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ABSTRACT 

Aluminum and its alloys are widely used in various branches of modern industry with special requirements for the 
construction materials used. Hydrogen and oxygen are gases, the impurities of which are in solid and liquid metals in 
solution or in the form of inclusions of excess phases. Gaseous compounds of hydrogen and oxygen are sorbed on metal 
surface as a result of physical absorption processes, dissociate into atoms, and accumulate on structural defects. When the 
impurity concentration exceeds the solubility at a given temperature, a secondary solid solution is formed. Hydrogen is one 
of the most significant gas impurities, which has a negative effect on the technological properties of products made of 
aluminum and its alloys. Hydrogen dissolved in solidified metal contributes to formation of gas and gas-shrinkage 
porosity, which increases with increasing hydrogen concentration. Therefore, the essence of this study is to compare 
different methods for determining hydrogen, which is especially important in the production of aluminum cast parts. The 
experimental part was carried out on samples of AK12 alloy (DIN AlSi11, ISO AlSi12). 
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INTRODUCTION 

In the modern world, more and more 
fundamentally new high-end technology devices are 
appearing; existing ones are being improved and 
complicated, with constantly increasing requirements for 
them. This leads to aids in improve operational 
characteristics of ferrous and non-ferrous alloys [1-5]. 

Melting and casting of aluminum alloys is 
accompanied by interaction of melt with furnace lining, 
moisture, atmospheric gases. The main danger in castings 
is hydrogen and oxygen soluble in liquid aluminum [6, 7]. 
Hydrogen, which is present in the quantity of 70-90% 
from total gas content, is in the form of an interstitial solid 
solution. In molecular state, it can fill voids and pores, 
form chemical compounds - hydrides (most often with 
alkali or alkaline earth metals), and adsorb on highly 
dispersed inclusions of aluminum oxides inside the metal 
with formation of chemical complexes [8, 9]. The high 
content of hydrogen in melt leads to formation of porosity 
in castings, decrease in fatigue and operational 
characteristics [10-14]. 

Oxygen is the main cause of cast product 
destruction under dynamic loads, since it participates in 
formation of aluminum oxide (γ-Al2O3) in the form of 
oxide films, on which nucleation and development of 
fatigue cracks occurs. The tendency to development of 
such cracks is revealed during tests to determine fatigue 
resistance of cast products in bending rotary test (Figure-
1). Fractographic analysis of the fracture structure 
revealed a multi-site character of crack initiation, cause of 

which is oxide films. The presence of oxide films in focus 
zone was confirmed by microstructure studies (Figure-2) 
[8]. 
 

 
 

Figure-1. Crack nucleation zone [8]. 
 

A possible consequence of such destruction is 
creation of an emergency situation during the operation of 
finished cast products. Therefore, in production of 
castings, it is necessary to control the hydrogen content in 
alloys, which can be produced by various methods. It is 
extremely important to accurately determine the actual 
hydrogen content in metal (dissolved hydrogen), which is 
associated with specific difficulties: 
 
-  Difficulties in determining hydrogen at its low 

content in aluminum alloys; 
-  Presence of alloying components in alloys with 

high vapor pressure and absorbed moisture on the 
oxide film covering the metal surface. 
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Figure-2. Microstructure of casting near the 
destruction zone. 

 
Currently, there are many domestic and foreign 

methods for determining the hydrogen content in 
aluminum alloys [15-19]. Based on this, the aim of this 
work is to compare the results of determining hydrogen by 
different methods. 
 
RESEARCH METHODOLOGY 

The alloy AK12 (DIN AlSi11, ISO AlSi12) was 
prepared in an induction furnace IAT-2.5 using the 
following charge materials: primary aluminum of grade 
A7 (DIN 3.0275, ISO Al99.7), crystalline silicon Kr00 

(according to GOST 2169-69), recycled waste (sprues, 
rejected castings). 

The hydrogen content was determined by direct 
(using an ALSPEK h Mini device, vacuum heating) and 
indirect (determination of the density index) methods. 

The ALSPEK h Mini device allows simultaneous 
measurement of dissolved hydrogen content and 
temperature. An electrochemical sensor mounted in tip of 
probe measures the hydrogen content (ml/100 g). 

To control hydrogen in alloy by the vacuum 
heating method (GOST 21132.1-98), samples were taken 
into a Rensley chill mold. The disadvantage of this method 
is duration of the analysis; therefore, it cannot be used as 
an express method for prompt adjustment of technology 
for preparing alloys and casting products. 

The indirect method for determining the 
hydrogen content includes density index method, which 
was calculated by measuring density of samples taken 
from one bull ladle using a 3vt device. 
 
RESULT AND DISCUSSIONS 

To determination comparability of measuring 
results of the hydrogen content in alloy by vacuum heating 
methods and the density index, metal samples were taken 
(Figure-3, 4). 

 

                   a                                             b                          c                                     d 
 

Figure-3. Control samples with results of density, density index and hydrogen content: a, b - density index 
14.7%, hydrogen content for solid sample 0.38 cm3/100g; c, d - density index 12.4%, hydrogen content 

for solid sample 0.30 cm3/100g. Density, g/cm3: a - 2.601; b - 2.213; c - 2.579; d - 2.26. 
 

The experimental work showed good 
reproducibility of measurement results by three different 
ways: density index method, vacuum heating method and 
Alspek H mini portable device (Figure-5). In this case, 
location of density index graph above rest is explained by 
the fact that this method evaluates purity of metal, 
including content of hydrogen and oxide films. 
 

 
 

Figure-4. Scatter diagram for density index (%) 
and hydrogen content (cm3/100g) 
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Figure-5. Metal hydrogen content and density index: 
Alspek H mini method (1), density index (2) and 

solid sample (3). 
 

The contamination assessment of metal with 
oxide films was carried out using well-known method - 
dependence of grain size and purity of metal [20]. The 
method consists in the following: sample in form of a 
cylinder (diameter 60 mm, high 15 mm) is cast into an 
open mold. The surface of the sample is etched with 
special reagents to identify macrograins. Coarse-grained 
structure is obtained on metal samples slightly 
contaminated with oxide inclusions. Fine-grained structure 
indicates a greater contamination of metal with oxides. 
The effect is explained by presence in melt suspension of 

Al2O3 in various concentrations, which in turn is the 
center of alloy crystallization (Figure-6). 
 

 
 

Figure-6. Macrostructure of samples with different 
density index, %: left – 9.1; right - 14. 

 
As a result of using the density index method, it 

was found that when metal is smelted in induction crucible 
furnaces, an excess of melt temperature over the liquidus 
temperature for every 10 ºС leads to saturation with 
hydrogen and a change in density index (Figure-7). 

 

 
 

Figure-7. Change in the density index depending on melt temperature: 1 ( ) - density index; 
2 ( ) - proportion of changes in density index. 

 
The studies carried out to assess the effect of 

charge materials on hydrogen content made it possible to 
establish that a change in the share of mechanical 

processing waste from 0 to 100% leads to an increase in 
metal density index by a factor of 5 - from 3 to 15% 
(Figure-8). 
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Figure-8. Change in the density index of alloy depending on content of circulating waste 
and "refreshing" in composition of charge (rest - content of primary charge materials). 

 
Thus, the results of study showed the possibility 

of using density index method as a reliable and effective 
express method for controlling melt purity in production 
conditions, monitoring compliance with technological 
parameters of alloy preparation and stability of its 
composition. 

Statistical analysis of the results on influence of 
melt temperature and relative humidity on density index 
(Figures 9, 10) showed that the density index values 
increase with an increase in the melt temperature and 
relative humidity of environment. The increase in density 
index with increasing temperature is explained by the fact 
that process of gas dissolution is accompanied by an 
endothermic reaction and can be described for aluminum 
by solubility equation [21, 22]. 
 

 
 

Figure-9. Density index versus melt temperature: 1 - 
before refining; 2 - after refining. 

 
 

 
 

Figure-10. Dependence of density index on 
ambient humidity. 

 
An increase in density index value with 

increasing ambient humidity is due to the fact that 
aluminum melt interacts with atmospheric moisture, and 
the following reaction occurs 
 
3H2O + 2Al = Al2O3 + 3H3 
 

Thus, refining the AK12 melt makes it possible to 
reduce density index by 90%. It should be note that in the 
studied interval, density index decreases with decreasing 
temperatures. 

In parallel with sampling density index, hydrogen 
content in the AK12 (DIN AlSi11, ISO AlSi12) melt was 
measured by a direct method using an ALSPEK H MINI 
device before and after refining, and a statistical analysis 
of obtained data was carried out. Based on the 
measurement results a graphical dependence is plotted 
(Figure-11). 
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Figure-11. Dependence of density index on 
hydrogen content. 

 
Theoretically, the correlation dependence of 

density index and hydrogen content should tend to unity if 
they vary proportionally to each other. The experimental 
results show that the coefficient of determination R2 
determines the average relationship between the values of 
density index and hydrogen content. Consequently, 
density index shows not only change in hydrogen content, 
but also contamination of melt with non-metallic 
inclusions. 

During melt preparation, intense gas saturation 
with hydrogen, nitrogen, oxygen occurs. Because of this 
interaction, Al2O3 oxides are formed in form of films and 
suspensions, which are a strong adsorbent of hydrogen. 
Being loose, surface of oxide films largely adsorbs 
hydrogen and creates conditions for formation of pores 
during solidification of sample under low pressure. The 
density index of sample, in this case, depends on amount 
of absorbed hydrogen and amount of suspensions of oxide 
films that got into melt during its preparation. The results 
of study are consistent with the data presented in [23], 
which shows difference between actual hydrogen content 
and its relative content according to density index. 
Therefore, density index is a qualitative method for 
assessing contamination with non-metallic inclusions and 
hydrogen. 
 
CONCLUSIONS 

Thus, the results of the study showed that most 
promising methods for assessing the hydrogen content in 
aluminum alloys are density index method and 
measurement by a solid sample (vacuum extraction). 
Application of Alspek H mini method is limited to use of 
expensive sensors. 

Measurement of density index can be used as a 
reliable and effective express method for monitoring melt 
purity by hydrogen and oxide inclusions in production 
conditions. The control of hydrogen on a solid sample is 
most reliable, but cannot be recommended as an express 
method in production because of its considerable duration. 
 
REFERENCES 
 
[1] Sletova N. V. 2014. Sozdanie preparatov dlja 

rafinirovanija i modificirovanija Al splavov, 
obespechivajushhih stabil'nye pokazateli kachestva 

otlivok [Creation of preparations for refining and 
modification of Al alloys, providing stable quality 
indicators of castings]. Dissertation, Belarusian 
National Technical University. 

[2] Illarionov I. E., Bogdanova T. A., Merkulova G. A., 
Bogdanov A. Yu., Gilmanshina T. R. 2018. 
Technology for Modifying Aluminum Alloys with 
Ultrafine Silicon. Metallurgist. 62: 476-481. 
https://doi.org/10.1007/s11015-018-0684-0 

[3] Bogdanova T. A., Merkulova G. A., Gilmanshina 
T.R. 2019. Effect of Iron and Manganese Content on 
the Structure of Cast Article from Aluminum Alloy 
AK12. Metal science and heat treatment. 60: 555-559. 
https://doi.org/10.1007/s11041-019-00318-0  

[4] Babkin V. G., Leonov V. V., Gilmanshina T. R., 
Stepanova T. N. 2017. Phase transformations in 
graphite coatings and their effect on surface cleanness 
of castings. Chernye Metally. 10: 54-59. 

[5] Illarionov I. E., Kaftannikov A. S., Nuraliev F. A., 
Gilmanshina T. R. 2018. Evaluation of burn value on 
the surface of iron castings. Chernye Metally. 8: 23-
28. 

[6] Kotlyarsky F. M. 2019. Vodorod kak sostavnaja chast' 
struktury zhidkih aljuminievyh splavov [Hydrogen as 
an integral part of the structure of the liquid state of 
aluminum alloys]. Litejnoe proizvodstvo. 8: 10-14. 

[7] Zhang Z. H., Bian X. F., Liu X. F. 2014. 
Heredity of hydrogen in Al alloys during melting 
process. Materials science forum. 331-337: 307-312. 
https://doi.org/10.4028/www.scientific.net/MSF.331-
337.307. 

[8] Bogdanova T. A. 2015. Razrabotka 
konkurentosposobnoj tehnologii lit'ja avtomobil'nyh 
koles iz silumina na osnove aljuminija A7 
[Development of a competitive technology for casting 
wheels from silumin based on A7 aluminum]. 
Dissertation, Siberian Federal University. 

[9] Afanasiev V. K., Malyukh M. A., Popova M. V., 
Dolgova S. V., Lavrova N. B. 2017. Vodorod i 
termicheskaja obrabotka aljuminievyh splavov 
[Hydrogen and thermal treatment of aluminum 
alloys]. 1: 33-40. 

[10] Grushko O. E., Danilkin V. A., Zasypkin V. A., 
Talaev V. S. 1975. Vodorod v aljuminievyh splavah 
[Hydrogen in aluminum alloys]. 



                                  VOL. 16, NO. 3, FEBRUARY 2021                                                                                                           ISSN 1819-6608 

ARPN Journal of Engineering and Applied Sciences 
©2006-2021 Asian Research Publishing Network (ARPN). All rights reserved. 

 
www.arpnjournals.com 

 

 
                                                                                                                                                       360 

https://viam.ru/public/files/1974/1974-196575.pdf. 
Accessed 15 August 2020. 

[11] Abramov A. A. 2019. Osobennosti formirovanija 
vodorodnoj poristosti v aljuminievyh splavah 
[Features of the formation of hydrogen porosity in 
aluminum alloys]. Litejnoe proizvodstvo. 8: 7-9. 

[12] Bochkareva A. V., Li Yu. V., Barannikova S. A., 
Zuev L. B. 2014. Vlijanie vodorodnogo 
ohrupchivanija na mehanicheskie harakteristiki 
aljuminievogo splava [Effect of hydrogen 
embrittlement on the mechanical characteristics of an 
aluminum alloy]. In: Advanced materials in 
construction and technology - materials of the 
International Scientific Conference of Young 
Scientists. Tomsk State University of Architecture 
and Building, Tomsk. pp. 415-423. 

[13] Tsuru T., Shimizu K., Yamaguchi M. et al. 2020. 
Hydrogen-accelerated spontaneous microcracking in 
high-strength aluminium alloys. Sci Rep. 10: 1998. 
https://doi.org/10.1038/s41598-020-58834-6. 

[14] Chen X. G., Engler S. 1991. Hydrogen and 
porosity in aluminum-silicon and aluminum-
magnesium alloys. Aluminum-silicon alloys. Metall. 
45(10): 995-1000. 

[15] Mekhanik E. A., Rastegaeva G. Yu. 2015. Razrabotka 
metodiki opredelenija massovoj doli poverhnostnogo i 
rastvorennogo vodoroda v aljuminii i 
nizkolegirovannyh aljuminievyh splavah metodom 
nagreva v toke inertnogo gaza argona [Development 
of the measurement procedure for determination of 
mass fraction of surface and dissolved hydrogen in 
aluminum and low aluminum alloys by heating in 
inert gas argon]. Trudy VIAM. 
dx.doi.org/10.18577/2307-6046-2015-0-11-8-8. 

[16] Zhukov A. A., Belyakov A. I. 2019. K voprosu 
opredelenija soderzhanija vodoroda v aljuminievyh 
splavah [To the question of determination of 
hydrogen content in aluminium alloys]. Litejnoe 
proizvodstvo. 9: 8-10. 

[17] Polyansky A. M., Konopelko L. A., Polyansky V. A., 
Yakovlev Yu. A. 2019. Razrabotka novogo 
pokolenija standartnyh obrazcov sostava aljuminievyh 
splavov s nizkim soderzhaniem vodoroda 
[Development of a new generation of reference 
samples of aluminum alloys with a low hydrogen 
concentration]. Izmeritel'naja tehnika. 9: 65-71. 
https://doi.org/10.32446/0368-1025it.2019-9-65-71. 

[18] Szokefalvi-Nagy A., Stojanova L., Fromm E. 1998. A 
novel method for 
the determination of the hydrogen solubility in alumin
um and aluminum alloy melts. Metall and Materi 
Trans B. 29: 421-427. https://doi.org/10.1007/s11663-
998-0120-0. 

[19] Hayashi S. 1998. Measurement of Hydrogen 
Diffusivity in Aluminum and a Dilute Alloy by 
Thermal Evolution Spectroscopy. Japanese Journal of 
Applied Physics. 37: 930-937. 
https://doi.org/10.1143/JJAP.37.930. 

[20] Fomin B. A., Moskvitin V. I., Makhov S. V. 2004. 
Metallurgija vtorichnogo aljuminija [Secondary 
Aluminum Metallurgy: Textbook]. JeKOMET, 
Moscow. 

[21] Pikunov M. V. 2005. Plavka metallov, kristallizacija 
splavov, zatverdevanie otlivok [Melting of metals, 
crystallization of alloys, solidification of castings: 
Textbook]. MISiS, Moscow. 

[22] Antonov M. M., Bogdanova T. A., Orelkina T. A., 
Cheglakov A. V. 2013. Kachestvo otlivok iz splava 
AK12 po indeksu plotnosti i kojefficientu 
porazhennosti okisnymi plenami [Quality of AK12 
alloy castings in terms of density index and 
coefficient of attack by oxide films]. In: Youth and 
Science - Collection of Materials of the IX All-
Russian Scientific and Technical Conference of 
Students, Postgraduates. http://elib.sfu-
kras.ru/handle/2311/10999. Accessed 15 August 
2020. 

[23] Antonov M. M., Bogdanova T. A., Cheglakov A. V. 
2013. Metody ocenki zagrjaznennosti rasplava AK12 
nemetallicheskimi vkljuchenijami [Methods for 
assessing the contamination of the AK12 melt with 
nonmetallic inclusions]. In: XIV International 
scientific and technical Ural school-seminar of metal 
scientists - young scientists. Yekaterinburg. 
http://scholar.sfu-kras.ru/publication/243235829-
736927049. Accessed 15 August 2020. 


