
ture side of the relaxation when the cross-link density is
increased, and which exhibits a certain deviation from
non-cooperative Arrhenius behavior. This interpretation is
consistent with the results relative to the antiplasticized
fully cross-linked networks [9,14]: the antiplasticizer,
however, was shown to impede the mobility of the cross-
link points and therefore to prevent (or reduce) the occur-
rence of cooperative motions.
Regarding the complexity of the suly-8 relaxation in

The characteristics of the chemicals used for the prepara-
tion of the networks are given in Table 1. The grade of
epoxide used in this study (RUTAPOX 0162 from Bakelite)
is of high purity and roughly free from polymerized epoxy
units. Six networks were synthesized, namely: the fully
cross-linked network DGEBA—-DDM; three loosely cross-
linked networks DGEBA—-DDM{BAN (wherex is a figure
representing the percentage of N—H reactive functions
coming from the monoamine); the very loosely cross-linked
and flexible network DGEBA-HMDA/95HA; and the anti-
plasticized fully cross-linked network DGEBA-DDM/
0.62AP (where 0.62 represents the number of antiplasticizer
molecules per hydroxypropylether moiety, calculated on the
basis of a complete epoxide-amine reaction). The composi-

epoxy networks, it was desirable to get further information tions of the initial mixtures are summarized in Table 2. Itis
on these phenomena by using additional experimental tech-worth noticing that the epoxide and amine N—H functions
niques. Among the possible ones, creep rate spectroscopyvere maintained in stoichiometric proportions in all these
has proven for a long time to be a very powerful tool for the mixtures. The chemical structure of the networks under
study of deformation kinetics at high stresses [15—17] and consideration is schematically recalled in Fig. 1.

for the characterization of molecular motions in solids, by ~ The networks were prepared according to the procedures
using small stresses, especially in polymers and multicom- detailed in our earlier publications for the pure [1,2,6]
ponent polymeric systems [15,18-21]. and for the antiplasticized [9,22] samples. The post-cure
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Table 2

Code names, compositions and theoretical cross-link densities of the samples

Code name mol% of diepoxide mol% of diamine mol% of third component £ (mol kg™
DGEBA-DDM 66.7 333 0 2.28
DGEBA-DDM/60BAN 55.6 111 333 0.82
DGEBA—-DDM/80BAN 52.6 5.3 42.1 0.39
DGEBA-DDM/95BAN 50.6 1.3 48.1 0.10
DGEBA-HMDA/95HA 50.6 1.3 48.1 0.10
DGEBA-DDM/0.62AP 36.5 18.2 45.3

atTy + 30 K was performed to yield an epoxy-amine reac- ments under uniaxial compression. It is based on a Michel-
tion as complete as possible. Under these conditions, no sideson interferometer illuminated by a He—Ne laser (1). The
reaction was observed and the number of unreacted func-optical part consists of three opaque mirrors (2—4) and two
tions is rather low [4]. The ‘theoretical’ cross-link densities, semi-transparent (half-silvered) ones (5 and 6). The mirror
&, calculated by assuming complete reactions as a first(2) is rigidly connected with the moving puncheon (11)
approximation [22], are also given in the last entry of following the deformation of the sample (12). The latter is

Table 2. loaded via the figured lever (15) for maintaining a constant
stress whatever be the deformation conditions.
2.2. Creep rate spectroscopy The laser beam is divided at the mirror (6) for two beams.

The first one is reflected from the moving mirror (2) with a
Fig. 2 schematizes the setup used for creep rate measureehange in frequency resulting from the Doppler effect. The

CH3
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Fig. 1. Schematic representation of the different types of networks: (a) fully cross-linked network DGEBA—-DDM,; (b) loosely cross-linked ne&&h«DG
DDM/BAN; (c) loosely cross-linked network DGEBA—HMDA/HA.
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photocells (7) into an electric signal of identical frequency

7 @ WVV\ which is finally measured using standard instruments.
] 8 15 The time-dependent deformation is recorded in the form
4 y of a sequence of beats in an interferogram. Some examples
5 9 of typical interferograms obtained in this way are shown in
Fig. 3. The beat frequency;,, and the number of oscilla-
tions, N, vyield the creep rate: and the deformatiore,
3 | BF _ respectively, from the following relations:
LA O
P S A
2 E e= AV @)
@ 2'0
rrzzzzz7] 7777777777777 7 AT 7.
E and
’
77 A 11 13 /. AN
'] _r-_fﬁ_ &= o1 2
’ 14 °
o == where A = 630 nm is the laser wavelength afhgis the
g 12 A= initial length of the sample.
1

The creep rate spectra (CRS), showing the influence of
temperature on¢ values, were determined by using a
Fig. 2. Scheme of the interferometric setup for creep rate measurementsunique sample over the broad temperature range under
under uniaxial compression: (1) laser; (2—4) opaque mirrors; (5,6) semi- consideration (115-300 K). The cylindrical sample,
transparent mirrors; (7) photocells; (8) recorder; (9) automatic section; 10 mm in height and 3 mm in diameter, was cooled
(10) displacement gauge; (11) mobil.e.puncheon; (12) sample; (13) load; yown to the lowest temperature under study, and then
(14) dampers; (15) figured lever providing a constant stress on the sample.Subjected to a stress of usually 20 MPa and, occasion-

ally, 40 MPa. Such applied stresses are much lower than
second beam is reflected from the opaque mirrors (3) andthe yield stress, but sufficiently high so that the sample can
(4), and interferes at the mirror (5) with the beam of changed deform by about 0.01, and is solicitated in the non-linear
frequency. As a result, low-frequency beats arise in the (inelastic) domain of the stress—strain curve. Under these
resultant light beam. They are then transformed by the conditions, creep which develops was examined during
1 min by recording the relevant interferogram. After this
first series of measurements, the sample was unloaded and

,10s | heated up at a rate of 1 K mih until the next set of
temperature measurements, which was 5—-7 K higher than
117 K the previous one. The sample was then re-loaded to the

same stress and the interferogram was recorded, and so
on. Under the indicated conditions, creep is determined
by the local shear strains, and its rate decreases as the
process proceeds (see the interferograms in Fig. 3). There-
fore, the creep rates are to be estimated at a given time
after the application of load. Depending on the experi-

ments, three values dfwere considered, namely 10, 30

and 40 s.

125 K As a result of the high sensitivity of this technique, it was
possible to determine the values by considering just one
beat of the creep interferogram, i.e. a deformation increment
as small as 300 nm. The accuracy of #theleterminations
may be quoted to be about 1%, for creep rates in the range

L——J 10%-10°s™1.

It is worth noting that the ultra-small changes in creep
deformation which accompany the creep rate spectroscopy
time evolution of creep technique ensure that the isostructural state of the samples is
Fig. 3. Examples of typical creep rate interferograms. (network DGEBA— to be maintained all over the _measuremgnts. This fact was
DDM/60BAN at the temperatures of the beginning, maximum and end of corroborated by the systematic observation of the recovery
the creep rate peak: = 20 MPa;t = 10 s). of the initial creep rate after a back jump in temperature.

122K

X E~1x ~V
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Fig. 4. CRS obtained for the DGEBA—DDM network: (a)tat 10 s andr = 20 MPa (triangles) or 40 MPa (squares). The dotted line correspondsi the
dynamic mechanical spectrum at 1 Hz (data taken from Ref. [23]) (b)-at20 MPa and = 10 s (triangles), 30 s (circles) or 40 s (squares).
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Fig. 5. CRS obtained at = 20 MPa for: (a) the DGEBA—DDM/80BAN network at= 10 s (filled circles) ot = 30 s (open circles) (b) the DGEBA-DDM/
95BAN system at = 10 s (filled circles) ot = 30 s (open circles) (c) the DGEBA-HMDA/95HA systent at 10 s (filled circles) ot = 30 s (open circles).
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Fig. 5. continued
3. Results and discussion the inelastic deformation. As these conclusions hold for the
different networks under study, the results discussed later
3.1. Experimental parameter settings refer systematically to the conditiom = 20 MPa. Let us

now consider the influence gfstarting again with the case

As observed from the earlier studies, [15,18-21], the of DGEBA—-DDM (Fig. 4(b)). As a general rule, thepeak
CRS, especially for complex systems, exhibit multiple intensity drops with increasing because of the slowing
creep rate: peaks, irrespective of what the values of experi- down of the creep process with time for stresses which are
mental parameters (applied stress) antd(time after load- much lower than the yield stress. One should notice,
ing) may be. An open question, however, deals with the however, that this conclusion suffers from a few exceptions
choice of the values of which permit collection of the like forinstance, at 270 K, the creep rate is the lowest for the
most representative CRS’s. Optimization of this set of para- shortest creep time (Fig. 4(b)). As explained in detail in a
meters, indeed, may depend on the mechanical characterisreview article on the CRS technique [15], these peculiar
tics of the samples, i.e. on the architectural characteristics ofeffects have to do with the close neighboring of the
the networks (cross-link density and chain flexibility). In measurement temperature to any transition temperature;
the case of the fully cross-linked network DGEBA—DDM they are associated with an unfortunate non-homogeneous
att = 10 s, the application of bottr = 20 and 40 MPa was  step-like time evolution of the creep deformation. More
examined. As shown in Fig. 4(a), the contour of the creep interestingly, the best spectral resolution is achieved with
rate spectrum is much less brokencat= 20 MPa than at  this system at= 10 s. As can be seen in the CRS'’s, the well
o =40 MPa. In addition, it resembles much more, exceptin defined peaks observed foe= 10 s at temperatures higher
the low temperature range and near 300 K, to the loss modu-than 180 K degenerate at longer times (30 and 40 s) into a
lus profile determined by dynamic mechanical analysis smooth plateau which is fairly distinguishable from a
(DMA) (dotted line in the figure). Therefore, it seems to continuous baseline change. As long as the topological
be convenient to setr at 20 MPa, which is roughly the constraints diminish in the networks, the choice of the opti-
lowest value compatible with measurements of the creep mal value oft becomes less and less critical as the overall
rate with confidence. The undesirable distortions observedshape of the CRS does not change significantly as a function
ato = 40 MPa might be because of the increased effects of of time. These findings are illustrated in Fig. 5(a)—(c), rela-
the mechanical activation of the slp+elaxations and of tive to the rigid but loosely cross-linked network DGEBA—
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Fig. 7. Comparison of the suly responses in the DGEBA-DDM/BAN



V.A. Bershtein et al. / Polymer 40 (1999) 6687-6698 6695

T T T 7T l T 1 T 7T I LI I LI I 1 T 71 8
15 [
B ”n
1
.\
- [}
[}
1
<! ]
oo ==
] 6
1
- 1
L
1
1
= 1 [ ! 2}
) 3
0 L 2
(=] =
) 2
x )
> L
B 4 3
o
c = 3
£ >
] B =
0.5 <
i 2
I [ 111 1 l 11 11 | Il | - l § I S -
0 0
100 150 200 250 300 350
(a) Temperature (K)
200 T T 1 1 T T I T T T T I T T T T
L -. 4
| . .. -1
— .n L4 —
150 °© % .
L e . i
o
- o o o e =
o ° o Y .
© n _
o
= . .
= n o _
tu .
. .
$ 100 [- m
=
-8 - . o'.. a
E L]
1) I . m
(%] .
3 | . ° L8 -
oo
i ° ° 0.. ) .—
50 [ ° 5
- * -
L]
1 l 1 1 1 1 I 1 1 1 1 I 1 1 1 1
0
150 200 250 300
(b) Temperature (K)

Fig. 8. Comparison of the sl responses of the quasi-uncross-linked systems. (a) contours of the GRS 20 MPa and = 10 s (——: DGEBA-DDM/
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Fig. 9. Comparison of the sl responses of the pure DGEBA-DDM

network and of the antiplasticized DGEBA—DDM/0.62AP network. (a)
CRS ato = 20 MPa and = 10 s (open circles: neat network; filled circles:
antiplasticized network) (bE” dynamic mechanical spectra at 1 Hz (data

the other and, eventually, of non-identity in the experimen-
tal conditions of CRS data collection. However, the relative
heights of the majoré peaks in a given spectrum are
preserved and characterize to some extent, the ability of
the different types of motional units to relax in the sTjp-
region.

Moreover, as seen in Fig. 6, the rough envelope of the
creep rate spectrum is quite stable in position along the
temperature axis, irrespective of the sample under consid-
eration. Except in the low temperature range, its smoothed
shape highly resembles that of the loss modulus profile
determined by DMA (dotted line in Fig. 6). This observa-
tion, which has been already mentioned earlier in the case of
the network DGEBA—DDM (Fig. 4(a)), is verified, as a first
approximation, for all the systems under study.

To go into a more quantitative analysis, comparison
between creep rate and dynamic mechanical data should
be made at the same frequency. In our conditions, creep is
determined by the local shear strains and its rate decreases
as long as the interferogram recording proceeds. In the case
of creep rates determined at the titne 10 s after loading,
the experimental correlative frequenaeyrs is given by the
following equation;

VCRS = 12wt (3)

which is equal to 1.6x 1072Hz. This means that the
dynamic mechanical traces athya = 1 Hz should be
shifted towards low temperatures to account for the
difference in frequency. The temperature shift factors
AT = (Tpma — Tcre) Can be evaluated by the well-known
Arrhenius equation, knowing the activation energigs,in
different parts of theB-relaxation peak

Ea

1 1
In VCRs — In DMA = — - . (4)
R TDMA TCRS

The value of the mean shift factor depends on the system
considered a¥, and Tpya are functions of the network
architecture. Roughly speaking, the order of magnitude of
ATis around 20C, as calculated from the data relative to the
maximum of theB-relaxation of DGEBA—DDM at 1 Hz
[2]. Figs. 6—9 show a reasonable agreement between the
positions of the maxima of the CRS contours and of the
DMA traces on the temperature scale. Somewhat larger
discrepancy is observed only for the network DGEBA—
DDM (Fig. 4(a)). As a general ruleAT is comparable to
the error bars on the peak location and therefore cannot be
discussed in more detalils.

3.3. Relation between creep rate spectra and molecular
mobility

The objective of this section is to analyze the CRS in
relation with the chemical structure and molecular mobility
of the network. To this end, the CRS’s will be confronted

taken from Ref. [22]) (open squares: neat network; open circles: antiplas- With the literature available, and especially with the DMA

ticized network).

data. As discussed earlier, we will focus here on the CRS's
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Table 3

Characteristic temperatures of the CRS’grat 20 MPa and = 10 s (The temperatures of the major events are underlined.)

System Temperature (K)

DGEBA-DDM 115 215 230 245 ~ 300
DGEBA-DDM/60BAN 120 185 210

DGEBA-DDM/80BAN 120 145 195

DGEBA-DDM/95BAN 125 215 270 350
DGEBA-HMDA/95HA 130 190 200 230 270 ~ 300 315
DGEBA-DDM/0.62P 130 230 270 ~ 310

relative to the conditionsr = 20 MPa and = 10 s. Even if experiments at the frequency 1 Hz, was reported to occur
our goal is restricted, as justified earlier, to the analysis of at 329 K [6,23] and 359 K [23] for the systems DGEBA—
the maing events, our choice was to illustrate in the article HMDA/95HA and DGEBA-DDM/95BAN, respectively.
with the crude experimental data (Figs. 4—9), which exhibit This conclusion is rather expected and anyway goes beyond
many narrow peaks falling out of the scope of the discus- the scope of the present discussion. At a temperature of
sion. In order to prevent any confusion for the reader, the about 270 K, both materials exhibit a creep rate peak,
characteristic temperatures of thgeaks to be considered which is probably screened by the cooperatB/eanotions
in the rest of the article are summarized in Table 3. at higher cross-link density. Taking into account that this
Firstly, let us compare the CRS'’s of the networks of the peak is present irrespective of the chemical nature of the
series DGEBA—-DDM, which exhibit substantial differences amine hardener, it should result from motions of the
in cross-link density (Table 2). For a simpler perception of DGEBA moieties. In the temperature range of about 160—
the maing peaks, the Fig. 7(a) shows the only contours of 260 K, the CRS’s of both systems DGEBA—-HMDA/95HA
the spectra (without the data points). In the temperature and DGEBA—DDM/95BAN are also sensitive to thg
range from 160 to about 280 K, the CRS’s of the networks relaxation process, which is also observed in the DMA
do not differ considerably by the number and the tempera- traces (Fig. 8(b)). Therefore, all the peaks over the
ture location (with an accuracy of a few degrees) of ¢he range 160-270 K are supposed to be the reflect of both
peaks. The main effect consists of redistribution of the localized motions of the hydroxypropylether units and of
amplitude of the spectral components. Significantly, a ring flips of the bisphenol-A units [2,6,13]. Finally, the
large increase in peak heights is observed for the networkdifferences of the CRS's at very low temperatures is
DGEBA-DDM, with much more distinct manifestation of worth noting. The shape of the spectrum of DGEBA-
the & peaks at— 230 and 245 K. These trends are totallyin HMDA/95HA can be justified by the occurrence of the
accordance with the results of DMA, recalled in Fig. 7(b). relaxation of the amine methylene units [6], which is clearly
Any increase in cross-link density leads to the increase of apparent on the DMA trace also (Fig. 8b). Thé peak
both the amplitude and the temperature range of the damp-around 120 K seems to be lacking in the CRS of
ing peak associated with tigerelaxation. Howevers peaks DGEBA-HMDA/95HA. In addition, it is well known
are systematically observed irrespective of the cross-link from NMR that the hydroxypropylether units [6] and the
density in the low-temperature range (120-150 K). In this DGEBA aromatic rings [6,12] are strictly immobile at this
case, the creep rates seem to be basically higher angl the very low temperature. Therefore, thé relaxation should
peaks more pronounced for the quasi-uncross-linked resultinthe DDM/BAN series from DMA-inactive motions
network. It is worth pointing out that in this temperature of the aromatic amine residues. One may tentatively suggest
range, no marked mechanical losses has been reported ithat the relevant motions would be the phenyl ring flips of
the DMA experiments. Therefore, in this particular situa- the diphenylmethane units.
tion, it would be possible to learn much more on molecular  Finally, let us show that all the aforementioned conclu-
mobility from the CRS’s than from the DMA traces. sions are supported by the comparison of the behavior of the
In order to understand the molecular origin of this addi- dense network DGEBA—-DDM with that of its antiplasti-
tional relaxation, which we propose to designateyyit is cized counterpart DGEBA—-DDM/0.62AP. The CRS’s are
interesting to compare the behavior of the system DGEBA- shown in Fig. 9(a). In the case of the antiplasticized material
DDM/95 BAN with that of the system DGEBA—-HMDA/  the huge increase in creep rate above 340 K is indicative of
95HA. Both systems are quasi-uncross-linked materials the gradual approach of the glass transition (the maximum
(Table 2) which differ by the chemical nature (aromatic or relaxation as determined from DMA experiments at 1 Hz,
aliphatic) of both cross-links and dangling units. At the first was 379 K [22]). In the intermediate temperature range
sight, the inspection of the high-temperature side of Fig. (160—270 K), the drop in creep rate values as compared
8(a) reveals that the relevant CRS’s are very much sensitiveto the pure network is consistent with the DMA data
to the approach of the glass transition phenomenon where(Fig. 9(b)), which were tentatively interpreted [2,6] as
the maximuma relaxation, as determined from DMA the disappearance of the cooperative motions of the
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