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A rapid synergetic profiling approach to determining oxidation behaviour and distinguishing of carbons
within a refractory composite was explored for steel end user application. The efficacy for both Raman
spectroscopy and model free kinetics were studied and proved successful for adoption as routine tech-
niques. With the model free approach, the complex reaction steps were profiled as a multi-step reaction
with series of activation energy ranging from 230 KJ/Mol to 150 KJ/Mol. The complex oxidation behaviour
was supported by high temperature Raman spectroscopy which corroborated the pore closure mechanism
that plays a critical role in modulating reaction intensity. Raman tracked oxidation via its effect on the
crystallite sizes of resin (~ 5.5 nm to 8.5 nm) and intensity peak ratio of D to G peak within some lim-
itations that are discussed in the study. Lastly, an empirical prediction of isothermal experiment from
non-isothermal kinetics was validated and considered useful for determining the life of carbon especially

in cases where under performance was suspected due to improper preheating by the end-user.
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1. Introduction

Carbons present in carbon bonded refractories are known to
help against corrosion, physical impact of molten steel, and resis-
tance to thermal shock effects [1-4]. The degradation of carbons
therefore implies deterioration of the same properties. These prod-
ucts are heavily relied upon within the steel industry, as they form
parts of vessels and furnaces that contain the molten metal [3-6].

The composite investigated in this study comes from a refrac-
tory product called a submerged entry nozzle (SEN) [2,7]. The SEN
creates the passageway needed to control the flow of molten steel
during the continuous casting process or solidification process of
molten steel [2,3,7]. It is comprised of a carbonaceous matrix, in
the form of a phenolic resin binder system and graphite flakes
[3,8,9]. It also has a predominant aggregate system made up of
high melting point oxides [2,3,7,9].
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Improper heating of the SEN during its preparation for contact
with molten steel can result in unwanted oxidation and thermo-
mechanical compromise, leading to failures with unexpected costly
delays in production, for steel producers [10-12]. Finding a suit-
able, rapid, and robust profiling tool for assessing the mineralogical
resistance to oxidation can alleviate concerns for steel users on the
performance aspect of the SEN. It also gives them a tool to assess
when in fact mineralogical changes have an impact whether it be
from their own process of heating the product or how it was made
i.e., as a quality assurance measure. This is key to distinguishing
the origins of failure and product benchmarking.

The carbonaceous matrix, although extremely useful for the
SEN as mentioned previously, is highly susceptible to oxidation
at temperatures greater than 400 °C [3,13]. The thermal oxida-
tion stability of the carbons inherently depends on their raw ma-
terial quality, size, quantity, distribution, and their processing his-
tory to form part of the bulk refractory product [3,13]. The kinet-
ics of oxidation are sensitive to both carbon reactivity (chemical
kinetics) and the pore structure within the bulk (in the case of
diffusion kinetics) [3,13]. Pore sensitivity is more pronounced at
higher temperatures where diffusion kinetics starts to dominate
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over chemical reactivity/kinetics. Pore structure and chemical reac-
tivity are both influenced by the mineralogical grade and the way
in which the product is manufactured and treated thereafter [3,13].
Both factors have a critical role in kinetics [3,13]. This study as-
sesses the feasibility of using model free kinetics methods (static
and conversion-based model) and Raman spectroscopy for distin-
guishing and profiling oxidation behaviour in a carbon bonded re-
fractory SEN [14,15]. To the best knowledge of authors, the kinetic
profiling employed here and its synergy with Raman spectroscopy
is rarely applied to carbon bonded refractories.

In terms of model free kinetics, similar approaches have been
employed for phenolic composites but focused mainly on topic re-
lated to synthesis, curing kinetics and pyrolytic kinetics [16-19].
There is a lack of data pertaining to values of oxidation activation
energy and mechanism of degradation of the resin phase within a
bulk carbon bonded refractory composite, post synthesis. The clos-
est study found was conducted by Wang et al. 2006., who anal-
ysed the kinetic oxidation behaviour of a normal phenolic resin
against a modified phenolic composite resin (by addition of silicon
and lignin-derivative phenol), utilising model free kinetic. Their
study focused solely on the non-conversion method and synthesis
of resin [20].

Others have analysed the Kkinetics of resin derived non-
graphitizing carbons using different approaches in applications
other than refractories and have reported activation energy values
ranging from 120 - 260 KJ/mole [21-23].

The synergistic approach of utilising Raman spectroscopy and
model free kinetics opens opportunities for rapid fingerprinting,
behavioural evaluation and distinguishing of carbonaceous phases.
These are all useful parameters for metallurgical end-users. Raman
is exceptionally powerful in elucidating the chemical structure of
graphitic and polyaromatic compounds found within the refractory
of concern [8,24]. It permits identification of chemistry, calcula-
tion of nano-crystallite size, defect detection and its quantification
[8,24].

Model free kinetics has the potential to shed new insight re-
garding oxidation behavioural complexities of refractories by track-
ing changes in activation energy during oxidation and determin-
ing the unique mechanistic profile without the need of solid-state
kinetic model force-fitting model with predefined sample geome-
tries [14,15]. Model free requires very minimal number of samples
to run (3 variable heating rates) [25]. It takes less time to con-
duct and allows small variability within sampling for ease of use
(weight within + 5% in specific cases) [14,15,26]. It can also be
used for predicting isothermal experiments [27]. All of which make
it an effective alternative for end-users. The following points are
investigated in this study:

e The ability to track oxidation behaviour with Raman spec-
troscopy

e The meanings behind the practical application of the non-
conversion model of Kissinger and Ozawa.

o The conversion-based method is applied in order to gain a bet-
ter insight into the complexities of oxidation reaction behaviour
supported by high temperature Raman analysis.

This study aims to verify whether these techniques can meet
the needs of metallurgical users by offering an alternative rapid
test methods when trialling out new products, indicating on per-
formance and benchmarking against their process.

2. Experimental
2.1. Materials

SEN samples were provided by steel TATA-Steel Strip UK ltd. At-
tenuated total reflection (ATR)-FTIR spectroscopy by Themo Scien-
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tific (Nicolet iS10) was used to identify the main composite con-
stituents of the SEN. The scan range was from 500 - 4000 cm~!.

According to the FTIR data, the constituents of the aggregates
were mainly alumina and silica, based on peaks identified in the
range 951 cm~! to 1381 cm~! [28-30]. The peak at 951 cm™!
is also attributable to C-H bending vibration of sp2 hybridized
bonding [31]. 1973.4 cm~!, 2031.7 cm~! and 2152.2 cm™! are di-
amond peaks of the instrument [32,33]. The peak at 3645 cm™!
is attributable to adsorb water and O-H stretching [30,34]. 2980.5
cm~! and 2881.7 cm~! are Al-O and alkane C-H stretching, respec-
tively [34,35] (Supporting information: Figure S1).

2.2. Characterisation techniques

2.2.1. Themo-analytic analysis/calorimetry

TA thermal analysis instrument, SDT Q600 was used to simul-
taneously measure weight change and heat flow characteristics of
bulk carbonaceous composite.

e For both non-conversion and isoconversion method, heating
rates of 3, 11, 27 °C/min were employed. Purged gas using air
at 100 ml/min was applied on samples. Sample weight for oxi-
dation test was approximately 1743 mg. TA software was used
for obtaining data derivatives and conversion which were then
exported to excel for further data treatment.

For experimental validation and evaluation of the predicted re-
action rates, three isothermal oxidation experiments were con-
ducted at 510 °C, 540 °C and 570 °C. Initial gas purge was with
argon at 95 ml/min until the required temperature was reached
before switching to air at 100 ml/min.

For the Raman study, 4 separate samples were oxidised at
isothermal temperature of 510 °C, with time stamps of 1,2,3,
and 4 min. The same gas purge treatment as above was used,
switching between argon and air.

Samples were all placed on an alumina pan of 90 ul, with a
balance sensitivity of 0.1 ug and inserted into the bifilar wound
furnace of the SDT Q600. Platinum-Rhodium (Type R) thermocou-
ples are used to monitor the temperature which is equipped with
a DTA (differential thermal analysis) sensitivity of 0.001 °C.

2.2.2. Raman spectroscopy

WiTec Alpha 300R Raman laser microscope was used to con-
duct depth scans. Oxidised samples were analysed with scan width
of 80 uym and depth set to 70 um. Points chosen per line and line
per image were both set at 200. Scan speed [s/Line], retrace speed
[s/Line], and integration time were set at 4.0, 0.50 and 0.02, re-
spectively. High speed and low intensity setting were selected for
carrying out fast scan utilising the EMCCD detector (1600 x 200
pixels). EMCCD gain was set at 230 and the preamplifier gain at 1.
A 600 g/mm grating, laser wavelength of 532 nm and laser power
of approximately 15 mw were utilised. The final setting parameter
is the objective magnification which was set at 10x.

For the high temperature scans, an environmental stage purged
with argon gas was utilised to modulate the temperature of a
virgin sample whilst conducting the Raman scans. The objective
was set at 50x, with depth scan area of 30 pym x 30 pm. Points
chosen per line and line per image were both set at 100. Scan
speed [s/Line], retrace speed [s/Line], and integration time were
set at 5.0, 0.50 and 0.05, respectively. Laser power used was ap-
proximately 14mw, with the same laser wavelength and grating as
above.

WITEC project five plus software was utilised to process and
analyse parts of the data. The cluster analysis feature was used to
identify and distinguish different carbon signatures together with
their respective locations mapped.
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2.3. Kinetic analysis

The rate equation for solid state kinetic degradation process is
expressed in Eq. (1)

o _ k). fe) (1)

Where: da/dt is the rate of reaction (conversion rate) and f(«)
is the mechanism of reaction. - represents conversion obtained
from the sample mass loss using the

Eq. (2). m, refers to the initial mass of sample, m; is the mass
loss recorded at a specific time during degradation, and m_ is resid-
ual mass left behind after completion of test regime.

me — m
= — (2)
m, — my,

K- represent the rate constant and can be derived from Eq. (3)
—Ea
K (T)=A —_ 3
(1) =A exp— 3)

Eo- is the activation energy (K] mol-1).

R- is the gas constant 8.314 JK-1.

T- is the absolute temperature measured in Kelvin.
A-is the pre-exponential factor (min-1).

In Eq. (3) K is dependant on temperature and is used to de-
scribe the general, non-isothermal case. Eq. (1) can now be trans-
formed into the general, non-isothermal case by extension through
a term dependant on temperature 8 = (dT/dt) in Eq. (4). A keynote
from a kinetic viewpoint is that « is a function of both time and
temperature and a differential has been formulated to show that
both time and temperature are independent variable expressed in
Eq. (5) [36]. The B terms subsequently follows this differential

do
a =P dT (4)

o oo
da = <8t>t dT + (E)t)r dt (5)

Eq. (6) is then formulated and serves as the basis for all non-
isothermal Kkinetic reactions [36].

& _p % k). f@=A f@) eF ©)

2.3.1. Model free: isoconversion method

From Eq. (6) important isoconversion methods were de-
rived [25,36-38]: Kissinger-Akahira-Sunose and Ozawa-Flynn-Wall
methods respectively for Eq. (7) and 8.

Kissinger-Akahira-Sunose equation

,31' AozR Eoz
() (s )~ (w)

Ozawa-Flynn-Wall equation

AOtEOt i
Rg(w)

The Arrhenius parameters can be obtained by plotting the first
part of the equation against 1/T (e, i; as a function of conver-
sion and heating rate) of the last part of the respective equations.
From the slope of the graph and intersect, both apparent activa-
tion energy and pre-exponential factor/Arrhenius constant can be
obtained. 8 denotes heating rate, ¢ and i denote conversion and
heating rate. Eq. (7, 8) are obtained from an integral form of an
equation that relates to Eq. (6)'s derivative form depicted below

InB;=In

E,
~ 53308 — 1. 052<RTM> (8)
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[39]:
do AT —E -
g@) = m ~ G [exp ( ) st P = g(a)

(GO RETE I
P =e” (Xz) (10)

The temperature integral p(x), where x = E/RT, has no analyti-
cal solution. Mathematical approximations were derived to enable
derivation for Kissinger-Akahira-Sunose (KAS) and Ozawa-Flynn-
Wall (OFW) methods. The Frank-Kameneskii approximation was
used for the temperature integral approximation and had the val-
ues of x as “20 < x < 50”; which was used to derive the KAS
equation [39]. To derive the OFW equation the Doyle’s approxima-
tion was used, and it had values of x to be between “20 < x < 60”
[19,38,39].

2.3.2. Non-Conversion method

The Kissinger and Ozawa are commonly employed techniques
for determining a single activation energy for the entirety of the
reaction. The Kissinger method is considered a limit law that obeys
first order reaction model (f(cx)=(1-«¢)) and it is often utilised to
display the rate limiting step of a reaction according to Svoboda
and Malek [36,40]. These methods were used to test the hypothesis
of obtaining a predictive kinetic parameter that confirms their suit-
ability in predicting either the initial rate or to evaluate whether
its prediction corresponds to an extent of conversion (50%) as stip-
ulated by N. Sbirrazzuoli et al. [41]. The equation for the Kissinger
and Ozawa methods are below:

Kissinger equation

AR E1
n(f)=n(F) - (k) =

Ozawa equation

AE E1
Ing; = In 4052( ) 12
fi=Inps RT: (12)

From Eq. (12, 13) we can plot the first part of each equation
against 1/Tp with Tp denoting the maximum peak temperature
from the DTG curve. These equations do not consider complexity
of reaction mechanism by conversion.

3. Results and discussion
3.1. Non-Conversion method

The derivative thermogravimetric analysis (DTG) specifies the
rate of percentage loss in weight due to oxidation of carbon as a
function of temperature change (Fig. 2). The DTG peaks for each
respective heating rates: 3 °C min—!, 11 °C min~! and 27 °C min~!
were distinctively shifted making it desirable for the application of
model free kinetics. The peak temperatures of the DTG (T, (K)) and
heating rates () were used in plotting the Kissinger and Ozawa
Plots as seen in Fig. 2.

From the thermogravimetric analysis (TGA) curve, there are two
major stepwise drops in mass, owing to the different carbon types
present within the composite namely: resin and graphite. The resin
being a lower order carbon than graphite was expected to oxidise
at a lower temperature, as indicated on the TGA curves (Fig. 1a).

The TGA data also shows the onset oxidation points of the vari-
able heating programs used. The ability to delay the onset oxida-
tion with faster heating rate is a useful point of measurement for
end user application when heating these products. Industrials trials
conducted by Svensson et al., has demonstrated that faster heating
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Fig. 1. a) Graph of weight change and its derivatives peaks showing resin and graphite oxidation within a carbon bonded refractory composite. b) Ozawa Arrhenius Plot c)

Kissinger Arrhenius Plot.; B refers to heating rate and T, refers to the peak temperature.

Table 1.

Shows the activation energy and Arrhenius parameter from
both the Kissinger () and Ozawa (8) method employed. The
symbol “(*)” refers to kinetic parameters obtained by equation
method utilising heating rates; whereas the symbol “(A)” refers
to parameters obtain from the intercept of the slope.

Ea In A A
35.28.) 2.09E+15(.)
35.13,, 1.82E+15(,)
24211, 3531, 2.17E+15(,,
242,845, 40.34(,) 3.31E4+17(4)

rates were more effective in protecting the SEN against decarburi-
sation and through the densification of silicon forming a glass pro-
tective coating upon activation at temperatures greater than 700 °C
[12]. The effect of heating rate is also observed on DTG peak max-
imums otherwise known as the maximum mass loss rate. For the
resin, there is a depreciation of the DTG as the heating rate in-
creases indicating resistance to oxidation. The increase in heat-
ing rate is coupled with shift in temperature coverage of the DTG
at higher temperatures caused by the accelerated heating of the
sample exterior relative to its interior [42,43]. A study on the ma-
trix graphite oxidation has shown low temperature oxidation to be
more damaging through the preferential oxidation of resin-binder
and mechanism of pore formation [44].

From the results obtained in Table 1., activation energy utilis-
ing both Kissinger and Ozawa method yielded equivalent values of

activation energies; 242 KJ/mol. The slope of the graph in Fig. 1b,
and 1c were used to calculate their respective activation energies.
Both Kissinger and Ozawa method showed good linear fitting with
high correlation coefficient indicated by R? value of 098,453 and
0.98598 respectively.

The Arrhenius constant for the Ozawa can be obtained di-
rectly from the intercept of the graphical slope with great con-
fidence. However, an equation method based on variable heat-
ing rates was employed in deciphering the Arrhenius constant for
the Kissinger (as opposed to utilising its intercept value). This
equation can be found elsewhere for reference (xu et al., curing
study) [45]. Nevertheless, the Kissinger’s intercept value for the Ar-
rhenius constant was compared against those obtained from the
equation-based method and with respect to Ozawa. The order of
magnitude difference between the Arrhenius constants from both
Kissinger and Ozawa decreased from 7 to 2; once the equation
method was applied to Kissinger. This may imply an improve-
ment in Kissinger’s prediction with the use of the equation-based
method.

To further evaluate the differences in Arrhenius constants, be-
tween the two methods; their rate K (T) constants were calculated
using Eq. (3) for each respective method. The kinetic parameters
of activation energy and Arrhenius constant obtained from both
Ozawa and Kissinger served as inputs variables into Eq. (3). Three
respective temperatures were tested at: 510 °C, 540 °C and 570 °C.
Isothermal experiments for validation using the same temperatures
as above were also conducted. The choice of temperatures helped
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Fig. 2. a) Shows the derivate of mass loss (brown line) against time in the isothermal experiment at 510 °C; initiating 22.3 min after the gas flow was changed from an
inert to an oxidising environment. The purple line depicts the percentage conversion occurrence. 40% conversion is equivalent to the peak maximum derivative. b) The TGA
plot of mass loss (brown line) against time, with gas switch depicted in purple and temperature program in black.

clarify predictions with respect to initial rate and/or peak maxi-
mum rate at these temperatures.

Experimentally measured maximum peak derivatives were:
0.3367%/min, 0.3675%/min, and 0.4637%/min for each of the re-
spective temperatures ( °C) at 510, 540 and 570. The predictive
rates for the Kissinger were too low (~ 0.0025%/min for 510 °C)
and therefore considered inaccurate in terms of predicting initial
rate or peak maximum derivative/rate.

The Ozawa predicted rate constants were: 0.30575%/min,
0.54875%/min, 0.7915%/min for each respective temperature ( °C)
at: 510, 540 and 570. The closest agreement of rate prediction
with respect to isothermal experiment was with 510 °C. It is there-
fore reasonable to infer that the kinetic parameters obtained from
Ozawa can be used for predicting maximum derivatives but within
a small temperature region from its onset (487 °C —510 °C).

Fig. 2. shows the rate at peak maximum of the isothermal ex-
periment which is in close agreement with Ozawa’s prediction at
510 °C. The initial rate can also be observed in Fig. 2; it was ap-
proximately 0.027%/min and extrapolated at 0.1% conversion from
the start of oxidation. The initial rate value was not predicted by
either of the methods employed.

It is key to note that these methods cannot be used to deci-
pher complexities of reaction mechanism as they only produce a
single averaged kinetic parameter for the entirety of the reaction,
as opposed to the isoconversion methods.

3.2. Model free (Dynamic model) isoconversion

3.2.1. Evaluation of Ea with respect to Ln A
The isoconversion method allows the determination of com-
plexities in reaction kinetics, by providing the kinetic parameters

as a function of conversion. Clear differences were observed in the
activation energy and Arrhenius constant values obtained for both
OFW and KAS methods. Overall, the KAS method predicted higher
kinetic parameters than the OFW method (See Fig. 3d). However,
the descending trend of values obtained were similar. To test the
reliability of the methods used in predicting these values, the tem-
perature integral limit of ‘x’ was assessed for both KAS (20 < x
< 50) and OFW (20 < x < 60); using x= Ea/RT (where Ea, is the
activation energy and T is the average temperature from the iso-
conversion plot). The OFW was found to be more accurate than
the KAS, based on its values of ‘X’, staying within the approxima-
tion limit (Supporting information: Figure S2) KAS method was not
further analysed as result.

Both activation energy and Arrhenius constant decrease as a
function of temperature shift and conversion (Table 2). In simple
reactions, the decrease in activation energy is associated with an
increase in rate where the change in Arrhenius constant is not sig-
nificant. However, observations from the experimental data shows
rate/derivative to increase steadily and peaks at 60% conversion be-
fore decreasing. The effect of Arrhenius constant was therefore in-
cluded in the analysis to understand the reaction behaviour.

The effect of Arrhenius constant can be explored by its associa-
tion with entropy. By utilising the rate dependency of the activated
complex theory approach; the equilibrium shift between the reac-
tants and activated complex formed can be studied from a ther-
modynamic perspective using the Gibbs free energy equation:
AG=AH-TAS (16)

Where, an increase in entropy (AS) lowers the Gibbs free energy
(AG), shifting the equilibrium towards forming more of the acti-
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Fig. 3. The Arrhenius plots of the a) OFW method and b) KAS method; showing respective conversions fitted with linear regression analysis, with the slope and the intercept
of each corresponding to the activation energy and Arrhenius constant respectively. c) Plot of the compensation effect showing the linear relationship between In A against
activation energy. d) Activation energy as a function conversion for both OFW and KAS (KAS overprediction of kinetic parameters).

Table 2

Kinetic parameters for the isoconversion method: Ozawa Flynn
Method. "*" indicates the "In A" parameter has been adjusted
through the compensation effect.

OZAWA-FLYNN WALL METHOD

Conversion (%)  Ea (K] mol~')  R2 * InA

10 2411 £ 25 0.98699 524 +33
20 233.6 £ 2.3 0.98804 51.0 +£ 29
30 2258 + 1.8 0.99248 494 + 2.2
40 2171 £ 1.1 0.99662 477 £ 1.4
50 2084 + 0.6 0.99902 46.0 £ 0.7
60 1979 + 0.1 0.99998 440 + 0.1
70 186.3 + 0.4 0.99947 41.7 £ 0.5
80 172.7 £ 0.7 0.99782 39.1 £ 0.9
90 157.1 +£ 0.6 0.99814 36.0 + 0.7
100 155.8 + 0.7 0.99959 358 +0.3

vated complex. The total entropy AS is a factor consisting of the
difference in entropy of reactants to that of the activated complex
(entropy of activated complex). The calculation of entropy can be
obtained by the following:

keT AS
A:hew(R>

AS =RIn (Ah>
kﬁT

(17)

(18)

The above equation is taken from rate dependency relationship
of the activated complex theory (with substitution of AH to Ea one
can relate this to Eq. (3) of the Arrhenius rate Eq. (3)):

A—kﬁ—Tex §ex AH
=n FP\ R )P\ RT

Where, kg, h and AH are the Boltzmann constant, Planck constant
and enthalpy change respectively.

It is observable from the relationship that the value of entropy
is highest at the beginning of the reaction and decreased as re-
action progressed (see Fig. 4). It has been noted by Luchini et al.,
that thermal expansion mismatch is known manifest itself signifi-
cantly at temperatures around 500 °C causing pore closure, densi-
fication, and a rise in the elastic young’s modulus of the material
[46]. Werner et al., also found the same trend in their study quot-
ing an initial temperature of 400 °C; and stating that this onset
temperature depends on carbon content and grain size (i.e., com-
position based) [47]. It was also noted that the alumina and the
graphite phase are more affected by temperature increase above
this temperature due to their higher thermal expansion coefficient
than the glassy carbon/resin [46,47]. It is therefore feasible to ex-
trapolate that pore closure restricts mobility of the activated com-
plex formed when entropy decreases but this can only be held true
when the entropy change is positive. Oxidation of carbon is a dis-
sociative process.

(19)
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Fig. 4. Graph of Entropy change against In A showing linear decrease of entropy as
a function the Arrhenius constant.

Theoretically, decreasing the total entropy change of activation,
(when positive) means that there is a decrease in the gap between
activation entropy of reactant and activation entropy of activated
complex [48]. As explained by Vyazovkin [48] this is achievable by
either increasing activation entropy of reactants or decreasing the
activation entropy of the activated complex. In this case it is the
latter.

The entropy takes on negative values (associative process) as
the reaction nears the end (refer to Fig. 4). From the Raman data,
orderliness of carbon phase was observed on the surface as tem-
perature increased (refer to Fig. 8). Additionally, pore closure is ex-
pected to increase as temperature increases causing further densi-
fication and expansion of graphitic phase [46]. Therefore, the in-
crease in entropy in this case (i.e., becoming more negative) is due
to the lowering of the activation entropy of the reactant. This is
to be expected as pore closure should restrict molecular mobility
which is also supported by the orderliness observed by the Raman
data (refer to Fig. 8).

Theoretically, an increase in entropy (i.e., becoming more nega-
tive) due to pore closure reduces the gap between the activation
entropy of activated complex and activation entropy of reactant
[48]. This is achievable by lowering either the activation entropy
of reactant or increasing the activation entropy of activated com-
plex [48]. In this instance, it is the former.

3.2.2. Isothermal predictions and reaction complexity

Isothermal predictions were attempted and evaluated against
isothermal experiments at temperatures ( °C):510, 540 and 570.
By utilising a the Friedmann approach the time taken to reach a
set conversion is possible to calculate from a model free perspec-
tive using the equation below (t, = time taken, T= temperature,
o = conversion, f(«) is the reaction model):

dt =7 da (20)

J
0| Ax f(@)exp (ﬁ%)

However, due to the complexity of reaction mechanism and in-
adequacies in the predicted kinetic parameters of the OFW method
(in terms of accuracy), the isothermal prediction with the Fried-
mann derived method proved difficult to achieve when used in the
conventional manner i.e., it did not produce values comparable to
the isothermal experimental data when trialled.

ty =

o=~

Carbon Trends 8 (2022) 100174

To overcome this issue, the Vyazovkin activation energy was
used in place of OFW. The vyazovkin method is known to be more
accurate in predicting complex reactions [27,49]. Vyazovkin activa-
tion energy was obtained with software created by Drozen et al.,
[49] (Supporting information: Table S1). The Arrhenius constants
were calculated using the OFW compensation constants “a” and
“b” as they produced the best predictions.

Additionally, a modified empirical approach was determined us-
ing the same equation above (Friedmann derived) but with care-
fully selected combinations of kinetic parameters as inputs, at set
temperatures. These kinetic combinations (Ea and A) produced a
linear graphical trend with the same R? value of 0.983 (see Fig. 5a).
The linear regression equations from the graph were subsequently
used to calculate the time taken predictions.

Three kinetic input parameters of Ea and A were taken from
conversions of: 60% (peak maximum), 70% and 80%. Three aver-
age temperatures from the non-isothermal runs corresponding to:
10% conversion (487 °C), 20% conversion (506 °C), and 60% con-
version (540 °C), were also selected to correspond with the kinetic
parameters, respectively. Finally, the reaction model f(«r) was kept
the same for all three calculations and selected at 20% conversion.
The reaction model of f(a) was calculated in a model free approach
found. These combinations provided the best fitting for the predic-
tions.

For each respective conversion, the predictions for the time
taken reduced as a function of temperature increase. A subtle dif-
ference was noticed when compared to experimental isothermal
data in terms of trend. The time taken to reach the same set of
conversion also reduced as a function of each incrementally tested
temperature (510 °C, 540 °C and 570 °C) but with an anomaly at
570 °C. This anomaly is indicative of the complexity in the reac-
tion mechanism especially at higher temperatures. The time taken
seemingly increased (i.e., loses trend) at this temperature but only
for conversion less than 50% (refer to Fig. 5b). Conversion at 50%
and beyond did decrease to follow the trend however, this decrease
was very marginal when compared the previous temperature (re-
fer to Fig. 5b). This would suggest that at higher temperatures pore
closure has a greater effect causing a slight delay in the overall re-
action.

The accuracy of the isothermal prediction was dependant on
both conversion and selected temperature of interest (See Fig. 5¢
and 5d). The predictions seem to work best at lower temperatures
less than 510 °C. By setting a standard error baseline of < 0.5, a
good prediction is achievable for 40% to 80% conversion with re-
spect to 510 °C (See Fig. 5). If 540 °C was to be used, then a good
prediction can also be obtained with conversion 50% to 80% whilst
maintaining the same error threshold of <0.5. It is not advisable
to use the prediction for 570 °C due to margins of error being
too high. The complexity of reaction is more pronounced at higher
temperatures as depicted on Fig. 5b, (reaction rate fails to decrease
entirely as a function of temperature) making the isothermal pre-
diction unsuitable beyond 540 °C.

These results were also assessed against common solid-state ki-
netic models to see if there is mechanistic fit. From the models
tested, no overall fitting was observed owing to the complexity
of reaction mechanism as previously noted. However, the agree-
ment in terms of the explanation for what was observed with the
isothermal predictions was coherent. At lower conversions of 20%
(equivalent to average temperature of 506 °C) and less, there is a
possible fit (cross-over) with certain nucleation models and power-
based models. The avrami models of A4 and A3 and the power
model of P4 showed the best agreement at 10% conversions or
equivalent averaged temperatures (Supporting information: Figure
S3). At 20% conversion F3 (third order) and A4 model (avrami)
showed the best agreement. The agreement at these lower con-
versions could prove why the isothermal predictions only works
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Fig. 5. a) Empirical model of Time taken to reach a conversion point vs Temperature. The model was built using three selected kinetic parameters fitted with a linear regres-
sion whose equations are used for predicting isothermal experiments. b) Time taken isothermal plots of experimental data at 510, 540, and 570 showing the downward or
upward trend at these temperatures. c) Isothermal prediction for 510 compared against experimental value. d) Isothermal prediction for 540 compared against experimental

value; standard error plots showing degree of difference.

best at lower temperatures. From the z(a) master plots, the curve
of the experimental plot followed a mixture of avrami and expo-
nential/power law in terms of trend but never quite fits any of
the models due to its complexity and varies drastically as tem-
perature/conversion increased (Supporting information: Figure S3).
This observation demonstrates that whilst theoretically useful, such
approaches have limited practical value in industrial applications
in the current context and reinforces the requirement for more
rapid characterisation and assessment tools such as those pre-
sented herein.

3.3. Raman analysis

3.3.1. Tracking oxidation

Raman spectra was acquired for four incrementally oxidised
samples at with 1 min interval apart. Only the resin was oxidised
during this experiment. This was achieved by setting the isother-
mal temperature for oxidation at 510 °C, which was below the oxi-
dation temperature of the graphite. Samples were oxidised in bulk
form to capture the effect of microstructure which was also the
case for the kinetic derivation of the reactions above.

The cluster algorithm of the WiTec software was used to sep-
arate out or distinguish between carbons and carbons signals af-
fected by substrates. Locations of both graphite and resin were
clearly mapped and organised in clusters based on features of re-

semblance. Each scanned region was divided up into 4 clusters.
The cluster that was least affected by aggregate or substrate ef-
fects in each scanned region was used in determining the ox-
idation relationship. A single Lorentzian fitting of the G and D
peaks were used in these calculations by way of deconvolution
fitting recommendation extrapolated from Mallet-Ladeira et al.,
study [50].

The Raman vibrational modes detected were mainly the G peak,
D peak and 2D peaks as illustrated on Fig. 6. The G peak in Ra-
man arises due to vibrations of sp2 bonding (pi-bonds) found in
aromatic or graphitic type compounds [51,52]. Structural order-
ing of carbons and nano-crystallite size can be determined from
the G peak [52]. In terms of crystallite size calculations, the pro-
posed method by P. Mallet-Ladeira et al., was utilised for the resin
whilst the method proposed by Maslova et al., was applied for
the graphite [50,52]. In literature, the G-peak shift is normally
recorded as 1580 cm~! (in the case of perfect graphite with no
residual stress) whereas the D peak is recorded at approximately
1350 cm~! and is referred to as a disorder induced mode which is
absent in defect free graphite [52-54]. The intensity of the D peak
becomes more pronounced as the graphitic compounds becomes
less ordered or more defective.

Fig. 6., shows a typical depth scan with only a single clus-
ter shown (i.e., the cluster least affected by substrate effects such
as aggregates within the composite) and masking the others. The
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commonly used intensity peak ratio of G to D peak (useful for de-
termining how ordered or defective the carbons are), and crystal-
lite sizes were evaluated as a function of oxidation [24,52,55]. The
intensity ratios of both the graphite signal and resin decreased as
a function of oxidation with a slight anomaly for the resin cluster
(See Fig. 7c and 7d). The decreased in trend as a function of oxida-
tion only holds true from the start of oxidation to 3 min oxidation
timepoint (approximately 20% resin conversion). Beyond this point
(i.e., at 4 min timepoint), the level of partial oxidation within the
bulk sample is considered too high in that the Raman cluster sig-
nals obtained were greatly affected by the substrate effects within
the bulk (Supporting information: Figure S4). These results indi-
cate that there is a limit to the extent at which resin clusters can
be traced with confidence during the partial oxidation process. The
graphite cluster signals were also affected by the substrates within
the composite at this stage but to a lesser degree and therefore
maintained trend (refer to Fig. 7d).

A similar effect was also observed on the measured crystal-
lite sizes at the 4-minute interval point for the resin cluster (See
Fig. 7a) where the trend was lost at this point. However, the crys-
tallite size generally increased as a function of oxidation for the
resin cluster. The graphite crystallite size did not change much
with respect to resin oxidation but exhibited an anomaly at 3-

minute oxidation time-point (See Fig. 7b), which can be attributed
to the fitting method employed [50] and substrate effects [55].

Ly, et al, traced oxidation of nuclear graphite utilising Raman
but only found a trend with oxidation using FWHM (full width half
maximum) of the G peak [24]. Accordingly, it was found that pro-
gressive oxidation decreased the FWHM of the G peak [24]. It was
inferred in their study that oxidation can be tracked by monitoring
the preferential oxidation of binders (i.e., with smaller nanocrystal-
lite size) exposing filler particles (i.e., with larger nanocrystallite).
This would lead to an increase of observable nano-crystallite sizes
as samples are oxidised which confirms the trend observed in this
work.

Moreover, Lu et al., did not find any trend with regards to the
intensity ratio of the G to D peak [24]. However, a further assess-
ment of peak components of the resin cluster within this showed
a decrease in trend with intensity ratio; that is if we excluded the
timepoint at 4 min due to signal interference. The graphite, how-
ever, did not show any trend with regards to intensity ratio due
substrate effects. In fact, it is important to also note that graphite
was not oxidised in this study as it was in Lu et al., study [24].
Moreover, individual peak intensities of the G and D peak decrease
in trend with respect to oxidation for the resin cluster if we ex-
clude time-point at 4 min.
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There was an expectation that the G intensity of graphite may
increase as the resin oxides. However, this was not the case due
to signal interference at the two-minute interval. The G intensity
signal was suppressed and therefore decreased, before increasing
again at the 3 min and 4-minute interval. Depth scan spectra at
the 2 min oxidation timepoint showed evidence of high intensity
TiO, signals, accompanied with a considerable reduction of the G
and D peak of both resin and graphite clusters. This would suggest
that a critical amount of resin and aggregate could have a signifi-
cant signal interference. We can also deduct from studies aimed at
improving the photocatalytic behaviour of titania that an increased
amount of titania on the surface often decrease the graphene sig-
nal and vice versa [56-58]. Clear peaks of titania were identified
at 158, 399, 501 and 615 (rel.cm~!) and were noticeable during
the scan at 2 min oxidation (Supporting information: Figure S5)
[56-58].

To assess the influence of alumina which is the major aggregate
in the composite material. Changes of peaks components were as-
sessed for both the resin and graphite cluster at the 4- minute in-
terval point and compared against 3-minute oxidation timepoint.
For the graphite cluster, the G peak intensity seems to be most af-
fected component (amplified/increased) whilst the rest of its com-
ponents remain relative stable (Supporting information: Figure S4).
This stability is the reason why it can be used to track oxidation all
the way to the 4-minute time point

10

For the resin clusters only the hwhm (half width half maxi-
mum) of the G peak remained slightly stable, however the rest of
the peak components increased significantly due to the effect of
alumina. The changes observable with resin components may be
due to several reasons including: the amount of resin left post ox-
idation, and the poor suppression of the fluorescence effect of alu-
mina (which increases in amount as a function of oxidation) com-
pared to graphite or graphene compounds [59]. Dielectrics such as
alumina can amplify Raman signals through a process of interfer-
ence [59].

During oxidation, the G-peak position shifted indicating strain
effects experienced by the remaining carbonaceous matrix. Shift-
ing of the G-peak to lower values were observed from initial ox-
idation to the 3-minute timepoint - for the resin clusters (1586
rel.cm~1;1582 rel.cm~1; 1579 rel.cm~1). This implied that the com-
pressive state of the resin clusters changed as a function of oxida-
tion at room temperature. The graphite G peak position changed
only at the 3-minute and 4-minute oxidation point, indicative of
both substrate effect and fitting method employed as previously
stated. The graphite cluster transformed into a tensile state at the
4-oxidation timepoint (1576 rel.cm™1).

3.3.2. High temperature microstructural evaluation
Temperature modulated depth scans were conducted on a vir-
gin sample to study the microstructural influence that could im-
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pact on the kinetics of oxidation, or the complexity of reaction ob-
served. The strain states of the carbons were investigated as func-
tion of the following temperatures ( °C): 25, 200, 400, 600, 800,
and 1100). An increase in shift/position of the G-peak from its nor-
mal position of 1580 cm-1 is indicative of compressive strain and
a decrease from the same position implies a tensile strain [53,54].
To obtain the G-peaks positions reliably a single lorentzian fitting
was used to fit onto the peak with the aid of WiTec software.

Cluster analysis was also employed to distinguish between car-
bons affected by substrates/aggregates to those least affected. A
resin rich dominant region was scanned as a function of temper-
ature and compared against a graphite dominant region. Each re-
gion was divided up into three clusters, two of which were highly
influenced by aggregates within the composite; leaving only one
cluster that was the least affected for both the resin and graphite
dominant regions.

For the resin dominant region, the cluster that was least af-
fected by aggregates changed from a compressive state (1587.88
rel.ecm~1) at 25 °C to a tensile state (1578.06 rel.cm~1) at 200 °C
(refer to Fig. 8 and supplementary: Table S2). This is in contrast to
the graphite dominant region which transitioned from compressive
to tensile only at 400 °C (1578.06 rel.cm~!). The two remaining
clusters for the resin dominant region all followed a similar trend
to the graphite above. These clusters (resin) that were highly influ-
ence by aggregates were also in a more compressive state at 25 °C
than the cluster of resin that was least affected by substrates ef-
fects. The remaining two clusters for the graphite dominant region
also followed (almost identical) the same trend to the graphite
cluster that was least affected by substrates. Refer to the supple-
mentary: Table S2 for values of fitting respective clusters.

What was unique about these findings is that the visibility of
the resin cluster that was least affected by substrates diminished
as function of temperature. There was a noticeable increase in the
2D peak and reduction of the D peak. These observation points to
microstructural changes of orderliness with regards to carbon and
the graphitic influence (i.e., expansions) as temperature increased.
The severe reduction of the p-peak at 1100 °C (i.e., mainly graphite
that is detected) could be as a result of resin pyrolysis coupled
with the pore closure mechanism.

With the exception of the resin cluster that was least affect
by substrate (supplementary: Table S2); the change in strain state
from compressive to tensile at 400 °C for all other clusters con-
firms the microstructural influence with much emphasis on aggre-
gates and graphite interaction. This can be used as an indicator

1
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or point to focus on in terms detecting where (i.e., temperature)
the possible thermal expansion mismatch lies that governs pore
closure mechanism explained by Luchini et al.,, and Werner et al.,
[37,50]. Densification and pore closure of the carbon matrix is ex-
pected at critical temperatures where thermal expansion mismatch
between aggregate and graphite is significant to cause a sudden in-
crease in the elastic modulus of the material. The clusters with sig-
nificantly influenced by aggregate together with the graphite rich
region all point to this critical temperature of 400 °C. The ability
to measure the strain state in Raman using carbon as a sensor pro-
vides the unique tool to trace this temperature in conjunction with
monitoring the surface carbon characteristics of resin rich region to
visualise microstructural changes governing the kinetics and ther-
modynamic of oxidation behaviour.

4. Conclusion

Oxidative degradation behaviour of resin within a carbon-based
refractory composite was successfully studied in bulk material us-
ing model free kinetics and Raman spectroscopy.

Activation values ranged for the isoconversion methods ranged
between 241 KJ/Mol to 155 KJ/Mol for OFW and 230 K]J/Mol to
150 KJ/Mol for Vyazovkin. The activation energy for Ozawa and
Kissinger were both 242 K]J/Mol, for the non-conversion-based
method.

The non-conversion method of Ozawa can be used for predict-
ing initial rate at the initial onset temperatures below 510 °C. The
predicted rates would correspond to the peak maximum rate at the
investigated temperature.

Multi-step reaction behaviour was studied effectively using the
isoconversion method, supported by theoretical thermodynam-
ics and complimentary Raman data highlighting microstructural
changes governing the reaction kinetics. The pore closure due to
thermal expansion mismatch is a key feature slowing the reac-
tion as a function of incremental temperature change. The differ-
ent strain states within composite may add to the complexity of
reaction depending on the region exposed.

Prediction of isothermal experiment which is seldom reported
in complex reaction from a model free perspective was successfully
conducted using an empirical graphical approach. Prediction works
best at lower temperatures below 510 °C. If used to predicted tem-
peratures slightly above, then consideration must be placed on the
region of conversion that gives the most reliable results. It advis-
able to not use this approach for temperatures beyond 540 °C ac-
cording to the experimental results. It is key to note that this pa-
rameter may be useful when determining the life of carbon for
cases where under heating/improper preheating is suspected by
steel end-user.

Tracing oxidation with Raman peak intensity ratio and crystal-
lite size was proved possible but with limitations of use depending
on the amounts of total resin lost (20% conversions) and substrate
effects from certain aggregates such as alumina and titania known
to amplify or suppressed signals respectively.

In future, an investigation into the microstructural features of
pore formation upon oxidation will be great use to understand the
difference between small partial oxidation observed at low tem-
peratures in this study compared to oxidation at high temperatures
where degradation of graphite is also established.

From a metallurgical perspective, these profiling tools would
also provide a means to rapidly benchmark and investigate process
influences (i.e., preheat time and adjustment of burner alignment)
on the performance of their product (i.e.,, the SEN in this case).
They can be used to potentially trace microstructural changes re-
sulting from the process of preheating, profiling the resistance to
oxidation as a function of preheat time or even detecting mi-
crostructural changes due to minute levels of oxidation that may



E. Sallah, W. Al-Shatty, C. Pleydell-Pearce et al.

occurs in service, a capability which does not currently exist in this
context.
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