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Abstract

Thermosets are frequently toughened by a high-T, thermoplastic (TP). Blend morphologies, obtained by
curing induced phase separation with scales of a few hundreds of nanometers are relevant for high-
performance applications, but no quantitative description for obtaining these morphologies exist yet.
We propose such a quantitative approach for predicting and controlling the final morphology. The key is
the degree of curing and the corresponding T, of the blend and of both phases when phase separation
takes place. It is controlled by the Flory interaction parameter y of the constituents and their respective
Tg's. We show that if phase separation takes place too early during curing, the T, is too low and
morphologies grow to reach sizes of a few micrometers, or more. Our study of different systems allows
us to propose the relevant range of Flory interaction parameter yx and temperature window T- T, for
which the sizes of interest may be obtained. Our work opens the way for devising thermoplastics-
thermosets couples with the appropriate affinity and T,s in order to make blends with tailored
morphologies.

1. Introduction

Thermosets and their fiber-reinforced composites are more and more used for replacing metals in high-
performance applications in aerospace or automotive industries. A significant property is the strength-
to-weight ratio which is more than 50 times higher when compared to steel [1]. Composite materials are
high-strength and high-modulus fibers embedded in a polymer matrix. Epoxy prepolymers cured with an
amine are often chosen for composite applications because of their high stiffness, good processability
and good adhesion with the reinforcing fibers. The choice of epoxy resin of high functionality is
attractive to obtain a material with a high T, and a high crosslink density for which the strength and the
stiffness are improved as well as the thermal resistance [2-4]. Nevertheless they are inherently brittle.
They must be toughened to achieve good damage and impact resistance. The choice of a high-T,
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thermoplastic as toughening agent is judicious to improve epoxy resin toughness without a reduction in
other properties such as the elastic modulus and the chemical resistance [5]. The soluble thermoplastic
technology was used to prepare the epoxy-TP blends. Initially soluble in the thermoset precursors, the
TP phase separates during curing through spinodal decomposition [6-8]. Using this method, Bucknall and
Partridge [9] showed that epoxy resins could be toughened with polyethersulfones. It was shown
subsequently that a co-continuous morphology of a few hundreds of nanometers could significantly
increase the fracture toughness of these blends [10-12].

Despite decades of research, the desired morphologies with length scale of a few hundred of
nanometers are obtained empirically only. No systematic method to do so has been proposed and
established yet for controlling these morphologies. The parameters (curing temperature, chemical
affinity between the constituents, molar mass of the polymer, glass transition temperature of the
constituents,...) have only been identified at a qualitative level, but no quantitative description of their
effects on the final morphologies has been proposed. The aim of this manuscript is to propose such a
guantitative approach. It allows for predicting quantitatively the final morphologies as a function of
these parameters and to devise a systematic method for obtaining the desired final morphologies of
these blends, with the relevant length scales.

Numerous authors have shown that the thermoplastic content has a primary effect on morphology [9,
13-22]. Both co-continuous and sea-island morphologies have been observed to develop by spinodal
decomposition in epoxy/TP blends [23-29]. The presence of reactive end-groups on the thermoplastic
(such as amino groups) may favor the miscibility of the TP with the epoxy precursors and so delay phase
separation [10, 15]. Other studies observed that when the thermoplastic molecular mass is increased,
the phase separation occurs earlier in the curing process. This may lead to a small-sized particle or
possibly to a phase-inverted morphology [4, 13, 19, 30, 31]. In addition, the viscosity of the different
species that compose the blend influences system mobility and hence the final morphology [12, 13, 21,
32-34].

Some studies used in situ scattering methods showing an intensity peak that evolves during spinodal
decomposition. Based on a consideration of viscoelastic relaxation [35], they discuss dynamic
asymmetric phase separation, due to the T, differences between epoxy and TP components [25, 26, 36].
An important consideration mentioned is that the TP acts as a slow dynamic component (high T,)
whereas epoxy acts as a fast dynamic component (low T;). Emmerson [4] also noted that the TP content
and the TP T, influenced the diffusion coefficient for phase separation, and therefore the morphology
growth rate. The resin and the curing agent may act as plasticizer and strongly influence the mobility of
the separated phases: when curing reaction evolves, kinetics of phase separation decrease [9, 37]. The
specific role of the T, was not further investigated.

The final morphology is dictated by the epoxy monomers, specifically their structure, viscosity and
relative miscibility with the TP [2, 9]. The influence of the epoxy affinity with the TP has not been studied
in detail. Although different parameters have been assessed and a variety of systems characterized, no
predictive model for the control of morphology in epoxy/TP systems has been discussed to date [5, 22,
38].



Systems with a low glass transition temperature and for which the phase separation occurs early, the
phase separation may be described by standard spinodal decomposition with a high value of the
diffusion coefficient leading to large morphologies in the final state of a few microns or more.
Otherwise, if phase separation occurs at a later stage of the cure cycle, the T, may have sufficiently
increased to induce a slowing down of diffusion. The final morphologies are smaller and may be in the
desired range for the application. For better controlling the final morphologies of these systems, one
needs then to describe the phase separation process when it is coupled with the increase of the glass
transition temperature during the curing process.

We propose in this manuscript a predictive approach for the morphology control, based on the
parameters that we determine as the first order of influence. First, we study the miscibility of the
constituents to determine the onset of phase separation. To follow, the T, of the systems under study is
determined as a function of TP content and epoxy conversion. Then, we show how the temperature
difference between the process temperature and the T, of the system, which depends on the degree of
curing, determines the kinetics of phase separation. We study the final morphologies using electron
microscopy and neutron scattering. The scattering experiments allow us to determine the size of the
phases but not at this stage their compositions as there is one more unknown variable than equations.
Two critical points are highlighted: the onset of phase separation related to the Flory interaction
parameter, and the kinetics of phase separation related to the T, and the epoxy conversion during phase
separation. Finally, we show how describing the kinetics of phase separation allows for the
determination of the compositions of the TP-rich phase and of the epoxy-rich phase. This methodology
provides the keys to tailor materials for high-performance applications.

Two epoxy/TP systems are studied. Their morphologies were described in a previous paper through
electron microscopy, dynamic mechanical thermal analysis and small-angle neutron scattering data [39].
They consist of one epoxy monomer (TGAP or TGDDM) cured with a 4, 4’- DDS. Two stoichiometry ratios
are studied: 0.9 and 1.15. The resins are modified with 15 wt% of PES-5003P (Sumitomo), a high-T,
polyethersulfone (232 °C) with reactive end-group. The system composed of TGDDM presents small
morphologies of about 20 nm width. The system with TGAP exhibits co-continuous morphologies with
300 nm scale in width.

The manuscript is structured as follows. Materials and methods are presented in Section 2. The
complete methodology is then described in Section 3. Phase diagrams are constructed in Section 3.2 and
phase separation process discussed in Section 3.3. The determination of the T, of the TP-rich and epoxy-
rich phases is described in Section 3.4. Small-angle neutron scattering results are analyzed in Section 3.5.
In Section 4, all the results are discussed and we propose a mechanism of phase separation which allows
us to describe the morphologies obtained and their sizes. We discuss how to obtain sizes in the range of
a few hundred of nanometers.



2. Materials and methods

2.1. Materials and sample preparation
The epoxy resin precursors were kindly supplied by Huntsman Advanced Materials, Basel (Switzerland):
triglycidyl-p-aminophenol (TGAP, Araldite MY0510) with a Tg of -40.9 °C, tetraglycidyl
diaminodiphenylmethane (TGDDM, Araldite MY721) with a T, of -150 °C and 4, 4'-
diaminodiphenylsulfone (4, 4’-DDS, Aradur 9664-1). The thermoplastic used is a hydroxyl-functionalized
polyethersulfone (PES, PES-5003P from Sumitomo) with a number average molecular weight of 24 000
g.mol-1 and a T, of 232 °C (Figure 1).

0] o} o]

hoUes oy
OJ; }0 0\7/\0 ZLO
TGDDM TGAP
2 9
O ol EChom
(o] (o]
4, 4-DDS PES

Figure 1 Structure of the different components studied.

Four systems are formulated. System Al is prepared by mixing TGDDM with 4, 4’-DDS at a
stoichiometric ratio (NH/Ep) of 0.9 and system B1 is prepared by mixing TGAP with 4, 4’-DDS at a
stoichiometric ratio (NH/Ep) of 0.9. Their analogous systems A2 and B2 are prepared with a
stoichiometric ratio (NH/Ep) of 1.15. The polyethersulfone content is fixed at 15 weight percent (wt %)
for all systems. The formulations are gathered in Table S1.

Systems are prepared by dissolving first the thermoplastic in the epoxy monomer of choice at 140 °C; 4
hours are needed for the TGDDM systems while only 2 hours are sufficient for the TGAP systems. The 4,
4’-DDS curing agent is then added to the homogenized blend of epoxy and TP at 120°C. The mixture is
further stirred to achieve a partial dissolution of the 4, 4’- DDS. Before curing, the samples are degassed
under vacuum at 90 °C for 2 hours. Finally for all systems, similar cure profiles are used with first a
temperature ramp of 1 °C.min™ up to 180 °C and a plateau maintained at 180 °C to achieve the resin full
cure. For all systems, we checked that no reaction occurs during degassing and that the DDS is dissolved,
by running DSC analyses on non-degassed and degassed samples. The final degree of cure is determined
by running DSC analyses on the cured sample and by comparing the residual heat flow to the total heat
flow determined from the degassed samples. It evolves from 90 % for TGDDM-systems to 95 % for
TGAP-systems.

2.2.Characterization of the dynamics properties of pure PES thermoplastic
Small strain dynamic oscillatory shear measurements are performed using a RDA3 rheometer from TA
instrument in plate-plate geometry. Samples were dried at 120 °C under vacuum for 28h (water residue
< 900 ppm). The dried polymer powder is then placed between the two plates of the plate-plate
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geometry. The temperature is controlled with the assistance of liquid nitrogen. Strain sweeps are
performed at each temperature to confirm the linear viscoelastic regime of the measurements.
Frequency sweeps are performed at a constant temperature, within a range of 0.16 to 82 Hz. For each
sample, at each temperature, two consecutive frequency sweep tests are run to assert the thermal
stability of the material. The time-temperature superposition was applied to build a master curve. A
vertical and horizontal shift is applied on frequency sweeps at all temperatures to a reference
temperature. The horizontal shift factor is fitted using a WLF (Equation 1) and WLF parameters are then
determined at the T, of the thermoplastic [40, 41].

log a :_Cl(T_Tg) (1)
SO =+ T T,

Where C;and C, values at T are 11.42 and 29.18, respectively.

2.3.Determination of interaction parameters

The Flory interaction parameters for the studied systems were calculated in a previous paper [39] by
means of the Hoy method [42] to tabulate the group contributions. They will be used for the
determination of the free energy of the blend and the construction of the phase diagrams. For each
system, the interaction parameters were calculated in the initial system and then for epoxy polymers in
formation, i.e. up to three epoxies bonded with three curing agents. For TGAP-system the interaction
parameter first slightly evolves and then stabilized at a value of 0.03. For TGDDM-system the interaction
parameter stabilized at a value of 0.27.

2.4.Characterization of the morphology and thermo-mechanical properties

Characterizations have been performed and discussed in a previous paper [39]. The morphology of
cured samples was studied by electron microscopy. According to the size of the morphology, different
methods were used: Scanning Electron Microscopy (SEM) with a Zeiss Ultra 55 microscope or
Transmission Electron Microscopy (TEM) with a Jeol 1400. Dynamic mechanical thermal analysis (DMTA)
measurements were performed on a rectangular bar (40 x 10 x 2-5 mm?) of cured resins, using a
rheometer Scientific analyzer RSAG2 (TA Instruments) using the three-point bending method. Relaxation
temperatures are determined as the peak maximum of tand plot. Dynamic scanning calorimetry
analyses were performed on a Q2000 differential Scanning Calorimeter (TA Instruments) to determine
the kinetics of epoxy curing. Dynamic rheological measurements were conducted by using an oscillation
rheometer (ARES-G2 rheometer, TA Instruments) equipped with disposable parallel plate geometry of
25 mm in diameter. The gel point is determined as the crossover of four tand curves collected at
different frequencies.

2.5. Investigation on the T;: T, measurement of non-reactive binary blends and T,

measurement of epoxy network along curing process.
Non-reactive binary blends of epoxy/ TP or curing agent/ TP are prepared with different content of TP.
Their T, are measured by DSC during the second heating ramp at 10 °C.min™.

In another experiment, the evolution of the T, as a function of epoxy conversion is measured. Two neat
resins (without thermoplastic) are synthesized with TGAP and with TGDDM at a stoichiometry of 0.9.
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They are cured with 4, 4’- DDS with the same process as systems A and B. Samples are quenched at
different times corresponding to different process temperature (according to a 1° C.min™* temperature
ramp). Their T, are measured by DSC on the first heating ramp at 10 °C.min™. In parallel, DSC
experiments of these two neat resins have been performed at 1 °C.min™ (ramp of the curing process) so
that it is possible to correlate the process temperature at which the sample has been quenched to the
epoxy conversion.

2.6.Small-angle neutron scattering study
Small-angle neutron scattering (SANS) experiments are carried out on the D11 beam-line at the Institute
Laue Langevin (ILL, Grenoble, France). Three configurations (sample-to-detector distance/wavelength)
are used: 5.5 m/5.3A, 28m/5.3A, 37m/12 A, covering a range of scattering vector g from 5x10™ to 1x10°
1 A [43]. The samples of the four formulations are prepared in a home-made mold consisting of
aluminum rectangle of 23.75 mm width, 46 mm high and 1.5 mm thick, with a hole of 20 mm diameter
centered at 13 mm high. A position is kept empty to measure the background intensity to subtract. For
each sample, the three scattering curves corresponding to each configuration are normalized by the
thickness and transmission and by incident beam intensity. The three curves are rescaled in absolute
unit intensity. The incoherent intensity is subtracted and the coherent scattered intensity I(q) is
obtained. The differential scattering cross section per unit volume of sample reads (Equation 2) [43, 44]:

_do . _ 21,2 (2)
I(q) = E(per unit volume) = N(a p)“V*P(q)

where I(g) is the scattering intensity (cm™), g is the scattering vector (A™), N is the number of scattering
objects per unit volume (cm™), (A p) is the scattering length density contrast (SLD) (cm?), V is the
volume of scattering objects (cm?). P(q) is the form factor, the objects are uncorrelated so that the
structure factor is equal to one.

The scattering length density contrast (A p) is the difference of scattering length density between two
phases of a material. The coherent scattering length density of a material is defined in Equation 3:

p= (Z nibi) (jw—N: 3

where n; is the number of an isotope in the component, b;is the coherent scattering length of an
isotope, d is the density of a material (g.cm™), N, is the Avogadro number (mol™) and M, is the molar
mass of the component (g.mol™).

The scattering length density (SLD) contrast between phase 1 and phase 2 is then defined in Equation 4.
Ap=pi— p, (4)

The theoretical coherent scattering length densities of the different species are calculated using the
neutron scattering lengths for isotopes (periodic table provided by the NIST Centre for Neutron
Research [45]) and given in Table S2. The theoretical coherent SLD contrasts (which assumes pure
phases) in the four systems are given in Table S3.



Beaucage et al. [46] have proposed a global unified scattering function which approximates the
scattering of a particle on the Guinier and Porod region. For spherical particles, it is written as in

Equation 5:
qR 12 (5)
B —q?R? (erf(mo))
I(q)—G exp< c >+ 4.SBBW

where erf(x) [47] is the error function. BB is the Beaucage fitting parameter (dimensionless). R is the
object radius (cm) and q is the scattering vector (A™). G is a prefactor (cm™) given by:

G=0(1-0)V(ap) (6)

where @ is the volume fraction of the objects, V the volume of the objects (cm?). Note that the Beaucage
model does not take into account the possible correlation of position of the diffusing objects [46].

3. Results

3.1.Observation of phase separation
After curing, the morphologies of all formulations were characterized by SEM, TEM, DMTA and neutron-
scattering as reported previously [39]; it can be summarized as follows. For Al and A2, the presence of
objects with 20 nm in diameter was determined. Both systems B showed quasi co-continuous
morphologies. In system B1, the average width of the PES-rich domains was about 300 nm. For the
system B2 cured with an amine excess, it was about 200 nm. Further interpretation of the neutron-
scattering data will be done in Part 3.5.

3.2. Miscibility of the constituents
The reaction-induced phase separation in the resins is interpreted through the Flory-Huggins theory of
polymer blend for which the Gibbs free enthalpy per monomer reads (Equation 7):
Q)TP (1 - Q)TP) (7)

G =KkT N_lanP +——— In(1 = B1p) + Xpp pporyPrr (1 — Orp)
TP Epoxy

where @7p and (1 — @7p) are the volume fractions of the TP and of the epoxy respectively, Nrp and
Ngpoxy are the polymerization degrees of each specie, AP Epoxy is the Flory interaction parameter

between monomer units of each specie, i.e. TP and epoxy.

The epoxy size Ngp,xy starts from 1 and then increases during epoxy curing [48]. A phase diagram can
be drawn for each Ngp,xy. Above a certain value of Ngp,yxy the system becomes unstable; the second
derivative of the free enthalpy is negative, and it phase separates [4, 22, 49, 50]. After phase separation,
curing continues, and the two components become less and less compatible. The compositions of the



two phases are given by the construction of the common tangent as illustrated in Figure 2, for system A
(left) and system B (right).
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Figure 2 Evolution of free enthalpy of TP/epoxy blend as a function of the TP volume fraction. For TGDDM-system
(left), Ngpoxy value varies from 3 to 7, and for TGAP-system (right), Ngy,y, value varies from 50 to 5700. Vf is the
initial volume fraction of TP. It separates in two phases with concentrations @;and @,. When Ny, increases, ¢,
increases and ¢, decreases.

Systems A become unstable at a relatively low epoxy conversion (Ng,,xy=5) and phase separates with
TP volume fractions in TP-phase (¢4) and in epoxy-phase (¢-) equal to 0.48 and O, respectively. Systems
B are stable until a high degree of conversion (Ngp,x,=50) when it phase separates with TP volume
fractions in TP-phase (¢4) and in epoxy-phase (¢,) equal to 0.74 and 0.12, respectively. These are the
compositions which would correspond to a system at equilibrium with the current epoxy conversion, i.e.

NEpoxy-

3.3.Experimental determination of the phase separation onset and end

In a previous paper [39], the epoxy cure reaction of the systems was characterized by dynamic rheology
and DSC analysis. The combination of the two techniques allows for the determination of the
temperature at the gel point (based on Winter’s criterion, i.e. tand crossover in a multifrequency test
[51]), and the corresponding epoxy conversion (Table 1, columns 2 and 3). It is believed that gelation
prevents the morphology from evolving [12, 52, 53], so we consider gelation as the end of the phase
separation. The onset of phase separation was inferred from dynamic rheology for B1 and B2 as a
change of slope of the viscosity profiles, and the corresponding epoxy conversion was determined (Table
1, columns 4 and 5). No deviation of viscosity was observed for systems Al and A2. With the
construction of the phase diagram (Part 3.2), it is possible to determine the epoxy size (N) for which the
systems phase separate. The corresponding epoxy conversion and temperature are determined and
given in columns 6, 7 and 8 in Table 1.



Table 1 Characteristics of the phase separation and of the gel point of systems A and B.

Determination of gel Determination of onset of Determination of onset of phase

point temperature by phase separation separation by phase diagram study
rheology and degree of temperature (rheology)

cure by DSC. In and degree of cure (DSC)
parenthesis, we put the
theoretical value

obtained by the Flory-

Stockmayer equation.

System GP Degree of Curing Degree of | Ngpox, Degree of Curing
temperatu cure at GP | temperature cure at at cureat  temperature
re +/- 1 (°C) (Flory- at phase phase phase phase at phase

B separation separatio | separati separation  separation
adedl n on +-1(°C)
Al 173 0.33 not observed / 3 0.13 156
(0.32)
A2 167 0.42 not observed / 3 0.16 151
(0.36)
Bl 166 0.49 161 0.41 50 0.41 162
(0.39)
B2 157 0.47 153 0.38 50 0.40 154
(0.44)

Note that for systems B1 and B2, there is a good similarity between epoxy conversion determined by
dynamic rheology and determined through the phase diagram study. Based on such observations, the
degree of cure values at phase separation determined by the phase diagram construction will be
considered in the discussion for all systems.

3.4.Determination of the T, of the TP-rich and epoxy-rich phase during phase

separation
To understand the influence of the dynamic behavior of the systems Al and B1 on the phase separation
kinetics, the T, of the TP-rich phase and of the epoxy-rich phase during the curing process has to be
determined. The TP-rich phase is composed of TP (high T,;) and epoxy monomers or oligomers (low Tg).
The T, varies during the curing process because of the growth of the epoxy oligomers.

It was not possible to determine directly by DSC the T, of the TP-rich phase and the T, of the epoxy-rich
phase mostly because the signal displays by the T, of the TP-rich phase was too weak (in classic or
modulated-DSC) and at the end of the cure reaction, the T, of the two components are too close to be
discriminated. Thus, a step-by-step DSC methodology is proposed here to approximate the T, of the TP-
rich phase and of the epoxy-rich phase all along the curing process. First, the T, of binary non-reactive
TP/epoxy blend is measured for different epoxy contents. The second step is to measure the T, of neat
epoxy resin (without TP) as a function of epoxy conversion. Finally, results obtained from the first and
second steps are combined. The T, of the TP-rich phase is plotted both as a function of the TP-rich phase
content in epoxy and as a function of the epoxy conversion.



The affinity of the TP with the epoxy monomer is good enough to obtain homogeneous blends
upon mixing in temperature for a broad range of composition. TGDDM and TGAP epoxy monomers have
alow T, of -15 °C and -41 °C respectively. In comparison, the TP has a T, of 232 °C. Epoxy monomers play
a role of plasticizer.

The glass transition temperature of thermoplastic-epoxy blends are measured by DSC experiments for
different compositions, up to 40 wt% of TP in epoxy monomers (Figure S1). Larger TP contents were not
considered because of a dramatic increase in viscosity. The T, of blends made with a higher TP content
(above 40 wt%) was obtained by extrapolation. Considering an adjustable k parameter, Couchman-
based equation (Equation 8) [54] was found to be adequate as observed in Figure S1.

Tgiwy + kTgow, (8)

9=

w; + kw,

T, is the glass transition temperature of the blend, Ty, Ty, w; and w, are the glass transition
temperatures and the mass fractions of components 1 and 2, respectively. k is an adjustable parameter.
For each system the T, values observed evolved from the T, of the pure TP, 232 °C down to the T, of the
pure epoxy monomer (-15°C and -41 °C for TGDDM and TGAP respectively). It decreases with the
content of epoxy monomer. k values of 2.68 and 5.48 are determined for systems Al and B1,
respectively (Figure S1).

The epoxy conversion dependence of T, of neat epoxy can be represented by using the Di
Benedetto’s equation modified by Pascault and Williams [55] (Equation 9):

Ty —Tyo _ Ao (9)
Tgo = Tgo 1—(1-1)a

where o is the epoxy conversion, Ty, and Ty, are the glass transition temperatures (°C or °K) of the
uncured and the fully cured system, respectively. The experimental data are fitted with A as an
adjustable parameter as it was done by Rosetti [10]. A is found to be 0.95 and 1.10 for system Al and B1
respectively (Figure S2). Overall, throughout the resin curing, the T, values of TGDDM network are 6 to
10 °C higher than the ones of TGAP network, at the same epoxy conversion.

The T, values that evolve with epoxy conversion and the phase contents control the kinetics of
phase separation process. So that, the results of the two studies (Figure S1 and Figure S2) are combined
on a single graphic for calculating the evolution of T, during phase separation and curing. The plots
obtained for each system are displayed in Figure S3 for System A1l and in Figure 3 for System B1. This
gives a continuum of T, values for TP-rich phases and epoxy-rich phases for a range of blend
composition, upon cure, by extrapolation. The T, values of the neat resin recorded upon cure are placed
on the y-axis for an abscissa of 1 in volume fraction of epoxy monomer (100 volume percent, 100 vol%).
The T, value of the pure TP can be indicated on the y-axis for an abscissa of 0 in volume fraction (0 vol%).
A curve can be plotted between the two epoxy compositions 0 and 1. For each epoxy conversion, the
curve between the two points is plotted by using Equation 8 (Couchman-based equation) with k=2.68
for TGDDM-system and k=5.48 for TGAP-system. We suppose that the same functions with the same k
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parameters describe a same system prior to reaction and whilst it is curing. Each curve indicates the
evolution of T, of the epoxy/TP blend as a function of the composition, for a fixed epoxy conversion.
Thus, the final graph represents the evolution of the T, as a function of the volume fraction of epoxy
monomer and of epoxy conversion. For a fix amount of epoxy monomer, the change in T, value with the
epoxy conversion increase can be read moving up from one curve to another.

In the systems of this study, phase separations occur, so that the T, of the homogeneous system is read
up to the epoxy conversion for which phase separation takes place (Figure 3 for system B1 and Figure S3
for system A1), from point 1 to 2). Then the T, of the TP-rich phase and the T, of the epoxy-rich phase
can be read in the direction of the T,;and T,, arrows, respectively, by knowing the volume fraction of
epoxy in each phase.

In the initial state, 13 %vol of TP are introduced which gives the initial point 1 (volume fraction
TGDDM=0.87) for system Al (Figure S3). Then the cure reaction begins and the T, of the blend for the
evolving epoxy conversion are read along the vertical line (black arrow between points 1 and 2) until it
reaches the curve representing the epoxy conversion at phase separation. Due to poor compatibility
between the constituents, phase separation occurs early at a low value for the degree of curing (2=0.13).
After point 2, two phases coexist with a certain T, which depends on the phase composition and on the
epoxy conversion. When the phase separation process continues, the composition of each phase
evolves towards those corresponding to thermodynamic equilibrium at the current epoxy conversion.
The T, of the TP-rich phase are read in the direction of the left arrow (T4 ) and the T, of the epoxy-rich
phase are read in the direction of the right arrow (T,). The positions of the left and right arrows are
drawn arbitrarily on Figure S3 because we do not know the exact trajectory of the systems in the
diagram, which will be discussed later.
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Figure 3 Evolution of the Tg during curing as a function of TGAP volume fraction, for system B1. Point 1 is the Tg of
the homogeneous blend before curing. Point 2 is the Tg of the blend at phase separation. Tgl is the Tg of the TP-
rich phase, Tg2 is the Tg of the epoxy-rich phase. The arrows indicate the direction to read Tgl and Tg2 but do not
correspond to precise values.

For system B1 the T, of the epoxy/TP blend can be read from Figure 3. The starting point 1 is 87 vol% of
TGAP. The T, of the blend increases (black arrow) up to point 2 which corresponds to the phase
separation (0=0.41). Then two phases coexist and their respective T, can be read along the direction of
the T, (TP-rich phase) or Ty, (epoxy-rich phase) arrows.

Note that in this study, we always work with a same temperature ramp but different temperature cycle
would lead to different onset of phase separation. The methodological approach can be easily adapted
to other curing process.

3.5.Small-Angle neutron scattering for the determination of morphology size and
composition
Small-Angle neutron scattering measurements are performed on cured systems to determine the exact

size of the morphologies and to access the phase compositions in the final system. From the obtained
2D patterns, the scattering intensities are integrated over the isotropic system.

For systems Al and A2, no clear morphology was observed by SEM or TEM but the DMTA
indicated the occurrence of phase separation. The size and shape of the developed morphologies were
detected by neutron scattering measurements (Figure S4); a slope of g™ and the Guinier plateau on the
low-q indicating the presence of 3D objects with defined interface [46]. The experimental data are fitted
with the Beaucage global unified equation for a sphere (Equation 5).
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The variables to consider are: € the average diameter (2R) of TP-rich phase, BB the Beaucage parameter,
®2Epoxy the volume fraction of epoxy in the epoxy-rich phase, @p the volume fraction of TP in the TP-
rich phase and @1 the volume fraction of TP-rich phase.  is fixed by the position of the peak, and BB is a
fixed dimensionless number which is here set equal to 3. The last three parameters are related together
for the global TP mass conservation through Equation 10.

Vf -1+ P2Epoxy (10)
@1 =
@11p — 1 + @2Epoxy

V¢ is the initial volume fraction of TP introduced. For both systems, V;=0.13 which corresponds to the TP
content of 15 wt%.

Under the hypothesis that the phases are pure thermoplastic and pure epoxy, respectively, the
calculated scattered intensity is orders of magnitude too high as compared to experimental results: the
two phases are not pure and their compositions need to be determined. The parameters which fit the
neutron scattering data of cured system Al and which satisfy Equation 10 are given in Table S4. Because

there are three variables (Q2gpoxy, D1, ) for only two equations (Equations 5 and 10), a continuum

(‘OlTP
of solutions exist, which we exemplify with solutions from A to M in Table S4.

The size of the morphology determined by neutron scattering is 19.5 nm. The Beaucage parameter (BB)
which makes the link between the Guinier and Porod regions is set equal to 3. The volume fraction of
epoxy in epoxy-rich phase ranges from 1 (pure phase) to 0.88. The smaller the epoxy fraction in the
epoxy-rich phase (@zgpoxy) is, the larger the TP fraction in the TP-rich phase (¢@,rp) is. Note that the
possible @1 p values vary from 0.18 to 0.70 (Table S4), which indicates a large presence of epoxy in the
TP-rich phase. The maximum amount of TP in the TP-rich phase considered is 0.70 which corresponds to
a volume fraction of thermoplastic rich phase of 2 % only.

While Al is a TGDDM-system at a stoichiometry of 0.9, A2 is at stoichiometry of 1.15. Nevertheless, the
intensity scattered by system A2 is the same as for system A1l which indicates that similar morphologies
are obtained. The same parameters are also used to fit the experimental data of cured system A2 and
the same solutions (A to M) are found.

For systems Bl and B2, co-continuous morphologies were observed by SEM and TEM. The
analysis of neutron scattering curves permits to determine quantitatively the morphology size and the
composition of the two phases. The scattered intensities of systems B1 and B2 are given in Figure 4.
They indicate the presence of two populations of morphologies: one in the low-q range (coarse size) and
the other in the high-q range (small size). Note that due to the presence of two bumps in the scattering
curve, it is not possible to fit the results with only one broad distribution such as a power law. Hence,
two scenarios are discussed for systems B. A schematic of the morphology suggested in the two
scenarios is given in Figure 5.
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Figure 4 SANS intensity of systems B1 (left) and B2 (right), for a=0.44 and 0.40, respectively (grey) and for a=0.90
(red) and the fitting curves (blue).
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Figure 5 Schematized morphology in system B, Scenario 1 and Scenario 2. In green are the compositions of the TP-
rich phases. In blue are the compositions of the epoxy-rich phase.

In both scenarios, the population with the coarsest size (low-g range) corresponds to the TP-rich phase.
In the Scenario 1, the second population of morphology corresponds to sub-inclusions of epoxy-rich
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phase inside the coarse TP-morphology; whereas in the Scenario 2, the second population corresponds
to small TP-rich phases.

Only Scenario 1 permits the reproduction of the neutron data. The variables are & the average
characteristic size of TP-rich objects, @;1p the volume fraction of TP in TP-rich phase, @, the volume
fraction of TP-rich objects, @2Epoxy the volume fraction of epoxy in the epoxy-rich phase, &.; the
characteristic size of the epoxy-rich objects included in TP-rich phase, @;in1Epoxy the volume fraction of
epoxy in epoxy-rich objects included in the TP-rich phase, @,;,; the volume fraction of epoxy-rich
objects in TP-rich phase, and BB1 and BBhqg the Beaucage parameters. The conservation of the TP is
given by Equation 11 and Equation 12 for low-q range and high-q range respectively:

Q)l _ Vf -1+ P2Epoxy (11)
@P1TP — 1+ (PZEpoxy

And (12)
Byt = Vf —@itp X 04
(1 - (PZinlEpoxy)

Where Vs is the initial volume fraction of TP introduced (V= 0.13).

The experimental data are fitted with the Beaucage global unified equation (Equation 5) for two
populations of spheres. A co-continuous structure can be understood as percolated spheres where its
width is considered as the sphere’s diameter.

Scenario 2 does not allow fitting the neutron experimental data with respect to mass conservation; it
results in curves with too low intensity as compared to the experimental results. Moreover, scenario 2
does not seem probable regarding the very low content of TP that remains in the epoxy-rich phase after
phase separation according to the phase diagram of System B.

Thus, we use Scenario 1, in which the large quantity of epoxy remaining in the TP-rich phase continues
to branch until a certain conversion for which there is (secondary) phase separation. This results in
epoxy-rich nodules in TP-rich phase, as also observed in some systems in the literature [8, 21, 56]. The
parameters which best fit the experimental data of system Bl and take account of the relations
between the parameters (Equations 11 and 12) are given in Table S5. Again a continuum of different
solutions exists, which we exemplify from A to J. The TP-rich morphology of system B1 fits with a
lengthscale of 340 nm. Results of the fitting indicate epoxy-rich nodules (sub-inclusion) of 22 nm in
diameter. For primary (low-q) or secondary morphology (high-q), the Beaucage parameter (BB1 and
BBhq) is found to be equal to 4. The volume fraction of epoxy in the epoxy-rich phase (@zgpoxy) is
between 0.99 and 0.90. The fraction of TP in the TP-rich phase (¢;rp) may cover a wide range of
composition: from 0.36 to 0.92 which corresponds to a volume fraction of TP-rich phase from 0.34 to
0.04. Concerning the sub-inclusion morphology, it is highly concentrated in epoxy: from 0.95 to 0.74
(¢2in1Epoxy) @nd represents 0.13 to 0.37 (@zn1) of the volume of the TP-rich phase in which it is included.

Different solutions also exist to fit the experimental data of system B2 with scenario 1, in the same
range of compositions but with smaller TP-rich nodules (180 nm).
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Note that the intensity scattered at different stage of the phase separation was also measured (from
0=0.20 to a=0.33 and from a=0.44 to a=0.49 for Al and B1 respectively) with the aim of accessing the
detailed kinetics of phase separation, but no significant evolution of the peak position or intensity could
be measured. The contrast between both phases may not be strong enough before the final stages of
phase separation. Note that neither the neutron scattering experiments, nor the electron microscopic
observations allowed us to observe morphologies at intermediate steps of partial curing.

Our results validate the presence of sub-inclusions in systems B, which was suggested by microscopy
images but without certainty. Also, neutron scattering results give detailed information on the
compositions of TP-rich and epoxy-rich phases (and the sub-inclusions in the case of Systems B) but
further analysis are needed to determine the one solution that describes the system. The mechanisms
of phase separation for each system are discussed in the following section.

4. Interpretation and discussion
4.1.Kinetics of phase separation and diffusion process

In a previous work [38], we described the morphologies observed by electron microscopy but we did not
provide explanations regarding the phase separation process which we do here. The growth of the
morphology is fixed by different parameters: the onset of phase separation, the end of separation which
is often determined as the gel point that fixed the morphology, and the kinetics of growth during the
elapsed time [22]. The characteristics of phase separation of the four systems, in term of epoxy
conversion and process temperature at phase separation and at gel point, are summarized in Table 1
above.

In the early stage of spinodal decomposition in polymer blends, an initial demixing length scale is
favored according to Cahn-Hilliard theory [57, 58]. Then the growth rate reaches a maximum [4, 36, 59]
and then during the later stage of spinodal decomposition the kinetics of phase separation is described
by Ostwald-ripening mechanism [60, 61]. The time of growth is directly related to the final size
morphology. For constant diffusion coefficient, domains size grows proportionally to ¢ 1/3 (Equation 13)
[61, 62]:

Ex(NDat)'? (13)

& is the size (m), N is the number of monomers per chain (here, N=103), D is the diffusion coefficient of
the polymer (m2s™), a is the monomer size (a=10°m), and t is the time for phase separation (s). D may
be considered as constant if the phase separation process takes place well above the T,, e.g. at about T,
+ 100 °C [62]. Then, the dynamics is very fast, with a diffusion coefficient typically around 10™ m2.s™.
For an experimental time of 10°s, the characteristic size calculated with Equation 13 is around 2 um,
which is not the scale of morphology that we aim for. Indeed, we work at temperatures closer to T,. To
explain the obtained nanoscale morphology, we need to take into account the effect of the T, on the

spinodal decomposition process.
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For systems Al and B1 respectively, the value of the T, of the epoxy/TP blend throughout the cure
reaction can be determined from Figure 3 and Figure S3. From the moment of phase separation (point
2), the T, of the TP-rich phase can be read to the left while the T, of the epoxy-rich phase can be read to
the right, when knowing the epoxy amount (abscissa).

We assume that the diffusion dynamics is set by the slowest component [62, 63], thus we aim to
determine the monomeric relaxation times of the TP slow component in both the TP-rich and the epoxy-
rich phases. The Williams-Landel-Ferry (WLF) [40, 41] can be used to determine the TP monomeric
relaxation times in both phases. We then proceed to shift the curve when considering a phase with a
different T,. We use the same WLF coefficients C; and C, as those determined for the pure TP. To
determine the monomeric relaxation time 7, the WLF curve is plotted for various T, of the TP-rich or
epoxy-rich phase (Figure 6).

—— Shifted WLF, Ty =50°C
0 Shifted WLF, T, = 100°C
T =150°C —— Shifted WLF, T, =120°C
g” —— Shifted WLF, T, =150°C
=2
F.
L+ Ju—"
o
o
T,=120°C
_6 -
T,=100°C
_8 - i
T,=50°C
-10 - . . : .
150 155 160 165 170 175 180

T (°C)

Figure 6 WLF curves for several examples of TP-rich or epoxy-rich phase having four different Tg (50, 100, 120,
150 °C)

For example, if the phase has a T,of 100 °C (orange curve) and the process temperature is 155 °C, so

To

that log ar= -7.5 and the monomer relaxation time of the TP (z,,) is 3x10° s (log ar = log ( )). Once

Tref

7, is determined, the diffusion coefficient Dyp (m2.s™) can be estimated by using Equation 14 [64]:

b a?x N, (14)
TP 1, X N?

Where a is the monomer size (typically a=10° m), 7,(s) is the monomer relaxation time of the
thermoplastic, N is the number of monomer unit (N=103) and N, is the entanglement number (N.=34).

N, is determined as M, /M, ratio with M, the entanglement mass determined on the dynamic rheology
curve with the plateau modulus G as M, = pRT /G [41], and M, the molecular mass of the monomer
unit.
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4.2.Proposition of mechanisms for phase separation and kinetics of morphology
growth

According to the phase diagram, phase separation starts when N=3 for A1l which corresponds to a
degree of cure of 0.13, whilst it starts when N=50 for B1, which corresponds to a degree of cure of 0.41,
which is also consistent with rheological studies.

The growth of the morphology characteristic size is controlled by the diffusion of the TP in the epoxy-
rich phase as illustrated in the scheme below (Figure 7). The polymer chains diffuse in the epoxy-rich
phase to gather at the boundaries of the high-T, thermoplastic-rich phase. Consequently, the domains of
the thermoplastic-rich phase grow.

Epoxy-rich phase Epoxy-rich phase

TP dissolved TP-richphase TP-richphase
in Epoxy
- S - .
in Epoxy-rich
phase

AR S i -

Figure 7 Scheme of the growth of TP-rich phase by diffusion of the TP through the epoxy-rich phase, &, > &;

On the other hand, the increase of the concentration of the TP-domain is driven by the diffusion of the
TP within the TP-rich phase. The TP diffuses from the interface of the TP-rich phase to the inside of the
morphology so that the average concentration of the TP-rich phase increases.

4.2.1.Systems B1 (TGAP-based system)

Based on neutron scattering results and microscopy observation, System B1 exhibits co-continuous
morphology of 340 nm in width. We calculate the morphology size and its composition by using the
methodology based on the determination of the T,. As a first approximation, we monitor the T, increase
with TP content on the curve at the onset of phase separation (a=0.41, corresponding to N = 50). The
co-continuous structure grows by diffusion of the TP through the epoxy-rich phase (Figure 7). At the
onset of separation, the epoxy-rich phase contains 12% of TP as read from Figure 2. This composition
corresponds to a T, of 92 °C (Figure 3), so that T- T, = 70 °C (when a=0.41, Tyrocess=162 °C). The monomer
relaxation time is calculated with Equation 1: 7, = 1x10°s. The corresponding diffusion coefficient is
3.8x10™° m2.s™ (Equation 14). In the time elapsed between the onset of phase separation and the gel
point of 4 min, the TP-rich structure can grow from 5 to 450 nm as calculated with Equation 13. This
length scale is comparable to the one observed by microscopy and small-angle neutron scattering (340
nm). The parameters are summarized in Table 2.a.
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Table 2 Parameters for the phase separation process description

Table 2.a Phase separation in system B1

o Tprocess P21P (PZEpoxy Tg. epoxy- Tq D TP_1 At E

+/-1 (oc) rich phase (S) (mz's ) (S) (m)
+/-1(°C)
0.41 162 0.12 0.88 92 1x10°  3.8x10™ 234 4.5x107
Table 2.b Calculation of TP concentration in the TP-rich phase in system B1
o Tprucess E At DTP1 Ta Tg, TP-rich (plTP
+/-1 (oc) (m) (S) (mz's- ) (S) phase
+/-1(°C)

0.41 162 2.2x107 234 4.5x10"° 1x10” 112 0.53

The increase of TP concentration in the TP-rich phase is driven by the diffusion of the TP though the TP-
domains. Indeed, the more the TP-rich phase is concentrated (during the process), the higher the TP
monomer relaxation time and the smaller the diffusion coefficient. Thus, more time is needed for the TP
to diffuse from the interface to the inside morphology (~220 nm). This process is limited by the time for
phase separation (230 s), which allows us to determine the maximum composition of the TP-rich phase.
The value of the T, of the TP-rich phase that enables a sufficient mobility (Dyp) to diffuse 220 nm (that is
radius of the considered morphology), is calculated with Equations 1, 13 and 14. The required diffusion
coefficient is 4.5x10™°m2.s™; corresponding to a monomer relaxation time of 1x107s. At the curing
process of 162 °C, this monomer relaxation time corresponds to a T, of the TP-rich phase of 112 °C. That
corresponds to about 53 vol% of TP when reading on the 0=0.41 curve of the T, diagram (Erreur!
Source du renvoi introuvable.3). The parameters resulting from the phase separation kinetics analysis
are summarized in Table 2.b. This value of 53 vol% of TP in TP-rich phase (¢;1p) allows choosing
Solution F from the possible neutron scattering fits (Table S5). Thus, we can deduce the volume ratio of
TP-rich phase to be about 14% (@,). This proportion seems in accordance with the images analysis of
SEM morphology. Also, there is about 94 vol% of epoxy in the epoxy-rich phase (@2gpoxy). Moreover,
solution F gives the proportion and composition of the small epoxy-inclusions inside the TP-rich phase.
They occupy about 29 vol% of the TP-rich phase (@,i,;) and are composed of 82 vol% of epoxy

((Pzinlepoxy)-

Note that only about 60% of the TP introduced initially has phase separated, the rest remains in the
epoxy-rich phase. It is indeed limited by the kinetics of diffusion whereas thermodynamic equilibrium
corresponds to larger composition differences.

4.2.2.Systems Al (TGDDM-based system)
Based on the neutron scattering results, Al systems display very small morphologies of 20 nm. Phase
separation occurs when N=3, a=0.13 as determined on the phase diagram. The growth of the
morphology in principle is controlled by the diffusion of the TP through the epoxy-rich phase (Figure 7),
which depends significantly on the T, of the epoxy-rich phase, and on its composition. Throughout the
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curing process and for any TP amount, the T, of the TGDDM-rich phase is very low as compared to the
curing temperature, as can be read on Figure S3. Even if the onset of phase separation could occur some
degree of conversion later because of the compatibilization of the TP with the epoxy through its reactive
end-group, the T, of the TGDDM-rich phase remains low at low epoxy conversion. For example, at phase
separation (00=0.13, Tyrcess= 156 °C), there is at the very maximum 13% of TP in the epoxy-rich phase
(initial TP volume fraction). The T, of the epoxy-rich phase is of 47 °C (T- T;= 109 °C), the monomer
relaxation time is at most 1x10” s and the corresponding diffusion coefficient is 3x10™** mZs™
(Equations 1 and 14). Thus the morphology should reach 1.5 um (Equation 13) whereas a 20 nm size was
determined by neutron-scattering. Values discussed here regarding the scale of the morphologies and
their compositions for systems A are gathered in Table S6.a. and Table S6.b.

When conversion evolves, the mobility decreases but T- T, is always greater than 80 °C. Thus, at any
time, the monomer relaxation time is shorter than 4x10” s so that the diffusion of TP through the
epoxy-phase is fast and the size should be larger than 600 nm (Equation 13) in a few minutes. Thus, the
mechanism of morphology growth by diffusion through the epoxy-rich phase does not permit to explain
the 20 nm size of morphology in Al.

Regarding the final morphology of 20 nm for A1, we deduce from our results that the process is
arrested at an early stage of spinodal decomposition. We propose that this is due to the reaction of the
TP-end group with the epoxy. When phase separation occurs (T=156 °C), the morphology can first
slightly grow (from 5 to 20 nm). However, the hydroxyl end-group of the TP immediately reacts with the
epoxy at the interface between the two phases. Indeed, at around 150 °C the —OH-epoxy reaction is fast
[10]. An epoxy-TP block copolymer forms a dense brush around the TP-rich phase. Moreover, it is
favored because of a high incompatibility between TP and epoxy (¥=0.27). The organization in micelles
blocks the penetration of the TP inside the TP-rich phase. Thus phase separation is arrested [65]. The
same effect of the reactive end-group was observed by different authors [10, 56, 66] for epoxy/TP
blends. When TP had reactive end-groups (-NH, or -OH), the characteristic sizes obtained were of the
order of 20 to 90 nm depending on the epoxy monomer.

In term of TP-rich phase composition, the concentration is driven by the diffusion of the TP in
the TP-rich phase. As for system B1, we determine for Al the T, of the TP-rich phase which provides a
sufficient diffusion of the TP from the interface to the inside morphology (length around 10 nm). It is
calculated with Equations 1, 13 and 14 through the determination of the diffusion coefficient and
monomer relaxation time. For T= 156 °C at phase separation, the T, of the TP-rich phase is 148 °C. This
corresponds to 78% of TP in the TP-rich phase when reading on the a=0.13 curve (Figure S3). This value
of 78 vol% of TP in TP-rich phase (¢, p) allows choosing Solution M from neutron scattering (Table S4).
Thus, we can deduce that the volume ratio of TP-rich phase is only 2% (@). Also, there is about 88 vol%
of epoxy in the epoxy-rich phase (Q;gpoxy)-

Let us note that only about 10% of the TP introduced initially is within the TP-rich phase by the end of
the process. Most of the TP remains trapped within the epoxy-rich phase: the phase separation is not
advanced at all. Our interpretation is that the reaction of the TP-end group with epoxy occurs probably
on the same time scale as that of the epoxy reaction with amine which is slow in these systems. So, in
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parallel TP-end group branch and the epoxy network evolves. The TP that has already reacted can be
solubilized inside the epoxy-rich phase (because it has increased their affinity with epoxy) or even
becomes part of the network. The TP that has not yet reacted phase separates and forms a TP-rich
phase. The TP at the interface of this phase then reacts as well and form a block TP-epoxy barrier. In this
way, the morphology only attains 20 nm sizes and is poorly concentrated: the phase separation is
frustrated. This could explain why no morphology was observed by electronic microscopy.

System B1 has faster network formation kinetics and we propose that the TP-end group reaction is too
slow in comparison so that it does not come into play during the phase separation mechanism. The TP-
rich phase is formed and grows up to the gel point. Because the elapsed time for phase separation is
short (4 min), the structure remains co-continuous and percolation-to-cluster mechanism does not
occur. The determination of the kinetics of TGAP-TP reaction and TGDDM-TP reaction compared to
epoxy curing kinetics and phase separation would be interesting to validate this hypothesis.

4.2.3.Systems A2 (TGDDM-based) and B2 (TGAP-based) composed of an excess of
curing agent

Systems A2 and B2 are cured with an excess of curing agent (NH/Ep=1.15). In both cases, small
molecules of unreacted curing agent may migrate into the TP-rich phase because of their good affinity
[67]. The same scattering intensity was obtained for A2 compared to Al, so that the morphology size
and composition are similar with a TP-rich morphology of 20 nm in width. For both Al and A2 systems,
the phase separation is frustrated because the epoxy reacts faster with TP end-group than with amines.
The excess of amines in A2 do not change the kinetics competition.

In B2 system, the morphology obtained exhibits a 180 nm length scale which is about a factor of two
smaller than in B1, that we attribute to a decrease of phase separation kinetics. First, as already
discussed in a previous article, the viscosity of the blend is higher in B2 than in B1 [39] during the whole
curing process because of the presence of amines in excess. Thus, whereas the epoxy conversions at
phase separation are similar (=0.41 and 0=0.40 for B1 and B2, respectively), the T, of the epoxy-rich
phase is higher in B2 than in system B1 (based on results from rheology experiments). In addition, the
process temperature at phase separation is lower due to faster curing kinetics (almost 10 °C lower than
in B1). As a consequence of the two aspects (higher T, and lower T), the T- T, value is smaller and the
mobility of the thermoplastic is reduced. So, the phase separation kinetics is slower than in System B1
(diffusion of TP in epoxy-rich phase), which leads to a smaller morphology size.

4.2.4. Further discussion
In the literature, some studies observed the influence of the dynamic properties of epoxy/TP systems on
final morphologies. Gan et al. [26] studied a DGEBA-system modified with PEI of different molecular
mass. Scanning Electron Microscopy (SEM) images of the cured sample indicated large PEl-structure
(some microns) in a continuous epoxy phase close to a co-continuous structure. It was observed that the
final size decreased with the decrease of the molecular mass. Phase separation was measured to occur
later in the process for the system with the lowest PEI molecular mass. Although the epoxy conversion
was not followed during the experiment, we can understand that the epoxy conversion at phase
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separation was higher for the low molecular mass PEIl. Based on our study, we deduce that the T, of the
epoxy-rich phase should be higher at phase separation for low molecular mass PEl systems, which
results in a small final morphology.

Rico et al. [30] also showed the influence of the T, but for phase-inverted structures. They studied
DGEBA systems cured with diamine and a stoichiometry of 1 with a PS with low molecular weight and a
PS with high molecular weight. For high TP amount, the size of epoxy nodules in continuous PS phase
was smaller for the resin modified with TP of high molecular mass. We understand that the TP-phase
had an increased T, , so that T- T, was smaller for high molecular mass TP systems. The diffusion
coefficient was decreased so that the kinetics of epoxy domains was reduced.

The same authors [21] studied qualitatively the influence of the isothermal process temperature on the
morphology of DGEBA-based systems. The authors characterized the systems but did not quantify the
temperature window T- T, that we can now use based on our study. For sea-island morphology the TP-
nodules size decreased with an increase in the isothermal process temperature. They explained this
based on the fact that the affinity between epoxy and TP increased when the temperature is increased.
Thus, phase separation occurred at higher epoxy conversion. As a consequence, T- T, at phase
separation is smaller (assuming that the increase of T, is the dominant effect as compared to the
increase of curing temperature), because the T, of the continuous epoxy-phase is higher as compared to
previous systems. In contrast, in a phase-inverted morphology the epoxy-nodules size increased with an
increase in the curing temperature. Indeed, the viscosity of the continuous TP-phase decreased because
of a higher temperature, so that T- T, is larger compared to systems at lower temperature: the diffusion
is favored. The same influence can be understood in the work of Saalbrink et al. [33] where a
temperature increase of 20 °C induced an increase of phase-inverted morphology size in DGEBA/PS
systems. They confirmed that the gel time was kept the same regardless the curing temperature. It
supports the main influence of the T, of the continuous phase in final morphology, more than a possible
influence of the epoxy curing kinetics. Note that we did not address the relationship between the
shrinkage factor of the resin and the phase separation. It would be of interest in further investigations,
as discussed in references [68-70].

We studied other formulated systems with the same approach that was proposed in this paper [71].
Most of the obtained morphologies attained the scale of 70 to 400 nm. In this case the spinodal
decomposition was coupled with the T,. The onset of phase separation occurred late during the epoxy
conversion so that the epoxy-rich phase had a high T, as compared with the process temperature. The
variation of morphology size inside this category could be explained by a difference in T- T, gap. The
larger T- T, was, the coarser was the morphology. According to the resulting size, T- T, was between 40
and 60 °C, the monomer relaxation time was between 10“and 10° s and the diffusion coefficient
between 10" and 10 m2.s™. As Systems B1 and B2 in this paper, different systems modified with a TP
with reactive end-group and cured at a 0.9 stoichiometry entered this category. For two other systems,
morphologies of some microns (from 800 nm to 7 um) were obtained. In these systems, phase
separation occurred early during the curing process so that the T, of the epoxy-rich phase was low and
T- Tg > 100 °C, the diffusion coefficient was faster than 10™ m2.s™. A system modified with 20wt% of
non-reactive TP entered this category. Also, a system cured with an excess of curing agent showed very
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coarse morphology. Indeed, both epoxy-rich and TP-rich phases were plasticized by the presence of
small unreacted molecules of curing agent, and thus their T, were considerably reduced. Note that the
elapsed time between the phase separation and the gel point for all systems was in the scale between
200 and 1000 s, so that even if it could influence marginally the size, it was not the main factor that
controls the size scale. It is instead the value of T- T, which is the main factor for controlling the kinetics
of morphology growth.

This study gives new keys to control the final morphology in thermoplastic/thermoset blends. The
standard description of spinodal decomposition is not relevant for the range of morphology sizes of a
few hundred of nanometers. One needs to consider the increase of and the approach to the glass
transition temperature of the system upon curing for accounting for the final morphology. The mobility
of the phases is dictated by the amount of TP and by the advancement of epoxy conversion. It plays a
crucial role on the final morphology size, more than the time elapsed between phase separation and gel
point. We highlight the ways to control the onset of phase separation, based on interaction parameters
determination, and to control the T, during phase separation process, as well as the methodology to
characterize it.

We propose a scheme (Figure 8) to localize the region of interest to reach the intended morphology of a
few hundreds of nanometers, which can be done by tuning adequately the parameter x and the T;as
compared to the curing temperature. The system (its initial T, and the affinity between components)
and the process temperature (T) have to be chosen to phase separate when T- T, is around 60-70 °C.
Here the scheme is drawn for a system with an initial T, around 0 °C (epoxy + TP blend). As an example,
the green crosses represent the system B1 studied in detail in this paper. It has an interaction parameter
of x = 0.03 and the phase separation occurs when T= 160 °C and T,= 90 °C. With these conditions, a
morphology of 300 nm is obtained. But if in a specific system, the affinity between the epoxy and the
thermoplastic is not good with a high value of the Flory parameter (i.e. log 1/y close to 1), one needs to
work with a higher T, epoxy (which will shift the scheme above), or to cure the system at a relatively low
temperature. In these conditions, the early phase separation of this kind of system would occur in the
targeted range: T- T, = 70 °C. But according to the kinetics of epoxy curing, the temperature must be
high enough to allow the curing so that the region of interest is rather located in the red zone drawn in
the scheme.
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Figure 8 Temperature constraints (T, Tg) versus Flory interaction parameter. It represents the zone of interest to
achieve morphology a few hundreds of nanometers. Here it is drawn for an initial Tg of the blend of 0 °C.

To complete the understanding of the phase separation mechanisms, other systems should be studied
with the method discussed. Most of all, it would be interesting to vary independently the T, of the
components (TP or epoxy) and the affinity between TP and epoxy. According to these examples of
avenues of research, a wide range of systems could then be understood in detail. In this way a more
systematic control of the final morphology would be possible and would allow fine-tuning the high-
performance mechanical properties.

5. Conclusions

We have identified the relevant parameters for controlling the final morphologies and sizes of
thermoplastic/epoxy blends obtained by curing induced spinodal decomposition. The key is the glass
transition temperature of the blends when phase separation takes place. We have shown how the latter
is controlled by the affinity y between the components, their respective glass transition temperatures
and the curing temperature, which allows for predicting the final morphologies quantitatively.
Morphologies of some hundreds of nanometers which are relevant for high-performance applications
may be obtained when the glass transition temperature at phase separation is typically of order 70 °C.
The difference T-Tyat phase separation may be tuned by the affinity of the epoxy and the thermoplastic,
or by tuning the curing temperature so that T-T;at phase separation remains in the targeted range. We
have shown how coupling the dynamical description of phase separation and neutron scattering
experiments allows also for determining the compositions of the thermoplastic-rich and epoxy-rich
phases. Extension of this work may aim at more detailed experimental descriptions regarding
morphology growth e.g. by performing in situ neutron scattering studies during curing. Future works will
explore the appropriate phase space in the 2D space (T, ) where T is the glass transition temperature
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of the thermoplastic and ¢ the affinity between a thermoplastic and a given epoxy monomer, by varying
independently these two parameters. Our work opens the way to designing thermoplastic-thermoset
couples with the adequate affinity and T, to obtain tailored morphologies and sizes.

Supporting Information
Materials preparation; neutron scattering; Tg’s of the blend during curing; morphologies and
composition (neutron scattering); morphology growth.
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