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TemaTnka KypHajia

Me:x yHapoaHBIA Hay4HbIH Ky pHaI "Materials Physics and Mechanics" m3gaercs Carkr-IletepOyprckuM HOTUTEXHUYECKHM YHUBEPCUTETOM
Ilerpa Bemixoro B corpyanuyectse ¢ MHCTUTYTOM NpoGiieM MamnHOBeAeHHs Poccuiickoll akajeMun HayK B IEUaTHOM BHJE U 3JI€KTPOHHOM
dopwme. JKypHai my6auKyeT 0630pHBIE 1 OPHIMHAIBHBIC HAYUHBIE CTAThI HA aHIIMICKOM SI3bIKE IO CICAYIOIMM TEMATUKAM:

o MexaHNKa KOMIIO3UIIMOHHBIX I HAHOCTPYKTYPHPOBAHHBIX MATCPHAIIOB.

o Oy3HKa IPOYHOCTH U IUIACTHYHOCTH KOMIIO3UIIMOHHBIX U HAHOCTPYKTYPHPOBAHHBIX MAaTEPHAIIOB.

e MexaHuKa NporeccoB AedopMaluy U pa3pyLIeHUs B TPAMIIMOHHBIX MaTepHuaiax (TBEpAbIX Telax).

o Oy3HUKa IPOYHOCTH M IUIACTUYHOCTHU TPAAUIIOHHBIX MaTepUaoB (TBEPABIX TEN).

o Ou3pKa ¥ MeXaHUKa e EKTOB B KOMIIO3ULIMOHHBIX, HAHOCTPYKTYPUPOBAaHHBIX U TPAJAUIIMOHHBIX MaTepUaNaXx.

o MexaHuka u Gu3nKa MaTepHaoB B CBI3aHHBIX MOJIX.

Penxomnerus npuHuIMaeT CTaThy, KOTOPBIE HUTJE PaHee He Oy ONMKOBAHBI M HE HAIIPaBIICHbI 715 Oy OJIMKOBAaHUS B IPyTHe HAYYHBIE H3IaHUSL.
Bce mpencraBisieMble B pefakiuio xKypHauta "MexaHuka W (H3MKa MaTepHajoB" CTaTbU peleH3UPYyTCs. CTaTbH MOTYT OTIIPaBIATHCS
aBTOpaM Ha J0paboTKy. He npuHATHIE K OIMyONUKOBAaHUIO CTaThH aBTOPaM He BO3BPALIAIOTCS.

Kypnan "Mexanuka u ¢pusuxa mamepuanos" (""Materials Physics and Mechanics") exmouen ¢ cucmemy yumuposanus Web of Science
Emerging Sources Citation Index (ESCI), SCOPUS u PHHI].
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On the exact solution of mixed problems for multicomponent multilayer

materials

V.A. Babeshko "' “, 0.V. Evdokimova "“/, O.M. Babeshko

Kuban State University, Krasnodar, Russia

>4 babeshko41 @mail.ru

Abstract. For the first time, an accurate analytical solution of mixed or contact problems for
multicomponent multilayer materials has been constructed. It is assumed that the contact
problem is formulated at the boundary of a multilayer multicomponent material in a semi-
infinite region. These can be contact problems for a multilayer medium that simultaneously
includes thermoelectroelastic, magnetoelastic, piezoelastic, water-saturated, nanomaterials
and other layers described by linear partial differential equations. In the contact area, there
can be any conditions of mechanical, physical or chemical properties that lead the boundary
problem to a system of arbitrary finite number of Wiener-Hopf integral equations with a
meromorphic matrix in the core. The article uses a new universal modeling method that
allowed factorizing the operator of an infinite system of linear algebraic equations.

Keywords: multicomponent materials, mixed, contact problems, system of Wiener-Hopf
integral equations, Galerkin transformation, factorization.
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Introduction

Mixed, including contact tasks for multicomponent layered media play an important role in a wide
variety of practice areas. They arise in the problem of assessing the strength of structures [1-3], the
dynamic behavior of deformable bodies [4,5], wave scattering by defects [6], ultrasonic
testing [7], the study of semiconductor properties [8,9], the wave phenomena in liquid media [10],
seismology [11], evaluation of useful signals [12—15], in banking [16], in probability theory [17-19],
in the theory of resonances and localization of processes [20] in the development of block element
theory in differential and integral equations [21] and in other fields. As a rule, they are reduced to
solving systems of Wiener-Hopf integral equations. In the case of a multicomponent layered
medium of finite thickness, these systems of integral equations they have a matrix kernel, which has
the following property. Fourier transforms of elements of the matrix kernel of integral equations are
meromorphic functions. As described in article [22], methods for the exact solution of such a system
of integral equations have not been developed. In this article, thanks to the development of the
factorization method in the form of the sum of the operator of an infinite system, it is possible to
accurately solve infinite systems of integral equations, and with them, the systems of integral
equations themselves. This work should be considered as a development of the previously described
approach [22] to the study of the properties of multicomponent materials. A special case of the
problem under consideration for a two-component material is considered in [23].

© V.A. Babeshko, O.V. Evdokimova, O.M. Babeshko, 2023.
Publisher: Peter the Great St. Petersburg Polytechnic University
This is an open access article under the CC BY-NC 4.0 license (https://creativecommons.org/li-censes/by-nc/4.0/)
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Problem statement

The contact problem for a semi-infinite stamp on a multicomponent multilayer medium is
investigated. It is assumed that the layers consist of various materials, the thickness of the
multilayer medium has a finite value. In the area of contact of the stamp with the base, all
types of permissible mechanical, physical, chemical, biological boundary conditions can be
set with the requirement that they lead to a system of Wiener-Hopf integral equations of the
order N . It is required that the Fourier transform of the kernel matrix of this system of
integral equations has meromorphic functions as its elements. Here is the parameter N is an
arbitrary bounded integer. Similarly, a semi-infinite Griffiths crack in the described layered
medium can be considered. Mixed problems by known methods [2,4,5,22] are reduced to a
system of integral equations of the form:

[K(x—Em(EE=1(x), 0<x<on

, mr=12,..N,, (1)

mr

k(x):ij K(a)e™da, K(o)=|K,(a)
2ms.

0= {(Pl’(PZ""’(pN}’ f= {.fl’fZ"'"fN}’ fi(x)= As(n)eimx’
where the vector ¢ 1is the desired one, and the vector f( x ) is the specified one.
We assume that the elements Kmp (a), m,p=12,.,N of the matrix-function K(a ) in
(1) are generally meromorphic functions of the variable o . In mixed problems of mechanics
and mathematical physics, meromorphic functions K, (o) and the determinant derK(o )
have the following representation and asymptotic behavior [2,5]:
K, (a)=D"(a)L,(a), detK(a)=D"(a)Aa) Ao)=det|L, ()|

‘mp

K, (a)=T, | (1+o(a), m=p, K,(oa)=T,a ' (1+o(a))

m#p, |OL| >>1, p=12,..,N.

Here , the functions Ly,,(a), D(«), 4(a) are integer functions of first order and finite
type, that is, exponential type, in particular, polynomials. It is assumed that integer functions
D(a), A(a) vanish on sets of values £, and *z,, accordingly, having condensation points at

infinity in some wedge-shaped regions of the upper, plus, and lower, minus, parts of the
complex plane, as a rule, in the vicinity of the imaginary axis. For the sake of simplicity, we
will not complicate the properties of matrix functions that have zero general and partial
indices, and the system of integral equations is uniquely solvable in some L,, p > 1. The
properties of the matrix-function elements are described in more detail in [2,5] and here we
repeat only the following. The determinant A( o) of the matrix-function is an even whole

function of type No [24] and has a countable set of single zeros z, going to infinity in the
upper half-plane. Let 's denote this set W . The denominator D( o) is an even whole function
of type ¢ and has a countable set of zeros §, . Whole functions L, (o) have atype c. Let's

construct N aggregates W, containing zeros z,,,, which are selected from the number of
zeros z,, of the determinant A(o ). Each aggregate W, will have a countable number of
them. When forming them, it is required that each zero z,, number m, from the aggregate
w,, corresponds to the zero number ¢, of the denominator, such that when m — oo, the
behavior took place ‘g‘“‘mz;jp‘ — v=const . This requirement is met in most practically important

tasks if the following rule applies. When constructing W, as the first zeros from the upper
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half-plane Rez,, >0 of the specified aggregatesW,, a sequence of the first zeros z,, of the
determinant A(a ) is taken in ascending order of modules, or when counting
counterclockwise, that is z, » =%, P=1 2,...,N . In the future, each subsequent zero Z,p of

the aggregate W, will be taken from among all the zeros z, of the determinant A(o )

according to the rule m=p+m—-1)N, n—>ofor each. Obviously, the collections
Wp, p=L2,..,N of infinite sets of zeros Zop constructed in this way, are independent,

non-intersecting and their union contains the entire set of zeros z,, of the determinant A(a ),
Le., W=UW . We construct whole functions M » (oc, ij in the form of infinite products

[2,5,24] with the help of the zeros included in Wp the number N [2,5,24], taking

tz zzi.
P Sp
_ + m
M (a,zp) M m(ot,zijpi(a,z j
o
=
. o0
N L I )
s=1 7
sp

TpI =const, p=12,.,N,
which, after dividing by D(a ), will give meromorphic functions denoted by M ,(«). Their
zeros are tz, . We take the components of the vector of the right part f(x) of the system of
integral equations (1) in the form A, (n Je™, p=12,.,N, Imn=0. Such component

values make it possible to obtain arbitrary right-hand sides of a system of integral equations
using Fourier transforms, in the form

1 K —inx
fp(x)zgj‘ A(n)e™dn, p=12..N. 3)

Solution method

To attract to the study a new universal modeling method [21] based on the ideas of fractals,
we present a system of Wiener-Hopf integral equations, taking into account the properties of
matrix-function elements, in coordinate form:

1 N T —iax —inx
Z;‘ | K, @@ @ da=A,0e ™, 0<x<e,
F 4
®,(@)=[ ¢, dx, p=1.2....N.
0

Then, taking into account the properties of whole functions having countable numbers
of zeros, we have [24]:
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km (x) ]E K (Ot)e_mxda, K (a):M, f z{f;’fZ""fN}’
p 7Z' 7 mp mp D(a)

L (a)= HL (), K (a)= me (a) * men (o) (5)
‘mp ‘mpn mp D(a) e Dn (a)

L, (@)= -7 ), DJ(a)=(a"=&).

‘mpn
Here 7, , are the zeros of whole functions representing the numerators of the matrix
elements, which may not coincide with the zeros of the determinant. The system of Wiener-

Hopf integral equations (1) can, taking into account (5), be represented using a system of
differential equations in the form:

N
> Hmen(z 0 )(/)p(x) HD (l—)f x), m=12,...,N,
p=l (©6)
o 0. 0 =
__ D - )= —
mpn( ) 7’-mpn’ ( ) a 2 é:

Taklng 1nt0 account (3), we limit ourselves to the representations of the right part of the

n;x .

functions B e
I D (i —) f.(x)=Be™ ™. (7
s=L 7 ox

Thus, assuming that the parameter 7 does not coincide with any of the poles & , we

conclude that the differential operators leave the exponential function unchanged on the right,
only changing the coefficient in front of it.

We apply the transformation of Galerkin [21]. to a system of the differential equations
(6), (7). To do this, we will construct determinants containing new unknown functions X and

Operators.
Q,(x)=E,X), X={x. L Xn)> P, =100, 0}
xn L, - Ly L, x - Ly
7 eee L z - L
I T ®
An LN2 LNN LNl Av LNN
L, L, - xn
e Z
B.00=7 2 A
LNI LN2 Y 49

As aresult of calculations and simplifications in (8), the following system of N
independent differential equations is obtained to determine the functions y,:

Ly,=Be™, L=det|L,| mr=12..,N. 9)

Having opened the determinant (9), and having carried out possible transformations, we
obtain differential equations. They do not depend on the order of calculation of the
determinant, since all elements are differential operators with constant coefficients and are
commuting. We obtain N infinite systems of differential equations with constant coefficients
described by a single differential operator arising from the determinant (9) of the entire
system of Wiener-Hopf integral equations. Thus, we obtain an entire function, the arguments

mr
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of which will be, in accordance with the conditions of the problem, the products of second-
order differential operators of the form:

o = NI
A(Za)—an, Gn(la)—y'FZn . (10)

It follows that the homogeneous equation (11) for each function X, has the form:

n=1

16,2 )y =0, p=12..N.
ox

Since the equation L=II1G, has constant coefficients, the characteristic equation for

n=l1
homogeneous solutions of a differential equation is an integer function A(ea ). As a result, a
homogeneous  solution for each x, ~ is represent able in the form:

2= X p=12..,N.
m=1

The solutions of each equation G, ( iai )X, =0 are taken here. The presence of right-
X

hand sides in a system of integral equations leads systems of differential equations to
inhomogeneous ones. To search the general solution of each inhomogeneous differential
equation we will look for them in the following form.

The presence of right-hand sides in a system of integral equations leads systems of
differential equations to inhomogeneous ones. Taking into account the fact that the general
solutions of differential equations must also satisfy the inhomogeneous conditions of the
system of integral equations, we will define the parameter B, from this condition later. To

search the general solution of each inhomogeneous differential equation (7) we will look for
them in the following form:

X =B e ™ +>" y e p=12..N. (11)

m=1

Here B,, y, are independent of x and are unknown. Thus, all functions y, (x) in (11)

have the same decomposition, but with different coefficients B, .

12,y X

For mathematically rigorous finding of its expansion terms y,,e for each function

X, (%), a new, previously unknown, factorization method has been developed in the form of

the sum of the operator of an infinite system of linear algebraic equations, which is a discrete
analog of continuous factorization used in the Wiener-Hopf method.

Solution of the Galerkin equation

A new universal modeling method is applicable for the solution [21]. Unlike traditional finite
systems of Galerkin differential equations, in the case of differential equation (9) generated by
a system of integral equations (1), a differential equation of infinite order is obtained. For it, it
is necessary to construct linearly independent, complete solutions of this equation. Linear
independence refers to the absence of identical exponential harmonics in these solutions.
Completeness refers to the use of solutions N of all exponential harmonics contained in the
characteristic equation in the aggregate A(a)=0. The coefficients of the solutions

constructed in this way must be uniquely determined from the requirement of satisfying the
system of integral equations (1).

The developed method for solving such infinite systems of linear algebraic equations,
technically quite complex, allowed us to obtain the result set out below.
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Let the system of integral equations (1) be uniquely solvable in some Banach space [2,5] and
K (z, )|| is equal to N —1. Let's introduce notation using previously

the rank of the matrix |

accepted parameters:

Acfes] A 1

Ty = -1 ’
A (2 —z)[ DI(-E) |

Tpar = ! 1 ’
M (2, )& —7,)] D) |

T

grf|®

2

-1
, Ap = Hr

Ap = H(ék Zp )-]

per

. C,=|

K.,.(z,, )H nr=2,3,....,
N, (o) = ﬁ'MS (oc,zmS)Jr M, ((1, Zp )
s=1

N,, (@) =N, ()-2M, (0.2, ). N, () =N ()N, (),

N, (@) =[N, (a)].

The factorization of the following functions is used here
Al@)=A (A (@), D(e)=D (x0)D (), M, ()=M, ()M, (o). In the course of the
study, the lemma is proved.

Lemma. Let detC+#0. Then the complete set of linearly independent solutions of the
inhomogeneous Galerkin equation for the right - hand sides B,(n )e™ is given by the

p+

relations:
Xp = {an}’ Yp Z{yp'"}’

Xy =GB, (e ™ +Y. v,

m=1

The designations are accepted here:

. 1 &
Y=A'(F-23 [6,+G] ), p=I
p=2
_ 1 G-](]/])B
Y, =A E[GP+G‘] ), p=23..N, Fp:{_Tép

G, =F, G,=AN (z )C;lA‘le, p=2,3,...,N,
To obtain a vector @(x )={(p1,(p2,...,(p N} representing the solution of the Wiener-Hopf

mp

system of integral equations (1), we use the Galerkin transformation formulas (8). The constructed
system of solutions X(x) to the Galerkin differential equation (9) is complete, exhaustive of all

harmonics of the zeros of the characteristic equation A( o )=0, which is required when applying
the Galerkin transformation. Therefore, to determine the vector @ = {(p1 NONRRN () N} of the solution

of the integral equation (1), it is necessary to use the formulas (8). The complete system of
solutions of the Galerkin equation (9), functions Xy (X) , are introduced into the determinants (8)

and, after their disclosure and performing the necessary differential operations, give an exact
solution to the system of integral equations (1).
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The theorem. Under the conditions of the lemma, the exact solution of the system of

-inx

integral equations (1) for the right parts A (n)e™ has the form:

®,(x)=E,(X). X(X)={ X1y Zogrr Zpn| "

X(x)=K'(n)f+Z(x) Z(x)z{i ypme,zm,,x}’

m=1

,1(
E={f o fy), Fo—B (L g F
Ui Forees i} 3 {F,}

The validity of both the lemma and the theorem can be verified by directly substituting
the corresponding solutions into systems of differential and integral equations.

In the event that the matrix-function K(a) continuously transitions into a functional-
commutative one, the constructed solution passes into the solution obtained by simple
handling of a system with functionally commutative matrix functions for a particular case.
From this formula, as a special case, the result of a two-dimensional problem of the work [24]
is obtained.

Conclusions
For the first time, an accurate analytical solution of mixed or contact problems for
multicomponent multilayer materials has been constructed.

The article uses a new universal modeling method, [21] which made it possible to
overcome the problem of factorization of the operator of an infinite system of linear algebraic
equations. The exact solution is given in the form of formulas and accompanying parameters
that allow the result to be applied in research. The considered contact problem is formulated
on the boundary of a multilayer multicomponent material in a semi-infinite region. These can
be contact problems for a multilayer medium, which simultaneously includes
thermoelectroelastic, magnetoelastic, piezoelastic, water-saturated, nanomaterials and other
layers described by linear partial differential equations. In the contact area, there can be any
conditions of a mechanical, physical or chemical nature that lead the boundary problem to a
system of arbitrary finite number of Wiener-Hopf integral equations with a meromorphic
matrix in the core. This method is applicable to solving a mixed problem about the behavior
of a semi-infinite crack in a multicomponent multilayer foundation. Unlike other approaches,
the proposed method allows you to obtain the desired solution in an analytical form without
requiring additional research.
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Abstract. The dissolution of a titanium particle in aluminum under the conditions of the
crystalline and amorphous state of aluminum and titanium was studied by the molecular
dynamics method. It is shown that the state of the aluminum structure has little effect on the
intensity of titanium dissolution. This is due to the formation around a crystalline titanium
particle, regardless of the initial aluminum structure, of a crystalline layer of aluminum with a
thickness of about 1 nm, which repeats the titanium lattice. This layer affects the mechanism
and intensity of mutual diffusion near the Ti—Al interface. In the case of the amorphous state
of the titanium particle and the aluminum matrix, the dissolution occurred several times faster
than in the crystalline state of titanium. That is, the reduction in the ignition temperature of
the reaction of high-temperature synthesis in the Ti—Al system is much more efficiently
achieved not by amorphization of aluminum, but by amorphization of titanium.
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Introduction

Intermetallic compounds of the Ti—Al system have a significant potential for their use as high-
temperature structural materials for the aerospace and automotive industries. They have a
combination of such properties as a high yield strength at elevated temperatures and good
resistance to oxidation and corrosion, along with a relatively low density [1-7]. In practice,
coarse-grained powders with grain sizes on the order of micrometers are usually used for the
reaction synthesis of aluminides [8—10]. Currently, one of the promising methods for their
preparation is preliminary mechanical activation treatment, which makes it possible to
achieve the limiting degree of grain refinement in a mixture before the main synthesis
reaction [11-13]. In the process of mechanoactivation, so-called mechanocomposites are
formed, which are a matrix of a more plastic component (aluminum), in the volume of which
there are nanosized particles of a more brittle component of the mixture (in this case,
titanium) [12,13]. Such a system is characterized by a high degree of nonequilibrium due to
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the high concentration of defects, interfaces, internal stresses, and the presence of an
amorphous phase. It is noted that the onset of the combustion reaction in such a
nonequilibrium system begins at temperatures significantly below the melting temperature of
aluminum [12,13].

Earlier, in [14], using the molecular dynamics method, we studied the dependence of
the melting temperature of titanium nanoparticles, as well as TiszAl, TiAl, and TiAls particles,
on their diameter in vacuum and in liquid aluminum. It has been shown that the melting point
decreases as the particle size decreases in proportion to the ratio of the surface area of the
particle to its volume. However, the decrease in the ignition temperature of the high-
temperature synthesis reaction in mechanocomposites is obviously not associated with a
decrease in the melting temperature of titanium nanoparticles, but is apparently due to the
presence of internal stresses and an amorphous phase in the mixture, which can contribute to
the intensification of mutual diffusion and the release of additional energy. To verify this, in
the present work, a study was carried out using molecular dynamics simulation of the
dissolution of titanium nanoparticles of different sizes in aluminum under the conditions of
crystalline and amorphous states of aluminum and titanium.

Description of the model

The computational cell in the molecular dynamics model had the shape of a rectangular
parallelepiped. Periodic boundary conditions were used along two axes, and free (or open)
conditions were used along the third. The presence of an open surface allowed the
computational cell to freely change the volume during the melting of aluminum or as a result
of other processes during mutual diffusion. A round titanium particle was placed in the
aluminum matrix at the center of the computational cell (Fig. 1). Aluminum and titanium
were initially created in the crystalline state. Particles of three diameters were considered:
5,7, and 9 nm. In our previous work [14], it was shown that the greatest influence of the
particle size on its melting point is observed at a diameter less than about 7 nm. The number
of atoms in the computational cell was 32427, 82401, or 179725, depending on the considered
particle size. After introducing a titanium particle into an aluminum matrix and removing
excess aluminum atoms, the structure was relaxed at a starting temperature of 0 K.
After stabilization of the structure and temperature of the computational cell, it was again
cooled to 0 K.

free surface

periodic boundary
periodic boundary

free surface

Fig. 1. Computational cell with the round titanium particle in aluminum
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To describe interatomic interactions in the Ti—Al system, EAM potentials from [15]
were used, where they were obtained based on comparison with experimental data and ab
initio calculations for various properties and structures of metals Ti, Al and intermetallic
compounds Ti3Al and TiAl. These potentials have proven themselves well in various studies
and have been successfully tested in a wide range of mechanical and structural-energy
properties of alloys of the Ti—Al system [14—19]. In particular, the potentials used quite well
describe the melting points of Ti and Al: in our molecular dynamics model, they turned out to
be 1995 and 990 K, respectively (reference values: 1943 and 933 K).

In addition to the crystalline state of aluminum and titanium, in this work we considered
the cases of dissolution of crystalline titanium in amorphous aluminum and amorphous
titanium in amorphous aluminum. The amorphous structure of aluminum or titanium was
created by heating in the model of the corresponding phase to a temperature significantly
higher than the melting point of the metal, holding for some time for the final destruction of
the crystalline structure, and subsequent rapid cooling, during which crystallization did not
have time to occur. In carrying out this procedure, we sought to minimize the initial mutual
diffusion of titanium and aluminum. The quality of the amorphous structure was verified not
only by the diagrams of the radial distribution of atoms, but also by the absence of
crystallization during the subsequent simulation in the considered phase. For the occurrence
of homogeneous crystallization in the molecular dynamics model, as a rule, longer computer
experiments were required to be compared to those considered in the present work [18-22].

The temperature in the main computer experiments was set in terms of the initial
velocities of the atoms according to the Maxwell distribution. A Nose-Hoover thermostat was
used to keep the temperature constant during the simulation. The time integration step in the
molecular dynamics method was 2 fs.

Results and discussion

To analyze the intensity of the dissolution of titanium atoms in aluminum, a special
characteristic was used — the difference in the number of dissolved titanium atoms AN at the
current and initial moments of time. A Ti atom was considered dissolved if the number
of Al atoms in its nearest environment (within a radius of 3.7 A) exceeded 50 %. Figure 2(a)
shows the time dependences of the percentage of dissolved titanium atoms for particles with a
diameter of 5, 7, and 9 nm at a constant temperature of 1200 K, that is in molten aluminum. In
all cases, as can be seen in the figure, the dissolution at first proceeded intensively, then the
rate decreased and subsequently remained approximately constant. The same character of
particle dissolution was noted by other researchers, for example, in [23,24], and is apparently
explained by the formation at the first stage of a diffusion zone saturated with atoms of both
components.

The ratio of the surface area of a particle to its volume increases as the particle diameter
decreases. In this regard, the proportion of dissolved titanium atoms is higher for particles of
smaller size than for particles with a large diameter (Fig. 2(a)). Next, we used a value that is
universal for particles of different sizes — the specific number of dissolved atoms AN/S, which
was defined as the ratio of the number of dissolved atoms to the surface area of a particle.
Figure 2(b) shows the dependences of AN/S on time at a constant temperature of 800 K for the
considered particles in the cases of crystalline Ti and Al, crystalline Ti and amorphous Al,
and amorphous Ti and Al.

The first thing that attracts attention is the coincidence of the graphs obtained for the
crystalline and amorphous states of aluminum (lower graphs in Fig. 2(b)). The titanium
particle in both cases was crystalline. This is an interesting result, indicating that the intensity
of titanium dissolution in aluminum is almost independent of the state, crystalline or
amorphous, of the aluminum structure. Here it should be emphasized that we are talking about
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dissolution at a constant temperature below the melting point of aluminum. Structural
transformations and partial crystallization of amorphous aluminum can lead to the release of
additional heat in real materials, which can accelerate dissolution. However, at a constant
temperature, as the simulation showed, there is almost no difference for the crystalline and
amorphous states of aluminum. Small differences in the values of AN/S for particles of
different sizes are due to the fact that the interphase boundary has a certain effective
thickness, which was also discussed in [14] when studying the effect of particle diameter on
their melting temperature.
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Fig. 2. Dissolution of Ti particles in Al at a constant temperature: (a) time dependence of the
percentage of dissolved Ti atoms at a temperature of 1200 K for particles with a diameter of
5,7, and 9 nm; (b) time dependences of the specific amount of dissolved Ti atoms at a
temperature of 800 K for the considered particles in the cases of crystalline Ti and Al,
crystalline Ti and amorphous Al, and amorphous Ti and Al

The fact is that, as we noted earlier in [19], when studying the effect of the orientation
of the interphase boundary on the intensity of mutual diffusion, regardless of the type of
aluminum structure and its orientation, a crystalline aluminum layer several atomic planes
thick is formed on the Ti—Al interphase boundary, repeating the crystal lattice of titanium.
This layer was observed by us in [19] even at temperatures above the melting point of
aluminum and had a significant effect on the mechanism of mutual diffusion at the Ti—Al
interface. Figure 3 shows an example of the formation of a crystalline layer in initially
amorphous aluminum around a titanium particle 9 nm in diameter. It should be noted that
further crystallization of aluminum during the modeling process, as a rule, did not occur,
mainly due to the mismatch between the parameters and types of titanium and aluminum
crystal lattices. The formation of a crystalline layer of aluminum near the interface with a
titanium particle primarily depended on the orientation of the titanium crystal lattice. The
thickness of this layer was not the same in different areas of the particle surface (Fig. 3).

When modeling the dissolution of an amorphous titanium particle in amorphous
aluminum, the situation changed drastically and, in contrast to the cases with a crystalline
titanium particle, the dissolution proceeded much faster (upper plots in Fig. 2(b)). The
specific amount of dissolved atoms AN/S for amorphous titanium was several times greater
than for a particle with a crystalline structure at the same temperature. Thus, the decrease in
the ignition temperature is achieved much more efficiently not by aluminum amorphization,
but by titanium amorphization.
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Fig. 3. Formation of a crystalline layer (marked Fig. 4. Temperature dependences of the
with 1) in initially amorphous aluminum specific amount of dissolved Ti atoms after
around a particle 9 nm in diameter (particle simulation for 200 ps for particles 5, 7, and

boundary is marked with 2) at a temperature of 9 nm in diameter in the cases of crystalline Ti
750 K. The figure shows a layer 2 nm thick cut  and Al, crystalline Ti and amorphous Al, and
from the computational cell amorphous Ti and Al

To further confirm this thesis, we studied the dependence of the specific amount of
dissolved Ti atoms on temperature for the same duration of a computer experiment of 200 ps.
Figure 4 shows the dependences obtained for the three considered particle sizes and the cases
of crystalline Ti and Al, crystalline Ti and amorphous Al, and amorphous Ti and Al.

On Fig. 4 for the case of crystalline Ti and Al, the "ignition temperature" is well
identified by a sharp increase in the value of AN/S at a temperature coinciding with the
melting point of aluminum. For the potentials used, it is slightly higher than the reference
value of 933 K and is approximately 990 K. In addition, it can be seen that the diameter of the
particle does not affect the position of the jump in the value of AN/S and coincides for all
considered particles. Thus, another important result is the absence of an effect of the titanium
nanoparticle diameter on the ignition temperature of the high-temperature synthesis reaction
in the Ti—Al system. It should be emphasized that this refers specifically to the temperature at
which there is a sharp acceleration of mutual diffusion, and not to the intensity of dissolution,
which is proportional to the total area of the interphase boundary and will obviously be higher
with a smaller diameter of titanium particles.

In the amorphous state of aluminum, no jumps were observed in the dependences of the
AN/S value in the region of the melting temperature. However, these dependences otherwise
coincided with the dependences obtained for the case of crystalline aluminum. The absence of
a jump in the dependences was obviously due to the absence of a phase transition in
aluminum — aluminum in this case was initially amorphous.

In the amorphous state of the titanium particle and the aluminum matrix, the dissolution
occurred much more intensively (upper graphs in Fig. 4). In this case, the dependences of the
AN/S value did not contain any breaks or jumps. In the entire considered temperature range,
the behavior of the dependences had the classical form of the Arrhenius temperature
dependence.

Conclusion

The dissolution of a titanium particle in aluminum under the conditions of the crystalline and
amorphous state of aluminum and titanium was studied by the molecular dynamics method. It
is shown that the state of the aluminum structure has practically no effect on the intensity of
titanium dissolution. This is due to the formation around a crystalline titanium particle,
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regardless of the initial aluminum structure, of a crystalline layer of aluminum with a
thickness of about 1 nm, which repeats the titanium lattice. This layer affects the mechanism
and intensity of mutual diffusion near the Ti—Al interface.

In the case of an amorphous state of a titanium particle and an aluminum matrix, the
dissolution occurs much more intensively than in the crystalline state of titanium. The
intensity of dissolution in the first case already at a temperature of 700 K corresponds to the
melting temperature of aluminum in the case of a crystalline titanium particle. That is, a
decrease in the ignition temperature of the high-temperature synthesis reaction in the Ti—Al
system is achieved much more effectively not by aluminum amorphization, but by titanium
amorphization.

The diameter of titanium nanoparticles, as was found in the work, affects the intensity
of dissolution of titanium in aluminum, but does not affect the ignition temperature of the
high-temperature synthesis reaction.
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Abstract. A distributed autowave model of the Portevin-Le Chatelier effect has been
developed for the region of medium and elevated temperatures in alloys. The model was
converted into dimensionless form and the mechanisms of serrated deformation and
localization of plastic flow were studied using analytical and numerical approaches. An
instability region is found for the rate of plastic deformation and temperature, in the vicinity
of which the Portevin-Le Chatelier effect is realized. The critical dimensionless parameters
responsible for the variety of spatial-wave solutions of the initial system of equations are
determined: the shapes of the load oscillations representing a quasi-periodic sequence of
oscillating wave packets; bursts of plastic deformation velocity. The bursts are strictly
correlated and form distinct Portevin-Le Chatelier bands under the stochastic deformation
regime. Portevin-Le Chatelier bands extend from one end of the crystal to the other, where the
reverse band is formed. This process of propagation of deformation bands is periodically
repeated.

Keywords: Portevin-Le Chatelier effect; alloys; serrated deformation; high temperatures;
stochastic self — oscillation; Luders and Portevin-Le Chatelier bands
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Introduction

Plastic deformation processes are among the most complex processes in materials science,
since they lead to various features of the microstructure of the resulting materials and their
behavior under loading.

One of such features of metal alloys in the region of medium and elevated temperatures
is the instability of plastic deformation in the form of the serrated flow [1-7] known as the
Portevin-Le Chatelier effect (PLC), named after French researchers who first observed this
phenomenon in 1923 [8].

© G.F. Sarafanov, Yu.G. Shondin, S. I. Kuznetsov, 2023
Publisher: Peter the Great St. Petersburg Polytechnic University
This is an open access article under the CC BY-NC 4.0 license (https://creativecommons.org/li-censes/by-nc/4.0/)


https://orcid.org/0000-0002-1246-8503

A model of the formation of serrated deformation and propagation of Luders bands during
the Portevin-Le Chatelier effect in alloys

The PLC effect consists in the irregular repetition of the load jumps o, and the rate of

plastic deformation[4,5,9], which correspond to the localization of plastic flow in the form of
deformation bands of the Luders type [10,11]. The oscillations of the deformable crystal
occur due to the elastic response of the machine-sample system [12,13] and have the form of
stochastic relaxation self-oscillations (Fig. 1).
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Fig. 1. A typical stress-time curve showing type B stress jumps at a given rate of
plastic deformation € = 1,4-10_4s_1 [12]

There are usually five types of basic jumps of the deforming stress [14,15], but three
[13,16] of them are distinguished, which correspond to various features of the occurrence and
propagation of deformation bands [4,5].

Jumps of the A type occur above a certain average level of deforming stresses at
relatively low temperatures. Jumps of the B type are irregular in nature and characterized by
the relay propagation of deformation bands and their spatial correlation. Jumps of the C type
occur at elevated temperatures, are located below the average level of deforming stresses and
are characterized by high randomness. Jumps of other types are usually less common [14].

In the articles [17,20], an autowave model of the Portevin-Le Chatelier effect has been
proposed. The model is described by a system of differential equations for deforming stress,
dislocation velocity, concentration of dissolved impurity atoms interacting with moving
dislocations and forming a cloud of impurity atoms around them, which is called the Cottrell
atmosphere [3]. At low velocities of dislocations the Cottrell atmosphere brakes them
strongly. However, as the dislocation velocity increases, the atmosphere decreases, which
leads to a weakening of the braking force (there is a negative sensitivity to strain rate) and
instability, which is the cause of various spatial-wave solutions.

In [20], within the framework of this model, in the dislocation sliding plane, the
formation of a switching wave of the plastic deformation rate was described, interpreted as a
Luders band. In the article [17], a solution was obtained in the form of relaxation self-
oscillations of the deforming stress and the plastic deformation rate, which can be considered
as a manifestation of the Portevin-Le Chatelier effect. However, in [17], the oscillatory
process is considered in a homogeneous approximation, which does not allow for the
localization of sliding in the form of deformation bands.

In this paper, the PLC autowave model is generalized to the case of deformation
propagation along the sample and investigated numerically for spatial wave solutions, namely
stochastic load dynamics and plastic deformation rate.

Note that there are other models for describing the phenomenon of PLC [12,13], the so-
called Dynamic Strain Ageing (DSA) models [14]. However, they are mainly
phenomenological in nature, unlike our approach.
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PLC effect model
Consider the behavior of an ensemble of dislocations in a slip band of width w. Let’s choose
the direction of dislocation sliding to the Ox’ axis at some angle to the Ox axis of sample
stretching. Usually this angle is approximately 7/3[2]. Let the dislocation distribution in the
slip band be considered homogeneous p =p,. Denote by v(z,x’) the velocity of dislocations
in the transverse sliding plane. Accordingly, the rate of plastic deformation in the slip band is
determined by the Orovan’s formula as y(z,x") = bpyv(z,x") (b is the modulus of the Burgers
vector). Then the dislocation velocity and the rate of plastic deformation along the loading
axis can be approximately written as v(z,x)~¢v(r,x") and &, x) = ¢y(t,x), where
¢ =1/2+1/3 is the orientation factor.

In this case, the process of plastic deformation in the loading regime with a given rate of
plastic deformation ¢, can be described along the loading axis by the following system of

equations [17]

m*%:b(c+0im)—F(V), (D

a int int 828

L Pt 2)
t t, ox

0o ... bp, it

— =G4 [ vexrndxl, 3)

Here we neglect the orientation factor ¢, since it has little effect on the nature and shape

of the space-wave solutions, making only small corrections to the numerical results.
Equation (1) is the equation of dislocation motion, m* is the effective mass of a
dislocation (per unit length), o(#) is the external stress minus dry friction stresses (which we

consider constant) such as Hall-Petch stresses and substructural hardening, o™ is an internal
stress field from a system of dislocation charges induced by plastic deformation at grain
boundaries, F(v) is a viscous N-shaped braking force per unit dislocation length due to the

interaction of dislocations with impurity atoms [3].
Equation (2) takes account for the role of boundaries in the formation and propagation

of deformation bands. Due to the elastic correlation of the grains, stresses o = ylﬁixa [14,

18] arise, which relax due to accommodation mechanisms [19]. The parameter y,; = a gGD2
serves as a measure of elastic correlation of grains (a, ~1, Dis the grain size), 7, is

characteristic time of plastic accommodation [20].

Equation (3) is the Gilman-Johnston equation for the active loading mode [21], which
takes account for the dynamics of the load change ¢ under the condition that the strain rate of
the crystal sample is constant. Here ¢, is the specified rate of plastic deformation in the slip

band, G~ = khy/CS is the effective modulus of elasticity, k is the rigidity of the "machine-
sample" system, i, and S are the height and cross-section area of the sample, L is the length
of the sample, { is geometric factor of the order one.

In equation (1) the function
F)=FW)+FH©) 4
consists of two terms. The force F(v) is due to the interaction of impurity atoms with a
dislocation moving at some speed v and is determined by the formula [3]

F(v)= —I_Oowc %‘j dx’', )
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where ¢ is the concentration of impurity atoms, which is determined from the stationary
diffusion equation [17]
o’c D, & oW . @
Dc—z + e () v =0, ©)
ox' kT ox' oOx ox

Here D, is the diffusion coefficient of dissolved atoms,

_ p
is the energy of interaction of dislocations with impurity atoms in the one-dimensional
approximation, similar to the interaction energy in the two-dimensional case in the Cottrell
theory [1, 3].

Analysis of solution for the braking force F(v) shows that the deceleration force first
increases, reaching a maximum at a certain value bo,,,, at a speed v, = D .kT/B [22], and then
decreases. This is due to the fact that as the velocity increases, the dislocation gradually loses
the atmosphere of dissolved atoms and at some critical velocity [3]

v, = D BIkTb? (8)
the atmosphere disappears and the braking is caused only by statistically distributed atoms of
the dissolved substance. In this region (v > v,)the deforming stress linearly depends on the
velocity [3, 22], i.e. F, = Bv, where the mobility is defined as B = OLCOBZ/(DCka) [22]. Here,

parameter o <1 takes account for the features of the movement of dislocations in the field of
uniformly distributed impurity atoms.

Analyzing the mathematical structure of the equation (6), it can be seen that its solution
is determined by two dimensionless quantities: velocity u = bv/D, and parameter a = W,/kT,

which is inversely proportional to temperature. Here W, =(/b is the maximum binding

energy of the dislocation with impurity atoms [3].
Numerical solution for F(u) by taking account for equations (4)-(6) and F, =B'u
(where B’ = acyW.a), leads to the dependency shown in Fig. 2.

F(u)

bo

max| |

(L 2 u 4 6 u
da C
Fig. 2. Dependence of the N — shaped braking force F'(x) on the dimensionless
dislocation velocity u =vb/D,, where boc,,, = 3acyP. The calculations were performed at the
values of the parameters a =3 and a =0.7
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It can be seen that u. =v.b/D.=a and u, =v,b/D, = a”'. Since a typical value of the
binding energy is W.=0.1eV, then at room temperature 7' =300K (temperature k7 in
energy units is 0.025 eV) parameter a =4, the value a =3 corresponds to the temperature

T =400K.
Let us determine the region of instability of plastic deformation at which F'(u) < 0. By

analyzing the curve F(u) we find that the condition F'(u) <0 is satisfied for the velocity

interval in the range [a_l,a]. For example, at temperature 7' = 400K , this is [0.33,3].Cottrell
noticed [1] that the Portevin-Le Chatelier effect is experimentally observed at
(D, /£¢)"™ =107 cm.

If u=bv/ID, is converted to the form bvp,y/D,.=¢y/D,, then the above mentioned
instability region for (zZ:O/DC)”2 takes the form 0.57 <p1/2 <1.73, i.e. approximately

(Dc/é:o)l/2 zp_l/z. If we take the typical value p=10100m_2, then we get Cottrell’s

experimental result.

Numerical study of the PLC effect
In [17], a regular self-oscillating solution of o(t) was obtained for the homogeneous case.

Such solution, however, does not correspond to experimental results, because the load
fluctuations have a pronounced stochastic character.

To identify the spatial-wave solutions of the original model, a numerical study of the
original system of equations (1)—(3) was carried out. At the same time, the system of
equations was transformed to a dimensionless form. It was found out that solutions of the
system are controlled by temperature via the parameter a=W_,/kT and a given plastic

deformation rate £,. In addition, dimensionless parameters play an essential role:

=G bPovalo g _ VibPo0Va

2
O max Lo

which characterize, respectively, the rigidity of the sample-machine system, the elastic

s Yo =tolt,, 9)

max

correlation of grains and the intensity of plastic accommodation. Here 7, = vam*/bcmax .

The analysis shows that the parameters (9) have a large range of possible values.
Therefore, in this paper we will limit ourselves to the following values: the length of the
plastic zone is chosen equal to L =20cm, grain size D =10um, and
k=1, y,=001, a=3, §=10"s". (10)

The parameters «, K and vy, characterize, respectively the rigidity of the sample-
machine system, the elastic correlation of grains and the intensity of plastic accommodation.

For small values of K <107° , a regular mode is realized in the system. In this case,
there is a in-phase mode of velocity fluctuations in the areas of the plastic flows (along the x
coordinate), but already at K =107, the deformation process acquires an irregular stochastic
character (Fig. 3).
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Fig. 3. Change of dislocation velocity u(z,x) (in section x=10cm) and load o(t)

depending on time. Numerical results are obtained at a temperature of 400K and the values of
the parameters given in (10) and K = 107

At the same time, the pulses of the plastic deformation rate are strictly correlated and
form clear Portevin-Le Chatelier bands, which are shown in Fig. 4. This figure shows the
wave pattern of the propagation velocity of dislocations u(#,x) in a crystal sample.

Fig. 4. Wave pattern of propagation of dislocation velocity disturbances u(¢,x) in a
crystalline sample in the form of PLC bands under stochastic deformation mode
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It can be noticed that the PLC deformation bands, which are pulses of plastic
deformation, they originate at one of the ends of the crystal and move at a certain speed to the
other, where the reverse band is formed. This deformation process is periodically repeated.

Under the given deformation conditions, the PLC bands are strictly correlated. When
conditions change, oncoming bands may occur, propagating simultaneously from opposite
ends of the crystal. In this case, the bands can annihilate, break up into parts, reappear in other
parts, etc. It is necessary at the same time that the total rate of plastic deformation is equal to
the specified speed £, .

In conclusion, we will make some remarks about the Luders bands and PLC bands. In
many respects, the mathematical description of these deformation bands differs little,
however, the Luders band is a single wave front [20] and occurs above a certain critical load
value, while the Portevin-Le Chatelier bands are formed in the instability region
(F'(v) |V=v0 <0, wherev, =¢y/bp) as a quasi -periodic sequence of running waves.

Thus, the original model assumes a wide variety of space-wave solutions, which will be
considered in the following work.

Resume

1. The mechanism of plastic deformation instability of crystalline alloys is considered in the
autowave model of the Portevin-Le Chatelier effect. Within the framework of the model in
the field of medium and elevated temperatures, the mechanisms of serrated deformation and
localization of plastic flow in alloys have been studied.

2. An analytical and numerical study of the model was carried out after bringing it to a
dimensionless form. An instability region is determined for the rate of plastic deformation and
temperature, in the vicinity of which the Portevin-Le Chatelier effect is realized. The critical
dimensionless parameters responsible for the variety of wave solutions of the initial system of
equations are determined.

3. For given values of the model parameters, the form of stochastic load oscillations is
determined, which is a quasi-periodic sequence of oscillating wave arcs, i.e. load surges, as
well as bursts of plastic deformation rate, which are strictly correlated and form clear
Portevin-Le Chatelier bands under stochastic deformation mode.
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Abstract. The fracture of anisotropic bodies with multiple macrocraks is analyzed by means of
modeling interaction between cracks and interaction of crack with the free boundary. The
influence of material anisotropy on cracks behavior is investigated for orthotropic material,
material with cubic symmetry and isotropic material. Article deals with numerical computations
of stress intensity factors of internal and edge cracks in the rectangular plate under uniaxial
tension and pure shear loadings. The displacement extrapolation method is used for the
computation of stress intensity factors for anisotropic materials. The effect of material
anisotropy on stress intensity factors for different crack configurations (one, two and three
cracks of different lengths) under various loading conditions (tension or shear) is investigated
and discussed.

Keywords: linear elastic fracture mechanics; anisotropic material; stress intensity factor; finite-
element modeling; displacement extrapolation method; Lekhnitskii formalism, crack

Acknowledgements. The reported study was supported by The Government of the Russian
Federation (State Assignment No. 0784-2020-0021 ).

Citation: Savikovskii AV, Semenov AS. Influence of material anisotropy on the interaction
between cracks under tension and shear. Materials Physics and Mechanics. 2023;51(5): 24-37.
DOI: 10.18149/MPM.5152023_4.

Introduction
Single-crystal nickel-based superalloys [1] are widely used for production of blades of gas
turbine engines [2]. These materials have a pronounced anisotropy (cubic symmetry) and
temperature dependence of mechanical properties [2]. Cracking of the gas turbine blades is
caused by fatigue, creep and thermal fatigue and also corrosion [3—8]. The stress intensity factor
(SIF) is the most widespread parameter in the linear fracture mechanics that defines stress state
near the crack tip and is used for crack propagation prediction. Determination of SIF for the
isotropic material is extensively studied in details theoretically and numerically [9-13] et al.,
while the study of cracks in anisotropic solids has received much less attention [14-16].
Effects of delay time, crystallographic orientation and mechanical properties of single-
crystal anisotropic superalloys on the number of cycles to the main crack formation in thermal
fatigue experiments were investigated in paper [17]. Effect of material anisotropy on the crack
interaction with a free boundary for the central crack for I fracture mode and the central inclined
crack in the finite plate under mixed mode was investigated in paper [18]. Effect of crack
orientation with respect to material anisotropy axes on SIF for the anisotropic finite plane was
studied in paper [19]. Effect of free edge and material axes orientation on SIF in anisotropic
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CT-sample was studied in paper [20]. However, determination of SIF in conditions of mutual
influence of cracks and material anisotropy is more complex and less studied. The paper deals
with edge cracks in anisotropic bodies and consider the influence of (i) the material anisotropy,
(i1) the number of cracks and (iii) the distance from the free boundary on SIFs.

The analytical solutions for SIFs concerning the single internal inclined crack in the infinite
plane under uniaxial tension for both isotropic and anisotropic materials are defined by relations [14]:

K, ZGOO\/ESinng, K,,=a®\/ﬁsin(pcosqp, (1)
where o is the value of uniform tensile stress at infinity, / is the half-length of the crack, ¢ is

the angle between the crack and of the uniaxial tensile stress direction. Note, that the analytical

solution is the same for isotropic and anisotropic material. Handbook [12] points to the solutions

for one, two and three edge cracks in the infinite isotropic half-plane under uniaxial tension.
SIFs for the single edge crack is defined by expressions:

K, =1.12150,\/nl, K, =0, )
where o is the value of tensile stress, [ is the length of the crack. This solution is depended

(in contrast to (1)) on material anisotropy even for infinite half-plane. Coefficients 1.1215 and
0 are valid for the isotropic material only. Due to the symmetry of the problem, a pure I mode

with K, =0 is realized in the isotropic material.

SIFs for two edge horizontal cracks (of equal lengths [ and with a distance between cracks
also equal to /) in infinite isotropic half-plane are defined by relations:

K,=0854c,nl, K,=0.1333c_nl. 3)

This solution is depended on material anisotropic properties. Coefficients 0.854 and
0.1333 correspond to isotropic material only. The mutual influence of cracks gives rise to the

appearance of a mixed fracture mode and the appearance of nonzero K, .

SIFs for three edge horizontal cracks (of equal lengths [ and with a distance between cracks
also equal to /) in isotropic half-plane are defined by expressions (for outside cracks):

K,=08150,\nl, K, =0.5900 /nl. 4)

Solution (4) is also sensitive to the material anisotropy. Specified coefficients 0.815 and 0.590
correspond to the isotropic material.

Studying of material anisotropy effect on the interaction between cracks for the finite
bodies represents important problem for the reliability analysis of real industrial structures.
Application of analytical methods for the general case of arbitrary configurations of multiple
cracks is significantly limited, therefore, numerical methods for calculating the SIF are used.

Fracture problem formulations

The four problems with various crack configurations are considered: a single internal central crack in
the rectangular plate (Fig. 1); a single edge crack in the rectangular plate (Fig. 2); two edge cracks in
the rectangular plate (Fig. 3); three edge cracks in the rectangular plane (Fig. 4). In each of the four
tasks listed above, two loading options were considered: uniaxial tension in vertical direction
(Figs. 1(a), 2(a), 3(a), 4(a)); pure shear loading (Figs. 1(b), 2(b), 3(b), 4(b)).

The problems are solved in two-dimensional formulation under assumption of plane stress
state. Isotropic and anisotropic materials are considered and compared. Anisotropy axes are parallel
to edges of plate and global coordinate axes. Studying of material anisotropy effect is carried out using
multivariant computations with varied sizes of the plate. Calculation of SIFs has been performed by
means of the finite element program PANTOCATOR [21], which has the ability of automatized SIF
calculations for isotropic and anisotropic materials based on various numerical methods. Thus
anisotropy, dimensions of the plate and fracture modes are varied in the calculation process. In all
computations tensile stress o« is equal to 100 MPa and shear stress 7. is also equal to 100 MPa.
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Fig. 4. Three edge cracks in the rectangular plate under (a) tension, and (b) shear

Table 1. Elastic moduli used in computations

27

Material Young’s modulus, MPa Shear modulus, MPa Poisson ratio

Isotropic material E = 20000 G =7692.3 v =03
Cubic symmetry, p =-0.25 E = 20000 G =200000 v=03
Cubic symmetry, p =-0.17 E =20000 G = 77000 v=203
Cubic symmetry, p = 0.37 E =20000 G = 15000 v=203
Cubic symmetry, p =10 E =20000 G =970.8 v=203

. . E, = 100000 _ _
Orthotropic material 1 E, = 20000 G, =970.8 v, =0.3

. . E;, = 6000 _ _
Orthotropic material 2 E, = 20000 G, =970.8 v, = 0.3
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For each of the four boundary value problems (see Figs. 1-4), three classes of anisotropy
were considered to study the effect of anisotropy on crack behavior: isotropic material, material
with cubic symmetry, and orthotropic material. Material properties used in computations are
summarized in Table 1.

In Table 1 the parameter p characterized for the cubic symmetry (with three independent
elastic moduli E, v, G) the deviation from isotropy:

E
P0GV ()

For the isotropic material the parameter p equal to 1. In computations the value of G

varied for fixed values of elastic modules E and v.

Displacement extrapolation method for stress intensity factors calculation
The crack-tip displacement fields in polar coordinates in the general three-dimensional case

(nonzero K, , K, , K, ) for an isotropic material are given by relations [22]:

K, |r alx-1 . ,a) K, |r . afx+l ,
u (r,o)=—-,[—cos—| ——+sin" — +E —sin— T+COS 2 )

! G \2rx 2\ 2 2 2r 2
u,(r,a)=&,’Lsing(]{—+l—cos2g]+& LCOSZ(K—_1+sin2gj, 6)
’ G \2x 20 2 2 G \2x 20 2 2
u (r,a)zﬁ Lsinz,

2 2

where ux(r,a),uy(r,a),uz(r,a) are axial displacements in crack coordinate systems,

K,, K, , K, are SIFs for I, II and III fracture modes, the Kolosov’s constant x = i;—: in the

case of plane stress state, G is the shear modulus, r is the distance from crack tip to considered
point, « is the angle between point direction and crack axis, v is the Poisson’s ratio.

Asymptotic expressions for displacements near the crack tip in the general three-
dimensional case for anisotropic material obtained using the Lekhnitskii formalism have the
following form [14, 23, 24]:

K 2r ( 1

2
u (r,a)= d Re
V4

Jz

1 . .
+ :/_ Re( . ,(p2\/cosa+,uzsma—pl\/cosa+,u]sma)j,
T Hy

— (,ullpz\/cosaﬂu;sina—,u'zpl\/cosa+,u]'sina)j+
H—H,

1 : . , T
u (r,a)=—1 Re( — (ulqz\/cosa + 1, sina — 1,q, \/cosa + 4 sine )] + (7)
' H

Re( — (qz\/cosaﬁr,u'zsina—ql\/cosaJr,ul'sina)j,
Jr =t

B K,,,\/;Re(\/cosa+y3 sinaJ

Cys+1,Cy,

where ,u{ and ,u'2 are the complex-valued roots of the fourth degree equation (complex

parameters of anisotropic material [25])
St =28 g8 + (28, + S )t =28 u+S,, =0 ®)
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with positive imaginary part, S 'l.j are the elements of the elastic compliance matrix of the

material in the crack coordinate system, p, =S, 4> +S , =S (g, =S ptt +—2—S ., 4, is

the root of equation C;M 10 —2C;ts M+ C;S =0 with positive imaginary part, CU are the constants

of the matrix of elastic modules of the material in the crack coordinate system ([C]=[S]").

In the case of an isotropic material, the displacements are related to SIFs by formulas (6).
Substitution of a = £z in the equation (6) leads to the expression for the SIFs in terms of
displacement jumps on the crack banks for the isotropic material:

K, = lim([uy (r,m)—u,(r, —7[)] \/ggj )
r—0 - r K

K, = lim([ux(r, w)—u(r, —7[)] 2—”%} 9
r—0 r K

) 2r G
Ky :lrl_r)r(}[[”z(r,”)_uz(r,_ﬂ)] TE]

In the case of an anisotropic material, after substitution a = +x in the equation (7), we
obtain the expressions for displacement jumps on the crack banks:

[[u]]= J%T[B]{K} : (10)

[uy(r, m)—u,(r, —ﬂ)] K,
where [[u]] = [ux(r, m)—u.(r, —7[)] is the displacement vector of crack banks, {K} =<K,
[uz(r,ﬂ')—uz(r,—iz')] Ky,
Re[—”'p%_”?p' ij Re(p,z_p,' ij 0
H—H H—H
is the vector of SIFs, [B]= Re[Mz’} Re[ 4 49 ij 0 is the 3x3
H—H H—H
0 0 ;2
\/C44C55 _C45

matrix of the mutual influence of three components of the vector of relative displacement of the
crack banks on three stress intensity coefficients. The result of inversion (10) makes it possible
to calculate the SIF through the displacement of the crack banks in the case of an anisotropic
material [26]:

R
{K}—lrl_f)r(}(a\/;[m [[ll]]J, (11)

where
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L re (ulpz u;pl ij 1 Re[_p P j 0
det[D] = det[D] 1 = 1y
(B] = ;Re(_ﬂlqz ﬂzq] ] 1 Re (‘b % ] 0 , (12)
det[D] Ly — L, det[D] U — 1,
0 0 \]szmcsvs _Cfs

Re(u{pg — D iJ Re( P, =1, J
H—H Hy = 1

det[D] = o L (13)

Re(ﬂlq% _ﬂg% ij Re( 9~ 41 J
= Hy /ul /uz

It should be noted, that if the crack coordinate system does not coincide with the axes of

anisotropy of the material, then the constants of the compliance and stiffness matrix must be
converted into the crack coordinate system. In the case of the coordinate system rotation, the

cosp —sing 0

transition matrix in the plane by rotation on an angle ¢ has the form: Q=| singp cosp 0
0 0 1
and converting elements of the compliance and stiffness tensor from the global to the crack
coordinate system is defined by relations: Sl.'jkl = 0,999, op> Citt = Cin 19409, Coop -
equations (10) and (11) the displacements also should be converted to the coordinate system
associated with the crack: u, = Q, u, . Formulas (9)-(13) were implemented in the finite element

program PANTOCRATOR [21].

Results of SIFs computations

The influence of various factors, such as: the material anisotropy, the number of edge cracks,
and the distance from crack tip to the free boundary on SIFs is investigated. For this purpose,
four boundary value problems with various crack configurations described in Section 2 (see
Figs. 1-4) were considered.

In the first problem (Fig. 1) the relative distance from crack tip to free boundary a/L varied
from 1 to 10.5, where L is the crack length, a is the distance from the left (right) crack tip to the
left (right) plate boundary. The height of the plate H was chosen to be large enough to ignore
the influence of the upper and lower boundaries. Figure 5 shows a finite element model for the
problem with a single central horizontal crack for the case a/L = 4. The number of degrees of
freedom is 185000. The eight-node isoparametric finite elements with second order
approximation are used in computations.

In order to validate the results, the finite element solution for the case a/L = 10.5 was
compared with the analytical solution for an infinite plate (1).The practical convergence of the
numerical solution on various nested meshes was investigated (for the isotropic material). When
the number of degrees of freedom decreases by a factor of 2, the result changes by less than 1 %.

When varying the distance a from the crack tip to the free edge of the plate (jumper size),
the finite element mesh around the crack tip was not changed, only the plate dimensions were
changed. The enlarged sections were divided proportionally to the length.
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(a) (
Fig. 5. Finite element model of (a) the plate with single internal horizontal crack (a/L = 4),
(b) the vicinity of the right crack tip.

In the second (Fig. 2), third (Fig. 3) and fourth (Fig. 4) problems the relative distance
from crack tip to free boundary a/L varied from 2 to 40, where L is the equal length of all cracks,
a is the distance from the crack tip to the right boundary of plate. The plate has square shape
for the problems with one and two edge cracks, whereas the plate was rectangular in the problem
with three edge cracks. The distance between cracks d is equal to L. Finite element models for
second, third and fourth boundary problems with edge cracks are shown in Fig. 6.

In order to validate the results, the finite element solution for the case with maximal
relation a/L = 40 was compared with the analytical solution for single edge crack (2), two edge
cracks (3) and three edge cracks (4) in an infinite plate under tension. The practical convergence
of the numerical solution on various nested meshes for this problem was investigated (for the
isotropic material). Difference between analytical and numerical solutions is less 0.6 % for all
considered problems. Verification results are shown in Table 2.

Table 2. Verification of numerical results for the problems of uniaxial tension of plate with
crack(s) from the isotropic material on the base of analytical solutions (1)-(4)

Numerical value | Analytical value | Numerical value | Analytical value |Maximum
Kia, MPavm Kia, MPavm Kis, MPavm Kis, MPaym error, %
Problem with single 124.80 125.30 124.80 125.30 0.56
internal crack
PrOblem Wlth Slngle 19857 19851 ____________ 003
edge crack
Problem with two 151.18 151.36 151.20 151.36 0.12
edge cracks
Problem with three 14371 144.45 104.08 104.57 0.50
edge cracks
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(e) ®
Fig. 6. Finite element models for problems:
(a) single edge crack in a plate, (b) crack tip vicinity for single edge crack,
(c) two edge cracks in a plate, (d) crack tip vicinity for two edge cracks,
(e) three edge cracks in plate, (f) crack tip vicinity for three edge cracks



Influence of material anisotropy on the interaction between cracks under tension and shear 33

The numerical results of the anisotropy effect on the interaction of crack with the free
boundary and interaction between cracks are presented below. Simulations has been performed

for the case of the uniaxial tension (see Figs. 1(a), 2(a), 3(a), 4(a), 0,=100 MPa) and for the
shear loading (Figs. 1(b), 2(b), 3(b), 4(b)). In the last case the displacements on the edges of the
plate are chosen to make far shear stress 7, =100 MPa.

Figure 7 shows of the anisotropy influence on SIFs for the first problem concerning the
internal crack in the plate under tension (Fig. 7(a)) and shear loading (Fig. 7(b)). In the first
loading case, the pure I fracture mode is realized, and in the second case the pure II fracture
mode takes place. For ease of comparison of results for cracks with different relative lengths,
all curves are scaled to the isotropic solution.

13 =8 5o (E=20000, G=7692.3) 12
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Fig. 7. Influence of anisotropy on SIF for internal crack in the plate under
(a) tension (I fracture mode), and (b) shear (II fracture mode)

It should be noted that influence of anisotropy is higher when the internal crack is close
to free boundaries. Influence for shear loading is stronger in several times than for the tension
loading. A possible explanation is that the shear modulus G for an anisotropic material varies
over a wide range. Note, that all curves are obtained at equal values of Young's modulus
E=20000 MPa in the vertical direction. Away from free edges (L/W<0.1), the shear crack
(unlike tensile crack) is almost insensitive to the type of anisotropy.

Note, depending on the elastic moduli, SIFs for an anisotropic material can be larger or
smaller than the SIFs for an isotropic material.

Figure 8 shows the anisotropy influence on SIFs for the second problem concerning the
single edge crack in the plate under tension (Fig. 8(a), pure I fracture mode) and shear loading
(Fig. 8b, the pure II fracture mode).

The dependences of Ki(L/W) / Kiisorr under tension are not monotonic (Fig. 8(a)), while
Ku(L/W) ! Knisow under shear are monotonic (Fig. 8(b)). A possible explanation that
dependence K (L/W) / Kiiisowr under shear are monotonic is varied shear modulus G. A possible
explanation that dependence K1(L/W) / Kiisor under tension for cubic symmetry and orthotropic
materials are not monotonic, is that we varied plate dimensions over a wide range and influence
of shear modulus G and effect of free boundary are competing effects.
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Fig. 8. Influence of anisotropy on SIF for single edge crack in the plate under
(a) tension (I fracture mode), and (b) shear (II fracture mode)

However, the material anisotropy strongly affects the SIFs in all cases considered.
Influence of material anisotropy is monotonously increase when closing to free boundary for II
fracture mode. Also the influence for II fracture modes is stronger in several times than for I
fracture modes. A possible explanation is that the shear modulus G for an anisotropic material
varies over a wide range. The main difference between edge and internal cracks is the
alternative nature of the effect of anisotropy away from the free edges (L/W<0.1). As the crack
approaches the free surface (L/W—1), the same pattern of anisotropy effects is observed.

Figure 9 shows the anisotropy influence on SIFs for the third problem concerning the two
edge cracks in the plate under tension (Fig. 9(a)) and shear loading (Fig. 9(b)). Due to the
influence of cracks on each other, pure fracture modes (in contrast to the first and second
problems) are not realized neither in tension nor in shear. Both Ki and Ky are different from
zero and a mixed fracture mode is realized.
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Fig. 9. Influence of anisotropy on SIF for two edge cracks in the plate under
(a) tension, and (b) shear

Influence of material anisotropy is monotonously increase when closing to free boundary
for shear loading (Fig. 9(b)), while this effect is not observed in tension (Fig. 9(a)). In general,
in shear, the behavior of one and two edge cracks is quite similar (cf. Figs. 8(b) and 9(b)).
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In tension, the behavior of one and two edge cracks for cubic symmetry is also very close
(cf. Figs. 8(a) and 9(a)), while significant differences are observed for orthotropic material.

Figure 10 shows influence of anisotropy on SIFs for the fourth problem concerning the
three edge cracks in the plate under tension (Fig. 10(a,b)) and shear loading (Fig. 10(c,d)). Due
to the influence of cracks on each other, pure fracture modes are not realized neither in tension
nor in shear loading. Both K1 and Ky are different from zero and a mixed fracture mode is
observed. The SIFs for the central crack (with the crack tip at point B in Fig. 4) differ from the
SIFs for the outermost cracks (with the crack tip at points A in Fig. 4).
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Fig. 10. Influence of anisotropy on SIFs for three edge cracks in the plate under
(a) tension (Point A — outer crack), Ki, (b) tension (Point B — central cracks), Ki,
(c) shear (Point A — outer crack), K11, (d) shear (Point B — central crack), K1

For the three edge cracks, the effect of anisotropy on the SIF is also very prominent.
The character of dependences Ki(L/W) / Kiisor add K11 (/W) / Kuiisowr for three cracks is close to
the character of corresponding dependences for two cracks for cubic symmetry (cf. Figs. 10(a,b)
with 9(a) and Figs. 10(c,d) with 9(b)), while significant differences are observed for orthotropic
material. From the comparison of points A and B, it can be seen that the relative SIFs
Ki(L/W) I Kiisorr in tension are larger for the internal crack with the tip at point B, while the
absolute values K1 (L/W) are larger for the lateral cracks with the tip at point A, which reflects
the shading effect.
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Conclusions

The results of multivariant numerical experiments have demonstrated sensitivity of SIFs to
material anisotropy for both internal and edge cracks under both tensile and shear loading.
Depending on the elastic moduli, SIFs for an anisotropic material can be larger or smaller than
the corresponding SIFs for an isotropic material. The effect of material anisotropy strongly
depends on shear modulus value. For pure shear loading the influence of material anisotropy
becomes stronger when the crack is approaching to the plate boundary. For uniaxial tension
loading the effect of material anisotropy is approximately constant for different distances to the
plate boundary in the problem of interaction of the cracks. The influence of material anisotropy
in the problem with the three edge cracks is stronger than in the problem with one edge crack
for purely shear loading (the increase in SIF reaches 80 %).
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Abstract. An observation of the fracture process in front of the crack tip inside a dentin sample
by means of ex-situ X-ray computed tomography after uniaxial compression at different
deformation values was carried out in this work. This ex-situ approach allowed the
microstructure and fracturing process of human dentin to be observed during loading. No cracks
are observed up to the middle part of the irreversible deformation in the samples at least visible
at 0.4pm resolution. First cracks appeared before the mechanical stress reached the compression
strength. The growth of the cracks is realized by connecting the main cracks with satellite cracks
that lie ahead of the main crack tip and parallel its trajectory. When under the stress load the
deformation in the sample exceeds the deformation at the compression strength of dentin, an
appearance of micro-cracks in front of the main cracks is observed. The micro-cracks are
inclined (~60°) to the trajectory of the main cracks. The further growth of the main cracks is
not realized due to the junction with the micro-cracks; we assume that the micro-cracks
dissipate the energy of the main crack and suppressed its growth. These micro-cracks serve as
additional stress accommodations, therefore the samples do not break apart after the
compression test, as it is usually observed under bending and tension tests.

Keywords: dentin; crack evolution; compression strength; mechanical properties;
microstructure; ex-situ X-ray computed tomography
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Introduction

Human dentin is the hard base of the tooth. It is composed of an organic matrix that is reinforced
by carbonated apatite [1]. The main mechanical function of dentin is to distribute mechanical
loads within the tooth under mastication. Due to its unique hierarchical microstructure from
macroscopic to microscopic length scales, dentin is able to endure both considerable elastic
(~ 15 %) and irreversible deformation (~ 15 %) at high strength under uniaxial compression
(~ 430 MPa) [2]. On the other hand, its deformation behavior is close to brittle solid under
bending and tension. The total deformation of human dentin in three-point bending tests is
considerably low (~ 1.5 %) in comparison to uniaxial compression (~ 3 %) [3]. The flexural
strength (150-200 MPa) is also lower [3-5]. The ultimate tensile strength of dentin is

© D. Zaytsev, A. Funk, 2023.
Publisher: Peter the Great St. Petersburg Polytechnic University
This is an open access article under the CC BY-NC 4.0 license (https://creativecommons.org/li-censes/by-nc/4.0/)


https://orcid.org/0000-0002-8045-5309
https://orcid.org/0000-0002-3687-053X

On the crack evolutional in human dentin under uniaxial compression imaged by high resolution tomography 39

40-90 MPa, which is less than the flexural strength and the compression strength [6—8]. This
dependence of the strength of dentin samples on the loading scheme is caused by the difference
of stress distribution in samples that different mechanisms of deformation and fracture are
activated under respective loads under compression, bending, and tension.

It is supposed that the crack growth in dentin is realized due to the junction of the primary
or main crack with the secondary or satellite cracks ahead of the main crack tip [9,10]. At that,
part of the satellite cracks can nucleate from tiny cracks in the highly mineralized cuff of
peritubular dentin [11]. Therefore, the trajectory of the main crack preferably runs through the
dentinal tubules [9]. Such a mechanism of crack growth is anticipated for high tensile stresses
inside a dentin sample. However, tensile stresses in tensile and three-point bending tests are
much higher than in compression tests. Therefore, the fracture process is different under
compression test compared to tensile.

It has been shown that the compression strength decreases with an increase of the sample
height or, in other words, with decreasing d/h ratio (the ratio between the diagonal d of the
compressed sample surface and the sample height /#) [2,12]. Samples with a low d/h ratio
behave brittle-like while the deformation behavior of samples with a high d/h ratio is close to a
ductile. The friction between the sample surfaces and the compression punches under uniaxial
compression results in a dependence of the mechanical properties of dentin samples on its d/h
ratio. If transverse or tensile deformation is suppressed in region compressed sample surfaces
in a sample with a high d/h ratio, an inhomogeneous deformation will occur. As a result, the
samples can possess a barrel-like shape after compression [2]. The crack growth in dentin is
suppressed when the tensile and the shear stresses are minimized. Indeed, a sample with
a high d/h ratio and already present cracks can be compressed several times without any fatal
destruction and decreasing the ability to elastic deformation [13]. In this case, intensive
deformation should occur ahead of the crack tip. Observations of samples surfaces after
compression have shown that the quantity and the length of cracks are decreasing with
decreasing of d/h ratio [3]. However, no differences between in profiles of cracks under tension
or bending and under compression were observed. The specific reasons for the ability of human
dentin to endure significant deformation under compression are still unknown. Is this the result
of a decrease in the tensile stresses while compressing or something else? It is possible that the
considerable deformation of dentin during compression is caused by the accumulation of micro-
cracks in the sample, which do not lead to its destruction due to smaller tensile stresses.

Light microscopy and scanning electron microscopy allow only the sample surface to be
observed and provide information about the appearance of cracks on the surface or the fracture
surface of a sample. Based on this information, researchers interpret how a crack in the sample
can grow. Transmission electron microscopy can estimate the crack growth in the whole volume
of a sample but samples for this technique are very thin. Therefore, we obtain two-dimensional
information about the crack growth, which is not the case for bulk samples under mechanical
testing. However, the assessment of the crack growth within an appropriately large sample
volume can be performed using non-destructive three-dimensional imaging techniques such as
X-ray computed tomography enables the crack growth to be assessed within an appropriately
large sample volume [14,15]. The high-resolution X-ray computed tomography employed in
this work (with the resolution up to 0.4 um) should reveal the relationship between the crack
trajectory and the orientation of the dentinal tubules, as the diameter of a single dentin tubular
is 1-3 um [16]. An observation of the crack growth using X-ray computed tomography at
different stages of loading will show how cracks nucleate and grow in a dentin sample under
compression and may bring new insights as to understand why dentin is able to endure
considerable deformation.

Thus, the aim of this work is the observation of the fracture process within dentin samples
at different stages of loading by means of high-resolution ex-situ X-ray computed tomography
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under uniaxial compression. It is expected that the intensive deformation and fracture processes
should occur in front of the main crack tip. The results of this work are potentially useful for
the creation of new biomimetic materials, including materials for dental science.

Materials and Methods

Sample preparation. Five intact (caries-free), recently extracted human molars were used in
this work. The teeth were obtained from male and female subjects aged 25 to 40 years living
within the Ural region (Russia). The tooth extraction procedure was performed according to the
Ethical Protocol of the Urals State Medical University in Yekaterinburg that is in accordance
with all the requirements of the law. For mechanical testing, from the central part of the teeth
crown five cuboid dentin samples were cut out by a diamond saw under continuous irrigation.
After that, the surface of the samples was polished by means of the abrasive papers starting
with grit 600 and finishing with grit 2000. The samples had a cuboid shape with the approximate
size 2 x 2 x 0.9 mm?. The deviation in size was no more than 23 pum in height (Z-direction,
Fig. 1) and no more than 18 um in the face of the compression plane (X-Y plane, Fig. 1). The
measurement accuracy was 5 um. The quality of sample surface preparation was controlled
using light microscopy (Bresser advance ICD) with the magnification of 50x. There is no strict
direction of the dentinal tubules in the samples since they have a large size relative to the tooth
where tubules have a complex, sigmoid «S» curvature [14].

F

:
. e
.

F

Fig. 1. The scheme of deformation for the dentin samples

Mechanical testing. Until testing the samples were stored in 0.9 % salt solution at
ambient temperature before testing. Shimadzu AGX-50kN testing machine has been used for
uniaxial compression of the dentin samples. The scheme of loading is given in fig. 1. The tests
were carried out with the constant loading rate of 0.1 mm/min. The first sample was not
subjected to loading, whereas the other samples 2-5 were loaded up to different deformation
values, which are given in Table 1. The deformation values were chosen based on previously
performed dentin compression tests, which allow the deformation and fracture process to be
estimated during loading from elastic deformation to the start of the fracture process [2].
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The deformation of the samples was determined by means of the movement of the traverse.
Trapezium-X standard software for Shimadzu was used for processing the experimental data.

Table 1. Dentin sample testing conditions

Sample Deformation, % Condition
1 0 initial state
2 7 elastic mode
3 15 irreversible mode
4 25 pre-fracture mode
5 35 after fracture

Microstructure characterization. The observation of the microstructure and the defects
within the samples was carried out by means of X-ray computed tomography employing a
ZEISS Xradia 620 Versa device. While rotating a sample for 360° within the X-ray beam path,
a set of radiographs is captured at discrete angular steps. Subsequently, a three-dimensional
volume is reconstructed from the set of radiographs using the standard filtered back-projection
algorithm for cone-beam setups [17]. Both data acquisition and reconstruction were performed
with ZEISS software "Scout-and-Scan Control" and "Scout-and-Scan Reconstructor”
(version 14). Details on the method can be found elsewhere [18].

Overview scans are taken for all five samples at low resolution. Interesting sample spots
e.g., ahead of the main crack tips, are tested additionally at high resolution (detail scan). The
scanning parameters are summarized in Table 2. Note that besides the voxel size resulting from
the total magnification (geometrical and optical), the basic spatial resolution of the device and
used objectives is limited. For the high-resolution scans, the total size of the investigated
volume was a cylinder with a diameter of 360 um and a height of 390 pm. ImageJ Fiji, Avizo
2019.4 (ThermoFischer Scientific) and VG Studio max 3.3 (Volume Graphics) were used for
image analysis [19-21].

Table 2. Summary of X-ray computed tomography parameters.

Device Source- Object-
X-ray tube X-ray tube spec. Object- Detector- Geometrical
voltage, kV power, W X-ray Distance, Distance, magnification
filter mm mm
Overview 50 45 LE3 17 17 2x
scan
Detail scan 50 4.5 LE2 11 7 1.633x
Voxel Basic
Optical Total size spatial Exposure Set of
magnification magnification m’ resolution, time, sec radiographs
15 um
Overview 4x 8x 1.7 1.9 5 801
scan
Detail scan 40x 65.32x 0.4 0.5 30 2401
Results

The deformation stress-strain curves of samples 2-5 under compression are shown in Fig. 2.
The trend of deformation curves is similar for all compressed samples. The dependence of the
stress on the strain of the samples at the initial stage of loading is linear, while under stress
~ 300 MPa and ~8 % deformation it changes to non-linear. The blue arrows in Fig. 2 points to
the stress and the deformation at which the compression test was stopped for each sample.
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Sample 2 is compressed to the end of linear deformation (7 %) whereas sample 3 is compressed
to the middle part of nonlinear deformation (15 %). The loading of sample 4 was stopped right
before the maximum stress or compression strength (25 %) that corresponds to the state of pre-
fracture. The deformation under compression of sample 5 was slightly larger than the
deformation at which the compression strength was achieved during testing. The gradual stress
drop is observed in sample 5 after reaching the compression strength. The stress drop on the
deformation curve corresponds to the process of intense fracture or crack nucleation and growth
in sample 5.
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Fig. 2. Deformation curve of dentin sample under compression. Arrows are indicated at the
end of the deformation curve for the samples

X-ray computed tomography at low resolution (1.7 um) of sample 1 and samples 2, 3,
4 and 5 after loading showed that the cracks appear only in samples 4 and 5. The cracks appear
at the surface of the samples and penetrate the entire volume. The number of cracks in sample
5 is greater than in sample 4, both on the surface of the sample and inside the sample (Fig. 3).
At that, the cracking pattern is similar in both samples. The cracks were almost parallel to the
edge of the backside on the compression surface (X-Y plane, Fig. 1) and the cracks are tilted at
an angle of 30° to the side surface (Z-Y plane, Fig. 1) for both samples, Fig. 3. In addition, there
is a crack in sample 5 (Fig. 5(e)), which is inclined at an angle of 45° to the side surface (X-Y
plane, Fig. 1). Besides, there is a secondary crack that begins to grow from the compression
surface at the end of the primary crack and it is tilted at an angle of 60° to the side surface of
the primary crack (Z-Y plane, Fig. 1) in sample 5. However, despite the similarity of the profiles
of the cracks between samples 4 and 5, parallel micro-cracks are observed in the middle part of
sample 5 in the area of the main crack tip. The micro-cracks are inclined (~ 60°) to the trajectory
of the main crack (Fig. 3(f)). Also, similar micro-cracks are observed directly on the
compression surface (X-Y plane, Fig. 1). On the contrary, there are no micro-cracks in the area
of the main crack tip in sample 4 (Fig. 3(c)). Both samples 4 and 5 have a barrel-like shape
(Fig. 5(c) and 5(f)). Dentin tubules are not viewed at this resolution.
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Fig. 3. Overview of the 3D visualization of 4 and 5 samples at low resolution:

(a) the view of sample 4; (b) the reconstructed longitudinal slice in the middle part of sample
4; (c) the reconstructed cross-section slice in the middle part of sample 4; (d) the view of
sample 5; (e) — the reconstructed longitudinal slice in the middle part of sample 5;

(f) the reconstructed cross-section slice in the middle part of sample 5

X-ray computed tomography of samples 4 and 5 after loading at high resolution
(0.4 um) was performed in detail for the regions ahead of the main cracks tip (indicated by
black circles in Fig. 3(c, f)). The trajectory of the main cracks is uneven, but despite this, the
main cracks approximately lie in the planes (Figs. 4(a) and 5(a)). There are satellite cracks lying
ahead of the main crack tip for both samples (Figs. 4(b) and 5(b)). The plane of the satellite
crack is parallel to the plane of the main crack in sample 4 (Fig. 4(b)). On the contrary, the
planes of the satellite cracks are almost perpendicular to the plane of the main crack into sample
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5 (Fig. 5(b)). The number of the satellite cracks ahead of the main crack tip is greater in sample
5 (Fig. 5(b)). Dentin tubules are clearly visible at this resolution. Tubules appear as black dots
by the overview and as a white line at the view where crack is highlighted (Figs. 4 and 5). In
both cases, the trajectory of the main cracks was independent of the alignment of the dentinal
tubules.

a

Fig. 4. The 3D visualization of the area of the main crack tip into sample 4 at high resolution
(indicated black circle at Fig. 3(c)): (a) the overview; (b) the view where crack is highlighted. The
red arrow indicates the satellite crack lying ahead of the main cracks that are indicated by the blue

arrow

Fig. 5. The 3D visualization of the area of the main crack tip into sample 5 at high resolution
(indicated black circle at Fig. 3(f)): (a) the overview; (b) — the view where crack is highlighted. The
red arrows indicated the several micro-cracks ahead of the main cracks indicated by the blue arrow
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The detailed study of the main crack tip region in sample 4 at high resolution has shown
that there are satellite cracks ahead of the main crack tip (Fig. 6). The trajectory of the main
crack and the satellite cracks pass through the dentinal tubules (Fig. 6). The trajectory of the
main crack and satellite cracks are initially rectilinear but sometimes turn into a zigzag profile
(Fig. 6(g)). Besides, tiny cracks inclined (~ 60°) to the main cracks are observed (Fig. 6(h)).
The trajectory of the satellite cracks is parallel to the trajectory of the main cracks (Figs. 6(c,e)).
At that, not all satellite cracks create a junction with the main crack (Fig. 6(f)). The tiny cracks
in sample 5 also branch off from the main crack, but tilted at an angle 30° (Fig. 7(a)). The main
crack in sample 5 grows due to the junction with the satellite cracks that lie along further on its
growth path as it takes place into sample 4 (Figs. 6(b,c)). However, there are many parallel
micro-cracks tilted at an angle 60° to the main crack in sample 5 (Fig. 7). The distance between
micro-cracks varies from 16 to 3 um. The main crack can pass through micro-cracks, but this
does not change its trajectory (Fig. 7(e)). The long micro-cracks have a sigmoid "S" shape
profile. Such profile of the long micro-cracks caused by the fact that the cracks started and
stopped at the dentinal tubules due to the trajectory of the micro-crack has changed from a
straight line to sigmoid "S" near the dentinal tubules (Fig. 7(e)).

Fig. 6. The reconstructed cross-section slices of the main crack tip area of sample 4 at high resolution
(indicated black circle at Fig. 3(c)). Red numbers indicate the layer depth: (a) 0; (b) 20.4 um; (c) 47.2
um; (d) 85.6 um; (e) 108.0 um; (f) 169.2 um; (g) 234.4 um; (h) 298.4 pum; (i) 344.0 um
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Fig. 7. The reconstructed cross-section slices of the main crack tip area of sample 5 at high
resolution (indicated black circle at Fig. 3(f)). Red numbers indicate the layer depth:
(a) 75.6 um; (b) 114.8 um; (¢) 150.4 um; (d) 193.2 um; (e) 222.8 um; (f) 289.2 um;
(g) 312.4 um; (h) 340.0 um; (i) 361.2 um

Furthermore, besides the crack pattern, X-ray computed tomography enables studies of
the overall microstructure of the samples 1 to 5. A varying number of "pores" was detected at
low resolution within the sample series, c.f. (Fig. 8). As the dentinal tubules are not visible at
low resolution, the "pores" can be clearly detected without mixing them with the dentinal
tubules. The number of individual "pores" in sample 1 is about 900, which is significantly larger
than in all other samples; samples 2, 4 and 5 show less than 50 and sample 3 has no more than
5 "pores" In the literature, such "pores" are referred to as "micro-canals" or "giant dentinal
tubules" [22]. The “pores” found in the samples 1 to 5 are mostly ranging in size between 6 pm
and 20 pm (sphere equivalent diameter) with the mean diameter of about 10 to 12 um, however,
also outliers with about 30 up to 50 pm were found. These outliers are two or more smaller but
merged "pores". The detection of "pores" in sample 4 and 5 is challenging due to the dominant
crack pattern. The influence of "pores" on the crack evolution is not determined from this
sample loading series. Cracks may hit and destroy a "pore" and hence, "pores" will not be
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detected anymore. However, "pore" examples were found in sample 5 where the crack avoids
hitting the "pores". It is also possible that "pores" will close while compressed. To clarify this,
in- or ex-situ X-ray computed tomography from the same sample exposed to loading steps needs
to be performed. Nevertheless, X-ray computed tomography proves to be a valuable tool to pre-
investigate the quality of tooth samples in advance of any future experimental testing.
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Fig. 8. The 3D visualization of the pore size distribution in sample 1. Color code refers to the
pore size equivalent diameter

Discussion

The deformation behavior of compressed dentin samples, when the linear dependence of strain
on stress at the initial stage of loading changes to nonlinear at high stresses, is typical for human
dentin and elastic-plastic bodies under compression [2]. X-ray computed tomography has
shown that the fracture process starts before reaching the compression strength. There are no
observed cracks up to the middle of the irreversible deformation of dentin under compression
(15 %). Therefore, the considerable elastic and irreversible deformation is not caused by the
accumulation of the cracks, at least there is no such evidence at 0.4 um resolution. Hence,
human dentin is able to withstand considerable elastic and irreversible deformation due to its
microstructure, but for an implementation it is necessary to create certain conditions. The main
one is the reduction of tensile stresses. It was shown by the compression of dentin in liquid
nitrogen that the ability to irreversible deformation of dentin is provided by means of the
plasticity of collagen fibers and porosity of intertubular dentin [23]. Elastic deformation is
realized due to the elasticity of collagen. At high stress loads, when the crack nucleation is
starting, intensive deformation occurs in the plastic zone in front of the crack tip. It is clear that
highly mineralized cuff withstands less deformation compared to intertubular dentin. During
loading and further deformation of dentin, cracking of the peritubular cuff occurs. Since the
deformation in the plastic zone is higher than the average deformation for the specimen, the
fracture of the peritubular dentin is occurred in front of the tip of the main crack. The tiny cracks
nucleate in peritubular cuff [11]. Increasing the deformation leads to an increase in the angle of
opening of tiny cracks and their length in peritubular dentin. After that, one of the tiny cracks
in the peritubular cuff joint with the tiny crack in the nearest dentin tubular and so on as a result
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the satellite crack is formed. Therefore, the crack path lies through the dentinal tubules due to
this mechanism of crack growth [9].

The crack growth mechanism under compression is similar to the mechanisms of tensile
or bending loadings [10,24]. The main crack grows due to the junction with the satellite cracks
that are situated in front of it and lie along its growth path (Fig. 9(a)). However, the micro-
cracks are inclined (~ 60°) to the trajectory of the main crack, which was formed when the
deformation exceeded deformation at the compression strength (Fig. 7(e)). At that, the growth
of the main crack is not taking place due to the junction with the micro-cracks even though the
main crack goes through them (Fig. 7(d)). The nucleation of micro-cracks occurs in the plastic
zone in front of the tip of the main crack (Fig. 9(b)). This may be due to the accumulated damage
in the peritubular dentin in the plastic zone of the main crack that indicates the existence of
intense deformation there [25]. The damaged areas of the peritubular dentin are stress
concentrators where it is easier for cracks to arise. Similar micro-cracks were observed earlier,
where it was defined as "ladder-like" bands that consist of an array of cracks oriented orthogonal
to the main band trajectory of the crack [26]. The band texture consists of segments of dentin
separated by orthogonal cracks at regular intervals of about 20 pm. Shifting and torsion of these
segments is thus an energy dissipation mechanism, slowing the crackdown and preventing
catastrophic failure [26].

a b
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Fig. 9. The schemes of crack grow in human dentin under compression stress: (a) the scheme

for crack grows in sample 4; (b) the scheme for crack grows in sample 5. The green wedge is

the main crack whereas blue areas are satellite cracks (sample 4) or micro-cracks (sample 5).

The red arrows indicated compression stress. The blue arrows indicated tensile stress and the
black arrows indicated the direction of dentinal tubules

Stress accommodation of mechanical energy in the sample under the loading is realized
due to two channels: deformation and free surface formation (crack nucleation). Deformation
of the material in the plastic zone reduces the energy of the crack and can lead to its stop. The
nucleation of cracks in front of the main crack tip also decrease its energy. Although the micro-
cracks in sample 5 do not join the main crack, micro-cracks are reducing the main crack’s
energy and suppressing its growth. The micro-cracks act as a shield for the main crack tip and
hence, extrinsically toughen the material. Therefore, the nucleation of the micro-cracks is the
additional channel of stress accommodation to ligament bridging and crack deviation of the
main crack. The samples do not break apart after the compression test due to this channel of
stress accommodation as, on the contrary, it takes place under bending and tension. The cracks
deviation from the plane of maximum driving force the stress intensity experienced at the crack
tip is reduced, thereby providing an additional source of toughening [24]. The formation of a
large number of stable cracks in the sample reduces its energy. Due to the sample that contained
the cracks can be compressed several times without destruction and decreasing the ability to
the elastic deformation [13].

Despite the fact that the crack growth occurs through the dentinal tubules, a strong
dependence of the crack trajectory on the orientation of the dentinal tubules was not obtained.
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Usually, the relationship between the crack trajectory and the orientation of the dentinal tubules
is difficult to evaluate under compression as the orientation, density and diameter of the dentinal
tubules in the sample of such volume is nonhomogeneous. There is a significant increase in
tubule density and tubule diameter with increasing distance from dentin enamel junction in the
tooth [27]. It has been reported that dentinal tubules possess sigmoid "S" shape distribution in
coronal dentin [28,29]. Therefore, the dentinal tubules in the samples have different orientations
relative to the direction of the compression. Scanning of the areas at the tip of the crack at high
resolution showed that the orientation, density and diameter of the dentinal tubules is uniform
in a given volume (Figs. 4 and 5). However, in both cases (samples 4 and 5) the angles of
inclination of the main cracks and the satellite cracks to the dentinal tubules were different.
Therefore, the crack growth trajectory is determined by the scheme of deformation and the
shape of the sample, and not by the orientation of the dentinal tubules. On the other hand, the
fracture behavior of elephant dentin depends on the orientation of dentinal tubules under
indentation where imprint depth was small and comparable to the diameter of dentinal
tubules [30]. Besides, the deformation and the fracture behaviors of dentin are anisotropic at
some other tests such as share test, bending and diametric compression [24, 31-33]. It is possible
that in those tests the main deformation is realized in a plane whereas under compression the
entire sample volume is involved in deformation process under compression.

b first second
direction direction

Fig. 10. The schemes forces and stresses acting on the sample under compression:
(a) common view of the sample; (b) cross-section of the sample. The red arrows indicated
compression stress. The blue arrows indicated tensile stress and the green arrows indicated the
direction of the friction forces. The black arrow indicated the direction of dentinal tubules

The reason of the nucleation of the micro-cracks in the plastic zone of the main crack is
caused by the scheme of loading and the shape of the sample. Two forces act on the sample
when it is compressed: one is directed along the compression axis — the loading force (along Z,
Fig. 1), and the second is the friction force between the sample and the compression plate. The
friction forces are perpendicular to the compression force and lie in the X-Y plane in Fig.1
(Fig. 10(a)). Therefore, the vector sum of the loading force and friction forces acts on the
sample under compression. The friction forces are directed toward the center of the sample or
opposite to tensile stress insomuch as the sample expands under compression. The friction
forces are maximal in the directions of the diagonals of the sample since it has a square cross-
section. Two forces act on the sample if we consider the cross-section in the Z-Y Plane (Fig. 1)
of the sample (Fig. 10(b)). Indeed, it can be seen that in the cross-section of sample 5, two
directions of crack growth are active (Fig. 3(f)). The first direction is inclined at an angle of 30°
to the upper compression surface, and the second direction is inclined at an angle of 30° to the
lower compression surface (Fig. 3(f)). The cracks grow in the planes of maximum driving forces
where tensile stresses are maximal. At that, the crack moves from one surface to another, and
the secondary crack begins at the crack exit point on the sample surface (Fig. 3(f)). The micro-
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cracks appear in the second direction for a crack moving in the first direction and vice versa, a
crack moving in the second direction has micro-cracks in the first direction. Hence, the satellite
cracks in two directions are formed in the plastic zone in front of the crack tip under the action
of two forces where the damaged zone is formed. At low loads, the damaged zone is not large
enough for secondary satellite cracks or micro-cracks to nucleate there. There is a damage zone
formed inside the plastic zone. The damage zone is situated ahead of the main crack tip and its
shape is not circular. The width of the damage zone is ~ 60 um and its length is ~ 120 uym
according to the size of the area of the micro-cracks (Figs. 5(b) and 7(e)). The damage zone can
be determined as the pre-fracture zone. Micro-cracks do not nucleate under tension and bending
since there is no effect of friction forces.

Conclusion

The considerable elastic and irreversible deformation is not caused by the accumulation of the
cracks at least visible at 0.4 um resolution up to the middle of the irreversible deformation of
the dentin under compression. The cracks appear right before reaching the compression
strength. The mechanism of crack growth under compression is similar to the crack growth
under tensile test or three-point bending. The main crack grows due to the junction with the
satellite cracks that are situated in front of it and lie along its growth path. However, the micro-
cracks that are inclined (~ 60°) to the trajectory of the main crack appear when the deformations
exceed the deformation at the compression strength. The growth of the main crack is not
realized due to the junction with the micro-cracks. However, it is suggested that the micro-
cracks decrease the energy of the main cracks and suppress their growth. These micro-cracks
are an additional channel of stress accommodation due to which the samples do not break apart
after the compression test as, on the contrary, it takes place under bending and tension.
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Abstract. Hydraulic fracturing is one of the most common methods used to study stress-strain
state of hydrocarbon reservoir being developed. The process of fracture initiation and
propagation is affected by initial stress state in the rock and tensile strength of the rock.
Moreover, fracturing fluid filtered through the walls of the well into the well surrounding rock
mass also affects the process of fracture propagation. The purpose of this work is to determine
the best method for assessing the fracture breakdown pressure according to laboratory
experiments. The experiments on hydraulic fracturing were carried out on a special laboratory
setup that allows to create loading conditions on a model sample that are close to real conditions
at a real field being developed. Some of the known methods based on analysis of the
dependencies of borehole pressure on time were used for laboratory data processing.
Keywords: hydraulic fracturing; stress-strain state; breakdown pressure; backstress effect;
laboratory experiments; data processing
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Introduction

Hydraulic fracturing is one of the most common methods used to study the stress-strain state of
a hydrocarbon reservoir under development [1,2]. The hydraulic fracturing process involves a
fracture initiation in the oil-saturated reservoir under development by pumping pressurized fluid
into the reservoir through a specially drilled well. The resulting fracture is of interest to the
researcher since it allows to estimate the values of the principal stresses acting in the
undeformed formation [3].

Fracture initiation and propagation are influenced by stress distribution in the reservoir
under development [4—6]. Therefore, there are various methods to determine the values of the
main stresses acting in the formation using the analysis of borehole data. Some of the methods
are based on the analysis of the pressure-time dependence function obtained from the well
during hydraulic fracturing. For the first time, such an approach was described in the work [7].
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In addition to the initial stress-strain state of the medium, it is necessary to know the
formation breakdown pressure to carry out hydraulic fracturing properly and for successful
oil/gas field development [8]. This pressure can be defined as the pressure needed for tensile
fracture initiation at a given depth, more precisely, at the depth of hydraulic fracturing. The
paper considers one of the existing methods of theoretical assessment of formation breakdown
pressure by analyzing pressure-time curves obtained during hydraulic fracturing. However, the
main objective of the study was to evaluate the impact of some effects on the magnitude of
formation breakdown pressure.

In particular, the authors of the work have shown that in addition to the existing stress
distribution in the formation, so-called reverse stress (backstress) has a significant effect on fracture
initiation. This is an additional stress of the fracturing fluid pumped into the formation and filling
the porous medium of the near-well zone, which prevents fracture propagation [9-14].

A series of laboratory experiments on hydraulic fracturing was conducted within the
framework of the current study. As a result, time-dependent pressure relationships for each
experiment were obtained and further processed. Backstress and formation breakdown pressure
were theoretically calculated for each of the experiments. The obtained theoretical values of the
formation breakdown pressure were compared with the known values from the borehole data
of the laboratory experiments.

Theoretical part
The study is generally aimed at understanding mechanical processes in a small zone near the
wellbore, where hydraulic fracture initiation occurs. The well and fracture initiated after fluid
injection as well as its propagation in the well surrounding rock masses are the main objects of
the research. There are several approaches for estimating the hydraulic formation breakdown
pressure [8,14,15].

The distribution of horizontal stresses in well surrounding rock masses was obtained from
the modification of the classical Kirsch problem solution for stress concentration around a circular
hole [16]. This distribution was consequently used to evaluate formation breakdown pressure for
a formation. Fracture initiation occurs whenever minimum principal stress becomes tensile and
its modulus exceeds the unconfined tensile strength (UTS) of the rock mass.

The problem of determining the formation breakdown pressure was solved under different
boundary conditions. Therefore, it is possible to formulate four cases with different conditions.

Case 1. In the first case, the fracture occurs in a homogeneous nonporous medium, which
is considered impermeable to the fracturing fluid. In this case, on = S, orn = Si 1s true for effective
stresses, since there is no pore pressure distribution in the formation. Compressive stresses are
considered as positive hereafter, Su > Si.

The formula for estimating the formation breakdown pressure has the form:

P’ =38, -5, +UIS, (1)

with fracturing fluid pressure P,,", in-situ horizontal stresses S, and Sy , acting far from the well.
P,," corresponds to pressure at well resulting into fracture initiation or formation breakdown
pressure (FBP).

Case 2. In the second case, the fracture occurs in a homogeneous porous medium, which is
considered impermeable to the fracturing fluid. Since the pore pressure distribution is now present
in the medium, the Terzaghi representation [15] was used for effective stresses: on = Su - Po, on
=Sn - Po, Su=> Sh.

Then the formula for estimating the formation breakdown pressure has the form:

P =38 -S,-P+UTS, )

with pore pressure Po.
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Case 3. In the third case, the fracture occurs in a homogeneous porous medium, which is
considered permeable to the fracturing fluid. In this case, in addition to the distribution of pore
pressure in the environment, it is necessary to take into account the process of filtration of the

fracturing fluid from the well into the formation a % (P, — Py), with Biot’s coefficient o [18]

and Poisson 's ratio v. Moreover, it is necessary to take into account the condition of the pre-
saturation of the medium. The Terzaghi representation [17] was also used for effective stresses:
ou = Su - Po, on = Sp - Po, Su > Sh.

Then, the formula for estimating formation breakdown pressure takes the form:

35, -5, +UTS—a11_2VPO
£ —v
b= —2v ' )
2-«a

1-v

Case 4. However, when using the Terzaghi representation, it is assumed that a fracture
forms instantly as soon as the annular effective stress of the Terzaghi directly on the wall of the
borehole exceeds the uniaxial tensile strength UTS. However, in this case, the influence of
changing pore pressure on the well wall is not considered. Therefore, it was proposed by
Schmidt [19] to rewrite the equations for effective stresses in the form: ou= Sy - fPo, on =Sk - fPo,
St > Sh, where f§ — pore pressure coefficient (0< £ <1). In this case, it is also assumed that the
fracture occurred in a homogeneous porous medium, which is considered permeable to the
fracturing fluid. Here, as in the previous case, the process of filtration of the fracturing fluid

. . 1-2 . .
from the well into the formation aT: (P, — Py) and the condition of pre-saturation of the

medium are taken into account.
The formula for estimating the formation breakdown pressure has the form:
35,-Sy+UTS—a—22p,

v = 1+B—a1_21’1_v ' “)

1-v

Experimental part

Laboratory experiment on hydraulic fracturing. A series of laboratory experiments were
conducted to simulate the process of fracture formation in the area of the well in which the fluid is
injected. A state-of-art setup was used (Fig. 1), which makes it possible to simulate the process of
hydraulic fracturing. The design consists of two steel discs and a wide ring-wall between them. The
lower disk and the ring-wall together form a working chamber, which has the following characteristic
dimensions: diameter — 43 cm, height - 6.6 cm. The model sample of the formation is separated from
the upper disk of the setup by a rubber membrane. There is a gap between the top lid of the setup and
the membrane, which is filled with water under constant pressure to simulate lithostatic pressure in
the reservoir model. Horizontal loading on the model sample is carried out by pumping gas or fluid
into flat copper chambers located along the inner surfaces of the side walls of the working chamber.
A more detailed description is provided in the work [20]. In this study, the setup is considered as a
layered medium, i.e. a permeable layer, in which the fracture propagation occurs, surrounded by
impermeable walls of the setup.

The laboratory experiment on hydraulic fracturing itself is carried out in several stages.
Initially, a mixture of gypsum and cement is poured into the working chamber of the setup.
After drying of the modeling material, a model sample is formed. The dimensions of the
working chamber of the experimental setup determine the dimensions of the model sample. The
resulting porous sample is then saturated with a solution of gypsum in water. After that, the
setup is closed, loading of the model sample is done and the fracturing fluid, more precisely
mineral oil, is injected into the preliminary prepared well at a constant flow rate. It is important
to note that the horizontal stresses used in further calculations are the calculated horizontal
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stresses acting in the central region of the sample. They take into account both the applied
horizontal loads and the friction between the sample and the metal covers.

The central well is a brass tube (diameter 16 mm), which is hermetically inserted into the
lower cover of the setup. The upper end of the tube is closed with a screw plug. The tube has a
vertical slot in the middle part, into which a thin brass gauze folded in half is inserted. The brass
gauze serves as a seed for the fracture. The size of the gauze petals is 8 x 8 mm. The corners of
the petals are cut off by about 2 mm. The tube has the ability to rotate freely around the vertical
axis so that it is possible to orient the fracture perforation in a given direction.

Vertical

pressure port
Working
borehole

Rubber
membrane

Pore
pressure
Horizontal metering
pressure ports ports

(@) (b)
Fig. 1. A schematic illustration of the experimental setup (a), and an actual photo of the setup (b)

A series of laboratory experiments on hydraulic fracturing was carried out in the course
of the study. As aresult, two types of hydraulic fractures can be formed: vertical fractures (along
the vertical well) and horizontal fractures (perpendicular to the well). In this series, experiments
with vertical fractures were considered. An example of the obtained pressure-time curves for
this type of fracture is presented below (Fig. 2).

9
—pressure
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* instantaneous shut-in pressure

7
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Fig. 2. An example of the dependence of pressure on time obtained in a laboratory experiment
on the creation of a vertical fracture of a hydraulic fracturing

It is also important to note that prior to conducting laboratory experiments on hydraulic
fracturing, the modelling materials were additionally studied. The modelling materials and
fluids were selected in such a way that the propagation of a hydraulic fracture in a laboratory
experiment was similar to its propagation in a real field. Similarity criteria were used to achieve
the similarity of processes in laboratory and real models [20,21].
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A mixture of gypsum and cement was found to be a suitable material for modelling the
formation and mineral oil as the fracturing fluid. The numerical values of the material
characteristics are presented in the table below (Table 1).

Table 1. Some properties of the modelling material and fluid used in the laboratory experiments

Fracturing fluid viscosity u, Pa's 0.12
Injection rate g, cm’/s 0.17-0.37
Young modulus E, Pa 4x10°
Poisson's coefficient v 0.25
Model sample permeability k, m? 2x10°13
Model sample porosity ¢ 0.4

Determination of uniaxial tensile strength. One of the characteristics of the material
used, which has been given special attention in this work, is the single-axis tensile strength.
This parameter plays a major role in the framework of the conducted studies since the criterion
for fracture formation was considered to be the moment when the local tensile stress in the
stress concentrations area exceeds the ultimate tensile strength of the material in magnitude.

Therefore, an additional series of laboratory tests was initially carried out to determine
the uniaxial tensile strength by applying the "Brazilian" method [22,23].

Samples from a model material with a diameter of 40 mm and a length of 42 mm were
used in this series of experiments. The sample was placed between parallel steel plates during
the manual press test. The tensile strength for such a series of experiments was calculated by

the formula g, = K § , where K=2/m when loaded with plates, P is the breaking force, S is the

product of the length of the sample by its diameter. The results of the tests by the "Brazilian"
method are shown in Table 2.

Table 2. The results of the tests by the "Brazilian" method

Sample Sample diameter Sample height Breaking force Tensile strength
number d, mm h, mm P, kN UTS, MPa

1 40 42.2 1.7 0.6

2 40 42.2 2.6 1.0

3 40 42.2 2.0 0.8

4 40 42.2 2.1 0.8

5 40 42.2 1.8 0.7

6 40 42.2 2.3 0.9

Based on the calculations obtained, the value of the tensile strength can be considered
equal to 0.8 MPa.

According to some sources [24,25], the tensile strength can be determined by knowing
the re-opening pressure of the hydraulic fracture. Another series of laboratory experiments was
carried out to clarify the obtained tensile strength. In this case, all experiments were carried out
in two stages. The first stage was a standard laboratory experiment on hydraulic fracturing,
which is described above. The second stage involved re-conducting hydraulic fracturing to
expand the existing fracture.

However, after processing the pressure drop curves, it was detected that the uniaxial
tensile strength of the material varies in the framework of laboratory experiments. According
to the sources [24—26], it is no longer necessary to overcome the tensile strength of the medium
in the course of repeated fracturing, because the fracture already exists. Therefore, repeated
fracturing is considered to be another applicable method for determining the tensile strength by
subtracting the breakdown pressure of the reopened fracture from the breakdown pressure of
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the primary fracture. Two such two-stage experiments were conducted. The loading parameters
of the samples and the results of the tensile strength calculations are shown in Table 3.

Table 3. Results of defining the tensile strength using two-stage laboratory experiments on
hydraulic fracturing

Expansion of a vertical | stage | experimental formation breakdown pressure 8.80 | MPa
fracture stage 2 experimental formation reopening pressure 6.40 | MPa
Tensile strength | 2.40 | MPa
Expansion of a vertical | stage | experimental formation breakdown pressure 7.69 | MPa
fracture stage 2 experimental formation reopening pressure 5.96 | MPa
Tensile strength | 1.73 | MPa

The corrected tensile strength value is 2.07 MPa. The corrected tensile strength value is
used in further calculations for the formation breakdown pressure because it is considered more
correct under the conditions of hydraulic fracturing.

Results

Experimental data processing. In the course of this study, a series of six standard one-stage
laboratory experiments on the formation of a vertical hydraulic fracture was carried out. The
formation breakdown pressure was estimated for all four cases described, taking into account the
characteristic parameters of the experiments (Tables 1, 2). The values of the formation breakdown
pressure were obtained after analyzing the curves of pressure versus time, which were recorded
using sensors during laboratory experiments on hydraulic fracturing. The pattern of the obtained
experimental pressure-time curves corresponds to the classical characteristic pattern of hydraulic
fracturing pressure curves, which was described in [27].

These curves have a characteristic pattern. Provided that the fluid is pumped at a constant
rate, there is a linear increase in pressure over time in the beginning, which is violated at the first
appearance of leaks, which is sometimes considered the moment of fracture initiation. The point of
maximum pressure on the graph corresponds to the moment of fracture formation. Thereafter, there
is a pressure drop to a value called fracture propagation pressure. Further, there is a rapid pressure
drop after stopping fluid injection into the well to the fracture closure pressure. Thus, experimental
formation breakdown pressures were determined from these pressure curves. The results are shown
in Table 4: each experiment was carried out with its own vertical and horizontal loads forming far-
field stresses S, and Sy (equal to each other) and vertical stress Sy stated in the table.

Table 4. A comparison table of the values of the hydraulic formation breakdown pressure
obtained experimentally and calculated theoretically

Experiment 0, Horizontal stress Vertical stress FBP, MPa
number cm?/s (Sn = Sy), MPa Sy, MPa (experimental)
1 0.17 2.01 6.6 8.76
2 0.37 2.01 7.1 12.55
3 0.20 1.32 4.8 7.07
4 0.20 1.12 4.6 10.96
5 0.20 1.29 4.7 7.74
6 0.20 1.50 5.1 13.46

The formation breakdown pressure was estimated under different assumptions (four
cases), taking into account the characteristic parameters of each of the experiments (Table 4).
All formulas (1) — (4) given in the theory are valid in the case of initiation of a vertical fracture
in an infinite homogeneous formation. Ideally, it is assumed that the fracture formation process
occurs on a vertical well with an open borehole.
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The experiments presented in this paper differ from the ideal theory in the finite size of
the sample along the radius, the restriction of the sample from above and below by metal plates,
and the fact that the well is cased. However, the cased well does not contradict ideal conditions,
because perforations are made in it in the direction of fracture development, which seamlessly
connects the well with the sample. It is important to note that the horizontal stresses given in
the work represent the calculated horizontal stresses acting in the central region of the sample.
They take into account both the applied horizontal loads and the friction between the sample
and the metal covers. Therefore, the use of formulas (1) — (4) in the processing of experimental
data can be considered sufficiently conditioned and correct.

The results of theoretical estimates of formation breakdown pressure are presented in
Table 5. Theoretical estimates of formation breakdown pressure were made for each
experiment.

Table 5. Experimental values of formation breakdown pressure and theoretical estimates were
made for different boundary conditions and taking into account different values of uniaxial
tensile strength

Theoretical FBP, MPa
Experiment Experimental UTS = 0.8 MPa | UTS =2.07 MPa
number FBP, Case
MPa 1 2 3 4 1 2 3 4

B=0) B=0
1 8.76 4.82 4.27 2.98 8.56 6.09 | 5.54 | 3.80 10.94
2 12.55 4.82 3.77 2.82 8.12 6.09 | 5.04 | 3.65 10.50
3 7.07 3.44 2.82 2.05 5.90 4.71 4.09 | 2.88 8.28
4 10.96 3.04 2.24 1.74 5.00 4.31 3.51 2.57 7.38
5 7.74 1.29 2.58 1.96 5.64 4.65 3.85 2.79 8.02
6 13.46 1.50 3.20 2.30 6.60 5.07 | 4.47 3.12 8.98

As can be seen from the data obtained (Fig. 3), the best results are obtained by the
approach to calculating the formation breakdown pressure (with modified expressions for
effective stresses) proposed by Schmidt. It is also obvious that the use of the adjusted uniaxial
tensile strength contributes to a significant reduction in the difference between the theoretically
calculated values of the formation breakdown pressure and the experimental ones.

UTS = 0.8 MPa u UTS = 2.07 MPa

S
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Fig. 3. Comparison of the results of calculations of the formation breakdown pressure under
different boundary conditions and different values of uniaxial tensile strength UTS:
(a) UTS = 0.8 MPa; (b) UTS =2.07 MPa
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Analysis of calculated values of formation breakdown pressure. The obtained
experimental values of the formation breakdown pressure allow us to evaluate the influence of
various parameters on the theoretical assessment of the formation breakdown pressure. In some

cases, the following normalized:
_ FBPtheor

FBP, = G, 5)
theoretically evaluated formation breakdown pressure FBPiueor is normalized by the ‘true’
corresponding experimental measurement FBP.xy. This particular indicator was chosen due to
both parameters being positive in all experiments and a general tendency of FBP., exceeding
FBPipeor. It is clear from formula (5) that the best match between theoretical and experimental
formation breakdown pressures is achieved if FBP, = 1.

Various factors affecting FBP evaluation can be analyzed using the reported experimental
results, especially the mechanical properties of the studied medium. The state of the medium is
characterized by stresses S, and Sy, as well as by pore pressure Py, in particular, the pore
pressure coefficient f; other notable properties of the medium are uniaxial tensile strength UTS
and parameters — Biot’s coefficient a, Poisson’s ratio v.

Let's consider the influence of the parameter £ on the formation breakdown pressure.
Equation (4) assumes that an increase in this parameter leads to a corresponding nonlinear
decrease in the formation breakdown pressure: at the maximum possible value £ = 1 equation
(4) becomes the same as equation (3), and we expect that the estimate obtained for such a case
will be the same as from equation (1), where the process of radial filtration of fluid from the
well into the medium and the pressure drop in the medium are not considered. Figure 4 confirms
these expectations as it presents different FBP estimates, where all parameters, except for S,
remain constant.
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Fig. 4. Calculated FBP vs. measured FBP for a set of § parametrs — other properties and state
of the medium remain unchanged. Theoretical estimations were in the conditions of the case 4

Parameter S was claimed to depend on rock porosity — it was suggested as close to unity
for highly porous rocks and vanish for rocks with vanishing porosity. To our understanding,
this parameter can be altered due to the redistribution of fluid in the well surrounding rock
masses: filtration of hydraulic fracturing fluid into the environment surrounding the well
reduces the effective porosity and permeability after replacing the reservoir fluid with a
fracturing fluid with a relatively lower viscosity. A circular layer around the well can be formed
around the well during the leak-off preceding fracture initiation. This layer can be quite thin —
an analysis of its size and evolution during fluid filtration deserves a distinct study — but since
tensile failure occurs near the wellbore, whenever this layer has a non-zero size, the effective
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stresses determined by the parameter [ have to be used in the tensile failure law. This leads to
an increase in effective stresses and a corresponding increase in the pressure in the well required
to initiate tensile failure.

Figure 5 demonstrates the dependency of the formation breakdown pressure on Biot’s
coefficient. Figure 5 shows calculated FBP (not normalized) is plotted versus measured value.
Equation (4) is used for the measurement of the FBP values for a set of Biot’s coefficients
between 0.0 and 1.0 (the natural range of Biot’s coefficients for saturated media). Poisson’s ratio
remains unchanged — it stays equal to 0.25. It can be seen that an increase in Biot’s coefficient
leads to the growth of the slope of the calculated vs measured FBP curve. As it only exceeds 1
for the greatest Biot’s coefficient, a certain preliminary conclusion can be drawn: the effect of the
process of radial fluid filtration from the well into the medium grows for high Biot’s coefficients.
Keeping in mind that Biot’s coefficient remains in a positive correlation with the permeability of
rocks [26] one can conclude that error in FBP evaluation due to this effect is larger for highly
permeable rocks. This conclusion, however, is not as clear as it could seem.
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Fig. 5. Calculated FBP vs. measured FBP for a set of Biot’s coefficients — other properties and state
of the medium remain unchanged. Theoretical estimations were in the conditions of the case 4

Figure 6 represents normalized formation breakdown pressure FBPn as a function of
measured FBP as well. The usage of FBPn instead of FBP makes it possible to see the rate at
which Poisson’s ratio alteration affects the discrepancy between measured and true values.
Biot’s coefficient remains equal to 0.7 in this case.
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Fig. 6. Calculated FBP vs. measured FBP for a set of Poisson’s rations — other properties and state
of the medium remain unchanged. Theoretical estimations were in the conditions of the case 4



Estimation of breakdown pressure in laboratory experiments on hydraulic fracturing 61

An increase in Posson’s ratio leads to a decrease in the average FBPn as well as alters the
slope of the FBPn vs. FBP measured curve. Under ideal conditions, FBPn would not depend
on measured FBP and stayed at a constant value of 1. Interestingly enough, while larger
Poisson’s ratios lead to larger discrepancies between measured and calculated values, the slope
decreases, so the dependency on measured FBP weakens.

Figures 5 and 6 only deal with one parameter affecting the petroelastic coefficient each.
These findings can be summed up in a form of Fig. 8 presenting the series of curves where
averaged FBPns — or, in other words, average slopes of calculated FBP vs. measured FBP
dependencies — are plotted as functions of Biot’s coefficient and Poisson’s ratio. Biot’s
coefficient is on the horizontal axis, while Poisson’s ratio remains constant along each line of
the corresponding color according to the legend. Both mechanical properties are taken from
naturally possible ranges: Biot’s coefficient a remains between 0.0 and 1.0; Poisson’s ratio v is
between 0.0 and 0.5.

9

* 1 =0.05 :
g °v=010 '
* v=0.15 !
r=0.20 ’
! v=0.25 I’
* r=0.30 I
g & ev=035 /
=] v =0.40 !
25 «,=045 ’
@ !
g * =050 ’
c4 — -ideal case / i
o 7 #
5 !
3 ’ P
s s
rl e
2 P
e
el
I it s g E s s s w5 3
—r—==esesssssss sl NEEEEREEEEES=EECEEE=E====13
0
0 01 0.2 0.3 0.4 0.5 0.6 0.7 0.8 09 1

Biot coefficient
Fig. 7. Averaged FBP, as function of the medium’s elastic properties

The analysis of the influence of the mechanical properties of the medium on the
discrepancy between the experimentally measured and theoretically calculated values of the
formation breakdown pressure is presented. To sum up, both the state of the environment and
its properties have a certain impact on the FBP assessment: generally, the higher the
permeability and compressive stresses are, the lower discrepancy between the measured and
calculated formation breakdown pressure. The Bio coefficient and Poisson's ratio affect the
calculated FBP in a non-linear way: the calculated FBP increases with larger Bio coefficients
and smaller Poisson's coefficients (Fig. 7).

Discussion
In the discussion, we propose to consider such an effect as backstress and its possible impact
on the theoretical assessment of formation breakdown pressure. The backstress effect has
previously been investigated in the context of hydraulic fracture closure pressure [13]. Recent
works in which the backstress effect is discussed in the most complete and detailed manner
belong to the authorship of Baykin and Golovin [9-12]. When considering the fracture closure
pressure, backstress was introduced as additional stress caused by the fracturing fluid filtered
out of the fracture.

We propose to consider this effect concerning the process of fracture formation. The
material of the near-well area is strengthened when fracturing fluid saturates the pores. This
process can be mathematically described by creating additional pressure of the fluid on the
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walls of the well, which in turn leads to an increase in the hydraulic formation breakdown
pressure (Fig. 8).

In the context of the task under consideration, namely, the hydraulic fracture initiation
and propagation in well surrounding rock masses with fracturing fluid injection at a constant
rate, the authors of these papers propose to calculate backstress in well surrounding rock masses

using the following equation:
a(1-2v)

op =2n(FBP —Py), n =", (6)
where 7 is a poroelastic coefficient, a is Biot’s coefficient, and v is Poisson’s ratio. This
coefficient deserves extra attention. There are reported studies [9-12,14,19], for backstress
being given by equation (6). This equation is proposed for the case of one permeable layer
representing a hydrocarbon reservoir being between two impermeable layers preventing
fracturing fluid from filtrating into upper and lower layers [13]. In this paper, the application of
such an assumption to calculations is considered correct, since the laboratory experimental
setup can be represented as a layered medium, where the model material acts as a permeable
layer and the steel upper and lower covers act as impermeable layers of the medium surrounding
the permeable one.

(a) (b)

Fig. 8. Schematic representation of the stress distribution in the reservoir with the well into
which the fluid is injected

The increase in formation breakdown pressure is since fracture formation criterion alters
due to hydraulic fracture initiation in a medium. Thus, taking into account the additional
compressive stress acting externally on the borehole walls, which will be referred to as
backstress oy, it is possible to rewrite the expression for the formation breakdown pressure FBP
as follows:

FBP = 3§, — Sy + UTS + oy, (7)

It is interesting to note that after substituting (6) into equation (7), the expression for the
formation breakdown pressure will have the form:

35,-Sy+UTS—a~—22p,

FBP = . ®)

1-a

1-v
The form of equation (8) coincides with equation (4), provided that f = 0. Thus, the
backstress effect can replace the total impact of the process of filtration of the fracturing fluid
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. . 1-2 .. )
from the well into the formation aT:(PW — Py) and the condition of saturation of the

medium. Figure 9 shows a comparison of the results of the formation breakdown pressure
estimation calculated by formulas (4) and (8).
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Fig. 9. Comparison of experimental and theoretical values of formation breakdown pressure
during hydraulic fracturing

Conclusion

The current study deals with laboratory modeling of hydraulic fracture initiation and
propagation. While there are evident problems with rescaling laboratory data to field scale,
there is still a positive side: properties of the studied material and its state are known for sure if
the controlled experiment is carried out in a laboratory. This provides an opportunity to study
interrelationships between various parameters controlling fracture initiation and growth. The
current study was aimed at understanding formation breakdown pressure — a parameter essential
for hydraulic fracturing procedures.

The data from six laboratory experiments on hydraulic fracturing were analyzed in the
work. In the course of all experiments, pressure dependences on time in the well during
hydraulic fracturing were obtained, according to which experimental values of formation
breakdown pressures were determined. These values were compared with theoretically
calculated values according to four theories. According to the first theory, the formation
breakdown pressure was calculated without taking into account fluid filtration. The second
theory, when calculating the formation pressure, took into account the saturation condition of
the medium impervious to the fracturing fluid from the well. According to the third theory, both
the saturation of the medium and the filtration of fluid from the well were taken into account.
The fourth theory is some improvement of the third one, which takes into account the gradual
penetration of the fracturing fluid into the medium through the pore pressure coefficient (beta).
The best agreement with the experimental data was shown by the latest theory at f = 0. In
general, f tends to zero with the vanishing porosity of the medium. On the one hand, the
porosity of the material is quite large (about 40 %), but when filling the impacted zone with the
fracturing fluid, the porosity, in fact, becomes disappearing for the fluid saturating the sample.
Consequently, the use of the pore pressure coefficient f, tending to 0, becomes a fairly
reasonable step. In addition, an interesting fact was demonstrated in the discussion. There was
a proposal to investigate the backstress effect at the moment of fracture formation. Previously,
backstress was only used in the context of the connection of minimum stress and fracture
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closure pressure. It was proposed to replace the condition of saturation of the medium and the
condition of penetration of the fracturing fluid from the well with backstress, considering it in
the equation for the formation breakdown pressure for the simplest case (unsaturated and
impermeable medium). It turned out that in this case, the equation for the formation breakdown
pressure completely coincided with the equation that takes into account both the saturation of
the medium and the filtration of the fracturing fluid at §# = 0. Thus, the authors summarize that
under experimental conditions, the best coincidence of the calculated formation breakdown
pressures with the experimental values was shown by the backstress theory.
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Abstract. The article is devoted to the use of neural networks for predicting the mechanical
properties of rubber. Rubbers include, as a rule, more than one and a half dozen components.
Each of the components has a complex and ambiguous effect on the complex of material
properties. When developing new compositions, this significantly complicates and lengthens
the solution of material science problems by traditional methods of composition selection.
These problems can be effectively solved using machine learning techniques. The authors have
developed approaches to the use of neural networks for predicting the mechanical properties of
rubber from a known composition. In this article, neural network models have been created and
optimized, which make it possible to predict the mechanical properties of elastomeric materials
with high accuracy.
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Introduction

Due to a unique set of properties — a combination of good physical and mechanical
characteristics, elasticity, energy absorption ability, minimal compressibility, etc. — elastomers
as structural materials are used in a large number of applications, such as seals, elements for
absorbing vibrations and shocks, load-bearing structures [1,2]. The most common elastomers
are rubbers, which are materials based on rubbers that acquire their operational properties as a
result of the technological vulcanization of so-called raw rubber mixtures. Raw rubber
compounds, in turn, are a mixture of many components. During vulcanization, individual
polymer rubber molecules are “stitched” into a three-dimensional structure due to cross-links
formed, most often, due to interacting with special components — vulcanizing agents. The
composition of rubber compounds is very diverse and usually includes the following groups of
ingredients [1,2]:

— rubber, it is an amorphous or partially crystallizing polymer, which is the basis of rubber
and determines its basic set of properties;

- vulcanizing group, that is a group of components introduced into the rubber mixture to
form cross-links between rubber molecules during vulcanization;

- fillers, which are a group of components introduced into the rubber mixture mainly to
improve mechanical properties (reinforcing fillers), or reduce the cost (inert fillers);
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- plasticizers, which are a group of components introduced primarily to facilitate
processing of rubber compounds, as well as to expand the temperature range of rubber
operation;

- age resistors, which are a group of components introduced into the composition of rubber
compounds to protect them against chemical and physical aging and, accordingly, to increase
the operation duration of final products;

- technological additives, which are the components introduced to facilitate technological
processing of rubber mixtures;

- other components, which may provide certain narrowly specific properties. For example,
components which provide electrically conductive properties of rubbers, or protect them from
the effects of fire, microorganisms, etc.

To the greatest extent, the basic properties of rubbers are determined by the type of rubber,
the type and content of the components of the vulcanizing group, fillers, plasticizers. At the
same time, there are tens, if not hundreds, of thousands of brands of ingredients. To obtain
rubbers with a given set of properties, it is necessary to correctly select the compounds of the
composition — the components used and their ratio.

It should be noted that a set of characteristics of the material is significantly influenced
by the conditions for obtaining rubbers. The conditions of vulcanization — temperature and
duration — have the greatest influence. If vulcanization parameters are selected incorrectly, the
vulcanized grid of cross-links is formed incompletely, or rubber degrades thermally. Both
processes negatively affect the properties of final products.

As a rule, when developing compositions of rubber compounds with specified
technological and operational characteristics, quite a lot of developer experience and
accumulated empirical knowledge are required. No wonder that many professionals in rubber
compounding consider their activities to be more art than engineering. It is significant that even
the discovery of the rubber vulcanization itself turned out to be the result of a huge number of
experiments on mixing rubber with various components. Charles Goodyear [2] spent more than
ten years searching for a vulcanizing agent and, to a certain extent, accidentally discovered
sulfur vulcanization. Of course, modern rubber compositions differ significantly from those
used in the middle of the XIX century when C. Goodyear experimented, but empirical
experience is still of great importance while obtaining the material with the specified properties.

The authors of this paper claim that problems of predicting properties of rubbers
according to a known composition (a direct problem) and selecting the composition for a given
set of properties (an inverse problem) can be successfully solved using modern computing.

As noted in [3], traditionally, the quantitative structure-property relationship (QSPR)
model is used as a core of the descriptor model, which allows predicting properties of a material
of interest based on certain input characteristics. But at the same time, the authors [3] note that
it is extremely difficult to use traditional methods of linear and nonlinear correlation for these
purposes due to complex relationships between inputs and outputs of the model. To predict
properties, Machine Learning (ML) is much more promising.

Machine learning is a branch of Artificial Intelligence (Al). Its purpose is to create models
trained on the basis of past data and situations. In recent decades, ML methods are rapidly
developing due to the increased computing power of modern computers and a large amount of
experimental data accumulated. ML is successfully applied to predict properties of materials in
a variety of areas. Here are some examples of successful application of ML methods for
materials research: predicting physical and mechanical properties of alloys [4,5], properties of
inorganic materials [6], electronic forbidden zones of perovskite materials [7], catalytic activity
[8,9], acid dissociation constants [10], designing organometallic sorbents [11], properties of
polymer dielectrics [12], materials for producing organic light-emitting diodes (OLED) [13],



Prediction of mechanical properties of elastomeric materials using neural networks 68

superconductors [14], photovoltaic materials [15], polymer electrolyte membranes (PEM) for
fuel cells [16].

When using ML methods, it is not necessary to build complex theoretical regression
models based on fundamental conservation laws and thermodynamics. In materials science, as
a rule, such relations, if they exist, are extremely complicated and poorly describe the real
relationship between the structure and properties. This makes it difficult to predict properties
of complex materials, and it is almost impossible to solve the inverse task of selecting a
composition for a given set of characteristics. However, when using ML, these difficulties
almost disappear.

To solve materials science problems, when applying ML for predicting properties of
materials, it is extremely important to acquire, accumulate, and systematize a large amount of
experimental data to successfully train the artificial intelligence. To date, the world has
accumulated a large amount of data on various materials — metals and alloys, plastics,
medicines, minerals, fibers, etc. [17].

As rubbers are used to produce many critical products (e.g., automobile, aviation
pneumatic tires, etc.), and their quality affects a person’s life and well-being, it is necessary to
predict their characteristics. Field tests are usually extremely costly, in terms of financial, labor,
time, and material resources. ML methods applied can increase productivity and speed of
achieving results. We have not found any research literature on the use of ML methods for
predicting properties of rubbers or other elastomeric materials.

Materials and Methods

Due to the fact that more than 70 % [18,19] of the elastomers are consumed by the tire industry,
the objects of the study were general-purpose rubbers traditionally used in this area: isoprene
(IR, NR), butadiene (BR), styrene butadiene and methylstyrene butadiene (SBR-30). It should
be noted that the proposed approach, due to its versatility, can also be extended to special-
purpose elastomers: nitrile butadiene (NBR), ethylene-propylene (EPDM), fluoroelastomers
(FKM) and others.

As a vulcanizing system, a combination of sulfur and sulfonamide accelerators (CBS,
MBS) was used. This vulcanizing system provides optimal vulcanization kinetics: an induction
period during vulcanization, which is sufficient for the composition to spread in shape; a high
rate of vulcanization and a wide plateau, which makes it possible to prevent the reversion of
properties.

Carbon black of various grades, dispersion, and specific surface area were used as fillers.
Carbon black of the applied grades belongs to the group of reinforcing fillers that improve
physical and mechanical characteristics of rubbers [1]. Some rubber mixtures contained inert
fillers (chalk, kaolin, etc.) introduced to facilitate processing and reduce the cost of materials.
They affected physical and mechanical properties insignificantly.

Petroleum oils were used as plasticizers: the PN-6sh petroleum plasticizer, which is a
mixture of mainly aromatic hydrocarbons, paraffin oil (MP), which is a mixture of linear
hydrocarbons.

These ingredients were selected due to their wide distribution, availability, convenient
processing, and stable properties.

When the artificial neural network was trained, other components of rubber mixtures
affected physical and mechanical properties of rubbers insignificantly.

Rubber mixtures for the control sample were prepared using laboratory mixing rollers
according to the following mixing mode: rubber was plasticized; zinc oxide and stearic acid
were introduced; fillers were introduced; plasticizers were introduced; components of the
vulcanizing group were introduced. The mixing temperature was 60-70 °C.
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Rubber mixtures were vulcanized in a hydraulic vulcanization press at 160 °C.
Vulcanization lasted for 9 minutes.

To obtain a sample of input data, the results of tests of industrially produced rubbers were
also used, in which samples were obtained under different conditions. This fact was taken into
account when describing the input parameters.

Experimental tests of rubber properties were carried out according to the requirements of
GOST 270-75. Rubber. A method for determining elastic and strength properties at elongation.

The computation was done using the MATLAB (developed by the MathWorks), as well
as with the help of the program developed by the authors in the freely distributed Python
programming language and ready-made libraries of this language.

Results and Discussion

Preparing data for computer modeling. In this paper, it was necessary to take into account
types and contents of rubbers, the vulcanizing group, carbon black, plasticizer as input
parameters (descriptors) for the neural network. The effect of the other components was
considered insignificant. Obviously, it is most convenient to represent the input parameters in
the form of numerical values.

The number of all components was calculated per 100 parts by weight of rubber. This
made it possible to simplify the model by excluding one input parameter — rubber content,
which was always equal to 100 parts by weight.

The most difficult task was to describe the structure of the ingredients used so that it
could be processed on a computer. Chemists usually apply structural formulas of organic
substances, for polymers, structural formulas of monomeric units are used. This is a general
principle for the chemical sciences to use molecular descriptors optimized for human
perception. However, the neural network required the search for numerical quantities that
adequately described the structure of the components.

To describe the structure of rubbers and petroleum plasticizers, a basic thermodynamic
indicator — the solubility parameter (0) — can be used. It is fundamentally important to know
solubility parameters when solving many applied problems. This parameter is often used to
decide if mutual solubility of multicomponent systems [20-25], including rubber-plasticizer
systems, is possible. Values of solubility parameters for various compounds, including
polymers, can be found in reference books on chemical and physical and chemical properties
of substances.

For low molecular weight compounds, such as petroleum plasticizers, the solubility
parameter can be determined experimentally [26]. In this case, it is calculated as follows:

2 _ A&
6% ==2, (D

where AEy = AH, — RT is the evaporation energy, AH, is the latent heat of the liquid
evaporation, R is the gas constant, 7 is the absolute temperature, V is the molar volume.

For polymers, the ¢ parameter is difficult to determine experimentally since it is
impossible to experimentally determine their evaporation energy: polymers cannot be
converted to a gaseous state without being decomposed. For polymers, solubility parameters
are determined based on the maximum swelling in a group of solvents with the known solubility
parameter, using the results of indirect measurements [27], or computational schemes [28-31].

In this paper, the solubility parameters for petroleum plasticizers and for rubbers were
obtained by computation using the method of group contributions according to the method
described in [28].

In addition, for rubber, an important factor affecting physical and mechanical properties
of rubbers is its ability to crystallize: the higher the degree of crystallinity, the higher the
physical and mechanical parameters. In this research, it was assumed that the fraction of the
crystalline phase is constant since the samples for testing were obtained under standard
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conditions. Considering this, the ability of rubbers to crystallize was described by a binary input
parameter taking either "1" (for rubbers that can crystallize) or "0" (for rubbers that cannot
crystallize) value.

For carbon black, the iodine number was used as a numerical value characterizing its
properties. This parameter, numerically equal to the amount of iodine adsorbed by carbon black,
characterizes the surface of carbon black particles. The iodine number is determined according
to GOST ISO 1304-2013 Ingredients of rubber mixtures. Carbon black. Determining the iodine
adsorption value.

Vulcanization process parameters — temperature and duration — are numerical values. As
input parameters of the model, they were used unchanged.

Thus, taking into account the above, a list of input parameters that characterize the
composition of rubbers and, accordingly, affect the structure and properties of the material was
formed. The list is given below (Table 1).

Table 1. List of input parameters for computer modeling

Component in Input parameter
rubber . . .
Name Measurement unit Variable type Notation
compound
: 1/2
Rubbfar. (rubber mixture) ] Numerical Tnput]
solubility parameter m3/2
Rubber —
Rubber crystallization .
. - Binary Input2
capacity
Part by weight per 100
Content of vulcanizing agent parts by weight of Numerical Input3
Vulcanizing rubber
group Content of vulcanization Part by Welgh.t per 100 .
parts by weight of Numerical Input4
accelerator
rubber
Part by weight per 100
Content of carbon black parts by weight of Numerical Input5
Filler rub?:)er.
Iodine number of carbon mg of iodine .
—_— Numerical Input6
black g
Part by weight per 100
Content of plasticizer parts by weight of Numerical Input?
.. rubber
Plasticizer - -
Plasticizer (mixture of 12
plasticizers) solubility —7 Numerical Input8
parameter m3/
Process Vulcanization temperature °C Numerical Input9
parameters Vulcanization time Min. Numerical Inputl10

Setting the output parameters of rubber. As previously noted, physical and mechanical
properties of rubbers were used as output parameters. From a large variety, it was necessary to identify
those characteristics that would be important from the point of view of operational properties of
elastomeric materials, easy to determine and give a relatively low error, and would correlate with
changes in input parameters well. The list of output parameters is given below (Table 2).

Table 2. List of output parameters for modeling

Rubber properties Measurement unit Parameter notation
Tensile strength MPa Outputl
Stress at 300 % elongation MPa Output2
Elongation at break % Output3
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Results of neural network modeling. The computer modeling scheme is presented
below (Fig. 1). Rubber samples with various types of rubber, fillers, and component contents
were manufactured and tested. The total number of examined samples was 36. In addition, data
on the compositions of industrially produced rubbers were processed, which made it possible
to obtain 84 samples. Such a sample size is insufficient for training a neural network. At the
same time, many sources (e.g., [17]) note the importance of obtaining correct, accurate, and
sufficient data.

Rubber solubility parameter

Rubber crystallization capacity Tensile strength

lodine number of filler

Filler content

Plasticizer solubility parameter

Neural network Stress at 300% elongation
Plasticizer content
Sulfur content
Accelerator content
Vulcanization temperature Elongation at break

Vulcanization time

Fig. 1. Computer modeling scheme

We used the augmentation method [32-35] to expand the training sample. Data
augmentation methods are widely used to improve the performance of deep learning neural
networks. In the process of augmentation, training examples are modified in such a way that
the number of these examples is sufficient to create deep learning neural networks. In this work,
a ready-made CTGAN neural network model was used. It was trained on the available data.
The CTGAN model allows to specify which columns are discrete and which are continuous.
The parameters that describe the type of rubber, plasticizer or filler were taken discrete. The
parameters characterizing the content of the plasticizer and filler, as well as the output
parameters, were taken continuous. After the generation of new data, the data generated during
the augmentation were processed, namely:

1. rounding was performed. The plasticizer’s and filler’s content were rounded up to integers.
Output values were also rounded to integer values;

2. removal of duplicates, if any;

3. checking the generated data for out of limits.

As a result, it was possible to obtain 2,564 samples.

All the data were divided at the ratio of 70-15-15: 70 % were considered the training
sample of the neural network, 15 % — as the test sample and 15 % — as the validation one.

At the first stage, the possibility to use neural networks to solve the task was
fundamentally assessed, and neural network optimal parameters were also selected.

While training a neural network, there is a random factor which can lead to a change in
the results produced by the trained neural network during retraining. To minimize the
randomness factor, each computational experiment was carried out three times, the result
obtained was averaged.

At the initial stage, the neural network of the multilayer perceptron architecture was used.
At this stage, we set the tasks to evaluate the fundamental possibility of using neural network
modeling methods to predict the properties of elastomers based on the known composition of
rubber compounds, as well as to select the neural network parameters, which, in turn, included:
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- determining optimal number of neurons in layers, with default activation and learning
functions;
— selecting optimal activation functions for each layer;
— selecting optimal learning functions.

As a parameter for optimizing the neural network parameters, the mean squared error was
used calculated by the formula:

n N2
MSE = M' 2)

n
where Vex is the result obtained from the neural network; y is the reference result taken from
the training sample; n is the number of predicted parameters.

The parameters were optimized using the default "tansig" activation functions in the input
layer, "purelin" — in the hidden layer, and the "trainlm" training function — in the output layer.
Neural network modeling at this stage was carried out using the MATLAB (developed by The
MathWorks).

According to the results of the computational experiments, it was found that if the above
activation and learning functions are used, the optimal number of neurons in the input layer is
16; in the hidden layer — 16, in the output layer — 32. With these parameters, in this series of
computational experiment, the minimum value of MSE = 239.5230 was obtained for the neural
network of the multilayer perceptron architecture.

Figure 2 shows the results of validating the physical and mechanical properties selected
as output parameters. The trend line is drawn provided that the point intersects with the
coordinates (0.0).

In Fig. 2, the data for two output parameters ("stress at 300 % elongation" and "elongation
at break") show a high level of approximation accuracy when comparing experimentally
determined and predicted neural network properties. For the output "tensile strength"
parameter, the approximation accuracy is less than 0.75, which does not provide a sufficiently
good level of modeling. Taking into account the fact that tensile strength is an extremely
important physical and mechanical characteristic for elastomeric materials, the authors found it
necessary to test neural networks of a different architecture.

In order to continue predicting operational properties of rubbers in accordance with the
modeling scheme shown above (Figure 1), a program in the freely distributed Python language
based on the principles of convolutional neural network architecture was developed [36]. The
developed program makes it possible to perform pre-processing of the sample for training; to
select the architecture of the convolutional neural network and the corresponding
hyperparameters. To make selecting hyperparameters for the TensorFlow library automatic, the
Keras Tuner was used. With the help of this tool, when searching for hyperparameters, we
iterated:

- the ‘relu’, ‘sigmoid’, ‘tanh’, ‘elu’, ‘selu’ activation functions;

- the ‘adam’, ‘rmsprop’, ‘SGD’ learning functions;

— the number of neurons in the input layer (from 32 to 256 in increments of 16);
- the number of neurons in the hidden layer (from 32 to 256 in increments of 16).
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Fig. 2. Results of validating properties selected as output parameters: (a) tensile strength,
MPa; (b) stress at 300 % elongation, MPa; (c) elongation at break %
for the neural network of the multilayer perceptron architecture
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In each case, the neural network was trained up to 8,000 epochs. As a result, it was found
that the smallest error was obtained when the "relu", "elu", "selu" activation functions were
used. A large prediction error was observed when the ‘sigmoid’, ‘tanh’ activation functions, as
well as the "SGD" training function were used in the experiment. After a series of experiments,
the "sigmoid", ‘tanh’ activation functions and the ‘SGD’ learning function were excluded from
the possible iteration options.

The optimal number of iterations was determined using the validation sample. After
20,000 iterations, the error in the validation sample stopped decreasing; it even increased
slightly, which proves the effectiveness of retraining. Therefore, after 20,000 iterations, the
learning process was completed. To assess the quality of the neural network, cross-validation
was used. The mean squared error obtained during cross-validation was 768,778.

According to the results of the computational optimization experiment, it was found that
to solve the problem of predicting rubber properties, the best results should be provided by the
neural network with the following parameters:

— three (input, hidden, and output) layers;

- 224 neurons in the input layer;

— 208 neurons in the hidden layer;

- 3 neurons in the output layer;

—  the ‘selu’ activation function used for the input and hidden layers;
- the ‘rmsprop’ training function used;

- 20,000 iterations.

The program in the freely distributed Python language for predicting properties of rubbers
using optimized hyperparameters and convolutional neural network architecture made it
possible to obtain the MSE of 153.9453, against 239.5230, using the MATLAB for the neural
network of the multilayer perceptron architecture, which proves the fact that the data
augmentation was effective, and the neural network hyperparameters were properly selected.

Figure 3 shows the results of validating the physical and mechanical properties selected
as output parameters. The trend line, as in the previous case, is drawn provided that the point
intersects with the coordinates (0.0).

According to the presented data, a significantly higher level of approximation is obtained
for the convolutional neural network architecture for the output “tensile strength” parameter.
At the same time, an acceptable level of approximation is also obtained for the remaining
properties, albeit slightly lower than for the neural network of the multilayer perceptron
architecture. Tensile strength is predominantly considered the most important physical and
mechanical property, and most other properties correlate with it. This underlines the importance
of the result achieved.

Based on the results of experimental modeling, hyperparameters of the convolutional
neural network were selected to predict rubber quality indicators [37].

As a result, the architecture of the convolutional neural network with two convolutional
layers, three fully connected layers, and the 3 x 4 input matrix was chosen. At the last stage, we
automatically selected the hyperparameters for the best architecture [35] which automatically
selects ten characteristics of the convolutional neural network: activation functions of
convolutional and fully connected layers, the number of filters in convolutional layers, the
number of neurons in fully connected layers, regularization functions after each layer, the
optimization function.
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Fig. 3. Results of validating properties selected as output parameters:
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(c) elongation at break % for convolutional neural network architecture
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Conclusions

Thus, based on the research results, the following conclusions can be drawn:

1.  we substantiated the use of computer modeling of performance characteristics of
elastomeric materials;

2. we substantiated the approaches to compiling the list of input parameters for neural
network modeling, which includes the content and type of key components, as well as
technological parameters of vulcanization of rubbers;

3. we proved the effectiveness of computer augmentation methods for expanding the
training sample of laboratory test data. Using augmentation methods, the training sample was
expanded to 2,564 samples and ensured the accuracy of experimental modeling;

4.  we optimized neural network architecture and hyperparameters for modeling properties
of elastomeric materials, depending on their composition and parameters of the vulcanization
process;

5. we highlighted that the use of the convolutional neural network makes it possible to
predict, with high accuracy, physical and mechanical properties of elastomeric materials based
on butadiene, isoprene, butadiene (methyl) styrene rubbers filled with carbon black obtained
during sulfur vulcanization with sulfonamide accelerators.
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Abstract. The paper presents the development of a numerical thermal deformation model of
two-pass pulsed arc GMA (Gas Metal Arc) welding of a thin-sheet welded joint made of
EP718 alloy using the ANSYS package, considering the distribution of temperature fields
from a consumable electrode during transverse vibrations. Experimental verification of the
calculation results showed that the developed thermal deformation model of two-pass GMA
welding makes it possible to predict the stress-strain state of a thin-sheet welded joint with an
error of 10 %, sufficient for engineering calculations. Residual stresses von Mises after
welding according in the weld does not exceed 840 MPa (0.8 6B). The thermal deformation
model of two-pass GMA pulsed arc welding developed during research can be used to assess
the stress-strain state of a welded structure of complex spatial geometry with a large number
of welds.
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Introduction
Gas turbine engine body parts are subject to high requirements for strength and rigidity - they
should provide freedom from temperature deformations of individual elements included in the
body and provide simplicity and convenience in their manufacture and assembly. Usually, such
highly loaded elements are made of heat-resistant nickel-based alloy KhN45SMVTYuBR (EP718).
Its use for the manufacture of welded structures is complicated by the tendency to form
hot cracks of various nature, not only in the weld metal, but also in the near-affected zone
(NAZ), as well as grain growth and softening of the metal in the NAZ [1-8,10] One of the
reasons for the increased susceptibility to cracking of the EP718 alloy in the NAZ is the high
level of residual welding stresses [9]. To solve the abovementioned issues, the electron beam
welding (EBW) and manual argon arc welding with a non-consumable electrode with filler
wire (TIG) are used for welding the considered alloy in aircraft and engine building. The
EBW technology (due to the high concentration of heat in the source) makes it possible to
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form a fine-grained weld structure, but its widespread use is complicated by the following
aspects: it requires laborious preparation of edges; it is difficult to apply on curved paths of
welds.

Manual welding with filler material is carried out at low speeds in 3 or more passes
when filling a groove with a metal thickness of 4-5 mm. This leads to repeated heating of the
metal in the weld zone and the NAZ, and, as a result, the accumulation of residual stresses
and an increase in the grain size. Based on the available foreign recommendations, welding of
butt joints with a thickness of 4 mm from an analogue alloy of Inconel 718 can be carried out
by a multilayer GMAW with a constant arc with a heat input of at least 400 kJ / m per pass of
2 mm at a welding speed of at least 24 m/h, a multilayer GMAW pulsed arc with a heat input
of at least 360 kJ/m per pass of 2 mm at a welding speed of at least 15 m/h. Based on foreign
data and our own experience, the use of fusion welding (consumable electrode in an inert gas)
with transverse vibrations will provide a reduction in heat input up to 30 % compared to a
multilayer GMAW pulsed arc, will reduce the grain growth rate, the drop in ductility in the
temperature ranges of brittleness and the minimum level of residual stresses in the NAZ.
When welding alloy EP718, welding wire 08 Kh20N57M8V8T3R (EP533) is used. Table 1
shows the chemical composition of the EP718 alloy and EP533 welding wire [1,10,12].

It is impossible to predict residual stress and deformations of a welded assembly with
many welds and with complex spatial geometry using traditional analytical calculations. The
only possibility is to use powerful CAE systems, which allow simulating the stress-strain state
of the welded structure after welding. The Mechanical module of the ANSYS package has
this functionality.

Thus, the development of numerical models of the stress-strain state of a welded
structure with complex spatial geometry after GMA welding is an urgent task, but it is
extremely time-consuming and cumbersome without the stage of some simplifications. The
selection of parameters of the numerical model is much easier to carry out on a somewhat
simplified thermal deformation model of welding of the flat samples, which allows to quickly
correct the mode parameters, followed by interpolation of the results to a more complex
geometry.

Materials and Experimental methods
Material and welding technique. In the present study the base metal EP718 and welding
wire EP533 alloy was used. The chemical composition of the alloy is presented in Table 1.

Table 1. Chemical composition of EP718 alloy and EP533 welding wire [1,3]

Chemical composition, wt. %

Alloys ; : :
C (Si Mn Cr Ni |[W Mo Mg [Nb |Al |Ti Fe B P S Others
14-| 43- | 2.5- 0.001-| 0.8- 1 0.9- | 1.9- . 71r<0.02;
EP718 | <0.1 |<0.3|<0.6 16| 47 135 4-5.2 05 | 15|14 | 24 Remain(<0.008<0.010{<0.015 Ce<0.3
EP533 | <0.1 |<0.3|<0.5 ]292_ Oct.| 7-9 | 7-9 - - | 23.3|<3.0|<0.005{<0.015|<0.01 | <0.1

The geometrical parameters of the welded joint corresponded to type C18 according to
GOST 14771. Edge preparation for welding was carried out by milling. Plates with
dimensions of 100 x 100 x 5 mm were welded in 2 passes by GMA-welding. Sheet blanks
from the EP718 alloy had a thickness of 5 mm as delivered. Filler wire - EP533 ©1.2 mm in
hardened state. Welding was carried out with transverse oscillations of the burner relative to
the weld trajectory in 2 passes. The nominal gap between the welded plates was 1.0 mm. The
preparation of the edges to be welded was carried out on a milling machine. Before welding,
tacking was used along the ends of the plates, followed by a selection to a height
of 1.0 £ 0.5 mm.
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Figure 1 shows the macrostructure of a two-pass weld made with filler wire EP533
(Fig. 1,(a)), and the appearance of the front side of the weld after the first (Fig. 1(b)) and
second passes (Fig. 1(c)).

= Z g O
S S

(@) | ©
Fig. 1. Macro section of a 2-pass weld made with filler wire EP533 (a) and the appearance of
the front side of the weld after the first (b) and second passes (c)

The fusion line is clearly visible on the macrostructure (Fig. 1(a)). Thanks to the use of
transverse oscillations of the burner, it was possible to achieve a minimum height of the
facing bead of the seam, as can be seen in Fig. 1(c). At the same time, the conducted
microstructural studies and X-ray inspection of welded joints did not reveal defects in the
weld and HAZ. Figure 1(a) shows the microstructure of the NAZ after the 1st pass. The
microstructure of the NAZ is a partially remelted layer cold-worked as a result of milling, the
grain size of which is 57 times smaller than the grain size of the base metal and is 5—-10 pm.
In this case, the length of the NAZ does not exceed 50-100 um [20,21].

On the first pass of the weld (Fig. 1(b)), there is a large proportion of disoriented
crushed structure, the presence of which can be caused using transverse oscillation technique,
during which the molten metal is constantly mixed or thermomechanical vibration of the melt
during pulsed arc welding. At the same time, the volume of the molten weld pool under
specific conditions is significantly less than in argon-arc welding with a non-consumable
electrode. In the second pass, the weld structure is more equiaxed, which is most likely due to
an increase in the rigidity of the welded joint after the Ist pass and a large space for free
temperature deformation between the welded edges [8,9,12].

Thermocouples were welded to the outer surface of the welded sample by capacitor
welding: the first thermocouple was installed at a 1 mm from the edge, second at a 3 mm.
Thermocouples were located on the line perpendicular to the joint. Thermal cycles during the
welding process were recorded using a CENTER 511 digital 4-channel temperature meter.
Figure 2 shows the places for installation of "K-type" thermocouples on a welded sample
(Fig. 2(a)) and equipment for welding sheet blanks (Fig. 2(b)).

Longitudinal shrinkage of welded specimens was measured using the ATOS Compact
Scan portable 3D scanner for full-size digitization and geometry control. ATOS is a precision
measurement system for digitizing geometric objects. The measurement accuracy of ATOS
Compact Scan is = 0.1 mm. The measurements were taken after welding the root and facing
passes.
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(a)
Fig. 2. Places for installation of "K-type" thermocouples on a welded sample 100 x 100 x 4
mm (a) and equipment for welding sheet blanks (b)

Numerical simulation. The ANSYS/Mechanical package was chosen as a tool for
numerical simulation. The calculation was carried out using the internal programming
language APDL. The solution of the problem of modeling the stress-strain state of plates after
welding was carried out in 2 stages: first, the thermal problem of simulating heating by a
moving source was solved, and the resulting temperature field at the nodes of the model was
converted into a stress and strain field at the second stage.

To describe the temperature field 7(x, y, z, ¢) in flat samples, a differential nonlinear
heat conduction equation was used [3]:

P =5 (15) +5,(15) + 5 (15) a

where p(7) is the density, kg/m?.

The dependence of the thermophysical properties of steel on temperature p(7), A(T),
c(T) was taken in accordance with the calculations of the OPENCALTHAD program for the
average chemical composition of the EP718 alloy, since there is no information on the
properties of the alloy in the scientific literature. At temperatures above 1200 °C, the internal
ANSYS algorithm approximates linearly the values of the property function over the last
temperature interval.

The 3D model of the simulated sample consisted of two parts. First part is a plate with
the size of 100 x 100 x 4 mm having a groove of 30° of incline. Underneath it a copper lining
1s placed with a size of 100 x 30 x 6 mm, having a groove of 6 mm width and 1 mm depth.
Element type - Solid 70, 8-node hexahedral. The size of the finite elements near the joint is
0.3 mm, gradually increases from 1.3 to 7 mm towards the ends of the plate.

The boundary conditions for heat transfer were set from the outer and inner surfaces of
the plate. Heat radiation was calculated by the equation (2):
q2r(T) = ECO(T4 - Tc4), 2)
where Cy is the Stefan-Boltzmann constant, Cp =5.67x10% W/(m?deg?); ¢ is the integral
coefficient of radiant heat transfer of nickel; 7 is the body surface temperature, °C; Tc¢ is the
ambient temperature, °C.

Convective heat transfer was determined by the equation (3):

Q(T) = AR(T —T), 3)
where Q is the heat flux density during convection, W/m?; h is the heat transfer coefficient,
W/m?°C; A is the surface area, m%, T — body surface temperature, °C; Tc — ambient
temperature, °C. The coefficient of convective heat transfer was determined according to the
data of [11] following the dependence: /& = 0.68-107>T at 0< T < 500 °C and /= 0.2317-82.1
at 77> 500 °C. The initial temperature T and the ambient temperature Tc were set to be 20 °C
in the calculations.
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The boundary conditions of the contact "weld sample - copper lining" were considered
as the sum of thermal conductivities of the air gap o.ir between the microprotrusions of the
contacted materials and the metal contact am. As a result of calculations, the following values
of contact thermal conductivity a.i(T)=9100 + 28T were obtained [8].

The welding mode parameters were taken from full-scale experiments. During the
welding of the root pass, the heat input was 147 kJ/m, during the welding of the facing pass, it
was 150 kJ/m [4-8]. To model the heating source, the Goldak double semi-ellipsoid model
was used, the scheme of which is presented in Fig. 3 [8,9].

Heat flux, q(W/m?)

Fig. 3. Goldak's double semi-ellipsoid model [8,9]

For a point inside the first semi-ellipsoid, located in front of the weld pool, the heat flux
was determined by the equation (4):

_ 6V3(f5Q) (—3x2 32 3L2>
q(x,y,z) = —abcfm/ﬁ e — 7 ,x =0, ()

a? b2
where fris the part of the heat flow in the front part of the bath; a, b, ¢ are the semiaxes of the
ellipsoid.

For points (X, y, z) inside the second semi-ellipsoid at the back of the weld pool, the
heat flux was described by the equation (5):

6vV3(frQ) —3x2 _ 3y? _ 3z?
q(x,y,Z)=abCrnﬁe (a2 —b—z—g),x<0, )
where f, is the heat flow to the back of the weld pool.
In the calculations, fyf. = 1/3 was taken, and the effective heating efficiency was taken as 0.8.
The specific heat flux was adapted to the equation of uniform motion along a sinusoid,

simulating the transverse vibrations of a welding torch:

=0 emp(3((52)" (1) + (T20a0)) ©

where Q is the input power, W; ¢ is the time, s; V is the source velocity, m/h; r; — ellipsoid
semiaxes, m; T — period, s': A is the amplitude, mm. The values of 7=1.5 mm and r=2.2 mm
were taken.

Results and Discussion

Analysis of the simulation results. Figure 4 shows the distributions of temperature fields
from a movable heating source of the type of a double Goldak's semi-ellipsoid. Verification of
the results of simulation of the thermal problem during welding was carried out by comparing
thermal cycles from the nodes of the finite element mesh, corresponding to the places where
“K-type” thermocouples are fixed on the welded sample, as shown in Fig. 2.
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Fig. 4. Distributions of temperature fields from a moving source heating type double semi-ellipsoid
Goldak: 1% pass: 1=6,47 s
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Fig. 5. Thermal cycles from thermocouples No. 1 at I mm (a) and 3 mm (b) for root

Figure 5 shows thermal cycles from thermocouples and nodes of a finite element mesh
during simulation after the first welding pass, a detailed analysis of thermal cycling of welded
specimens is presented in [5,6].

The thermal cycles from the numerical thermal model of welding reflect the actual
heating during 2-pass fusion welding of the EP718 alloy with an error of no more than 7 %
compared to the experimental data.
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(a) (b)

Fig. 6. The width of the weld after a two-pass GMA-welding with transverse vibrations (a)
and an example of the penetration zone when modeling the second weld of a GMA-welding
with transverse vibrations (b)

Figure 6 shows the measurement of the width of the penetration zone after the second
pass of the robotic GMA-welding by measuring the dimensions and bringing them to the
desired scale in the KOMPAS 3D program using 9 points along the axis of the weld.

As shown in Fig. 6(b), the width of one element in the weld zone is 0.46 mm, as the
source advances to the melting temperature, the conditional weld zone heats up by 15.5
elements in width, which corresponds to 7.13 mm in the width of the penetration zone.

Figure 7 shows a range graph comparing the results of measuring the width of the
penetration zone for samples after statistical processing using the least squares method along
the median with significance quantiles Q25 % and Q75 %.
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Fig. 7. Range diagram of weld width measurement results

As the comparison of the experimental and modeling data in Fig. 1 demonstrates, the
developed numerical temperature model of the 2-pass GMA-welding of the EP718 alloy
makes it possible to predict the size of the penetration zone with an error of 9 % compared to
the experimental data.
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Welded joint deformation and stress analysis. A mathematical model of plasticity
behaviour with isotropic hardening (MISO) was used. The mechanical properties were taken
according to the OPENCALTHAD method data on the average chemical composition of the
EP718 alloy and EP533 wire, since there is no information on the mechanical properties of
the alloys in the scientific literature. However, the simulated mechanical properties are almost
identical to those of Inconel 718 [14,16—-19,24].

The strain hardening curves modeled for the EP718 alloy using the OPENCALTHAD method,
are almost identical to the strain hardening curves of the Inconel 718 alloy presented in [11,13].

ANSYS
151
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R15.0)
aax 28 2021
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-

e

(@) (b)
Fig. 8. Fixing a 3D model for calculating the stress-strain state after robotic consumable electrode welding:
(a) Fixing along the OX and OY axes, (b) Imitation of clamps for clamping a sample in a tooling

ANSYS (— ANSYS
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JAN 25 202
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. o
Fig. 9. The results of simulation of displacements (a,b) and residual welding stresses (c,d)
during GMA welding of the butt joint of EP718 alloy after the 1st pass
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The scheme of fixing the plate in the tooling for calculating deformations is presented in
Fig. 8. Fastening along the OX axis is carried out by fixing the movements of nodes along the
line in the middle of the plate; along the OY axis — by supporting along the area of contact of
the sample with a copper lining and by applying the force of = 20 kg for each of the 4 clamps
(200 N / number of nodes on the surface). Figure 9 shows the results of modeling the stress-
strain state of butt joints from sheet EP718 after the st pass.

The simulation results are summarized in Table 2. After the first pass, the equivalent
stress level is 836 MPa (= 0.6 o) and decreases to the level of 783 MPa (= 0.56 og), while the
transverse shrinkage increases to 0.055 from 0.157 mm after the first pass, which is primarily
caused by an increase in the stiffness of the samples after the first pass and the heat input
during welding, as well as a decrease in the free volume for plastic deformation between the
edges in the second pass. The level of plastic deformation increases from 0.0056 to 0.063 %
also due to an increase in the heat input during welding.

Table 2. Simulation results of the stress-strain state of butt joints made of sheet EP718

Condition Transverse Longitudinal Maximum equivalent | Maximum equivalent
shrinkage, mm shrinkage, mm stresses, MPa strains, %
After first pass 0.055 0.048 836 0.0056
After second pass 0.157 0.125 783 0.063

Verification of the deformation problem using ATOS. The verification of the stress-
strain model (section 3.3) was performed using the ATOS. The ATOS system is a coordinate-
measuring topometric system for determining the geometric parameters of surfaces of
complex shape. One of the samples with marking points in the ATOS Compact Scan system
is shown in Fig. 10(a) - the displacement of points corresponds to the transverse shrinkage of
the sample. Figure 10(b) demonstrates a 3D model in ANSYS with points corresponding to
the location of the markings on the welded samples.

" A007  A007

(b)
Fig. 10. Movement of points on the outside of the weld after the second pass,
measured with ATOS (a) and the corresponding points on the 3D model in ANSYS

The developed numerical thermal deformation model of 2-pass GMA-welding of the
EP718 alloy makes it possible to predict deformations with an error of no more than 10%
compared to experimental data. And the mechanical properties in the elastic and plastic
deformation region for EP718 alloys and EP533 wire, modelled by the OPENCALTHAD
method, are suitable for use in the developed thermal deformation model [11,13].

In a number of studies, the same 3D scanning method was used with the ATOS 2
system to evaluate the deformations of welded joints of bimetals obtained by explosion
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welding (EXW). Data analysis showed that the scanning accuracy is sufficient not only to
assess not only the deformations of welded joints, but also to detect external defects with a
size of 0.25 mm [14]. The paper [15] considers the 3D scanning method as one of the options
for assessing the deformation of welded joints obtained by arc welding methods - TIG /
GMA. However, there are no data on measurement errors in the work.

Verification of the thermal and deformation models with sufficient accuracy for
engineering calculations provided the formation of a knowledge base for finite element
modeling of the thermal deformation state of a flat sample during and after robotic welding,
which makes it possible to synthesize a similar welding model of a real aircraft engine
assembly with a large number of welds.

Conclusions

1. A thermal model of welding has been developed that reflects the actual heating during 2-pass
fusion welding of butt-welded joints 4 mm thick from the EP718 alloy with transverse oscillations
of the burner with an error of no more than 7 % compared with the experimental data.

2. A thermal deformation model of 2-pass GMA-welding of EP718 alloy of 4 mm thick butt-
welded joints with transverse torch oscillations was developed, which makes it possible to predict
deformations with an error of no more than 10% compared with experimental data. Verification
of residual deformations of welded samples was carried out using the ATOS system.

3. Based on the results of numerical simulation of 2-pass GMA-welding of butt-welded joints
4 mm thick from alloy EP718, it was found that the level of equivalent residual stresses
according to von Mises in the weld does not exceed 840 MPa (0.8 o).

4. The thermal deformation model of 2-pass GMA-welding developed during research can be
used to assess the stress-strain state of a welded structure of complex spatial geometry with a
large number of welds, provided that the parameters of the heating source and the parameters
of the finite element mesh of the 3D model of the structure are constant.
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Abstract. Herein, we present a simplistic theoretical model for the calculation of bulk modulus,
shear modulus and Young’s modulus. These parameters indicates that investigated materials
show stability or instability in nature. A stable material may be used in many applications like
thermoelectric, photovoltaic, etc. In this paper, we have found all the materials have good
stability. We have proposed a simple relation with plasmon oscillation theory. The calculated
values are in better agreement with their experimental and reported values, and even for many
pyrochlore compounds, these are revealed for the first time, and have great potential for
technological applications of thermal barrier coatings (TBC) in aerospace, construction, nuclear
reactors, and supercritical boiler industries.
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Introduction

During the last few years, increasing attention has been given to the theoretical study of
physical, chemical and elastic properties of cubic phase A33BF*0, pyrochlore oxide solids
because of their important role in thermal barrier coatings (TBC) for gas turbine energies,
superconductivity, fast ion conductors, catalyst design, dielectrics, nuclear waste encapsulation,
high-temperature stability, boiler, thermoelectric and optoelectronic applications. These
materials have thermal efficiencies, high melting temperatures, low thermal conductivities and
low cost [1-6]. Pyrochlore materials are of great technical importance and have fundamental
interest in aerospace, construction, and solid oxide fuel cells [7-10]. The REP (rare earth
pyrochlores) has composition A33BF*0,, here A and B are metallic cations of the geometry
trivalent, tetravalent, or divalent, pentavalent, respectively [11-14]. Pyrochlore complexes
(stannate, titanate, zirconate, hafnate) are of face centered cubic (FCC) structure with a generic
formula AZ3BF*0,. This system has unit cell with space group Fd-3m/227 and eight formula
units (Z=8) with 88 ions; among them 16 A*3cations, 16B**cations and 56 O ~2anions [15]. In
this geometry, Ti** cations occupy the 16¢ (0, 0, 0) position, the A*3 cations are at the Wyckoff
positions 16d (1/2, 12, 1/2), and O~ 2anions reside at the 8b (3/8, 3/8, 3/8) and 48f (x, 1/8, 1/8)
positions. In the conformation of pyrochlore A33BF*0,, A-site cations (atomic radius of ~100
pm) are coordinated with six 48f 0~2 and two 8b O~2%; whereas B cations (atomic radius of
60.5 pm) are coordinated with six 48f 0~2 anions. In the stereotype of pyrochlore structure
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(x= 0.3125); The B and A atoms are coordinated by typical octahedra and skewed cubes,
respectively. The B-site polyhedral deformed into a trigonal antiprism (when x rose to 0.375)
and the rare earth A-site polyhedral changed to regular cubes. The stable structure pyrochlore
is obtained when 1.46 < r4/r5 = 1.78 (ryand ry denote the radii of A*3 and B**cations,
respectively) [15]; while the fluorite structure is stable when 1, /15 < 1.46.

The rare earth stannate were synthesized using the solid state methods by Kennedy et al. [16].
They ascertained structural parameters and found x48f0~2 decreases monotonically with
increasing lattice parameters. In further course of time Liu et al. studied structural stability,
theoretical elastic stiffness, and thermal conductivity of La,T,0-, (T = Ge, Ti, Sn, Zr, and Hf) [17].
They showed that comparatively weak bonds of La-O in La,T,0, contribute a predominant
role in assessing the thermal, mechanical properties; and structural stability. Later, Chernyshev
et al. [18] have used ab-initio calculations to study the elastic properties of rare earth titanate.
Kushwaha [19] has studied the thermodynamic, vibrational and mechanical properties of
RE-Ti20O7 (RE = Sm, Gd, Dy, Ho, Er, Yb) pyrochlores using suggested eight parameter bond-
bending force constant model. Feng et al. [20,21] have performed experimental and theoretical
methods for calculating the thermal conductivity, chemical bonding, structural, and mechanical
properties of Ln,Zn20O7 (Ln = La, Pr, Nd, Sm, Eu, and Gd) by applying the LSDA+U methods
and in RE2Sn;07 using DFT (density functional theory) and ultrasonic resonance methods.
Again, Liu et al. [22,23] have executed the first principles approach to investigate structural
and mechanical properties of rare earth stannate and titanate pyrochlores. Many other
researchers [24-27] have evolved various theories to analyze the structural, mechanical,
thermal, and chemical properties of ideal REP; such as bond angle, bond length, lattice
parameters, elastic moduli, volume expansion coefficient, and linear thermal expansion
coefficient (TEC). Due to hardships fetched by experimental processes and their high cost, as
well as intricacies in obtaining accurate values of the above discussed parameters; researchers
have moved to calculate these parameters by theoretical methods using a series of
approximations, but such a method has always been complex [17,27]. In past years, many
theoretical calculations based on empirical relationships have become the crucial part of the
material research. Mostly, empirical formula has been found to be simple, easy to use and
provide better results for physical parameters. Consequently, empirical formulae have accepted
as the methods of choice for computational solid state researches.

In earlier researches, authors used the plasmon oscillation theory of solids to successfully
develop empirical relationships for electronic, structural, and mechanical properties of zinc
blende and rock salt structured solids and ternary chalcopyrite semiconductors [28-30]. These
results validate the relevance plasmon oscillation theory, as it determines various characteristics
of quantum aspects; until now this has remained closer to accuracy. Plasmon energy relies on
the quantity of valance electrons, which varies as a metal form a compound. Empirical
correlations sometimes don’t produce incredibly exact findings for each unique substance;
though, they may still be helpful, nevertheless, the plasmon energy dependent elastic properties
of REP have been investigated. Thus, noticing the accuracy in previous researches provided by
plasmon oscillations theory [31-33]; this study is focused to offer a different and more accurate
explanation for the shear modulus (G), bulk modulus (B), and Young’s moduli (E) of ternary
compounds with cubic pyrochlore structure. As far as, it is acknowledged, besides a few earlier
studies on this phenomenon, there have not been any studies on the impact of conduction d-
electrons in REP (effect of conduction d-electrons) [6,34]. Whether, this occurrence is common
among rare-earth pyrochlores is a crucial question. Hence, d-electrons effect persists in REP.
In this respect, results of this investigation will have a favourable impact on further studies of
physical and chemical properties; as well as promotes the applications REP in many diverse
fields of material research.
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The objectives of this study were to estimate the elastic properties of REP
AZ3B3*0,(A=La > LuandY; and B = Sn,Ti,Zr,Hf) applying the valance electron
plasmon oscillation theory of solids.

Scientific backgrounds and results and discussion
The tendency of material to deform elastically when a deforming force is applied is described
by elastic characteristics including bulk, shear, and Young's moduli; which are employed as
measures of a material's mechanical strength. Kamran et al. suggested a semi-empirical formula
of shear modulus based on ionicity fraction of bonding for diamond like and zinc-blende
covalent crystals [35]. Li et al. [36] have proposed that the bond ionicity of compounds, and
electronegativity of atoms A and B can be used to express the shear modulus (G) of zinc-blende
structured solids as given below:
G = K;(xaxp)2(1 = i)', (D
where K1, K>, and K3 are constants.

Cohen [37,38] has arrived at equations for bulk and shear moduli as the second order
partial differential equation of total energy E with respect to some suitable deformation
parameter at the equilibrium state:

1 02%E

= 0382 5=5." )
0%E

B= 1) 307 2ea. 3)

where 6 and () are dimensionless parameters and volume, respectively. Thus, in order to create
the equations for the bulk and shear moduli, it is evident that the energy derivatives must first
be estimated in terms of the chemical bonding parameters.

Forst and Ashby [39] have suggested the empirical equations for Young's modulus (E)

and shear modulus (G) in order to establish correlations among the elastic properties of
polycrystalline solids and their melting temperature Th.
E =100 KT, /02, 4)
G= 44 KT,/ 0, 5)
where Kp is Botzmann’s constant, 7, is melting temperature of compound and {2 is volume of
unit cell.

They have improved their correlation (5) on shear modulus by analyzing the variation in
numerical coefficient. These coefficients were determined based on the crystal structure and
chemical bonding of the material class. This coefficient was constant for every category of
material and varied from 20 to 95 for alkali metals to basic oxides with the crystal structure
a-A203 (corundum). Applying this notion, concept of iso-mechanical group was developed by
them. When combined with the suitable empirical normalization, this group of materials
exhibits that mechanical and transport properties are quite comparable or identical.

Verma et al. [40,41] have proposed the following empirical relationships of lattice

thermal conductivity K and bulk modulus B for ternary tetrahedral semiconductors as the
function of the bond length and product of ionic charges.
K = Tn(ZaZpZ)*®*°d™>, (6)
B = (Z4ZgZc)5Vd™>, )
where V and § are constants for chalcopyrite solids and depends upon crystal lattice, Tm-melting
temperature, and Za, Zg, Zc are the ionic charges on the A, B and C elements.
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Fig. 1. Plot of elastic constants (B, G, E) versus plasmon energy on log-log scale for rare
earth pyrochlores for stannate (a), titanate (b), zirconate (c), and hafnate (d)

Ionic charge is modified when a metal makes a compound because it depends on the
amount of valance electrons and the plasmon energy therein. Here, the calculated results are
reported in Fig. 1. The results show that bulk modulus (B), shear modulus (G), and Young’s
modulus (E) illustrate a linear relationships; lie on a straight line; and increasing trend when
draw on a log-log scale against the plasmon energy of the compounds. Many authors have found
that drastically lowered plasmon energy can be used to get better agreement with experimental
values of electronic, mechanical, static and dynamic characteristics of binary solids, ternary
chalcopyrite semiconductors, and rare earth mono-chalcogenides [40—42]. Now, we may extend
relationships (1)-(5) as the function of plasmon energy with minor modifications for cubic
structured rare earth pyrochlores, and consequently we get the better agreement between
experimental and theoretical data.

B = {(hw,)", )
G = k(hw,)", )
E= g(hmp)n, (10)

where , K, ¢, i, and n are constants varies with the group of materials. The constants {, k, ¢
have values 0.006254, 0.00335 and 0.004247 GPa/ eV, respectively. The exponents y and n
have values 3.35 and 3.344, respectively. The plasmon energy (hwp) of these compounds was
estimated elsewhere [42].
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Table 1. Calculated values of bulk, shear and Young’s moduli of tin based rare earth
yrochlores with the available theoretical and experimental data

Bulk modulus Shear modulus Young modulus
B, GPa G, GPa E, GPa
Cal. Cal. Cal.
A2B207 hop (V) Eq. Theo. Expt. Eq. Theo. | Expt. Eq. Theo. | Expt.
9) (10) an
155.75%,
La;Sn,04 21.05 161.06 | 182.30* 188.904 90.37 95.00¢ 228.40 | 245.00¢
190.004
CesxSn, 04 21.09 162.08 160.81* 90.95 229.86
Pr,Snx04 21.20 164.92 158.51* 92.55 233.89
Nd,>Sn,04 21.28 167.00 1165772: 199.2¢ 93.72 236.86
Sm,Sn,0 21.57 174.71 11%3725‘(‘; 193.774 98.07 247.84
Eu,Sn,O4 21.66 177.15 128.18* 99.45 251.32
Gd2Sn,04 21.68 177.70 116766362;’ 192.77¢ | 99.75 89.00" 252.10 | 226.00"
TboSn207 21.77 180.17 167.99* 101.15 255.62
Dy2Sn,04 21.86 182.66 168.36* 102.56 259.17
Ho,Sn,04 21.96 185.46 169.46* 104.14 263.16
Er,Sn,04 22.07 188.58 1175?576:’ 193.50¢ | 105.89 267.60
TmySn,O4 22.13 190.29 170.69* 106.86 270.04
Yb2Sn,0 22.24 193.46 11277266%2’ 192.23¢ | 108.65 274.56
LuxSn,O4 22.30 195.21 176.07 109.64 277.05
Y2507 22.32 195.79 109.97 277.88
b
La;Ti,0y 21.980 186.03 171697912 ’ 104.45 99.00 263.97 | 253.00"
. 184.29, h h
Sm,Ti,07 22.051 188.04 206.00" 105.59 | 108.00 266.83 | 277.00
Eu,Ti,0 22.161 191.73 140.60° 107.36 271.31
186.91°,
. 186.00¢, h h
Gd,Ti,0 22.180 191.73 206.00° 107.67 | 107.00 272.09 | 272.00
200.00"
b g
Tb,Ti207 22212 192.65 12%77%20’ égztlof 108.19 273.41
188.91°,
Dy>Tix0 22.293 195.00 | 208.00°, | 197.007 | 109.52 | 105.00" 276.76 | 267.00"
194.00
b
Ho,Ti,0 22.346 196.55 12%%%20’ gégtzoi 110.40 104" 278.97 | 264.00"
b
Er,Ti 07 22.556 202.78 21391 .(())O’C 113.91 | 101.00 287.84 | 256.00"
b
Tm,Ti207 22.615 204.55 ]291%%%6 114.91 290.37
. 210.00°, R R
Yb,Ti,07 22.568 203.14 178.00" 114.11 97.00 288.36 | 246.00
. 191.89°, ;
Lu,Ti,0O7 22.683 206.61 211.00° 181.00 116.07 293.30

aRef. [23], °Ref. [22], “Ref. [45], ‘Ref. [20], °Ref. [18], Ref. [45], Ref. [46], "Ref. [19], ‘Ref. [21],'Ref. [47], *Ref. [48], 'Ref. [49], "Ref. [50],
"Ref. [25], °Ref. [24],"Ref. [51], ‘Ref. [17], Ref. [52], *Ref. [53],"Ref. [54].

The utility of relations (8)-(10) lies in the fact that they just need plasmon energy of the
of rare earth pyrochlores as input values instead experimental data. A full explanation of the
elastic properties of rare earth stannate, zirconate, titanate and hafnate has been given elsewhere
[18-28]. Explicitly, an analogue evolves among the ternary pyrochlores, this may be used to

calculate the elastic properties from their plasmon energy(hwp). Equations (8)-(10) are the
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expression of elastic properties for cubic structured rare earth pyrochlores. In this paper we
employ equations (8)-(10) to study the elastic properties of pyrochlores depend upon plasmon
energy of the material and presented in Tables 1 and 2. For comparison purposes theoretical
and experimental values by earlier researchers are presented in this table. From this table it is
evident that calculated values of elastic properties are in good conformity with experimental
values as compared to others theoretical findings. From the table it is also clear that
experimental and theoretical data is not available for most of the compounds; and the elastic
constants values for these pyrochlores are calculated first time in this work. So, these values
will be helpful in determining other characteristic values, which find technological applications
especially in the TBC industry.

Table 2. Calculated values of bulk, shear and Young’s moduli of zirconium based rare earth
yrochlores with the available theoretical and experimental data

Bulk modulus Shear modulus Young’s modulus
B, GPa G, GPa E, GPa
A2B207 hop, eV Cal Cal. Cal.
Eq. ('9) Theo. Expt. Eq. Theo. | Expt. Eq. Theo. | Expt.
(10) (11)
176.00 87 208
192.00™ 107m |
LaZr0; | 20758 | 15373 | 20009 195001 | 8604 | 73 92 | 21797 | 19" | 17
179.00 83 2140 |0
191.00° 1060 268
179.004 93¢ 2374
CeiZr07 | 20964 | 158.88 89.14 225.29
PrZr0; | 21088 | 162.03 | 155000 | 149.00° | 90.92 | 103.00 | 100.00% | 229.78 | 224.00' | 215.00"
Nd:ZrO; | 21135 | 16324 ig‘;ggj 131.00' | 91.60 231881 86.00° | 231.50 %ﬁ:ggj 219.00°
SmyZr0; | 21402 | 17021 igziggi 181.00% | 9553 180969(?(; 38:8?; 241.44 %gg:gg: 231.00°
EwZnO; | 21491 | 17259 | 149.000 | 140.005 | 96.87 | 67.000 | 72.00° | 244.82 | 243.00' | 229.00%
156.00° [ 89.00° r
Gd:ZrO, | 21583 | 17506 | 16500 | 175000 | 9827 | S5O0 | 80.00° | 24834 | 224000 | 23800
158.00! 66.00!
TbaZr:0; | 21743 | 17942 100.73 254.56
Dy,Zr:0; | 21825 | 181.69 102.01 257.79
Ho:Zr:0; | 21922 | 184.39 103.53 261.64
ErZrO; | 21998 | 186.53 104.74 264.69
TmZr,0; | 22084 | 18898 106.12 268.17
Yb,Zr,0; | 22187 | 191.93 107.79 27238
LaHR0; | 20848 | 15596 | 180.008 8750 | 88.004 22115 | 228.00¢
Ce;HR,0; | 21210 | 165.18 92.69 234.26
PHRO, | 21246 | 166.11 93.22 235.60
NdHL0; | 21267 | 166.66 9353 236.38
SmoHR0; | 21469 | 172.00 96.54 243.98
EwHR0; | 22110 | 189.72 106.54 269.23
GdHf0, | 21610 | 17579 | 170.00° 98.68 | 96.00° 24938 | 242.00°
Th,H,O; | 21765 | 180.03 101.07 255.42
Dy,Hf,0; | 21891 | 183.53 103.04 260.41
HoHE,0; | 21998 | 186.53 104.74 264.69
EnHLO; | 22094 | 189.26 106.28 268.58
Tm:Hf,0; | 22.183 | 19181 107.72 27222
YbHE0; | 22254 | 19387 108.88 275.14

“Ref. [23], °Ref. [22], Ref. [45], ‘Ref. [20], °Ref. [18], Ref. [45], *Ref. [46], "Ref. [19], Ref. [21],'Ref. [47], *Ref. [48], 'Ref. [49], "Ref. [50],
"Ref. [25], °Ref. [24],PRef. [51], 9Ref. [17], Ref. [52], ‘Ref. [53],"Ref. [54].
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Concluding remarks

From the discussion in scientific background, it is concluded that plasmon energy of valance
electrons in the compound is an important parameter in determining elastic characteristics of
rare earth pyrochlores and is a pioneering work. Henceforth, it is found that elastic properties
of the materials investigated here present a linear relationship and lie on a straight line when
potted on a log-log scale against the plasmon energy. The evaluated values revealed a
predictable pattern and agreed with the information provided so far, demonstrating the validity
of the proposed approach.

Briefly, a simple model is postulated for the calculation of bulk modulus, shear modulus
and Young’s modulus of cubic structured rare earth pyrochlores. Furthermore, predictions of
this model on elastic properties are reasonably consistent with experimental and theoretical data
obtained by using various methodologies. Confidently, this theory will present an important
role where experimental data of these elastic properties is not available and to discover new
compounds with targeted values of bulk modulus, shear modulus, Young’s modulus and
Poisson’s ratio in a series of a large family of rare earth pyrochlores, which are of utmost
technological applications, now-a-days.
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Abstract. Using liquid metallurgy route, Al17075 composites comprising 6, 9, and 12 wt. %
WC-Co were developed. When testing composites and Al7075, ASTM standards were
followed. Increasing the vol. % of the cermet phase enhances the hardness of A17075-WC-Co
composites, according to the experimental data. The produced composites are analyzed using
scanning electron microscopic images and energy dispersive microscopy technique before and
after the wear. Improvement of 80.23 % on hardness of the composite are observed over the
base alloy. For the composite containing 12 wt. % of WC-Co particulates the wear rate is less
than the base alloy and other prepared composites.
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Introduction

Aluminium metal matrix composite (AMMC) a paradigm shift in the field of automobiles,
aerospace, tools, military applications. The key properties like high strength with light weight,
capable wear resistance, protective to corrosive environment, better temperature stability made
these composite to use in extensive conditions [1-2]. Series of aluminium are exist which are
capable of heat treatable, weldable, adapting to elevated temperatures and impact loads. 7075Al
with Zn and Mg as major alloy exhibits all those properties and made selecting it as matrix
among other aluminium series. Reinforcements like B4C, WC, Al>O3, TiB; etc., can be added
into the base matrix which enhances the properties stated at maximum level [3—4]. The
processing of AMMC:s is challenging (wettability concern) in stir casting method, when it
processed with the addition of high dense objects as reinforcements [5]. In common, the
composites prepared with ceramics as reinforcements exhibit high hardness with poor ductility
in nature. WC is a hard ceramic particle reinforcement for Al alloy matrices that is employed in
high-temperature applications. With a density of 15.8 g/cc tungsten carbide is a famous
refractory metal that is used in fabrication of cutting tools, drill bits, single point cutting tool
and extrusion dies. Drill bits and cutting tools composed of WC particles are commonly used
in the oil industries [6]. At elevated and room temperatures, the combination of WC and Co
particles will have increased characteristics. Low thermal coefficient of thermal expansion and
high strength are expected when hard ceramic WC particles reinforced with Co particles for
carbide tool products [7]. Since they achieve excellent wear resistance, hot hardness, low
coefficient of friction and good chemical stability properties, cermet based composites can be
successfully utilized for high speed cutting tool for better surface finishing and high class
cutting applications in the current era [8]. Utilization of aluminium based composites in variety
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of industries can be observed due to its high strength because of the addition of proper
reinforcing materials and practical wear resistance, including aviation, architectural, energy
sector, vehicle industry, construction, naval, army based products, sports, and recreation. This
sparked interest in investigating the effects of adding desirable combinations of WC-Co as
reinforcement to the characteristics of Al7075 alloy. Correspondingly the improvement in
hardness and wear rate of the composite compared to base alloy can be expected.

Experimental details

Chemical composition of Al 7075 alloy, which is used as a matrix, is shown in Table 1. A17075
alloy is a significant alloying element that contains zinc, magnesium, and copper. This alloy's
properties are based on its strengths and resistance, and it is a major alloy used in aircraft
applications (Landing gear, wing body, brakes etc). In comparison to other aluminum
alloysseries, as the 7 series aluminum have greater corrosion resistance capacity, they have made
their way into structural applications.

Table 1. Chemical composition of AI7075 alloy

Elements Silicon Iron Copper Manganese Magnesium Zinc Aluminium
Amount 042 | 051 1.60 0.61 251 1.50 Balance
in wt. %

In the current work tungsten carbide (WC) is selected as reinforcement; a well-known
cutting tool material with a hardness of 1500 BHN and density of 15.63 g/cc. As previously
stated, the reduction in ductility of composites is overcome by adding Cobalt (Co), a soft
ductile material with density of 8.90 g/cc, as second reinforcement material. Both WC and Co
particulates are fused to cermet form with the help of planetary ball milling operations and
used it as combined reinforcements. The presence of cobalt can act as an internal lubricant,
improve reinforcement wettability, and increase composite ductility. Following the ball
milling operation, the ceramic mixture is sieved, and a particle size of 400 mesh or 37 um is
chosen as the intermediate particle size.

The composite was produced by adding 6, 9, and 12 wt. % of WC-Co particulate
reinforcement to the 7075Al alloy matrix. A quantity of 400 grams of matrix is brought to
molten state in crucible (graphite-clay) using resistance furnace. Careful control of temperature
is done using a digital temperature controller to an accuracy of + 5 °C. When the temperature
of the liquid metal reaches 730 °C, solid hexachloroethane (C2Cls) is used to drive out
entrapped gases. Constant stirring is maintained at 300 rpm using steel rod coated with zirconia.
Into this vortex, preheated WC-Co cermet is introduced. After the addition of reinforcement,
constant stirring action is performed for 60 seconds duration to ensure a complete distribution
of the reinforcements into the matrix. Later, the well stirred and constant temperature
maintained liquid metal mixed with the reinforcements has been poured into a permanent cast
iron preheated mould having dimensions of 125 mm length and 15 mm diameter. These
prepared composites were characterized microscopically using SEM and EDAX studies. For
microstructural characterization, central portions of the castings having size of 5 x 10 x5 mm
were taken and were metallographically polished. The electropolished samples were etched
using Keller’s reagent.

As-cast samples and composite samples are prepared for wear test operating conditions
and hence the samples are prepared with the dimensions of 30 mm length and 10 mm diameter
as per ASTM G99 standard. The sliced samples are then metallographically polished to worn
out preliminary layers on its end. Using DUCOM pin on disc wear testing machinethe prepared
samples are tested. All the samples are tested under dry sliding conditions only. The wear
samples are tested for varying load, varying speed and varying distance conditions.
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Results and discussions

Microstructure analysis. Composite prepared for 37 um particle sizes of WC-Co
reinforcement are subjected to SEM analysis and corresponding microphotographs are
shown in Fig. 1. During casting, the structure of dendrites gets altered, affected by numerous
variables, such as discontinuity of the dendrites, thermal conductivity imbalance, lack of
dendrite growth between particles and melt. Here the ceramic particles act as an obstruction
for dendrite growth which is more prominent when the rate of cooling is high.

WD = 8.0 mm Mag= 500X Time :16:22:50

TR B Sl P ; VR ST

Fig. 1. SEM images of (a as— Saei (b) AI7075 T WC—o,
wt. % WC-Co and(d) Al7075 + 12 wt. % WC-Co composite

() AI7075 + 9

Mechanical stirring action disperses the particles consistently as well as reduces settling of
the particles during the solidification and shearing of the starting dendritic arms can relate to the
dendritic fracture because of the excess stirring action [9,10]. Local solidification takes place due
to the variations in the temperature with respect to matrix and reinforcements. Finally, synthesized
composite shows the uniform and homogeneous dispersion of WC-Co particles within the alloy
matrix.

The strong interface offers excellent properties enhancement for mechanical and tribological
zone, as the load transmission occurs. Due to existence of hard ceramic particles which limits the
dendrites development and changes the matrix with a progressively refined structure results in
improving the strength. As the reinforcement's weight percentage rises, the minimum distance
between the particles is seen. Additionally, this might prevent the dislocation from moving.

EDAX analysis. As-cast base alloy Al7075 and Al7075 + 6, 9, and 12 wt. % WC-Co
particles added composites underwent an elemental analysis using EDAX analysis. Figure 2
displays the findings. The elemental analysis of the Al7075 + 6,9, and 12 wt. % WC-Co composite
shown in Fig. 2(b-d) confirms the presence of W, Mg, Co, Zn, C, Si in the matrix of the Al alloy.
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Evaluation of hardness of the composite. Vickers microhardness testing is performed
on both manufactured composites and as-cast metal. The hardness readings for the A17075 alloy
as-cast and the Al7075 reinforced with WC-Co particles at different weight percentages (6, 9,
and 12 wt. %) are shown in Fig. 3. The graph below demonstrates how the toughness of the
composite grows significantly as WC-Co particle quantity is increased. A17075 reinforced with
WC-Co composites for 12 wt. % of the particle exhibits a hardness enhancement of around
80.23 % when compared to Al7075 alloy. WC-Co particles greatly improve the hardness of
Al7075-WC-Co composites because they are tougher and harder than other materials. This
increase in hardness is both evident and predicted. As stated by Velmurugan et al. [11], earlier
research has shown that hardness factors are always directly proportional to the hardness of
reinforcing particles. Localized matrix deformation during indentation is caused by tougher and
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harder micro tungsten carbide and cobalt particles present in the lattice. It is clear that the bulk
of composites are harder than the matrix. The hard reinforcing particles, which act as a
protection to slide dislocation movement within the matrix, are what give materials their
increased hardness [12,13].

Wear rate analysis. Impact of variable load on wear rate. The effects of increasing
load on the rate of wear for as-cast Al 7075 and Al 7075 + 6, 9, and 12 wt. % of WC-Co
particulate composite with varied loads are tested by maintaining the speed (400 rpm) and
sliding distance (500 m) consistent (2.45, 4.90, 7.35, and 9.8 N). Figure 4 demonstrates that for
all composite materials, the wear rate rises with increasing load and falls with decreasing load.
The alloy Al17075 has the highest rate of wear when it is cast. Ramesh et al. [14] claim that, as
the applied force is increased, both the as-cast Al and composite specimens experience
increased wear loss. Furthermore, the data definitely shows that at a specific transition load,
incremental volumetric wear loss observed in both reinforced and unreinforced materials.
Pressure at the pin-on-disc contact grows as load increases. Due to the fact that metals usually
contain an oxide layer, the wear analysis for maximum loads results in increased material losses.
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of the prepared composite keeping constant the wear rate of the prepared composite
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Impact of varying speed on wear rate. The impact on the wear rate for the increasing speed on
as-cast Al7075 and Al7075 reinforced with WC-Co with 6, 9, and 12 wt. % WC-Co composite is
evaluated by keeping the constant load (9.8 N) and constant sliding distance (500 m). Numerous studies
have demonstrated that increasing sliding speed/velocity leads to increased wear, especially at higher
sliding speeds [15,16]. Figure 5 illustrates how the rate of wear decreases as speed increases and reaches
its maximum at lower speeds. At higher speeds, the contact surface might be decreased. The material's
surface becomes smoother as temperature rises, which encourages yielding and leads to delamination
of the worn surface. As the speed increases, the material deteriorates because of an increase in contact
temperature. Debris is eliminated by sliding motion due to wear and weakened bonding at the contact.
The WC-Co composite surpasses the base alloy with respect to wear resistance. The thick layer created
by solid lubricating coating may fracture at higher sliding speeds. Furthermore, plastic deformation
between the mating surfaces is increased due to high temperature caused due to the sliding speed, which
boosts the volumetric wear loss and asperity junction density.

Impact of varying sliding distance on wear rate. Al7075 as-cast and Al7075 reinforced with
WC-Co at 6, 9, and 12 wt. % wear out more quickly at higher speeds. The evaluation of WC-Co
composite uses a load of 9.80 N and a 400 rpm constant speed. Figure 6 makes it plainly evident that,
due to the contact surface weakening caused by heat during the experiment, the rate of wear in composite
rises with increasing sliding distance. Because of the longer length of contact between the disc and pin
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or specimen, temperature conditions vary, in fact getting warmer as the sliding distance rises. The
Al7075 matrix alloy and WC-Co reinforcement particulates have enhanced interfacial resistance due to
the high surface bond, which hinders particle pull from the Al7075 matrix. Hence, it can be inferred
from the aforementioned analysis that the composite reinforcement's greater weight percentage and
smaller particle size caused the rate of wear of the samples to be lower than it was for Al 7075 cast as-
cast. It may be due mostly to the reinforcing particles' in the matrix having a larger contact surface area.
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Fig 7. Images showing worn surfaces of (a) as—cast A17075 alloy, (b-d) Al7075 reinforced
with WC-Co at different compositions (6, 9 and 12 wt. %) with a load of 9.8 N, sliding disc
speed of 400 rpm and sliding disc distance of 500 m

Worn surface studies. Figure 7 depicts a composite made of WC-Co particles and
demonstrates the presence of grooves that are both shallow and sticky. As the weight percentage
of the reinforcement grows in the composite, the area that originally formed grooves became
smoother. The composite displays stronger wear resistance than the as-cast alloy because there
is little material loss and there is a maximum reduction in wear rate. The ease with which the
composite surface delaminates depends on both the wt. % of reinforcement and the particle
size. In comparison to the alloy as cast, A17075 reinforced with 12 wt. % WC-Co composite
shows very little delaminated area and the formation of grooves, according to a general analysis
of the worn surface.
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Conclusions

(1) Use of WC-Co particulates as reinforcement in preparation of Al composites is successful.
(2) Studies utilising SEM and EDAX analysis have shown that the reinforcements in the matrix
system are distributed fairly uniform.

(3) A17075 reinforced with WC-Co composites for 12 wt. % of the particle exhibits a hardness
enhancement of around 80.23 % when compared to Al7075 alloy.

(4) Wear rate effect of the composite under different load, speed and distance shows good wear
resistance compared to base alloy.
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Abstract. The evolution of microstructural and mechanical properties of ternary Zr-Cu-Al
metallic glass under tensile loading was investigated by molecular dynamics simulations using
embedded atomic potentials to describe interactions between atoms in the system. Special
attention was paid to the variation of these properties according to the Al content in the
Zr50CusoxAlx (0<x<50) system. The results showed that there is no systematic relationship
between the elastic properties and the amount of Al, but the local structure of the system is
significantly affected during the tensile load. The elastic modulus and yield stress were found
to be maximum at 40 and 20 %, respectively. It was also revealed that the addition of Al
decreased the fraction of Al-centered <0,0,12,0> polyhedra, and increased the fraction of the
same polyhedra around Cu and Zr.

Keywords: molecular dynamics simulations; elastic modulus; voronoi polyhedral; mechanical
properties; ZrCuAl metallic glass
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Introduction

Zr-based bulk metallic glasses (BMGs), which are among the BMG that have attracted great
attention due to their physical, mechanical and chemical properties, have attracted attention due
to their high glass-forming ability (GFA) [1-3]. Properties such as ease of formability, low
Elastic Modulus, high elastic strain and yield strength make BMGs very useful for structural
applications. It is known that suppression of crystal nucleation and enhancement of GFA can
be achieved by the addition of a third element [4,5]. The ternary Cu-Zr-Al systems have a large
supercooled liquid region and high mechanical strength [6]. It has been observed that the
addition of Al to the CusoZrso system caused significant plastic deformation and increased the
GFA [4-7]. Zr30CueoAlio shows better GFA, higher stiffness and strength [8]. The ductility is
observed as a result of nucleation of shear bands for Cua75Zr475Als BMG, while brittleness is
observed as a result of rapid propagation of shear bands by fracturing an amorphous phase for
Cus6Zra7Al; BMG [7]. The improved GFA and high viscosity value due to the denser liquid
structure of (CusoZrso)osAls alloy compared with the CusoZrso alloy is reported [9].
For ZrsoCusoxAlx systems, it has been found that the alloys of x<20 have the best GFA and Al
is the active element in controlling GFA [10]. Al content cause amorphization and more
pronounced amorphization has been observed for ZrsoCu4sAle and ZrsoCugoAlyo alloys [11]. For
CusoZrso—~<Alx alloys, the range is 0<x<4 for non-eutectic alloys, while the range to eutectic
composition is 5<x<11. CusoZr47Al3 alloy has the best GFA, lowest brittleness index and
highest fracture strength [12]. The glass transition temperature (Tg), the initial crystallization
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temperature (Tx) and supercooled liquid region, hardness and Elastic Modulus increase with
increasing Al concentration for (CusoZrso)100-xAlx (x=0—-12). Cheung and Shek have reported
that the hardness was smallest for CusoZrso and greatest for (CusoZrso)ooAlio [13]. The Tk, yield
and fracture strength increase with increasing Al content for (CusoZrso)100—x Alx (x=0-6) metallic
glass wires [14]. It has been found that Tg, fracture strength and hardness decreased, and Elastic
Modulus, Debye temperature and shear modulus increased with the addition of Al for
CusoZrso [15]. The crystal nucleation in the system is suppressed with the addition of 7 % of Al
to the CusoZrso amorphous system [19]. It is seen that the studies on Zr-Cu-Al described above
are mostly limited to the addition of Al content in small amounts. In this study, the influence of
mechanical and structural properties in a wide range of Al amounts for ZrsoCusoxAlx (0<x<50).
The results are discussed in detail in terms of the local environment and atomic localization.

Method

A Large — scale Atomic-Molecular Massively Parallel Simulator (LAMMPS) served as an
open-source code [16] was used to investigate effects of Al addition on the mechanical
properties of ZrsoCusoxAlx (0<x<50) bulk metallic glass during tensile process. The reliability
of the MD simulation strongly depends on the interatomic potential, which can better explain
the atomic interactions of the system. Embedded atom method (EAM) potential was used for
the Zr—Cu—Al system, which was successful in simulating existing binary and ternary metallic
glasses [17,18]. In order to construct a ternary ZrsoCusoAlio crystalline system, the simulation
box was taken as body-centered cubic (BCC) with 31250 atoms and the lattice constant was
taken as 3.283 A. The snapshot of the initial model is given in Fig. 1(a). After the energy
minimization, the system was heated from 50 to 2050 K with a heating rate of 0.5 K/ps using
an isothermal-isobaric ensemble with a constant number of particles, pressure and temperature
(NPT). The time step was 0.001 ps. The snapshot of the model system in the liquid state is given
in Fig. 1(b). The liquid model obtained for ZrsoCu4oAlio alloy was used to construct the initial
configuration of ZI’50CU50, eroCu45A15, eroCU35A11 5, eroCu30A120, eroCuzsAlzs, ZI‘50CU20A130,
Zr50CuisAlszs, ZrsoCuioAlso, ZrsoCusAlss and  ZrsoAlso liquid systems by changing
the Al concentration. After adjusting the atom labels to guarantee the composition of alloys,
these systems were subjected to a 100 ps equilibration at 2050 K and cooled to 300 K with a
cooling rate of 0.1 K/ps applying the periodic boundary conditions through x-, y- and z-
directions. Obtained amorphous systems for ZrsoCus0Alio and other compositions are shown in
Fig. 1(c) and Fig. 2.

Fig. 1. MD simulation snapshots (a) initial crystalline (b) liquid (c) amorphous for
Zr50CusoAljo system. The red, blue and yellow spheres represent Zr, Cu and Al atoms,
respectively
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Fig. 2. MD simulation snapshots for amorphous ZrsoCusoxAlx (0<x<50) systems. The red,
blue and yellow spheres represent Zr, Cu and Al atoms, respectively

Before loading, each amorphous system has been relaxed with 100 ps under the
microcanonical ensemble of NVE (N atomic number, V volume, E total energy) to obtain an
equilibrium state at 300 K. For all amorphous systems, uniaxial stress was applied along the z-
direction. During the tensile deformation, the periodic boundary conditions were applied along
the three directions of Cartesian coordinates. In this method, while the periodic length in the z-
direction increases with the applied strain rate, the other two directions (ie x- and y-) are allowed
to change to keep the pressure in these directions equal to zero. The temperature was kept at
300 K based on the Nose-Hoover thermostat, each amorphous system was elongated by 10 %
during the tensile deformation at the strain rate of 0.0001 ps' with the isothermal-isobaric
(NPT) ensemble.

Results and Discussions

The stress-strain curves guide to investigate of the effects of Al addition on the mechanical
properties of ZrsoCusoxAlx (0<x<50) bulk metallic glass. Figure 3(a) shows that stress-strain
curves for ZrsoCusoxAlx bulk metallic glass during tensile deformation. The region in which the
atoms maintain their regular lattice arrangement is called the elastic region. The stress and strain
at the boundary of the elastic region correspond to the yield stress and yield strain, respectively.
In this study, the stress corresponding to the strain value of 0.04 in which the linearity of the
stress-strain curve deteriorates has called yield stress. For amorphous systems, stress-strain
curves show smooth transition behaviour after the elastic region, indicating that the small
deformation region is enlarged and spread throughout the system and the deformation is
homogeneous. The highest value of the stress in the stress-strain curve during all tensile
deformation is called the ultimate stress. The ultimate stress for ZrsoCuso is 1.85 GPa which
agrees with experimental data (1.88 GPa) [7]. Figure 3(b) shows that the variation of yield stress
depending on Al amount for ZrsoCusoxAlx (0<x<50) bulk metallic glass. The yield stress
increases from x=0 to x=10 and decreases sharply at x=15. A maximum value at x =20 is
followed by zigzag behavior. In this case, ZrsoCuzoAlz has the highest strength. The value of
yield stress is almost the same for ZrsoCuso and ZrsoAlso, ZrsoCussAls and ZrsoCusAlss,
Zr50Cug0Al1o and ZrsoCuioAlso. The yield stress for ZrsoCusoAliois 1.91 GPa which is a fair
agreement with experimental data (1.86 GPa) [19].
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variation depending on Al concentration

Elastic modulus is known as a measure of elastic deformation under applied tensile
loading and is calculated from the slope of stress-strain curves up to a strain value of 0.015 in
present work. Figure 4 shows that elastic modulus variation depending on Al content for
Zr50CusoxAlx (0<x<50) bulk metallic glass. There is no clear relationship between Al
concentration and Elastic Modulus. In the range of Al amount studied in this study, the Elastic
Modulus of ZrsoCuso is minimum which reflects its flexible nature while the elastic modulus of
Zr50Cu10Al4o 1s maximum which is a sign of a stiffer material. Table 1 lists elastic modulus
values for ZrsoCusoxAlx (x=0,10). Elastic modulus values obtained in this study are compatible
with the literature. However, the Elastic modulus obtained by molecular dynamics simulation
is different from that obtained from the experimental study due to the small size of the metallic
glasses used in MD simulation and ignoring the defects and cracks in the sample during

simulations.

Elastic Modulus (GPa)

55
?
54 1
II !
;o
\
53 °o- % 5
/ \ ’ \
/ X . ;
/ \ \
52 /I .- _.\\ /,. ‘\
! /
/ \ 7 )
; \ \
L4 \ Y \
51+ v e
\\
\
\
50 . . T +
0 10 20 30 40 50

Al content (%)

Fig. 4. Elastic modulus variation depending on Al concentration for ZrsoCusoxAlx (0<x<50)
bulk metallic glass

Table 1. Elastic Modulus values for ZrsoCusoxAlx (x=0,10)

This work, GPa Exp., GPa Other, GPa
ZI‘50C1150 51.3 - 552
ZI‘50C1140A110 53.1 88b 59¢
2201, °[19], <[8]




Effect of Al addition on the mechanical properties of ZrsoCuso.xAlx (0<x<50) bulk metallic glass 111

1.8 9.5
12r centered <0,0,12,0>| _Cu centered <0,0,12,0>

-
(2]
1

- RN
N »
1 1

Fraction (%)
—
o
1

T T T T T T T T T T T
0.00 0.02 0.04 0.06 0.08 0.10 0.12
Strain

(b)

30 _ﬁl\centered <0,0,12,0>

\
4 VAN A —F
10
i —15
1 20
" —M — 5
J e 30

18 —35
'M =
16 —345
-MWM’\/V\_ —50
— T T T T T T T T T
0.00 0.02 0.04 0.06 0.08 0.10 0.12
Strain

N N
S o
1 1

Fraction (%)
N
N
1

()

Fig. 5. The variation of (a) Zr (b) Cu (c) Al centered <0,0,0,12> VPs with strain
for Zrs0Cuso-xAlx (0<x<50) BMGs

The Voronoi tessellation method [21,22] gives us detailed information about the local
atomic structure of the system and the variation of local clusters during the tensile process.
In the Voronoi tessellation method, the polyhedra in the system are defined by connecting each
atom with an index <ns3,ns4,ns,ne> where n; is the number of faces with 1 vertices of the VP.
In this study, ideal icosahedral (ico) and icosahedra-like (ico-like) VPs were categorized
according to reference [23,24]. Ideal ico is defined by <0,0,12,0> VP while ico-like are
presented by <0,2,8,x>, <0,0,12,x> and <0,1,10,x> VPs (x=2-6). Figure 5 shows that the
variation of (a) Zr (b) Cu (c) Al centered <0,0,0,12> VPs as a function of strain. Due to the Zr
content being kept constant in the system, the <0,0,0,12> VPs fraction around Zr atoms is not
affected by strain except for the slight deviation observed in the range between the yield and
ultimate strains. While Cu and Al centered <0,0,0.12> VPs are almost unchanged up to the
value of yield strain (value of 0.004), these tend to decrease with increasing strain. Before the
tensile loading, it is observed that the addition of Al decreases the fraction of Al-centered
<0,0,12,0> polyhedra, and increased the fraction of the same polyhedra around Cu and Zr. The
fraction of Al centered <0,0,12,0> clusters is higher than that of other constituent atoms. For
Zr50Cusg0Alyo, its value is 29 % which is the maximum before loading. It decreases with strain.
The material resists corrosion thanks to the presence of <0,0,12,0> clusters [25]. Al atoms can
be considered as the key factor in resisting corrosion of the amorphous system.

Figure 6 shows that the variation of (a) Zr (b) Cu (c) Al centered ico-like VPs with strain
for ZrsoCuso-xAlx (0<x<50). In Figure 5, the ico-like VPs at the relevant atomic centered are
represented as follows. Zr centered ico-like is the sum of the fraction of <0,2,8,2>, <0,2,8,3>,
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<0,2,8,4>, <0,2,8,5>, <0,2,8,6>, <0,1,10,2>, <0,1,10,3>, <0,1,10,4>, <0,1,10,5>, <0,0,12,0>,
<0,0,12,2>, <0,0,12,3> and <0,0,12,4> VPs. Cu centered ico-like is the sum of the fraction of
<0,2,8,0>, <0,2,8,1>, <0,2,8,2>, and <0,0,12,0> VPs. Al centered ico-like is the sum of the
fraction of <0,2,8,0>, <0,2,8,1>, <0,2,8,2>, <0,2,8,3>, <0,1,10,2> and <0,0,12,0> VPs. Zr
centered ico-like VPs are numerous and diverse. It is revealed that the addition of Al decreases
the fraction of Al-centered ico-like polyhedra, and increases the fraction of the same polyhedra

around Cu and Zr. With increasing strain, Zr and Cu centered ico-like VPs decrease, while Al
centered same VPs tend to decrease vaguely.
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Fig. 6. The variation of (a) Zr (b) Cu (c) Al centered ico-like VPs with strain
for ZrsoCusoxAlx (0<x<50) BMGs

Conclusion

The evolution of microstructural and mechanical properties of ternary Zr-Cu-Al metallic glass
under tensile loading was investigated by molecular dynamics simulations using embedded
atomic potentials to describe interactions between atoms in the system. It is observed that
Zr50CusAlo has the highest strength, while ZrsoAlso and ZrsoCuso have the lowest.
Additionally, ZrsoCuso is a more flexible material than the other compositions, while
Zr50Cu10Al4 is a stiffer. The value of yield stress and Elastic Modulus for some ZrsoCusoxAlx
(0<x<50) alloys are in agreement with the literature. The fraction of ideal-ico clusters around
the Al varies between 15 and 29 % and this ratio is higher than other related atoms. Due to the
<0,0,0,12> VP constituting the most stable geometric units and forms to the essence of
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icosahedral short range, we observed that for BMG, Al atoms dominate the local icosahedral
short range. Additionally, Al atoms can be considered as the key factor in resisting corrosion
of the amorphous system.
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Abstract. This research topic focuses on the friction stir welding (FSW) process. The study
focuses on the correlation between the process parameters (feed speed and rotational speed)
and the mechanical and microstructural characteristics of the 5083 H111 aluminum alloy
sheets 4 mm thick placed end-to-end and welded by a vertical milling machine from. This
experimental approach is based on the variation of the depth of penetration of the shoulder of
the tool, allowing to contribute to mastering the axial force in order to predict the welding
process area for this grade of aluminum by the welding process FSW. Then, tensile and
hardness test were done to investigate the mechanical properties of the weld. The optimum
process parameters were determined with reference to grain size, ultimate tensile strength and
hardness. In addition, microhardness profiles allow to give the importance of the influence of
the studied parameters on the different zones of the weld.

Keywords: FSW, aluminum alloys, penetration, pin and fracture surface
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Introduction

Friction stir welding as a relatively new welding technique has gained wide applications in
different industries such as aerospace, automotive and maritime [1-3]. This welding technique
is essentially based on mechanical process in order to generate a temperature rise in the panels
to be assembled. Producing the good quality welds is of great importance in many
engineering applications. The maximum temperature created by the friction stir welding
(FSW) process ranges from 70 to 80 % of the melting temperature of the welding material [4].
Low heat input during FSW prevents solidification failure and high temperature damage [5].
The development of a sound welds through FSW is more challengeable compared to the other
welding techniques due to highly sensitivity to the welding parameters [6]. In a study, the
highest tensile strength achieved was about 263 MPa and the defect-free joint was obtained by
using the threaded tapered cylindrical pin tool at a rotational speed of 800 rpm [7]. In other
study, analysis reveals that the nugget zone (NZ) exhibits recrystallized fine grains with an
equiaxed structure as a result of dynamic recrystallization (DRX), resulting in improved
mechanical properties of the joint [8,10].Saravanakumar et al. [11,12] studied that the
mechanical properties of the AA5083 UWFSW joint, such as its average ultimate tensile
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strength and hardness, have been greatly improved using a straight hexagonal tool profile,
tool rotational speed of 1200 rpm and welding speed of 20 and 40 mm/min.

In dissimilar joining of AA7075T651 retreating side and AA2024T351 advancing side
investigated on the radius of pin flute with rotation speed 900 RPM, weld speed 150 mm/min
of maximum tensile strength is 424 MPa with an efficiency of 94.3 % tool used threaded pin
of flat cone for weld strength and joint strength truncated pin threaded tool is used and
hardness of the weld is on soft metal of the heat affected zone [12,13]. Dissimilar joining of
aluminum alloys by controlled temperature weld of tensile strength is improved on different
clamping materials and backing of specially used for conjunction of weld speed 100 mm/min,
rotational speed 900 rpm, tilt angle 30 and tensile strength is 426 MPa, elongation 7.1 % and
efficiency of joint strength is 94.8 %. Mehta et al. and Sato et al. [14] studied of 5456-T321
aluminum alloy plates of the lower is 2.5 mm sheet annealed with tools used threaded conical
pin, cylindrical conical threaded pin, stepped conical threaded pin, flared triflute pin are used
on input parameters of rotational speed 600 rpm and 800 rpm, micro hardness, microstructure
on nugget weld, heat affected zone, thermomechanical affected zone with fine grain size 5 um
with free defect joints with growth of grain are investigated.

In this study, the hardness distribution and mechanical tensile properties
of plates welded by FSW with different rotational speeds and welding speeds were
investigated to study the effect of welding parameters on mechanical properties and fracture
behavior of FSW for aluminum alloy 5083 HI111. For all configurations of welding
performed, a joint coefficient Cj is evaluated for the qualification of the good mechanical
strength of welded joints.

Experimental method

In this investigation, distinct aluminium 5083 H111 sheets were welded using for different
parameters. The chemical composition of this aluminium is presented in Table 1 and the
mechanical properties of the sheets are presented in Table 2.

Table 1. Chemical composition of 5083 H111 aluminum alloy (BM)
Al Si Fe Cu Mn Mg Cr Zn Ti
0.15 0.40 0.40 0.10 0.10 4.90 0.25 0.25 0.15

Table 2. Mechanical properties of 5083 H111 aluminum alloy
E, MPa YS, MPa UTS, MPa A, % K, J/cm? HV
71008 155 236 16.5 45 88

A retrofitted milling machine was used for all the FSW experiments. To restrain the
thermal expanding and thus bulking behaviour of plates, which could otherwise be
encountered during normal FSW conditions, a bolted clamping system was used in all
experiments.

Welds were made using a mixing tool, in a high-alloy steel (X210Cr12)with a tensile
strength Rm = 870 MPa , a threaded cylindrical pin (7 mm diameter and 3.60 mm in length)
and shoulder (25 mm diameter).

The process parameters used in the tests are listed in Table 3. All used sets of welding
parameters allowed us to obtain defect-free weld faces. The most visible difference in the
joints’ appearance was the amount of flash, which increased together with the tool rotation
speed. It is impossible to state unequivocally that the welding velocity in the used range
(16400 mm/min) has any impact on the formation of flash. An example photo of the joints
produced with the different used welding velocity is presented in Fig. 1. This example
illustrates the overall tendency of flash formation. For all tested values of welding velocity the
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greatest flashes were obtained in joints produced with a tool rotation speed of 1400 rpm,
pointing to the excessive material flow [15,16].

Table 3. Process parameters

o, rpm 710 1000 1000 1400 2000
16 16 40 40 40
. 25 25 80 80 80
V, mm/min 50 50 100 100 100
80 80 200 200 200
150 150 400 400 400

(b)

(d)

(®)

Fig. 1.Example of welded joints obtained with different welding velocity:
(a) ® =710 rpm, V = 80 mm/min; (b) ® = 1000 rpm, V = 80 mm/min;
(¢) ® = 1000 rpm, V = 150 mm/min; (d) ® = 1000 rpm, V = 16 mm/min;
(e) ®» =710, 1000, 1400 rpm, V=25, 50, 100 mm/min; (f) ® = 1000 rpm, V = 100 mm/min
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The cutting operation of samples on the welded plates is shown in the diagram
presented in Fig. 2, where the geometric dimensions are expressed in mm according to the
American society for testing and materials (ASTM E8M-04) standards [17].

Fig. 2. Specimen preparation for tensile

Tensile tests were performed using a universal INSTRON tensile machine at a
crosshead speed of 2 mm/min, controlled by the MTS software, as shown in Fig. 3. The
broken tensile specimens after test is illustrated in (Fig. 3(b)).Profiles microhardness at mid-
thickness of the joints; perpendicular to the axis of welding is performed. The measuring

sockets are made every millimeter.

(a) (b)
Fig. 3.Testing machine INSTRON: (a) tensile test specimen measured by the extensometer;
(b) broken tensile specimens after test
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Results and Discussions

Radiographic Inspection of Friction Stirs Welds. The results of the radiographic tests
conducted on all the similar FSW weld joints produced at rotation speed of 710, 1000, 1400
rpm and transverse speed of 25, 50, 100 mm/min are hereby presented in Table 4. The defects
found are mainly lack of penetrations, wormhole or voids. It can be seen from the results table
that increasing the transverse speed increases the occurrence of defects. From the results,
these weld flash is necessitated by material flow behavior, which is predominantly influenced
by the FSW process parameters such as the tool rotational speed [18].

Table 4. Weld photographs and radiographs at different rotational and transverse speed

o, V, .
. . | Observation
Weld photo Radiograph rp | mm/mi S
m n
710 Lack of
rpm 25 mm/min penetrations,
hole left
Lack of
1000 . penetrations,
pm >0 mimn crack, incomplete
fusion
Lack of
1400 100 penetrations,
rpm mm/min wormholedefect,
Sufficient mixing
No evidence of
root defects was
observed on all the
welds produced
10?:1) mxijr(:ﬁn using the 700-rpm
P rotation speed and
the feed rate 150
mm/min. Keyhole
observed

Microhardness profile and microstructure. It is well-known that the hardness profile
of the FSW joints with various welding parameters may be a direct indicator of
microstructural and global mechanical properties evolution during FSW process [19]. Fig.4
shows the evolution of the hardness variations along the traverse weld section for various
welding parameters. Generally, the typical profile of the microhardness of a welded joint FSW
is a W shape. Indeed, this type of profile is characterized by two minimum values Hyof
microhardness. These two points were located in the TMAZ. In the stirred zone (ZS), the
microhardness value increases in comparison with the TMAZ, corresponding to the second
minimum. It should be emphasized that the size of the ZS area is governed by the pin
diameter, while the TMAZ area is generated by the size of the tool shoulder of the tool.

In addition, Fig. 1 shows that the TMAZ is the weakest region in a welded joint FSW.
Whatever the welding parameters there has been a decrease in hardness in the HAZ which is
due to the restoration phenomenon. This phenomenon is characterized by the recombination
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and rearrangement of dislocations[20]. At the edge zones HAZ and TMAZ the granular
structure is completely recrystallized. This recrystallization takes place near the TMAZ where
a significant decrease in hardness is detected.

Figure 4 shows that a small welding speed value (40 mm/min, 1000 rpm) gives a small
value of the microhardness equal to 33 HV in TMAZ region on both advancing side (AS) and
retreating (RS). This 38 % degradation in hardness is mostly characterized in the TMAZ.This is
attributed to a combination of high stresses and large strains resulting in the deformation of the
grain structure, where re-crystallization did not take place, caused a coarse grain structure [18].
Thus, the roughly homogeneous hardness profiles could have an intimate relationship with the
good thermal stability during FSW (Fig. 7). Finally, higher hardness values are attained at the
welding speed of 200 mm/min as result of formation of a very fine grain structure. This result
is not surprising because a small welding speed generates a high temperature in the seal,
which creates a hot welding [21]. Therefore, it is clear that the failure of tensile specimens is
often located in the TMAZ region or in a region between TMAZ and HAZ. On the other
hand, the hardness values were reduced to a high welding speed because the temperature in
the tool is reduced, thus leading to cold welding.
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Fig. 4. Variation of the hardness for the rotational speed 1000 rpm

Tensile strength. The material was welded according to the above-mentioned
specifications of different welding conditions. Tensile strength of the FSW joints was
evaluated by conducting tests in a INSTRON 8516 universal testing machine. For each
welded plate, specimens were prepared and tested. The fracture has occurred mostly in the
HAZ on the retreating side of the weldment.

At low spindle speeds, frictional heat generation is less, which results in the poor plastic
flow of material. Therefore, lower tensile strength was observed. At higher spindle speeds,
frictional heat generation is high which enhances the plastic flow of material thus loses the
tool material contact. So the poor stirring was obtained. At the highest welding speed of 200
mm/min and lowest welding speed of 80 mm/min, lower tensile strengths were observed.
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Figure 5 shows the effects of welding parameters on the mechanical strength of welded
joints, which are compared to the yield stress value of the base metal (155 MPa).We define
the coefficient of joint efficiency as the ratio between the mechanical assembly and the
mechanical properties of the base metal (Table 5). Where Ys is the welded joint tensile elastic

limit.

Ys Base metal = 155 [MPa]
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Fig. 5. Variation of the yield strength YS versus rotation speed and welding speed

Table 5. Tensile test results for welded specimens

N°of ®, rpm V,mm/min | YS,MPa | UTS,Mpa | iliciencyof | Fracture
Sample joints, % location
1 710 40 90 139.92 59.29 TMAZ
2 710 80 100 151.63 64.25 TMAZ
3 710 100 90 136.40 57.80 TMAZ
4 710 200 45 71.98 30.50 TMAZ
5 710 400 30 47.64 20.19 Nugget
6 1000 40 35 56.16 23.80 Nugget
7 1000 80 70 115.28 48.85 TMAZ
8 1000 100 110 173.55 73.54 TMAZ
9 1000 200 123 187.26 79.35 TMAZ
10 1000 400 60 95.29 40.38 TMAZ
11 1400 40 33 54.35 23.03 Nugget
12 1400 80 60 85.85 36.38 TMAZ
13 1400 100 105 155.28 65.80 TMAZ
14 1400 200 75 11691 49.54 TMAZ
15 1400 400 55 83.28 35.29 TMAZ
16 2000 40 20 30.44 12.90 Nugget
17 2000 80 115 181.17 76.77 TMAZ
18 2000 100 123 189.95 80.49 TMAZ
19 2000 200 33 46.94 19.89 Nugget
20 2000 400 28 39.27 16.64 Nugget
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This coefficient allows to estimate the reduction in strength due to the welding
operation. For aluminum alloys, the coefficient for weld joint by FSW is of the order of
0.6 to 1 [22].

It was found thatultimate tensile strengths(UTS) of the joints were nearly equal a 50 %
to those of the BM with the joint efficiency being 20—-80%, and they were insensitive to
changes in the welding parameter. However, the fracture behavior of the joints varied with the
welding parameter. After the tensile test, FSWed specimens had fracture near TMAZ/HAZ at
the retreating side. By applying the rolling process, it did not change the location of the
fracture [23].The fracture at the HAZ indicated that it was the weakest point of the welding
area. This is because the grains in the HAZ experienced an annealing-like process by heat
transfer from the NZ during welding. Hence, the grain size increased, whereas the mechanical
properties and hardness decreased [24].

100

] I -0 [mm/min]
| 79,35 80,49 I 50 [mnvmin]
807 [ 100 [mm/min]
1 I 200 [mnv/min]
[ 400 [mm/min]

coefficient of joint [%]

710 1000 1400 2000

Rotation speed [rpm]
Fig. 6. Variation coefficient of joint versus welding speed for the rotational speed

The Figure 6 shows the variation of the coefficient of the joint for all welding
parameters, such as rotational speed and the welding speed. From this figure, we see that the
optimal values are obtained in the following ranges:

[710 rpm, 80 mm/min],

[1000 rpm, 100 mm/min], [1000 rpm, 200 mm/min],

[1400 rpm, 100 mm/min],

[710 rpm, 80 mm/min],

[1000 rpm, 100 mm/min], [1000 rpm, 200 mm/min],

[1400 rpm, 100 mm/min],

From these results, one can draw the optimum values for the rotational speed and the
welding speeds. The results correspond to the welding speed 100 mm/min gives optimal
results that there is a stability.

Macroscopic fracture surface. Fig. 7 shows the fracture surfaces for all configurations
of FSW tested in this investigation.The dimple shape on the surface highlights the ductile
behaviour of the samples[25]. It is noted that the most homogeneous facies located for the
conditions for speed 1000 and 1400 rpm and the welding speed 40 to 200 mm/min. But the

ANl
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choice of low welding speed leads to an increase in the welding time, therefore ideal for the
industry to take welding speed between 100 and 200 mm/min. Therefore, FSW is considered
an effective method, and it gives long life welds due to the modification of microstructure
which leads to the improvement of mechanical properties [26]. In addition, the heat input
reduction leading to reduction in the thickness of TMAZ and HAZ which and reduction in
recrystallized grain size, in turn, increases the tensile strength of the joint [27].

The facies of rupture for the speed 2000 rpm present the following observations:

High heat generation and strong mixing in the shoulder;

The material is led under the shoulder at the root;

Appearance of two cores;

Appearance of a defect of the type “wormhole”.

The fracture of the facies for high welding speed 400 mm/min: the minimum boundary
layer for steady motion of the material is not reached, lack of material at the root [20].

el

Rotation
rate
[1pm ]

2000 —

1400 H

1000 —

Welding
speed
[mum/min]

710 <

Fig. 7. Fracture surface of the alloy FSW 5083 H111

Conclusions

In this experiment, it is observed that the process parameters like tool design, tool rotational
speed, and welding speed are the main parameters to produce the butt joint by friction stir
welding. It can be concluded that by varying the process parameters within the range:

1. The hardness distribution and mechanical tensile properties of plates welded by FSW with
different rotational speeds and welding speeds were investigated to study the effect of
welding parameters on mechanical properties and fracture behavior of FSW for aluminum
alloy 5083H111;

2. Ultimate tensile strengths (UTS) of the joints were nearly equal a 50% to those of the
BM,with the joint efficiency being 20-80 %;

3. Tensile strength increases with increase of tool rotational speed;

4. Tensile strength of base material is 155 MPa; it means the joint efficiency is 76 to 80 %;

5. The microstructure of the weld zone be dominated by recrystallization caused by the
thermal excursion of the unstable base material, resulting in a wide zone of equiaxed grains
around the weld line. Increasing the traverse narrows this weld zone.
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Abstract. Porous glass-ceramic materials are widely used in the construction, reconstruction
and repair of objects for various purposes. The article establishes the influence of Mg(OH)2 and
together with Al>O3 in the composition of a charge of siliceous rocks and soda ash on the
structure and properties of porous glass-ceramic materials. A joint mechanochemical activation
of the components was carried out in a planetary ball mill, and then the resulting charge was
fired at a maximum temperature of 825 °C. The influence of the type and quantity of additives
on the structure and properties of porous glass ceramics was established by thermal
analysis (TA), X-ray phase analysis (XRD), etc. From the charge with the addition of Mg(OH):
in glass ceramics, instead of wollastonite, diopside is formed, and instead of devitrite, combeite
is formed. The influence of the phase composition of the samples on their properties has been
established. The developed porous glass ceramics has an apparent density of 135-235 kg/m?,
bending and compressive strength up to 1.6 and 4.2 MPa, respectively, a thermal conductivity
coefficient of 0.05-0.067 W/m-°C, thermal resistance of 170 °C, maximum operating
temperature up to 870 °C, high chemical resistance. The developed materials are superior in
many respects to foam glass and other analogues and can be used in the insulation of industrial
and civil facilities.

Keywords: glass ceramic; construction material; thermal insulation; siliceous rocks; Mg(OH)»;
compressive strength; thermal conductivity
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Introduction

Foam glass and porous glass-ceramic materials have a range of unique properties. They are
light, durable, do not burn, have good thermal and acoustic insulating properties, high chemical
resistance, etc. [1,2]. They are used in the construction, reconstruction and repair of walls of
buildings and structures [3]. They insulate the structures of the floor, roof, and facades [2].
These materials have proved efficient in finishing works [4]. Porous glass ceramics are widely
used in industry as refractory thermal insulation materials [5], anticorrosive materials [6],
acoustic insulation of industrial equipment [7], etc.

Glass-ceramic materials made of solid waste are often used in construction of buildings
and structures [7,8]. Numerous studies were aimed at developing compositions and
technologies for obtaining porous glass ceramics from different types of industrial waste:
ferrous and non-ferrous slags [4,9,10], red mud [11], fly ash [1,2,12,13], etc. A separate group
of building materials includes glass ceramics from siliceous rocks (diatomite, tripoli,
© A.L Rodin, A.A. Ermakov, 1.V. Erofeeva, V.T. Erofeev, 2023.
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opoka) [14—17]. Depending on the raw materials used, porous glass-ceramic materials are
obtained using different technologies: by foaming colloidal suspension [18], powder
method [1,2], etc. Foaming components are added to the charge to form the porous structure of
the resulting glass-ceramic material with such production methods: carbonates [1,2,19], carbon
with various additives [3,20], etc. Glass ceramics for construction is obtained from siliceous
rocks mainly by the method of alkali activation of components followed by annealing [14,15].
This production method does not require foaming components. This technology yielded good
results in the production of granular material. In our early works, we described the specifics of
obtaining block-shaped porous glass ceramics from zeolite-containing tripoli [21-23].
Combined mechanochemical activation of dry components (tripoli and soda ash) was carried
out at the first stage, and then the resulting charge was annealed at a temperature of no more
than 850 °C. The charge foams and crystallizes during annealing. The obtained block-shaped
materials have a homogeneous fine structure, low density, relatively high strength, high
chemical resistance, elevated service temperature, etc.

The chemical and mineralogical composition of raw materials as well as the production
technology have a direct impact on the composition, structure and properties of the resulting
glass-ceramic material [15,19]. The chemical and mineralogical composition of the charge
components affects the structure and phase composition of glass ceramics, which in turn affect
the properties of the finished product. Several studies discovered found that the density of glass
ceramics from industrial waste is significantly influenced by the amount of CaO in the
composition of the material. The density of the material increases with an increase in CaO
fraction [24,25]. The strength properties of glass ceramics improve with an increase in of Al,O3
content in the charge composition [26]. A similar effect was also established for an increase of
Fe>O3 in the composition of the material [27]. The maximum service temperature of glass
ceramics sharply decreases with an increased content of NaxO, Fe2O3 and CaO in the charge
[28,29]. The reverse effect was established with an increase in Al2O3 content in the charge
composition [29,30].

We established the influence of chemical and mineralogical composition of charge
prepared from siliceous rocks and soda ash on the structure and properties of porous glass-
ceramic materials in our earlier studies. A homogeneous fine structure of glass-ceramic
materials from siliceous rocks with a high calcite content in the composition was obtained by
introducing a small amount of chlorides into the charge [21]. The phase composition of glass
ceramics has practically not changed. A large amount of mineral nepheline is produced when
porous glass ceramics are prepared from siliceous rocks with a high aluminum oxide content in
the charge, increasing the resistance of the material to sudden temperature variations and its
maximum service temperature from 850 to 930 °C, but decreasing the chemical resistance of
the samples [22]. No results are available in the literature for the combined effect from
introducing Mg(OH), and it Al>O 3 into charge composition on the structure and properties of
porous glass ceramics from siliceous rocks and soda ash.

The goal of the study was to establish the combined effect of magnesium hydroxide and
aluminum oxide in the composition of a mechanochemically activated charge from siliceous
rocks and soda ash on the structure and properties of porous glass-ceramic materials.

Objectives:

— to determine the combined effect of Mg(OH)> and Al,O3 on the phase transformations in the
charge under heating and the phase composition of annealed porous glass ceramics by thermal
analysis (TA) and X-ray diffraction phase analysis (XRD);

— to establish the effect of additives in the charge composition on the macrostructure of porous
glass ceramics;
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— to determine the effect of phase composition and macrostructure of porous glass ceramic
samples on their physico-mechanical and thermophysical properties, as well as chemical
resistance.

Methods

Materials. The following components were used for experimental studies: siliceous rocks

(zeolite-containing tripoli and diatomite), soda ash, magnesium hydroxide, aluminum oxide and

potassium chloride. Characteristics of the components:

— Zeolite-containing tripoli from Engalychevskoye deposit (Russia, Republic of Mordovia)

with the following chemical composition: 62.35 % SiO2, 11.27 % Ca0O, 6.67 % Al>Os,

2.05 % Fex03, 1.38 % K20, 0.94 % MgO, 0.30 % TiO2, 0.10 % NaO, 0.18 % P>0s,

0.03 % SO3, 0.06 % SrO, 14.67 % PPP. Mineralogical composition of the rock:

19.2 % cristobalite; 19.6 % heulandite; 8.5 % quartz; 21.3 % calcite; 9.9 % muscovite;

20.0 % amorphous phase. The rock was dried to a moisture content of less than < 2 % and

crushed to a fraction of <5 mm.

— Diatomite from Atemarskoye deposit (Russia, Republic of Mordovia) with the following

chemical composition: 81.56 % SiO», 1.51 % CaO, 5.35 % Al>03, 2.05 % Fe>0s3, 0.97 % K0,

0.89 % MgO, 0.25 % Ti0O2, 0.20 % NaxO, 1.76 % SOs, 1.46 % PPP. Mineralogical composition

of the rock: 109 % quartz, 8.1 % muscovite, 80.0 % amorphous phase.

The diatomite was dried to a moisture content of <2 % and crushed to a fraction of <5 mm.

— Soda ash (Na;COs) with the main ingredient concentration of more than 99 %.

— Magnesium hydroxide (Mg(OH)2) with the main ingredient concentration of more than 97 %.

— Aluminum oxide (Al,Os3) with the main ingredient concentration of more than 97 %.

— Potassium chloride (KCl) with the main ingredient concentration of more than 97 %.
Sample compositions and preparation procedure At the first stage, dosing and

combined mechanochemical activation of components (siliceous rocks, soda ash, magnesium

hydroxide, aluminum oxide and potassium chloride) were carried out in a Retsch PM 400

planetary ball mill. Activation mode: overload inside mill cups was 20 g, duration 30 min. The

required number of components for each charge composition is taken in accordance with

Table 1.

Table 1. Charge compositions

Composition Charge composition, %
Zeolite-containing tripoli Diatomite Na,COs3 Mg(OH) AlLOs | KCl
Cl 76.5 5.0 - —
C2 75.0 5.0 1.5 —
C3 73.5 5.0 3.0 —
C4 71.5 10.0 — —
C5 70.0 10.0 1.5 —
C6 68.5 10.0 3.0 —
C7 66.5 15.0 182 - — 0.3
C8 65.0 15.0 1.5 —
C9 63.5 15.0 3.0 —
C10 62.5 15.0 3.0 1.0
Cl11 61.5 15.0 3.0 2.0
C12 60.5 15.0 3.0 3.0

After mechanochemical activation, the charge was annealed in rectangular metal molds
with face sizes of 120 % 120 x 260 mm under the following conditions: heating to a temperature
of 640 °C at a rate of 6 °C/min, exposure at a temperature of 640 °C for 1 hour, heating to a
temperature of 825 °C at a rate of 6 °C/min, exposure at a temperature of 825 °C for 30 min.
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The molds with the resulting material were cooled together with the furnace to room
temperature. Then they were removed from the furnace and disassembled, and the foamed
material was cut into samples of the required sizes and tested.

Analytical methods. The effect of Mg(OH), and Al,O3 on phase transformations in the
charge under heating and the phase composition of the annealed porous glass ceramics were
established by thermal analysis methods (differential thermal analysis (DTA) and
thermogravimetric analysis (TGA)) and X-ray diffraction analysis (XRD):

— DTA and TGA of charge samples were carried out with the TGA/DSC1 system
(Switzerland). The charge in the amount of 20 + 0.1 mg was poured into an alundum crucible
(150 pl volume) and compacted by tapping the crucible against a table. The sample was placed
in the device and heated from 30 to 850 °C at a speed of 10 °C/min. The device recorded
changes in the mass and temperature of the sample. The experimental data obtained were
processed using the STARe software (Mettler-Toledo, Switzerland).

— XRD of porous glass ceramic samples was carried out on an Empyrean PANalytical
diffractometer (Netherlands) using a PIXcel*P semiconductor detector. Samples of porous glass
ceramics were crushed to a fraction of less than 90 um. XRD patterns were recorded in linear
scanning mode with CuK, radiation in the angle range 2@ = 10 — 45°. The recording rate was
0.0131 °/min, the integration time 150 s. The qualitative phase composition of the samples was
determined by the Hanawalt method using an open database on crystallography.

The effect of additives in the charge composition on the macrostructure of porous glass
ceramics was established by scanning the surface of the samples at a resolution of 600x600 dpi.

The influence of the phase composition and macrostructure of porous glass ceramic
samples on the physical properties (density and porosity), mechanical properties (density under
bending and compression), thermophysical properties (thermal conductivity, thermal
resistance, maximum service temperature), as well as chemical resistance in water and aqueous
solutions of acids and alkalis were established by the following methods:

— The true density of porous glass ceramics (po, g/cm’) was determined using a
pycnometer on samples crushed to a fraction of <90 um. During the experiment, 2 samples of
each composition were tested. The arithmetic mean of the test results of the samples was taken
as the final result for each composition.

— The open, closed and total porosity of glass ceramics was determined for cubic samples
with the face size of 50 + 5 mm. The testing procedure is described in detail in [22].

— The bending strength of the materials was determined for dry samples shaped as a
rectangular prism with the face dimensions of 120 x 30 x 30 mm. The samples were placed
horizontally on two cylindrical supports (the diameter of the supports was 6 = 0.1 mm) located
100 £ 1 mm from each other. A rod (6 £ 0.1 mm in diameter) through which force was applied
to the sample was placed over the entire width of the sample at an equal distance from the
supports. The force application rate was the same for all samples. The force at which failure
occurred in the sample was controlled as a result of the experiment. The bending strength was
determined by the standard formula. The arithmetic mean of the test results for three samples
of each composition was taken as the final result.

— The compressive strength of porous glass ceramics was determined for cubic samples
with a face size of 90 £ 5 mm. The samples were pre-dried and then subjected to a press test.
The maximum value of the force at which cracks appeared in the sample or the height of the
sample decreased by 10 % from the initial value was recorded in the experiments. The
arithmetic mean of the test results for five samples of each composition was taken as the final
result.

— The thermal conductivity of the samples was determined using an MIT-1 portable
thermal conductivity meter (Russia) by the probe method. A hole with a diameter of 6 mm and
a depth of 50 to 60 mm was drilled in the center of the face in dry cubic samples
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(90 x 90 x 90 mm). Before the test, the prepared samples and the measuring device were kept
in the laboratory at a temperature of 24 + 1 °C for 2 days. During the test, the probe of the
device was immersed in the hole and readings were taken. The arithmetic mean of the test
results for five samples of each composition was taken as the final result.

— The thermal stability of the materials was determined for cubic samples with a face
length of 50 = 5 mm. Cracking in the samples was monitored under abrupt cooling. At the
beginning of the experiment, the samples were dried, and then placed for 2 hours in a thermostat
with a temperature of 110 °C. After holding at a given temperature, the samples were removed
from the thermostat in less than 10 seconds and immersed in a container with water (the water
temperature was 20 = 2 °C). The samples were kept in water for 65 + 5 s. Cracked samples
were removed from the test, and the experiment was repeated with the remaining ones the
temperature of the thermostat increased by 10 °C. The experiment was repeated until cracks
appeared in all samples. The thermal stability of each sample was calculated by the formula
AT =Ty - T, — 10, (1)
where Ty, °C, is the temperature of the thermostat at which the sample was kept; T, °C, is the
temperature of the coolant in the container; 10 °C is the difference in the thermostat
temperatures between the subsequent and the previous test.

The thermal resistance tests adopted the arithmetic mean for four samples of each
composition as the final result.

— The maximum service temperature of porous glass ceramics was determined for
samples shaped as rectangular prisms with face sizes of 90 x 40 x 40 mm. The variation in
sample sizes after heating was monitored. At the beginning of the experiment, the height and
width of the samples were measured with an accuracy of 0.01 mm, and then they were mounted
vertically in a muffle furnace. The samples in the furnace were heated under the following
conditions: heating to a temperature 50 °C less than the set temperature at a rate of 10 °C/min,
heating to a set temperature at a rate of 2 °C/min, exposure at a set temperature for 2 hours. The
heating rate set was increased by 10 °C and the experiment was repeated if the sample sizes
changed by < 1 % after the test. The arithmetic mean of the test results for three samples of
each composition was taken as the final result.

— Chemical resistance of materials was determined for samples crushed to a fraction of
0.315 — 0.630 mm. The change in the mass of the samples after boiling in distilled water, an
aqueous solution of acid and alkali was monitored. At the beginning of the experiment, the
samples were dried, and then 5 + 0.0005 g of the sample was poured into a flask. 100 + 0.5 cm®
of reagent (distilled water, 6N HCl aqueous solution, 1N Na 2CO3 aqueous solution + IN NaOH
aqueous solution) were poured into the flask, which was then connected to a reflux condenser
and the reagent was boiled. After 3 hours of boiling, aggressive fluid was poured out of the
flask, and the sample was washed with distilled water at least 5 times. Distilled water was
filtered through a paper ashless filter. The filter, together with the sample remaining on it, was
placed in a ceramic crucible and calcinated in a muffle furnace at a temperature of 80010 °C
for 1 hour. After the sample was dried in a desiccator with CaClz to room temperature, it was
weighed and the mass variation was determined. The arithmetic mean of the test results for two
samples of each composition was taken as the final result.

Results and Discussion

Phase transformations in the charge and the phase composition of porous glass ceramics.
The combined effect of Mg(OH)2 and Al2O3 on phase transformations in the charge under
heating was established by methods of differential thermal analysis (DTA) and
thermogravimetric analysis (TGA). The results of the study are presented in Fig. 1.
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Fig. 1. DTA (a) and TGA (b) curves of charge samples

The data obtained (Fig. 1) can be used to assess the processes occurring in the charge
from siliceous rock and soda ash with additives under heating. The endothermic effect in DTA
(Fig. 1(a)) and the significant mass loss in TGA (Fig. 1(b)) observed in the curves of all tested
samples at temperatures from 100 to 160 °C are likely associated with dehydration of
hydrosilicates or sodium bicarbonates formed during grinding of the charge. The release of
water from hydrosilicates in this temperature range was also observed by other authors [31].
The following endothermic effect and mass loss of samples C3, C9, C12 in the temperature
range from 350 to 380 °C are associated with dehydration of Mg(OH).. A smooth endothermic
effect in a large temperature range from 300 to 670 °C, accompanied by a significant loss of
mass in all samples, is associated with decarbonization of minerals in the charge (calcite,
natrite), as well as with the dehydration of minerals of the zeolite group (heulandite) and mica
(muscovite). Formation of sodium silicates occurs in this temperature range [15,31]. According
to the literature, surface hydroxyl groups are blocked in the micropores simultaneously with the
formation of sodium silicates; as the charge is further softened, the micropores produce water
vapor and foam it [15,31]. The softening of the charge, accompanied by an endothermic effect
in the DTA curves of all tested samples, begins at a temperature of = 680 °C. The reaction
proceeds without changing the mass of the samples and ends with an exothermic crystallization
effect. The temperature at which crystallization starts in all samples is =710 °C. The
crystallization intensity decreases when the samples are heated above 780 °C.

It was established through thermal analysis of the charge samples that introducing up to
3 % Mg(OH)> combined with up to 3 % Al>Os3 into its composition does not significantly affect
the phase transformations in the charge under heating. Figure 2 shows XRD patterns of glass
ceramic samples whose compositions are given in Table 1.

Analyzing the XRD patterns of the samples (Fig. 2), we determined the combined effect
of Mg(OH)> and AlO3 on the qualitative phase composition of glass ceramics. All tested
samples consist of an amorphous and crystalline phase. The presence of an amorphous phase
in the samples is evidenced by a non-monotonic change in the background (halo) in all XRD
patterns in the angle range from 17 to 37° (20). The type and amount of additives in the charge
composition had no apparent effect on the variation of the amorphous halo. The crystalline
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phase in the samples obtained from the charge without Mg(OH), and Al>O3 additives (C1, C7)
consists of quartz [SiO2, Code: 96-900-9667], wollastonite [CaSiO3, Code: 96-900-5779],
devitrite [Na2CasSisO1s, [32]] and anorthoclase [(Nao.s5Ko.15)(AlS130g), Code: 96-900-0860]. If
up to 3 % Mg(OH): is added to the charge, wollastonite in the glass ceramics composition is
replaced by diopside [Mgo.56Ca0.445103, Code: 96-900-4210], and devitrite is replaced by
combeite [NaCazSi309, Code: 96-900-7718] (XRD patterns C2, C3, C8, C9 in Fig. 2). If
diatomite content in the charge is increased from 5 to 15 %, practically no replacement of
devitrite with combeite is observed. The effect can be explained by the introduction of
chemically active SiO: in the amount necessary for crystallization of devitrite into the charge
composition with diatomite. Conversely, the absence of this component in the charge
composition leads to crystallization of combeite in glass ceramics containing two times less
Si0;. If up to 3 % Mg(OH)> combined with Al,Os is added to the charge composition (C12),
the anorthoclase content in the glass ceramics composition increases slightly. As we established
in earlier studies [22], if Al2Os3 is added to the charge, this leads to an increase of anorthoclase
content in the composition of glass ceramics from siliceous rocks.

Intensity (cps)

10 15 20 25 30 35 40 45
2Theta (°)
O- Quartz (Code: 96-900-9667); m — Anorthoclase (Code: 96-900-0860); ® — Wollastonite (Code: 96-]
900-5779); o— Diopside (Code: 96-900-4210); 4 — Devitrite ([32]); 0 — Combeite (Code: 96-900-7718)|

Fig. 2. XRD patterns of glass ceramic samples

Macrostructure of porous glass ceramics. The surface of the porous glass ceramic
samples was scanned to illustrate the combined effect of Mg(OH)2 and AlO3 in the charge
composition on the macrostructure. Figure 3 shows sample surface scans for all 12
compositions tested in the study.

According to Fig. 3, samples of porous glass ceramics obtained from the charge without
Mg(OH); additives have a homogeneous fine macrostructure (C1, C4, C7). The diameter of the
cells decreases on average from 1.5 to 0.5 mm if 5 to 15 % diatomite is introduced into the
charge. If up to 3 % Mg(OH): is introduced into the composition of the charge from siliceous
rock, this leads to an increase in the pore diameter to 10 mm. Samples C3 and C6 have the most
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heterogeneous macrostructure. Analyzing the XRD data of the samples (Fig. 2), we can trace
the direct dependence of the increase in the surface macrostructure heterogeneity with an
increase in combeite mineral content in the composition. Simultaneously increasing Mg(OH)>
to 3 % and diatomite to 15 % (C9) in the charge composition allowed to once again obtain a
homogeneous macrostructure of glass ceramic samples with a pore diameter of no more than 2
mm. According to XRD analysis (Fig. 2), the combeite mineral content in the C9 sample is
insignificant. Introducing Mg(OH)> combined with Al>O3 into the charge composition had no
apparent effect on the surface macrostructure of samples from porous glass ceramics.
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Fig. 3. Surface scan of porous glass ceramic samples
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The surface color of samples from porous glass ceramics changed with an increase in
Mg(OH); in the charge composition to 3 %. The surface of the samples became more beige
instead of light gray (without the Mg(OH). additive). The effect can be associated with an
increase in the diopside content in the samples (Fig. 2), as it can have different shades.
According to the data given in the literature [4], the color of glass ceramics can also be
influenced by the structure of the pores.

Physicomechanical properties of porous glass ceramics samples. Figure 4 shows the
dependences of apparent density and porosity of glass ceramics samples on the type and content
of additives (Mg(OH)2, Mg(OH)> combined with Al,Os, diatomite) to the charge.
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Fig. 4. Apparent density (a) and porosity (b) of samples

The results (Fig. 4(a)) indicate that the apparent density of porous glass ceramics samples
decreases almost linearly if Mg(OH): content in the charge composition is increased to 3 %.
The effect is repeated with an increase in diatomite content in the charge from 5 to 15%. If
Mg(OH): 1s added to the charge composition together with Al>O3, the apparent density of glass
ceramic samples is further decreased. The highest value of apparent density is reached in
samples of composition C7 (= 235 kg/m?). The lowest values of apparent density are reached
in samples of compositions C3 and C6 (= 140 kg/m?). However, the samples of these
compositions exhibit heterogeneous porosity (Fig. 3). As noted above, this disadvantage can be
corrected by introducing amorphous silica into the charge.

According to Fig. 4(b), the total porosity of the tested samples of glass-ceramic materials
is in the range from 90.6 to 94.9%. There is an increase in the total porosity of the samples with
an increase in the composition of the charge to 3 % Mg(OH).. An increase in Mg(OH): in the
composition of the charge also contributes to an increase in the number of closed pores in the
material. This effect is clearly visible with combined addition of 15 % diatomite to the charge.
The number of open pores in the material decreases from = 70 to 40 % (C9). This effect is likely
associated with a more homogeneous phase composition of the samples, consisting of the
dominant mineral diopside and a small amount of quartz, wollastonite, devitrite and combeite
minerals.

Introducing up to 2 % Mg(OH), combined with Al,O3 to the charge composition further
reduces open porosity. A further increase in Al2O3 increases the number of open pores in the
material. An increase in open porosity in glass-ceramic samples from siliceous rocks with added
AlO3 was observed in [22]. Figure 5 shows the strength characteristics of porous glass ceramic
samples from siliceous rocks.
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Fig. 5. Bending strength (a) and compressive strength (b) of samples

The analysis carried out (Fig. 5) indicates that bending and compressive strength of
samples of porous glass-ceramic materials is linearly related to their apparent density. The
apparent density of the samples and, consequently, their strength characteristics decreased as
Mg(OH): content in the charge composition was increased to 3 %. The highest value of bending
strength (= 1.6 MPa) and compression strength (= 4.2 MPa) was observed for samples with an
apparent density of = 235 kg/m? (C7), the lowest strengths (= 0.25 MPa and =~ 0.5 MPa
respectively) were observed for samples with a density of 135 kg/m® (C3, C6). It was not
possible to establish the influence of the phase composition of porous glass ceramics on their
strength characteristics. Introducing up to 3 % Mg(OH): into the composition of the charge
from siliceous rocks and soda ash allowed to obtain porous glass ceramic samples whose
strength characteristics were superior to foam glass and glass ceramics from industrial waste
with the same apparent density [1,2,8,13,28,33].

Thermophysical properties of porous glass ceramic samples. Figure 6 shows the
thermal conductivities determined for porous glass ceramic samples. The relationship of
thermal conductivity with the apparent density of the samples is shown.
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Fig. 6. Thermal conductivity of samples
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The results in Fig. 6 point to a linear relationship between the thermal conductivity of
porous glass ceramic samples and their apparent density. As the apparent density of glass
ceramics is increased from 120 to 240 kg/m?, the thermal conductivity of the samples increases
by the following formula:

A=1/6000"-p + 0,028, (2)
where: 1 is the thermal conductivity, W/m °C, p is the apparent density of dry material, kg/m?>.
The approximation accuracy coefficient (R?) is equal to 0.973.

It was established in the experiments that the lowest thermal conductivity (0.05 W/m-°C)
is observed in dry porous glass ceramic samples of compositions C3 and C6. The apparent
density of the samples is = 135 W/m?>. The highest thermal conductivity (0.067 W/m-°C) is
observed in samples of composition C7 (apparent density = 235 kg/m?). We detected no
influence of the phase composition of porous glass ceramic samples on their thermal
conductivity. The results obtained are in agreement with the data obtained in [34-36].
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Fig. 7. Final dimensions of samples after exposure for 2 hours at a given temperature
(samples from siliceous rock with added diatomite:
5 % (a); 10 % (b); 15 % (c); with added Al>O3 (d); C1-C12 are the composition numbers)

According to the data from [22], porous glass ceramics can be used for thermal insulation
of industrial equipment. One of the main criteria for using a material as refractory thermal
insulation is its maximum service temperature. This criterion is determined by the final size of
the sample after exposure at a given temperature for 2 hours. Figure 7 illustrates the effect of
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the type and quantity of additives (Mg(OH)2, Mg(OH)2 combined with Al>O3, diatomite) to the
charge composition on the maximum service temperature of glass ceramic materials from
siliceous rocks.

It was established in the experiments (Fig. 7) that the phase composition of porous glass
ceramic samples has a significant effect on their maximum service temperature. The increased
content of mineral combeite in the samples (Fig. 2, C2 and C3) reduces this indicator to 840 °C.
If combeite and devitrite contents in the composition were decreased with a simultaneous
increase in anorthoclase content, the maximum service temperature of the material increased to
870 °C (C12). This result was achieved by introducing 15 % diatomite, 3 % (Mg(OH)> and
3 % Al,Os into the charge from siliceous rock and soda ash. Other studies [22,29,30] also
confirmed that adding Al,O3 to glass ceramic materials has a positive effect on their resistance
to prolonged exposure to high temperatures.

In terms of the maximum service temperature, the developed porous glass-ceramic
materials from siliceous rocks (modified with Mg(OH),, Al>O3 and diatomite) are superior to
foam glass and porous glass-ceramics from siliceous rocks obtained by alkaline charge
activation [14—17,37]. They can be used as thermal insulation of melting furnaces, boiler
equipment, etc.

An equally important requirement for refractory thermal insulation materials is their
thermal resistance, which characterizes the ability of the material to withstand abrupt
temperature changes [30]. According to experimental data, the thermal stability of the
developed samples of porous glass ceramic materials virtually does not depend on the
composition (Table 1) and is equal to 170 °C. This indicator is comparable with the test results
for foam glass and porous glass ceramics from industrial waste [30], which once again confirms
that is possible to use porous glass ceramics as thermal insulation in industrial equipment.

Chemical resistance of porous glass ceramic samples. The effect of the phase
composition of porous glass ceramic samples on their chemical resistance is shown in Fig. 8.
The criterion for assessing the chemical resistance of the material was the mass loss of crushed
samples (fraction of 0.315-0.630 mm) after boiling for 3 hours in various chemical media.
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Fig. 8. Residual mass of samples after boiling in chemical media for 3 hours

According to the data obtained (Fig. 8), the developed glass-ceramic materials have high
chemical resistance in water. This indicator increases with an increase in the composition of the
mineral diopside samples (C3, C6, C9—C12). After boiling for 3 hours, glass ceramic samples
with the maximum diopside content in the composition lost approximately 0.5 wt. %. The
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results obtained make it possible to recommend the developed materials for applications in wet
conditions.

We detected the influence of the phase composition of glass ceramic samples on their
chemical resistance in an aqueous solution of HCI (6N). The residual mass of the samples after
boiling in hydrochloric acid for 3 hours increased linearly from =93 % (C1, C4, C7)
to =97.5 % (C3, C6, C9) with an increase in mineral diopside content and a consequent
decrease in wollastonite in the composition of glass ceramic samples. The results obtained
indicate a high chemical resistance of glass ceramics with predominant mineral diopside
content. The literature also describes the insolubility of mineral diopside in acids, as well as
self-gelation of wollastonite in hydrochloric acid [38].

We could detect no influence of the phase composition of glass ceramics from siliceous
rocks on their resistance to alkaline solutions (Na;COs3(1N) + NaOH(1N)). After the samples
were boiled in alkaline solution for 3 hours, their mass decreased by 7.5 — 8.5 %.

Based on our findings, we can argue that porous glass ceramics from siliceous rocks with
added Mg(OH)2, Al,O3 and diatomite have high chemical resistance. The results obtained are
higher than those for many equivalents [38,39]. As a result, the developed materials can be used
as insulation of pipelines, industrial installations, etc.

Conclusions
Porous glass-ceramic materials were obtained from a charge consisting of siliceous rocks, soda
ash and additives. Mg(OH)2, Al,O; and diatomite were used as additives. Combined
mechanochemical activation of the components was carried out in a planetary ball mill; next,
the resulting charge was annealed at a maximum temperature of 825 °C. Thermal analysis and
XRD analysis were used to establish the influence of the type and quantity of additives on the
structure and properties of porous glass ceramic samples.

Main conclusions:
— Adding up to 3 % Mg(OH)2 combined with up to 3 % Al2O3 to the composition of the charge
from siliceous rock and soda ash does not significantly affect the phase transformations in the
charge under heating. The annealed samples of porous glass ceramics consist of an amorphous
and crystalline phase. The crystalline phase of the samples obtained from the charge without
Mg(OH), and Al>O3 additives consists of quartz, wollastonite, devitrite and anorthoclase. If
Mg(OH): is added to the charge, wollastonite in the composition is replaced by diopside and
devitrite is replaced by combeite.
— To obtain a uniform fine structure of glass-ceramic materials from siliceous rock and soda
ash with added Mg(OH)2, it is necessary to minimize the mineral combeite content in the
composition of annealed glass ceramics. This problem was solved by introducing diatomite into
the charge. If diatomite content in the charge is increased from 5 to 15 %, practically no
replacement of devitrite with combeite is observed. Consequently, glass ceramic samples have
a homogeneous fine macrostructure with a pore diameter of no more than 2 mm.
— We established the influence of the phase composition of porous glass ceramic samples on
their properties. If mineral diopside content in the composition was increased, the open porosity
of the samples decreased, while their chemical resistance in water and aqueous hydrochloric
acid solution increased. The maximum service temperature of the developed glass-ceramic
materials is significantly influenced by the mineral combeite content in their composition. With
its increase, the maximum service temperature of the samples decreased.
— The developed porous glass ceramics has an apparent density of 135-235 kg/m?, bending and
compressive strength up to 1.6 and 4.2 MPa, respectively, thermal conductivity of
0.050 — 0.067 W/m-°C, thermal resistance of 170 °C, maximum service temperature up to
870 °C, high chemical resistance.
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— The developed materials are superior in many respects to foam glass and other counterparts
and can be used as insulation in industrial and civil facilities.
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Abstract. The influence of technological parameters during the local Zn diffusion from the
metalorganic source DEZn in the MOCVD reactor on the surface morphology of the InGaAs
and InP layers was investigated. For a long-term process (more than 120 minutes) of local Zn
diffusion into InP through the InGaAs surface layer, erosion of InGaAs surface was observed
regardless of the material of the dielectric mask (SiO2, SiNx), the method of deposition of the
dielectric mask (plasma chemical deposition or chemical vapor deposition) and method of
etching of the dielectric mask (plasma chemical etching or liquid chemical etching). The effect
of lateral Zn diffusion under the dielectric mask was formed on InGaAs/InP heterostructures
has been studied. It was found that the depth of Zn diffusion in lateral direction into InGaAs 1s
several times less than the depth of lateral Zn diffusion into InP layer. At the same time, a
decrease in the thickness of the InGaAs surface layer leads to an increase in the depth of lateral
diffusion of Zn under the mask due to the mechanism of vertical Zn diffusion from the InP:Zn
region into the InGaAs surface layer.

Keywords: zinc diffusion; surface morphology; diethylzinc; indium phosphide; indium
gallium arsenide
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Introduction

The Zinc (Zn) diffusion into AIIIBV compounds makes it possible to form local regions with a
required depth and a controlled profile of electrically active p-type dopant. That process is
widely used for the fabrication of various optoelectronic and photonic devices [1-2] including
avalanche photodiodes (APDs) based on InP/InGaAs heterostructures with separate photon
absorption regions in InGaAs layer and multiplication of photogenerated charge carriers in the
InP layer [3—4]. There are several main approaches to the diffusion process: diffusion in a sealed
ampoule [5-6], Zn diffusion from the applied coating [7—-8], Zn diffusion through a narrow gap
using a planar source [9-10], diffusion from the vapor phase in an open tube [11-12].
Zn diffusion from the vapor phase in an open tube is the most preferable since it simultaneously
ensures high uniformity of Zn diffusion over the sample area and reproducibility of the process.

Traditionally, a dielectric mask based on SiNx is used to carry out the local diffusion
process [13—14] because it allows to make diffusion process at elevated temperatures [15—-18].
A dielectric mask based on SiO; also provides the required impermeability of Zn at moderate
temperatures [19-20] and can be used to create an APD based on the A™BY material system
[8,10,21-23]. The choice of dielectric is due not only to the availability of the appropriate
dielectric deposition technology but also be related to the features of the dielectric mask
formation technology. Thus, several studies have noted the problem of a sharp increase in APD
dark counts when using plasma chemical etching to form a surface relief in InP within the
photosensitive region necessary to obtain a two-stage front of the distribution of a p-type dopant
in a single Zn diffusion process [24]. In fact, the effect of trap-assisted tunneling [25] can be
enhanced in comparison with liquid chemical etching of InP [26] apparently caused by defects
introduced into InP during the plasma chemical etching process. It can be assumed that the
transition from plasma chemical etching to liquid chemical etching during the formation of a
dielectric mask may affect the characteristics of the APD.

In this paper we present the results of a study of the local Zn diffusion from the diethylzinc
(DEZn) metalorganic source process technological parameters on the surface morphology of
InGaAs and InP layers effect and considers the effect of lateral Zn diffusion into InGaAs/InP
under a dielectric mask depending on the thickness of the InGaAs surface layer.

Experiment

The InGaAs/InP heterostructures were grown on InP substrates and consisted of undoped InP
3.5 um thick layer, an undoped InGaAs 50 nm thick layer, an undoped InAlAs 10 nm thick
stop-layer and an undoped InGaAs 250 nm thick surface layer (type I heterostructures). Type
IT heterostructures were formed from type I heterostructures by sequential selective chemical
etching of the InGaAs surface layer and the InAlAs stop-layer. Type III heterostructures were
formed from type II heterostructures by selective chemical etching of the InGaAs layer down
to undoped InP layer.

The process of Zn diffusion from the vapor phase into InGaAs/InP heterostructures was
produced at the MOCVD Aixtron AIX-200 system and DEZn was used as a metalorganic
source of Zn with the flow of DEZn ~ 2.5-10> mol/min (a thermostat temperature was 17 °C).
The Zn diffusion process was performed at a temperature of 500 °C and a reactor pressure of
50-200 mbar. To prevent deterioration of the InGaAs and InP surface morphology at
temperatures above 400 °C a stabilizing flows of AsH3 and PH3 was fed into the reactor
respectively.

To carry out local Zn diffusion process a dielectric mask was formed on the surface of
the studied InGaAs/InP heterostructures using either SiNx obtained by plasma chemical
deposition, or SiO> obtained by plasma chemical deposition or by chemical vapor deposition.
The required topology of the dielectric mask was formed using contact photolithography
followed by plasma chemical etching or liquid chemical etching of the dielectric. To obtain a
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two-stage front of a p-type dopant via a single Zn diffusion process a recess with a required
shape and etching depth was formed within the dielectric mask window defining the
photosensitive area of the APD. The recess was made either by selective chemical etching of
the InGaAs layer to the InAlAs stop layer followed by selective removal of the InAlAs stop
layer (type I heterostructures) or by chemical etching of InP (type III heterostructures).

After diffusion the studied samples were subjected to ex-situ rapid thermal annealing
(RTA) in a nitrogen flow at a temperature of 450 °C for 5 minutes for thermal activation of
dopants. To obtain quantitative information about the one-dimensional distribution of
electrically active p-type dopants in the InGaAs/InP heterostructure samples after Zn diffusion
process electrochemical volt-capacitive profiling (ECV) on the Nanometrics ECVPro
electrochemical profiler system was used. The study of the surface morphology of the
heterostructures subjected to the local Zn diffusion process was carried out using atomic force
microscopy (AFM) on a Veeco Dimension 3100 microscope. Scanning was performed in semi-
contact scanning mode (when a probe with a certain resonant frequency touches the sample
surface) at room temperature and atmospheric humidity of about 20 % using RTESP probes
with a radius of 10 nm. Mathematical analysis of the obtained images allows us to determine
several metric parameters of the surface topology. The Rmax parameter represents information
about the maximum height difference of the profile within the base (studied) length, while the
R; parameter gives information about the average absolute value of the five highest peaks and
five deepest pits within the base length. However, to statistically describe the measured surface
roughness the standard deviation of the heights of surface irregularities over the sample area Rq
is more useful.

To obtain information about the two-dimensional distribution of electrically active p-type
dopants in the studied samples the scanning electron microscopy (SEM) method was used. The
position of the diffusion front of the Zn dopant was determined by the contrast boundary in the
cross-sectional images of the samples between regions with different types of dopants. SEM
images were obtained in the secondary electron mode at low (<5 keV) accelerating voltages.

Results and discussion

Our earlier studies of the Zn diffusion process from the vapor phase into InP through the InGaAs
surface layer (type II heterostructures) showed that the minimum temperature of the Zn
diffusion process is limited by the precipitation of Zn compounds in the solid phase below
460 °C and by the deterioration of the morphology of the InGaAs surface above 550 °C [27].
At the same time to achieve a necessary Zn diffusion depth (more than 2-2.5 um with a
thickness of undoped InP of about 3-3.5 pm) it is necessary to either extend the process time or
increase the reactor pressure (see Fig. 1). However, temperature and pressure have a complex
effect on the amount of p-type dopant introduced into InGaAs/InP layers. Thus, an increase in
the reactor pressure leads to an increase in the maximum concentration of electrically active p-
type dopants in the InP layer, while an increase in the temperature leads to a decrease in the
concentration of holes.

Studies of the type I-II heterostructures surface morphology after local Zn diffusion
process into InP layer through the InGaAs surface layer using a SiNx dielectric mask have
shown that for short duration (60 minutes) of the Zn diffusion processes the surface roughness
of InGaAs:Zn does not exceed Rq ~ 0.2-0.3 nm within a scanning area of 5 X 5 um, which is at
the level of atomic steps of a semiconductor substrate. However, in this case, in order to ensure
the required depth of the p-type dopant it is necessary to increase the reactor pressure, which is
accompanied by precipitation of Zn compounds in the solid phase [28], the intense defect
formation, and the appearance of deep centers in the InGaAs:Zn/InP:Zn diffusion region due to
the high concentration of Zn atoms [29-30].
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Fig. 1. ECV distribution profiles of electrically active p-type dopant in a type 11
heterostructure for various technological parameters of Zn diffusion into the InP layer through
InGaAs

An increase in the duration of the Zn diffusion process to 180 minutes leads to erosion of
the InGaAs:Zn surface (see Fig. 2). AFM measurements indicate a sharp increase in the
roughness of the InGaAs:Zn surface to Rg~2.4 nm within a scanning area of 5 X 5 um. A further
increase in the time only aggravates the erosion of the InGaAs:Zn surface. It should be noted
that an increase in the stabilizing flow of group V elements not only does not suppress this
negative effect, but also increases the probability of precipitation of Zn compounds in the solid
phase. On the one hand, deterioration of the InGaAs:Zn surface morphology (type 1 and II
heterostructures) is not observed in the case of Zn diffusion into InP through the InGaAs layer
without using a SiNy dielectric mask, even for long-term Zn diffusion processes. On the other
hand, the attempts made to additionally treat the InGaAs surface within the windows of the
dielectric mask, including selective liquid chemical etching of the InGaAs surface layer, does
not give a solution of the problem of InGaAs:Zn surface erosion during the local Zn diffusion
process. It is possible that the observed dergation of the InGaAs:Zn surface morphology is
associated with the modification of the InGaAs surface during plasma chemical deposition
and/or plasma chemical etching of the SiNx dielectric.

To exclude the possible negative effect of plasma chemical etching of the SiNx dielectric
on the InGaAs surface layer, it was proposed to switch to a SiO2 dielectric mask, for which
liquid chemical etching of the dielectric can be used when forming the required topology of the
dielectric mask. In addition, it was decided to test two types of SiO2 dielectric formed by plasma
chemical deposition and by chemical vapor deposition. However, AFM studies of
heterostructures with the SiO2 dielectric mask after the local Zn diffusion process into InP
through the InGaAs layer showed the retention of the problem of InGaAs:Zn surface erosion
during long-term diffusion processes regardless of the type of etching of the dielectric and
method of mask formation.

Similar studies of local Zn diffusion process directly into InP (type III heterostructures)
have been carried out. It should be noted that the Zn diffusion process into InP layer from the
vapor phase using a DEZn source is less studied, apparently due to a lower maximum
concentration of a p-type dopant [11,31-32] compared with the case of using dimethylzinc
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(DMZn) as an metalloorganic source of Zn [11,33—-34]. According to our research, there is a
similar behavior of the p-type dopant depth from the process time, temperature, and reactor
pressure. However, the maximum concentration of electrically active p-type dopant in the InP
layer is 2-3 times lower than the Zn diffusion into InP through the InGaAs layer (see Fig. 3). It
can be assumed that the observed difference in the concentration of electrically active p-type
dopant is related to the charge of elements diffusing through the interstitial-substitutional
mechanism [35-36].

Fig. 2. SEM image (top view) of a sample with local Zn diffusion in InGaAs/InP through a
SiNx dielectric mask (type I heterostructure). The inset shows a SEM image of the sample
within the central window. Temperature 500 °C, pressure 50 mbar, process time 180 min
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Fig. 3. ECV distribution profiles of electrically active p-type dopant in a type III
heterostructure for various technological parameters of Zn diffusion into the InP layer
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Studies of the type III heterostructures surface morphology after local Zn diffusion into
InP layer during the supply of a stabilizing PH3 flow did not reveal signs of erosion of the InP
surface regardless of the type of dielectric mask and the method of its formation as well as the
process time and reactor pressure (see Fig.4). Surface roughness InP:Zn does not exceed
Rq~ 0.2-0.3 nm within a scanning area of 5 x 5 um. Moreover, there is no precipitation of any
Zn compounds in the solid phase unlike the Zn diffusion into InP through InGaAs under
identical technological conditions.

Fig. 4. SEM image (top view) of the sample with local Zn diffusion into the InP through a
SiNyx dielectric mask (type III heterostructure). The inset shows a SEM image of the sample
within the central window. Temperature 500 °C, pressure 50 mbar, process time 180 min

Thus, on the one hand, the local Zn diffusion into InP layer through InGaAs allows for a
high level of doping in the InGaAs surface layer, but it is associated with the problem of erosion
of the InGaAs surface during prolongated processes, as well as with the precipitation of Zn
compounds in the solid phase at elevated pressures and/or an increase in the stabilizing flow of
group V elements. On the other hand, the local Zn diffusion into InP provides a high quality of
the InP:Zn surface morphology but is associated with the problem of forming an ohmic contact
to the InP:Zn layer. At the same time, to simplify the manufacture of APDs, it is preferable to
use InGaAs contact layers to form high-quality ohmic contacts.

One of the possible solutions is to use the effect of Zn diffusion in the direction along the
layers of the heterostructure under the dielectric mask [14]. According to our studies of the local
Zn diffusion into the InP layer through the InGaAs layer, the lateral Zn diffusion under the
dielectric mask depends on the surface concentration of the diffusant: with increasing
concentration, the depth of lateral Zn diffusion increases. In the case of a thick surface InGaAs
layer (type I heterostructure) the lateral Zn diffusion into the InP layer under the mask reaches
1-1.5 um (see Fig. 5) for technological modes providing a required depth of Zn diffusion (see
Fig. 1). At the same time, the lateral Zn diffusion into the InGaAs layer under the mask varies
in the range of 0.4-1.5 pm depending on the thickness of the InGaAs surface layer. Moreover,
the morphology of the InGaAs:Zn surface does not deteriorate, because it is protected by a
dielectric mask. A decrease in the thickness of the InGaAs surface layer leads to an increase in
the effect of lateral Zn diffusion under the mask in the underlying InGaAs/InP layers. The lateral
Zn diffusion depth into the InP layer exceeds 2.5 um for the extreme case (type III
heterostructure). Thus, locally preserving a thin near-surface InGaAs layer (20-50 nm) under
the protection of a dielectric mask, it is possible to simultaneously provide the p-type doping of
this layer due to lateral Zn diffusion from the InP:Zn layer into the InGaAs layer and prevent
erosion of the InGaAs:Zn surface (see Fig. 6).
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' InGaAs:Zn

InP:Zn

InGaAs:Zn InGaAs:Zn InGaAs

SiN mask

Fig. 5. SEM image of a cross-section of the sample with local Zn diffusion into InGaAs/InP
through a SiNx dielectric mask (type I heterostructure) at the edge of the dielectric mask. The
inset shows a SEM image (top view) of the sample on the edge of the dielectric mask after
removing the dielectric mask. Temperature 500 °C, pressure 50 mbar, process time 180 min

InP:Zn InGaAs:Zn ' InGaAs

SiN mask

Fig. 6. SEM image of a cross-section of the sample with local Zn diffusion into InGaAs/InP
through a SiNx dielectric mask (type II heterostructure) at the edge of the dielectric mask. The
inset shows a SEM image (top view) of the sample on the edge of the dielectric mask after
removing the dielectric mask. Temperature 500 °C, pressure 50 mbar, process time 180 min
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Conclusion

The analysis of local Zn diffusion from the DEZn metalorganic source technological parameters
on the morphology of the InGaAs and InP layers surface is presented. It is shown that for long-
term processes of Zn diffusion into InP through InGaAs layer erosion of the InGaAs:Zn surface
is observed independent of the dielectric mask (SiO2, SiNx) material and the method of its
formation (plasma chemical deposition or chemical deposition from the vapor phase, plasma
chemical etching or liquid chemical etching) and also an increase in the stabilizing flow of
group V elements leads to an increase in the probability of Zn compounds precipitation in the
solid phase. For short Zn diffusion processes it is necessary to increase the surface concentration
of the diffusant (decrease in temperature and/or increase in pressure in the reactor) which is
associated with defect formation and the appearance of deep centers in the diffusion region due
to the high Zn atoms concentration. In the case of Zn diffusion directly into InP layer these
problems are not observed. However, the maximum concentration of holes in the near-surface
region does not exceed 3- 10'® cm™, which makes it difficult to form ohmic contacts to InP:Zn
layer.

The effect of lateral Zn diffusion into InGaAs/InP under a dielectric mask is considered.
The influence of the diffusant surface concentration and the thickness of the InGaAs surface
layer on the depth of lateral Zn diffusion under the mask was investigated. It was found that the
lateral Zn diffusion in InGaAs layer is several times less than the lateral Zn diffusion in InP
layer but there is a vertical component of the Zn diffusion from InP:Zn into the InGaAs surface
layer. Due to this a decrease in the InGaAs surface layer thickness leads to an increase in the
Zn doping depth in the lateral direction.

The studies have shown the fundamental possibility of simultaneously locally forming a
necessary p-type dopant distribution profile in InP layer and p-type InGaAs contact layer during
a single Zn diffusion process from the vapor phase in the MOCVD reactor without deterioration
of the contact surface morphology.
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Abstract. Metastable steels, in particular, with the TRIP effect, have advantages over other
steels due to the combination of strength and plasticity because of the peculiarities of their
microstructure. The article presents the results of a study of the mechanical properties of
aluminum-modified TRIP steel. Samples were obtained in the laboratory by traditional
method of metallurgical manufacturing. The mechanical properties were investigated by
tensile, compression testing methods, as well as by instrumental indentation (Berkovich
method). During the tensile tests, the tensile curves of samples with different deformation
rates and the values of the proof yield strength under compression were obtained, an
experimental hardening curve of TRIP steel modified with aluminum was constructed. The
Berkovich method obtained an array of data "load — depth of indentation", which is used to
determine the hardness on the Martens scale, indentation hardness, modulus of elasticity,
creep during the indentation, as well as the proportion of elastic component work during the
instrumental indentation. The results obtained are of great practical importance in the
development of technologies for the production of structural products from TRIP steel
modified with aluminum.

Keywords: metastable steel; TRIP steel; mechanical properties; hardening curve; additive
manufacturing
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Introduction

The study of metastable austenitic steels was initiated in the middle of the previous century by
ILN. Bogachev and R.I. Mints. They proposed and implemented the idea of obtaining
metastable solid solutions in alloys based on iron, titanium, copper, undergoing martensitic
transformations in the process of testing of mechanical properties and performance. This was
fundamentally different from the conventional use of the alloys with metastable solid
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solutions in the process of manufacturing products. The new concepts allowed the
development of highly efficient cavitation-resistant steels [1-4]. It was further established that
alloys with metastable austenite have increased wear resistance under waterjet wear [5],
abrasive [6], percussion-abrasive [7] effects, dry friction [8] and fatigue loading [9]. A high
level of mechanical properties can be obtained in these alloys [10]. This is due to the fact that
the development of martensitic transformations occurring in the process of loading consumes
a significant part of the energy of external influence and, accordingly, a smaller proportion of
energy goes to destruction [11]. In addition, in the process of martensitic transformations, not
only hardening occurs, but also relaxation of microstresses, resulting in increased efficiency
of micro-volumes of alloys [12].

In studies [13,14], alloys with metastable austenite were considered as adaptive
materials in which martensitic transformations play the main role in adapting alloys to
external loads. These alloys are synergetic systems capable of self-organization of the
structure under the influence of external factors. Most of the present-day studies are devoted
to highly alloyed steels and cast irons, in these alloys metastable austenite is the main part of
the structure. The works [15-18] summarize the studies of the creation of economically
alloyed alloys of various structural classes and purposes, as well as strengthening
technologies based on the principle of obtaining multiphase structures, one of which is
metastable austenite. To obtain a high level of properties, the quantity and stability of
metastable austenite must be controlled by the initial chemical and phase compositions as
well as loading conditions. At the same time, it is also important to use a combination of
various mechanisms of hardening and resistance to destruction. This approach significantly
expands the understanding of the need to obtain metastable austenite in the structure of
unalloyed, low- and medium-alloyed steels and cast irons.

Metastable austenite is considered as the most important internal resource of alloys,
which allows to significantly improve their properties, reduce or in some cases eliminate
completely expensive alloying elements used for the same purpose. The latter plays an
important role in resource conservation. Metastable steels, in particular, with the TRIP
(transformation-induced plasticity) effect, provide a combination of strength and plasticity
due to the peculiarities of their microstructure [19]. As a result, this class of materials is
actively used in mechanical engineering, in construction elements, and reinforcing structures
of complex shape. The studies [20,21] described the advantages of this type of steel for the
automotive industry due to their good plasticity, corrosion, and radiation resistance. The
authors of the studies [22,23] demonstrated the advantages of these steels from the point of
view of the total weight of the constructions made from them. As a result, the use of TRIP
steels made it possible to reduce the weight of vehicles by an average of 10 %, which led to
5.5 % fuel economy in the process of their operation. There are also cases of a decrease in the
cost of metal structures made from such steels due to the wide processing possibilities and the
lack of need for some traditional reinforcing elements [24].

In the study [25] a review of the world market of TRIP effect steels was made.
The authors note that 90 % of the use of TRIP-effect steel falls on the manufacture of vertical
and longitudinal beams, reinforcing struts, automobile thresholds and bumper reinforcements.
The study [26] considered and proved the wide technological possibilities of welding steels
with a TRIP effect by laser, arc and spot welding.

Currently there are not many studies in the field of production of long-dimensional bulk
blanks from metastable steels since the idea of producing hardware products from such steels
in international periodicals appeared only in 2013-2014. This is due to the formation of a
scientific consortium on the basis on one of the largest manufacturers of hardware products in
the EU, Metalurgia S.A., part of the MORAVIA STEEL Group (Czech Republic), and the
European National Research Center (National Centre for Research and Development). A team
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from the Czgstochowa Technical University (Technical University of Czestochowa) dealt
with theoretical issues of the production of long-numbered volumetric blanks made from
TRIP steels: in particular, professors Muskalski Z., Wiewidrowska S., Suliga M.

The studies [27-30] show technological possibilities of obtaining a wire from steel with
a TRIP effect and the spheres of its potential application. According to the authors, the unique
combination of mechanical properties and fatigue strength, will find the best application in the
production of ropes, cables, springs, and fasteners. It is also noted [31] that in the process of
drawing the properties of the wire can vary in wide ranges depending on the technological
parameters. However, all the results obtained by this team were based mainly on private
experiments without phenomenological studying of the macro- and microdynamics of
deformation of such steels. In [32], the authors conduct a study of the stress-strain state of the
metal in the process of drawing, but the presented models do not consider the microstructure
of this type of steel. As the result, it was concluded that disregarding microstructure of
metastable steels makes it extremely difficult to create an adequate model with an isotropic
material. In such cases simulation methods which make it possible to take into consideration
the microstructure changes in different methods of deformational processing show their
effectiveness [33].

The potential for the use of metastable steels in additive manufacturing (AM) is
extremely extensive due to the huge range of products in this area. In the context of the AM
industry, certain points that are contradictory for the field of sheet production, on the contrary,
can serve for more flexible management of technological and operational characteristics. For
example, the preservation of the remaining austenite in the microstructure makes it possible to
increase the wear resistance and operational reliability of the final printed product due to
surface hardening. This is fundamentally important for industries such as the aerospace
industry where operating conditions are difficult to predict and are characterized by
uncontrolled shock, impulse loads, as well as intense wear.

Also, the high potential for the use of metastable steels can be realized already at the
design stage of products by controlling the localized hardening of individual elements [34].
For example, it becomes possible to strengthen potentially more loaded elements locally and
significantly such as threads, facets, bends, etc. Moreover, almost all industrial processes of
manufacturing AM products have a large number of controlled technological parameters
(temperature, speed, strain rate, combination of various loading schemes and methods of
various physical nature), which allows us to flexibly control the localization of mechanical
properties. The previously described experience of using TRIP steels in the fields of passive
transport safety allows us to assert the high efficiency of such solutions for the development
of the industry.

Thus, the use of TRIP-effect steels beyond the passive safety of cars opens up broad
prospects for the creation of self-adapting steel blanks for objects of the aerospace industry.
At the same time, these blanks will have technological flexibility that makes it possible to use
them for a wide range of products with a high variability of operational characteristics. The
features of metastable steels in combination with this type of products will make it possible to
create structural elements of critical structures with complex shapes of the entire product and
its individual elements. The increased plasticity of metastable steels will make heat treatment
optional in separate technological operations, which will also have a positive impact on the
cost of production. The ability to adapt to the effects of the operational environment will
significantly reduce the wear and the number of repairs of equipment and structures. At the
same time, due to the preservation of strength indicators, it will be possible to reduce the
weight and metal consumption of mechanisms and structures. Also, the increased plasticity of
the workpiece will also reduce the wear of the technological tool in the process of the
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production, and its strength properties will allow us to abandon medium and high-carbon
steels for individual structural elements.

One of the most well-known review articles in this field [35], which includes more than
500 literary sources, analyzes the features and potential risks of developing additive
manufacturing technologies using modern metastable steels. The main conclusion of the
authors is the proven fact of the criticality of the purity of metallurgical raw materials for the
field of additive manufacturing, which determines the effectiveness and feasibility of certain
printing techniques.

At the same time, the initial task in the study of 3D printing for the manufacture of self-
adapting structural elements is to select a material of suitable chemical composition and
determine its mechanical properties.

Materials and Methods of research

As part of the research work in the foundry laboratory of the Nosov Magnitogorsk State
Technical University samples of TRIP steel were manufactured using metallurgical
production methods (melting — thermal processing - plastic deformation), the chemical
composition of which is given in Table 1. Accuracy of the elements’ content corresponded to
GOST R 54153. Steel. Method of atomic emission spectral analysis.

Table 1. Chemical composition of TRIP steel modified with aluminum
Fe C Si Mn P S Cr Ni Cu Mo Ti \Y Al

The basic

0.37 | 3.36 | 292 | 0.015 | 0.012 | 0.048 | 0.040 | 0.073 | 0.004 | 0.005 | 0.004 | 0.010
element

Technological parameters of sample production:
- the total weight of the initial material (charge) is 2 kg;
- total melting time 12 — 15 minutes;
- melt exposure time for complete homogenization is 2 minutes;
- heat treatment modes: (1) heating and holding at a temperature of 760 ° C for 20 minutes;
(2) sharp cooling to a temperature of 400 °C; (3) isothermal exposure at a temperature of
400 °C; (4) the cooling of samples to room temperature in calm air.

All studies of the mechanical properties of samples obtained using the traditional
metallurgical technology were carried out in the Research Institute "Nanosteels" of the Nosov
Magnitogorsk State Technical University.

Tensile tests were carried out according to GOST 1497-84 on a universal SHIMADZU
AG-IC testing machine with a maximum load of 300 kN, which corresponds to accuracy class
1 according to ISO 7500.

After the samples were melted, they were cooled and processed using appropriate
processing modes to exclude the possibility of changing the properties of the metal in the
process mechanical processing.

The diameter of the samples after the heat treatment was 7.25 mm. The initial even
length of the samples was determined by the formula (1) and was 20 mm, (1) where Fy is the
initial cross-sectional area, mm.

lo = 2.82\/F,. (1)
The determination of the conditional yield strength 0'8_2 during compression, the

compressive strength, the construction of the hardening curve was carried out on cylindrical
samples of type III with a diameter of 6 mm and a height of 11.7 mm in accordance with
GOST 25.503-97 "Calculations and strength tests. Methods of mechanical testing of metals.
Compression testing method".



156 A.E. Gulin, A.G. Korchunov, D.V. Konstantinov, M.A. Sheksheev, M. Polyakova

The determination of hardness and other mechanical properties of the material by local
measurement of the load and movement of the indenter was carried out according to GOST R
8.748-2011 (ISO 14577-1:2002) on a dynamic ultramicrohardness tester DUH-210S.

The values of the test load F and the corresponding indentation depth h were recorded
during the entire measurement. The samples were subjected to compression tests. An
experimental hardening curve was constructed after the compression tests. A triangular
diamond tip (Berkovich's indenter) with an angle at the apex of 115 degrees was used as an
indenter.

When measuring time-dependent effects, the applied load was kept constant for a
certain period of time, and the change in the depth of indentation was measured as a function
of the exposure time under load.

The zero point for measurements on the load/depth indentation curve is set for each
measurement and corresponds to the first contact of the tip with the ring.

Sets of data values (load — depth of indentation) were used to calculate a number of material
properties:

a) hardness on the Martens scale, determined by the slope of the loading curve on the F-h
diagram, HMs;

b) indentation hardness Hir;

¢) modulus of elasticity Err;

d) creep during indentation Cir;

e) the proportion of the elastic component of the work during instrumental indentation nir.

Results
The characteristic types of samples after the tensile test and the resulting gravity curve are
shown in Figs. 1 and 2.

(b)
Fig. 1. A characteristic view of samples of TRIP steel modified with aluminum after a tensile
test with different deformation rates: (a) minimum deformation rate; (b) maximum
deformation rate

The obtained data and the appearance of the samples clearly demonstrate the key feature
of the studied steels: the manifestation of the TRIP effect due to the transformation of residual
austenite. The studies were carried out with the maximum and minimum possible deformation
rates. Thus, with an increase in the deformation rate, all other things being equal, TRIP-effect
steel demonstrates a jump-like increase in strength by 15-17 %. The microstructure of the
samples shows that there is no pronounced localization of deformation in the process of
tensile tests due to the transformation of residual austenite into more durable martensite.
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Fig. 2. Gravity curve of TRIP steel modified with aluminium
obtained by metallurgical process

During the compression test, the sample is continuously loaded to a stress exceeding the
expected value of the conditional yield strength co2 and a diagram is recorded (Fig. 3)
considering the rigidity of the testing machine.

45000
40000 -
35000 -+
30000 +
25000
20000 -
15000
10000 -+
5000 -

Force, N

0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70
Absolute strain, Ah, mm
Fig. 3. Diagram of testing a sample of TRIP steel modified with aluminum
to determine the conditional yield strength during compression

The diagram determined the load corresponding to the conditional yield strength

(physical) in the process of compression 66,2’ calculated by the formula:

0§, =2 =1118.7 MPa. )

0
According to the test results, a diagram was constructed (Fig. 4) and the load

corresponding to the conditional yield strength in the process of compression was determined.
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Fig. 4. Test diagram for determining the conditional yield strength during compression
of a sample of TRIP steel modified with aluminum

0.03

To determine the compressive strength limit o, the sample is continuously loaded until
destruction. The greatest load preceding the destruction of the sample was taken as the Fuax

load corresponding to the compressive strength oy calculated by the formula:

Fmax

o5 =
N Ao

3)

To construct the hardening curve, a series of cylindrical type III samples with a diameter
of 6 mm and a height of 11.7 mm were tested at several levels of specified loads (Fig. 5).
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Fig. 5. Test results of a series of samples of TRIP steel modified with aluminum
at different load levels: (a-d) change of absolute strain at increase of compression force
to 40000 N; (e-1) change of absolute strain at increase of compression force to 60000 N;
(m) change of absolute strain at increase of compression force to 80000 N

The obtained results show that with an increase in the deformation degree the increase
in the compression force occurs. Samples were slightly shortened without obvious barrel
formation. The destruction of the sample happened suddenly with the formation of a crack
along the site inclined at an angle of 45° to the axis of the sample, which is typical for brittle
materials.

To construct the hardening curve, the flow stress os1 was determined by the
experimental hardening curve with logarithmic strain of the sample &. The log-rhyme
deformation &; was calculated by the formula:
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Inh
& =" )
k
where ho and Ay are the initial and final height of the sample, respectively, mm.
As a result of a series of tests, the data necessary for constructing the hardening curve

were obtained (Fig. 6).
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Fig. 6. Experimental hardening curve of TRIP steel modified with aluminum

Further, the approximation of the obtained data was made by constructing a logarithmic
trend line with the definition of its equation using standard Microsoft Office tools:
os = 337.67Ing; + 2788.6. 5)

This dependence can be used in the design of technological processes. Thus, it can be
concluded that in the case of compression, the dynamics of changes in the mechanical
properties of TRIP steel modified with aluminum varies somewhat. In the process of
compression, deformation processes have a less pronounced localized character, as a result of
which the transformation of residual austenite in the microstructure proceeds throughout the
entire volume of the sample. This fact is critically important from the perspective of the future
potential application of the studied workpieces in areas with a high risk of unpredictable
loads, since it is due to the observed effects that the structural element will have an ability to
adapt to critical operating conditions.

Figure 7 presents the microstructure of samples under investigation. One can see
martensite with 10 % of retained austenite in as received state after quenching from the
temperature 760 °C with further isothermal aging at 400 °C during 20 minutes. After
compression to the fracture of the sample quantity of retained austenite decreases to 5.17 %.

20KV - x1/000“105im 1440/SE| \ \ Z
(a) (b)
Fig. 7. Microstructure of samples from TRIP-steel modifyed by aluminum:
(a) as received state; (b) after compression to fracture
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After constructing an experimental compression hardening curve, the obtained samples
were used for instrumental indentation. Figures 8 and 9 show the dependences of the
indentation force on the depth of penetration of the indenter and the change in the depth of
penetration of the indenter in the process of the test for each of the studied samples of
aluminum-modified TRIP steel.
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Fig. 8. The dependence of the indentation force on the penetration depth of the indenter (a)
and the change in the penetration depth of the indenter (b) in the as-received sample of TRIP
steel modified with aluminum
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Fig. 9. The dependence of the indentation force on the penetration depth of the indenter (a)
and the change in the penetration depth of the indenter (b) in a sample of TRIP steel modified
with aluminum during deformation with a force of 67 kN

The results of the study of the properties of TRIP steel modified with aluminum by tool
indentation are presented in Table 2 and in Fig. 10. The uncertainty of measurements
corresponded to GOST R 8.748-2011 (ISO 14577-1:2002). State system for ensuring the
uniformity of measurements. Metallic materials. Instrumented indentation test for hardness
and materials parameters. Part 1. Test method.

Table 2. The properties of aluminum-modified TRIP steel determined by tool indentation

Frnax, kKN & HMT115, MPa HMs, MPa | Hir, MPa Err, N/mm? Cir, % | nm, %
0 0 2320.60 1810.86 3570.08 6.722e+004* 1.53 35.45
25 0.003 2435.40 1915.57 3984.39 6.229e+004* 1.44 36.86
35 0.016 2250.03 1592.18 3686.89 5.708e+004* 1.52 34.83
44 0.018 2800.15 2005.89 4527.21 7.383e+004* 1.57 32.80
53 0.035 2672.35 1967.18 4434.61 6.693e+004* 1.41 36.82
67 0.177 1807.50 1420.38 3059.76 4.282e+004* 1.50 41.39
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Fig. 10. Dependence of the properties of aluminum-modified TRIP steel on deformation in
the process of tool indentation: (a) hardness on the Martens scale, determined by the slope of
the loading curve on the F-h diagram HMT115 and HMs; indentation hardness Hir;

(b) creep during indentation Crr; (c) the proportion of the elastic component of the work
during instrumental indentation nrt

%

The proportion
of elastic deformation

in the process of indentation, 1,

The results obtained allow us to conclude that an increase in the loading rate of the
indenter into the surface of the samples leads to a decrease in hardness due to a decrease in
the stability of TRIP steel modified with aluminum, to permanent deformation and damage. In
this case, there is an increase in the creep of the material and a decrease in the proportion of
elastic deformation in the process of indentation.

Conclusions

The use of various methods of studying the properties of TRIP steel modified with aluminum
allowed us to obtain a set of data on its behavior under various load application schemes.
Stretching curves with a characteristic shape for steels with a TRIP effect are constructed by
traditional methods of mechanical testing (tensile and compression testing). The hardening
curve of aluminum-modified TRIP steel, as well as its approximation equation, can be used
for computer modeling and design of technological processes for the manufacturing of
products from this steel. The values of properties obtained by instrumental indentation (by the
Berkovich method) are of practical interest for analyzing the behavior of aluminum-modified
TRIP steel to predict its behavior when applying various types of external load.
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