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Cure behavior of paper—
phenolic composite systems:
assessment of the progress of cure

by difterential scanning calorimetry
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ABSTRACT: The cure behavior of phenolic-resin-impregnated kraft
paper composites was studied by differential scanning calorimetry
under dynamic and isothermal modes of operation. Procedures for
establishing baselines, progress of cure, and fractional conversions as a
[function of time or temperature are presented, In dynamic
experiments, the cure process was monitored up to 525 K. In
isothermal experiments, curing was conducted at 430 K, 440 K; 450
K, 460 K; and 470 K. Heating rates were in the range 5—40 Kimin.
The exothermic hear of cure was found to be about 740 kflkg resin
from both the dynamic and isothermal experiments. Resulss for
isothermal experiments were adjusted to account for differences in the
residual heat of cure at temperatures below 525 K.

KEYWORDS: Calorimetry, composites, curing, dynamza, isother-

mal process, polyphenolics, scanning.

henolic resins find a wide variety

of uses, especially in coating ap-
plications, adhesives, carbonless copy
paper, molding compounds, abrasives,
laminates, air and oil filters, and other
composites (7). Paper-phenolic com-
posites, such as laminates, are manu-
factured by curing paper impregnated
with phenolic thermosetting resins.
Understanding the cure behavior and
the cure kinetics is an important area

of research for the manufacture of such
composite materials,

Even though there is extensive lit-
erature on the cure behavior of epoxy
systems and their cormposites with spe-
cialty fibers (2, 9), literature on the
cure of phenolic systems and systems
containing cellulosic fibers is limited.
Furthermore, a close examination of
the available literature on the curing
of phenolics (4-8) reveals a number of
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unresolved issues regarding the na-
ture of the cure reactions, i.e., whether
they are endothermic or exothermic,
the values of heat of cure, dependence
on thermal history, and the mode of
kinetics. The present study is aimed
at clarifying these questions in a sys-
tematic manner. A critical evaluation
of procedures to study the cure pro-
cess and to determine the heat of cure
and conversion as a function of time or
temperature are presented in this pa-
per. A future article will focus on the
kinetic modeling of these reactions.
The literature includes several proce-
dures formonitoring the progress of cure
in composites and thermosetting systems
(9-11). One way is to use chemical or
spectroscopic procedures such as infra-
red or NMR (nuclear magnetic reso-
nance) techniques (72) to monitor the
depletion of reactant species or appear-
ance of produets that can be associated
with the progress of cure. Another wayis
to monitor physical or thermal changes,
such as changes in the viscosity, mechanj-
cal properties, glass-transition tempera-
tures, heat capacity, or other heat effects
associated with the reaction. Both ap-
proaches have advantages and limita-
tions. Cure reactions of thermosets in
composites are usually complex (4), and
it is often easier to use changes in me-
chanical or thermal properties as a probe.
Inthe present study we have used differ-
ential scanning calorimetry (DSC).



1. DSG scans during progressive heating of paper—phenolic compos-
ite. Sample weight 13 g; heating rate 10 K/min. (200 signal units

correspond to 1 mW.)

2. DSC scans on paper—phenolic composite. Sample weight 7.4 mg.
Region l—dynamic heating range at 10 K/min. Region ll—isothermal

range. (200 signal units correspond to 1 mwW.)
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Phenolic-impregnated kraft paper
composites were prepared using a ge-
neric phenol-formaldehyde resin in
methanol-water solutions. The resin
content of the composites was approxi-
mately 27% by weight.

Differential scanning calorimetry

A Perkin-Elmer DSC-2 differential
scanning calorimeter, digitized in our
laboratory (13, 14) for data collection
and analysis, was used in all experi-
ments. The digitization process in-
volves only the digitization of the DSC
signal and the corresponding tempera-
ture. An A/D (analog to digital) con-
verter and the computer timer were
used to collect data at discrete inter-
vals,

Energy and temperature calibra-
tions and evaluation of the dependence
on sample mass or heating rate were
conducted using the melting tempera-
ture and the heat of melting of indium.,
Accuracy of the instrument was then
tested using the instrument calibra-
tion constant (K) to determine the melt-
ing transitions of zine, tin, and lead.
With this system, heats of transitions
are determined with an accuracy bet-
ter than + 2.5%. Details are described
elsewhere (14).

nolic composites, Perkin—Elmer stain-
less steel Large Volume Capsules were
used to suppress liberation of volatiles
and loss of mass. These capsules are
capable of withstanding pressures up
to 350 psi (2.4 MPa), which limited the
experiments in this study to tempera-
tures below 525 K.

Assessment of baseline
and peak areas

Two different procedures have been
employed to establish a baseline. One
of the procedures is applicable to sys-
tems that undergo physical transfor-
mations (i.e., melting of indium), and
the other is applicable to systems that
undergo chemical transformations (i.e.,
the curing of phenolics).

In the case of physical transforma-
tions, the start and the end of the ther-
mal transition is established by the
criterion of increasing slope (14, 15). In
the present analysis, a deviation of 0.5%
or greater of the signal value from the
initial baseline for three sequential
points is taken as the start of such a
peak. The end of the peak is assessed
by checking for a deviation of less than
0.5% for three consecutive points. The
baseline is then drawn as a straight
line between the start and the end of
the peak.

baseline signal at discrete intervals and
doing a summation of each subtraction
across the peak region. The simple
summation is permissible because the
interval between two discrete data
points is typically very small, and the
number of data collected during an
experiment (i.e., total time) is large
enough to be assumed continuous. For
example, in dynamic scans at 5 K/min
and 10 K/min, a data collection interval
of 1 sis used, while the duration of the
experiment may be in the range of
2000-4000 s. At higher heating rates,
such as 20 K/min and 40 K/min, data
collection intervals are shortened to
0.5 s and 0.25 s, respectively.

In the case of chemical transforma-
tions, a different procedure is employed
to establish the baseline. A different
procedure is needed because, in reac-
tive systems, there may be a change in
the heat capacity of the initial reac-
tants and the final products, so draw-
ing a straight line as the baseline may
not be an accurate description. To ac-
commodate this, following the initial
DSC scan during which the chemical
transformations occur, arepeat scanis
conducted. If thermal activity is still
present, the scan is continued either to
higher temperatures or for longer
times until heat effects are no longer
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3. Comparative plots of dynamic DSC scans from 350 K to 520 K. 4. Isothermal DSC scan at 450 K. Isotherm starts at 900 s. Sample weight
Sample weights normalized to 7.5 mg; heating rates are as indicated. ~ normalized to 7.5 mg. Region l—dynamic heating range at 10 K/min.

(200 signal units correspond to 1 mW.) Region !l—isothermal range. (200 signal units correspond to 1 mw.)
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detectable. The final repeat scan de- 1. Heat of cure from dynamic experiments (kJ/kg resin)
void of any thermal activity is then
used as the baseline for calculation of Run no.
peak areas. It forms a natural baseline Heating ] R 3
for cure reactions. The use of the re- rate, K/min M Average
peat scan eliminates the need to define 10 796 815 755 751 777
the start, the apex, and the end of the 20 748 748 862 718 766
chemical transformations, which are 40 615 703 766 637 681
not necessar.ily well defined as in the Overall average 740
case of physical transformations. For

area calculation, the computer reads
the data files from the initial and re-

peat scans, subtracts the signals cor- i Heat of cure from isothermal experiments (kJ/kg resin)
responding to the same time, and as
before, does a summatloq of the differ- Isothermal Isothermal heat ~ Residual heat of Total heat of
ence over the interval of interest. temperature, K of cure cure? cure

. . 430 540 192 733
Determination of heat of cure 440 574 144 718
The peak areas are converted to the 450 618 119 737
heat of transformation using the fol- 460 &5 48 70

eat o anstorn g he 470 713 62 775
lowing relationship:
2 Additional heat of cure measured when samples are heated to 520 K.
AH = AE/miK @)
where
AH = heat of transformation K = instrument calibration constant, o=A/A, 2)
A = area between the initial and re- de‘.cerr'nlned from heat of fusion . .0
eat scans of indium. . . .

p o = fractional conversion at time ¢

E = sensitivity setting of the instru- A = parti .
. . . = ial area at time ¢
ment, 5 meals in this study Determination of fractional t b
. conversions A = total peak area.

m = mass of the sample, typically i o . ! P

about 10 mg Fractional conversion is determined

] i by comparing the partial peak areas Heating modes
the interval at which data are  with total peak areas associated with
collected the transformation, i.e.,

-~
i

Experiments were conducted either
under dynamic heating modes of 5 K/
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min, 10 K/min, 20 K/min, 40 K/min up
to 525 K or isothermally at 430 K, 440
K, 450 K, 460 K, and 470 K. In isother-
mal experiments, the effect of each
heating rate (i.e., 5, 10, 20, 40 K/min)
used to achieve the selected isother-
mal-hold temperatures was evaluated.

Results and discussion

Assessment of completion of cure

The use of DSC to follow the cure
reactions in paper-phenolic compos-
ites is illustrated in Fig. 1. The figure
shows four different scans on the same
graph. Scan A corresponds to the first
heating of the composite sample from
350 K to 450 K at 10 K/min, at which
point the scan was immediately
stopped and the sample was cooled
back to 350 K. It shows the initial step
change in the DSC signal arising from
the heat capacity and the mass differ-
ences between the sample and refer-
ence pans, followed by a steady signal
that is, in turn, followed by a signifi-
cant exothermic departure. Scan B
corresponds to the repeat heating of
the same sample, now to a higher tem-
perature of 475 K, still at a 10-K/min
heating rate, after which the sample
was again cooled back to 350 K. This
scan is different from Scan A in that
the exothermic activity is much
smaller, but still observable. Sean C is
a repeat scan up to 500 K following
Scan B, and finally Scan D is a repeat
run to 525 K. Temperatures higher
than 525 K were not seanned because
of the pressure limitations of the cap-
sules and also because of the possibil-
ity of the onset of decomposition
reactions (7).

As seen in Fig. 1, with heating to
higher and higher temperatures, sig-
nals that can be associated with ther-
mal reactions decrease and finally
disappear. Such a series of repeat scans
allows one to establish that the cure
reaction is indeed complete, and the
final sean provides the baseline for
further calculations on the system.

Figure 2 shows the DSC scans for
a sample that was heated from 350 K
to 520 K at 10 K/min and then, instead

of being cooled back immediately, was
held isothermally at 520 K for an addi-
tional period of about 15 min (Scan A).
The sample was then cooled back to
350 K and a repeat run was conducted
(Scan B) following a heating profile
identical to that of the first scan. This
figure has been plotted on the time
domain instead of the temperature do-
main in order to show the progress of
cure in the isothermal stage of the
scan. The location of the isothermal
hold is shown by the dotted vertical
line. Region I is the dynamic heating
step, and Region II is the isothermal-
hold step. When the mode changes
from dynamie to the hold mode, there
is first the typical shift in the DSC
signal, followed by a decaying signal
(in Scan A), which indicates that cure
reactions are still continuing. In the
repeat scan (Scan B), both the dy-
namic and isothermal regions are free
of detectable thermal activity. Even
though the isothermal range has been
monitored for about 15 min, the con-
clusion of further cure occurs after
about 3 min. This figure also illustrates
the procedure to establish the baseline
in experiments in which the run has
been terminated at some specified tem-
perature. What needs to be done is to
continue the run in the isothermal
mode at that temperature until
baseline stability is attained.

Figures 1 and 2 also illustrate the
two possible procedures to investigate
curing reactions in a given system.
One procedure is to heat the sample
under dynamic mode to the highest
possible temperature, and the other is
to heat it to some selected tempera-
ture under dynamie mode and then
hold it isothermally until the cure is
completed.

Effect of heating rate

Figure 3 shows the DSC scans ob-
tained by heating to 520 K at different
heating rates. After reaching 520 K,
all the samples were held isothermally
for 8 min, which is indicated by verti-
cal displacement in the signal at 520
K. Allscans have been normalized with
respect to the sample mass and shifted

vertically for clarity. Even though the
exotherm is more visible in the runs
with higher heating rates, as will be
discussed under the heading “Heat of
cure,” total areas under each curve
with respect to its corresponding
baseline are found to be similar. What
is different, however, is that the loca-
tion of the maximum of the exotherm
shifts to higher temperatures with in-
creasing heating rate.

Isothermal scans

The essential features of an isothermal
scan have already been shown in connec-
tion with Fig. 2. However, realizing that
the maximum of the exothermic peak
occurs around 450 K under 10-K/min
heating conditions (see Fig. 1 or 3), addi-
tional isothermal scans were conducted
at430K, 440K, 450 K, 460 K, and 470 K.
Figure 4 shows the results at 450 K. The
isothermal-hold temperature was at-
tained at a heating rate of 10 K/min (Re-
gionI), and then the isothermal conditions
were maintained for 15 min (Region IT).
The figure shows the repeat run (Sean
B) that forms the baseline also. Compari-
son of Fig. 4 with Fig. 2 shows that, as
would be expected, contribution to the
area between the initial and repeat scans
is greater in the isothermal experiments
conducted at lower temperatures. Even
though not shown, the relative propor-
tions of enclosed areas become even
greater (infavor of the isothermal range)
as the isothermal-hold temperature is
lowered towards 430 K.

Heat of cure

Total heat-of-cure values were evalu-
ated from peak areas enclosed by the
dynamic and isothermal portions of
each scan and the baseline, using Eq.
1. Table I shows the results from dy-
namic experiments. They are given
for each heating rate corresponding
to Fig. 3. The values are reported for
four repeat experiments at each heat-
ing rate. An average value of 740 kJ/
kg resin has been established. This
value is comparable with those re-
ported in the literature (5-8). As al-
ready pointed out, Table I shows that
there is no significant effect of heating
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rate on the total heat of cure, espe-
cially at heating rates below 40 K/min.

The heats of cure from isothermal
experiments were also calculated in a
manner similar to that used for dy-
namie experiments. The values ob-
tained were between 540-750 kJ/kg
resin, depending on the isothermal-
hold temperature. These are lower
than those obtained from dynamic ex-
periments. This stems from reaction
quenching at isothermal-hold tem-
peratures below 520 K. These samples
cured isothermally at temperatures
below 520 K. When heated to 520 K,
all show residual exotherms. When
contributions from the residual
exotherms are added to the isother-
mal heat of cure, the total heat of cure
becomes comparable with that ob-
tained from the dynamic experiments.
The heat-of-cure values determined
from isothermal experiments are
shown in Table IIL

Fractional conversions

Using fractional areas and total peak
areas, fractional conversions were
evaluated and conversion-time—tem-
perature data were generated for dy-
namic experiments, and conversion-time
data were generated for the isothermal
experiments. Figures 5 and 6 show
the conversion-time plots for dynamic
and isothermal experiments, respec-
tively. Figure 7 illustrates the conver-
sion-vs.-time data for isothermal
experiments conducted at 450 K at 10-
K/min, 20-K/min, and 40-K/min heat-
ing rates of approach to the isothermal
temperature. The isothermal regime
starts at 900 s for 10-K/min approach,
450 s for 20-K/min approach, and 225 s
for 40-K/min approach. As would be
expected at lower rates of approach,
considerable cure occurs before the
isothermal-hold temperature is
reached. Figure 7 shows that for the
10-K/min, 20-K/min, and 40-K/min ap-
proach rates to isothermal tempera-
tures, respective conversions of 55%,
31%, and 15% occur by the time the
isothermal temperature is attained.
Higher heating rates of approach
would therefore be preferable in or-
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der to confine the major part of the
cure to the isothermal regime. These
conversion-time data are the key to
evaluating the kinetics of these reac-
tions and testing the various kinetic
models.

Kinetic analysis

Kinetic models may be phenomeno-
logical or mechanistic. Phenomenologi-
cal models relate to the main features
of the reaction kinetics and do not take
into account individual reactions,
whereas mechanistic models are ob-
tained from balances of species in-
volved in the reaction.

A phenomenological approach to
kinetic modeling has been used in this
study because the curing process is
very complex, and it is very difficult to
identify each and every reaction. Phe-
nomenological reaction rate can be
expressed either in the differential
form of Eq. 3 or in the integrated form
of Egs. 5 and 6:

doddt = kfo) ?3)
where
k=A e @
or
t
fdoc/f(oc) =Jkdt )
0 0
or

t

g(e)-g(0)= Alexp(-ERT)dt (g
0

where

o = fractional conversion at any time ¢
k = Arrhenius rate constant

E = activation energy

R = gas constant

T = temperature

o) = a function of conversion o and de-

pends on the reaction mechanism
gloy = Jdoifo).

The functional form of o) depends
on the reaction mechanism. For ex-

5. Fractional conversion based on dynamic
data at 10-K/min heating rate to 520 K (time
domain)
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ample, for first-order homogeneous
reactions flo) = (1 — o) and for nth
order homogeneous reactions, it is ex-
pressed as (1 — o). Autocatalytic reac-
tions are represented by a™(1 - o),
where m and » are reaction-order pa-
rameters.

The conversion-vs.-time data gen-
erated under either isothermal or dy-
namic heating conditions such as those
shown in Figs. 5-7 can be used to se-
lect the reaction mechanism that best
describes the progress of the cure re-
actions. The procedure involves assum-
ing a model and then testing the
suitability of the model using either
the derivative or the integral relation-
ships characterized by Egs. 3 and 5.
For example, if the assumed model is
the first-order homogeneous reaction
model, then the derivative relation-
ship becomes

do/dt =k(1 — o) )

which, after substituting for k and re-
arranging, can be expressed as

In[(do/dHi(1 -0)] =In A -E/RT  (8)

From the conversion-vs.-time data,
at each conversion «, the numerical
value of do/dt—and hence the left-
hand side of the equation—can be
evaluated. If the assumed model is
correct, for conversion data obtained
under dynamic heating conditions, a
plot of the left-hand side as a function



6. Fractional conversion during isothermal cure at 450 K. lsothgrm
starts at 900 s. Region I—dynamic heating range at 10 K/min. Region

{l—isothermal range.

7. Comparative plots of fractional conversion during isothermal cure
at 450 K approached at different heating rates. isotherm starts at 900

s (10-K/min approach), 450 s (20 K/min), and 225 s (40 K/min).
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of 1/T will yield a straight line with a
slope equal to -E/R. For conversion
data obtained under isothermal condi-
tions, the rate constant k being con-
stant and hence the parameters A and
E being fixed, the left-hand side should
assume the same value at all conver-
sions.

In the integral analysis of the data,
useis made of Eq. 5. For the homoge-
neous reaction model, it becomes

{do/(1 ~ o) = fkat 9

or after substitution for k and integra-
tion between conversions zero and o

1
-In(l-0) = AJexp(-E/RT)dt
0

(10)

Here again, from the conversion-
vs.-time data, the left-hand side of the
equation can be evaluated. For iso-
thermal conversion data, k being a con-
stant, plotting the left-hand side with
time will yield a straight line passing
through the origin. If the conversion
data are based on a dynamic run, then
the plot of the left-hand side with

jexp(—‘E/RT)dt
0
should yield a linear line passing
through the origin.
We have conducted detailed kinetic
modeling studies using conversion data

obtained from both the isothermal and
dynamic experiments and tested the
suitability of homogeneous, autocata-
lytic, phase-boundary movement and
diffusion, and nucleation and growth-
type reaction models (14, 16). The re-
sults from such analyses show that at
low conversions (<30%), the progress
of cure can indeed be described by a
simple homogeneous first-order reac-
tion model {with fo) = (1 - o). At
high conversions, three-dimensional
diffusion models—in particular the
Jander-type diffusion model (for which
Aoy =321 -af® 1 -1 ~ o)1)~
are observed to describe the progress
of the cure better.

Figures 8 and 9 show the results
using the integral form of the kinetic
expression on dynamice data (at 10 K/
min) in the respective conversion
ranges using the two models. As
shown, the data are described well with
the proposed models. Using these
models, activation energies are found
to be in the range 30-40 kJ/mole,

Conclusions

Differential scanning calorimetry
(DSC) is a convenient tool for assess-
ing the cure behavior of phenolic com-
posites. In this study, consistent and
reliable DSC procedures were devel-
oped in an effort to facilitate assess-

ment of cure behavior. DSC was oper-
ated in both the dynamic and isother-
mal modes. The effects of different
heating rates of approach to target
temperatures in isothermal experi-
ments, different target temperatures,
and different sample weights were in-
vestigated.

The cure reactions were, in gen-
eral, found to be unaffected by rate of
approach to target temperatures in
both theisothermal and dynamic cases,
evidenced by the consistent and simi-
lar heat-of-cure values. For isother-
mal experiments, the cure reactions
were quenched at temperatures be-
low 520 K. When the isothermally
cured samples were heated to 520 K,
they exhibited residual exotherms
which, when taken into account,
yielded heat-of-cure values compa-
rable with those from dynamic experi-
ments. A heat-of-cure value of 740 kJ/
ke resin has been determined for these
phenolic systems. Fractional areas cal-
culated from the cure curves yield con-
version-time-temperature data, which
are needed to establish kinetic param-
eters for the cure reactions.
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