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Abstract Thermal oxidation of carbon/carbon composites

in an oxidizing atmosphere is a multistep process regulated

by the intrinsic heterogeneity of the solid–gas reaction, the

additional heterogeneity of the compositional and struc-

tural characteristics of the composite, and how these two

properties change as the reaction progresses. By focusing

on the overlapping features of the component reaction

steps, the kinetic characterization of the multistep kinetic

process was studied to reveal the correlation between the

thermal oxidation behavior and the compositional and

structural characteristics of carbon/carbon composites.

Using commercially available mechanical pencil leads as a

typical model system for a carbon/carbon composite, the

thermal behaviors of two different leads manufactured by

different companies were investigated comparatively via

thermoanalytical techniques and morphological observa-

tions. On the basis of a reaction model considering the

different reactivities of the main (graphite) and secondary

(carbonized polymer) carbon components, the kinetic fea-

tures of two partially overlapping reaction steps were

revealed via a kinetic deconvolution analysis of the ther-

moanalytical data for the thermal oxidation process. The

kinetic results were correlated with the compositional and

structural characteristics of carbon/carbon composites

using morphological observations of the partially reacted

samples. Herein, the practical usefulness of the kinetic

analysis in characterizing carbon/carbon composites is

discussed.

Keywords Carbon/carbon composite � Graphite � Thermal

oxidation � Thermogravimetry � Reaction morphology �
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Introduction

The kinetics of the thermal oxidation of carbon/carbon

composite materials in an oxidizing atmosphere have been

extensively studied [1–17] because the thermal stability/

resistibility of carbon materials is one of the most impor-

tant factors in determining the potential applications of

materials that effectively utilize their physical character-

istics such as lightness, strength, and conductivities.

Thermal oxidation of carbon is a complex solid–gas reac-

tion because of the intrinsic heterogeneity of the reaction,

as has been studied in detail for the oxidation reaction of

graphite [18–28] and in many solid-state and solid–gas

reactions [29–32]. In carbon/carbon composites, the situa-

tion is more complex because of the additional hetero-

geneity introduced by the compositional and structural

factors of the composites [4, 6–8]. Therefore, kinetic

characterization is forced to be phenomenological largely.

Nevertheless, kinetic information is useful for evaluating

the thermal stability of carbon/carbon composites in an

oxidizing atmosphere and for refining carbon/carbon

composite materials for wider applications under specific

atmospheric conditions. In addition to contributing to
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materials science, kinetic understanding of the thermal

oxidation of carbon/carbon composite materials can be

applied to the combustion science of solid fuels involving

biomass derivatives [33] and to the safety assessment of the

storage of these fuels [34].

Generally, carbon/carbon composites comprise a main

carbon component and a secondary carbon component,

which binds the particles, tubes, or sheets of the main

carbon component. The main and secondary carbon com-

ponents have different reactivities because of their different

crystallographic structures and morphologies. The junction

characteristics of the main and secondary carbon compo-

nents and pore structures in the composite are also

responsible for regulating the reactivity to thermal oxida-

tion [4, 6–8] because the pores are required to act as

channels for diffusional intake of the reactant gas and

diffusional removal of the product gas. A typical example

of such a carbon/carbon composite is a mechanical pencil

lead, which we use in our daily lives. In general, graphite

and a polymer are used as the raw materials for preparing

the leads. After mixing and kneading the main material

(graphite) and the binder (polymer), rods are extruded. The

molded rod is heated in an inert atmosphere so that it

undergoes drying and calcination to increase its strength

and hardness. During the calcination process, the polymer

is carbonized, and consequently, a carbon/carbon com-

posite is formed. The procedure is practically identical to

that of many other carbon/carbon composites. In the

manufacturing of pencil leads, the pores and interstices

generated in the rod during the calcination process are

filled with wax or oil by impregnation in the final step.

Therefore, the compositional, structural, and physical

properties of the as-produced carbon/carbon composite

change with the properties of the main material, of the type

of binder polymer, the mixed ratio of the main material to

binder, and the calcination conditions of the molded

intermediates. The kinetic characteristics of the thermal

oxidation of a carbon/carbon composite appear to depend

on all of the factors that determine its properties. In many

kinetic studies on the thermal oxidation of carbon/carbon

composites [1, 10, 13, 15, 16], the process has been rec-

ognized as a multistep reaction composed of two or three

different kinetic steps, and different interpretations of the

multistep kinetic behaviors have been proposed involving

different rate-limiting steps of the chemical reaction and

diffusion and different reaction behaviors of the carbon

components. For example, Guo and Xiao [15] observed

preferential oxidation of the matrix carbon component over

fibers for the thermal oxidation of a carbon felt/carbon

composite under isothermal conditions. Then, the two

distinguishable reaction stages at a constant temperature

were explained through kinetic analysis as the linear and

nonlinear oxidation stages with different apparent

activation energies. In addition, the change in the rate-

limiting step from the chemical reaction to gaseous diffu-

sion as the reaction temperature increases was also dis-

cussed. A further extension of the kinetic interpretation of

the thermal oxidation of carbon/carbon composites may be

possible by considering the overlapping features of the

multiple reaction steps involved. It is expected that a rig-

orous kinetic analysis of the multistep heterogeneous pro-

cess that occurs during the thermal oxidation of

carbon/carbon composites will provide us with relevant

information to correlate the kinetic behavior with its

compositional and structural characteristics, which will

facilitate the improvement of the manufacturing process of

carbon/carbon composites with desired properties and

assessment of the practical usefulness of these materials.

The present study was carried out to reveal the empirical

relationship between the multistep kinetic behavior of the

thermal oxidation of a carbon/carbon composite in air and

its compositional and structural properties. Mechanical

pencil leads were selected as the model system because

carbon/carbon composites with systematically changing

compositional and structural characteristics are available as

a series with different hardness or diameter size and dif-

ferent manufacturer suppliers. The aim of this study is to

establish a test method for characterizing the compositional

and structural properties of a carbon/carbon composite

through kinetic analysis of its thermal oxidation process.

Kinetic deconvolution analysis of the thermoanalytical data

recently used to gain a detailed understanding of the vari-

ous types of multistep solid-state and solid–gas reactions

[35–42] was applied as the most suitable approach to

describe the kinetic phenomena of the thermal oxidation

process with the aid of the results of fundamental kinetic

calculations and morphological observations of the sam-

ples during the reaction. This article reports a detailed

comparison of the kinetic characteristics of the thermal

oxidation processes of two different mechanical pencil

leads manufactured by different companies as the first part

of our study, which is expected to provide the necessary

information to establish the methodology of kinetic anal-

ysis as a test method that is generally applicable to various

carbon/carbon composites.

Experimental

Sample and characterization

Two commercially available mechanical pencil leads

(0.5 mm diameter and hardness HB) manufactured by

different companies in Japan were used as the samples and

termed as A and B, respectively. The surface textures of the

samples and those of the cleaved surfaces were observed

892 K. Nishikawa et al.
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using a stereomicroscope (SZX7, Olympus) and scanning

electron microscope (SEM; JSM-6510, JEOL). The powder

X-ray diffraction (XRD) patterns of the samples crushed

using an agate mortar and pestle were recorded using an

instrument (RINT2200V, Rigaku Co.) with a monochrome

Cu–Ka (40 kV, 20 mA) in a range of 5� B 2h B 60� at a

scan speed of 4� min-1.

Tracking of thermal behavior

The pencil leads were cut into approximately 4 mm lengths

for thermogravimetry–differential thermal analysis (TG–

DTA; SSC/5200, SII). A single piece of sample (approxi-

mately 2.0 mg) was loaded onto a platinum pan (5 mm in

diameter and 2.5 mm in height) and heated at a heating rate

b of 5 K min-1 in flowing air (300 cm3 min-1). During the

TG–DTA measurements, evolved gas analysis (EGA) for

the outlet gas from the reaction chamber was simultane-

ously carried out using a CO2 concentration meter (FX-

720, IIJIMA Co.). The gaseous products of the first mass-

loss process were identified using pyrolysis–gas chro-

matography/mass spectrometry (Py–GC/MS), which con-

sists of a double-shot pyrolyzer (PY-2020D, Frontier Lab.)

coupled with a GC/MS (GC/MS-QP2010, Shimadzu). The

samples (approximately 70 lg) were pyrolyzed in a stain-

less steel sample holder (50 mm3) at 723 K for 0.1 s in

flowing He (50 cm3 min-1), and the evolved gas was

introduced into the GC column (UA5-30M-0.25F, 30 m in

length and 0.25 mm inner diameter). The GC column was

initially held at 343 K, then heated to 573 K at

20 K min-1, and held at this temperature for 15 min. The

outlet gas from the GC column was introduced into MS via

a GC/MS interface heated at 573 K. Mass spectra were

recorded by scanning in the range of 18–1100 m/z under

electron impact ionization energy at 70 eV. Data analyses

were performed with a Shimadzu GCMS solution

(ver.4.20) to match the National Institute of Standards and

Technology (NIST) Mass Spectra Library by comparison.

A single piece of the pencil lead (approximately 4 mm)

was loaded onto a platinum pan (5 mm in diameter and

2.5 mm in height) and heated at a b of 5 K min-1 in air

flow (100 cm3 min-1) to 1123 K in a heating stage

equipped with an infrared image furnace (MS-TPS,

Yonekura). The changes in the morphology of the samples

during heating in the heating stage were observed using an

optical microscope (BH-2, Olympus) and recorded as a

movie together with time and temperature data.

The samples heated in the aforementioned TG–DTA to

different temperatures were immediately cooled to room

temperature in the instrument, and the as-prepared partially

oxidized samples were observed using the stereomicro-

scope and SEM. At the same time as the SEM observation,

the atomic contents of the samples were determined by

energy-dispersive X-ray (EDX) spectroscopy using an

instrument (X-act, Oxford) equipped with the aforemen-

tioned SEM instrument.

Kinetic measurements

To record the kinetic rate data of the thermal oxidation

process of the samples (0.5 mm in diameter and 4 mm in

length, approximately 2 mg), the mass-loss data during

isothermal and linear nonisothermal heating were mea-

sured using TG–DTA (SSC/5200, SII) in the flow of air

(300 cm3 min-1). The flow rate of air was determined

within the range in which the experimentally resolved

shape of the TG–DTA curves is not influenced by the

change in the flow rate, in order to avoid any possible

influence of the change in O2 concentration in the reaction

atmosphere during the thermal oxidation reaction on the

kinetic rate behavior [43]. The isothermal mass-change

measurements were taken at different temperatures

(825 B T B 880 K) after heating the sample to each con-

stant temperature at a b of 10 K min-1. In the linear

nonisothermal measurements, the samples were heated

from room temperature to 1123 K at different b
(0.5 B b B 10 K min-1). The thermal oxidation process

of the samples was also tracked by a sample controlled

thermal analysis (SCTA) technique [44] using a suspen-

sion-type TG (TGA-50, Shimadzu) equipped with a

homemade SCTA controller [45–48]. The samples

weighed in a platinum pan (6 mm in diameter and 2.5 mm

in height) were heated in flowing air (80 cm3 min-1) at a b
of 5 K min-1, while during the thermal oxidation process

the sample temperature was controlled so as to maintain the

mass-loss rate at a constant value C of 7.5 lg min-1. A

pair of SCTA measurements using one piece and two

pieces of the sample rods (0.5 mm in diameter and 4 mm

in length, approximately 2 mg each rod piece) was per-

formed for each sample.

Results and discussion

Sample characterization

Stereomicroscopic views of the pencil lead samples are

shown in Figure S1 in Supplementary Material. Figures 1

and 2 show SEM images of samples A and B, respectively.

Irrespective of the samples, regularly arranged valleculae

along the direction of length were found (Figs. S1, 1a, 2a).

The vallecula width of A (Fig. 1a) is apparently smaller

than that of B (Fig. 2a). In both the samples, the surfaces

show appearances that are coated with wax (Figs. 1b, 2b).

However, the coating was thicker for A (Fig. 1b) than B

(Fig. 2b). The cleaved surfaces of the pencil leads
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(Figs. 1c, 2c) also exhibit linearly arranged architectures

along the direction of length. The internal architectures are

constructed with aggregates of platelike graphite crystals

(Figs. 1d, 2d). The aggregate in A (Fig. 1d) shows a bru-

shed texture, whereas that of B (Fig. 2d) is brick-like. The

XRD patterns of the samples are totally in accordance with

that of graphite (hexagonal, S.G. = P63/mmc,

a = 2.47040, c = 6.72440, JCPDS41-1487), as shown in

Figure S2.

Thermal behaviors

Figure 3 shows the TG–DTG–DTA–EGA(CO2) curves for

samples A and B recorded in flowing air. Both of the

samples exhibit mass loss without an accompanying pro-

duction of CO2 prior to the oxidation of the carbon mate-

rials. The initial mass loss of A occurs in a temperature

region between 550 and 630 K with the mass-loss value of

13.0 ± 0.5%, whereas that of B occurs in a wider tem-

perature region between 430 and 700 K with the mass-loss

value of 7.6 ± 0.6%. These processes are likely attributed

to the evaporation and degradation of wax. The subsequent

mass loss due to the oxidation of carbon starts at approx-

imately 720 K for A and 760 K for B with an exothermic

effect and evolution of CO2. The shape of the TG, DTG,

DTA, and EGA(CO2) curves during the oxidation process

was largely different for samples A and B. The thermo-

analytical curves during the oxidation reaction for sample

A clearly show the feature of overlapping two-step process,

whereas those for sample B show relatively smooth ther-

moanalytical curves.

The pyrograms recorded for identifying the wax evapo-

rated during the first mass-loss process of samples A and B

are shown in Figure S3. The major peaks in the pyrogram of

A are attributed to cyclic siloxane and 4-ethylacridine, which

reveals the use of a silicon oil as an impregnation agent. From

the peak area of the respective species, the major component

of the organic antifriction is identified as 4-ethylacridine.

Therefore, the sharp DTG peak observed at approximately

615 K in Fig. 3 is understood as the evaporation of 4-ethy-

lacridine. The evaporation of cyclic polysiloxane, which has

a lower boiling point than 4-ethylacridine, occurs at a lower

Fig. 1 SEM images of sample A: a, b surfaces, c, d cleaved surfaces

Fig. 2 SEM images of sample B: a, b surfaces, c, d cleaved surfaces
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temperature region, which is observed as a slight but

detectable mass loss in the temperature range of 500–550 K.

Sample B mainly comprises linear polyethylene with a large

distribution of molecular mass. This may cause mass loss due

to evaporation/degradation in a wide temperature region of

430–700 K.

Figure 4 shows the typical surface textures of samples A

and B after the evaporation/degradation of wax. In both the

samples, the molded rod shape is maintained during the

thermally induced evaporation/degradation of wax

(Fig. 4a, b). The SEM image of the surface texture of A

(Fig. 4c) clearly shows the removal of the wax that coated

the rod surfaces, revealing the graphite crystals that com-

prise the surface layer. For sample B, the change in the

surface texture during the evaporation/degradation of wax

was not as pronounced. This may be due to the smaller

amount of wax involved in B, as is deduced from the

smaller mass-loss value during the evaporation/degradation

process observed in Fig. 3.

Figure S4 shows the EDX spectrum of the samples after

the evaporation/degradation of wax was completed. In both

the samples, impurities such as sodium and silicon were

detected, as well as oxygen, which might be absorbed by

carbon materials.

Oxidation kinetics

Figures 5 and 6 show the TG–DTG curves for the thermal

oxidation of the samples recorded under linear

nonisothermal conditions at different b and isothermal

conditions at different T, respectively. The DTG curves of

sample A indicate two distinguishable peaks during the

reaction irrespective of those under linear nonisothermal

(Fig. 5a) and isothermal conditions (Fig. 6a). The mass-

loss process of sample B is relatively smooth at a higher b
under linear nonisothermal conditions as characterized by

the single DTG peak (Fig. 5b). However, a shoulder in the

DTG peak appears in the early part of the mass-loss pro-

cess at a b lower than 1 K min-1. Under isothermal con-

ditions, two DTG peak maxima are observed (Fig. 6b) as in

sample A. The possible feature of the partially overlapping

two-step process is more clearly seen from the results of

the SCTA measurements because of its higher potential of

experimental resolution for partially overlapping multistep

processes in comparison with conventional thermal analy-

sis [49–51]. Figure 7 shows the results of the SCTA

measurements. During the thermal oxidation, the mass-loss

rate was successfully controlled at a constant value

(Fig. 7a, b). The temperature profiles of SCTA for the

thermal oxidation process indicate two distinguishable

regions of temperature change irrespective of the samples

(Fig. 7c), initial reaction temperature drop, and subsequent

Fig. 4 Stereomicroscopic views (a, b) and SEM images (c, d) of the

samples heated until the evaporation/degradation of wax was

completed: a, c sample A heated to 651 K and b, d sample B heated

to 676 K
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gradual increase region from beginning of the reaction as

the first temperature region and the nearly constant tem-

perature and subsequent rapid increase region to the end of

reaction as the second temperature region, which is evi-

dence of the partially overlapping two-step process.

As the first kinetic approach to the oxidation reactions,

kinetic analysis was performed based on the simplified

kinetic equation that assumes a single-step reaction

[24, 52].

da
dt

¼ AS0 exp � Ea

RT

� �
f að Þp O2ð ÞX; ð1Þ

where a is the fractional reaction calculated by setting the

total mass-loss value during the thermal oxidation reaction

to be unity. S0, p(O2), and X are the initial surface area of

the sample, partial pressure of oxygen in the reaction

atmosphere, and reaction order with respect to oxygen

concentration, respectively. A and Ea are the Arrhenius pre-

exponential factor and the apparent activation energy,

respectively. When S0 and p(O2) were controlled to be

respective constant values, the S0 and p(O2)X terms can be

accommodated in A. The function f(a) denotes the kinetic

model function that describes the variation of reaction rate

as the reaction advances at a constant temperature and,

thus, the physico-geometrical reaction mechanism. The

functions for the solid-state reactions and that applicable to

the oxidation reactions of solid fuels are found elsewhere

[53]. Taking logarithms of both sides of Eq. 1,

ln
da
dt

� �
¼ ln Af að Þ½ � � Ea

RT
: ð2Þ

Equation 2 denotes that the data points at a fixed a selected

from the series of linear nonisothermal and isothermal

kinetic rate data represent the linear relationship between

ln(da/dt) and the reciprocal T. From the slope of the linear

plots at fixed a, the Ea value is calculated, which is known

as the Friedman plot [54] and is applicable to the kinetic

rate data under any temperature profile [55–57].
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Figure 8 shows the Friedman plots for the oxidation

reactions of samples A and B at different a from 0.1 to 0.9

in steps of 0.1 using the kinetic rate data recorded under

linear nonisothermal and isothermal conditions. It must be

noted that the Friedman plots indicate an acceptable linear

relationship irrespective of a in both of the samples. This

indicates that the oxidation reaction under linear non-

isothermal and isothermal conditions can be treated by a

unified formal kinetic feature in each sample. On the other

hand, the slope of the Friedman plots changed gradually as

the reaction advances. This behavior is not in accordance

with that necessary for considering the reaction under

investigation is fulfilled with the assumption of a single-

step process [52]. Figure 9 shows the Ea values at different

a, determined using the isoconversional kinetic relation-

ship. The change in the slope of the Friedman plots can

clearly be seen from the variation of Ea values (Fig. 9a).

The Ea value for the oxidation of sample A increases ini-

tially from approximately 100–180 kJ mol-1 until a
reaches approximately 0.65 and subsequently indicates a

constant value with an average Ea value of

182.0 ± 3.1 kJ mol-1 (0.7 B a B 0.9). For the oxidation

reaction of sample B, the Ea value initially increases from

approximately 135–180 kJ mol-1 until a reaches approxi-

mately 0.35. The subsequent step can be expressed by a

nearly constant Ea value with an average of

176.1 ± 9.9 kJ mol-1 (0.4 B a B 0.9). The trend of the

variation of the Ea value as the reaction advances indicates

that the overall oxidation reaction is composed of at least

two partially overlapping reaction steps in both of the

samples. In addition, it is expected that the contributions of

the respective reaction step to the overall oxidation reaction

are different between samples A and B, because the a range

of the initial increase in the Ea value is largely different.

The overlapping feature of the two reaction steps can be

more clearly seen from the variation of Ea evaluated from a

pair of SCTA curves recorded for one piece and two pieces

of pencil lead using a simplified isoconversional relation-

ship between the two different sets of kinetic rate data

(Fig. 9b) [58–60]:

Ea;a ¼
RT1T2

T1 � T2

ln
da=dtð Þ1

da=dtð Þ2

� �
a

: ð3Þ
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The Ea values in Fig. 9b indicate characteristic a ranges

with approximately constant values in the initial and final

parts of the reaction that correspond to the nonoverlapping

regions of the first and second reaction steps, respectively.

On the other hand, in the a range between these constant Ea

regions, an apparent jump in the Ea values is observed as a

result of the overlapping of the two reaction steps. The

differences in the Ea values between the first and second

reaction steps reflect the different reactivities of the main

and secondary carbon components in the carbon/carbon

composite. At the same time, the differences in the Ea

values in each initial and final constant Ea region between

the samples are expected to reflect the different reactivities

of each main and secondary carbon component between the

samples. In addition, the Ea jump region and its range

width are also different between the samples,

0.15 B a B 0.55 and 0.15 B a B 0.35 for A and B sam-

ples, respectively, from which the different composition of

carbon/carbon composite and the different overlapping

features of the thermal oxidation of the main and secondary

carbon components are deduced.

From the above kinetic observations, it is apparent that a

further detailed kinetic approach to the oxidation reaction

requires the separation of the component reaction steps.

When the mutual interactions of the component reaction

steps are negligible, the overall rate behavior of the oxi-

dation reaction is expressed by the cumulative kinetic

equation of the two reaction steps [35–42].

da
dt

¼
X2

i¼1

ciAi exp �Ea;i

RT

� �
fi aið Þ with

X2

i¼1

ci ¼ 1 and

X2

i¼1

ciai ¼ a;

ð4Þ

where c is the contribution of each reaction step to the

overall reaction. The subscript i of each kinetic parameter

specifies the reaction step, i = 1 or 2. As the kinetic model

function fi(ai), an empirical kinetic model function with

three kinetic exponents was employed because of the high

flexibility of the function to accommodate different types

of physico-geometrical reaction mechanism and cases

deviating from the idealized kinetic model [61–63].

f að Þ ¼ am 1 � að Þn � ln 1 � að Þ½ �p ð5Þ

The function is known as Šesták–Berggren model [SB(m,

n, p)] [61]. Therefore, kinetic analysis based on Eq. 4

requires the simultaneous determination of 12 kinetic

parameters in total. Such kinetic deconvolution analysis is

highly mathematical, and thus, the reliable determination

of the initial values for the subsequent parameter opti-

mization is the necessary condition to maintain the

significance of those parameters as the kinetic parameters.

In this study, it was attempted to separate the overall

kinetic rate data into two reaction steps using a mathe-

matical method of peak deconvolution based on a statistical

function [38, 64, 65]. Then, the separated kinetic rate data

of each reaction step were analyzed kinetically using the

formal kinetic equation for the single-step reaction, Eq. 1,

to determine the initial kinetic parameters in Eq. 4 for the

subsequent optimization. Details of the determination

procedure of the initial kinetic parameters are described in

Section S3.1 in Supplementary Material.

The initial values of the kinetic parameters in Eq. 4 were

selected with reference to the kinetic parameters of each

reaction step determined by formal kinetic analysis for the

mathematically deconvoluted mass-loss curves, as listed in

Table S1 in Supplementary Material. The ci and Ea,i values

were substituted with the values listed in Table S1. The

initial kinetic exponents in SB(m, n, p) of each reaction

step were set as SB(0, 1, 0), which corresponds to the first-

order kinetic equation, as was used in the kinetic fitting of

the experimental master plots of the mathematically

deconvoluted reaction steps (see Supplementary Material).

After those values were placed in Eq. 4, the order of the

initial A values of each reaction step was determined by

comparing graphically the experimental kinetic rate data

and that calculated using Eq. 4. Then, all of the kinetic

parameters in Eq. 4 were optimized simultaneously using

the nonlinear least squares method to minimize the squared

sum of the difference between the experimental (da/dt)exp

and calculated (da/dt)cal at different times.

F ¼
XM
j¼1

da
dt

� �
exp;j

� da
dt

� �
cal;j

" #2

ð6Þ

Typical results of the kinetic deconvolution analysis are

shown graphically in Fig. 10. The kinetic parameters of

each reaction step optimized for the kinetic rate data

recorded at different b were nearly identical. The results

support the assumption of the overlapping of the kinetically

independent processes, at least, in an empirical meaning.

Table 1 lists the average kinetic parameters for each

reaction step at different b. The contribution ci of each

reaction step i to the overall oxidation reaction is largely

different between samples A and B, where a larger con-

tribution of the first reaction step is observed for A.

Although both of the first and second reaction steps of A

are characterized by Ea,i values smaller than those of B,

both samples A and B indicate a larger Ea,i value for the

second reaction step than for the first reaction step. This

trend well describes the temperature region of the respec-

tive reaction steps, which is higher for the second reaction

steps. The Ai values of each reaction step vary with the

change in the Ea,i values, suggesting the possible behavior

898 K. Nishikawa et al.
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of the kinetic compensation effect, which is an empirical

linear relationship observed between Ea and ln A [66, 67].

Although it is a somewhat qualitative comparison because

of the different kinetic model functions used for the eval-

uation of the Arrhenius parameters, the Arrhenius plots

drawn using the optimized Arrhenius parameters of the first

and second reaction steps of each sample and also those of

the different samples in each reaction step were compared

(see Figures S11 and S12 in Supplementary Material). The

Arrhenius plots indicated a larger rate constant k for the

first reaction step in the actual reaction temperature range,

irrespective of the samples. When samples A and B were

compared, the Arrhenius plots for sample A suggested a

larger k value in both the reaction steps. These observations

are also in good agreement with the experimentally

resolved shape and position of the mass-change traces of

those two samples.

The rate behavior of the first and second reaction steps

at a constant temperature is reproduced from the results of

the kinetic deconvolution analysis shown in Table 1

according to [56, 57, 68, 69]:

dai

dhi

¼ dai

dt
exp

Ea;i

RT

� �
¼ Aifi aið Þ with

hi ¼
Z t

0

exp �Ea:i

RT

� �
dt

ð7Þ

where h is the Ozawa’s generalized time [68, 69], which

denotes the hypothetical reaction time at infinite tempera-

ture. As Ai is the constant for the single-step reaction, the

fi(ai) versus ai plot drawn using SB(mi, ni, pi) determined

by kinetic deconvolution analysis can be recognized as the

experimental master plot, which illustrates the change in

the rate behavior as the reaction advances at infinite tem-

perature [39, 42]. The experimental master plots are shown

in Fig. 11, which clearly indicates the differences in the

rate behaviors between the first and second reaction steps

and also between samples A (Fig. 11a) and B (Fig. 11b). In

the first reaction step, the experimental master plots for A

indicate the linear deceleration as the reaction advances,

which is perfectly fitted using a nucleation-and-growth-

type model JMA(m); f(a) = m(1 - a)[- ln(1 - a)]1-1/m

[70–73], with m = 1.00, which corresponds exactly to a

first-order reaction. On the other hand, the experimental

master plot for the first step reaction of B indicates initial

acceleration and subsequent deceleration with the maxi-

mum rate midway through the reaction and is empirically

expressed by JMA(1.32). The second reaction steps in A

and B indicate a similar trend in the experimental master

plot with the maximum midway through the reaction,

which are fitted with JMA(1.89) and JMA(1.54),
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Fig. 10 Typical results of kinetic deconvolution for the oxidation

reaction under a linear nonisothermal condition (b = 1 K min-1):

a sample A and b sample B

Table 1 Average kinetic parameters of each reaction step for the thermal oxidation of samples A and B in flowing air, optimized through kinetic

deconvolution analysis

Heating

condition

Sample i ci Ea,i/

kJ mol-1
Ai/s

-1 SB(m, n, p) R2

mi ni pi

Linear

nonisothermal

A 1 0.56 ± 0.04 127.1 ± 1.7 (5.0 ± 0.2) 9 104 -0.07 ± 0.13 1.02 ± 0.23 0.06 ± 0.11 0.999 ± 0.001

2 0.44 ± 0.04 161.0 ± 1.5 (1.9 ± 0.8) 9 106 0.20 ± 0.05 1.06 ± 0.09 0.35 ± 0.07

B 1 0.36 ± 0.02 134.4 ± 0.9 (9.8 ± 0.3) 9 104 0.17 ± 0.06 1.03 ± 0.28 0.11 ± 0.02 0.999 ± 0.002

2 0.64 ± 0.02 198.3 ± 1.0 (1.9 ± 0.1) 9 108 0.18 ± 0.03 1.00 ± 0.10 0.21 ± 0.04

Isothermal A 1 0.57 ± 0.04 129.2 ± 2.6 (4.8 ± 0.9) 9 104 -0.04 ± 0.04 0.96 ± 0.10 0.08 ± 0.03 0.992 ± 0.004

2 0.43 ± 0.04 164.4 ± 2.5 (1.8 ± 0.2) 9 106 0.17 ± 0.04 0.94 ± 0.19 0.27 ± 0.12

B 1 0.39 ± 0.02 135.6 ± 0.8 (9.7 ± 0.1) 9 104 0.23 ± 0.01 1.07 ± 0.03 0.13 ± 0.01 0.988 ± 0.002

2 0.61 ± 0.02 191.7 ± 0.9 (1.7 ± 0.1) 9 108 0.29 ± 0.01 1.19 ± 0.05 0.39 ± 0.03
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respectively. In addition, the deceleration parts of the

second reaction step of both the samples are similarly fitted

using the phase boundary-controlled reaction model

R(n) [74]; f(a) = n(1 - a)1-1/n with approximately n = 3.

All of these experimental master plots of the first and

second reaction steps of A and B cannot be described by a

simple contracting geometry-type kinetic model for the

solid–gas reactions involving the ideal two-dimensional

shrinkage of columnar rod and the platelike graphite

crystals. The rate behavior of the oxidation of graphite with

the maximum rate midway through the reaction has been

reported by Badenhorst and Focke [25] for synthetic Kish

graphite. This behavior has been explained by the complex

reaction geometry caused by the development of randomly

distributed holes in the rectangular graphite flakes [22]. In

the present system of a carbon/carbon composite, the idea

can be further extended to the destruction of the framework

of the rod composition and the structure of the car-

bon/carbon composite as the reaction advances.

As the isoconversional relationship was confirmed with

acceptable linearity of the Friedman plots at different a
applied to the overall reaction under linear nonisothermal

and isothermal conditions (Fig. 8), the rate behaviors under

those temperature conditions were expected to be nearly

identical. Therefore, the kinetic rate data under isothermal

conditions were also subjected to kinetic deconvolution

analysis using the optimized kinetic parameters for the

reactions under linear nonisothermal conditions as the

initial parameters. Figure 12 shows the typical results of

the kinetic deconvolution analysis for the reactions of

samples A (Fig. 12a) and B (Fig. 12b) under isothermal

conditions. The optimized kinetic parameters are also listed

in Table 1. Irrespective of the samples, the experimental

kinetic rate data under isothermal conditions were satis-

factorily fitted with optimized kinetic parameters, which

are practically identical to those optimized for reactions

under linear nonisothermal conditions. This observation

means that neither the contribution nor kinetic behavior of

each reaction step changes over the examined temperature

region.

Microscopic appearance during the oxidation

reaction

Figure 13 shows selected video frames of the movies

recorded during the heating of samples A (Fig. 13a) and B

(Fig. 13b) at 5 K min-1 in flowing air (100 cm3 min-1).

Irrespective of which sample was used, no significant

changes in the molded rod shape and its diameter size were

observed between the optical microscopic views of just

before the start of the oxidation reaction [Fig. 13a(1), b(1)]

and at the maximum reaction rate of the first reaction step
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a sample A and b sample B

0 10,000 20,000

Time/s

30,000 40,000

0 10,000 20,000

Time/s

30,000 40,000

(d
α

/d
t)

/1
0–

4  
s–

1
(d

α
/d
t)

/1
0–

4  
s–

1

0.0

0.0
0.2
0.4
0.6
0.8
1.0

0.5
1.0
1.5
2.0
2.5

0.0
0.2
0.4
0.6
0.8
1.0

Fr
ac

tio
na

l r
ea

ct
io

n 
α

0.0
0.2
0.4
0.6
0.8
1.0

Fr
ac

tio
na

l r
ea

ct
io

n 
α

Measured
Calculated
1st step
2nd step

Measured
Calculated
1st step
2nd step

(a)

(b)

Fig. 12 Typical results of the kinetic deconvolution for the oxidation

reaction under isothermal conditions (T = 845 K): a sample A and

b sample B
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[Fig. 13a(2), b(2)], although many light spots caused by the

surface oxidation were observed during the first reaction

step of the thermal oxidation. During the temperature

region of the second reaction step, those samples exhibited

apparently different morphological changes. During the

second reaction step of sample A, the diameter size of the

rod continuously decreased as the reaction advances

[Fig. 13a(3), a(4)] and finally disappeared leaving small

traces of impurity ash. In the case of sample B, the diam-

eter size of the rod is maintained during the major part of

the second reaction step [Fig. 13b(3)]. Then, the rod

becomes a mere facade with the formation of many holes

and interstices [Fig. 13b(4)]. In the final part of the second

reaction step, the rod shrinks suddenly and disappears.

Figures 14 and 15 show the SEM images of samples A

and B, heated at 5 K min-1 in flowing air (300 cm3 min-1)

to different temperatures in the range of oxidation reactions

of each sample, respectively. The surface textures of A

heated to approximately the maximum reaction rate of the

first reaction step (Fig. 14a) exhibit each platelike crystal

of graphite more clearly than that observed before the

initiation of the oxidation reaction (Fig. 4a). In the tem-

perature region where the shrinkage of rod tends to occur,

the individual graphite crystals are more clearly separated

on the surfaces of the rod and many voids are formed

between those graphite crystals (Fig. 14b). At this reaction

stage, the rod surfaces are coated with a surface shell

(Fig. 14c). In the rod interior (Fig. 14d), the brushed tex-

ture observed for the original sample A (Fig. 1d) disap-

peared and the stacking structure of the platelike graphite

crystals is clearly observed. The morphological character-

istics of sample A at the second reaction step indicates that

shrinkage of the rod occurs by simultaneous oxidation

reactions on the surface of the rod and the internal graphite

constructions by maintaining the surface graphite shell.

During the final part of the second reaction step, the dif-

ference in the structure of the graphite crystals on the

surface and interior of the rod is not distinguishable

(a)

(b)

1 2 3 4

1 2 3 4

Fig. 13 Microscopic views of each sample during heating at 5 K min-1 in flowing air (100 cm3 min-1): a sample A and b sample B

Fig. 14 SEM images of sample A heated to different temperatures in

flowing air (300 cm3 min-1) at 5 K min-1: a 850 K (a = 0.16),

b–d 923 K (a = 0.52), and e, f 981 K (a = 0.86)
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(Fig. 14e). At this stage, many needlelike outshoots irra-

diating from the voids between the graphite crystals are

observed (Fig. 14f), presumably impurity ash.

At the temperature corresponding to approximately the

maximum reaction rate of the first reaction step of

sample B (Fig. 15a), the surface texture is smoother than

that of sample A at the corresponding reaction stage

(Fig. 14a). However, formation of voids between graphite

crystals is observed in larger magnification views

(Fig. 15b). In the temperature region of the second reaction

step, the surface of the rod is largely modified with the

formation of large voids and holes (Fig. 15c). From the

change in shape of the platelike graphite crystals from

those at the first reaction step (Fig. 15b) to the second

reaction stage (Fig. 15d), the edge surfaces of the platelike

crystals are recognized as the reaction sites. Therefore, the

oxidation reaction of each graphite crystal occurs in the

geometrical scheme of two-dimensional shrinkage, as has

been reported for the reaction of dispersed graphite crystals

[25]. The formation of large voids and holes in the rod

surface at the second reaction step may promote the oxi-

dation reaction in the interior of the rod, rendering the rod a

mere facade. At the final stage of the second reaction step

of sample B, the thin graphite crystals are dispersed with

large voids (Fig. 15e), irrespective of the surface or interior

of the rod. This leads to the sudden constraint of the rod at

the end of the reaction. At this stage, many filaments dis-

persed throughout the entirety of the sample are observed,

which is thought to be the ash of impurities (Fig. 15f).

Figure S5 shows the EDX spectrum of the samples at the

final stage of the graphite oxidation, which contains

impurities that became obvious from SEM observations

(Figs. 14f, 15f). In comparison with the sample before the

graphite oxidation (Figure S4), the content ratio of the

impurity atoms with reference to carbon apparently

increased. This appears to result from the increase in the

relative impurity content by the oxidation of carbon. A

larger content ratio of impurities was identified for

sample A. The major impurity atom is silicon in both the

samples. For sample A, sodium and oxygen are also

detected, indicating that the sodium silicate compound is

the residue of the oxidation. On the other hand, the content

of aluminum is larger than sodium in sample B. The dif-

ference in the morphology of the impurities between

samples A and B observed in Figs. 14f and 15f, respec-

tively, is probably caused by the difference in the relative

content ratio and the chemical contents of impurities.

Practical usefulness of the kinetic deconvolution

analysis

From the preparation procedure of the graphite rods for

mechanical pencils and SEM observations, it can be

deduced that the graphite rods are constructed from the

graphite crystals originally mixed for the preparation and the

interstitial carbon component produced from polymer mixed

as a binder during the calcination of the molded mixture, as

well as smaller amounts of clay. Therefore, the mechanical

pencil leads have the typical compositional and structural

features of a carbon/carbon composite material. As the

second reaction step of the thermal oxidation is character-

ized by the oxidation of the originally mixed graphite

crystals as observed using SEM (Figs. 14b–d, 15c, d), the

first reaction step appears to be attributed to the oxidation

reaction of the carbon component, which was produced in

the manufacturing process by the carbonization of the

polymer and filled up the interstices of the larger graphite

crystals. Therefore, a two-step reaction feature as revealed

by the kinetic study of the oxidation reaction can be inter-

preted as results from the different reactivities and kinetic

behaviors of the carbon components in the carbon/carbon

composite. The contribution of each reaction step to the

overall oxidation reaction reflects the content of each carbon

Fig. 15 SEM images of sample B heated to different temperatures in

flowing air (300 cm3 min-1) at 5 K min-1: a, b 877 K (a = 0.04),

c, d 943 K (a = 0.29), and e, f 1000 K (a = 0.85)

902 K. Nishikawa et al.
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component in the composite. Comparing samples A and B,

the larger contribution of the first reaction step observed for

sample A indicates that the content of the carbon component

originating from calcination of the polymer binder was lar-

ger for A. From the viewpoint of characterization of the

carbon/carbon composite, the kinetic deconvolution analysis

examined in this study for the thermally induced oxidation

of the mechanical pencil lead in air is useful for the com-

positional analysis of the carbon/carbon composite.

In addition to the information concerning the composi-

tion, kinetic deconvolution analysis provides kinetic

information of each reaction step of the thermal oxidation

of the composite, which can be used for characterizing the

reactivity of each carbon component. The thermal oxida-

tion of each carbon component is a heterogeneous process

that is controlled by the crystallinity and crystal morphol-

ogy, including size and shape of the crystal. Impurities may

also influence the oxidation kinetics as catalysts [9, 11, 17].

In addition, the propagation of the active surface of carbon

for the oxidation is enhanced as the reaction advances by

the development of pin holes, cracks, etc. [14, 22, 25]. It is

thus expected that the properties and conditions of each

carbon component in the composite can be relatively

deduced from the different overall kinetic behavior of the

reaction of each carbon component revealed through the

kinetic deconvolution analysis. In addition to the compar-

ison of the Ea and A values between the respective reaction

steps and among the different samples, differences in the

rate behavior at a constant temperature as deduced from the

experimental master plot of fi(ai) versus ai appear to be

useful for characterizing empirically the nature of each

carbon component. The rate behavior of the second reac-

tion step can be correlated with the crystallographic and

morphological characteristics of the graphite mixed origi-

nally. By comparing the apparent kinetic behaviors of the

thermal oxidation of the raw and the manufactured graphite

in the molded carbon/carbon composite, it is expected that

a change in the reactivity by the manufacturing can be

deduced. As far as the present samples A and B are con-

cerned, the apparent kinetic behavior of the second reaction

step is illustrated by a similar experimental master plot that

exhibits a maximum rate midway through the reaction,

although larger Ea,2 and A2 values were obtained for B in

comparison with A. In contrast, the rate behavior of the

first oxidation process is largely different between the

samples. The linear deceleration of the reaction rate as the

reaction advances observed for A indicates the adherence

to the first-order rate law and the simple consumption of

the reactant, while the rate behavior of the first reaction

step of B resembles that of the second reaction step,

exhibiting the maximum reaction rate midway through the

reaction. The carbon component that reacts in the first

reaction step is generated by the carbonization of the

polymer during the calcination of mold injected graphite

rod. Therefore, the thermal oxidation behavior of the first

reaction step varies with the mixed polymer, calcination

conditions, crystallographic, and morphological properties

of the as-produced graphite or amorphous carbon particles,

and the structural characteristics of the carbon/carbon

composite. Furthermore, the overlapping feature of the

thermal oxidation of the two carbon components appears to

vary depending on the nature of each carbon component,

the conjunction between the components, the construction

of the composite, and its changes as the reaction advances.

Therefore, the overlapping features of the multistep oxi-

dation process revealed in this study by applying kinetic

deconvolution analysis can be a relative measure for

characterizing the carbon/carbon composite.

Although the analysis method is largely empirical and

phenomenological due to the complex heterogeneity of the

reaction, the multistep kinetic behavior of the thermal

oxidation of carbon/carbon composites revealed using

kinetic deconvolution analysis will probably be useful for

characterizing the composites as overall phenomena, which

reflect their compositional, crystallographic, and structural

characteristics. Kinetic information can be used as a ref-

erence for determining the appropriate mixing ratio of the

mother mixture and processing conditions for preparing the

composite and for the product management. The practical

usability is demonstrated in separated articles by applying

the kinetic deconvolution analysis to the thermal oxidation

process of mechanical pencil leads manufactured by dif-

ferent companies and also to a series of mechanical pencil

leads with different hardness.

Conclusions

Everyday mechanical pencil leads manufactured by the

calcination of a graphite and polymer binder mixture have

the typical structural features of carbon/carbon composites

with two carbon components: one is the originally mixed

graphite, and the other is formed during the calcination

process by the carbonization of the polymer binder. The

thermal behavior of the two different pencil leads manu-

factured by different companies was comparatively inves-

tigated in this study. On heating the mechanical pencil lead

in flowing air, the evaporation/degradation of wax or oil is

detected as the first mass-loss process. The organic

antifriction used and the total mass loss during evaporation/

degradation are different among the pencil leads manu-

factured by different companies. The mass-loss value

during the evaporation/degradation of the organic

antifriction can be the empirical measurement of pores and

its structure in the carbon/carbon composite for comparing

the series of the carbon/carbon composite when the same
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wax or oil has been used. Subsequently, the thermally

induced oxidation of the carbon components occurs in two

partially overlapping reaction steps irrespective of the

sample. The specific features of the two overlapping

reaction steps were confirmed by applying isoconversional

kinetic analysis to the overall oxidation process with an

assumption of a single-step reaction. The results clearly

indicated the change in the apparent Ea value as the reac-

tion advances and the constant Ea region in the latter half of

the overall reaction. The shift point of the two character-

istic Ea regions was different between the pencil leads.

Based on the results of the isoconversional kinetic analysis,

the overall reaction was separated into two reaction steps

using kinetic deconvolution analysis, which assumes

independent kinetic processes, after a preliminary kinetic

calculation for the empirically deconvoluted kinetic curves

using a mathematical deconvolution method. From the

results of the kinetic deconvolution analysis, the contri-

butions of each reaction step to the overall reaction were

determined. In addition, the kinetic behavior of each

reaction step was characterized separately through deter-

mining the Arrhenius parameters and empirical kinetic

model functions. The Arrhenius parameters reasonably

described the relative thermal stability between the com-

ponent reaction steps and between the samples. The

empirical kinetic model function was used for drawing the

experimental master plot of each reaction step, which

simulates the change in the rate behavior at a constant

temperature. Different rate behaviors of the first reaction

step were estimated for the different samples, while rate

behaviors that resembled the reported kinetic features of

the thermal oxidation of graphite particles were observed

for the second reaction step, irrespective of the sample.

From the morphological study, it was confirmed that the

first reaction step of the thermal oxidation proceeds by

maintaining the original diameter and shape of the rod in

both the samples. Simultaneously, the outline of the gra-

phite particles became sharper during the first reaction step.

Although the changing behavior of the rod size and shape

during the second reaction step was different between the

samples, two-dimensional shrinkage and thinning of each

platelike graphite particle were evident. These observations

illustrate that the thermal oxidation of the carbon compo-

nent produced during the calcination of the graphite–ther-

moplastic mixed mold and of the graphite particles

originally mixed in the mold occur in the first and second

reaction steps, respectively. Therefore, the kinetic results of

the thermal oxidation process of the carbon/carbon com-

posite obtained using kinetic deconvolution analysis pro-

vide information concerning the composition of the

carbon/carbon composite and the kinetic features of each

reaction step, which reflects the crystallographic and

structural characteristics of each carbon component. On the

basis of the present study, kinetic analysis of the thermal

oxidation processes is proposed to be a technique that can

be used to characterize carbon/carbon composites, which is

useful for determining the preparation conditions of the

composite and for product control.

Electronic supplementary material

Sample characterization (optical microscopic views, pow-
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PE. Development of a universal constant rate thermal analysis

system for being used with any thermoanalytical instrument.

J Therm Anal Calorim. 2007;87(1):297–300.
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