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The phase separation process and morphology evolution of 5 wt% polysulfone (PSF) nanofibrous mem-
branes toughened epoxy resin at different temperatures were investigated by synchrotron radiation small
angel X-ray scattering (SR-SAXS), phase contrast microscopy (PCM) and scanning electron microscopy
(SEM). The onset time of phase separation obtained by different methods was basically identical. As the
curing proceeded at constant temperature, the scattering peak corresponding to the maximum scattering
intensity shifted to a smaller scattering vector (qm), and the average diameters of PSF spheres increased,
which showed a phase separation pattern of nucleation and growth mechanism. PSF spheres exhibited
hase transitions
icrostructure
-ray scattering

random alignment in “sea-island” morphology, which was attributed to the in situ phase separation of
PSF nanofibers. Also, the effects of phase separation kinetics on the phase morphology and fracture tough-
ness of nanofibrous membranes toughened epoxy resin were investigated. Results showed that the phase
separation process was faster than the curing reaction process, which implied that the diffusion coeffi-
cient of PSF in epoxy resin increased with increasing the curing temperature, resulting in the increase of

rn im
PSF sphere size that in tu

. Introduction

Polysulfone (PSF) has been widely used to toughen epoxy
atrix without the expense of thermal and mechanical proper-

ies of thermosetting resins [1–3]. In such systems the toughness
mprovement was due to the immiscible two-phase structure
esulted from reaction-induced phase separation [4–6], whereas
he homogeneous phase structure could not improve the tough-
ess of epoxy matrix effectively [7]. In general, reaction-induced
hase separation was relating to several transformations: phase
eparation resulted from the increase in the molecular weight of the
riginal monomer, gelation and/or vitrification of the cross-linked
olymer [8,9]. Thus, the morphology evolution of the toughened
ystems was controlled by two antagonistic effects of phase sepa-
ation and cross-linking reaction. Specifically, the phase-separated
orphology induced by the curing reaction depended on the rates
f phase separation and cross-linking reaction [10,11]. The former
as activated by the reaction via thermodynamical instabilities,
hereas the latter tended to suppress the phase separation by

lowing down the polymer chain diffusion [10,12]. The competi-
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E-mail address: yangxp@mail.buct.edu.cn (X. Yang).

254-0584/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
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proved the fracture toughness at higher temperature.
© 2009 Elsevier B.V. All rights reserved.

tion between phase separation kinetics and cross-linking reaction
kinetics, which were governed by the curing conditions, molecu-
lar weights, etc. [13–17], would result in various phase-separated
morphologies. Therefore, the studies on the phase separation and
morphology evolution during the curing process were beneficial to
design polysulfone toughened epoxy with high performance.

In our previous work, PSF nanofibrous membranes have been
successfully used in toughening carbon fiber/epoxy composite [18].
The improvement of toughness and the maintenance of modulus
were attributed to the inhomogeneous phase structure, and PSF
spheres generated from phase separation of nanofibrous mem-
branes exhibited random alignment. However, the morphology
evolution of nanofibrous membranes toughened epoxy resins dur-
ing the reaction-induced phase separation, and the effects of
kinetics of phase separation and cross-linking reaction on phase-
separated morphology and fracture toughness have not been
investigated.

Therefore, in this work, the morphology evolutions of 5 wt% PSF
nanofibrous membranes toughened epoxy resin were investigated

by using various techniques during reaction-induced phase separa-
tion at different curing temperatures. Synchrotron radiation small
angel X-ray scattering (SR-SAXS) was used to trace the evolution of
the maximum scattering intensity and scattering vector q, and the
evolutions of phase structure obtained by SR-SAXS were compared

http://www.sciencedirect.com/science/journal/02540584
http://www.elsevier.com/locate/matchemphys
mailto:yangxp@mail.buct.edu.cn
dx.doi.org/10.1016/j.matchemphys.2009.08.001
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o those observed by phase contrast microscopy (PCM) and scan-
ing electron microscopy (SEM). Differential scanning calorimetry
DSC) was used to obtain the glass transition temperature (Tg) of
hase-separated systems and the epoxide conversion at isother-
al curing. The effects of the curing temperature on the kinetics of

hase separation and cross-linking reaction were investigated. The
nfluences of phase separation on the fracture toughness of nanofi-
rous membranes toughened epoxy resin were also discussed.

. Experimental

.1. Materials

The epoxy resin used in this work was tetraglycidyl 4,4′-diaminodiphenyl
ethane (TGDDM, AG-80, Shanghai Institute Synthetic Resins Co., China). The hard-

ner used was 4,4′-diaminodiphenyl sulfone (DDS, Yinsheng Chemical Co., Ltd.,
hina). Bisphenol-A polysulfone (PSF, Udel P1700, Amoco Co., USA) was used as
toughener. N,N′-dimethylacetamide (DMAC) and acetone were used as solvents
uring electrospinning process.

.2. Preparation of resin mixture and PSF nanofibrous membrane

The epoxy (TGDDM) and hardener (DDS) were mixed with a weight ratio of
00:30 by vigorous stirring at 130 ◦C for 30 min, and the blend was degassed under
acuum to obtain homogeneous resin mixture.

Polysulfone (PSF) solution was prepared by dissolving 25.0 g polysulfone pellets
n 90.0 ml N,N′-dimethylacetamide (DMAC) and 10.0 ml acetone. This solution was
ransferred to a 20 ml medical syringe, and electrospun to fabricate PSF nanofibrous

embranes at a flow rate of 1.5 ml h−1 under 24 kV voltages, following our previous
ork [18].

.3. Analyses

.3.1. Synchrotron radiation small angel X-ray scattering (SR-SAXS)
PSF nanofibrous membranes (5 wt%) and resin mixture (95 wt%) were sand-

iched between two polytetrafluoroethylene (PTFE) films (thickness 50 �m) to
repare the samples for SR-SAXS. A set of these samples was isothermally cured
t 180, 190, and 200 ◦C, respectively in a temperature controlled oven. Then, at dif-
erent time interval, a corresponding sample was removed and quenched by liquid
itrogen. SR-SAXS analyses were performed at the Beijing Synchrotron Radiation
acility. The wavelength of incident X-rays was 0.154 nm, and the camera length
as 1830 nm. The change in the light-scattering profiles of the prepared samples
as recorded.

.3.2. Phase contrast microscopy (PCM)
The resin mixture was dropped onto PSF nanofibrous membranes on a glass

lide; subsequently it was covered with another glass slide and held together with
lamps. The content of nanofibrous membranes was adjusted to 5 wt%. A set of these
amples was isothermally cured at 180, 190, and 200 ◦C, respectively in a tempera-
ure controlled oven. At different time interval, partially cured sample was removed
nd quenched by liquid nitrogen. The morphology evolutions were observed with
ikon inverted microscopy (TE 2000, Japan). The average diameter of PSF phase was
btained using the software of PCM micrographs (Image J).

.3.3. Scanning electron microscopy (SEM)
Morphology evolutions of the samples used in PCM observations, which were

ured for 50 min at 180 ◦C, 45 min at 190 ◦C, and 30 min at 200 ◦C, respectively, were
lso observed with scanning electron microscopy (SEM, HITACHI S4700, Japan). The
urfaces of all samples were coated with a thin layer of a gold alloy. The average
iameters of PSF spheres were measured using software of SEM images (Image J).

.3.4. Differential scanning calorimetry (DSC)
A differential scanning calorimeter (DSC, Perkin-Elmer, PYRIS 1) was used

or the isothermal curing of PSF nanofibrous membranes toughened epoxy resin
nd measurement of the glass transition temperature (Tg). The 5 wt% nanofibrous
embranes toughened epoxy resin (3–5 mg) were sealed in aluminium pans, and

sothermally cured at 180, 190, and 200 ◦C for different time interval. Then the sam-
les were quenched by liquid nitrogen to −50 ◦C, and dynamically scanned to 200 ◦C
t 20 ◦C min−1. The temperature at 1/2 �Cp in the heat flow curves was assigned as
he Tg .

The reaction heat, �Ht , of the 5 wt% PSF nanofibrous membranes toughened
poxy resin (5–8 mg), was measured at 180, 190, and 200 ◦C, respectively. After the

sothermal curing measurements, the samples were scanned again at 10 ◦C min−1

o obtain the residual heat, �Hr . The epoxide conversion, �, was calculated using
q. (1) [13]:

= �Ht

�Ht + �Hr
(1)
Physics 118 (2009) 398–404 399

2.4. Measurement of fracture toughness

The resin casts of resin mixture and 5 wt% PSF nanofibrous toughened epoxy
resin were prepared by curing for 50 min at 180 ◦C, 45 min at 190 ◦C, and 30 min
at 200 ◦C, respectively. Prior to testing, the casts were precracked by inserting a
thin razor into the machined notch and impacting with a hammer to obtain a nat-
ural crack. The fracture toughness (KIC) was measured by tensile testing machine
(Instron 1121) with the compact tension method according to ASTM D 5045-99.
The crosshead speed was 2 mm min−1.

3. Results and discussion

3.1. Morphology evolutions monitored by SR-SAXS

Fig. 1 shows the scattering intensity versus the scattering vector
(q) of 5 wt% PSF nanofibrous toughened epoxy resin cured at 180,
190, and 200 ◦C as a function of time. The scattering vector (q) is
defined by Eq. (2) [8,16,17]:

q =
(

4�

�

)
sin

(
�

2

)
(2)

where � is the wavelength of the scattering light, and � is the scat-
tering angle.

No scattering light was observed at the early stage of curing,
indicating a miscibility at the used wavelength scale. After a time
lag, scattering peaks corresponding to the maximum scattering
intensity occurred at a scattering vector (qm) of 0.0235 nm−1 at
180 ◦C, 0.0226 nm−1 at 190 ◦C, and 0.0214 nm−1 at 200 ◦C, respec-
tively. The results indicated that phase separation was induced by
the curing reaction, and the onset time of the phase separation was
about 17, 12, and 7 min, respectively. As the curing proceeded, the
scattering peak gradually shifted to a smaller scattering vector (qm),
which implied a typical phase separation pattern of nucleation and
growth mechanism [19,20].

The characteristic length of nanofibrous membranes toughened
epoxy was calculated from the maximum scattering vector (qm) in
Fig. 1 according to Eq. (3) [12,16]:

�m = 2�

qm
(3)

Fig. 2 shows the characteristic length of 5 wt% PSF nanofibrous
membranes toughened epoxy resin cured at 180, 190, and 200 ◦C,
respectively. The characteristic length increased with the increase
of curing time at constant temperature. At three temperatures, the
characteristic length increased from 267 nm at 17 min to 455 nm at
50 min, from 278 nm at 12 min to 487 nm at 45 min, from 299 nm at
7 min to 506 nm at 30 min, respectively. With increasing the curing
temperature, larger size PSF spheres were obtained, which sug-
gested that the higher curing temperature was favorable to the
further development of phase separation in this system.

3.2. Morphology evolutions observed by PCM

Figs. 3–5 show the morphology evolutions observed with PCM
as increasing the time in 5 wt% PSF nanofibrous membranes tough-
ened epoxy resin cured at 180, 190, and 200 ◦C, respectively. Dark
areas corresponded to epoxy-rich phase, whereas clear domains
indicated PSF-rich phase. As displayed in Fig. 3(a), the nanofibers
were initially dissolved in epoxy matrix at high temperature, and
dissolved completely within 15 min, shown in Fig. 3(b), which
implied that the excellent compatibility between nanofibrous
membranes and epoxy resins resulted in a homogeneous solution.

With the curing reaction proceeding, clear domains of PSF spheres
resulted from the phase separation began to appear in epoxy
matrix, exhibiting sea-island phase structure, shown in Fig. 3(c).
The result indicated that the onset time of phase separation was
approximately at 18 min. As curing proceeded, PSF spheres grew in
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ig. 1. Scattering intensity versus scattering vector of PSF nanofibrous membranes

ize due to the coalescence and ripening, and the average diame-
er increased to 428 nm, shown in Fig. 3(d), which showed that the
hase separation followed a typical nucleation and growth mech-
nism [20,21].

With increasing the curing temperature, the size of PSF spheres
ncreased and the number of dispersed spheres decreased, as
hown in Figs. 4 and 5. The average diameters of PSF spheres
ere increased to 493 nm at 190 ◦C and 525 nm at 200 ◦C. The

nlargement of PSF spheres was attributed to the increase in the
ross-linking reaction rate and the reduction in viscosity at the
eginning of phase separation [22], which started from 12 and
min at 190 and 200 ◦C, respectively. The results were consistent

ith the beginning of phase separation monitored by SR-SARX. At
igher curing temperature, the enhanced mobility of PSF segments
nd the decreased compatibility between epoxy and PSF led to the
igher phase separation rate in comparison with the curing reac-
ion rate, which resulted in a large extent of phase separation before

ig. 2. Characteristic length of PSF nanofibrous membranes toughened epoxy resin
ured at (a) 180 ◦C, (b) 190 ◦C, and (c) 200 ◦C as a function of time.
ened epoxy resin cured at (a) 180 ◦C, (b) 190 ◦C, and (c) 200 ◦C as a function of time.

gelation or vitrification [12,22]. In addition, PSF spheres resulted
from reaction-induced phase separation exhibited random align-
ment, which was generated in situ along the nanofibers direction.
The results were coincided with the inhomogeneous toughening
mechanisms proved in our previous work [18].

3.3. Morphology evolutions observed by SEM

Fig. 6 shows SEM images of 5 wt% PSF nanofibrous membranes
toughened epoxy resin cured for 50 min at 180 ◦C, 45 min at 190 ◦C,
and 30 min at 200 ◦C, respectively. Due to the random orientation
of the nanofibers in PSF membranes, PSF spheres were also aligned
along the nanofiber direction, which was similar to the results
observed by PCM. The diameters of PSF spheres demonstrated
non-uniform distributions, which were resulted from random junc-
tions of different nanofibers and various PSF concentrations at
local regions. The results were in agreement with those of nanofi-
brous membranes toughened carbon fiber/epoxy composite [18].
The average diameter of PSF spheres obtained from SEM images is
compared with those of PCM and SR-SARX analysis, and arranged
in Table 1. The average diameters of PSF spheres were 447 nm
at 180 ◦C, 559 nm at 190 ◦C and 615 nm at 200 ◦C, respectively.

With increasing the curing temperature, the average diameter of
PSF spheres increased gradually, which was corresponded with
the results obtained from PCM. Also, the average diameter of PSF
spheres exhibited the same variable tendency as that of the char-
acteristic length obtained from SR-SARX.

Table 1
Comparison of the results obtained by three characterization techniques.

Temperature (◦C) 180 190 200
Time (min) 50 45 30
Characteristic length by SAXS (nm) 455 487 506
Average diameter of PSF spheres by PCM (nm) 428 493 525
Average diameter of PSF spheres by SEM (nm) 447 559 615
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ig. 3. Morphology evolutions observed by PCM in PSF nanofibrous membranes tou
0 min.

.4. Kinetics of phase separation and cross-linking reaction
PSF nanofibrous membranes toughened epoxy resins were
omogeneous in the early stage as observed by PCM, and
here existed only one Tg. As the curing proceeded, the mix-
ng entropy decreased with increasing the molecular weight of

ig. 4. Morphology evolutions observed by PCM in PSF nanofibrous membranes toughen
5 min.
ed epoxy resin cured at 180 ◦C, curing time: (a) 0 min, (b) 15 min, (c) 18 min and (d)

epoxy resins, while the enthalpy was almost constant due to

little change of Flory-Huggins interaction parameter. According
to the Flory-Huggins meanfield theory, the homogeneous mix-
ture would be disturbed with the increase of molecular weight
of epoxy resins [16,23], which resulted in the occurrence of
phase separation that in turn generated two Tg. The transition

ed epoxy resin cured at 190 ◦C, curing time: (a) 0 min, (b) 10 min, (c) 12 min and (d)
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ig. 5. Morphology evolutions observed by PCM in PSF nanofibrous membranes to
0 min.

rom one Tg to two Tgs meant the beginning of phase separation
14,24].

Fig. 7 shows the heat flow curves of 5 wt% PSF nanofibrous mem-
rane toughened epoxy resin cured at 180, 190, and 200 ◦C as a
unction of time. The curing times corresponding to the appear-
nce of two Tgs were the onset times of phase separation, which
ere around 18 min at 180 ◦C, 13 min at 190 ◦C, and 8 min at 200 ◦C,

espectively. The results were agreed well with those obtained from

R-SRAX and PCM observations. In addition, after curing for 50 min
t 180 ◦C, 45 min at 190 ◦C and 30 min at 200 ◦C, two Tgs of the
poxy-rich phase were much lower than the reaction temperature,
hich implied that the phase separation was still in progressing, as

tated by Wu [12].

Fig. 6. SEM images of polysulfone nanofibrous membranes toughened epoxy resin
ed epoxy resin cured at 200 ◦C, curing time: (a) 0 min, (b) 5 min, (c) 8 min and (d)

When the phase morphology exhibited sea-island structure,
with increasing the curing temperature, the size of PSF spheres was
mainly depended on the competition between the phase separation
rate and the cross-linking reaction rate [19]. The time that gela-
tion occurred during the network formation was usually used to
characterize the cross-linking reaction rate. According to the clas-
sic Flory-Stockmayer theory, the reaction extent at gelation point,
pgel, can be calculated using Eq. (4) [25,26]:
pgel = 1

[r + rs(f − 2)]1/2
(4)

where f is the functionality of crossing groups, r is the ratio of the
epoxide to the amine hydrogen, and s is the fraction of the amine

cured for (a) 50 min at 180 ◦C, (b) 45 min at 190 ◦C, and (c) 30 min at 200 ◦C.



G. Li et al. / Materials Chemistry and Physics 118 (2009) 398–404 403

sin aft

h
r
T
e
t
[
w

n
1
t
s
a

F
e

Fig. 7. Heat flow curves of PSF nanofibrous membranes toughened epoxy re

ydrogen in the multifunctional reactants. For the epoxy/amine
eaction in this study, pgel = 0.32, which was close to the results of
GDDM/DDS system reported previously [26,27]. In addition, the
ffects of the primary and secondary amines resulted in a shift of
he gel point toward a higher reaction extent by 4% at the most
26,28]. Therefore, the predicted reaction extent at the gel point
as in the range of 0.32–0.36.

Fig. 8 shows the epoxide conversion versus time of 5 wt% PSF
anofibrous membranes toughened epoxy resin cured at 180,

90, and 200 ◦C. The increase of curing temperature accelerated
he cross-linking reaction rate and reaction extent, which might
horten the time available for phase separation. At three temper-
tures, the times arriving to gel points were 23–25, 17–19, and

ig. 8. The epoxide conversion versus time of PSF nanofibrous membranes tough-
ned epoxy resin cured at (a) 180 ◦C, (b) 190 ◦C, and (c) 200 ◦C.
er isothermal curing for various time at (a) 180 ◦C, (b) 190 ◦C, and (c) 200 ◦C.

11–13 min, respectively. The results showed a relatively larger span
with respect to the onset time of phase separation aforementioned,
which resulted in easy phase separation and fast coalescence of
dispersed PSF spheres [29].

Combined with the analysis of PCM and SEM images, the above
results suggested that the phase separation process was faster than
the curing reaction process [29]. Therefore, the phase morphology
was mainly controlled by the phase separation rate rather than the
cross-linking reaction rate. In this case, the diffusion coefficient of
PSF in epoxy resins would be the most important factor to affect the
phase-separated morphology [19,30]. The increase of the diffusion
coefficient resulted from the increase of the curing temperature
would lead to increasing the size of PSF spheres.

3.5. Fracture toughness of nanofibrous membranes toughened
epoxy

Fig. 9 shows the fracture toughness (KIC) of resin mixture
and 5 wt% PSF nanofibrous membranes toughened epoxy resin
cured for 50 min at 180 ◦C, 45 min at 190 ◦C, and 30 min at 200 ◦C,
respectively. At different temperature, the fracture toughness of
nanofibrous membranes toughened epoxy resin was higher than
that of resin mixture, which was attributed to the phase separation
of PSF. With increasing the temperature, the fracture toughness
of nanofibrous membranes toughened epoxy resin increased. The
KIC of nanofibrous membranes toughened epoxy cured at 200 ◦C
increased by 42% compared to that cured at 180 ◦C. In particulate-

filled toughened resins, the crack front could be “pinned” easily
by the hard particles with random orientation [31]. Also, the rigid
particles might result in the deflection of the crack front that in
turn generated larger crack-tip-opening displacement [31]. There-
fore, as shown in Fig. 6, the dominant toughening mechanism in
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ig. 9. Fracture toughness (KIC) of resin mixture and 5 wt% PSF nanofibrous mem-
ranes toughened epoxy resin cured for (a) 50 min at 180 ◦C, (b) 45 min at 190 ◦C,
nd (c) 30 min at 200 ◦C.

uch systems was crack path deflection and crack pinning. In this
ase the fracture toughness was strongly dependent on the size of
he dispersed particles [32]. At the experimental conditions in our
ork, the increase of the average diameter of PSF spheres resulted

n the improvement of the fracture toughness at higher tempera-
ure.

. Conclusion

During the reaction-induced phase separation of 5 wt% polysul-
one nanofibrous membranes toughened epoxy resins, the phase
eparation followed nucleation and growth mechanism. Accom-
anied with the morphology evolution, the average diameters
f PSF spheres with random alignment increased at constant
emperature. The onset time of phase separation obtained from
ynchrotron radiation small angel X-ray scattering (SR-SAXS) was
orresponded well with those from other characterization tech-

iques. With increasing the curing temperature, the size of PSF
pheres increased, which was due to the increase of phase sep-
ration rate resulted from the increased diffusion coefficient at
igher temperature. The increase of PSF sphere size resulted in
he improvement of fracture toughness at higher temperature. The

[
[
[

[
[

Physics 118 (2009) 398–404

results would be helpful to control the phase structure develop-
ment in nanofibrous membranes toughened composite.
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