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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.
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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:

—1SO 4288:1996 Geometrical Product Characteristics
(GPP). Surface structure. Profile method. Rules and proce-
dures for assessing surface structure;

—1ISO 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 Pu), T, and Wy, depending on
the source of the initial data, and is calculated in general
form by the following formula:
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Table 1. Texture parameters applied in the literature
Tabnuua 1. Ilpumensiemvle 6 numepamype napamempol MeKcmypul

Specified texture parameters

Papers, where the structure parameters

Rmax Rk

Sa under consideration were applied

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 Purc), Twmre) W relative physical coefficient is
determined at the sectional level of the R3¢ profile relative
to the starting point Co:

Pmr ’Tml ’er Pmr 9Tmi ’W (C1)$
where C; =C, — Ry, (or Psc, or Ws);
CO - (CPer’ mr0>» erO) .

The difference between the profile relative physical coeffi-
cient Py, Ty Wiy 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:

nmx
+z a, cos +b 1nT,

where

sm—dx

b3/ o

Zl()c),—leS—l+XS1

Zz(x),—l+XS1 Sx<-l+Xg +Xg,

2ol N Y Y
x),—l+ZXS‘_ £x£—1+z _1+ZXSf
i=l1 i=l1 i=1

k-1

x),—l+ZXS/ <x</
i=I

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 2z, both in
x and y.

Each function of the system is orthogonal to any other
in square D(— n<x<n—n<y< n). The specified proper-
ty takes place in any other square of the form
a<x<a+2n-b<y<b+2n. The orthogonality property

follows from the correlations
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C,=Cy—Rs, ”g -cos mxdxdy = J._T; dy _Ténos mxdx =

= r (L ‘sin mx"nj dy = L (sin mm— sin(— mn))dy =0 .
-\ m mé—mn

In a similar manner
. T T .
J‘ J. 1-sin mxdxdy = I dy | sin mxdx =
D - -7

= J-ﬂ [i ‘cos mx” j dy = L (cos mm — cos (— mrc)dy) =,
m

-7 mé—mn

__1r (cos mm —cos mm)dy =0
md-n

as the cosnm function is even, then cos(—nw) = cos(nm).
As a consequence,

'[ (cosmxcosny)(cosrxcos px)dxdy =
D
T 1
= I COSMXCOSFX I cosnxcos pydy |dx =

1 1
= Icos mxcos rxdxj. cosnxcos pydy = ,
g

= % " [cos(m +7)x + cos(m — r)x]x

X r [cos(n + p)x + cos(n - p)y]dy =0

-7

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 u n =p,
then the original integral takes the form

"2 o2
J. cos mxdx-.[ cos” nydy =

-1 —

=lJ-7T (l+cos2mx)abc'lj‘1T (1+cosZny)dy=
2J-n 2J-n

1 1 1 1

=—|2=n +—‘sin 2mx” | —| 2m+ —‘sin 2ny" | =
2 [ 2 } 2 [ P
1

=—.4n* =1’
4

Here,  sin2mx™, =sin2mn—sin(-2mn)=0  since
sinmn=0.

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:

1| = dxdy =+/4n* =2n,
= /[, avas

||cos mx" = ||sin mx" = ||cos ny" = ||sin ny" =427,

||cos mx" = ‘/ J.J-D cos? mdxdy = \/ J: dyj._ﬂncos2 mxdx =

:\/Jn %(l+)‘cosmfndy = \/%-275-275 =2n

>

||c0s mx - cos ny" = ||sin mX - COS ny” =

. . . >
= ||cos my - sin ny" = ||sm nx - sin ny" =7

||cos mx - COS ny" = \/I cos? mx - cos? ny-dxdy =
D

T T 1 2
= \/j cos> mxde. cos? nydy = 1/—.75_ =1
- -n 4 4

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]:

_ ”D [ y)dxdy 1

A - = ;v)dxdy ,
00 "1"2 s _”Df(x:J’) xay

IJ.D [f(x; y)cos mx]dxdy _

2
Jcos ma

(] esesmdatn 12
T

m0

>

_ H 5 [/ (x; y)cos ny|dxdy _

2
lcos ny|

-5 [[ e seosmlasdyn=1.2....o0
T

On

J.J-D [ £ y)sin mx]dxdy _

. 2
||sm mx"

= 2%-”0 [ (s p)sin mx]dxdy, m = 1,2, ..., 0
s

m0

>

_ ”D [f(x;y)sin ny]dxdy _

. 2
"sm }’ly"

= Z%JAJ‘D [f(x;y)sin ny]dxdy, n=1,2,..,00
T

On

If m and n both
m=1,2,..,0, n=1,2,..., 0, then:

possess  the  values

Ay = LZ_”D [f(x; y)cos mX - COS ny]dxdy ,
T

by = LZ”D [£(x; y)sin mx - cos ny |dxdy ,
T

12
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Copn = LZ”D [f(x; y)cos mx -sin ny]dxdy ,
T

1 . .
d,, = n—ZHD [f(x;y)sm mx - sin ny]dxdy .
In practical problems, instead of Ao, it is advisable to
denote %, where aq is found from am,n at m =0 and

n = 0. Similarly, instead of 4m,0, A0,n, Bm,0, BO,n, we

am,O aO,n bm,O bOn

write ———, ,——,——, which are calculated from
2 2 2 2

the expressions am,n , bm,n, cm,n, dmn when given

m=1,2,..,0,n=00rn=1,2,...,0, m=0. As a result,

the double trigonometric series is written as:

a,, , COSMmX - cosny +

o +b, . sinmx-cosny +
2= f =2 D

. 2
— C,y.n COSMX - SIN MY +

+d,,, sinmx-sinny

here
l npum=n=0
4 p
A=91, mpum>0,n>0 ,
%, mpum>0,n=0mwmm=0,n>0

in this case m and n are positive integers.
In the case when the domain Ds is represented by a rec-
tangle that meets the conditions Dz (—Ix <x<lIx,

—ly <y <ly) (Fig. 1), the double Fourier series takes the
form:

T T
Ay cosml—x~cosnl—y+

x ¥y

. T
+b,, sml—mx~cosnl—y+

o0 0
x ¥
2= ()= D hos ; n
m=0 n=0 +Cpn cosml—x~smn—y+
x ¥

..M .m
+d,, ,sinm—x-sinn—3y
L x vy

The A, 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:

Ay :L” f(x;y)cosmlx-cosniy dxdy ,
R N R £28 [, L,

Dy Zi”‘D{f(x;y)sin mlix.cosnliy:ldxdy ,

x y

Coun :LJ‘J’ f(x;y)cosm£x~sinn£y dxdy ,
T, I, [,

doyn :LJ‘J‘ f(x;y)sinmlx-sinnly dxdy .
T [, [,

In the special case when Ix = [y =&, the previous ex-
pressions for the square domain Dz 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

fitxy),mpu (x;y) < D,

| faxy)mpu(x;y) € D,
Z(x9 Y) - B

Sfi(ey),mpu (x; y) < Dy

the double trigonometric series will be analogous to the
Fourier series of similar one-variable functions.

./
/
/-

Fig. 1. Rectangular area Dz in the XOY plane
Puc. 1. Ilpsmoyeonvras obaacms D= 6 niockocmu 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 ¢ is determined by the formula

P(VMC ) = J.O Pmr((z))dz .
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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
¢ = zk measured from the OX axis, then the profile physical
coefficient from geometric constructions is determined by
the formula

where kc — is the number of sections of the material in the ¢
section.

Specifically for the present case, Rz = 74 mm is divided
into k=10 parts, /n =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

p(Vm):S_m,

where Sm — is the area of the figure enclosed by a curve M/, .

Let us find the value of Sm:
_ Ry [ Ml 2m-2 am-1 -
Sm _a( ) +2Zi:l M12i+4zj:] Mlzilj”n_sla

R, {748 +2(151,2+128,1+ 71,2+ 34,8)1 ~

"7 6.5| +4(153,6+141,8+83,6+51,9+5,5)
=R, 86,23
R, 86,2
P,)= # = %86,23 =0,5563.

n n

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.c., the given rough layer contains
55.63 % of the material. The porosity coefficient A is the
characteristic of voids in the specified layer:

\_Se=S

h Sm
=1 1-P(v,),
where Sc; — is the total area of a rough layer on the length
In, Sex = Rz-In.
Thus, A = 1 — P(V,), oil-absorption is 44.37 %.

cl1 cln

Table 2. Calculation of the probability of the density of filling the rough layer with the material along the zi sections
Tabnuya 2. Pacuem seposmnocmu niomHoCmu 3an0IHeHUs MAMepUaIom wepoxo8amozo cos No ce4eHusm zi

20 4l 22 23 24 5 Z6 27 8 29 Z10
a 0 7.4 14.8 22.2 29.6 37 44.4 51.8 59.2 66.6 74
Si 155 153.6 151.2 141.1 128.1 83.6 71.2 51.9 34.2 5.5 0
P(Sz) 1 0.991 0.975 0.910 0.826 0.539 0.459 0.335 0.221 0.035 0
Su 4
0,8 \
07 AN
49.1% midline

0,5 \‘

0,4

0,3 \\

0,2

o \\_
0

0 55 34,2 519 71,2

Ly

83,6 128,1 141,1 151,2 153,6 155

Fig. 2. The curve of the probability of filling the rough layer with the material along the sections corresponding to the actual profillogram
Puc. 2. Kpusas eeposimnocmu 3anoiHeHus Mamepuaiom uepoxoeamozo closi o ce4eHusM,
coomeemcemayouas peaibHol npogurocpamme

14

Frontier Materials & Technologies. 2023. Ne 3



Bobrovskij I.LN. “The profile physical coefficient and its application for modeling the machined surface texture”

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 (—/; /) 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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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; AISil0Mg; Al alloy; precipitate hardening; development and certification.
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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 (A16061) from the 6000 series. Laser addi-
tive manufacturing of high-performance alloys like A16061
has gained significant interest, due to producing high-
strength in lightweight structures. AlSilOMg 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 AlSil10Mg
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 PB'- and B-phases (Mg:Si) [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; B"—p'—p. In the GP zones, the clusters of Mg
and Si are perfectly coherent with those of the Al matrix.
The metastable (B" and B') with different Mg—Si stoichio-
metry, whereas stable () with different Mg>Si 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 AISi10Mg 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 AlISil0Mg
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/ecm®, D10, D50, and D90 values of 29.89, 41.63,
and 53.95 um, 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 El1417. 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, 20 range, radiation
type, and step size were set as 40 kV, 5 deg/min, 10-90°,
Cu—Ka, 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 Al1Si10Mg in T6 condition

The microstructure of the AISil0Mg 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.4b) 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 AISi10Mg 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 AISi10Mg powder wt. %
Taonuya 1. Xumuueckuii cocmas nopouwika AlSilO0Mg, mac. %

Elements Cu | Fe | Mg | Mn | Ni Si | zZn | Ti | Pb | Sn O:;‘f;' Al
- 0.05 | 0.55 | 0.20— | 0.45 | 0.05 9— 0.10 | 0.15 | 0.05 | 0.05 0.15
Limits Bal
max max 0,45 max max 11 max max max max max
Fig. 1. AlISi10Mg powder material as seen in SEM images
Puc. 1. [lopowxkoswiti mamepuan AlSil0Mg na POM-usobpascenusx
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Fig. 2. Distribution of particle sizes in AISil10Mg powder

Puc. 2. Pacnpedenenue no pazmepam uacmuy ¢ nopouixe AlSilO0Mg
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Fig. 3. Measurement of residual stress in marked areas
Puc. 3. H3mepenue ocmamoynozo HanpaiCceus: 8 8bl0eieHHblX 00NACMAX

Table 2. Chemical composition of AISil10Mg in as-developed condition, wt. %
Tabnuya 2. Xumuueckuii cocmaeg AlSil0Mg 6 ucxoonom cocmosnuu, mac. %

Elements Cu | Fe | Mg | Mn | Ni | si | zn | Ti | Pb | sn Ott:t‘;rls' Al
.. 0.05 0.55 | 0.20— | 0.45 0.05 9— 0.10 0.15 0.05 0.05 0.15

Limits Bal
max max 0.45 max max 11 max max max max max

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 AISil0Mg 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 | 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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Fig. 4. Optical microstructure of AISi10Mg at T6 condition (a) and higher magnification (b)

a

Puc. 4. Onmuueckoe uzobpasicenue muxpocmpykmypul AISi10Mg 6 pesicume T6 (a) u ysenuuennoe uzoopasicenue (b)
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Fig. 5. Tensile properties of T6 condition AISi10Mg test samples
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Table 3. Mechanical properties of selector valve body parts in T6 conditions

Specimen direction Yield Strength, MPa Ultima;?[s;rength, Elonog/ittion, Hii_;g"l:,ss’
XY 259+4 32243 10.5+1
VA 254+6 31248 11.8+1.5 88.8+2
45° 259+4 32344 12.5¢1.5
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Table 4. Maximum permissible radiography severity levels for discontinuity
Tabnuua 4. Maxcumanvro donycmumbvie YPOGHU PAOUOSPAPUUECKOU UHMEHCUBHOCMU OISl HEOOHOPOOHOCTU

Severity Level — Grade B

Discontinuity

Gas Holes

Gas Porosity, Round

Gas Porosity, Elongated

Foreign Material

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
Puc. 6. Pezyromam yeemnoti oegpexmockonuu demaneti KOpnyca nepexnioyamest

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
Tabnuua 5. Maxcumanvhvle donycmumvle pazmepul (8 Mm) u pacnpedenetus HeoOHOPOOHOCmell

Type of discontinuity

Macx 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 0
(laminations, flakes, cracks, etc.)
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.

Tpumeuanue. * D-3 — mesicOy HeoOHOPOOHOCHAMU OOMNHCHO Oblmb He 6oiee mpex MAKCUMATbHBIX PACCMOSHULL.
** DD-1 — paccmosinue mexncoy IUHelHbIMU HeOOHOPOOHOCSAMU He Modicem Oblmb menviue, yem 12,7 mm,
a mexHcoy napanienbHoiMu HeOOHOPOOHOCAMU — MeHbue, Yem 6,35 mm.
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Fig. 7. Residual stress in precipitation hardened AlSil0Mg specimens
Puc. 7. Ocmamounoe nanpsxcenue 6 oopaszyax oucnepcuonno-mseepoeiowezo AlSil O0Mg

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
Puc. 8. Obwee npeocmasienue npoyecca cepmughurayuu

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). Mg,Si then precipitates nucleate in
metastable and coherent B” phases. These progressively
transition into metastable and semi coherent B’ 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 Mg,Si 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 AlSilOMg. 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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Annomayusn: AnputiBaele TexHonoruu (AT) oueHb 3(QEKTUBHBI 111 MaKeTUPOBaHHUS U OBICTPOrO HPOU3BOJICTBA,

MIO3TOMY WX NMPHUMEHEHHE BBITOJHO JJIsI a@3pOKOCMHUUYECKOi oTpaciy. OHM TO3BOJISIOT COKOHOMHUTD CPEJICTBA, a TAKXKE 00-
JIETYNTH KOHCTPYKIMH, HOAXOAAT JUIsi KOMIUIEKCHOTO IpOeKTHpoBaHus. OHaKO Ha JaHHBIH MOMEHT JIOCTYITHO JIMIIb He-
CKOJIbKO CTaH/IapTOB aJJUTUBHBIX TEXHOJIOTHH, TPeOyeTCss MHOTO MaTEpHaIOB U 000PYA0OBaHM, YTO IPUBOJIUT K BO3HHK-
HOBCHHIO 3aTpyqHeHni ¢ cepTudukanueii n BHegpenuem AT. HecranmapTHble HCIBITAaHUS TPUBOIAT K TOMy, urto AT
B a’pO30JIBHBIX MaTepuajax OKa3bIBAIOTCSI MEHEE IPUBIIEKATEIbHBIMHU HM3-32 UX IOPOTOBU3HBI M TPyHOeMKOCTH. Llenbio
paboTHI ABISIETCS M3TOTOBJICHHUE JIeTalel KOpILyca IMepeKIroyaTeNs BOCHHBIX U IPaXKJaHCKUX CaMOJIETOB METOJIOM Ja3ep-
Horo crutaBieHus: mopomkoBoro ciost (LPBF) ¢ mpumenernem mopomka AlSil0Mg. BrisBieHB! (H3NKO-XUMHYECKHE
CBOHCTBa MaTepHaia, IIPOBEACHBI HEPa3pyIIAIOIINE W pa3pyLIAIOINE UCTIBITAaHNSA, a TAKXKE JaHBl YETKHUE PA3bSICHEHMS
npouenyp ceprudukanuu. CreiaH yrmop Ha HEOOXOIUMOCTH pa3pabOTKH PYKOBOJICTB M CTaHAAPTOB, OXBATHIBAIOLINX
BCC aCIICKTBI IPOU3BOACTBA — OT MPOCKTUPOBAHUA N0 U3TOTOBJICHHUA U OKCILNTyaTalluu IPOAYKTaA. KoMmnekcHbli aHamu3
UCIIBITAHUH Ha IPOHUKHOBEHHE S>KUIKOCTU IOKa3bIBAaeT, 4TO NEe(EeKThl HaXOAATCA B Ipelenax AOIMYCTUMOTO YpPOBHS.
AlSi10Mg nemoHcTpupyeT Oojee BBICOKHE IOKa3aTeNH IMpeAesia TeKydeCTH, Ipejena HMPOYHOCTH U OTHOCUTENBHOTO
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yanuHeHus, paBHble (259+4) MIla, (323#4) MIla u (12,5+1,5) % cootBercTBeHHO. [loKa3zaHO, YTO IMCTIEPCHOHHO-
tBepaetommit AlSi10Mg, pa3paboTaHHBIH ¥ NpOM3BOAALIMICS B MHINH, 1O CBOWCTBAM HE YCTYIAeT aHAJOTHYHBIM JHC-
TMEPCUOHHO-TBCPJACIONIUM aJTFOMUHUEBBIM CIlJIaBaM BCEMUPHO U3BCCTHBIX HpOHSBOHHTeHeﬁ.

Knrouesvie cnosa: annutusHoe npous3BoacTBo; AlSil10Mg; anrOMHHUEBBIN CIJIaB; AUCIICPCHOHHOE TBEPACHHUE; pa3pa-
00TKa U cepTUdUKALHSL.

Jna yumuposanus: Burnem I1., [Ipasun K.B., Kpumnakymap C., bxyBanecsapu M.Y., Keiin I11111., Pam [Ipadxy T.
PazpaboTka u cepruduKaiys JeTHOH roJHOCTH COBPEMEHHOH OTBETCTBEHHOH ETaIH KOpIyca IepeKiIroyaress s adpo-
KOCMHYECKUX CHCTEM, H3TOTOBICHHOH u3 ciuaBa AlSil0OMg ¢ momomrsio agmutuBHOM TexHonoruu // Frontier Materials
& Technologies. 2023. Ne 3. C. 19-30. DOI: 10.18323/2782-4039-2023-3-65-2.
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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 4, nominal pressure g,
material yield strength 67, and location of the actual contact

zone /. Based on the use of the ELCUT package, when
planning a full factorial experiment of the 2* type, a regres-
sion model was obtained in the following form

AT =0,055+7,403-10*1 —2,216-107"¢, +
+525-10 6, +6,1121-7,257-10 " hq,, +
+2,05-10 3 hoy +2,892-10%41 +0,736-10 '8 g 5, —
—2,048-10 6,1 +8,276-10 P hoq,

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:

AT =0,055+7,403-10*h-2,216-10"% . (1)
The pseudolayer thickness can be taken as an average
thickness of the gap in the joint [23; 24]:

h :Rpl +Rp2 = 276(Ral +R112)’

where R, is the smoothing height;
R, 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 LXxBxH=40x20%10 mm.
In one sample, a hole ¥4.4 mm was drilled to place a tem-
perature source in it (Fig. 1). The surface roughness in
the contact zone of the samples was R,~0.1 pm.

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 @3 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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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 (/=1.8 A) and
voltage (U=12.0 V):

P=1Un. )

The value of the efficiency factor n 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 ¥4 mm with a significant
length, the value of | 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

r__ AX
XN AY-AZ°
RT - AY
©-AX -AZ
Rgzi,
©-AX -AY

where AX, AY, AZ are the dimensions of the FE along
the corresponding coordinate axis;

A 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 4 in Fig. 3, the equation can be written as fol-
lows:

Ox(C-4) (tc - tA)+ O x(E-4) (tE - tA)+
+Gy(B—A)(tB _tA)+Gy(D—A)(tD —ty)+

+ Gz(K—A)(tK - tA)+ cz(L—A)(tL —1y ) =0

3)

where £ is the temperature at the i-th node;
Ox(i5/)=Ox(j-i)> Op(i)=Oy(j-i)> Oz(isj)=Oz(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:

1
Oxii-j) = 5
“D T 05RL + RS, +0.5R,
o = 1 ;
yi-j) — T C T >
0,5R%, + RS, +0,5R"
. 1
“D T 05RE + RS, +05RE

where RS, RS, R ., 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:

C7;«(2—1)(t2 _tl)+26y(B—l)(tB —4)+
+26, (gt =)+ P=0;

Gx(372)(t3 —t,)+ ch(B—Z)(tB —1y)+

+ ZGZ(B—Z)(tB —t)+ 20x(1—2)<t1 ~1,)=0;
Gx(4—3)(t4 —t)+ c’;:(2—3)(5 —t;)+

+ Gy(673)(t6 —t3)+ Gy(8—3)(t8 —t3)+

+ c52(1073)(’10 —1)+ 02(1273)(112 ~1,)=0;

Gx(lO—ll)(tlo _f11)+0z(4—11)(t4 —t)+
+ Gz(B—ll)(tB —ty)+ O-x(B—ll)(tB —1y,)=0;
c514(13712)(113 — 1)+ Gz(sflz)(% — 1)+
+ Gz(Bflz)(tB —11y)+ GX(B712)(tB —11,)=0;
Gx(12—13)(t12 —t13)+ 62(4—13)(t4 —t13)+

+ c52(13—13)013 —ty3)+ Gx(B—13)(tB ~113)=0,

where 74 is the ambient temperature;

Ox(i-B), Oy(i-B), O=(-B) 1S 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:

1

o) T 0 5RT + 05K
> Xi Eaghe v

o = —1 S

) 0,5R}; +0,5R];

1
S () e "
(-7) 0,5R%; +0,5R];
Thermal conductivity 65(3_4) 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:

1
- :
0.5Ry; + Ry(3_4)+ 0.5RY,

Ox(3-4) =

The introduction of a pseudolayer with a thickness /4 to
the contact zone when modelling allows representing
the actual contact zone (ACZ) (Fig. 5) in the form of
the following model (Fig. 6).

34

Frontier Materials & Technologies. 2023. Ne 3



Denisenko A.F., Podkruglyak L.Yu. “Simulation of contact thermal resistance when designing processing equipment”

Considering the parallel passage of heat flows through these
zones, we can write that the pseudolayer thermal conductivity

wherecp = ;
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AacA
ZGACZ= AC r.

h
will be equal to the sum of the conductivities, through the actual a4, —A4.)
contact zones Gacz, and the volumes filled with air (0il) Ga: z Gy =2 Z =

A, is the nominal contact area;

A, 1s the actual contact area;

ApL is the pseudolayer thermal conductivity coefficient;
A a is the air thermal conductivity coefficient.

OpL ZZGACZ+ZGA >

XPLAa .

h
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Not accounting for the influence of oxide films in
the actual contact zone on the CTR, it can be assumed that
Aac=A, where A is the thermal conductivity coefficient of
the contacting materials.

. . . A, . .
Then, introducing the notationn = A—' , we will receive
a

weprlie]

According to the data of the work [21],

“4)

- 0,48075 A,
Or

A

where o7 is the yield strength of the contacting materials,
from which

0,48075
n=— —
Or

dq-

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 o7 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,3-4) is
calculated using dependencies (1) and (2):

c AT
x(3-4) =

001P Ap

_ 0,055+7,403-10°1-2,216-10"% A °
0,01/Un ApL

RESULTS

For numerical simulation for the used sample material
(grade 15 steel), the authors accept o7=240 MPa,
A=55 W/(m-°K), 1,=0.028 W/(m-°K).

The results of measuring the temperature difference
tin—tow 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 As (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 °C it is

( tBX - tBbIX) ’ OC

0.104 W/(m-°K) [24]. The value of the thermal conductivity
coefficient for oils used in spindle units, equal to
0.143 W/(m-°K), 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
2=0.1...0.14 W/(m-°K).

30
28
a
26
+
2
24 o 3 d
X A 8 S
22 2
0 2000 4000 6000 Q, H

Fig. 7. The results of field measurements (points) and simulation (solid line)
of the temperature difference tsx—tsx depending on the compression force of the samples
Puc. 7. Pe3yniomamol HamypHuIX usmMeperull (mouKku) u Mooenupo8anus (CnIOWHAsL TUHUSL)
DPa3HUYbL MEMNEPAmMyp tox—tswx 6 3AGUCUMOCIIU OM YCUNUS CHCAMUS 00PA3Y08

(tin - tout),oc

20

30 40 q,MPa

Fig. 8. The results of numerical simulation of the temperature difference tox—teux
depending on the pressure in the joint at different roughness of the contacting surfaces:
1 — Rar=Ra2=0.1 um; 2 — Ra1=0.1 um, Ra2=3.2 um; 3 — Rai=Ra2=3.2 um
Puc. 8. Pesynbmamvl YUCIEHHO20 MOOEIUPOBAHUS PASHUYbL MEMNEPAMYD Lox— Lewix
6 3A8UCUMOCIIU OM OABNEHUs 8 CIbLKe NPU PASIUHOL UEPOX08AMOCHU KOHMAKMUPYIOWUX NOBEPXHOCMELL:
1 — Rai=Ra2=0,1 mxm; 2 — Ra1=0,1 mxm, Ra2=3,2 mxm; 3 — Rai=Ra2=3,2 mxkm
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(tin - tout)1°C
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20
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Fig. 9. The influence of oil in the contact zone on the temperature difference tox—tsux:
a solid line — air (As=0.028 W/(m- K)); a dotted line — oil (Anu=0.12 W/(m- K));
1 — Rai=Ra2=0.1 um; 2 — Ra1=0.1 um, Ra2=3.2 um; 3 — Rai=Ra2=3.2 um
Puc. 9. Brusnue macna 6 30ne KOHMAKMA HA PA3HUYY MEMREPAmyp to—loux.
cnaownas uHust — 6030yx (As=0,028 Bm/(m- °K)); nynkmup — macno (2m=0,12 Bm/(m- K));
1 — Rui=Ra2=0,1 mxm; 2 — Ra1=0,1 mxm, Ra2=3,2 mxm; 3 — Rai=Ra2=3,2 mxm

(tin' tout),oc
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Fig. 10. The results of numerical simulation of the temperature difference to—tsux
depending on the pressure in the joint for various steel grades:
1 —Cm.15 steel; 2 — Cm.45 steel; 3 — Cm.40X steel; 4 — Cm.40XH steel
Puc. 10. Pezynvmambl 4ucieHHO20 MOOEIUPOBAHUS PAZHUYBL MEMNEPATYD Lox—tsoix
8 3a8UCUMOCIU OM OAGNIeHUs 8 CHIbIKE ONIA PA3TUYHBIX MAPOK CIAE:
1-Cm.15;2—Cm.45; 3—Cm.40X; 4 — Cm.40XH
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The influence of grades of contacting materials was
evaluated by numerical experiments, with samples from
the grade 15 steel (A=55 W/(m-°K), o©7=240 MPa),
grade 45 steel (A=48.1 W/(m-°K), o7~=680 MPa),
40H steel (A=46 W/(m-°K), o67=775 MPa), and 40HN steel
(A=44 W/(m-°K), 6r=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 (R.>1 pm).

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.

10.

11.

12.
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Annomayun: AHanM3 KOHCTPYKIMHA TEXHOJOTHYECKOTO O00OpPYIOBAHUS MPH NMPOSKTUPOBAHHH IO TEMIIEPATYPHOMY

KPHUTEPUIO SIBIETCS HEOOXOIMMOM rapaHThell obecneueHus] TpeOyeMbIX 3KCIUTyaTallMOHHBIX XapakTepucTHK. Hammdame
3HAYUTEIILHOTO KOJIMYECTBA JIeTalel B y3/1aX 1 MEXaHU3Max TEXHOJIIOIMYECKOro 000pyJOBaHUsI TPEOYET MPH MPOEKTUPO-
BaHWM MPOTHO3UPOBAHMS ITPOXOXKAEHHS TEIUIOBOTO TOTOKA uepe3 coennHeHus. MHoroodpasue TpeOOBaHUN K COEANHE-
HUIO TIPH MOJIETMPOBAHUN KOHTAKTHOTO TEPMHUIECKOTO COMPOTUBIICHUS MOXET OBITH yYTEHO BBEACHHEM B 30HY KOHTAKTa
ncesaocios. IlpuBeaeHsl pe3ynbTaTsl IPOBEPKU NMPENTI0KEHHON PErpeCCHOHHOM 3aBUCUMOCTH U3MEHEHHS TeMIIepaTyphl
IIPU MPOXOXKJICHUU TEIUIOBOTO MOTOKA Yepe3 IICEBAOCIOH, MOMydIEeHHOH NPH ydeTe YeThIpeX CYLIECTBEHHBIX (PakTOpoB:
TOJIIIMHEI TICEBIOCIIOSI, HOMHHAIBHOTO JIABJICHHUS, MpEeeNa TeKydecTH MaTepualia, paclioIOXKEHHUs 30HbI (PaKTHIECKOTO
KOHTaKTa. AJIEKBaTHOCTh YKa3aHHON pPEerpeCCHOHHOI 3aBHCHUMOCTH NPOBEPSIIACh IKCIIEPUMEHTATIBHO U C UCIIOIb30BaHHEM
YHUCJIEHHOTO MOJICTUPOBaHHS C IPUMEHEHHUEM KPYITHOOJIOUHBIX KOHEYHBIX 3JIeMeHTOB. JlJIsl onucaHus mpolecca Teroo0-
MEHa B 3JEMEHTaX TEIUIOBOM MOJENN OBbUIM OIpEeAEIeHbl KOHTAKTHBIC TEPMHUYCCKHE COTPOTHBICHHUS U HECKOJIBKHX
YCIIOBHH paclpOoCTpaHEHUs TEIUIOBOTO MOTOKA: OT OJHOIO KOHEYHOIO 3JIEMEHTa K ApYyroMy B Ipefeiax OJHOW JeTaiu;
OT OJJHOTO KOHEYHOT'O 3JIEMEHTa K JPYTrOMY, PAacIOJI0KEHHOMY B COCETHEH IeTalu; MPOXOXKICHHS TEIUIOBOTO IMOTOKA Ye-
pe3 3aMKHYTBIE MOJOCTH; PACIIPOCTPAHEHHS TEIJIOBOTO MOTOKA B OKPYXKAIOILIYIO CPEy JUI KOHEYHBIX 3JIEMEHTOB, PACIIO-
JIO)KEHHBIX Ha HapyXHOM (CBOOOJHOM) KOHType aeranu. [IpoBeneHHbIe SKCIEPUMEHTHI OKA3aJId XOPOIee COBIAICHHE
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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 TI5K6 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.
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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 (D) values given in the work [1],
although they are fractional, have large values and require
clarification. For example, finishing and precision machines
have D=2.6-3.0, respectively. It is known that high values
of Dr 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 R. during cutting can be represented in the fol-
lowing form:

R, =AR} + AR} + AR | (1)

where AR;I is the height of uncut metal;

AR%m is the roughness altitude gain due to plastic defor-
mations;
AR} 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:

R = Ct CsCvCrC(pCHBtm‘s‘n(pxq)yOLH

a B

2
vPriHBY @

where R,, t, s, ¥ — in pum;

v — in m/min;

angles @, @1, o — in degrees;

HB — processed material hardness;

m, n, p, q, etc. are exponential factors at relevant condi-
tions, which are characterised by the constants C; ,C; ,C,,
etc.

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

(016 0,45 0,82

Ri=—"% o(st
y0:49,.0.

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 ¢
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;

—aPC.

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 R, and R. 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 Dr 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 ), 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 R, 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 R, 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 R, parameter
during the cutting process, a correlation analysis of the de-
pendences of R, on Dg, 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; ¢) and physical
and mechanical properties of the processed material (c3) 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 » between the phase
characteristic of cutting forces and chip shrinkage K,.

Fig. 6 shows the dependences r of the phase characteris-
tic of cutting forces on the microroughnesses R. 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 (V8 steel, T15K6 cutter):
a— Veur=20 m/min, Ra 2.32; b— Veu=50 m/min, Ra 2.6;
¢ — Vew=75 m/min, Ra 1.6; d — Veur=105 m/min, Ra 1.25; e — Vews=130 m/min, Ra 1.2
Puc. 1. IIpoghunoepammer obpabomannsix nogepxnocmeit (cmanv V8, pezey T15K6):
a — Vpes=20 m/mun, Ra 2,32; b — Vpes=50 m/mun, Ra 2,6;
¢ — Vpes=75 m/mun, Ra 1,6, d — Vpes=105 m/mun, Ra 1,25; € — Vpes=130 m/mun, 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 (o5).

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 V8 steel surfaces corresponding to cutting rates:
a — Veur=20 m/min, Ra 2.32; b — Veur=50 m/min, Ra 2.6;
¢ — Veu=75 m/min, Ra 1.6; d — Veur=105 m/min, Ra 1.25;
e — Vew=130 m/min, Ra 1.2
Puc. 2. Ammpaxmopwl 06pabomannvix nosepxnocmeti cmanu Y8, coomsemcmeyrouue CKOpOCMAM pe3anus.
a — Vpes=20 m/mun, Ra 2,32; b — Vpes=50 m/mun, Ra 2,6;
¢ — Vpes=75 m/mun, Ra 1,6, d — Vpes=105 m/mun, Ra 1,25;
e — Vpe:=130 m/mun, Ra 1,2
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Fig. 3. The model of Cantor profile of surface roughness
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Fig. 5. The structure of artificial neural network for assessing the fractality
of the machined surface based on the cutting conditions
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(1 — 80 m/min; 2 — 30 m/min) [16]

CONCLUSIONS

1. A correlation was identified between the machined
surface roughness and the fractal dimension Dg,. 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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Annomayusn: Ilpobnema noBbimeHns: 3PPEKTHBHOCTH MEXaHNYECKOH 00pabOTKN B YCIIOBUSX COBPEMEHHOIO aBTOMa-
TH3HPOBAHHOTO IPOU3BOJCTBA SBISACTCS AKTYaJbHOH Uil MHOTHX OTpaciieidl mepepabarhlBaiolicii MPOMBIIUICHHOCTH.
Jlannast npo6iema TpebyeT IIyOOoKoro u3y4eHus (PU3NIECKUX MPOLECCOB, MPOMCXOAAIINX NPH pe3aHud. Ee akTyaabHOCTh
ee Gosiee BO3PACTALT ¢ PAa3BUTHEM LU(PPOBOTro MPOU3BOJACTBA B Hamel crpaHe. CeroqHs NpH HATMYHU ITHPOKOH HOMEH-
KJIaTypbl U3LCIIHI TPEANPUSITHS BBIHYKIICHBI CO3IaBaTh YCIOBUS JUIS COKPAIICHHUS TEXHOIOTHYECKOTO IIMKIIA NP TPOH3-
BOJICTBE TOTO HJIM MHOTO HM3AeNnus. JJis mpoBeneHUs MCCIIeNOBaHuUs ObLT IIOCTABIICH SKCIICPHUMEHT, B KOTOPOM B Ka4eCTBE
00pabarbIBaeMOro MaTepHaa HCIIOJIb30Balach YIIEPOAUCTas CTalb Y8, a B KaueCTBE MHCTPYMEHTAIFHOTO MaTepHuaia —
T15K6. B xome mpoBeneHHs SKCIEpUMEHTa HAOMIOAIM 3a M3MEHEHHEM MIEpOXOBATOCTH OOpaOOTAaHHOW MOBEPXHOCTH
B 3aBHCHUMOCTH OT CKOPOCTH pe3aHus. B paboTe paccMoTpeHa BO3MOXHOCTD OLIEHKH Ka4eCTBa MOBEPXHOCTHOTO CIIOS TIPH
pe3aHUU Ha OCHOBE (hPAKTATBHOTO M HEHPOHHOCETEBOrO MojenupoBaHua. OOHApYKEeHO, YTO (paKTaibHAs Pa3MEPHOCTb
MOKa3bIBAET PETYISPHOCTh BOCIIPOU3BECHHUSI HEPOBHOCTEH Ha 00paOOTaHHON MOBEPXHOCTH MpPHU pe3aHuu. PaccunraHHas
(pakranpHas pa3MEpHOCTH MIEPOXOBATOCTU 00pabOTAHHON MOBEPXHOCTH XOPOIIO KOPPEIUPYET CO 3HAYEHUAMH ILEPOXO-
Baroctd oOpaboTaHHOH moBepxHOCTH (ko3 duuuent koppeminuu 0,8-0,9). Paspaborana crpykTypa HEHpOHHOH ceTH,
TIO3BOJISIIOIIAsT YIIPABJISATh Ka4eCTBOM 00pabOTaHHOM IMOBEPXHOCTH B 3aBUCHMOCTH OT YCJOBHUH pe3anus. V3zydena Bo3-
MOKHOCTB HCIOJIb30BaHUsI HEHPOHHOCETEBBIX MOJENIEH Ul yNpaBIeHHs TEXHOIOTMYECKHMHU CHCTEMaMu 00paboTKH pe-
3aHueM. [IpeayoKeHo IpH CO3AaHUU HU(PPOBBIX ABOWHHUKOB YUUTHIBATh (PAKTOPHI, BIUSIOLINE HA KAYECTBO 00pabOTaHHOM
MIOBEPXHOCTH M MPOM3BOIUTEILHOCTh 00pPaOOTKH, KOTOpBIE €1ab0 IOUIAI0TCS y4eTy NPH MOJEIMPOBAaHMH, a TaKXKe MpU
NPOBENICHUH HATYPHBIX SKCIIEPHMEHTOB B X0I€ MEXaHWIeCKol 00paboTku. TakiuMu (akTopaMul SABISIOTCS H3HOC PEXKyILe-
r0 HHCTPYMEHTA, POLecC IUIACTHYECKO JeopMaiy 1 ANHAMHKA PE3aHHsI.

Kntouesvie cnosa: npouece pe3aHus; IEPOXOBATOCTh 00PabOTaHHON OBEPXHOCTH; HEHPOHHAS CEThb; YIPABICHUE Ka-
4ECTBOM ITOBEPXHOCTHOTO CIIOSL.

Jna yumupoeanus: Kabannuu 0.1, Cabmun [1.A., llletnann B.C. Ynpasnenne quHaMHYEeCKOW YCTOHYUBOCTBIO Me-
TAITIOPEXKYIUX CUCTEM B MPOLIECCE pe3aHus Mo (GppaKkTalbHOCTH IIEPOXOBATOCTH 00paboTaHHO# nmoBepxHocTH // Frontier
Materials & Technologies. 2023. Ne 3. C. 43-51. DOI: 10.18323/2782-4039-2023-3-65-4.
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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,
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machines is hindered by an increase in the purchase price

INTRODUCTION for equipment and components, insufficient funding for

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

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 Ri, the secondary circuit R», and the load
Ryed, as well as the secondary circuit inductance L, and
the transformer primary winding Ri. The operation of
the thyristor contactor is simulated by the K key position.
The supply network is modelled by an ideal voltage source
E(?) 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,c at idle and Usweiq in the welding mode.
When the machine is running in idle mode, a deviation of
the mains voltage Uso. relative to the nominal mains

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 Lc — active resistance and inductance of the supply mains;
Rim and Lim — active resistance and inductance of the transformer primary winding;
R2 and L> — active resistance and inductance of the secondary circuit;
Ruweid — active load resistance (of welded parts);

Us,nom, Us,oc and Us, wela — mains voltage is nominal, idle, and under the load conditions;

11 — the current in the primary circuit of the contact welding machine
Puc. 1. Ynpowennas cxema 3ameweHuss KOHMAaKMHOU MAWUHbBL NPU NOOKIIOYEHUU K HeudealbHou cemu (a)
u ocyunnozpammel moka u Hanpsicenust (b).
E(t) — udeanvuwiil ucmouHux HaANpafCeHus: CUHYCOUOATbHOU POopMbl;
Rs and L. — akmusHoe conpomuenenue u UHOYKMUSHOCMb NUMaroweli cemu;
Rim u Lim — axmugnoe conpomusnenue u UHOYKMuGHOCMb NEPEULHOU 0OMOMKU Mpanchopmamopa,
R> u L2 — akmusnoe conpomuenenue u uHOYKMUGHOCMb 6MOPUYHO20 KOHMYPA,
Rweld — akmusHoe conpomuenenue Hazpy3ku (ceapusaemvix demaneii);
Us nom, Us,oc and Us, weld — Hanpsdicenue cemu HOMUHATLHOE, 8 peXcume X0I0CHOo20 X00d U 8 pexcume HAzPY3KU,
11 — mok 6 nepeutHoM KOHMYpe KOHMAKMHOU MAWUHbL
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Fig. 2. Current and voltage oscillograms at full-phase switching-on.

Us,oc and Uy, wela — mains voltage in idle mode and in load mode,
11 — the current in the primary circuit of the contact welding machine;
AU — power failure; t« — commutation moment of the thyristor contactor;
dli/dt — primary current growth rate; ty1 — phase shift
Puc. 2. Ocyunnocpammsvl moka u HanPAdCeHUus npu NOTHOPA3HOM GKITIOUEHUL.
Us.oc and Us, weld — Hanpsdicenue cemu 6 pexcume Xonocmo2o Xo0a U 6 pexcume Hazpy3Ku,
11 — mok 6 nepsuuHOM KOHMYPEe KOHMAKMHOU CBAPOYHOU MAUUHDL,
AU — npoean Hanpaxcenus,; tx — MOMeHM KOMMYMAayuu mupucmopHo2o KOHMakmopa,
dl/dt — ckopocme Hapacmanus nepeuyHO20 MOKaA; tpl — Pazoewill cOBuUe

voltage Usnom 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 Usweia relative to the idle volt-
age Usoc is observed, which manifests itself both by a de-
crease in the voltage supplied to the contactor and by
a voltage phase lag Uswea relative to the voltage Uk,
which is shown in Fig. 1 b.

The authors proposed to calculate the parasitic parame-
ters of the supply network (resistance R 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,. 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 # of
the thyristor contactor, the power failure AU and the rate of
the primary current rise dli/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 Usweld, the primary current /; and
the current-voltage lag angle ¢;. It should be noted that
the short circuit mode is characterised by the largest phase
shift #y1, 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 /i,
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 ., therefore, the first switching
on of the thyristors was performed at an opening angle of
a=90° el.

Since at the switching moment the current /; is
equal to zero, the observed power failure AU 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 dI,/dt:

_AU
T
dt

L )

The active resistance Ry is calculated according to
the formula (2) taking into account the supply network fre-

quency f;:

R Us oc ? Us weld . +2 f L ?
= > - - sin T -
s [1 Il Py sHs

_ Us, weld

2

Cos @,

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 8" stage of the transformer.
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RESULTS

The mains voltage measured at no load was Us =380 V.
At the time of switching the thyristor contactor, the power
failure was AU=39 V. The primary current growth rate was
dl/d=148 kA/s, the mains voltage measured in the load
mode was Uswea=343 V, and the primary current of full-
phase switching in the load mode was 7;=258 A. The lag
angle of the primary current from the voltage was @;=61°
el. When calculating according to formulas (1) and (2),
the supply network parasitic parameters R=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.3a. 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 Ry and Ly. The mathematical
description of electrical processes was performed using
the state-variable approach; the inductance currents L+Ls
(1; current), inductance L, (/> current), and inductance Lo
({o 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:

L] |o 0 0 I
i 12 =10 RO + R2 + Rweld & x [2 (4)
0 0 RO RO 0
i Lo(Zy) Lo(ly)

Using (3) and (4), the transient process was calculated
when the MT-4019 machine was turned on at the thyristor
opening angle of a=60° el. for previously found network
parasitic parameters R—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,. does not coincide with
the zero-crossing point of the mains voltage in the welding
mode Usyeld, While the actual opening angle of the thyris-
tors a differs from the specified oer.

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 a, measured from the zero-crossing point of

Ry+R,+R, R, R, the idle mains voltage Us . is possible only in the first half-
It - L +1L, L, +L, L +L, cycle of the welding current. On subsequent half-cycles,
a1 R, Ry+R,+R,yy R, the Usoc idle voltage signal is absent. Instead, there is
I I |= z _L—2 _L_2 % a phase-shifted Usyed voltage signal in the welding mode.
1y R, R, R, Under the conditions of non-ideal supply network, the actu-
— -——F -——F al thyristor opening angle a differs from the as value, spe-

L ko (75) Ly(o) Lo(Iy )— cified by the regulator by the allowance value Aa::

1 3)

I L,+1L, o =a,, —Aa. 5)

x| [+] 0 |E()

I, 0 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 o, power factor coso,

Fig. 3. Calculated equivalent circuit of the contact welding machine with on (a) and off (b) thyristor contactor
Puc. 3. Pacuemnas cxema 3amewenusi KOHMAKMHOU CEAPOUHOU MAUUHBL NPU 8KTIOYEHHOM (@)
U B8bIKJIDYEHHOM (b) MUupucmopHom KOHmaxkmope
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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 Aa ranges from tenths to units of an electrical
degree. It grows with a decrease in the power factor (coso),
and the phase regulation depth (angle o), 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 Ny, moreover upwards, as shown in Fig. 6 a. From
this, the authors can conclude that the phase shift of
the observed voltage Uswea 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 Uswela relative to the idle voltage Us o,
can take place with significant violations. When the con-
troller operates in the mode of maintaining the welding
current numerical value, the generated current /, is equal to
the specified current ., only at two key points o and
dset’’, which were used when constructing the regulation
characteristic. For intermediate values of the thyristor open-
ing angle o, the generated current />(ose—Aat), which cor-
responds to the actual thyristor opening angle according to
(5), is less than the set current Iy, 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.

Uv LA
500 1 2000
250 - 1000
0 0
-250 -1000
VeV
-500 | — -2000
| | | |
0 5 10 15 20 235 30 35 40 45 t, ms

Fig. 4. Calculated voltage and current curves built taking into account the supply mains parasitic parameters
Puc. 4. Pacuemnbie Kpueble HANPAXCeHUs U MOKA, NOCMPOEHHbLE C YHemOM NAPASUMHbLIX Napamempos numaioujei cemu
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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)
Puc. 6. Omuowenue oeticmeumenvno2o yposus nazpesa N k 3a0annomy yposnio nazpeda Nset
npu napamempuieckol cmaobunuzayuu (a);
nozpeutHocms 3a0aHus MOKa npu KOIudecmeeHHol cmabunusayuu céapouno2o moxa (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 cosq [18-20]. The error in setting
the opening angle of thyristors Aa ranging from fractions
to units of an electrical degree disrupts the normal opera-
tion of control and diagnostic algorithms. So, at Aa=1° el.,
the actual value of cos@ turns out to be more than calcu-
lated by 1 ... 10 %, and at Aa = 3° el., the error can reach
20 %. Reducing the phase regulation depth, and increasing
the value of the power factor cos¢ through optimising
the welding mode parameters and the design of the re-
sistance machine secondary circuit, can significantly re-
duce the influence of Ao 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 o.

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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Annomayus: KoHTaKTHasi cBapKa B YCJIIOBHSIX MAacCOBOTO IPOM3BOJICTBA BBINOJIHACTCS NMPH 3HAYUTEIHHOM KOJIMYE-
CTBE BO3MYIICHHH, COBOKYITHOE JACHCTBHE KOTOPBIX MOXKET MPEBBIIATh BO3MOXKHOCTH COBPEMEHHOW armaparypsl yrpas-
JeHusl. bONBIIMHCTBO CHCTEM yNpaBlICHHS! KOHTAKTHON CBAapKOH, MPHMEHSIEMBIX B IPOMBIIIJICHHOCTH JUIsI KOMITCHCAIINN
JEWCTBYIOIIMX BO3MYIICHUH, IpeLycMaTpuBacT (ha30Boe PETYINPOBAHUE CBAPOYHOTO TOKA B 3aBHCUMOCTH OT M3MEpPEH-
HBIX TapaMeTPOB, XapaKTepU3YIOMHUX Mporecc GOPMHUPOBAHUS CBAPHOTO coennHEHHA. D(PGEKTUBHOCTh PabOTHI TaKUX
PETYIATOPOB B 3HAYNTEIBHON MEpEe ONPEAEISIETCS] TOYHOCTBIO U3MEPEHHS U 33JaHusI TapaMeTpoB (ha30BOTO PETYIUPOBa-
HUS, K KOTOPBIM OTHOCSIT YIJIbI OTKPBITHS U IPOBOJMMOCTH CBapOYHBIX THPHCTOPOB. B paboTe mokazaHo, 4TO MpU BKIIIO-
YEHNUHM KOHTAKTHOW MAIIMHBI MPOUCXOAUT (Da30BBIA CABUT HAINPSHKEHUsI CETH B PEKMME HArPy3KH OTHOCHUTEIBHO HAIpsi-
JKSHUSI CETH B PEXKUMeE X0JI0cToro xoa. C MCIOoIb30BaHUEM YIIPOIIEHHOW dIIEKTPHUYECKOM CXEMbI 3aMellleHHsT KOHTAKTHOW
CBapOYHOI MalInHBI B paboTe omnrcaHa npupozaa (azoBoro clBUra HarpspKEHUs CeTH. B kauecTBe mapa3uTHBIX IapaMeT-
POB CeTH BBIAEIECHBl AKTUBHOE CONPOTHBICHHWE W WHIYKTUBHOCTH CeTH. MOZEIMPOBaHUE JIIEKTPHUYECKHUX IPOIECCOB
B KOHTAKTHOM MaIllHE BBINOJHEHO COTJIACHO TPEXKOHTYPHOH cxeme 3amelieHus. [loka3aHo BIMSHME Mapa3UTHBIX Tapa-
METPOB CETH Ha CTaOMIBLHOCTH (Pa30BOTO PETYINPOBAHMUS, 0COOCHHOCTH MOJIYJaeMbIX OCHMIIIIOTPAMM TOKa 1 HATIPSDKEHMS.
B 3aBrcHMOCTH OT MapaMeTpoB CETH W KOHTAKTHOW CBApOYHON MAIIMHBI, BENWYMHA (a30BOT0O CABHUIA COCTABISIET OT JI0-
Jel 10 eAMHMII JIEKTPUYECKOro rpaayca. [Ipu napamerpnieckol CTaOMIM3alK CBAPOYHOTO TOKA MO HANPSDKCHUIO CETH
BIIMSTHUEM apa3uTHBIX [TapaMETPOB CETH MOXKHO IpeHeOpeus. [Ipu pabote perynstopa B pexXxuMe IMOAAEPKaHNS YHACIICH-
HOTO 3HaY€HMsI BTOPUIHOTO TOKA HAOJIIOAAETCsl yMEHBIICHUE CO3/1aBAEMOT0 TOKa OTHOCHTENBHO 3aaHHoTO0. [Ipemroxkena
7 anmpoOWpoBaHa METOJMKA OTPENCIICHNS Mapa3uTHBIX MapaMeTPOB MHUTAIOMICH CETH IO Pe3yiIbTaTaM OIBITa KOPOTKOTO
3aMBIKAHUSL.

Knroueswte cnosa: napamerpsl nuraromeil cetu; $pa3oBoe peryJupoBaHUe IIPU KOHTAKTHON CBapKe; KOHTAKTHAs CBap-
Ka; YIIPABJICHUE KOHTAKTHOU CBAPKOH B YCIOBUSIX BO3MYIICHUN; JUaTHOCTUKA KOHTAKTHOU CBAPKU; MOJAEIUPOBAHUE JIEK-
TPUUYECKUX NIPOLECCOB; (pa30BOE YIPaBICHNE; H3MEPEHHE U PETYIUPOBAHUE CBAPOUHOTO TOKA.

Jna yumuposanua: Knumos A.C., Kynunos A.K., Kmumos B.C., Ensiios B.B., bonasipes [[.A. BiusHue napameTpos
MUTAIOMIEH CeTH Ha CTaOMIBHOCTH (ha30BOTO PEryJMpOBaHMs IPH KOHTAaKTHOW cBapke // Frontier Materials & Technolo-
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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 TiAls
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 TiAl; 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: clectron beam additive manufacturing; titanium aluminide; Ti—Al; TiAls; titanium; aluminum; intermetal-
lics; microstructure; microhardness.
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alternative alloys that would be light enough and have all

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 CO, emission as a result [2]. Hence, there is an
obvious question about the possibility of obtaining such

the aforementioned properties.

Low density (=3.8 g/cm?), 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 °C [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—
0.20-0.1Si-0.07C-N0.04) and aluminium (EN ISO 18273;
99.8A1-0.13Fe—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 107 Pa. The studied sample with dimensions
of 13x7x1 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-Ka 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 DMS8 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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b

Fig. 1. EBAM-fabricated Ti—Al alloy billet (a)
and extracted sections for study of the microstructure (M) and phase composition (PCA) (b)
Puc. 1. 3acomoexa cnnasa Ti—Al, nonyuennas memooom IJIAII (a),
u ceuenusl, eblopanmvle 0 ucciedosanus muxpocmpykmypul (M) u ¢pazosoeco cocmasa (PCA) (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.
1 — the zone of the titanium layer near the substrate material where their mixing is realized;
11 — the part of the titanium layer located next to the mixing zone of titanium and aluminum,
111 — the mixing zone of the Ti and Al components in the melting pool;
1V — the intermediate layer between the mixing zone and the region of pure aluminum; V — the layers of pure aluminum
Puc. 2. Obwuii 6uo uccnedyemoeo 06pazya, U3EIEYEHHO20 U3 OUMEMAIIUYECKOU 3a20MO6KU, NOIyYeHHOU Memooom DJIAIT
u nokazannou na puc. 1 b. Hugppwt 1, 11, 111, IV, V 0603nauarom xapaxmepHule 30Hbl, 6bli6leHHbIE MPAGLEHUEeM 00pa3yd.
1 — 30na cnos mumana eonu3u Mamepuana nOONONCKU, 20€ OCYWECMEISCMCI UX CMEWUBAHUe;
1] — vacmvb mumano6020 051, pacnoNOACEHHAs PLOOM C 30HOU CMEWUBAHUS. MUMAHA U ATIOMUHUS,
11T — 30na cmewueanus komnonenmos Ti u Al 6 niasunvrou eanne;
1V — npomesicymounslil ciou mMedxncoy 30HOU CMEUUBAHUSL U 0OLACIBIO YUCMO20 ATIOMUHUSL, V — CILOU YUCTO20 AIOMUHUS
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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. Areal 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 y-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
TiAls phases (Fig. 4). The small peak corresponded to 41.5°
(111) can be explained only by the presence of insignificant
quantity of a-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 TiAls. 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 a-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 -Ti
phase is observed in area I 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
(=5.2GPa) and ~=390HV (=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 pH 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 a-Ti phase. But the microhardness
values of these areas are significantly higher than usual for
Grade 2 pure titanium consisted of a-Ti phase (=1.5 GPa)
[21]. It is shown that, according to the results of XRD ana-
lysis, area II is presumably presented by PB-Ti solution
(Fig. 5). The formation of B-Ti phase in pure titanium is
possible, when the temperature of heat treatment achieves
the point of phase transformation equal to =590 °C, with
following quenching [22]. The temperature of melting pool
achieved by the EBAM process is significantly higher than
590 °C, but the cooling rate is quite low [23]. This means
that the phase composition will be presented by the o-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 a-Ti-phase formation, since iron is
a strong stabilizer of the B-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 TiAls intermetallics, Al, and o-Ti phases (Fig. 4).
Presumably the presence of aluminium in area III, provides
the small appearance of a-Ti phase, since the former con-
tributes stabilisation of a-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 I1I 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 a-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 I, III, IV of the EBAM-fabricated Ti—Al alloy sample
Taénuya 1. Pesynomamur 3J]C onsa obnacmeii 11, 111, IV cnnaea Ti—Al, nonyuennoeo memooom DJIAIT

Al Ti Fe
Area Spectrum
Atomic %

1 99.87 0.11 0.02

v 2 99.99 0.01 0.00
3 99.80 0.11 0.09

4 52.55 42.83 4.62

11T 5 57.07 40.96 1.97
6 58.15 38.85 3.00

7 0.06 90.70 9.24

I 8 0.89 91.40 7.71
9 0.24 92.45 7.31

Spectrum |
Spectrum 3

Spectrum 5

Spccimam

ESe e
1 mm

b

Fig. 3. SEM-image of microstructure and EDS points for areas II, III, IV (a)
and BSE mode SEM-image of area 111 (b) of the EBAM-fabricated Ti—-Al alloy sample
Puc. 3. COM-uzobpascenue muxpocmpyxkmypul u modex 3/[C ons obnacmeni 11, 111, 1V (a)
u COM-uzobpadicenue 6 pescume OPD obnacmu IlI cnnasa Ti—Al, nonyuentnozo memooom IJIAII (b)
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Fig. 6. Microhardness vs the distance from the substrate of EBAM-fabricated sample
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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 TiAl; 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 Il and pure aluminium
layer of area V. Possibly, this zone is the mechanical mix-
ture of pure aluminium and TiAls 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 areca 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, TiAls; 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 TiAl;. 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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Annomayun: B Hacrosiee BpeMs B a3pOKOCMHYECKOH MPOMBIINIJIEHHOCTH M aBUAaCTPOCHUH CYIIECTBYET 3alpoc Ha
HOBBIE KOHCTPYKIIOHHBIE MaTepHalibl, 001a1alonye J0CTaTOYHO BBICOKOH MEXaHHYEeCKOH MPOYHOCTHIO, TEINIOBOH IMOJI3Y-
YeCThI0, CTOMKOCTBIO K KOPPO3HU M OKHCIIEHHIO. OOBIYHBIC CIUIABBI, HCIIOIB3YEMbIC ISl 9THX LENICH, CIMIIKOM TSXKEJbI.
B TO xe Bpemsi anbTepHATHBHBIC JITKME MaTepralibl, TAKUE KaK CIIaBbl Ha 0CHOBE Ti—Al, IMEIOT MHOXXECTBO HEIOCTAaTKOB
MIPY TIPOM3BOJACTBE TPAJULIMOHHBIMA MeTomaMu. B nmanHOW paboTe paccMOTpeHa BO3MOXKHOCTH IOJYHYEHHS CIUIABOB Ha
ocHOBe Ti—Al METOmMOM MPOBOIIOYHOTO AIEKTPOHHO-TYYCBOTO aATUTHBHOTO mpomsBoxacTBa (DJIAIL). HU3yueHsl xummde-
CKuil ¥ (a30BBIN COCTAaBBI, MUKPOCTPYKTYPa I MUKPOTBEPAOCTh OMMETAITHYECKOTO CciiaBa Ti—Al, OMy4eHHOTO JaHHBIM
metonoMm. OGHapykeHO 00pa3oBaHWE ISTH XapaKTepHBIX OOJacTeil MEXIy TUTAHOBOW WM aJIOMHHHEBOW HacTAMHU OnMe-
TaJUTMIECKON 3aTOTOBKH. 30HA CMEIIMBAaHM COCTOUT U3 mHTepMeTtaumaoB TiAl u TiAls, 9To moaTBep>KAAaeTCS HCCIEHO-
BaHHMEM €€ MHUKPOCTPYKTYPbI, XUMHUYECKOTO U (a30BOro cocrtaBoB. 1o pesyibraraM pPEeHTTEHOBCKOTO JAU(PPAKIHOHHOTO
aHaJM3a M SHEPrOJUCIIEPCHOHHONW PEHTICHOBCKOW CIIEKTPOCKONHMU MOYKHO HPENIONIOKHUTh, YTO 00beMHas 10JIsl UHTEpMe-
tanaa TiAl B 30He cMmemnBanus Bbllle, yeM 1ois (asel TiAls. CpeaHsisi MUKPOTBEPIOCTh 30HBI CMEIIMBAHUS COCTABIIS-
er 450 HV (=4,4 I'lla). B 30He cMmemmBaHus cOpMHpPOBAIACH pa3BHUTasi ACHAPHUTHAsS MHUKPOCTPYKTypa M paBHOMEpPHOE
pacripenenenue $a3 6e3 MPUBSI3KU K ASHAPUTHBIM U MEK/ICHIPUTHBIM 30HaM. TpENiHbL, TOSBISIONMECs B 3TOH 00acTy,
3aIOJHAIOTCS MaTepHaJIOM BEPXHHX CIIOEB, TO3TOMY MaTepHai OecrioprCThIi B 0e31eeKTHBIH. JTO MOKa3bIBaCT IPHHII-
MHAJIBHYI0 BO3MOXXHOCTB ITOYyYEHHSI MHTEpMETATHAHbIX ciutaBoB Ti—Al ¢ ucronp3oBanuem DJIATL.

Knrouegwie cnoga: >neKTpoOHHO-ITyYEBOE aVIMTHBHOE MPON3BOACTBO; amoMuHnA TiuTana; Ti—Al; TiAls; Turan; amromu-
HUH; HTHTEPMETAJUIUABL; MUKPOCTPYKTYpa; MUKPOTBEPAOCTb.
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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 5-107° to 5-10* s™! 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
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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
a-phase was 3 mm and 10 pm 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 30x6 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%
K>Cr,07 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 5-107° and 5-10*s™! (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.
Taonuua 1. Xumuueckuii cocmag cnnasa AZ31 u mexuuuecku yucmozo maznus, éec. %

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
. Base 0.005 - 0.0002 - 0.067 - 0.002 0.009 0.001 0.003
magnesium

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 C.5.4 (20 % CrO; + 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 ¢, 1 d, 2b). 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.3a, 3d). 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.3e). 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 ¢ 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
Puc. 1. Brusanue ckopocmu deghopmuposanus na degpopmayuio 0o paspyuienus (a, ¢) u npeden npounocmu (b, d)
obpasyos cnnasa AZ31 (a, b) u mexnuyecku yucmozo machus (c, d) 8 UCXOOHOM COCMOAHUU, NOCTE BLIOEPIICKU 8 KOPPOIUOHHOT Cpede
U nocie 8bLOEPIHCKU 8 KOPPOZUOHHOU Cpede ¢ NOCIeOVIOWUM yOaieHuem npooyKmos Kopposuu
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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

Puc. 2. Bruanue ckopocmu 0eghpopmuposanus na ouazpammsl pacmsadicenus oopasyos cnaasa AZ31 (a)

u mexuuuecku uucmozo mazhus (b) 6 paznvix cocmosinusx: 1 — ucxoonom,; 2 — nocie npedsapumenbHol 8blOEPAUCKU 8 KOPPOZUOHHOU

cpede; 3 — nocie npedsapumenbHoll 8bLOEPICKU 8 KOPPOSUOHHOU Cpede U YOaleHUs RPOOYKMO8 KOppo3uu
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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, ¢, f— after the pre-exposure to a corrosive medium and the removal of corrosion
products: a—c — at a low (5-107° s7') strain rate;, d—f— at a high (5-1077 s7!) strain rate. Images are obtained by SEM
Puc. 3. Buewnuil 6uo 60x080u nogepxrnocmu 00pasyos cniasa AZ31, ucneimanuvlx Ha pacmsdicenue Ha 8030yxe:
a, d — 6 ucxoonom cocmosinuu; b, e — nocie 8vl0ePIICKU 8 KOPPOZUOHHOIL cpede; ¢, f— Noce 8blOePICKU 8 KOPPOZUOHHOU cpede
u yoanenus npooykmog kopposuu npu. a—c — nuskoti (5-107° ¢™!); d—f — svicoxoii (5-10~* ¢™!) ckopocmax depopmupoeanus.
Crumxu noayuenst npu nomowu COM

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 5-107° to 5-1074s7..
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 (5-107% s7!) strain rate; d—f— at a high (5-107¢ s7!) strain rate.
Images are obtained by SEM. The blocked “A” and “B” areas are shown in Figure 5
Puc. 4. Buewnuii 6uo uznomos obpasyos cniaea AZ31, ucnvlmannuix Ha pacmsasxcenue Ha osoyxe: a, d — & UCXOOHOM COCMOAHUU,
b, e — nocne 6v10epaiicKU 8 KOPPO3UOHHOIL cpede; ¢, f— nocie 8blOepICcKU 8 KOPPOSUOHHOU cpede U yOaneHus nPoOYKmMos KOppo3uu npu:
a—c — nusxoti (5-1079 ¢™); d—f — evicoxoii (5-107 ¢™!) cxopocmsax degpopmuposanus.
Crumxu noayuenst npu nomowu COM. Bvioenennvie obnacmu «A», «B» npedcmaenenvl na puc. 5

Fig. 5. The magnified fracture surface areas blocked in the frames in fig. 4 b and 4 c, respectively: a — “4” 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
Puc. 5. Yeenuuennvie obnacmu hosepxHocmu paspyuteHus, obeeoenHble pamkamu Ha puc. 4 b u 4 ¢ coomsemcmeenHo:
a — obnacmu «A»; b — obnacme «By, codeparcawue yuacmxu Xpynko2o paspyuleHus 6 nepugeputinoi yacmu usioma oopasyos
cnaaea AZ31. O6paszybl UCnbIMbLEANUC, NPU HUZKOU CKOPOCIU 0epOPMUPOBAHUsL CPA3ZY NOCTIE BbLOEPICKU 8 KOPPOIUOHHOU cpele (@)
u nocne yoanenus npooykmos kopposuu (b). Cnumxu nonyuenvt npu nomowu COM
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d e f

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 (5-107% s7!) strain rate; d—f — at a high (5-10* s7!) strain rate.
Images are obtained by SEM. The blocked “A” and “B” areas are shown in Figure 7
Puc. 6. Brnewnuii 6u0 60K0601i NOBEPXHOCU 00PA3YOE MEXHUYECKU YUCIO20 MAZHUS, UCHBIMAHHBIX HA PACMANCEHUE HA 8030YXe.
a, d — 6 ucxoonom cocmosnuu; b, e — nocie 6vi0epICKU 8 KOPPO3UOHHOT cpede; ¢, f— nocie 8blOepIHCKIL 8 KOPPOSUOHHOT cpede
u yoanenus npooykmoe kopposuu npu. a—c — nusoti (5-107° ¢™1); d—f — svicoxoii (5-10~* ¢™!) ckopocmax depopmupoeanus.
Crumru nonyuenst npu nomowu COM. Bvidenennvie oonacmu «A», «B» npedcmasnensi na puc. 7

Fig. 7. The magnified side surface areas blocked in the frames in fig. 6 e and 6 frespectively: 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
Puc. 7. Yeenuuennvie obnacmu 60K0601i nosepxHocmu, 006edeHHvle pamkamu Ha puc. 6 e u 6 f coomeemcmeenHo: a — obnacme «A»,
b — obnacmo «By, unnocmpupyiowue cemxy Xpynkux mpewut (@) u kopposuonnsvie 136wl (b) na nosepxnocmu 0bpaszyos mexnuuecku
yucmozo mazhus. Oopasyvl UCILIMBIBATUC NPU BLICOKOU CKOPOCHU 0e@DOPMUPOBAHUSL CPA3Y NOCTE 8bIOEPICKU 8 KOPPOIUOHHOIL cpede (a)
u nocne yoanenus npooykmog kopposuu (b). Cnumxu nomyuenvt npu nomowu COM
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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 (5-107% s7!) strain rate; d—f — at a high (5-107% s7!) strain rate.
Images are obtained by SEM
Puc. 8. Brewnuii u3iomog o6pasyo8 mexHuiecku YuUcmo20 Mazuusl, UCHbIMAHHbIX HA PACMAJICEHUe HA 8030yXe:

a, d — 6 ucxoonom cocmosnuu; b, e — nocie 6b10epPIHCKU 8 KOPPOIUOHHOIL cpede; ¢, f— nocie 8blepIUCKU 8 KOPPOIUOHHOU cpede
u yoanenus: npoOyKmos Kopposuu npu: a—c — nuskoti (5-1076 ¢™1); d—f — evicoxoii (5-107% ¢™!) ckopocmsax degpopmuposanus.
Crumku nonyuenvt npu nomowu COM

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 % K,Cr,O7 composition. At the same time, in
the literature, there is evidence that fine-grained magnesium
suffers embrittlement after soaking in the 107> M Na,SO4
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-

78

Frontier Materials & Technologies. 2023. Ne 3



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

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 5-107¢
to 5-107* s7! leads to a complete elimination of the AZ31
alloy embrittlement caused by preliminary exposure to
an aqueous solution of the 4 % NaCl + 4 % K,Cr,04
composition for 24 h.

2. The removal of corrosion products using the standard
C.5.4 (20 % CrOs + 1 % AgNO:s) 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 % K,Cr,07
composition for 24 h.

4. An increase in the strain rate from 5:107° to 5-107*s!
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.

10.

11.

12
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Almomamm: MarnueBbie CIUIaBbl SBIISIIOTCS MNEPCHCKTUBHBIMU MaTCpraiaMu Ui UCIIOJIb30BaHWUA B aBUALlMU, ABTO-

MOOMJIECTPOEHHH ¥ MEJIUIMHE, OJHAKO, BCIEACTBUE HU3KOH CTOHKOCTH K KOPPO3HOHHOMY PacTPECKHUBAHUIO I0J] HAIps-
sxkeaneM (KPH), obGnacte ux npumeHeHust orpaHudeHa. J[is co3maHus CIUIaBOB, 00JIQAIOIIMX BBICOKOH CTOMKOCTBIO
k KPH, Tpebyercst BcecTopoHHEE H3yUeHHE MPUPOJIBI ITOTO sIBICHUS. Panee ObIIIO BBICKA3aHO IPEATION0KEHHE, YTO BaXK-
Hy10 posib B Mexannzme KPH moxer urpats nud¢y3noHHO-TIOABIKHEIA BOJOPOA U IPOAYKTH KOPPO3HH, 00pa3yromuecs
Ha TMOBepXHOCTH MarHus. OTHaKo BKJIAJ KaXKIOTO U3 3THX (DAKTOPOB B OXPYMUMBAHNE MArHUS M €TO CIIABOB, BHI3BAHHOE
KPH, mano mzyden. Ilockoneky BiausHuE Au(y3nOHHO-TTOIBIKHOTO BOJOPOJA HA MEXAaHWYECKHE CBOIMCTBa METAJIOB
YCHIIMBACTCSl C YMEHBILIEHHEM CKOPOCTH Je()OpMHpOBaHMS, aKTyalbHOH 3aJaduci SABISETCS HCCIECAOBAHHUE CKOPOCTHOU
YyBCTBUTEIHFHOCTH BOCTIPHMMYHBOCTH crtaBoB MarHus k KPH. B Hacrosmeit pabote mccienoBanich TEXHUYECKH Y-
CTBII MAarHuii B JIMTOM COCTOSIHUM M CIUIaB AZ31: M3y4anock BIMSHHE CKOPOCTH Je(OPMUPOBAHKS B AMAIA30HE OT 5-107°
10 5-107* ¢! Ha MexaHWYECKHE CBONCTBA, COCTOSAHME GOKOBOI MTOBEPXHOCTH U M3JI0Ma MATEPHAJIOB JI0 M MOCJIE BBIIEPKKH
B KOPPO3UOHHOMU cpejie U MOocie yAaleHus MPOAYKTOB KOPPO3UHU. Y CTaHOBIIEHO, YTO MpeABapUTENbHAsl BBIICPAKKA B KOP-
PO3MOHHOH cpeie MPUBOAUT K OXPYIUUBAHMIO ciiaBa AZ31, HO He BIMsSIET HA MEXaHMYECKHE CBOMCTBAa U Xapakrep
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paspymenus yncroro Marausa. OOHapy>KeHO, 9TO OXpyIYUBaHHE ciiaBa AZ31, BEI3BaHHOE MPEABAPUTEIHHOM BBIICPIKKOI
B KOPPO3HOHHOI! cpefie, IPOSBIIAETCS B IIOJTHOM Mepe TOIbKO MPU HU3KOM CKOPOCTH e()OpMUPOBAHMS M TOJIBKO B TOM CIIy-
yae, ecM Ha MOBEPXHOCTH 00pasloB MPUCYTCTBYET CJIOH MPOAYKTOB Koppo3uu. IlokasaHo, 4TO M3MEHEHHE CKOPOCTH Jie-
d)OpMI/IpOBaHI/ISI OKa3bIBaeT HE3HAUYMTEIHLHOE BIMSHUE HA CBOMCTBA YMCTOTO MarHus. C,uenaH BBIBOJL O TOM, 4YTO OCHOBHOM
MPUYMHON OXpymuuBaHus criaBa AZ31 mocie BBIIEp)KKH B KOPPO3UOHHOM cpefie sIBISeTCs CIION MPOIYyKTOB KOPPO3UH, KO-
TOPBIN, IPE/ITTOI0KUTENBHO, COICPIKUT OXPYITIMBAOLINE areHTHI, TAKUE KaK BOJOPO/] U OCTaTOYHAs KOPPO3HOHHAS CPea.

Knroueguie cnoga: maruueBble ciiaBbl; AZ31; Marauil; KOppO3MOHHOE PacTPECKUBAHME O] HAIPSIKEHUEM; KOppo-
31s1; CKOPOCTh e(hOPMHUPOBAHNS; MEXaHHYECKHE CBOWCTBA.

Bnazooapuocmu: ViccnenoBanue BHIITOMHEHO npu (puHaHcoBoi nognepxke PH® B pamkax HaydHoro mpoekra Ne 18-
19-00592.
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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 (41-phase) is rearranged into an atomically ordered one with the L1, 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 41-phase existence). To form the L1, 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 41-phase peak (200) into two tetragonal ordered L1, 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 L1, 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: Cu—56 at. % Au; Cu-Au alloys; atomic ordering; resistometry; superstructural X-ray reflections; order de-
gree evaluation.
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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

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 CuAul alloy in the temperature range of 270-370 °C

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 CuAul alloy with the L1y 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 L1, phase orientations in the A1 matrix
and showed the following orientation relationships:
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(101)L1¢//{110}41 and [010]L10//[010]A41 [7]. The lamellar
structure is also observed during the formation of a long-
period ordered phase of the CuAull 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 (41-phase), an orthorhombic ordered
CuAull phase is formed, which, upon further cooling,
rearranges into the ordered CuAul phase. There are co-
existence regions between these phases: (41+CuAull)
and (CuAul+CuAull) [8]. A schematic view of the crys-
tal lattice ordered according to the CuAul-phase type is
shown in Fig. 1. The orthorhombic CuAull phase crystal
lattice can be represented as 10 CuAul 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 CuAul 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 ¢ 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: 41—>AuCul—->AuCull—->A41, and upon subsequent
cooling: A1—A1+AuCul+AuCull>AuCul+AuCull>AuCul.
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 CusAu, CuAu, Cu90Aul0,
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 ZIM-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 CuAul phase
Puc. 1. Cxemamuueckoe uzo6padicenue KpUCMaiIU4ecKol peulemku amomuo-ynopsioovennou gazvt Cudul
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and the orthorhombic ordered CuAull 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 CuAull phase appears in the alloy and not
the equilibrium CuAul phase, which is expected on the ba-
sis of the phase diagram. It is shown that the orthorhombic
ordered CuAull 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 CuAul 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 L1y 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
=20 mA. The measurement accuracy was £0.04-10® 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

— Pdis — Pt

>

Pais ~PLrO

where 1 is the transformed volume fraction;

pais and prro are the specific electrical resistivity values of
samples in the state of disorder and long-range order
(LRO), respectively;

p: 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-
Ka 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.2b) samples of the Cu—56Au alloy after
annealings of various durations (from 1h 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 p=14.29-10"8 Ohm'm. An alloy dis-
ordered by severe plastic deformation (90 %) has a lower
electrical resistivity — p=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: CuAul—-CuAull—41. 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 CuAul—CuAull
transformation. The second peak, whose maximum falls at
~380 °C, corresponds to the CuAull—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 p=7.04-10"% 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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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
Puc. 2. Temnepamypnule 3a8UcumMocmu 21eKmpoconpomugneHus, noyientsle npu nazpese oeopmuposannvix (a)
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Ha scmaskax noxasamnel yuacmku, Ha KOMOPLIX HAOIIOOAEMCs CIMYREeHYamoe usmMeHeHue 1eKmpoCconpoOmueiIeHus

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 a=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 aand 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 L1y 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 L1, superstructure, the crystal
lattice of which has the following parameters: a=0.3963 nm
and ¢=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)
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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)L1, peak
should be two times higher than that of the (002)L1, 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
L1y 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 L1y ordered one. Fig. 7 shows
the initial (200)41 peak splitting into two peaks — (200)L1o
and (002)L1, (in the range of 20 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)L1, 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 (1 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),
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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 °C
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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 L1y 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 (a) and quenched (b) specimens
annealed during 2 months at temperatures of 200 (1), 225 (2), and 250 °C (3)
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Fig. 7. X-ray reflection (200) evolution during atomic ordering at a temperature of 200 °C
of the initially deformed (a) and quenched (b) specimens
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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. 1a 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 (a)
and quenched (b) specimens of the Cu—56Au alloy at temperatures of:
200 (1), 225 (2), and 250 °C (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
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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
p=7.04-10" 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 p=6.98-10"® 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 L1y type (¢=0.3958 nm,
¢=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 ¢/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 (41—L1o) 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 1=0.89 (accord-
ing to resistometric data) or $=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 L1, 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 L1, superstructure.
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3.1t 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 # and & constants calculated in the tempera-
ture range of 200-250 °C for the disorder—order transition
(41—>L1y).
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Annomayus: bnaronapsi NOBBIIICHHBIM TPOYHOCTHBIM CBOWCTBAM B CPaBHEHHWH C SKBHAaTOMHBIM craBoM Cu—
50 at. % Au, Hectexnomerpuueckuid crmaB Cu—56 at. % Au MOXeT HalTH NMPUMEHEHHE HE TOJIBKO B CTOMAaTOJIOTHH, HO
U B Ka4eCTBE KOPPO3HMOHHOCTONKOIO NMPOBOJHMKA CIA0BIX 3JIEKTPUYECKUX CUTHANOB Ui mpubopocTpoenus. Padora mo-
CBAIICHA M3YyYCHHUIO KMHETHKH (pa30BOTO TpEBpalieHus Oecrnopspok—mopsanok B criaBe Cu—56Au, B xoze KOTOPOTO
neynopsigouenHas [ TIK-pemerka (41-¢aza) mepectpanBaeTcs B aTOMHO-YIIOPSAIOYCHHYIO CO CBEPXCTPYKTYpoit L1o. Uc-
XOJ/IHO€ pa3ymopsIOYEHHOE COCTOSHKE CILIaBa MOJIydYalH JABYMs CHOCOOaMH: MPUMEHEHHEM IUTaCTHYeCKOW jaedopMaiun
Ha 90 % nim 3akankoii ot Temneparypsl 600 °C (1. e. u3 obnacTu cymecrBoBanus 41-¢asbr). Omxuru anst GopMupoBaHus
CBEPXCTPYKTYphI L1o mpooaunu npu temmnepatypax 200, 225 u 250 °C. IIpoomKUTENbHOCTh OTXKHUIOB COCTABIISNIA OT
1 94 10 2 Mec. B kauecTBe OCHOBHOM METOAMKHU MCCIIEOBAaHHS KMHETUKU NPEBPAILECHHsT OeCIOPsIOK—TIOPSI0K ObUIA BbI-
Opana pesuctomerpusi. [losrydeHsl TeMIrepaTypHble 3aBUCHMOCTH Y/EIBHOTO 3JIEKTPOCONPOTHUBIICHHS CIUIaBa B Pa3iny-
HBIX CTPYKTYPHBIX COCTOSIHMSX. ITocTpoeHsI rpauky 3aBHCHMOCTH yJAEIBHOTO 3JIEKTPOCOIPOTHBICHUS OT Jioraprdma
BPEMEHH OT)KHTA, HA OCHOBE KOTOPBIX MPOBEZIEHA OIEHKA CKOPOCTH 00pa3oBaHUst HOBOH (a3bl. [y arTecTanuu CTpyK-
TYpPHOTO COCTOSIHMS CIIJIaBa Ha Pa3iIMYHBIX dTarnax MpeBpaIleHHs HCIIOIb30BAJICS PEHTIeHOCTPYKTYpHBIN aHanmu3 (PCA).
[epecTpoiika KpUCTAITMYECKON CTPYKTYPHI B X0JI€ IPEBpaIIeHNs [TOKa3aHa Ha IpuMepe pacmeruieHus nuka (200) xyou-
geckor ucxoqHoi A4 1-¢da3er Ha aBa muka — (200) u (002) TerparonansHOM yropsaoueHHoU L1o-daspl. [1o manHBIM pe3u-
cromerpuu 1 PCA mpoBeneHa KOIMYECTBEHHAsI OIICHKA CKOPOCTH (ha30BOTO MpeBpaIIeHUs] 0eCIOpII0K—TIOPSIOK B UC-
CJIelyeMOM CIUIaBe. Y CTaHOBJICHO, YTO 3HAUEHMs JOJIM MPEBPAIIEHHOr0 00beMa (PE3UCTOMETPHS) M CTEIEHH JTAJIbHErO
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nopsiaka (PEeHTTEHOCTPYKTYpPHBIA aHanm3) O0mu3ku. [lokaszaHo, uyto B TemmepatypHoMm uHTepBasie 200-250 °C ckopocthb
aTOMHOTro ynopspodeHus mo tumy Llo B Hectexmomerpuueckom cmiaBe Cu—56 at. % Au makcumansHa mpu 250 °C.
YcTaHOBIIEHO, YTO TpEBpallleHHne OECIIOpsAI0K—TIOPSIOK B HCXO/IHO 3aKaJeHHBIX 00pa3lax MCCIIEJ0BaHHOIO CIljIaBa Ipo-
TEKaeT MPHUOIM3UTEIBHO Ha TIOPSIOK OBICTPEE 1O CPABHEHHUIO C MPEIBAPUTEIILHO JAePOPMUPOBAHHBIME 00pa3IaMHu.

Kniouesvte cnosa: Cu—56 at. % Au; crutaBel Cu—Au; aTOMHOE YNOPSOUEHHUE; PE3UCTOMETPUS; CBEPXCTPYKTYPHbBIE
PEHTIEHOBCKHE OTPa)KEHHS; OLIEHKA CTEIICHH MOPSIIIKA.

Bnazooapnocmu: Pabora BeimonHeHa npu GuHaHCOBOM noanepxke Poccuiickoro nayunoro donna (rpant Ne 21-13-
00135).

Cratbsl IOATOTOBJIEHA TI0 MaTepuaiaM JIOKJIaI0B ydacTHHKOB XI MexmyHapogHoH mkomnsl «Pru3ndeckoe mMarepuano-
Begernney (IIIOM-2023), Tompsttr, 11-15 cenTsadps 2023 roxa.
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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 (768x840 and 640x480 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 resnetl01 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 107*
to 1073, a learning rate of 3-10~* 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 Sérensen—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
224x224 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 224x224 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
224x224 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.

96

Frontier Materials & Technologies. 2023. Ne 3



Soboleva N.N., Mushnikov A.N. “Determination of the volume fraction of primary carbides in the microstructure of composite...”

Fig. 1. An example of determining the fraction of carbides in the microstructure according to ASTM E 562 test method
Puc. 1. I[Ipumep pacuema doau kap6uoos 6 muxpocmpykmype no 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 224x224 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
MeanloU 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
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[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, %
Tabnuua 2. Jlons kap6uoos 6 MUKpOCMPYKMype NOKPblmuil, ONpeoesieHHAs PasIudHbiMu Memooamu, %

No. of image Manual marking Calcul:notiglé;lc\flording 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 36.6 355 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, loU, Dice, and MeanloU metrics for different methods of determining the fraction of carbides
Tabnuya 3. Cpeonexsaopamuuecxas owuobxa, mempukxu loU, Dice u MeanloU 0na pasznvix memoooe onpedenenust 001u Kapouoos

ﬁztlfl::csﬁ(:,{ld:;ig:;?(;zsg Mean square error IoU Dice MeanloU
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
(224224 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 loU
Loss is characterised by the maximum values of all IoU,
Dice, and MeanloU 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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Annomayus: B nponecce GpopmMupoBaHHs KOMIO3UIIMOHHBIX MOKPBITHH BO3MOXKHO YaCTHYHOE PACTBOPEHHE YIIPOU-
HSIOMIMX YacTHII (Jare Bcero KapOuaoB) B MaTpHIle, IO3TOMY B pSAE CIydaeB BBIOOP peXHMMa CO3AaHUS MaTepHalia Ocy-
HIECTBIISIETCS C YUE€TOM OOBEMHOM JI0JIN TIEPBUYHBIX, HE PACTBOPUBILUXCS IIPH HAHECEHUH TTOKpPbITHiT kKapOuaos. Lllupoko
UCIIOJIb3yeMble B HACTOSILEE BPEMsI METO/IbI pacueTa 00ObEeMHOM J0JM KapOHIIOB B CTPYKTYpe KOMITO3ULIMOHHBIX TOKPBI-
TUH (PyYHOH TOUYSUHBII METO/ U TPOrPaMMBI, PEATU3YIOIINE KIIACCHYECKUE METO/Ibl MAIIMHHOTO 3PEHHSI) UMEIOT OIpaHu-
YEeHUs! TI0 BO3MOKHOCTH aBTOMaTH3anuu. O)KnaaeTcsi, 4TO BHITIOJIHEHHE CEMaHTHYECKOW CETMEHTAIMH C UCIIOJIb30BaHUEM
CBEPTOYHBIX HEHPOHHBIX CETEH MOBBICHT KaK IPOW3BOJUTEIHLHOCTH IPOLECCa, TAK U TOYHOCTh ONpeNesICHHsT KapOHI0B.
B pabote npoBoauiIack MHOTOKJIACCOBasi CEMaHTHUECKas CErMEHTAIHsI, BKIIIOUAroIas KiiacCu(UKanio Ha H300pakeHHH
mop u oOxacTei, He SBIAIOMUXCI MUKPOCTPYKTYpoi. Vcmomp3oBanuchk nBe HEHpOHHBIE ceTw Ha ocHOBe DeepLab-v3,
oOydennsle ¢ pasHpiMH pyakumsmMu oteps (IoU Loss 1 Dice Loss). MicxomapIMu TaHHBIME OBIITH H300paKSHUS pa3iny-
HBIX Pa3MEpOB C JIEKTPOHHOTO M ONTHYECKOT0 MHUKPOCKOIOB, ¢ KapOugaMu cepndeckoll U yriioBaTtoil popMbl TeMHEe
1 CBETJIEC MATPHILBI, B PSJIE CIIydaeB — C IMOpaMH M 00JIACTAMH, HE OTHOCSIIMMUCS K MHKPOCTPYKType. B pabore mpen-
CTaBJICHBI N300paKEHNUS-MACKH, COCTOSIINE M3 YETHIPEX KJIACCOB, CO3JaHHBIC BPYYHYIO M JBYMSI OOy4eHHBIMH HEHPOH-
HbIMH ceTssMU. [1oka3aHo, YTO CeTH Paco3HAIOT MOPkI, 00JIACTH, HE OTHOCSIIUECS K MUKPOCTPYKTYpPE, H OTIIMYHO CETMEH-
THUPYIOT Ha M300paKeHUsIX KapOubl chepruueckoil (POPMBI, HE3AaBUCUMO OT MX [IBETa OTHOCHUTEIHHO MATPHUIIBI U HAJTHYHS
nop B crpykrype. IlpoBeneHo cpaBHeHHE H0MM KapOUIOB B MUKPOCTPYKTYPE MOKPBITHI, ONpeneneHHON ABYMsI HeHpOH-
HBIMH CETSIMH U PYYHBIM TOUSUHBIM METO/IOM.

Knroueevle cnosa: KOMIIO3UIIMOHHBIE TTOKPBITUS; KapOH/Ibl; ONTUYECKAass MUKPOCKOIIHSI; pacTpoOBasi DJICKTPOHHAsT MUK-
POCKOIHS; ceMaHTHYeCKas CerMEHTaIus]; HeHPOHHBIE CETH.
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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.
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tion of areas with a dominant type of dependence when analyzing production control data. Frontier Materials & Techno-
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cess and product parameters, for example, using Shewhart

INTRODUCTION control charts'. Their main disadvantage is the assumption

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-

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

V' 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°C (KCV® and KCU ™,
respectively) were chosen as quality characteristics.

Regression analysis was performed using multiple linear
regression. The parameters identified were the multiple
regression coefficients b;, the standard error of the regres-
sion coefficients o, the correlation coefficients R, and
the significance level of the Fisher test /. 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 x,,, the standard error of the sample o,
the skewness A, and kurtosis E, 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 KCV? and KCU ™, 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 (b; is the regression coefficient; oy 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
A, and kurtosis E, 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 A, and
kurtosis E, 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.
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Fig. 1. Histograms of distributions of impact strength of 13G1S-U steel:
a — test temperature (0 °C, V-cut;
b — test temperature —40 °C, U-cut
Puc. 1. l'ucmoepammour pacnpedenenutl yoaprou ésazkocmu cmanu 13I1C-Y:
a — memnepamypa ucnvimanus 0 °C, V-naopes;
b — memnepamypa ucneimanusa —40 °C, U-naopes

Table 1. Characteristics of the “chemical composition — property” regression model for impact strength of 13G1S-U steel

Tabnuya 1. Xapaxmepucmuxu pezpeccuoHHOU MOOENU «XUMUYECKULL COCTNAB — C8OUCTNBO»
0na yoapHot éazkocmu aucmosotl cmanu 13I'1C-Y

b.
Equation parameters (—’J
Property Gy R F
Mo Nb Cu Cr S Mn Si C 0
-1374 1485 —252 132 —9425 -123 —106 —833 485 ~
-40 .1076
KCU 403 270 73 42 557 33 29 214 62 0.53 210
-9412 -174 255
0 _ _ _ _ _ _ 1074
KCV 501 23 12 0.49 4-10
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Fig. 2. Correspondence of predicted and observed values of impact strength of 13G1S-U steel:
a — test temperature 0 °C, V-cut; b — test temperature —40 °C, U-cut
Puc. 2. Coomsemcmeue npedckazanuvix u HAbooaemuvlx 3navenutl yoapuou esazkocmu cmanu 131C-Y:
a — memnepamypa ucnvimanus 0 °C, V-naopes; b — memnepamypa ucnoimanusi —40 °C, U-naopes

Fig. 3 shows diagrams for separated impact strength ar-
rays, and Table 2 represents the statistical characteristics of
the obtained distributions: x,, average values, their ¢ 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™ impact
strength and 858 and 163 for the KCV® 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 °, and KCV°
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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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 °C, V-cut; b — test temperature —40 °C, U-cut
Puc. 3. Juazpammul pacnpedenenus 3uavenuii yoapuoui éaskocmu cmanu 131'1C-Y
npu pazoeieHul UCX0OH020 MACCUBA HA 08A NOOMACCUBA:

a — memnepamypa ucnvimanus 0 °C, V-naopes; b — memnepamypa ucnoimanus —40 °C, U-naopes

Table 2. Statistical characteristics of divided arrays of the impact strength values of 13G1S-U sheet steel

Taonuya 2. Cmamucmuueckue Xapakmepucmuxu pazoeeHHblX MAcCU808 sHayeHull yoapHou éaskocmu aucmosou cmaau 13I1C-Y

Property Sample type Xavy J/cm? o, J/em? As Ex
Basic 101 29 0.25+0.25 —0.46+0.83
KCV*
Selected 205 51 0.19+0.57 0.64+1.83
Basic 118 34 0.24+0.25 —0.54+0.82
KCU™
Selected 214 58 0.12+0.60 0.45+1.94
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Identification of areas 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 #’ and KCV?)
Tabnuya 3. Cmamucmuueckue Xapakmepucmuku bl00POK, OMBEYAIOWUX PACHPEOENEHUIO COOEPHCAHUS INEMEHMO8 XUMULECKO20
cocmaea cmanu 131 C-Y, coomeemcmeyiowux 0CHOGHOMY U 6bLOETeHHOMY Maccuéam snayvenuti yoaproti easkocmu (KCU 0 u KCVY)

Relevant to the array of the KCU ™ values Relevant to the array of the KCV? values
Parameter

Xavy Yo Wt. o, Yo wt. As Ex Xeps Yo Wt. o, Y% wt. As Ex

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
. 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
1.41 0.06 1.57 3.19 1.41 0.06 1.60 3.14

Mn

1.41 0.05 1.68 4.38 1.41 0.05 1.19 3.49

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
. 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
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
" 0.09 0.02 1.89 7.01 0.09 0.02 1.76 6.36
N 0.13 0.02 0.18 —-0.32 0.09 0.02 2.12 9.11
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
" 0.006 0.005 3.38 10.05 0.006 0.005 3.18 8.78
t 0.006 0.005 2.73 6.88 0.005 0.004 3.95 15.96
0.03 0.006 —-0.03 0.42 0.03 0.006 —-0.04 0.46
Al 0.03 0.006 -0.13 —-0.05 0.03 0.006 —-0.04 —-0.19
. 0.003 0.009 5.40 29.12 0.004 0.009 5.11 25.87
v 0.007 0.014 2.85 6.42 0.005 0.013 3.48 10.49
0.009 0.002 0.13 -0.93 0.009 0.002 0.13 -0.92
N 0.008 0.002 0.42 —-0.16 0.008 0.002 0.36 —0.42
0.017 2-10716 1.00 —-2.00 0.017 2-10716 1.00 —2.00
As 0.017 5-107"7 1.01 -2.03 0.017 6-107"7 1.01 —2.03

108 Frontier Materials & Technologies. 2023. Ne 3



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

Continue table 3

Relevant to the array of the KCU ™ values Relevant to the array of the KCV values
Parameter

Xavy Yo Wt. o, % wt. As Ex Xepy Yo Wt. o, % wt. As Ex

. 0.043 0.007 2.57 6.78 0.043 0.007 2.50 6.31
i 0.044 0.005 1.28 2.24 0.043 0.005 0.85 -1.30
. 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
. 0.008 0.004 6.18 47.60 0.008 0.004 6.34 51.04
Mo 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).
Tpumeuanue. B gepxueil cmpoke aueliku 0CHOBHASA, 8 HUJICHEl — BblOENEHHAs BbIOOPKA 3HAUEHUT YOAPHOU BA3ZKOCMU UCXOOHO20

maccusa.

* Dnemenmopl XumMuvecko2o cocmasd, 0Jis KOMopbiX GbIA6NEHbL PA3IUYUSL 6 8UOe PACHPeOeNeHUs SHAYEHUTL UX COOePIHCANUSL
6 OCHOBHOIL U 8bIO€/IEHHOU 8b160PKAX (coomeemcmayiowue KoIhGuyuenmot Gbl0eNeHbl NOLYICUPHIM HAYEPMAHUEM,).

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 x—x, 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 n/ 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 13GIS-U sheet
steel chemical composition elements corresponding to
the impact strength (KCU ™% and KCV?) 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 ** and KCV’)

Taonuuya 4. Cmamucmuyeckue Xapakmepucmuxu b100poK, OMEeuarouux pacnpeoeieHuio Co0epICanUs d1eMeHMo8 XUMUIECK020 cOCMAasgd
cmanu 131 C-Y, coomeememeytouux 1e6blM u npagsim Xeocmam pacnpedenenus snadenuti yoaproi észkocmu (KCU 0 u KCV?)

Relevant to the array of the KCU™ values Relevant to the array of the KCV? values
Parameter
Xavy Yo Wt. o, % wt. As Ex Xepy Yo Wt. o, % wt. As Ex
0.13 0.01 —-0.78 —-0.33 0.14 0.01 -0.90 -0.12
C
0.13 0.01 —0.60 -0.73 0.13 0.01 —0.83 —0.29
0.48 0.07 —-1.85 2.85 0.46 0.08 -1.25 -0.15
Si
0.46 0.09 -2.20 3.40 0.46 0.08 -2.45 4.65
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Continue table 4

Relevant to the array of the KCU ™ values Relevant to the array of the KCV° values
Parameter
Xavy Yo WL. o, Yo wt. As Ex Xeps Yo Wt. 6, % wt. As Ex
1.42 0.05 1.35 2.02 1.44 0.08 1.12 —-0.07
Mn
1.40 0.04 —-0.14 —0.69 1.41 0.04 0.09 0.24
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
. 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
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
. 0.09 0.02 0.69 0.34 0.09 0.02 1.30 1.37
M 0.13 0.02 0.25 —-0.49 0.08 0.01 0.93 0.90
0.13 0.02 0.62 0.31 0.13 0.02 0.40 0.73
c 0.13 0.02 0.25 —-0.49 0.12 0.02 0.10 —-0.28
" 0.007 0.007 1.94 2.26 0.010 0.010 1.05 —-0.81
n 0.006 0.005 1.82 1.56 0.006 0.005 2.59 5.78
0.029 0.006 0.59 0.76 0.031 0.006 0.43 —-0.61
Al 0.028 0.006 -0.75 -0.21 0.027 0.006 —-0.19 0.18
. 0.005 0.012 432 18.29 0.005 0.009 4.99 29.27
v 0.008 0.016 2.40 3.94 0.007 0.016 2.63 5.24
0.009 0.002 0.57 —0.64 0.008 0.002 0.37 -1.15
N 0.008 0.001 0.22 —-0.42 0.008 0.001 0.05 —-0.70
0.017 1077 -1.03 —-2.09 0.017 107 -1.04 -2.10
As 0.017 10717 —1.03 —2.09 0.017 10717 —1.03 —2.09
. 0.044 0.008 2.40 5.43 0.050 0.011 0.98 —-0.47
b 0.045 0.005 0.17 —2.06 0.044 0.005 0.46 -1.87
0.001 0.0002 -2.18 6.03 0.001 0.0003 —0.85 0.21
s 0.001 0.0002 -2.04 2.42 0.001 0.0002 —2.47 4.54
. 0.008 0.001 -0.24 -0.28 0.009 0.005 5.68 35.79
Mo 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).

Ipumeuanue. B eepxneii cmpoke sauetiku — 8blOOPKA U3 HUSKUX 3HAYEHUL, 8 HUNCHEL — BbICOKUX 3HAYEHUL YOAPHOU 8I3KOCMU
UCXOOHBIX MACCUBOB, COOMBEMCMBYIOUfUE JEBbIM U NPABLIM XBOCHIAM PACHPeOeNeHUL.

* Dnemenmol Xumuyecko2o cocmasd, O KOMopblX GblA6NEHbL PA3IUYUS 6 8UOE PACHPeOeNeHUs SHAYEHUT UX COOEPIHCANUSL
8 BbIOOPKAX, COOMBEMCMBYIOUWUX SHAUEHUAM YOUPHOU 6A3KOCIU HA HUMCHEM U BEPXHEM NPEOeNax UCXOOHbIX UCTNOZPAMM
ux pacnpeoenenus (coomeemcmsyoujue K03 duyuenmol 6bi0eeHbl NOIYICUPHBIM HAYEPMAHUEM).
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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* and KCV? 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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Annomayus: ©opMUpOBaHNE MPEACTABUTEIBHBIX 0a3 JaHHBIX ONpPECISIET HHTEPEC K MPOTHO3UPOBAHUIO U yIIpaBie-

HUIO Ka4eCTBOM METaJlla Ha OCHOBE PACKOIOK JAaHHBIX C UCIOJIb30BaHUEM CHEIMANbHBIX IPOrPAMMHBIX IPOAYKTOB, 3a4a-
CTYI0O OCHOBAHHBIX Ha PErpC€CCHMOHHOM aHAJIU3€C U HC BCCTAa YUWUTBIBAIOIIHNX CTATUCTUYCCKYIO NIPUPOAY CaMOTO 06’LCKTa
WCCIIEOBAaHNA. DTO MOXKET IIPUBECTH K OMIMOOYHON TPAKTOBKE PE3YJIBTATOB MIIM K HETIOTHOTE M3BJIEKaeMOW MH(pOpMa-
MM, cHIKast 3(Q(PEKTUBHOCTh CTAaTHCTHYECKOH 00paboTku. Ha ocHOBe aHanmm3a Mpon3BOJCTBEHHON 0a3bl TAaHHBIX TEXHO-
JIOTHH TIOJTyYeHHsI JIMCTOBOM ctanmu 13I'1C-Y ObUTH OLIEHEHBI BO3MOXXHOCTH MHOXKECTBCHHOW JTMHEWHOW PErpecCHH s
MporHo3a KadecTsa jucTa. IlokazaHo, 4To IiiyOWHA MPOTHO3a PErPECCHU OTpaHWYEHAa BHIOM DPACIPENCICHUS 3HAUYeHUN
YIPaBISIONIMX I1apaMETPOB, XapaKTep paclpelesieHHus: KOTOPhIX OLEHHWBAIM Ha OCHOBE OINpelesieHHs] KOd(pPHUIUESHTOB
ACUMMETPUHN U OKCIECCa. B c¢Bs3M ¢ CHIIBHBIM OTKJIOHEHHUEM IMPOTHO3UPYCMBIX MO}IGJ’IGﬁ OT J3KCIICPUMEHTAJIbHBIX 3HAYC-
HUH B 00JIaCTH MPAaBOTO XBOCTA paclpeieleHuil 3HaueHNH yOapHOH BS3KOCTH, B JAaHHOH paboTe OBLTH pa3BUTHI METOJIBI
pa3feneHus MacCUBOB JaHHBIX M MPENTI0XKEHbl KPUTEPUU CPABHEHHSI MOIy4aeMbIX Pe3yJbTaToB. [l OLIEHKH KOPPEKTHO-
CTH MOJYYaCMBbIX PE3YJILTATOB U3 HCXO}IHOﬁ BLIGOpKI/I 6LIJ'II/I BBIACJICHBI MACCUBBI C 3aBEIOMO aCCUMCTPUYHBIM PaCIIPCac-
JICHUEM, OTHOCHUTEIIBHO KOTOPBIX TaKXe MPOBEICHO CPAaBHEHHE CTATUCTHYECKHX XapakTepHCcTWK. Ha ocHoBe mperyiarae-
MBIX METOJAOB BBISBJICHBI JOMUHHUPYIOIUE XUMUYECKUE IIEMEHTHI, KOTOPBIE BHOCAT BKJIAJ B Pa3IUuUe PACHpeeeHUs
3HaYEHHUH MPUEMO-CIaTOYHBIX CBOMCTB, CYIIECTBYIOIIUX B paMKax OJHOM M Toil Jxe mraTHOH TexHonoruu. [lokaszano, 4To
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NPEIIOKEHHBIN METO| pa3eIeH!s MOXKET OBITh UCIIONB30BaH KaK BapHalys MPUEMOB KOTHUTHBHON TpaUKH IS BBIIEIIE-
HUS 001acTel ¢ JOMUHMPYIOIINM THIIOM 3aBHCHMOCTH Ha OCHOBE COOTHOMICHHS KOA((HUIMEHTOB aCHMMETPHH 1 SKCIIECca.
Knrwouesvle cnoea: ananus NaHHBIX IPON3BOJICTBEHHOTO KOHTPOJIS; YIIPaBJIeHNE Kaue€CTBOM METAJUIONPOYKIIUH; IIPO-
THO3 Ka4ecTBa B METAJLIYPTHH; IPHEMbl KOTHUTHBHOH Irpad)uKy; paCKOIKH MPOMN3BOJICTBEHHBIX AaHHBIX; cTtanb 131'1C-Y.
Jna yumuposanusa: Tumomenko B.B., bynanosa E.C., Kogupos [I.®., Coxomnosckas J.A., Kyaps A.B. O BeiOope
obnacTell ¢ JOMUHHUPYIOIIMM TUIIOM 3aBUCHMOCTH IIPH aHAIN3€ TaHHBIX POM3BOACTBEHHOTO KOHTpoJst // Frontier Materi-
als & Technologies. 2023. Ne 3. C. 103—114. DOI: 10.18323/2782-4039-2023-3-65-10.
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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 T6 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 a-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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recovery [2]. Such a structure often leads to an optimal

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

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 o-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 Al,Os3, B4C, SiO», 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 um 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 o-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 ¥140 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%Co0—-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 @6 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 a=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 ® — 1000 rpm, feed rate
v — 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:
H>0O (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.Al 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 a-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: AlgFeNi, Mg,Si, Al;,Cu,Fe, and
Al,CuMg. After hardening heat treatment, metastable se-
condary hardening Al,CuMg 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 um 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.1b). 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: AlsFeSi, AlgFe,Si, Alis(Fe, Mn),Si, FeNiAl,
AlgFeMg3Si6, A13Ni, A17CU4Ni, Al3(Ni, Cu)z, AlzCu,
Mg,Si, AleCuMgsSis [6]. When using T6 heat treatment,
the formation of metastable secondary hardening phases,
such as Al,Cu, Mg>Si, AlsCu,MgsSis, AlLCuMg, 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 um.

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.

Fig. 1. Typical microstructure of the AK4-1 (a) and AK12D (b) alloys in the initial heat-treated state.
IPhP" — primary intermetallic phases, Si — silicon particles. BSE mode SEM images
Puc. 1. Tunuunas muxpocmpyxmypa cniaeos AK4-1 (a) u AK12]] (b) 6 ucxoonom mepmoo6pabomanHom coCmosiHuu.
IPh"" — nepsuunsie unmepmemannuonvie gaswl, Si — vacmuywt kpemnus. BSE-pescum cvemxu

Tool Movement Direction

©

AK4-1/AK12D

Fig. 2. Macrostructure of the AK4-1 aluminum alloy after mixing into it the AK12D alloy
via friction stir processing at the w=1000 rpm and v=30 mm/min.
AS — advancing side, RS — retreating side, SZ — stir zone, TMAZ —thermo-mechanical affected zone,
BM — base metal (initial alloy). Optical metallography
Puc. 2. Makpocmpoenue antomunuesozo cniaséa AK4-1 nocae 3amewusanus 6 neco cnaasa AKI12/]
06pabomxkoll mpeHuem ¢ nepemewuganuem npu ckopocmsax oegpopmayuu @=1000 06/mur u v=30 ymm/mun.
AS — nacmynarowaa cmopona, RS — omemynarowas cmopoua, SZ — 30Ha nepemeusanus,
TMAZ — 30na mepmomexanuyeckoeo enusinust, BM — ocnosHoti memainn (ucxoouwiti cniag). Onmuueckas memannoepagpus
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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 AKI12D 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 a-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.

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
Puc. 3. Tunuynas MuKpocmpykmypa noaupoganHoll ROGEPXHOCHU 30Hbl NePEeMEUUBAHUSL.
Ipusedenvt ppazmenmol Koney 6 yenmpe (a) u Ha nepugepuu 301l nepemewusanus (b). BSE-pexcum cvemxu
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Table 1. Quantitative estimation of the AK4-1 aluminum alloy microstructure after mixing the AK12D alloy

into it via friction stir processing

Taonuya 1. Konuuecmeennas oyeHka MUKpOCmMpyKmypbl antomunuegozo cniasa AK4-1 nocie 3amewusanusa 6 nezo cnnasa AKI12J]
00pabomKoli mperuem ¢ nepemeumueaniem

State
Friction stir treatment
. Initial state
Microstructural elements Stir zone AK4-1/AK12D
of alloys
Center Periphery
AK4-1 AK12D
SZ SZ-1 SZ SZ-1
IPh pm? 12.8+1.0 39.9+4.0 13.5+0.4 0.17+0.01 10.3+£0.3 0.13£0.01
S
Si pm? - 45.9+5.7 - 2.240.1 1.2+0.1
d pm 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 intermetallic 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.
Tpumeuanue. SZ — konvya ¢ manvlm cooepircanuem usdbimoyHvix as;
SZ-1 — xonvya ¢ 60abUUM cOOepAHCaHueM U3ObIMOYHBIX (Pa3;
S — cpednas nnowade nepsuuHbIX UHMepMemarLiuonvix gas IPh u vacmuy Si;
d — cpeonuii pasmep 3epen. [{ns cpashenus npusedena KonuuecmeenHas OyeHKa CIMpyKmypsl 8 UCXOOHOM mepmoodpabomanHom
cocmosinuu cnnaeos AK4-1u AKI12]].

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 — intermetallic phases, Si — silicon particles. BSE mode SEM images
Puc. 4. Tunuynas MuKpocmpykmypa noauposanHoll N08ePXHOCHU 30Hbl NePeMeUUBAHUSL.
Tlpusedenvt ghpacmernmol eparuy mexncoy Korbyamu ¢ OOILUUM U MEHbULUM KOIUYECTEOM U30bIMOUHbIX (ha3 6 yenmpe (a)
u na nepugpepuu (b) sonvt nepemewusanus. IPh — unmepmemannuonvle ghazvl, Si — uacmuyvl kpemnus. BSE-pesxcum cvemru
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25 nm

Fig. 5. Distribution maps of the primary alloying elements in the center part of the polished stir zone surface. EDS analysis
Puc. 5. Kapmei pacnpedenenust 0CHOGHbIX 1e2UpyIOuux 31eMeHMOo8 8 YeHMPAIbHOU Yacmy NOIUPOBAHHOU NOBEPXHOCIU
30Hbl nepemewiusanus. I4C-ananus

Fig. 6. Typical grain microstructure in the center (a) and on the periphery (b) of the stir zone. SE mode SEM images
Puc. 6. Tunuunas 3epennas Mukpocmpykmypa 6 yenmpe (a) u na nepugepuu (b) 3onvl nepemewusanus. SE-pexcum coemxu
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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 a-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 um. The largest average grain size reached
7.1+0.2 pm and was formed in the stir zone center in rings
with a low content of excess phases.
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Annomayun: O6paboTKa TPEHHEM C TIEPEMENINBAHNEM — OAWH M3 COBPEMEHHBIX METOIOB JIOKAJIEHOTO MOTU(HIIAPO-
BaHUs ITOBEPXHOCTH ANIOMHMHHEBBIX CILIABOB B TBEPAO(HA3HOM COCTOSHUH, 00CCIECUNBAIOIINNA JUCIEPIHPOBaHUE CTPYK-
TYPHBIX COCTaBISIIOIINX. B TepMHUUYeCKH yNpOYHAEMbIX aTIOMHHHEBBIX CIIaBaX CO CTPYKTYPOH MaTpHUYHOTO THIA TOCIIe-
Jytomias mociie 00paboTKM TPEeHUEM C MepeMELIMBaHUEM TepMOOOpaboTKa MOXKET MPUBOAUTH K aHOMAIBHOMY POCTY 3e-
peH B 30He nepememBanus. OTHAKO B CIUIaBaxX, CTPYKTYpa KOTOPBIX OJIM3Ka K MUKPOAYIIEKCHOMY THITY, TTOCIie 00paboT-
KA TPEHHEM C MepeMEIIMBAHUEM M TepMOOOpabOTKM MOXeT c(OpMHPOBATHCS MENKO3EPHUCTAs CTpyKTypa. Pabora
HalpaBjieHa Ha OLIEHKY BO3MO)KHOCTH ITOBBIIIEHHS] TEPMUYECKON CTaOMIBHOCTH MUKPOCTPYKTYPbI aJIIOMUHHEBOTO CIIIaBa
AK4-1 (Al-Cu-Mg-Fe—Si—Ni) marpuunoro tuma. [y 3TOro B MCCleIyeMbli CIIaB 00pabOTKOIM TPEHHEM C IepeMenIn-
BaHMEM JIOKaJbHO 3amernBaicst amomuHueBbld cruiaB AK12/] (Al-Si—Cu—-Ni-Mg) co CTpyKTypoii, OMM3KOH K MHK-
poxymnekcHomy Ttumy. [locienytomast ynpouHsiomas TepMooOpadOTKa NMPOBOAMIIACH 110 CTaHJAPTHOMY PEXHUMY JUIA
crmaBa AK4-1. MccnenoBanust moka3aym, 4To 30Ha MEPEMEIINBAHUS UMEET JIUIMITHIECKYI0 (POPMY CO CTPYKTYpPOH «Iy-
KOBHYHBIX KoJIel». Takasi CTpyKTypa MpeicTaBisieT co00i depeayronrecs: Koublia ¢ pa3HbIM KOJIWYECTBOM M Pa3MepoM
n30bITOUHBIX (a3. IIpm 3TOM B HEHTpe 30HBI MEpEeMENIMBAHMS IIUPUHA KOJICI] W CPEeNHss IUIOImans M30BITOUHBIX (a3
GostpIlie 1O CPaBHEHUIO ¢ Mepudepreit 30HbI MEPEMENINBAHNS, I€ MNPUHA KOJIEI] U CPEIHAS IUIOMAAb YaCTUI] MEHBIIIE.
Cpemusis Iiomans 9acTHIl H30BITOYHBIX (a3 B KOJbIaX ¢ OOMBIIAM MX COAEPKaHINEM MEHBIIE 10 CPABHEHUIO C KOJBIIAMH,
I7Ie UX KOIM4YecTBO Hike. Takoe pacnpeneneHne H30BITOYHBIX (a3 IPpUBOAUT K (POPMHUPOBAHUIO MENKO3EPHUCTONH MHUKpO-
CTPYKTYDBbI, CPEAHHH pa3Mep KOTOPOH 3aBUCUT OT MEXYACTUYHOTO pacCTOSHUSA B a-Al TBepIOM pacTBoOpe.

Knrwouesvie cnosa: amomunuessie crasbl; AK4-1; AK12/1; 06paboTka TpeHHEM ¢ epeMelInBaHueM; TepMooOpadoT-
Ka; TepMHYECKasi CTAOMIIBHOCTD; CTPYKTYPa JIyKOBUYHBIX KOJIEI; TYKOBUYHO-KOJIbIIEBAs CTPYKTYpa

bnazooapnocmu: O6paboTKa TPEHUEM C TIEpEMENINBaHIEM, UCCIIEI0BAHIUE MaKPOCTPOCHHSI M KOJIMUECTBEHHAs OLICH-
Ka MHKPOCTPYKTYPBI CIUIaBOB BBINOJIHEHHI 3a cueT rpanTa Poccuiickoro Haygnoro ¢onma Ne 22-29-01318. Dueproaucnep-
CHOHHBIN CIIEKTPAIbHBIN aHAIU3 TIOJIEPXKaH B paMKax IMpOrpaMMbl QyHJaMEHTAJIbHBIX UCCIIEJOBAHUI U TOCYAapCTBEHHO-
ro 3agaHnsi MUHHCTEPCTBA HayKU | BBICIIETro oOpa3oBanus PO.

MHUKpOCTpYKTypHBIE NCCIECAOBAHNS HA PACTPOBBIX MEKTPOHHBIX MUKPOCKOIIAX BHINMOIHEHBI Ha 00opynoBanun LlenTpa
KOJUIEKTUBHOTO TOJIb30BaHMS «CTPYKTypHbIE U (PU3NKO-MEXaHNYECKUe nuccienoBanus Marepuanos» UIICM PAH.

Jlna yumupoeanun: Xanukosa [.P., baceipoBa P.A., Tpudponos B.I. OcobeHHOCTH (OPMUPOBAHHUS MUKPOCTPYKTYPBI
amfoMrHUEBHIX ci1aBoB AK4-1 u AK12]] mocne ux coBMecTHOU 00paboTKK TpeHHeM ¢ nepemenmBanueM // Frontier Ma-
terials & Technologies. 2023. Ne 3. C. 115-124. DOI: 10.18323/2782-4039-2023-3-65-11.
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