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This study presents a new probe to analyse the gas composition near a metal surface. The probe uses a mass spectrometric detector and is

incorporated in an experimental reactor for the thermal treatment and surface formation of steel sheet samples. Steel samples were exposed to

various oxidizing and reducing gas flows at pressures between ambient and 3 bar. The reaction product H2O was measured with the MS-probe

while reducing oxidized steel surfaces with H2 as well as the consumption of H2 as a function of the sample temperature. Similarly, the reaction

products CO andH2weremonitored during the oxidation of the bulk carbonwith H2O. The sample temperature was ramped linearly from ambient

to 900 8C. From thesemeasurements it was possible to evaluate the onset temperatures and the activation energies for the respective reactions.

The in-situ monitoring of the gas phase near the steel surface within the experimental reactor allows controlling the formation of a layer of iron as

a result of the iron oxide reduction. Similarly, the decarburization of steel can be followed up by measuring the time course of the CO

concentration. It is expected that the MS-probe will become an efficient tool for the understanding and optimization of the annealing and

formation processes during strip annealing before hot dipping.
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Introduction

The processes taking place when iron ores are reduced for
the production of iron is still amatter of investigations, using
gravimetric and chemical methods for analytical purposes
[1]. The oxidation and reduction phenomena of steel are of
considerable industrial interest. The rate constants for the
formation of hematite and magnetite as a function of
temperature and gas atmosphere were investigated as a part
of the development of fuel cells [2, 3]. In this context, iron
oxide pellets with various additives were tested for their
applicability as hydrogen storage. The measurement of the
reaction rates was carried out in an oven with controlled gas
atmosphere via gravimetry.
The conditioning of steel products prior to hot dipping is

crucial for the quality of the final product. It is generally
recognized that, beyond steel grade and zinc bath chemistry,
phenomena taking place during strip continuous annealing
before hot dipping play an essential role [4]. The analysis of
the chemical reaction mechanism taking place with iron
oxide pellets is straightforward; however, the investigation
of the oxidation and reduction processes on metal surfaces
needs more sophisticated analytical methods. For the
characterization of the reaction products formed on the
metal surface as a function of the process parameters,
various methods of surface analysis, such as GD-OES,
SIMS, SAM and SEM, have been applied [5]. Besides those
investigations at the final steel products, the in-situ
observation of the whole annealing process would be
desirable but is not available yet [6]. This applies
particularly to the measurement of the composition of the
gas phase within the reaction zone of simulation devices for
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the evaluation of the optimum process parameters. In the
same way the in-situ analysis of the gas phase within an
industrial continuous annealing plant could be valuable for
the process control.
Chatelain und Leroy [7] reported in 1986 about experi-

ments on specially prepared steel coils to analyse the gas
extracted from a hole drilled axially in the steel coil. The gas
was transferred from this ‘‘micro reactor’’ with a volume of
80 cm3 into amass spectrometer. During the experiments the
concentrations of the components of interest, CO, CO2, H2O
and hydro carbons reached after establishing equilibrium
were as high as a few percent. As a result of this study, the
process conditions were optimized in such a way that
residues of the lubricating oil were completely eliminated
from the steel strips. In contrast to the before mentioned
experiments, under real process conditions, when relatively
high gas flow rates occur, the gas concentrations to be
measured will be much lower, since equilibrium concen-
trations cannot be established.
The present paper presents investigations using a mass

spectrometer probe for the analysis of the gas composition
surrounding a steel sample within an experimental reactor
with temperature and gas flow control.

Experimental

An experimental device was developed tomeasure the gas
composition near the surface of a steel sample. A scheme of
the experimental reactor is shown in Figure 1. A steel
sample is positioned within a quartz tube which can be
evacuated and filled with various gases at definite flow rates.
The sample temperature is measured with a thermocouple
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Figure 1. Scheme of the experimental reactor.

Figure 3. Photo of a steel sheet sample and MS-probe within the

reactor.
welded to the sample and the temperature controlled by an
external infrared heater. Figure 2 shows the experimental
set-up while the infrared heater is removed and Figure 3
depicts the sample together with the MS-probe (MS – mass
spectrometer). The sample sheet and the MS-probe are
attached to a rod, which can be moved from outside through
a gas tight feed-through. TheMS-probe consists of a ceramic
tube, where an entrance capillary to the MS is inserted,
ending in some distance from the tip of the ceramic tube. The
gas to be investigated is sucked into the ceramic tube and is
removed through the ring-shaped volume between capillary
and ceramic tube. The entrance of the ceramic tube is
directly positioned at the sample surface. This arrangement
assures that the gas to be analysed reaches the MS capillary
Figure 2. Photo of the experimental reactor with the infrared heaters

opened.
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unchanged with a negligible delay. The MS-probe from its
entrance up to the MS is kept at a temperature above 80 8C.
With the help of the infrared heater the temperature of the

sheet sample can be kept at any desired value between
ambient and 1000 8C or heated with ramp rates up to 20K/s.
The sample temperature below the MS-probe was uniform
within some 8C.
A residual gas quadrupole mass spectrometer (Stanford

QMS 100) designed for the process monitoring was used for
the experiments. Typically, 10 masses have been scanned
during a cycle time of 3 s and unit mass resolution. The time
constant of the MS-probe was essentially determined by the
capillary and ranged between 5 and 30 s (10 to 90%). The
pressure reduction factor between the entrance of the probe
and the mass spectrometer was about 3 � 106, 2 � 108 and
1 � 108 for H2, H2O and N2, respectively.
Since the temperature ramp rate applied was 1K/s, the

temperature error resulting from the time behaviour of the
MS-probe was below 30 8C.

Results

MS monitoring of surface reactions. The steel
samples were heated up and exposed to an air flow within
the reactor such that a definite oxide layer had to be formed at
iley-VCH Verlag GmbH & Co. KGaA, Weinheim 321
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Figure 4. Partial pressures of H2, H2O andOHmeasured in two runs (105 and

105b).Oxidized sheets ofMn/Cr-DP steel in reducing atmosphere (95%N2 and

5% H2), temperature ramp rate: 1K/s.
the surface. Subsequently the oxidized sample were
exposed to a flow of a reduction gas (95%N2, 5%H2),
cleaned at 300 8C and heated at a constant heating rate
of 1K/s up to 900 8C. The partial pressures of various
masses of interest were continuously recorded with
the MS-probe.
The relevant chemical reactions which take place at

the steel surface are shown in Table 1.
Consequently, themonitoring of the partial pressure

of water near the steel surface during the heating up
process allows following up the reaction rate of the
reduction process. The activation energyEa [J] can be
evaluated from the Arrhenius-plot according to

kðTÞ ¼ A � expð�Ea=ðk � TÞÞ (4)

where A is formation constant [cm3 molecule -1 s-1], k
is Boltzmann constant [J/K] and T is temperature [K].
The main components of the steel samples inves-
tigated in this study are listed in Table 2. The experimental
conditions can be seen in Table 3. An example for the time
dependence of the partial pressures for some masses of
interest near an oxidized steel sample exposed to reduction
gas can be seen in Figure 4. The evaluation of the
measurements from Figure 4 is shown in Figure 5 for OH
and H2O. The activation energies evaluated from the partial
Table 1. Chemical reactions between steel sample and gas phase.

Process No.

Hematite reduction 3 H2þFe2O3$ 3 H2Oþ 2 Fe (1)

Hematite reduction H2þ 3 Fe2O3$H2Oþ 2 Fe3O4 (2)

Magnetite reduction 4 H2þFe3O4$ 4 H2Oþ 3 Fe (3)

Bulk carbon oxidation CþH2O$COþH2 (4)

Table 2. Main components of the steel samples investigated in this
study.

Chemical composition (mass-%)

Steel grade C Si Mn Al Cr

Mn/Cr-DP 0.07 0.1 1.4 0.05 0.5

MnAl-TRIP 0.2 0.1 1.6 1.55 0.1

Table 3. Experimental conditions applied for surface reactions. T1-
start temperature [8C], R1-ramp rate [K/s], T2-hold-temperature [8C],
t2-hold-time [s], R2- ramp rate [K/s], T3-final temperature [8C].

Gas Gas
pressure

bar

T1; R1
8C; K/s

T2; t2
8C; s

R2; T3
K/s, 8C

Oxidation 1 air 1 100;10 500;3

Oxidation 2 air 1 100;10 500;10

Oxidation 3 air 1 100;10 500;20

Reduction N2-H2; 95-5 1 100;10 300;20 1;900
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pressures of H2O and OH, respectively, agreed satisfac-
torily. Because of the lower absolute value of OH compared
to H2O, the statistical error of OH was higher. Some
activation energies for the reduction of the surface oxide are
shown in Table 4.

Mass spectrometric monitoring of bulk reactions.
The concentration of the bulk elements will be changed as a
result of the surface reactions, if the bulk elements have a
sufficient mobility within the material. This applies e. g. to
the oxidation of carbon in steel, according to Table 1.
Parallel to the reaction (5), the oxygen-affine elements like
Mn, Cr and Si, as described by Mataigne et al. [4], will be
selectively oxidized according to the mechanism:

xMeþ yH2O $ MexOy þ yH2 (6)

where ‘‘Me’’ stands for metal. Furthermore, Van den Eynde
et al. [9] as well as T.Van de Putte et al. [10] have postulated
that the carbon dissolved in the steel matrix should be able
to effectively reduce the oxides of iron and other elements
while undergoing the hot annealing process. For this, the
Figure 5. Arrheniusplotsderived frommeasuredpartial pressuresof

OH and H2O after background subtraction. Same experiment as in

Figure 4, temperature range: 416 to 641 8C.
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Figure 6. Partial pressures of various gaseous species near a steel sample

(Mn/Al-TRIP; 0.22%C) using the MS-probe. Ar at 2022mbar; water dew point:

20 8C; temperature ramp rate: 1K/s; temperature range: 300 to 900 8C.

Table 4. Examples for the determination of activation energies from Arrhenius plots.

Sample Measurement-No Oxidation 1 T1;
R1 8C; K/s

Oxidation 2 T2;
t2 8C; K/s

Temperature
range 8C

Activation energy
Ea kJ/mol

Mn/Cr-DP p-T-99 100;10 500;10 413 - 662 21.1

Mn/Cr-DP p-T-102 100;10 500;10 420 - 653 27.6

Figure 7. Details of Figure 6. with linear ordinate.

Figure 8. Partial pressures of various gaseous species near a steel sample;

sameexperimentalconditionsas inFigure6butwaterdewpoint:30 8C;hold time

at 900 8C: 90 s.
following reaction has been assumed:

MeO þ C $ Meþ CO (7)

If the reaction (4) is included as well, another
mechanism becomes likely:

MeO þ CO $ Meþ CO2 (8)

Because of the reactions (4 and 6–8) and the high
mobility of carbon in the steel matrix, the carbon
concentration near the surface will be reduced. The
concentration in the bulk will be reduced according to
the temperature depending diffusion coefficient of the
carbon. Consequently, the amount of CO released
from the surface depends in a complex way on the
carbon concentration within the material, the speed of
the diffusion and the reaction rate of carbon with the
water vapour. The latter is a function of the density of
the water vapour near the steel surface. In addition to
the processes just mentioned, the reactions (1) and (3)
with the oxidation and reduction of ironwill take place
at the surface, too. Moreover, these reactions will
influence the ratio of the water and hydrogen
concentrations near the steel surface. Therefore, the
material balance within the gas phase depends on
various mechanisms, meaning that a simple temper-
ature dependence as in the case of the above
mentioned surface reactions is not to be expected.
The time dependence of the partial pressures of

various gaseous components above a steel sample
while a wet argon flow was introduced into the
experimental reactor is shown in Figure 6. A
temperature ramp rate of 1K/s was applied.
Figure 7 shows the same results but with linear
ordinate to make the signal changes clearer. As
expected, the increase of the CO signal with temper-
ature between 500 and 600 8C could not be approxi-
mated by an exponential function with one single
activation energy. The same applies to H2 and to the
decrease of the concentration of H2O. The CO signal
shows a steep rise between 690 and 760 8C and then
levels off. The first phase is determined by the
activation energy of the CO formation, whereas the
second phase represents the limitation of the carbon
concentration at the surface as a result of its diffusion
through the bulk material.
A further example for the course of the gaseous

concentrations measured with the MS-probe is shown
in Figure 8. In this case, compared to Figures 6 and 7,
the dew point was higher by 10 8Cand the temperature
programwas extended by a hold time of 90 s at 900 8C.
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During the first 20 s of the hold time the CO concentration
remains almost constant but then it starts to drop
significantly. This can be interpreted as a depletion of the
carbon content of the sample.

Conclusions

TheMS-probe enables the in-situ observation of gas phase
processes taking place at steel surfaces during annealing and
surface conditioning. The temperature dependences of the
chemical reactions between steel surface and reactive gases
can be quantified, which is a basis for the understanding of
the underlying mechanisms. One example is the determi-
nation of activation energies, which can be attributed to the
corresponding chemical reactions. Furthermore, the meas-
urement of the gas components near a metal sample is very
helpful to find the optimum process parameters, such as
the temperature program or gas composition, e. g. for the
surface formation by oxidation and reduction steps [11] or to
achieve the necessary degree of decarburization.
The activation energies for the oxidation and reduction of

iron or other steel components as known from the literature
[2, 3] have been determined using granulates or powders. It
has to be expected that activation energies determined for
thin layers, e. g. an oxidized steel surface, will differ from
those reported in the literature for compact or powdered
material. But for the process control during annealing and
surface formation the characteristics of the thin surface films
is of foremost interest.
Another benefit of the in-situ measurement with the MS-

probe compared to other methods of surface analysis
consists in the avoidance of the surface contamination by
air exposition, which causes for instance a very high carbon
concentration within the surface-near volume of some
100mm depth. Process relevant surface films are also in
the thickness range of some 100mm. If these films would be
contaminated by air exposition, the interpretation of surface
measurements would be hampered.
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Whereas the evaluation of the final result of the annealing
and formation processes within a reactor needs many
successive experiments, the in-situ observation with the
help of theMS-probe delivers many process data during one
single run of the reactor. Consequently, the latter allows for a
considerable reduction of the optimization time.
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