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INFLUENCE OF ATOMIC AND MOLECULAR HYDROGEN IN SILUMINS MELTS  
ON THEIR MECHANICAL PROPERTIES 
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We study the influence of gas porosity caused by the presence of dissolved hydrogen on the mechanical 
properties of Al–Si alloys.  The results are obtained by testing cast samples with identical contents of 
hydrogen and a given (atomic or molecular) form of hydrogen inclusions.  The dependence of the me-
chanical properties of alloys on the density index is statistically established.  It is shown that if the densi-
ty index increases and hydrogen is released in the atomic form, the mechanical properties remain practi-
cally unchanged, whereas the presence of hydrogen in the molecular form in silumin deteriorates the 
mechanical properties of the metal. 
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Gaseous impurities (hydrogen, oxygen, and nitrogen) in alloys in the solid and liquid states are present in 
the form of inclusions of excess phases.  Hydrogen, nitrogen, and oxygen compounds may form gas inclusions 
(bubbles) in solid alloys.  As a characteristic feature of the analyzed elements, we can mention the fact that, un-
der certain conditions, they can form interstitial solid solutions in the lattice of the alloy.  Gaseous hydrogen, 
oxygen, and nitrogen compounds are sorbed on the metal surface as a result of the processes of physical absorp-
tion, dissociate into atoms, and are accumulated on structural defects [1–3].  If the concentration of an impurity 
exceeds its solubility at a given temperature, then we observe the formation of a secondary solid solution, i.e.,  
of a hydride, oxide, or nitride phase [4, 5]. 

Hydrogen is one of the most significant gaseous impurities, which negatively affect the mechanical and 
technological properties of the products made of aluminum alloys and composites based on these alloys [6–12].  
As compared with the other gases present in aluminum alloys, hydrogen has the highest solubility in liquid alu-
minum [13].  Under certain conditions, hydrogen dissolved in the alloy promotes the formation of gas and gas-
shrinkage porosity that becomes more intense as the hydrogen content increases [14].  In particular, this kind of 
porosity is formed in the course of crystallization of an aluminum alloy containing dissolved hydrogen due to 
the difference between the solubilities of hydrogen in solid and liquid phases.  Hydrogen porosity negatively 
affects the mechanical properties of castings and ingots because internal micropores play the role of local stress 
concentrators promoting the processes of crack initiation and propagation under loading [15]. 
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Fig. 1.  Three-dimensional tomographic images of gas (a) and shrinkage (b) pores in a silumin casting. 

It is known that the morphology of pores in an alloy directly depends on the process of their formation: gas 
pores, as a rule, have spherical shapes, while the shrinkage pores are, in fact, interdendrite cavities and have ir-
regular geometry [16].  This can be illustrated by the presented tomographic images obtained in [17] with the 
help of a Nanomex installation equipped with the function of tomography (GE Measurement & Control, GmbH, 
Germany) (Fig. 1).  It is assumed that gas pores are initiated in the interdendrite spaces when the limit of solubil-
ity of hydrogen in the early stages of crystallization of the aluminum alloy in the quasiequilibrium two-phase 
zone is exceeded, whereas the shrinkage cavities are formed closer to the end of the process of solidification.  
This explains the morphological features of various types of porosity in cast products and ingots and, in particu-
lar, the spherical shape of hydrogen pores can be caused by their formation and growth in the open dendrite 
skeleton [18–21]. 

Depending on the form in which hydrogen is present in the melt, it exerts different influence on the proper-
ties of alloys and the products made of these alloys.  In the products, it is important to know the distribution of 
gas impurities over the micro- and macrostructure and their redistribution in the course of operation conditions 
under the influence of the ambient temperature and mechanical loads [22, 23]. 

The aim of the present work is to study the influence of the atomic and molecular forms of hydrogen in si-
lumins on the mechanical properties of cast silumin products. 

The specimens were produced by the method of low-pressure casting in a GIMA Amatic-800 (Germa-
ny) casting machine from А413.1 alloy (ASTM) under the conditions of the “KiK” Plant of Wheel Disks.  
The chemical composition of А413.1 alloy is as follows, wt.%: 0.3 Fe, 12 Si, 0.3 Mn, 0.05 Ti, 0.3 Cu, 0.05 Zr, 
0.05 Mg, 0.2 Zn, 2.7 impurities, and balance Al. 

This method of casting was chosen with an aim to form zones with hydrogen pores of different shapes in the 
cast products.  The formation of structures in different zones of the casting occurred under the conditions of con-
trolled forced air cooling.  The process of hydrogen release in different forms (atomic and molecular) was real-
ized by varying the cooling rates and the shape of hydrogen pores was recorded in a Zeiss EVO-50 scanning 
electron microscope. 

At present, in Russia, the hydrogen content of aluminum alloys is often determined by the method of vacu-
um heating in an АV-1 device.  The main disadvantage of this procedure is the duration of analysis.  This is why 
it cannot be used under the commercial conditions of production of alloys and casting of products as a rapid test 
method. 
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Fig. 2.  Specimens with molecular (a) and atomic (b) forms of hydrogen inclusions.

 

Fig. 3.  Dependence of the density index on the hydrogen content. 

In this connection, we propose to use a rapid testing method of density index (realized on a 3vt device) as  
an indirect method for the evaluation of the hydrogen content.  The essence of the method of density index can 
be described as follows: The reference samples of the alloy are taken and crystallized under different conditions: 
a part of samples is crystallized under atmospheric pressure, whereas the other part is crystallized under the con-
ditions of rarefaction.  The difference between the values of density for the samples crystallized in air and under 
a pressure of 80 mbar is an index that approximately reflects the hydrogen content of the alloy [24]. 

The standard samples were prepared for the investigation of their mechanical properties in a WABECO 
P6000 machine.  The base length of the specimens was equal to 60 mm and the diameter of their working part  
to 12 mm. 

The mechanical properties of the specimens were determined in a WDW-10 universal testing machine.   
The values of the mechanical characteristics of the samples with molecular and atomic forms of hydrogen were 
determined according to ISO 6892 and the number of samples was equal to 350.  The statistical analysis was 
carried out by using the STATISTICA software. 

The presence of hydrogen inclusions of certain shapes in the obtained samples was confirmed with the help 
of scanning electron microscopy (Fig. 2).  According to the results of measurements of the density index and the 
hydrogen content of the alloy, we plotted a the curve depicted in Fig. 3. 
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From the theoretical point of view, the correlation dependence of the density index on the hydrogen content 
must approach 1 if these parameters are proportional to each other.  The experimental results demonstrate that 
the determination factor  R2  specifies the mean relationship between the values of density index and hydrogen 
content.  It is assumed that the density index characterizes not only the variations of the hydrogen content but 
also the degree of pollution of the melt by nonmetallic inclusions (NI). 

In the course of preparation of melt, we observe its intense saturation with hydrogen, nitrogen, and oxygen.  
The aluminum melt interacts with oxygen to form  Al2O3  in the form of oxide spots and suspensions, which 
play the role of strong hydrogen adsorbers [25–27].  Since the surface of oxide spots is loose, it adsorbs signifi-
cant amounts of hydrogen and creates conditions for the formation of pores in the course of solidification of the 
specimen under low pressure.  Due to the partial presence of hydrogen in oxide spots in the process of evalua-
tion of the density index under the conditions of rarefaction, an additional hydrogen release from the oxide spots 
may also occur simultaneously with the floating of pores on the surfaces of the samples.  This is why the density 
index of the samples depends on the amount of absorbed hydrogen and the amount of suspensions of oxide spots 
penetrating into the melt in the course of its preparation.  Thus, the density index can be regarded as a qualitative 
method for the evaluation of the degree of pollution with NI and hydrogen. 

The results of statistical evaluation of the data of measurements of the mechanical properties of specimens 
of silumins for different states of hydrogen present in melt are shown in Fig. 4. 

The formation of hydrogen-induced porosity in aluminum strongly depends not only on the rates of cooling 
and solidification but also on the presence of nucleation centers of hydrogen release, such as oxides entrapped in 
the melt.  This is why, for the formation of porosity, the content of dissolved hydrogen must significantly exceed 
the solubility of hydrogen in solid aluminum. 

It should be emphasized that, in the experiments aimed at the evaluation of the influence of hydrogen on the 
mechanical properties of aluminum and its alloys, it is difficult to isolate the influence of hydrogen in the pure 
form because porosity can be also caused by the shrinkage phenomena. 

The obtained results demonstrate that the molecular form of hydrogen inclusions sharply decreases the frac-
ture resistance and does not exert any noticeable influence on plasticity.  Thus, it can be assumed that a signifi-
cant influence on the level of mechanical properties of castings is exerted solely by relatively large gas and gas-
shrinkage pores.  The ambiguous character of the dependence of relative elongation on porosity is caused by the 
influence of the following factors on the level of porosity: 

 – porosity that decreases the cross section of the specimen; 

 – pressure of molecular hydrogen in the pores, which facilitates the fracture mechanism; 

 – decomposition of a solid solution oversaturated with atomic hydrogen. 

We now consider the structure of fracture surfaces obtained as a result of static loading of cylindrical spec-
imens.  The fractures of specimens with molecular form of hydrogen are perpendicular to the axis of tension 
(Figs. 5a, c).  The analysis of the fractographic features of the fractures of specimens demonstrates that the spec-
imens fail by the mechanism of intercrystalline fracture and, to a larger extent, in a ductile way.  At large magni-
fications, we observe flat crests, which form local shrinkage cavities directed along the macrograins, and detect 
pores of released hydrogen.  In the fracture surfaces of specimens with atomic form of hydrogen, the microscop-
ic surface topography is characterized by a lineage pit structure (Figs. 5b, d). 

Thus, comparing the results of investigation of cracks in the obtained specimens with different forms of  
hydrogen inclusions, we detect noticeable differences not only in the characteristics of strength but also in the 
macrostructure.   The  fracture  of  specimens with molecular form of hydrogen occurs with the formation of crests  
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Fig. 4. Statistical analyses of the mechanical properties of samples with atomic (1) and molecular (2) forms of hydrogen inclusions: 
(a) relative elongation; (b) yield strength; (c) ultimate tensile strength. 

and porosity with sizes of about 200 μm.  The fracture of specimens with atomic form of hydrogen is accompa-
nied by the formation of a pit microscopic surface topography, which reveals the ductile character of the fracture 
processes.   
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Fig. 5.  Macrostructures of the specimens with molecular (a), (c) and atomic (b), (d) forms of hydrogen inclusions. 

The macrostructures of specimens after tensile tests obtained in the longitudinal direction are characterized 
by the presence of a significant difference between the numbers and sizes of pores.  Thus, in specimens with 
atomic form of hydrogen, the pore sizes do not exceed 650 μm, whereas in specimens with molecular form of 
hydrogen, the mean size of pores is 2 mm. 

CONCLUSIONS 

The accumulated results demonstrate that the porosity caused by the presence of hydrogen in the molecular 
form sharply decreases the plasticity and ultimate tensile strength of the material.  The character of porosity also 
exerts a significant influence, namely, large spherical pores substantially deteriorate the mechanical properties.  
The results of evaluation of the mechanical properties are in good agreement with the data of metallographic 
investigations of the fracture surfaces of specimens after tensile tests and the values of the coefficient of pollu-
tion. 
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Since the method of density index is used for the qualitative evaluation of the degree of pollution of the al-
loy with hydrogen, it is possible to conclude that the mechanical properties remain almost unaffected as the den-
sity index increases and hydrogen is released in the atomic form.  At the same, the presence of hydrogen in the 
molecular form deteriorates the mechanical properties of the specimens. 

The present work was performed within the framework of the Project 14.578.21.0193 “Development of the 
Theoretical and Technological Solutions for Lowering the Amount of Hydrogen in the Compositions of Alumi-
num and Low Aluminum Alloys” of the Federal Purpose-Oriented Program “Investigations and Developments 
in the Priority Directions of the Scientific and Technological Complex of Russia for 2014–2020” under the Fi-
nancial Support of the Russian Ministry of Education and Science.  The unique identifier of the agreement is 
RFMEFI57816X0193. 
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