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Electrical steels, regarding the chemical composition, are decarburized
mainly in N,-Hy~H,O mixture to provide combination of magnetic and
mechanical properties. The control of the decarburization process is important
step in steel processing where balancing act have to provide enough water
vapor to remove the carbon content to non-aging level but not to react with
alloy in the steel. A mathematical model of the decarburization process, based
on the diffusion laws is proposed, for Si-steels. The decarburization kinetics is
known to be very sensitive to thickness of the steel sheet, concentration of
alloying elements, temperature, time, type and dew point of the atmosphere.
The effect of above factors on the decarburization is considered in the
proposed model.
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As pointed in numerous scientific works [1, 4, 5, 9, 14], decarburization is per-
formed for the development of optimal magnetic properties in steel. Decarburization is
accomplished by annealing in wet gas. The water content of the gas is controlled by the
gas dew point. At temperature, the water is dissociate forming hydrogen and oxygen [1]:

2H,0 (9 = 2H; 9 + O3 aas). (1)

The free hydrogen will then react with carbon on the surface of the steel by the fol-

lowing scheme [2]:

2C + Hy(ags) = 2CHaas), ()
2CH + Ha(ads) = 2CHp(ads)s (3)
2CHs(ags) + Ho = 2CHs as), “4)
2CHjags) + Hy = 2CHyg), (5)

However, the methane creation rate is controlled by reaction in surface layer. The
methane creations rate decrease if other atoms or molecules are occupying some adsorp-
tion center. Furthermore, the adsorption temperatures of both O, and CO are higher than
for hydrogen. These facts mean that even at low water vapor content of gas mixture the
creation of methane will blocked after several minutes of decarburization [3].

The free oxygen reacts with carbon at the steel surface, forming CO and CO; [1]:

20+ C=CO0,, (6)
2C+0,=2CO0. @)
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The carbon monoxide creation rate increases with increasing of the temperature and
dew point of gas mixture. The concentration of adsorbed oxygen proportional to H,0/H,

© H,0

ratio. Thus, the reaction rate of reaction (7) is limited by ratio [4].
o,

As carbon is depleted from the steel surface, a concentration gradient is created
which allows more carbon to diffuse from the center of lamination to the surface. The
carbon content in steel is thus lowered in this way.

Electrical steel sheets, regardless production type are annealed in the temperature
range of 780-900 °C, i.e. o or a+y region.

Theory of decarburization kinetic in which phase transformation (i.e. y—>o or
aty—a) is involved was developed by Swisher [6] and Pyyry and Kettunen [7]. Men-
tioned methods are independent from oxidation potential of decarbirizing atmosphere.

In paper [9] authors present an equation for decarburization of GO steels. The main
non-availability of this model connected with measuring of oxidation subscale i.e.
critical silicon fraction in oxide subscale.

This work presents a mathematical model for decarburization of electrical steels.
The model tested on both NO and GO steels decarburised in atmosphere of different
composition and dew point. The Si content and thickness of investigated steels changed
in wide range.

Fully processed non-oriented steel was used as experimental material. Table 1 pre-
sents chemical composition of investigated steels. Samples in the form of Epstein strips
were taken from the industrial line after cold rolling. The thicknesses of the samples
were 0.5 and 0.65 mm.

Table 1
Chemical composition of steels, in wt. %

steel C Mn Si P S Al N h, mm
A 0.043 | 0.28 | 1.39 0.08 0.009 | 0.139 | 0.007 0.5
B 0.031 | 038 | 1.01 | 0.134 | 0.008 | 0.157 | 0.007 0.65
C 0.052 | 036 | 1.02 0.09 0.01 0.133 | 0.009 0.65

Investigated samples were annealed in the N,—H,—H,O decarburizing atmospheres
of different vapour content. The dew point of atmosphere was changed in range of 20°C
to +55°C. Annealing temperature range lies within 800-900 °C.

The residual carbon content after decarburization was determined by chemical
analysis.

In the production of both non-oriented (NO) and grain-oriented (GO) steels the
main alloying elements are Si and Al that added to decrease eddy current losses. The
oxygen in water vapour will begin to react with element other than carbon. The next
most easily oxidized elements in the steel are aluminium, silicon and manganese. An
internal oxidation is often occurs during decarburization at sufficiently long-time and
high oxygen potential.

Above-mentioned elements, primarily silicon, oxidize during the decarburization,
forming small second phase oxide particles near the surface of sheet that impede grain
growth, magnetisation and magnetic domain boundary motion. The control of the decar-
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burization is thus a balancing act where one wants just enough water vapour to remove
the carbon content to non-aging level but not to react with alloy in the steel.
The oxidation of silicon steels is carried out by the next reaction [14]:

Si+2H,0 = Si0,+2H, , 3
2Fe+Si+4H,0 = Fe,SiO+4H, , ®)
2Fe+Si0,+2H,0 = Fe,Si0,+2H, , (10)
2A1+3H,0=Al,05+3H, , (11)
2Mn+0,=2MnO . (12)

Electrical steels, regarding the chemical composition, are decarburized mainly in
N,—H,~H,0 mixture in the range of 780-900 °C. To achieve an effective decarburiza-
tion, the dew point of above atmospheres is changing from +20 to +60°C [4, 5, 10, 11].
By the way presented in [5], the relation between dew point, temperature and silicon

40 2Fe+SIO,+2H 0=Fe Si0 +2H
20
o ]
.E" _20—- 2Fe+Si+4H,0=Fe ,SiO,+4H,
& -40-
% 4
a -60 4

] Si+2H,0=SI0,+2H,
-80 -
100 2A1+3H,0=A1,0,+3H,
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750 800 850 900 950
T,°C

Fig. 1. Relation between oxides formation and dew point of NH; atmosphere.

oxidation for electrical steel may be derived. The relation between formation of SiO,,
Fe,Si0, and Al,O; and dew point of NH;3 atmosphere is presented in fig.1. It can be seen
that even at dew point of —80 °C the oxidation process is occurs. As the dew point higher
than —40 °C, than fayalite formation take place. Beside these, lower annealing tempera-
ture corresponds to lower dew point of decarburizing atmosphere without oxidation.

Decarburization of electrical steel is a diffusion problem of carbon with phase
transformation in steel from austenite to ferrite. A discontinuous concentration profile of
carbon is observed during decarburization [6, 7, 17]. The last is caused by the continuity
of chemical composition of carbon in ferrite and austenite [17].

The classical expression for carbon removing from sheet can be formulated as a
function of carbon content, diffusion coefficient of one and thickness of plate. So, the
decarburization process by reactions (6) and (7) are describing by equation:

Lj{—fzf(C,Df,l), (13)
where C is extracted carbon; D is a diffusion coefficient of the carbon; / is the thickness
of steel.

The decisive factor controlling the process is the gas-solid interface reaction. It is
well known that ferrite decarburization occurs on the surface when the steel is kept at
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around the temperature at which the microstructure of steel becomes ferrite and austenite
duplex phase [17]. Thus, the carbon oxide creation is controlled by reaction in surface
layer. Under the condition that carbon concentration at surface equals 0, the classical
solution for carbon diffusion may be presented by Fourier series solution with period of /

[5]:
Cxr=Y a, exp[— D, (%j z] sin@. (14)

For a square wave function: a,=4C,/nx, where C, is an amplitude of square wave
function. Taking into account first (dominates) terms of equation (14), the average car-
bon concentration in steel after decarburization will be:

= ~ 7Z2th
C ~C;exp 7| (15)

where C; — the initial carbon concentration (in wt. %); Dy is a diffusion coefficient, for
Fe-Si steels D=0.85%exp(=113000/RT) [5]; t — is the decarburization time (in s); / — is
the thickness of sheet (in cm).

As mentioned above, the decarburization of silicon steels is controlled by oxidation
process. As soon as silicon, aluminium and manganese react with wet decarburize at-
mosphere. As results, the external oxidation occurs and oxide subscale is created. Last
one impede the decarburization process. With anneal temperature increasing the oxygen
potential increase as well (fig.1).

The thermodynamics of segregation as well as for surface segregation and for grain
boundary segregation are described by the Langmuir—McClean equation [16]. The last
was expressed in [5] for the occupancy of Fe—Si steel surface sites with the oxygen by
reaction (1):

B ko(Pr,0/ Pu,)
I+ky(Puo!Pu,) ’

where @ is the saturation coverage of steel surface with oxygen, k, is constant for the
given temperature.
The temperature dependence of ky is [5]:

(16)

ky=0.32- exp(@) , 17)
where 7in K.

The formation of oxide subscale depends on Si, Mn and Al contents in steel and
dew point of atmosphere (see eq. 16—19). For temperature range of 700-900 °C, the
silicon concentration in subsurface region increase [16] and the intensive oxidation take
place. But contrary to silicon oxidation, the Si presence increases the diffusion activity
of carbon. Carbon activity depends on Si content by next way [5]:

al® =0.122[S1]. (18)

Taking into account the oxidation process and dependence of carbon activity upon
Si content, the exponent in equation of average carbon concentration (15) has to be mul-

tiplied by the correlation factor z, that depend on ®and agi by following way:
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=(q.q% ©
Z(aac b e s 02 A+ 03 - (19)

. Si . .
where a, b, ¢, are constants. The relation between z, ©, a(c ) and above coefficients is

received from experimental data by interpolation.

For electrical steels of 1-3 wt.% Si these coefficients are as follows: a=0.165,
b=1.44, c=-0.011.

Then

C=Crep = . (20)

Presented model depends from:
a) dew point of atmosphere through @, that corresponds to oxidation process, i.e. crea-
tion of oxide layer and internal oxidation;
b) carbon activity;
c) content of oxidise alloying elements;
d) oxide particle creation through coefficient z in eq. 20.
The decarburization process of studied steels will be discussed in terms of decar-

C_ final

burization level (L.D.= ) and level of relative decarburization
initial
(R.D. _ Cinitial - Cﬁnal )
Cinitial

Fig. 2 presents well agreement between experimental and modelled data by (20) in
sample B of medium Si content. As follows, the level of decarburization increases with
temperature and time increasing. As shown, the level of relative decarburization in-
creases with temperature increasing for all temperature range. The high intensity of de-
carburization corresponds to high annealing temperature.

It is widely known that the increasing of atmosphere’s dew point lead to increasing
of decarburization intensity. The effect of dew point on decarburization is detected in
fig. 3 and 4. The kinetic of decarburization for atmospheres of three different dew points
is presented in fig. 3. As shown, the experimental data well describes by presented
model. The higher value of decarburization level (L.D.) corresponds to higher value of
dew point, in range of +20 to +40°C. It is obvious, that decarburization is retarded at
temperatures above 875 °C. Whereat, the high dew point of atmosphere the slower inten-
sity of decarburization (see fig. 3).

It is because of intensive oxidation take place at high temperature. Thus, the oxida-
tion process is predominant at high temperature, and as a result the decarburization proc-
ess is retarded. The similar phenomenon was observed during decarburization of the
sample C in the same atmosphere (see fig. 4). Like previous case, the decarburization
was retarded at temperatures about 900 °C, whereat the optimal decarburization corre-
sponds to temperature of 875°C. The level of decarburization increase slowly above this
temperature.
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Fig. 2. The kinetic of decarburization process of sample B annealed in
75%(H,)+25%(N,) (d.p. +55°C).
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Fig. 3. The kinetic of decarburization process of sample A annealed in
35%(H,)+65%(N;) during 4 min.
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Fig. 4. The kinetic of decarburization process of sample C annealed in
35%(H,)+65%(N,) atmosphere of different dew point during 6 min.
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Fig. 5. The kinetic of decarburization process in Fe—3%Si steel [Zidek], annealed at
820 °C in 75%(H,)+25%(N,) atmosphere of d.p. +40°C.



CONTRIBUTION TO MODELLING OF DECARBURIZATION... 15

Fig. 6. The dependencies of relative decarburization level upon time and dew
point of atmosphere for four temperatures: a — 825°C; b — 850°C;
¢ —875°C; d —900°C.

The optimal condition of decarburization for non-oriented electrical steels could be
chosen from dependencies of relative decarburization level upon the time and dew point
of gas mixture for different temperature. The mentioned dependencies presented for
sample A treated under different conditions. As shown in fig. 6, a and b, the relative
decarburization level is not exceed the values of 80 and 85%, for 7=825°C and 850°C
respectively. The increases in temperature cause the increasing of decarburization inten-
sity. For temperature of 875°C, the level of decarburization approximates to value of
90% during 5 min. Treatment during next time invokes slight increasing in decarburiza-
tion level. Following temperature increasing is not reasonable because the decarburiza-
tion level increase very slightly (fig. 6, d). The influence of dew point is evidently clear
from fig. 6, for next range of oxygen partial pressure: from 0.1 to 0.3 units. The higher
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oxidation potential of atmosphere the higher level of decarburization. But the intensive

o . - H,0
decarburization occurs in next range of

ratio: 0.2—0.3 units. Further increasing of

dew point can lead to intensive oxidation, and the process of carbon removing will be
retarded. As can be concluded, the optimal decarburization corresponds to temperature
of 875 °C and time of about 5 min. As to the optimal partial pressure of oxygen, it thus
lies in range of 0.2—0.3 units.

The model validity was confirmed by the substitution of the measured results pre-
sented in literature as well. In fig.5 the good agreement between experimental data [15]
of Fe—3%S:i steels of different initial carbon content is shown. As shown, the correlation
coefficient R is exceeding the value of 0.98.

Proposed model well describes the decarburization process in electrical steels. The
decarburization process of fe-(1-3%)si at different annealing conditions were modelled.
The correlation coefficient between experimental and modelled data is exceeding the
value of 0.97.

The level of decarburization increases with temperature and time increasing.

The higher value of decarburization level corresponds to higher value of dew point,
in the investigated range of dew point.

The decarburization was retarded at temperatures about 900 °C, whereas the opti-
mal decarburization corresponds to temperature of 875°C and time of about 5 min. Fol-
lowing temperature increasing is not reasonable because the decarburization level in-
creases very slightly. As to the optimal partial pressure of oxygen, it thus lies in range of
0.2-0.3 units.
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JIO IUTAHHSA MOJIEJTIOBAHHSA ITPOIECIB JIEKAPBIOPU3AIIIL B
EJEKTPHUYHUX CTAJIAX
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EnexTpoTexHiuHi cTami 3aJIe)KHO BiJl XIMIYHOTO CKJIaJly BiANAJIOIOTH IEPEBa’KHO B
atMocdepax N,—H,—H,O mmst 3abe3riedeHHsT MarHiTHUX Ta MEXaHIYHUX BIaCTHBOCTEH.
KonrpomntoBanns mpouecy nexapOypusalii € BaXKIMBUM MOMEHTOM Y IPOLIECi BUTOTOB-
JICHHSI cTajei, e 30amaHcoBaHa peakiist 3 aTMoc(eporo, 3 0JJHOr0 OOKY, TOBUHHA JaBa-
TH JIOCTaTHIO KUTBKICT BOJIOTH JUIS BUAAJICHHS BYTJICIIIO 1O KUTBKOCTI, sIKa 3a0e31e4nTh
HecTapiHHS Matepiaiy, 3 IHIIOro — He MOBMHHA Bi0OYBATHCS peaKilisi OKUCHEHHS JIETKUX
KOMITOHEHTIB CTaji. 3alporioHOBAHO MaTeMaTH4YHY MOJIeNb Mpolecy AeKapOypusarii,
sIKa TPYHTY€EThCS Ha 3aKkoHax qudy3ii Byrnemto. KiHeTHka IbOro SIBUIA 3aJISKHUTh Bif
TOBIIMHU CTaJi, KOHIEHTPALI] JICTYIOUHX €JIEMEHTIB, TEMIIEpaTypH, 4acy Ta TOYKH POCH
cepenoBuma. Brmne mux ¢akTopiB Ha mporiec aexkapOypu3alii po3risiHyTO Ha IiJICTaBi
i€l Mozemi.

Kniouoei crnosa: enextpudHi ctai, KiHeTHKA JeKapOropu3allii, OKUCICHHSL.
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