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Introduction

Inert gas fusion analysis (GFA) or carrier gas hot extrac-
tion is one of the thermal evolution methods, routinely used
in industry to determine the oxygen content of steel prod-
ucts. This technique involves sample fusion in a graphite
crucible under flowing helium, oxygen extraction from a
melt as CO, catalytic oxidation of CO to CO2 over heated
rare earth copper(II) oxide and detection of CO2 by the in-
frared (IR) absorption. Total oxygen content is determined
in the isothermal mode at temperatures above 2500 K. The
complete simultaneous extraction of all oxygen species
from a sample usually proceeds in 30-40 seconds. The pro-
cedure is developed in details and a large number of refer-
ence materials is available.

The working characteristics of steel products are, howev-
er, determined not only by the total concentration of oxygen
but also by its chemical state within steel matrix, namely by
its distribution between different oxide species, such as
chromite, silicates, alumina etc. Therefore, since the 1980s
attempts have been made to elaborate the gas fusion tech-
nique for separation of different oxide species by applying
monotonous or step-wise heating. R. Prumbaum et al. [1]
were the first who considered the temperature ramped inert
gas fusion technique with IR detector. The authors proposed
the physico-chemical model of oxides reduction and the ap-
proach to the interpretation of the evolution curves. The re-
duction sequence of oxides was derived from their values of
the standard Gibbs energy of formation. Using the custom-
built apparatus, the rate and temperatures of the silica re-
duction were studied as a function of pressure in a gas phase
of analyser, silicon content and heating rate. Later, the suc-
cessful employment of the commercial LECO RO-316
analyser was reported for oxide separation in steels and
slags [2,3]. Instead of the temperature ramping, which did
not provide complete separation of peaks of steel samples,
H. Hocquaux et al. [4] proposed a step-wise heating. They
also discussed instrumental improvements such as tempera-
ture control, design of extraction furnace, sensitivity of IR
detectors. The proper sampling technique for the purpose of
gas analysis was emphasised in [5]. In this work the tem-
perature ramping was applied to determine the content of

oxidic oxygen of several steel grades. This was closely cor-
related to the micro-cleanliness of steel, expressed in terms
of the frequency of oxides inclusions on cross-sections. The
separation of the bulk oxygen and surface oxide film in ul-
tra-clean steels by stepwise heating was reported in [6]. A
similar procedure was earlier applied for silicon [7].

The progress of earlier works has not, however, succeed-
ed in an extensive practical use of the temperature ramping
technique, available in modern analysers. This fact was
mainly attributed to two problems. The first one was the ab-
sence of numerical algorithm and software for processing of
raw kinetic data. As the evolution curves of real steels rep-
resented the superposition of overlapped peaks, a proper de-
convolution procedure was necessary to quantify the
amount of oxide species. The second problem concerned
the start temperatures of carbothermal reduction of oxide
species Ts. Considerable discrepancy existed regarding the
equilibrium and real values of Ts. This was explained by
non-equilibrium conditions of gas fusion reactions and the
use of thermodynamic prediction was open to question [4]. 

The above problems have been worked on in the last
years. At first, K. V. Grigorovitch et al. [8,9] have devel-
oped an OxSep original software to process the results of
temperature ramped analysis. The numerical procedure in-
volved consecutive separation and subtraction of individual
peaks from a total evolution curve. The temperature-de-
pendent background evolution as well as mixing effects in
a gas system of analyser were also treated by this model.
Then, P.V. Krasovskii et al. [10] have improved the thermo-
dynamic model of carbothermal reduction of oxide inclu-
sions within a molten sample, saturated with graphite. The
equilibrium values of Ts were recalculated for silica and
alumina in iron matrix. The model prediction was found to
be in reasonable agreement with experimental data for
chemically pure oxide species. The aim of this work was to
apply the improved procedure for oxide speciation in
high-carbon steels, to study the effects of instrumentation
and crucibles on the evolution kinetics, to correlate the
analysis results with those, obtained by other methods.
High-carbon steels were chosen as object of analysis, be-
cause their cleanliness is greatly reduced by rigid high-alu-
mina inclusions [11].
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Experimental

Samples. Two samples of high-carbon steels in the form
of rods (d=10 mm), referred as SG1 and SG4, and another
sample of rimmed steel with protective nickel coating, re-
ferred as SG15, were used in this study. The above samples
were supplied as reference materials for gas fusion analysis
(Ural Institute of Metals, Russia). The chemical composi-
tion of the materials is given in table 1. The oxide inclu-
sions in SG1 and SG4 samples were determined in a pre-
liminary investigation using chemical analysis and scan-
ning electron microscopy equipped with energy dispersive
X-Ray detector (SEM/EDX). The materials were, firstly,
dissolved anodically to collect and determine the amount of
oxide precipitates of different types using the classical pro-
cedures of “wet” chemistry. The results, summarised in
table 2, show that the deoxidation products consist mainly
of alumina and silicates. In SG4 material a noticeable
amount of Mg- or Ca-containing oxides was found. The
presence of iron oxides in SG1 material, which is deoxi-
dized with aluminium, is open to question. The oxide inclu-
sions were also observed under optical microscope on pol-
ished longitudinal sections. The particles found in both
samples were divided into two groups: small glassy glob-
ules and large taupe acute-angled grains. Some large clus-
ters were broken during rolling and appeared as aligned
blocky fragments. The typical oxide species were identified
using Leo 430 microscope with an Oxford ISIS EDX analy-
sis system. The SEM photographs of the alumina and spinel
precipitates along with EDX spectra are shown in figures 1
and 2. In SG1 material the taupe acute-angled particles
were found to be alumina while in SG4 material two types
of high-alumina inclusions could be distinguished. As can
be seen from table 3 the first one was composed of alumi-
na containing Mg as impurity while the second one corre-
sponded rather to spinel MgO·Al2O3. These two groups also
differed in particle size, which was noticeably larger for
spinel inclusions. Most of oxide inclusions were covered by
a shell of sulphides. These were MnS in SG1 material while
in SG4 material both CaS and MnS could be detected. The
presence of Mg-containing inclusions in SG4 material is in
agreement with the results of chemical analysis. However,
Mg does not form an individual MgO phase, but enters
spinel. In general, the oxide inclusions in SG1 and SG4 ma-
terials are very similar to those which have often been
found in high-carbon steels and repeatedly described in lit-
erature.

Instruments. Measurements were made simultaneously
on TC-436DR and TC-436 (LECO, USA) commercial
analysers in different laboratories. The design of the extrac-
tion furnaces, oxidizing heaters and sensitivity of IR detec-
tors of these instruments were the same. The main differ-
ence concerned the flow diagrams, which are shown in
figure 3. In TC-436 system purified carrier gas (helium)
flowed consecutively through the extraction furnace (3),
oxidizing heater (4) and, then, into IR (6) and TC (9) cells,
which were arranged in a row. In TC-436DR system helium
stream after passing through the extraction furnace split into
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O total C Mn Si Al Cr

SG1 0.003 ± 3 0.47 0.59 0.20 0.027 0.20

SG4 0.0033 ± 2 0.98 0.24 0.38 0.029 1.18

SG15 0.024 ± 13 0.14 0.50 0.07 - 0.15

Table 1. Chemical composition (in wt%) of steel reference materi-
als.

Sample Total SiO2 Al2O3 FeO MgO+CaO MnO Others

SG1 130 12 88 26 <1 1 -

SG4 103 8 68 3 15 - 9

Table 2. The amount (in µg/g) of oxide precipitates in SG1 and SG4
materials after electrochemical isolation.

Composition [at.%]Size

[µm] Mg Al Si S Ca Mn

min-max 1-4 1-9 62-82 0-3 6-14 1-12 3-9

min-max 7-30 18-21 61-81 0-1 0-10 0-7 0-3

Table 3. Chemical composition of high-alumina particles in SG4 ref-
erence material with SEM/EDX analysis (oxygen and iron were ex-
cluded before normalisation; 17 particles in total).

Figure 1. Al2O3 particle inside an MnS shell; SG4 material; (a) view
from scattered electrons, (b,c) EDX spectra of points 1 and 2, re-
spectively.



two paths so that oxygen and nitrogen were measured in
parallel lines. In both cases the helium flow rate, entering
the extraction furnace, was regulated to about 300 ml/min.
However, due to parallel flow diagram the analytical flow
rate in each analytical line of TC-436DR system was about
halved.

Crucibles. A double crucible technique was applied. The
outer crucible played a role of a heater providing a uniform
temperature field. The inner crucible served as a reactor for
sample fusion. Two batches of crucibles of the same type
(Part No. 775-433/775-431) were obtained from LECO.
One of the batches was produced in the USA, the other one
in England. Due to differences in manufacturing technolo-
gy, they had different properties. Namely, the crucibles
from the USA had a lighter weight, thinner walls and high-
er heating ability. But the most important characteristic was
found to be the crucible porosity, which had a strong impact
on the oxygen evolution kinetics during an analysis. The
crucibles produced in the USA had a higher porosity as well
as a larger size of pores. Using image analysis program the
porosity values were calculated to be 18 and 6 % for cru-
cibles from the USA and the UK, respectively.

Temperature calibration. In most commercial Oxy-
gen/Nitrogen analysers the furnace temperature is con-
trolled via power consumption rather than directly moni-
tored with pyrometer. The real temperature is recalculated
with power-temperature calibration curves. In the present
work the temperature calibration was performed as follows.
After two outgas cycles (2500 K; 10s) pieces of copper (≈
0.2 g), silicon (≈ 0.05 g) or platinum (≈ 0.05 g) were
dropped into a crucible and heated at the rate about 1 K/s.
By observing samples through the window above the cru-
cibles, the melting points were fixed. These corresponded to
eutectic points of Cu-C (1358 K) [12], Si-C (1677 K) [12]
and Pt-C (1978 K) [13] phase diagrams. Three outer cru-
cibles of each type from the same batch were tested. The
data obtained were used to refine the factor and offset coef-
ficients in the calibration equation, cited in LECO docu-
mentation for EF-400 furnace:

T = factor⋅{offset + f(p)}, (1)

where f(p) = 613⋅p – 0.0427⋅p2 (p in kW). The calibration
curves are shown in figure 4, where it can be seen that the
thin-walled porous crucibles from the USA have a higher
heating power. The uncertainty of temperature control is es-
timated to be within ± 30 K. This is quite acceptable for cur-
rent analytical purposes.

Measuring procedure. The rods of SG1 and SG4 mate-
rials were cut into pieces of one gram. SG15 samples were
supplied as nickel-plated cylinders of 0.4 g. Just before
analysis SG1 and SG4 samples were abraded by a file and
annealed in the extraction furnace under helium stream
(1300 K; 60 s). SG15 samples were analyzed immediately
after cleaning in ethanol. After sample loading into jaw
arrangement and crucible replacement the system was
purged by helium (298 K; 20 s) followed by double outgas
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Figure 2. Spinel particle inside a CaS-MnS shell; SG4 material; (a)
view from scattered electrons, (b,c) EDX spectra of points 1 and 2,
respectively.

Figure 3. Flow diagrams of TC-436 and TC-436DR analysers
(LECO); 1 – pressure regulator, 2 – flow meter, 3 – extraction fur-
nace, 4 – oxidising heater, 5 – flow regulator, 6 – CO2 IR-detector,
7 – lecosorb, 8 – anhydrone, 9 – N2 TC cell, 10 – CO IR-detector.



cycles (2700 K; 10 s) and analysis delay for base line stabi-
lization (60 s; analysis delay comparator = 0.05). The fur-
nace power was ramped at a rate 6 Watt/s, producing a heat-
ing rate about 2 K/s. Analysis start temperature was 1350-
1390 K, the analysis time was up to 400 s (maximum al-
lowed).

Data processing. The intensity values of IR-detector I
[a.u.] were averaged by 10 points and smoothed by iterative
moving average filter (3 adjacent points; 50-100 iterations).
When smoothing, the absolute deviation between smoothed
and initial values was controlled to be within ± 1 a.u. (twice
as high as AD step). The power values were fitted by a
straight line and recalculated to the temperature values with
Eq.(1). Then, the IR intensities were shifted relative to the
temperature values on the delay time (7-10 s), viz. the time
for the gaseous sample to reach the IR detector. The tem-
perature-dependent background gas release is caused by
contaminants in both carrier gas and graphite crucibles as
well as water vapours adsorbed on the walls of tubing and
furnace. The system background is usually not exactly
known as it can be only observed when analysing the oxy-
gen-free sample of the same matrix. In general, the back-
ground must be lower than the blank, which is measured
with empty crucibles. Based on many experiments the fol-
lowing empirical function was found to give a fair repre-
sentation of the background evolution under heating at con-
stant rate [9]:

Ib(T ) = h

1 + e− 4[T −0.5(To+T1)]
T1−To

, (2)

where T – current temperature, To and T1 – characteristic
temperatures. Figure 5 illustrates the evolution kinetics of
oxygen from a synthetic sample of iron, containing 0.5
wt.% C and 0.7 wt.% Si. Here, about 40 µg/g of oxygen is
bound to silica inclusions, which produce a single peak on
the evolution curve. “Tstart of silica” refers to the equilibri-
um temperature of silica reduction, which was calculated
with a thermodynamic model (vide infra). This value corre-
sponds well to the position of the silica peak. It is clearly
seen that at the end of the analysis the evolution rate does
not diminish to zero, but remains at some steady level h.
According to Eq. (2) the background rate increases most in-
tensively at T = (To + T1)/2, while above T1 it becomes rel-
atively stable, approaching h. Depending on the heating
rate, sample chemistry and other factors, the values of the
characteristic temperatures To and T1 are usually selected
within the range 1400-1800 and 1800-2200 K, respectively.
The tentative values To and T1 must be found in a series of
blank runs prior to measurements. Then, they can be cor-
rected to ensure the consistency between the values of the
total oxygen content, obtained in both isothermal and ramp-
ing modes. In the present work the background evolution
contributed about 10-30 % to the total amount of oxygen
detected. When analysing steel samples with lower oxygen
content, the use of an external gas refining system might be
essential to reduce the background and to increase the sig-
nal-to-noise ratio [14].

The background-corrected curves were plotted on the
temperature mesh with the step of 5 K and scaled as fol-
lows:

y(T ), K−1 = cal

F · W

I (T )

r(T )
, r > 0 , (3)

where cal is calibration factor, W [g] sample weight, r [K/s]
local heating rate, F [a.u.·s/g] – sensitivity coefficient of IR-
detector (F = 1.13·108 for CO2 cell). Then, the oxygen con-
tent released in the range from To up to T1 can be calculat-
ed as follows:

cTo−T1
O , % = 100 ·

T1∫
To

y(T )dT . (4)

he bulk content of oxygen was calculated by integrating
y(T) from the start temperature of the sample melting. The
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Figure 4. Temperature calibration curves, obtained from TC-436DR
system using crucibles Part No. 775-433/775-431 of different pro-
ducers.

Figure 5. Background correction: 1 – raw curve, 2 – corrected
curve, 3 – background function (Eq.2); the sample of iron contain-
ing 0.5 wt.% C, 0.7 wt.% Si and 40 µg/g O.



surface oxygen was assumed to be released by a solid sam-
ple.

Results and discussion

Effects of crucible and apparatus on the evolution ki-
netics. The application of GFA for oxygen speciation in
steels shows that both apparatus and graphite crucibles may
have an impact on the observed evolution kinetics. The ef-
fect of inner crucibles is caused by the difference in their
porosity. This can be clearly seen from figure 6, which il-
lustrates the evolution curves of oxygen from SG15 materi-
al in porous (USA) or dense (UK) inner crucibles. Oxygen
evolution in porous crucibles proceeds smoothly with ex-
cellent repeatability, while in dense crucibles the reaction
kinetics becomes erratic, deteriorated with sharp random
peaks. The observed phenomenon involves the mechanism
of CO bubbles removal from the molten sample. Bubbles
are initially nucleated on the surface of oxide particles in
the bulk of the melt. Some of the bubbles float immediate-
ly to the melt surface but some of them adhere to the cru-
cible walls. If the crucible porosity is high, the gas from at-
tached bubbles can easily leave the melt/graphite interface
by infiltrating through pores and cracks in the walls. How-
ever, on the walls of dense crucibles bubbles grow until the
buoyancy exceeds the attachment force (surface tension of
the melt). To confirm this mechanism the analysis runs were
aborted and the bottom surface of the samples was inspect-
ed under a stereo-microscope. In the case of dense crucibles
the traces of attached bubbles could be clearly observed in
the form of blisters. These were large and rare for SG15
sample with high oxygen content, but numerous and small
for SG1 and SG4 samples. In the case of porous crucibles
the bottom surface of the samples was smooth and free of
blisters. Therefore, to get best analytical separation it is cru-
cial to select inner crucibles with porous spongy morpholo-
gy, which prevents accumulation of gaseous reaction prod-
ucts at the melt/graphite interface. 

In order to reveal the apparatus effect the SG1 and SG4
samples were simultaneously run in porous crucibles on
both TC-436 and TC-436DR systems. Figure 7 shows that
the respective evolution curves differ markedly, viz. those
of TC-436DR analyzsr are strongly tailed. The apparatus ef-
fect is caused by the difference in the flow systems of the
analysers. The real evolution kinetics from the sample is not
identical to that observed with IR detectors since the latter
is influenced by intermixing of a gaseous sample with a he-
lium stream as well as adsorption-desorption reactions in
the oxidising heater. The transfer of analytic gas from the
sample towards an IR detector can be characterised by a
so-called apparatus function E(t-to). This represents the re-
sponse of the IR detector upon an impulse, produced with-
in the crucible at the moment to. In the present work CO im-
pulses were created by dropping small pieces of granular
CuO or oxidised nibbled copper into the hot crucible (T >
2500 K). Figure 8 shows the normalised apparatus func-
tions E(t-to) of both TC-436 and TC-436DR systems. When
operating in the so-called simultaneous mode, the TC-
436DR system has the narrowest function E(t-to), which is
independent of the impulse mass. In the simultaneous mode
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Figure 6. Evolution kinetics of oxygen from SG15 material in (a)
porous and (b) dense crucibles, recorded with TC-436DR analyser.

Figure 7. Apparatus effect on the evolution kinetics of oxygen from
(a) SG1 and (b) SG4 samples in porous crucibles; solid line - TC436
raw data, dash line - TC436DR raw data, dot line - TC436DR curves
after correction by Eq.5.



the analytical flow by-passes the oxi-
dising heater and both CO and CO2 are
directly detected by IR cells (figure3).
When analysing low oxygen contents,
the catalytic oxidation of CO to CO2 on
rare earth CuO is, however, essential to
enhance the sensitivity of detection. As
can be seen from figures 8(b)-(c), the
oxidising heater makes the apparatus
function mass-dependent, which tends
to be more tailed as the amount of ana-
lyte decreases. In the high range the
functions E(t-to) of both systems are
very similar, but in the low range the
tailing is much stronger for TC-436DR
analyser.

The observed effect seems to be of chromatographic na-
ture. When passing over the bed of rare-earth CuO, the an-
alyte molecules (CO, CO2) undergo multiple adsorption-
desorption reactions on the catalyst surface, which is usual-
ly found to be heterogeneous with adsorption sites of dif-
ferent energy. The more active the host site, the higher the
activation barrier required for CO2 molecule to desorb away
and, therefore, the longer its residence time on the surface.
The mass-dependence of the apparatus function arises from
the blockage of most active sites which proceeds as the
dosage of analyte increases. This effect also explains the en-
hanced peak tailing, caused by dividing the analytical flow
before the oxidising heater, as it is made in TC-436DR sys-
tem. In order to recalculate the “true” evolution curves, we
suggest the following equation:

wreal =
{

a + qm · b

(1 + bwobs)2

}
· dwobs

dt
+ wobs (5)

where wreal , wobs [µg/s] are “real” and “observed” oxygen
evolution rates, a [s], qm [µg] and b [s/µg] are model pa-
rameters. Eq.(5) was derived by assuming that the accumu-
lation of the analytic gas in the gas system of the analyser is
represented as a balance between those released from the
sample, those “washed out” by flowing helium and those
adsorbed-desorbed by the catalyst. The model parameters a,
qm and b have to be determined for each instrument. Table 4
contains the values of parameters, which were obtained by
fitting Eq. (5) to the trailing sides of the apparatus functions
of TC-436 and TC-436DR systems, used in this compari-
son. The correction was found to be essential for
TC-436DR instrument rather than for TC-436 one. Figure 7
shows that the correction makes the evolution curves from
different systems more similar. Nevertheless, whatever nu-
merical procedure is employed, the deconvolution itself in-
volves the noise enhancement. Therefore, it is desirable to
improve the apparatus function by reducing the amount of
catalyst and increasing the carrier gas flow rate.

Reduction sequence of oxide species. Before proceed-
ing with quantitative analysis of corrected and scaled evo-
lution curves, the appearance sequence of peaks from dif-
ferent oxide species must be derived. This can be made by
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Figure 8. Apparatus functions: (a) TC-436DR, bypass of the oxidizing heater, CO-detector;
(b) TC-436DR with oxidising heater, CO2-detector; (c) TC-436 with oxidising heater; figures
near curves refer to the oxygen mass in impulse (µg).

Instrument a [s] qm [µg] b [s/µg]

TC-436DR without oxidizing heater 1.5 0 0

TC-436DR with oxidizing heater 2.4 15.6 1.4

TC-436 with oxidizing heater 2.4 3.6 0.8

Table 4. Numerical description of the impulse-response curves.

calculating the gas bubble pressure pb, developed due to
carbothermal reduction of representative oxide species. As
soon as pb exceeds the total pressure pa in the gas system of
the analyser (pb > pa), the growth of the bubble on the sur-
face of an oxide particle in the bulk of the melt becomes
theoretically possible. The temperature at which  is consid-
ered to be an equilibrium temperature of reduction. 

As found by chemical and SEM/EDX analysis, the main
oxide species in SG1 sample are alumina and silicates. SG4
material additionally contains spinel phase. Hence, the fol-
lowing reactions are considered to proceed during an analy-
sis of SG1 and SG4 materials:

SiO2(c) + 2[C]aC=1
→
← [Si] + 2CO(gas) , 6)

pb = (
K (6)

p

/
aSi

)1/2
, (6a)

Al2O3(c) + 3[C]aC=1
→
←/2[Al] + 3CO(gas) , (7)

pb = (
K (7)

p

/
a2

Al

)1/3
, (7a)

MgO(c) + [C]aC=1
→
← Mg(gas) + CO(gas) , (8)

pb = 2 ·
√

K (8)
p , (8a)

3Al2O3 · 2SiO2(c) + 13[C]aC=1
→
← 6[Al] + 2[Si] + 13CO(gas),

(9)

pb =
(

K (9)
p

a6
Ala

2
Si

)1/13

, (9a)



MgO · Al2O3(c) + 4[C]aC=1
→
← 2[Al] + Mg(gas) + 4CO(gas),

(10)

pb = 5

4

(
4K (10)

p

a2
Al

)1/5

(10a)

where pb [Pa] is bubble pressure; aAl , aSi are Raoul’s activ-
ities of aluminium and silicon in the melt, respectively; in
both cases pure liquid aluminium or silicon must be select-
ed as a reference state; K (i)

p are equilibrium constants of the
corresponding reactions. The values of  K (i)

p were derived
from thermo-chemical data of pure substances [15]:

K (6)
p [Pa2] = exp(89.925 − 90496.5/T −2.677 · lnT ) , (11)

K (7)
p [Pa3] = exp(139.206 − 167583.0/T −4.130 · ln T ) ,

(12)

K (8)
p [Pa2] = exp(80.777 − 78415.8/T −2.70 · ln T ) , (13)

K (9)
p [Pa13] = exp(588.939 − 680647.8/T −17.098 · ln T ) ,

(14)

K (10)
p [Pa5] = exp(227.185 − 249879.7/T −7.760 · ln T )

(15)

Writing down Eq.(6) – (10), it was assumed that silicon
and aluminium dissolved from oxide phase into the melt
while magnesium, having extremely low solubility in iron
and high vapour pressure, evaporated into growing bubbles
together with CO. For every reaction (Eq.(6)-(10)) the ex-
pressions for the bubble pressure pb are given (Eq.(6a)-
(10a)), which were derived from the law of mass action. For
the reactions according to Eq. (6), (7) and (9) the pressure
in the bubble was assumed to be equal to the partial pres-
sure of CO, i.e. pCO = pb , while for reactions according to
Eq.(8) and (10) it was composed from the pressures of both
CO and Mg, i.e. pb = pMg + pCO . The following stoichio-
metric relations were also applied for evaporating compo-
nents: pMg = pCO for Eq. (8) and pMg/pCO = 1/4 for
Eq.(10).

Raoult’s activities of silicon aSi = xSi · γSi and aluminium
aAl = xAl · γAl in graphite saturated melts were calculated
using the associated solution model [16]. The total content
of aluminium, declared in table 1, was taken for calculation.
Since its value (≈0.03 wt.%) considerably exceeds the con-
tent of oxidic aluminium (≤ 0.0015 wt.%), such a substitu-
tion has a minor effect on the calculation results. This also
holds for silicon. The calculated values of the bubble pres-
sure, developed due to the reduction of silica, alumina, mul-
lite and spinel, are shown in figure 9 as a function of tem-
perature. The calculation was made for the sample contain-
ing 0.03 wt.% Al and 0.3 wt.% Si. The dashed line stands
for the value of the total pressure in the gas system of the
analyser, which is equal to about 1.9·105 Pa. The following
reduction sequence results from figure 9 (equilibrium val-
ues of Ts in K are in brackets): 

SiO2 (1560) → 3 Al2O3·2SiO2 (1780) → Al2O3 (1850) 
→ MgO·Al2O3 (1940) → MgO (2110). 

The foregoing model suggests that the reduction temper-
ature is determined by thermal stability of the oxide, chem-
istry of the sample matrix and pressure in the gas system of
the analyser. The sample chemistry affects the activities of
aluminium and silicon in the melt. The lower the activity,
the higher the bubble pressure, and, therefore, the lower the
thermal stability of the oxide. Figure 10 shows the values
of Ts of pure alumina and silica as a function of aluminium
cAl or silicon cSi content of iron samples [10]. The temper-
ature of the reduction start of alumina increases greatly with
aluminium content. This fact must be taken into account
when interpreting the evolution curves of different steel
grades.

Deconvolution of oxide spectra. As no complete separa-
tion of GFA peaks usually occurs, the deconvolution of ox-
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Figure 9. Gas bubble pressure pb, developed due to carbothermal
reduction of (1) silica, (2) mullite, (3) alumina, (4) spinel, and (5)
magnesium oxide in graphite saturated liquid iron, containing 0.03
wt.% Al and 0.3 wt.% Si; the dash line refers to the pressure in the
gas system of TC-436 analyser pa ≈ 1.9·105 Pa.

Figure 10. Temperatures of the reduction start of alumina and silica
inclusions during GFA as a functions of Al or Si contents in iron; TC-
436 analyser; experimental points were obtained at heating rates of
1.5-2 K/s; the thermodynamic calculation was made at pCO = 1.9·105

Pa.



ide spectra is essential to get the amount of each oxide
species. This was made here using OxSep original software,
described elsewhere [8]. The numerical procedure involves
consecutive separation and subtraction of individual peaks
from a total evolution curve, followed by minimization of
the sum of squared residuals. The profile of individual peak
was modelled in terms of the following empirical formula
[8,9]:

y(T ) = ym · exp


E · T − Tm

T · Tm
−

T∫
Tm

ek−E/x dx


 (16)

where Tm is temperature of the peak’s maximum, ym peak’s
height, k, E model parameters. This function was verified
by treating the single peaks of pure alumina and silica in-
clusions in iron matrix [17]. 

Figure 11 shows peak-separated evolution curves of SG1
and SG4 materials as well as single-peak pattern of pure
alumina in iron matrix. The arrows refer to the reference
temperatures of alumina reduction, calculated from the
thermodynamic model. The peaks which arise just above
this point are attributed to alumina inclusions. The differ-
ence between SG1 and SG4 samples in the temperature of
the alumina peak is likely due to Mg impurity, which was
found in alumina inclusions of SG4 material by SEM/EDX
analysis (see table 3). The alumina peak of SG4 material is
followed by the smaller peak with the start temperature
close to that predicted for spinel (1940 K). At higher tem-
peratures (≥ 2100 K), which are characteristic of MgO
species, no peaks are revealed. Thus, peaks number 3 and 4
of SG4 sample are assigned to alumina and spinel, respec-
tively. In contrast to the synthetic iron sample where only an
alumina peak is observed, the SG1 and SG4 samples yield
distinct peaks below Tstart of alumina. These are attributed
to silicates. Their reduction starts at about 1650 K. This
temperature is higher than the reference point predicted for
pure SiO2 (1560 K), but lower than that for 3Al2O3?2SiO2

(1780 K). The descripancy is likely due to the fact that sili-
cate inclusions are of a variable composition, with silicon
atoms partially substituted by aluminium. We thus assign
peaks below Tstart of alumina to alumosilicates while omit-
ting the more detailed analysis of their type. This seems to
be difficult with gas fusion technique.

The results of oxide separation are summarized in table 5.
The reproducibility of oxygen content and peak’s tempera-
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Peak parameterscO total

[µg/g] n _start [K] __ax [K] cO  [µg/g]

Oxide type

TC-436 23.3 2 1800 1925 11.0SG1

TC-436DR 21.0 2 1790 1920 12.1

Alumina

TC-436 26.0 3 1855 1980 10.5

TC-436DR 25.3 3 1850 1970 10.2

Alumina

TC-436 26.0 4 1940 2035 5.0

SG4

TC-436DR 25.3 4 1945 2030 4.2

Spinel

Table 5. Results of temperature ramped gas fusion analysis of SG1 and SG4 reference materials on TC-436 and TC-436DR systems (porous
crucibles).

Figure 11. Peak-separated oxygen evolution curves from (a) SG1,
(b) SG4 samples and (c) synthetic Fe-0.1 wt.% Al alloy with pure
alumina inclusions; melting intervals are indicated by shading.

Tstart Tax



tures is satisfactory. The effect of the heating rate on the re-
sults of oxide separation was not very significant within the
range 1.5-2.5 K/s although the peak overlapping generally
tends to enhance with heating rate while peak temperatures
tend to increase. About one half of the total amount of oxy-
gen is found to be combined with alumina. This is in quali-
tative agreement with the results of the chemical analyses.
However, these must be considered rather as a semi-quanti-
tative since they give overestimated content of the total ox-
idic oxygen (40-50 µg/g). In general, the results of the three
different methods are in reasonable agreement, providing
quite a consistent picture of the chemical state of oxygen in
the materials studied.

Conclusions

With recent progress in data processing as well as ther-
modynamic description of the gas fusion reactions, the oxy-
gen speciation analysis is getting a better basis for steel
cleanliness characterization. In order to achieve comparable
results on different ?/N analysers, the analytical procedure
must involve such steps as temperature calibration, blank
correction and recalculation of the “true” evolution curves.
Moreover, it is crucial to select the inner crucibles with
porous spongy morphology, which prevents accumulation
of gaseous reaction products at the melt/graphite interface
and provides the best analytical separation. The oxide quan-
tification must be performed numerically by consecutive
separation and subtraction of individual peaks from the to-
tal evolution curve. Finally, the peaks are identified by cal-
culating the reduction sequence of representative oxide
species, which are expected from the results of SEM/EDX
or other suitable methods.
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