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Abstract

A modulated-temperature differential scanning calorimetry (M-TDSC) method for the analy-
sis of interphases in multi-component polymer matcrials has been developed further, As exam-
ples. interphases in a polybutadiene natural rubber (50:50 by mass) blend, a poly{mcthyl
methaerylate}-poly(vinyl acctate) (50:50 by mass} structured latex film, a polyepichlorohydrin-
poly{vinyl acetate) bilayer film, and polystyrenc—polyurethane (40:60 by mass) and poly(cthyl
methacrylate)-polyurethane (60:40 by mass) interpenctrating polymer networks were investi-
gated. The mass {raction of interphase and its composition can be calculated quantitatively, These
interphases do not exhibit clear separate glass transition temperatures, hul occur continually be-
tween the glass transition (emperatures of the constituent polymers.
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Introduction

The interphasc between two polymers, whether partially compatible or incom-
patible, is a region of finite thickness within which the composition varies continu-
ously from one bulk phase to the other. This inlerfacial region, calied the interphase,
1s formed by interdilfusion of the two phases, driven by the chemical potential gra-
dient. In an incompatible system, the cquilibrium interfacial thickness is attained
when the entropy contribution equals the enthalpy effect [1-4], giving a thickness of
typically 1-20 nm, depending on the degree of compatibility [1-5]. Polymer—poly-
mer interphases affect mechanical properties. Applications where polymer—polymer
interphases are important include rubber-toughened polymer composites and weld-
ing [6, 7]. The formation of a dilfusc inlerphase is important in adhesion [1-5],
phasc separation and morphology in polymer blends [R=10], welding [11] and co-
extrusion [12]. In these applications, the final properties of the polymer are substan-
tially determined by the thickness of the interphase or the concentration profile of
the two polymers across that interphase.
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Over the past twenty years or more, a substantial effort has gone into analysing
the detailed morphology of interpenetrating polymer networks (IPNs). The funda-
mental phenomenon associated with all IPNs is the phase separation process occur-
ring during TPN formation. However, the extent of phase separation is limited by the
spatial scale over which interpenetration occurs at the onset of phase separation, and
this, in turn, is related to the rates of polymerisation. 1PN properties are very sensi-
live 1o preparation conditions. One can, in principle, achicve materials with different
propertics by varying only the synthesis conditiens. IPN properties will be deter-
mined by phase continuity, domain size and the intcrphase.

Transmission electron microscopy (TEM) can be used to analyse domain size,
domain distribution and phase continuity [13]. Small angle X-ray and neutron scal-
tering techniques can be used to obtain information about the interphase [14-16].
However, scattering methods arc not always available for the study of interface in
IPNs [17, 18]. To address this problem, new techniques are needed. Two approaches
reported recently by Meyer et al. [19] and Winnik e af. [20], involve solid-stute
NMR spin-dilfusion [19] and direct non-radiative energy transler [20] experiments
(o study the degrec of mixing in the various phases. Meyer ef al. [19] estimated the
degree of mixing in IPNs based on the measurements of the solid-state NMR gpin-
Jattice relaxation times. The results gave information aboult the intimacy ol mixing
ol the two polymer networks. Winnik ef al. [20] also calculated the extent of compo-
nent mixing in [IPNs guantitatively based on the analysis of direct non-radiative en-
ergy ransfer measurements. They compared the results obtained from direct non-ra-
diative energy transfer mecasurements with those of dynamic mechanical analysis
which were calculated by the Fox equation [20] based on the glass transition tem-
perature values. They were in good agreement with the dynamic mechanical analy-
sis. These analyses were hased on a two-phase model. These studies are very impor-
tant from an academic point of view. However, in some casces, it is difficult 1o de-
scribe the morphology of IPNs using just a two-phasc model.

Recently, Hourston et al. [21] have developed a new signal, the differential of
heat capacity with temperature, dC,/dT, signal from modulated-temperature differ-
ential scanning calorimetry (M-TDSC). For the study of polymer—polymer miscibil-
ity, 2 basic timitation of the utility of glass transition determination cxists with
blends composed of components which have similar (<15°C difference) glass transi-
tion temperatures, where resolution of the Tgs by conventional DSC and dynamic
mechanical thermal analysis is impossible [22, 23]. Also, for small concentrations
(less than 10%) the weak transition signal is dilficult 1o resolve [22, 23]. This limi-
tation is reduced when M-TDSC is used. We have shown that when the difference in
T, is about 10°C [24], the dC/dT with temperaturc signal given by M-TDSC may be
used to characterise polymer—polymer miscibility with high resolution. Mass frac-
tions as low as 7% in multi-phase polymeric materials can also be determined [21].
This provides a new quantitative method for the composition analysis of multi-com-
ponent polymeric materials.

In this paper, we have developed the method for the analysis of multi-component
polymer materials further in an attempt to provide a valuable analysis method for de-
termination and quantification of interphases in such materials.

1 Therm. Anal. Cal., 56, 1999
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Experimental
Materials and preparation

Poly(butadiene) {BR1) was obtained from Aldrich. Natural rubber (NR) was
kindly provided by Enichem Flastomers Ltd. The poly(butadiene)-natural rubher
(50:50 by mass) blend was prepared by using Haake Rheocord at 130°C with a rolor
speed of 40 rpm, The mixing time was 12 min.

The preparation of the poly(methyl methacrylate) (PMMA)-poly(vinyl acetate)
(PVAc} (50:50) structured latex film [25], the grafted polystyrene (PS)-polyure-
thane (PU) (40:60) IPN [26] and the poly(ethyl methacrylate)-PU (60:40) IPN [27]
plus the bilayer film of polyepichlorohydrin (PECH) and poly(vinyl acetate) (PVAc)
[28] were described in detail in previous paper.

Instrumentation M-TDSC

A TA Tnstruments M-TDSC (2910) calorimeter was used. An oscillation ampli-
tude of 1.0°C for the structural latex film and the rubber—rubber blend, and 1.5°C for
the IPNg and the PECH-PVAc bilayer films, respectively, were used, An oscillation
period of 60 s and a heating rate of 3°C min™' were used for all samples. The calo-
rimeter was calibrated as a conventional DSC with a standard indium sample.

Results

Figures T and 2 show (he change of heat capacity and dC/dT vs. temperature sig-
nals for the BR1-NR (50:50) blend prepared by melt blending and for a physical
mixture of the two samples [BR1+NR (50:50)], respectively. From Fig. 1, a charac-
teristic behaviour in the decrease of increment of heat capacity, AC,, at the glass
transition temperature of both polymers can be seen in the melt blend. The value of
AC, for a component is proportional to its mass fraction in the system under investi-
gation. The heat capacity vs. lemperature signal can not provide information about
that interphase glass transition or its composition distribution. However, the dCy/dT
vs. temperature signal can provide that information.
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Fig. 1 Heat capacity vs. temperature for the BR1+NR (50:50) physical blend (—a-) and the
BRI]-NR (50:50) melt blend (—m-)
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Fig. 2 (.ICI‘/LIT vs. temperature for the BRT+NR (50:50) physical blend (-=-) and the BR -
NR (50:50) melt blend (o)
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Fig. 3 dC /T vs. temperature for the PECH-PVAc bilayer {ilm after 0 and 1180 min anneal-
ing at 100"C; - 0 min, o— 180 min
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Fig. 4 dC /dT vs. temperature for the PMMA+PVA¢ (50:50) latex blend (-8-) and the
PMMA-PVACc (50:50) structured latex film (—e-)

Figurcs 3-6 show the dC/dT vs. temperature signals for a diffuse interphase in

the PECH-PVAc bilayer film after anncaling for 1180 min at 100°C, for the
PMMA-PVAC (50:50) structured latex film and the physical mixture (50:50} of the

J Therm. Aned. Cal., 56, 1999
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Fig. 5 dC /AT vs. temperature for the PEMA (60%)+PU (40%) physical blend (1) and the
PEMA (60%)-PU (40%) PN (2}
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Fig. 6 dC /dT vs. temperature for the PU (60%)+PS (40%) physical blend (-8} and the PU
(60%)-PS (40%) IPN (-o-)

cquivalent constituent latexes (PMMA and PVAc), for the PEMA (60%)~PU (40%)
[PN and the physical mixture ol its constituent networks [PEMA (60%)+PU (40%)]
and for the PU (60%)-PS (40%) IPN and the physical mixture of its constituent net-
warks [PU (60%}+PS (40%)]. These results show that the values of the dCydT vs.
temperature signal [or the thermally treated PECH-PVAc bilayer film, the structured
latex film and the IPN samples are larger than that for polymer [ +polymer 2 samples
(physical blends) between the glass transition temperatures of polymer 1 and poly-
mer 2. The heal-treated PECH-PVAc bilayer lilm has a single interphase. Tt is clear that
this interphase does not exhibit a separate glass transition temperature, but eccurs con-
linually between the glass transition temperatures of the constituent polymers.

Analysis

Description of dC/dT vs. temperature signal for multi-phase polvmer
materialys

A differential equation to describe the kinctics of enthalpy (H) relaxation for con-
ventional differential scanning calorimetry (DSC) has been suggested by Kovacs et
al. [29]. 1t is shown below as Eq. (1)

A Therm, Anal. Cal, 36, 1999
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d3 8 (1)
—=AC,g -
a1 T s

where § (=H~H..} is the cxcess cnthal?y relative to the equilibrium value (H..), AC,
is the difference between the liquid (Cp) and glassy (C§) specific heat capacitics, ¢ is
the heating rate and ¢ is time.

The single relaxation time, 1, depends [29] upon both 7" and 5, according to

Eq. (2):

06
1 = 1,exp[-0(T - Ty)lexpl —(1 —x)~—— (2)
AC,
where 1, is the equilibrium relaxation time at the glass transition temperature, Ty, x
is the non-linearity parameter (0<x<1), and 6 is a constant defining the temperature
dependence of 1, which is given by the approximation

Ah

=20 (3)
RT;

where A" is an apparent activation energy. Equations (1) and (2) define the response

of the glass to any prescribed thermal history. The following approximate equa-

tion [29] will be used in this paper for the relaxation time T:

T =1,exp[-0(T - T,)] (4)
Yor M-TDSC [30],
ngr = cp,‘g + fIt.T) = gCp + <ALTY> 1+ @ATCpcos(r) + Csin(or) (5}

where dQ/dr is the heat flow into the sample, Ar is the amplitude of the temperature
modulation, w is the Mrequency of modulation, Cp is the reversing heat capacity of
the sample due to its molecular motions at the heating rate g, £2,7) is the heat flow
arising as a consequence of any kinetically-retarded event, <f{z,T)> is the average of
fie,T) over the interval of as least one modulation and C is the amplitude of the ki-
netically retarded response to the temperature modulation.

Consider the complex heat capacity, Cp, which can be divided into two parts: a
real part, Cp, and an imaginary part, C}.

Cp=C,—iCy {6)

Assuming Cy=A+BT+f(1) during the glass transition [26], according to Reading
et al. [30]. C,, has been obtained as follows.

AC
Co=A+BT+ P 0

Ah
1+ mztéexp[ T (T - Tg):\

B

J. Therm. Anal. Cal,, 36, 1999
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Fig. 7 Comparison of dC /dT vs. temperature experimental data (square points) with theoreti-
cal (solid line} and a Gaussian function (dots) for polystyrene
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Fig. 8 Comparison of dC /dT vs. temperature experimental data (square points) with theoreti-
cal (solid line) and a Gaussian function (dots) for a miscible blend of poly(methyl
methacrylate) and poly(styrenc-co-acrylonitrile} (50:50) by mass)

Figures 7 and 8 give a comparison of the dC,/dT vs. temperature data for experi-
mental (square points), theoretical (solid line) and a Gaussian function (dots) for PS
and a 50/50, by mass miscible blend of poly(methy! methacrylate) and poly(styrene-
co-acrylonitrile) [24]. Obviously, the experimental data at the glass transition can be
described by the theory, and also well by a Gaussian function. In this paper, we use
a Gaussian function to describe the change of dC/dT ve. temperature at the glass
transition for the analysis of the morphology of multi-component polymer matertals.

Raseline corvection aof the dCF/dT signals from multi-phase-systems

From the above analysis, it is clear that the dC,/dT vs. temperature signal can be
described by a Gaussian function for polymers and miscible polymer blends. How-
cver, the dC/dT vs. temperature signals for the polymer I1+polymer 2 physical
blends can not be described well by the sum of two Gaussian functions because of
the shift of the baseline between the glass transition temperatures. Therefore, the
dC/dT vs. temperature signal includes a non-constant baseline for multi-phase sys-
tems, Because a Gaussian function was used for the quantitative analysis of inter-
phase in these multi-phase systems, the non-constant baseline had to be correcled.

J. Therm. Anal. Cal., 56, 1999
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The values of the dC/dT vs. temperature signal for polymer I+polymer 2 physi-
cal blends above and below the two glass temperatures are considered as the baseline
for the dC/dT signal of thesc multi-phasc systems. For the glass transitions, base-
lines which arc linear with temperature from the starting and end points of the glass
transition temperature were chosen. An example is given shown in Fig. 9. Thus, for
the BRI-NR (50:50) blend, a baseline, labelled in Fig. 9 was used. When the dC/dT
vs. temperature signal is analysed using a multi-Gaussian function tor multi-phase sys-
tems, this baseline must be subtracted [rom the raw dC/dT vs. temperature signal,
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Fig. 10 Corrected dC /dT vs. temperature for the BRI+NR (50:50) physical blend (-—=-) and
thc BRI-NR {50:50) melt blend (-0-)

Figares 10-14 show the corrected differential of heat capacity, [dC/dT ], vs. tem-
perature signal for the BR1-NR (50:50) blend and the BRI+NR (50:30) physical
hlend, for the diffuse interphase ol the PECH-FVAc bilayer f{ilms after O and
1180 min at 100°C, for the PMMA-PVAc (50:50) structured latex film and the
PMMA+PVAc (50:50) latex blend, lor the PEMA (60%)-PU (40%) IPN and the
PEMA (60%+PU (40%} network physical blend, and lor the PU (60%)-PS {40%)
IPN and the PU (60%)+PS (40%) network physical blend, respectively.

L Therm. Anal. Cal., 56, 1999
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For polymers and miscible polymer blends, the dC/dT vs. temperature signal can
be described by a Gaussian function, G, of temperature, the increment of heat capac-

J. Therm. Anal. Cal., 56, 1999
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Fig. 14 Corrected dC JdT vs. temperature for the PU (60%)+PS (40%) physical blend (-g-)
and the PU (60%)-PS (40%) IPN (-=-)

ity, ACp, the glass transition temperature, T, and the half width, oy, of the glass tran-

sition [26].

AC “2AT-T,)
G= Dmcxl{ iz zTR) :‘ (8)
T Wy
Wy 5

For a multi-phase system it has been considered that G is a multiple Gaussian
function in the transition region [26].

G =Y G(T.Ty.04.AC,)

= AC, g (1/2) 2lexp =T = Ty) /0 )
F A0/ 0u(w) Flexp 27 1,2 o)
+ AC A @n(m/2) expl=2(T = Tya) o] + ... (9)

where Gy(T) is related to its phase of the multi-phase system. The total AC, is the
sum of ACy; of each phase.

AC, = T AC, {10)

The glass transition temperature as a function of distance from a discrete phase
houndary between polystyrene and poly(bisphenol-A carbonate) has been studied
theoretically [31]. Consider that the interfacial phase is divided into N sub-systems.
Each sub-system has an average composition {<¢'>, <¢’>, ... <¢">}, as shown in
Fig. 15. For these N sub-systems, there is a glass transition temperature spectrum,
(Ty Ty Ty ... Ty). Assume that the dC/dT signal for the glass transition process of
gach sub-system can be described by Eq. (8). For the glass transition temperature
spectrum, the dC,/dT signal is as follows:

J. Therm Anal. Cal, 56, 1999



SONG et al.: MULTI-COMPONENT POLYMER MATERIALS 1001

dc dCe, ACE, -2(T- Tg-)z]
—p = B B -oxpl £ (11)
[dT }nrerph:\ce dT 2 mﬁ:(m) 2 |: (“‘)ﬁl)2

where ACY; is the increment of heat capacity, TE is the glass transition temperature
and §; is the half width of the glass transition for ith sub-system.

<¢B > —_——

o polymer A
+ potymer B

N

Fig. 15 Schematic of composition profile in an interphase
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Fig. 16 Prediction of the dC /dT vs. temperature signals for two-phase systems; with a ditfuse
interphase (-=-) amrwilhuut a diffuse interphase (-8-)

Figure 16 shows the dC/dT vs. temperature signal for a diffuse interphase in a
two-component palymer system calculated by Eq. (11). Here it is assumed that the
difference hetween Ty and Tpa is R0°C. The diffuse interphase was divided into 7
sub-systems. Assumc that the mass fraction of the interphase is 20%, and AC},, and
ACy are 0.4 and 0.2 1 g™ °C™' for pelymer 1 and polymer 2, respectively. The pa-
rameters used for this model arc shown in Table 1. The peak position of the dC,/dT
vs. temperature signal for the polymer t-rich phase is slightly shifted to higher tem-
perature and that for the polymer 2-rich phase shifted slightly to lower temperature,
This results from peak overlapping.

For such a diffuse phase system, the corrected G function can be rewritten as follows:

J. Therm, Anal. Cal., 56, 1999
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IC, il ACE, -2AT -T2
G= [((I_TEJ +(—ITI'}11 DY N I/ZCXP[ ( zg) } (12)
polyiner 1-rich phase | ¢ _molymer 2-rich phase (1)5111/2) (mﬁi)

Using Eq. (12) and the peak resolution technique, the intcrphase can be analysed
quantitatively. Figure 17 shows the results ol peak resolution for the PMMA-PVAc
structured latex film.

Table | Modeling parameters (sec Fig. 16)

Sub-system THC Mass fraction ACHT g ' oC!
i -30 (.0286 0.0107
2 =20 0.0286 0.0100
3 -10 0.0286 0.0093
4 0 0.0286 3.0086
5 10 0.0286 0.0078
4] 20 0.0286 0.007
7 30 0.0288 0.0064

a 0.010
&
'Tm PMMA phasa
3 0.005-
= :
=
= //
Intarphase
-0.005 T T T T T T
0 20 40 60 80 100 120 140

Temperature (°C)
Fig. 17 Pcak resolution results for the PMMA-PV Ac (50:50) structured latex fitm

Table 2 Mass fractions (%) of the polymer I-rich. polymer 2-rich phases and interphases in the
BRI {polymer 1)-NR (polymer 2) blend, the PECH (polymer 1)-PVA¢ (polymer 2) bi-
layer {ilm, the PMMA (polymer 1)-PVAc (polymer 2) (50:50) structured latex (ilm and
the PEMA (60%) {polymer 1)-PU (40%) (polymer 2) and the PU (60%) (polymer 1)-PS
(40%) (polywner 2) IPN systens

Sub-system Polymer 1/% Polymer 2/% Interphases/%e
BRI NR 10 30 21
PECH-PVAc 42 36 22
PMMA-PVACc 31 26 43
PEMA-PU 19 22 59
PU_PS ) 9 49

J. Therm. Anal. Cal., 56, 1999
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Table 2 shows the mass fractions of polymer 1-rich phase, polymer 2-rich phase
and the interphases in the BR1-NR, the PECH~PVAc bilayer film, the PMMA-
PVAc (50:50) latex film, the PEMA (60%}-—PU (40%) IPN and the PU (60%)}-PS
(40%) IPN systems.

Conclusions

The M-TDSC dC/dT vs. lemperature signal is a uscful tool for characterising the
morphology of multi-phase polymers. Calibrated dCy/dT vs, temperature signals can
be used quantitatively to analysc interphases, in terms of mass fraction and compo-
nent composition in multi-compenent polymer materials. These interphases do not
exhibit separale glass transidon temperatures, but occur continuously between the
glass transition temperatures of the two constituent polymers.

*  x ok

Drs H. Z. Zhang and F.-U. Schafer of Loughborough University are thanked for providing the
IPN and latex sampics, respectively.
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