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As a model system for a thermoplastic/thermosetting composite material, a
stoichiometric amine-epoxy formulation was cured in the presence of the
thermoplastic poly(vinylpyrrolidone) (PVP). The epoxy system consisted of the
resin diglycidyl ether of bisphenol A (DGEBA) and the aromatic curing agent
4,4'-diaminodiphenylsulfone (DDS). Using nanoindentation, profiles of the sample
Young’s modulus, E,, the hardness, H, as well as the plasticity index, \, were
measured and found to show significant variations. From the hardness profile
three different interphase (IP) zones can be identified. They add up to a total inter-
phase width of ~230 microns. Further information on the nature of the interpha-
sial zones was deduced from temperature-dependent dynamic mechanical thermal
analysis (DMTA) and energy-dispersive analysis of X-rays (EDX). In particular,
the outer edge of zone Z2 is consistent with the width of the amine depletion zone.
Finally, the different IP zones are discussed in terms of the diffusion processes
taking place during the epoxy curing procedure.
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INTRODUCTION

A major contribution to the adhesion between two thermoplastics is
the diffusion of chain elements across their mutual interface. Apart
from enthalpic driving forces, such as acid-base interactions depend-
ing on the particulars of the polymers involved, entropic penalties
arising from restrictions of chain configurations in a steep concen-
tration gradient drive the transfer of chains across the interface [1].
Such mutual interdiffusion or other interfacial interactions result in
the formation of an interphase (IP), i.e., a three-dimensional region
of variations in structure and properties and of major relevance for
the strength of the bond between the two polymer parts [2]. The
annealing conditions are crucial for the extent of diffusion-enhanced
bonding. As pointed out by Schreiber and Ouhlal [3], the high through-
put rates typical for mass production often allow for only short anneal-
ing periods at the favourable temperatures and pressures. As a
consequence, frequently the requirements for effective interdiffusion
are not met under such conditions, and this may lead to the erroneous
perception of diffusion being of minor importance for development of
adhesion strength.

In the case of thermosetting systems, such as amine-cured epoxy,
the formation of an IP is affected by the thermodynamic driving forces
favouring enrichment of a certain component as well as by the kinetics
of the curing reaction. If prepared from a low-viscosity mixture of the
prepolymer and a curing agent, the high mobility of the comparatively
small molecules results in large diffusion lengths. For instance, in their
study of the diffusion of amine and epoxy in polysulfone, Immordino et
al. [4] reported diffusivity values in the range of 10 °-10 "% cm?/s, i.e.,
one to two orders in magnitude larger than for the reptation of high
polymers. In particular, the diffusivity of amine was found to be an
order of magnitude larger than for epoxy [4].

It is worthwhile mentioning that apart from the interdiffusion
across an initially sharp interface between a thermoplastic and a cur-
ing thermosetting system, provided a sufficient molecular mobility,
also demixing of a homogeneous blend can occur and lead to two-phase
morphologies [5-7]. This is the case when a driving force for phase sep-
aration builds up in the course of the curing process. In many cases the
miscibility decreases with increasing crosslink density, and such a
reaction-induced phase separation can be exploited to tailor the mech-
anical properties of the cured system as well as to create complex
morphologies [5-7]. Rheological measurements performed upon curing
were found to reveal the segregation processes through significant
changes in the viscoelastic properties [8,9].
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As a result of the ongoing crosslinking reaction, the average molecu-
lar weight increases, leading to a rise in the viscosity and a decrease in
the molecular mobility. As demonstrated by Palmese and McCullough
[10] as well as by Yang and Pitchumani [11], for thermosetting sys-
tems the final width of the interphasial concentration variations can
be strongly affected by the so-called Damkdohler number, i.e., the ratio
of the curing rate and the diffusion rate. This appears to be one of the
major reasons for the strong variation in epoxy IP widths reported in
the literature, ranging from several hundreds of nanometres to several
tens of microns [12-15].

Furthermore, the final concentration profile is not necessarily
monotonic. For instance, in the case of a preferential adsorption of
the curing agent at the interface with the substrate, the thermodyn-
amic driving forces result in a locally increased amine concentration.
Due to the conservation of mass, however, the additional amine mole-
cules need to be provided from the bulk, i.e., from the amine-epoxy
mixture farther away from the interface. The enrichment of amine
molecules at the interface can lead to an adjacent depletion zone that
needs to be refilled from the bulk [11]. Given sufficient time for the
required mass transport, the refilling occurs to full degree and a mono-
tonic concentration profile will be observed, as measured in the direc-
tion perpendicular to the interface. This is the case for a slow curing
reaction as compared with the diffusion of molecules. In the opposite
case, however, the rapid rise in viscosity slows the diffusion down-
and, in part, the depletion zone will be conserved. As a consequence,
the final concentration profile will be non-monotonic, including a zone
of high amine concentration adjacent to the interface and a zone
depleted in amine, located between the enrichment zone and the bulk
epoxy. Essentially, it can be concluded that the kinetics of the pro-
cesses involved affect both the IP width and the form of the IP concen-
tration profile. In the past, techniques of chemical mapping or
profiling were employed for studying such effects, for instance by
means of infrared spectroscopy [14,16,17] or energy-dispersive analy-
sis of X-rays (EDX) [12,18,19].

Although such concentration profiles may provide valuable insight
into interfacial phenomena, additional knowledge of the local varia-
tions in physical properties such as stiffness or frictional behaviour
can be of particular interest. The aim of the present study was to pro-
vide a detailed characterisation of the variations in the mechanical
properties of an epoxy IP, using a nanoindentation set-up equipped
with a Berkovich tip (indenter). In addition, a comparatively wide IP
was generated, thus avoiding any complications resulting from the
finite size of the indenter. Due to the lateral extent of the stress
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distribution beneath the indenter, an indentation experiment
performed in the vicinity of an interface can be affected by the adjac-
ent phase [20,21]. Such a mechanical bias effect occurs within a zone of
finite width. Care has to be taken not to confuse interphasial property
variations with variations related to the mechanical bias effect. In
particular, this impediment matters if the width of the IP is smaller
than, or comparable with, the width of the zone of the mechanical bias
effect [22].

The results from the nanoindentation measurements are corrobo-
rated by data elucidating the existence and the effect of variations
in the amine-epoxy concentration ratio. Local variations in the amine
concentration were measured using EDX, and the dependence of the
epoxy elastic properties on the amine-epoxy concentration ratio was
studied using dynamic-mechanical thermal analysis (DMTA).

In particular, the system under investigation was a thermoplastic/
thermosetting system consisting of the thermoplastic poly(vinylpyrroli-
done) (PVP) and the epoxy diglycidyl ether of bisphenol A (DGEBA)
cured with diaminodiphenylsulfone (DDS). PVP is an amorphous vinyl
polymer with a pendant lactam ring. The latter contains a carbonyl
group, which renders PVP likely to interact with the amine-epoxy
system via hydrogen bonds [12]. In the vicinity of an interface, this
interaction is likely to act as a driving force for diffusion processes.

In their seminal study of this epoxy/thermoplastic system, Oyama
et al. observed IP concentration variations of the amine curing agent,
indicating partial absorption of the amine by the PVP layer via inter-
diffusion processes. These take place during the curing of the epoxy in
the presence of the thermoplastic [12]. By mixing the standard
DGEBA with brominated DGEBA, in EDX the Br-signal allowed spa-
tial epoxy concentration variations to be tracked. From the combined
analysis of the N-, S-, and Br-signals, concentration profiles for PVP,
DDS, as well as DGEBA were deduced. The width of the concentration
profiles was shown to increase with the temperature of the initial cure
stage (130 and 170°C) as well as with decreasing molecular weight of
PVP. The initial stage of the two-step curing cycle (post-curing at
220°C) was decisive for the interdiffusion processes [12,18]. Further-
more, from their analysis of the concentration profiles of each species
Oyama et al. [12] concluded that the diffusion front of DDS was located
several microns farther into the PVP layer than that of epoxy.

In a wider sense, the system under investigation can be considered
as a model for a thermoplastic part coated with a two-component ther-
moset or for a thermosetting adhesive connecting thermoplastic adher-
ends. Applications of thermoplastics as sizing materials for fibres
embedded in a thermosetting matrix were demonstrated also [23].
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EXPERIMENTAL

Polyvinylpyrrolidone (PVP) films were prepared using powder of PVP
as supplied by Fluka (Buchs, Switzerland). For the chemical structure
of PVP see Fig. 1. The K-90 grade corresponds to a number average
molecular weight M, ~360000 (viscosity average molecular weight
M, = 1100000) [24]. PVP was dissolved in a 1:1 mixture by volume
of distilled water (grade pro analysi, by Merck, Darmstadt, Germany)
and methanol (grade pro analysi, by Riedel-de-Haen, Seelze,
Germany). About 5.5g of PVP were dissolved in 40 mL of the water-
methanol mixture. From this solution, films were cast into Teflon®™
moulds. For the purpose of drying, these films were stored for two
weeks at RT and for another two weeks at 80°C. In order to avoid
stress-induced cracking of the films, the process of drying was slowed
down by keeping the gas exchange to a minimum. The moulds were
stored in covered beakers with only small openings. Differential scan-
ning calorimetry (DSC) measurements of such PVP films delivered a
glass transition temperature, T,, of ~(172 £4)°C, as taken at the
centre of the transition. The heating rate of the DSC measurements
was 10°C/min. From the onset glass transition temperature of
~158°C of the PVP films (as measured using DSC) and from the data
published by Tan and Challa [25], it can be concluded that the water
content of these PVP films was ~ 1.7 wt% before the final drying step
at ~110°C was undertaken. Considering the data given [25], a
decrease in T, of ~9.8°C per wt% of water can be deduced, and the

T
(a) CH,—CH— cu,-o@ c @ o—cH—ci—ch, DGEBA
o | o
CH,
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(b) v s N DDS
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FIGURE 1 Molecular structure formulae of (a) the epoxy resin DGEBA,
(b) the curing agent DDS, and (c) the thermoplastic PVP, respectively.
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extrapolated value of the onset T, for a water content of zero
is ~175°C.

The final thickness of the PVP films was in the range of 50—-150 um,
as measured by means of scanning electron microscopy (SEM) images
as well as by atomic force microscopy (AFM) topography (see Fig. 10a)
images of cross-sections of the sandwich-like samples.

The epoxy resin used (Fig. 1) was of type diglycidyl ether of bisphe-
nol A (DGEBA) with a condensation factor, n, of the higher molecular
weight homolog close to zero, namely DER332 (Dow Chemical, Stade,
Germany). According to n ~0, the average epoxy equivalent weight
(EEW) of DER332 (EEW ~ 174 g/mol) is almost identical to that of che-
mically pure DGEBA (EEW ~170g/mol) [26]. The diamine curing
agent used (Fig. 1) was 4,4’-diamino-diphenylsulphone (DDS; grade
purum, > 97.0% [NT], Sigma-Aldrich, Munich, Germany), the molecu-
lar weight of which is given by the manufacturer as 248.3 g/mol.

The DGEBA as well as the DDS molecule contains two units of the
respective chemical groups responsible for the curing reaction,
namely, the epoxy (oxirane) group and the primary amine group,
respectively (see Fig. 1). These reactive groups are situated at the ends
of the molecules. Since one primary amine group is expected to react
with two epoxy (oxirane) groups, N, = 2mol of DGEBA correspond
to N, = 1mol of DDS. Thus, the amine-epoxy mixing ratio, r, can be
defined as follows [27]:

Ny fa
TSN W

where f, and f, denote the chemical functionalities of the amine and
the epoxy molecules, respectively. The corresponding values for DDS
and DGEBA are f, = 4 and f, = 2. Essentially, two different concen-
tration regimes are discernible, namely, the under-stoichiometric
regime (where epoxy is in excess) and the over-stoichiometric regime
(where amine is in excess). These regimes are given by r < 1 and
r > 1, respectively. The demarcation r = 1 denotes the stoichiometric
case (equimolar ratio). For the purpose of studying the relationship
between stoichiometry and mechanical properties of the cured epoxy,
samples of different concentration ratios were prepared, with r
ranging from 0.6 to 2.0.

The isothermal curing temperature of 170°C was close to the glass
transition temperature, 7T, of the PVP film. For the DGEBA-DDS
system, the final degree of cure achievable at 170°C is ~85% [27],
which is reached after ~120 min. After this period of time, the beaker
containing the epoxy formulation was removed from the oil bath and
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cooled down to RT. It should be noted that the ultimate glass
transition temperature, T, of the fully cured DGEBA-DDS system
is ~218°C [28]. Such a condition was achieved by post-curing
at ~220°C for 1h (after it had been cured for 2h at 170°C). For such
a sample, DSC measurements delivered for T, an onset value
of ~219°C and a peak value of ~225°C. The heating rate of this
measurement was 2°C/min. Thus, in order to circumvent vitrification
and the resulting diffusion-control of the reaction rate, a curing
temperature higher than 170°C is required for achieving T,... How-
ever, no such post-curing step was applied to avoid oxidative effects
taking place in PVP [19].

For purpose of curing of the epoxy system in the presence of the
PVP film a stack of Teflon moulds was developed which fits into a
400 mL glass beaker. The lower half of the glass beaker was immersed
into a temperature-controlled oil bath (type TP-6, Julabo Labortechnik,
Seelbach, Germany). The loaded stack was inserted into the glass bea-
ker after the homogenised mixture of epoxy resin and curing agent
was prepared. While heating and stirring the ingredients, the glass
beaker was capped by a lid, and a gentle flow of nitrogen was applied
to protect the epoxy-amine mixture against oxidation. For stirring, a
glass rod was fed through a sealed opening in the lid of the beaker.
The time-temperature scheme for mixing and curing was as follows.
Firstly, the liquid epoxy resin was added at 50°C, heated up to
110°C within 10 min, and kept at this temperature for 60 min to reduce
the amount of water potentially absorbed in the course of the storage
of the epoxy. Secondly, the appropriate amount of DDS powder was
added at 110°C and the system was heated up to 160°C within
8 min. At this temperature, DDS dissolved very well in DER332 while
the low-viscosity mixture was thoroughly stirred over 7 min. Then, the
stack of Teflon moulds loaded with dried PVP films was inserted.
Before, it was kept at a temperature of ~110°C for 120 min while a
gentle flow of nitrogen was applied. This allowed for a final drying
of the PVP films. For purpose of isothermal curing of the epoxy, the
loaded beaker was kept at a temperature of 170°C for 120 min. After-
wards, the beaker was removed from the oil bath to cool down to RT.
Further details of the preparation procedure as well as of the EDX
measurements are given in Reference [19].

A beam-shaped DMTA sample of dimensions 60 x 10 x 0.6 mm?® was
prepared by polishing an epoxy bar of initial thickness of ~8 mm. The
epoxy bar was fixed by a home-made sample holder with adjustable
chucks. This sample holder was gently pressed against an emery
paper (of grade 4000) on top of the turntable of a polishing machine
(Struers, Copenhagen, Denmark). No flow of water was applied during
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the polishing to protect the sample against the uptake of water. The
emery paper was cleaned at regular time intervals. Care was taken
to keep the thickness variations across the final DMTA beams as
low as possible. Using such beams, DMTA measurements in torsional
pendulum configuration (model ATM-3, Myrenne Instruments,
Roetgen, Germany) were run in the temperature range from —180-
+270°C. For each beam, both a heating and a subsequent cooling scan
were undertaken. The heating and cooling rates were ~ +£1.1 K/min,
respectively. The frequency of the freely oscillating torsional pendu-
lum was ~1Hz.

Cross-sections of the epoxy-PVP-epoxy samples were prepared
using an ultramicrotome (Ultracut UCT, Leica Mikrosysteme GmbH,
Vienna, Austria). The microtoming was performed at RT, using a
diamond knife of type Ultra30 (Diatome, Biel, Switzerland).

The nanoindentation experiments were performed using a commer-
cial indenter setup (model Triboscope, Hysitron, Minneapolis, MN),
combined with a home-built imaging system [29]. The measurements
were made at room temperature, i.e., around 22°C. The indenter was
of the Berkovich type, i.e., a three-sided pyramid with an ideal
projected area-to-depth function given by the square of the depth of
contact [22,30-32]. The opening angle from edge to face is 0 = 65.3°
[31,32]. Due to blunting of the apex of the tip, however, deviations
from the ideal area-to-depth function have to be taken into account.
The particular area-to-depth function of the indenter was determined
by means of a reference sample, which was an epoxy with a Young’s
modulus value of ~3.08 GPa (as resulting from a DMTA measurement
of that reference material). For a given maximum load, the usage of a
reference material of similar mechanical properties ensures a similar
depth of indentation. In general, an extrapolation of tip shape data to
larger depths can lead to uncertainties in the indentation measure-
ments [32]. Such an extrapolation is required when applying the
area-to-depth function derived from measurements on a stiff reference
material to a compliant material.

The maximum load of the force-penetration curves was ~9.7mN,
resulting in a typical penetration depth of ~1.4 pym. The rate of load-
ing and unloading was 2mN/s. For each indentation experiment, a
hold period of 30 s was inserted between the loading and the unloading
step, in order to allow for viscoelastic creep effects to occur before the
unloading step was started. Otherwise, it could happen that a large
amount of creep is superimposed on the elastic displacements recov-
ered during unloading [33].

The indents were arranged along parallel lines oriented perpendicu-
lar to the interfacial borderline between the epoxy and the PVP. Within
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the lines of indentations, the average and the lowest distance between
neighbouring indents were 15.0 and 8.9 um, respectively. The total
extent of the field of indentations was ~810 x 170 um?®. At each inden-
tation point a force-penetration curve, P(h), was recorded and evaluated.

The position of the demarcation line between IP and bulk epoxy was
defined by a deviation of 1% from the bulk value of the epoxy Young’s
modulus (in the following referred to as 1% criterion). A lower value of
the deviation limit seems not to be recommendable, since the determi-
nation of the IP width may be severely affected by the rate of conver-
gence of the profile to the bulk value.

The calculation of smoothed interpolation splines (Figs. 3, 4, 5, 6b,
11, 12, 13b) was done using the Savitzky-Golay method as implemen-
ted in the software TableCurve2D (Systat Software Inc., Richmond,
CA, USA).

The sample preparation, the measurements, as well as major parts
of the data evaluation were performed at the Federal Institute for
Materials Research and Testing (Bundesanstalt fiir Material-
forschung und —Priifung, BAM) in Berlin, Germany.

OFF-STOICHIOMETRY EFFECTS STUDIED BY MEANS OF
DYNAMIC MECHANICAL THERMAL ANALYSIS (DMTA)

The viscoelastic properties of the epoxy are likely to change with the
stoichiometric imbalance between epoxy resin and curing agent. In
particular, knowledge of the relationship E(r) is required in order to
be able to convert the concentration profile into a modulus profile
which then can be compared with the modulus profile measured using
nanoindentation. Although this relationship E(r) is required for the RT
first of all, DMTA was performed in order to develop a deeper insight
into the factors governing the viscoelastic properties of the epoxy.

A concentration series of epoxy samples was investigated employing
DMTA. All the epoxy samples of the series were cured in the same man-
ner (i.e., for 2h at 170°C), but differed in the amine-epoxy concentration
ratio, r. The r values of these samples ranged from 0.6-2.0. The respec-
tive DMTA curves are given in Fig. 2. In each case, the temperature
was scanned from —180—+ 270°C (heating scan, see Figs. 2a and 2b)
and then scanned back (cooling scan, see Figs. 2c and 2d). The curves
of the storage modulus, G, are displayed in the Figs. 2a and 2c and
those of the loss modulus, G”, are displayed in the Figs. 2b and 2d.

Three distinct features can be readily observed from Fig. 2a:

(i) a significant spread in the glass transition temperatures, T,,
ranging from ~ 75-200°C;
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FIGURE 2 Dynamic-mechanical thermal analysis (DMTA) of the series of
reference epoxy samples. The samples differ from each other in their amine-
epoxy concentration ratios, r. The temperature range between —180 and
+270°C was scanned in both directions. The curves resulting from the heating
and the cooling scans are shown in (a), (b) and (c), (d), respectively. Figures (a)
and (c) give the curves of the storage modulus, G, whereas (b) and (d) give the
loss modulus, G”. For the purpose of easier consideration, the number of
curves shown has been restricted by omitting the curves for the concentration
ratios r = 0.70, 0.85, 1.10, 1.25, 1.40, and 1.80. The full set of curves is given in
Ref. [14]. Strong variations in the a-transitions (around 170°C) can be observed
between the samples of different r values. For the curves measured upon heat-
ing, also pronounced variations in the p-transitions (around —70°C) are
observed. As visible from (a), the storage modulus at RT (20°C) is significantly
increased for low values of r. When comparing the G’ curves of three samples
of the nominal amine-epoxy concentration ratio r = 1, the uncertainties in T
and in G’ are ~ 7°C and ~ 70 MPa, respectively. One of these curves is quali-
tatively similar to the curve for the r = 1.1 sample (glass transition at a higher
temperature and a lower G’ value at 20°C), and linear scaling of the shifts in T'
and G’ delivers an error in r of ~ 5%.

(i1) a pronounced variation in the storage modulus measured at RT,
G'(20°C) (as marked by a vertical dashed line at 20°C); and

(iii) a remarkable suppression of the f-transition (the centre of which
is located between ~ —80 and ~ —60°C).
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For each of the observations (i)—(iii), the variations are most
pronounced for the samples with » < 1. Within this regime, reduction
of r results in a decrease in T',, an increase in G'(20°C), and a decrease
in the relaxation strength of the S-transition. In particular, the latter
finding is obvious from the respective G curves (Fig. 2b), where the
maximum value of the G'/', peak is strongly reduced for r < 1.

The changes in the glassy storage modulus, G, with departure from
the stoichiometric ratio » = 1 are summarised in Fig. 3, where G'(20°C)
is plotted versus r. In the regime r <1 a pronounced increase in
G'(20°C) is observed with decreasing values of r. In contrast, for the
regime r > 1 no significant changes in G'(20°C) can be stated.

For the purpose of comparison with the indentation experiments,
the shear modulus was converted into Young’s modulus, E, assuming
isotropic behaviour and a Poisson’s ratio, v, of 0.42 [34]. The Young’s
modulus is given by E = 2(1 + )G [35]. In terms of the Young’s modu-
lus, for the data from heating scans the total change between r = 1.0

6.5 M [ 6.5 N
2.2 - ' L EEN
6.0 - S N
© i~ cooling g
o 2.0 - o y | 5
0} IC) 5.5 1 | I
— et u
~ 181 _ 50 |
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121 357 [
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FIGURE 3 Modulus-concentration relationship, as extracted from Figure 2.
The storage moduli G’ and E’ are plotted as a function of r, both for the heating
(grey) and the cooling (black) scans. The E’ values were calculated from the G’
values assuming isotropic behaviour. The solid lines are splines to the meas-
ured data. In the range r < 1, the modulus values show a pronounced increase.
The dashed lines represent linear approximations for the range r < 1. The
minimum values occur slightly above the equimolar ratio, namely at r ~1.2
(heating) and r ~1.1 (cooling). For illustration of the uncertainties in the lin-
ear approximation for the regime r < 1 [Equations (2a) and (2b)], the inset
shows the range of fits to the heating data; for comparison also the centre
fit to the cooling data is shown.
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and r = 0.6 is ~1.0 GPa. Within the regime r < 1, the relationship
E'(r) can be approximated by linear equations:

Ejing = 6.0+ 1.4) — (26 £14) -7 (2a)

' =(102+5.1)— (6.9+5.0)-r. (2b)

cooling —

The finding of increasing storage modulus with under-stoichiometric
amount of amines may appear counter-intuitive, and it cannot be
exclusively explained in terms of the crosslink density, since the
T (r)-curve reflects a decrease in the crosslink density with increasing
stoichiometric imbalance (see below). However, apart from the cross-
link density the elastic properties are also affected by the network to-
pology and the corresponding packing density of elastically active
bonds. In turn, the latter is presumed to show a strong influence on
molecular dynamics. The corresponding relaxation behaviour is
reflected by the DMTA measurements.

Similar observations were made by other authors studying off-
stoichiometry effects in epoxies cured with aromatic amines. For the
same system DER332/DDS, Meyer et al. [36] reported on a correlation
where the minimum modulus value occurred at r=1. In their
case, the samples can be considered as fully cured since the curing
schedule encompassed a post-curing step of 2h at 220°C. Skourlis
and McCullough found a similar relationship for DGEBA cured with
PACM 20, a cyclo-aliphatic diamine with a molecular weight of 340
[37]. It should be noted that also in these studies the increase in the
excess-epoxy side is more pronounced than on the excess-amine side.
In a similar manner, Drzal et al. observed a minimum epoxy stiffness
around the stoichiometric ratio of a DGEBA-type epoxy resin cured
with meta-phenylenediamine (mPDA) [38].

For the glass transition temperature, T,, and its changes with the
concentration ratio, r, a bell-shaped curve is found, with the maximum
occurring around the concentration ratio r ~1.2 (Fig. 4). According to
Nielsen’s approach [37,39], T, can be described in terms of the average
molecular weight between crosslinks, M:

C
Tz_Tau _E7 (3)

where T, denotes the glass transition temperature of the uncured
system and C is a constant factor. Neglecting side reactions, a
maximum crosslink density, 1/M,, is presumed for fully cured stoi-
chiometric systems, i.e., in the case where all amine groups (primary
as well as secondary ones) and epoxy groups are consumed by mutual
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FIGURE 4 Variation of the glass transition temperature, T, with the concen-
tration ratio, r. The curve is bell-shaped with the maximum around r ~1.2.
The curve for the cooling scan is above the one for the heating scan, thus
reflecting the increased crosslink density as a result of the post-curing taking
place during the measurement. The T, values were deduced from fits to the
respective peak in G”. On average, the error in the readout of the peak position
is less than ~2.6°C.

reactions. However, in cases of a stoichiometric imbalance either
non-reacted epoxy groups (regime r < 1) or non-reacted amine groups
(regime r > 1) remain, thus, resulting in a reduced average crosslink
density. Due to their terminal position, non-reacted epoxy or primary
amine groups represent dangling ends, each one of which comes along
with an additional amount of free volume. Hence, the total free volume
is increased and leads to a decrease in T, with increasing deviation
from the stoichiometric concentration ratio, r = 1 [36,37,40]. These
plasticisation-like effects are the stronger the more reactive groups
remain unconsumed.

In practice, the T,(r) curve is frequently observed to be non-
symmetric [40,41]. In the regime r > 1, there remain non-reacted pri-
mary or secondary amine groups. In general, primary amine groups
exhibit a higher reaction rate than secondary amine groups [42]. If
all the primary amine groups undergo reactions with epoxy groups,
then no dangling ends of amine molecules will remain, even without
any reaction of the secondary amine groups [41]. Additionally, as a
result of their bulkier molecular structure, non-reacted epoxy groups
are likely to make a larger contribution to the increase in the free
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volume than incompletely reacted amine groups [40]. Thus, the case of
excess amine is presumed to show less strong an effect on the resulting
network structure than the opposite one of excess epoxy.

In a similar manner to T, the variation in the crosslink density can
also be observed from the rubber modulus [39]. Indeed, a plot of the
rubber storage modulus as measured at T, + 60°C delivered a curve
similar to that of T(r) [19].

Another indication of dangling epoxy groups appears to be the
emergence of a second loss peak (centred at ~ —160°C) in the region
of the f-transition. In particular, this observation is made for samples
with 7 < 0.8 (Fig. 2b). Due to its almost separated appearance, in the
following we refer to this peak as f-transition.

Indeed, the DMTA curves (Fig. 2) exhibit significant differences in
the strength of the f-relaxation. Owing to the partial suppression of
the S-transition for the samples with r < 1, the RT modulus of these
samples is higher than that of the samples exhibiting a strong f-
transition. Even though the storage modulus as measured below the
p-transition is the lowest for the samples with r < 1, their respective
RT modulus is the highest. This effect is reflected by the crossing of
the G'(T)-curves in the high-temperature region of the f-transition.

The Role of the g-Transition

Considering the obvious importance of the p-transition, it is
worthwhile taking a closer view. The changes in the centre tempera-
ture, T, as well as in the full width at half magnitude (FWHM),
AT}, of the f-transition are given in Fig. 5. With decreasing values
of r (regime r < 1), the f-transition shifts to lower temperatures and
its total width decreases. The DMTA curves (Fig. 2) reveal that it is
mainly the high-temperature part of the f-transition which is sup-
pressed. This effect can also be readily observed from a plot of the area
of the G;” peak [19]. For the data measured upon heating, the curve is
bell-shaped with the maximum located at r ~1.3. Thus, it is similar to
the corresponding curves of T, and G,/(T,+ 60°C) [19]. Also, from this
similarity, a dependence on the crosslink density can be inferred.
The difference between the total area of the G4’ peak and the fit
curves to the main G’ peak (which is centred at ~ —70°C) increases
with increasing departure from the concentration ratio r ~1.2 (Fig. 6).
In Fig. 6a, the temperature range of the f-transition is shown for the
case of a sample of concentration ratio r = 0.75. On the low tempera-
ture side of the G4” curve measured upon heating, a shoulder can be
clearly seen. The area between this shoulder and a symmetric fit to
the peak in G4’ was calculated and plotted as a function of r
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FIGURE 5 Variation in the B-transition with the concentration ratio, r. In the
upper graphs, the characteristic temperatures T — ATy/2, Ty, and
Tp+ ATp/2 are shown. In the lower graphs, the respective FWHM values,
AT}, are displayed. The changes are given for both the heating (a) and the cool-
ing (b) scans, respectively. For the heating scan, the largest FWHM is
observed for r ~1.2. For r < 1, T3 as well as AT decrease with increasing off-
set from the stoichiometric ratio r = 1, i.e., a suppression of the f-transition is
observed. The T values were deduced from fits to the respective peak in G”.
On average, the error in the readout of the peak position is less than ~4.1°C.

(Fig. 6b). The resulting curve shows a minimum around r ~1.2. In
terms of the network structure, this finding reflects the existence of
dangling ends and their particular dynamics, which becomes more rel-
evant the larger the degree of off-stoichiometry. Notably, a significant
contribution from dangling end motions occurs for the regimes of
excess-epoxy as well as of excess-amine, although in the latter regime
the effect is less pronounced. Together with the asymmetry of the T(r)
curve (Fig. 4), it indicates that non-reacted ends of the DGEBA mole-
cules show a much stronger effect on the elastic network properties
than non-reacted or only partially reacted ends of the DDS molecules.

Presumably, the molecular dynamics of dangling epoxy groups is
rather local and easier to be activated than such segmental motions
which are severely restricted by the network of crosslinks. Indeed,
the p-transition is frequently assigned to motions of the hydroxypropyl-
ether sequence (-CHo-CHOH-CHy-O-), see [43] and the references given
therein. These sequences result from the addition reaction of epoxy
groups with amines, and their dynamics should be more restricted than
that of dangling epoxy groups.
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FIGURE 6 Variation in the strength of the f transition with the concen-
tration ratio, r. (a) G” profiles for the case r = 0.75. The data measured upon
heating and cooling are shown as light grey triangles (open) and as dark grey
triangles (filled), respectively. The difference area between the measured
curve and the fit to the main peak is filled with grey colour. (b) Plot of the dif-
ference area versus the concentration ratio. Linear fits to the data for r < 1.1
and r > 1.1 are in good agreement with the two branches of the smoothed
curve. The intersection of the two lines is located at r ~1.15, and the minimum
of the smoothed curve is located at r ~1.19.

As discussed by Heux et al. [44], the high-temperature part of the
f-transition is related to local-scale cooperative motions. Conse-
quently, the proportion of such cooperative motions can be presumed
to decrease if the connectivity of the network is reduced, i.e., if the con-
straints imposed by the network structure are partially released. In
turn, the connectivity is linked to the crosslink density. Since the
dense covalent network of a heavily crosslinked epoxy constitutes a
highly coupled system, it needs high temperatures to entirely activate
the relaxation mechanism [45]. In that sense, the observed
suppression of the high-temperature part of the fS-transition can be
considered to be a result of the reduced crosslink density. Consistent
with the above reasoning, from their calorimetric study of the
o-transition Calventus et al. [40] deduced that the lower limit for the
size of the cooperatively rearranging regions is greater for the stoichio-
metric system. In other words, off-stoichiometry implies that a smaller
number of chain segments are involved in the relaxation process.

It should be noted that upon cooling the changes in the f-transition
with the concentration ratio, r, follow a pattern that is different from
the one observed upon heating. Upon cooling, the width of the
p-transition is much larger, however, it exhibits comparatively little
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changes with r (Fig. 5b). This finding is reflected by the total area of
the G4" peak [19]. Also, there are no indications for a B-transition
(Fig. 2d). Thus, within the regime r < 1 strong variations in the sto-
rage modulus values at RT, G'(20°C), occur but only moderate changes
in the f-transition occur. In particular, within the regime r < 1 the
G'(20°C) values measured upon cooling are higher than those meas-
ured upon heating. Such a deviation from the pattern attributed to
antiplasticisation may be caused by a network topology differing from
the one governing the behaviour upon heating. The strong increase in
G'(20°C) with decreasing values of r (regime r < 1) indicates a large
density of elastically loadable bonds. In addition to the chemical cross-
links, entanglements trapped by a high degree of topological con-
straints may contribute to the elastic modulus. Also, side-reactions
may increase the number of crosslinks.

DETECTING GRADIENTS IN THE AMINE CONCENTRATION BY
MEANS OF EDX

Starting from a stoichiometric and low-viscosity mixture of epoxy resin
(DGEBA) and curing agent (DDS), the epoxy system was cured in the
presence of the PVP film. The temperature of isothermal curing was
170°C. Driven by the preferential interaction of either DGEBA or
DDS with PVP, spatial variations in the concentration ratio, r, can
occur. Since the viscosity of the epoxy-amine mixture is rising fast with
the degree of reaction, these effects are most likely to happen in the
early phase of the curing procedure. From the point in time when gel-
ation is reached and the viscosity diverges, however, any hitherto
developed concentration gradients can be considered as frozen.

After the curing, cross-sectional surfaces of the epoxy/PVP/epoxy
sandwich samples were prepared and investigated employing EDX.
The orientation of the cross-sections was perpendicular to the epoxy/
PVP interfaces. The Ko transition of the S contained in DDS provides
a sufficient signal-to-noise ratio and can be used for tracking spatial
variations in the DDS concentration. For the purpose of determining
the particular concentration profiles, EDX measurements in line mode
were run. The signals were recorded along lines perpendicular to the
interfacial borderlines.

An example is shown in Fig. 7. By normalising the S- as well as the
N-signal with the signal from the Ti K« peak (Ti film thickness
~36nm), distortions of the profiles by potential temporal variations
in the electron beam current were avoided. Such variations cannot
be fully ruled out due to the long signal accumulation times of several
hours.
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FIGURE 7 Concentration profiles across the epoxy/PVP/epoxy interfaces, as
measured by means of EDX. The total length of the profiles is 602 pm. The
N- and the S-signals were divided by the signals from the Ti atoms in order
to eliminate any variations in the electron beam intensity. (a) From the In/Is-
profile steps are visible which were taken benefit of in order to deduce the
edges of the PVP layer. The value of Ig/It; at the position of the left- and
the right-sided step edges is ~0.30 and 0.31, respectively. Using the charac-
teristic relationship between the Ig/It; signal and the concentration ratio r
[14], this translates into an r-value of ~0.27. (b) However, the Ig/IT;- profile
exhibits gradients extended over ~71pum within the epoxy. Very clearly,
within the PVP layer the S-concentration is non-zero. Profiles: 2048 data
points, dwell time per data point 4s. The data were slightly smoothed. The
grey curves resulted from fit procedures.

The decay zones of the S/Ti-signal are clearly recognisable from
Fig. 7b and are shadowed in a grey tone. From the Ig/It; profile of
Fig. 7b, two major observations can be made:

(i) In the vicinity of PVP (as identified by the high Iy /I1; signal), the
concentration of DDS is significantly reduced (as compared with
bulk epoxy) and the total width of the depletion zone is 74.5 and
67.5 um for the left- and the right-sided epoxy, respectively.

(i1)) Within PVP, the concentration of DDS is significantly larger than
zero, thus indicating absorption of DDS molecules by the PVP
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layer. The concentration of DDS appears to be constant within the
central part of the PVP film and shows some rise across the outer
regions.

From Monte Carlo simulations of the scattering of electrons of
11.0keV energy in an epoxy of similar composition, it can be concluded
that the lateral resolution of the EDX analysis is in the range of
2—-3 um, which corresponds to the lateral extent of the sub-surface elec-
tron scattering plume. This resolution limit is much less than the
detected widths of the DDS concentration decays within epoxy and
even less than the comparatively narrow decays within the PVP
regions. That is, owing to the large extent of these IPs the limit of
the spatial resolution of the EDX measurement is negligible.

The DDS concentration gradients can be associated with a chemical
IP which is to be compared with the mechanical property variations
characterising the mechanical IP. The IP widths of the DDS concen-
tration gradient and the Young’s modulus are denoted as wppg and
wg, respectively. Even though the DDS concentration gradient may
not be identical with gradients possibly deduced from other methods
sensitive for the chemistry of the system, such as infrared spec-
troscopy, it reflects local deviations from the stoichiometric balance
between amine and epoxy.

For translating the signal intensity profiles from EDX into the
corresponding profiles of the amine-epoxy concentration ratio, a refer-
ence series of epoxy samples of well defined r-values was analysed.
From these data and supporting Monte Carlo simulations a character-
istic of the relative intensity Is/It; was deduced [19]. The profile of the
concentration ratio, r, versus the distance (as resulting from the appli-
cation of this characteristic relationship Ig/I1i(r) to the signal inten-
sity profile given in Fig. 7b) shows a monotonic decrease from the
bulk epoxy value of r ~1 to a value of ~0.27. The latter was taken
at the position of the step edges deduced from Fig. 7a. Thus, a strong
stoichiometric imbalance is generated within the epoxy IP. It can be
attributed to the absorption of DDS by the PVP film.

It should be noted, however, that the above approach of converting
the DDS concentration into the amine-epoxy concentration ratio, r, is
based on the assumption of negligible concentration variations of
DGEBA. Although this approach may not be fully justified and some
quantitative deviations from the true r-profile may exist, the
pronounced amine depletion is presumed to outweigh the epoxy
concentration variations and to entail a drop in the concentration
ratio, r. Indeed, in their study involving brominated DGEBA, Oyama
et al. [12] observed depletion of both amine and epoxy. For the system
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corresponding to the present case (initial curing for 2h at 170°C;
PVP-K90), they found total transition widths of 24 and 72 um, respect-
ively. Thus, there exists a strong difference in the widths of the DDS
concentration decays between the present study (on average,
wpps = 71 um, see Fig. 7) and the study by Oyama et al. (24 um). The
smaller width observed in their study is consistent with the faster
curing rate for their epoxy system containing a 1:1 mixture of standard
and brominated DGEBA. According to the references [12,46], at a
curing temperature of 175°C the time required for 90% conversion is
57min for an epoxy mixture with 40% of the brominated DGEBA
and 226 min for the neat standard DGEBA. That is, in the case of
the standard DGEBA (such as in the present study) a much longer
time is available for interdiffusion processes and wider IPs can be
expected.

Taking the interphasial decay of the amine concentration (Fig. 7b)
together with the modulus-concentration relationship resulting from
the DMTA measurements, a profile of the Young’s modulus can be
deduced. That is, Eq. (2a) can be used to translate the profile of the
amine-epoxy concentration ratio, r, into a profile of the Young’s modu-
lus, E. A schematic representation of this approach is given in Fig. 8.

Is/1

t— 5 1
x —_
Is/15 E
D ————————
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E
1 r \ﬁ X

44—
1 r

FIGURE 8 Schematic overview of the deduction starting from the amine con-
centration gradient (resulting from EDX) over the modulus-concentration
relationship (resulting from DMTA) to the predicted modulus profile. Combi-
nation of the curves indicates an increase in IP modulus with decreasing dis-
tance from the interface. Using nanoindentation, this prediction can be tested.
The characteristic curve describing the increase in the EDX signal ratio,
Is/Ir;, with the amine-epoxy concentration ratio, r, was derived from measure-
ments of a series of epoxy reference samples in combination with Monte Carlo
simulations [14].
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Due to the negative slope of the E}wating(r)-relationship, the interphasial
decrease in the concentration ratio, r, observed when approaching the
PVP layer from bulk epoxy, results in an increase in the Young’s modu-
lus, E. In order to test this prediction and to provide a characterisation
of the mechanical IP, the spatial changes in the Young’s modulus as
well as in the hardness were mapped by means of nanoindentation.

STUDYING INTERPHASIAL PROPERTY VARIATIONS
BY MEANS OF NANOINDENTATION

Analysing Indentation Curves

The indents were arranged along lines with orientation perpendicular
to the interfacial borderline between epoxy and the PVP layer. At each
indentation point a force-penetration curve, P(h), was recorded, from
which mechanical properties can be extracted such as Young’s modu-
lus, hardness, or the relative amount of dissipated energy (so-called
plasticity index). In short, the Young’s modulus, E, is deduced from
the slope of the initial part of the unloading curve, the hardness, H,
is given by the average contact pressure at maximum load, and the
plasticity index, , is calculated from the area enclosed by the loading
and the unloading curves. The characteristics of force-penetration
curves are depicted in Fig. 9.

According to Oliver and Pharr [30], the loading (1) and the unload-
ing (u) branches can be described as follows:

Py(h) = o h™ (4a)

Py(h) = p(h —hy)", (4b)

where h; denotes the depth of the remaining surface deformation.
o and f are constant prefactors. The contact stiffness, S, is given by:

dP,
=k P )

With the values of the Young’s modulus, E,, of the tip material as
well as the Poisson’s ratio values, v, and 1;, of sample and tip
material, respectively, the Young’s modulus of the sample, E,,
can be calculated using the following relationships as given by
Hertz’s theory [30]:

S=2akE,, (6)
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FIGURE 9 Schematic representation of a force-penetration curve P(h) as
recorded in the course of a nanoindentation experiment. (a) The two basic
periods of the nanoindentation experiment are loading (/) and unloading (u).
The Young’s modulus is deduced from the initial slope of the unloading
branch. (b) Frequently, a hold period is inserted between the loading and
the unloading branch, during which creeping can take place.
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E.~ B = B @)
E;; is the reduced modulus of the tip-sample contact. The contact area,
A, can be approximated with a circular area, thus resulting in the con-
tact radius @ = VA /7. For an ideal Berkovich indenter, the dependence
of the contact area on the penetration depth is given by A(h) = c¢ - h?
with ¢g = 24.5. In general, however, the apex of the tip shows some
deviation from the global tip shape, e.g. due to blunting. Such imperfec-
tions can be described by an extended area function [30,32,47]. Using
reference materials, the parameters of the area function are deter-
mined by measuring load-displacement curves at various loads [48].

For the evaluation of the epoxy Young’s modulus, E,, the upper
portion of the measured unloading curves was described using
Eq. (4b), where the constants f§, n, and h; were determined by means
of a fitting procedure. The sample modulus, E,, was calculated using
Eqgs. (5)—(7). The values of the diamond Young’s modulus and Poisson’s
ratio are E, = 1140 GPa and v; = 0.069, respectively. For the epoxy
Poisson’s ratio, v, the value given in Reference [49] was used,
namely, 0.42.

As a measure of the average pressure in the tip-sample contact, the
hardness, H, is given by the maximum load, P, divided by
the contact area at the penetration depth, A, i.e., at the maximum
penetration depth, A.,.y, reduced by the elastic surface deformation
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as measured at the periphery of the contact:

Pmax
7= Ahe) ®
Pmax
hc:hmax*k' S . (9)

For Berkovich indenters the value of £ is ~0.75 [30,47].

A measure of the relative amount of dissipated energy per cycle can
be calculated from the area between the loading and the unloading
curves, AW = W, — W, divided by the total area under the loading
curve, W; [33]:

AW  Wi—W, [Pi(k)dh — [Py(h)dh
W Wi [Phdh

In general, this ratio is referred to as plasticity index, . It is indica-
tive of the degree of plastic deformation occurring in the course of
the force-penetration experiment. However, strictly speaking, this
holds for elastic-plastic materials only () =0 for ideal elastic and
Y = 1 for ideal plastic behaviour). In the case of viscoelastic-plastic
materials such as glassy polymers, the remaining deformation can
contain a slowly relaxing component, depending on the relaxation
characteristics of the material and on the hold time of the loading-
holding-unloading cycle. Notably, for long hold times the decreasing
creep rate is likely to be on the order of the drift rate of the experi-
mental setup. When studying the creep behaviour of a cured epoxy,
VanLandingham et al. [50] observed such a situation for a hold time
of ~100s, corresponding to a creep rate of ~0.02nm/s. In the opposite
regime of zero or negligible hold times the presence of a significant
creep rate can be observed from the so-called ‘nose’ effect, i.e., a
rounded shape of the force-penetration curve at the maximum load
[33,51]. This effect reflects the creep-induced increase in penetration
depth when the applied load is kept constant or when the unloading
rate is too low.

As shown in Reference [52], i can be approximated with the follow-
ing simple expression:

(10)

he/h.
T B/

where C = o./m ¢o/2. For a Berkovich indenter, « ~ 0.75 and C ~ 3.29.
For soft matter such as polymers, E; >> E; and, approximately, E
can be replaced with E;.
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It is interesting to note that i/ increases with both the ratios Ay /h.
and E;;/H. The correlation with A, is obvious from Fig. 9a, since the
area of the hysteresis loop increases with A;. The correlation with
E,;/H is consistent with results from elastic-plastic indentation theory
by Johnson [53]. According to this, the transition from fully elastic to
fully plastic deformation in the tip-sample contact is given by the
dimensionless variable (E/Y)-tanp. This can be interpreted as
the ratio of the strain imposed by the indenter (tan f§) to the elastic
strain capacity of the material (Y /E) [53]. Hereby, Y denotes the yield
stress in compression.

The hardness, H, is proportional to the yield strength, Y, as given by
Tabor’s relationship:

H=x-Y. (12)

In the case of fully plastic solids deformed in compression, the value of
k is ~3. Presumably as a result of a certain amount of elastic strain,
however, indentation experiments on poly(ethylene) (PE) delivered
values of k¥ ~ 2 for yielding in compression and x ~ 3 for yielding in
tension [54].

Because the ratio E/H provides a measure of the relative amount of
plastic deformation, it can be used as a parameter for describing the
resistance to scratching and the associated wear phenomena. For
instance, Leyland and Matthews [55] emphasised its relevance for
assessing the wear resistance of coatings. The tribological performance
of coatings requires sufficient hardness as well as some degree of com-
pliance (1/E), i.e., low values of the ratio E/H. Due to limited elastic
strain and the resulting build-up of high mechanical stresses at the
interface with the substrate, however, coatings of both high hardness
and high stiffness are more prone to wear than compliant ones.

Mapping Interphasial Variations in Young’s Modulus

From the stitched topography image (Fig. 10a), the PVP layer can be
readily observed owing to the fact that its surface is higher than the
epoxy one. This finding can be attributed to some degree of swelling
of the PVP as a result of the uptake of water from the air. PVP is
a hygroscopic substance, exhibiting absorption behaviour largely
independent of the molecular weight [24]. On the contrary, when
measured soon after the microtoming was finished, there was no
discernible height step between epoxy and PVP.

The plots of the epoxy Young’s modulus values, E,, versus the
lateral position of the indentation are given in Figs. 10c and 10d. With
decreasing distance, |x;~x|, from the interface, a significant increase in
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E; occurs. The epoxy bulk modulus value, i.e., the epoxy modulus at a
distance far away from the IP, is (3.25 4 0.07) GPa. The total modulus
change from the region more than 300 ym away from the interface to
the position at x = x; is ~1.1 GPa.

right-sided epoxy IP

_I_eft-sided epoxy IP  PVP
X :

FIGURE 10 (a) Topography image of the field of indentations, recorded after
the indentation experiments were finished. The imaging was achieved similar
to an AFM in constant force mode, but with the Berkovich indenter as the tip.
For covering the large field of indentations, several topography images taken
at different positions were stitched together. The scan width was 173 pum. The
PVP surface appears bright, because its altitude is higher than that of the
epoxy surface. (b) SEM micrographs of the residual imprints of the upper three
indentation rows on the right-sided epoxy. The indentation marks adjacent to
the interfacial borderline are larger than the residual imprints situated more
distant (see also Figure 13). (c) Pseudo-3D-plot of the spatial distribution of the
sample Young’s modulus values, E,, measured on the left-sided epoxy IP. The
distance from the epoxy-PVP borderline is denoted as x;-x. (d) Like (c), but for
the right-sided epoxy IP. x-x; denotes the distance from the borderline between
PVP and epoxy.
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In contrast, for the tangential direction, y, no systematic changes
can be stated. Thus, the y coordinate can be neglected and all the data
can be projected onto the plane given by E; and |x — x;| (Fig. 11a).

A remarkable feature of Fig. 10a is the strong difference in the size
of the residual imprints on PVP, since the marks in the upper five
indentation rows are much more pronounced than the ones in the
lower five rows. This is due to the fact that these measurements were
performed 4 weeks later than the first series of indentation rows and
some uptake of water from humid air had occurred in the meantime.
On epoxy, however, the indentation experiments of the upper five rows
did not show any significant differences from the experiments of the
lower five rows.

Comparing the Interphasial Profiles of the Various Quantities
Deduced From the Force-Distance Curves

The results of the indentation experiments are given in Figs. 11 and
12. In order to enhance the comparability of the different quantities
deduced from the indentation experiments, the reduced quantities
X/X® (with X = E,, H, E;/H, ) were plotted, i.e., the ratio with the
respective bulk value of the quantity under consideration is given.

As can be seen in Fig. 11b, the hardness, H, exhibits a non-
monotonic profile. Its profile is the reverse of that of h./Al [52], as
consistent with Eq. (8). Using the 1% criterion for defining the demar-
cation between IP epoxy and bulk epoxy, for H/H? the resulting width
of the epoxy IP is ~230 pm.

Essentially, the smoothing curve can be divided into four different
zones, given by the bulk and three zones within the IP. The various
zones can be easily differentiated from each other by their average
slopes. In the lower graphs of Fig. 11, the different slopes are indicated
using straight lines. The change in these slopes results in kinks which
are located at ~21 and ~ 70 pm, respectively (Table 1). Similar to H,
also the profile of the quantity A, shows four different zones. The total
IP width of the A, /hi’ profile is ~230 um.

An overview of these and the following IP profile characteristics is
given in Table 1. Inspection of Table 1 reveals that for the various
quantities listed therein, the outer edge of zone Z2 is located at dis-
tances between xo ~60 and ~90 um. Thus, the x5 values are compara-
ble with the width of the DDS concentration gradient measured using
EDX (Fig. 7).

The ratio E;/H (Fig. 12a) is dominated by the pronounced changes
in E; (Fig. 11a), i.e., similar to E; it shows a monotonic increase with
decreasing distance |x —x;|. However, the different zones of the
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FIGURE 11 Distance dependence of (a) the normalised contact depth, E;/E?,
and of (b) the normalised hardness, H/H®. Open symbols correspond to the
left-sided IP and filled symbols correspond to the right-sided IP, respectively.
The curves given in a black solid line resulted from a smoothing procedure.
The grey solid line drawn in the vertical direction indicates the average width,
wpps, of the amine depletion zone (EDX). In the lower graphs the slopes of the
different IP zones are indicated. Positive and negative slopes are indicated by
grey dashed and grey solid lines, respectively.

H-profile induce changes in the slope of the E;/H-profile. By and large,
the profile of E,/H or (E,/H)/(Es/H)’ is similar to that of hf/h}lc7 [52].
With a value of ~230um, the IP width resulting from the profile of
E;/H is in agreement with the ones resulting from the H- and the
E;-profiles (within the error margin on the order of ~10 pm).

Notably, the value of (E;/H)’ ~ 11.53 is in reasonable agreement
with the typical value of ~10 for the ratio between hardness and
the tensile Young’s modulus. This value is obtained from Tabor’s
relationship, Eq. (12), with a value of k = 3 for the ratio of hardness
and yield strength, and from the relationship Y ~ E/30. The latter
resulted from studies of molecular materials [54].

From the above results it can be summarised that the profiles of
each of the quantities E;, H, E;/H, and y, indicate an IP where several
zones are discernible. In particular, this is true for the hardness,
H, where the different zones are most pronounced. Three major IP
zones can be distinguished, namely, a thin zone adjacent to the inter-
face (zone Z1), an intermediate zone the right-sided edge of which is
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FIGURE 12 Similar to Figure 11, but for (a) (ES/H)/(ES/H)I’ and (b) y/y°,
respectively.

located close to the outer edge of the amine depletion zone (zone Z2),
and an outer zone ranging up to ~230um (see Table 1) away from
the PVP/epoxy interface (zone Z3).

Investigation of the Residual Imprints

Further information is available from images of the residual imprints.
As shown in the SEM-micrograph given in Fig. 13a, the residual
imprints adjacent to the PVP/epoxy interface are significantly larger
than the ones farther away from the interface. In terms of the diam-
eter, the imprints in the first column of indentations can be clearly
distinguished from the imprints of the second and the following inden-
tation columns (as observed from left to right in Fig. 13a, i.e., with
increasing distance from the PVP/epoxy interface). The other residual
imprints further away from the interface do not reveal distinct varia-
tions in their diameter (Fig. 10b). The ratio of average diameters of the
first row of indentations and of all other rows is ~1.3. Hence, a much
larger degree of plastic deformation can be stated for the region con-
taining the first column of residual imprints. Since all the indents of
this region are located within a distance of less than ~23 pm from
the interfacial borderline, the region can be identified with the zone
Z1 of the profiles discussed above.
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TABLE 1 Overview of the Different IP Zone Edge Positions, x; (i = 1,2,3), as
Deduced from the Various Profiles. For Instance, x; Denotes the Outer Edge of
the Zone Z1. The Zone Widths, w;, are given by w; = x1, wgs = x9 — x1, and
w3 = x3 — x2. The Total IP Width w;,; = w1 + wy + w3 is given by x3

hy/hg he/h}  E;/E;  H/H° (Es/H)/(Es/H)’ vy

%1 [10% um] 0.22 0.21 0.27 0.21 0.21 0.21
x2 [10% pm] 0.6 0.7 0.8 0.7 0.8 0.9
x5 [10% um] 2.2 2.3 2.3 2.3 2.3 2.0

In the course of an indentation cycle, deformation may occur during
the periods of loading and unloading as well as during the hold period.
Indeed, the deformation occurring during the latter period, denoted
Rcreep, shows a strong increase within zone Z1, whereas no significant
changes can be stated for the zones Z2 and Z3 (Fig. 13b). Considering
the quantity Acreep /hgreep, the width of Z1 is x; ~ 24um. This is in
reasonable agreement with the values of x; as deduced from the other
quantities (Table 1).

In summary, zone Z1 is characterised by larger residual
imprints, increased creeping, a reduced hardness (Fig. 11b), as well
as an increased plasticity index (Fig. 12b). The zone widths can be
readily calculated from the zone edge positions given in Table 1.
The total width of the IP, w,,, is identical with the outer bound,
x3, of zone Z3. Notwithstanding some variation in the respective
zone widths, the width data can be stated to be consistent with
each other. When looking at the hardness data, the widths of the
three zones Z1-Z3 are ~0.21x10% 0.5x10% and 1.6 x 10%pum,
respectively.

Does the Mechanical Bias Effect Need to be Taken
Into Account?

It should be noted that interface-related artefacts of the indentation
experiments can be ruled out here, owing to the vast extent of the
modulus decay. In general, indentations in the close vicinity of an
adjacent phase can be affected by its mechanical properties [20,21].
Basically, such a mechanical bias effect is a consequence of the lateral
extent of the sub-surface stress distribution. For instance, a corre-
sponding analysis performed at the interface between poly(carbonate)
(PC) and steel has shown that the apparent modulus measured on PC
is increased at distances, d, lower than the diameter of the final
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FIGURE 13 (a) SEM micrograph of indentation marks on the right-sided
epoxy, close to the PVP/epoxy interface. The marks belong to the upper three
indentation rows. It can be clearly seen that the diameter, D,, of the marks
next to the interface (black circles) is larger than the diameter, Dy, of the
marks farther away from the interface (grey circles). On average, the ratio
D1/D; is ~1.3. (b) The profile of the viscoelastic creep depth, Z¢yeep, OcCurring
during the hold period, shows a pronounced increase within a narrow zone of
~23 um next to the interface.

residual imprint [29]. Hereby, d denotes the distance between the
centre axis of the indenter and the interfacial borderline.

Thus, care was taken to comply with this condition. Furthermore, it
is worthwhile noting that the Young’s modulus value measured on
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PVP is in the range of E; ~3.9 GPa and 3.7 GPa, as calculated for PVP
Poisson’s ratios of v, ~0.35 and 0.40, respectively. Considering the
amorphous nature of PVP, the latter value seems to be more likely.
Thus, the PVP modulus is even lower than the epoxy modulus value
measured in the close vicinity of the interfacial borderlines. That is,
if such a measurement artefact exists it should result in too low a
measured epoxy modulus value rather than a too large one. However,
E, was observed to increase in a monotonic manner with decreasing
distance |x — x;| (see below and Reference [19]).

Are the Measurements Likely to be Affected by Strain
Gradient Hardening?

Another matter of concern for potential size effects is strain gradient
hardening. This effect was reported for various materials as well as
for different geometries, see [56] and the references given therein.
Although the microscopic hardening mechanisms may depend on the
particular class of materials, such as single crystal metals or glassy
polymers, it was concluded that as a common characteristic the hard-
ening is associated with the formation of energy absorbing entities,
i.e., dislocations, molecular kinks, or activated clusters. As noted by
Lam and Chong [56], the general response of various materials to
the action of strain gradients suggests that strain gradient hardening
is a basic part of micro-scale mechanical behaviour.

The lowest value of the contact depth, A, is ~O.94-hf = 1119 nm.
The total depth of penetration is even larger, typically ranging from
~1310 to ~1550nm. According to the investigations by Lam and
Chong of an amine-epoxy system [57,58], the upper limit of pen-
etration depths where the measured hardness is affected by strain
gradient plasticity is ~1.0 um. Due to large strain gradients, for lower
indentation depths increased hardness values were observed. For
indentations deeper than ~1.0um, however, the strain gradient is
negligible and the hardness levels off at a value independent of the
contact depth.

Finally, it should be noted that the exclusive consideration of
elastic-plastic behaviour implies neglectance of any rate-dependent
behaviour potentially affecting the nanoindention results. Owing to
the viscoelastic nature of polymer properties, the values of the various
quantities considered may slightly depend on the particular rates of
loading or unloading. However, the basic finding of various character-
istic IP zones should also be valid for higher or lower loading/unloading
rates or for different hold times. Moreover, in a recent study by
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VanLandingham et al. [50], it was shown that in the case of epoxy a
large part of creep displacement is due to yield flow. The residual
indentation depth was studied as a function of the hold time, in
order to explore if the creep response was mainly of a viscoelastic na-
ture or if it included a significant contribution from creep behaviour.
Even at low force levels of 50 uN, the viscoelastic creep response was
comparatively low.

DISCUSSION OF THE MULTI-ZONE INTERPHASE IN TERMS
OF THE INTERFACIAL PROCESSES OCCURRING UPON
CURING

A likely reason for the existence of zone Z1 is the bi-directional inter-
diffusion occurring during the early phase of the curing procedure,
where epoxy and amine molecules diffuse into the PVP film and where
PVP molecules diffuse into the liquid amine-epoxy mixture. From the
existence of zone Z3 additional long-range effects can be inferred. A
respective schematic illustration is given in Fig. 14.

Under the presumption of bi-directional interdiffusion, either a
blend or an interpenetrating network (IPN) was formed and, in a first
approximation, zone Z1 can be described in terms of a mixture of epoxy
with PVP. If a mixing rule applies, within zone Z1 the degree of plastic
deformation will be in between the respective degrees of bare epoxy
and PVP. Indeed, as compared with epoxy the residual imprints on
PVP prove a larger degree of plasticity (Fig. 10a). On PVP, the average
plasticity index values of the lower and the upper five indentation
lines are ~0.64 and ~0.71, respectively. The increased y-value of
the upper five indentation lines is a result of the aforementioned
uptake of water from humid air. Notably, the y-value of ~0.64 is very
similar to the epoxy y-value for |x —x;| — 0 (Fig. 12b). Thus, it can
inferred that the enhanced plasticity observed within zone Z1 is con-
sistent with the statement of a non-zero concentration of PVP within
zone Z1 of the epoxy IP.

So far it was assumed that any changes in the relative amine-epoxy
concentration ratio, r, are induced by variations in the absolute amine
concentration only. In principle, spatial variations can occur for epoxy
as well as for amine. By means of an N-layer model, Yang and
Pitchumani [11] performed a kinetic analysis of the diffusion and reac-
tion phenomena of a curing epoxy system in the vicinity of an Al fibre.
Depending on the adsorption coefficients and the characteristic times
for diffusion and reaction, they calculated concentration profiles for
amine as well as for epoxy. Although they investigated a different
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bidirectional interdiffusion (—)
amine depletion ie—>

¢ |ong-range effects

FIGURE 14 Schematic depiction of the three different IP zones identified
from the hardness profile. The zone Z1 is likely to be related to a bi-directional
interdiffusion (taking place during the curing procedure), whereas the zone Z3
must be attributed to long-range effects acting well beyond the amine
depletion zone.

amine-epoxy system, their results show that, similar to the amine and
also for the epoxy, extended concentration gradients can be expected.
Indeed, in their study of concentration profiles across the PVP/epoxy
interface, Oyama et al. [12] reported on an epoxy depletion zone about
three times wider than the amine depletion zone. However, it should
be recalled that they used the aforementioned mixture of the epoxy
resin DER332 with a brominated resin, i.e., the curing rate was much
higher and, consequently, the time available for interdiffusion was
much shorter. This limits the comparatibility with the present study.
Firstly, the lower reaction rate of the neat DER332 resin used in this
study allows for a larger time window for interdiffusion and, overall, it
provokes a wider IP. Yet it is not secure that all species involved
benefit to the same degree because the diffusion of bulkier or stiffer
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molecules may slow down faster due to the hindrances imposed by the
growing network. Secondly, the brominated epoxy molecules used in
the study by Oyama et al. [12] may affect the driving forces of inter-
diffusion, e.g. by their polarity.

Interestingly, within zone Z3 significant variations in the epoxy
mechanical properties are observed, although amine is not found to
be deficient within this zone. Long-range effects could be generated
due to the diffusional motions induced by the interface. Since the diffu-
sional currents occur simultaneously with the curing reactions, they
may interfere with the latter and alter the final network of crosslinks.
On the contrary to a quiescent liquid mixture, in the vicinity of the
interface the transport of molecular entities leads to anisotropic
motions. Such deviations from the isotropic Brownian diffusion can
affect the encounters of reaction partners and by this the local reaction
rate as well as the final network topology.

For instance, it is worthwhile considering that already existing
topologic constraints on the molecular mobility may be mitigated by
the interdiffusion processes. The adverse effect of a high crosslink den-
sity on the packing efficiency is known from various studies (see [59]
and the references therein). Thus, in many cases, close packing may
be inhibited due to steric restrictions by the units forming the net-
work. In other words, a high crosslink density can imply a large free
volume of the final network. For instance, cage-like topologies are
related to a lower overall packing density, since the dense network
surrounding a comparatively unoccupied volume (the cage) provides
too large a barrier for further amine molecules to enter and add
further crosslinks inside. However, by the action of a driving force
toward the region of reduced amine concentration, some diffusion bar-
riers become more likely to be surpassed and the probability for acces-
sing the respective free volumes is increased. By such effects related to
anisotropic diffusion, much wider an epoxy volume can be affected
than the IP volume exhibiting amine depletion. Also in this sense,
the mechanical IP can be sub-divided into a DDS depletion zone
(r < 1) and a solely diffusion-affected zone (r = 1).

CONCLUSIONS

In order to study the interphase between the thermoplastic poly(vinyl-
pyrrolidone) (PVP) and an amine-cured epoxy, a stoichiometric amine-
epoxy formulation was cured in the presence of a PVP film. The curing
was done for 2h at a temperature of 170°C, i.e., close to the glass
transition temperature, T,, of the PVP.
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The nanoindentation data showed that the mechanical property
variations are extended over a region of ~230um. One of the most
salient observations is that within the interphase, the Young’s modu-
lus value is significantly larger than in the bulk epoxy. In particular, it
increases when approaching the PVP from the bulk epoxy. These find-
ings are consistent with results from DMTA which show antiplastici-
zation for the excess-epoxy regime (r < 1). The antiplasticization
effect can be attributed to a suppression of the fS-transition around
—170°C, which reflects the coupling between crosslink density and
the intensity of local-scale cooperative motions.

Although the Young’s modulus profile exhibits pronounced inter-
phasial changes, essentially the profile is monotonic, and from the
Young’s modulus profile there is no clear indication for the existence
of several interphase zones. From the profiles of hardness and
plasticity index, however, three different interphase zones can be dis-
tinguished. Firstly, the zone next to the PVP layer (zone Z1) is
~21 pm wide and shows a strong increase in hardness with increasing
distance from the interface. Secondly, the intermediate interphase
zone (zone Z2) is extended over ~50 um and is characterised by a pro-
nounced decrease in hardness down to a value similar to the bulk
hardness value. Thirdly, the outer interphase zone (zone Z3) features
a wide shallow minimum and levels off at the bulk hardness. The
position of the minimum of zone Z3 is located at ~ 180 um.

The existence of three different interphase zones was discussed in
terms of the interphase formation mechanisms. For zone Z1, the
residual imprints were observed to be much larger, and the creep
deformation is strongly increased. Considering the large plastic
deformation of PVP, this indicates a bi-directional interdiffusion,
with amine or epoxy entities moving into PVP and with PVP mole-
cules moving into the epoxy region. The zones Z1 and Z2 lie within
the amine depletion region as identified by means of EDX. Finally,
the zone Z3 is related to more long-ranging effects, which may be
caused by epoxy concentration variations or variations in the cross-
link network structure. Considering that the hardness of a material
tends to be dominated by structural defects, the hardness variations
observed in zone Z3 may indicate imperfections in the network of
crosslinks.

Hardness appears to be the most sensitive parameter for interphase
property variations. Considering the connection between hardness
and yield modulus as given by Tabor’s relationship, the material flow
is also presumed to show strong spatial variations. Hence, systematic
investigations of interfacial failure mechanisms should take into
account the variations in the elastic as well as in the plastic properties.
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Overall, full coverage of the intricate interphasial property variations
requires a set of chemical and mechanical quantities.
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