
Carbon Trends 8 (2022) 100174 

Contents lists available at ScienceDirect 

Carbon Trends 

journal homepage: www.elsevier.com/locate/cartre 

Distinguishing of carbons and oxidation behaviour (Part 1): Exploring 

model-free kinetics and RAMAN spectroscopy as a synergistic 

approach for evaluating carbon-bonded-refractories 

Ebrima Sallah 

a , ∗, Wafaa Al-Shatty 

b , c , ∗, Cameron Pleydell-Pearce 

a , ∗, Andy J. London 

d , 
Chris Smith 

d 

a Materials Research Centre, Swansea University, Bay Campus, Swansea SA1 8EN, GB, United Kingdom 

b Energy Safety Research Institute (ESRI), Swansea University, Bay Campus, Swansea SA1 8EN, United Kingdom 

c Laboratory and Quality Control Department, Basrah Oil Company, Bab Al Zubair, Basrah 21240, Iraq 
d Material Research Facility, UK Atomic Energy Authority, Culham Science Centre, Abingdon, OX14 3DB Oxfordshire, GB, United Kingdom 

a r t i c l e i n f o 

Article history: 

Received 30 January 2022 

Revised 11 April 2022 

Accepted 12 April 2022 

Keywords: 

Model free kinetics 

Carbon bonded refractory 

Submerged Entry Nozzle 

Raman Spectroscopy 

Oxidation 

a b s t r a c t 

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. 

© 2022 The Author(s). Published by Elsevier Ltd. 

This is an open access article under the CC BY-NC-ND license 
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. Introduction 

Carbons present in carbon bonded refractories are known to 

elp against corrosion, physical impact of molten steel, and resis- 

ance to thermal shock effects [1–4] . The degradation of carbons 

herefore implies deterioration of the same properties. These prod- 

cts are heavily relied upon within the steel industry, as they form 

arts of vessels and furnaces that contain the molten metal [3–6] . 

The composite investigated in this study comes from a refrac- 

ory product called a submerged entry nozzle (SEN) [ 2 , 7 ]. The SEN

reates the passageway needed to control the flow of molten steel 

uring the continuous casting process or solidification process of 

olten steel [ 2 , 3 , 7 ]. It is comprised of a carbonaceous matrix, in

he form of a phenolic resin binder system and graphite flakes 

 3 , 8 , 9 ]. It also has a predominant aggregate system made up of

igh melting point oxides [ 2 , 3 , 7 , 9 ]. 
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Improper heating of the SEN during its preparation for contact 

ith molten steel can result in unwanted oxidation and thermo- 

echanical compromise, leading to failures with unexpected costly 

elays in production, for steel producers [10–12] . Finding a suit- 

ble, rapid, and robust profiling tool for assessing the mineralogical 

esistance to oxidation can alleviate concerns for steel users on the 

erformance aspect of the SEN. It also gives them a tool to assess 

hen in fact mineralogical changes have an impact whether it be 

rom their own process of heating the product or how it was made 

.e., as a quality assurance measure. This is key to distinguishing 

he origins of failure and product benchmarking. 

The carbonaceous matrix, although extremely useful for the 

EN as mentioned previously, is highly susceptible to oxidation 

t temperatures greater than 400 °C [ 3 , 13 ]. The thermal oxida- 

ion stability of the carbons inherently depends on their raw ma- 

erial quality, size, quantity, distribution, and their processing his- 

ory to form part of the bulk refractory product [ 3 , 13 ]. The kinet-

cs of oxidation are sensitive to both carbon reactivity (chemical 

inetics) and the pore structure within the bulk (in the case of 

iffusion kinetics) [ 3 , 13 ]. Pore sensitivity is more pronounced at 

igher temperatures where diffusion kinetics starts to dominate 
under the CC BY-NC-ND license 
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ver chemical reactivity/kinetics. Pore structure and chemical reac- 

ivity are both influenced by the mineralogical grade and the way 

n which the product is manufactured and treated thereafter [ 3 , 13 ]. 

oth factors have a critical role in kinetics [ 3 , 13 ]. This study as-

esses the feasibility of using model free kinetics methods (static 

nd conversion-based model) and Raman spectroscopy for distin- 

uishing and profiling oxidation behaviour in a carbon bonded re- 

ractory SEN [ 14 , 15 ]. To the best knowledge of authors, the kinetic 

rofiling employed here and its synergy with Raman spectroscopy 

s rarely applied to carbon bonded refractories. 

In terms of model free kinetics, similar approaches have been 

mployed for phenolic composites but focused mainly on topic re- 

ated to synthesis, curing kinetics and pyrolytic kinetics [16–19] . 

here is a lack of data pertaining to values of oxidation activation 

nergy and mechanism of degradation of the resin phase within a 

ulk carbon bonded refractory composite, post synthesis. The clos- 

st study found was conducted by Wang et al. 2006., who anal- 

sed the kinetic oxidation behaviour of a normal phenolic resin 

gainst a modified phenolic composite resin (by addition of silicon 

nd lignin-derivative phenol), utilising model free kinetic. Their 

tudy focused solely on the non-conversion method and synthesis 

f resin [20] . 

Others have analysed the kinetics of resin derived non- 

raphitizing carbons using different approaches in applications 

ther than refractories and have reported activation energy values 

anging from 120 – 260 KJ/mole [21–23] . 

The synergistic approach of utilising Raman spectroscopy and 

odel free kinetics opens opportunities for rapid fingerprinting, 

ehavioural evaluation and distinguishing of carbonaceous phases. 

hese are all useful parameters for metallurgical end-users. Raman 

s exceptionally powerful in elucidating the chemical structure of 

raphitic and polyaromatic compounds found within the refractory 

f concern [ 8 , 24 ]. It permits identification of chemistry, calcula- 

ion of nano-crystallite size, defect detection and its quantification 

 8 , 24 ]. 

Model free kinetics has the potential to shed new insight re- 

arding oxidation behavioural complexities of refractories by track- 

ng changes in activation energy during oxidation and determin- 

ng the unique mechanistic profile without the need of solid-state 

inetic model force-fitting model with predefined sample geome- 

ries [ 14 , 15 ]. Model free requires very minimal number of samples 

o run (3 variable heating rates) [25] . It takes less time to con- 

uct and allows small variability within sampling for ease of use 

weight within ± 5% in specific cases) [ 14 , 15 , 26 ]. It can also be

sed for predicting isothermal experiments [27] . All of which make 

t an effective alternative for end-users. The following points are 

nvestigated in this study: 

• The ability to track oxidation behaviour with Raman spec- 

troscopy 
• The meanings behind the practical application of the non- 

conversion model of Kissinger and Ozawa. 
• 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 

he needs of metallurgical users by offering an alternative rapid 

est methods when trialling out new products, indicating on per- 

ormance and benchmarking against their process. 

. Experimental 

.1. Materials 

SEN samples were provided by steel TATA-Steel Strip UK ltd. At- 

enuated total reflection (ATR)-FTIR spectroscopy by Themo Scien- 
2

ific (Nicolet iS10) was used to identify the main composite con- 

tituents of the SEN. The scan range was from 500 – 4000 cm 

−1 . 

According to the FTIR data, the constituents of the aggregates 

ere mainly alumina and silica, based on peaks identified in the 

ange 951 cm 

−1 to 1381 cm 

−1 [28–30] . The peak at 951 cm 

−1 

s also attributable to C–H bending vibration of sp2 hybridized 

onding [31] . 1973.4 cm 

−1 , 2031.7 cm 

−1 and 2152.2 cm 

−1 are di- 

mond peaks of the instrument [ 32 , 33 ]. The peak at 3645 cm 

−1 

s attributable to adsorb water and O–H stretching [ 30 , 34 ]. 2980.5 

m 

−1 and 2881.7 cm 

−1 are Al–O and alkane C–H stretching, respec- 

ively [ 34 , 35 ] (Supporting information: Figure S1). 

.2. Characterisation techniques 

.2.1. Themo-analytic analysis/calorimetry 

TA thermal analysis instrument, SDT Q600 was used to simul- 

aneously measure weight change and heat flow characteristics of 

ulk carbonaceous composite. 

• 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 17 ±3 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 μl, with a 

alance sensitivity of 0.1 μg and inserted into the bifilar wound 

urnace of the SDT Q600. Platinum-Rhodium (Type R) thermocou- 

les are used to monitor the temperature which is equipped with 

 DTA (differential thermal analysis) sensitivity of 0.001 °C. 

.2.2. Raman spectroscopy 

WiTec Alpha 300R Raman laser microscope was used to con- 

uct depth scans. Oxidised samples were analysed with scan width 

f 80 μm and depth set to 70 μm. Points chosen per line and line 

er 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- 

pectively. High speed and low intensity setting were selected for 

arrying out fast scan utilising the EMCCD detector (1600 × 200 

ixels). EMCCD gain was set at 230 and the preamplifier gain at 1. 

 600 g/mm grating, laser wavelength of 532 nm and laser power 

f approximately 15 mw were utilised. The final setting parameter 

s the objective magnification which was set at 10x. 

For the high temperature scans, an environmental stage purged 

ith argon gas was utilised to modulate the temperature of a 

irgin sample whilst conducting the Raman scans. The objective 

as set at 50x, with depth scan area of 30 μm x 30 μm. Points 

hosen per line and line per image were both set at 100. Scan 

peed [s/Line], retrace speed [s/Line], and integration time were 

et at 5.0, 0.50 and 0.05, respectively. Laser power used was ap- 

roximately 14mw, with the same laser wavelength and grating as 

bove. 

WiTEC project five plus software was utilised to process and 

nalyse parts of the data. The cluster analysis feature was used to 

dentify and distinguish different carbon signatures together with 

heir respective locations mapped. 
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.3. Kinetic analysis 

The rate equation for solid state kinetic degradation process is 

xpressed in Eq. (1) 

dα

dt 
= K ( T ) . f ( α) (1) 

here: da/dt is the rate of reaction (conversion rate) and f (α) 

s the mechanism of reaction. α- represents conversion obtained 

rom the sample mass loss using the 

Eq. (2) . m o refers to the initial mass of sample, m t is the mass

oss recorded at a specific time during degradation, and m ͚ is resid- 

al mass left behind after completion of test regime. 

= 

m o − m t 

m o − m o 
(2) 

K - represent the rate constant and can be derived from Eq. (3) 

 ( T ) = A exp 
−Ea 

RT 
(3) 

E α- is the activation energy (KJ 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- 

cribe the general, non-isothermal case. Eq. (1) can now be trans- 

ormed into the general, non-isothermal case by extension through 

 term dependant on temperature β = (dT/dt) in Eq. (4) . A keynote 

rom a kinetic viewpoint is that α is a function of both time and 

emperature and a differential has been formulated to show that 

oth time and temperature are independent variable expressed in 

q. (5) [36] . The β terms subsequently follows this differential 

dα

dt 
= β. 

dα

dT 
(4) 

 α = 

(
∂α

∂t 

)
t 

d T + 

(
∂α

∂t 

)
T 

d t (5) 

Eq. (6) is then formulated and serves as the basis for all non- 

sothermal kinetic reactions [36] . 

dα

dt 
= β. 

dα

dT 
= K ( T ) . f ( α) = A. f ( α) e 

−Ea 
RT (6) 

.3.1. Model free: isoconversion method 

From Eq. (6) important isoconversion methods were de- 

ived [ 25 , 36–38 ]: Kissinger–Akahira–Sunose and Ozawa-Flynn-Wall 

ethods respectively for Eq. (7) and 8 . 

Kissinger-Akahira-Sunose equation 

n 

(
βi 

T 2 
α,i 

)
= ln 

(
A αR 

g ( α) E α

)
−

(
E α

R T α,i 

)
(7) 

Ozawa-Flynn-Wall equation 

n βi = ln 

A αE α,i 

Rg ( α) 
− 5 . 3308 − 1 . 052 

(
E α,i 

R T α,i 

)
(8) 

The Arrhenius parameters can be obtained by plotting the first 

art of the equation against 1/T ( α, i ; as a function of conver-

ion and heating rate) of the last part of the respective equations. 

rom the slope of the graph and intersect, both apparent activa- 

ion energy and pre-exponential factor/Arrhenius constant can be 

btained. β denotes heating rate, α and i denote conversion and 

eating rate. Eq. (7 , 8 ) are obtained from an integral form of an

quation that relates to Eq. (6) ’s derivative form depicted below 
3 
39] : 

 ( α) = 

α
∫ 
0 

dα

f ( α) 
= 

A 

B 

T 

∫ 
0 

exp 

(−E 

RT 

)
= 

AE 

βR 

p ( x ) ∼= 

g ( a ) 

= 

AE 

βR 

e −x 

[(
1 

x 

)2 

− 2! 

(
1 

x 

)2 

+ 3! 

(
1 

x 

)3 

.. 

]
(9) 

p ( x ) = e −x 
(

1 

x 2 

)
(10) 

The temperature integral p(x), where x = E /RT, has no analyti- 

al solution. Mathematical approximations were derived to enable 

erivation for Kissinger–Akahira–Sunose (KAS) and Ozawa-Flynn- 

all (OFW) methods. The Frank-Kameneskii approximation was 

sed for the temperature integral approximation and had the val- 

es of x as “20 < x < 50 ′′ ; which was used to derive the KAS

quation [39] . To derive the OFW equation the Doyle’s approxima- 

ion was used, and it had values of x to be between “20 < x < 60 ′′ 
 19 , 38 , 39 ]. 

.3.2. Non-Conversion method 

The Kissinger and Ozawa are commonly employed techniques 

or determining a single activation energy for the entirety of the 

eaction. The Kissinger method is considered a limit law that obeys 

rst order reaction model (f( α) = (1- α)) and it is often utilised to 

isplay the rate limiting step of a reaction according to Svoboda 

nd Málek [ 36 , 40 ]. These methods were used to test the hypothesis 

f obtaining a predictive kinetic parameter that confirms their suit- 

bility in predicting either the initial rate or to evaluate whether 

ts prediction corresponds to an extent of conversion (50%) as stip- 

lated by N. Sbirrazzuoli et al. [41] . The equation for the Kissinger 

nd Ozawa methods are below: 

Kissinger equation 

l n 

(
β

T 2 p 

)
= l n 

(
AR 

E 

)
−

(
E 

R 

1 

T P 

)
(11) 

Ozawa equation 

l n βi = l n 

AE 

Rg ( α) 
− 5 . 3308 − 1 . 052 

(
E 

R 

1 

T P 

)
(12) 

From Eq. (12 , 13) we can plot the first part of each equation 

gainst 1/T p, with T p, denoting the maximum peak temperature 

rom the DTG curve. These equations do not consider complexity 

f reaction mechanism by conversion. 

. Results and discussion 

.1. Non-Conversion method 

The derivative thermogravimetric analysis (DTG) specifies the 

ate of percentage loss in weight due to oxidation of carbon as a 

unction of temperature change ( Fig. 2 ). The DTG peaks for each 

espective heating rates: 3 °C min 

−1 , 11 °C min 

−1 and 27 °C min 

−1 

ere distinctively shifted making it desirable for the application of 

odel free kinetics. The peak temperatures of the DTG (T p (K)) and 

eating rates ( β) were used in plotting the Kissinger and Ozawa 

lots as seen in Fig. 2 . 

From the thermogravimetric analysis (TGA) curve, there are two 

ajor stepwise drops in mass, owing to the different carbon types 

resent within the composite namely: resin and graphite. The resin 

eing a lower order carbon than graphite was expected to oxidise 

t a lower temperature, as indicated on the TGA curves ( Fig. 1 a). 

The TGA data also shows the onset oxidation points of the vari- 

ble heating programs used. The ability to delay the onset oxida- 

ion with faster heating rate is a useful point of measurement for 

nd user application when heating these products. Industrials trials 

onducted 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.; β refers to heating rate and T p refers to the peak temperature. 

Table 1. 

Shows the activation energy and Arrhenius parameter from 

both the Kissinger ( α) and Ozawa ( β) method employed. The 

symbol “( ∗)” refers to kinetic parameters obtained by equation 

method utilising heating rates; whereas the symbol “( �)” refers 

to parameters obtain from the intercept of the slope. 

Ea ln A A 

35.28 ( ∗ ) 2.09E + 15 ( ∗ ) 

35.13 ( ∗ ) 1.82E + 15 ( ∗ ) 

242.11 ( α) 35.31 ( ∗ ) 2.17E + 15 ( ∗ ) 

242.84 ( β) 40.34 ( �) 3.31E + 17 ( �) 
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ates were more effective in protecting the SEN against decarburi- 

ation and through the densification of silicon forming a glass pro- 

ective coating upon activation at temperatures greater than 700 °C 

12] . The effect of heating rate is also observed on DTG peak max- 

mums otherwise known as the maximum mass loss rate. For the 

esin, there is a depreciation of the DTG as the heating rate in- 

reases indicating resistance to oxidation. The increase in heat- 

ng rate is coupled with shift in temperature coverage of the DTG 

t higher temperatures caused by the accelerated heating of the 

ample exterior relative to its interior [ 42 , 43 ]. A study on the ma-

rix graphite oxidation has shown low temperature oxidation to be 

ore damaging through the preferential oxidation of resin-binder 

nd mechanism of pore formation [44] . 

From the results obtained in Table 1 ., activation energy utilis- 

ng both Kissinger and Ozawa method yielded equivalent values of 
4 
ctivation energies; 242 KJ/mol. The slope of the graph in Fig. 1 b, 

nd 1 c were used to calculate their respective activation energies. 

oth Kissinger and Ozawa method showed good linear fitting with 

igh correlation coefficient indicated by R 

2 value of 098,453 and 

.98598 respectively. 

The Arrhenius constant for the Ozawa can be obtained di- 

ectly from the intercept of the graphical slope with great con- 

dence. However, an equation method based on variable heat- 

ng rates was employed in deciphering the Arrhenius constant for 

he Kissinger (as opposed to utilising its intercept value). This 

quation can be found elsewhere for reference (xu et al., curing 

tudy) [45] . Nevertheless, the Kissinger’s intercept value for the Ar- 

henius constant was compared against those obtained from the 

quation-based method and with respect to Ozawa. The order of 

agnitude difference between the Arrhenius constants from both 

issinger and Ozawa decreased from 7 to 2; once the equation 

ethod was applied to Kissinger. This may imply an improve- 

ent in Kissinger’s prediction with the use of the equation-based 

ethod. 

To further evaluate the differences in Arrhenius constants, be- 

ween the two methods; their rate K (T) constants were calculated 

sing Eq. (3) for each respective method. The kinetic parameters 

f activation energy and Arrhenius constant obtained from both 

zawa and Kissinger served as inputs variables into Eq. (3) . Three 

espective temperatures were tested at: 510 °C, 540 °C and 570 °C. 

sothermal experiments for validation using the same temperatures 

s 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. 
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larify predictions with respect to initial rate and/or peak maxi- 

um rate at these temperatures. 

Experimentally measured maximum peak derivatives were: 

.3367%/min, 0.3675%/min, and 0.4637%/min for each of the re- 

pective temperatures ( °C) at 510, 540 and 570. The predictive 

ates for the Kissinger were too low ( ∼ 0.0025%/min for 510 °C) 

nd therefore considered inaccurate in terms of predicting initial 

ate or peak maximum derivative/rate. 

The Ozawa predicted rate constants were: 0.30575%/min, 

.54875%/min, 0.7915%/min for each respective temperature ( °C) 

t: 510, 540 and 570. The closest agreement of rate prediction 

ith respect to isothermal experiment was with 510 °C. It is there- 

ore reasonable to infer that the kinetic parameters obtained from 

zawa can be used for predicting maximum derivatives but within 

 small temperature region from its onset (487 °C −510 °C). 

Fig. 2 . shows the rate at peak maximum of the isothermal ex- 

eriment which is in close agreement with Ozawa’s prediction at 

10 °C. The initial rate can also be observed in Fig. 2 ; it was ap-

roximately 0.027%/min and extrapolated at 0.1% conversion from 

he start of oxidation. The initial rate value was not predicted by 

ither of the methods employed. 

It is key to note that these methods cannot be used to deci- 

her complexities of reaction mechanism as they only produce a 

ingle averaged kinetic parameter for the entirety of the reaction, 

s opposed to the isoconversion methods. 

.2. Model free (Dynamic model) isoconversion 

.2.1. Evaluation of Ea with respect to Ln A 

The isoconversion method allows the determination of com- 

lexities in reaction kinetics, by providing the kinetic parameters 
5 
s a function of conversion. Clear differences were observed in the 

ctivation energy and Arrhenius constant values obtained for both 

FW and KAS methods. Overall, the KAS method predicted higher 

inetic parameters than the OFW method (See Fig. 3 d). However, 

he descending trend of values obtained were similar. To test the 

eliability of the methods used in predicting these values, the tem- 

erature 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

ctivation energy and T is the average temperature from the iso- 

onversion plot). The OFW was found to be more accurate than 

he KAS, based on its values of ‘x’, staying within the approxima- 

ion limit (Supporting information: Figure S2) KAS method was not 

urther analysed as result. 

Both activation energy and Arrhenius constant decrease as a 

unction of temperature shift and conversion ( Table 2 ). In simple 

eactions, the decrease in activation energy is associated with an 

ncrease in rate where the change in Arrhenius constant is not sig- 

ificant. However, observations from the experimental data shows 

ate/derivative to increase steadily and peaks at 60% conversion be- 

ore decreasing. The effect of Arrhenius constant was therefore in- 

luded in the analysis to understand the reaction behaviour. 

The effect of Arrhenius constant can be explored by its associa- 

ion with entropy. By utilising the rate dependency of the activated 

omplex theory approach; the equilibrium shift between the reac- 

ants and activated complex formed can be studied from a ther- 

odynamic perspective using the Gibbs free energy equation: 

G = �H − T �S (16) 

here, an increase in entropy ( �S) lowers the Gibbs free energy 

 �G ), 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 ln 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 "ln A" parameter has been adjusted 

through the compensation effect. 

OZAWA-FLYNN WALL METHOD 

Conversion (%) Ea (KJ mol −1 ) R 2 ∗ lnA 

10 241.1 ± 2.5 0.98699 52.4 ± 3.3 

20 233.6 ± 2.3 0.98804 51.0 ± 2.9 

30 225.8 ± 1.8 0.99248 49.4 ± 2.2 

40 217.1 ± 1.1 0.99662 47.7 ± 1.4 

50 208.4 ± 0.6 0.99902 46.0 ± 0.7 

60 197.9 ± 0.1 0.99998 44.0 ± 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 35.8 ± 0.3 
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ated complex. The total entropy �S is a factor consisting of the 

ifference in entropy of reactants to that of the activated complex 

entropy of activated complex). The calculation of entropy can be 

btained by the following: 

 = 

k βT 

h 

exp 

(
�S 

R 

)
(17) 

S = R ln 

(
�h 

k βT 

)
(18) 
s

6

The above equation is taken from rate dependency relationship 

f the activated complex theory (with substitution of �H to Ea one 

an relate this to Eq. (3) of the Arrhenius rate Eq. (3) ): 

 = 

k βT 

h 

exp 

(
�S 

R 

)
exp 

(
�H 

RT 

)
(19) 

here, k β, h and �H are the Boltzmann constant, Planck constant 

nd enthalpy change respectively. 

It is observable from the relationship that the value of entropy 

s highest at the beginning of the reaction and decreased as re- 

ction progressed (see Fig. 4 ). It has been noted by Luchini et al., 

hat thermal expansion mismatch is known manifest itself signifi- 

antly at temperatures around 500 °C causing pore closure, densi- 

cation, 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- 

ng an initial temperature of 400 °C; and stating that this onset 

emperature depends on carbon content and grain size (i.e., com- 

osition based) [47] . It was also noted that the alumina and the 

raphite phase are more affected by temperature increase above 

his temperature due to their higher thermal expansion coefficient 

han the glassy carbon/resin [ 46 , 47 ]. It is therefore feasible to ex- 

rapolate that pore closure restricts mobility of the activated com- 

lex formed when entropy decreases but this can only be held true 

hen the entropy change is positive. Oxidation of carbon is a dis- 

ociative process. 
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Fig. 4. Graph of Entropy change against ln A showing linear decrease of entropy as 

a function the Arrhenius constant. 
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Theoretically, decreasing the total entropy change of activation, 

when positive) means that there is a decrease in the gap between 

ctivation entropy of reactant and activation entropy of activated 

omplex [48] . As explained by Vyazovkin [48] this is achievable by 

ither increasing activation entropy of reactants or decreasing the 

ctivation entropy of the activated complex. In this case it is the 

atter. 

The entropy takes on negative values (associative process) as 

he reaction nears the end (refer to Fig. 4 ). From the Raman data, 

rderliness of carbon phase was observed on the surface as tem- 

erature increased (refer to Fig. 8 ). Additionally, pore closure is ex- 

ected to increase as temperature increases causing further densi- 

cation and expansion of graphitic phase [46] . Therefore, the in- 

rease in entropy in this case (i.e., becoming more negative) is due 

o the lowering of the activation entropy of the reactant. This is 

o be expected as pore closure should restrict molecular mobility 

hich is also supported by the orderliness observed by the Raman 

ata (refer to Fig. 8 ). 

Theoretically, an increase in entropy (i.e., becoming more nega- 

ive) due to pore closure reduces the gap between the activation 

ntropy of activated complex and activation entropy of reactant 

48] . This is achievable by lowering either the activation entropy 

f reactant or increasing the activation entropy of activated com- 

lex [48] . In this instance, it is the former. 

.2.2. Isothermal predictions and reaction complexity 

Isothermal predictions were attempted and evaluated against 

sothermal experiments at temperatures ( °C):510, 540 and 570. 

y utilising a the Friedmann approach the time taken to reach a 

et conversion is possible to calculate from a model free perspec- 

ive using the equation below (t α = time taken, T = temperature, 

= conversion, f( α) is the reaction model): 

 α = 

t 

∫ 
0 

dt = 

α
∫ 
0 

[ 

dα

A α f ( α) exp 

( −E α
R T α( t ) 

)
] 

(20) 

However, due to the complexity of reaction mechanism and in- 

dequacies in the predicted kinetic parameters of the OFW method 

in terms of accuracy), the isothermal prediction with the Fried- 

ann derived method proved difficult to achieve when used in the 

onventional manner i.e., it did not produce values comparable to 

he isothermal experimental data when trialled. 
7 
To overcome this issue, the Vyazovkin activation energy was 

sed in place of OFW. The vyazovkin method is known to be more 

ccurate in predicting complex reactions [ 27 , 49 ]. Vyazovkin activa- 

ion energy was obtained with software created by Drozen et al., 

49] (Supporting information: Table S1). The Arrhenius constants 

ere calculated using the OFW compensation constants “a” and 

b” as they produced the best predictions. 

Additionally, a modified empirical approach was determined us- 

ng the same equation above (Friedmann derived) but with care- 

ully selected combinations of kinetic parameters as inputs, at set 

emperatures. These kinetic combinations (Ea and A) produced a 

inear graphical trend with the same R 

2 value of 0.983 (see Fig. 5 a). 

he linear regression equations from the graph were subsequently 

sed to calculate the time taken predictions. 

Three kinetic input parameters of Ea and A were taken from 

onversions of: 60% (peak maximum), 70% and 80%. Three aver- 

ge temperatures from the non-isothermal runs corresponding to: 

0% conversion (487 °C), 20% conversion (506 °C), and 60% con- 

ersion (540 °C), were also selected to correspond with the kinetic 

arameters, respectively. Finally, the reaction model f( α) was kept 

he same for all three calculations and selected at 20% conversion. 

he reaction model of f( α) was calculated in a model free approach 

ound. These combinations provided the best fitting for the predic- 

ions. 

For each respective conversion, the predictions for the time 

aken reduced as a function of temperature increase. A subtle dif- 

erence was noticed when compared to experimental isothermal 

ata in terms of trend. The time taken to reach the same set of 

onversion also reduced as a function of each incrementally tested 

emperature (510 °C, 540 °C and 570 °C) but with an anomaly at 

70 °C. This anomaly is indicative of the complexity in the reac- 

ion mechanism especially at higher temperatures. The time taken 

eemingly increased (i.e., loses trend) at this temperature but only 

or conversion less than 50% (refer to Fig. 5 b). Conversion at 50% 

nd beyond did decrease to follow the trend however, this decrease 

as very marginal when compared the previous temperature (re- 

er to Fig. 5 b). This would suggest that at higher temperatures pore 

losure has a greater effect causing a slight delay in the overall re- 

ction. 

The accuracy of the isothermal prediction was dependant on 

oth conversion and selected temperature of interest (See Fig. 5 c 

nd 5 d). The predictions seem to work best at lower temperatures 

ess than 510 °C. By setting a standard error baseline of < 0.5, a 

ood prediction is achievable for 40% to 80% conversion with re- 

pect to 510 °C (See Fig. 5 ). If 540 °C was to be used, then a good

rediction can also be obtained with conversion 50% to 80% whilst 

aintaining the same error threshold of < 0.5. It is not advisable 

o use the prediction for 570 °C due to margins of error being 

oo high. The complexity of reaction is more pronounced at higher 

emperatures as depicted on Fig. 5 b, (reaction rate fails to decrease 

ntirely as a function of temperature) making the isothermal pre- 

iction unsuitable beyond 540 °C. 

These results were also assessed against common solid-state ki- 

etic models to see if there is mechanistic fit. From the models 

ested, no overall fitting was observed owing to the complexity 

f reaction mechanism as previously noted. However, the agree- 

ent in terms of the explanation for what was observed with the 

sothermal predictions was coherent. At lower conversions of 20% 

equivalent to average temperature of 506 °C) and less, there is a 

ossible fit (cross-over) with certain nucleation models and power- 

ased models. The avrami models of A4 and A3 and the power 

odel of P4 showed the best agreement at 10% conversions or 

quivalent averaged temperatures (Supporting information: Figure 

3). At 20% conversion F3 (third order) and A4 model (avrami) 

howed the best agreement. The agreement at these lower con- 

ersions 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. 
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est at lower temperatures. From the z(a) master plots, the curve 

f the experimental plot followed a mixture of avrami and expo- 

ential/power law in terms of trend but never quite fits any of 

he models due to its complexity and varies drastically as tem- 

erature/conversion increased (Supporting information: Figure S3). 

his observation demonstrates that whilst theoretically useful, such 

pproaches have limited practical value in industrial applications 

n the current context and reinforces the requirement for more 

apid characterisation and assessment tools such as those pre- 

ented herein. 

.3. Raman analysis 

.3.1. Tracking oxidation 

Raman spectra was acquired for four incrementally oxidised 

amples at with 1 min interval apart. Only the resin was oxidised 

uring this experiment. This was achieved by setting the isother- 

al temperature for oxidation at 510 °C, which was below the oxi- 

ation temperature of the graphite. Samples were oxidised in bulk 

orm to capture the effect of microstructure which was also the 

ase for the kinetic derivation of the reactions above. 

The cluster algorithm of the WiTec software was used to sep- 

rate out or distinguish between carbons and carbons signals af- 

ected by substrates. Locations of both graphite and resin were 

learly mapped and organised in clusters based on features of re- 
8 
emblance. Each scanned region was divided up into 4 clusters. 

he cluster that was least affected by aggregate or substrate ef- 

ects in each scanned region was used in determining the ox- 

dation relationship. A single Lorentzian fitting of the G and D 

eaks were used in these calculations by way of deconvolution 

tting recommendation extrapolated from Mallet-Ladeira et al., 

tudy [50] . 

The Raman vibrational modes detected were mainly the G peak, 

 peak and 2D peaks as illustrated on Fig. 6 . The G peak in Ra-

an arises due to vibrations of sp2 bonding (pi-bonds) found in 

romatic or graphitic type compounds [ 51 , 52 ]. Structural order- 

ng of carbons and nano-crystallite size can be determined from 

he G peak [52] . In terms of crystallite size calculations, the pro- 

osed method by P. Mallet-Ladeira et al., was utilised for the resin 

hilst the method proposed by Maslova et al., was applied for 

he graphite [ 50 , 52 ]. In literature, the G-peak shift is normally 

ecorded as 1580 cm 

−1 (in the case of perfect graphite with no 

esidual stress) whereas the D peak is recorded at approximately 

350 cm 

−1 and is referred to as a disorder induced mode which is 

bsent in defect free graphite [52–54] . The intensity of the D peak 

ecomes more pronounced as the graphitic compounds becomes 

ess ordered or more defective. 

Fig. 6 ., shows a typical depth scan with only a single clus- 

er shown (i.e., the cluster least affected by substrate effects such 

s aggregates within the composite) and masking the others. The 
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Fig. 6. Cluster analysis showing depth scan of carbon components with their respective locations mapped (in yellow). Graphite spectra on the top (red) and resin spectra on 

the bottom (blue). The masked feature of the Raman imaging software is used to indicate the locations of both resin and graphite by hiding one (black region of map) and 

exposing the other (yellow region of map). 
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ommonly used intensity peak ratio of G to D peak (useful for de- 

ermining how ordered or defective the carbons are), and crystal- 

ite sizes were evaluated as a function of oxidation [ 24 , 52 , 55 ]. The

ntensity ratios of both the graphite signal and resin decreased as 

 function of oxidation with a slight anomaly for the resin cluster 

See Fig. 7 c and 7 d). The decreased in trend as a function of oxida-

ion only holds true from the start of oxidation to 3 min oxidation 

imepoint (approximately 20% resin conversion). Beyond this point 

i.e., at 4 min timepoint), the level of partial oxidation within the 

ulk sample is considered too high in that the Raman cluster sig- 

als obtained were greatly affected by the substrate effects within 

he bulk (Supporting information: Figure S4). These results indi- 

ate that there is a limit to the extent at which resin clusters can 

e traced with confidence during the partial oxidation process. The 

raphite cluster signals were also affected by the substrates within 

he composite at this stage but to a lesser degree and therefore 

aintained trend (refer to Fig. 7 d). 

A similar effect was also observed on the measured crystal- 

ite sizes at the 4-minute interval point for the resin cluster (See 

ig. 7 a) where the trend was lost at this point. However, the crys- 

allite size generally increased as a function of oxidation for the 

esin cluster. The graphite crystallite size did not change much 

ith respect to resin oxidation but exhibited an anomaly at 3- 
9 
inute oxidation time-point (See Fig. 7 b), which can be attributed 

o the fitting method employed [50] and substrate effects [55] . 

Lu, et al., traced oxidation of nuclear graphite utilising Raman 

ut only found a trend with oxidation using FWHM (full width half 

aximum) of the G peak [24] . Accordingly, it was found that pro- 

ressive oxidation decreased the FWHM of the G peak [24] . It was 

nferred in their study that oxidation can be tracked by monitoring 

he preferential oxidation of binders (i.e., with smaller nanocrystal- 

ite size) exposing filler particles (i.e., with larger nanocrystallite). 

his would lead to an increase of observable nano-crystallite sizes 

s samples are oxidised which confirms the trend observed in this 

ork. 

Moreover, Lu et al., did not find any trend with regards to the 

ntensity ratio of the G to D peak [24] . However, a further assess- 

ent of peak components of the resin cluster within this showed 

 decrease in trend with intensity ratio; that is if we excluded the 

imepoint at 4 min due to signal interference. The graphite, how- 

ver, did not show any trend with regards to intensity ratio due 

ubstrate effects. In fact, it is important to also note that graphite 

as not oxidised in this study as it was in Lu et al., study [24] .

oreover, individual peak intensities of the G and D peak decrease 

n trend with respect to oxidation for the resin cluster if we ex- 

lude time-point at 4 min. 
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Fig. 7. a) Changes in crystallite sizes of resin cluster as a function oxidation time with limitation noted where the trend is lost. b) Graphite crystallite size remaining constant 

with the exception at 3-minute interval oxidation timepoint. c) Resin cluster intensity ratio of D to G peak downward trend with oxidation and its limitation on oxidation 

time point at 4-minute d) Graphite cluster intensity ratio of D to G peak downward trend with oxidation. 
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There was an expectation that the G intensity of graphite may 

ncrease as the resin oxides. However, this was not the case due 

o signal interference at the two-minute interval. The G intensity 

ignal was suppressed and therefore decreased, before increasing 

gain at the 3 min and 4-minute interval. Depth scan spectra at 

he 2 min oxidation timepoint showed evidence of high intensity 

iO 2 signals, accompanied with a considerable reduction of the G 

nd D peak of both resin and graphite clusters. This would suggest 

hat a critical amount of resin and aggregate could have a signifi- 

ant signal interference. We can also deduct from studies aimed at 

mproving the photocatalytic behaviour of titania that an increased 

mount of titania on the surface often decrease the graphene sig- 

al and vice versa [56–58] . Clear peaks of titania were identified 

t 158, 399, 501 and 615 (rel.cm 

−1 ) and were noticeable during 

he scan at 2 min oxidation (Supporting information: Figure S5) 

56–58] . 

To assess the influence of alumina which is the major aggregate 

n the composite material. Changes of peaks components were as- 

essed for both the resin and graphite cluster at the 4- minute in- 

erval point and compared against 3-minute oxidation timepoint. 

or the graphite cluster, the G peak intensity seems to be most af- 

ected component (amplified/increased) whilst the rest of its com- 

onents remain relative stable (Supporting information: Figure S4). 

his stability is the reason why it can be used to track oxidation all 

he way to the 4-minute time point 
g

10 
For the resin clusters only the hwhm (half width half maxi- 

um) of the G peak remained slightly stable, however the rest of 

he peak components increased significantly due to the effect of 

lumina. The changes observable with resin components may be 

ue to several reasons including: the amount of resin left post ox- 

dation, and the poor suppression of the fluorescence effect of alu- 

ina (which increases in amount as a function of oxidation) com- 

ared to graphite or graphene compounds [59] . Dielectrics such as 

lumina can amplify Raman signals through a process of interfer- 

nce [59] . 

During oxidation, the G-peak position shifted indicating strain 

ffects experienced by the remaining carbonaceous matrix. Shift- 

ng of the G-peak to lower values were observed from initial ox- 

dation to the 3-minute timepoint - for the resin clusters (1586 

el.cm 

−1 ;1582 rel.cm 

−1 ; 1579 rel.cm 

−1 ). This implied that the com- 

ressive state of the resin clusters changed as a function of oxida- 

ion at room temperature. The graphite G peak position changed 

nly at the 3-minute and 4-minute oxidation point, indicative of 

oth substrate effect and fitting method employed as previously 

tated. The graphite cluster transformed into a tensile state at the 

-oxidation timepoint (1576 rel.cm 

−1 ). 

.3.2. High temperature microstructural evaluation 

Temperature modulated depth scans were conducted on a vir- 

in sample to study the microstructural influence that could im- 
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Fig. 8. Resin cluster least affected by substrates, scanned as function of tempera- 

ture. The reduction D peaks and increase of the 2D peak resolution is indicative of 

the influence of graphite and microstructural changes limiting the visibility of resin 

structure. 
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act on the kinetics of oxidation, or the complexity of reaction ob- 

erved. The strain states of the carbons were investigated as func- 

ion of the following temperatures ( °C): 25, 20 0, 40 0, 60 0, 80 0,

nd 1100). An increase in shift/position of the G-peak from its nor- 

al position of 1580 cm-1 is indicative of compressive strain and 

 decrease from the same position implies a tensile strain [ 53 , 54 ].

o obtain the G-peaks positions reliably a single lorentzian fitting 

as used to fit onto the peak with the aid of WiTec software. 

Cluster analysis was also employed to distinguish between car- 

ons affected by substrates/aggregates to those least affected. A 

esin rich dominant region was scanned as a function of temper- 

ture and compared against a graphite dominant region. Each re- 

ion was divided up into three clusters, two of which were highly 

nfluenced by aggregates within the composite; leaving only one 

luster that was the least affected for both the resin and graphite 

ominant regions. 

For the resin dominant region, the cluster that was least af- 

ected by aggregates changed from a compressive state (1587.88 

el.cm 

−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 

he graphite dominant region which transitioned from compressive 

o tensile only at 400 °C (1578.06 rel.cm 

−1 ). The two remaining 

lusters for the resin dominant region all followed a similar trend 

o the graphite above. These clusters (resin) that were highly influ- 

nce by aggregates were also in a more compressive state at 25 °C 

han the cluster of resin that was least affected by substrates ef- 

ects. The remaining two clusters for the graphite dominant region 

lso followed (almost identical) the same trend to the graphite 

luster that was least affected by substrates. Refer to the supple- 

entary: Table S2 for values of fitting respective clusters. 

What was unique about these findings is that the visibility of 

he resin cluster that was least affected by substrates diminished 

s function of temperature. There was a noticeable increase in the 

D peak and reduction of the D peak. These observation points to 

icrostructural changes of orderliness with regards to carbon and 

he graphitic influence (i.e., expansions) as temperature increased. 

he severe reduction of the d -peak at 1100 °C (i.e., mainly graphite 

hat is detected) could be as a result of resin pyrolysis coupled 

ith the pore closure mechanism. 

With the exception of the resin cluster that was least affect 

y substrate (supplementary: Table S2); the change in strain state 

rom compressive to tensile at 400 °C for all other clusters con- 

rms the microstructural influence with much emphasis on aggre- 

ates and graphite interaction. This can be used as an indicator 
11
r point to focus on in terms detecting where (i.e., temperature) 

he possible thermal expansion mismatch lies that governs pore 

losure mechanism explained by Luchini et al., and Werner et al., 

 37 , 50 ]. Densification and pore closure of the carbon matrix is ex- 

ected at critical temperatures where thermal expansion mismatch 

etween aggregate and graphite is significant to cause a sudden in- 

rease in the elastic modulus of the material. The clusters with sig- 

ificantly influenced by aggregate together with the graphite rich 

egion all point to this critical temperature of 400 °C. The ability 

o measure the strain state in Raman using carbon as a sensor pro- 

ides the unique tool to trace this temperature in conjunction with 

onitoring the surface carbon characteristics of resin rich region to 

isualise microstructural changes governing the kinetics and ther- 

odynamic of oxidation behaviour. 

. Conclusion 

Oxidative degradation behaviour of resin within a carbon-based 

efractory composite was successfully studied in bulk material us- 

ng model free kinetics and Raman spectroscopy. 

Activation values ranged for the isoconversion methods ranged 

etween 241 KJ/Mol to 155 KJ/Mol for OFW and 230 KJ/Mol to 

50 KJ/Mol for Vyazovkin. The activation energy for Ozawa and 

issinger were both 242 KJ/Mol, for the non-conversion-based 

ethod. 

The non-conversion method of Ozawa can be used for predict- 

ng initial rate at the initial onset temperatures below 510 °C. The 

redicted rates would correspond to the peak maximum rate at the 

nvestigated temperature. 

Multi-step reaction behaviour was studied effectively using the 

soconversion method, supported by theoretical thermodynam- 

cs and complimentary Raman data highlighting microstructural 

hanges governing the reaction kinetics. The pore closure due to 

hermal expansion mismatch is a key feature slowing the reac- 

ion as a function of incremental temperature change. The differ- 

nt strain states within composite may add to the complexity of 

eaction depending on the region exposed. 

Prediction of isothermal experiment which is seldom reported 

n complex reaction from a model free perspective was successfully 

onducted using an empirical graphical approach. Prediction works 

est at lower temperatures below 510 °C. If used to predicted tem- 

eratures slightly above, then consideration must be placed on the 

egion of conversion that gives the most reliable results. It advis- 

ble to not use this approach for temperatures beyond 540 °C ac- 

ording to the experimental results. It is key to note that this pa- 

ameter may be useful when determining the life of carbon for 

ases where under heating/improper preheating is suspected by 

teel end-user. 

Tracing oxidation with Raman peak intensity ratio and crystal- 

ite size was proved possible but with limitations of use depending 

n the amounts of total resin lost (20% conversions) and substrate 

ffects from certain aggregates such as alumina and titania known 

o amplify or suppressed signals respectively. 

In future, an investigation into the microstructural features of 

ore formation upon oxidation will be great use to understand the 

ifference between small partial oxidation observed at low tem- 

eratures in this study compared to oxidation at high temperatures 

here degradation of graphite is also established. 

From a metallurgical perspective, these profiling tools would 

lso provide a means to rapidly benchmark and investigate process 

nfluences (i.e., preheat time and adjustment of burner alignment) 

n the performance of their product (i.e., the SEN in this case). 

hey can be used to potentially trace microstructural changes re- 

ulting from the process of preheating, profiling the resistance to 

xidation as a function of preheat time or even detecting mi- 

rostructural changes due to minute levels of oxidation that may 
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