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Abstract

The curing behaviour of the composition of a liquid-crystalline diepoxy monomer (LCEM) with the central triaromatic
mesogenic group was studied using differential scanning calorimetry, conventional DSC and temperature-modulated
TMDSC and nuclear magnetic resonance 'H-NMR spectroscopy. The stoichiometric amount of primary aromatic diamine,
4,4'-diaminodiphenylmethane (DDM), was used as a curing agent. TMDSC TOPEM® allowed the separation of the
thermal effects related to reversible processes (e.g. phase transitions) from irreversible processes (cross-linking reaction)
and determining that irreversible curing reaction occurs at the same time as reversible transition of the LCEM from crystal
to the liquid-crystalline nematic phase. Additionally, "H-NMR analysis of the LCEM/DDM mixture preheated to a
temperature from the temperature range of complex thermal changes was conducted. The obtained spectrum clearly
showed the presence of partially cured products in the investigated samples and additionally proved that during the
endothermic phase transition of the LCEM monomer an exothermic cross-linking reaction was occurring.
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Introduction

D< Beata Mossety-Leszczak Liquid-crystalline (LC) compounds have been known for
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over 100 years, since they were discovered by Friedrich
Reinitzer at the end of the 19th century [1]. Besides the low
molecular mass liquid crystals, the solid polymeric liquid-
crystalline materials are synthesized or analysed, including
non-cross-linked and cross-linked ones with a variable
density of cross-links [2-6]. Liquid-crystalline epoxy
resins belong to a relatively new group of thermosetting
materials, and their curing process is not yet completely
understood. Their tremendous properties are a cause of
interest, so it is crucial to know their behaviour during
curing.

One of the first kinetic studies of liquid-crystalline
epoxies took place in the early 1990s, when Carfagna et al.
[7] carried out their work. Over the next 25 years, there
were some other studies on the curing kinetics of this type
of thermosetting materials, but there are still blank spaces
on the map of LC thermosets knowledge. Work [7] states
that there is a possibility of receiving LC phase in ther-
moset, when the curing process is conducted in a thermal
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stability range of the resin’s liquid-crystalline phase.
Moreover, the activation energy is reduced when polymer
is cross-linked in LC phase. Later studies conducted by the
same group led by Amendola [8] also showed the forma-
tion of LC phase during the curing of 6,6'-bis(2,3-epox-
ypropoxy)-2,2  binaphthyl with 4,4’-diaminodiphenyl
sulfone. Additionally, it was proven that the overall reac-
tion can be modelled and the contribution of the phase
transition during curing can be evaluated.

Those conclusions were deeply investigated by different
researchers, who studied a wide variety of both resins and
hardeners [9-15]. Different kinetic models provided one
almost universal conclusion—the formation of LC phase
during curing greatly affects the cross-linking process.
There are also some novel studies when the LC phase is
present in the curing agent [16, 17] with similar conclu-
sions. Additionally, there was significant improvement in
the mechanical properties of these polymers compared to
traditional resins. Chen et al. [18] investigated LC ther-
moset filled with multi-walled carbon nanotubes and found
that the lower degree of cure is caused by the restricted
movement of polymer chains by the filler, which is the
reason for the lack of contact of reactive, functional groups.

The last few years provided new and marvellous
opportunities in LC epoxy studies thanks to the evolution
of thermal analysis methods and the invention of temper-
ature-modulated DSC (TMDSC), which allows separating
reversible and irreversible transformations, which are
extremely useful in the case of liquid-crystalline materials
because of a lot of overlapping processes with a different
nature. With the use of TMDSC, Li and Kessler found that
formation of the LC phase led to facilitating the curing
reaction and a higher degree of cure [19]. This technique
becomes useful in wide variety of studies, concerning
investigation in this paper epoxy thermosets [20], but also,
for example, amorphization of arsenicals [21], what shows
its great potential.

Temperature-modulated DSC has been used before to
study the kinetics of the curing process. It has been shown
by Hutchinson group that stochastic TMDSC (specifically
TOPEM® DSC described in detail in [22], which is a
useful, multi-frequency tool for heat capacity measure-
ments—quasi-static, complex, real and imaginary c, as
well as for determination of reversing, non-reversing, total,
sensible and latent heat flow [23]) provides a great
advantage over traditional DSC when it comes to deter-
mining the glass transition temperature for a fully cured
system of reactive trifunctional epoxy—triglycidyl-p-
aminophenol (TGAP) [24]. Other studies suggest that the
heat of curing determined by TMDSC may be higher than
the corresponding value from DSC; moreover, modulated
DSC allows the observation of vitrification—devitrification
processes during curing [25, 26]. Complex heat capacity
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measured by alternating DSC also provides proof of the
different reactivity of primary and secondary amines in
amine—epoxy systems [27]. Montserrat and Pla suggested,
however, that TMDSC has its limitations, especially in
epoxy-anhydride compositions, when the required modu-
lation period is too short for this technique [28].

In our work, anisotropic liquid-crystalline epoxy ther-
mosets were synthesized, and the cross-linking process of
LC epoxy compositions with aromatic diamine was
extensively analysed using the conventional differential
scanning calorimetry DSC and TOPEM® temperature-
modulated DSC (TMDSC) and nuclear magnetic resonance
spectroscopy 'H-NMR. The conventional DSC analysis
showed that there is a deformation in the liquid-crystalline
transition of LC monomer (i.e. from crystal to liquid-
crystalline phase transition) during heating of the analysed
composition, which suggested that the partial exothermic
cross-linking reaction with epoxy groups’ involvement
takes place simultaneously with the endothermic phase
transition of liquid-crystalline epoxy monomer (LCEM). In
this paper, this hypothesis was confirmed based on the
TMDSC and 'H-NMR results.

Experimental
Materials

The liquid-crystalline epoxy monomer bis[4-(10,11-
epoxyundecanoyloxy)benzoate] p-phenylene (LCEM) used
in this study was synthesized and characterized in our
laboratory according to a procedure reported in an earlier
work [29]. The LCEM monomer exhibits nematic phase
between 138 and 183 °C, and during heating, there is a
change of its crystalline form at about 80 °C. The 4.,4'-
diaminodiphenylmethane (DDM, > 97%) used as a curing
agent and acetone (p.a.) were purchased from Sigma-
Aldrich and were used as received without further purifi-
cation. The chemical structures and phase transition tem-
peratures of the LCEM monomer and DDM are shown in
Fig. 1.

Sample preparation for analysis of curing process

The homogeneous samples of the stoichiometric amounts
of LCEM monomer (0.900 g/1.26 mmol) and amine DDM
(0.125 g/0.63 mmol) were prepared by shaking the
reagents together with 5 mL of acetone. Subsequently,
after 5 min of ultrasonication, the solvent was evaporated
under reduced pressure at room temperature. Next, the
mixture was triturated into fine powder and was stored at
8-10 °C. The so-prepared sample was subjected to DSC
and "H-NMR analyses.
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Fig. 1 Chemical structure and
temperature of phase transitions
of the liquid-crystalline epoxy
monomer LCEM and the curing
agent 4,4’-
diaminodiphenylmethane DDM;
Cr;—crystalline form 1; Cr,—
crystalline form 2; N—nematic
phase; I—isotropic phase (given
temperatures are peaks
maximum/minimum)

Measurement
DSC

The cross-linking behaviour and thermal properties of
reagents and cured samples were studied using differential
scanning calorimeter DSC1 from Mettler Toledo with
STAR® System software. The calibration of the DSC
apparatus was carried out using indium and zinc standards
supplied by Mettler Toledo. The analysed samples with a
mass of about 10 mg were loaded into an aluminium DSC
pan and then hermetically sealed with a lid with a small
hole. All curves were recorded with an empty aluminium
pan as reference, under a nitrogen atmosphere at a flow rate
of 50 mL min~! and at the heating rate of 2, 5, 10 and
20 K min~!, from 0 to 270, 280, 280 and 320 °C accord-
ingly. The DSC analyses with temperature modulation
TOPEM® were carried out using the same calorimeter, at
heating rate of 2 K min~!, with pulse height of 1 K
(£0.500 K) and pulse width of 15-30 s, within tempera-
ture range 0-270 °C.

TH-NMR

"H/Proton nuclear magnetic resonance NMR experiments
were carried out using a Bruker Avance II Plus spec-
trometer operating at 500.13 MHz under a static magnetic
field of 11.7 T. Spectra were obtained on a spectrometer
using standard instrument software (Topspin 1.3) and pulse
sequences (zg30), at a probe temperature of 25 °C. The
typical acquisition parameters for proton NMR experi-
ments were as follows: acquisition time 3.27 s, spectral
width 4000-6000 Hz, nutation angle 30°, relaxation delay
1 s, 32 K data points. 30° single pulse sequence was used
for FID accumulation. For all samples studied in this
report, a small piece (3—5 mg) was dissolved in 0.6 mL of
CD,Cl, using 5S-mm NMR tubes. Chemical shifts were
expressed in ppm downfield from the tetramethylsilane
(TMS) as internal reference. Deuterated solvents such as
DMSO-d6 and CD,Cl,, with deuterium isotope

i i ? i
CQZ—/CH—(CHZ)S—C—O‘@*C—O@*O—COO—C—(CHZ);CQ—/CHZ
o o!

LCEM: Cr

78°C Cry 138°C N 183°C I

DDM: m.p. 89-92°C

enrichments of 99.6% were purchased from ARMAR
Chemicals and Deutero GmbH, respectively.

Results and discussion
Curing behaviour of the LCEM/DDM composition

The composition containing the liquid-crystalline mono-
mer LCEM and amine DDM (Fig. 1) was previously used
in our research to obtain ordered polymer networks, with
and without selected fillers [30-32].

Analysis of the reactivity of LCEM/DDM compositions
by the DSC method showed that in the course of heating on
the DSC curve some deformation of the endothermic
transition peak (from almost Gaussian, symmetrical to
unsymmetrical, with irregular shape) of the monomer from
the crystalline (Cr,—N) to the liquid-crystalline phase
above 130 °C presented itself, what indicates that some
more complex process than phase transition is occurring in
mentioned temperature and it calls for a deeper investiga-
tion. This is shown in Fig. 2, where in addition to the curve
of a stoichiometric mixture of LCEM and DDM, the curves
of pure components recorded at a heating rate of 5 K min™"
were also presented.

The endothermic changes registered on the curve of the
LCEM/DDM composition in the temperature range of
70-92 °C result from the polymorphic transition of the
LCEM monomer and the melting of the amine DDM. The
difference between areas of DDM melting peak between
pure hardener and mixed composition curves is caused by
small mass fraction of amine in the composition (about
12%). Enthalpies are calculated in J g~', so it is expected
that DDM melting enthalpy in the mixture with epoxy is
about 10 times lower than in hardener alone. The distinct
broad exothermic effect accompanying the cross-linking
reaction appears above 135 °C, just above the endothermic
peak assigned to the melting of the LCEM to the liquid-
crystalline nematic phase. Temperature peaks from mixed
composition are slightly shifted compared to pure LCEM
and hardener, because of mutual interactions. The shape,
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LCEM R .
r‘({Hﬂﬂ?lntegral 47.21¢g? Integral -2.0J g™
Peak 78.3°C Peak 183.4°C
Integral -60.6J) g™
5| 4,4'-DDM Peak 137.9°C
wegA-1 ' !

Integral -97.8Jg*
Peak 91.1°C

LCEM/DDM 1st heatingrun

Integral -8.9J g™
Integral -44.3Jg™*
Peak 78.7°C

Glass Transition
Onset 70.2°C

LCEM/DDM 2nd heatingrun  \idpoint  80.3 °C

Integral 136.9J g™
Peak 182.6 °C

Integral -40.0J g*
Peak 85.6 °C Peak

126.8°C

_Jexo_

Heatingrate:5 Kmin?

10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200 210 220 230 240 250 260 °C

Fig. 2 DSC curves of the monomer LCEM, amine DDM and LCEM/DDM stoichiometric mixture; heating rate of 5 K min™"

enthalpy and temperature of the endothermic peak indicate
that in this temperature range changes not only related to
the phase transition of the monomer occur, and simulta-
neously, with that transition of the LCEM at about 130 °C,
its partial exothermic cross-linking reaction takes place. In
order to confirm this hypothesis, subsequent dynamic DSC
experiments with different heating rates and modulation
TOPEM® and '"H-NMR analyses were performed, wherein
especially the thermal effects above 100 °C were analysed
by the DSC method. Glass transition temperature is rela-
tively low, what can be caused by long, aliphatic chains in
LCER molecule giving elasticizing properties [33]. For
better clarity, thermal characteristics of investigated system
is presented in Table 1.

Results of the analyses of LCEM/DDM compositions
for different heating rates of 2, 5, 10 and 20 K min~!
(Fig. 3) showed that the enthalpy of both transitions: (1)
endothermic at about 130 °C and (2) exothermic related to
cross-linking above 135 °C increase with increasing heat-
ing rate during measurements. The total (summed) thermal
effect of that both changes is also increasing, as shown in
Fig. 3 and Table 2.

Discrepancies in the enthalpy values between samples
heated at different rates may be caused by the appearance
or non-appearance of the liquid-crystalline phase during
the cross-linking reaction. At work [19], it was found that
the formation of the LC phase reduces the viscosity of the
reaction mixture, which results in an increase in enthalpy
of reaction and degree of curing. However, it is somewhat
unexpected that viscosity can have influence not only on
the rate of curing, but also on the cross-linking density, and
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in case of liquid-crystalline epoxies, the presence of
mesophase during curing affects the activation energy
dependent on the degree of cure, what can be the main
cause of this phenomenon [19]. Anisotropic mesophase can
also affect spatial possibilities of contacting reactive
functional groups, therefore changing the network density.
This complicated system of simultaneously occurring fac-
tors is the reason why it is almost impossible to accurately
estimate the degree of cure. We think, however, that
reaction enthalpy 158.1 J g_1 achieved with 20 K min™'
heating rate is close to maximum possible, because of
inability to pre-cure in the range of endothermic transition
(110-140 °C) caused both by short period of time in case
of 20 K min~! heating (about 1.5 min) and difficulties with
LC formation, as presented in [19]. The influence of LC
phase formation during heating of the LCEM/DDM com-
position with different heating rates by using polarized
optical microscopy will be the subject of our future studies
(Table 2).

Next, in order to separate the possible reversible effects
(e.g. phase transitions of the mixture components) from
irreversible (curing the resin), DSC analyses with temper-
ature modulation were performed. The TMDSC curves for
the LCEM/DDM composition are shown in Fig. 4. These
are heat flow curves marked as non-reversing (red line),
reversing (green line) and total heat flow (black line). In
Fig. 4, the curve of the composition recorded with the
conventional DSC method at a heating rate of 2 K min~"
(blue line) is also presented.

The courses of the total heat flow curves obtained from
both DSC analyses, TOPEM® and conventional, are very
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Table 1 Thermal characteristics of substrates and composition

Sample Transition temperature peak/°C

LCEM Tpo]ymurphic =783 Tcrysta]-to-nematic =137.9 Tisotropization =183.4
4,4-DDM Tonetting = 91.1

LCEM/4,4'-DDM— st run Totymorphic = 78.7 Trneing = 85.6 Terystaltomematic = 126.8 Teuring = 182.6
LCEM/4,4'-DDM—2nd run Tglass wansition = 80.3

Heating rate: 2 K min~?

Integral 102.4 J g~

Integral "total" 72.4 J g~*

2 3

== *
Integral —-30.0J g~!

Heating rate: 5 K min~!

5 | Heating rate: 10 K min~!

Heating rate: 20 K min-1

T Exo

Integral 136.9 J g~' Integral "total" 96.9 J g~

Integral "total" 105.6 J g~

Integral 158.1 J g~!

Integral "total" 111.5Jg !

T

Integral —46.6 J g~

10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200 210 220 230 240 250 260 270 280 290 °C

Fig. 3 Dynamic DSC curing curves of the LCEM/DDM composition; heating rates of 2, 5, 10 and 20 K min™

1

Table 2 Enthalpy of thermal processes recorded during heating of the LCEM/DDM composition determined by DSC

Heating Enthalpy of endothermic process Enthalpy of curing Total enthalpy (1) +
rate/K min ™! at about 130 °C (1)/J g_1 reaction (2)/J g_l )17 g_l
—30.0 102.4 72.4
—40.0 136.9 96.9
10 — 439 149.5 105.6
20 — 46.6 158.1 111.5

similar, with similar enthalpy values of endothermic and
exothermic phase transitions. On the reversing heat flow
curve, the endothermic peak was only recorded, with
enthalpy of 19.5 J g~ higher than the enthalpy of transi-
tion in the same temperature range determined from the
total heat flow curve. Of particular note is that on the non-
reversing heat flow curve two exothermic effects are
clearly observed. The enthalpy value of the second peak
recorded on that curve above 100 J g~' coincides with the
results from the conventional DSC and total heat flow
curve of TMDSC. This clearly confirms the irreversibility
of the cross-linking process. However, the presence of the
first exothermic effect with maximum at about 125°C and
enthalpy of 19 J g~ suggests a cross-linking reaction at

110-130 °C and reduces the enthalpy of the endothermic
peak (49.1 J g=") on the reversing heat flow curve. The
obtained dependences indicate that the total effect of
endothermic transformation from a temperature range of
110-130 °C is the sum of the endothermic phase trans-
formation of the monomer and the partial exothermic
cross-linking of the LCEM/DDM composition, which was
distinctly confirmed by the results of the experiments
described below. The difference between shapes of first
DSC peak and first total heat flow TOPEM peak may be
caused by temperature fluctuations present only in tem-
perature-modulated technique. Moreover, LC transition
during hardening should be theoretically visible on
reversing heat flow curve affecting the total enthalpy of
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Integral 19.0J g~'

Integral 102.8 J g~*

Non reversing heat flow

)

Reversing heat flow

Integral 102.4 J g~'
eI m"“lII”I|“|”|||""||I||I|”I||I||""I""I"""Ill""ll|I”|m"l||||||||l|||1IIII|IIIIIr|||||

T Exo Integral -30.0J g!

Integral 100.9J g™

Total heat flow

Total heat flow

Il
3

Heating rate: 2 K min—!

95 100 105 110 115 120 125 130 135 140 145 150 155 160 165 170 175 180 185 190 195 200 205 210 215 220 225 230 °C

Fig. 4 DSC curves of the LCEM/DDM composition; TMDSC TOPEM® and DSC analysis recorded at the heating rate of 2 K min~', TMDSC

TOPEM®: pulse height 1 K (£ 0.500 K), pulse width 15-30 s

1strun

2nd run (1st run: heating to 127 °C with heating rate 2 K min-

T Exo

Integral 149.5J g~

Heating rate: 10 K min-1

10 20 30 40 50 60 70 80

90 100 110 120 130 140 150 160 170 180 190 200 210 220 230 240 250 260 °C

Fig. 5 DSC curves of the LCEM/DDM composition: analysis of the samples heated to 270 °C: fresh (first run) and preheated samples to 130 and

127 °C (second run); heating rate 10 K min~!

curing, but we have observed the flat baseline in the curing
temperature range. The reason for lack of this reversible
transition lies probably in constantly changing and growing
of macromolecule during hardening. It is impossible to
have reversible effect, when the polymer or pre-polymer
chain being the source of LC is no longer present in the

@ Springer

composition, because it has transformed into polymer
molecule; therefore, the mesophase creation can still be
predicted.

Non-reversing results from 70 to 90 °C temperature
range did not bring proof of any irreversible process, so this
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Fig. 6 'H-NMR spectra of the

- i b i
LCEM monomer, amine 4.,4’'- (a) Che f e 40 9 o 9 4. .
DDM and LCEM/DDM CHizCH=CHZ(CH ) CH3~CH;—C—0 ¢-0 o-¢ of%fCH;CH;(CHZ);cﬁycy7&2
composition before curing ¢ HOH HOH HOH °
(a) and spectra of the mixture of LCEM a ©P e b <
LCEM/DDM before curing and §
after heating to 127 and 130 °C b d
(b—d) c Hi e
il
! L
1 T 1 T 1 T 1 T 1 T 1 T | T | T | T 1
9 8 7 6 5 4 3 2 1 0
c b b ¢
4,4'~-DDM b |c a H H H H
d a d
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LCEM/DDM before curing
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LCEM/DDM heated t¢ 130°C
Ll AlLL_ULA
| T | T I L | T 1 T I U | T | T | T |
9 8 7 6 5 4 3 2 1 0

fragment of curve is not presented on the picture for more
clarity of crucial part of experiment.

Analysis of pre-cured samples of the LCEM/DDM
composition

Two samples were taken from the temperature range of
complex thermal changes—meaning that samples of the
fresh compositions were heated to 127 and 130 °C in the
DSC apparatus with a heating rate of 2 K min~', and then
after rapid cooling, the samples were subjected to further
DSC analysis with a heating rate of 10 K min~' and 'H-

chemical shift/ppm

NMR analysis. The results of DSC analyses of LCEM/
DDM samples, which in the first cycle were heated to 127
and 130 °C and in the second to 270 °C, are shown in
Fig. 5 together with the result of the DSC analysis of the
fresh mixture.

As was expected, the compositions were heated first to
127 and 130 °C in the next, and second heating cycle was
further cross-linking with exothermic effect. Additionally,
on the curves from the second run, there are no phase
transitions of components. The thermal effect of the cross-
linking process is lower than the enthalpy of curing the
fresh mixture, and this means that during heating to 127

@ Springer
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Fig. 6 continued

(o)

H H
~OCHCH—CH, + NH; CHy™ —= ~"CH;=CH—CHNH CHy
OH
H H

LCEM/DDM heateg to 130°C

T T T

3%6 35 34 33 A 32 : 3 2'9 ' 28

~~~CHz CH—CHZNH

(@)

LCEM/DDM before curing

T T T T T Ty T
3.6 3.5 3.4 3.3 3.2 3.1 3 2.9 2.8

chemical shift/ppm

H H

H
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OH
T

CHy
T T

!

)

6.|85 6.8 6.75 6.7 6.65 6.55 6.5

~~~CH;=CH—CHZNH CHy
OH
H

and 130 °C, a partial cross-linking of the composition
occurs.

As already mentioned, to analyse the cross-linking
process of the LCEM/DDM system, nuclear magnetic
resonance 'H-NMR was also used (Fig. 6). First, spectra of
the LCEM and 4,4’-DDM were compared to the spectrum
of their fresh stoichiometric mixture (Fig. 6a).

The spectrum of the LCEM/DDM sample allowed
stating that the composition is indeed not cured when
stored at 8-10 °C, and there were no additional signals
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6
6.85 6.8 6.75 6.7 6.65 6.6 6.55 6.5
T
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6.85 6:8 675 67 6.65 6
chemical shift/ppm

compared to pure resin and the hardener. However, the
analysis of the LCEM/DDM samples heated up to 127 and
130 °C showed that two chemical shift ranges, where new
signals appear, are especially relevant, i.e. 3.9-2.8 ppm
(Fig. 6¢) and 7.1-6.4 ppm (Fig. 6d). Magnification of this
ranges shows confirmation of the earlier results. The signal
with a chemical shift of 3.8 ppm (marked in red in Fig. 6¢)
corresponds to the methine group, and two another with
about 3.2 and 2.95 ppm (in blue in Fig. 6¢) are split signals
from magnetically inequivalent protons of the methylene
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group created during curing. Both of them are present only
after epoxide ring opening, which occurs after reaction
with amine. The second chemical shift range 7.1-6.4 ppm
shows a similar split of existing signals. Slightly cured
resin has in its structure molecules of hardener, with a
changed chemical environment compared to pure amine, SO
new peaks with low intensity are proof of the curing pro-
cess occurring simultaneously with transition in liquid-
crystalline state. Those new signals are a representation of
protons marked in green in Fig. 6d, as well as the men-
tioned peaks. The appearance of additional signals on the
'"H-NMR spectra of the LCEM/DDM composition is
undeniable proof of partial cross-linking of the composi-
tions heated to 127 and 130 °C.

Conclusions

In this work, the curing reaction of the LCEM monomer
with aromatic diamine DDM was studied by the DSC and
'H-NMR analyses. The results of the dynamic conven-
tional DSC and the temperature-modulated TMDSC
TOPEM® analyses showed that the exothermic cross-
linking process of the investigated composition begins
during the endothermic phase transitions of the LCEM
monomer. That conclusion was also supported by the
results of nuclear magnetic resonance spectroscopy 'H-
NMR. The behaviour of the LCEM/DDM composition
during heating makes it difficult, e.g. the analysis of the
kinetics of non-isothermal curing of that system by the iso-
conversional method.

The temperature-modulated DSC method is very useful
for optimization of the cross-linking conditions of liquid-
crystalline polymer thermosets and the analysis of the
polymer compositions that, for example, can require fusion
before the proper curing process.
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