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a

Abstract

Hydrogen may cause several problems during steel processing. Issues caused or enhanced by hydrogen range from 
different types of bubbles such as pinholes to breakout during continuous casting. Further down the line, segregation and 
embrittlement may lead to cracking such as flaking or blistering. These problems impact plant productivity and have cost 
impacts on equipment maintenance and the need for additional steel treatment. Some of the problems lead to scraping. 
Although vacuum degassing effectively controls the hydrogen content of steel, it introduces additional costs that are not 
justifiable for many products. This work aims to identify the main sources of hydrogen in liquid steel in the Ternium 
Brazil steelmaking plant and to propose a model to decide the need for hydrogen measurement for the degassing process, 
focusing on steels for which vacuum degassing is not a specification requirement. It is essential for these steels to guarantee 
a controlled level of dissolved hydrogen to avoid problems, mostly at casting. Once the sources are identified, a model is 
developed to predict the hydrogen content at the beginning of the secondary metallurgy treatment. Based on the model, 
it is proposed that hydrogen should be measured or not at this step to decide if vacuum degassing is required to assure 
safety in casting.
Keywords: Hydrogen; Steel; Steel plant.

1 Introduction

The solubility of hydrogen in iron varies with temperature 
and with phase transformations, as shown in Figure 1. In general, 
there is good agreement between the various published values 
of the solubility of hydrogen in steel [1-3].

However, the hydrogen content in the atmosphere 
is only around 0,6ppm [4]. It has been well established that 
the main source of hydrogen in steel is the reduction of 
water, normally present as humidity [5-7], in accordance 
with Equation 1. This will be discussed in more detail in 
the next section.

2H O 2H O= +  (1)

The high mobility of hydrogen atoms in steel causes 
very fast redistribution and segregation during phase change 
(e.g. [8]). It has been established that the change in solubility 
during the L δ→  transformation is important to the formation 
of pinholes and similar defects during solidification [9,10]. 
Currently, this is relatively well modelled [11]. The diffusion 
of hydrogen through  δ , in the early stages of continuous 
casting seems to play an important role in the occurrence 

of breakout in continuous casting of steels containing 
somewhere over 6-8ppm hydrogen [12,13]. Apparently, a 
larger volume of hydrogen diffuses through the initial thin 
layer of solid steel than is retained in pinholes or bubbles 
in general [14] influencing heat transfer, powder behaviour 
and eventually leading to breakouts. This is a cause of 
concern in many steel mills [12,13,15]. Further down in the 
processing route, hydrogen may cause cracks, blisters [16] 
and flakes [17]. These phenomena are mostly associated 
with the combination of transformation stresses, alloying 
element segregation and hydrogen redistribution and are 
well understood [17-19], albeit they continue to be hard to 
control in many industrial situations. Hydrogen absorption 
during application and problems caused by it is also a very 
important problem [20], but this is not discussed here.

Since the 1950’s the classical solution to control 
hydrogen content in steelmaking is vacuum degassing [18,21]. 
This solution, however, introduces significant additional costs. 
Thus, it should be limited to essential cases. The introduction 
of “Sieverts’ Law-based” fast and reliable analysis of 
hydrogen (pioneered by HYDRIS® [22]) made possible 
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fundamentals, extrapolation to new conditions would be more 
reliable. The main objective of the work was then twofold: 
indicate process steps/materials that are more relevant for 
hydrogen pickup at Ternium and propose a model that could 
reduce the need for analyzing the hydrogen of all heats when 
they reach secondary metallurgy. The combination of these 
two measures should reduce processing costs by reducing 
the number of heats with excessive hydrogen content and 
reducing the number of heats that must be analyzed to decide 
if they should be degassed or not.

2 Hydrogen sources

As the absorption of hydrogen in steel occurs in 
accordance with Equation 1, water, water vapour and 
humidity are fundamental concerns during steelmaking 
when hydrogen control is considered. In some cases, like oil 
contamination in scrap and coke additions, hydrogen may 
be present in a non-oxidized formed. And in ferro-alloys, 
besides humidity, dissolved hydrogen is also present as will 
be discussed. Numerous sources of water and hydrogen must 
be considered in the melt shop. In this study, we consider 
sources in steps from converter charging until the start of 
ladle metallurgy, as indicated in the schematic meltshop 
flow of Figure 2.

Many authors have evaluated the different sources of 
hydrogen in steelmaking, and their relevance [5-7,10,23,24,28]. 
Their relative influences, however, change in different plants, 
based on process conditions. One can group the sources 
as metallic charge, refractories, gases (including air) and 
additions during the process.

Metallic charge: hot metal, scrap.

Refractories [29]: proper drying and outgassing of 
refractories (and their repairs): converter, ladle, 
tundish, entry nozzle, submerged tube [25]

Gases: purity of oxygen, bottom gas blown in converter, 
humidity in the air (on top of steel in converter, ladle 
and tundish) and entrained during exposed pouring 
operations [27].

Additions: lime and other slag forming additions, ferro-
alloys, coke, metallic additions including wires, cover 
powders in tundish and mould [28].

the rapid analysis of hydrogen during steelmaking. This can 
be used as a decision tool concerning further processing of 
heats. However, this analysis also introduces a significant 
cost to the process.

Currently, Ternium systematically vacuum treats 
steels in which this is essential either because of client 
specification, chemical composition, final product thickness 
or application. For other steels, hydrogen is determined at 
the beginning of the secondary metallurgy step and, should 
it exceed a defined threshold, the heat is degassed regardless 
of other requirements.

Understanding the sources of hydrogen in the process 
as well as how hydrogen is absorbed or removed in processing 
steps in the melt shop can help reduce some of the costs 
in this process. Two strategies have been followed in steel 
plants to prevent hydrogen problems while controlling 
processing cost: (a) Evaluating the sources of hydrogen in the 
steelmaking process (e.g. [6,7,10,23-25]); (b) creating models 
to estimate the hydrogen content at some step of the melt shop 
process (e.g. [13,26,27]). These strategies may be combined. 
In the present case, we followed the combined approach: 
by identifying the most relevant sources of hydrogen in the 
steel when it reaches the secondary metallurgy, qualitative 
and semi-quantitative control measures can be proposed 
in raw materials and processing to prevent high hydrogen 
contents. The identification step is also relevant in helping 
defining which phenomena are relevant to be worth modeling. 
We opted for kinetic models of some stages of the process, 
as opposed to using artificial intelligence, neural network 
and other efficient fitting tools. It was felt that by adhering to 

Figure 1. Solubility of hydrogen in iron (and low alloy steels) at 1atm 
as a function of temperature. Adapted from Turkdogan [1].

Figure 2. Steel production flow for a non-vacuum treated steel at Ternium, highlighting steps considered in this study. The green dot indicates 
the point where H is currently measured at Ternium, to decide if the heat must be degassed for casting safety.
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Equation 1 clearly indicate that the more deoxidized 
the steel, for the same H2O potential, more hydrogen may 
be absorbed until equilibrium is reached. High oxidations 
somewhat “protects” the steel from excessive hydrogen 
absorption (e.g. [30]). Hydrogen may even be oxidized out, 
depending on the thermodynamic conditions.

Furthermore, as will be discussed in the next section, 
the vigorous gas evolution during converter steelmaking 
tends to indicate that the later additions are made, the more 
critical their hydrogen content might be.

Thus, one can expect that sources that are closer to 
the end of the investigated process (Figure 2) will be more 
relevant than those occurring earlier in the process will.

2.1 Lime

As burnt lime is very hygroscopic and lime is used 
in substantial quantities in basic steelmaking, it has been 
one of the raw materials most closely scrutinized [31,32]. 
In general, most steel plants are very careful with controlling 
humidity in lime at reception and during stocking. The fact 
that the absorption of humidity affects lime reactivity is also 
a reason for the importance of this control.

According to Fruehan and Misra [28] due to the 
moist atmospheric conditions, lime can become hydrated 
to form calcium hydroxide. This hydrated lime when added 
to the liquid melt heats up and decomposes according to 
the Equation 2.

( ) ( ) ( ) ( )2s g2 sCa OH CaO H O= +  (2)

This water vapor dissociates close to the steel and 
H can be absorbed following Equation 1.

Fruehan and Misra [28] found that close to 2% of 
the hydrogen added in the form of Ca(OH)2 was absorbed 
in the liquid steel. They considered that maximum pickup 
scenario would be when all the lime added during steelmaking 
is hydrated and all hydrogen is absorbed. The maximum 
amount of hydrogen picked up would be given according 
to Equation 3.

, 4lime
lime

steel

2 2 WH 10 ppm
74W
× ×

∆ =  (3)

Where,
limeW : weight of lime (kg);
steelW : weight of liquid metal (kg);

74 and 2: Ca(OH)2 and H2 molecular masses, respectively 
(kg/kmol).

2.2 Ferro-alloys and metallic additions

Hydrogen and moisture content in cooling additions 
(scrap or ore) and ferro-alloys may cause hydrogen pickup 
into liquid steel. Moisture content in materials is greatly 
influenced by its transport and storage conditions, whereas 
dissolved hydrogen, in special in ferro-alloys is related to 

their manufacture process. Wire additions can be essentially 
hydrogen free (e.g. Aluminium wire) or may be subjected to 
humidity absorption, when granular materials are present. 
Several researchers have tried to determine typical values 
for the hydrogen content in each type of ferro-alloy. 
Silveira et al. [33] related the of hydrogen contents of some 
types of ferro-alloys. There is a considerable scatter, but 
simple mass balances indicate that these contents are not 
relevant for the total hydrogen content in low alloy steel. 
This is confirmed by Ootsuka et al. [34].

2.3 Coke

Coke may contain humidity and hydrogen bonded as 
hydrocarbons. Both these sources are relevant to hydrogen 
pickup into liquid steel. Depending on the coking process and 
degree of coking the content of hydrocarbons may be significant 
and some cokes have a complex pore structure [34]. It is not 
uncommon in steelmaking plants to term all non-graphite 
carbon-rich sources or carbon as “cokes”. This can be 
misleading as petroleum coke may contain 3.5% hydrogen 
(without considering eventual humidity) [35]. Fruehan and 
Misra [28], evaluated the effects of metallurgical coke and 
petroleum coke additions and observed significant hydrogen 
pickup. This is in accordance with the observations of [34] 
who did not specify the type of carbonaceous addition. 
Jha et al. [36] stressed the importance of the use of low H 
pet coke. The industrial results of Ootsuka et al. [34] and of 
the plant trials of Fruehan and Misra are consistent.

A recovery of 8 to 12% was observed in Fruehan 
and Misra experiments on hydrogen pickup from petroleum 
coke assuming a hydrogen content of 1% in the coke. They 
proposed that it is reasonable to assume that close to 10% 
of the hydrogen present in the form of impurity in the coke 
is absorbed into liquid steel [28]. Thus the hydrogen pickup 
from coke additions would be given as:

, 4coke coke
coke

steel

10 H  WH 10 ppm
100 W

∆ =  (4)

Where,
coke H : coke’s hydrogen content (%);
coke W : coke added mass (kg).

2.4 Atmosphere moisture

Slags are not perfect barriers to hydrogen. It has 
been shown that hydrogen can diffuse through slags. 
In basic slags the common ion is hydroxyl (OH-) and in 
acid slags water can break the silicate network bonding to 
silica tetrahedra [37,38]. The higher the basicity, the higher 
the concentration of hydroxyl in equilibrium with a given 
H2O pressure and hence higher solubility and diffusivity, 
all other factors constant.

Thus, atmospheric moisture can either be transferred 
through the slag or be directly absorbed when the metal is 
exposed to air, such as during transfer operations. When 
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slag making additions are dry the slag is a good barrier 
to the absorption [5,30]. It has been well established that 
hydrogen pickup depends on the partial atmospheric water 
vapour pressure. Ternium plant is located in a region where 
high relative humidity is almost constant 80±8% as opposed 
to plants in temperate regions (e.g. 50-80% in Tokyo) [39].

3 Kinetics of hydrogen absorption and removal

Heterogeneous processes in steelmaking, such as 
the absorption or removal of hydrogen are often limited 
by transport kinetics as the chemical reactions’ are fast 
at refining temperatures [38]. Interfacial phenomena may 
play a role in these processes, as demonstrated by Belton 
for nitrogen, for instance [40].

Boorstein and Pehlke [41] studied the kinetics of 
absorption of hydrogen in steel and observed that it was 
transport controlled. No influence of surface active elements 
was observed. Small et al. [42] observed some effect of 
dissolved oxygen, which they ascribed to surface effects. 
Suzuki and Taniguchi [43] confirmed that mass transfer was 
the dominant phenomenon in the removal of hydrogen in 
steel. Their results concerning absorption were not conclusive. 
Sasaki and Belton [44] evaluated the decarburization of steel 
in H2O/CO2 atmospheres and proposed that the water gas 
reaction may be influenced by surface active elements. In the 
present study, we decided to assume that the rate controlling 
step in absorption and removal of hydrogen from steel is 
transport, either in the liquid metal or in the gaseous species. 
Most of the industrial studies of the kinetics of the removal 
of hydrogen from steel was performed in vacuum degassing 
processes (e.g. [45-49]). Absorption in the tundish [27] and 
processes in the mould [12] were also modelled. Except 
in vacuum degassing modelling, interactions between gas 
and metal in steelmaking in general focuses in nitrogen 
and oxygen.

The rinsing effects of the large volume of CO evolution 
in the converter and in the electric arc furnace are useful 
tools for the removal of dissolved gases. Kempken [50] and 
Kempken and Pluschkell [51] developed a successful model 
to describe the behaviour of nitrogen in a combined blown 
converter. They confirmed the rinsing associated with the 
oxygen blow stage and the importance of the switch point 
between nitrogen and argon in bottom blowing.

In bottom blown converter, when hydrocarbons are 
used for tuyère cooling, models have been formulated to 
quantify the hydrogen pickup [52-54]. The model results [52] 
show that mass transfer is the controlling step and the partial 
pressure of hydrogen in the total gas defines the driving 
force for absorption.

Oxidation of the melt further promotes hydrogen 
elimination in accordance to Equation 1. At the end of 
oxygen blow in converter values close to 1ppm are reported. 
(eg [6,23,33].)

Most studies of gas pickup during tapping are related 
to reoxidation [55-58]. These studies show that the gas 
entrained by the jet impinging on the liquid metal surface 
on the ladle is a more relevant contribution to the pick-up 
than the reaction of the exposed jet with the atmosphere. 
This was the premise adopted by Braga and Tavares [27] 
when modeling hydrogen pickup in the tundish.

Unless interface phenomena or chemical reactions 
are involved, it is usually possible to use simple solutions 
to approximate mass transfer controlled problems. These 
involve formulating flow equations in or out of phases and 
the appropriate mass balances. If the transport in one phase 
controls the overall process, the driving force is obtained 
directly using the concentration in equilibrium with the 
other phase as the interface concentration.(e.g. [38,59,60]). 
Thus, in this situation, the hydrogen flux can be expressed 
as shown in Equation 5:

( )( )% %  H H eqj k H t H= −  (5)

Where,
Hj : hydrogen mass flow per area per unit time;
Hk : mass transfer coefficient;

% eqH : H content in steel in equilibrium at the interface with, 
for instance, the gas phase;

( )%H t : H content in steel (bulk) at time t.
Performing a mass balance in the liquid metal phase, 

a “first order” kinetic equation is obtained [61]. The same 
form of equation is obtained if transport in the gas is the 
controlling step. So, this is a useful and practical approach 
for industrial use but may not always bring insights on the 
exact mechanism or even on process controlling step.

4 Results and discussion

The main factors that may be relevant to the hydrogen 
content in steel as it reaches the sampling point (green dot 
in Figure 2) were identified based on the analysis presented 
in the previous discussion. Furthermore, steps where time, 
agitation and exposure to atmosphere are important variables 
were also identified to determine the relevant hydrogen sources 
and pickup processes at Ternium. Based on the identification 
of potential variables, the data of around 4000 heats, from a 
period of 2 years was collected. This data was subjected to a 
statistical analysis to identify possible correlations with the 
hydrogen content measured by sensor at the sampling point 
(Figure 2). The values of the calculated correlation coefficients 
r  are shown in Figure 3. The values of r are relatively low. 
Hence, not a single factor can explain to a large extent, the 
value of the final hydrogen content [62]. This is not surprising, 
since it is expected that many factors influence the final 
hydrogen content and that their influence may be a result of 
the combination of some factors [62]. The following were 
identified as the more relevant steps and additions, based on 
this statistical analysis: (a) heats with additions after sub-lance 
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measurement (b) additions of carburizing agent (c) the tapping 
operation variables (time, oxidation…).

Thus, a model was formulated to predict the evolution 
of the H content along a heat up to the sampling point 
(Figure 2). The following assumptions were made:

(a) all normal blown heats would reach the same value of 
hydrogen at the moment of the sub-lance measurement. 
This value is unknown and is a parameter of the 
model;

(b) Additions performed after the sub-lance measurement 
will have a hydrogen yield that is the same for all 
additions. This yield is also a parameter of the 
model;

(c) For heats which incorporate hydrogen because 
of post sub-lance additions, the mixed blow after 
these additions promotes some hydrogen removal, 
depending on blow time. The kinetic model of this 
step must also be adjusted in the model;

(d) Additions performed during tapping will have a 
hydrogen yield that depends of the additions. These 
yields are also a parameter of the model;

(e) Finally, hydrogen is absorbed from air during tapping, 
depending on the stirring energy of tapping. The kinetic 
parameters for this step are also adjusted in the model.

Figure 4 presents an overview of the steps of the model.

Figure 3. A color coded plot (“heatmap”) of the calculated correlation coefficients, r between selected steelmaking variables. Relevant variables 
are those that show some correlation to the value of H AHF (ppm), the hydrogen content measured at the start of ladle metallurgy.

Figure 4. Schematic evolution of hydrogen in the steelmaking process, according to the formulated model. See text for discussion.
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These steps, together with the relevant parameters 
are discussed below.

4.1 Hydrogen content at the sub-lance measurement

As discussed in Section 3 was assumed that the 
strong evolution of CO and bottom stirring gas lowers 
the H content significantly until the point when sub-lance 
measurement is made. Thus, it was assumed that all heats 
will have the same content of hydrogen at the moment of 
sub-lance measurement. This value, % minH  is an adjustable 
parameter of the model. Should there be no addition to the 
metal after the sub-lance measurement, this will be the value 
of the hydrogen in the metal just before tapping.

4.2 Hydrogen pickup from post-sub-lance additions

After the sub-lance measurement, it may be 
necessary to add lime and/or coolants (sinter, DRI briquette 
or pellets). As the heat is oxidized at this moment, the 
pick-up of hydrogen is limited by the equilibrium value of 
Equation 1, considering the water vapour pressure as the 
value derived from air humidity and the oxygen content 
from the sub-lance measurement (or estimated from the 
apparent equilibrium with measured %C in the converter). 
An average temperature of 1615ºC was adopted at the 
time of the sub-lance measurement, according to plant 
average data.

Was assumed that the absorption efficiency of the 
humidity contained in these additions is affected also by the 
degree of oxidation of the bath, which controls the driving 
force for absorption. Hence, we introduce factor to limit 
hydrogen yield. Since:

( )%C x %O k T=  (6)

Equation 1 can be combined to Equation 6 to obtain 
Equation 7:

2
1

k%H k
%C

=  (7)

And hence, Equation 8:

sub lance%H K' %C=  (8)

Where
K': hydrogen yield of the additions performed after sub-lance 
measurement.
K' is also a parameter of the model. The maximum mass 
of hydrogen in the lime addition is calculated according 
to Equation 3.

Based on the average measured values of humidity in 
the coolants, the maximum mass of hydrogen in the coolants 
is also calculated.

The hydrogen content after the pick-up from these 
additions is then calculated as:

( )% % 'i min sub lance lime coolantsH H K %C H H= + ∆ + ∑∆  (9)

4.3 Hydrogen removal by combined 
blowing (post sub-lance)

After the sub-lance measurement, we assume oxygen 
blowing and submerged blowing will promote hydrogen 
removal as before the sub-lance measurement. We assume 
that this removal is mass transport controlled. Furthermore, 
we assume that the equilibrium hydrogen content in the 
metal would be the same achieved just before the sub-lance 
measurement, i.e. % minH . Thus, the flux of hydrogen will be 
expressed as:

( )( )  % %H post sub post sub minj k H t H= −  (10)

Where:
 post subt : blow time after resuming full blow after sub-lance 

measurement (s);
 post subk : mass transfer coefficient for removal of hydrogen 

by top blow, CO evolution and bottom blowing.
Upon the performance of a mass balance over the 

liquid metal:

( ) 
 ln post sub min post sub

post sub
i min steel

%H t %H 100Ak
t

%H %H W

 −
  = −
 − 

 (11)

Where:
post subAk : product of effective area and mass transfer coefficient 

and is a parameter of the model;
i%H : value calculated after post sub-lance additions, according 

to Equation 9;
min%H : value discussed in item 4.1.

4.4 Hydrogen pickup from tapping additions

The materials added during tapping are aluminium, 
lime, coke, ferromanganese, ferrosilicon and synthetic slags.

The hydrogen yield of the additions performed during 
tapping was divided into two factors: K ′′ for coke additions 
and 'K ′′  for other additions. These are also parameters of 
the model.

The maximum hydrogen content in the lime addition 
during tapping was calculated using Equation 3.

The mass of hydrogen in coke additions is calculated 
according to Equation 4. Based on the average measured 
values of humidity in the ferromanganese alloys, the maximum 
mass of hydrogen in the ferromanganese alloys are also 
calculated. Other additions were not considered relevant 
sources based on the statistical analysis.

The hydrogen content after the pick-up from tapping 
additions is then calculated as:

( ) ( )''
 %  '  tap post sub coke lime FeMnH %H t K H K H H= + ∆ ∆′′ + ∆ +  (12)
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4.5 Hydrogen pickup from air during tapping

The absorbed hydrogen during tapping was calculated 
assuming that the volume of gas entrained in the metal 
during tapping is proportional to the energy of the metal 
coming into the ladle as discussed in Section 3. We used an 
approximate factor derived from the concepts of [55-57]. 
Thus, the hydrogen absorbed during tapping is calculated as

( ) % % % air
end tap tap tap eq tapH H K G H H= + −  (13)

Where,
 % end tapH : final hydrogen content at the end of the tapping 

operation;
% tapH : hydrogen content in the metal considering the final 
content in the converter plus the result of the tapping 
additions (Item 4.4);
% air

eqH : hydrogen dissolved in iron in equilibrium with the air 
humidity and oxygen in deoxidation, limited by the maximum 
solubility of hydrogen in iron at tapping temperature;
G: term proportional to energy of tapping, calculated as 

(2
steel tap i fgV t h h− ) where

g: gravitational constant (m/s2);
steelV : average rate of tapping (t/s);

tapt : total tapping time (s);
ih : height measured from the tap hole to the bottom of the 

empty ladle (m);
fh : height measured from the tap hole to the top of the full 

ladle (m);
tapK : constant of the model.

4.6 Fitting of the model coefficients

The constants of the model were adjusted with data 
from 403 heats cast from May to July 2020 using the Solver 
routine in Excel ®. The objective was to find parameter 
models that minimize the sum of the square of the differences 
between measured hydrogen and predicted hydrogen. As the 
model is non-linear, there is some dependence on initial values 
and it is not always guaranteed that the Solver solution will 
not be a local minimum [63]. For this reason, different start 
values were used for the model parameters, to ensure that 
the final parameters were a stable solution. The parameters 
obtained using this procedure were:

.  minH 0 5 ppm= ; .post subAk 88 0= ; . 3
tapK 0 487 10−= ×

.K 0 235′ = ; .K 0 344=′′ ; .K 0 816=′′′

Figure 5 presents the model calculated values of 
hydrogen at the different steps of the process.

The correlation between calculated and measured 
hydrogen is shown in Figure 6. A correlation coefficient 

.2r 0 71≅  was obtained. The model deviates from the y x=  
line. These results are considered a reasonable correlation for 
an industrial-scale model, in special in view of the absence 

of intermediate measurements of hydrogen content, which 
could make possible a better adjusted of the individual 
stages of the model.

Including effects of the ladle heating stage when 
there is Ar stirring for each heat in the LTS did not improve 
the results of the model. Furthermore, no correlation with 
steel grade was found. When heats subjected to longer 
argon bottom blowing (≥50% of blow time) were analyzed 
separately, they showed a better fit to the model, but no 
significant difference in the model parameters. This is an 
interesting topic to for future work.

4.7 Foreseen model application

In order to reduce costs of hydrogen measurement 
sensors currently used in all heats in AHF route different 
cut-off values were evaluated for the model, with the aim 
of identifying heats with 6ppm of more hydrogen at the 
AHF. A cut-off value of H<4ppm was selected. The results 
of using this cut-off were calculated and are shown in 
Table 1. The results indicate that no heat with more than 
6 ppm of hydrogen would proceed in the process, with 

Table 1. Model success index

H real < 4 
ppm

6ppm >H real 
≥ 4 ppm

H real ≥ 6 
ppm

H calc < 4 ppm 95% 5% 0%

Figure 5. Calculated values of hydrogen at the different steps of the 
process, using the adjusted model. Steps are in accordance to Figure 4.

Figure 6. Correlation between calculated and real hydrogen in 403 
industrial heats.
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the risk of breakout if the cut-off value was selected at a 
calculated value of 4ppm. Furthermore, only 5% of the 
heats would still be sampled, since they would have a 
measured value between 4 and 6 ppm. This means that, 
using the model with a cut-off of calculated 4ppm hydrogen 
content it is possible to reduce in 95% the use of hydrogen 
measurement sensors.

5 Conclusions

The control of hydrogen to prevent problems in 
continuous casting at Ternium is essential. Thus, the possible 
sources of hydrogen in steel in Ternium meltshop were 
identified and reviewed. A statistical analysis pointed the 
sources of hydrogen in steel that are possibly more relevant at 
the Ternium melt-shop. Combined blowing and CO evolution 
in converter is enough to eliminate the moisture that enters in 
the converter by scrap and fluxing additions at the beginning 
of the heat. Additions made after sub-lance measurement 
were observed to be the main sources of hydrogen pickup 
into steel in the converter. Although combined blowing after 
sub-lance measurement contributes to reduce the hydrogen 
pickup from these additions, it is usually not sufficient to 
reduce it to the level of heats in which no adjustments after 
sub-lance measurement are made. The tapping operation and 
additions during tapping contribute to hydrogen pickup in 
steel. The slag layer formed after tapping probably protects 

the steel from pickup from atmospheric moisture during 
the transport of the ladle to the later stages of steelmaking. 
The moisture of the ladle refractory has no influence in the 
final hydrogen content, which means that the ladle heating 
methods are suitable. As Ternium plant is located in a region 
where high relative humidity is almost constant during the 
year, no correlation of hydrogen to partial atmospheric water 
vapour pressure on could be observed. Evidently, the high 
humidity is a challenge to keeping all raw materials and 
refractories dry to control hydrogen pickup.

A model was formulated to calculate the expected 
hydrogen content at the arrival of the heat at the aluminium 
heat facility, where currently 100% of heats are analysed for 
dissolved hydrogen. The results of model shown a correlation 
coefficient of .  2r 0 71≅  to the measured values. It is suggested 
that, if a cut-off value of 4ppm calculated by the model for 
hydrogen analysis was adopted, 95% of the heats would not 
need to be analysed without increasing the risk of breakouts 
in the casting machine.
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