
Thermochimica Acta 437 (2005) 179–189

Relation between mobility factor and diffusion factor
for thermoset cure
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Abstract

The temperature-modulated differential scanning calorimetry (TMDSC) responses during cure of both epoxy/aromatic amine and dicyanate
ester/polycyanurate systems are modeled using chemical reaction kinetics with diffusion control. Physical aging effects are incorporated into
the model using the Tool–Narayanaswamy–Moynihan (TNM) equation. We investigate the assumption that the mobility factor, which may
be obtained from experimental temperature-modulated differential scanning calorimetry reversing heat flow data, is related to the diffusion
factor for the two systems.
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. Introduction

Although the idea of temperature-modulated differential
canning calorimetry (TMDSC) dates back to as early as 1971
1], TMDSC was made commercially available only a decade
go [2–4]. Since then, TMDSC has received considerable
ttention due to its high sensitivity, high resolution, and abil-

ty to separate overlapping phenomena[2–6]. A review has
een written[7]. The temperature profile of TMDSC gener-
lly consists of a periodic temperature modulation superim-
osed on a constant heating rate. For a sinusoidal modulation,

he temperature profileT(t) is given by

(t) = T0 + mt + AT sin(wt) (1)

hereT0 is the starting temperature,m is the underlying heat-
ng (cooling) rate,t is time,AT is the amplitude of temperature

odulation, andω is the angular frequency (=2π/tp wheretp
s the period of modulation). Thus, the measured heat flow
HF) is a combination of the responses to both the constant
eating rate (slow response) and the temperature modulation

(fast response). In order to deconvolute the signals, a
mon analysis method involves separating the response
reversing and nonreversing heat flow components[2–6]. The
reversing component has been associated with sensibl
or heat capacity effects, whereas the nonreversing hea
has been associated with kinetics effects[7]. For thermoset
ting cure reactions, it is, thus, possible to follow both the
of chemical reaction and the heat capacity evolution sim
neously[8–19]. However, in order to separate the heat flo
two assumptions have to be made. First, it is assumed
there is a linear relationship between the temperature an
heat flow[20]. Second, the heat capacity contributions
assumed to go only to the first harmonic, whereas the he
chemical reactions is assumed to go only to higher harm
ics [2,7]. These assumptions often do not hold through
melting transition[21–23], through the glass transition reg
[24–26], and when the nonreversing heating flow is not
[27]. In addition, another assumption is that the imposed
perature perturbation does not affect the underlying phy
and chemical processes; this assumption is generally
when the amplitude of modulation is small.
∗ Corresponding author. Tel.: +1 806 742 1763; fax: +1 806 742 3552.
E-mail address: sindee.simon@ttu.edu (S.L. Simon).

The goal of this work is to test the validity of using
TMDSC to study thermoset cure kinetics and, more
specifically, to test the purported equality of the mobil-
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ity and diffusion factors. To that end, we simulated the
TMDSC responses of an epoxy/aromatic amine resin and
a bisphenol M dicyanate ester/polycyanurate system, both
of whose cure kinetics have been reported[28,29]. The
Tool–Narayanaswamy–Moynihan (TNM) model[30–32]
was incorporated into our simulations to describe the effects
of the vitrification process and associated relaxation on the
heat capacity during cure. Before reporting our results, we
first review background concerning thermoset cure and the
application of TMDSC to study the cure process. We then
describe the model used to simulate the TMDSC response,
describe and discuss the results, and end with conclusions.

2. Background

The cure process of thermosetting polymers transforms
monomers (or prepregs) into a chemically crosslinked poly-
mer network. Both the fractional conversion (α) and the glass
transition temperature (Tg) of the reacting system increase as
the cure reaction proceeds. In both isothermal cure and ramp
cure, if the cure temperature (Tc) reaches the instantaneous
glass transition temperature of the reacting system, vitrifi-
cation, which results in both an increase in the characteristic
relaxation time and a decrease in the mobility of the chain seg-
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andCpg(α,T) andCpl(α,T) are the heat capacities in the glassy
state and equilibrium state (liquid or rubbery state), respec-
tively. For most of the cure systems studied[8–11,14,15,17],
the mobility factor has been used to approximate the diffusion
factor, which is defined as

DF(α, T) = (dα/dt)obs

(dα/dt)chem
(4)

where (dα/dt)chem is the rate of the chemically controlled
kinetics, obtained by modeling the reaction in the chemi-
cally controlled region, and (dα/dt)obs is the experimentally
observed rate of reaction. However, since diffusion control
does not necessarily become dominate at the point of vit-
rification [8,19,28,29], equating the mobility factor to the
diffusion factor does not necessarily hold. Van Mele and
coworkers are aware of this point since in an organic system
they studied[8], in which motions associated with cure were
not restricted by vitrification, the two were not equal. Sim-
ilarly, in a free radical copolymerization of an unsaturated
polyester resin and styrene[35], the relationship between
diffusion control and vitrification was complicated by the
autoacceleration effect and other aspects of free radical poly-
merization. More recently, Montserrat and Pla[19] found
that the mobility and diffusion factors differed in a catalyzed
epoxy/anhydride system; they pointed out that a modulation
period shorter than 60 s was required in order for diffusion
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ents[33], will occur. In ramp cure, devitrification will occu
ubsequently when the cure temperature again surpass
lass transition temperature of the system.

The process of vitrification normally results in a dram
ncrease in the characteristic time scale for the move
f chain segments. Rabinowitch[34] proposed that the tim
cale for reaction is equal to that for the chemically contro
eaction plus that for diffusion. Thus, diffusion control beg
o affect the overall cure kinetics when the characteristic
f diffusion is comparable to that of chemical reaction. If

ime scales of chemical reaction and diffusion become c
arable at the point of vitrification, then vitrification ma

he onset of the change of the reaction rate from chemi
ontrolled kinetics to diffusion-controlled kinetics. In act
ystems, however, diffusion control may either become d
nant when the material is rubbery andTg is still well below
he cure temperature[29] or it may remain weak even aft
itrification [8,28].

TMDSC has been used to study the thermoset cure kin
nd its influence on vitrification during cure[8–19]. Van Mele
nd coworkers have described a mobility factor (MF)[8,9]

o describe vitrification and devitrification during cure a
unction of conversion (α) and temperature (T):

F (α, T ) ≡ Cp(α, T ) − Cpg(α, T )

Cpl(α, T ) − Cpg(α, T )
(2)

hereCp is the reversing heat capacity (Cprev) defined by

prev = AHF

wAT

(3)
eontrol to take place in the same conversion region a
requency-dependent glass transition. As indicated in
ork [19], the issue of the frequency dependence of
lass transition (frequency-dependent vitrification)[36] is

mportant since it leads to a frequency-dependent mo
actor which makes the relation of the mobility factor to
iffusion-controlled reaction kinetics and to the diffusion f

or even more tenuous[37]. Again, Van Mele and coworke
re aware of this issue[13,17], and the frequency-depend
obility factor has been discussed[38]. However, in spite o

hese issues, the use of mobility factors to approximat
iffusion factors has been implicitly advocated[9–15,17].

In addition to using the heat capacity obtained in TMD
o yield information concerning the significance of diffus
ontrol, Van Mele and coworkers also proposed that the
f vitrification (i.e., whenTg(ω) equals the cure temperatu
c) is said to occur when the mobility factor equals 0.5[9–12].
his seems like a reasonable assumption at first glance

he glass transition temperature, which is defined as the
oint of the heat capacity step change, coincides with
oint when the mobility factor, which is actually a normaliz
eat capacity, equals 0.5. Because the reversing heat c

ty in the glass transition region depends on thermal his
nd the contributions of enthalpy relaxation to the first
onic[26], vitrification may not occur exactly at a mobil

actor of 0.5. However, the errors arising from the assu
ion that the heat capacity equals the reversing heat flo
mall; simulations of various thermal histories show tha
idpoint in the step change of the reversing heat cap

s generally found to be within 1◦C of Tg(ω) [26]. Hence



Y. Meng, S.L. Simon / Thermochimica Acta 437 (2005) 179–189 181

the error incurred by assuming that the frequency-dependent
vitrification occurs at mobility factor of 0.5 is expected to be
small.

3. Modeling the TMDSC response during cure

To model the TMDSC responses during cure, we need
models for both the reaction kinetics and the heat capacity
since the measured heat flow (HF) of TMDSC contains con-
tributions from both terms:

HF = Cp
dT

dt
+ Hr

dα

dt
(5)

whereCp is the instantaneous heat capacity of the reacting
system, dT/dtis the rate of temperature change,Hr is the
specific heat of chemical reaction, and dα/dtis the rate of
change of conversion. Below, we first describe models for
the reaction kinetics and, subsequently, for the heat capacity.

Models have been developed for the reaction kinetics of
the epoxy/aromatic amine system[28] and the dicyanate
ester/polycyanurate system[29] studied, and the models very
well describe the evolution of conversion andTg during
isothermal cure for both systems for a range of cure tempera-
tures[28,29]. For the two systems, the chemically controlled
rate laws are given by Eqs.(6) and (7), respectively:
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whereAd and C1 are adjustable parameters obtained from
curve fitting,C2 has the same values as in WLF equation,
i.e.,C2 = 51.6 K. On the other hand, thekd for the dicyanate
ester/polycyanurate system was derived from the modified
Doolittle free volume equation as shown in Eqs.(11) and
(12) [29]:

kd = Ad exp

(
− Ed

RT

)
exp

(
− b

f

)
(11)

whereAd andb are adjustable parameters,Ed is the diffusion
activation energy for diffusion process, and f is the equilib-
rium free volume, which has to be greater than zero:

f = 0.00048(T− Tg) + 0.025 (12)

Tg of the reacting system is a function of fractional chemi-
cal conversion (α). For the epoxy/aromatic amine[39] and
dicyanate ester/polycyanurate[29] systems, theTg versus
conversion (α) relationships are given by Eqs.(13) and (14),
respectively:

Tg(α) = Tg0 + ((Ex/Em) − (Fx/Fm))α

1 − (1 − (Fx/Fm))α
Tg0 (13)

Tg(α) = Tg0 + αλ(Tg∞ − Tg0)

1 − (1 − λ)α
(14)
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dα

dt
= k0(1 − α)2(α + B) (6)

dα

dt
= k1(1 − α)2 + k2α(1 − α)2 (7)

hereB is a constant and the rate constantki (i = 0, 1, 2) fol-
ows the Arrhenius law in the chemically controlled regim

i = Ai exp

(
− Ei

RT

)
(8)

hereAi is the pre-exponential factor,Ei is the activation
nergy,R is the universal gas constant, andT is absolute

emperature.
A commonly used approach to describe diffusi

ontrolled kinetics is the Rabinowitch concept[34], which
as employed in modeling the epoxy/aromatic amine
icyanate ester/polycyanurate systems[28,29]. The overa
ate constantk is defined by

1

ki(α, T )
= 1

kc,i(T )
+ 1

kd(α, T )
(i = 0, 1,2) (9)

herekd is the diffusion rate constant andkc is the chemically
ontrolled rate constant in the absence of diffusion give
q. (8). Thekd term for the epoxy/aromatic amine syst
as derived from the modified WLF equation[28] rather than
LF equation in order to expand its range of applicatio

emperatures belowTg − C2:

d = Ad exp

[
C1(T − Tg)

C2 + |T − Tg|
]

(10)
hereTg0 andTg∞ are the glass transition temperature
he monomer and fully cured system, respectively;Ex/Em is
he ratio of lattice energies for the crosslinked polyme
ncrosslinked polymer andFx/Fm is the ratio of segment
otilities for the crosslinked polymer to uncrosslinked po
er, respectively, andλ is fitting constant. Eq.(13) is the

mpirical DiBenedetto equation[40] and Eq.(14)is the modi-
ed form of the DiBenedetto equation derived from entro
onsiderations[41]. Although Tg is a function of cooling
ate and frequency, this equation assumes a one-to-one
ionship between fractional chemical conversion (α) andTg,
nd the latter of which is measured at a given cooling
q = 10 K/min in refs.[28,29]).

The heat capacity evolution during the cure reac
epends on the fractional chemical conversion, cure tem
ture, and relaxation processes related to the kinetics
iated with the glass transition. We consider tempera
nd conversion-dependent heat capacities where the q

ies are taken to be a linear combination of the heat capa
or the monomer (Cp0) and for the fully cured system (Cp∞)
s has been assumed by other researchers[42–45]:

pl(α, T ) = (1 − α)Cpl,0(T ) + αCpl,∞(T ) (15)

pg(α, T ) = (1 − α)Cpg,0(T ) + αCpg,∞(T ) (16)

hereCpl,0(T) is the equilibrium heat capacity for the uncu
ystem,Cpg,0(T) is the heat capacity in the glassy state for
ncured system,Cpl,∞(T) is the equilibrium heat capacity f
he fully cured system, andCpg,∞(T) is the heat capacity
he glassy state for the fully cured system. All heat capa
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values are assumed to depend linearly on temperature:

Cpl,0(T ) = al0 + bl0T (17)

Cpl,∞(T ) = al∞ + bl∞T (18)

Cpg,0(T ) = ag0 + bg0T (19)

Cpg,∞(T ) = ag∞ + bg∞T (20)

whereal0,ag0,al∞ ,ag∞,bl0,bg0,bl∞ ,bg∞ are constants. The
value of the step change in the heat capacity at the glass tran-
sition temperature,�Cp(α, Tg) can be obtained fromCpl(α,
Tg) − Cpg(α, Tg).

In the glass transition region, the changes in heat capac-
ity can be described by the Tool–Narayanaswamy–Moynihan
(TNM) model [30–32]. Extensive work has shown that the
TNM model quantitatively predicts the phenomena associ-
ated with the glass transition (although it cannot do so with
one set of parameters over a wide range of experimental
variables)[46,47]. In addition, the model reproduces the
TMDSC experimental results for the glass transition region
[48–50].

In the TNM model, a normalized heat capacityCpn is
defined:

Cpn ≡ Cp − Cpg

Cpl − Cpg
= dTf

dT
(21)
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that case, the period ranges from 60 to 1000 s. The heating
rates used in ramp cure simulations of the epoxy/aromatic
amine system are 0.10 K/min except when the effect of
heating rate on results is explored; in that case the heat-
ing rate is 0.06 or 0.08 K/min. For simulations of dicyanate
ester/polycyanurate system, the period of modulation is 90 s
in isothermal cure and 180 s in ramp cure in which the
underlying heating rate is 0.008 K/min; a low ramp rate is
used for the dicyanate ester/polycyanurate system in order
to achieve vitrification during the ramp due to the slow
cure kinetics of the system; the longer period for the slow
ramp allows the simulation to be performed in a reasonable
amount of time (several days). For ramp cures, the simulation
begins by cooling at 15 K/min from a reference temperature
(Ti = 0◦C), at which both materials are in equilibrium, to
25◦C below Tg0, and then the ramp cure is initiated. The
ramp goes fromTg0− 25 to 220◦C, which is well above
Tg∞ for both systems modeled. For the isothermal cure of
the epoxy/aromatic amine, the isothermal cure temperatures
used are from 80 to 140◦C at 20◦C intervals; for the dicyanate
ester/polycyanurate systems the isothermal cure temperature
used is 150◦C.

Sixty-four data points are taken per period of modulation,
and a fast Fourier transform (FFT) is performed from which
the amplitude of the first harmonic (AHF) is obtained. The
reversing heat flow is calculated from the first harmonic using
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hereTf is the fictive temperature, which can be calcula
umerically by

f(T ) = Ti +
∫ T

Ti

dT ′
{

1 − exp

[
−

(∫ T

T ′

dT ′′

qτ

)β
]}

(22)

hereTi is the initial temperature in equilibrium stateβ
s a constant,q is the rate of temperature change, andτ is
elaxation time defined as

= τ0 exp

[
x �h

RT
+ (1 − x)�h

RTf

]
(23)

hereτ0, x and�h are all constants, andR is the gas constan
he parametersβ, x, and�h are closely related[46,51,52]
he value ofτ0 depends on conversion orTg(α) since the

elaxation time depends on the relative values ofT andTg.
e assumeτ = 100 s whenT = Tg = Tf ; thus, the parameterτ0

s given by

0(Tg) = exp

[
ln(100)− �h

RTg

]
(24)

. Methodology: simulation of TMDSC responses

For the epoxy/aromatic amine and dicyanate e
olycyanurate systems modeled, both isothermal and
ure TMDSC simulations are performed. In all simulatio
he modulation amplitude (AT) is 0.5 K. A modulation perio
tp) of 90 s is used in all epoxy/aromatic amine simulati
xcept when the effect of period on the results is explore
q. (3). At each point, we use sliding transforms to also
he average cure temperature (Tave) and underlying heat flo
also called the total heat flow). The nonreversing heat
s obtained from the difference between the underlying
ow and the reversing heat flow.

The parameters used for the simulations of
poxy/aromatic amine and the dicyanate ester/polycyan
ystems are listed inTables 1 and 2, respectively. Cure kin
cs and reaction parameters for the epoxy/aromatic amin

able 1
aterial and TMDSC parameters used for the epoxy/aromatic amine s

imulations

arameter Value or range Reference

r (kJ/g) 0.381 (−23.0 kcal/mol epoxy
group equivalent)

[53]

0 (s−1) 1.28× 105 [28]

0 (kcal/mol) 15.23 [28]
5.548× 10−2 [28]

d (min−1) 30.64 [28]

1 42.61 [28]

2 (K) 51.6 [28]

g0 (◦C) −4.9 [28]

g∞ (◦C) 178 [28]

x/Em 0.52 [39]

x/Fm 0.31 [39]

pl(α, T) (Jg−1 K−1) (1− α)
(1.58426 + 0.00325861T) +
α(1.94462 + 0.00137894T)

[43]

pg(α, T) (Jg−1 K−1) Cpl − [0.55 (1− α) + 0.19α] [54]

T (K) 0.5

p (s) 60, 90, 120, 600, 1000
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Table 2
Material and TMDSC parameters used for the dicyanate ester/polycyanurate
system simulations

Parameter Value or range Reference

Hr (kJ/g) −0.485 [29]
A1 (s−1) 1.83× 1011 [29]
E1 (kJ/mol) 120 [29]
A2 (s−1) 225 [29]
E2 (kJ/mol) 44 [29]
Ad (min−1) 1.0× 1019 [29]
Ed (kJ/mol) 140 [29]
b 0.25 [29]
Tg0 (◦C) −26 [29]
Tg∞ (◦C) 182 [29]
λ 0.426 [29]
Cpl(α, T) (Jg−1 K−1) (1− α) (1.5784 + 0.0021T) +

α(1.8335 + 0.0012T)
[45]

Cpg(α, T) (Jg−1 K−1) Cpl − [0.4 (1−α) + 0.2α] [55]
AT (K) 0.5
tp (s) 90, 180

the dicyanate ester/polycyanurate systems are obtained from
refs. [28,53] and [29], respectively, and theTg-conversion
relationship parameters are from refs.[39] and[29], respec-
tively. The temperature- and conversion-dependent equi-
librium heat capacity values (see Eqs.(15–20)) for the
epoxy/aromatic amine system are assumed to be the same
as those of an epoxy/fiber composite as in ref.[43], and
�Cp values at zero and full conversion are taken from
ref. [54]. For the dicyanate ester/polycyanurate system,
the temperature- and conversion-dependent equilibrium heat
capacity is assumed to be the same as another bisphenol A
dicyanate ester, which has been reported in the literature[45],
and�Cp values at zero and full conversion are taken from
ref. [55].

Three sets of correlated TNM parameters[51] are used
in the modeling and are listed inTable 3. In all simulations
except otherwise indicated, thex = 0.4 set of TNM parameters
is used.

In order to check the effectiveness of using TMDSC to
obtain the heat capacity, linear simulations are also per-
formed. The linear simulation is run under quasi-isothermal
conditions with an amplitude of 0.01 K and a period of 90 s
for a given state of the system (α,Tg, Tave) during cure. The
simulation consists of applying the TNM model withTf = T
as the initial condition. After several modulation cycles, the
fictive temperature and the reversing heat flow reach steady
s acity,
C

T
S

x

0
0
0

5. Results and discussion

The simulation of the TMDSC experiment for the isother-
mal cure of epoxy/aromatic amine system at 140◦C is shown
in Fig. 1, where the average cure temperature (Tave), the glass
transition temperature (Tg), and the reversing heat capac-
ity (Cprev) along with the equilibrium capacity (Cpl) and
glassy heat capacity (Cpg) are plotted as a function of time.
At the beginning of the cure, the average cure temperature
(Tave) is well above the initial glass transition temperature
of the uncured system (Tg0) and the reversing heat capacity
(Cprev) is the equilibrium value (Cpl). The Tg of the react-
ing system increases with time as cure progresses. AsTg
approaches and rises aboveTave, Cprev shows a stepwise
decrease from the equilibrium value to the glassy value.
As indicated in the figure, the midpoint of the step change
in the reversing heat capacity occurs considerably earlier
than the point at whichTg(q = 10 K/min) =Tave. This seem-
ing discrepancy occurs becauseTg is frequency-dependent
(or rate-dependent). The reversing heat capacity is obtained
for tp = 90 s, whereas theTg values plotted in the figure are
based on theTg-conversion relationship (Eq.(13)) for Tg
obtained at a cooling rate of 10 K/min[28]. Hence, theTg
values plotted are lower than those that would be obtained at
a modulation period of 90 s, and vitrification, as defined by
T (q = 10 K/min) =T , occurs later than the step change in
t

ine
s ical
r the
s e
i ure
s rsing

F re, and
t e for
t ther-
m the
e pacity;
t er solid
l mpera-
t

tate values giving the frequency-dependent heat cap
p(ω).

able 3
ets of TNM parameters[51] used in simulations

�h/R (K−1) β

.3 120,000 0.53

.4 80,000 0.62

.5 70,000 0.75
g ave
he reversing heat capacity.

For the isothermal cure of the epoxy/aromatic am
ystem at 140◦C, the expected heat flow for the chem
eaction and the nonreversing heat flow obtained from
imulation shown inFig. 1 are shown as a function of tim

n Fig. 2. The inset shows a zoom-in view for the later c
tages. The rate of reaction calculated from the nonreve

ig. 1. The glass transition temperature, the average cure temperatu
he reversing, equilibrium, and glassy heat capacities as a function of tim
he TMDSC simulation of the epoxy/aromatic amine system cured iso
ally at 140◦C with AT = 0.5 andtp = 90 s. The triangles represent
quilibrium heat capacity; the squares represent the glassy heat ca

he circles represent the average cure temperature; the upper and low
ine represent the reversing heat capacity and the glass transition te
ure, respectively.
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Fig. 2. Expected heat flow from chemical reaction and nonreversing heat
flow as a function of time for the TMDSC simulation of the epoxy/aromatic
amine system cured isothermally at 140◦C withAT = 0.5 K andtp = 90 s. The
symbols represent the expected heat flow of reaction from chemical reaction
and the solid line represents the nonreversing heat flow. The inset shows the
heat flow at the later stages of reaction with vitrification marked.

heat flow agrees with the expected rate of reaction before vit-
rification, but the two differ after vitrification as can be seen
from the inset. The reversing heat capacity, as well as the
expected heat capacity from linear simulations, is shown in
Fig. 3. No difference was observed between the expected heat
capacity and the reversing heat capacity. This is as expected
since the system is vitrifying from an equilibrium state to
the glass state at constant temperature as the glass transi-
tion temperature increases, in an analogy to a cooling run
at constant conversion. In such a case, if the change in tem-
perature is slow enough, vitrification will be imposed by the
modulation (rather than by the temperature change), and the
expected (linear) heat capacity will equal the reversing heat
capacity.

F rsing
h the
e
a linear
s

Fig. 4. Mobility factor (MF, in lines) and diffusion factor (DF, in symbols) as
a function of logarithmic time for TMDSC simulations of the epoxy/aromatic
amine system cured isothermally at 80, 100, 120, and 140◦C (from right to
left) with AT = 0.5 K andtp = 90 s.

The mobility factor and diffusion factor are compared in
Fig. 4 for simulated isothermal cures of the epoxy/aromatic
amine system at cure temperatures of 80, 100, 120, and
140◦C. It is obvious that the two do not agree in any of the
cases. The drop in the mobility factor occurs at shorter times
compared to the drop in the diffusion factor, indicating that
diffusion control occurs afterTg(ω) reaches the isothermal
cure temperature. This is the opposite of what was found for
an epoxy/anhydride system[19], but it is consistent with the
known kinetics[28] of the studied system coupled with the
fact thatTg(α, tp = 90 s) is higher thanTg(α, q = 10 K/min).
When the results are plotted against conversion rather than
time, the mobility factor drops at a conversion 7% lower
than the value where the diffusion factor drops for cure at
80◦C; for cure at 140◦C, the difference in the conversions at
which the mobility factor and diffusion factor drop decreases
to 3%. These differences are significant. However, using a
longer modulation period (lower frequency) will move the
frequency-dependent mobility factor to longer times (higher
conversions) resulting in the better agreement between the
mobility factor and the diffusion factor. This effect is dis-
cussed in more detail later.

The simulation of the TMDSC response of the
epoxy/aromatic amine system in ramp cure at 0.1 K/min is
shown inFig. 5. The average cure temperature (Tave), the glass
transition temperature (T), and the reversing heat capacity
( c-
i een
i ured
s gin-
n lassy
v -
t heat
c (liq-
u ases
ig. 3. Expected heat capacity from the linear simulation and reve
eat capacity as a function of time for the TMDSC simulation of
poxy/aromatic amine system cured isothermally at 140◦C with AT = 0.5 K
ndtp = 90 s. The symbols represent the expected heat capacity from
imulation and the solid line represents the reversing heat capacity.
g
Cprev), along with equilibrium (Cpl) and glassy heat capa
ties (Cpg), are plotted as a function of time. As can be s
n Fig. 5, the glass transition temperature of the unc
ystem (Tg0) is higher than the cure temperature at the be
ing of the cure and the reversing heat capacity is the g
alue. As the cure temperature increases aboveTg0, the sys
em undergoes initial devitrification, and the reversing
apacity shows a stepwise increase to the equilibrium
id) heat capacity value. As the cure temperature incre
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Fig. 5. The glass transition temperature, the average cure temperature, the
reversing, equilibrium and glassy heat capacities as a function of time for the
TMDSC simulation of the epoxy/aromatic amine system during ramp cure
at 0.10 K/min withAT = 0.5 K andtp = 90 s. The triangles represent the liquid
heat capacity; the squares represent the glassy heat capacity; the circles rep-
resent the average cure temperature; the upper and lower solid line represent
the reversing heat capacity and the glass transition temperature, respectively.
The two arrows mark the points of vitrification and devitrification as defined
by Tg (q = 10 K/min) =Tave.

further, the chemical reaction begins resulting in an increase
both in fractional chemical conversion and inTg, as well as a
slight increase inCpl due to its conversion dependence. AsTg
approachesTave, the reversing heat capacity also decreases
towards the glassy value. As the temperature scan contin-
ues, the average cure temperature increases further;Taverises
aboveTg, which is leveling off due to completion of the reac-
tion, devitrification occurs, and the reversing heat capacity
increases back to its equilibrium value. We note that in the
ramp cure, as in the isothermal cure, the points of vitrifi-
cation (and devitrification) as defined by the midpoint in
Cprev(Tg(tp = 90 s) = Tave) are not equal to those defined by
Tg(q = 10 K/min) =Tave; this is as expected due to the rate
and frequency dependence ofTg.

The nonreversing heat flow calculated from the TMDSC
ramp cure simulation shown inFig. 5 is compared to the
expected heat flow based on the reaction kinetics inFig. 6.
The points of vitrification and devitrification defined by
Tg(q = 10 K/min) =Taveare denoted by the two arrows. As in
the isothermal case (Fig. 2), the expected heat flow agrees
well with nonreversing heat flow in regions far from the
transition region; however, the two deviate in the vicinity of
transition region due to enthalpy relaxation effects that also
contribute to the nonreversing heat flow in this region.

The reversing heat capacity for the ramp cure simula-
tion is compared to its expected values obtained from linear
s -
p hea
c ion
( ions
f ute
t sing

Fig. 6. Expected heat flow and nonreversing heat flow, as a function of
time for the TMDSC simulation of the epoxy/aromatic amine system during
ramp cure at 0.10 K/min withAT = 0.5 K,tp = 90 s. The open circles represent
nonreversing heat flow; the solid line stands for expected heat flow from
chemical reaction. The two arrows indicate the points of vitrification and
devitrification as defined byTg (q = 10 K/min) =Tave.

heat capacity, consistent with the results of previous work
[26].

The mobility factor (MF) calculated from the reversing
heat capacity (see Eq.(2)) shown inFig. 5is plotted inFig. 8
along with the diffusion factors (DF), which is defined as
the ratio of the rate of reaction to the rate if the reaction
were chemically controlled (see Eq.(4)), both of which are
obtained from the model. In addition, we plot the diffusion
factor obtained from the nonreversing heat flow (DFnon),
which is defined as the ratio of rate of reaction obtained
from the nonreversing heat flow (assumed to be due only to
chemical reaction) to the rate if the reaction were chemically

F nction
o tem
d s
r n; the
s e two
a d by
T

imulations shown inFig. 7. Similar to the heat flow com
arison, the expected heat capacity and the reversing
apacity deviate only in the vicinity of the transition reg
the belly of the curve). This suggests that contribut
rom physical relaxation or chemical reaction may contrib
o the first harmonic and lead to an error in the rever
t
ig. 7. The expected heat capacity and reversing heat capacity as a fu
f time for the TMDSC simulation of the epoxy/aromatic amine sys
uring ramp cure at 0.10 K/min withAT = 0.5 K andtp = 90 s. The circle
epresent expected reversing heat capacity value from linear simulatio
olid line represents reversing heat capacity from the simulation. Th
rrows indicate the points of vitrification and devitrification as define

g (q = 10 K/min) =Tave.
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Fig. 8. The mobility factor and diffusion factor as a function of time for
the epoxy/aromatic amine system during ramp cure at 0.10 K/min with
AT = 0.5 K andtp = 90 s. Also shown is the diffusion factor calculated from
the nonreversing heat flow.

controlled. The diffusion factor is close to unity during the
whole cure process because of the weak diffusion effect spe-
cific for this cure system and the small overshoot ofTg over
Tave. It is clear that the mobility factor does not equal the dif-
fusion factor for this system. On the other hand, the diffusion
factor obtained from the nonreversing heat flow (DFnon) and
the mobility factor (MF) follow similar trends: both decrease
in the vicinity of vitrification and increase back in the vicinity
of devitrification. However, DFnon is influenced by the effect
of enthalpy relaxation associated with vitrification, which
results in a difference between the expected and observed
nonreversing heat flow. The influence of enthalpy relaxation
on the mobility and diffusion factors has been neglected
in experimental studies. We note that, experimentally, it is
impossible to differentiate diffusion control from enthalpy
relaxation effects in the nonreversing heat flow without more
information. The comparisons of mobility and diffusion fac-
tors on a logarithmic time scale are shown inFig. 9 for the
heating rate of 0.1 K/min and for two slower heating rates,
0.08 and 0.06 K/min. In all cases, the results are similar to
those shown inFig. 8 with significant discrepancy between
the mobility factor and diffusion factor.

In the isothermal and ramp cure simulation results
described inFigs. 1–9, we assume that the heat capacity was
temperature- and conversion-dependent. Simulations were
also performed assuming constant values forC and C ,
w non-
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m tor
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Fig. 9. Mobility factor (MF, in lines) and diffusion factor (DF, in sym-
bols) as a function of logarithmic cure time for the TMDSC simulation
of the epoxy/aromatic amine system cured at ramp rates of 0.06, 0.08, and
0.10 K/min withAT = 0.5 K andtp = 90 s.

shown inFig. 10for tp = 90, 600, 1000 s. The dynamic glass
transition temperature decreases as the period of modula-
tion increases, resulting in devitrification occurring at earlier
times in the ramp cure and vitrification occurring at later
times. The mobility factor mirrors the changes inCprev as
is shown inFig. 11. The period of modulation obviously
has a large effect on the value of the mobility factor. As
the period of modulation increases, the extent of vitrification
obtained from the frequency-dependent reversing heat capac-
ity becomes weaker and the difference between the mobility
factor and the diffusion factor decreases.

In addition, we also examined the effect of the changing
the TNM parameters, using parameter sets shown inTable 3
for x = 0.3 and 0.5. The mobility factor as a function of time
for a ramp cure for the three different TNM parameters sets
investigated is shown inFig. 12. The TNM parameters affect

F matic
a rious
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pg pl
ith no effects on the results, i.e., (i) the reversing and

eversing heat flows well representCp(ω) and the heat o
eaction, respectively, with only small discrepancies due
arily to physical aging effects, and (ii) the mobility fac
oes not equal the diffusion factor.

As mentioned previously, the reversing heat capa
aries with the period of modulation, so simulations of
amp cure at 0.1 K/min were performed using other perio
odulation. The evolution of the reversing heat capaciti
ig. 10. The reversing heat capacity as a function of time for epoxy/aro
mine system at 0.10 K/min obtained for ramp cure simulations using va
odulation periods withAT = 0.5 K.
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Fig. 11. The mobility factor as a function of time for epoxy/aromatic amine
system during ramp cure at 0.10 K/min for various modulation periods with
AT = 0.5 K. The dashed line represents the diffusion factor.

the mobility factor; however, the effect is not as great as the
effect of changing the period of modulation.

In addition to the TMDSC cure simulations described
for the epoxy/aromatic amine system, we also simulated the
cure of a dicyanate ester/polycyanurate resin in which the
kinetic model and parameters differ significantly from the
epoxy/aromatic amine system. The mobility factor and the
diffusion factor for the dicyanate ester/polycyanurate system
are plotted as a function of time inFig. 13 for an isother-
mal cure simulation at 150◦C. The evolution ofTg is also
plotted, as is the average cure temperature (Tave). For the
dicyanate ester/polycyanurate system, the diffusion effect is
particularly strong well before vitrification (as defined by
Tg(q = 10 K/min) =Tave), presumably because the reaction
involves three reacting groups coming together rather than
two; thus, unlike for the epoxy/aromatic amine system shown

F ine
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w er
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Fig. 13. The mobility factor (MF) and diffusion factor (DF) as a function of
cure time for the dicyanate ester/polycyanurate system cured at 150◦C with
AT = 0.5 K andtp = 90 s. The circles represent the average cure temperature,
and the dashed line represents the glass transition temperature of the reacting
system. The inset shows the mobility factor and diffusion factor as a function
of conversion.

in Fig. 4, the drop in the diffusion factor occurs well ahead
of the mobility factor. The inset shows the dependence of
the mobility and diffusion factors as a function of conver-
sion; the difference in the conversion at a given value ranges
from greater than 20% at the point at which the diffusion
factor drops, to approximately 10% for a value of the mobil-
ity and diffusion factor of 0.8, to less than 2% for values
less than 0.2. Similarly for the simulations of a ramp cure of
the dicyanate ester/polycyanurate system, the mobility fac-
tor and diffusion factor do not coincide, as shown inFig. 14.
After the initial devitrification, the mobility factor remains
very close to one and only drops in the vicinity of vitri-
fication, whereas the value of the diffusion factor remains
below 0.1 even after the initial devitrification because of the
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ig. 12. The mobility factor as a function of time for epoxy/aromatic am
ystem during ramp cure at 0.10 K/min for various TNM parameter set
ith AT = 0.5 K andtp = 90 s. The value ofx is given; the values of the oth
arameters can be obtained fromTable 3. The dashed line represents
iffusion factor.
ig. 14. The mobility factor and diffusion as a function of cure time
he dicyanate ester/polycyanurate system in ramp cure at 0.008 K/mi

T = 0.5 K andtp = 180 s. In addition,Tg (squares) andTave(dashed lines) ar
hown. The inset shows the mobility factor and diffusion factor as a fun
f conversion at the later stages of the ramp cure.
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strong temperature-dependent diffusion effects in the model
(see Eq.(11)). At later times, in the vitrification region, the
mobility factor decreases and then subsequently increases
on devitrification, whereas the diffusion factor increases to
unity only well after the final devitrification when the reac-
tion is essentially completed (α> 0.99). When the results
are plotted against conversion, the differences between the
mobility factor and diffusion factor are large at low conver-
sions (due to the fact that the diffusion factor is very low,
whereas the mobility factor is high). However, at the very
late stage of cure (when the reaction is essentially completed),
the two are nearly the same, being offset from one another
by only 1% conversion, as shown in the inset inFig. 14.
As already mentioned, a slow heating rate of 0.008 K/min
was used in the ramp cure simulation for the dicyanate
ester/polycyanurate in order that vitrification occurs dur-
ing the ramp cure due to the slow cure kinetics of the
system.

6. Conclusions

The TMDSC responses of both an epoxy/aromatic amine
and a dicyanate ester/polycyanurate cure system are mod-
eled for both isothermal and ramp cures, and the mobility
factor obtained from the reversing heat capacity is calcu-
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