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Abstract

Multi-component diffusion of a diglycidyl ether of bisphenol A (DGEBA) epoxy and an aliphatic diaming-&is{nocyclohexyl)-
methane (PACM 20) into amorphous polysulfone (PSU) using a Fourier Transform Infrared Spectroscopy-Attenuated Total Reflectance
(ATR-FTIR) technique has been studied. Results indicated that the diffusion of the larger epoxy molecule in polysulfone occurred more
quickly when diffusing in the presence of the amine. This behavior and slight deviation of the experimental data from classical Fickian
kinetics for amine diffusion into polysulfone were attributed to a finite amount of polysulfone swelling. The diffusion of a model end-capped
(non-reactive) epoxy into a polysulfone film saturated with amine was studied to quantify the effect of the amine-induced polysulfone
swelling on the diffusivity of the second component. In the DGEBA/PACM 20 system, simultaneous diffusion and reaction in PSU was
guantified. Reaction rates in the PSU did not significantly deviate from intrinsic reaction rates of the bulk material. SEM studies of etched
epoxy—amine—PSU interphases reveal a semi-interpenetrating network of cured epoxy—amine ranging from j@r6,tdehénding on the
processing temperature. The formation of this interphase structure is the primary method of load transfer between these dissimilar materials.
This work demonstrates the diffusion, subsequent reaction, and final phase separation as the mechanism for interphase formation in the
polysulfone/epoxy-amine system studi€n1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction weight amine will diffuse faster than epoxy at a given
temperature (Fig. 1). The epoxy demonstrated Fickian diffu-

Recent studies have shown that adhesion betweension behavior, while the amine exhibited slight deviations
thermosets and thermoplastics can be dramatically from ideal Fickian behavior, which was attributed to
improved when interdiffusion is possible [1-4]. Examina- polysulfone swelling. The study also demonstrated that
tion of certain thermoset—thermoplastic interfaces has the interphase size could be controlled through processing
shown that thermoset monomers will readily diffuse into conditions and ranged from 4 to Jan over the temperature
compatible thermoplastic resins before complete cure. Therange of 60-10W. Immordino also showed that the
resulting graded interphase may enhance bond strengthfracture toughness of the dissimilar material bonded joints
through entanglements between the thermoplastic polymerincreased with the size of the interphase and could therefore
chains and the network structure of the thermoset. be tailored during processing.

In earlier work, Immordino et al. [3,5] examined the The case of simultaneous epoxy and amine diffusion in
single component diffusion of DGEBA epoxy and PACM PSU complicates the diffusion and reaction analysis. The
20 amine into amorphous polysulfone at several tempera-polysulfone swelling induced by the faster diffusing amine
tures. These studies revealed that the lower molecularmay change the diffusion behavior of the lagging epoxy
- molecules. This effect must be examined in order to accu-
*Corresponding author. Center for Composite Materials and Department rately determine and predict the composition of the poly-
of Materials Science and Engineering, University of Delaware, Newark, DE sulfone/epoxy—amine interphase. Also, the curing reaction
19216' USA. Tel.:+ 302-831-8702; fao: 302-831-8525. that occurs between the epoxy and amine will have a dramatic
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Fig. 1. Epoxy and amine diffusivity vs. temperature [3].

processes of diffusion, swelling, and reaction can be studiedSEM to study the structure of the interpenetrating network

using an internal reflection infrared spectroscopic technique formed upon cure.

(ATR-FTIR) that is able to probe the formation of the poly-

sulfone/epoxy—amine interphase in situ. ATR-FTIR is a

powerful spectroscopic technique that has recently been2. Experimental

applied to study curing reactions in thermoset polymers at

impermeable interfaces [6,7] as well as transport phenom-2.1. Materials

ena of small molecules in polymeric systems [8,9]. Recent

studies have extended this technique to evaluate polymer— Polysulfone (UDEL P1700 from Amoco), an amorphous

polymer diffusion [3—6,10] and simultaneous diffusion and thermoplastic, was selected for the study to build upon

reaction [3,4]. previous findings [1]. A diglycidyl ether of bisphenol A
The present study examines the effects of amine-induced(DGEBA) epoxy resin (Shell, Epon 828) and an aliphatic

PSU swelling on the diffusion of an end-capped, non-reac- diamine curing agent, bis-cyclo hexyl diamino methane

tive epoxy, and the simultaneous diffusion and reaction (PACM 20) were selected for this work. The cure kinetics

processes of an epoxy—amine thermoset system into PSUANd properties of the Epon 828/PACM 20 system have been

using the ATR-FTIR technique. The morphology found at extensively studied [11-13], and a schematic representation

the PSU/epoxy—amine interface has been examined using°f the cure reaction is given in Fig. 2. The diffusivity of the
reacting monomers will decrease at or near the gel point,

and the diffusion process in the thermoplastic polymer
beyond gelation will cease. The time to gelation has been
used to predict an upper bound on the diffusion time at any
ILHZ +C}]2_(!,H 1LH-CH2-(|3H-OH given temperature. Sanford [11] has related the time to gela-
e tion using an Arrhenius relationship for the epoxy and
amine system studied here:

Primary amine Epoxide Secondary amine Hydroxyl
R R R R

Tertiary amine Hydroxyl
R 1|2 ll1 T lr tyer = 6Xx 10" exp(%)) min 1)
HO-CH-CH,NH + GH,CH ———> HO-CH-CH,-N-CH,CH-OH
o where the activation energy is in cal/mol. Thermodynami-
Ether Hydroxyl cally, the enthalpic interactions between pairs of species,
R R R R R R which can be described using a Flory—Huggins type of
approach, are important. Increasing molecular weights can
induce phase separation from a loss of compatibility from
changing solubility parameters. Further, the presence of
Fig. 2. Schematic of epoxy/amine cure. thermoplastic during epoxy—amine cure can alter the

NH-CH-CH-OH + H;CH —>  NH-CH,-CH-O-CH,:CH-OH
o
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Table 1
Calculated solubility parameters through group contribution methods [16] for the materials used in this study. Subscripts e, a, and tp refer ep@@EBA
PACM amine, and PSU respectively

DGEBA epoxy Modified epoxy PACM amine PSU (8 — 8p)? (8 — 8,)° (8 — 8p)?

20.0 21.3 18.8 23.7 13.7 1.4 24.01

morphology and the cure kinetics [14,15]. The materials in 2.2. Procedure
this work are very compatible based on their calculated ) ) ]
solubility parametersy, listed in Table 1 [16]. Additionally, Single-component swelling studies are conducted by
the compatibility for binary material combinations in each Studying the diffusion of modified, end-capped epoxy into
case was determined by computing the square of the differ-amine-saturated PSU (61% volume fraction amine). Two-
ence between the solubility parameters. This value is component diffusion and reaction studies are conducted by
proportional to the Flory interaction paramefef17—19]  Studying the diffusion of a 75:25vol.% epoxy—amine
given in Eq. (2) for polymer-penetrant systems: mixture into PSU. A schematic of the experimental set-up
is shown in Fig. 3. All experiments were done with germa-
= ﬁ(apo_ 6p)2 @ nium crystals. Sin.gle—compo'nent diffusion studies used
RT crystals coated with gm thick PSU-61% PACM 20

) amine film, and two-component diffusion and reaction
where the subscripts po and p refer to the polymer and gy ,dies used crystals coated with 100% PSU. Two different
penetrant respectively, ang, is the molar volume of the  hicknesses were used, the larger corresponding to the
penetrant. This theory predicts that the best penetrant for ay,6asured interphase size in this material system [2]. The
given polymer is one whose solubility parameter is equal or coateq crystal was placed in the cell adjacent to the fluid
close to th_at of the po_lymer, i.e. whenis small or equal to reservoir and heated to the desired temperatureC(80r
zero. In th|s. study, it is seen frqm Tablg 1 that thg ePOXY— single-component diffusion, and 60, 80, and®dor two-
amine pair is the most compatible, while the amine—PSU qmnonent diffusion). The resin was introduced once the
pair is the least compatible. Previous studies by Immordino sample assembly equilibrated at the desired temperature.

[3] have shown that all three materials are compatible. Spectra were acquired periodically once the reservoir had
A non-reactive, end-capped epoxy was synthesized t0jieq.

isolate the effects of swelling on diffusion of the epoxy

into an amine-saturated PSU film. The epoxy prepolymers 2.3. Peak selection, identification and monitoring

were end-capped using a nucleophilic reagent to produce ’

alcohol end groups, which are unreactive with the amine.  |n order to use the ATR-FTIR technique to study diffu-
The reaction scheme is outlined in Fig. 5. Sodium methoX- sion, detectable and distinguishable peaks in the spectra of
ide was used to modify the functionality from a reactive each of the components must be selected. Fig. 4 gives the
epoxy to a non-reactive, end-capped DGEBA-like molecule spectra for the pure components, with the bands tracked,
with hydroxyl functionality. Conversion of the epoxide which are also listed in Table 2. Proper selection of bands
groups was monitored using transmission FTIR to track arising from molecular structure components on each mono-
the concentration of the epoxide to complete conversion mer enabled simultaneous measurement of diffusion and

to the end-capped product (see Fig. 6). The solubility para- reaction. The details for the data reduction are described
meter,d, for the reaction product is given in Table 1 and is in Appendix A.

compared with those for the reactive epoxy, amine, and

polysulfone. The change in this parameter indicates thatp 4. Morphology studies

the reaction product can be expected to have comparable

solution and diffusion properties to those of the original, = Samples of epoxy—amine—PSU were prepared by placing
reactive monomer. uncured stoichiometric epoxy—amine mixtures in contact

non-reactive epoxy
(or epoxy-amine) bath

amine-PSU (or PSU) film
Ge crystal

4— Infrared path

Fig. 3. Sample set-up for swelling and diffusion-reaction studies.
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ot ced Do Eron 3.1. Single-component diffusion into amorphous PSU
_/N[\K’\W By assuming Fickian diffusion kinetics, Immordino [5]
used the ATR-FTIR technique to study the individual diffu-
~ ”’“’\‘ sion of epoxy and amine monomers into PSU and derived
8 | nomaspor 109y / the respective Arrhenius relations. The Arrhenius diffusivity
2 relationship for the epoxyl)e) and amineD,) are:
] 1488
4 _ 18500
PSU De(T) =523%x10 4 ex4_ —) (3)
N RT
2(}16\A
PACM 20 Amine 54 OOO
ykgw D,(T) = 1044 10" exe( - “L ) @
4000 3000 2000 1000 '

where the subscripts e and a refer to the epoxy and amine,
respectivelyD,, D, are in nf/s, R is the ideal gas constant in
Fig. 4. Spectra of the components used showing bands monitored.  cal/(mol K), andT is in Kelvin.
Immordino also determined the equilibrium amine
concentrations in PSU in the 50—<80range. These results
with amorphous PSU at 60, 80, and’@Cor 2 h followed by are given in Table 3. In the range studied, the equilibrium

a post-cure at 16C for 2 h. After curing, the PSU-rich  amine concentration increases from 16 to 58%.
regions were etched away using methylene chloride leaving

the crosslinked epoxy—amine phase behind. The etcheds 5 single-component diffusion into amine-saturated PSU
surface was viewed from perpendicular and parallel
perspectives on a JEOL JXA-840 Scanning Electron Micro-  Based on Immordino’s findings, the swelling study was
scope (SEM) after sputter coating with gold. The parallel conducted at 8. At this temperature the amine molecules
mode of examination facilitates a study of the sample edge have a significantly higher diffusivity than the epoxy
and can help determine the depth of the diffuse interphase.(Fig. 1—the ratio of amine to epoxy Arrhenius diffusivity
is 30 [5], while at 60C it is 1.5). At 80C, swelling through
polymer chain relaxation will occur much more rapidly.
Further, the equilibrium amine concentration in the ternary
3. Results and discussion system is also expected to be higher (Table 3) and may
result in a further increase in swelling. Hence, based on
In this section, results for the single-component and these considerations a temperature ofG8@as chosen to
simultaneous diffusion and reaction studies are presentedmaximize the sensitivity of the ATR technique to the
The Arrhenius relations [5] for the single-component diffu- swelling mechanism.
sion of epoxy and amine monomers into amorphous PSU are  The normalized absorbance data as a function of time for
presented, along with the equilibrium concentrations of the the 1609 and 1508 cit bands from the non-reactive peak
amine in PSU in the range studied. The results of the single-are shown in Fig. 7(a), along with the fit of Eq. (A3) to
component diffusion of end-capped epoxy into amine-satu- determine the diffusivityD (see Appendix A for details).
rated PSU are presented to determine the effects of PSUThe absorbance data for the diffusion of the end-capped
swelling on epoxy diffusivity. The results of the simulta- epoxy into amine-saturated PSU clearly saturates earlier
neous diffusion with reaction of epoxy—amine in PSU are than those for the diffusion of end-capped epoxy into amor-
presented, and diffusion cessation times for the temperaturegphous PSU. This provides convincing evidence that the

Wavenumber, cm!

studied are determined. amine swells the PSU, thereby increasing the epoxy
Table 2
Characteristics of epoxy, amine, and PSU bands monitored
Monomer Band (crm?) Chemical group Depth of penetratiopr() Chemical nature
Epoxy 915 Epoxide ring 0.54 Reactive
1036 Aromatic deformation 0.48 Non-reactive
1508 C-C skeletal stretching 0.33 Non-reactive
1609 C—C skeletal stretching 0.31 Non-reactive
Amine 2916 Asymmetric cyclohexane

ring stretch
Polysulfone 1488 Aromatic skeletal stretching 0.34 Non-reactive
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Table 3 -
Equilibrium amine concentration in PSU with temperature [3]

Temperature°C) Amine (%)

Reactive epoxide peak
50 16 ~
60 44

80 58

increasing time

Absorbance

diffusivity. The effect of the presence of the amine can be

guantified by examining the results of the model curve fits.

From the results in Table 4, the end-capped epoxy diffus-

ivity into a 61% by volume amine—PSU film appears to be ) . .

about three times as large as the baseline diffusivity into 980 940 900 860

amorphous PSU. Table 4 also indicates the diffusivity

values calculated for the end-capped epoxy and amine Wave number, cm™

Pgaks monitored. The slight difference in cz_ilculated dlf_fus- Fig. 6. Decrease of the 915 cthepoxide peak with time when reacted with

ivity values for the two epoxy peaks monitored possibly sodium methoxide in methanol.

arises from a difference in the penetration depths at these

two wavelengths, as the penetration depth is an indication of concentration profiles, the equilibrium non-dimensional

the sampling volumes. concentrations of the amine and PSU are determined
Fig. 7(b) shows the decrease of the absorbance data fousing the following expressions:

the 2916 cm* amine peak during the diffusion of the end-

amine

capped epoxy into amine-saturated PSU 4€8@long with C.= inal (5)
fit of Eq. (A3). This decrease can arise from one of two nitial

causes. Assuming that the amine does not diffuse out from

the film, a dilution effect can be a cause, as overall volume pSY

inal
increases through end-capped epoxy diffusion only into the %Psu= _pls_u (6)

amine—PSU film. Alternatively, the amine could diffuse nital

from the PSU film to the bath in a direction opposite to where the absorbances corresponding to a characteristic
that of the end-capped epoxy. However, for a dilution effect, amine and PSU peak are used, respectively. For the
mass conservation necessitates that the apparent diffusivepoxy, the following expression is used:

ities of the amine and PSU peak absorbances equal theC —1-c -0 @
end-capped epoxy diffusivity into the film. Since the calcu- © a  wPsu
lated diffusivities of the amine and end-capped epoxy are The results are given in Table 5 along with the initial amine
not equal (Table 4), and the PSU concentration does notand PSU concentrations in the amine-saturated PSU film.
change appreciably (Table 5), a dilution effect can be elimi- From these results it is evident that amine diffuses out of the
nated. Hence, the amine diffuses out from the film to the amine—PSU film into the non-reactive epoxy bath. Know-
epoxy bath with continuing diffusion of epoxy into the ledge of the equilibrium concentrations in the ternary
amine-saturated PSU film. This implies that the equilibrium epoxy—amine—PSU system is necessary, as it provides an
amine concentration in the ternary epoxy—amine—PSU insight into the expected properties and structure of the
system will be lower than in the binary amine—PSU system interphase region. In the present study, it appears that the
at this temperature. Consequently the amount of swelling ratio of the equilibrium epoxy and amine concentrations in
will be proportionately smaller during the simultaneous PSU is similar to the stoichiometric ratio for optimum
diffusion of epoxy and amine into PSU. properties [20].

The experimental data of the diffusion of the non-reactive  The increased epoxy diffusivity from swelling has
epoxy into the amine—PSU film can also be used to estimateprofound implications for the simultaneous diffusion and
the equilibrium concentrations in the ternary system reaction of epoxy—amine in PSU and the resulting inter-
and, specifically, in the interphase. Assuming constant phase. A larger interphase is expected due to the enhanced

OH
o CHONa |
—— HE—cH, CH.OH —— CH——CH,

OCH,

Fig. 5. Ring opening mechanism and nucleophilic attack of the epoxide ring using sodium methoxide.



2596 G. Rajagopalan et al. / Polymer 41 (2000) 2591-2602

1-2 i T T T T T
: A ) . (a1) ;
< i i ]
8 o 4
8 ogf 82 ]
B [ g 1
N L 4
B = ]
£ 0.6 i
o 3 * —*— 1609 cnit epoxy peak
= 04[] o’ —®— 1508 cnitepoxypeck (A1) 7
B [ )
e " 1609 cnitepoxy peak ]
02 o ~ 1508 cnit epoxy peak (82) -
@ 1
(@) 0o 1000 2000 3000 4000 5000 6000
Time (seconds)
1 b T T T T T ]
0.8 [| ]
8 - ]
é - ]
= 06 [ ]
5 L ]
< L
E 0.4 _— O 2916 crt amine peak—_
B - ]
£ I ]
g 02 [ i
or ]
i (b 1
_0.2 1 1 1 1 1 I I
(b) 0 100 200 300 400 500 600

Time (seconds)

Fig. 7. Single-component diffusion of end-capped epoxy into amine-saturated PStCa{@0Baseline end-capped epoxy diffusion into PSU (al) and end-
capped epoxy diffusion into amine-saturated PSU, confirming swelling (a2); (b) 297%6anine peak absorbance, showing amine diffusion from the amine-
saturated PSU film to bath.

diffusivity of the epoxy. Also the relative concentrations of discusses the results of the simultaneous diffusion and

epoxy and amine in the film may more closely match the reaction of epoxy and amine into PSU, and its implications

stoichiometric mixture. It has been reported that epoxies for interphase formation and size.

cured with off-stoichiometric amounts of amine have a

lower glass transition temperature and compromised

mechanical properties [20]. 3.3. Simultaneous diffusion with reaction of epoxy—amine in
The experiments in this section confirmed that the small PSU

amine molecules swell the glassy PSU film. This causes an

increase in the diffusivity of the epoxy, which was quanti-  This section discusses the results of the ATR-FTIR study

fied using the ATR-FTIR experiments. The next section for the non-reactive and reactive epoxy peaks for the

Table 4
Diffusivity of end-capped epoxy into amorphous PSU film and amine—PSU film°&. 80umbers in parentheses are the regression coefficients
Peak (cm?) Epoxy diffusivity into Epoxy diffusivity Amine diffusivity
amorphous PSU film, s into amine—PSU from amine—PSU
film, m%s film, m%s
1609 6.5< 107° (0.96) 2.3x 1074 (0.90) -
1508 4.8< 10 (0.99) 1.5x 107 %4 (0.97)

2916 5.7 10714 (0.99)

Average diffusivity ex 1071 2x 10




Table 5

Initial and final (equilibrium) concentrations (% volume fractions) of the
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non-reactive epoxy, amine, and polysulfone ternary mixture & 80

Non-reactive epoxy Amine Polysulfone
t=0 0 61 39
=00 51 15 34

DGEBA/PACM 20 system. Further, the effects of reaction

on diffusion are also discussed.

3.3.1. Non-reacting epoxy peak

The non-reactive groups (Table 2) are not involved in the
epoxy—amine reaction and should change only from
reaction effects (i.e. increasing molecular weight) on

diffusivity.

Fig. 8 shows the 1036 cmi DGEBA peak absorbance

2597

also included in this figure for reference. The effect of PSU
swelling is particularly evident at 8G¢ and 90C where
transient concentrations are much higher than the reference
at larger time scales. In the case of 60 an@3Qhe initial
uptake of epoxy is slower than at larger times at these
temperatures. This sigmoidal behavior is characteristic of
swelling where a finite relaxation time exists for the PSU
chains to accommodate the penetrant molecules. AT,90
this behavior is not observed, as the relaxation time must be
smaller than the interval chosen to read data.

With the thinner films the absorbances of the epoxy
increase rapidly and then drop slightly (at 80 and®0
before leveling off (Figs. 9—11). Swelling from the amine
increases the PSU volume and is the cause for the noticeable
decrease in absorbance for the 1036 tipeak.

For the thicker films (6, 10, 1@gm at 60, 80, 9€C,
respectively) there was no significant change in absorbance
as a function of time. This indicates that the diffusion of

data measured during the diffusion—reaction experimentsepoxy and amine ceased before the monomers reached the

using the thin PSU films at 60, 80 and°@0 Predictions

penetration depth of the crystal. A reason for this is reaction

based on the Arrhenius diffusivity expressions in Egs. (3) dominance over diffusion with time at these length scales.
and (4) for the individual epoxy and amine monomers are This result implies that the interphase size in this material

Normalized absorbance Normalized absorbance

Normalized absorbance

. E —
D -
<
L]
f
i
4
05~/ De T = 6C n
A
r
[ J
O 1 1 1
0 500 1000 1500 2000
1 1 )
T =8C
1
0 500 1000 1500 2000
1 1 I
1 owo——
< D,
'
4
05 87> T=9fcC .
1 De
1
,l
0 1 1 1
0 500 1000 1500 2000

Time (seconds)

Fig. 8. Comparison of experimental 1036 chpeak absorbance with the normalized absorbance predicted using epoxy and amine Arrhenius diffusivities for

diffusion only.
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Fig. 9. (a) Structure of the epoxy molecule showing reactive epoxide ring
and non-reactive aromatic ring monitored in the ATR-FTIR experiments,
and (b) experimental absorbance of reacting (915%rand non-reacting
(1036 cm %) epoxy peaks in 1.;m experiment at 6.
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the DGEBA molecule. The normalized absorbance of the
915 cm ! peak during the 1.5 and 4m experiments at 60,
80 and 90C, respectively, can be found in Figs. 9-11.
Normalized absorbance is obtained by normalizing over
the maximum absorbance difference for the band of interest.
Normalized absorbance is plotted along with the non-
reacting aromatic 1036 cr peak at the same temperature
and film thickness for reference. The initial increase due to
diffusion followed by the decrease in the absorbance of the
915 cm ! peak is a result of the epoxy—amine curing reac-
tion. The corresponding peak height increase for the OH
group deformation at 3400 cm agrees with this conclu-
sion. These findings show that the epoxy and amine will
cure in the presence of PSU and provide indirect evidence
for the formation of an interpenetrating network in the
interphase.

Fig. 12 shows the FTIR diffusion data at°8plotted on
the same time scale as conversia) for the epoxy—amine
binary system based on the kinetics model of Sanford
[11,13] for the system. The FTIR data was fit to ath-
order kinetic model for illustrative purposes:

da

e K1 — a) (8)
whereK is:
K (s =97300 ex;{— 1280¢ 800). ©)

The fitting parameters are in good agreement with those
reported by Sanford [11] and experimental DSC values,
indicating that the presence of PSU does not significantly
affect the kinetics at low conversions. PSU would be

system is bound between these film thicknesses at theexpected to influence cure at higher conversions where

respective temperatures studied.

3.3.2. Reacting epoxy peak
The 915 cm*® peak corresponds to the epoxide ring on

diffusion limitations on cure can dominate. A comparison
of kinetic parameters(, and reaction orders, at 80C can

be found in Table 6. The results indicate that the epoxy and
amine do react and follow the same kinetic models when in

1.2 T T T T T T T
1 e=m -
8 ; "u ]
§ s [ ] LI B o ™ ™ ™
é 0.8 a 7
Q
© o e
3 0.6/ = 1036 band A
N
g . ® 915 band
= 0.4r
o . [ J
=z
®e
0.2 e 7]
[ J
®e ®
1 1 1 1 .l ® L ® e
0 1000 2000 3000 4000 5000 6000 7000 8000

Time (secondp

Fig. 10. Experimental absorbance of reacting (915 Ymand non-reacting (1036 cr) epoxy peaks in 4m experiment at 8.
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Fig. 11. Experimental absorbance of reacting (915 Yrand non-reacting (1036 cr) epoxy peaks in 4m experiment at 9.

the presence of polysulfone at these concentrations. This is aesults on predicted times to gelation for a stoichiometric
significant result, as the curing causes the formation of an epoxy—amine mixture using Eq. (1) and calculated times to
IPN, which contributes to the load transfer between these diffusion cessation from the experiments in this study. The

dissimilar materials. corresponding values of the degree of cusg,are also
shown. These values were calculated using the first-order
3.4. Reaction-limited diffusion approximation for the DGEBA epoxy—PACM amine cure

given in Eq. (8) withn = 1 [11].

This work provides insights into diffusion that becomes  Sanford’s relation for the gel time corresponds to a cure
limited by the curing reaction. Many researchers have of « = 0.57, and it is expected that diffusion ceases prior to
reported that diffusional limitations affect cure at or near this. The experimental results suggest that diffusion essen-
the gel point & = 0.577) [21,22]. The diffusion cessation tially ceases much ahead of the gelation times predicted for
times in the present work can be assumed to occur close toepoxy-amine cure and is in good agreement with previous
the peak maximum in Figs. 9—11, since monomer diffusion findings that suggest that diffusion ceases at a much lower
is suppressed beyond this point. Table 7 summarizes thedegree of cure [23]. Therefore, the gelation times calculated

1 T T T T T T T T l
8
< .
S o8 —° Experimental Absorbancg o
S —s— Sanford [13]
o
< 0.6F 40.6
[ [ B
c '
)
E 0.4} ? d0.4 =2
2 I
x
wo02- | Ho.2

\
~o — - _
0 J 1 1 1 1 1 el_ 1 ] 0

0 800 1600 2400 3200 4000 4800 5600

Time (seconds)

Fig. 12. Comparison of time scales for reaction of epoxy and amine bash-onder kinetics and the decrease in the 915 grak in epoxy/amine diffusion
experiment at 8.
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Table 6

Comparison of kinetic parameters for epoxy/amine reaction & 80
Method Reaction orden ConstantK
FTIR (915 cm ! peak) 1.34 0.0015
DSC (100:28) no PSU 1.26 0.0013
Sanford (100:28) 1.00 0.0013

B o,/
from the intrinsic cure kinetics of the thermoset serve asan p _ 9 2
upper bound for the time scale for interphase formation.
Further understanding of these results can be gained by |
the development of diffusion-reaction models that represent
the system accurately [4].

3.5. Morphology studies
Fig. 13. SEM micrograph of methylene chloride etched DGEBA epoxy—
The micrographs of the etched epoxy—amine—PSU PACM 20/PSU interphase at 8D showing the formation of an IPN.
surface for the samples processed at 60, 80, an@Clafe
shown in Figs. 13—15. The figures show the morphology of 4. Conclusions
the ternary blend samples after careful solvent etching of the
PSU-rich phase. The etched domains are clearly observed as This study leads to several significant findings. Firstly,
pits, suggesting that a semi-interpenetrating network was experiments with the end-capped epoxy reveal that the
formed in these blends. It is believed that the initially small amine molecules swell the glassy polysulfone.
miscible ternary mixture phase separated with continuing Specifically, the amine was shown to swell the PSU network
epoxy—amine reaction. This reaction leads to increasing and thereby enhance the epoxy diffusivity by a factor of
molecular weights, resulting in a change of the solubility three. Further, during the two-component reaction—
parameters and loss of miscibility. This observation is diffusion of epoxy and amine, the epoxy diffusivity
consistent with those of Su and Woo [14,15], Woo [24], increases dramatically from this amine swelling. Addition-
and others [25,26] who report on the interpenetrating ally, swelling is the most plausible explanation for the slight
network (IPN) morphology resulting from reaction-induced decrease in absorbance that is observed in the experimental
phase separation in their work with reactive epoxy—amine- non-reacting epoxy band data at higher temperatures.
thermoplastic systems. Secondly, a mixture of epoxy and amine will diffuse into
Further the network size decreases with increasing and react in the presence of PSU. The reaction 4C60
temperature, and this is seen from the finer (smaller) struc- proceeds to partial conversion, characteristic of the intrinsic
ture at higher temperatures in the micrographs. Table 8 listscure behavior in these thermosets. The structure of the inter-
the average network, size, with increasing temperature. It isphase is that of a semi-interpenetrating network of epoxy
seen that the network size decreases frompu2at 60C to and amine in PSU, with the network becoming finer at
0.6 um at 100C. A possible explanation for this trend is higher temperatures due to a higher degree of crosslink
that the epoxy—amine reactions proceed to higher conver-formation through etherification reactions. It is believed
sions at higher temperatures, leading to greater crosslinkingthat with increasing conversion, phase separation occurs
and branching [24]. between the curing epoxy—amine and PSU. Hence, the
Sample edges were studied to confirm the sizes of theseinterphase in these material systems arises through three
interphases. These studies showed that the length scales afhronological processes: diffusion, reaction, and phase
the IPN structures are in close agreement with the interphaseseparation.
sizes given in Ref. [2] in this material system. Experimental results show that the initial time scales for

Table 7
Diffusion times from ATR-FTIR experiments

Temperature°C) tger [11], S€C. age [11] Diffusion age from
time scale (s) experiments,
using Eq. (8)
60 2272 0.63 479 0.20
80 770 0.63 335 0.35

90 476 0.63 165 0.30
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Table 8
Network size vs. temperature for the epoxy—amine—PSU samples
Temperature°C) Size (standard deviationyn)
60 2.4 (0.45)
80 0.9 (0.33)
100 0.6 (0.20)

samples, and can be used to determine the interphase size in
these material systems as a function of processing conditions.
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diffusion are smaller than reaction time scales for all the
temperatures studied 'here. However, dlffu§|V|ty contln'u- Appendix A: ATR-FTIR
ously decreases from increasing epoxy—amine conversion.
Hence, after a certain time period (corresponding to the g sjon studies using the ATR-FTIR technique have
absorbance peak maximum for the 915 ¢rapoxy band)  een well described elsewhere [27-29]. In this study
irr?tzzla(;“ﬁgst;egilznes égndgzlrgzﬁiez.egebneceo:g tLlJi;thEi)rir:?crease In germanium i_nternal reflection elements, & 4) with 60

P Y pont. angle of incidence were employed. The values for the

Future work should focus on understanding the effects of yonh of penetration in the mid-IR region, therefore, range
reaction on epoxy—amine diffusivity. Development of ¢ 016 to 0.54um (ny = 1.1).

transport models to better understand the diffusion of react- |, the case of Fickian diffusion through a polymer film on
ing thermosets into amorphous thermoplastics is needed.5, |Re crystal, the solution to the diffusion equation is as
These models should consider the effect of thermoset reac+|ows [30]:

tion on the diffusivity, since chain mobility decreases with

increasing molecular weight, and concentration in the film,
which decreases from reaction after increasing initially from
diffusion. Such models can explain better the nature of the

absorbance—time curves observed in this work, the differ- 2
xexp[ - (M) Dt]} (A1)

B 43 -n" @n + 1)ymx
Cox, 1) = Cp,oo{l - cos( i )

ence in ATR-FTIR data for the thinner and thicker film

whereC, is the penetrant concentratidnis the film thick-
ness, and is the penetrant diffusivity. The instantaneous
measured ATR absorbance during a diffusion experiment
can be expressed [29]:

_ 32aSI( & C(2n+ Dm?
At) = A, + T{Z Fnexp[ (T) Dt]}

n=1

(A2)

where

_ D" 1 T |
et

xJ@n + D + 16(|/dp)2}_1

Fig. 15. SEM micrograph of methylene chloride etched DGEBA epoxy— BY normalizing the absorbance of the desired band to
PACM 20/PSU interphase at 1D its initial and final values, the following equation is
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obtained [5]: [6] Skourlis TP, McCullough RL. J Appl Polym Sci 1994;52:1241.
[7] Brill RP, McCullough RL, Palmese GR. Proceedings of the 11th
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At) — > Fnex _(T) Dt 1996. p. 576.
® =~ As = n=0 . (A3) [8] Fieldson GT, Barbari TA. Polymer 1993;34:1146.
Ap — Ax s [9] McKnight Jr. SH, Gillespie JW. J Appl Polym Sci 1971;64:1997.
Z Fn [10] Rajagopalan G, McKnight SH, Gillespie Jr JW. Annual Technical
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