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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.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction (fast response). In order to deconvolute the signals, a com-
mon analysis method involves separating the response into
Although the idea of temperature-modulated differential reversing and nonreversing heat flow componf#§]. The
scanning calorimetry (TMDSC) dates back to as early as 1971reversing component has been associated with sensible heat
[1], TMDSC was made commercially available only a decade or heat capacity effects, whereas the nonreversing heat flow
ago [2—-4]. Since then, TMDSC has received considerable has been associated with kinetics effg@is For thermoset-
attention due to its high sensitivity, high resolution, and abil- ting cure reactions, itis, thus, possible to follow both the heat
ity to separate overlapping phenomdB@a6]. A review has of chemical reaction and the heat capacity evolution simulta-
been writter{7]. The temperature profile of TMDSC gener- neously{8—19]. However, in order to separate the heat flows,
ally consists of a periodic temperature modulation superim- two assumptions have to be made. First, it is assumed that
posed on a constant heating rate. For a sinusoidal modulationthere is a linear relationship between the temperature and the

the temperature profil&(r) is given by heat flow[20]. Second, the heat capacity contributions are
i assumed to go only to the first harmonic, whereas the heat of
(1) = To+mt + Ar sin(wi) @) chemical reactions is assumed to go only to higher harmon-

ics [2,7]. These assumptions often do not hold through the
melting transitiorj21-23], through the glass transition region

modulation, andy is the angular frequency (=2 wherer, [24-26], an_d_ when the nonrevers?ng .heating fI(_)w is not zero
is the period of modulation). Thus, the measured heat flow [27]. In addition, aqotherassumptlon isthatthe wnposed tgm-
(HF) is a combination of the responses to both the constantPerature perturbation does not affect the underlying physical

heating rate (slow response) and the temperature modulatiorf"d chemical processes; this assumption is generally valid
when the amplitude of modulation is small.

The goal of this work is to test the validity of using
* Corresponding author. Tel.: +1 806 742 1763; fax: +1806 7423552. |MDSC to study thermoset cure kinetics and, more
E-mail address: sindee.simon@ttu.edu (S.L. Simon). specifically, to test the purported equality of the mobil-

whereTy is the starting temperatune,is the underlying heat-
ing (cooling) ratetistime, Ay is the amplitude of temperature
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ity and diffusion factors. To that end, we simulated the andCpg(c,T)andCpi(a, T) are the heat capacities inthe glassy
TMDSC responses of an epoxy/aromatic amine resin andstate and equilibrium state (liquid or rubbery state), respec-
a bisphenol M dicyanate ester/polycyanurate system, bothtively. For most of the cure systems studj8e11,14,15,17],
of whose cure kinetics have been repor{@®,29]. The the mobility factor has been used to approximate the diffusion
Tool-Narayanaswamy—Moynihan (TNM) mod&0-32] factor, which is defined as
was incorporated into our simulations to describe the effects (dar/di)gp
of the vitrification process and associated relaxation on the DF(x, T) = WOS
heat capacity during cure. Before reporting our results, we (der/dt)chem
first review background concerning thermoset cure and thewhere (da/dfnem is the rate of the chemically controlled
application of TMDSC to study the cure process. We then kinetics, obtained by modeling the reaction in the chemi-
describe the model used to simulate the TMDSC response,cally controlled region, and (da/@#s is the experimentally
describe and discuss the results, and end with conclusions. 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
2. Background diffusion factor does not necessarily hold. Van Mele and
coworkers are aware of this point since in an organic system

The cure process of thermosetting polymers transforms they studied8], in which motions associated with cure were
monomers (or prepregs) into a chemically crosslinked poly- not restricted by vitrification, the two were not equal. Sim-
mer network. Both the fractional conversion («) and the glass ilarly, in a free radical copolymerization of an unsaturated
transition temperature gyof the reacting system increase as Polyester resin and styreri85], the relationship between
the cure reaction proceeds. In both isothermal cure and rampdiffusion control and vitrification was complicated by the
cure, if the cure temperaturedlteaches the instantaneous autoacceleration effect and other aspects of free radical poly-
glass transition temperature of the reacting system, vitrifi- merization. More recently, Montserrat and F12] found
cation, which results in both an increase in the characteristic that the mobility and diffusion factors differed in a catalyzed
relaxation time and a decrease in the mobility of the chain seg-€poxy/anhydride system; they pointed out that a modulation
mentg33], will occur. In ramp cure, devitrification willoccur ~ period shorter than 60 s was required in order for diffusion
subsequently when the cure temperature again surpasses theontrol to take place in the same conversion region as the
glass transition temperature of the system. frequency-dependent glass transition. As indicated in that

The process of vitrification normally results in a dramatic Work [19], the issue of the frequency dependence of the
increase in the characteristic time scale for the movementglass transition (frequency-dependent vitrificati¢d®] is
of chain segments. Rabinowit§®4] proposed that the time ~ important since it leads to a frequency-dependent mobility
scale for reaction is equal to that for the chemically controlled factor which makes the relation of the mobility factor to the
reaction plus that for diffusion. Thus, diffusion control begins diffusion-controlled reaction kinetics and to the diffusion fac-
to affect the overall cure kinetics when the characteristic time tor even more tenuoy87]. Again, Van Mele and coworkers
of diffusion is comparable to that of chemical reaction. If the are aware of this issyé3,17], and the frequency-dependent
time scales of chemical reaction and diffusion become com- mobility factor has been discussga8]. However, in spite of
parable at the point of vitrification, then vitrification marks these issues, the use of mobility factors to approximate the
the onset of the change of the reaction rate from chemically diffusion factors has been implicitly advocate-15,17].
controlled kinetics to diffusion-controlled kinetics. In actual In addition to using the heat capacity obtained in TMDSC
systems, however, diffusion control may either become dom- to yield information concerning the significance of diffusion
inant when the material is rubbery afigis still well below  control, Van Mele and coworkers also proposed that the point
the cure temperatuff@9] or it may remain weak even after ~ Of vitrification (i.e., whery(w) equals the cure temperature,
vitrification [8,28]. Tc)is said to occur when the mobility factor equals[@512].

TMDSC has been used to study the thermoset cure kineticsThis seems like a reasonable assumption at first glance since
and its influence on vitrification during cuj&-19]. Van Mele the glass transition temperature, which is defined as the mid-

(4)

and coworkers have described a mobility factor (] point of the heat capacity step change, coincides with the
to describe vitrification and devitrification during cure as a Pointwhen the mobility factor, which is actually anormalized
function of conversion («) and temperature (7): heat capacity, equals 0.5. Because the reversing heat capac-

ity in the glass transition region depends on thermal history

Cpla, T) — Cpgler, T) and the contributions of enthalpy relaxation to the first har-

MF(a,T) = )

Cpi(e, T) — Cpgler, T) monic[26], vitrification may not occur exactly at a mobility
factor of 0.5. However, the errors arising from the assump-
whereCy, is the reversing heat capacityd¢y) defined by tion that the heat capacity equals the reversing heat flow are
small; simulations of various thermal histories show that the
Corev = AHF ©) midpoint in the step change of the reversing heat capacity

WAT is generally found to be within IC of Ty(w) [26]. Hence,



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

the error incurred by assuming that the frequency-dependentwhereAy and C; are adjustable parameters obtained from

vitrification occurs at mobility factor of 0.5 is expected to be curve fitting, C> has the same values as in WLF equation,

small. i.e.,C2=51.6 K. On the other hand, tftg for the dicyanate
ester/polycyanurate system was derived from the modified
Doolittle free volume equation as shown in E¢$l) and

3. Modeling the TMDSC response during cure (12) [29]:
To model the TMDSC responses during cure, we need x, — A4 exp (_Ed) exp <_b> (11)
models for both the reaction kinetics and the heat capacity RT f

since the measured heat flow (HF) of TMDSC contains con-

o whereAq andb are adjustable parametef, is the diffusion
tributions from both terms:

activation energy for diffusion process, and f is the equilib-
dr d i i .
HF — CPE + Hr£ ) rium free volume, which has to be greater than zero:

whereCp, is the instantaneous heat capacity of the reacting

system, d7/dis the rate of temperature chands, is the Ty of the reacting system is a function of fractional chemi-
specific heat of chemical reaction, and doi&lthe rate of cal conversion (Ol) For the epoxy/aromatic am[eg] and
Change of conversion. Below, we first describe models for dicyanate ester/po|ycyanura!@9] systems, thg"g versus

the reaction kinetics and, subsequently, for the heat capacity.conversion («) relationships are given by E(s3) and (14),
Models have been developed for the reaction kinetics of respectively:

the epoxy/aromatic amine systef®8] and the dicyanate
ester/polycyanurate systd@9] studied, and the models very To(@) = Tgo + ((Ex/Em) — (Fx/Fm))a Too 13)
well describe the evolution of conversion aff§ during 1-(1— (F/Fm)e
isothermal cure for both systems for a range of cure tempera- (T — Too)
tures[28,29]. For the two systems, the chemically controlled Ty(a) = Tgo + ———o0—— I

rate laws are given by Eq&) and (7), respectively: 1-(1=2)a

£ =0.00048(T— Ty) + 0.025 (12)

(14)

da 5 whereTyo and Ty, are the glass transition temperatures of
P ko(1 — a)*(« + B) (6) the monomer and fully cured system, respectivelyEn, is

the ratio of lattice energies for the crosslinked polymer to
da = k1(1 — a)? + koa(1 — @)? @) uncrosslinked polymer ankl/Fr, is the ratio of segmental
dt motilities for the crosslinked polymer to uncrosslinked poly-
whereB is a constant and the rate constgr{i =0, 1, 2) fol- mer, respectively, and is fitting constant. Eq(13) is the

lows the Arrhenius law in the chemically controlled regime: empirical DiBenedetto equati¢#0] and Eq(14)is the modi-

B fied form of the DiBenedetto equation derived from entropic
ki = A; exp <_’) (8) considerationg41]. Although Ty is a function of cooling

RT rate and frequency, this equation assumes a one-to-one rela-
whereA; is the pre-exponential factoE; is the activation  tionship between fractional chemical conversion («) @gd
energy,R is the universal gas constant, afids absolute and the latter of which is measured at a given cooling rate

temperature. (g=10K/min in refs[28,29]).

A commonly used approach to describe diffusion- The heat capacity evolution during the cure reaction
controlled kinetics is the Rabinowitch concdpt], which depends on the fractional chemical conversion, cure temper-
was employed in modeling the epoxy/aromatic amine and ature, and relaxation processes related to the kinetics asso-
dicyanate ester/polycyanurate systdi#®,29]. The overall ciated with the glass transition. We consider temperature-
rate constant is defined by and conversion-dependent heat capacities where the quanti-

ties are taken to be a linear combination of the heat capacities

1 - 1 + 1 (i=0,1,2) (9) for the monomer (gp) and for the fully cured system (&)
ki(w. T)  kei(T) ~ ka(a. T) as has been assumed by other researgh2s5]:

wherekg is the diffusion rate constant akglis the chemically

controlled rate constant in the absence of diffusion given in Cpie, T) = (1 = @)Cpl.o(T) + Cpi.oo(T) (15)

Eq. (8). Theky term for the epoxy/aromatic amine system —(1—

was derived from the modified WLF equatif@8] rather than Cogle. T) = (1~ @)Cpg oT) + Cog.(T) (16)

WLF equation in order to expand its range of application to whereCp o(7) is the equilibrium heat capacity for the uncured

temperatures belo®y — Cs: systemCpq,o(T) is the heat capacity in the glassy state for the
uncured systenGy) «(7) is the equilibrium heat capacity for

CC14£T|T_TQT)|} (10) the fully cured system, an€lpg,oo(7) is the heat capacity in

2 — 19

kg = Ag exp[
the glassy state for the fully cured system. All heat capacity
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values are assumed to depend linearly on temperature:

Cp1.o(T) = aio + bioT (17)
Cpl,oo(T) = aloo + biso T (18)
Cpg,o(T) = ago + bgoT (29)
Cpg.oo(T) = agoo + bgooT (20)

whereaig, ago, dioo  Agoo, Pi0, bgo, Pisc » bgoo @re constants. The

that case, the period ranges from 60 to 1000s. The heating
rates used in ramp cure simulations of the epoxy/aromatic
amine system are 0.10K/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 180s 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

value of the step change in the heat capacity at the glass tranto achieve vitrification during the ramp due to the slow

sition temperaturep Cp(e, Tg) can be obtained frordy(«,

cure kinetics of the system; the longer period for the slow
ramp allows the simulation to be performed in a reasonable

In the glass transition region, the changes in heat capac-amount of time (several days). For ramp cures, the simulation
ity can be described by the Tool-Narayanaswamy—Moynihan begins by cooling at 15 K/min from a reference temperature
(TNM) model [30-32]. Extensive work has shown that the (7;=0°C), at which both materials are in equilibrium, to
TNM model quantitatively predicts the phenomena associ- 25°C below Tqo, and then the ramp cure is initiated. The
ated with the glass transition (although it cannot do so with ramp goes fronfgo — 25 to 220°C, which is well above
one set of parameters over a wide range of experimentalTy,, for both systems modeled. For the isothermal cure of
variables)[46,47]. In addition, the model reproduces the the epoxy/aromatic amine, the isothermal cure temperatures
TMDSC experimental results for the glass transition region used are from 80 to 14 at 20°C intervals; for the dicyanate

[48-50].
In the TNM model, a normalized heat capaciyn is

defined:
_ Cp—Cpg _ d%;

Cpn = = 21

whereT; is the fictive temperature, which can be calculated

numerically by

(=T +/deT’ {1— exp l—(//T quTU)ﬂ] } (22)

whereT; is the initial temperature in equilibrium statg,
is a constanty is the rate of temperature change, ani
relaxation time defined as

x Ah n (1 —x)Ah
RT RTt

T=1p exp{ (23)
whererg, x andA#h are all constants, arRiis the gas constant.
The parameterg, x, andA#h are closely relatef6,51,52].
The value ofrg depends on conversion @(«) since the
relaxation time depends on the relative valued @ind 7.
We assume = 100 s wherf' = Ty = T, thus, the parametep

is given by

10(Tg) = exp [ In(100)— Ré;l”} (24)
¢}

4. Methodology: simulation of TMDSC responses

For the epoxy/aromatic amine and dicyanate ester/
polycyanurate systems modeled, both isothermal and ramp
cure TMDSC simulations are performed. In all simulations,

the modulation amplitude @4 is 0.5 K. A modulation period

(tp) of 90's is used in all epoxy/aromatic amine simulations A7 (K) 0.5
except when the effect of period on the results is explored; in ©)

ester/polycyanurate systems the isothermal cure temperature
used is 150C.

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 4) is obtained. The
reversing heat flow is calculated from the first harmonic using
Eq. (3). At each point, we use sliding transforms to also get
the average cure temperaturgJd'and underlying heat flow
(also called the total heat flow). The nonreversing heat flow
is obtained from the difference between the underlying heat
flow and the reversing heat flow.

The parameters used for the simulations of the
epoxy/aromatic amine and the dicyanate ester/polycyanurate
systems are listed ifables 1 and 2, respectively. Cure kinet-
ics and reaction parameters for the epoxy/aromatic amine and

Table 1
Material and TMDSC parameters used for the epoxy/aromatic amine system
simulations

Parameter Value or range Reference
Hy (kd/g) 0.381 (—23.0 kcal/mol epoxy [53]
group equivalent)
Ao (57D 1.28x 10° [28]
Ep (kcal/mol) 15.23 [28]
B 5.548x 1072 [28]
Aq (min~1) 30.64 [28]
C1 42.61 [28]
C2 (K) 51.6 [28]
Tqo (°C) —4.9 [28]
Tgeo (°C) 178 [28]
Ex/Em 0.52 [39]
FxlFm 0.31 [39]
Coiler, T) Qg T K ™) (1-a) [43]

(1.58426 +0.00325861T) +
«(1.94462 +0.001378947T)
Cpgle, T) I 1K) Cpl —[0.55 (1— &) +0.19¢] [54]

60, 90, 120, 600, 1000
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Table 2

183

5. Results and discussion

Material and TMDSC parameters used for the dicyanate ester/polycyanurate

system simulations

Parameter Value or range Reference
H, (kJ/g) —0.485 [29]
A1 (s7h 1.83x 10! [29]
E1 (kJ/mol) 120 [29]
Ax (s7h 225 [29]
E> (kJ/mol) 44 [29]
Ag (min~1) 1.0x 10%° [29]
Eq (kJ/mol) 140 [29]
b 0.25 [29]
Tgo (°C) —26 [29]
Tgoo (°C) 182 [29]
A 0.426 [29]
Coi(e, T) Qg 1K™ (1—a) (1.5784+0.00217) + [45]
«(1.8335 +0.00127)
Cogla, T) I K™1) Cpi —[0.4 (1—a) +0.2d] [55]

Ar (K)
1 (S)

0.5
90, 180

The simulation of the TMDSC experiment for the isother-
mal cure of epoxy/aromatic amine system at 1@Gs shown
in Fig. 1, where the average cure temperatuggd7the glass
transition temperature {J, and the reversing heat capac-
ity (Cprev) along with the equilibrium capacity () and
glassy heat capacity fg) 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 ¢g) and the reversing heat capacity
(Cprev) is the equilibrium value (gj). The Ty of the react-
ing system increases with time as cure progresseslyAs
approaches and rises abo¥ge 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 whiclfg(g = 10 K/min) =Taye This seem-
ing discrepancy occurs becaubgis frequency-dependent
(or rate-dependent). The reversing heat capacity is obtained

the dicyanate ester/polycyanurate systems are obtained fronfor 7, =90's, whereas th&; values plotted in the figure are

refs. [28,53] and [29], respectively, and th&g-conversion
relationship parameters are from rgf39] and[29], respec-

tively. The temperature- and conversion-dependent equi-

librium heat capacity values (see Eq45-20)) for the

based on the&g-conversion relationship (Eq13)) for Ty
obtained at a cooling rate of 10 K/m[&@8]. Hence, thely
values plotted are lower than those that would be obtained at
a modulation period of 90 s, and vitrification, as defined by

epoxy/aromatic amine system are assumed to be the sam@j(g =10 K/min) =Taye Occurs later than the step change in

as those of an epoxy/fiber composite as in {d48], and
ACp values at zero and full conversion are taken from
ref. [54]. For the dicyanate ester/polycyanurate system,

the reversing heat capacity.
For the isothermal cure of the epoxy/aromatic amine
system at 140C, the expected heat flow for the chemical

the temperature- and conversion-dependent equilibrium heatreaction and the nonreversing heat flow obtained from the
capacity is assumed to be the same as another bisphenol Aimulation shown irFig. 1 are shown as a function of time

dicyanate ester, which has been reported in the literfdaie
and ACp values at zero and full conversion are taken from
ref. [55].

Three sets of correlated TNM parametfsé] are used
in the modeling and are listed ifable 3. In all simulations
exceptotherwise indicated, the 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 (&, Tave) during cure. The
simulation consists of applying the TNM model with=T
as the initial condition. After several modulation cycles, the

fictive temperature and the reversing heat flow reach steady
state values giving the frequency-dependent heat capacity,

Table 3

Sets of TNM paramete§1] used in simulations

x ARIR (K1) B
0.3 120,000 0.53
0.4 80,000 0.62
0.5 70,000 0.75

in Fig. 2. The inset shows a zoom-in view for the later cure
stages. The rate of reaction calculated from the nonreversing

24 . . . . 600
L 560
. 1 L 520
1.8 c 480
=] b ot T =908 =T L @
~ 164 . g'p ave 440 3
2 ' r °
g 1.4 duverusacrcencorriecernsesacnersnsesntareonnestontsimreverTTTIeeee '400 g
2] e
© 4] Laso @
Jod i T{g=10Kmin}=T 3 2
3 1.0 . S ) =T e a0
0.8
L 280
06 -
240

T T T T
4000 8000 12000 16000

Time (s)

Fig. 1. The glass transition temperature, the average cure temperature, and
the reversing, equilibrium, and glassy heat capacities as a function of time for
the TMDSC simulation of the epoxy/aromatic amine system cured isother-
mally at 140°C with A7=0.5 and#,=90s. The triangles represent the
equilibrium heat capacity; the squares represent the glassy heat capacity;
the circles represent the average cure temperature; the upper and lower solid
line represent the reversing heat capacity and the glass transition tempera-
ture, respectively.
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Fig. 2. Expected heat flow from chemical reaction and nonreversing heat _. . L T .

flow as a function of time for the TMDSC simulation of the epoxy/aromatic Fig.4. _MOb'“ty fagtor (MF inlines) and dn"fusmn.factor (DF, in symbols) a_s
amine system cured isothermally at T4Dwith A7 = 0.5 K andip = 90's. The afu_nctlon of Iogarlthmlc time for TMDSC simulations of the epoxy_/aromatlc
symbols represent the expected heat flow of reaction from chemical reaction amine system cured isothermally at 80, 100, 120, and C4@rom right to
and the solid line represents the nonreversing heat flow. The inset shows theleﬁ) with A7=0.5K andrp =90ss.

heat flow at the later stages of reaction with vitrification marked.

The mobility factor and diffusion factor are compared in
heat flow agrees with the expected rate of reaction before vit- Fig. 4 for simulated isothermal cures of the epoxy/aromatic

rification, but the two differ after vitrification as can be seen amine system at cure temperatures of 80, 100, 120, and
from the inset. The reversing heat capacity, as well as the140°C. It is obvious that the two do not agree in any of the
expected heat capacity from linear simulations, is shown in cases. The drop in the mobility factor occurs at shorter times
Fig. 3. No difference was observed between the expected heatompared to the drop in the diffusion factor, indicating that
capacity and the reversing heat capacity. This is as expectediiffusion control occurs aftefy(w) reaches the isothermal
since the system is vitrifying from an equilibrium state to cure temperature. This is the opposite of what was found for
the glass state at constant temperature as the glass transin epoxy/anhydride systefh9], but it is consistent with the
tion temperature increases, in an analogy to a cooling runknown kinetics[28] of the studied system coupled with the
at constant conversion. In such a case, if the change in tem-act that7y(«, 7, =90s) is higher thaffy(e, ¢ =10 K/min).
perature is slow enough, vitrification will be imposed by the \When the results are plotted against conversion rather than
modulation (rather than by the temperature change), and thetime, the mobility factor drops at a conversion 7% lower
expected (linear) heat capacity will equal the reversing heatthan the value where the diffusion factor drops for cure at

capacity. 80°C,; for cure at 140C, the difference in the conversions at
which the mobility factor and diffusion factor drop decreases
to 3%. These differences are significant. However, using a
2124 longer modulation period (lower frequency) will move the
frequency-dependent mobility factor to longer times (higher
L 208 conversions) resulting in the better agreement between the
"o mobility factor and the diffusion factor. This effect is dis-
i’ 2044 cussed in more detail later.
[ The simulation of the TMDSC response of the
§ 2004 epoxy/aromatic amine system in ramp cure at 0.1 K/min is
= showninFig. 5. The average cure temperaturg £, the glass
2 transition temperature gJ;, and the reversing heat capacity
1.964 . L s
(Cprev), along with equilibrium (@) and glassy heat capac-
ities (Gpg), are plotted as a function of time. As can be seen
L in Fig. 5, the glass transition temperature of the uncured
Time (s) system (%po) is higher than the cure temperature at the begin-

ning of the cure and the reversing heat capacity is the glassy

Fig. 3. Expected heat capacity from the linear simulation and reversing yg|ye. As the cure temperature increases al‘lgwathe sys-
heat capacity as a function of time for the TMDSC simulation of the

epoxy/aromatic amine system cured isothermally at’CHaith A7 =0.5K tem uhdergoes initial de_\/ltrlflcatlon, and the rev_e_rs!ng he.at
andz, =90s. The symbols represent the expected heat capacity from Iinearc‘j"pac'ty ShOWS_a stepwise increase to the equ"'br_|um (lig-
simulation and the solid line represents the reversing heat capacity. uid) heat capacity value. As the cure temperature increases
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Fig. 5. The glass transition temperature, the average cure temperature, theFig. 6. Expected heat flow and nonreversing heat flow, as a function of
reversing, equilibrium and glassy heat capacities as a function of time for the time for the TMDSC simulation of the epoxy/aromatic amine system during
TMDSC simulation of the epoxy/aromatic amine system during ramp cure ramp cure at0.10 K/min with7 = 0.5K,#, =90 s. The open circles represent
at0.10 K/min withA7 = 0.5 K andrp, =90 s. The triangles represent the liquid ~ nonreversing heat flow; the solid line stands for expected heat flow from
heat capacity; the squares represent the glassy heat capacity; the circles rezhemical reaction. The two arrows indicate the points of vitrification and
resent the average cure temperature; the upper and lower solid line represendevitrification as defined by (g = 10 K/min) =Taye.

the reversing heat capacity and the glass transition temperature, respectively.

The two arrows mark the points of vitrification and devitrification as defined . . . .
by Ty (= 10 K/Min) =Tave. heat capacity, consistent with the results of previous work

[26].
. . . L . The mobility factor (MF) calculated from the reversing
further, the chemical reaction begins resulting in an increase capacity (see E€R)) shown inFig. 5is plotted inFig. 8

both in fractional chemical conversion andrig, as well as a along with the diffusion factors (DF), which is defined as

slightincrease iy due to 't_s conversion de_:pendence.zlg,s the ratio of the rate of reaction to the rate if the reaction
approached e the reversing heat capacity also decreases were chemically controlled (see E@)), both of which are

towards the glassy value. As the .temperature scan Contin'obtained from the model. In addition, we plot the diffusion
ues, the average cure t.emperaturemcrease.s furtherises factor obtained from the nonreversing heat flow (&M,
aboveTg, which is leveling off due to completion of the reac- which is defined as the ratio of rate of reaction obtained

tion, devitrification occurs, and the reversing heat capacity from the nonreversing heat flow (assumed to be due only to

Increases back_to Its gqumbrlum value. We no_te that N Fhe chemical reaction) to the rate if the reaction were chemically
ramp cure, as in the isothermal cure, the points of vitrifi-

cation (and devitrification) as defined by the midpoint in

CoreTgy(tp =90 s) = Taye) are not equal to those defined by 2204

Tg(g =10 K/min) =Ty, this is as expected due to the rate

and frequency dependenceZf ~ 216
The nonreversing heat flow calculated from the TMDSC =<

ramp cure simulation shown iRig. 5is compared to the 2 2.12-

expected heat flow based on the reaction kinetidsign 6. Z

The points of vitrification and devitrification defined by 8 2.08

Tg4(g =10 K/min) =Ty e are denoted by the two arrows. As in §

the isothermal case (Fig. 2), the expected heat flow agrees $ 2.04-

well with nonreversing heat flow in regions far from the T l [

transition region; however, the two deviate in the vicinity of 2.00

transition region due to enthalpy relaxation effects that also

contribute to the nonreversing heat flow in this region. e T im0 120000 130000
The reversing heat capacity for the ramp cure simula- Time (s)

tion is compared to its expected values obtained from linear
simulations shown irFig. 7. Similar to the heat flow com-  Fig. 7. The expected heat capacity and reversing heat capacity as a function
parison, the expected heat capacity and the reversing heaff t_ime for the TMDSC simulgtion of the epoxy/aromatic aming system
capacity deviate only in the vicinity of the transition region duing ramp cure at 0.10 K/min with; =0.5K andz, =90s. The circles

. e represent expected reversing heat capacity value from linear simulation; the
(the belly of the curve). This suggests that contributions solid line represents reversing heat capacity from the simulation. The two
from physical relaxation or chemical reaction may contribute arrows indicate the points of vitrification and devitrification as defined by

to the first harmonic and lead to an error in the reversing Ty (g=10K/min) =Taye.
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Fig. 9. Mobility factor (MF, in lines) and diffusion factor (DF, in sym-

Fig. 8. The mobility factor and diffusion factor as a function of time for bols) as a function of logarithmic cure time for the TMDSC simulation

the epoxy/aromatic amine system during ramp cure at 0.10K/min with of the epoxy/aromatic amine system cured at ramp rates of 0.06, 0.08, and
Ar=0.5K andrp=90s. Also shown is the diffusion factor calculated from g 10 k/min withA;=0.5K and, =90s.

the nonreversing heat flow.

shown inFig. 10for #, =90, 600, 1000 s. The dynamic glass

controlled. The diffusion factor is close to _unity during the ¢ ansition temperature decreases as the period of modula-
whole cure process because of the weak diffusion effect spe-jon increases, resulting in devitrification occurring at earlier

cific for this cure system and the small overshoofigbver  ines in the ramp cure and vitrification occurring at later
Tave Itis clear that the mobility factor does not equal the dif-  imes. The mobility factor mirrors the changesGprey as
fusion factor for this system. On the other hand, the diffusion i5 shown inFig. 11. The period of modulation obviously
factor obtained from the nonreversing heat flow ggf and has a large effect on the value of the mobility factor. As
the mobility factor (MF) follow similar trends: both decrease e period of modulation increases, the extent of vitrification
in the vicinity of vitrification and increase backin the vicinity  yptained from the frequency-dependent reversing heat capac-

of devitrification. However, Dfynis influenced by the effect ity becomes weaker and the difference between the mobility
of enthalpy relaxation associated with vitrification, which  t5ctor and the diffusion factor decreases.

results in a difference between the expected and observed |, addition. we also examined the effect of the changing

nonreversing heat flow. The influence of enthalpy relaxation {he TNM parameters, using parameter sets showlialre 3
on the mobility and diffusion factors has been neglected o = 0.3 and 0.5. The mobility factor as a function of time
in experimental studies. We note that, experimentally, it is o 5 ramp cure for the three different TNM parameters sets

impossible to differentiate diffusion control from enthalpy investigated is shown iRig. 12. The TNM parameters affect
relaxation effects in the nonreversing heat flow without more

information. The comparisons of mobility and diffusion fac-
tors on a logarithmic time scale are showrFig. 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 irFig. 8 with significant discrepancy between
the mobility factor and diffusion factor.

In the isothermal and ramp cure simulation results
described irFigs. 1-9, we assume that the heat capacity was
temperature- and conversion-dependent. Simulations were
also performed assuming constant values@gy and Cy,
with no effects on the results, i.e., (i) the reversing and non-
reversing heat flows well represe@p(w) and the heat of
reaction, respectively, with only small discrepancies due pri-
marily to physical aging effects, and (ii) the mobility factor , i , , , ,
does not equal the diffusion factor. 40000 80000 120000

As mentioned previously, the reversing heat capacit Time (s)

p Y, g pacity
varies with the perlo_d of modulation, so _S'mUIatlonS Qf the Fig. 10. Thereversing heat capacity as a function of time for epoxy/aromatic
ramp cure at 0.1 K/min were performed using other periods of amine system at0.10 K/min obtained for ramp cure simulations using various
modulation. The evolution of the reversing heat capacities is modulation periods witi; =0.5K.

N
N
1

2.04

1.8

t increases along the arrow
from 90 to 600 to 1000 s
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Fig. 11. The mobility factor as a function of time for epoxy/aromatic amine Fig. 13. The mobility factor (MF) and diffusion factor (DF) as a function of

system during ramp cure at 0.10 K/min for various modulation periods with cure time for the dicyanate ester/polycyanurate system cured aCl@ih

Ar=0.5K. The dashed line represents the diffusion factor. Ar=0.5K andr, =90 s. The circles represent the average cure temperature,
and the dashed line represents the glass transition temperature of the reacting

the mobility factor; however, the effect is not as great as the system. Theinsetshows the mobility factor and diffusion factor as a function
effect of changing the period of modulation. of conversion.

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 y,o mopility and diffusion factors as a function of conver-
kinetic model and parameters differ significantly from the sion; the difference in the conversion at a given value ranges
epoxy/aromatic amine system. The mobility factor and the from greater than 20% at the point at which the diffusion
diffusion factor for the Qicyangte estgr/polycyanurate System ¢ tor drops, to approximately 10% for a value of the mobil-
are plotted as a function of time #ig. 13for an isother- ., 41y diffusion factor of 0.8, to less than 2% for values
mal cure simulation at 15@C. The evolution off is IS0 ag5 than 0.2. Similarly for the simulations of a ramp cure of

plotted, as is the average cure temperatuigel7For the o gicvanate ester/polycyanurate system, the mobility fac-
dicyanate ester/polycyanurate system, the diffusion effect IS tor and diffusion factor do not coincide, as showrFig. 14.

particularly strong well before vitrification (as defined by agter the initial devitrification, the mobility factor remains
.Tg(q:lo K/mln):Ta\_,e), presumably_because the reaction very close to one and only drops in the vicinity of vitri-
involves three reacting groups coming together rather thang.tion whereas the value of the diffusion factor remains
two; thus, unlike for the epoxy/aromatic amine system shown oo 0.1 even after the initial devitrification because of the

in Fig. 4, the drop in the diffusion factor occurs well ahead
of the mobility factor. The inset shows the dependence of
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Fig. 12. The mobility factor as a function of time for epoxy/aromatic amine Fig. 14. The mobility factor and diffusion as a function of cure time for
system during ramp cure at 0.10 K/min for various TNM parameter sets and the dicyanate ester/polycyanurate system in ramp cure at 0.008 K/min with
with A7=0.5K andsp, = 90s. The value of is given; the values of the other A7 =0.5Kandj=180s. Inaddition]y (squares) anflave (dashed lines) are
parameters can be obtained frafable 3. The dashed line represents the shown. The inset shows the mobility factor and diffusion factor as a function
diffusion factor. of conversion at the later stages of the ramp cure.
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