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Abstract: Current trends in the development of mechanical engineering impose increasingly stringent requirements for 

the performance characteristics of manufactured goods. The main parameters characterizing the quality of a product as  
a whole are the physical, mechanical, and geometric indicators of the working surfaces of the compound units. In domestic 
practice, a machined surface is mainly characterized by a rather limited number of parameters (no more than 6), such as 
the average microroughness height, the microroughness height at 10 points, etc. However, their use is not enough to manu-
facture competitive products in the modern conditions. For example, international ISO/ASME/DIN standards include  
a much broader set of parameters required to accurately describe the performance properties of a surface. The paper ana-
lyzes the approaches to the formation of requirements for the microgeometry of the working surfaces of parts used in mo-
dern mechanical engineering. Based on the analysis, the author proposed and mathematically substantiated a general ap-
proach to modelling surface texture characteristics, which allows describing adequately the surface using a new parameter – 
the profile physical coefficient, since it is virtually impossible to directly compare the technologies developed in Russia 
with foreign analogues based on the current standards. First, the profile physical coefficient was determined at the section 
level. Next, it was decomposed into a Fourier series for the two-dimensional and three-dimensional cases. The paper pre-
sents the analysis of the new parameter applicability on the example of a product obtained by honing. The author conclud-
ed about the applicability of this parameter and the necessity to develop a comprehensive methodology based on it for 
evaluating the surface after machining. 

Keywords: mechanical engineering technology; machining; surface; profile physical coefficient; rough layer; surface texture. 
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INTRODUCTION 
The characteristics and surface texture of products are 

regulated by the international standards, such as ISO/TR 
14638, as well as by the chain of standards for surface tex-
ture. By now, the roughness profile and the parameters de-
fining it represent but a few characteristics of the surface 
texture, which are clearly normalised. Surface texture pa-
rameters – a primary profile, waviness, and roughness are 
defined by the ISO 4287:1997 International Standard, as 
well as by the ISO 3274:1996 Geometrical Product Specifi-
cation (GPS). Surface structure. Profile method. Rated 
characteristics of contact (stylus) instruments. The termi-
nology used in mathematical modelling corresponds to  
the list of accepted international standards: 

– ISO 4288:1996 Geometrical Product Characteristics 
(GPP). Surface structure. Profile method. Rules and proce-
dures for assessing surface structure;  

– ISO 11562:1996 Geometrical Product Specification 
(GPS). Surface structure. Profile method. Metrological 
characteristics of filters with phase correction; 

– ASME B46.1-2009. Surface Texture (Surface Rough-
ness, Waviness, and Lay). 

Basic terms: 
– profile filter – according to ISO 21920-2 and ISO 

16610-21, divides the profile into long-wave and short-
wave components; 

– real surface – limits the body, separating it from  
the environment; 

– surface profile – is formed as a result of the intersec-
tion of a real surface with a special plane parallel to  
the XOZ and YOZ coordinate planes; 

– primary profile – is regulated by ISO 3274 and serves 
as the basis for obtaining quantitative evaluation character-
ristics; 

– surface profile – is formed from the primary profile by 
suppressing a long-wave component and serves as the basis 
for obtaining the surface profile parameters; 

– waviness profile – is obtained by suppressing the long-
wave and short-wave components, it is used to obtain the wavi-
ness parameters; 

– geometrical parameters of the P, R, W groups – are 
calculated based on the primary profile, surface profile, and 
waviness profile, respectively. 

In the design-engineering practice, a very limited list of 
parameters is used at the enterprises in the machine-
building sector [1–3]. The parameters of the R and W 
groups are mainly used [4; 5], in particular, the Ra, Rz pa-
rameters, etc. At the same time, among the parameters little 
used in practice, Ra is one of the promising ones. 

The analysis of publications on honing showed that 
when describing the requirements for surface roughness of 
parts, in most studies in the field of mechanical engineering, 
only the Ra parameter is given [6–8]. In some publications,  
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tp or tp and Rz are added to it [9]. In rare cases, Rmax and 
Sm are added to the above parameters [9]. In the literature, 
there are practically no parameters from new standards or 
specific parameters for describing the surface after honing 
from the less recent DIN standards of the 1980s. In recent 
years, the alternative methods for obtaining parameters 
have been actively developed, for example, new algorithms 
for correlating the parameters of a reflected beam from  
a microrelief [1]. These methods are being developed to 
detect all the same Ra type standard parameters [2]. 

Most of publications on honing associate the solution of 
the optimisation task with the application of theoretical and 
empirical models. The most common method is the Taguchi 
method [3]. The indicators of this method are used as an 
optimisation criterion [4]. An alternative method to achieve 
the same goal is the neural network method [5]. The authors 
also use the response surface analysis methods to determine 
the interrelation between the processing modes and techno-
logical parameters [6]. In these publications, only Ra was 
considered as a basic parameter. 

The authors of [8] investigated the honing treatment us-
ing a magneto-rheological fluid. Interestingly, in this case, 
the meaning of the term “honing” no longer implies the use 
of a hone (tool for processing), but primarily the surface 
formed by this method. Similarly, there is a laser honing 
process that does not involve mechanical stock removal, but 
only energy impact. The authors state that the coincidence 
in the surface texture for the traditional method and  
the proposed one was 5.88 %. When describing the surface 
roughness, the authors give the Ra parameter. No other 
parameters were considered, despite the availability of  
a measuring device (Surftest SJ-400, Mitutoyo) sufficient 
for their evaluation. 

In [9], the authors analyzed how to determine the sur-
face texture using the widely known acoustic emission 
method. The authors propose two new parameters: Sf (cal-
culated as the ratio of signals when applying high and low 
frequencies) and Sh (energy parameter). In this case, these 
parameters are correlated with the typical Ra parameters 
and the three-dimensional version of the Ra parameter –  
the Sa parameter. The work [9] confirms that interest in 
other methods for determining surface characteristics is 
high. However, this method will require the purchase of 
extra equipment for texture evaluation. 

In [10], the authors give the reasoning of the theory of  
a new finishing process proposed as a functional replace-
ment for honing. The surface was considered only from  
the point of view of the Ra parameter. In the paper [11], 
which describes the influence of changing a honing angle 
on the roughness and tribological properties, the Ra para-
meter and the Rk group (Rpk, Rk, Rvk) parameters are gi-
ven. It is interesting, that the authors concluded that the Rk 
group parameters reflect the tribological characteristics 
more than the Ra parameter. The Rk group parameters were 
developed exactly for this. At the same time, in the conclu-
sions, the authors carried out comparison according to  
the quantitative values not of Rk, but of Ra (the optimal 
value of the Ra parameter was 0.85). 

The authors of the work [12], related to the evaluation 
of the tribological properties of a rough honed surface, by 
changing the contact pressure, evaluated the formed pla-
teau-surface tribologically, dividing it qualitatively into two 
types: high and low. The basis for division was the authors’ 

classification by the surface decomposed according to  
the frequencies with given (not variable) parameters over 
the Rk group. 

The work [13] studied the influence of the hone radius 
on technological parameters (cutting force, surface integri-
ty, etc.). The Ra parameter served as an estimate of the sur-
face topography. In the conclusions, the smallest numerical 
value of the Ra parameter was considered as a criterion for 
the best surface. 

The paper [14] examined multi-response optimisation to 
ensure the surface quality and performance. The authors do 
not directly name the parameters, they indicate the “maxi-
mum roughness” (probably Rmax) and “average rough-
ness” (probably Ra). As a result, the authors built three 
models: for average and maximum roughness and for ope-
ration time. It was found that the grain size has the most 
influence on the average Ra value. As in the source [13], 
this conclusion is again obvious considering the mechanics 
of the process. At the same time, the authors position  
the presented three-factor optimisation model (two roughness 
parameters and operation time) as the most complete one. 

The paper [15] presents an indirect neural network for 
modelling roughness during honing. The Rk group parame-
ters are used. Using this model, the authors were able to 
predict the grain size, linear and tangential velocities, and 
pressure to obtain the specified values of the Rk group pa-
rameters. Reference [16] uses the results obtained from test 
honing machines for industrial application. In this paper, 
the authors supplement the Rk group parameters with the Rz 
parameter as necessary for industrial application. 

In [17], the honing tool roughness was analyzed. Using 
two theories of roughness generation, the authors compared 
the calculated Ra parameter with the experimental one.  
An extensive analysis of the process kinematics (different 
angles, rotation speeds) was carried out; however, no other 
parameters except this one were considered. 

New parameters are used to a small extent in the litera-
ture (Table 1). This is also typical for other studies of ma-
chining technologies that consider roughness [18]. 

Thus, there is a small quantity of parameters used in 
practice (no more than 6). The parameters available in in-
ternational standards will allow determining the surface 
texture more accurately. In this work, the author proceeded 
with the development of the proposed earlier ideas on  
the development of a new method for determining the sur-
face texture [19]. It is proposed to introduce into practice  
a little-used parameter – the profile physical coefficient.  
To assess the validity of the application of this approach,  
it is required to study the surface texture of the product ac-
cording to the method proposed below for the parameter 
under consideration – the profile physical coefficient. With-
in this conception, the authors proposed to determine  
the most significant parameters and then find the range of 
optimal values for them, and not proceed from a specified 
limited list of parameters. 

The proposed “profile physical coefficient” parameter 
can be denoted as Pmr(c), Tmr(c), and Wmr(c) depending on  
the source of the initial data, and is calculated in general 
form by the following formula: 

 

( ) ( ) ( )
( )

n
cmrcmrcmr l

cMlWTP =,, .
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Table 1. Texture parameters applied in the literature  
Таблица 1. Применяемые в литературе параметры текстуры 

 
 

Specified texture parameters Papers, where the structure parameters  
under consideration were applied Ra Rmax Rk Sa 

+ – – – [6] 

+ – – – [15] 

+ – – + [8] 

+ – – – [10] 

+ – + – [11] 

– – + – [12] 

+ – – – [13] 

+ + – – [14] 

+ + + + [9] 

 
 
 

The goal of the research is to develop a general ap-
proach to the application of the “profile physical coeffi-
cient” parameter and its testing. 

 

METHODS 
The technique is based on the assessment of the surface 

microprofile by the “profile physical coefficient” parameter. 
First, the profile physical coefficient was determined at 

the sectional level. Next, it was expanded into a Fourier 
series for the two-dimensional and three-dimensional cases. 
As a result, the complexity of the presented parameter was 
shown. 

Based on the geometrical representation of probability, 
the profile physical coefficient represents the probability of 
density of filling with a material in the selected section c. 

The Pmr(c), Tmr(c), Wmr(c) relative physical coefficient is 
determined at the sectional level of the Rδc profile relative 
to the starting point C0: 

 
( )1,,,, СWTPWTP mrrmrmmrrmrm ′′′′ = , 

 
where cRCC δ−= 01  (or Pδc, or Wδc);  

( )0000 ,, mrmrmr WTСPС = . 
The difference between the profile relative physical coeffi-

cient Pmr(c), Tmr(c), Wmr(c) and the widely known ones is that not 
filtered data are used (the parameters of the R – roughness 
group, such as Ra, tp), but the primary surface profile (hence 
the name of the group of parameters P – primary). 

The profile of the surface relief obtained geometrically 
in two-dimensional space in the form of a profilogram can 
be represented analytically in the form of a trigonometric 
Fourier series: 
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l
xnb

l
xnaaxZ nn n

π
+

π
+= ∑∞

=
sincos

2 1
0 , 

where  

( )∫−=
l

l
dxxZ

l
a 1

0 , 

 

( )∫−
π

=
l

l
n dx

l
xnxZ

l
a cos1 , 

 

( )∫−
π

=
l

l
n dx

l
xnxZ

l
b sin1 . 

 
( )

( )

( )

( )




















≤≤+−














+−+−≤≤+−

++−≤≤+−

+−≤≤−

=

∑

∑ ∑∑
−

=

γ

=

γ

=

−γ

=
γ

1

1

1 1

1

1

2

1

 ,

 ,

...

 ,

 ,

)(

211

1

k

i
Sk

i i
S

i
S

SSS

S

lxXlxZ

XllxXlxZ

XXlxXlxZ

XlxlxZ

xZ

i

ii

. 

 
In three-dimensional space, the surface topography is 

specified using a function of two variables z = f(x;y), which 
can be expanded into a double trigonometric Fourier series 
in terms of a system of trigonometric functions. These func-
tions represent a trigonometric system for two variables x 
and y, each of which is periodic with a period of 2π, both in 
x and y. 

Each function of the system is orthogonal to any other 
in square ( )π≤≤π−π≤≤π− yxD , . The specified proper-
ty takes place in any other square of the form 

π+≤≤−π+≤≤ 2,2 bybaxa . The orthogonality property 
follows from the correlations 
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In a similar manner 
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as the cosnπ function is even, then cos(–nπ) = cos(nπ).  
As a consequence, 
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where r and p are integers, at m ≠ r, n ≠ p. 

It was proved above that the integral in the symmetric 
region of an even function vanishes when m = r и n = p, 
then the original integral takes the form 
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Here, ( ) 02sin2sin2sin =π−−π=π

π− mmmx  since 
0sin =πm . 

The orthogonality of any pair of different functions of 
the original trigonometric system is proved similarly. 

We define the norms of the elements of the presented 
trigonometric system: 
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As in the case of a one-variable function z = f(x), the 

Fourier coefficients for a two-variable function z = f(x;y) 
defined in the domain D are found from the correlations [3]: 
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If m and n both possess the values 

∞=∞= ...,,2,1  ,...,,2,1 nm , then: 
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In practical problems, instead of А00, it is advisable to 

denote 
4
00a , where a00 is found from am,n at m = 0 and 

n = 0. Similarly, instead of Am,0, A0,n, Bm,0, B0,n, we 
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2

,
2

,
2

,00,,00, nmnm bbaa
, which are calculated from  

the expressions am,n , bm,n, cm,n, dm,n when given 
m = 1, 2, …, ∞, n = 0 or n = 1, 2, …, ∞, m = 0. As a result, 
the double trigonometric series is written as: 
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here 
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in this case m and n are positive integers. 

In the case when the domain DΞ is represented by a rec-
tangle that meets the conditions DΞ (−lx < x < lx, 
−ly < y <ly) (Fig. 1), the double Fourier series takes the 
form: 
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The λmn parameter is found according to the correlations 
written above, and the am.n, bm.n, cm.n, dm.n coefficients 
are calculated using the formulas: 
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In the special case when lx = ly = π, the previous ex-

pressions for the square domain DΞ are obtained from the 
written expressions. In the case when the function z(x; y) is 
specified as piecewise smooth in the domains Di, 
i = 1, 2, …, n: 
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the double trigonometric series will be analogous to the 
Fourier series of similar one-variable functions. 

 
 
 

 
 

Fig. 1. Rectangular area DΞ in the XOY plane 
Рис. 1. Прямоугольная область DΞ в плоскости XOY 
 
 
 
Surface texture characteristics are predominantly geo-

metric. However, when processing and operating the ma-
chine parts and mechanisms, physical indicators are used, 
such as material removal in various technologies, wear, 
friction, elasticity, and the rough layer plastic deformation 
caused by the presence of the material in it. 

The complex parameter for evaluating these phenomena 
is the analyzed profile physical coefficient regulated by the 
international standard and representing the probability of 
density of filling with the material in the z section, i.e. 
P(VMc), according to the geometric concept of probability. 

The probability of material content in a rough layer of 
width c is determined by the formula 
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RESULTS 
It is possible to test the considered method on the pro-

fillogram of the surface of a honed part. 
If a profillogram is obtained for a rough layer, where 

c = zk measured from the OX axis, then the profile physical 
coefficient from geometric constructions is determined by 
the formula 
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where kc – is the number of sections of the material in the c 
section. 

Specifically for the present case, Rz = 74 mm is divided 
into k = 10 parts, ln = 155 mm. The results of measure-
ments and calculations are summarized in Table 2 and pre-
sented graphically in Fig. 2. Probability of filling the rough 
layer with the material 
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The calculation shows that for a rough layer with a gi-

ven profillogram, the probability of filling it with the mate-
rial is equal to 0.5563, i.e., the given rough layer contains 
55.63 % of the material. The porosity coefficient λ is the 
characteristic of voids in the specified layer: 

 

( )m
mh VP

S
S

S
SS

−−=
−

=λ 11
cлсл

сл , 

where Sсл – is the total area of a rough layer on the length 
ln, Sсл = Rz⋅ln.  

Thus, λ = 1 − P(Vm), oil-absorption is 44.37 %. 
 
 
 

Table 2. Calculation of the probability of the density of filling the rough layer with the material along the zi sections 
Таблица 2. Расчет вероятности плотности заполнения материалом шероховатого слоя по сечениям zi 

 

zi z0 
0 

z1 
7.4 

z2 
14.8 

z3 
22.2 

z4 
29.6 

z5 
37 

z6 
44.4 

z7 
51.8 

z8 
59.2 

z9 
66.6 

z10 
74 

Szi 155 153.6 151.2 141.1 128.1 83.6 71.2 51.9 34.2 5.5 0 

P(Szi) 1 0.991 0.975 0.910 0.826 0.539 0.459 0.335 0.221 0.035 0 

 
 
 

 
 

Fig. 2. The curve of the probability of filling the rough layer with the material along the sections corresponding to the actual profillogram 
Рис. 2. Кривая вероятности заполнения материалом шероховатого слоя по сечениям,  

соответствующая реальной профилограмме 
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DISCUSSION 
Currently, the surface texture parameters used in prac-

tice, presented in publications and in production, are insuf-
ficient. The use of complex parameters reflecting the opera-
tional characteristics of products is required. As part of  
the work performed, the authors justified the use of the “profile 
physical coefficient” parameter for estimating the surface 
texture using a new technique. The use of the profile physi-
cal coefficient allows meeting the increasing requirements 
for the working conditions of the surfaces of parts, especial-
ly those operating under friction conditions. Knowledge of 
the properties of the proposed models will allow recom-
mending the technologies and methods for processing sur-
faces of interacting parts of machines and mechanisms. 

The parameter was tested for a honed surface, and con-
vergence was shown when analyzing the filling of a rough 
layer with a material along sections, which corresponds to 
the actual profillogram. 

According to the developed technique, the Fourier series 
expansion of the micro-roughness model profile function 
given in the interval (−l; l) allows building the entire range of 
models on a line of selective length according to which  
the profillogram is reproduced. It is important that in  
the overall assessment of the working surface micro-
dimensions, it is possible to take into account deviations from 
a given geometric shape of the part, both regular and random. 

A probabilistic assessment of filling the layer with  
the material from the theoretical reference line or surface to 
the theoretical equidistant line of the real profile is neces-
sary when developing software for technological equipment 
operating in automatic control of cutting, grinding, honing, 
and plastic deformation in the process of forming the tex-
ture of the working surface of finished parts. 

In future, the developed method for the computational-
graphical study of a surface texture can be applied to ana-
lyze and evaluate the texture of the surfaces processed by 
various technologies, including the evaluation of the sur-
face after post-processing of parts obtained additively. 

The effect of applying the proposed method for estimat-
ing surface texture can be increased when combining it with 
new processing methods and techniques that contribute to 
the formation of a given surface texture. 

 

CONCLUSIONS 
The author justified the application of the “profile phy-

sical coefficient” parameter to set the requirements for  
the micro-geometry of the working surfaces of the parts. 

The analysis of the obtained quantitative parameters 
found based on profillograms proved that the assessment of 
the material consumption of a rough layer most completely 
and comprehensively, compared to the well-known and 
widely used Ra parameter, characterises the geometry of 
waviness, its shape, flatness, pointedness, relief, perfor-
mance, wear resistance, and oil absorption of voids and, 
accordingly, allows innovating the assessment of mixed 
friction of real surfaces. 
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Аннотация: Современные тенденции развития машиностроения задают всё более жесткие требования к экс-

плуатационным характеристикам готовой продукции. Основными параметрами, характеризующими качество из-
делия в целом, являются физико-механические и геометрические показатели рабочих поверхностей составных 
деталей. Поверхность, полученная в результате механической обработки, в отечественной практике в основном 
характеризуется весьма ограниченным числом параметров (не более 6), таких как средняя высота микронеровно-
стей, высоты микронеровностей по 10 точкам и др. Однако их применение недостаточно для производства конку-
рентоспособной продукции в современных условиях. Например, международные стандарты ISO/ASME/DIN 
включают гораздо более широкий набор параметров, необходимых для точного описания эксплуатационных 
свойств поверхности. В статье проанализированы подходы к формированию требований к микрогеометрии рабо-
чих поверхностей деталей, используемых в современном машиностроении. На основе проведенного анализа пред-
ложен и математически обоснован общий подход к моделированию характеристик текстуры поверхности, кото-
рый позволяет адекватно описывать поверхность с использованием нового параметра – физического коэффициен-
та профиля, поскольку прямое сравнение технологий, разработанных в России, с иностранными аналогами с опо-
рой на действующие стандарты практически невозможно. Сначала был определен физический коэффициент про-
филя на секционном уровне. Далее было выполнено его разложение на ряд Фурье для двухмерного и трехмерного 
случаев. Приведен анализ применимости нового параметра на примере изделия, полученного с помощью хонин-
гования. Сделан вывод о целесообразности применения данного параметра и необходимости разработки ком-
плексной методики оценки поверхности после механической обработки на его основе. 

Ключевые слова: технология машиностроения; механическая обработка; поверхность; физический коэффици-
ент профиля; шероховатый слой; текстура поверхности. 
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Abstract: Aerospace applications can benefit from additive manufacturing (AM), which is highly advantageous for 

prototyping and rapid manufacturing. It also offers cost and weight savings, as well as integrated design capabilities. As of 
now, there are only a few AM standards available, many materials and equipment are involved, resulting in many variables 
that hinder certification and adoption. As a result, nonstandard testing is making AM in the airborne materials less appeal-
ing due to its costly and time-consuming nature. The main objective of this work is to manufacture the Selector Valve 
Body parts of military and civil aircraft through Laser Powder Bed Fusion (LPBF) process using AlSi10Mg powder. Fur-
ther, this paper has been carried out the metallurgical properties, non-destructive and destructive testing as well as the clear 
explanation about the certification procedures. Moreover, this underscores the need for the developing guidelines, and 
standards that cover all aspects of manufacturing from design to manufacturing to operation. A comprehensive analysis 
from liquid penetration test shows defects are within the permissible level. In addition, it exhibits higher yield strength, 
ultimate strength, and elongation of (259±4) MPa, (323±4) MPa, and (12.5±1.5) % respectively, along with factual evi-
dence that the precipitation hardened AlSi10Mg indigenously developed and produced is equal in properties to the equiva-
lent precipitation hardening aluminium alloys produced by internationally renowned manufacturers.  

Keywords: additive manufacturing; AlSi10Mg; Al alloy; precipitate hardening; development and certification. 
For citation: Vignesh P., Praveen K.V., Krishnakumar S., Bhuvaneswari M.C., Kale S.S., Ram Prabhu T. Develop-

ment and airworthiness certification of state of art additively manufactured AlSi10Mg mission critical selector valve body 
part for aerospace. Frontier Materials & Technologies, 2023, no. 3, pp. 19–30. DOI: 10.18323/2782-4039-2023-3-65-2. 

 

INTRODUCTION 
Aerospace, military, biomedical, and automotive parts 

are made of traditional high-strength aluminium alloys. 
There are two predominant conventional Al alloys used in 
aerospace: a precipitation-hardened (Al–Mg–Si) alloy and 
aluminium 6061 (Al6061) from the 6000 series. Laser addi-
tive manufacturing of high-performance alloys like Al6061 
has gained significant interest, due to producing high-
strength in lightweight structures. AlSi10Mg is a close-
eutectic aluminium alloy with high melt fluidity and low 
shrinkage, and hence has traditionally been the most suit-
able for laser additive processing [1; 2]. In conventional 
casting (gravity casting), the hypoeutectic alloy AlSi10Mg 
is commonly used. Because of its lightweight and excellent 
mechanical properties, this alloy is widely used in the auto-
motive and aerospace sectors. Meanwhile age hardening, 
Mg is crucial to its functionality because it facilitates  
the precipitation of the β′- and β-phases (Mg2Si) [3; 4]. 
Numerous investigations have previously been conducted 
on the additive manufacturing (AM) produced precipita-
tion-hardened (AlSi10Mg) alloy [5]. Generally, they ad-
dress microstructure, process parameter setup, and mecha-
nical properties, although some address heat treatment as 
well [6; 7]. AM Al–Si alloys are being optimised by study-
ing their microstructural evolution as they are built, and 

after heat treatment [8]. Due to melt pool formation,  
the alloy showed “fish-scale” patterns in the directions of 
build, and columnar grains in the perpendicular directions 
[9; 10]. Grain refinement of Al–Si alloys leads to enhance 
mechanical properties [11]. According to [12], high cooling 
rates can generate fine grains Al with nano-sized Si, which 
has higher mechanical characteristics. AM Al–Si–Mg al-
loys were modified, by altering their morphology and 
coarsening by using a particular heat treatment [13; 14].  
Al alloys after precipitation hardened, especially 6xxxx Al 
alloys, emerged to study comprehensively for precipitates 
and mechanical properties [15; 16]. It has been observed 
that the precipitates occurred in the following order: (Al) 
GP zones; β"→β'→β. In the GP zones, the clusters of Mg 
and Si are perfectly coherent with those of the Al matrix. 
The metastable (β" and β') with different Mg–Si stoichio-
metry, whereas stable (β) with different Mg2Si stoichiometry 
[17; 18]. Peak hardening usually occurs when the GP zones 
coexist [19]. Aging at various temperatures resulted in va-
ried ageing kinetics, although with equal hardness magni-
tudes [20]. Sha et al. [21] described a comparable precipita-
tion sequence for Al–7Si–0.6Mg, a composition identical  
to alloys accessible for Powder Bed Fusion (PBF) AM.  
In AlSi10Mg alloys, precipitation hardening is still widely 
used [22]. The peak hardness throughout the ageing pro-
cess, on the other hand, has seldom been documented.  
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Given the present relevance about AlSi10Mg alloy for La-
zer Powder Bed Fusion (LPBF), a greater knowledge of  
the precipitation hardening on the microstructure and cha-
racteristics is necessary.  

The research aim is fabricating the part through LPBF 
process and evaluation of material as per ASTM F3318. 
Mechanical properties, of heat-treated LPBF AlSi10Mg 
alloys (T6). The precipitate development was meticulously 
studied concerning better comprehension of the mechanical 
behaviour of the Al alloy formed by LPBF. 

 

METHODS 

Powder Details  
The Aluminum powder designated (ASTM F3318) was 

available from Carpenter in the form of a powder (Table 1). 
The Al powders were gas atomised having an amorphous 
morphology, as shown in Fig. 1. A laser diffraction study 
was carried out according to ASTM B822-17, to determine 
the particle size distribution (PSD) of powder. Fig. 2 shows 
the D10, D50, and D90 particle diameters in the cumulative 
distribution at 10, 50, and 90 %. The powder bulk density 
of 2.3 g/cm3, D10, D50, and D90 values of 29.89, 41.63, 
and 53.95 μm, respectively. 

Parameters of Laser Powder Bed Fusion  
A similar set of processing parameters is used for all 

parts produced by the EOS M290 machine, under an inert 
atmosphere. We processed the parts using aluminium-
specific processing parameters, which include an Yb-fibre 
laser with 400 W of power, a scanning rate of 7 m/s, a layer 
thickness of 0.03 mm, a focus diameter of 80 to 100 mm, 
hatch distance 0.19 mm, and a recoater type HSS. 

Heat Treatment 
The body parts of the alloy produced by LPBF subject-

ed: 1) stress relieving at 270±20 °C and soak for 90±15 min 
and air-cooling; 2) solutionising temperature 530±14 °C 
and soak for 30±10 min, followed by water quenching. Ag-
ing cycle 165±10 °C for 360±15 min followed by air-
cooling. 

Characterisation 
The elements were analysed chemically as per ASTM 

E3061 using optical emission spectrometers. Microstructu-
ral characteristics and grain size were determined as per 
ASTM E3 & ASTM E407. X-ray radiography test per-
formed on the body parts as per ASTM E1742/E1742M. 
Liquid (florescence) penetrant testing performed on  
the body parts as per ASTM E1417. X-ray diffraction 
(XRD) was carried out to measure the residual stress as per 
ASTM E2860 in four locations as shown in Fig. 3. In XRD 
experiments, the voltage, scanning rate, 2θ range, radiation 
type, and step size were set as 40 kV, 5 deg/min, 10–90°, 
Cu–Kα, and 0.028°. 

Mechanical Properties 
In order to test for Brinell hardness on the specimen 

cross-section, an ASTM E10 hardness test was performed. 
By applying the load at three different locations, the mean 
value of hardness (HBW) can be calculated. According to 
tensile curves, we can determine ultimate strength (UTS), 

yield strength (YS), and elongation. Tensile tests were 
conducted in all three directions (XY, Z & 45°) using  
an ASTM E8 standard (a sample). 

 

RESULTS  

Chemical composition  
As shown in Table 2, the chemical composition of se-

lector valve body parts, in LPBF as-build, was obtained 
over two samples of the AlSi10Mg alloy. Noticeably from 
these results, the alloy’s chemical composition is within 
ASTM F3318 allowable limits. Additionally, oxygen, ni-
trogen, and hydrogen gas levels were measured and found 
to be 0.0862, 0.001, and 0.004 wt. %, respectively. 

Microstructure of AlSi10Mg in T6 condition 
The microstructure of the AlSi10Mg alloy prepared by 

the LPBF technique after the precipitation hardening is 
shown in Fig. 4. The precipitated hardened samples 
(Fig. 4 a), molten pool’s edge was not clearly visible, and 
numerous tiny flakes with elliptical shapes were found on 
the surface. These irregular flakes, which are elliptical in 
shape, are scattered throughout the specimens and associate 
the accumulation zones of precipitates at each end of  
the long molten pool. This characteristic suggests that in  
the sample that underwent heat treatment, the precipitate’s 
aggregation region was eroded. Precipitates it is visible in 
the magnified pictures (Fig. 4 b) that dispersed along  
the margins of the molten pool, with a limited width of 
band. After the precipitation hardening, elongated molten 
pool lost its approximately spherical precipitate bands. Pre-
cipitation hardening has significantly coarsened Si particles, 
which has eliminated distinctive columnar grains. There-
fore, T6 heat treatment can help to attain superior mechani-
cal properties by promoting grain refinement and homoge-
nous microstructure.  

Mechanical Properties AlSi10Mg in T6 condition  
The engineering stress-strain curve showing precipita-

tion hardening’s effect on mechanical properties shown in 
Fig. 5. A summary of selected properties can be found in 
Table 3. The AlSi10Mg alloy is distinguished by high YS 
(259±6 MPa) and UTS (324±4 MPa) values, which are ty-
pically larger than those achieved by traditional manufac-
turing process.  

Experimental Evaluation of the Inspection Tech-
niques 

X-ray testing, and liquid penetrant inspection were ap-
plied in order to detect the samples defects. The as-built 
selector value body parts are subjected to an X-ray radio-
graphy examination for the purpose of evaluating defects 
throughout the specimen (maximum permissible level, as 
shown in Table 4). The samples with LPBF have been 
found to be free from any visible weld defects like porosity, 
lack of penetration, and cracking defects. 

Liquid penetrant (LP) examinations are one of the fast-
est and most common methods of checking LPBF inspec-
tions for discontinuities and subsurface openings. Initially, 
a cleaner is used to clean the surface of the samples, and 
then penetrant is applied and allowed to dwell for a suffi-
cient period. In order to examine the surface of the sample, 
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Table 1. Chemical composition of AlSi10Mg powder wt. % 
Таблица 1. Химический состав порошка AlSi10Mg, мас. % 

 
 

Elements Cu Fe Mg Mn Ni Si Zn Ti Pb Sn Others- 
total Al 

Limits 0.05 
max 

0.55 
max 

0.20–
0,45 

0.45 
max 

0.05 
max 

9– 
11 

0.10 
max 

0.15 
max 

0.05 
max 

0.05 
max 

0.15  
max Bal 

 
 
 
 

 
 

Fig. 1. AlSi10Mg powder material as seen in SEM images 
Рис. 1. Порошковый материал AlSi10Mg на РЭМ-изображениях 

 
 
 
 

 
 

Fig. 2. Distribution of particle sizes in AlSi10Mg powder 
Рис. 2. Распределение по размерам частиц в порошке AlSi10Mg 
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Fig. 3. Measurement of residual stress in marked areas 
Рис. 3. Измерение остаточного напряжения в выделенных областях 

 
 

 
Table 2. Chemical composition of AlSi10Mg in as-developed condition, wt. % 
Таблица 2. Химический состав AlSi10Mg в исходном состоянии, мас. % 

 
 

Elements Cu Fe Mg Mn Ni Si Zn Ti Pb Sn Others- 
total Al 

Limits 0.05 
max 

0.55 
max 

0.20–
0.45 

0.45 
max 

0.05 
max 

9– 
11 

0.10 
max 

0.15 
max 

0.05 
max 

0.05 
max 

0.15  
max Bal 

Sample 1 0.028 0.215 0.329 0.046 0.035 10.31 0.032 0.020 0.015 0.024 0.048 Bal 

Sample 2 0.032 0.223 0.327 0.046 0.036 10.21 0.035 0.020 0.016 0.024 0.048 Bal 

 
 
 

excess penetrant must be removed from the specimen be-
fore developer is applied. As shown in Fig. 6, the selector 
valve body parts were fabricated by additive manufactur-
ing. Fluorescent penetrant inspection was performed on 
these parts to verify that they met the acceptance criteria 
listed in Table 5. The selector value body parts were sub-
jected to a liquid penetrant examination. There are no indi-
cations of discrete cracks or microcracks on the surfaces of 
the AM parts. A noteworthy feature of the surface is  
the absence of inclusions, stringers, cracks, seams, laps, 
undercuts, flakes, and laminations. As far as airworthi-
ness is concerned, the two non-destructive tests listed 
above are of great importance. The selector valve body 
parts cannot be deployed in the hydraulic system if they 
fail these two tests. 

Residual stress  
The residual stress of AlSi10Mg in the T6 condition is 

shown in Fig. 7. There are different points at which residual 
stress measurements can be made, so a residual stress value 
is the average of them all. As a result of plastic defor-
mation, materials usually generate residual stresses. In spite 
of this, no plastic deformation has occurred in the LPBF 
specimens. A repeating rapid heating and cooling of  
the molten phase accumulates residual thermal stresses in 
the solidified layer. The specimen 1 is clearly subjected to 
compressive residual stress (location 1), which gradually 

increases (locations 2 and 3). The specimen 1 is clearly 
subjected to compressive residual stress (location 1), which 
gradually increases (locations 2 and 3). In contradictory 
location 4, the residual stress turns into tensile stress. Speci-
men 2 is initially subjected to compressive stress, steep 
increases in residual stress, which turned into a tensile test 
in location 2, and then back to compressive stress in loca-
tions 3 and 4.  

Airworthiness certification  
This section describes the typical airworthiness certifi-

cation (AWC) process of aerospace LPBF with an example 
of selector valve body parts. AWC of Selector Valve Body 
Parts LPBF has three phases: (1) process design evaluation, 
(2) development trials and testing, and (3) certification docu-
mentation. 

The component under examination is categorized for 
functionality and process criticality while evaluating pro-
cess designs. In the current study, selector valve body parts 
that are typically modelled before beginning trials were 
examined. In the model, the component is LPBF for various 
process parameter combinations and is analysed for  
the degree of ease and comfort in the LPBF contours and 
sharp information, as well as the defect evolution. After 
finalising the process parameters, trials simulate the model-
ling constraints to verify the model’s accuracy. Following 
that, airworthiness authorities review and certify the design 
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 a b 

Fig. 4. Optical microstructure of AlSi10Mg at T6 condition (a) and higher magnification (b) 
Рис. 4. Оптическое изображение микроструктуры AlSi10Mg в режиме Т6 (a) и увеличенное изображение (b) 

 
 
 
 

 
 

Fig. 5. Tensile properties of T6 condition AlSi10Mg test samples 
Рис. 5. Свойства при растяжении испытательных образцов AlSi10Mg в режиме T6 

 
 
 

Table 3. Mechanical properties of selector valve body parts in T6 conditions 
Таблица 3. Механические свойства деталей корпуса переключателя в режиме T6 

 
 

Specimen direction Yield Strength, MPa Ultimate Strength, 
MPa 

Elongation,  
% 

Hardness,  
HBW 

XY 259±4 322±3 10.5±1 

88.8±2 Z 254±6 312±8 11.8±1.5 

45° 259±4 323±4 12.5±1.5 
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Table 4. Maximum permissible radiography severity levels for discontinuity 
Таблица 4. Максимально допустимые уровни радиографической интенсивности для неоднородности 

 
 

Discontinuity 
Severity Level – Grade B 

¼ ¾ 

Gas Holes 1 1 

Gas Porosity, Round 1 1 

Gas Porosity, Elongated 1 2 

Foreign Material 1 1 

Keyhole porosity <0.152 mm 

Cracks None 

Surface irregularity Not to exceed drawing tolerance 

Overlaps None 

Incomplete Fusion None 

 
 
 

 
 

Fig. 6. Result Dye penetrant test of selector valve body parts 
Рис. 6. Результат цветной дефектоскопии деталей корпуса переключателя 

 
 
 

parameters. Finally, the drawing, and design validation re-
port are developed and subjected to airworthiness qualifica-
tion testing. Additionally, the qualification tests necessary 
to verify the airworthiness of Selector valve body parts are 
created based on the components functioning, operating 
conditions, and interactions with other parts. In this ex-
ample, selector valve body parts (LPBF) have been subjected 
to post-heat treatment, during which, structure property 
correlations were carried out. Selector valve body compo-
nents are a line replaceable unit (LRU), thus the fault tole-
rance level is extremely restrictive since any flaws larger 
than the critical size seriously impair hydraulic system per-
formance. As a standard practise for surface defect inspec-

tion, radiography testing (ASTM E1742) and fluorescence 
penetrant inspection (ASTM E1417) are recommended. 

A thorough test plan that includes testing requirements 
in accordance with aerospace material and testing stan-
dards, component geometry, and designer-specific testing 
needs, is created based on the aforementioned inputs, and 
certified by airworthiness agencies. The sample strategy is 
designed, based on the testing method, designer specifica-
tions, and part criticality. Non-destructive and destructive 
testing are typically performed on a single sample per batch 
and in parts produced. The qualification of the test schedule 
of the LPBF in the presence of airworthiness agencies is 
carried out in development batches. After testing, 
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Table 5. Maximum discontinuity sizes (in mm) and distributions are allowed 
Таблица 5. Максимальные допустимые размеры (в мм) и распределения неоднородностей 

 
 

Type of discontinuity Max size of discontinuity allowed 

Inclusion rounded: surface 1.193 dia D-3* 

Inclusion rounded: subsurface 1.6 dia D-3* 

Inclusion stringers: surface 9.52 long DD-1** 

Inclusion stringers: subsurface 12.7 long DD-1** 

Laps or seams (unmachined surfaces) 25.4 long DD-1** 

Laps or seams or (machined surfaces) 0 

Propagating discontinuities  
(laminations, flakes, cracks, etc.) 0 

Unmelted particle, balling, porosity None 
Note. The following is a list of distribution designations. 
* D-3 – there should be no more than three times the maximum distance between discontinuities. 
** DD-1 – linear discontinuities cannot be closer than 12.7 mm and parallel discontinuities cannot be closer  

than 6.35 mm. 
Примечание. * D-3 – между неоднородностями должно быть не более трех максимальных расстояний. 
** DD-1 – расстояние между линейными неоднородностями не может быть меньше, чем 12,7 мм, 

 а между параллельными неоднородностями – меньше, чем 6,35 мм. 
 
 
 

 
 

Fig. 7. Residual stress in precipitation hardened AlSi10Mg specimens 
Рис. 7. Остаточное напряжение в образцах дисперсионно-твердеющего AlSi10Mg 

 
 
 

the reports are prepared and submitted to airworthiness 
agencies for review. 

Before certification by airworthiness agencies, the test-
ing reports are rigorously checked and validated for cor-
rectness in the final step of certification which is shown in 
the Fig. 8. Following a thorough review of the reports, Se-
lector valve body parts is granted permission to continue 
manufacturing on the specific platform. Part machining, 
fitting, functional tests simulating real hydraulic operating 

conditions, and prototype hydraulic units trials are all part 
of the selector valve body parts.  

Certification includes the process and product valida-
tion against the test schedule. The tests that must be per-
formed to qualify the Selector valve body components 
are determined by the material specification and operat-
ing conditions. Working conditions include things like 
operational temperature and contact condition. The fol-
lowing tests must be performed in order to certify
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Fig. 8. An overview of the certification process 
Рис. 8. Общее представление процесса сертификации 

 
 
 

the process and product: (1) chemical composition to 
correspond to the material specification; (2) NDT (X-ray 
and Dye penetrant testing) to validate the defect level 
within a reasonable range; (3) microstructure to confirm 
the heat treatment procedure; and (4) a tensile test at 
room temperature on a specimen in the independently 
required condition. 

The foregoing tests are performed, and the test re-
ports are checked for conformity to the AM (LPBF) test 
schedule. These are provisionally certified for compo-
nent-level LRU performance based on good compliance. 
Following successful completion of the aforesaid tests, 
the selector valve body parts is type certified for five 
years by the Indian military airworthiness certification 
organization (CEMILAC). 

 

DISCUSSION  
The alloy’s extremely fine grains microstructure, which 

is developed by rapid solidification. On the other hand, AM 
parts have low elongation (12.5 %). A material’s strength 
significantly enhanced by the formation and homogenous 
distribution of precipitates due to artificial aging. During 
the aging process, precipitation occurs as a result of  
the reaction of Mg with Si, where fine grains of precipitate 
interact with dislocations which leads to strengthening of 
the material. The precipitation hardening process involves 
several stages. As a first step, Mg and Si atoms form small 

clusters (GP zones). Mg2Si then precipitates nucleate in 
metastable and coherent β″ phases. These progressively 
transition into metastable and semi coherent β′ phases, 
which have the greatest strengthening effect. As-fabricated 
LPBF samples are generally much harder than heat-treated 
T4 materials. In T4 conditions fine-grained recrystallisation 
microstructure created during a solid solution is the cause 
of this reduced hardness. LPBF specimen can exhibit high 
hardness values due to their cellular dendritic microstruc-
tures, dislocation structures, and fine dispersion of eutectic 
Si in the Al matrix [12]. The solutionising treatment, on  
the other hand, dissolves these secondary phases and signif-
icantly reduces hardness [13], the following artificial age-
ing can cause metastable phases such as Mg2Si precipitate. 
This change may have a minor impact on the hardness  
values. As a result, the precipitation hardening has an effect 
on increasing hardness, however, it may be necessary to 
reduce stress and obtain other mechanical qualities. As  
a result of plastic deformation, materials usually generate 
residual stresses. In spite of this, no plastic deformation has 
occurred in the LPBF specimens. A repeating rapid heating 
and cooling of the molten phase accumulates residual ther-
mal stresses in the solidified layer. Laser beams can result 
in complex stresses on specimens during Laser Additive 
Manufacturing (LAM), processing because the underlying 
layer is remelted and reheated. Heat gradients along  
the building direction cause alternating tensile and com-
pressive residual stresses between the underlying and  
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subsequent layers. Because of the large scale and low quan-
tity of grain boundaries in the T6 specimen, dislocations 
glide and climb easily (Fig. 4). In order to improve mecha-
nical properties and increase service life, tensile residual 
stress must be reduced or eliminated from a material. 

 

CONCLUSIONS  
LPBF has been used for the development and testing 

of selector valve body parts, and the process is well suit-
ed to fabricate selector valve body parts using additive 
manufacturing. The preferred material for selector valve 
body parts is AlSi10Mg. There have been discussions re-
garding the potential application of different service areas 
throughout the AM process, including design, materials, 
pre-processing, 3D-printing and manufacturing, post-
processing, testing and inspection, verification, and certifi-
cation. This novel certification pathway will provide  
the hydraulic system of aircraft and its supply chain ecosys-
tem, with a novel approach to identify the most efficient 
path to building trust and confidence in the adoption of this 
emerging technology, which would otherwise not be possi-
ble because of its novel approach. 
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Аннотация: Аддитивные технологии (АТ) очень эффективны для макетирования и быстрого производства, 
поэтому их применение выгодно для аэрокосмической отрасли. Они позволяют сэкономить средства, а также об-
легчить конструкции, подходят для комплексного проектирования. Однако на данный момент доступно лишь не-
сколько стандартов аддитивных технологий, требуется много материалов и оборудования, что приводит к возник-
новению затруднений с сертификацией и внедрением АТ. Нестандартные испытания приводят к тому, что АТ  
в аэрозольных материалах оказываются менее привлекательными из-за их дороговизны и трудоемкости. Целью 
работы является изготовление деталей корпуса переключателя военных и гражданских самолетов методом лазер-
ного сплавления порошкового слоя (LPBF) с применением порошка AlSi10Mg. Выявлены физико-химические 
свойства материала, проведены неразрушающие и разрушающие испытания, а также даны четкие разъяснения 
процедур сертификации. Сделан упор на необходимости разработки руководств и стандартов, охватывающих 
все аспекты производства – от проектирования до изготовления и эксплуатации продукта. Комплексный анализ  
испытаний на проникновение жидкости показывает, что дефекты находятся в пределах допустимого уровня. 
AlSi10Mg демонстрирует более высокие показатели предела текучести, предела прочности и относительного 
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удлинения, равные (259±4) МПа, (323±4) МПа и (12,5±1,5) % соответственно. Показано, что дисперсионно-
твердеющий AlSi10Mg, разработанный и производящийся в Индии, по свойствам не уступает аналогичным дис-
персионно-твердеющим алюминиевым сплавам всемирно известных производителей. 

Ключевые слова: аддитивное производство; AlSi10Mg; алюминиевый сплав; дисперсионное твердение; разра-
ботка и сертификация. 
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Abstract: Analysis of the processing equipment structures when designing according to the temperature criterion is  

a necessary guarantee of ensuring the required performance characteristics. The presence of a significant number of parts 
in the processing equipment units and mechanisms requires, when designing, the prediction of the heat flow passage 
through the joints. When simulating contact thermal resistance, the variety of requirements for a joint can be taken into 
account by introducing a pseudolayer into the contact zone. The paper presents test results of the proposed regression  
dependence of the temperature change when the heat flow goes through the pseudolayer obtained considering four signifi-
cant factors: the pseudolayer thickness, the nominal pressure, the material yield strength, and the actual contact zone loca-
tion. The adequacy of the specified regression dependence was verified experimentally and applying numerical simulation 
using large-block finite elements. To describe the process of heat transfer in the thermal model elements, the authors de-
termined contact thermal resistances for several conditions for the heat flow propagation: from one finite element to ano-
ther within one part; from one finite element to another located in an adjacent part; heat flow passing through closed cavi-
ties; heat flow propagation into the environment for finite elements located on the outer (free) contour of the part. The ex-
periments showed a good agreement between the experimental data and the simulation results. The application of large-
block finite elements based on the proposed contact thermal resistance model allowed bringing the FE simulation tech-
nique to engineering use without complex software. 

Keywords: processing equipment; heat flow; simulation of contact thermal resistance; contact thermal resistance; pseu-
dolayer; large-block finite elements; thermal conductivity ratio. 

For citation: Denisenko A.F., Podkruglyak L.Yu. Simulation of contact thermal resistance when designing processing 
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INTRODUCTION 
Modern mechanical engineering is impossible without 

using technological equipment (TE), which has high relia-
bility, accuracy, and productivity. Reducing the time for TE 
design requires simultaneous consideration of all criteria 
(strength, rigidity, dynamic, thermal, etc.) that the created 
equipment must meet. The implementation of the design 
criteria requirements is largely based on the models used, 
which allow assessing the operational capabilities of  
the created TE even at the design stage. 

A special role in the design is given to the analysis of 
the temperature factor influence, since the internal heat 
generated by the operating equipment leads to changes in 
the temperature of its assembly units and, as a result, to 
thermal errors [1; 2]. Thermal effects can contribute more 
than 50 % to the total error [3]. 

With the expansion of the use of numerically controlled 
equipment, the problem of heat resistance of TE structures 
has become significantly more complicated due to an in-
crease in the energy saturation of equipment, and the inten-
sification of its operation [4; 5]. Determination of tempera-
ture deformations of technological equipment units signifi-
cantly affecting the operational characteristics is carried out 

based on the construction of a temperature field. The re-
searchers paid special attention to determining the thermal 
deformations of the spindle assemblies of metal-cutting 
machine tools as the most complex TE assembly unit,  
the operation of which primarily influences the output accu-
racy characteristics of the equipment [6–8]. 

The problems of creating mathematical models that al-
low predicting the temperature field pattern, even at  
the stage of equipment design, have been largely solved by 
the widespread use of numerical simulation using finite 
element models. There are numerous examples of success-
ful use of the finite element method (FEM) when solving 
thermal problems [6; 9]. 

Numerical simulation using the FEM made it possible, 
first of all, to remove one of the significant problems:  
the maximum consideration of the configuration of  
the parts included in the TE, earlier, when using analytical de-
pendencies, as a rule, was provided by a significant simpli-
fication (often unreasonable) of the geometry of the parts. 

However, even with the extensive experience gained dur-
ing FEM testing, when designing technological equipment, 
there remains a problem associated with a significant number 
of parts included in the equipment, determined by the func-
tional purpose of the equipment and its configuration [10]  
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(for example, in a metal-cutting machine there are more 
than 3000 parts), connected to each other in a certain way. 
Thus, to construct the TE temperature field, it is necessary 
to simulate the heat flow propagation both through solid 
parts (modern software tools make it quite easy to do), and 
through their connections. 

The heat flow passage through parts and their connec-
tions can be simulated taking into account thermal re-
sistance [11]. For solid parts, thermal resistance is deter-
mined based on the introduction of thermal conductivity 
coefficients, the values of which for various materials are 
widely presented in the literature [12; 13]. A multi-analysis 
of the formation of contact thermal resistance (CTR) is gi-
ven in [14; 15]. 

The complexity of CTR simulation is associated with 
the presence of a temperature jump during the heat flow 
passage through the contact zone. As noted in [16], an at-
tempt to use the classical FEM for modelling encounters 
difficulties associated with the creation of a FE mesh corre-
sponding to neighbouring contacting parts, which is very 
difficult for complex geometries. The authors propose to 
build a modelling principle in the representation of a con-
tact with an intermediate thin material, in which two mate-
rials are mixed. However, the dependencies for determining 
the characteristics of the specified intermediate layer are 
not given in the work. 

The works of a number of researchers [17–19] cover  
the obtaining of the dependences for determining CTR, 
based on the experimental data approximation. However, 
these dependencies are difficult to use in engineering prac-
tice, since they, as a rule, have a narrowly focused practical 
significance, and require a large amount of initial data, such 
as the profile standard deviation; surface hardness (micro-
hardness); average tangent of the roughness slope angle; 
maximum corner radius of the protrusions; a parameter 
characterising the degree of mechanical loading of contact 
irregularities, etc. [14]. In this regard, the issue of CTR 
simulation is still very relevant. 

The purpose of this study is to develop a technique for 
simulating contact thermal resistance, which allows esti-
mating the temperature change in the contact zone, based 
on identifying, and taking into account the most significant 
design and technological factors available when used in 
engineering practice. 

 

METHODS 
The complexity of taking into account a significant 

number of influencing factors for engineering practice 
when assessing the CTR can be resolved by modelling  
a joint in the form of a pseudolayer, the characteristics of 
which are determined by the contact conditions [20; 21]. 
The research methods involve a reasonable selection of  
the most significant factors affecting the contact thermal 
resistance based on the one-factor numerical experiments, 
using the FEM, and a full factorial experiment (FFE) to 
obtain a regression dependence, describing the temperature 
change in the contact zone. The efficacy of the obtained 
model should be confirmed by the results of full-scale and 
numerical experiments. 

Previous studies [20] allowed distinguishing four signi-
ficant factors: pseudolayer thickness h, nominal pressure qa, 
material yield strength σT, and location of the actual contact 

zone l. Based on the use of the ELCUT package, when 
planning a full factorial experiment of the 24 type, a regres-
sion model was obtained in the following form 
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Further analysis [22] showed that it is possible to sim-

plify the obtained regression model, leaving only two fac-
tors as the most significant ones: the pseudolayer thickness 
determined by the roughness of the contacting surfaces and 
the nominal pressure, which depends on the normal force 
and the nominal contact area: 

 
qhT 104 10216,210403,7055,0 −⋅−⋅+=∆ .        (1) 

 
The pseudolayer thickness can be taken as an average 

thickness of the gap in the joint [23; 24]: 
 

( )2121 6,2 aapp RRRRh +=+= , 
 

where Rp is the smoothing height; 
Ra is the arithmetic average roughness height. 

To test the efficacy of the proposed regression depend-
ence, the authors carried out full-scale experiments on  
the heat flow passage through a flat joint, and performed 
numerical simulation using large-block finite elements [25]. 

For a full-scale experiment, steel samples were made from 
15 grade steel with dimensions of L×B×H=40×20×10 mm.  
In one sample, a hole Ø4.4 mm was drilled to place a tem-
perature source in it (Fig. 1). The surface roughness in  
the contact zone of the samples was Ra=0.1 µm. 

To assess the influence of contact pressure on CTR,  
a pair of specimens was fixed in the jaws, which created  
a compression force (Fig. 2). 

To reduce the convection heat emission, the samples 
were placed in a thermal protection created using a three-
layer winding of an asbestos cord Ø3 mm glued with liquid 
glass. The thermal protection left two sections 10 mm long 
open, where the temperature could be subsequently record-
ed in the source location area, and at the end of the flow 
propagation in the samples (Fig. 2). The jaws were thermal-
ly insulated from the specimens with sheet cloth laminate, 
and plywood 10 and 5 mm thick, respectively. 

To determine the compression force of the specimens, 
the jaws were pre-calibrated according to the applied torque 
on the jaw screws using a DOSM-1 dynamometer, which 
has the highest limit load of 10 000 N. During the experi-
ments, the maximum Q value (Fig. 2) was 6 550 N. 

The temperature measurement in the open areas of  
the samples was carried out by a non-contact method, using 
a calibrated DT-8833 pyrometer. During the experiments, 
the jaws were mounted on the table of a jig-boring machine, 
and the pyrometer was fixed on a massive stand with a dis-
tance of ~15 mm from the measured surface to the sensitive 
element of the infrared sensor located at the focus of  
the pyrometer optical system. Since the optical resolution 
(the sighting factor – the ratio between the distance to 
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Fig. 1. Sample for heat source 
Рис. 1. Образец для теплового источника 

 
 
 
 

 
 

Fig. 2. The experimental unit scheme 
Рис. 2. Схема экспериментальной установки 

 
 
 

the measurement object and the measuring spot size), 
for the DT-8833 pyrometer is 13:1, in this case,  
the measurement spot had a diameter of ~1 mm. This 
circumstance was taken into account when selecting 
the dimensions of the measurement zones (Fig. 2), 
which, according to the rules for using pyrometers, 
should be at least 2 times larger than the size of  
the measuring spot. 

During the experiments, the heating element power (W) 
was determined by fixing the consumed current (I=1.8 A) and 
voltage (U=12.0 V): 

 
η= IUP .                        (2) 

 

The value of the efficiency factor η for converting elec-
trical power into a thermal one was estimated considering 
the following. Since the heat source was removed from  
the heating zone (Fig. 2), and the heat was transferred to  
the sample using a copper rod Ø4 mm with a significant 
length, the value of η was taken equal to 0.35. 

Numerical simulation was carried out according to  
the technique using large-block finite elements (FE), which 
was earlier tested for flat models [25]. 

Simulation of thermal processes in the equipment as-
sembly units, using large-block FE, allows reducing  
the problem of building a temperature field to solving  
a system of linear equations, and refusing to use complex 
software products (for example, ANSYS). 
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The technique for developing a 3D computational mo-
del, involves the selection of rectangular parallelepipeds in 
the parts of assembly units, subject to the condition that 
eight FE must be connected at the vertices that are not lo-
cated on free surfaces. At vertices located on free surfaces, 
there should be up to four such FE. 

Since the proposed technique with large-block rec-
tangular elements assumes that the heat flow propa-
gates in the FE in a straight line, the thermal resistance 
of the element along the corresponding coordinate axis 
is equal to 
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where ∆X, ∆Y, ∆Z are the dimensions of the FE along  
the corresponding coordinate axis; 
λ is the coefficient of thermal conductivity of the material 
of the element (part). 

For each coordinate plane of each FE, the equilibri-
um equations of heat flows in its nodes located in the 
FE geometric centers were set up. For example, for 
element A in Fig. 3, the equation can be written as fol-
lows: 
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where ti is the temperature at the i-th node; 
σx(i-j)=σx(j-i), σy(i-j)=σy(j-i), σz(i-j)=σz(j-i) is total (absolute) thermal 
conductivity between i and j nodes along the x, y, z coordi-
nates respectively, W/K.  

The values of thermal conductivity between i and j 
nodes along the x, y, z coordinates are determined by  
the formulas: 
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where RC

x(i-j), RC
y(i-j), RC

z(i-j) are thermal resistance of  
the joint between i and j finite elements along the x, y, z 
coordinates, respectively. 

The experimental unit model to carry out a numerical 
experiment using large-block FE was represented as  
13 interconnected rectangular parallelepipeds (Fig. 4). 

In accordance with the expression (3), to determine  
the temperature in the thermal model elements, the au-
thors composed the equilibrium equations for heat 
flows in its nodes located in the geometric centres of 
the elements: 
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where tA is the ambient temperature; 
σx(i-B), σy(i-B), σz(i-B) is the total (absolute) thermal conductivi-
ty between i node and air along the x, y, z coordinates, re-
spectively, W/K. 

The values of thermal conductivity between i and j 
nodes (except for the nodes No. 3 and No. 4 along  
the x coordinate) along the x, y, z coordinates are deter-
mined by the formulas:  
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Thermal conductivity ( )

C
x 43−σ  between the nodes No. 3 

and No. 4 along the x coordinate should take into account 
the CTR in the joint of the specified elements: 
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The introduction of a pseudolayer with a thickness h to 

the contact zone when modelling allows representing  
the actual contact zone (ACZ) (Fig. 5) in the form of  
the following model (Fig. 6). 
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Fig. 3. For the construction of an equilibrium equation for a finite element A 
Рис. 3. К составлению уравнения равновесия для конечного элемента А 

 
 
 

 
 

Fig. 4. Simulation of the experimental unit using large-block FE 
Рис. 4. Моделирование экспериментальной установки с помощью крупноблочных КЭ 

 
 
 
Considering the parallel passage of heat flows through these 

zones, we can write that the pseudolayer thermal conductivity 
will be equal to the sum of the conductivities, through the actual 
contact zones σACZ, and the volumes filled with air (oil) σA: 

 
∑ ∑σ+σ=σ AACZPL , 

 

where
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Aa is the nominal contact area; 
Ar is the actual contact area; 
λ PL is the pseudolayer thermal conductivity coefficient; 
λ A is the air thermal conductivity coefficient. 
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Fig. 5. The formation of actual contact zones in a flat joint 
Рис. 5. Формирование зон фактического контакта в плоском стыке 

 
 
 

 
 

Fig. 6. Representation of a flat joint in the form of a pseudolayer with a thickness of h 
Рис. 6. Представление плоского стыка в виде псевдослоя толщиной h 

 
 
 
Not accounting for the influence of oxide films in  

the actual contact zone on the CTR, it can be assumed that 
λAC=λ, where λ is the thermal conductivity coefficient of 
the contacting materials. 

Then, introducing the notation
a

r

A
A

=η , we will receive 
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According to the data of the work [21], 
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where σT is the yield strength of the contacting materials, 
from which 
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In the case of contact of parts with different physical 

and mechanical properties, the arithmetic mean of the yield 
strengths of their materials can be taken as the σТ value. 

Taking into account that due to the presence of 
macrodeviations, the ACZs are concentrated in the region 
of contour areas [23], and that ACZs consist of a combina-
tion of actual contacts of microroughnesses, and closed 
volumes filled with air or oil (Fig. 4), the value of RC

x(3−4) is 
calculated using dependencies (1) and (2): 
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RESULTS 
For numerical simulation for the used sample material 

(grade 15 steel), the authors accept σT=240 MPa, 
λ=55 W/(m·°К), λA=0.028 W/(m·°К). 

The results of measuring the temperature difference 
tin−tout on the stand (Fig. 2) for 6-fold measurements are 
shown in Fig. 7 by points, and the simulation results esti-
mated by the temperature difference in FE No. 1 and No. 5 
are shown by a solid line. The scatter of experimental data 
relative to the calculated curve can be estimated by a stand-
ard deviation equal to 0.192. 

Fig. 8 shows the numerical simulation at different 
roughness of contacting surfaces of the samples. 
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The influence of filling of closed cavities during  
the contact of rough surfaces with oil was simulated using 
the dependence (4), where the value of the thermal conduc-
tivity coefficient of oil was substituted for λA (Fig. 9).  
The thermal conductivity coefficient of oil is about 
500 times less than the thermal conductivity coefficient of 
steel, and for mineral oils at a temperature of 20 °С it is 

0.104 W/(m·°К) [24]. The value of the thermal conductivity 
coefficient for oils used in spindle units, equal to 
0.143 W/(m·°К), is indicated in [25]. 

Thus, for closed cavities of the simulation model 
filled with oil, it is possible to choose the value of the 
thermal conductivity coefficient from the range of 
λ=0.1...0.14 W/(m·°К). 

 
 
 

 
 

Fig. 7. The results of field measurements (points) and simulation (solid line) 
of the temperature difference tвх−tвых depending on the compression force of the samples 

Рис. 7. Результаты натурных измерений (точки) и моделирования (сплошная линия)  
разницы температур tвх−tвых в зависимости от усилия сжатия образцов 

 
 
 

 
 

Fig. 8. The results of numerical simulation of the temperature difference tвх−tвых  
depending on the pressure in the joint at different roughness of the contacting surfaces: 

1 – Ra1=Ra2=0.1 µm; 2 – Ra1=0.1 µm, Ra2=3.2 µm; 3 – Ra1=Ra2=3.2 µm 
Рис. 8. Результаты численного моделирования разницы температур tвх−tвых  

в зависимости от давления в стыке при различной шероховатости контактирующих поверхностей: 
1 – Ra1=Ra2=0,1 мкм; 2 – Ra1=0,1 мкм, Ra2=3,2 мкм; 3 – Ra1=Ra2=3,2 мкм 
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Fig. 9. The influence of oil in the contact zone on the temperature difference tвх−tвых: 
a solid line – air (λВ=0.028 W/(m·°К)); a dotted line – oil (λM=0.12 W/(m·°К)); 

1 – Ra1=Ra2=0.1 µm; 2 – Ra1=0.1 µm, Ra2=3.2 µm; 3 – Ra1=Ra2=3.2 µm 
Рис. 9. Влияние масла в зоне контакта на разницу температур tвх−tвых: 

сплошная линия – воздух (λВ=0,028 Вт/(м·°К)); пунктир – масло (λМ=0,12 Вт/(м·°К)); 
1 – Ra1=Ra2=0,1 мкм; 2 – Ra1=0,1 мкм, Ra2=3,2 мкм; 3 – Ra1=Ra2=3,2 мкм 

 
 
 
 

 
 

Fig. 10. The results of numerical simulation of the temperature difference tвх−tвых  
depending on the pressure in the joint for various steel grades: 

1 – Ст.15 steel; 2 – Ст.45 steel; 3 – Ст.40Х steel; 4 – Ст.40ХН steel 
Рис. 10. Результаты численного моделирования разницы температур tвх−tвых  

в зависимости от давления в стыке для различных марок сталей: 
1 – Ст.15; 2 – Ст.45; 3 – Ст.40Х; 4 – Ст.40ХН 
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The influence of grades of contacting materials was 
evaluated by numerical experiments, with samples from  
the grade 15 steel (λ=55 W/(m·°К), σT=240 MPa),  
grade 45 steel (λ=48.1 W/(m·°К), σT=680 MPa),  
40H steel (λ=46 W/(m·°К), σT=775 MPa), and 40HN steel 
(λ=44 W/(m·°К), σT=1050 MPa). The simulation results are 
shown in Fig. 10. 

 

DISCUSSION  
The results of full-scale and numerical experiments, 

confirm the earlier conclusions of some researchers, about 
the significant influence of pressure in a joint on CTR [11; 
14; 17]. Moreover, this influence is especially manifested in 
the region of low pressures. This result can be adequately 
explained by the increase in the actual contact area as  
the pressure increases. 

The influence of the roughness of the contacting sur-
faces (Fig. 8) affects the entire pressure variation range, 
which confirms once again the necessity of a reasonable 
selection of this parameter when designing process 
equipment. 

Simulation showed that the liquid layer (oil) introduc-
tion into the contact zone reduces the CTR (Fig. 9). A simi-
lar conclusion was obtained in the work [9]. However, one 
should note that this influence is significant only at a signi-
ficant roughness of the contacting surfaces, and only at low 
pressures. 

The simulation results for different steel grades 
(Fig. 10) show that in critical cases it is necessary to con-
sider the material yield strength, the values of which for 
different steel grades can differ significantly. This is parti-
cularly true when using alloyed steels. 

The results obtained indicate that the CTR decreases 
with an increase in the thermal conductivity of the con-
tacting metals, an increase in the force of compression of  
the samples, and an increase in the surface treatment 
quality. 

 

CONCLUSIONS 
1. The conducted full-scale experiments both qualita-

tively and quantitatively confirmed the adequacy of the pro-
posed technique for using large-block finite elements and 
the regression dependence describing the modelling of  
a flat joint in the form of a pseudolayer during the heat flow 
passage. 

2. The results obtained confirmed the significant contact 
thermal resistance dependence on the nominal pressure in 
the joint. This dependence is especially manifested at low 
pressures (<10...15 MPa), and has a pronounced decreasing 
characteristic. 

3. The influence of lubrication in the contact zone 
should be considered only for highly rough contacting sur-
faces (Ra>1 µm). 

4. When designing assembly units, with the possibi-
lity of varying the grades of steels used, one should pay 
attention to the values of the material yield strength, with  
an increase in which the contact thermal resistance in-
creases.  
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Аннотация: Анализ конструкций технологического оборудования при проектировании по температурному 

критерию является необходимой гарантией обеспечения требуемых эксплуатационных характеристик. Наличие 
значительного количества деталей в узлах и механизмах технологического оборудования требует при проектиро-
вании прогнозирования прохождения теплового потока через соединения. Многообразие требований к соедине-
нию при моделировании контактного термического сопротивления может быть учтено введением в зону контакта 
псевдослоя. Приведены результаты проверки предложенной регрессионной зависимости изменения температуры 
при прохождении теплового потока через псевдослой, полученной при учете четырех существенных факторов: 
толщины псевдослоя, номинального давления, предела текучести материала, расположения зоны фактического 
контакта. Адекватность указанной регрессионной зависимости проверялась экспериментально и с использованием 
численного моделирования с применением крупноблочных конечных элементов. Для описания процесса теплооб-
мена в элементах тепловой модели были определены контактные термические сопротивления для нескольких 
условий распространения теплового потока: от одного конечного элемента к другому в пределах одной детали;  
от одного конечного элемента к другому, расположенному в соседней детали; прохождения теплового потока че-
рез замкнутые полости; распространения теплового потока в окружающую среду для конечных элементов, распо-
ложенных на наружном (свободном) контуре детали. Проведенные эксперименты показали хорошее совпадение 
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экспериментальных данных и результатов моделирования. Применение крупноблочных конечных элементов  
на основе предложенной модели контактного термического сопротивления позволило довести методику конечно-
элементного моделирования до инженерного использования без сложного программного обеспечения.  

Ключевые слова: технологическое оборудование; тепловой поток; моделирование контактного термического 
сопротивления; контактное термическое сопротивление; псевдослой; крупноблочные конечные элементы; коэф-
фициент теплопроводности. 
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Abstract: The problem of increasing the efficiency of mechanical treatment within modern automated production is 

relevant for many branches of the processing industry. This problem requires a deep study of the physical processes occur-
ring during cutting. The urgency of the problem increases even more with the development of digital production in our 
country. Today, in the presence of a wide range of products, enterprises are forced to create conditions for reducing  
the technological cycle when manufacturing a particular product. To carry out the study, an experiment was conducted in 
which the U8 carbon steel was used as the processed material, and the T15K6 alloy was used as the tool material. During 
the experiment, the authors observed a change in the roughness of the machined surface depending on the cutting speed. 
The paper considers the possibility of assessing the quality of the surface layer during cutting based on fractal and neural 
network modeling. It is identified that the fractal dimension shows the regularity of the reproduction of the machined sur-
face roughness during cutting. The calculated fractal dimension of the machined surface roughness correlates well with  
the values of the machined surface roughness (correlation coefficient is 0.8–0.9). A neural network structure has been de-
veloped, which allows controlling the machined surface quality depending on the cutting conditions. The authors studied 
the possibility of using neural network models to control technological systems of cutting treatment. When creating digital 
twins, it is proposed to take into account factors affecting the quality of the treated surface and processing performance, 
which are poorly accounted for in modeling, as well as when conducting full-scale experiments during machining. Such 
factors are wear of the cutting tool, the process of plastic deformation, and cutting dynamics. 

Keywords: cutting process; machined surface roughness; neural network; surface layer quality control. 
For citation: Kabaldin Yu.G., Sablin P.A., Schetinin V.S. Control of the dynamic stability of metal-cutting systems in 

the process of cutting based on the fractality of roughness of the machined surface. Frontier Materials & Technologies, 
2023, no. 3, pp. 43–51. DOI: 10.18323/2782-4039-2023-3-65-4. 

 

INTRODUCTION 
Increasing the efficiency of mechanical processing is an 

important scientific and technical problem that the world’s 
leading scientists have been dealing with for many decades. 
The concept of “machining efficiency” implies two very 
important indicators: productivity and quality. In this re-
gard, a number of scientific schools of the Russian Federa-
tion use the indicators of mechanical processing quality as 
the main criterion for assessing its efficiency. Surface 
roughness is one of the main parameters determining the 
quality of a machined part. 

Within automated production, there is an acute problem 
of increasing the efficiency of machining based on a more 
in-depth study of physical processes accompanying cutting. 
This problem becomes relevant especially for digital pro-
duction, the creation of which in the country is associated 
with the Russian Government program “Industry 4.0”. 

Digital transformation at all levels of machining enter-
prises is caused by the need both to analyse Big Data com-
ing from equipment, systems, devices using sensors and to 
use this data to reduce the time for designing technological 

processes and launching new products increasing produc-
tion flexibility, product quality and efficiency of production 
processes. 

In the work [1], for high processing rates, a method for 
the formation of roughness of the machined surface is pro-
posed, taking into account the random nature of their for-
mation based on fractal representations. In the works,  
the author describes that for the formation of fractals, shock 
loads are necessary, which create tension–compression 
waves reflecting the travelling wave of the subsequent se-
paration of the layer, the thickness of which is determined 
by the properties of the billet material. Such destruction is 
usually called spalling. 

The fractal dimension (DF) values given in the work [1], 
although they are fractional, have large values and require 
clarification. For example, finishing and precision machines 
have DF=2.6–3.0, respectively. It is known that high values 
of DF correspond to chaotic attractors [2], i. e., unstable 
regimes. 

The quality of processed surfaces of various parts of 
machines and mechanisms is a complex operational fac-
tor that primarily affects the reliability of manufactured 
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products. Surface quality indicators include such charac-
teristics as roughness, waviness, shape errors, shape po-
sition errors, etc. [4–6]. 

Factors influencing the roughness parameter of the ma-
chined surface [7–9] can be presented in the form of 
three groups: 

– factors depending on the geometry of the cutting 
process; 

– factors depending on the plastic deformation of  
the processed material; 

– factors depending on self-oscillations during pro-
cessing. 

In this regard, for example, the total value of the rough-
ness height Rz during cutting can be represented in the fol-
lowing form: 

 
ВПЛН
ZZZZ RRRR ∆+∆+∆= ,                      (1) 

 
where Н

ZR∆  is the height of uncut metal;  
ПЛ
ZR∆  is the roughness altitude gain due to plastic defor-

mations;  
В
ZR∆  is the roughness altitude gain due to self-oscillations.  
Thus, the roughness of machined surfaces is both  

the most important characteristic of surface quality and  
a reflection of the relationships between the processes oc-
curring in the cutting system. 

When factors related to the cutting process geometry 
arise, the process of microroughness occurrence is usually 
considered as copying the motion trajectory of a cutting 
tool of a certain shape on the machined surface. In this 
regard, the microroughness height and the surface shape 
are determined both by the cutting tool shape and by 
elements of the cutting modes, which can influence  
the change in the trajectory of the cutting blades relative 
to the machined surface. 

Plastic deformations of the surface layer of the billet [6] 
during processing, as well as self-oscillatory processes, 
violate the reference shape of the future part and the regular 
distribution of surface irregularities increases by an order of 
magnitude. As a rule, only one of the three factors has  
a significant influence on the formation of surface micro-
roughness, which ultimately determines the roughness 
measure. However, in some situations, all three factors 
influence the process of formation of the surface layer of 
the part, and it is very difficult to assess the degree of im-
pact of each factor. The roughness of the machined sur-
face in such cases becomes complex, devoid of clearly 
defined patterns. 

There are a number of statistical relationships linking 
surface roughness with processing conditions. Currently, 
there are theoretical and empirical formulas that establish 
the relationship of one or another surface roughness criteri-
on with the main technological factors. Thus, for example, 
in [10] the dependence of surface roughness during high-
speed and fine turning on cutting conditions is given: 

 

wqp

yxnm
HBrvst

a HBrv
stCCCCCC

R
µ

ϕ αϕϕ
= ,               (2) 

 
where Rа, t, s, r – in µm;  

v – in m/min;  
angles ϕ, ϕ1, α – in degrees;  
HB – processed material hardness;  
m, n, p, q, etc. are exponential factors at relevant condi-
tions, which are characterised by the constants Ct ,Cs ,Cv, 
etc.  

For fine boring of steel billets with cutters made of hard 
T15K6 and T30K4 alloys, formula (2) has the following 
form: 
 

25,049,0

82,045,016,0

ν r
stRa

ϕ
= .                          (3) 

 
As follows from equations (2) and (3), the main techno-

logical factors determining the surface roughness during 
cutting are speed, feed, cutting depth, properties of the ma-
terial being processed, as well as the cutting edge angle ϕ 
and the radius r of the cutter tip rounding. There are other, 
more complex statistical dependencies. Therefore, an im-
portant point when studying the mechanism of formation of 
roughness during machining is also the study of the physics 
of processes accompanying cutting in relation to the energy 
transfer to the processing zone, the nonlinearity of the re-
sulting effects and the inevitable influence of dissipative 
processes on the roughness height and technological system 
stability as a whole. 

The purpose of the study is to show that the use of ap-
proaches of nonlinear dynamics and neural network model-
ling allows controlling the cutting process at the level of 
dynamic stability of metal-cutting systems. 

 

METHODS 
To carry out experimental studies, a stand was created 

consisting of: 
– a 1K625 model screw-cutting lathe; 
– an STD.201-2 model turning dynamometer; 
– an NI cDAQ-9174 National Instruments interface unit; 
– a PC. 
To conduct the experiment, a billet made of U8 car-

bon steel was prepared. To obtain from the dynamometer 
more reliable data, this experimental assembly should be 
calibrated for each material being processed. The dyna-
mometer is supplied with a standard calibration blank 
(including one made of U8 steel), as well as a verifica-
tion procedure. 

After calibration, according to the Walter calculator 
recommendations, cutting modes were selected, which were 
supplemented by others selected based on the requirements 
of processing efficiency: from gentle modes, but with ob-
taining maximum surface quality, to high-performance 
modes with the loss of the machined surface quality. 

After processing the billets on the experimental bench, 
profilograms of the surfaces were taken. 

To evaluate the Ra and Rz parameters characterising the 
roughness of the machined surface, a stand was developed 
[3], which included a blank fixed in the centers of the 
lathe, a TR200 profilometer connected via an interface to 
a PC. The TR200 profilometer allows both obtaining the 
value of any roughness parameter, in accordance with 
GOST R ISO 4287-2014, and observing the nature of sur-
face irregularities. 
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Further, the fractal dimension DF of the machined sur-
face roughness was calculated using the profilogram attrac-
tors. The fractal dimension was calculated according to 
known techniques, but using original software. 

Employees of the Department of Mechanical Engineer-
ing Technology of Komsomolsk-on-Amur State Technical 
University developed a DynAnalyzer computer program, 
which allows constructing an attractor and calculating  
the fractal dimension using a numerical series (according to 
a profilogram or using vibroacoustic emission (VAE) sig-
nals, etc.). 

The final stage of implementation of the methodology 
was neural network modelling. In neural network modelling 
of surface roughness, the search for the optimal artificial 
neural network (ANN) structure was carried out using the 
version 6.5 Matlab software, which resulted in an architec-
ture containing 7 neurons in the first hidden layer and 
1 neuron in the second hidden layer. The ANN was trained 
based on the obtained experimental data. The neural net-
work model was also tested on input data different from 
those on which it was trained. 

 

RESULTS 
Fig. 1 shows profilograms of the processed U8 steel sur-

faces at various cutting modes.  
It is known [4] that the fractal dimension characterises 

the process stability and its reproduction regularity. In this 
case, this is the regularity of the reproduction of irregulari-
ties on the treated surface. Moreover, the smaller the fractal 
dimension, the more stable the reproduction of irregularities 
during cutting will be. 

Fig. 2 shows that the attractor corresponding to  
the surface processed at a cutting rate of 50 m/min is the 
most chaotic (Fig. 2 b). It is known that at low cutting 
rates an intense build-up forming occurs, which affects  
the roughness. Based on the fractal dimension of this at-
tractor, one can state that the processes occurring in  
the machine tool system are irregular, and the system it-
self is unstable. As a result, the surface roughness is high. 
The last fifth attractor (Fig. 2 e), on the contrary, indicates 
that the oscillations occurring in the system are regular 
and the system is stable. 

Fig. 3 shows a model of a fractal rough surface in the 
form of a Cantor set [2]. 

This model shows the similarity of surface irregularities 
associated with repetitive processes during machining. 
Based on this model, the authors proposed a fractal ap-
proach to the formation and control of the roughness of 
machined surfaces during cutting for automated production 
conditions. 

Fig. 4 shows the dependence of the roughness Ra on  
the cutting rate V carried out on the described stand when 
processing U8 steel and the results of assessing the fractal 
dimension of the roughness Ra profilograms after their pro-
cessing. The analysis of the results shows that the greatest 
differences in these types of dependencies are observed in 
the region of low and high rates. 

To assess the possibility of diagnosing the Ra parameter 
during the cutting process, a correlation analysis of the de-
pendences of Ra on DRa was carried out. The values of  
the correlation coefficients turned out to be high (0.7–0.9). 

During the development of a cutting process control 
system, the authors created a neural network (Fig. 5) based 
on diagnostics by the machined surface fractality. 

 

DISCUSSION 
As mentioned above, chip formation processes (plastic 

deformation), cutting tool wear, processed material proper-
ties and cutting dynamics are the main factors determining 
the roughness height during machining [11]. 

However, these factors in the literature [12] are consid-
ered independently of each other, i.e., they are studied and 
optimised separately. In particular, when developing meth-
ods for reducing the cutting tool wear rate, as well as  
the machined surface roughness, the type of chips generated 
and the equipment dynamic state are not taken into account. 
Studying the interdependence of various parameters of 
these factors, i.e., a system approach to machining will 
make it possible to create more accurately, in particular,  
the models of chip formation, the machined surface rough-
ness, the cutting tool wear and the cutting process itself. 

One of the promising research tools that can take into 
account the interrelation and interdependence of the cutting 
process output parameters is artificial intelligence ap-
proaches. The latter can be achieved based on the creation 
of digital twins (DT) [13; 14]. Digital twin is a new word in 
modelling equipment, technological processes and digital 
production planning. DT is based on a number of mathe-
matical models reliably describing processes and relation-
ships both at an individual facility and within the entire 
production equipment using the Big Data analysis. In this 
regard, the development of neural network models and ma-
chine learning becomes very important. 

Using the existing statistical dependencies and neural 
network modelling [14; 15] allows both simulating it and 
assessing the current state of the process equipment as  
a whole, and, consequently, the processed surface quality. 

A digital twin acts as a virtual model of a part, product, 
process, technology, etc. Such a model is capable, at  
the micro- and macro-level, of either describing an actual 
technology object, acting as a duplicate of a finished speci-
fic product or process, or serving as a prototype of a future 
technology object. At the same time, any information that 
can be obtained when testing a physical object must also be 
obtained based on testing a digital twin. 

The influence of processing modes (V; s; t) and physical 
and mechanical properties of the processed material (σb) on 
the machined surface roughness is most covered in the li-
terature [4; 6; 9]. The influence of the cutting process dy-
namics on the machined surface roughness is the least stu-
died (equation (1)). 

Currently, it is proved that self-oscillations during cut-
ting are associated with a phase shift of cutting forces [16]. 
The work [16] shows the relationship r between the phase 
characteristic of cutting forces and chip shrinkage Ka. 

Fig. 6 shows the dependences r of the phase characteris-
tic of cutting forces on the microroughnesses Rz height [16]. 
It follows from Fig. 6 that self-oscillations have the greatest 
influence on the machined surface roughness when cutting 
ductile materials (steel 10). With increasing cutting rate,  
the influence of self-oscillations on the machined surface 
roughness decreases [17; 19]. 
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Fig. 1. Profile records of machined surfaces (У8 steel, T15K6 cutter):  
a – Vcut=20 m/min, Ra 2.32; b – Vcut=50 m/min, Ra 2.6;  

c – Vcut=75 m/min, Ra 1.6; d – Vcut=105 m/min, Ra 1.25; e – Vcut=130 m/min, Ra 1.2 
Рис. 1. Профилограммы обработанных поверхностей (сталь У8, резец Т15К6):  

a – Vрез=20 м/мин, Ra 2,32; b – Vрез=50 м/мин, Ra 2,6;  
c – Vрез=75 м/мин, Ra 1,6; d – Vрез=105 м/мин, Ra 1,25; e – Vрез=130 м/мин, Ra 1,2 

 
 
 
The surface roughness digital twin (Fig. 6) allows, at  

the stage of designing technological processes, to select 
machining modes providing a given roughness depending 
on both the dynamic state of the machine equipment and 
the grade of the processed material and its strength proper-
ties (σb). 

Increasing the number of parameters at the neural net-
work input [14; 15], changing its architecture and accu-
mulating a database about the cutting process allows stu-
dying other factors that affect the machined surface 
roughness, but are difficult to study, in particular, the in-
fluence of the corner radius of the cutting blade tip,  
the cutting angle, etc. 

Currently, modern machine tools are considered as  
a cyber-physical system (CPS), which uses sensors installed 
on the cutting tool [12; 18; 20] and on other essential con-

trols of the machine, which collect data on the CPS state in 
real time, after which this information is sent to the digital 
twin. Constant updating of the database for the digital twin 
about the cutting process allows increasing the accuracy of 
modelling the machined surface roughness and the CPS 
dynamic state control during cutting. 

For this purpose, the authors studied the possibility of 
using neural network models to control technological cut-
ting processing systems and carried out additional experi-
mental studies. In this regard, the authors took a time series 
of vibroacoustic emission signals picked up during cutting 
from the machine dynamic system and calculated the VAE 
signal fractal dimension, which, as studies have shown, 
correlates well with the fractal dimension of the machined 
surface roughness. The values of the correlation coeffi-
cients turned out to be quite high (0.8–0.9). 
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Fig. 2. Attractors of the machined У8 steel surfaces corresponding to cutting rates:  
a – Vcut=20 m/min, Ra 2.32; b – Vcut=50 m/min, Ra 2.6;  
c – Vcut=75 m/min, Ra 1.6; d – Vcut=105 m/min, Ra 1.25;  

e – Vcut=130 m/min, Ra 1.2 
Рис. 2. Аттракторы обработанных поверхностей стали У8, соответствующие скоростям резания:  

a – Vрез=20 м/мин, Ra 2,32; b – Vрез=50 м/мин, Ra 2,6;  
c – Vрез=75 м/мин, Ra 1,6; d – Vрез=105 м/мин, Ra 1,25;  

e – Vрез=130 м/мин, Ra 1,2 
 
 
 

 
 

Fig. 3. The model of Cantor profile of surface roughness  
Рис. 3. Модель канторовского профиля шероховатости поверхности 
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Fig. 4. The dependence Rа of roughness (1) and DRa of fractal dimension (2) on the cutting rate  
(У8 steel, T15K6 cutter; S=0.11 mm/rev, t=1 mm) 

Рис. 4. Зависимость Rа шероховатости (1) и DRa фрактальной размерности (2) от скорости резания  
(сталь У8, резец Т15К6; S=0,11 мм/об, t=1 мм) 

 
 
 
 
 
 

 
 

Fig. 5. The structure of artificial neural network for assessing the fractality  
of the machined surface based on the cutting conditions 

Рис. 5. Структура искусственной нейронной сети для оценки фрактальности 
 обработанной поверхности от условий резания 
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Рис. 6. Зависимость r фазовой характеристики сил резания от шероховатости обработанной поверхности  
(1 – 80 м/мин; 2 – 30 м/мин) [16] 

Fig. 6. The dependence r of phase characteristic of cutting forces on the machined surface roughness  
(1 – 80 m/min; 2 – 30 m/min) [16] 

 
 
 

CONCLUSIONS 
1. A correlation was identified between the machined 

surface roughness and the fractal dimension DRa. The corre-
lation coefficient was 0.8–0.9. 

2. A system based on artificial intelligence is proposed 
that allows taking into account a wide range of input pa-
rameters affecting the machined surface roughness. 

3. The proposed intelligent system is capable of self-
learning, which allows increasing the number of input pa-
rameters and create a database of virtual models (digital 
twins). 
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Аннотация: Проблема повышения эффективности механической обработки в условиях современного автома-

тизированного производства является актуальной для многих отраслей перерабатывающей промышленности. 
Данная проблема требует глубокого изучения физических процессов, происходящих при резании. Ее актуальность 
еще более возрастает с развитием цифрового производства в нашей стране. Сегодня при наличии широкой номен-
клатуры изделий предприятия вынуждены создавать условия для сокращения технологического цикла при произ-
водстве того или иного изделия. Для проведения исследования был поставлен эксперимент, в котором в качестве 
обрабатываемого материала использовалась углеродистая сталь У8, а в качестве инструментального материала – 
Т15К6. В ходе проведения эксперимента наблюдали за изменением шероховатости обработанной поверхности  
в зависимости от скорости резания. В работе рассмотрена возможность оценки качества поверхностного слоя при 
резании на основе фрактального и нейронносетевого моделирования. Обнаружено, что фрактальная размерность 
показывает регулярность воспроизведения неровностей на обработанной поверхности при резании. Рассчитанная 
фрактальная размерность шероховатости обработанной поверхности хорошо коррелирует со значениями шерохо-
ватости обработанной поверхности (коэффициент корреляции 0,8–0,9). Разработана структура нейронной сети, 
позволяющая управлять качеством обработанной поверхности в зависимости от условий резания. Изучена воз-
можность использования нейронносетевых моделей для управления технологическими системами обработки ре-
занием. Предложено при создании цифровых двойников учитывать факторы, влияющие на качество обработанной 
поверхности и производительность обработки, которые слабо поддаются учету при моделировании, а также при 
проведении натурных экспериментов в ходе механической обработки. Такими факторами являются износ режуще-
го инструмента, процесс пластической деформации и динамика резания. 

Ключевые слова: процесс резания; шероховатость обработанной поверхности; нейронная сеть; управление ка-
чеством поверхностного слоя. 
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Abstract: Resistance welding in large-scale manufacturing is carried out with a significant number of disturbances,  

the cumulative effect of which may exceed the capabilities of modern control equipment. Most resistance welding control 
systems used in industry to compensate for existing disturbances provide welding current phase control depending on  
the measured parameters characterizing the process of welded joint formation. The efficiency of such controllers is largely 
determined by the accuracy of measuring and setting the phase control parameters, which include the opening and conduc-
tion angles of welding thyristors. The paper shows that when switching on a contact machine, a phase shift of the mains 
voltage occurs in the load mode relative to the mains voltage in the idle mode. Using a simplified electric equivalent cir-
cuit of a contact welding machine, the paper describes the nature of the phase shift of the mains voltage. Circuit active 
resistance and inductance are selected as parasitic parameters of the mains. The authors simulated the electrical processes 
in the contact machine according to the three-loop equivalent circuit. The study shows the influence of mains parasitic 
parameters on the phase regulation stability, the features of the obtained current and voltage oscillograms. Depending on 
the mains and contact welding machine parameters, the phase shift magnitude ranges from fractions to units of an electri-
cal degree. With welding current parametric stabilization by the mains voltage, the influence of mains parasitic parameters 
can be neglected. When the regulator operates in the mode of maintaining the secondary current numerical value, a de-
crease in the generated current relative to the specified one is observed. The authors proposed and tested a technique for 
determining the parasitic parameters of the supply mains based on the results of a short circuit test. 

Keywords: supply mains parameters; phase control during resistance welding; resistance welding; resistance welding 
control under disturbances; resistance welding diagnostics; simulation of electric processes; phase control; welding current 
measurement and control. 

For citation: Klimov A.S., Kudinov A.K., Klimov V.S., Eltsov V.V., Boldyrev D.A. The influence of the supply 
mains parameters on the stability of phase control during resistance welding. Frontier Materials & Technologies, 2023,  
no. 3, pp. 53–60. DOI: 10.18323/2782-4039-2023-3-65-5. 

 

INTRODUCTION 
The leading position of resistance welding, when manu-

facturing sheet parts in mass production is explained by 
high technical and economic performance. As well as  
a significant amount of accumulated positive experience, in 
the field of application and expansion of the technology 
options of this method. Every year, about 100,000 re-
sistance-welding machines are put into operation in  
the world for a total amount of about 1.5 billion US dollars, 
which is 30 % of the welding equipment market. The grow-
ing needs of the global industry allow predicting an in-
crease in sales of resistance-welding equipment up to 
2 billion US dollars by 2025 [1; 2]. In the Russian Federa-
tion, 40 % of resistance-welding equipment has a service 
life of more than 20 years; updating the stock of welding 

machines is hindered by an increase in the purchase price 
for equipment and components, insufficient funding for 
research and development in the field of welding [3; 4]. 

In the current economic conditions, the task of improv-
ing the quality of welding work, and expanding technology 
options, should be solved by the several-fold increase in 
the efficiency of using the equipment already available at 
the enterprise, without significant costs for its replacement 
and total redesign. In this case, a significant role is assigned 
to control systems and techniques of operational diagnostics 
of the welding equipment state [5; 6]. 

The concept of welding process control, accepted by 
most equipment manufacturers, considers the resistance-
welding controller as an independent product implementing 
the preprogrammed control algorithm [7]. A significant 
quality improvement of the joints, was achieved through  
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the stabilisation and correction of welding modes, imple-
mented by modern equipment. In this area, such well-
known manufacturers of resistance-welding equipment as 
CJSC Elektrik-MIKS (Russia), Selma (Russia), Bosch 
Rexroth (Germany), ENTRON Controls (USA), Welding 
Technology Corporation (USA), Spotron (Japan), Dengen-
sha (Japan), and Tecna (Italy) are developing. The opera-
tion of resistance welding machines, in mass production is 
characterised by a number of disturbances (intensive wear 
of welding electrodes, compression drive, current-carrying 
elements, supply network instability). The cumulative ef-
fect of which cannot be compensated by modern control 
systems [8–10]. The issue, of increasing the stability of the 
resistance welding quality under various disturbances, can 
be solved by a comprehensive solution of the problems of 
operational diagnostics of the state of welding equipment, 
and power supply network. Simulation of electrical pro-
cesses in the “machine – part” system, searching for feed-
back parameters, and synthesizing diagnostic and control 
algorithms [11–13]. 

In the phase control systems with effective current stabi-
lisation based on negative feedback, the error reduction 
relative to the set value is achieved by introducing an inte-
grating component into the control law. This provides ef-
fective compensation for fluctuations in the operating net-
work voltage relative to the nominal one [14; 15]. The low 
quality of the supply networks, and their congestion with 
other consumers distorts the shape of the mains voltage 
signal. In this case, an error occurs in measuring and setting 
the time parameters of the supply voltage and current, 

which reduces the efficiency of phase control, and disrupts 
the normal operation of resistance welding controllers.  
The issue of resistance welding diagnostics and control, 
taking into account the distortion of the mains voltage 
shape, is not covered in the scientific literature. 

The purpose of this study is to increase the reliability of 
diagnostics and the efficiency of resistance welding control 
systems, under the conditions of mains voltage fluctuations 
by simulating electrical processes in the “machine – part” 
system, and developing the techniques for diagnosing  
the state of supply networks. 

 

METHODS  
Preliminary calculation of the resistance welding elec-

trical parameters, and construction of current and voltage 
oscillograms were performed using a simplified equivalent 
circuit shown in Fig. 1 a. The circuit includes series-
connected active resistances of the welding transformer 
primary winding R1t, the secondary circuit R2, and the load 
Rweld, as well as the secondary circuit inductance L2 and  
the transformer primary winding R1t. The operation of  
the thyristor contactor is simulated by the K key position. 
The supply network is modelled by an ideal voltage source 
E(t) of a sinusoidal shape and parasitic resistance Rs and 
network inductance Ls connected in series with it. At  
the terminals “1” and “2”, the reference voltage Us is meas-
ured equal to Us,oc at idle and Us,weld in the welding mode. 
When the machine is running in idle mode, a deviation of 
the mains voltage Us,oc relative to the nominal mains

 
 
 

       
 a  b 

Fig. 1. A simplified electric equivalent circuit of the contact welding machine when connecting to a non-ideal circuit (a)  
and oscillograms of the current and voltage (b). E(t) – ideal sinusoidal voltage source; 

Rs and Lс – active resistance and inductance of the supply mains; 
R1т and L1т – active resistance and inductance of the transformer primary winding; 

R2 and L2 – active resistance and inductance of the secondary circuit; 
Rweld – active load resistance (of welded parts); 

Us,nom, Us,oc and Us, weld – mains voltage is nominal, idle, and under the load conditions; 
I1 – the current in the primary circuit of the contact welding machine 

Рис. 1. Упрощенная схема замещения контактной машины при подключении к неидеальной сети (a) 
и осциллограммы тока и напряжения (b). 

E(t) – идеальный источник напряжения синусоидальной формы; 
Rs and Lс – активное сопротивление и индуктивность питающей сети; 

R1т и L1т – активное сопротивление и индуктивность первичной обмотки трансформатора; 
R2 и L2 – активное сопротивление и индуктивность вторичного контура; 

Rweld – активное сопротивление нагрузки (свариваемых деталей); 
Us,nom, Us,oc and Us, weld – напряжение сети номинальное, в режиме холостого хода и в режиме нагрузки; 

I1 – ток в первичном контуре контактной машины 
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Fig. 2. Current and voltage oscillograms at full-phase switching-on. 
Us,oc and Us, weld – mains voltage in idle mode and in load mode; 

I1 – the current in the primary circuit of the contact welding machine; 
∆U – power failure; tк – commutation moment of the thyristor contactor; 

dI1/dt – primary current growth rate; tϕ1 – phase shift 
Рис. 2. Осциллограммы тока и напряжения при полнофазном включении. 

Us,oc and Us, weld – напряжение сети в режиме холостого хода и в режиме нагрузки; 
I1 – ток в первичном контуре контактной сварочной машины; 

∆U – провал напряжения; tк – момент коммутации тиристорного контактора; 
dI1/dt – скорость нарастания первичного тока; tϕ1 – фазовый сдвиг 

 
 
 

voltage Us,nom is observed, which is explained by the net-
work congestion by other electric energy consumers. When  
the machine operates in the welding mode, an abrupt de-
crease in the mains voltage Us,weld relative to the idle volt-
age Us,oc is observed, which manifests itself both by a de-
crease in the voltage supplied to the contactor and by  
a voltage phase lag Us,weld relative to the voltage Us,oc, 
which is shown in Fig. 1 b. 

The authors proposed to calculate the parasitic parame-
ters of the supply network (resistance Rs and inductance Ls), 
based on the results of a short circuit test in the full-phase 
switching on of the welding machine. On the oscillogram of 
currents and voltages, three characteristic regions can be 
distinguished, which are shown in Fig. 2. The first one –
before switching the thyristor contactor, where the effective 
mains voltage in the idle mode Us,oc is measured. The se-
cond – after switching the thyristor contactor, when  
the transient processes occur. This area lasts 2…3 half cy-
cles of mains voltage. At the switching moment tk of  
the thyristor contactor, the power failure ∆U and the rate of 
the primary current rise dI1/dt. are measured. The third 
area characterised by a sinusoidal form of voltage and 
current is used to measure the effective voltage of  
the network under load Us,weld, the primary current I1 and 
the current-voltage lag angle ϕ1. It should be noted that 
the short circuit mode is characterised by the largest phase 
shift tϕ1, which allows improving the accuracy of the cal-
culation of parasitic network parameters. The accuracy 
increases as well with an increase in the primary current I1, 
therefore, the maximum stage of the welding transformer 
was taken for measurements. The maximum suppression 
of transient processes when the thyristor contactor is 

turned on is ensured when switching at the moment of 
the maximum voltage Us,oc, therefore, the first switching 
on of the thyristors was performed at an opening angle of 
α=90° el. 

Since at the switching moment the current I1 is 
equal to zero, the observed power failure ∆U is com-
pletely caused by the voltage drop on the parasitic in-
ductance of the network Ls and can be calculated ac-
cording to the formula (1) from the primary current 
growth rate dI1/dt: 

 

dt
dI
ULs
1

∆
= .           (1) 

 
The active resistance Rs is calculated according to  

the formula (2) taking into account the supply network fre-
quency fs: 
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The supply network parasitic parameters were measured 

in the resistance welding laboratory of Togliatti State Uni-
versity, using an MT-4019 resistance welding machine, an 
RKDP-0401 welding process recorder, and an RMS-24 
welding controller. The thyristor contactor was switched on 
at the 8th stage of the transformer. 
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RESULTS 
The mains voltage measured at no load was Us,oc=380 V. 

At the time of switching the thyristor contactor, the power 
failure was ∆U=39 V. The primary current growth rate was 
dI1/dt=148 kA/s, the mains voltage measured in the load 
mode was Us,weld=343 V, and the primary current of full-
phase switching in the load mode was I1=258 A. The lag 
angle of the primary current from the voltage was ϕ1=61° 
el. When calculating according to formulas (1) and (2),  
the supply network parasitic parameters Rs=0.14 Ohm  
and Ls=0.26 mH were obtained. 
Simulation of electrical processes in welding equipment, 
taking into account the network parasitic parameters Rs and 
Ls, was performed using a T-equivalent circuit and bringing 
the parameters to the transformer primary winding [16]. 
The supply network is modelled by an ideal sinusoidal volt-
age source E. The on state of the thyristor contactor is mo-
delled by a jumper strap; the calculated equivalent circuit in 
this case is shown in Fig. 3 a. The off state of  
the thyristor contactor is modelled by an electrical circuit 
break; the calculated equivalent circuit in this case is shown 
in Fig. 3 b. The scheme additionally takes into account the 
transformer core parameters R0 and L0. The mathematical 
description of electrical processes was performed using 
the state-variable approach; the inductance currents L1t+Ls 
(I1 current), inductance L2 (I2 current), and inductance L0 
(I0 current) were chosen as state variables. The following 
systems of differential equations of the first order for the 
on (3) and off (4) thyristor contactor states are obtained: 
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Using (3) and (4), the transient process was calculated 

when the MT-4019 machine was turned on at the thyristor 
opening angle of α=60° el. for previously found network 
parasitic parameters Rs=0.14 Ohm, Ls=0.26 mH. The calcu-
lated current and voltage curves shown in Fig. 4, have cha-
racteristic failures, at the moment of switching of the thyris-
tor contactor, the shape and size of which correspond to the 
oscillograms obtained using the RKD-0401 recorder. Fig. 4 
shows as well, that the zero crossing point of the mains 
voltage in the idle mode Us,oc does not coincide with  
the zero-crossing point of the mains voltage in the welding 
mode Us,weld, while the actual opening angle of the thyris-
tors α differs from the specified αset. 

 

DISCUSSION 
The analysis of the results of full-scale experiments and 

mathematical modelling shows that under the conditions of 
mass production, the supply network imperfection leads to 
a disruption in the normal course of phase control during 
resistance welding. The correct setting of the thyristor 
opening angle α, measured from the zero-crossing point of 
the idle mains voltage Us,oc is possible only in the first half-
cycle of the welding current. On subsequent half-cycles,  
the Us,oc idle voltage signal is absent. Instead, there is  
a phase-shifted Us,weld voltage signal in the welding mode. 
Under the conditions of non-ideal supply network, the actu-
al thyristor opening angle α differs from the αset value, spe-
cified by the regulator by the allowance value ∆α: 
 

α∆−α=α set .       (5) 
 
The allowance value is calculated according to (3)–(5) 

for predetermined supply network parasitic parameters, and 
can be represented by a family of curves depending on  
the actual thyristor, opening angle α, power factor cosϕ,  

 
 
 

     
 a b 

Fig. 3. Calculated equivalent circuit of the contact welding machine with on (a) and off (b) thyristor contactor 
Рис. 3. Расчетная схема замещения контактной сварочной машины при включенном (a)  

и выключенном (b) тиристорном контакторе 

(3) 
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and machine load Q, as shown in Fig. 5. Depending on  
the parameters of the welding mode and phase control,  
the allowance ∆α ranges from tenths to units of an electrical 
degree. It grows with a decrease in the power factor (cosϕ), 
and the phase regulation depth (angle α), an increase in  
the load Q of the welding machine in terms of power. 

When using welding regulators that implement paramet-
ric stabilisation of the welding current to the mains voltage 
(RKM-803 and RKM-804 in the parametric stabilisation 
mode, RVI-801), the influence of the network parasitic pa-
rameters on the quality of welding can be neglected. Thus, 
for the parametric stabilisation algorithm [17] implemented 
in the RKM-803 and RKM-804 controllers, the actual heat-
ing level N (the ratio of the effective current to the full-
phase current) differs slightly from the specified heating 
level Nset, moreover upwards, as shown in Fig. 6 a. From 
this, the authors can conclude that the phase shift of  
the observed voltage Us,weld relative to the idle voltage Us,oc 

does not violate the phase regulation when implementing 
the parametric stabilisation algorithms. 

The quantitative setting and maintenance of the welding 
current value implemented in most modern resistance weld-
ing controllers, under the conditions of a phase shift in  
the welding voltage Us,weld relative to the idle voltage Us,oc, 
can take place with significant violations. When the con-
troller operates in the mode of maintaining the welding 
current numerical value, the generated current I2 is equal to 
the specified current Iset only at two key points αset′ and 
αset′′, which were used when constructing the regulation 
characteristic. For intermediate values of the thyristor open-
ing angle αset, the generated current I2(αset−∆α), which cor-
responds to the actual thyristor opening angle according to 
(5), is less than the set current Iset. The resulting error is 
shown in Fig. 6 b. Thus, for the MT-3003 and MT-1933 
stationary machines, the deviation of generated and set cur-
rents during welding of 08Yu steel samples with a thickness 
of (1.5+1.5) mm was 1.5 and 0.5 kA, respectively. 

 
 
 

 
 

Fig. 4. Calculated voltage and current curves built taking into account the supply mains parasitic parameters 
Рис. 4. Расчетные кривые напряжения и тока, построенные с учетом паразитных параметров питающей сети 

 
 
 

 

 
 a b 

Fig. 5. The dependence of the allowance ∆α on the control angle α at different loads by power Q for cosϕ=0.8 (a)  
and at 100 % load of the welding machine (b) 

Рис. 5. Зависимость поправки ∆α от угла регулирования α при различной загрузке по мощности Q для cosϕ=0,8 (a)  
и при 100 % загрузке сварочной машины (b) 
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 a b 

Fig. 6. The ratio of the actual heating level N to the set heating level Nset with parametric stabilization  
at the parametric stabilization (a);  

current setting error at the quantitative stabilization of welding current (b) 
Рис. 6. Отношение действительного уровня нагрева N к заданному уровню нагрева Nset  

при параметрической стабилизации (a);  
погрешность задания тока при количественной стабилизации сварочного тока (b) 

 
 
 
To diagnose resistance welding and predict the quality 

of joints, an assessment of the time intervals of the thyris-
tor contactor operation is performed with the calculation 
of the power factor cosϕ [18–20]. The error in setting  
the opening angle of thyristors ∆α ranging from fractions 
to units of an electrical degree disrupts the normal opera-
tion of control and diagnostic algorithms. So, at ∆α=1° el., 
the actual value of cosϕ turns out to be more than calcu-
lated by 1 ... 10 %, and at ∆α = 3° el., the error can reach 
20 %. Reducing the phase regulation depth, and increasing 
the value of the power factor cosϕ through optimising  
the welding mode parameters and the design of the re-
sistance machine secondary circuit, can significantly re-
duce the influence of ∆α on the accuracy of control and 
diagnostics of resistance welding. 

 

CONCLUSIONS 
With a phase shift of the mains voltage in the load mode 

relative to the mains voltage in the idle mode, an error in 
setting the opening angle of the thyristors occurs, which 
reaches several electrical degrees. 

The study shows that in the case of parametric control 
of the current by the network voltage, the influence of net-
work parasitic parameters can be neglected. With the se-
condary current numerical maintenance, the generated  
current turns out to be less than the specified one due to the oc-
currence of an error in setting the thyristor opening angle α. 

A technique for calculating the supply network parasitic 
parameters, based on the results of a short circuit test in  
the full-phase switching mode is proposed. 
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Аннотация: Контактная сварка в условиях массового производства выполняется при значительном количе-

стве возмущений, совокупное действие которых может превышать возможности современной аппаратуры управ-
ления. Большинство систем управления контактной сваркой, применяемых в промышленности для компенсации 
действующих возмущений, предусматривает фазовое регулирование сварочного тока в зависимости от измерен-
ных параметров, характеризующих процесс формирования сварного соединения. Эффективность работы таких 
регуляторов в значительной мере определяется точностью измерения и задания параметров фазового регулирова-
ния, к которым относят углы открытия и проводимости сварочных тиристоров. В работе показано, что при вклю-
чении контактной машины происходит фазовый сдвиг напряжения сети в режиме нагрузки относительно напря-
жения сети в режиме холостого хода. С использованием упрощенной электрической схемы замещения контактной 
сварочной машины в работе описана природа фазового сдвига напряжения сети. В качестве паразитных парамет-
ров сети выделены активное сопротивление и индуктивность сети. Моделирование электрических процессов  
в контактной машине выполнено согласно трехконтурной схеме замещения. Показано влияние паразитных пара-
метров сети на стабильность фазового регулирования, особенности получаемых осциллограмм тока и напряжения. 
В зависимости от параметров сети и контактной сварочной машины, величина фазового сдвига составляет от до-
лей до единиц электрического градуса. При параметрической стабилизации сварочного тока по напряжению сети 
влиянием паразитных параметров сети можно пренебречь. При работе регулятора в режиме поддержания числен-
ного значения вторичного тока наблюдается уменьшение создаваемого тока относительно заданного. Предложена 
и апробирована методика определения паразитных параметров питающей сети по результатам опыта короткого 
замыкания. 

Ключевые слова: параметры питающей сети; фазовое регулирование при контактной сварке; контактная свар-
ка; управление контактной сваркой в условиях возмущений; диагностика контактной сварки; моделирование элек-
трических процессов; фазовое управление; измерение и регулирование сварочного тока. 
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Abstract: Currently, there is a request from aerospace and aircraft for the construction materials with sufficiently high 
mechanical strength, thermal creep, corrosion and oxidation resistance. The conventional alloys used for these purposes 
are too heavy. At the same time, alternative light materials such as Ti–Al-based alloys have many flaws, when they are 
produced by conventional methods. This work considers the possibility to produce the Ti–Al-based alloys by the method 
of a wire-feed electron-beam additive manufacturing (EBAM). We study the chemical and phase compositions, micro-
structure and microhardness of a bimetallic Ti–Al alloy, obtained by this method. It is found the formation of five charac-
teristic regions between titanium and aluminum parts of the bimetallic billet. The mixing zone consists of TiAl and TiAl3 
intermetallics, that is confirmed by the investigation of microstructure, chemical and phase compositions. According to 
XRD (X-ray diffraction) and EDS (energy-dispersive X-ray spectroscopy) analyses, it can be assumed that TiAl interme-
tallic prevails over TiAl3 one. The average microhardness of the mixing zone equals to 450 HV (≈4.4 GPa). This zone has 
developed dendritic microstructure, and even distribution of the phases without link to dendritic and inter-dendritic zones. 
The cracks appearing in this area are filled with the material of the upper layers, so the whole material is poreless and de-
fect-free. Thus, the results of this work have shown a fundamental possibility to produce the intermetallic Ti–Al alloys 
with the use of the EBAM.  

Keywords: electron beam additive manufacturing; titanium aluminide; Ti–Al; TiAl3; titanium; aluminum; intermetal-
lics; microstructure; microhardness. 
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INTRODUCTION  
Conventional alloys used for aerospace and turbine en-

gines are superalloys based on Ni, Co, or Fe. They provide 
sufficient mechanical strength, high thermal creep, corro-
sion and oxidation resistance [1]. All of these groups of 
alloys have a quite high value of density, that influences  
the efficiency in terms of sensible lifting force usage, fuel 
waste and CO2 emission as a result [2]. Hence, there is an 
obvious question about the possibility of obtaining such 

alternative alloys that would be light enough and have all 
the aforementioned properties.  

Low density (≈3.8 g/cm3), good resistance to high tem-
perature creep, and oxidation are essential properties of Ti–
Al-based alloys, which take note attention of the aerospace, 
aircraft and automotive industries. These alloys have a sig-
nificantly higher specific yield strength compared to con-
ventional alloys such as Ti and Ni-based alloys, especially 
in the temperature range of 600–1000 °С [3]. In addition, 
TiAl intermetallic has a slight advantage in cost and density 
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compared to Ti-alloys, which average density is ≈4.5 g/cm3 
[1]. The intermetallic can also compete in value of density, 
strength and possible exploiting temperatures with tradi-
tional Al-based alloys applied in aircraft industry [4].  
The main disadvantage of TiAl intermetallic constraining it 
from widespread usage was low plasticity (less 2 %) at 
room temperature [5]. Although there were approaches to 
improve plasticity by severe plastic deformation and ther-
mal treatment, which included: strengthening by nanotwins 
or precipitates, formation of nanograin gradient structure 
or a bimodal microstructure [6]. The use of these mecha-
nisms allows to achieve strain to failure of ≈14 % in TiAl 
intermetallics. Moreover, understanding of phase trans-
formations, and use of thermal treatment enabled the start 
of application of Ti–Al-based alloys in automobile and 
aircraft industries [7; 8]. 

Conventional fabrication and processing of Ti–Al-based 
alloys have a range of difficulties. The most cost-effective 
way of fabrication is casting, but this method delivers  
the coarse-grained lamellar samples with high anisotropy 
and well-known flaws [9–11]. There is a study where  
authors overcame the disadvantages of casting by selection 
of temperatures, cooling rates and crucible materials. They 
succeed in obtaining a homogeneous structure without mac-
roscopic defects, although some protrusions on the surface 
have been detected, and there was a need for post pro-
cessing [12]. Obviously, such quality of products is unac-
ceptable for aircraft and aerospace applications. 

Other conventional methods such as powder metallurgy, 
and wrought processing (rolling, forging, extrusion) have 
many drawbacks. Their common disadvantage is the large 
working cycle of machining to obtain the required accuracy 
and shape of the parts. The additional machining also leads 
to the need for heat treatments and waste of material. Pow-
der metallurgy is always related to high porosity, oxygen 
impurities, low plasticity, and additional processing re-
quirement [13].  

Currently, researchers try to find the best production 
way of the intermetallic in the field of additive manufactur-
ing (AM) methods. The main advantages of AM technolo-
gies are cost-effectiveness (there is no need for additional 
machining with waste material), high dimensional accuracy 
and variability of the shape of the parts. These methods can 
be divided into three main groups in terms of a feedstock 
usage: a wire-feed AM, a powder-feed AM, and a powder 
bed fusion AM [13–15]. The first two allow obtaining parts 
in the wide size range with high building rates, when  
the third is not suitable for large parts but has good dimen-
sional accuracy, and lower surface roughness. The last 
method has an important disadvantage, regardless of which 
heat source is used (laser or electron beam). The problem is 
the high temperature gradient, and the cooling rate of  
the material in the process. This leads to an inhomogeneous 
structure with a lot of cracks [13–15]. Although some re-
searchers suggest numerical thermokinetic models of a lay-
er growth that allow to optimize the process of powder 
melting. It is shown that the scanning mode, in particular 
the electron beam scanning step, most of all affects  
the quality of the surface layer [16].  

The choice of electron beam as a source of energy is op-
timal in terms of price, stability and control of the AM pro-
cess in comparison with laser beam and arc. The perfor-
mance executing in a vacuum, that is necessary during  

the working of titanium, delivers a high purity of a resulting 
product [17; 18].  

The use of wires as a feedstock allows to minimise  
the quantity of impurities and pores, and avoid the structur-
al inhomogeneity as a result. This approach also has a big-
ger potential in terms of its use in industry, because of the 
assortment, availability and quality of wires are significant-
ly greater than those for powders [19; 20].  

The work is aimed to consider the possibility to produce 
Ti–Al-based alloys by the method of a wire-feed electron-
beam additive manufacturing. We study the chemical and 
phase compositions, microstructure and microhardness of 
the additively obtained bimetallic material, with the focus 
on the transition zone between the Ti- and Al-based parts. 

 

METHODS 
The bimetallic billet presented in Fig. 1 a was fabricated by 

the method of a wire-feed electron beam additive manufactur-
ing. The installation for electron-beam additive manufacturing 
(EBAM) consisted of a vacuum chamber, a wire feeder, an 
electron beam source and a movable three-axis table. It was 
engineered in the Institute of Strength Physics and Materials 
Science (Siberian Branch of the Russian Academy of Scienc-
es). The feedstock was presented by two kinds of wires. The 
materials of wires were titanium (Grade 2; Ti–0.25Fe–0.2H–
0.2O–0.1Si–0.07C–N0.04) and aluminium (EN ISO 18273; 
99.8Al–0.13Fe–0.01Cu–0.01Mn–0.02Si–0.01V). A diameter 
of wires was 1.2 mm for both materials. The billet moved 
and melted under an electron beam along a substrate made 
of a mild steel. The chemical composition of the steel was 
Fe–1.9Mn–0.8Si–0.08C wt. %. The change of Z-coordinate 
and rotation by 180° occurred for each next layer. The first 
14 applied layers were made of titanium wire, and then  
the material changed and to 14 layers of aluminium were 
deposited. An approximate height of each layer in the result-
ant billet was about 0.5 mm. During the process, a beam cur-
rent was changing from 55 to 33 mA for titanium layers, and 
from 13 to 16 mA for aluminium ones. A scanning frequency 
and a wire feed rate were 100 Hz and 5.8 mm/s respectively. 
The process of EBAM was carried out in a vacuum chamber 
at a pressure of 10−3 Pa. The studied sample with dimensions 
of 13×7×1 mm in size shown in Fig. 1 b was cut off a billet 
by electrical discharge machining.  

The sample was mechanically ground and polished.  
The solution consisted of hydrofluoric acid, nitric acid, and 
water in the proportion of 25:7:3 was used for etching of 
the sample. Microstructure and surface morphology of  
the sample were studied on Apreo 2 SEM scanning electron 
microscope (SEM, Thermo Fisher Scientific, Czech Repub-
lic) in back-scattered electrons (BSE) mode. LEO EVO 50 
SEM (Zeiss, Germany) with an energy dispersive spectro-
scopy (EDS) device was used for elemental composition 
analysis. The definition of phase composition of the speci-
mens was performed by X-ray diffraction on DRON 7 dif-
fractometer (Bourevestnik, Saint Petersburg, Russia) with 
Co-Kα radiation. XRD analysis was performed for the sec-
tion cut in parallel to the substrate in the intermediate be-
tween Ti and Al regions highlighted with a dashed line in 
Fig. 2. AFFRI DM8 microhardness tester (Affri, Italy) was 
applied for rough assessment of mechanical properties.  
The load on the Vickers indenter was 100 g, and a load time 
of 10 s was used.  
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a 

 
b 

Fig. 1. EBAM-fabricated Ti–Al alloy billet (a)  
and extracted sections for study of the microstructure (М) and phase composition (РСА) (b) 

Рис. 1. Заготовка сплава Ti–Al, полученная методом ЭЛАП (а),  
и сечения, выбранные для исследования микроструктуры (М) и фазового состава (РСА) (b) 

 
 
 

  
 

Fig. 2. The common view of the studied sample extracted from the EBAM-fabricated bimetallic billet as shown in Fig. 1 b.  
Numbers I, II, III, IV, V show characteristic zones revealed by etching of the sample. 

I – the zone of the titanium layer near the substrate material where their mixing is realized; 
II – the part of the titanium layer located next to the mixing zone of titanium and aluminum; 

III – the mixing zone of the Ti and Al components in the melting pool; 
IV – the intermediate layer between the mixing zone and the region of pure aluminum; V – the layers of pure aluminum 

Рис. 2. Общий вид исследуемого образца, извлеченного из биметаллической заготовки, полученной методом ЭЛАП  
и показанной на рис. 1 b. Цифры I, II, III, IV, V обозначают характерные зоны, выявленные травлением образца. 

I – зона слоя титана вблизи материала подложки, где осуществляется их смешивание; 
II – часть титанового слоя, расположенная рядом с зоной смешивания титана и алюминия; 

III – зона смешивания компонентов Ti и Al в плавильной ванне; 
IV – промежуточный слой между зоной смешивания и областью чистого алюминия; V – слои чистого алюминия 
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RESULTS  
Fig. 2 presents the metallographic image of the studied 

sample extracted from the EBAM-fabricated bimetallic 
billet. The difference of tones from dark-grey of Ti to light-
grey of Al is seen after etching of the sample. Area I is de-
fined as the zone of the titanium layer near the substrate 
material where their mixing is realised. Area II is the part of 
the titanium layer located next to the mixing zone of titani-
um and aluminium. The mixing zone marked as area III 
corresponds to the mixture of the Ti and Al components in 
the melting pool. Area IV was defined as the intermediate 
layer between the mixing zone and the region of pure alu-
minium. The last region is presented by the layers of pure 
aluminium and corresponds to area V.  

Areas V and I are the furthest regions from the mix-
ing zone, and their compositions correspond to the wire 
materials made of pure aluminium and titanium, respec-
tively. Since the mixing zone and the nearest regions are 
the main area of interest, the elemental composition 
analysis for areas V and I was not performed. According 
to EDS data, the elemental composition of area VI is 
presented by aluminium, titanium is almost absent 
(<1 %) (Table 1). Area III contains high values of Al 
(≈52 %) and Ti (≈44 %). According to TiAl phase dia-
gram such ratio of components can match γ-TiAl phase. 
SEM-image of microstructure shows that there are 
cracks filled with aluminium layers in the mixing zone 
(Fig. 3 a). It is noticeable that area III has developed 
dendritic microstructure (Fig. 3 b). The absence of  
a composition contrast in BSE mode of SEM-imaging 
shows the even distribution of the phases without link to 
dendritic and inter-dendritic zones. Thus, area III is more 
attractive and takes attention in terms of finding Ti–Al 
compositions. Because of that, the further research is 
focused on this area. Area II contains the significant vol-
ume of titanium (≈90–92 %) and iron (≈7–9 %), but al-
uminium is almost absent (<1 %). 

According to XRD pattern of EBAM-fabricated sample 
in area III, the phase composition is presented by TiAl and 
TiAl3 phases (Fig. 4). The small peak corresponded to 41.5° 
(111) can be explained only by the presence of insignificant 
quantity of α-Ti phase. The intensity of the peaks, especial-
ly the first two most intensive peaks of 45.0° (111) and 
52.4° (002), shows that TiAl intermetallic noticeably pre-
vails over TiAl3. In addition, we can not deny the presence 
of aluminium since it has common peaks with TiAl inter-
metallic phase. 

Since the interfaces between the areas II, III, and IV are 
not flat, the Ti and Al layers adjacent to area III are in  
the field of X-ray analysis. Due to this, the α-Ti phase stabi-
lised by aluminium from the upper regions of area IV ap-
pears in area III. At the same time, stabilization of the β-Ti 
phase is observed in area II due to the presence of iron dif-
fusing from the substrate (Fig. 5, Table 1). 

Microhardness of EBAM-fabricated bimetallic Ti–Al 
alloy sample varies throughout the whole billet. This means 
the significant difference of strength properties of all its 
areas (Fig. 6).  

The microhardness of areas I and II is ≈530 HV 
(≈5.2 GPa) and ≈390 HV (≈3.8 GPa), respectively.  
The average value of microhardness for area III is 450 HV 
(≈4.4 GPa). There is a region related to area IV with devia-

tion from the μH value of pure aluminium where the micro-
hardness is about 70 HV. The value of aluminium layer 
corresponded to area V equals to 30 HV. 

 

DISCUSSION  
As it was shown above in Fig. 2, the EBAM method al-

lowed to obtain the bimetallic billet of Ti–Al system. Vari-
ous regions can be easily distinguished by their grey shades 
into five characteristic areas, with different chemical and 
phase compositions. The microhardness testing results also 
allow to differ them by the noticeable changes of micro-
hardness along the height of the sample.  

The first deposited layers, related to areas I and II, are 
supposed to the initial phase composition of Grade 2 titani-
um wire presented by α-Ti phase. But the microhardness 
values of these areas are significantly higher than usual for 
Grade 2 pure titanium consisted of α-Ti phase (≈1.5 GPa) 
[21]. It is shown that, according to the results of XRD ana-
lysis, area II is presumably presented by β-Ti solution 
(Fig. 5). The formation of β-Ti phase in pure titanium is 
possible, when the temperature of heat treatment achieves 
the point of phase transformation equal to ≈590 °С, with 
following quenching [22]. The temperature of melting pool 
achieved by the EBAM process is significantly higher than 
590 °С, but the cooling rate is quite low [23]. This means 
that the phase composition will be presented by the α-Ti 
phase as a result. Although, the presence of iron in these 
areas confirmed by the EDS data is high, and sufficient for 
preventing of the α-Ti-phase formation, since iron is  
a strong stabilizer of the β-phase [24]. The increase of mi-
crohardness values occurring from area II to area I in  
the direction of the substrate should be related to the change 
of chemical and phase composition [25]. According to 
phase diagram of the Fe–Ti system this can be a result of 
FeTi-intermetallic appearance [22]. An increase in the con-
centration of iron, in the direction of the substrate, contrib-
utes to an increase in the volume of the intermetallic phase, 
and hence the strength characteristics. 

The EDS data of area III, shows a small deviation from 
equiatomic ratio between aluminium and titanium compo-
nents to the side of the former (Table 1). The XRD analysis 
confirms that obtained alloy in this area is presented by 
TiAl and TiAl3 intermetallics, Al, and α-Ti phases (Fig. 4). 
Presumably the presence of aluminium in area III, provides 
the small appearance of α-Ti phase, since the former con-
tributes stabilisation of α-Ti phase [24]. Moreover, the pure 
Al can be detected in this area because of filling the cracks 
with the aluminium (Fig. 3 a). When the layers in the area 
III solidified, the material of the upper aluminium layer of 
area IV filled these cracks. Thus, there is the process of the 
“healing” of these cracks which appear in area III while the 
following deposition. Due to this, there are no voids or 
cracks in the mixing zone. It is also obvious that a quantity 
of the aluminium phase in this area should not be large. 
This follows from the fact that, according to EDS data, the 
quantity of titanium is large, and cannot be presented only 
by the trace amount of α-Ti phase. The average value of 
microhardness in area III is 450 HV (≈4.4 GPa) and corre-
sponds to the possible range from 3 GPa to 5 GPa for TiAl-
based intermetallics (Fig. 6) [26]. This range is quite wide, 
because the microhardness depends on the microstructure, 
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Table 1. EDS data for areas II, III, IV of the EBAM-fabricated Ti–Al alloy sample 
Таблица 1. Результаты ЭДС для областей II, III, IV сплава Ti–Al, полученного методом ЭЛАП 

 
 

Area Spectrum 
Al Ti Fe 

Atomic % 

IV 

1 99.87 0.11 0.02 

2 99.99 0.01 0.00 

3 99.80 0.11 0.09 

III 

4 52.55 42.83 4.62 

5 57.07 40.96 1.97 

6 58.15 38.85 3.00 

II 

7 0.06 90.70 9.24 

8 0.89 91.40 7.71 

9 0.24 92.45 7.31 

 
 

 

 
a 

 
b 

Fig. 3. SEM-image of microstructure and EDS points for areas II, III, IV (a)  
and BSE mode SEM-image of area III (b) of the EBAM-fabricated Ti–Al alloy sample 

Рис. 3. СЭМ-изображение микроструктуры и точек ЭДС для областей II, III, IV (a)  
и СЭМ-изображение в режиме ОРЭ области III сплава Ti–Al, полученного методом ЭЛАП (b) 
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Fig. 4. XRD pattern of EBAM-fabricated bimetallic Ti–Al alloy sample in area III 
Рис. 4. РДА-дифрактограмма области III образца биметаллического Ti–Al сплава, полученного методом ЭЛАП 

 
 
 

 
 

Fig. 5. XRD pattern of EBAM-fabricated sample in area II 
Рис. 5. РДА-дифрактограмма области II образца, полученного методом ЭЛАП 
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Fig. 6. Microhardness vs the distance from the substrate of EBAM-fabricated sample 
Рис. 6. Зависимость микротвердости от расстояния от подложки образца, полученного методом ЭЛАП 

 
 
 

exact phase composition stoichiometry and elemental com-
position. Moreover, it is extremely difficult to obtain ho-
mogenous single phase intermetallic. Thus, the phase com-
position of this area is commonly presented by the mixture 
of TiAl and TiAl3 intermetallics, and the former one pre-
vails over the latter.  

Area IV was defined as the intermediate layer between 
the mixing zone and the region of pure aluminium marked 
as area V. According to EDS data, the elemental composi-
tion of area IV is presented by aluminium, titanium is al-
most absent (<1 %) (Table 1). As it was aforementioned, 
the microhardness of area IV is higher than typical for pure 
aluminium (Fig. 6). This can be related to the formation of 
a small transition zone between area III and pure aluminium 
layer of area V. Possibly, this zone is the mechanical mix-
ture of pure aluminium and TiAl3 intermetallic and the Al-
based solid solution Al (Ti). Although the zone is quite 
small and, apparently, does not correspond to the EDS data 
presented for area IV. Thus, this zone requires more precise 
study of the chemical and phase composition. Since  
the microhardness of area V equals to that of pure alumini-
um, it can be suggested that area V has the same chemical 
composition [27].  

 

CONCLUSIONS 
The possibility to produce Ti–Al-based alloys by  

the method of a wire-feed electron-beam additive manufac-
turing is presented in this study. The chemical and phase 
compositions, microstructure and microhardness of the ad-
ditively obtained bimetallic material Ti–Al system, with  
the focus on the transition zone between the Ti- and Al-
based parts are carried out. 

The method allows us to obtain Ti–Al-based alloy pre-
sented by the mixture of TiAl, TiAl3 intermetallics and  
an insignificant amount of pure aluminium and titanium 
phases. The intensity of XRD peaks, the chemical composi-
tion ratio, and the value of microhardness show that TiAl 

intermetallic noticeably prevails over TiAl3. The average 
microhardness of the mixing zone is 450 HV (≈4.4 GPa). 
This zone has developed a dendritic microstructure, and 
even distribution of the phases without link to dendritic and 
inter-dendritic zones. The cracks appearing in this area are 
filled with the material of the upper layers. Thus, the 
whole material of obtained bimetallic material is defect-
free. Although the fact of iron presence from the substrate 
material in the billet layers requires changing and optimis-
ing of EBAM mode for obtaining of a high-quality bime-
tallic billet.  
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Аннотация: В настоящее время в аэрокосмической промышленности и авиастроении существует запрос на 
новые конструкционные материалы, обладающие достаточно высокой механической прочностью, тепловой ползу-
честью, стойкостью к коррозии и окислению. Обычные сплавы, используемые для этих целей, слишком тяжелы.  
В то же время альтернативные легкие материалы, такие как сплавы на основе Ti–Al, имеют множество недостатков 
при производстве традиционными методами. В данной работе рассмотрена возможность получения сплавов на 
основе Ti–Al методом проволочного электронно-лучевого аддитивного производства (ЭЛАП). Изучены химиче-
ский и фазовый составы, микроструктура и микротвердость биметаллического сплава Ti–Al, полученного данным 
методом. Обнаружено образование пяти характерных областей между титановой и алюминиевой частями биме-
таллической заготовки. Зона смешивания состоит из интерметаллидов TiAl и TiAl3, что подтверждается исследо-
ванием ее микроструктуры, химического и фазового составов. По результатам рентгеновского дифракционного 
анализа и энергодисперсионной рентгеновской спектроскопии можно предположить, что объемная доля интерме-
таллида TiAl в зоне смешивания выше, чем доля фазы TiAl3. Средняя микротвердость зоны смешивания составля-
ет 450 HV (≈4,4 ГПа). В зоне смешивания сформировалась развитая дендритная микроструктура и равномерное 
распределение фаз без привязки к дендритным и междендритным зонам. Трещины, появляющиеся в этой области, 
заполняются материалом верхних слоев, поэтому материал беспористый и бездефектный. Это показывает принци-
пиальную возможность получения интерметаллидных сплавов Ti–Al с использованием ЭЛАП. 

Ключевые слова: электронно-лучевое аддитивное производство; алюминид титана; Ti–Al; TiAl3; титан; алюми-
ний; интерметаллиды; микроструктура; микротвердость. 
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Abstract: Magnesium alloys are promising materials for aviation, automotive engineering, and medicine, however, due 

to the low resistance to stress corrosion cracking (SCC), their wide application is limited. To create alloys with high re-
sistance to SCC, a comprehensive study of this phenomenon nature is required. Previously, it was suggested that diffusible 
hydrogen and corrosion products formed on the magnesium surface can play an important role in the SCC mechanism. 
However, the contribution of each of these factors to the SCC-induced embrittlement of magnesium and its alloys is un-
derstudied. Since the influence of diffusible hydrogen on the mechanical properties of metals increases with the strain rate 
decrease, the study of the strain rate sensitivity of the SCC-susceptibility of magnesium alloys is a critical task. In this 
work, the authors studied the effect of the strain rate in the range from 5·10−6 to 5·10−4 s−1 on the mechanical properties, 
the state of the side and fracture surfaces of the as-cast commercially pure magnesium and the AZ31 alloy before and after 
exposure to a corrosive environment and after removal of corrosion products. The study identified that the preliminary 
exposure to a corrosive medium leads to the AZ31 alloy embrittlement, but does not affect the mechanical properties and 
the fracture mode of pure magnesium. The authors found that the AZ31 alloy embrittlement caused by the preliminary 
exposure to a corrosive medium appears extensively only at the low strain rate and only if the layer of corrosion products 
is present on the specimens’ surface. The study shows that a change in the strain rate has little effect on the mechanical 
properties of pure magnesium. The authors concluded that the main cause of the AZ31 alloy embrittlement after soaking in 
a corrosive medium is the corrosion products layer, which presumably contains the embrittling agents such as hydrogen 
and residual corrosive medium. 

Keywords: magnesium alloys; AZ31; pure magnesium; stress corrosion cracking; corrosion; strain rate; mechanical 
properties. 
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INTRODUCTION 
The impact of a corrosive environment on a metal, to 

which an external or internal mechanical stress is applied, 
facilitates the initiation and propagation of cracks. This phe-
nomenon referred to as stress corrosion cracking (SCC) is  
a common cause of a sudden failure of elements of industrial 
equipment and structures, as well as other metal goods ope-
rating in contact with an aggressive environment. At best,  
the failure of one or another part causes economic losses, for 
example, associated with the stoppage of production and 
repair process, and at worst, it leads to techno-catastrophes 
often accompanied by human losses. Most structural metals 
and alloys are suceptible to this harmful phenomenon, in-
cluding carbon and stainless steels, alloys based on copper, 
titanium, aluminum, magnesium, and many others. 

Recently, special emphasis has been paid to the issue of 
SCC of magnesium alloys. Since these materials have  
the highest specific strength among known structural alloys, 
they are of great interest for the aircraft and automotive 
industries, as well as for other industries where the product 
weight is one of the most important parameters. However, 
the operating conditions of a large number of vehicles, in-
cluding ground and air transport vehicles, are favorable for 
the SCC development since these conditions involve  
the contact of loaded parts with aggressive media, for ex-
ample, salt water or humid air. 

Moreover, the application of magnesium alloys in medi-
cal bioresorbable implants that can dissolve in the human 
body without harming it is actively developing. The use of 
these products, for example, in the form of plates and 
screws for fixing bone fragments in fractures, allows avoiding 

Frontier Materials & Technologies. 2023. № 3 71

https://orcid.org/0000-0002-7063-088X
https://orcid.org/0000-0002-0570-2584
https://orcid.org/0000-0002-7530-9518
https://orcid.org/0000-0001-5006-4115


Merson E.D., Poluyanov V.A., Myagkikh P.N. et al.   “The effect of strain rate on mechanical properties and fracture mode...” 

 

a repeated operation, which is usually required after the end 
of treatment to remove traditional insolvable temporary 
implants made of titanium or stainless steels. Being in  
the natural internal environment of the human body that is 
aggressive towards magnesium, an implant constantly expe-
riences static and alternating loads. Since the cross section 
gradually decreases as the device dissolves, such operating 
conditions are associated with a particularly high risk of 
premature brittle fracture of the implant due to SCC. 

Thus, the production of magnesium alloys with an in-
creased SCC resistance is a critical task, the solution of 
which requires a comprehensive study of this phenomenon 
nature. In the issue of choosing the approaches to the for-
mation of a microstructure with the high SCC resistance, 
understanding the mechanisms of the crack initiation and 
propagation in a corrosive environment is of key im-
portance. Many works show that the nucleation of cracks 
during SCC occurs on elongated corrosion pits, which are 
formed by the magnesium local anodic dissolution [1; 2]. 
However, currently, the mechanism of further crack propa-
gation is not unanimous. Most researchers tend to believe 
that the growth of cracks in magnesium alloys under  
the SCC conditions is controlled by the diffusible hydrogen, 
which penetrates into the metal as a result of the cathodic 
reaction of hydrogen reduction occurring on the magnesium 
surface in aqueous corrosion solutions [3; 4]. The following 
arguments are given in favor of this hypothesis. Firstly, 
using gas analysis, it was experimentally shown that soak-
ing in a corrosive medium leads to an increase in the hy-
drogen concentration in pure magnesium [5], as well as in 
the Mg–7.5%Al [6], AZ31, and ZK60 alloys [5; 7]. Secondly, 
it has been identified that pure magnesium [8], as well as 
some of magnesium alloys, including AZ31 [7], AZ91 [9], 
AZ80 [10], ZK21 [11], ZK60 [7], Mg–2Zn–1Nd–0.6Zr 
[12], and others [13–15] suffer embrittlement, called pre-
exposure SCC (PESCC), which manifests itself upon ten-
sion in air, if before testing, specimens of these materials 
were kept in a corrosive environment. Thirdly, the degree 
of embrittlement as a result of PESCC decreases with in-
creasing strain rate [16], which is one of the characteristic 
features of hydrogen embrittlement of many metals and 
alloys, for example, steels and aluminum alloys [17; 18]. 
Fourthly, as is the case with hydrogen embrittlement, 
PESCC of magnesium alloys can be partially or completely 
eliminated by keeping samples in air or in vacuum at room 
or elevated temperature after exposure to a corrosive envi-
ronment [19; 20].  

At first sight, the specified features of SCC and PESCC 
of magnesium alloys are actually very similar to the fea-
tures of hydrogen embrittlement observed in other metals, 
which invited the researchers’ assumption about the analo-
gy of the mechanisms controlling these phenomena. Never-
theless, the results of a number of recent studies have 
shown that SCC and PESCC of magnesium alloys can also 
develop in the absence of diffusible hydrogen in their bulk. 
So, the works [5; 7] identified that the diffusible hydrogen 
concentration in the samples of pure magnesium, as well as 
of the AZ31 and ZK60 alloys, which were subject to  
the PESCC tests or exposure to a corrosive environment, 
was negligible if the corrosion products were removed from 
the surface of samples before gas analysis (which was not 
done in earlier works). Moreover, it was found that the re-
moval of a layer of corrosion products from the samples of 

the AZ31 and ZK60 alloys exposed to a corrosive environ-
ment leads to the complete restoration of their mechanical 
properties and the elimination of any PESCC signs, includ-
ing a strain rate dependence of the loss of ductility in the 
ZK60 alloy [7; 16]. Thus, it was proved that a corrosion 
products’ layer formed on the alloy surface when interact-
ing with a corrosive medium can play a key role in  
the PESCC mechanism. In [16], it was assumed that this 
layer acts as a container for “embrittling agents”, in particu-
lar, hydrogen and residual corrosion medium, which, during 
the crack growth, can diffuse through the crack volume to 
its tip contributing to its propagation. The presence of  
a corrosive medium, as well as hydrogen, in the corrosion 
products’ layer in the ZK60 alloy was experimentally con-
firmed in the work [20]. 

At the same time, the suppression of the PESCC of 
magnesium alloys with an increase in the strain rate proba-
bly indicates that the crack growth rate is limited by the rate 
of diffusion of embrittling agents from the surface to the tip 
of this crack. However, studies of the strain rate effect on 
the PESCC of magnesium alloys, especially after the re-
moval of corrosion products, have hardly been carried out. 
In fact, data of this kind are presented in the literature only 
for the ZK60 alloy [16]. Therefore, to increase the reliabi-
lity of the results of previous works and the conclusions 
about the SCC and PESCC mechanisms based on these 
results, it is necessary to carry out similar tests for other 
magnesium alloys, as well as for pure magnesium. 

The work was aimed to clarify the PESCC nature of 
magnesium alloys by studying the effect of the strain rate 
and corrosion products on the mechanical properties and 
fracture surface of the AZ31 alloy and technically pure 
magnesium. 

 

METHODS  
The research was carried out using the samples of the 

as-cast technically pure magnesium and the AZ31 commer-
cial alloy samples in the form of a hot-rolled sheet.  
The chemical composition of the selected materials shown 
in Table 1 was identified using the ARL 4460 optical-
emission spectrometer (Thermo Fisher Scientific). An aver-
age size of a pure magnesium grain and the AZ31 alloy  
α-phase was 3 mm and 10 μm respectively. The microstruc-
ture of the selected materials was considered in previous 
works [5]. 

Threaded cylindrical specimens for tensile tests with  
a working part of 30×6 mm in size were produced by turn-
ing blanks. The specimens were cut along the rolling direc-
tion (AZ31) or along the cast slab axis (pure magnesium). 
The working part of prepared specimens was soaked in 
an aqueous corrosion solution of 4 % NaCl + 4 % 
K2Cr2O7 for 24 hours. The soaking in the corrosion me-
dia was carried out at room temperature (24 °C) without 
applying the external mechanical and electrical stress. 
After that, the specimens were removed out of the corro-
sion solution, washed in an ethylic alcohol jet, and then 
dried with compressed air. 

Mechanical tests of specimens pre-exposed to a corrosive 
environment were carried out in air at room temperature ac-
cording to the uniaxial tension scheme at constant initial 
strain rate of 5·10−6 and 5·10−4 s−1 (0.01 and 1 mm/min) us-
ing the AG-Xplus testing machine (Shimadzu). 
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Table 1. Chemical composition of the AZ31 alloy and technically pure magnesium, % wt. 
Таблица 1. Химический состав сплава AZ31 и технически чистого магния, вес. % 

 
 

Material Mg Al Zn Ca Zr Fe Cu Mn Ce Nd Si 

AZ31 Base 4.473 0.887 0.0015 – 0.002 0.003 0.312 0.017 0.007 0.008 

Pure  
magnesium Base 0.005 – 0.0002 – 0.067 – 0.002 0.009 0.001 0.003 

 
 
 
To compare, similar tests were conducted for speci-

mens in the reference state, previously not subjected to 
exposure to a corrosive environment, and for specimens 
pre-exposed to a corrosive environment, from the surface 
of which corrosion products were removed immediately 
after exposure. The removal of corrosion products was 
performed by dipping a specimen for 1 minute to the 
standard С.5.4 (20 % CrO3 + 1 % AgNO3) solution ac-
cording to the GOST R 9.907-2007 standard. After re-
moving the corrosion products, the specimens were 
washed in alcohol and dried with compressed air. After 
mechanical tests, the fractures and side surfaces of frac-
tured specimens were analyzed using the JCM-6000 scan-
ning electron microscope (JEOL). 

 

RESULTS  

Mechanical properties 
As a result of the experiments, it was found that an in-

crease in the strain rate of samples of the AZ31 alloy in  
the reference state leads to a decrease in their ductility and 
an increase in strength (Fig. 1 a, 1 b, 2 a). The tests at a low 
strain rate showed that preliminary holding of samples of 
this alloy in a corrosive environment leads to a decrease 
both in its strength and ductility (Fig. 1 a, 1 b, 2 a). How-
ever, at a high strain rate, there is no decrease in mechanical 
properties after corrosion exposure. Moreover, the complete 
restoration of the alloy mechanical properties occurs if, 
after soaking in a corrosive environment, corrosion pro-
ducts are removed from the surface of the samples. This 
effect is observed both at low and high strain rates. 

The ductility of the reference pure magnesium samples 
slightly depends on the strain rate, and the increase in  
the strength with increasing strain rate is much weaker than 
that of the AZ31 alloy (Fig. 1 c, 1 d, 2 b). Preliminary ex-
posure to a corrosive environment does not have a signifi-
cant effect on the pure magnesium ductility, but leads to  
a slight decrease in its strength, which slightly increases 
with an increase in the strain rate. Interestingly, the ductility 
of pure magnesium specimens with the removed corrosion 
products is significantly lower than that of specimens in the 
reference state and specimens kept in a corrosive environ-
ment, from the surface of which corrosion products were 
not removed. 

The analysis of fractures and side surfaces 
On the side surface of the AZ31 alloy specimens 

(Fig. 3) tested for tension in the initial state, a large number 
of small ductile cracks oriented across the tension axis are 

observed (Fig. 3 a, 3 d). These cracks appear along  
the grooves formed by the cutter on the metal surface dur-
ing turning. On the surface of the samples that were sub-
jected to soaking in a corrosive environment followed by  
a tensile test at a low strain rate, there are also many cracks, 
which, however, are much larger and more brittle compared 
to cracks on the reference samples (Fig. 3 b). After testing 
at a high strain rate, there are practically no such large 
cracks in specimens of a similar type (Fig. 3 e). Large 
cracks are present on the surface of samples from which  
the corrosion products were removed before testing, but 
their quantity is significantly less than that of samples that 
were tested after holding in the environment without re-
moving the corrosion products (Fig. 3 c). 

The fractographic analysis (Fig. 4) showed that the frac-
tures of the AZ31 alloy reference samples are fully-ductile, 
regardless of the strain rate (Fig. 4 a, 4 d). On the fracture 
surface of specimens tested at a low strain rate and after 
pre-exposure to a corrosive medium, together with the domi-
nant ductile component, there are multiple brittle fracture 
areas, which are always located in the peripheral part of  
the fracture and directly adjacent to the side surface of  
the specimen (Fig. 4 b). One of these brittle areas is blocked 
with a frame (“A” area in Fig. 4 b) and is shown at higher 
magnification in Fig. 5 a. 

On the fracture surface of specimens with the removed 
corrosion products tested at a low strain rate, there are also 
a small amount of such brittle fracture areas (Fig. 4 c and 
5 b); however, their quantity is significantly less than in 
specimens from which the corrosion products were not re-
moved. The fractures of all specimens pre-exposed to a cor-
rosive environment and tested at a high strain rate are fully-
ductile and do not contain brittle fracture areas, regardless 
of whether the corrosion products were removed from them 
or not (Fig. 4 d–f). 

On the side surface of pure magnesium specimens tested 
in the reference state and after soaking in a corrosive envi-
ronment, including the subsequent removal of corrosion 
products, there are large cracks and numerous slip bands 
(Fig. 6). Moreover, a network of small cracks is also ob-
served on the surface of specimens pre-exposed to a corro-
sive environment (Fig. 6 e and 7 a). Interestingly, there is 
 a large quantity of corrosion pits on the surface of samples 
with the removed corrosion products (Fig. 6 c, 6 f, and 7 b), 
which are not observed on the surface of samples tested 
immediately after soaking in a corrosive environment 
(without the removal of corrosion products). No critical 
effect of the strain rate on the appearance of the side surface 
of pure magnesium specimens in the initial state and after 
soaking in a corrosive medium was found. 
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Fig. 1. The effect of strain rate on elongation to failure (a, c) and ultimate tensile strength (b, d) of the AZ31 alloy specimens (a, b)  
and technically pure magnesium specimens (c, d) in the reference state, after the pre-exposure to a corrosive medium,  

and after the pre-exposure to a corrosive medium followed by the removal of corrosion products 
Рис. 1. Влияние скорости деформирования на деформацию до разрушения (a, с) и предел прочности (b, d)  

образцов сплава AZ31 (a, b) и технически чистого магния (c, d) в исходном состоянии, после выдержки в коррозионной среде  
и после выдержки в коррозионной среде с последующим удалением продуктов коррозии 

 
 
 
 

                  
 a b 

Fig. 2. The effect of strain rate on the stress-strain diagrams of the AZ31 alloy specimens (a)  
and technically pure magnesium specimens (b) in different states: 1 – reference state; 2 – after the pre-exposure to a corrosive medium; 

3 – after the pre-exposure to a corrosive medium and the removal of corrosion products 
Рис. 2. Влияние скорости деформирования на диаграммы растяжения образцов сплава AZ31 (a)  

и технически чистого магния (b) в разных состояниях: 1 – исходном; 2 – после предварительной выдержки в коррозионной 
среде; 3 – после предварительной выдержки в коррозионной среде и удаления продуктов коррозии 
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Fig. 3. The appearance of the side surface of the AZ31 alloy specimens tensile-tested in air: a, d – in the reference state;  
b, e – after the pre-exposure to a corrosive medium; c, f – after the pre-exposure to a corrosive medium and the removal of corrosion 

products: a–c – at a low (5·10−6 s−1) strain rate; d–f – at a high (5·10−4 s−1) strain rate. Images are obtained by SEM 
Рис. 3. Внешний вид боковой поверхности образцов сплава AZ31, испытанных на растяжение на воздухе:  

a, d – в исходном состоянии; b, e – после выдержки в коррозионной среде; c, f – после выдержки в коррозионной среде  
и удаления продуктов коррозии при: a–c – низкой (5·10−6 с−1); d–f – высокой (5·10−4 с−1) скоростях деформирования.  

Снимки получены при помощи СЭМ 
 
 
 
The fracture surface of all pure magnesium samples has 

a similar structure, regardless of the strain rate and the type 
of samples (Fig. 8). In all cases, the fracture is represented 
mainly by the facets with a fluted relief. Smooth facets 
without clearly defined relief are occasionally found. 

 

DISCUSSION 
The results obtained in the work showed that the loss of 

the AZ31 alloy mechanical properties as a result of PESCC 
can be completely eliminated when increasing the strain 
rate by two orders of magnitude, from 5·10−6 to 5·10−4 s−1. 
A similar result was previously obtained for the ZK60 alloy 
[16] when exposing it to a medium of the same composition 
and at the same strain rates as in the present work. Usually, 
such behavior of mechanical characteristics depending on 
the strain rate is explained by the embrittling effect of dif-
fusible hydrogen, which weakens with an increase in  
the strain rate. 

A negative strain rate dependence of the ductility loss 
was identified in many metallic hydrogen-saturated materi-
als, for example, in steels [18] and aluminum-based alloys 

[17]. In these works, such behavior of ductility depending 
on the strain rate can only be explained by the effect of hy-
drogen dissolved in the bulk of the metal, since hydrogena-
tion was carried out without corrosion participation. How-
ever, when discussing the nature of the negative strain rate 
dependence of the loss of ductility of magnesium alloys 
embrittled as a result of interaction with a corrosive medi-
um, it is necessary, along with the possible hydrogen disso-
lution in the bulk of the metal, to consider other factors, for 
example, the presence of corrosion products on the surface 
of samples, which may contain both hydrogen and residual 
corrosive medium in liquid form. 

Indeed, the results of the present study for the AZ31 al-
loy, as well as of the previous studies for the ZK60 alloy, 
show that the removal of a layer of corrosion products from 
the surface of samples before tensile testing eliminates both 
the embrittlement caused by preliminary exposure to a corro-
sive environment and the negative strain rate sensitivity of 
ductility loss associated with this embrittlement. In this case, 
the loss of ductility of samples with the removed corrosion 
products either increases with an increase in the strain rate 
(ZK60 alloy) or does not depend on the latter (AZ31 alloy).
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Fig. 4. The appearance of the fracture surface of the AZ31 alloy specimens tensile- tested in air: a, d – in the reference state; 
b, e – after the pre-exposure to a corrosive medium; c, f – after the pre-exposure to a corrosive medium and the removal  

of corrosion products: a–c – at a low (5·10−6 s−1) strain rate; d–f – at a high (5·10−4 s−1) strain rate.  
Images are obtained by SEM. The blocked “A” and “B” areas are shown in Figure 5 

Рис. 4. Внешний вид изломов образцов сплава AZ31, испытанных на растяжение на воздухе: a, d – в исходном состоянии; 
b, e – после выдержки в коррозионной среде; c, f – после выдержки в коррозионной среде и удаления продуктов коррозии при: 

a–c – низкой (5·10−6 с−1); d–f – высокой (5·10−4 с−1) скоростях деформирования.  
Снимки получены при помощи СЭМ. Выделенные области «A», «B» представлены на рис. 5 

 
 
 
 

      
 a b 

Fig. 5. The magnified fracture surface areas blocked in the frames in fig. 4 b and 4 c, respectively: a – “A” area; b – “B” area,  
containing the regions of brittle fracture in the peripheral part of the fracture surfaces of the AZ31 alloy specimens tested at a low strain rate 
immediately after the pre-exposure to a corrosive medium (a) and after the removal of corrosion products (b). Images are obtained by SEM 

Рис. 5. Увеличенные области поверхности разрушения, обведенные рамками на рис. 4 b и 4 с соответственно:  
a – область «A»; b – область «B», содержащие участки хрупкого разрушения в периферийной части излома образцов 

сплава AZ31. Образцы испытывались при низкой скорости деформирования сразу после выдержки в коррозионной среде (a)  
и после удаления продуктов коррозии (b). Снимки получены при помощи СЭМ 
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Fig. 6. The appearance of the side surface of the technically pure magnesium specimens tensile-tested in air:  
a, d – in the reference state; b, e – after the pre-exposure to a corrosive medium; c, f – after the pre-exposure to a corrosive medium  

and the removal of corrosion products: a–c – at a low (5·10−6 s−1) strain rate; d–f – at a high (5·10−4 s−1) strain rate. 
 Images are obtained by SEM. The blocked “A” and “B” areas are shown in Figure 7 

Рис. 6. Внешний вид боковой поверхности образцов технически чистого магния, испытанных на растяжение на воздухе:  
a, d – в исходном состоянии; b, e – после выдержки в коррозионной среде; c, f – после выдержки в коррозионной среде  
и удаления продуктов коррозии при: a–c – низкой (5·10−6 с−1); d–f – высокой (5·10−4 с−1) скоростях деформирования.  

Снимки получены при помощи СЭМ. Выделенные области «A», «B» представлены на рис. 7 
 
 
 

      
 a b 

Fig. 7. The magnified side surface areas blocked in the frames in fig. 6 e and 6 f respectively: a – “A” area; b – “B” area, illustrating 
the brittle cracks net (a) and corrosion pits (b) on the surface of technically pure magnesium specimens tested at the low strain rate 

right after pre-exposure to corrosive medium – a; as well as after the removal of corrosion products – b. The images are obtained by SEM 
Рис. 7. Увеличенные области боковой поверхности, обведенные рамками на рис. 6 e и 6 f соответственно: a – область «A»;  
b – область «B», иллюстрирующие сетку хрупких трещин (а) и коррозионные язвы (b) на поверхности образцов технически 

чистого магния. Образцы испытывались при высокой скорости деформирования сразу после выдержки в коррозионной среде (a) 
и после удаления продуктов коррозии (b). Снимки получены при помощи СЭМ 
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Fig. 8. The appearance of the fracture surface of the technically pure magnesium specimens tensile-tested in air:  
a, d – in the reference state; b, e – after the pre-exposure to a corrosive medium; c, f – after the pre-exposure to a corrosive medium  

and the removal of corrosion products: a–c – at a low (5·10−6 s−1) strain rate; d–f – at a high (5·10−4 s−1) strain rate.  
Images are obtained by SEM 

Рис. 8. Внешний изломов образцов технически чистого магния, испытанных на растяжение на воздухе:  
a, d – в исходном состоянии; b, e – после выдержки в коррозионной среде; c, f – после выдержки в коррозионной среде  
и удаления продуктов коррозии при: a–c – низкой (5·10−6 с−1); d–f – высокой (5·10−4 с−1) скоростях деформирования.  

Снимки получены при помощи СЭМ 
 
 
 
The suppression of the AZ31 alloy embrittlement as  

a result of the removal of corrosion products is confirmed, 
firstly, by the restoration of mechanical properties at a low 
strain rate, and secondly, by a significant decrease in  
the number of large brittle cracks on the side surface of 
samples, as well as the areas with the brittle fracture mor-
phology on the fracture surfaces of these samples. In fair-
ness, it should be noted that a small quantity of cracks and 
brittle fracture areas in the AZ31 alloy samples is still pre-
sent even after the removal of corrosion products. Hypo-
thetically, this may be associated with the incomplete re-
moval of corrosion products. The work [7] showed that 
C.5.4 solution used in the present and previous works is 
noticeably less effective in removing corrosion products 
from the AZ31 alloy than from the ZK60 alloy. It can be 
assumed that hydrogen still partially penetrates into  
the metal surface layer. However, it is not clear why this 
does not occur in the ZK60 alloy, which, all other things 
being equal, as a result of soaking in a corrosive environ-
ment, is embrittled much more strongly than the AZ31 al-
loy, but does not show any signs of embrittlement after  
the removal of corrosion products [7]. It can be concluded 
that the key role in the PESCC mechanism of the AZ31 

alloy is played by the layer of corrosion products, which 
presumably contains the “embrittling agents” such as hy-
drogen and residual corrosive environment. Probably, the 
participation of these agents in the mechanism of crack 
initiation and growth, including their diffusion from  
the sample surface to the crack tip, leads to the appearance 
of a negative rate sensitivity of ductility. At the same time, 
as shown by previous studies, the hydrogen penetration 
directly into the bulk of the magnesium matrix almost does 
not occur during the corrosion process [5; 7]. 

In view of the above reasoning, it is interesting that 
technically pure magnesium is actually not subject to  
the PESCC process – at least in the as-cast coarse-grained 
state and when exposed to a corrosive solution of the 
4 % NaCl + 4 % K2Cr2O7 composition. At the same time, in 
the literature, there is evidence that fine-grained magnesium 
suffers embrittlement after soaking in the 10−3 M Na2SO4 
solution [8]. Coarse-grained magnesium is also distin-
guished by the almost complete absence of ductility strain 
rate sensitivity both in the reference state and after pre-
exposure to a corrosive environment. 

In spite of the fact that the actual reason for the high re-
sistance of this material to PESCC has yet to be investigat-
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ed, at the moment two possible explanations for this phe-
nomenon can be proposed. Firstly, the presence of second-
ary phases in the structure can be a critical factor affecting 
the stability of a particular magnesium alloy. It is known 
that particles of almost all secondary phases in magnesium 
alloys act as a cathode in relation to the magnesium matrix 
and, therefore, serve as the sites for the initiation of corro-
sion pits [21], which subsequently act as the crack nuclei 
during SCC [1]. Consequently, the absence of such parti-
cles in pure magnesium can favorably affect its resistance 
to PESCC and SCC. Secondly, one can assume that  
the pure magnesium immunity to PESCC is associated with 
its low strength. The pure magnesium plastic deformation 
begins at very low stresses, so even if brittle cracks have 
time to nucleate, they quickly become blunted due to the 
plastic flow at their tips and propagate mainly by a ductile 
mechanism. Indeed, numerous small brittle cracks were 
found on the lateral surface of magnesium specimens kept 
in a corrosive medium. However, the fractures of these 
samples, as well as of samples in the reference state, are 
mainly represented by facets with a characteristic fluted 
pattern, which is formed due to the formation and ductile 
merging of tubular pores [22], which indicates a ductile 
mechanism of crack propagation in this material.  

It is important to note that pure magnesium samples, 
from which the corrosion products were removed after 
soaking in a corrosive medium, have noticeably lower duc-
tility than samples, from which corrosion products were not 
removed. Probably, it is associated with the presence of 
corrosion pits, which were identified on the side surface of 
the samples after the removal of corrosion products. Appar-
ently, the standard C.5.4 solution for removing corrosion 
products can lead to corrosion damage to pure magnesium, 
although this was not observed when interacting with  
the AZ31 and ZK60 alloys. Currently, it is unclear whether 
this effect depends on the presence and type of corrosion 
products on the surface of pure magnesium. 

 

CONCLUSIONS  
1. An increase in the strain rate from 5·10−6  

to 5·10−4 s−1 leads to a complete elimination of the AZ31 
alloy embrittlement caused by preliminary exposure to 
an aqueous solution of the 4 % NaCl + 4 % K2Cr2O7 
composition for 24 h.  

2. The removal of corrosion products using the standard 
С.5.4 (20 % CrO3 + 1 % AgNO3) solution from the surface of 
the AZ31 alloy pre-exposed to a corrosive environment leads 
to a complete elimination of the loss of ductility caused by 
PESCC, but does not completely suppress brittle cracking.  

3. Technically pure magnesium in the as-cast coarse-
grained condition is not susceptible to PESCC after soaking 
in an aqueous solution of the 4 % NaCl + 4 % K2Cr2O7 
composition for 24 h.  

4. An increase in the strain rate from 5·10−6 to 5·10−4 s−1 
has no significant effect on the mechanical properties of tech-
nically pure magnesium in the as-cast coarse-grained state, 
regardless of whether preliminary exposure to a corrosive me-
dium was carried out before the tensile tests or not. 
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Аннотация: Магниевые сплавы являются перспективными материалами для использования в авиации, авто-

мобилестроении и медицине, однако, вследствие низкой стойкости к коррозионному растрескиванию под напря-
жением (КРН), область их применения ограничена. Для создания сплавов, обладающих высокой стойкостью  
к КРН, требуется всестороннее изучение природы этого явления. Ранее было высказано предположение, что важ-
ную роль в механизме КРН может играть диффузионно-подвижный водород и продукты коррозии, образующиеся 
на поверхности магния. Однако вклад каждого из этих факторов в охрупчивание магния и его сплавов, вызванное 
КРН, мало изучен. Поскольку влияние диффузионно-подвижного водорода на механические свойства металлов 
усиливается с уменьшением скорости деформирования, актуальной задачей является исследование скоростной 
чувствительности восприимчивости сплавов магния к КРН. В настоящей работе исследовались технически чи-
стый магний в литом состоянии и сплав AZ31: изучалось влияние скорости деформирования в диапазоне от 5·10−6 
до 5·10−4 с−1 на механические свойства, состояние боковой поверхности и излома материалов до и после выдержки 
в коррозионной среде и после удаления продуктов коррозии. Установлено, что предварительная выдержка в кор-
розионной среде приводит к охрупчиванию сплава AZ31, но не влияет на механические свойства и характер  
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разрушения чистого магния. Обнаружено, что охрупчивание сплава AZ31, вызванное предварительной выдержкой  
в коррозионной среде, проявляется в полной мере только при низкой скорости деформирования и только в том слу-
чае, если на поверхности образцов присутствует слой продуктов коррозии. Показано, что изменение скорости де-
формирования оказывает незначительное влияние на свойства чистого магния. Сделан вывод о том, что основной 
причиной охрупчивания сплава AZ31 после выдержки в коррозионной среде является слой продуктов коррозии, ко-
торый, предположительно, содержит охрупчивающие агенты, такие как водород и остаточная коррозионная среда.  

Ключевые слова: магниевые сплавы; AZ31; магний; коррозионное растрескивание под напряжением; корро-
зия; скорость деформирования; механические свойства. 
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Abstract: Due to the improved strength properties compared to the equiatomic Cu–50 at. % Au alloy, non-

stoichiometric Cu–56 at. % Au alloy can be used both in dentistry and as a corrosion-resistant conductor of weak electrical 
signals in tool engineering. The work studies the kinetics of the disorder→order phase transformation in the Cu–56Au 
alloy, during which the disordered fcc lattice (A1-phase) is rearranged into an atomically ordered one with the L10 super-
structure. The initial disordered state of the alloy was obtained in two ways: applying plastic deformation by 90 % or 
quenching at a temperature of above 600 °C (i. e., from the region of the A1-phase existence). To form the L10 superstruc-
ture, annealing was carried out at temperatures of 200, 225, and 250 °C. The annealing duration ranged from 1 h to 
2 months. Resistometry was chosen as the main technique to study the kinetics of the disorder→order transformation.  
The temperature dependences of the electrical resistivity of the alloy in various structural states are obtained. The authors 
constructed the graphs of the electrical resistance dependence on the annealing time logarithm, based on which, the rate of 
the new phase formation was estimated. To evaluate the structural state of the alloy at various transformation stages,  
the authors used X-ray diffraction analysis (XRD). The crystal structure rearrangement during the transformation is shown 
by the example of splitting the initial cubic A1-phase peak (200) into two tetragonal ordered L10 phase peaks – (200) and 
(002). Based on the resistometry and X-ray diffraction analysis data, the authors carried out a quantitative assessment of 
the rate of the disorder→order phase transformation in the alloy under the study. It is established that the values of  
the transformed volume fraction (resistometry) and the long-range order degree (X-ray diffraction analysis) are close.  
The study shows that in the temperature range of 200–250 °C, the rate of atomic ordering according to the L10 type in  
the nonstoichiometric alloy Cu–56 at. % Au is maximum at 250 °C. It is identified that the disorder→order transformation 
in the initially quenched specimens of the investigated alloy proceeds approximately an order of magnitude faster than in 
preliminarily deformed specimens. 

Keywords: Сu–56 at. % Au; Cu-Au alloys; atomic ordering; resistometry; superstructural X-ray reflections; order de-
gree evaluation. 
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INTRODUCTION 
The formation of an atomically ordered crystal lattice 

was discovered by Russian scientists more than 100 years 
ago, when studying the structure formed in a gold-copper 
alloy as a result of slow cooling from high temperature [1]. 
Since then, the formation of the structure and properties in 
the system of gold – copper alloys has been repeatedly 
studied in detail using various research techniques [2–4]. In 
the work [2], the authors studied the diffraction patterns, 
and obtained the concentration dependence of the specific 
electrical resistivity of the equiatomic CuAu alloy in vari-
ous structural states. The formation of a lamellar structure 
in the CuAuI alloy in the temperature range of 270–370 °C 

was recorded in [3]. The lamellar structure consists of colo-
nies of lamellar c-domains, where within one colony,  
the domains are in a twin orientation relative to the plane of 
their boundary {110}. As [5] shows, planes of this particular 
type are the planes of optimal conjugation in the fcc→fct 
transition. In [6], using the molecular dynamics method, 
computer experiments were carried out for the estimated 
block of an ordered CuAuI alloy with the L10 superstruc-
ture. It was shown that during thermal activation, if there 
are single vacancies in the alloy, they will tend to form va-
cancy complexes, for example, divacancies. The EBSD 
analysis of the CuAu alloy microstructure, was successfully 
used, to study the L10 phase orientations in the A1 matrix 
and showed the following orientation relationships: 
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(101)L10//{110}А1 and [010]L10//[010]А1 [7]. The lamellar 
structure is also observed during the formation of a long-
period ordered phase of the CuAuII type [4]. A rather de-
tailed analysis of the features of atomic ordering in the sys-
tem of Cu–Au alloys is given in [8], which also presents an 
improved phase diagram and gives a crystallographic de-
scription of the formed ordered structures. The increased 
interest in these alloys is caused not only by the need to 
clarify the crystallography of the transformation of a dis-
ordered crystal lattice into an atomically ordered one.  
The fact is that gold-copper alloys are the basis of materi-
als for various practical applications: this is both jewellery 
or dentistry and corrosion-resistant alloys for tool engi-
neering [5; 9]. A detailed description of all areas of appli-
cation of gold–copper alloys with references to relevant 
sources is given in [10]. 

According to the phase diagram of the Cu–Au sys-
tem, upon cooling from high temperatures, several struc-
tural-phase transformations occur in alloys close to the 
equiatomic composition. First, near 400 °C, in the disor-
dered fcc structure (A1-phase), an orthorhombic ordered 
CuAuII phase is formed, which, upon further cooling, 
rearranges into the ordered CuAuI phase. There are co-
existence regions between these phases: (A1+CuAuII) 
and (CuAuI+CuAuII) [8]. A schematic view of the crys-
tal lattice ordered according to the CuAuI-phase type is 
shown in Fig. 1. The orthorhombic CuAuII phase crystal 
lattice can be represented as 10 CuAuI phase crystal lattic-
es, arranged together along the a-axis with an antiphase 
shear-type boundary in the middle. 

The (100) type planes of the CuAuI phase crystal lattice 
are periodically filled with either gold or copper atoms 
(Fig. 1). Therefore, the initial fcc lattice becomes tetragonal 
as a result of atomic ordering, and the tetragonal c-axis is 
perpendicular to the lamination direction. At the same time, 
the lattice parameter slightly increases along the a and b 
axes, and decreases along the c axis. Such a rearrangement 
leads to the fact that the disorder→order phase transition in 
gold-copper alloys is accompanied by a decrease in  
the crystal lattice volume by approximately 1 % causing 
strong internal stresses. Shape distortion or even spontane-
ous destruction of jewellery due to atomic ordering, has 
been described in the literature [9; 11] many times.  
The scientific basis for solving problems with distortion or 

cracking of gold products, is given in [5] using the example 
of a detailed study of the structure and properties of  
the equiatomic Cu–50Au alloy in various structural states. 

Previously, the equiatomic Cu–50Au (at. %) alloy was 
studied in most detail. Fewer works study alloys with  
a small deviation from stoichiometry. In the work [12], 
high-temperature in situ X-ray diffraction and mechanical 
spectroscopy, were applied to study phase transitions in the 
Au–25 wt. % Cu alloy when heating and cooling at a rate of 
1 K/min (note that this composition corresponds with high 
accuracy to the equiatomic Cu–50Au alloy). Upon continu-
ous heating, the following sequence of phase transitions 
was recorded: A1→AuCuI→AuCuII→A1, and upon subsequent 
cooling: A1→A1+AuCuI+AuCuII→AuCuI+AuCuII→AuCuI. 
In [13], the influence of plastic deformation on the ordered 
and disordered jewellery “red gold” alloy of the Cu–Au–Ag 
composition is described. It was identified that preliminary 
deformation reduces the temperature of the ordering pro-
cess onset. However, this result can be explained by  
the influence of silver precipitation on the transformation 
acceleration [14]. In the work [15], the authors studied  
a method for determining the phase composition on the Cu 
(9.38%)–Au (90.62%) and Au (74.11%)–Cu (25.89%) al-
loys using laser-induced breakdown spectroscopy. Using 
the molecular dynamics method, the work [16] presents  
the results of computer simulation of the synthesis of binary 
Cu–Au nanoclusters, upon condensation from a high-
temperature gaseous medium of Cu3Au, CuAu, Cu90Au10, 
and Cu60Au40 chemical compositions. The theoretical pos-
sibility of the formation of binary Cu–Au clusters of a cer-
tain size with a certain predetermined chemical composition 
from the gas phase was established. 

There are practically no publications dealing with  
the study of the structure and properties of gold-copper 
alloys with a deviation from stoichiometry of more than 
5 %. Meanwhile, such alloys are of interest for various 
technical applications, for example, for the production of 
conductors of weak electrical signals operating in highly 
corrosive media. For example, the Cu–56Au alloy (at. %) 
is mass-produced under the ZlM-80 brand. However,  
the kinetics of the disorder→order transition in this alloy 
has been barely studied. It was found in [17] that the max-
imum rate of atomic ordering in the Cu–56Au (at. %) al-
loy falls within the temperature range of 300–350 °C, 

 
 
 

 
 

Fig. 1. Schematic view of the crystal lattice of the ordered CuAuI phase 
Рис. 1. Схематическое изображение кристаллической решетки атомно-упорядоченной фазы CuAuI 

с 

Au 

Cu 
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and the orthorhombic ordered CuAuII phase is formed in 
this case. The work [14] shows that the rate of the Cu–56Au 
alloy ordering is much lower than that of the equiatomic 
CuAu alloy. It was established that slow (at a rate of 
12 deg/h) cooling from 600 °C to room temperature is  
the fastest way to form an ordered state in the Cu–56Au 
alloy. However, as a result of such treatment, the high-
temperature CuAuII phase appears in the alloy and not  
the equilibrium CuAuI phase, which is expected on the ba-
sis of the phase diagram. It is shown that the orthorhombic 
ordered CuAuII phase formed in the alloy has a high ther-
mal stability, and is retained even after long-term low-
temperature annealing. Thus, the kinetics of the formation 
of the low-temperature ordered CuAuI phase in the Cu–
56Au alloy has not yet been studied in detail. 

The purpose of this work is to find out the rate of atomic 
ordering of the L10 type in the Cu–56Au alloy in the tem-
perature range of 200–250 °C. 

 

METHODS 
For the study, an alloy was taken, which contains 

56 at. % of gold and 44 at. % of copper (or 80 wt. % Au and 
20 wt. % Cu). According to the Cu–Au system phase dia-
gram [8], the disorder→order phase transition in the alloy 
under study occurs at temperatures below 375 °C. There-
fore, the initial, disordered state in the alloy samples was 
formed by quenching from a temperature of 600 °C after 
annealing for 1 h. Moreover, the authors studied the influ-
ence of preliminary plastic deformation on the kinetics of 
atomic ordering. In this case, the initial disordered state was 
formed by the deformation of the samples by 90 %. 

The study of the transformation kinetics in this work 
was carried out in the temperature range of 200–250 °C. 
The duration of heat treatments during the study ranged 
from 1 h to 2 months. All heat treatments were carried out 
in evacuated glass or quartz ampoules. 

As the main research technique in our work, resistome-
try was chosen. Electrical resistivity at room temperature 
was measured, using the standard four-probe method on long 
wire samples with a diameter of 0.25 mm at a constant current 
I=20 mA. The measurement accuracy was ±0.04∙10−8 Ohm∙m. 
Moreover, the temperature dependences of the electrical 
resistivity during heating and cooling of the samples at  
a constant rate of 120 deg/h were constructed. 

Based on the resistometry data, the authors estimated 
the relative volume of the new phase using the formula 

 

LROdis

tdis

ρρ
ρρη

−
−
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where η is the transformed volume fraction;  
ρdis and ρLRO are the specific electrical resistivity values of 
samples in the state of disorder and long-range order 
(LRO), respectively;  
ρt is the specific electrical resistivity of the sample at a cer-
tain stage of heat treatment.  

X-ray diffraction analysis (hereinafter referred to as 
XRD) was carried out on the alloy plates 0.3 mm thick us-
ing a PANalytical Empyrean Series 2 diffractometer in Cu-
Kα radiation. To determine the LRO degree, the ratio of the 
integral intensities of the superstructural and fundamental 

peaks was calculated using known formulas [18; 19]. Cal-
culations were carried out for several pairs of reflections, 
after which the average value was determined. Such an ap-
proach is necessary to minimise the influence of texture 
effects on the result. X-ray diffraction calculations were 
carried out only after annealings of maximum duration. 

 

RESULTS  
Fig. 2 shows the Temperature dependences of electrical re-

sistivity obtained during heating of initially deformed (Fig. 2 a) 
or quenched (Fig. 2 b) samples of the Cu–56Au alloy after 
annealings of various durations (from 1 h to 2 months) at  
a temperature of 250 °C. Note that some of the temperature 
dependences we obtained are not shown in Fig. 2: at long ex-
posure times, the electrical resistivity of the samples changes 
insignificantly, so the curves begin to overlap each other. 

The electrical resistivity of the Cu–56Au alloy disor-
dered by quenching is ρ=14.29·10−8 Ohm·m. An alloy dis-
ordered by severe plastic deformation (90 %) has a lower 
electrical resistivity – ρ=14.06·10−8 Ohm·m. 

Comparison of temperature dependences given in Fig. 2 
shows that the decrease in electrical resistivity caused by 
atomic ordering occurs somewhat faster, in the quenched 
sample. For example, when an initially deformed sample is 
heated, the dependence remains almost linear up to 200 °C. 
In turn, in the quenched sample, a slight drop in electrical 
resistivity begins at about 150 °C. Continued heating leads 
to a gradual decrease in electrical resistivity. The electrical 
resistivity minimum values are achieved at a temperature of 
~320 °C regardless of the initial state of the samples. Fur-
ther heating causes a rather sharp increase in electrical 
resistivity, which is caused by a change in the alloy phase 
composition: CuAuI→CuAuII→A1. At temperatures 
above 380 °C, the alloy becomes single-phase and disor-
dered, which results in a linear dependence of the electri-
cal resistivity. 

All the transformations described above are quite clear-
ly identified on the graphs of the temperature derivatives of 
the corresponding electrical resistivity dependences 
(Fig. 3). In Fig. 3 a, two peaks are revealed in the tempera-
ture range of 300–400 °C. The first of them, with a maxi-
mum at about 350 °C, corresponds to the CuAuI→CuAuII 
transformation. The second peak, whose maximum falls at 
~380 °C, corresponds to the CuAuII→A1 transformation. 
When comparing the dependencies in Fig. 3 a, it is well 
seen that in the pre-quenched sample, these peaks are clear-
ly separated and have a higher intensity. 

Fig. 2 clearly shows that after annealings of the same 
duration, the specific electrical resistivity of pre-quenched 
samples is always lower. After annealing of the quenched 
alloy for 2 months at a temperature of 250 °C, its specific 
electrical resistivity decreases to ρ=7.04·10−8 Ohm·m. As 
follows from Fig. 2, after annealing of the same duration, 
the initially deformed sample has a significantly higher 
value of electrical resistivity. Consequently, a LRO state has 
not yet formed in this sample. What calls attention is the 
fact that after annealings of the maximum duration, clearly 
pronounced steps are observed in the temperature depend-
ences of the electrical resistivity (shown in the insets in 
Fig. 2 a and 2 b). They are especially visible after annealing 
of pre-quenched samples. The difference, in reaction rates 
at different temperatures, is clearly seen in the graphs of 
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a 

 
b 

Fig. 2. Temperature dependences of electrical resistivity obtained when heating the deformed (a)  
and quenched (b) specimens of the Cu–56Au alloy, which were annealed at a temperature of 250 °C from 1 h to 2 months.  

The insets show the regions where the step change in the electrical resistance is observed 
Рис. 2. Температурные зависимости электросопротивления, полученные при нагреве деформированных (a)  
и закаленных (b) образцов сплава Cu–56Au, которые отжигались при температуре 250 °C от 1 ч до 2 мес.  
На вставках показаны участки, на которых наблюдается ступенчатое изменение электросопротивления 

 
 
 

temperature derivatives (Fig. 3 b). The narrow and intense 
peaks in the graphs of the temperature derivatives of the 
electrical resistivity, once again confirm the higher degree 
of atomic order achieved as a result of annealing of the pre-
quenched alloy. 

Fig. 4 shows XRD patterns of samples in two initial 
states, as well as after their annealing for 1 h and 2 months 
at 250 °C. 

According to the data obtained, the lattice parameter of 
the 90 % deformed Cu–56Au alloy is а=0.3912 nm. The X-
ray peaks of the deformed alloy are quite wide, which is 
caused by elastic stresses and a large number of nonequilib-
rium boundaries [20]. Annealing at a high temperature re-
lieves stress, and reduces the structure defect, as a result of 
which the crystal lattice parameter of the quenched alloy 
decreases to a=0.3901 nm. Compared to the deformed state, 
the X-ray peaks of the quenched alloy are very narrow and 
have a high intensity (one can compare XRD patterns 1 in 
Fig. 4 a and 4 b). 

The ordered arrangement of atoms in the crystal lattice 
changes the conditions for X-ray reflection, as a result of 
which the number of peaks in the diffraction patterns of 
annealed samples increases significantly. Peaks (001), 
(011), etc. appear, which are forbidden for the fcc structure. 
Such additional peaks are called superstructural, and  
the ordered lattice itself is called a superstructure. Moreo-
ver, additional fundamental peaks appear in the XRD pat-
terns of the L10 superstructure. For example, the original 
fundamental peak (200) is split into two peaks – (200) and 
(002). This is caused by the rearrangement of the initial 
disordered fcc lattice into an ordered tetragonal structure 
(Fig. 1). According to the obtained XRD data, annealing of 
the quenched alloy for 2 months at a temperature of 250 °C 
leads to the formation of an L10 superstructure, the crystal 
lattice of which has the following parameters: a=0.3963 nm 
and c=0.3671 nm. 

Since the crystal lattice parameter along the a and b axes 
slightly increases during atomic ordering, the reflections 
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Fig. 3. Temperature derivatives of the electrical resistivity dependences (Fig. 2)  
obtained when heating specimens of the Cu–56Au alloy in two initial states (a)  

and after annealing of these specimens at a temperature of 250 °C during 2 months (b) 
Рис. 3. Температурные производные зависимостей электросопротивления (рис. 2),  
полученные при нагреве образцов сплава Cu–56Au в двух исходных состояниях (a)  

и после отжигов этих образцов при температуре 250 °C в течение 2 мес. (b) 
 
 
 

from these planes shift to the left of the original peak.  
In turn, the new peak (002) is a reflection from the planes, 
the interplane distance between which (along the c-axis) is 
less than the original one, in consequence of which this 
peak is formed to the right of the original one. Obviously, in 
the equilibrium state, the intensity of the (200)L10 peak 
should be two times higher than that of the (002)L10 peak. 
In Fig. 4, this condition is practically met only for the sam-
ple that was annealed after preliminary quenching. In full 
accordance with the resistometric data, annealing of the 
sample, initially deformed for 2 months at 250 °C does 
not lead to a diffraction pattern corresponding to a well-
ordered state. 

The curves in Fig. 5 show the change in the electrical 
resistivity of the alloy under study during long-term heat 
treatments in the selected temperature range. Due to differ-
ences in the mechanisms of formation of an ordered struc-
ture, these dependences are plotted separately for the initial-
ly deformed and pre-quenched states of the alloy.  
At the annealing temperature of 250 °C, the left points  
(i.e., at room temperature) on the corresponding tempera-
ture dependences of the electrical resistivity were taken to 
construct these graphs (Fig. 2). 

As follows from the graphs in Fig. 5, regardless of the 
initial state, the rate of decrease in electrical resistivity dur-
ing annealing is maximum at a temperature of 250 °C. 
Based on this, one can make an unambiguous conclusion 
that the rate of the disorder→order phase transition at this 
temperature is maximal as well. In turn, the rate of de-
crease in electrical resistivity at a temperature of 200 °C is 
minimal. 

Fig. 6 shows XRD patterns obtained from samples that 
were held for 2 months at temperatures of 200, 225, and 
250 °C. Note that, regardless of the annealing temperature, 
diffraction patterns with more intense peaks correspond to 
pre-quenched samples. A quenched sample annealed at  
a temperature of 250 °C has the clearest pattern of X-ray 

reflections, fully corresponding to a LRO structure with the 
L10 type. Thus, the conclusions made based on the resis-
tometry data are again well confirmed by the X-ray diffrac-
tion data. 

Fig. 6 clearly shows that the XRD patterns from  
the samples annealed at 200 °C, do not have some peaks 
typical of the ordered state (for example, (002)). This 
means that the phase transition at this temperature is still far 
from completion. Such a slow phase transition rate allows 
tracing the initial stages of the rearrangement of the disor-
dered fcc structure into the L10 ordered one. Fig. 7 shows 
the initial (200)A1 peak splitting into two peaks – (200)L10 
and (002)L10 (in the range of 2θ angles from 44 to 50°), 
which gives the clearest picture of the ordered structure 
formation. Previously, similar experiments were carried out 
on the equiatomic CuAu alloy [21]. However, the high tran-
sition rate did not allow observing all the structural rear-
rangement stages. 

As follows from the data shown in Fig. 7, a shoulder 
appears on the left side of the initial peak (200) at the first 
stage of ordering. Therefore, a and b planes of the ordered 
phase, which have a larger interplanar spacing compared to 
the disordered matrix, are first formed. The (002)L10 peak, 
which is formed from tetragonal c-planes with a smaller 
parameter, becomes clearly visible only after 1 month of 
annealing at a temperature of 200 °C. In Fig. 7, the different 
rates of the ordered structure formation in the deformed and 
quenched samples again are clearly revealed. Here, one can 
also compare the different widths of X-ray reflections from 
heavily deformed or quenched samples. 

The set of results obtained in this work allows quantify-
ing the rate of the disorder→order phase transition in the 
alloy under study in the temperature range of 200–250 °C 
(Fig. 8). 

Moreover, the LRO degree (S), averaged over the sample, 
can be estimated based on the XRD-data in Fig. 6. Note that 
both considered parameters (η and S) have the same physical 
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Fig. 4. The results of XRD analysis of specimens of the deformed (a) and quenched (b) alloy in the initial states (1),  
after annealing during 1 h (2) and 2 months (3) at 250 °C 

Рис. 4. Результаты РСА-исследования образцов деформированного (a) и закаленного (b) сплава в исходных состояниях (1),  
после отжига в течение 1 ч (2) и 2 мес. (3) при 250 °C 
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Fig. 5. Change in the specific electrical resistance of the initially deformed (a) and quenched (b) specimens of the alloy  
under study in the process of annealing at temperatures of 200, 225, and 250 °С 

Рис. 5. Изменение удельного электросопротивления исходно деформированных (a) и закаленных (b) образцов  
исследуемого сплава в процессе отжигов при температурах 200, 225 и 250 °С 

 
 
 

significance, and differ only in the method on the basis of 
which they were obtained. The values of the LRO degree 
determined, based on the XRD-data, are shown by points in 
Fig. 8. Moreover, due to the insufficient number of super-
structural peaks, we failed to estimate the fraction of  
the transformed volume after annealing of the deformed 
sample at temperatures of 200 and 225 °C. 

 

DISCUSSION 
Previously, we assumed [14] that annealing at 250 °C is 

optimal for the L10 superstructure formation in the Cu–
56Au alloy. It was found as well that holding at this tem-
perature for 1 week is far from sufficient for the formation 
of a well-ordered state in this alloy. The study completely 
confirmed the previously obtained conclusions, and showed 
that to complete the disorder→order phase transition, it is 

necessary to anneal the nonstoichiometric Cu–56Au alloy 
for at least 2 months at 250 °C. Lowering the processing 
temperature significantly, slows down the transition rate. In 
addition, it was reliably identified that the atomic ordering 
rate depends heavily on how the initial, disordered state 
was formed in the alloy: by quenching from high tempera-
ture or by plastic deformation. 

All the obtained results indicate that the rate of ordering 
of pre-quenched samples is higher in the studied temperature 
range. This seems unusual, since plastic deformation signifi-
cantly increases the rate of diffusion reactions [22]. For ex-
ample, the rate of ordering of preliminarily deformed alloys 
is higher, as a rule [18; 23]. Thus, the phenomenon of a de-
crease in the ordering rate after preliminary deformation ob-
served in the Cu–56Au alloy requires an explanation. 

As was shown in [24], by high-resolution electron mi-
croscopy, clusters 2–3 nm in size with a high LRO degree, 
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Fig. 6. X-ray diffraction patterns obtained from the initially deformed (а) and quenched (b) specimens  
annealed during 2 months at temperatures of 200 (1), 225 (2), and 250 °C (3) 

Рис. 6. Рентгеновские дифрактограммы, полученные с исходно деформированных (а) и закаленных (b) образцов,  
отожженных в течение 2 мес. при температурах 200 (1), 225 (2) и 250 °C (3) 
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Fig. 7. X-ray reflection (200) evolution during atomic ordering at a temperature of 200 °С  
of the initially deformed (а) and quenched (b) specimens 

Рис. 7. Эволюция рентгеновского отражения (200) в ходе атомного упорядочения при температуре 200 °С  
исходно деформированных (а) и закаленных (b) образцов 

 
 
 

are formed in gold-copper alloys even during quenching. 
The number of these clusters is determined by the tempera-
ture and quenching rate. Cases when quenching of gold-
copper alloys led to the formation of a strong short-range 
order in them have been described in the literature many 
times. In this case, in addition to strong reflections from the 
disordered fcc phase, the XRD patterns show the extended 
maxima at the positions of superstructural reflections (as an 
example, see Fig. 1 a in [12]). The formation of ordered 
nanoclusters in the alloy, during quenching, also leads to  
a significant increase in electrical resistivity (initial points 
in Fig. 2 a and 2 b). Plastic deformation destroys these clus-
ters, as a result of which the alloy electrical resistivity de-
creases [23; 25]. 

In turn, in a strongly deformed alloy, a combined reaction 
occurs: the atomic ordering process is accompanied by re-
crystallisation. The paper [26] describes the possible options: 

either ordering and recrystallisation are implemented jointly, 
or one of these solid-state reactions overtakes the other. Most 
often, the boundary of a growing recrystallised grain is simu-
ltaneously an interphase boundary [27]. The progress of re-
crystallisation can be judged from the decrease in the width 
of X-ray peaks during annealing of the deformed alloy. In-
deed, it is clearly seen in Fig. 7 a that when increasing  
the duration of heat treatment of the initially deformed alloy, 
the broad peak (200) gradually becomes narrower. 

Thus, the difference in the rates of disorder→order tran-
sition is caused by the difference in the mechanisms of  
the ordered state formation in quenched or deformed sam-
ples of the same alloy. Even a slight heating of a quenched 
sample leads to the fact that the ordered clusters in it be-
come the nuclei of a new phase. In turn, to initiate the phase 
transition in a deformed alloy, it must be heated to the re-
crystallisation temperature. 
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Fig. 8. The transformed fraction as a function of the annealing time of the deformed (а)  
and quenched (b) specimens of the Cu–56Au alloy at temperatures of:  

200 (1), 225 (2), and 250 °С (3) built according to the resistometry data.  
Evaluation based on the XRD-results was carried out after maximum duration annealing and is shown by points 
Рис. 8. Изменение доли превращенного объема от продолжительности отжига деформированных (а)  

и закаленных (b) образцов сплава Cu–56Au при температурах:  
200 (1), 225 (2) и 250 °С (3), построенные по данным резистометрии.  

Оценки на основе РСА-результатов проводились после отжигов максимальной продолжительности и показаны точками 
 
 
 
Of course, the results obtained during resistometry of 

the alloy samples after maximum duration annealings are of 
special interest. As mentioned above, the minimum electri-
cal resistivity of the Cu–56Au alloy achieved in this work is 
ρ=7.04·10−8 Ohm·m. It was obtained by annealing of  
a quenched alloy for 2 months at a temperature of 250 °C. 
To verify the result obtained, an additional annealing of this 
sample was carried out for another 2 months. This pro-
cessing slightly influenced the value of electrical resistivity, 
which amounted to ρ=6.98·10−8 Ohm·m. This allows con-
cluding that to complete the disorder→order phase transi-
tion in the Cu–56Au alloy at a temperature of 250 °C, an-
nealing for 2 months is required. Note that the electrical 
resistivity values obtained during the study are quite lower 
than the known literature data. Previously, we have already 
concluded that the generally accepted concentration de-
pendence of the electrical resistivity of the Cu–Au system 
alloys (see Fig. 46 in [9]) needs to be refined [28]. 

The results of the XRD study of the nonstoichiometric 
Cu–56Au alloy obtained in our work can be compared with 
the literature data [29] given for the stoichiometric Cu–50Au 
alloy. For example, the crystal lattice parameters of an 
equiatomic alloy ordered after the L10 type (а=0.3958 nm, 
c=0.3666 nm) are somewhat smaller than those under study. 
However, the tetragonality degrees of the ordered lattices of 
both alloys are equal and amount to c/a=0.926. This is  
a rather interesting result that will allow reasoning about  
the structure of a nonstoichiometric alloy at the atomic le-
vel. Indeed, when deviating from stoichiometry, the ques-
tion always arises: how the excess number of atoms (in this 
case, gold) is redistributed during the superlattice for-
mation. If we assume that some of the gold atoms are em-
bedded in the copper sublattice, this should lead to a differ-
ence in the tetragonality degrees of the crystal lattices of  

the alloys. Most likely, in the process of atomic ordering,  
an excess amount of gold atoms is displaced onto defects 
and boundaries of various nature (for example, c-domain 
boundaries, thermal antiphase domain boundaries (APBs), 
shear-type APBs, grain boundaries, etc.). This is indirectly 
confirmed by the higher strength (by ~15 %) of the ordered 
nonstoichiometric alloy compared to the equiatomic one. 
This hypothesis was put forward for the first time and re-
quires verification using structural research methods (for 
example, high-resolution electron microscopy). 

The study showed that the results of a quantitative as-
sessment of the phase transition rate (A1→L10) based on 
the resistometry and XRD data are close (Fig. 8). This 
makes it possible, using two methods, to compare the rate 
of atomic ordering of nonstoichiometric alloy samples  
in different initial states. For example, the fraction of  
the transformed volume after the deformed alloy annealing 
at a temperature of 250 °C for 2 months is η=0.89 (accord-
ing to resistometric data) or S=0.87 (according to X-ray 
diffraction data). In the initially quenched alloy, similar val-
ues of the transformed volume fraction are achieved after 
annealing for ~4 days (i.e., an order of magnitude faster). 

 

CONCLUSIONS 
1. It was established that the formation of the L10 super-

structure in the initially quenched nonstoichiometric Cu–
56Au alloy, occurs approximately an order of magnitude 
faster than in the pre-deformed alloy. 

2. It was identified that in the temperature range of 200–
250 °C the maximum rate of ordering of the nonstoichio-
metric Cu–56Au alloy is observed at 250 °C; however, even 
in this case 2 months’ exposure is necessary to form a LRO 
state with L10 superstructure. 
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3. It was suggested that during the disorder→order 
phase transition, excess (compared to stoichiometry) gold 
atoms are not built into the copper sublattice, but are dis-
placed onto domain walls and other defects. 

4. Based on the obtained data, for the first time for the 
Cu–56Au alloy, kinetic C-curves can be plotted and the 
thermodynamic n and k constants calculated in the tempera-
ture range of 200–250 °C for the disorder→order transition 
(A1→L10). 
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Аннотация: Благодаря повышенным прочностным свойствам в сравнении с эквиатомным сплавом Cu–

50 ат. % Au, нестехиометрический сплав Cu–56 ат. % Au может найти применение не только в стоматологии, но  
и в качестве коррозионностойкого проводника слабых электрических сигналов для приборостроения. Работа по-
священа изучению кинетики фазового превращения беспорядок→порядок в сплаве Cu–56Au, в ходе которого 
неупорядоченная ГЦК-решетка (А1-фаза) перестраивается в атомно-упорядоченную со сверхструктурой L10. Ис-
ходное разупорядоченное состояние сплава получали двумя способами: применением пластической деформации 
на 90 % или закалкой от температуры 600 °С (т. е. из области существования А1-фазы). Отжиги для формирования 
сверхструктуры L10 проводили при температурах 200, 225 и 250 °С. Продолжительность отжигов составляла от 
1 ч до 2 мес. В качестве основной методики исследования кинетики превращения беспорядок→порядок была вы-
брана резистометрия. Получены температурные зависимости удельного электросопротивления сплава в различ-
ных структурных состояниях. Построены графики зависимости удельного электросопротивления от логарифма 
времени отжига, на основе которых проведена оценка скорости образования новой фазы. Для аттестации струк-
турного состояния сплава на различных этапах превращения использовался рентгеноструктурный анализ (РСА). 
Перестройка кристаллической структуры в ходе превращения показана на примере расщепления пика (200) куби-
ческой исходной А1-фазы на два пика – (200) и (002) тетрагональной упорядоченной L10-фазы. По данным рези-
стометрии и РСА проведена количественная оценка скорости фазового превращения беспорядок→порядок в ис-
следуемом сплаве. Установлено, что значения доли превращенного объема (резистометрия) и степени дальнего 
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порядка (рентгеноструктурный анализ) близки. Показано, что в температурном интервале 200–250 °С скорость 
атомного упорядочения по типу L10 в нестехиометрическом сплаве Cu–56 ат. % Au максимальна при 250 °С. 
Установлено, что превращение беспорядок→порядок в исходно закаленных образцах исследованного сплава про-
текает приблизительно на порядок быстрее по сравнению с предварительно деформированными образцами. 

Ключевые слова: Сu–56 ат. % Au; сплавы Cu–Au; атомное упорядочение; резистометрия; сверхструктурные 
рентгеновские отражения; оценка степени порядка. 
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Abstract: In the process of formation of composite coatings, partial dissolution of strengthening particles (most often 

carbides) in the matrix is possible; therefore, in some cases, the material creation mode is chosen taking into account  
the volume fraction of primary carbides not dissolved during coating deposition. The methods currently widely used for 
calculating the volume fraction of carbides in the structure of composite coatings (manual point method and programs im-
plementing classical computer vision methods) have limitations in terms of the possibility of automation. It is expected 
that performing semantic segmentation using convolutional neural networks will improve both the performance of the pro-
cess and the accuracy of carbide detection. In the work, multiclass semantic segmentation was carried out including  
the classification on the image of pores and areas that are not a microstructure. The authors used two neural networks 
based on DeepLab-v3 trained with different loss functions (IoU Loss and Dice Loss). The initial data were images of vari-
ous sizes from electron and optical microscopes, with spherical and angular carbides darker and lighter than the matrix, in 
some cases with pores and areas not related to the microstructure. The paper presents mask images consisting of four clas-
ses, created manually and by two trained neural networks. The study shows that the networks recognize pores, areas not 
related to the microstructure, and perfectly segment spherical carbides in images, regardless of their color relative to  
the matrix and the presence of pores in the structure. The authors compared the proportion of carbides in the microstruc-
ture of coatings determined by two neural networks and a manual point method. 

Keywords: composite coatings; carbides; optical microscopy; scanning electron microscopy; semantic segmentation; 
neural networks. 
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INTRODUCTION 
At present, the industry is imposing increasingly strict 

requirements to strength, wear resistance, durability, and 
other working properties of machine parts and tools. To 
solve the problem of improving the tribological properties 
of products, new wear-resistant materials and coatings, in-
cluding composite ones, are constantly being developed [1]. 
One of the most promising coatings for operation under 
abrasive wear conditions are “carbide – metal matrix” com-
posite materials [2–4]. 

For the effective composite coating formation, it is ne-
cessary that the matrix has a relatively low melting point, 
and the carbides have a high one [5]. Thus, when creating  
a material, a wear-resistant filler will be provided in the 
form of initial primary particles not dissolved in the matrix. 
However, carbides can partially dissolve in the matrix when 
creating composite coatings [6–8], thereby reducing their 
wear resistance [9]. In this regard, in a number of cases, 

when developing a coating technology for the resulting 
prototypes, both the composition and effective properties 
are studied, and the volume of coarse primary strengthening 
particles in the microstructural material is determined. 

Currently, the standardised method for determining  
the phase volume fraction is the manual point method ac-
cording to ASTM E 562-02, which is a labour-intensive 
process. Simplification of the process is possible by using 
programs implementing classical computer vision methods, 
such as Siams, Thixomet, ImageJ, JMicroVision, etc. [10; 
11]. However, it was shown in [12] that the use of classical 
computer vision methods has a number of limitations, that 
make it difficult to automate the process. 

The application of neural networks for segmentation of 
images of composite materials is a possible problem solu-
tion. In this case, semantic segmentation, the process of 
understanding images at the pixel level [13], is performed, 
which allows dividing images into the areas corresponding 
to the semantic class in a predetermined list. A neural  
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network studies the features of the classes using pre-
prepared masks – images marked by different colours. Se-
mantic segmentation combines object detection, shape 
recognition, and classification. 

The use of convolutional neural networks makes it pos-
sible to significantly improve the semantic segmentation 
performance [14]. Over the past few years, many semantic 
segmentation models, based on convolutional neural net-
works have demonstrated good performance in the image 
segmentation tasks, such as FCN, SegNet, RefineNet,  
U-net, PSPNet, and DeepLab [13; 15; 16]. To produce 
segmentation maps, the DeepLab model implements an 
architecture based on a convolutional neural network. In 
addition to conventional convolutions, discharged convolu-
tion kernels are used, which allow considering, more spatial 
information without increasing the number of parameters 
[17]. A more advanced DeepLab-v3 version is characteri-
sed by the improved performance at high segmentation ac-
curacy [18]. 

In the work [12], WC tungsten carbide particles were 
segmented in the structure of NiCrBSi coatings using  
U-net and LinkNet networks. At the same time, the task 
of one-class segmentation was solved: pixels were iden-
tified, which belonged and did not belong to carbides. 
The authors of the work note that the trained models had 
a tendency for incorrect classification of pores, related to 
the class of carbides. 

The present work aims to determine the volume frac-
tion of primary carbides in the microstructure of compo-
site materials, using trained neural networks, based on 
DeepLab-v3 for semantic segmentation. An implementa-
tion feature is multiclass segmentation including classi-
fication by image of pores and domains that are not  
a microstructure. 

 

METHODS 
The initial data were images of the microstructure of 

composite coatings based on nickel and iron with coarse 
primary tungsten, titanium, and chromium carbides, ob-
tained using a Tescan VEGA II XMU scanning electron 
microscope and the optical system of a Shimadzu HMV-
G21DT microhardness tester. The use of two different 
methods allowed obtaining images with different characte-
ristics: different sizes (768×840 and 640×480 pixels), 
TIFF/JPG formats, carbides in microphotographs are lighter 
and darker than the matrix, the presence/absence of areas 
that are not a microstructure (areas with shooting parame-
ters and a scale bar). Moreover, the images obtained by 
both methods were characterised by the presence of pores 
on some of them, as well as the presence of two types of 
carbides: spherical and angular. The number of original 
images was 41. 

For convenience, all files were converted to the PNG 
format. The data set was marked manually in MS Paint 
(obtaining masks – ground truth images), using four co-
lours: dark gray on the mask image – carbides, black – 
pores, white – the rest of the microstructure, light gray –  
the area that is not a microstructure. 

The implementation of the deeplabv3_resnet101 model 
from the torchvision library was taken as a neural network. 
As the base for the deeplabv3_resnet101 model, the ResNet 

image classification network of the resnet101 version pre-
trained on the Imagenet dataset was used. By default,  
the number of recognisable classes in the DeepLab-v3 net-
work is 21. In the work, the head of the network was re-
trained, with the replacement of the number of output layers 
in the last convolution by 4 – according to the number of 
identifiable classes. At the network output, a float tensor 
with the size of (B, C, H, W) is obtained, where B is  
the batch size, C is the number of classes, H is the image 
height, and W is the image width. 

To train the network, the authors used the Adam opti-
mizer. According to the results of preliminary tests, from 
the traditional range of learning rates for Adam from 10−4  
to 10−3, a learning rate of 3∙10−4 was chosen. The batch size 
was equal to 32. At the same time, 80 training and 
20 testing iterations were performed at each training epoch. 
The number of epochs was 20. 

Two networks were created with the same parameters 
except for the loss function. For one network, the loss func-
tion was based on the Jaccard distance metric, known as 
IoU (Intersection over Union), and for the other, on  
the Sörensen–Dice metric (Dice) [19]. 

Five images with different features were selected for  
the test set. The remaining 36 images were subjected to  
the following processing. Since it is preferable to train  
a neural network using images of the same size, a size of 
224×224 pixels was chosen, corresponding to the re-
commended size for the ResNet network, on the basis of 
which the selected DeepLab-v3 model is built. Frag-
ments of 224×224 pixels were cut out from the original 
images and masks with a random step from 50 to 
65 pixels along each axis. Then the original images were 
reduced twice, and the procedure was repeated for  
the reduced images. The division of the obtained 
3148 images into training and testing sets was performed 
randomly with a ratio of 0.8:0.2. 

The trained model allows building a mask from a pho-
tograph of a microstructure of arbitrary resolution. To do 
this, the program cuts the original image into fragments of 
224×224 pixels. If the size (width or height) of the original 
image is not a multiple of 224, the last (in horizontal or 
vertical direction) square may have an intersection with  
the penultimate one. The network processes each fragment 
separately, and then the mask of the entire image is as-
sembled in reverse order. The mask obtained as a result of 
the neural network operation allows calculating the vo-
lume fraction of the content of carbides (dark gray pixels) 
in the microstructure image as a percentage. In this case, 
areas not related to the microstructure (light gray pixels) 
are subtracted from the calculation of the total area occu-
pied by the microstructure. 

Comparison of the proportion of carbides, in the micro-
structure, determined using artificial intelligence was car-
ried out, applying a manual point method for determining 
the volume fraction of phases according to ASTM E 562. 
To do this, a 100-points grid was applied to the test images 
(Fig. 1). The volume fraction of carbides was calculated as 
the ratio of the number of grid points fell on the carbide  
to the total number of points. In the case of a point hitting 
the “carbide-matrix” boundary, it was considered as be-
longing to both phases, so its contribution to the calculation 
of the proportion of carbides was 0.5. 
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Fig. 1. An example of determining the fraction of carbides in the microstructure according to ASTM E 562 test method 
Рис. 1. Пример расчета доли карбидов в микроструктуре по ASTM E 562 

 
 
 
RESULTS 
Table 1 shows the microstructure images used as test, 

as well as image masks using four assigned colours ge-
nerated by a human (manual marking) and two neural 
networks trained with different loss functions: IoU Loss 
and Dice Loss. 

It can be observed that the neural networks had no prob-
lems when segmenting the areas not occupied by the micro-
structure (light gray in images 1, 2 and 5). The networks 
also recognise pores (black in images 4 and 5), and if in 
image 5 the carbides are lighter than the matrix, and  
the pore visually differs significantly from them in colour, 
then in image 4 the carbides are darker than the matrix and, 
similar to the pore, is spherical. Therefore, adequate pore 
recognition in this image was not predictable. It can be ob-
served, however, that the network with Dice Loss mistook  
a small part of the pore for a carbide part.  

Artificial intelligence segmentation of carbides, occupy-
ing a large volume in images and are characterised by vari-
ous visual features, was expectedly performed with some 
errors. Among them is the recognition of carbides in  
the places of their absence (highlighted by a dashed circle 
in the image 1 of the network with Dice Loss) and, con-
versely, the non-recognition of a part of the carbide (high-
lighted by a dashed circle in images 2, 4, and 5), which was 
recorded by both networks in the same places. The analysis 
of this error showed that it is related to cutting the original 
images into squares of 224×224 pixels, and processing 
them separately. In this case, a small edge of the carbide 
appeared in another image, and the network did not recog-
nise it. Probably for the same reason, image 3 is segmented 
with the largest error, since in some sliced images, large 
carbide occupied most of the frame. 

In general, one can note good recognition of pores by 
trained neural networks and excellent segmentation in 
images of spherical carbides, regardless of their colour 

relative to the matrix and the presence of pores in the 
structure. 

Table 2 calculates the volume fraction of carbides in  
the microstructure of coatings in test images. It can be ob-
served that the calculation according to ASTM showed 
good results, compared to the reference calculation accord-
ing to manual marking, the difference is from 0.5 to 1.3 % 
of the volume fraction of carbides. The neural network with 
IoU Loss, showed a difference with the ground truth images 
from 0.1 to 1.1 %, and the network with Dice Loss – from 
0.1 to 0.6 % of carbides. Table 3 shows the mean square 
error of calculating the fraction of carbides over the entire 
test set. The calculation by the network with Dice Loss was 
characterised by the smallest value of the mean square error 
(0.14), and the calculation according to ASTM – by  
the largest one (0.80). 

However, the mean square error of calculating the frac-
tion of carbides does not fully reflect the quality of the neural 
network, since it does not consider the “two-sided” errors of 
the network: finding carbides where they are absent, and not 
finding where they should be. Therefore, the IoU, Dice, and 
MeanIoU metrics, the values of which can range from 0 to 1 
and tend to 1 in the case of the smallest error in the segmen-
tation of areas, were also defined for neural networks. De-
spite the less accurate determination of the volume fraction 
of carbides in percent (Table 2), the network with IoU Loss is 
characterised by the maximum values of all three metrics 
(Table 3), which is associated with its smaller inaccuracies 
(compared to the network with Dice Loss), in the segmenta-
tion of the most “problematic” image No. 3 (Table 1). 

 

DISCUSSION  
The use of artificial intelligence has a number of disad-

vantages, in particular, the necessity of collecting and pre-
paring a large amount of data for training a neural network 
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Table 1. Microstructure images from test set and imaging of masks created manually and by two neural networks 
Таблица 1. Изображения микроструктуры из тестового набора и отображение масок,  

сформированных вручную и двумя нейронными сетями 
 
 

No. Microstructure 
 image 

Manual  
marking 

Network with  
Loss=(1−IoU) 

Network with  
Loss=(1−Dice) 

1 

    
2 

    
3 

    
4 

    
5 

    
 

 
 

[20], as well as selecting training parameters for more accu-
rate network operation, and many of them are selected only 
experimentally [21]. Thus, training a neural network and 
reducing the segmentation error of carbides takes a long 
time. However, in the future, the network will determine 
the volume fraction of carbides in images in the split se-
conds. The calculation, using the manual method according 
to ASTM, takes less time than training the neural network, 
but much more than the calculation by the network after 
training, and there are no prerequisites for reducing the time 

of this operation. Moreover, the “step” for determining  
the volume fraction according to ASTM, in the case of  
a 100-points grid, is 0.5 %, and in the case of high-quality 
neural network training, the accuracy will be higher. In  
the case of using neural networks, the statistical error in 
determining the average carbide content over the entire 
coverage area can also be reduced, since fast calculation 
allows increasing the number of analysed fields of vision. 

The networks trained in this work are characterised by 
good pore recognition, and excellent segmentation of spherical 
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Table 2. The fraction of carbides in the microstructure of coatings determined by different methods, % 
Таблица 2. Доля карбидов в микроструктуре покрытий, определенная различными методами, % 

 
 

No. of image Manual marking Calculation according  
to ASTM Network with IoU Loss Network with Dice Loss 

1 15.8 16.5 15.7 15.6 

2 48.4 49.0 48.5 48.5 

3 36.6 35.5 37.7 37.2 

4 28.5 28.0 27.9 28.3 

5 36.2 37.5 36.6 36.7 

 
 
 

Table 3. Mean square error, IoU, Dice, and MeanIoU metrics for different methods of determining the fraction of carbides 
Таблица 3. Среднеквадратическая ошибка, метрики IoU, Dice и MeanIoU для разных методов определения доли карбидов 

 
 

Methods of determining  
the fraction of carbides Mean square error IoU Dice MeanIoU 

Calculation according to ASTM 0.80 – – – 

Network with IoU Loss 0.37 0.958 0.979 0.952 

Network with Dice Loss 0.14 0.956 0.977 0.945 

 
 
 

carbides, regardless of the imaging method (optical/electron 
microscope), and can now be successfully applied to esti-
mate the volume fraction of spherical carbides in the micro-
structure of coatings. 

There are some problems with segmentation of angular 
carbides, which may be related both to the lower number of 
images with this type of carbides in the network training 
set, and to the fact that such carbides were large (relative to 
the total image area) in the tested images and therefore not 
adequately estimated by networks trained on small 
(224×224 pixels) image fragments. 

The solution to these problems can be either ex-
panding the dataset, in particular adding images with 
angular carbides, and situations where the carbide takes 
up most of the frame, or changing the network training 
parameters: training on larger images, testing other loss 
functions, varying the size of the batch size, learning 
rate, etc. 

 

CONCLUSIONS 
The study shows the principal possibility of using two 

neural networks based on DeepLab-v3 trained with differ-
rent loss functions (IoU Loss and Dice Loss) for semantic 
segmentation of carbides in the microstructure of composite 
coatings and subsequent calculation of their volume frac-
tion. The networks recognise pores, areas not related to  
the microstructure and perfectly segment spherical carbides 
in images, regardless of their colour relative to the matrix 
and the presence of pores in the structure. 

The values of the volume fraction of carbides deter-
mined by both networks differed from the reference values 
by smaller amounts than the values calculated by the manu-
al point method according to ASTM. The network with IoU 
Loss is characterised by the maximum values of all IoU, 
Dice, and MeanIoU metrics compared to the network with 
Dice Loss, which indicates a smaller error in the segmenta-
tion of areas. 

The main problem of the networks was the segmenta-
tion of a large angular carbide, which can be solved by ex-
panding the dataset and changing the neural network train-
ing parameters. 
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Аннотация: В процессе формирования композиционных покрытий возможно частичное растворение упроч-
няющих частиц (чаще всего карбидов) в матрице, поэтому в ряде случаев выбор режима создания материала осу-
ществляется с учетом объемной доли первичных, не растворившихся при нанесении покрытий карбидов. Широко 
используемые в настоящее время методы расчета объемной доли карбидов в структуре композиционных покры-
тий (ручной точечный метод и программы, реализующие классические методы машинного зрения) имеют ограни-
чения по возможности автоматизации. Ожидается, что выполнение семантической сегментации с использованием 
сверточных нейронных сетей повысит как производительность процесса, так и точность определения карбидов.  
В работе проводилась многоклассовая семантическая сегментация, включающая классификацию на изображении 
пор и областей, не являющихся микроструктурой. Использовались две нейронные сети на основе DeepLab-v3, 
обученные с разными функциями потерь (IoU Loss и Dice Loss). Исходными данными были изображения различ-
ных размеров с электронного и оптического микроскопов, с карбидами сферической и угловатой формы темнее  
и светлее матрицы, в ряде случаев – с порами и областями, не относящимися к микроструктуре. В работе пред-
ставлены изображения-маски, состоящие из четырех классов, созданные вручную и двумя обученными нейрон-
ными сетями. Показано, что сети распознают поры, области, не относящиеся к микроструктуре, и отлично сегмен-
тируют на изображениях карбиды сферической формы, независимо от их цвета относительно матрицы и наличия 
пор в структуре. Проведено сравнение доли карбидов в микроструктуре покрытий, определенной двумя нейрон-
ными сетями и ручным точечным методом.  

Ключевые слова: композиционные покрытия; карбиды; оптическая микроскопия; растровая электронная мик-
роскопия; семантическая сегментация; нейронные сети. 
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Abstract: The formation of representative databases determines the interest in forecasting and managing the quality of 
metal based on data mining using special software products often based on regression analysis and not always taking into 
account the statistical nature of an object of study itself. This can lead to misinterpretation of the results or incomplete ex-
tracted information reducing the efficiency of statistical processing. Based on the analysis of the production database of  
the technology for producing 13G1S-U sheet steel, the authors evaluated the possibilities of multiple linear regression for 
predicting the quality of a steel sheet. The study shows that the type of distribution of the values of control parameters,  
the distribution nature of which was estimated based on the determination of the skewness and kurtosis coefficients, 
limits the regression forecast depth. Due to the great deviation of the predicted models from the experimental values in 
the right tail area of the distribution of the impact strength values, in this work, the authors developed the methods for 
separating data arrays and proposed criteria to compare the obtained results. To assess the accuracy of the results ob-
tained, arrays with a deliberately asymmetric distribution were selected from the initial sample, against which the statis-
tical characteristics were also compared. Based on the proposed techniques, the authors identified the dominant chemi-
cal elements that contribute to the difference in the distribution of the values of acceptance properties existing within 
the same standard technology. The study shows that the proposed separation method can be used as a variation of cog-
nitive graphics techniques to identify areas with a dependence dominant type based on the correlation of skewness and 
kurtosis coefficients. 

Keywords: analysis of production control data; metal product quality control; quality forecast in metallurgy; cognitive 
graphics techniques; production data mining; 13G1S-U steel. 

For citation: Timoshenko V.V., Budanova E.S., Kodirov D.F., Sokolovskaya E.A., Kudrya A.V. Concerning the selec-
tion of areas with a dominant type of dependence when analyzing production control data. Frontier Materials & Techno-
logies, 2023, no. 3, pp. 103–114. DOI: 10.18323/2782-4039-2023-3-65-10. 

 

INTRODUCTION 
The high level of fitting of metallurgical enterprises 

with digital tools of intermediate control, and information 
collection, allows obtaining representative databases of 
production in a short period. This determines the interest in 
a post-event analysis of such data arrays for identifying the 
reasons for the heterogeneity of the quality of metal pro-
ducts, and developing sound principles for managing them 
[1; 2]. When analysing such information, a passive experi-
ment is implemented [3; 4]. The costs of which are justified 
within the current, well-functioning technology, when  
the high quality of the metal is achieved for a part of  
the product (usually from half of its volume or less), and it 
is necessary to solve the problem of “improving the low-
performers” to the advanced level [5]. 

Traditional approaches to solving such problems are 
based, in particular, on the analysis of the stability of pro-

cess and product parameters, for example, using Shewhart 
control charts1. Their main disadvantage is the assumption 
of normalcy of distributions and a single space of process 
and product parameters, which can lead to poor forecasting 
performance [6]. In fact, a deep post-event analysis will be 
more informative, revealing both the presence of direct 
links between significant control parameters and properties 
and their manifold influence, taking into account existing 

                                                 
1 GOST R ISO 7870-1-2022. Statistical Methods. Control 

Charts. Part 1. General guidelines. M.: Russian Standardization 
Institute, 2022. 19 p. 

GOST R ISO 7870-2-2015. Statistical Methods. Control 
Charts. Part 2. Shewhart Control Charts. M.: Standartinform, 
2016. 41 p. 

GOST R ISO 7870-3-2013. Statistical Methods. Control 
Charts. Part 3. Acceptance Control Charts. M.: Standartinform, 
2014. 18 p. 
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areas with one or another type of dependence, the bounda-
ries of which can be determined, for example, using cogni-
tive graphics techniques. [7]. 

Recently, to solve the problem of quality control of 
metal products (including end-to-end – from smelting to 
acceptance tests), machine learning algorithms are increas-
ingly used. Among them, methods based on decision trees 
[8–12], neural networks, etc. [13–19] have become wide-
spread. In a number of cases, their application allowed cre-
ating models, the prediction of which was higher against 
the conventional regression, for example, when developing 
a digital laser cladding model [9]. Random forest algo-
rithms were also used when predicting the structure (in par-
ticular, the interlamellar distance of precipitated phases), 
and mechanical properties for alloys with a relatively short 
production chain [11; 12]. The application of methods, 
based on decision trees, showed its effectiveness when pre-
dicting the consequences at individual stages of the produc-
tion cycle. 

There is a wide interest in software solutions built on 
the basis of neural networks, for example, for predicting 
mechanical (during tensile and impact tests [14], as well as 
measuring hardness [15]), and processing characteristics 
(hardenability [16]) depending on chemical composition. 
Moreover, the use of neural networks was tested in the pro-
duction of slabs, to predict the cast structure, depending on 
the variation in the values of technological parameters of 
production [17]. Neural networks were also applied to pre-
dict metal defects in the manufacturing process [5]. Neural 
networks are actively used when recognizing the structure 
objects, for example, when detecting sulfide inclusions [18] 
or classifying structural components [19]. Despite their 
“independence” in work, it is obvious that the effectiveness 
of the functioning of neural network software products will 
be largely determined at the stage of their training by highly 
skilled representatives of the expert community. 

In this regard, in particular, it is important to consider 
issues related to specifying the role of the statistical nature 
of objects in metallurgy, when applying both classical and 
developed algorithms. Obviously, it is also important to 
determine the boundaries of areas with a dominant depend-
ence type, the patterns of their interaction, which will allow 
justifying the choice of appropriate statistical procedures 
and criteria. When developing IT solutions in relation to 
metallurgy, these circumstances are not always given  
the necessary attention, which, at least, follows from the 
analysis of relevant publications. 

The purpose of this work is to determine the procedure 
for selecting samples (with the asymmetric nature of  
the distribution histograms of the values of the 13G1S-U 
sheet steel acceptance characteristics), to identify areas of 
change in technological parameters with a dominant de-
pendence type. 

 

METHODS 
The study object was the database of production control 

of the process and product of the technology for producing 
rolled 13G1S-U steel with a sheet thickness of 12 mm and 
consisting of 1021 heats. The impact strength values at test 
temperatures of 0 and −40 °С (KCV0 and KCU−40, 
respectively) were chosen as quality characteristics. 

Regression analysis was performed using multiple linear 
regression. The parameters identified were the multiple 
regression coefficients bi, the standard error of the regres-
sion coefficients σb, the correlation coefficients R, and  
the significance level of the Fisher test F. The removal of 
insignificant coefficients was carried out when the regres-
sion coefficient was equal to zero within the error and  
the Student’s risk level was equal to 0.05. 

The main calculated characteristics of the samples were 
the average value xav, the standard error of the sample σ,  
the skewness As and kurtosis Ex coefficients. 

 

RESULTS 

Initial sample analysis 
Fig. 1 shows the distribution histograms of the impact 

strength values for 13G1C-U sheet steel. 
The available samples have an asymmetric distribution, 

while the skewness coefficients are equal to 1.44 and 1.26, 
and the kurtosis coefficients are equal to 2.53 and 2.38 for 
the impact strength values KCV0 and KCU−40, respectively 
(if the error in their determination for the skewness coeffi-
cient is 0.23 and for kurtosis is 0.76). 

Regression models were obtained to predict impact 
strength, with respect to chemical composition, the charac-
teristics of which (bi is the regression coefficient; σb is  
the standard error of the regression coefficient; R is the cor-
relation coefficient; F is the Fisher criterion significance 
level) are shown in Table 1. 

The regression models obtained are significant proceed-
ing from the Fisher criterion significance level. Fig. 2 pre-
sents the graphs illustrating the correspondence of the mo-
del to the actual values. 

The resulting models predict the desired mechanical 
properties at a low level. At the same time, clearly outlying 
values of impact strength are noticeable in the region of its 
high values, which correspond to the right tails of the histo-
grams determining the deviation of the distribution as  
a whole from the normal one. This deviation may be  
the result of the joint action of independent disturbances of 
approximately equal strength, which determines the nature 
of its distribution (close to normal). Therefore, there is an 
interest in dividing the initial sample of impact strength 
values into two sub-arrays. 

Dividing the sample into two data arrays 
The initial histograms of impact strength values with pro-

nounced asymmetry were divided into two distributions (with 
signs of normal one), based on the selection of the largest 
sample of values (basic sample) as a data array, where  
the statistical outliers are absent, if the values of the skewness 
As and kurtosis Ex coefficients approach zero as much as pos-
sible [20]. The remaining impact strength values (from  
the right tail of the primary sample distribution) were selected 
into a separate array (selected sample) and supplemented with 
values from the basic sample (drawn at random from the right 
tail of its histogram), also until the values of skewness As and 
kurtosis Ex coefficients (outliers) approach zero as much as 
possible. The values of technological parameters (chemical 
composition) corresponding to the two formed samples of 
impact strength were also separated into paired data arrays.

 

104 Frontier Materials & Technologies. 2023. № 3



Timoshenko V.V., Budanova E.S., Kodirov D.F. et al.   “Concerning the selection of areas with a dominant type of dependence…” 

 

 
a 

 
b 

Fig. 1. Histograms of distributions of impact strength of 13G1S-U steel: 
a – test temperature 0 °С, V-cut;  

b – test temperature −40 °С, U-cut 
Рис. 1. Гистограммы распределений ударной вязкости стали 13Г1С-У: 

a – температура испытания 0 °С, V-надрез; 
b – температура испытания −40 °С, U-надрез 

 
 
 

Table 1. Characteristics of the “chemical composition – property” regression model for impact strength of 13G1S-U steel 
Таблица 1. Характеристики регрессионной модели «химический состав – свойство»  

для ударной вязкости листовой стали 13Г1С-У  
 
 

Property 
Equation parameters 








σb

ib
 

R F 

Mo Nb Cu Cr S Mn Si C 0 

KCU−40 −1374 
403 

1485 
270 

−252 
73 

132 
42 

−9425 
557 

−123 
33 

−106 
29 

−833 
214 

485 
62 0.53 2·10−6 

KCV0 − − − − −9412 
521 − −174 

23 − 255 
12 0.49 4·10−4 
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a 

 
b 

Fig. 2. Correspondence of predicted and observed values of impact strength of 13G1S-U steel: 
a – test temperature 0 °С, V-cut; b – test temperature −40 °С, U-cut 

Рис. 2. Соответствие предсказанных и наблюдаемых значений ударной вязкости стали 13Г1С-У: 
a – температура испытания 0 °С, V-надрез; b – температура испытания −40 °С, U-надрез 

 
 
 
Fig. 3 shows diagrams for separated impact strength ar-

rays, and Table 2 represents the statistical characteristics of 
the obtained distributions: xav average values, their σ deter-
mination error, skewness and kurtosis coefficients. At  
the same time, the number of values in the main sample and 
outliers was 878 and 143 batches for the KCU−40 impact 
strength and 858 and 163 for the KCV0 impact strength, re-
spectively. 

According to the appearance of the diagrams, and the va-
lues of the skewness and kurtosis coefficients, it follows that 
the distribution of the obtained samples is close to normal. 

Table 3 presents the statistical characteristics of the che-
mical composition samples according to the division into 
sub-arrays with a normal distribution of KCU−40, and KCV0 
impact strength values. Differences between the types of 
distribution of the corresponding chemical composition 
samples were estimated based on a comparison of the va-
lues of the skewness and kurtosis coefficients for the main 
sample and selected within the error. Therefore, for example, if 
the difference between the coefficients was greater than  

the sum of their errors, then this confirmed the validity of 
the hypothesis about the difference between the samples. 

One should note that following the results presented in 
Table 3, it is not possible to identify differences between  
the samples based on the average values of the content of  
the chemical composition constituents. However, for some 
arrays of values of the content of chemical elements in  
the basic and selected samples, there is a difference in  
the form of their distribution: the values of their skewness and 
kurtosis coefficients differ significantly. Thus, for two sam-
ples of impact strength at −40 °C, differences were revealed in 
the form of corresponding distributions of the content of sul-
phur, nickel, titanium, vanadium, niobium, boron, and molyb-
denum; for two samples of impact strength at 0 °C – for  
the content of nickel (by the value of the kurtosis coefficient 
only), titanium, vanadium, niobium, and molybdenum. In 
both cases, the difference in the titanium distribution was re-
vealed by the kurtosis coefficient only. This means, that par-
ticular, these parameters contribute the most to the difference 
between the normally distributed samples shown in Fig. 3.
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a 

 
b 

Fig. 3. Distribution diagrams for the impact strength values of 13G1S-U steel  
when dividing the initial array into two sub-arrays: 

a – test temperature 0 °С, V-cut; b – test temperature −40 °С, U-cut 
Рис. 3. Диаграммы распределения значений ударной вязкости стали 13Г1С-У  

при разделении исходного массива на два подмассива: 
a – температура испытания 0 °С, V-надрез; b – температура испытания −40 °С, U-надрез 

 
 
 
 
 

Table 2. Statistical characteristics of divided arrays of the impact strength values of 13G1S-U sheet steel 
Таблица 2. Статистические характеристики разделенных массивов значений ударной вязкости листовой стали 13Г1С-У 

 
 

Property Sample type хav, J/cm² σ, J/cm² As Ex 

KCV0 
Basic 101 29 0.25±0.25 −0.46±0.83 

Selected 205 51 0.19±0.57 0.64±1.83 

KCU−40 
Basic 118 34 0.24±0.25 −0.54±0.82 

Selected 214 58 0.12±0.60 0.45±1.94 
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Identification of ar eas of change in the values 
of control parameters with a dominant dependence type 

The assessment of the influence of certain technology 
parameters on the quality deviation based on the traditional 
comparison of their average values over the sample is com-
plicated by some factors, for example, due to the lack of 

a normal distribution of control parameter values. Regres-
sion is also usually ineffective due to the lack of a single 
space of process and product parameters. Obviously, 
the influence of certain technology parameters (mainly 
joint) on the properties of metal products, both positive and 
negative, is most pronounced, when the level of properties 

Table 3. Statistical characteristics of samples corresponding to the distribution of the content of the 13G1S-U steel 
chemical composition elements, which conform to the basic and selected arrays of the impact strength values (KCU−40 and KCV0) 

Таблица 3. Статистические характеристики выборок, отвечающих распределению содержания элементов химического 
состава стали 13Г1С-У, соответствующих основному и выделенному массивам значений ударной вязкости (KCU−40 и KCV0) 

P a r a m e t e r 
Relevant to the array of the KCU−40 values Relevant to the array of the KCV0 values 

хav, % wt. σ, % wt. As Ex хср, % wt. σ, % wt. As Ex 

C 
0.13* 0.01 −1.34 2.02 0.13 0.01 −1.36 1.97 

0.13 0.01 −0.99 0.13 0.13 0.01 −1.13 0.81 

Si 
0.49 0.06 −2.28 6.46 0.48 0.06 −2.28 6.12 

0.47 0.08 −2.48 4.99 0.48 0.07 −2.81 7.80 

Mn 
1.41 0.06 1.57 3.19 1.41 0.06 1.60 3.14 

1.41 0.05 1.68 4.38 1.41 0.05 1.19 3.49 

P 
0.014 0.003 1.24 2.18 0.014 0.003 1.22 2.17 

0.014 0.003 0.95 1.42 0.014 0.003 1.06 1.35 

S* 
0.006 0.003 1.29 2.82 0.006 0.003 1.39 3.37 

0.004 0.003 3.23 15.09 0.004 0.002 1.07 1.06 

Cr 
0.10 0.03 1.60 4.33 0.10 0.03 1.63 4.35 

0.11 0.04 1.43 3.04 0.10 0.03 1.27 2.80 

Ni* 
0.09 0.02 1.89 7.01 0.09 0.02 1.76 6.36 

0.13 0.02 0.18 −0.32 0.09 0.02 2.12 9.11 

Cu 
0.13 0.02 0.82 1.08 0.13 0.02 0.78 0.97 

0.13 0.02 0.18 −0.32 0.13 0.02 0.76 1.40 

Ti* 
0.006 0.005 3.38 10.05 0.006 0.005 3.18 8.78 

0.006 0.005 2.73 6.88 0.005 0.004 3.95 15.96 

Al 
0.03 0.006 −0.03 0.42 0.03 0.006 −0.04 0.46 

0.03 0.006 −0.13 −0.05 0.03 0.006 −0.04 −0.19

V* 
0.003 0.009 5.40 29.12 0.004 0.009 5.11 25.87 

0.007 0.014 2.85 6.42 0.005 0.013 3.48 10.49 

N 
0.009 0.002 0.13 −0.93 0.009 0.002 0.13 −0.92

0.008 0.002 0.42 −0.16 0.008 0.002 0.36 −0.42

As 
0.017 2·10–16 1.00 −2.00 0.017 2·10–16 1.00 −2.00

0.017 5·10–17 1.01 −2.03 0.017 6·10–17 1.01 −2.03
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Continue table 3 
 

P a r a m e t e r 
Relevant to the array of the KCU−40 values Relevant to the array of the KCV0 values 

хav, % wt. σ, % wt. As Ex хср, % wt. σ, % wt. As Ex 

Nb* 
0.043 0.007 2.57 6.78 0.043 0.007 2.50 6.31 

0.044 0.005 1.28 2.24 0.043 0.005 0.85 −1.30 

B* 
0.001 0.0001 −3.12 11.54 0.001 0.0001 −2.93 10.19 

0.001 0.0002 −2.11 5.60 0.001 0.0001 −2.90 10.75 

Mo* 
0.008 0.004 6.18 47.60 0.008 0.004 6.34 51.04 

0.008 0.001 0.35 −1.05 0.008 0.003 7.56 75.76 
Note. The basic sample is in the upper line of a cell, the selected sample of the impact strength values of the initial array is in the 

lower line of a cell.  
* Chemical composition elements for which the differences in the form of the distribution of values of their content in the basic and 

selected samples are identified (the corresponding coefficients are highlighted in bold).  
Примечание. В верхней строке ячейки основная, в нижней – выделенная выборка значений ударной вязкости исходного 

массива.  
* Элементы химического состава, для которых выявлены различия в виде распределения значений их содержания  

в основной и выделенной выборках (соответствующие коэффициенты выделены полужирным начертанием).  
 
 

 
is close to either the upper or lower limits of the sample of 
their distribution. The selection of the relevant data sub-
arrays, from the production control database can be effec-
tive for the subsequent determination of the areas of change 
in the technology parameters with the dominant dependence 
type – corresponding, for example, to high and low (posi-
tive and negative signs, respectively) values of impact 
strength. For this purpose, a two-dimensional display of the 
areas of existence of objects in the form of a “cloud of 
points” on different planes of xi–xm parameters is useful 
[21]. If the cloud splits into two, then, obviously, there is 
some objective reason. Usually, the division of arrays is 
carried out either by selecting an equal number of left and 
right columns of the histogram of the distribution of  
the output parameter values (if the sample of n measure-
ments is divided into the number of digits n1/3 and the va-
lues in the extreme digit numbers are near-equal). However, 
the correspondence of the values in the left and right tails of 

the histogram is more often observed with a symmetrical 
distribution, and in the presence of more or less pronounced 
asymmetry, such a condition is rather difficult to fulfill. In 
this case, it is not easy to substantiate even the boundaries 
of the selection of the distribution “long” tail to identify 
subsequently the reasons for its formation. In this regard, 
the variant of considering it as a separate disturbance with  
a normal distribution proposed in the paper, can be useful 
as one of the methods of cognitive graphics used to separate 
data arrays. 

Table 4 presents the statistical characteristics of  
the distributions of the content of the 13G1S-U sheet 
steel chemical composition elements corresponding to 
the impact strength (KCU−40 and KCV0) values of  
the basic and selected samples (obtained by splitting  
the initial distribution histograms of the impact strength 
values with right-hand asymmetry according to the pro-
posed procedure). 

 
 
 

Table 4. Statistical characteristics of samples corresponding to the distribution of the content of the 13G1S-U steel chemical composition  
elements, which conform to the left and right tails of the distribution of the impact strength values (KCU−40 and KCV0) 

Таблица 4. Статистические характеристики выборок, отвечающих распределению содержания элементов химического состава 
стали 13Г1С-У, соответствующих левым и правым хвостам распределения значений ударной вязкости (KCU−40 и KCV0) 

 
 

P a r a m e t e r 
Relevant to the array of the KCU−40 values Relevant to the array of the KCV0 values 

хav, % wt. σ, % wt. As Ex хср, % wt. σ, % wt. As Ex 

C 
0.13 0.01 −0.78 −0.33 0.14 0.01 −0.90 −0.12 

0.13 0.01 −0.60 −0.73 0.13 0.01 −0.83 −0.29 

Si 
0.48 0.07 −1.85 2.85 0.46 0.08 −1.25 −0.15 

0.46 0.09 −2.20 3.40 0.46 0.08 −2.45 4.65 
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Continue table 4 
 

P a r a m e t e r 
Relevant to the array of the KCU−40 values Relevant to the array of the KCV0 values 

хav, % wt. σ, % wt. As Ex хср, % wt. σ, % wt. As Ex 

Mn 
1.42 0.05 1.35 2.02 1.44 0.08 1.12 −0.07 

1.40 0.04 −0.14 −0.69 1.41 0.04 0.09 0.24 

P 
0.015 0.003 0.77 −0.21 0.016 0.003 0.29 −0.73 

0.014 0.003 1.23 4.86 0.014 0.003 1.57 3.95 

S* 
0.007 0.004 1.50 2.50 0.008 0.005 0.98 0.33 

0.003 0.001 1.34 0.61 0.003 0.001 2.36 6.57 

Cr 
0.12 0.05 1.51 2.18 0.10 0.04 1.26 0.78 

0.11 0.04 1.34 3.04 0.11 0.05 1.38 1.58 

Ni 
0.09 0.02 0.69 0.34 0.09 0.02 1.30 1.37 

0.13 0.02 0.25 −0.49 0.08 0.01 0.93 0.90 

Cu 
0.13 0.02 0.62 0.31 0.13 0.02 0.40 0.73 

0.13 0.02 0.25 −0.49 0.12 0.02 0.10 −0.28 

Ti* 
0.007 0.007 1.94 2.26 0.010 0.010 1.05 −0.81 

0.006 0.005 1.82 1.56 0.006 0.005 2.59 5.78 

Al 
0.029 0.006 0.59 0.76 0.031 0.006 0.43 −0.61 

0.028 0.006 −0.75 −0.21 0.027 0.006 −0.19 0.18 

V* 
0.005 0.012 4.32 18.29 0.005 0.009 4.99 29.27 

0.008 0.016 2.40 3.94 0.007 0.016 2.63 5.24 

N 
0.009 0.002 0.57 −0.64 0.008 0.002 0.37 −1.15 

0.008 0.001 0.22 −0.42 0.008 0.001 0.05 −0.70 

As 
0.017 10–17 −1.03 −2.09 0.017 10–17 −1.04 −2.10 

0.017 10–17 −1.03 −2.09 0.017 10–17 −1.03 −2.09 

Nb* 
0.044 0.008 2.40 5.43 0.050 0.011 0.98 −0.47 

0.045 0.005 0.17 −2.06 0.044 0.005 0.46 −1.87 

B 
0.001 0.0002 −2.18 6.03 0.001 0.0003 −0.85 0.21 

0.001 0.0002 −2.04 2.42 0.001 0.0002 −2.47 4.54 

Mo* 
0.008 0.001 −0.24 −0.28 0.009 0.005 5.68 35.79 

0.008 0.002 0.47 −1.15 0.007 0.001 0.79 −0.62 
Note. The sample of low values is in the upper line of a cell, the sample of high values of the impact strength of the initial arrays 

corresponding to left and right distribution tails is in the lower line of a cell.  
* Chemical composition elements for which the differences in the form of the distribution of values of their content in the samples 

corresponding to the impact strength values at the lower and upper limits of initial histograms of their distribution are identified  
(the corresponding coefficients are highlighted in bold). 

Примечание. В верхней строке ячейки – выборка из низких значений, в нижней – высоких значений ударной вязкости  
исходных массивов, соответствующие левым и правым хвостам распределения. 

* Элементы химического состава, для которых выявлены различия в виде распределения значений их содержания  
в выборках, соответствующих значениям ударной вязкости на нижнем и верхнем пределах исходных гистограмм  
их распределения (соответствующие коэффициенты выделены полужирным начертанием). 
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From the results obtained, it is possible to identify  
the elements of the steel 13G1S-U chemical composition, in 
particular, niobium and vanadium, as well as molybdenum, 
vanadium, titanium, and sulfur, which determine the spread in 
the values of KCU−40 and KCV0 impact strength, respectively. 

 

DISCUSSION  
The low level of predicting when using regression mo-

dels is primarily related to the difference in the distribution 
type of the initial samples of values of the technology con-
trol parameters, and the lack of a single space of process 
and product parameters. One of the main statistical criteria 
for accepting and rejecting a hypothesis about the regres-
sion coefficient significance is the risk of accepting the 
hypothesis, calculated using the Student’s distribution. The 
desired Student’s coefficient, in turn, depends on the stan-
dard error of the found regression coefficient. The standard 
error in the presence of an asymmetric or bimodal distribu-
tion of control parameter values is a characteristic describ-
ing the parameter with a “large margin”, which brings  
the multiple regression coefficients into an insignificant 
region, due to which the coefficient corresponding to  
the parameter is removed from the best model. However, 
the work shows that variants of the asymmetric distribution 
of the values of control parameters, for example, the con-
tent of elements in 13G1S-U steel, are rather the norm than 
a deviation from it. 

In this regard, one should not rely on predictive produc-
tion control models based on regression analysis of the en-
tire sample. Another approach, is the analysis of the distri-
butions of technological parameters with predetermined 
boundaries: on the example of dividing the samples accord-
ing to the criterion of normality, or the choice of obviously 
different areas using other methods of cognitive graphics. 

The results obtained will be useful when developing IT 
solutions in metallurgy for forecasting and managing  
the quality of metal products (within the standard technolo-
gy without changing it in essence). 

 

CONCLUSIONS  
The study showed the multiple regression inefficiency 

when identifying the technology parameters, limiting  
the 13G1S-U sheet steel impact strength inhomogeneity and 
discussed the reasons for this: the discrepancy between  
the distributions of the values of the technology control 
parameters and the normal type of distribution and the ab-
sence of a single space of process and product parameters. 
A procedure for selecting samples with an asymmetric na-
ture of distribution histograms is proposed, which is im-
portant for an objective selection of technology parameters 
(or their combinations) that determine their appearance. 
This can be used as one of the methods of cognitive 
graphics for the subsequent selection of areas of change in 
technological parameters with a dominant dependence type. 
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Аннотация: Формирование представительных баз данных определяет интерес к прогнозированию и управле-

нию качеством металла на основе раскопок данных с использованием специальных программных продуктов, зача-
стую основанных на регрессионном анализе и не всегда учитывающих статистическую природу самого объекта 
исследования. Это может привести к ошибочной трактовке результатов или к неполноте извлекаемой информа-
ции, снижая эффективность статистической обработки. На основе анализа производственной базы данных техно-
логии получения листовой стали 13Г1С-У были оценены возможности множественной линейной регрессии для 
прогноза качества листа. Показано, что глубина прогноза регрессии ограничена видом распределения значений 
управляющих параметров, характер распределения которых оценивали на основе определения коэффициентов 
асимметрии и эксцесса. В связи с сильным отклонением прогнозируемых моделей от экспериментальных значе-
ний в области правого хвоста распределений значений ударной вязкости, в данной работе были развиты методы 
разделения массивов данных и предложены критерии сравнения получаемых результатов. Для оценки корректно-
сти получаемых результатов из исходной выборки были выделены массивы с заведомо ассиметричным распреде-
лением, относительно которых также проведено сравнение статистических характеристик. На основе предлагае-
мых методов выявлены доминирующие химические элементы, которые вносят вклад в различие распределения 
значений приемо-сдаточных свойств, существующих в рамках одной и той же штатной технологии. Показано, что 
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предложенный метод разделения может быть использован как вариация приемов когнитивной графики для выделе-
ния областей с доминирующим типом зависимости на основе соотношения коэффициентов асимметрии и эксцесса. 

Ключевые слова: анализ данных производственного контроля; управление качеством металлопродукции; про-
гноз качества в металлургии; приемы когнитивной графики; раскопки производственных данных; сталь 13Г1С-У. 
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Abstract: Friction stir processing is one of the modern methods of local modification of the surface of aluminum alloys 

in the solid-phase state, which provides the dispersion of structural components. In heat-hardened aluminum alloys with  
a matrix type structure, heat treatment following after friction stir processing can lead to abnormal grain growth in the stir 
zone. However, in alloys with the structure close to microduplex type, a fine-grained structure can be formed after friction 
stir processing and heat treatment. This work is aimed at evaluating the possibility of increasing the microstructure thermal 
stability of the AK4-1 (Al–Cu–Mg–Fe–Si–Ni) matrix-type aluminum alloy. For this purpose, AK12D (Al–Si–Cu–Ni–Mg) 
aluminum alloy with the structure close to microduplex type was locally mixed into the studied alloy by friction stir pro-
cessing. Subsequent Т6 heat treatment was carried out according to the standard mode for the AK4-1 alloy. Studies showed 
that the stir zone had an elliptical shape with an onion-ring structure. This structure comprised alternating rings with dif-
ferent amounts and sizes of excess phases. At the same time, in the stir zone center, the width of rings and the average area 
of excess phases were larger compared to the stir zone periphery, where the width of rings and the average area of particles 
were smaller. The average area of excess phases in the rings with their higher content was smaller than in  
the rings with their lower content. This distribution of excess phases leads to the formation of a fine-grained microstruc-
ture, where the average size of grains depends on the interparticle distance in the α-Al solid solution. 

Keywords: aluminum alloys; AK4-1; AK12D; friction stir processing; heat treatment; thermal stability; structure of  
onion rings; onion-ring structure.  
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INTRODUCTION 
Friction stir processing (FSP), as one of the methods of 

surface hardening of solid-phase aluminum alloys, has per-
spectives for development in various industries, since, 
compared to other traditional methods of surface treatment, 
it is free of such disadvantages as agglomeration of additive 
particles, formation of unwanted phases, and interphase 
reactions due to the high processing temperature, the neces-
sity of using additional processing methods and complex 
technological equipment, low processing efficiency, etc. 
[1]. This method of local surface modification of alloys, 
based on the physical principles of friction stir welding is 
caused by severe plastic deformation at elevated tempera-
tures, and provides the formation of a fine-grained structure 
due to the mechanisms of dynamic recrystallisation and 

recovery [2]. Such a structure often leads to an optimal 
combination of strength and ductility [3–5]. 

In heat-hardened aluminum alloys, the strength charac-
teristics are largely determined by coherent dispersed parti-
cles, the formation of which occurs due to precipitation 
hardening during heat treatment, which includes quenching 
and subsequent artificial aging [6]. However, a significant 
temperature gradient occurs during friction stir pro-
cessing/welding [7]. In this case, particles of secondary 
phases in the processed alloy can undergo complex trans-
formations, which can lead to degradation of strength cha-
racteristics. For example, in the thermo-mechanically affect-
ed zone, which is subjected to a relatively low temperature 
effect (≈0.7–0.6 Tmelt, Tmelt is the homologous melting 
temperature), as a rule, coagulation of excess phases is ob-
served, which can lead to a coherence breakdown at  
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the interphase boundaries [8]. In the stir zone heated to high 
temperatures (≈0.9–0.75 Tmelt), particles of secondary 
phases usually dissolve in the aluminum matrix. Moreover, 
depending on the deformation temperature during FSP, 
upon subsequent cooling of the alloy to room temperature, 
dispersoids can partially precipitate from the α-Al solid 
solution [9–11], contributing to a partial restoration of  
the strength characteristics. 

The required level of mechanical properties of alumi-
num alloys after friction stir processing can be achieved by 
subsequent re-quenching and artificial ageing. In this case, 
a relatively uniform release of hardening particles is pro-
vided in different areas of the treatment zone. However, 
high temperature treatment often leads to abnormal grain 
growth in the stir zone, which was observed in various alu-
minum alloys with a matrix type structure [12–14]. Doping 
of aluminum alloys with high-strength second-phase parti-
cles, such as SiC Al2O3, B4C, SiO2, TiC, fullerene, carbon 
nanotubes, graphene, etc., followed by the formation of 
aluminum-matrix composites, does not always lead to  
the suppression of abnormal grain growth [15]. Abnormal 
grain growth is usually described in terms of so-called 
Humphrey’s “cellular model” [16; 17], according to which  
the anomalous nature of grain growth is associated either 
with an increased content of low-angle boundaries, or with 
a relatively low concentration of particles of secondary 
phases. Nevertheless, it was shown in [18] that a fine-
grained structure, with an average grain size of about 
3.3±0.1 μm is formed in the AK12D aluminum alloy after 
FSP and T6 heat treatment. This alloy is characterized by  
a structure close to that of the microduplex type and con-
sisting of an α-Al matrix, and a large number of excess 
phases, including the eutectic silicon particles [6]. In this 
case, a large proportion of dispersed excess phases hindered 
the migration rate of grain boundaries under the action of 
the Zener retarding force [19]. 

Since doping of aluminum matrix alloys, with the se-
cond-phase particles does not always help to suppress  
the anomalous nature of grain growth. It was suggested that 
a local increase in particles of excess phases due to the mix-
ing of a microduplex-type aluminum alloy into it, can lead 
to the formation of a fine-grained structure after high-
temperature treatment. 

The purpose of this work is to evaluate the possibility of 
increasing the thermal stability of the AK4-1 aluminum 
alloy microstructure by the local mixing of the AK12D 
alloy into it by friction stir processing, and subsequent T6 
heat treatment. 

 

METHODS 
In this work, the authors considered an commercial heat-

resistant aluminum alloy AK4-1 with the following chemical 
composition: Al–1.97%Cu–1.73%Mg–1.01%Fe–0.98%Si–
0.96%Ni–0.24%Co (wt. %). From a hot-pressed AK4-1 alloy 
bar Ø140 mm, plates were cut in the transverse direction, 
which were machined with a surface roughness of 0.6 Ra. 
The final thickness of the plates was 7 mm. Grooves 2 mm 
wide and 2 mm deep were cut out in the surfaces of these 
plates. As a reinforcing material, the industrial heat-resistant 
aluminum alloy AK12D with the following chemical 
composition was used: Al–12.8%Si–1.67%Cu–1.03%Ni–
0.84%Mg–0.33%Mn–0.23%Co–0.24%Fe (wt. %). Inserts in 

the form of rectangular parallelepipeds made of AK12D al-
loy 2 mm wide and 2 mm high were placed in the grooves of 
AK4-1 alloy plates. The blank part was attached to the table 
of a modernized universal milling machine. In order for  
the inserts in the grooves not to move during the FSP process, 
the surface of this area was “rubbed” with hangers. In this 
case, the tool was advanced along the blank surface normal. 

Then, a single-pass friction stir processing was per-
formed. A processing tool with a cylindrical pin Ø6 mm 
and a height of 4 mm with a left-hand thread was used. The 
processing tool was introduced into the alloy under study at 
an angle of α=2° to the surface of the blank part, until its 
shoulders came into contact with the surface to be subjected 
to FSP. The speed modes of the processing tool were  
the following: rotation speed ω – 1000 rpm, feed rate  
ν – 30 mm/min. T6 heat treatment of all studied composi-
tions of aluminum alloys was carried out according to the 
following mode: quenching at a temperature of 530±5 °C, 
artificial aging at 190±2 °C for 10 h. 

Structural changes were evaluated in the initial heat-
treated state, as well as in the state after FSP and subsequent 
T6 heat treatment. The cross sections of the processed blank 
parts were prepared for macro- and microstructural analysis. 
To study the macrostructure and the grain structure, the sam-
ples were etched in a solution of the following composition: 
H2O (60 ml), HNO3 (35 ml), HF (5 ml). 

Macrostructural analysis of the cross sections of the sam-
ples was carried out using a ZEISS Axio Scope.A1 optical 
microscope (OM). Microstructural studies were carried out on 
a Tescan Mira 3LMH scanning electron microscope (SEM) 
using secondary electron (SE), and backscattered electron 
(BSE) detectors. Energy-dispersive spectral analysis (EDS) 
was performed on a Tescan Vega 3SBH SEM. Quantification 
of the average area (S) of particles of primary excess interme-
tallic phases (Pr) and silicon particles (Si), was carried out on 
the polished surface of the samples, using computer analysis 
techniques by graphical selection of a group of particles of 
each of the studied phases. For each treatment zone, quantita-
tive measurements were carried out on the regions equal in 
area. The average grain size was estimated by the random line-
ar intercept method in five fields of vision. When assessing  
the primary excess phases and the grain structure, at least 300 
structural elements were measured. Processing of research 
results was carried out with a confidence level of 95 %. 

 

RESULTS 

Initial microstructure  
A typical microstructure of the AK4-1 aluminum alloy 

after T6 heat treatment consists of an α-Al solid solution, 
and a certain amount of excess intermetallide phases locat-
ed in the direction of material flow during hot deformation 
(Fig. 1 a). According to [6], the following primary phases 
of crystallization origin can be present in the Al–Cu–Mg–
Ni–Fe system alloys: Al9FeNi, Mg2Si, Al7Cu2Fe, and 
Al2CuMg. After hardening heat treatment, metastable se-
condary hardening Al2CuMg phases are formed in these 
alloys [6]. In the initial heat-treated state, a grain structure 
recrystallized with an average grain size of 78.6±8.0 μm is 
observed in the alloy. 

A typical microstructure of the AK12D aluminum alloy 
after T6 heat treatment contains a certain amount of primary 
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intermetallide phases and silicon, as well as a certain 
amount of secondary hardening phases (Fig. 1 b). In  
the Al–Si–Cu–Ni–Mg–Mn–Fe system alloys rich in silicon, 
in addition to the (Al+Si) eutectics, the presence of the fol-
lowing primary phases of crystallization origin can be ex-
pected: Al5FeSi, Al8Fe2Si, Al15(Fe, Mn)2Si, FeNiAl9, 
Al8FeMg3Si6, Al3Ni, Al7Cu4Ni, Al3(Ni, Cu)2, Al2Cu, 
Mg2Si, Al6Cu2Mg8Si5 [6]. When using T6 heat treatment, 
the formation of metastable secondary hardening phases, 
such as Al2Cu, Mg2Si, Al5Cu2Mg8Si6, Al2CuMg, is possible 
[6]. Hardening heat treatment of the alloy leads to the for-
mation of a grain microstructure with an average grain size 
of 11.5±0.4 μm. 

Macrostructure after FSP 
Fig. 3 shows a typical macrostructure of the AK4-1 alumi-

num alloy at local mixing of the AK12D alloy into it by fric-
tion stir processing. It can be observed that a defect-free pro-
cessing area is formed. A stir zone consisting of a mixture of 
AK12D and AK4-1 alloys, a thermo-mechanical effect zone, 
and the base material zone corresponding to the AK4-1 alloy 
are visible in the structure (Fig. 2). In the near-surface region 
between the stir zone and the area of contact of the processing 
tool with a blank part, a coarse-grained microstructure of  
the AK4-1 alloy is observed. The stir zone has an elliptical 
shape with concentric circles progressively decreasing in radi-
us, referred to as the “onion-ring” structure. 

 
 
 

       
 a b 

Fig. 1. Typical microstructure of the AK4-1 (a) and AK12D (b) alloys in the initial heat-treated state.  
IPhPr – primary intermetalliс phases, Si – silicon particles. BSE mode SEM images 

Рис. 1. Типичная микроструктура сплавов АК4-1 (a) и АК12Д (b) в исходном термообработанном состоянии.  
IPhPr – первичные интерметаллидные фазы, Si – частицы кремния. BSE-режим съемки 

 
 
 

 
 

Fig. 2. Macrostructure of the AK4-1 aluminum alloy after mixing into it the AK12D alloy  
via friction stir processing at the ω=1000 rpm and ν=30 mm/min.  

AS – advancing side, RS – retreating side, SZ – stir zone, TMAZ – thermo-mechanical affected zone,  
ВМ – base metal (initial alloy). Optical metallography 

Рис. 2. Макростроение алюминиевого сплава АК4-1 после замешивания в него сплава АК12Д 
обработкой трением с перемешиванием при скоростях деформации ω=1000 об/мин и ν=30 мм/мин.  

AS – наступающая сторона, RS – отступающая сторона, SZ – зона перемешивания,  
TMAZ – зона термомеханического влияния, ВМ – основной металл (исходный сплав). Оптическая металлография 
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Microstructure after FSP 
The “onion rings” structure is heterogeneous over  

the cross section of the stir zone, and represents alternating 
rings with different amounts and sizes of excess phases 
(Fig. 3). The width of the rings decreases from the stir zone 
center to the periphery. Friction stir processing leads to 
intense crushing of particles of excess phases. A quantita-
tive assessment of the alloy microstructure is given in  
Table 1. The average area of particles in rings with a higher 
content of excess phases is smaller than in rings where  
the number of phases is lower. It should be noted that  
eutectic silicon particles are concentrated in rings with  
a higher content of primary phases (Fig. 4). This is also 
evidenced by the EDS analysis results. The corresponding 
distribution maps for the main alloying elements are shown 
in Fig. 5. 

The study of the grain structure showed that after FSP, 
and T6 heat treatment, a fine-grained microstructure is 
formed in the stir zone (Fig. 6), the average grain size  
(Table 1) of which depends on the amount of excess phases 
located in different parts of the stir zone. 

 

DISCUSSION 
As a rule, the stir zone shape depends on the processing 

tool geometry, the technological parameters of processing, 
the thermal conductivity of the material, and the tempera-
ture of the blank part [20; 21]. The stir zone shape is much 
determined by the temperature of the heated alloy in  
the near-surface regions, during friction between the pro-
cessing tool shoulders and the blank part. During friction 
stir processing, a stir zone typically assumes a basin-like 
shape with a widening at the blank part surface or an ellip-
tical shape [20; 21]. 

According to findings presented in [21], a stir zone with 
a basin-like shape is created during low-speed tool rotation. 
In this case, the alloy yield strength is higher due to the low 
temperature of the heated material, and consequently, its 
volume subjected to deformation (caused by the pin mo-
tion) is smaller. With an increase in the rotation velocity of 

the tool, the temperature of the heated alloy increases, con-
tributing to a decrease in the yield strength. An increase in 
the volume of the material that is involved in the deformation 
process, and the formation of an elliptical stir zone (Fig. 3). 
The formation of the “onion rings” structure occurs due to  
a periodic change in the stress state in the three-dimensional 
flow of a plastically deformable alloy, which is caused by the 
movement of the processing tool (shoulders and pins) [22–
24]. As a result, the stir zone structure exhibits a periodically 
changing average grain size [25], alternating bands (rings) 
enriched in excess phases [26], different grain orientations 
[27], and texture changes [28]. Moreover, the temperature of 
deformation during the FSP process is non-uniform over the 
cross section of the stir zone [29–31]. Therefore, in the struc-
ture of the treatment zone, rings are observed, the width of 
which decreases from its center to the periphery. 

As noted earlier, subsequent T6 heat treatment (in-
cluding solution heat treatment and artificial aging) can 
lead to abnormal grain growth in the treatment area, 
which presumably indicates a low thermal stability of  
the microstructure. The AK12D alloy, in contrast to  
the AK4-1 alloy, is characterized by a structure close to 
that of the microduplex type [6]. The formation of a fine-
grained microstructure during mixing of the AK12D al-
loy into the AK4-1 alloy by friction stir processing and 
subsequent T6 heat treatment occurs due to the fact that 
a large number of excess phase particles of both alloys, 
has a retarding effect on the migration of grain bounda-
ries. In areas where the number of excess phases is 
greater, the average grain size is smaller. This is related 
to the smaller distance between the excess phase parti-
cles in the α-Al solid solution. 

 

CONCLUSIONS  
The authors studied the structure of the AK4-1 alu-

minum alloy, in which the AK12D alloy was locally 
mixed by friction stir processing, and subsequent T6 
heat treatment carried out according to the standard 
mode for the AK4-1 alloy. 

 
 
 

      
 a b 

Fig. 3. Typical microstructure of the polished stir zone surface.  
Ring fragments in the center (a) and on the periphery of stir zone (b) are shown. BSE mode SEM images 

Рис. 3. Типичная микроструктура полированной поверхности зоны перемешивания.  
Приведены фрагменты колец в центре (a) и на периферии зоны перемешивания (b). BSE-режим съемки 

 

118 Frontier Materials & Technologies. 2023. № 3



Khalikova G.R., Basyrova R.A., Trifonov V.G.   “Features of microstructure formation in the AK4-1 and AK12D aluminum alloys…” 

 

 
 
 

Table 1. Quantitative estimation of the AK4-1 aluminum alloy microstructure after mixing the AK12D alloy  
into it via friction stir processing 

Таблица 1. Количественная оценка микроструктуры алюминиевого сплава АК4-1 после замешивания в него сплава АК12Д  
обработкой трением с перемешиванием  

 
 

Microstructural elements  
of alloys 

State 

Initial state 
Friction stir treatment 

Stir zone AK4-1/AK12D 

АК4-1 АК12D 
Center Periphery 

SZ SZ-1 SZ SZ-1 

S 
IPh μm2 12.8±1.0 39.9±4.0 13.5±0.4 0.17±0.01 10.3±0.3 0.13±0.01 

Si μm2 – 45.9±5.7 – 2.2±0.1 – 1.2±0.1 

d μm 78.6±8.0 11.5±0.4 7.1±0.2 3.0±0.1 4.0±0.1 

Note. SZ – rings with a low content of excess phases; 
SZ-1 – rings with a higher content of excess phases;  
S – average area of primary intermetalliс phases (IPh) and Si particles; 
d – average grain size. For comparison, a quantitative estimation of the structure in the initial heat-treated state of the AK4-1 
 and AK12D alloys is given. 

Примечание. SZ – кольца с малым содержанием избыточных фаз;  
SZ-1 – кольца с бóльшим содержанием избыточных фаз; 
S – средняя площадь первичных интерметаллидных фаз IPh и частиц Si;  
d – средний размер зерен. Для сравнения приведена количественная оценка структуры в исходном термообработанном  
состоянии сплавов АК4-1 и АК12Д. 

 
 
 
 
 
 

        
 a b 

Fig. 4. Typical microstructure of the polished stir zone surface.  
Fragments of the boundaries between the rings with varying degrees of excess phases in the center (a)  

and on the periphery (b) of the stir zone are shown. IPh – intermetalliс phases, Si – silicon particles. BSE mode SEM images 
Рис. 4. Типичная микроструктура полированной поверхности зоны перемешивания.  

Приведены фрагменты границ между кольцами с бóльшим и меньшим количеством избыточных фаз в центре (a)  
и на периферии (b) зоны перемешивания. IPh – интерметаллидные фазы, Si – частицы кремния. BSE-режим съемки 
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Fig. 5. Distribution maps of the primary alloying elements in the center part of the polished stir zone surface. EDS analysis 
Рис. 5. Карты распределения основных легирующих элементов в центральной части полированной поверхности  

зоны перемешивания. ЭДС-анализ 
 
 
 

      
 a b 

Fig. 6. Typical grain microstructure in the center (a) and on the periphery (b) of the stir zone. SE mode SEM images 
Рис. 6. Типичная зеренная микроструктура в центре (a) и на периферии (b) зоны перемешивания. SE-режим съемки 
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It is shown that after FSP, a defect-free treatment area 
was formed, the stir zone of which had an elliptical shape 
with the “onion rings” structure. The width of these rings 
decreased from the stir zone center to the periphery.  
The onion structure consisted of alternating rings with dif-
ferent amounts and sizes of excess phases. 

It was established that the friction stir processing led to 
intense crushing of the primary excess phases of both al-
loys. At the same time, the average area of particles in rings 
with a higher content of them is smaller than in rings where 
their number is lower. Moreover, eutectic silicon particles 
are concentrated in rings with a higher content of primary 
phases. 

It was found that the nonuniform distribution of parti-
cles of excess phases led to the formation of a fine-grained 
microstructure, the average grain size of which depends on 
the interparticle distance in the α-Al solid solution.  
The minimum average grain size was observed in the stir 
zone center in rings with a higher content of excess phases 
and was 3.0±0.1 μm. The largest average grain size reached 
7.1±0.2 µm and was formed in the stir zone center in rings 
with a low content of excess phases. 
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Аннотация: Обработка трением с перемешиванием – один из современных методов локального модифициро-
вания поверхности алюминиевых сплавов в твердофазном состоянии, обеспечивающий диспергирование струк-
турных составляющих. В термически упрочняемых алюминиевых сплавах со структурой матричного типа после-
дующая после обработки трением с перемешиванием термообработка может приводить к аномальному росту зе-
рен в зоне перемешивания. Однако в сплавах, структура которых близка к микродуплексному типу, после обработ-
ки трением с перемешиванием и термообработки может сформироваться мелкозернистая структура. Работа 
направлена на оценку возможности повышения термической стабильности микроструктуры алюминиевого сплава 
АК4-1 (Al–Cu–Mg–Fe–Si–Ni) матричного типа. Для этого в исследуемый сплав обработкой трением с перемеши-
ванием локально замешивался алюминиевый сплав АК12Д (Al–Si–Cu–Ni–Mg) со структурой, близкой к мик-
родуплексному типу. Последующая упрочняющая термообработка проводилась по стандартному режиму для 
сплава АК4-1. Исследования показали, что зона перемешивания имеет эллиптическую форму со структурой «лу-
ковичных колец». Такая структура представляет собой чередующиеся кольца с разным количеством и размером 
избыточных фаз. При этом в центре зоны перемешивания ширина колец и средняя площадь избыточных фаз 
больше по сравнению с периферией зоны перемешивания, где ширина колец и средняя площадь частиц меньше. 
Средняя площадь частиц избыточных фаз в кольцах с бóльшим их содержанием меньше по сравнению с кольцами, 
где их количество ниже. Такое распределение избыточных фаз приводит к формированию мелкозернистой микро-
структуры, средний размер которой зависит от межчастичного расстояния в α-Al твердом растворе. 

Ключевые слова: алюминиевые сплавы; АК4-1; АК12Д; обработка трением с перемешиванием; термообработ-
ка; термическая стабильность; структура луковичных колец; луковично-кольцевая структура 
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On the cover: SEM image of the fracture AlSi10Mg powder material. Authors of the photo: Vignesh P., Praveen K.V., 
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сти (F&F), Центр боевой полетопригодности и сертификации, Организация оборонных исследований и разрабо-
ток, Бангалор, Индия). 
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