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A B S T R A C T

This study investigated how to induce graphite generation from the carbonization process of novolac resins using
conditions that can be adopted for carbon-containing refractories (CCRs) production. The effect of boron oxide
or boric acid (graphitizing agents), cross-linking additive (hexamethylenetetramine) and some processing
parameters (mixing technique, vacuum degassing, heating rate and thermal treatments) on carbon graphitiza-
tion from a commercial novolac resin were evaluated. The X-ray diffraction (XRD) technique was selected to
measure the graphitization level and crystal parameters of the prepared samples. Based on the attained results,
adding graphitizing agents prior to the pyrolysis of resin resulted in carbon crystallization. The best graphiti-
zation level was obtained when the mixtures containing 6 wt% B2O3 or 10 wt% H3BO3 were fired up to 1000 °C
for 5 h using a heating rate of 3 °C/min. Although the reproducibility of the obtained results was ascertained,
heterogeneous graphitization could be observed based on the XRD profiles, as well as some discrepancies in the
calculated graphitization level values. This phenomenon was attributed to the additives susceptibility to ag-
glomeration, preferential graphitization starting from lower binding energy sites and heat treatment tempera-
ture, among others.

1. Introduction

Carbon-containing refractories present special thermomechanical
properties, which depend on the presence of graphite in their for-
mulation. Although polymeric materials are commonly classified as
non-graphitizable organic precursors, the product from carbonization
of thermosetting resins (which are the most common binder compounds
used in such compositions) might provide an additional source of
crystalline carbons in the resulting microstructure.

Novolac (Nv) and resole (Rs) resins have gained popularity as
choice binders to develop CCRs, such as MgO-C bricks. These thermo-
setting compounds act enhancing the refractories’ green mechanical
strength, thermal shock resistance and reduce porosity levels [1]. Fur-
thermore, they induce minimal emissions of polycyclic aromatic hy-
drocarbons and other toxic substances during their pyrolysis, thereby
providing greater environmental health benefits [2,3]. Despite this, the
poor oxidation resistance and non-graphitizability of carbons derived
from resins are still limited in terms of their usefulness in the devel-
opment of refractory products for high temperature applications [4].

Unaided pyrolysis of Nv is a solid state process without the forma-
tion of liquid or semi-liquid components, which yield non-graphitic
carbons. Phenolic resin has been considered a non-graphitizable

material as it goes through the mesophase stage during thermal treat-
ment and results in what is regarded as hard carbons. Various methods
based on the application of compressive force, magnetic field, radiation,
etc., have been used to induce the conversion of disordered-hard-car-
bons from its pyrolysis into crystalline ones [5–7]. However, the most

Recently, boron-based additives have received considerable atten-
tion due to their ability to act as antioxidant agents for CCRs, pre-
venting carbon oxidation when heated in an oxidizing environment.
These compounds give rise to liquid B2O3 in the designed micro-
structure, which coats the carbon surface and limits its oxidation re-
sulting in increased char yield [14–18]. Moreover, as reported in var-
ious papers, phenylboronic acid [16], boric acid [17,19,20],
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successful technique for CCR development may entail using graphi-
tizing additives in a process called catalytic graphitization [8]. This
approach leads to the transformation of amorphous carbon (from no-
volac or resole resins) to the graphitic type during carbonization in the
presence of those elements or compounds, at lower temperatures and
shorter heat treatment time (HTT). Some elements (e.g., nickel, boron),
organometallics (e.g., metallocenes, benzoates, octoates and naphthe-
nates), metal oxides, etc., are found to be suitable graphitizing agents
for disordered carbons as they can speed up the generation of the
graphite phase at high temperatures [9–13].
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hyperbranched polyborate [21], boric acid terminated hyperbranched
polyborate [22], bis(benzo-1,3,2-dioxaborolanyl)oxide [23], bis
(4,4,5,5-tetramethyl-1,3,2-dioxa-borolanyl)oxide [23], boron carbide
[24–26] etc., have been used to induce some degree of graphitization in
Nv. The actual mechanism of the proposed reactions is not yet clear.
However, the graphitizing effect of boron sources can be examined from
various perspectives and each of the reaction pathways outlined below
may be interrelated:

i. Formation-Decomposition: B-C bond is formed during carbonization
of the cured modified resin at temperatures above 500 °C [17,27].
The cleavage of boron-carbide phase during pyrolysis leads to the
generation of graphite. Generally, sp2 carbons are more stable than
sp3 ones and reordering the atoms leads to crystalline carbon for-
mation (the standard enthalpy change of graphite formation is 0 kJ/
mol [7]). However, this change is generally slow at room tem-
perature due to the number of bonds necessary to be broken in the
process.

ii. Dissolution-Precipitation: The presence of boron compounds favors
the formation of liquid B2O3 (melting point = ~ 450 °C) and this
phase acts as a solvent for carbon, resulting in graphite crystal-
lization. During the process, the B-O-C bond breaks above 800 °C
[16,17]. The formation of B-O-C (190.2 eV [17]) and B-C (189 eV
[27]) bonds with a lower binding energy than plain C-C (284.8 eV)
ones, which characterized the uncatalyzed resin, may allow the
disruption and structuring needed for graphite generation at lower
temperatures.

iii. Incorporation of boron atoms via substitution during pyrolysis of
the catalyzed resin can lead to increased orderliness of the carbon
structure, as they may slip within the layer of the pre-existing car-
bons without completely disrupting it [17,28,29]. Moreover, boron
has been reported to have the ability of entering the interstitial sites
of carbon lamellar structure [11].

The postulations outlined above indicate that boron-based additives
provide active sites for the rearrangement of amorphous carbon pro-
duced during pyrolysis of the catalyzed resin by reducing the reaction
barrier for their transformation to graphitic ones.

The primary objective of most of the published research studies on
the use of boron-based additives involved the development of carbon-
carbon composites with improved thermal resistance. However, less
attention has been focused on the applicability of such methods in the
development of carbon-containing refractories. In this study, the in-
fluence of several processing parameters and catalytic additives on the
generation of graphitic carbons from a commercial novolac resin was
investigated. It is believed that the knowledge attained will provide a
path to achieve in-situ graphitization of novolac resin binders in CCRs.

2. Methodology

Commercial novolac resin (Nv, Prefere® 88 5010R), which is com-
monly used as a refractory binder, was analyzed in this study. Boron-
containing compounds (B2O3 and H3BO3) were selected as the likely
graphitizing agents. To ensure proper comparison, the resulting content
of boron oxide in the compositions containing H3BO3 or B2O3 was
equivalent to 6 wt%. General information about the raw materials and
sample formulations is presented in Table 1.

Firstly, the compositions were mixed at room temperature for
20 min in a mechanical stirrer (rotation speed of 300 rpm) to obtain
dispersion of the additives within the novolac resin. Thereafter, each of
the prepared mixtures was poured into alumina crucibles, covered with
alumina disks and embedded in a refractory box filled with coke to
create a reducing environment during pyrolysis and thermal treat-
ments. The samples were subjected to different heating sequences de-
signated as A2-A5, B3 and C3-procedures (see Table 2). The A-proce-
dure consisted of heating the formulation to 100 °C and keeping it at

that temperature for 4 h, followed by further heating at 500 °C for 1 h
and finally at 1000 °C for 5 h. The firing sequence was chosen to induce
the dispersion, carbonization and graphitization of additives, respec-
tively. The heating rates varied from 2 to 5 °C/min and subsequently
cooled to room temperature (30 °C) at a rate of ~16 °C/min. In the B
and C-procedures, the heat treatments were modified by introducing
more steps at the curing stages. For instance, the samples were kept at
80 °C for 4 h, followed by a dwell time of 1 h at 100 °C and 30 min at
150 °C before the carbonization/graphitization stages for the B-proce-
dure, whereas the other treatment (C-procedure) consisted of heating
up the materials to 100 °C for 2 h, followed by an additional step at
220 °C for 1 h. The heating modification provides the opportunity to
study the effect of curing steps on crystallization of the catalyzed resin
carbons. Both B3 and C3-procedures were carried out at a heating rate
of 3 °C/min and cooled at ~16 °C/min. Furthermore, the effect of ad-
ditional ultrasonic mixing for 30 min, vacuum degassing for 15 min,
cross-linking agent (hexamethylenetetramine) on the graphitization
process were investigated in the course of the experiments (see
Table 2).

Subsequently, the carbon samples were primarily ground in a vi-
bratory mill for 12 s before characterization via X-ray diffraction (XRD).
The experiments and analysis were repeated several times to ascertain
reproducibility and a homogeneous level of the attained graphitization.
The XRD analysis was carried out using Rigaku Geigerflex equipment
with graphite monochromator under CuKα radiation [λ = 1.5418 Å,
scanning step = 0.032°] to determine the graphitization level and for
phase identification of the pyrolytic products. OriginPro lab-9 software
was used to quantify the amount of generated crystalline carbons ac-
cording to the procedure proposed by Bitencourt et al. [8]. The simu-
lation presented a root mean square value (R2) greater than 0.9. Before
iterations, the following mathematical functions were defined for the
different peaks: (i) Gaussian function was used for the graphitic phase
peak and crystalline phases (ii) asymmetric double sigmoidal
(Asym2Sig) function for the peak at ~24°.

After simulation, the graphitization level (GL) was calculated using
Eq. (1). The total area related to the peaks of graphitic carbons was
divided by the sum of the peaks related to graphitic and non-graphitic
carbons. The area related to the minor peaks associated with the pre-
sence of impurities such as tungsten carbide was not considered in the
determination of the GL values.

=

+ −

Graphitization level GL
Graphitic carbon area

Total area graphitic carbon non graphitic carbon

( )

( ) (1)

OriginPro lab-9 software was also used for deconvolution of the
diffractogram in the 20–32° of 2θ region in order to determine the

Table 1
General information about raw materials and description of samples.

Materials Main Features Supplier

Novolac resin Nv, Liquid (solvent =
ethylene glycol) Density =
1.18 g/cm3

Dynea, Brazil

Boron oxide B2O3, solid powder,
(d50< 10 µm, 99% purity)

Magnesita
Refratários SA

Boric acid H3BO3, solid powder,
molecular weight = 61.83,
Product code: A1025.01A4,
(d90< 45 µm, 99%)

Synth Chemical
Co., SP-Brazil

Hexamethylenetetramine HMTA, solid powder Dynea, Brazil
Evaluated Compositions Description
Nv-HMTA (reference sample) Nv + 10 wt% HMTA
Nv-6B Nv + 6 wt% B2O3

Nv-10H Nv + 10 wt% H3BO3

Nv-HMTA-6B Nv + 10 wt% HMTA + 6 wt% B2O3

Nv-HMTA-10H Nv + 10 wt% HMTA + 10 wt% H3BO3
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interlayer spacing and crystallite height. These parameters were cal-
culated using Eqs. (2) and (3), respectively.

=nλ d θ2 sin200 (2)

=kλ L β θcosc (3)

where n = positive integer, d200 (nm) = interlayer spacing, θ = in-
cident angle, Lc (nm) = crystallite height and k = 0.89.

3. Results and discussion

3.1. Effect of B2O3 and H3BO3 on carbonized novolac resin graphitization

Crystallinity and structural orderliness of the pyrolyzed samples
were studied using X-ray diffraction technique. Fig. 1 shows the XRD
pattern of the pyrolytic carbon produced from a mixture of novolac and
10 wt% HMTA (reference sample) and fired using A3-procedure. The
profile was characterized with a low intensity broad hump between 20°
and 30° near the 002 plane of the graphitic structure. The peak at ~43°
corresponds to 100 in-plane symmetry for turbostratic graphitic struc-
ture. This is the typical diffractogram of sp3-hybridized carbons with an
amorphous structural arrangement based on a rigid structure (π-bonds)
that limits the rotation of atoms to graphene layers during pyrolysis
[30]. Similarly, carbonized Nv without HMTA addition presents the
same XRD pattern. Based on this result, graphitization of plain novolac
resin was not favoured at 1000 °C. Furthermore, research findings have
shown that higher processing temperatures (1650–1750 °C) used in
steel making is not sufficient for crystallization of carbon from such
organic resin [31]. In fact, the highly cross-linked nature of Nv carbons
should inhibit thermal ordering even at temperatures up to 3000 °C
[32]. The additional peaks observed at 31.5°, 35.5° and 48° (Fig. 1) are
related to tungsten carbide contamination from the grinding equipment
lining material, used for samples preparation for analysis.

Despite the non-graphitizing characteristic of novolac resin (as ob-
served in Fig. 1), the XRD profiles of carbons from the catalyzed resin
(containing B2O3 or H3BO3) show a transition from highly amorphous
to graphitic ones. The diffractograms of Nv-6B-M-A3 (Fig. 2a) and Nv-
10H-M-A3 (Fig. 2b) show an asymmetric 002 peak at ~26°, which gets
sharper and with increased intensity due to the stacking of graphene
layers. The intensity and width of the graphite peak at ~26° are gen-
erally used to explain carbon graphitization [8,17,19]. These results
agree with earlier observations by other researchers that the in-
corporation of boron enhances crystallization of pyrolyzed organic
precursors [17,33].

Moreover, the observation is significant as graphitization is nor-
mally not achieved at such temperatures (1000 °C). A new distinct peak
(at ~28°) corresponding to the B2O3 phase was also identified in the
Nv-10H-M-A3 composition (Fig. 2b). Although some authors
[17,21,34] reported the volatization of boron oxide after heating at
1000 °C, its presence suggested that oxygen may have partially

Table 2
Details of the heating steps and mixing techniques carried out to induce the graphitization of resin.

Designation Heat Treatment Description Heating rate

A2-A5 procedure 100 °C / 4 h + 500 °C / 1 h + 1000 °C / 5 h (Note: the number after the letter describes the heating rate i.e. A3 implies the formulation was
subjected to thermal treatment using A-procedure at a heating rate of 3 °C/min)

2–5 °C/min

B3-procedure 80 °C / 4 h + 100 °C / 1 h + 150 °C / 30 min + 500 °C / 1 h + 1000 °C / 5 h 3 °C/min
C3-procedure 100 °C / 2 h + 220 °C / 1 h + 500 °C / 2 h + 1000 °C / 5 h 3 °C/min
Mixing Procedures Description
M Mechanical mixing
M-V Mechanical mixing + vacuum degassing
M-U Mechanical mixing + ultrasonic mixing
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Fig. 1. X-ray diffraction pattern of novolac resin + 10 wt% HMTA (reference composi-
tion) after firing at 1000 °C for 5 h using A3-procedure (NG = non-graphitic, WC =
tungsten carbide, GL = graphitization level, M = mechanical mixing).
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Fig. 2. XRD profiles showing the effect of boron-based additives on graphitization of a
commercial novolac resin (with and without 10 wt% HMTA) after firing at 1000 °C for 5 h
under reducing atmosphere. GL = graphitization level, NS = not significant, A3 =
heating procedure at 3 °C/min, M = mechanical mixing, NG = non-graphitic, WC =
tungsten carbide, 6B = 6 wt% B2O3, 10 H = 10 wt% H3BO3, HMTA = 10 wt% hexam-
ethylenetetramine.
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participated in the pyrolysis because coke (instead inert gas) was used
to create the reducing environment during the samples’ treatment [8].
However, as this phase was only detected in compositions prepared
from boric acid catalyzed resin, its presence may also be attributed to
the additional reaction-step involving initial formation and decom-
position of phenylborate (formed during the curing of novolac resin
[17]) to boron oxide at 400 °C. Nevertheless, the presence of B2O3 may
be beneficial in the refractory material formulation (such as MgO-C), as
it can lead to the formation of a low melting phase (3MgO.B2O3) that
can block open pores and coat the carbon surface, thus suppressing
oxidation. However, this benefit will be at the expense of hot me-
chanical strength. The graphitization level (GL) of Nv-6B-M-A3 and Nv-
10H-M-A3 samples was calculated to be 48.8% and 68.7%, respectively
(Figs. 2a and 2b).

Besides that, the influence of HMTA (which is a hardener agent used
in the development of resin-bonded refractories to increase its amount
of fixed carbon yield [35]) addition to the formulations, was also
evaluated. By incorporating 10 wt% HMTA to either boron oxide or
boric acid catalyzed resin, the graphitization was inhibited (Figs. 2c and
2d). Heteroatoms, such as nitrogen and its functional groups (present in
HMTA), typically enhance reactivity and cross-linking of atoms [36].
These reactions significantly reduced the graphitizability of the re-
sultant carbons and prevented reconstructive transformation necessary
for graphite generation. The results suggest that to achieve ordered
arrangement, atoms’ binding energy must be much weaker to allow
carbon nuclei formed during the initial stages of carbonization to re-
main relatively mobile [37–39]. This inference was similar to the ob-
servation made by Kipling et al. [40–42] when studying the factors
influencing graphitization of polymer carbons. The authors found that
substantial cross-linking during the curing stages prevented the crys-
tallization of carbons. The XRD profiles of the resulting samples were
similar to those obtained by Yun et al. [43], with a novolac composition
containing 12 wt% HMTA and phenylboronic acid. This observation
was also reported by Luz et al. [44]. In this article, the authors realized
0% graphitization level after subjecting the formulation of novolac
resin containing 10 wt% HMTA and 10 wt% boric acid to a heating
sequence involving slow curing stage. Moreover, formulations prepared
with a lesser amount of HMTA (1 or 5 wt%) also showed reduced
likelihood to graphitization.

The experiments and XRD analysis were repeated six times for each
composition to ascertain reproducibility of the obtained results using
the mixtures that presented the best graphitization level. The calculated
GL values are shown in Table 3. Most related studies published in the
literature overlooked this important aspect (reproducibility). Therefore,
based on the experimental results, the following conclusion/inferences
were made:

i. The addition of boron containing compounds such as B2O3 and
H3BO3 to novolac resin leads to its graphitization at 1000 °C.

ii. Graphitization of the boron-catalyzed novolac samples at 1000 °C
takes place in a heterogeneous manner. The selected additives
caused partial acceleration of the carbon matrix crystallization,
producing carbons consisting of different phases (i.e. G = graphitic
and T = turbostratic or non-graphitic components).

iii. The average GL value for Nv-10H-M-A3 is ~8% less than the one

obtained by Luz et al. [44] that used similar composition and ex-
perimental procedure. The calculated standard deviation results for
this property indicate the heterogeneity of the attained samples.

The following are some likely reasons for the heterogeneous gra-
phitization/limited reproducibility detected in the samples:

i. The agglomeration of additives as a result of their susceptibility to
hydration (water vapour is released during the heat treatment
process [45]) and the natural tendency for particles coagulation
[24,46] can lead to heterogeneous graphitization and non-uniform
distribution of the graphite phase. This observation agrees with the
study carried out by Wang et al. [24], where B4C particles were
dispersed in phenolic resin with the aid of a powerful mixing device
for 40 min. The inhomogeneous distribution and additive accumu-
lation (even after heat treating the sample up to 300 °C) was at-
tributed to the relatively high viscosity of phenolic resin and the
difference in the physical properties of both materials [24].

ii. The incorporation of boron atoms or non-uniform distribution of
residual B2O3 in the carbon matrix might lead to a peak broadening
effect. As pointed out by Davor and Balzar, any lattice imperfection
such as the presence of vacancies, dislocation, interstitial and si-
milar defects can cause X-ray diffraction line broadening [47].

iii. Temperature is a key factor in thermosetting resin graphitization. As
observed by Franklin [48], homogenous graphitization is a function
of cross-linking developed between the carbon atoms (during the
curing stage) and temperature at which pyrolysis was carried out.
These observations agree with the results by Ōya et al. [11]. These
latter authors reported that uniform and continuous graphitization
of carbons derived from phenolic resin catalyzed with boron only
begins at 1800 °C. Hence, to achieve continuous carbon crystal-
lization, the maximum pyrolysis temperature must provide suffi-
cient energy to break the maximum number of bonds.

iv. Another likely cause is the preferential graphitization originating
from B-O-C sites with lower binding energy than C-C bonds (B-O-C
band was detected in the FTIR profile of samples heat treated up to
230 °C or 500 °C). This type of mechanism has been observed in
graphitization of thermosetting resin under a high pressure such as
1000 MPa. At that instant, heterogeneous crystallization was as-
cribed to the internal stress generated through anisotropic thermal
expansion of carbon crystallites, concentrated at certain sites where
graphitization proceeds preferentially in order to release the stress
[49]. Such preferred graphitization of carbons derived from phe-
nolic resins around pores was also implied in a study by Kamiya and
Suzuki [50]. Microstructural examination shows packets of carbons
around pores formed during the hardening and carbonization pro-
cess. The concept suggests that increasing the amount of graphi-
tizing agents may enhance the homogeneity/graphitization level.
However, the fact that boric acid is sometimes used as a catalyst and
hardening agent for thermosetting resin, such as novolac in the
foundry industry, may not allow unlimited additions [46].

From the XRD characterization, structural features such as crystal-
lite height (Lc) and interlayer spacing (d002) of the graphitized carbons
was determined using Scherrer's (Eq. (2)) and Bragg's (Eq. (3)) equa-
tions, respectively. Both parameters have been used to describe the
degree of carbon crystallization, where an increasing Lc and decreasing
d002 (tending towards 0.3354 nm, which is graphite's d002 value) in-
dicate a higher graphitization level [17]. As mentioned earlier, Origi-
nPro lab-9 software was used for the diffractogram deconvolution in the
20–32° of the 2θ region. To determine Lc and d002 parameters, the
humps were fitted using Gaussian peaks. Table 4 shows the obtained
results. As expected, a range of values was obtained for both evaluated
properties due to the heterogeneous nature of the compositions. The
carbon interlayer spacing values are in the range of 0.3372–0.3427 nm,
whereas the crystallite heights are in the 7–12 nm one. Nevertheless,

Table 3
Graphitization level of the mixtures containing novolac
resin + B (B2O3) or H (H3BO3) after heating up to
1000 °C/5 h under reducing atmosphere (average of 6
evaluations for 2 different batches for each composi-
tion).

Samples GLa (%)

Nv-6B-M-A3 47±10
Nv-10H-M-A3 49±12
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these parameters are within the range obtained in the literature for
carbonized novolac resin modified with boron-containing compounds
[17,19,22,44], which suggests a random combination of graphitic and
turbostratic stacking [51].

However, a significant increase in Lc detected in some of the com-
positions show that boron catalyzed the process resulting in some de-
gree of orderliness [52]. As reported by some authors [17,53], the in-
corporation of boron can bring about change in π-electron density,
which could result in reduced interlayer spacing and increased crys-
tallite height. Specifically, the presence of boron in the carbon matrix
can lead to electron deficiency and more attractive interaction between
the π-electron clouds of adjacent graphitic layers allowing them to
come closer together [22,54]. Boron atoms have the ability to inter-
calate carbons during pyrolysis of the catalyzed resin [28,55]. Their
enhanced diffusivity also allow them to act as vacancies in carbon
structure, which favors the growth of Lc and reduced d002 [33]. Fur-
thermore, as the growth of crystals in the c-direction requires good
planer stacking, there is an agreement between the increased values of
Lc (compared to the reference composition) and those of d002 with es-
timations closer to graphene layers [56].

It is important to highlight that the effect of grinding time (using a
WC lined mill) when preparing the samples for XRD analysis (up to
120 s) was studied as an alternative way to effectively quantify the
amount of generated graphite. A more representative composition
which presents about 3–7% difference in graphitization level values
was obtained (XRD profiles not presented here). However, while in-
creased grinding time effectively led to the samples’ homogeneity, it
also caused significant amorphization. Notably, the peak intensity at
31.5°, 35.5° and 48° related to tungsten carbide contaminant from the
grinding equipment lining material also increased with prolonged
milling. Consequently, this method was considered not reliable com-
pared to determining the average graphitization level. Moreover, the
GLa (average graphitization level) values provide a basis to identify
other factors that can influence the catalyzed resin graphitization.

3.2. Influence of processing parameters while preparing the mixtures

Based on the attained results, an attempt was made to study the
influence of other processing parameters on the graphitization behavior
of the catalyzed novolac resin. Taking this into consideration, the use of
ultrasonic mixing, vacuum degassing, heating rates and heat treatment
sequence were investigated. Higher mixing speed and time were not
analyzed in the present work because, based on the observation of other
researchers, the following can be stated: (i) prolonged mixing/agitation
may lead to heat generation, which most likely limits the degree of
graphitization of resins [44] (ii) particle agglomeration can be detected
even after prolonged mixing (40 min) of phenolic resin and boron
carbide additives at room temperature [24].

3.2.1. Effect of additional ultrasonic mixing on the graphitization level
Research studies have shown that to achieve effective carbon crys-

tallization derived from phenolic resins, the additives should be prop-
erly dispersed within the composition's matrix [8]. Based on this in-
formation, ultrasonic mixing was incorporated into the preparation

procedures. Compared to the samples prepared with only mechanical
mixing (Fig. 2), Nv-6B-M-U-A3 and Nv-10H-M-U-A3 presented limited
graphitization, which represents an average GL reduction of about
~54%, respectively (Fig. 3a and b). Such a performance indicated that
this preparation procedure (mechanical + ultrasonic mixing) might
have a negative impact on the graphitization.

Additionally, a broad hump associated to the disordered carbon
phase shows up at ~24° in Fig. 3. The stronger atomic linkages resulting
from increased chemical reactions during sonication, hindered ordered
structuring of the resultant bonds. Typically, the additional mixing
technique can induce high energy chemical reactions due to formation,
growth and collapse of bubbles, which favors the release of in-
stantaneous pressure and high-intensity local heating, decreasing the
resulting amount of graphitic carbons [57,58]. No significant change
took place in the composition containing 10 wt% HMTA, as the pre-
sence of HMTA still prevented carbon graphitization (Fig. 3c). To as-
certain the conclusion drawn, the analysis was repeated with the same
batch of samples as shown in Table 5. Furthermore, introducing the
additional mixing technique did not diminish the heterogeneity de-
tected in the prepared compositions.

3.2.2. Effect of vacuum degassing on graphitization level
Degassing of the resin composition prior to pyrolysis produces a

similar effect to using ultrasonic mixing. The GL value of novolac resin
catalyzed with boron oxide or boric acid significantly decreases with
the removal of entrapped gas from the formulation (Fig. 4a and b).
Compared to Nv-6B-M-A3 and Nv-10H-M-A3 (Fig. 2), GL values of Nv-
6B-M-V-A3 and Nv-10H-M-V-A3 represent an average reduction of 52%
and 63%, respectively. According to Pilkenton et al. [59], the presence
of oxygen in an organic precursor will inhibit free-radical

Table 4
Crystal parameters of pyrolytic carbon samples fired at 1000 °C for 5 h under reducing
atmosphere (for the composition without HMTA, the results represent the average and
standard deviation of 6 measurements in 3 different batches).

Samples Lc (nm) d002 (nm)

Nv-HMTA-M-A3 1.69 0.3629 − 0.3742
Nv-HMTA-6B-M-A3 2.06 − 2.78 0.3604 − 0.3606
Nv-HMTA-10H-M-A3 2.96 − 3.01 0.3608 − 0.3610
Nv-6B-M-A3 9.39±2.39 0.3406±0.002
Nv-10H-M-A3 10.66± 2.09 0.3382±0.001
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Fig. 3. XRD profiles of the prepared samples showing the effect of additional ultrasonic
mixing on catalytic graphitization of novolac resin after firing at 1000 °C for 5 h under
reducing atmosphere. GL = graphitization level, NS = not significant, A3 = heating
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polymerization by reacting to form stable peroxy radicals which restrict
the degree of conversion and amount of cross-linking network. The
aforementioned process can occur at several steps in the reaction se-
quence leading to an extension in the induction time needed for the
completion of polymerization (as they do not readily reinitiate the
process). Consequently, the incorporation of vacuum degassing favors
increased cross-linking amid curing, which eventually limits the rota-
tion of atoms to graphene layers during carbonization [40].

Additionally, the effect of degasification appears to be more sig-
nificant when boric acid (compared to boron oxide) was the graphi-
tizing agent. The intermolecular hydrogen bond between H3BO3 and
novolac resin may enhance the cross-linkage's effect during the che-
mical reactions. Besides, with and without the introduction of vacuum
degassing, the presence of HMTA in boric acid catalyzed resin hindered
its graphitization (Fig. 3c). The results further justify the role of the
atoms' binding energy on an ordered rearrangement of carbonized resin

[8,41,60]. Consequently, all factors that favour substantial bonding
during the curing stage may inhibit the generation of graphitic carbons
from B2O3 or H3BO3 catalyzed resin. Moreover, the results suggest that
the initial presence of oxygen may not prevent graphite formation when
CCR bricks are fired. The average graphitization results (GLa) of the
carbons derived from the compositions prepared with and without the
degassing step are presented in Table 6.

3.2.3. Effect of heating rates on the catalytic graphitization of novolac resin
with boron compound additives

Generally, the heating rate influences the course of chemical reac-
tion and diffusion process, hence its role on graphitization of the cat-
alyzed resin was investigated. The firing procedures designated as A2,
A3, A4 and A5 represent 2, 3, 4 and 5 °C/min heating rates based on A-
procedure. The phase evolution of Nv-6B-M and Nv-10H-M composi-
tions under 2–5 °C/min heating rates is shown in Fig. 5. The hump at ~
26°, which is related to the graphite phase, gradually appears whereas
the amorphous one (near the 002 plane of the graphitic structure) de-
creases as the heating rate increases from 2 to 3 °C/min (Figs. 5b and
5c). These patterns represent a transition from amorphous to graphitic
carbons. In principle, because the pyrolysis operation involves the
formation and breaking of bonds, the heating sequence may influence
the atoms’ binding energy. Therefore, a decrease in the GL values below
3 °C/min may be attributed to the higher cross-linking induced by
prolonged HTT during the pre-pyrolysis stage. The strong chemical
bonding limits the fusion and the rotation of the atoms during heat
treatment [42]. Besides, the use of 4 and 5 °C/min heating rates
(Figs. 5d and 5e) restrict catalytic additive diffusion and minimizes
bond breaking due to the shorter HTT applied during the pyrolysis
operation, which resulted in limited carbon crystallization [8,61].

The XRD profiles of the pyrolytic carbons derived from boric acid-
catalyzed resin shows a similar GL evolution (Figs. 5g - 5i). The 3 °C/
min heating rate also seems to be the most favorable condition for its
catalytic graphitization. The results indicate that any adopted protocol
must: (i) not generate substantial cross-linking during pre-pyrolysis
stages, (ii) provide enough time for the graphitizing agents to act and,
(iii) ensure maximum bond cleavage and atom rearrangement to de-
velop a more ordered structure from the amorphous carbons.

3.2.4. Comparison of the graphitization level induced by boric oxide and
boric acid under different heat treatment procedures

To find other factors that might influence or induce Nv graphitiza-
tion, the effect of different treatment pathways i.e. B3 and C3-proce-
dure (see Table 2) was also evaluated. The selected procedures pro-
vided information on the role of the heating sequence and increased
HTT during curing (below 500 °C) on the graphite crystallization. The
peak's intensity at ~26° decreased for samples produced via B3 and C3
treatments (Fig. 6). Compared to Nv-6B-M-A3 (GL = 54%), the GL of
Nv-6B-M-B3 and Nv-6B-M-C3 decreased to 31.5% and 8%, respectively.
Similarly, Nv-10H-M-B3 compared to Nv-10H-M-A3 shows a reduction
of about 23% of this property, whereas the GL of Nv-10H-M-C3

Table 5
Comparison of the average graphitization level (GLa) for samples
prepared with mechanical mixing or with mechanical + ultrasonic
mixing. All materials were fired up to 1000 °C for 5 h and under
reducing atmosphere.

Samples GLa (%)*

Nv-6B-M-A3 47±10
Nv-6B-M-U-A3 21±7
Nv-10H-M-A3 49±12
Nv-10H-M-U-A3 19±9
Nv-HMTA-10H-M-A3 NS
Nv-HMTA-10H-M-U-A3 NS

* NS = not significant.
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Fig. 4. XRD profiles of the prepared samples showing the effect of vacuum degassing on
catalytic graphitization of novolac resin after firing at 1000 °C for 5 h under reducing
atmosphere. GL = graphitization level, NS = not significant, A3 = heating procedure at
3 °C/min, M = mechanical mixing, V = vacuum degassing, NG = non-graphitic, WC =
tungsten carbide, 6B = 6 wt% B2O3, 10 H = 10 wt% H3BO3, HMTA = 10 wt% hexam-
ethylenetetramine).

Table 6
Comparison of the average graphitization level (GLa) for samples
prepared with mechanical mixing and with or without applying
vacuum degassing during the processing steps. All materials were
fired up to 1000 °C for 5 h and under reducing atmosphere.

Samples GLa (%)*

Nv-6B-M-A3 47±10
Nv-6B-M-V-A3 22±9
Nv-10H-M-A3 49±12
Nv-10H-M-V-A3 15±11
Nv-HMTA-10H-M-A3 NS
Nv-HMTA-10H-M-V-A3 NS

* NS = not significant.
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becomes insignificant.
The results show that using additional dwell time during the curing

stages was not suitable for maximum generation of graphite. Typically,
cross-linking degree of resin containing additives depends on specific
formulation, cross-linking system, temperature condition, curing time,
etc. [62–64]. Both the B3 and C3-procedure might have induced
stronger bonding, which gave rise to three-dimensional structure, lower
disruption, structuring and maximum graphitization of the catalyzed
resin. In a previous study, Liu et al. [65] clearly show, by measuring the
glass transition temperature, that the degree of cross-linking in boric
acid catalyzed resin increased with prolonged curing time. A similar
pattern was pointed out by Luz et al. [44] as the use of a slow curing
step resulted in a lower graphitization level of novolac resin composi-
tion containing 10 wt% boric acid. Both mentioned experimental re-
sults justify the explanation provided earlier. Consequently, the heating
sequence was identified as another factor that can affect the graphite
generation from B2O3 or H3BO3 catalyzed novolac resin. Regarding Nv-
HMTA-10H composition, no significant phase transition was detected as
a result of change in the heating procedures (although the intensity of
the broad hump decreases with the B3 or C3-procedure).

4. Conclusions

Boron oxide and boric acid present catalytic ability to induce gra-
phite generation during pyrolysis of novolac resin, which is used as a
binder for CCRs. Nv-6B-M and Nv-10H-M formulations, heat treated
using A3-procedure, showed the best graphitization level with an
average-value of 47%±10% and 49%±12%, respectively. The in-
terlayer spacing and crystallite height of the carbons prepared in this
way were also improved by introducing boron. For example, Nv-10H-M

heat treated up to 1000 °C for 5 h presented d002 = 0.3382±0.001 nm
and Lc = 10.66±2.09 nm, whereas that of Nv were 0.3742 nm and
1.69 nm, respectively. Furthermore, there is a clear indication that the
molecular structure's mobility plays a significant role on the catalytic
graphitization of novolac resin by boron oxide and boric acid. The in-
vestigation shows that the polymerization degree during initial carbo-
nization stages affects the generated amount of graphite from B2O3 or
H3BO3-catalyzed novolac resin carbons. Consequently, factors such as
ultrasonic mixing, vacuum degassing, heating rates that promote
stronger cross-linking, limit the breakage of bonds necessary for gra-
phite generation (i.e. they have a negative impact on the graphitization
process). Therefore, in CCR development, such processing parameters
should be monitored to prevent a higher degree of cross-linking for
maximum formation of crystalline carbon from the catalyzed novolac
resin binder. This can be achieved by using the A3-procedure as out-
lined in this study. Moreover, the low pyrolysis temperature (1000 °C)
is important because it provides assurance that thermal treatment of the
catalyzed novolac resin bonded CCRs will lead to a generation of gra-
phitic structure.

Based on the attained results, higher pyrolysis temperature and
prolong holding time, addition of dispersing agents to the catalyzed
resin, the use of increased amount of catalytic additives and the
synthesis route to achieve homogenous graphitization, will be in-
vestigated in a future study. Moreover, accurate quantification of het-
erogeneous materials comprising amorphous and crystalline products
using the XRD technique is typically limited by a lack of homogeneity
and the effect of particle size/morphology/distribution leading to errors
in the estimated crystallinity degree. Hence, the sample's preparation
stage may be modified to improve the homogeneous level of the com-
positions.
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Fig. 5. Effect of heating rates on graphitization of carbonized novolac resin containing: (a) boron oxide or (b) boric acid as graphitizing agent. GL = graphitization level, NS = not
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Regarding the use of boric acid as graphitizing agent, consideration
should be given to the refractory aggregate susceptibility to hydration
due to water evolution. However, the challenge may not be sufficient to
disregard its benefit as its percentage in the entire formulation is small.
Moreover, boric acid may also be applied in other resin-containing
refractory systems, where MgO would not be present and this hydration
effect would not be an issue.
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