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Hydrogen, which is a harmful element, has a great effect on the mechanical properties of steel, should 
be removed during the steel manufacture process. The evolution of hydrogen content in steel during 
electroslag remelting process is experimentally investigated. The results show that during the electroslag 
remelting process, the hydrogen content in steel firstly increases steeply to maximum, then decreases 
to minimum and reaches the equilibrium. For a prefixed slag composition, the final hydrogen content 
in steel depends on the initial hydrogen content and the atmospheric moisture. When the electroslag 
remelting is operated under the argon protected atmosphere, the hydrogen in steel increased slightly. 
With the increase of the atmospheric moisture, the hydrogen content in steel increased significantly, and 
the larger atmospheric moisture is, the more significant influence on the hydrogen content in steel is. 
Moreover the mathematical formula to predict the hydrogen content in steel from the initial hydrogen 
content and the atmospheric moisture is derived: % . % . / .H Hw w p p0 359 0 016 0 525.e S H O2= + +H! !$ $
It could be used to forecast the final hydrogen content in ESR ingot.

Keywords: Electroslag remelting, hydrogen content, slag/metal interface reaction, protective 
atmosphere.

*e-mail: yuechu1314@foxmail.com

1. Introduction

The Electroslag remelting process (ESR) has a great 
superiority in high quality ingot production with its excellent 
metallurgical reaction conditions and special melting 
crystallization method. To produce high quality large ESR 
ingots, the purity and chemical uniformity of electrode is a 
prerequisite. A number of studies have focus on this special 
smelting process 1-4. Hydrogen and other element transfer 
during the electroslag remelting process were discussed 
in the previous works 5,6. The ESR has a great advantage 
especially on controlling the hydrogen content of steel. The 
hydrogen content in steel has received much attention because 
of its importance to the quality of steel 7,8. To understand 
hydrogen transport in the electroslag remelting process, 
a determination of the species in the gas, flux, and metal 
phases is necessary. It is believed 9,10 that the hydrogen in 
the ESR ingots mainly comes from water vapors in the mold 
atmosphere, flux moisture content, slag system and hydrogen 
in the consumable electrode. The ESR process is generally 
conducted with highly active basic slags capable of absorbing 
substantial amounts of moisture. During the ESR process, the 
liquid metal forms at the consumable electrode and later the 
liquid metal detaches from the electrode tip and falls through 
the molten slag into the metal pool. It is supposed that the 
hydrogen in the liquid metal are removed by the slag/metal 
reaction in the slag pool during the formation and falling 

period of metal droplets, and the distribution equilibrium is 
established between the slag and metal as indicated by Kato 11.

Moreover, many works were performed 12-15 to investigate 
the hydrogen pick-up for several slags containing calcium 
fluoride and the slag with different states including new slag, 
pre-melted slag and recycling slag. In Mitchell’s 16 work, he 
briefly reviewed the slag components and properties evolving 
with the electroslag remelting process, and the effects of slag 
on the hydrogen transfer and inclusion composition control. He 
considered that the transport behavior of the slags was treated with 
relation to the electrochemical, heat and mass transfer processes. 
N. M. Chuiko 17 found that the primary source of hydrogen content 
increase of ESR ingots is the hydrogen in the electrodes, flux 
moisture, and water vapor in the mold atmosphere. A reduction 
in the hydrogen content of ESR metal can be achieved mainly 
by degasification of the original steel, careful calcining of the 
fluxes and reducing the partial pressure of water vapors in the 
mold atmosphere during melting.

Several investigators 18,19 had studied on the behavior of 
hydrogen during electroslag remelting process and obtained 
the results for the individual operating conditions, but the 
theoretically fundamental knowledge of hydrogen transfer 
during ESR is still needed. In this paper, the hydrogen transfer 
from the atmosphere through the slag pool into the molten 
metal pool finally was investigated. The experiments focus 
on the influence of the atmosphere moisture and metal/
slag reaction to the hydrogen transfer and aim to find out 
the relationship between initial hydrogen content and final 
hydrogen content in different atmosphere moisture.
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2. Experiment Description

In order to study the hydrogen transfer during electroslag 
remelting process, the special steel L80-13Cr, whose 
composition is listed in Table 1, was remelted under air 
atmosphere and protective atmosphere by using a laboratory 
MoSiO2 furnace. The present work was designed to study 
the hydrogen transfer process from the ambient atmosphere 
around furnace to the steel during ESR process. At the same 
time, the effect of different atmospheric moisture on the 
hydrogen transfer and hydrogen content was discussed. 
The aim is to find out the main road of hydrogen transfer 
and get a formula to illustrate the relationship between the 
water moisture and hydrogen content in steel.

2.1 Sample preparation and experiment 
apparatuses

Before the experiment, the steel samples should be 
manufactured to round bars of 45 mm in diameter, and 50 
mm in length, which were thereafter used as consumable 
electrode in experiments. The steel samples were polished by 
sand paper to remove iron oxide on the surface, and the steel 
samples were soaked in the HCl solution for several hours, 
and washed by deionizes water. Then the steel samples were 
polished by sand paper again and again until the surface of 
the samples was bright and had no dark pot.

A MoSi2 furnace, which consists of purification system, 
heating system, and control system, was used to simulate 
the ESR process. To eliminate the effect of slag charge on 
the experimental results, the slag used for the experiment in 
this study is CaF2-Al2O3-CaO-SiO2 quaternary slag system 
and its mass fraction distribution ratio is unchanged. The 
composition of slag used in the experiments is listed in Table 2.

In order to remove the moisture in slag, the slag need 
baking before used. CaF2, Al2O3, CaO, SiO2 are respectively 
prepared with the crucible in the muffle furnace, at 850 ºC 
under constant temperature for 10 hours. According to the 
stoichiometric ratio request, the corresponding raw material 
are mixed and formed into tablet for later use.

In the experiments, 99.99% argon is adopted as the 
protective atmosphere. Before the argon arrived and entered 
into the furnace, it was dehydrated with color-variable silica 
gel and phosphorus pent oxide (P2O5).

At last, the pretreated steel samples were remelted 
in CaF2-Al2O3-CaO-SiO2 quaternary slag under different 
atmosphere.

2.2 Experimental procedure

Prepared steel sample was stored in a MgO crucible 
and put into the MoSi2 furnace, and then the furnace was 
starting to heat up. When the temperature is close to the 
aim temperature, the prepared slag was added into the 
crucible in the furnace. Well mixed was needed to make 
the slag and the molten metal reacted deeply. The outlet 
temperature of the furnace cooling water was maintained 
less than 298K (25ºC). The first group samples were 
remelting under atmosphere, without argon as protection 
gas, and the second group samples were remelting under 
argon atmosphere (argon flow rate of 2 L/min) with different 
initial hydrogen content, at the last third group samples 
were remelting under different moisture (argon flow rate 
of 2 L/min, the argon saturated with water vapor at 10ºC, 
20ºC, 30ºC).

During the remelting, samples were sucked up into 
quartz tubes from the metal pools with a rubber bulb. 
All samples were stored in a desiccator before analysis. 
Hydrogen in steel was analyzed quantitatively by the 
TCH600.

3. Experimental Results and Discussion

3.1 Effect of different ambient atmosphere around 
furnace on hydrogen content

In order to understand the role played by the atmosphere 
around the furnace in the ESR process, a lot of experiments 
had been carried out for studying the influence of different 
atmosphere over the slag pool on the hydrogen content in 
steel when the initial hydrogen content was very low.

As shown in Figure 1, it is to be noted that when the 
atmosphere around the furnace is different, the hydrogen 
content in the samples is quite different in different time. 
When the ingot was remelted in the atmosphere, the 
change of the hydrogen content in the samples is shown 
in Figure 1(a). It can be noted that the hydrogen content 
ascends up very quickly during the atmosphere remelting. 

Table 1. Chemical composition of materials remelted (wt, %).

Element C Mn O H S Cr P Si

Composition 0.18~0.21 0.45~0.65 ≤0.004 ≤0.0002 ≤0.008 12.5~14 ≤0.02 0.35~0.55

Table 2. Ratio of the elements in slag (%).

Composition CaF2 Al2O3 CaO SiO2

Ratio 59 18 15 8

Purity ≤95 ≤97 ≤98 ≤97
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In the next experiments, the argon was used to be the 
protective gas and the speed is 2 L/min. The hydrogen 
content increased so fast to a maximum of 4 ppm, and 
then got down sharply with the time. When the time 
approached to 4h, the hydrogen content in ingot was 
reduced to 2 ppm and keeps invariant. This observation 
has led to the proposal that when the argon was used to 
be the protective gas it can prevent the hydrogen content 
raise further during the remelting process. It is also proved 
by other researchers 20.

3.2 Effect of different initial hydrogen content on 
hydrogen level

The following experiment was designed to study the 
effect of different initial hydrogen content on hydrogen level 
in steel. In these experiments four sample having different 
initial hydrogen content was used to study the hydrogen 
content in steel. The influence of the initiative hydrogen 
content on hydrogen content in steel during ESR under 
argon is shown in Figure 2.

Figure1. Influence of atmosphere on hydrogen content in steel during ESR

Figure 2. Influence of initial hydrogen content on hydrogen content in steel during ESR
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This diagram demonstrates that when the initial hydrogen 
content in electrode was different, the hydrogen content 
in steel changed differently either. They all had a similar 
tendency that at first they increased rapidly, after reach 
the maximum, they began to decline, then reached to their 
minimum, and finally the hydrogen content maintained at 
about 2 ppm. From the Figure 2(a) it also can be confirmed 
that the time of the hydrogen content variation to 2 ppm is 
8h when the initial hydrogen content is 3 ppm. In Figure 2(b) 
and Figure 2(c) the time is about 6h and less than 6h 
when the initial hydrogen content is 2.5 ppm and 1.6 ppm 
respectively, but in Figure 2(d) the time is the shortest, 
less than 3h, when the initial hydrogen content is 1 ppm. 
It can be concluded that when the higher initial hydrogen 
content in ingot, the longer time are needed to achieve 
the final hydrogen content of 2 ppm. This phenomenon 
is explained when the slag system was determined, the 
hydrogen adsorption and hydrogen permeation was fixed, 
so that no matter the initial hydrogen content is high or 
low, the hydrogen absorbed by the slag was constant. In 
this case when the experiment began, the hydrogen in the 
whole system, not only the hydrogen in steel and in slag but 
also the atmospheric moisture, needs the total equilibrium. 
That is to say the higher initial hydrogen content in steel, 
the less time reaction needs to reach the balance, and the 
higher final hydrogen content in steel.

3.3 Effect of different atmospheric moisture 
around furnace on hydrogen

In order to understand the role played by the atmospheric 
moisture around the furnace in the ESR process, a lot of 
experiments had been carried out for studying the influence 
of different atmospheric moisture on the hydrogen content 
in steel.

Figure 3 compares the hydrogen content in steel during 
ESR with the different atmospheric moistures. The higher 
temperature of the argon atmosphere, the larger moisture in 
the argon is. When the argon saturated with water vapor at 
10ºC, the variation of hydrogen content in ingot is not obvious 
during the constant temperature process, and the original 
hydrogen content in steel is 2.4 ppm, after 2h the hydrogen 
content increases to 2.7 ppm. With the extending of time the 
hydrogen content in steel increases, but the increasing speed 
is relatively slow. When the moisture in argon increased 
gradually, the transfer rate of hydrogen from the atmosphere 
to steel increases obviously, thus the hydrogen content in steel 
increases significantly too. When the argon saturated with 
water vapor at 30ºC, the water in the atmosphere diffuses 
into steel rapidly, 2h later the hydrogen content in the steel 
reaches the maximum. The hydrogen content in steel sample 
has no obvious change with the increase of time, that is to say 
the hydrogen content in the steel sample reached saturation. 
It is evident that when the atmospheric moisture is larger, 
the influence of atmospheric moisture on the hydrogen 
content in steel is more significant. This phenomena was 
also proved by Dong 21 in different experimental conditions. 

As mentioned above, when the slag system was fixed, the 
hydrogen adsorption and hydrogen permeation was fixed, 
so that no matter the initial hydrogen content is high or low, 
the hydrogen absorbed by the slag was constant. The reason 
for this phenomenon is that when the atmospheric moisture 
is larger, the hydrogen concentration in the gas/slag interface 
was higher and it is benefit for the reaction at the interface, so 
that the hydrogen concentration was higher too. At the same 
time, the time used to reach their maximum and minimum 
value was shorter, and the time reached the equilibrium was 
shorter either. It leads to the different hydrogen content in 
the samples at different times under atmospheric moisture.

4. Hydrogen Transfer

It is mostly believed 15-17 that the gas/slag reaction (1) and a 
slag/metal reaction (2) are the important reaction for hydrogen 
transfer during the electroslag remelting process as follow.

Gas/slag reaction:

            H O OH0 22
2+ =- -Q QV V          (1)

Slag/metal reaction: 

 OH M M H O2 2 22+ = + +- +Q QV V ! ! !$ $ $          (2)

Therefore, we try to discuss them respectively.
First of all, we assumed that slag above atmosphere is 

steady state and the hydrogen in the liquid steel is uniformly 
distributed, i.e. ignoring the diffusion of hydrogen in the 
atmosphere to the gas/slag interface and the slag-metal 
interface to the molten steel.

Based on the above assumption, the gas phase PH O2  is 
equal to the vapor pressure in the gas/slag interface. Assume 
that fluid components inside the molten slag component 
(OH-) concentration is C∞

(OH-), the concentration Ci
(OH-) for 

the phase interface, and Ci
(OH-)> C∞

(OH-). H2O is transferred 
or permeated from gas into slag fluid infinitesimal with the 
form (OH-). After a time te, the hydroxyl ion concentration of 

Figure 3. Influence of atmospheric moisture on the hydrogen 
content in steel during ESR
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from internal diffusion from the interface into the liquid 
steel, its concentration reduced to C[H].

The whole process is composed of three steps in series, 
the rate of the diffusion flux in molten slag pool is J1= 
(C(OH-)'-C*(OH-)'), the interfacial chemical reaction rate is 
J2=k2(C*(OH-)-C

e
(OH-)), the rate of the diffusion flux in metal pool 

is J3=k3(C*[H]-C[H]), where k1is the mass transfer coefficient 
of (OH-), m/s, k2 is the rate coefficient of the interfacial 
chemical reaction, k3 is the mass transfer coefficient of [H], 
m/s, and Ce

(OH-) is the equilibrium concentration.
Here the interfacial chemical reaction can be approximate 

considered that

 OH Fe O H Fe2 2 22+ = + +- +Q QV V ! ! !$ $ $       (9)

The reaction speed of reaction (8) under high temperature 
metallurgical process is fast, it can be considered in equilibrium 
state, and the interfacial concentrations are close to the equilibrium 
concentration. When the slag system and reaction conditions 
are determined, the distribution ratio of [H] and (OH-) in the 
slag and liquid steel L[H] is a determinate value, it can get

  L C
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         (10)

Based on the double-film theory, the mass transfer on 
both side of the interface is in a steady-state, and the whole 
process also in steady-state, so that J1= J2= J3= J.

Due to the interface concentration cannot be directly 
measured by experiment, C*(OH-) and C*[H] should be eliminated.

                
J

k k k
L

C L C

1
1

OH

H

H H

1
2 3

=

+ +

--Q V ! !$ $

        (11)

Because the chemical reactions during the high temperature 
metallurgical process is very fast, it does not become a 
restrictive step, therefore, resistance of chemical reactions 
1/k2 can be ignored. In this case, the rate is mainly controlled 
by diffusion mass transfer in two-phase control, that is,
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where ρs is the density of the molten slag, g/cm3, ρm is the 
density of the molten metal, g/cm3, LH is the distribution 
coefficient of [H] in the slag/liquid metal. If hydrogen 
diffusion from gas to slag and in the slag pool are not 
restricted in the diffusion process, the hydrogen diffusion 
from gas to slag and in the slag pool reaches the steady state, 
Eq. (7) and Eq. (12) are equal, the w(%OH-) is eliminated. 
During the experiment, the slag system and steel has been 
fixed, the mass transfer coefficient of hydrogen in the 
molten slag and in molten steel are considered as constant, 
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(OH-) in the fluid microelement increase △C, and leaves the 
interface migration into the slag inside, the position vacated 
is later occupied by the new fluid microelement. Thus, the 
surface is constantly updated with the species transfer.

The first step of hydrogen move into metal is hydrogen 
transfer on the interface between the gas and the slag pool. 
Based on Fick’s second law,
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The boundary conditions are given as followings,
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On the solutions of equation (3),
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The “erf” in the equation (4) is the error function symbols.
In the interface where x=0, the diffusion flux of (OH-) 

components is given by
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Assuming that the reaction (1) at gas/slag interface is 
very fast, it’s close to equilibrium, so that we can obtain that

      % /OHw K p p ai H O O1 2
2$ $= H-

-Q QV V            (6)

From Eq. (5) to Eq. (6), we can get

            

%
/ %

OH
OHdt

dw
V
A

t
D K p p a w

m e
H O O1 2

2$ $r- = - 3
H

-
-Q R Q QV V V W

          (7)

where Vm is the volume of the liquid metal, m3, A is the area 
of slag/metal boundary, m2, D is the diffusion coefficient 
of hydrogen, m2/s, te is the equilibrium time, s, K1 is the 
equilibrium constant for the reaction Eq. (1) at the gas/
slag interface, aO

2- is the basicity of slag, and pH O2  is the 
partial pressure of moisture in the atmosphere above the 
slag pool, Pa.

After the hydrogen in the atmosphere penetrates into 
the slag pool, its diffusion depends on the concentration 
difference. It is assumed that the slag has completely dried, 
i.e. the influence of the water contained in the slag was

           J K C C17
1

OHr r OH= -- - lQ Q Q VV V           (8)

At the step of hydrogen transfer on the interface 
between the slag pool and metal pool, the concentration of 
hydrogen in the slag pool is C(OH-)’, when it spreads to the 
slag/metal interface, its concentrations decreased to C*(OH-)’, 
and transforms into a product by interfacial reaction, the 
product’s concentration is C*(H). At last, the product apart 
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the oxidability and density of the slag, the density of the 
molten steel, and the distribution ratio of hydrogen in slag/
metal are also considered as constant. The crucible and ingot 
are ensured to be the same condition in every experiment 
so that the volume of the molten steel and the area of the 
interface between molten slag and molten metal can be 
regarded as a constant value. Thus,
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where Vm is the volume of the molten metal, m3; A is the area 
of the slag/metal interface, m2; D is the diffusion coefficient 
of hydrogen, m2/s; te is the equilibrium time, s; LH is the 
distribution coefficient of hydrogen in slag/metal; ρm is the 
density of the molten metal; g/cm3; K1 is the equilibrium 
constant of the gas/slag interfacial reaction; ρs is the density 
of the molten slag, g/cm3; k1 is the mass transfer coefficient 
of OH- in slag, m/s; aO

2- is the basicity of slag; k3 is the mass 
transfer coefficient of H in molten metal, m/s; pH O2  is the 
partial pressure of water moisture in atmosphere, Pa.

Integral solution of the Eq. (13) can be given as follow
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where α, β, C, C', C" are the integral constant.
By the integral equation, it’s known that when the ESR 

process at the beginning and end,
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That is % % /H Hw A w A p p Ae s H O0 1 22= + +H! !$ $           (18)

where w[%H]e is the final hydrogen content in the ingot, 
ppm; pH O2  is the partial pressure of moisture in atmosphere, 
Pa; A0, A1, A2 are the constants depends on the slag, steel 
and other conditions; w[%H]s is the initial hydrogen content 
in the electrode, ppm.

By the hydrogen diffusion dynamics model during 
ESR process shows that when the moisture pressure in 
the atmosphere increases, the diffusion rate of hydrogen 
increases, the water in the atmosphere diffuses to the slag/
gas interface to take the reaction H2O(g)+(O2-)=2(OH-), 
and the (OH-) diffuse to the surface of the slag so that the 
concentration of (OH-) increases in a unit time, making 
the concentration of (OH-) on the slag/gas interface higher 
than that of slag/metal interface, therefore the diffusion 
rate of (OH-) from the slag/gas interface to the slag/metal 
interface increases. It makes the (OH-) concentration 
on the slag/metal interface increase, also prompted the 
interface reaction between slag/metal in the positive 
direction, enables the concentration of [H] in the liquid 
steel increasing, namely the higher hydrogen content in 
liquid steel.

The experimental data proved that when the other 
conditions remain unchanged, the hydrogen content in 
steel increases with the increasing of humidity in the 
protective gas.

Combined with the experiment data under different argon 
protection, we get 6 equations from the dynamic model of 
Eq. (18). Combination of two of the equations, 15 groups 
of α and β values can be calculated. By substitution of these 
values, 15 formulas of the dynamic model can be expressed. 
The diffusion dynamics model in the process of electroslag 
remelting under the experimental condition of hydrogen is 
given as follows
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Based on the experimental data and substitution of Eq. 
(19), 6 equations can be obtained. Combination of two of the 
6 equations, 20 groups of the value of A1, A2 and A3 can be 
calculated. By substitution of these values, 20 formulas of 
the relational expression of w[%H]e, w[%H]s and pH O2  can 
be expressed. The relational expression of w[%H]e, w[%H]s 
and pH O2  in the process of electroslag remelting under the 
experimental condition of hydrogen is given as follows:

% . % . / .H Hw w p p0 359 0 016 0 525e S H O2= + +H! !$ $        (20)

The formula can be used to forecast the final hydrogen 
content in ingot after the electroslag remelting process from 
the initial hydrogen content in ingot and the moisture before 
the remelting.

5. Conclusions

(1) The atmosphere has a great effect on the hydrogen 
content in steel during ESR process. When the argon 
saturated with water vapor at 10℃, the variation 
of hydrogen content in ingot is not obvious during 
the constant temperature process, and the original 
hydrogen content in steel is 2.4 ppm, after 2 hours 
the hydrogen content increases to 2.7 ppm. When 
the argon saturated with water vapor at 30℃, the 
water in the atmosphere diffuses into steel rapidly, 
2h later the hydrogen content in the steel reaches 
the maximum and maintain a constant.

(2) During ESR process, the hydrogen content in steel 
increases firstly to maximum and later decreases to the 
minimum. The final equilibrium hydrogen content in 
steel depends on the initial hydrogen content in steel.

(3) Combined with the experiment data under different 
argon protection, a formula is proposed to describe 
the relationship between w[%H]e, w[%H]s and pH O2  
in the process of electroslag remelting under the 
experimental condition of hydrogen as follows:

% . % . / .H Hw w p p0 359 0 016 0 525e S H O2= + +H! !$ $
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