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Abstract: In this paper, we investigated the thermodynamics of the resin curing process, when it was
a part of composition with graphite powder and cut carbon fibers, to precisely determine the time
and temperature of gelation. The material for the research is a set of commercial epoxy resins with a
gelation time not exceeding 100 min. The curing process was characterized for the neat resins and for
resins with 10% by weight of flake graphite and cut carbon fibers. The results recorded in the analysis
of temperature derivative (ATD) method unequivocally showed that the largest first derivative
registered during the test is the gel point of the resin. The innovative approach to measuring the
gelation time of resins facilitates the measurements while ensuring the stability of the curing process
compared to the normative tests that introduce mechanical interaction. In addition, it was found
during the research that the introduction of 10% by weight of carbon particles in the form of graphite
and cut carbon fibers rather shortens the gelation time and lowers the temperature peak due to the
effective absorption and storage of heat from the cross-linking system. The inhibiting (or accelerating)
action of fillers is probably dependent on chemical activity of the cross-linking system.

Keywords: polymer resin; analysis of temperature derivative (ATD); polymer matrix composite;
graphite; carbon fiber

1. Introduction

The use of epoxy resins in polymer matrix composites (PMC) is dictated by gaining
good properties, especially in terms of mechanical strength, electrical insulating properties,
and resistance to environmental and chemical corrosion [1]. The PMCs are commonly
used in many industries due to relatively easy processing methods. Introducing the
reinforcement material to the volume of the resin leads to the improvement of certain
properties [2–5] but may cause difficulties, e.g., sedimentation of powder fillers leading
to inhomogeneity of the material. Depending on the morphology of filler, there may
be different interactions between the matrix phase and the reinforcement phase [6–8].
Spherical filler interacts with the resin matrix in a different way than fibers, for which the
interaction depends on the length of the fibers and their orientation/arrangement. The
introduction of fillers into polymer composites is a complex issue that closely depends on
the type of liquid matrix. It is generally accepted that thermoplastic polymers are more
difficult to incorporate powder fillers than thermosetting polymers due to the significantly
higher viscosity in the processing state [9,10].

The important parameters describing the resins are the pot life and the gelation time.
The pot life of the resin is the time after which the use of the resin (composed with hardener
or catalyst) in the technological process becomes impossible due to high viscosity. The
gelation time is the time it takes for the resin to go from sol to gel. The precise determination
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of the gelation time is difficult due to the complex nature of the phenomena during cross-
linking of the resin. So far, numerous methods for determining the gelation time have
been developed, which ensures reproducible results, and their accuracy varies. The most
widely described methods of measuring the gelation time of resins can be found in the
review article by A.A. Shimkin [11], where the author describes 28 different measurement
methods, considering their limitations and possibilities. The author of the publication
draws attention to the basic problems in the precise determination of the gelation time of
resins resulting from the gradual transition of a viscous liquid to an elastic solid. Among
many normative tests, the dominant group are manual methods [12–14]. Manual methods
are not the simplest measuring methods and require extensive knowledge of resins and
curing mechanisms. The main problem is the lack of reproducibility of the results resulting
from the experience of the evaluator. Despite the low precision of the results, these methods
are popular due to their low costs and requiring no expensive and complicated research
equipment. Currently, manual methods are replaced by automatic measurement methods
due to their simplicity and repeatability. Automatic methods, like manual methods, are
subject to standardization [15–18], and there are more and more patents for original design
solutions for measuring devices.

The use of a thermal scanning rheometer (TSR) to determine the gelation time [19,20]
is effective and enables two alternative methods of measurement. The first method is
to draw the tangent at the yield point on the G′ curve. The point at which the drawn
tangent intersects with the baseline is assumed as the gelation time. This is the point where
the fabric shows elasticity. The second calculation method assumes the determination
of the point at the intersection of the G′ and G” curves. The intersection of the curves
satisfies the criterion of equality between the energy lost and the stored energy. At the
point of intersection of the curves, the material is both viscous and elastic. The results
of both methods are similar and differ by a maximum of about 10%. A wide group of
methods for measuring the gelation time are methods based on dynamic mechanical
analysis (DMA), where a particularly important parameter is the viscoelastic nature of
the material. The gelation time is determined by extrapolating the onset of growth of the
modulus of elasticity or the maximum value of the energy loss tangent [21–23]. Dielectric
analysis (DEA) methods focus on measuring the polarization of the resin in an alternating
electric field. The limitation of the DEA methods is the limited thickness of the sample
and their polar character [20,24]. In addition, use of differential scanning calorimetry
(DSC) for gel time determination is popular. In this method, two samples of resin are
measured: fresh resin after mixing with hardener and resin quenched just after gelation.
By comparing their reaction heat (∆H), the degree of conversion (α) vs. time plot can
be obtained. The gel time is the moment of achieving α of quenched sample of freshly
prepared resin [25–27]. The last methods of measuring gelation time, often described in the
literature, are ultrasonic methods [28,29]. Gel time is measured based on high frequency
(above 20,000 Hz) mechanical vibration damping.

When determining the rate of curing of the resin, many variables must be considered.
After adding the hardener, the resin cross-linking process begins, the course of which
depends on the chemical structure of the resin and the hardener, their quantitative ratios,
the volume of the mixture, and physical conditions, e.g., temperature and pressure [30,31].
The volume and morphology of the reinforcement phase also have a significant influence
on the curing rate. The exothermic cross-linking reaction initiated thermally is dependent
on the heat of reaction between the resin and the hardener. As the amount of resin
increases, the efficiency of heat removal from the hardened system decreases, which
causes a significant increase in the temperature of the system and shortens the life of
the composition. Therefore, when conducting research on the cross-linking process, it
is important to maintain a constant volume of the mixture. Large volumes of mixtures
can lead to local overheating of the composite and the introduction of internal stresses,
which, in extreme cases, lead to cracking of the casting [32–34]. The control of the curing
temperature significantly influences the cross-linking rate, which is described by the
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Arrhenius law, where lowering the temperature by 10 ◦C causes a two-fold decrease in
cross-linking rate [35–38]. In an industrial condition, measuring the rise in temperature is
more important than measuring the overall thermal effect of a reaction. The temperature
course enables the curing rate to be determined, depending on the reactivity of the resin
with the hardener and on the curing temperature.

The ATD (analysis of temperature derivative) method is principally used in metal alloy
testing for determination of temperature of phase changes under free cooling conditions.
This method consists of submerging a thermocouple of certain type in the cooling alloy. The
temperature of alloy is continuously registered in the desired range (typically until complete
solidification), and the first-time derivative of temperature is calculated from this data. The
results of ATD are generally presented as a cooling curve with superimposed derivative
curve. The cooling rate of alloy is affected by released latent heat of phase transitions.
These changes can be seen directly on the temperature curve, but the determination of exact
values of phase change temperature can be difficult, and so the derivative curve is used
instead. Many different methodologies were developed for interpretation of ATD curves in
response to different needs in metal alloys analysis. The choice of methodology depends on
type of alloy (steel, cast iron, aluminum, superalloys, etc.) or on desired effect of analysis
(scientific investigation, quality control, chemical composition analysis, etc.) [39–42].

This article describes the thermal analysis ATD of curing processes in commercial
epoxy resins and their compositions with the addition of flake graphite and cut (milled)
carbon fibers. Comparison of the results for the unfilled epoxy resin with the results for
resins with the addition of carbon fillers will allow to compare the thermal effects of curing
processes and describe their effect on the rate and temperature of curing. Measurement
of the gelation time using the thermal derivative analysis (ATD) method was performed.
The determination of the time and temperature of gelation using the ATD method is an
innovative solution that allows obtaining precise measurement results in an automated and
repeatable manner. The study refers to the earlier research conducted on curable polymer
resins and concerned with the effect of volume on the intensity of curing process [32–34].

2. Materials and Methods
2.1. Materials

For the purposes of the study, a set of commercial epoxy resins with dedicated hard-
eners was prepared, as is given in Table 1. The reinforcing phase of the compositions
used in the tests was alternative carbon filler added in the amount of 10% by weight. The
first filler was flake graphite Grafit-390 (Biomus, Lublin, Poland), with a mesh size of 325.
The second one was milled carbon fiber SIGRAFIL® C M150-4.0/240-UN394-150 (SGL
TECHNOLOGIES GmbH, Meitingen, Germany), with an average length of 150 µm (range
135–155 µm).

Table 1. Commercial epoxy resins and hardeners used in the research.

Sample Name Epoxy Resin Hardener Weight Ratio (g)

LH 145 LH 145 1 H 135 1 100:35
LH 160 LH 160 1 H 135 1 100:35
LH 289 LH 289 1 H 135 1 100:35
Ep450 Epidian® 450 2 Z-1 2 100:8.4
Ep505 Epidian® 505 2 Z-1 2 100:10
Ep601 Epidian® 601 2 Z-1 2 100:12.6
Ep624 Epidian® 624 2 Z-1 2 100:11.8
Ep653 Epidian® 653 2 Z-1 2 100:12.3

LAM125 LAM-125 3 LAM-226 3 100:30
AM36 Ampreg™ 36 4 Ampreg™ 3X Fast 4 100:29

L80 C-L L80 5 LH 55 5 100:30
1 Havel Composites (Svesedlice, Czech Republic); 2 CIECH S.A. (NowaSarzyna, Poland); 3 PRO-SET (Bay City,
MI, USA); 4 GURIT (Wattwill, Switzerland); 5 C-L Sp. z o.o. (Słupsk, Poland).
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2.2. Sample Prepration

The test procedure consisted of adding the resin and the hardener in stoichiometric
ratios by weight so that their sum was constant and always equal to 100 g. A total of 10 g
of graphite/ground carbon fibers was added to the resin mixture and homogenized until
the mixture was homogeneous. After about 3 min of mixing, the hardener was added to
the system and the gelation time measurement was started. The results obtained with the
standard-based method were compared with the results of ATD measurements.

2.3. Gelation Time Measurement with Standard-Basedmethod

The gelation time for selected resins was measured according to DIN 16945 [18]. Sam-
ples of resin mixed with hardener was placed in polypropylene cup in amount of 100 g. At
interval of 30 s, from resin string of liquid was drawn with the wooden probe. The gelation
time has been determined as a time to the moment when the 20-mm-long continuous
“threads” were pulled from the resin. The test was carried out at room temperature 25 ◦C.

2.4. Thermal Derivative Analysis Measurement

ATD analysis was carried out using type K (chromel–alumel) thermocouples and the
Z-TECH Crystaldigraph-PC-8T converter (produced by Z-TECH, Gliwice, Poland) coupled
with a PC-type computer using Z-TECH MLab2 1.2 analysis software (by Z-TECH, Gliwice,
Poland) [43]. Thermocouples were prepared with twisted junction and submerged directly
in the resin mixture, without any cover, to minimize thermal inertia. In the testing setup,
the measuring ends of thermocouple were placed near the center of the volume of resin
containers (concerning all three dimensions). The test was carried out with 50 g resin
sample at room temperature, 25 ◦C.

2.5. Gel Time Determination from ATD

The data obtained from ATD were processed with Origin 2019 (version 9.6.5.169,
Origin Lab Corporation, Northampton, MA, USA). The derivatives were calculated using
Origin base functions and obtained curves were smoothed by Savitzky–Golay method.
Sample curve is presented in Figure 1, where the gelation phenomena is indicated by peak
τ1. To calculate gelation time of resin, the Equation (1) was used.

τgel =
τ1 − τ0

60
(1)

where τgel—gelation time of resin (min), τ0—time of thermocouple insertion into resin (s),
and τ1–time of resin gelation (s).
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Figure 1. Sample curve of resin gelation process by ATD method: solid line—resin temperature vs.
time; dotted line—1st derivative of resin temperature vs. time curve; τ0—time of thermocouple
insertion into resin; τ1—gelation time of resin.
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3. Results and Discussion
3.1. ATD vs. Standard-Based Method

The results of comparative verification of two methods applied for determining
gelation time of investigated resins are presented in Table 2. To validate ATD method, cor-
relation and regression analysis against standard-base determined values was performed.
The regression curve is presented in Figure 2. Obtained Pearson’s r coefficient has a value
0.9999, which means there is strong correlation between the two applied methods. In
addition, all experimental points are in the prediction band. Such results indicate that ATD
method is a valid tool for resins gelation time determination. However, it should be noticed
that non-isothermal resin measurements are sensitive for ambient temperature changes or
even small variation of hardener–resin ratio.

Table 2. Results of gelation time for standard-based method and ATD method.

Sample Standard Method (min) ATD Method (min)

LH 145 28 31

LH 160 34 36.3

LH 289 30.5 32.8

Ep653 39.5 42.1

Ep505 59 61.8

L80 75 77.3

Ep450 27 30.2

Ep601 36.5 40.8

Ep624 42 46.7

LAM125 62 67.6

AM36 24 26.2

Ep450+G 21.5 30.1

L80+CF 57 61.2
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Figure 2. Standard-based method vs. ATD correlation and regression results.

The results in Table 2 have been achieved during curing of the individual resins in
accordance with the technical recommendations of the manufacturers, without additional
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inhibitors or accelerators. Importantly, both standard-based and ATD trials were performed
in the same room and at the same time. The cross-linking conditions of the resins were
therefore comparable.

3.2. Gelation Time Measurement with ATD

The results of ATD gelation time measurement are presented in Figure 3, and the
values of gelation time and maximum curing temperature are summarized in Table 3. The
curves of derivatives are normalized to the gelation peak value to clearly indicate the
second-order phase transition at curing curves. The gelation process was described as
continuous phase transition by Rouwhorst et al. [44], and our results correspond with their
observation well. It can be observed that for some resins the introduction of graphite or
carbon fibers has significantly changed the curing process.

In most of the studied cases, the addition of carbon fibers or graphite caused a drop
in peak temperature and an extension of gelation time, but in some cases, the effect is
opposite. The influence of carbon additives on the resin cross-linking process will result
from the simultaneous occurrence of two effects:

(1) Catalytic surface action of carbon additives. Both active groups on the surface of
fibers and graphite, formed in pyrolysis processes, and molecules (mainly oxygen)
adsorbed on the surface of the additives are responsible for the effect. Catalytic effects
of various types of carbon additives on polymer matrices are described, inter alia,
in works [45–47]. Catalytic reactions of fillers are also often occurring in case of
phosphoric flame retardants [48,49]. The catalytic effect stimulates accelerating the
resin cross-linking process. It should result in an increase in peak temperature and a
shortening of gelation time.

(2) Local heat absorption from the area surrounding the particle (or fiber). It results from
the very good thermal conductivity of graphite and carbon fibers (which is mostly
also made of graphite) and the relatively high heat capacity of such particles or fibers.
This effect inhibits the resin cross-linking process. It should result in lowering peak
temperature and extending gelation time.

For some of the resins tested, the former effect is more intense than the latter, and for
others, the opposite is true. All the data are summarized in Table 3.

The resins, for which the addition of fibers and graphite decreased peak temperature
and extended gelation time, were LH145, LH160, and LH289—all “LH” resins. The trend is
clear here. The common feature of the resins is the relatively high average epoxy number
(AEN), amounting to 0.535–0.575 mol/100 g (values from the technical documentation of
Havel Composites [50]).
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The behavior of “Ep” type resins, on the other hand, is ambiguous. In their case, the
behavior under the influence of the addition of graphite and carbon fiber changes from
acceleration to inhibition with the increase of the average epoxy number (AEN) of the resin:
Ep450—acceleration (AEN = 0.35 mol/100 g); Ep505—“hybrid” behavior, acceleration
with fibers, inhibition with graphite (AEN = 0.4 mol/100 g); Ep601 and Ep653—”neutral”
behavior, no inhibition and no acceleration noticed (AEN = 0.525 mol/100 g); Ep624—
evident inhibition (AEN = 0.5 mol/100 g and addition of chemically active thinner). The
given values of epoxy numbers were taken from the catalog of the resin producer [51].
Increasing the number of chemically active groups involved in the cross-linking reactions
causes a more inhibitory effect of carbon additives during the cross-linking process. This
can be explained by the fact that the amount of active/adsorbed active media on the surface
of the particles is limited, and the concentration of active chemical groups on the side of the
resin/hardener/thinner neutralizes their influence. In such a situation, the inhibitory effect
due to the local absorption and storage of the heat of reaction by the particles prevails.

We have not been able to obtain data on the AEN of LAM125, AM36, and L80 resins;
this is a declared secret of the manufacturers. However, it can be expected that the LAM125
and L80 resins will have a relatively high AEN; they are aviation approved resins, so they
must exhibit reproducible high strength and modulus of elasticity. These two characteristics
usually grow with AEN. The AM36 resin, on the other hand, is more for general use.
Therefore, it can be expected that the results presented in Table 3 confirm the trend obtained
for the Ep and LH resins—LAM125 and L80 as resins with probably higher AEN are subject
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to inhibition due to added particles, while the AM36 resin, assuming its lower AEN, is
accelerated after adding particles in the cross-linking process. The observed trend of the
action of carbon particles depending on AEN requires further research, but the obtained
results clearly indicate that this type of research should be carried out.

Table 3. Results of ATD measurement: Tmax—maximum curing temperature; τgel—gelation time.

Sample Tmax (◦C) τgel (min)

LH 145 218.5 31.0
LH 145+G 205.2 33.8

LH 145+CF 202.1 32.2

LH 160 197.8 36.3
LH 160+G 175.3 36.6

LH 160+CF 191.3 33.9

LH 289 211.0 32.8
LH 289+G 163.9 41.1

LH 289+CF 194.6 34.0

Ep450 85.6 30.2
Ep450+G 102.5 30.1

Ep450+CF 156.6 21.9

Ep505 120.7 61.8
Ep505+G 114.2 62.1

Ep505+CF 126.6 55.2

Ep601 213.4 40.8
Ep601+G 210.3 42.7

Ep601+CF 211.7 39.1

Ep624 208.3 46.7
Ep624+G 170.2 43.0

Ep624+CF 193.0 49.3

Ep653 201.8 42.1
Ep653+G 184.0 40.7

Ep653+CF 205.7 43.9

LAM125 191.3 67.6
LAM125+G 159.8 61.2

LAM125+CF 177.5 58.3

AM36 188.5 26.2
AM36+G 196.3 24.9

AM36+CF 228.3 25.7

L80 174.1 77.3
L80+G 147.9 73.5

L80+CF 172.5 61.2

As for the comparison of the obtained results with the action of a particular type of
particles, it can be stated that graphite causes a more intense inhibitory effect, and the
fibers act more active during accelerate direction. Perhaps graphite is more dispersed in
the mass of resin, consists of smaller particles than fiber, has a larger specific surface area.
As a result, it absorbs heat better (same heat capacity, but faster absorption due to the larger
surface area). On the other hand, there are probably more catalytic centers formed during
pyrolysis on the fibers—as a rule, the precursors of carbon fibers are polyacrylonitrile or
petroleum pitch, containing numerous chemical components that may remain (in their
original or thermally changed form) on the surface of the fibers after pyrolysis.

The schematic model of heat released during curing process is presented in Figure 4.
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larger surface area). On the other hand, there are probably more catalytic centers formed 
during pyrolysis on the fibers—as a rule, the precursors of carbon fibers are polyacryloni-
trile or petroleum pitch, containing numerous chemical components that may remain (in 
their original or thermally changed form) on the surface of the fibers after pyrolysis. 

The schematic model of heat released during curing process is presented in Figure 4. 

 
Figure 4. Schematic comparison of released heat in resins with fillers. Figure 4. Schematic comparison of released heat in resins with fillers.

4. Conclusions

1. Temperature vs. time relation for resin curing process reflects the second-order
phase transition, and specific changes within this relation may be characterized by
1st derivative;

2. The Analysis of Temperature Derivative is a valid tool for determination of resin’s
gelation time;

3. The proposed method can be easily adapted into automatic measurement procedures
with high resolution;

4. The addition of graphite particles or milled carbon fibers to resins significantly and
ambiguously affects gelation time and peak temperature of curing process in most of
tested samples; and

5. Increasing the number of chemically active groups involved in the reactions of the
cross-linking process—including epoxy groups—probably causes a more inhibitory
effect of carbon additives (graphite particles of milled carbon fibers). This effect
should be further and more widely investigated to confirm it.
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