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ABSTRACT: Molecular diffusion and crosslink between sizing, epoxy, and hardener agent were simulated to elucidate forming process of
interphase in carbon fiber/epoxy composite, by using a multiscale method, in which fully atomistic molecular dynamics (MD), coarse-
grained dissipative particle dynamics (DPD) and Monte Carlo-like polymerizing models are used in combination. It shows that mutual
diffusions of the three components tend to result in gradient distributions in the fiber vicinity crossing the interphase transition region.
The diffusion behavior is extremely restrained by the crosslink reactions. The results indicate that a period of diffusion before the initia-
tion of chemical reaction is necessarily important to obtain sufficient crosslink within the interphase. The sizing amount and the sizing
compositions have significant influence on the interphase region. Thicker sizing layer leads to less crosslink and wider transition region,
whereas existence of hardener agent in the sizing layer can generate higher crosslink density without changing the width of the inter-
phase. These results deepen our understanding on molecular formation and optimization of the three-dimensional interphase region in

carbon fiber/epoxy composites. © 2013 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2014, 131, 40032.
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INTRODUCTION

The interphase of fiber composite is deemed as a three-
dimensional region, which has different chemical, physical, and
mechanical properties from the bulk fiber and matrix material. It
has been well demonstrated that the interphase has significant
influence on the composite properties.'™ Numbers of microme-
chanical studies have been conducted to elucidate the interphase
role."” Commercial carbon fibers (CF) are always coated by a
layer of sizing agent to enhance the handleability, which will
inevitably impact wetting, reaction, and interfacial properties
between the carbon fiber and resin.®™'> However, scant informa-
tion is available on the interphase region at molecular level,
which is crucial for optimizing the interphase to produce advan-
tageous interactions between carbon fiber and epoxy matrix and
to maximize potential performance of the two main constituents.

Computer simulation, as a feasible route for validating experi-
mental results and predicting new phenomena, becomes espe-
cially important on presenting microscopic network structures
and the corresponding physical properties.'” Coarse-grained
(CG) simulation models for polymer networks were firstly
developed since 1990s, and the results improved the under-
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standing on polymer network formation and properties.'*>° To
reflect the local network structures of specific polymer systems
with atomistic details, atomistic molecular dynamics (MD) sim-
ulation method was mostly chosen.*'~*

Here, the diffusion and crosslink behavior are investigated to
elucidate the interphase formation in-between carbon fiber and
epoxy for the composite, by using an innovative multiscale sim-
ulation method. The comprehensive details of the simulation
method are described elsewhere.'”** This article aims to analyze
competition and interplay between the diffusion and the cross-
link curing process. Influencing factors, including the processing
temperature scheme, the sizing layer thickness, and existence of
hardener in the sizing layer are investigated. The results will
deepen our understanding on molecular formation and tune
mechanism of the three-dimensional interphase region in car-
bon fiber/epoxy composites.

EXPERIMENTAL

The simulation methodology is briefly introduced here; further
details are described in Refs. 19 and 24. In our simulation the
input parameters and the boundary conditions were mostly
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Figure 1. Schematic illustration of the simulation model based on carbon
fiber surface, in which widths of the sizing layer and the resin phase are
denoted along the vertical axis at the right side. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]

assigned according to experimental data. The simulation model
system is schematically illustrated in Figure 1, in which 0-24
nm is the sizing layer and 24-144 nm is the resin phase. The
bottom is the intrinsic carbon fiber surface which was chemi-
cally inert and impenetrable. The resin phase was composed of
diglycidyl ether of bisphenol A (denoted as RA) and diamino
diphenyl sulfone (denoted as DDS), with the molar ratio of 2 :
1 between RA and DDS. The sizing agent (denoted as SA) was
proved to be epoxy-type.® For simulation simplicity the chemi-
cal structure of SA was treated the same to that of RA. Note
that there was no hardener in the sizing layer.

Based on the molecular mass and the active groups of RA, DDS,
and SA, the CG schemes were treated as: one bead representing
DDS, two beads representing RA, and ten beads representing SA
long chains.?® All diffusion and crosslink simulations were started
from the configuration in Figure 1. Newton’s equations and Lowe—
Andersen (LA) thermostat was employed to describe motions and
interactions between the CG beads.”*° Values of dissipative parti-
cle dynamics (DPD) parameters were estimated from the Flory—
Huggins parameters and the solubility parameters.”>!

Monte Carlo-like probability P, was employed to control the
crosslink kinetics for the simulations.?® For the first step reac-
tion between primary amine and epoxide, P,=0.001 was
defined; for the second step reaction P,= 0.0001; and the third
step reaction was neglected in the simulations.'®**** The
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simulation time unit was evaluated to be 361 ms of the real
time, by fitting the conversion profile of epoxide in the resin
system measured by in situ FTIR. Note that, the DPD simula-
tion obeys the same evolution clock to the crosslink simulation.

The molecular distribution of each component and functional
group were predicted via relative content (i.e., volume fraction
of the concerned CG bead) by running the multiscale simula-
tions. Unless otherwise specified, according to standard manu-
facturing conditions of the CF/RA composite, a two-stage
simulation scheme is always performed to analyze competition
between the diffusion and the crosslink behavior. At the first
stage, mutual diffusions between components are solely simu-
lated, in which RA and DDS diffuse from the resin phase into
the sizing layer, and in contrast SA diffuses oppositely. At the
second stage, diffusion and crosslink are simultaneously
switched on based on the final state of the first stage. Then dis-
tributions of the generated chemical groups, such as the cross-
link points, hydroxyl, reacted amines, and unreacted epoxide are
presented. To analyze the temperature effect on the inter-
diffusion behavior of the components, three different diffusion
temperatures were set according to the recommended curing
cycle for the CF/RA composite system, namely, a standard diffu-
sion temperature at 150°C, a relatively lower one at 110°C, and
a relatively higher one at 180°C. Differential scanning calorimet-
ric analysis showed that for RA and DDS system, at 110°C the
chemical reaction is fairly slow and can be negligible, while at
180°C the chemical reaction is appropriate and it is recom-
mended as a standard for the resin curing. Hence, we can infer
that, actually, at temperature of 110°C the component inter-
diffusion may solely take place but at 180°C the interdiffusion
will happen with progressive chemical reactions simultaneously.

To analyze effect of the sizing layer on the interphase formation,
three simulation systems are investigated in this article, denoted
as T3-Siz-RA, T3-Sizcur-RA, and C3-Siz-RA, respectively. Note
that, unless otherwise specified, the simulation schemes are all
performed with T3-Siz-RA, as illustrated in Figure 1. In the T3-
Sizcur-RA system, a certain amount of hardener agent originally
exists in the sizing layer, however, in T3-Siz-RA and C3-Siz-RA,
no hardener is contained in the sizing layer. The sizing amount
in C3-Siz-RA is relatively larger, with the thickness of 36 nm,
while the sizing layer is 24 nm in the other two systems. Table I
lists details of the three simulation systems.

RESULTS AND DISCUSSION

Competition of Diffusion and Crosslink
First, the distribution evolution of each component was ana-
lyzed due to diffusions. In Figure 2, at moment of 0.5 min all

Table I. The Construction Parameters and Compositions of Three Simulation Systems, in which Molar Ratio between the Components in One Phase is

Described in the Following Brackets

Thickness of the

Thickness of the

sizing phase (nm)

Compositions of
the sizing phase

resin phase (nm)

Compositions of
the resin phase

T3-Siz-RA 24
T3-Sizcur-RA 24
C3-Siz-RA 36

SA
SA+DDS (4 : 1)
SA

120
120
108

RA+DDS (2 : 1)
RA+DDS (2 : 1)
RA+DDS (2 : 1)
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Figure 2. The distribution evolutions of: (a) DDS and RA; and (b) SA, during the diffusion process at 180°C. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

the components stay mainly in the original scope (i.e., RA and
DDS in 24-144 nm and SA in 0-24 nm). After 13.5 min, the
RA and DDS molecules diffuse onto the carbon fiber surface
(i.e., 0 nm), and SA diffuse into the resin phase to 50 nm posi-
tion. Subsequently, more and more RA and DDS molecules dif-
fuse onto the fiber surface, leading to increase of the
concentrations. From 40.0 to 65.0 min, the distributions show
only slight evolutions for RA, DDS, and SA. Hence, we can infer
that the mutual diffusions are approaching steady equilibrium
state after 65.0 min at 180°C. The forefronts of DDS and RA
molecules indicate that the two components have approximately
equivalent diffuse activity in the sizing phase. The DPD parame-
ters (presented in Ref. 24) suggest that the compatibility between
RA and SA is better than that between DDS and SA. However,
much longer RA chains are unfavorable to molecule motions.

The component content at the carbon fiber surface is plotted as
a function of the diffusion and/or crosslink time in Figure 3, to
give a quantitative view, in which 0-40 min is solely for diffu-
sion and 40-160 min is for simultaneous diffusion/crosslink
process. Note that the amines are all generated by DDS, which
are plotted in one line in Figure 3. It reveals that at the carbon
fiber surface the RA and DDS concentrations both increase con-
siderably during the first diffusion stage. However, negligible
change can be found for all the components during the second
diffusion/crosslink stage. This indicates that mutual diffusions
are mainly achieved before the initiation of chemical reactions.

One stage of diffusion/crosslink simulation was also conducted
at 180°C. Figure 4(a) shows that scant DDS can diffuse into the
sizing phase (0-24 nm), according to the distribution of the
reacted amines, and in Figure 4(b) the SA exists mainly in the
original scope of 0-24 nm. For the two-stage simulation, the
distributions of DDS and SA, generated by the first stage, are
quite similar to the corresponding distributions generated by
the second stage. This again demonstrates that after initiation of
the crosslink reactions mutual diffusions will be extremely
inhibited. Because there is minimal reactive agent in the sizing
layer, we can infer that, in order to achieve sufficient crosslink
in vicinity of the fiber surface, a period of only diffusion pro-
cess, with negligible chemical reaction, is necessarily important.
Fortunately, two-stage temperature schemes are always adopted
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in manufacture engineering to improve the quality of composite
parts, particularly for the high-temperature curing epoxy
matrix.”> Therefore, this two-stage temperature scheme will
enhance the interphase property of the CF/epoxy composites.

Considering that the component diffusions are negligible during
the diffusion/crosslink process, namely the crosslink reaction
will inevitably restrain the diffusion behavior, therefore, in the
following sections of Effect of Diffusion Temperature on the
Interphase Region and Effect of Sizing Layer on the Interphase
Region, the component distributions are all simulated by only
diffusion stage to analyze effects of temperature and sizing layer
on the composition and width of the transition interphase
region.

Effect of Diffusion Temperature on the Interphase Region

To give a quantitative view of the temperature effect, a “relative
diffusion equilibrium” state is defined as 1% DDS molecules
occur in the 3 nm vicinity of the fiber surface in the simula-
tions. Note that no hardener agent originally exists in the sizing
layer in T3-Siz-RA system. The results show that it needs 279,
128, and 65 min for DDS to reach the “relative diffusion

1.2
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—— SA
c v 6‘-\ ~C— DDS & amine groups
LS 09r —+r— Epoxide from RA and SA
o -
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Figure 3. Plots of the component contents (at carbon fiber surface) versus
time, in which the beginning 0-40 min is solely for diffusion, and the fol-
lowing 40-160 min is for diffusion/crosslink at 180°C.
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Figure 4. The concentration profiles of: (a) DDS and the corresponding reacted amines, and (b) SA, after different simulation schemes at 180°C, wherein

“D” denotes only diffusion and “D/C” denotes simultaneous diffusion/crosslink. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

equilibrium” state at 110, 150, and 180°C, respectively. The
110°C case suggests that the diffusion generating distributions
of RA and DDS are quite similar between 80 and 120 min
moment as shown in Figure 5(a). After diffusion for 279 min, a
certain amount of RA and DDS molecules occur at the fiber
surface, reaching the “relative diffusion equilibrium.” For the
diffusion at 150°C [see Figure 5(b)], RA and DDS molecules
can diffuse throughout the sizing layer and occur at the fiber
surface after only 40 min, which indicates much faster diffusing
dynamic at 150°C than that at 110°C. Thereafter, the content of
RA increases considerably at the fiber surface and the DDS con-
tent increases slightly. After 128 min, 1% DDS molecules occur
in 0-3 nm scope, reaching the “relative diffusion equilibrium.”
From the distributions of RA and DDS in Figure 5(b), width of
the gradient transition region is estimated to be 70 nm at the
“relative diffusion equilibrium.” This is consistent with the
width at “relative diffusion equilibrium” of 180°C case [i.e., 65
min in Figure 2(a)]. However, for the diffusion at 110°C, the
width is larger than 100 nm at “relative diffusion equilibrium”
in Figure 5(a).

The epoxide content (from RA and SA) at the carbon fiber sur-
face is plotted as function of diffusion time in Figure 6(a). For
the 150 and 180°C cases, the epoxide contents present approxi-
mately linear increasing tendencies with the diffusion in

progress. Higher the temperature, the faster is the diffusion
velocity. The RA content remains the original 0.20 until after
120 min in the 110°C case. According to gradient distributions
of the epoxide groups (not shown), widths of the transition
region were evaluated. Figure 6(b) shows that the gradient
widths for 110°C/80 min and 110°C/120 min both are <35 nm
due to minimal inter-diffusion, whereas the width for 110°C/
279 min is 105 nm. The width of 150°C/40 min diffusion is
about 45 nm. Moreover, the 150°C/60 min and 180°C/40 min
cases similarly present 70-nm wide of the transition region,
which are consistent with the experimental data of the carbon
fiber/epoxy composite (not shown). Note that 180°C is standard
curing temperature of RA and DDS resin system, at which
chemical reactions will be actually initiated. However, the reac-
tions are simulated switched off during the diffusing stage in
this article. Therefore, in order to obtain appropriately strong
interphase of carbon fiber/epoxy, 150°C is more preferable
rather than 180°C in practice.

Effect of Sizing Layer on the Interphase Region

It should be noticed that, unless otherwise specified, all the
above simulation results are conducted by the T3-Siz-RA simu-
lation system. To elucidate effect of sizing layer on the inter-
phase formation, two other simulation systems (T3-Sizcur-RA
and C3-Siz-RA) were also studied. The detail constructions are
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Figure 5. The distribution evolution of RA and DDS during the diffusion stage at: (a) 110°C
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and (b) 150°C, respectively. [Color figure can be viewed in
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Figure 6. (a) Plot of epoxide contents at carbon fiber surface as a function of diffusion time at constant temperatures; (b) widths of the gradient distri-

bution region of the epoxide generated by different diffusion schemes.

listed in Table I. In T3-Sizcur-RA, the sizing layer was consisted
of hardener agent and long-chain epoxy. In C3-Siz-RA, the siz-
ing layer was 36-nm thick, while in T3-Siz-RA and T3-Sizcur-
RA, the sizing was 24 nm, namely, the fiber sizing amount is
larger for C3-Siz-RA system. Comparison between T3-Siz-RA
and T3-Sizcur-RA is plotted in Figure 7(a,b). From the distribu-
tion of RA in Figure 7(a), negligible difference can be observed
for the two simulation systems, suggesting that existence of the
hardener in the sizing layer has no significant influence on the
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diffusion behavior of RA. However, in Figure 7(b), the distribu-
tions of DDS are considerably different between T3-Siz-RA and
T3-Sizcur-RA. In 0-20 nm scope, the DDS content in T3-
Sizcur-RA is higher than in T3-Siz-RA, particularly at early
stage when the diffusion is not evident. With the progress of
mutual diffusion, difference between the two systems decreases
for the DDS content. Moreover, comparison between T3-Siz-RA
and C3-Siz-RA is plotted in Figure 7(c,d). It shows that the siz-
ing amount can significantly affect the component distributions.

025} b)
0.20

€

2

c
0.15

8

]

2

s 010 T3-Siz-RA T3-Sizcur-RA

Q -==-0.5min

o« i -13.5 min
0.05 --=-40.0 min
000 - 1 1 1 1 1 1 1

0O 20 40 60 80 100 120 140
Distance from fiber surface (nm)

025} d
0.20 -

€

]

[
0151

8

(]

2

® 010

o] T3-Siz-RA C3-Siz-RA

o o il ----0.5min
0.05 F )~ —_— * 13.5 min

==+ 40.0 min

000 =5~<z-- | " .

0 20 40 60 80 100 120 140
Distance from fiber surface (nm)

Figure 7. The distribution evolutions of RA and DDS during the diffusion at 180°C. The comparison between T3-Siz-RA and T3-Sizcur-RA is plotted in
(a) and (b); and the comparison between T3-Siz-RA and C3-Siz-RA is shown in (c) and (d). [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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In C3-Siz-RA, the RA and DDS contents are much lower within
the fiber surface vicinity and widths of the transition regions
are much wider than those in the T3-Siz-RA system. Because
there are minimal hardener agent in carbon fiber sizing, thereby,
thickness of the sizing layer is crucial in determining the reac-
tive component concentrations, particularly in close vicinity of
the fiber surface, which will inevitably impact crosslink density
of the resulted interphase region.

Figure 8 presents a quantitative view of the transition distribu-
tions of RA in the three systems, due to various diffusing condi-
tions. For the 110°C/120 min case, Figure 8 indicates minimal
interdiffusion in all the systems. For the 150°C/60 min case, the
RA content increases to 0.10 in C3-Siz-RA, while it is more
than 0.18 in T3-Siz-RA and T3-Sizcur-RA. Meanwhile, the gra-
dient distribution width is 69 nm for C3-Siz-RA, however, it is
58 nm in both T3-Siz-RA and T3-Sizcur-RA. For the 180°C/40
min case, comparing the three systems, similar distribution
trends of RA are revealed. Therefore, we can conclude that
thicker sizing layer will lead to less crosslink and wider transi-
tion region around the fiber surface, and a small amount of
hardener in the sizing layer will slightly improve the crosslink
density within the transition region but will not considerably
change the transition width. These results can supply molecular
details for optimizing in the interphase region, so as to improve
load transfer efficiency in the carbon fiber/epoxy composites.

CONCLUSIONS

The mutual diffusion and crosslink behavior of epoxy, hardener
and sizing agents are investigated to simulate the formation
process of interphase region in carbon fiber/epoxy composites
by using a multiscale simulation method. It demonstrates that
sufficient mutual diffusion will result in gradient distribution of
components along the fiber radial direction, crossing the inter-
phase region. Initiation of the crosslink reactions can extremely
restrain the mutual diffusion behavior of the components.
Because there is minimal reactive agent in the carbon fiber siz-
ing, two-stage temperature scheme, i.e., a period of only diffu-
sion process, is necessary to achieve sufficient crosslink within
the transition interphase region around the fiber surface. Molec-
ular diffusion velocities can be accelerated by high temperature.
The 150 and 180°C diffusion tend to result in higher concentra-
tion of crosslink points within the interphase region. In con-
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trast, at 110°C the diffusions are relatively slow and insufficient.
Considering practical manufacture temperature of the compos-
ite parts, 150°C 1is preferable to obtain appropriately strong
interphase of the carbon fiber/epoxy composite. Moreover, the
sizing layer has profound effect on the composition and width
of the transition interphase region, particularly on the amount
of reactive groups at the fiber surface. Thicker sizing layer of
the carbon fiber always result in less crosslink and wider transi-
tion region, while a certain amount of hardener agent in the
fiber sizing can generate a transition region with higher cross-
link density and appropriate width.
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