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Determination of the contribution of an imperfectly bonded
inhomogeneity to macroscopic diffusivity
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ABSTRACT

The paper contributes to the development of micromechanical approaches for determining the effective
diffusivity of micro-heterogeneous materials, taking into account segregation, which is the accumulation
of impurities at the phase interface. Two analytical approaches are investigated and compared with
numerical simulation. In the first analytical approach, segregation is expressed in terms of a segregation
parameter that prescribes the jump in concentration at the phase interface. In the second approach, an
inhomogeneity with an ultra-thin mass isolating coating is introduced, and segregation is expressed in
terms of equivalent surface resistivity. The developed numerical method considers inhomogeneities with
an outer weakly permeable shell of thickness that tends to zero. Comparison among various models made
it possible to estimate their limitations and perspectives.

KEYWORDS

effective properties ¢ imperfect contacts ¢ segregation e diffusion ¢ homogenization problem
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Introduction

Determination of the effective diffusivity of micro-heterogeneous materials is one of
advanced problems in mechanics. Indeed, the internal structure of a material affects its
permeability and, as a result, the total amount of a diffusing substance. The accumulation
of harmful impurities, in turn, can lead to the degradation of the mechanical properties
of materials [1-5]. Therefore, a comprehensive analysis of the influence of microstructure
on macroscopic diffusivity is of great importance. One of the problems of fundamental
interest in this area is the issue of accounting for segregation that is accumulation of
impurities along the phase interface [6,7]. Typically, the effective properties of various
natures are determined within classical micromechanical approaches, which assume that
fields at the phase interface are continuous. However, the presence of segregation
disrupts the continuity of the concentration field at the internal boundaries of
heterogeneous materials [8]. In this case, the phase interface becomes “imperfect” and
surface effects must be taken into account [9,10].

Only a small number of works are dedicated to accounting for the presence of
imperfect contacts at the phase interface within micromechanical models. In [9,11-16],
diffusivity problem was investigated and segregation was accounted for in terms of a

© K.P. Frolova, N.M. Bessonov, E.N. Vilchevskaya, 2024.
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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segregation parameter, which is the ratio of concentrations on the outer and inner sides
of the inhomogeneity boundary. Thus, in this approach, a jump in concentration across
the phase interface is prescribed. In [12,13], the segregation parameter was introduced
in the modified effective media homogenization method. In [14,16], it was incorporated
into effective field methods expressed in terms of property contribution tensors that
reflect the contribution of individual inhomogeneities to the property of interest. Another
approach to account for imperfect interfaces involves considering inhomogeneities with
an interface possessing extreme properties. Usually such an approach is used within
conductivity problem [9,17-25]. Within the approach some models express jump in the
field in terms of surface conductivity [17-22], whereas another models consider an ultra-
thin outer shell and realize limit transitions [9,23-25]. Note that in the context of the
diffusivity process accompanied by segregation, the coating should function as an
insulator. Consequently, segregation can be expressed within this approach in terms of
equivalent surface diffusion resistivity. The question of the most appropriate approach to
account for segregation remains open.

The problem of analytical determination of effective diffusivity consists of two
parts: solution of one-particle problem and application of this solution within some
homogenization scheme to account for the presence of multiple inhomogeneities [26].
The problem of a single inhomogeneity placed in an infinite matrix is known as the
(second) Eshelby problem [27], which originally refers to elasticity under assumption on
perfect phase interfaces. Solution of the Eshelby problem for conductivity in the case of
perfect contacts was derived by Fricke [28].

In general, the presence of imperfect phase interfaces must be taken into account
at both steps. In [29,30], we compared the analytical solution of the first part of the
problem obtained using two aforementioned approaches for accounting for imperfect
contacts: the approach in which segregation is expressed in terms of a segregation
parameter and the approach in which segregation is expressed in terms of equivalent
surface resistivity. In particular, it was shown that, for certain parameters of the internal
structure, the results obtained within the two approaches exhibit significant qualitative
differences that can be quite consequential. A detailed investigation of these differences
was beyond the scope of papers [29,30]. In the present research, we further develop the
numerical method to account for imperfect contacts and compare the analytical solutions
with the numerical results. Such a comparison could facilitate an analysis of the
qualitative differences between the two analytical approaches and help in answering the
question of which approach is most accurate. Additionally, numerical simulation may help
in overcoming difficulties related to the complexity of solving the problem for
inhomogeneities with a non-spherical shape and, more generally, with non-ellipsoidal
shapes. Unlike spherical inhomogeneities, ellipsoidal and even spheroidal
inhomogeneities have imperfect interfaces of non-constant curvature, which complicates
the introduction of an outer shell of constant thickness within the corresponding
analytical approach, making it less physically justifiable. Furthermore, an analytical
solution for a single inhomogeneity embedded in an infinite matrix exists only for
ellipsoidal inhomogeneities. However, considering irregular shapes is often necessary for
accurately modeling real materials.
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Single inhomogeneity problem

Effective properties of micro-heterogeneous materials can be expressed in terms of
various microstructural parameters. In the present research, we follow [26] and consider
property contribution tensors, the sum of which serves as a relevant microstructural
parameter reflecting the contributions of individual inhomogeneities to the macroscopic
property of interest. This takes into account physical and geometrical characteristics of
inhomogeneities, such as properties, shape, and orientation in the matrix. The property
contribution tensor is to be derived from the solution of the single inhomogeneity
problem, while the effective properties of the material can be determined using a
homogenization scheme written in terms of the corresponding microstructural
parameters. We will focus on the first part of the problem of determining effective
properties by introducing the diffusivity contribution tensor of a single ellipsoidal
inhomogeneity with an imperfect boundary.

Let us consider the representative volume element (RVE) V, which is a typical point
of continuum at the macro level, consisting of an isotropic ellipsoidal inhomogeneity with
volume Vi<<V and diffusivity D;=D:l, along with an isotropic matrix with diffusivity Do=Dol.
We seek the solution of a stationary diffusion problem in the absence of inner sources
and under the assumption on linear constitutive relations in each phase of the
heterogeneous material:

V-J(r) =0, J(r) = = D(r) - Ve(r), (1)
where r is the position vector, J is the diffusion flux, ¢ is the concentration, D(r)=Dol if r
belongs to the matrix and D(r) = D;I if r is in the inhomogeneity.

The macroscopic properties must be independent on the type of the boundary
conditions (BCs) prescribed on the boundary % of the RVE. Therefore, any BCs can be used.
It is convenient to work with uniform BCs within analytical approaches. In the case of
prescribed concentration, these are defined as follows:
¢z =Go-r, (2)
where G, is a constant vector. G, also represents a uniform field that would exist
everywhere in the RVE in the absence of inhomogeneity. In this case, first, effective
properties are automatically compatible with their definition in energy terms [26], and
second, the averaged concentration gradient coincides with Gy ((Vc(r))y = Gg). In the
same manner, one could consider uniform BCs for the normal component of the flux.

We assume that the material satisfies linear constitutive relations, so the flux and
concentration gradient at the continuum point are related by classical Fick's law through
the effective diffusivity tensor D¢
Dy = DT - (Vc)y, (3)
here (...)y = fV...dV denotes averaging over the RVE, and the averaged field values
correspond to values at a continuum point at the macro-level.

In the linear case, the volume average of the diffusion flux can be represented as
follows [14]:

(v = —=Dyg " Go + 4], (4)
where AJ is an additional flux caused by the presence of the inhomogeneity that can be
expressed in terms of the diffusivity contribution tensor H such that

A) = —2H- Gy, (5)
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Hence,
DY =D, +H, (6)
here the effective diffusivity tensor can generally be orthotropic. In the case of isotropy
of the phases’ material, the overall anisotropy is induced solely by the shape of the
inhomogeneity. Specifically, for ellipsoidal shapes, the tensor is orthotropic; for
spheroidal shapes, it exhibits transverse isotropy; and it becomes isotropic in the case of
a sphere.

Diffusivity contribution tensors of inhomogeneities with imperfect contacts caused
by segregation, modeled in different ways, differ from one another. We will now discuss
a few mathematical models of imperfect contact and introduce corresponding property
contribution tensors.

Diffusivity contribution tensors

Within the framework of the present paper, we consider two analytical approaches for
modeling segregation. The first approach involves prescribing a jump in the
concentration field, while the second approach considers an inhomogeneity with an ultra-
thin isolating coating. For further details, we refer to our previous works [16,29,30] as
well as the works of Levin and Markov [24,25]. Below, we briefly outline the main ideas
and provide the key formulas associated with each approach.

In both analytical approaches, the diffusivity contribution tensor can be expressed
in terms of the concentration tensor of concentration gradient A, which linearly relates
the field inside the inhomogeneity to the applied one (Vc(r) = A(r) - G when r belongs
to inhomogeneity). The presence of imperfect contacts must be considered at two stages
within the homogenization problem: during the averaging of fields as presented in Eq. (3),
and when calculating the concentration tensor. Both the averaging procedure and the
determination of the concentration tensor are influenced by the geometry of the internal
boundaries and the boundary conditions applied to them. Consequently, the property
contribution tensors obtained within the two approaches are expressed in terms of
different variables that account for the effects of imperfect contacts.

In the first analytical approach to accounting for imperfect contacts, the influence
of these contacts is modeled using a segregation parameter s., defined as the ratio of the
concentration values on the outer and inner sides of the interface I' between the matrix
(+) and the inhomogeneity (-). The geometry of the inhomogeneity in the (e, e3) plane is
shown in Fig. 1. So, the following boundary conditions hold:

dc(r) dc(r)
on — M1 on ’ C(r)lr—>l"+ = Scc(r)lr—ﬁ‘—’ (7)
I'lr—or+ N

where nr is the outer normal vector to . Note that the jump in concentration can be
calculated as [c] = (s, — Dec(®)|,5p-.
The averaged fields are as follows:

Vol = (1=2)(Veky, +5e Vel Dy = (1= 2) Dy, + 2 0y, (8)
here (...)y, = fVo ...dV, represents the averaging over the volume V, of the matrix, while

(dy, = fVl ...dV; denotes the averaging over the volume of the inhomogeneity.
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Diffusivity contribution tensor can be found then by the following equation:
H = (D; — s:Dy)A,, 9)
where constant concentration tensor A, ((Vc)y, = A.-Gy) of an ellipsoidal

inhomogeneity is as follows:
1

A = 3_ e.e;, 10
C () o
here

4 = aa05 fy (0 + )" /(2 + aD o+ D + ad) ) dp, (1

where ay, a,, as are the lengths of the semi-axes of the ellipsoidal inhomogeneity.

e /’/ — h \\
ya e N,
7 ;_/ S ,
VO
a; \ la
i T
II II I| II
| b a | |
1 ! 1 !
n || | | rb] DF
r II II || II H
v, S
Wt fo/
\‘ , ra rf
el S
\\‘hb:_: P S
Analytical approach 1 Analytical approach 2

Fig. 1. Geometry of inhomogeneity considered in two analytical approaches

In the second analytical approach to accounting for imperfect contacts, a two-
component layered ellipsoid is introduced (as shown in Fig. 1 in the (es, es) plane). The
diffusivity of the inner ellipsoid coincides with that of the original inhomogeneity, while
diffusivity of the outer layer, denoted as D;, differs (material of the layer is assumed to be
isotropic). The lengths of the semi-axes of the inner and outer ellipsoids, represented as
ai, a;, as and by, by, bs, respectively, are related through a constant component § associated
with confocal ellipsoids as:

b? = a? +¢. (12)

The bounds I, of the inner ellipsoid and I, of the outer ellipsoid are assumed to be
perfect, so fields are continuous:

ac(r) ac(r)
05n — Yson ,C(r)lr—)Fb+ = C(r)lr—ﬂ‘b—
Tp r-dlp+ Tp r-ITp— (13)
dc(r) dc(r) )
S an = n , C(r)lr—>l"a+ = C(r)lr—>l"a—
Talyoor,+ Tolyor,—

The thickness of the outer shell of the two-component layered ellipsoid is assumed
to tend to zero that is modeled by letting £ — 0. This extremely thin coating is considered
to be an isolator, resulting in D; — 0. Consequently, it becomes convenient to express the
imperfect contact in terms of the equivalent surface diffusion resistivity S:

B = Vs _ 4n(a?a3+a%a3+a3a3) lim i} (14)
DsS 6a,azasS §-0,Dg~0 Ds
where V; is the volume of the outer shell, S is the surface area of the inner ellipsoid (see

Fig. 1). In the specific case of a spherical inhomogeneity, where a: = a,= as= qa, Eq. (14)
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simplifiesto § = lim &/Ds, where 6 is a constant thickness of the outer shell that
6—0,D5—0

tends to zero.
The averaged fields are as follows:

(Ve = (1= 225)(Ve)y, + 2 (Ve)y, +Z(Vely,

Dy = (1= Z5) 0y, + 20y, + 20y,
here (...)y, = fV wdVp and (.. )y, = fV ...dV; denotes the averaging over the volume of

(15)

the inner ellipsoid and over the outer shell respectively.
Diffusivity contribution tensor can be found as:
Vs
H = (D, — Dp)A, — V_aDOAS' (16)
where constant concentration tensors A, ((Vc)y, = Agq - Go) and A ((Vc)y, = As - Go) are

as follows:
1

Ay =Dy Y3, F €€
a J A].D1+(1—Aj)D0+(1—Aj)DoD1ﬁ(Aj_ﬁJ) 1] (17)
b
= y3 Dy e
As =21 4 D a;;€j€
(33_, ap?)a,-4%293 foos(p+a%)(p+a%)+(p+a%)(p+a%)+(p+a%)(p+a§)dp
k=1%k 1 2 0
a?a3+alai+ada? \/(p+a§)s(p+a§)3(p+a§)3
here H = e 1= ,
a?a3a? 2

expressions for F, and F; can be obtained by the last equation with appropriate
permutation of indices.

In our paper [30], we compared the two analytical approaches discussed above. It
was shown that they yield the same result only in the case of spherical inhomogeneity,
specifically when a; = a, = a3 = a. In this scenario, the segregation parameter s, and
the equivalent surface resistivity g are related by the equation: s, = 1 + D;3/a.

Let us now discuss the numerical approach for accounting for segregation. In this
approach, we consider an inhomogeneity with a mass-isolating coating representing a
shell. The procedure for numerically solving Eq. (1) for concentration is described in
Appendix A. The diffusivity contribution tensor is determined through the effective
diffusivity based on Eq. (6). The effective diffusivity tensor, in turn, is calculated from the
solution of the following system of equations:

(1)1 = —D*// - (Ve),,

()2 = =D/ - (Vc),, (18)

s = —De/7 (Ve)s,
here the indices 1, 2, 3 correspond to three calculations where the linear boundary
condition (2) is alternately applied along three mutually orthogonal directions e, e;, €3
(here ey, e, esare unit vectors aligned with semi-axes of the ellipsoidal inhomogeneity.
Note that the equalities (Vc); = G, are satisfied automatically for j =1, 2, 3 respectively.

To find the effective diffusivity, we multiply Eq. (18) by ei, e,, es respectively and
then sum them. This leads to the following equality:

T
DT = — ((213=1 ej(VC)j)_l : ?:1(])]'9]') . (19)
Within the numerical approach we consider different shapes for the outer shell:
1. The outer shell is represented by two ellipsoids (Numerical method 1).
2. The outer shell is characterized by a constant thickness (Numerical method 2).
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Let us further discuss these methods.

In the case of Numerical method 1, when the semi-axes of the inner and outer
ellipsoids are related by Eq. (12), the numerical solution can be directly compared with
the corresponding analytical solution. However, consideration of such a shape of the
outer shell is meaningful only within analytical approach based on the solution of a single
inhomogeneity problem for confocal ellipsoids. Additionally, within the numerical
approach, we examine a second case where the semi-axes of the two ellipsoids are
related as b; = a; + &, with § being a constant. To facilitate the comparison of the two
numerical solutions, we relate the parameter ¢ introduced in the first case to the
parameter § introduced in the second case in the following way:

§ = 6(2amax + 9), (20)
where a,,,, corresponds to the largest semi-axis. In the case of confocal ellipsoids, &
represents the minimum value of the thickness of the outer shell.

In the case of Numerical method 2, the inner figure is an ellipsoid, while the outer
one is not. This model is particularly significant for materials containing inhomogeneities
with real coatings of finite thickness. At the same time, even in scenarios involving an
ultra-thin coating used to model segregation, the model offers advantages, as in this case
the thickness & approaches zero, rather than & making it a more physically relevant
representation. To compare the two numerical methods, we relate 6§ and § using Eq. (20).
The technical complexity associated with forming a layer of constant thickness arises
from the need to calculate the distance between the surface of the ellipsoid and any point
outside it to determine whether that point belongs to the layer [31,32]. The proposed
method for solving this problem is described in Appendix B.

To simulate a micro-heterogeneous material in Numerical methods 1 and 2, we
create three types of cubic cells based on the material they represent: inhomogeneity,
layer, or matrix. When the thickness of the isolating layer approaches zero, matrix cells
and inhomogeneity cells can become neighbors, resulting in no isolating cells between
them. This situation gives rise to the issue of "penetration” which violates isolation. To
avoid the "penetration” problem, we must consider a layer of finite thickness that, in fact,
does not accurately model segregation on a real ultra-thin phase interface. To accurately
simulate the case of an ultra-thin coating of interest, we propose to extrapolate the
dependencies of the components of the diffusivity contribution tensor on ¢ (or 6) and
estimate the values at £=0 (or 6 = 0).

In conclusion, we would like to emphasize that the consideration of an isolating
coating—both in analytical models and numerical methods—allows the modeling of
impurity accumulation solely outside the inhomogeneities. On the other hand, prescribing
a jump in concentration enables the modeling of impurity accumulation in both the
exterior and interior of the inhomogeneities. Segregation typically occurs along grain
boundaries and within pores. In the first case, it is essential to model the grains as
inhomogeneities and the grain boundaries as the matrix when employing the isolating
coating approach (as opposed to modeling grains as the matrix and grain boundaries as
inhomogeneities). Notably, this approach cannot be applied to model segregation in the
case of pores at all.
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Results and Discussion

We calculate the diffusivity contribution tensor of a less mass-conductive inhomogeneity
with an imperfect boundary, which is embedded in a more mass-conductive matrix. This
approach allows us to model segregation in polycrystalline materials within the
framework of all the investigated models (where grains are modeled as inhomogeneities,
and grain boundaries are modeled as the matrix, with segregation occurring along the
grain boundaries). Inhomogeneity is assumed to have the shape of a prolate spheroid
(where a; = a, =aandy = az/a > 1) or a sphere (where a; = a, =az; =aandy = 1).

To compare the results obtained within the framework of two investigated
analytical approaches for accounting for imperfect contacts, we relate the segregation
parameter s., which is responsible for the jump in concentration, to the equivalent surface
resistivity 8, which accounts for the surface effect in the following manner:

D1 Dy (1+2y?) : 3
Se=1+R, R=—= lim =, (22)
a / 2_4\ §-0,D5-0 Ds
3a2Y<1: v2 arcsin yy 1> °
y2-1

since in this case the application of both analytical approaches leads to the same result [29].
An ultra-thin isolating coating emerges when ¢ - 0 and Dg; = 0. The ratio

; gilgn . ¢/D, and the parameter R introduced in accordance with Eq. (21) are constant

values. As discussed in the previous section, direct consideration of £ = 0 in numerical
method presents technical challenges. To compare the numerical solution with the
analytical ones, we evaluate the numerical solution at several small values of ¢ while
keeping ¢/D, constant, and then we extrapolate the results.

We start with calculating the components of diffusivity contribution tensor of a
spherical inhomogeneity (when y =1). In this case, not only do both analytical
approaches yield the same result, but all numerical methods do as well, since the
thickness of the coating remains constant along the inhomogeneity border. Specifically,
we consider a material with a ratio of the diffusion coefficient of the inhomogeneity to
that of the background matrix given by « = D, /D, = 0.1.

Figure 2 shows the dependence of the components of the diffusivity contribution
tensor of a spherical inhomogeneity with imperfect contact on §, which remains constant
along the phase interface, at a constant ratio ¢/D,. Note that in this case, an ultra-thin
coating emerges when § — 0. It is seen that for small values of the thickness of the outer
shell, the dependencies can be well approximated by linear functions. The results are
extrapolated to facilitate the limit transition. The numerical and analytical results are
found to be in close agreement, with an error of less than 1 %. Additionally, in the absence
of the coating, the components of the property contribution tensor calculated both
analytically and numerically yield Hy; = H,, = H33 = 1.3. Thus, in all models - both
analytical and numerical - increasing R enhances the “negative” contribution of low
mass-conducting inhomogeneities, meaning that the presence of such inhomogeneities
will decrease macroscopic mass permeability.
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Fig. 2. Extrapolation of the numerical dependencies of the components of the diffusivity
contribution tensor with respect to the thickness of the outer shell

We now turn our attention to spheroidal inhomogeneities. As previously mentioned,
the two analytical approaches yield different results for any relationship between the
segregation parameter s. and equivalent surface resistivity 8. Consequently, a quantitative
comparison of the results is not particularly valuable. However, the qualitative differences
are significant.

Hy1/Bo _ Hj3/D,
-1.50 \ (@) -1.0 V (b)
-1.55 \\ 1.2 <
-1.60
S~ 1.4 \\
-1.65 —— \
[——
1.70 ~—] -1.6 "'--a-..,‘__\
'\-\-._H___-- \\

-1.75 b . 1.8 L. &

0 1 2 3 4 5 e 0 2 4 6 8 10

R

— Analytical approach 1 — Analytical approach 2

Fig. 3. Dependencies of the dimensionless components of the diffusivity contribution tensor H;,/D, (a)
and Hs5 /D, (b) with respect to the parameter R

According to [26], the increase in the dimensionless parameter R, introduced by
Eg. (21) and indicative of an imperfect contact, impacts the results obtained through the
two analytical approaches in different ways. When R is unknown, the application of one
approach allows for a border range of values for H; and, consequently, for effective
properties. This can be critical when comparing theoretical results with experimental
data. Note that both approaches - Analytical approach 1, which accounts for an imperfect
contact via a jump prescription, and Analytical approach 2, which considers imperfect
contact through an isolating coating - can yield a wider range of the results than the
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other, depending on the internal structure parameters. For instance, as shown in Fig. 3,
aty =3 and a = 0.1, the increase in R affects Hss calculated using Analytical approach 2
significantly more than it does in Analytical approach 1. However, the influence on Hi; is
comparatively less. Notably, the difference in Hss calculated by the two approaches is
greater than in Hi..

There is another significant qualitative difference between the two analytical
approaches. In Analytical approach 1, the magnitudes of all components of the diffusivity
contribution tensor increase with an increasing R, which is physically justified. This is
because the degradation of mass permeability in the inhomogeneity should enhance its
contribution to the effective properties of a material comprised of less mass-conducting
inhomogeneities and a more mass-conducting matrix. In contrast, in Analytical
approach 2, for certain values of the inner structure parameters, an opposing trend occurs.
In Fig. 4(a) it is shown that for a given y, the magnitude of the component H.1 decreases
with increasing R when a < a..;; (Where a..;; represents some “critical” value). An
increase in y leads to a decrease in a..;;. The dependence of a.,.;; on the aspect ratio is
shown in Fig. 4(b). It is seen that the problem does not arise when a > 0.043 for any
value of y. Additionally, as a decreases, the range of “critical” values of y becomes wider
(see the region under the line in Fig. 4(b)).

H11J’DP Lerit
1.6 === | ‘ ------- 0.03 N
T B |
AT F 0.02 \\
-1.8 et
1.9 e . ! o
: A b
=2.0 1| ! ( ). oL ( ).
0 0.02 0.04 0.06 0.08 010(1 0 2 4 6 8 10
R=1
_ — — R=10
............... R =100

Fig. 4. (a) Dependencies of the dimensionless components of the diffusivity contribution tensor
H, /D, with respect to the ratio of the diffusivities of the inhomogeneity and the matrix;
(b) dependence of the “critical” value the diffusivity ratio with respect to the aspect ratio

Figures 5 and 6 compare the analytical and numerical solutions for the components
of the diffusivity contribution tensor. The numerical solution obtained using Numerical
method 1 when semi-axes of the inner and outer ellipsoids are related by Eq. (12) is
shown. The results are extrapolated to implement the limit transition. Figure 5 presents
the results for a material with parameters y = 2, @« = 0.1. In this case, the dependencies
H,; on R obtained within the framework of the two analytical approaches exhibit similar
behavior, with their magnitudes increasing as R increases. It is seen that an increase in R
results in a greater contribution of inhomogeneity with an imperfect interface estimated
within numerical approach. The results calculated using Analytical model 1 are closer to
the numerical results than those obtained from Analytical model 2. This may be due to
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the fact that the dependency of the components of the property contribution tensors on

R is less pronounced in the case of Analytical model 1 and in the numerical solution. It
appears that Analytical model 2 can be used for small values of R, which holds true for

small values in the limit 5%3'1521%0 ¢/D;.
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Fig. 5. Extrapolation of the dependencies of the dimensionless components of the diffusivity
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Figure 7 compares the results obtained from different numerical methods:
Numerical method 1, which introduces the coating using a constant parameter &, and
Numerical method 2, which introduces the coating through a constant thickness 6 along
the inhomogeneity boundary. Both approaches yield similar results, allowing either
model to be used for simulating an ultra-thin coating. However, the analysis of a layer
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with constant thickness results in outcomes that are less dependent on the absolute
thickness.

Notably, for a slightly elongated spheroid with y = 2, the results obtained within the
framework of Numerical method 1.2 using a constant thickness & along the
inhomogeneity axes, coincide with those from Numerical method 2 applying the same
constant thickness 6 across the entire inhomogeneity boundary, with the difference being
less than 1 %. The distinction between these two cases becomes apparent at larger values
of y, as shown in Fig. 8. It is seen that increasing the aspect ratio of spheroidal
inhomogeneity leads to a greater difference between Numerical method 1.2 and
Numerical method 2 (the value of |HM*? — HYM?|/H™M? is shown, where HYM'? and
HYM? are components of H;; calculated within the framework of Numerical method 1.2
and Numerical method 2 respectively).
|H¥M1,2'H¥M2|in?M2
0.12
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0.08

0.06
0.04

0.02
0

0 5 10 15 20
i=1 *ji=3

Y

Fig. 8. Dependencies of the slot-relative difference between the components of the diffusivity
contribution tensor calculated using Numerical method 1.2 and Numerical method 2 with respect to the
aspect ratio of spheroidal inhomogeneity

In summary, the analytical approach that incorporates segregation via prescription
of a jump in concentration shows advantages over the alternative method that models
segregation through inhomogeneity with a mass isolating coating. The first analytical
approach effectively describes segregation both inside and outside inhomogeneities,
avoids unphysical outcomes across various internal structure parameters, and yields
results that align more closely with numerical findings. Additionally, we have confirmed
that our developed numerical methods are capable of accurately simulating segregation
occurring outside of inhomogeneities.

Conclusions

Various analytical approaches and numerical methods that account for segregation when
determining the effective diffusivity of micro-heterogeneous materials were compared in
the paper based on evaluating the diffusivity contribution tensors of individual
inhomogeneities. Two analytical approaches and one numerical approach were utilized.
In the first analytical approach, segregation was modeled by introducing a concentration
jump characterized by a constant segregation parameter. In the second analytical
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approach and the numerical approach, segregation was addressed by considering
inhomogeneities with a mass-isolating ultra-thin coating. Moreover, in the framework of
the numerical approach, different methods of simulating the coating were applied: the
layer formed by two ellipsoids and the layer of constant thickness were both considered

The comparison of analytical and numerical solutions demonstrated that the first
analytical approach offers more advantages than the second one. This is because it
enables the description of segregation in materials with diverse internal structures and
provides results that closely match numerical findings, despite its simplicity. Additionally,
the developed numerical methods can be further employed to calculate the effective
properties of materials with inhomogeneities featuring real mass-isolating coatings of
finite thickness and inhomogeneities with irregular shapes.
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Appendix A. Numerical procedure

To solve Eq. (1) for concentration, we employed an implicit numerical procedure based
on the Alternating Direction Implicit (ADI) algorithm [33].

We can express Eq. (1) for concentration in symbolic form as follows:
L(c) =0, (A1)
where L is a differential operator defined in Cartesian coordinates (x,y, z) as
L=—(D@)=)+ :—y(D(r)aiy) +2(D@W)2) =Ly + Ly + Ls.

To find the solution of Eq. (A.1), we treat it as the stationary solution of the unsteady
equation using an implicit scheme:

$n+1
—= L(c™1), (A.2)
where M1 = ¢l — ¢ 1 s a3 “pseudo-time” step, n is the iteration number.
Equation (A.2) can be rewritten in the following manner:

"mri = L(c™) + L(&™*). A3)
Equation (A.3), in turn, is convenient to rewrite as:
(I — L) = 7L(cM), (A4)

where / is the identity operator.
Equation (A.4) can be factored in the following way:

(I —tL)U —tLy)(I — tL3)E™t = 7L(c™) + 0(E™1). (A.5)
Then the main steps of algorithm are as follows:
Step 1: & =1L(c™)
Step2: (I — 7L )M =¢n
Step3: (I — tL,)EN+2/3 = gn+1/3 (A.6)
Step4: (I —tL3)E™HL = gn+2/3
Step 5: ¢l = " 4 gntl

Appendix B. Calculating the distance between point and ellipsoid surface

The distance between a point and the surface of an ellipsoid can be expresses as the

length of the normal vector dropped from the given point onto the ellipsoidal surface.

The surface of the ellipsoid in Cartesian coordinates (x,y, z) is defined be the equation:
x 2 y 2 z 2

)+ +(E) =1, B1)

where a4, a,, a; are the semi-axes of the ellipsoid.

We first discuss the problem of determining the position of some point along the
normal vector to ellipsoid’s surface. Let this point be located at a given distance 6 to a
point on the ellipsoid’s surface represented by the position vector r = xe; + ye, + ze;.
The unit external normal vector n to the ellipsoid’s surface at the point r can be defined

as:
y

es. (8.2)
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Let ry = xpe; + yp€, + zpe; be the sought-for position-vector. Its coordinates can
be determined from the following equations:

Xo =X+ Sl é

Yo=v+ j( t 5 (8.3)

2 2 2
2\ L(2) (2
Returning to the problem of calculating the distance between a specified point and
the surface of the ellipsoid, both the distance 6 and the coordinates X, y, z are initially

unknown. To find these values, we must solve an inverse problem described by the
following system of equations:

Xo—| 1+ b x=0

2 2 2
2 X y Z
= = | 4=
! <a5> <a§>

¢ () "
3’0—(14' Zy - —h |y=0
\ ) ) -
Zo—| 1+ - z - = hlz=0
s &)@
(1)2 2 +

O+ (@) +(2) -1=0

Solution of the system of Egs. (B.4) was found in the present research numerically.



MATERIALS PHYSICS AND MECHANICS RESEARCH ARTICLE

Submitted: August 13, 2024 Revised: September 8, 2024 Accepted: September 29, 2024

Influence of latent heat and heat exchange conditions on tension
behavior of shape memory alloy specimen

F.S. Belyaev 2"/, A.E. Volkov *"*/, E.A.Vukolov !, M.E. Evard *** "',
K.V. Kudrina !, M.S. Starodubova !

1 St. Petersburg State University, St. Petersburg, Russia
2 Institute for Problems in Mechanical Engineering of the Russian Academy of Sciences, St. Petersburg, Russia

*'m.evard@spbu.ru

ABSTRACT

A microstructural model of functional behavior of shape memory alloys has been used for modeling of the
pseudo-elasticity effect taking into account the influence of latent heat of the martensitic transformations,
heat exchange conditions and strain rate. A completely coupled boundary value problem on tension of a
cylindrical rod under conditions of heat exchange with the environment and heat diffusion along the radius
has been solved. The obtained results are in good agreement with the available experimental data. The
Fourier and Biot criteria were used to evaluate the critical radius, for which it is necessary to solve a fully
coupled boundary value problem at given material parameters, deformation rate and heat exchange
conditions. It has been shown that the microstructural model taking into account the latent heat release
and adsorption is an adequate tool for describing the strain rate dependence of the pseudo-elastic behavior
for shape memory alloys.
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Introduction

Nowadays the ability of shape memory alloy (SMA) parts to restore the original shape at
heating after preliminary deformation (shape memory effect), as well as pseudoelastic
behavior consisting in the recovery of significant deformations during isothermal
unloading, has found wide application. These materials are used as active working
elements of actuators and sensors [1,2], passive and semi-active vibration protection
devices [3], medical devices [4,5]. The functional properties of SMAs are caused by
martensitic transformations - reversible change of the crystal lattice from a high-
temperature austenitic structure to a low-temperature martensitic one. Martensitic
transformations in SMAs are usually controlled by temperature kinetics, so that the
volume fraction of martensite smoothly increases at cooling through the temperature
interval of the direct transformation and decreases at heating through the interval of the
reverse transformation [6]. The finite rate of heat diffusion and the processes of release
(or absorption) of the latent heat of the transformation can have a significant influence
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on functional characteristics of a particular device [7-9]. For example, cyclic temperature
variations of SMA samples associated with the release and absorption of the latent heat
of transformation were revealed during cyclic loading at constant ambient temperature.
Moreover, the oscillation amplitude increases with the loading rate [10,11]. Heat
exchange with the environment leads to an attenuation of the influence of internal heat
sources [12], but sometimes the heat exchange can be difficult, especially when an SMA
element has a coating [13,14]. At some conditions, a loaded sample may develop
deformation in time due to a delay of the martensitic transformation caused by the
presence of two simultaneous processes: the release of the latent heat of transformation
and heat flux to the environment [15].

Simulation, which takes into account the presence of internal heat sources in SMA
elements and heat exchange conditions becomes especially important for devices that
are required to operate at a given temperature and/or within a given time interval. For
modelling of SMA element deformation different theoretical approaches can be used. For
solving boundary value problems to find the stress and strain fields usually a macroscopic
(phenomenological) model is used for calculation of the SMA deformation. In such models
the volume fraction of the martensitic phase and the transformation strain are considered
as internal variables, and the relationships that determine their evolution are based either
directly on the results of experiments [16], or on a combination of experimental
constitutive relations with basic thermodynamic principles [17-21]. When it is necessary
to describe the reorientation of martensite, phenomenological models either introduce
two types of martensite - chaotic and oriented, or consider the existence of several
orientational variants or martensite plates and formulate criteria for reorientation [22,23].
Unfortunately, the ability of macroscopic models to describe the entire set of functional
properties of SMA at changing thermal and mechanical regimes are greatly limited due
to the lack of direct consideration of the structure of martensite and the details of the
mechanisms of transformation and reorientation. Microstructural models of the behavior
of SMAs [24-26], based on accounting for the structure of these materials and the specific
features of the deformation mechanisms, have greater capabilities. Although a large
number of internal variables as well as the complexity of determining the material
constants are the obstacles for using such models, there are a few successful examples
of solving boundary value problems for SMA elements based on a microstructural model
[27-29]. In the present work, the simulation of pseudoelastic behavior of an SMA cylinder
at different strain rates accounting the influence of heat release/absorption during
martensitic transformations as well as heat exchange conditions have been performed.
Two approaches within the frames of the microstructural model were used. The first one
did not involve solving a boundary value problem in the classical sense and could be
considered as a zero-dimensional problem for a cylinder with a uniform temperature field.
The second one is the completely coupled boundary value problem. Since solving the
connected boundary value problems for SMA bodies is associated with a number of
difficulties, a theoretical estimate of the critical radius for the cylinder at which the
temperature field can be considered homogeneous at a given loading rate and heat
transfer conditions was made. It could reduce the cost of time and computational
resources



Influence of latent heat and heat exchange conditions on tension behavior of shape memory alloy specimen 20

Microstructural model

The microstructural model used in this work is described in detail in [15,29], so here we
will only briefly present its basic assumptions. An SMA representative volume consists of
grains characterized by the orientation w of the crystallographic axes relative to the
selected laboratory basis. The grains consist of a high-temperature phase austenite and
orientation variants of martensite formed from austenite by one of N crystallographically
equivalent variants of transformation of the crystal lattice. The internal variables &, are
such that the volume fraction of the n-th variant of martensite equals Reuss' averaging
scheme is used, so that the strain of a representative volume is calculated by averaging
the strains over all grains. The strain of a grain is found as the sum of elastic, thermal,
phase, and micro-plastic deformation associated with accommodation of martensite.
Active plastic deformation is not taken into account in this work. Elastic and thermal
strain of austenite martensite variants are calculated with the Duhamel-Neumann law.
The phase strain of the n-th variant of martensite is proportional to the Bain strain D,
realizing the transformation of the crystal lattice and to the volume fraction of the n-th
martensitic variant. Due to the Reuss' hypothesis, the phase strain of the grain is
calculated by averaging the phase strains over all orientational variants of martensite:

1
gIm Pl = N n=1PnDn. (1)
For calculation of the micro-plastic strain another set of internal variables E,Tp , that

are related to martensitic variants, are introduced. It is assumed that the micro-plastic
strain of the grain can be calculated by the relation similar to Eq. (1):
gdTmMP = % Z:ﬂ ke, P dev(Dy,), )
where k is the scaling factor (the material constant), "dev" means the deviator.
Constitutive equations for calculation the evolution of variables @, and ¢, " are
formulated in terms of thermodynamic forces that are the derivatives of the Gibbs
thermodynamic potential G with respect to these variables. These equations are described
in detail in [29].
The condition for the martensitic transformation expresses the equality of the
thermodynamic driving force E, = —:TG to some dissipative force F" caused by the

n

resistance to the growth of martensitic crystals and responsible for the existence of the
transformation hysteresis:

Fy = +FI7, (3)
where a sign "+" is taken for the direct and "-" for the reverse transformation. The material
constant F/™ is calculated through the values of the characteristic temperatures and
latent heat of the transformation. When the driving force changes due to variation of
temperature and stress, increments of internal variables also change so that condition (3)

remains satisfied.

Modeling of pseudo-elastic effect at different strain rates

Simulation of loading and unloading of the cylindrical specimen made of a NiTi SMA at
temperature 290 K, when the alloy demonstrates pseudo-elastic behavior, was
performed. According to the experimental procedure presented in [20], the cylinder radius
is 2.5 mm, the strain rate varied from 3.3-10* to 3.3-102 s}, maximum value of achieved
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strain is 9 %. Material constants for SMA and characteristics of the vibrating system are

presented in Table 1.

Table 1. Material constants used for modeling

Material constant

Value

Characteristic temperatures Mf, Ms, As, Af, K

224,227, 262, 265

Latent heat go, MJ/m3

-150

Number of martensite variants N

12

Lattice deformation matrix D

0.025
0.059

(0 0456 0.0456

0.059
0.025

0.0456
0.0456
—0.042

)

Elastic modulus of austenite Ex, GPa 80
Elastic modulus of martensite Eu, GPa 25
Poisson’s ratio of austenite va 0.33
Poisson’s ratio of martensite vy 0.45
Density of austenite p,4, density of martensite p,, ,kg/m?* 6500
Thermal-expansion coefficient of martensite, K! 6.6:10°¢
Specific heat of austenite C,, J/(kg K) 550
Specific heat of austenite Cy, J/(kg K) 500
650 650 5
600 (a) 600 (b) i
550 550 | ey
500 500 T ,‘JE;“/ i
450 450 %{L&jﬁ;{,
& a00 o & 400 T . - ﬁ&lﬁ
Sas0] 7 = 350 v,// e
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H2s0] | Hz0d o A/f
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Fig. 1. Stress-strain diagrams for tension of SMA rod at different strain rates: (a) modeling with the
microstructural model, (b) experiment [30]

In the first set of numerical experiments it is assumed for simplicity that the

temperature in the SMA rod is uniform and the heat exchange is carried out through its
surface in accordance with Newton’s law. In this case one can write the thermal balance
equation:
—(pu®Pu + pa(1 = Py)) (Cy Py + Co(1 — Py))T + hconvm (T = Tamp) = QoPu, (4
where py, ps are the densities and Cy, C4 are the specific heats of martensite and
austenite; @,, is the total volume fraction of martensite, T,,,;, is the ambient temperature,
h.onv 1S the heat transfer coefficient, Asy4 and Vs 4 are the area and volume of the SMA
cylinder, dot means the time derivative. The value of h.,,,, Was chosen as 80 W/(m? K) to
be corresponding to a metal-air heat exchange [31].

The calculated stress-strain diagrams and the experimental results of Kan et al. [20]
are presented on Fig. 1. One can see good agreement between the model curves and the
experimental data. Deformation at higher strain rates causes greater heating of the
specimen due to the release of latent heat of the direct martensitic transformation. This
leads to increase of the maximum stress while the value of the phase yield limit (stress

Asma
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at which the elastic mechanism of deformation gives way to a phase one) does not
change. As a result, the slope of the pseudo-elastic "flag" becomes steeper.

During unloading such a direct connection between the strain rate and cooling due
to the reverse martensitic transformation is not observed. At a high strain rate, the sample
does not have time to cool much more than the initial temperature. At a very slow strain
rate, the sample does not cool much due to slow heat exchange with the environment.
When the strain rate belongs to some medium range, the model specimen manages to
cool down due to heat absorption caused by the endothermal reverse martensitic
transformation.

Coupled boundary value problem

The results described in the previous section can be considered as the results of solving
zero-dimension boundary value problem for the cylinder with the uniform temperature
field. This seems acceptable for relatively thin samples and for characteristic deformation
duration that assume temperature equalization along the radius of the cylinder.
Otherwise, to calculate the deformation of the rod and distribution of temperature along
the radius it is necessary to solve a connected boundary-value thermomechanical
problem that takes into account heat exchange with the environment, thermal
conductivity, the release of latent heat of transformation and the dependence of the
change in phase state and deformation on the temperature and stress.

The cylindrical model element of the radius R that is in thermal contact with the
environment has been considered. An axial force F acting along the axis z is supposed to
be applied to the end of the cylinder (Fig. 2).

A r Heat exchange

Fig. 2. Tension of a cylindrical rod, which is in thermal contact with the environment through the side
surface (scheme)

It was assumed, that the cylinder was long enough so that the peculiarities of the
force distribution at the end could be neglected and the cross-sections could be
considered to remain flat. As a result, the longitudinal fibers' strain ¢,, = € does not
depend on the radial coordinate r. In the cylindrical coordinate system r, ¢, z non-zero
can be strain components &,,.(r) and £, (7).

Conditions of static equilibrium of a rod under consideration are:
fg 0,,dS = F, ©)
where the integration is carried out over the entire cross section of the cylinder.
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Let us assume that the constitutive relations of the material allow us to additively divide
the total strain € into elastic €¢ and non-elastic €™components, so that & = £ + g"¢,
Then, according to Hooke's law:

o = E(e — &™), (6)
where E is the effective Young's modulus, determined in this work by the "mixture rule”
for elastic compliances:

E'=dyEt+ (1 —@))E L (7)

Increments of phase strain and internal variables were determined by the
microstructural model described in the previous section. Formally, they can be written as:
A (r) = Fl(AT(r),Aa(r),X(r)), g
AX(r) = F,(4T(r), 4a(r), X (1)), ®)
where the functions Fi and F, are determined by the microstructural model and the
symbol X denotes the set of internal variables @,(w) and ¢, (w) for each of the n
variants in each grain w, correspondingly.

The variation of temperature over time was calculated by solving the heat

conduction equation:
v =2(25) +0, ©)
where c is the specific heat capacity, p is the density and A is the thermal conductivity.
All these parameters were determined for mixture of martensite and austenite by the
same way as it was previously done for the effective elastic compliance (7). The intensity
of heat sources is determined by the latent heat of transformation of an SMA ¢, and the
growth rate of the total volume fraction of martensite @y, so that Q = —q,®y.

It is assumed, that heat exchange with the environment occurs according to
Newton's law:

FAS| = heons(T = Tomy), (10)
2
where heny is the heat transfer coefficient, T., is the ambient temperature.

To solve the axis-symmetric problem, a discrete scheme was used. The radius R of
the cylinder was divided into K equal segments, thereby determining the nodes of the
spatial grid with coordinates 7, = jR/K, j=1,..K. The stress, deformation and
temperature fields at different points of the body were specified as a set of values at the
grid nodes. During the calculation, at each loading step, the problem is divided into sub-
problems with their own operators:

1. the mechanical equilibrium problem (an operator M) - finding of the grid function o(r)
for a given value of the applied force F and values £"¢(r;) of inelastic deformation at the
nodes using relations (5)-(7);

2. the "rheological” problem of finding inelastic deformation and density of heat sources
(as well as internal variables) using the microstructural model (8) (an operator F);

3. the thermal (heat diffusion) problem (an operator T) - finding of the grid function T(rj)
using the heat conductivity Eqg. (9) under given heat exchange conditions (10) and known
internal variables.

The search for such stress and temperature fields that satisfied simultaneously
equations of equilibrium, thermal conductivity and boundary conditions changing during
the step can be reduced to the problem of a fixed point of the operator A:

Wly=1
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o)\ _ (o)

(ron)=4lre) o 1)
Here the operator A is a composition of operators M, F and T':

o(r) ~ M(ene(r)) e"e(r) e a(r)

(r¢9) = ( (o) )’ ( 0 )=F (T(r))' 12)

In this work, this problem was solved by reducing it to finding the minimum of a
functional of many variables [32]. The result of the solution were grid functions for stress,
strain, temperature and internal variables of the microstructural model.

Boundary value problem: simulation of pseudo-elastic effect at different
strain rates
The computational experiments described in the previous section were carried out by

solving of the boundary value problem. The calculated stress-strain diagrams for a
cylindrical sample with the radius 2.5 mm are presented on Fig. 3.
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Fig. 3. Stress-strain diagrams for tension of SMA  Fig. 4. Temperature distributions along the cylinder
rod at different strain rates — calculated by radius during deformation up to 9 % at strain rate
solving coupled boundary-value problems 3.3-102 s* at the end point of deformation

Although there are some peculiarities on the stress-strain curves in comparison with
ones from Fig. 1(a), we can conclude that they are in a good qualitative and quantitative
agreement with the results obtained previously. Apparently, at given deformation rates
and heat exchange conditions, the temperature field in the sample under consideration
does not differ much from the uniform one. The calculation results confirm this fact.
Figure 4 shows the temperature distribution along the radius of the sample when the
deformation achieved its maximum value of 9 % for the strain rate 3.3-102%s.
The temperature difference in the center and on the surface does not exceed 0.3 K. The
less deformation rate, the smaller is this difference.
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Criteria for the need to solve the heat conduction equation

Considering the difficulties arising at solving coupled boundary value problems for SMA,
the question emerges when it is possible to consider the temperature field to be uniform
at given material constants, deformation rate and heat exchange conditions, and thus to
avoid solving the heat conduction equation.

To calculate thermal conductivity in non-stationary modes, the Fourier and Biot
criteria (numbers) are most often used. Initially, they were formulated for problems that
did not imply the presence of internal heat sources. However, at present they are
successfully used, for example, for calculating fuel rods of nuclear power plants [33].

The Biot number is the ratio of the internal thermal resistance of a body R/A
(a cylinder with the radius R in our case) to the external thermal resistance (resistance to
heat transfer) 1/hconv:

Bi = feomet, (13)

This ratio indicates whether the temperature inside a body varies significantly in
space when the body is heated or cooled over time by a heat flux at its surface. If the Biot
number is small (much smaller than 1), the temperature field inside the body can be
considered as nearly uniform. Requiring that Bi must not exceed 0.1, we obtain, for the
material parameters presented in Table 1, that R < 12.5 mm. Therefore, the cylinder
under consideration with the radius 2.5 mm satisfies this condition. The Biot number for
this radius is 0.02.

The Fourier number characterizes the relationship between the rate of change of
thermal conditions in the environment and the rate of redistributing of the temperature
field inside the body under consideration. It depends on the characteristic size L of the
body and its thermal diffusivity x = A/(o():

Fo =%% (14)
where t. is the characteristic time of change of external conditions. If we take the total
deformation time to a given strain of 9 % as the characteristic time of the process, then
for L=R = 2.5 mm and the strain rate 3.3-10%2 s’* we obtain t, = 2,7 s and Fo = 1,5. It is
known, that for the Fourier number significantly greater than 1.0 it can be assumed that
there is enough time to establish the uniform temperature field across the entire
characteristic length of the specimen.

Of course, 1.5 is not much greater than 1.0, nevertheless the model sample shows
rather uniform temperature field at the chosen strain rate (Fig. 4). This may be due to the
choice of the characteristic time for the characteristic length of the process.

One can try to evaluate the characteristic time and the Fourier number directly from
the solution of the boundary value problem of heat conduction theory in dimensionless
form with boundary conditions of the third kind. It is known [33] that application of the
Fourier method gives the following solution for the cylinder:

6(x, Fo) = By - X2y Ar Jo(uicx) exp(—pZFo), (15)

2 J1(px)
A = : 16
T e (B 1) (16)

where x=r/R is dimensionless coordinate, 0(x,t) = T(x,t) — Tymp iS the relative
dimensionless temperature at time instant ¢, 8, = T,—T,mp 1S the relative dimensionless
temperature at the initial moment of time, p, are positive roots of the equation:
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tic J1 (i) = Bi Jo (o), (17)
(in ascending order). Here ], (x) are Bessel functions of the 1st kind of order v.

Keeping only the first term of the series in Eq. (15) one can obtain for the cylinder

0(x, Fo) = 6,4, Jo(u1x) exp(—p2Fo), (18)
2Bi
Al = Bi2+l‘u%' (19)

Assuming that the permitted temperature difference on the surface (x =1) and in
the center (x =0) is 1 K, for a given Bi = 0.02 it is possible to estimate the characteristic
time. It occurred to be equal about 12 s. The corresponding Fo = 8 satisfies the condition
of uniform temperature distribution. The values of the characteristic times and Fourier
numbers for some other radii R are given in Table 2.
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Fig. 5. Temperature distribution along the cylinder radius for R = 8 mm (a), R = 25 mm (b) at the final

point of deformation. The strain rate 3.3-102 s

Figure 5 shows the calculated temperature distributing along the radius for
R =8 mm and R = 25 mm when the strain was 9 %. The maximum temperature difference
in the center and on the surface of the sample AT in the first case was 0.8 K and in the
second 2 K. The results for different radii are also presented in Table 2. One can note that
for the permissible value AT = 1 K for the given strain rate and heat exchange conditions,
the radius should not exceed 8 mm. This value seems to be quite large but although the
strain rate 3.3-102 s is not extremely high, the deformation process takes only 2.7 s and
the rod does not have enough time to cool significantly due to heat exchange with the
environment.

Table 2. Characteristic times, Fourier numbers and maximum temperature difference

R, mm 2.5 3.0 8.0 9.0 25.0
t, S 12 15 49 - 259
Fo 8.0 5.5 2.5 2.3 1.4
AT, K 0.2 0.3 0.8 1 2

It should also be noted that the temperature fields obtained by solving the
connected boundary value problem taking into account heat release and heat absorption
demonstrates fairly good agreement with simple evaluations obtained using Fourier and
Biot numbers excluding these processes.
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Conclusions

1. The microstructural model, taking into account the release and absorption of the latent
heat of martensitic transformations, is an adequate tool for describing the strain rate
dependence of the pseudo-elastic behavior for SMAs. The strain rate growth forces an
increase in the maximum achieved stress and the slope of the pseudo-elastic “flag”. The
obtained results are in good agreement with the available experimental data.

2. The microstructural model allows solving the boundary value problem of tension of an SMA
cylinder in a fully coupled thermomechanical formulation, taking into account the heat exchange
with the environment, the release of latent heat of transformation and thermal conductivity. It
allowed simulating the pseudo-elastic stress-strain diagrams for different strain rates.

3. The Fourier and Biot criteria can be used to evaluate the critical radius of the cylinder
for which, at a given strain rate and given heat exchange conditions, it is necessary to
solve a fully coupled boundary value problem taking into account the thermal
conductivity of the sample. The obtained estimates were confirmed by solving boundary
value problems for cylinders of different radii.
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ABSTRACT

Producing of the copper-clad aluminium wire made of Al-0.4Zr alloy via electrodeposition was studied. In order
to ensure the adhesion of the copper after deposition, the intermediate Ni layer was applied to the aluminium
wire surface. Formation of the composite wire with aluminium alloy core and copper sheath resulted in the
increase of the ultimate tensile strength from 175 to 233 MPa, while also slightly decreasing electrical
conductivity and notably decreasing ductility from 6 to 3 %. Annealing at 300 °C for 1 hour was performed to the
composite wire to increase its ductility. Annealing resulted in the recovery of the mechanical properties back to
the level of initial aluminium alloy wire, while electrical conductivity increased by 3.5 % IACS, allowing the newly
produced composite wire to compete with the commercially produced copper-clad aluminium wires.
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Introduction

Currently, the search for cheaper alternatives to copper as a material for electrical
applications is a pressing issue in electrical and energy industries. The main disadvantage
of copper is its high cost and high relative weight [1]. In order to avoid such complications,
the choice of a substitute material is sometimes preferable.

Among the commercially available materials for the electrical purposes the
aluminium and its alloys are close seconds after the copper [2-4]. The lower density and
thus, lower weight of the products make aluminium attractive in terms of relative
electrical conductivity being higher than that of copper alloys [5,6]. Unfortunately,
aluminium is also characterized by significantly lower mechanical strength than copper,
which limits the area of its application.
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Attempts to increase the strength of aluminum by creating alloys based on it or by
plastic deformation methods usually lead to a decrease in its electrical conductivity [7-9],
and generally don’t provide the level of mechanical strength similar to one of copper.

The other way to substitute the full-copper conductors is the use of layered metal
composites, consisting of two or more different alloys [10-12]. Layered materials are
attractive to researchers and developers since they are able to combine required
properties of different alloys without their disadvantages. Layered materials can
demonstrate simultaneously low density, high thermal and electrical conductivity, unique
mechanical properties compare to monomaterials [13-15]. Implementing such approach
to aluminium-copper composites allows to create a material with the reduced
by 35-50% weight compared to copper while achieving electrical conductivity and
mechanical strength surpassing even the best aluminium alloys [15,16].

Traditionally, materials with aluminum core and copper sheath are called copper-
clad aluminium. They have found application in number of devices that require the use
of high-frequency electrical currencies, since the main advantage of the copper-clad
aluminium is the ability to navigate the electrical current along the thin copper layer,
simulating the full-copper conductor with much lighter product [17-19].

The production of bimetallic aluminum-copper wires is associated with a number
of difficulties, such as different thermal expansion coefficient, drastically different
melting point, inclination towards both the formation of intermetallic of the contact areas
and contact corrosion. One of the biggest concerns is the formation of the intermetallic
Al-Cu particles that leads to a sharp decrease in the ductility and electrical conductivity
of the composite. Annealing that is usually applied to cold-formed copper-clad wires to
reduce the level of residual stress can amplify the negative effects mentioned above.
Thus, the choice of temperature treatment is an important issue in the production of such
materials [15,20].

The most common way of production the copper-clad aluminium wires (CCAW) is
the joint deformation of the composite billet [21]. However, this method provides a few
complications: necessity of keeping the aluminium-copper interface oxygen-free, the
necessity of controlling the thickness and chemical composition of copper layer, the
necessity of post-deformation annealing [18-20].

Another, a relatively new approach to obtaining copper-aluminum bimetallic wires
can be the electrochemical deposition of copper onto an aluminum wire. Despite
presenting a few old patents, the scientific literature is very scarce on this method of
producing copper-clad aluminium wires. However, such approach may in theory provide
more accurate control of the thickness of both the copper layer and the diffusion layer,
as well as the purity of the copper layer.

In this study, an attempt was made to obtain a copper-clad aluminium wire by an
electrochemical deposition of a copper onto aluminum alloy core. Usually, the technically
pure aluminum is usually used base material [18], but in this work conductive and
thermally-stable aluminum alloy Al-0.4Zr was used [22].
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Materials and Methods

The Al-0.4 wt. % Zr alloy samples in a form of the rod with a diameter of 11 mm were
cold-drawn to a diameter of 3.2 mm at room temperature. Before drawing, the rods were
annealed at 375 °C for 120 h. Chemical composition of the aluminium alloy is presented
in Table 1.

Table 1. Chemical composition of the Al-0.4Zr alloy

Element Zr Si Fe Mg Cu Zn Mn Cr Ti \ Al

Composition,
wt. %

0.344 | 0.054 | 0.169 | 0.003 | <0.002 | 0.033 | 0.010 | 0.001 | 0.0017 | 0.0145 | 99.37

The electrodeposition of the copper onto aluminium was performed in four steps:
(i) surface preparation, (ii) surface clarification, (iii) Ni plating and (iv) Cu plating [23].

Surface preparation (i) included chemical degreasing in an alkali solution,
subsequent washing in hot and then cold water. Surface clarification (ii) was carried out
in 10 % nitric acid solution, also functioning as activation process. The Ni plating (iii) was
performed at 40 °C in a sulfuric acid electrolyte (NiSO4) for 3 min at a current density of
5 A/dm?. The Cu plating (iv) was performed at room temperature in a sulfuric acid
electrolyte (CuSQ4) for 2 h at a current density of 5 A/dm?until the copper layer obtained
90 # 10 ym thickness. The control of the Cu layer thickness was performed by optical
microscopy analysis of cross-sections at different electrodeposition time.

The choice of copper sheath thickness was based on the minimum current frequency
that provides the skin effect at such skin depth. According to the skin depth calculations,
the 100 um of copper provides the skin effect at current frequences from 400 kHz and
higher, which is the frequency range for the audio cables, audio equipment, high
frequency current equipment, wireless charging devices etc. The introduction of the
nickel layer is a necessary stage of electrochemical copper deposition onto aluminum.
Copper cladding of aluminium without transition layers is possible but complicated by
the reasonably high difference in the electronegativity of Cu and Al, causing corrosion on
their interface [1]. The thickness of the nickel layer in the state after copper cladding was
measured to be around 20-25 ym.

a

Fig. 1. Appearance of the Al-0.4Zr alloy wire after copper deposition (a) and subsequent annealing (b)
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Optical microscopy was performed on an Olympus Q150R light microscope.
Scanning electron microscopy (SEM) was performed on a Tescan MIRA V microscope at
an accelerating voltage of 15 kV.

Annealing was performed in atmosphere furnace Nabertherm B180 at 300 °C for
1 h. The choice of time and temperature was based on the study [21]. The samples after
annealing were cooled into water to remove the dross from the surface. The appearance
of the sample’s surface is presented in Fig. 1.

Tensile tests were carried out on an Instron 5589 testing machine at room
temperature. At least 3 samples were tested for each condition.

The specific electrical resistance of the material under study was measured in

accordance with |[EC 60468:1974 [24]. Straightened samples of at least 1 m in length
were selected. The electrical resistivity of the studied material was measured in
accordance with the IEC 62641:2023 standard [22]. The electrical conductivity value of
the samples relative to annealed copper (International Annealed Copper Standard) was
calculated using equation:
IACS = wa/ w o * 100 [%], (1)
where wa is the experimentally determined value of the electrical conductivity of the
aluminum alloy sample, wc, is the electrical conductivity of annealed copper, equal to
58 MSm/m. Electrical conductivity measurements were taken with an instrument
operating at a single frequency of 50 Hz, while skin effect measurements require an
instrument operating at varying current frequencies. In addition, the skin effect at a
copper layer thickness of about 100 um begins to appear at current frequencies from
400 kHz [25]. Thus, in this study, the conductivity of the entire wire was measured; the
skin effect was not directly measured.

Results and Discussion

Figure 2(a) shows the results of optical metallography of bimetallic wire before and after
annealing. According to Fig. 2(a), electrochemical deposition of nickel and copper onto
aluminum alloy wire is characterized by the absence of pores, large intermetallic particles
or other undesirable defects at both AL-Ni and Ni-Cu interfaces. The AL-Ni interface is
characterized by the flake-like particles seemingly protruding into Ni layer, while the Ni-
Cu interface appears smooth and continuous.

Annealing (Fig. 2(b)) results in the overall thinning of the copper-nickel shell. Two
simultaneous processes occur: Ni-Cu interdiffusion and Cu layer thinning. Ni-Cu
interdiffusion is resulted in visible thickening of the Ni layer, while Cu thinning occurs
due to the surface oxidation and subsequent dross removal after heat treatment. While
total width of Cu+Ni layer decreases from 90.5 # 2.5 to 73.0 £ 2.5 um and the thickness
of copper layer decreases from 73.0 * 2.5 to 52.0 + 2.5 pm, the thickness of the Ni layer
seemingly increases from 17.5+2.5 t0 21.0 # 2.5 ym indicating the interdiffusion between
Ni and Cu layers.
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Fig. 2. Optical metallography of the cross-section of an copper-clad Al-0.4Zr alloy wire before (a) and
after annealing (b)

The recommended fraction of the copper in aluminum-copper wires lies within the
interval of 10-15 % [13,26]. In current study, the copper fraction are 8.4 and 6.1 % before
and after annealing respectively (Table 2). The decrease in the copper content due to
thinning of the copper layer occurs due to oxidation of the outer layer of the wire during
annealing and the formation of carbon/scale on the copper surface. As a result of rapid
cooling in water, the scale is removed from the surface, taking with it a certain amount
of the copper that has entered the reaction. This effect is well known and described in
literature.

Table 2. Changes in the Ni-Cu layer thickness during the annealing

Layer thickness, um Fraction in the cross-section, %
Ni+Cu Ni Cu Ni+Cu Ni Cu
Al-0.4Zr copper-clad 90.5%£2.5 17.5%£2.5 73.0£2.5 10.3%0.3 1.9%0.3 8.4%0.3
Al-0.4Zr copper-clad
and annealed

State

73.0%2.5 21.0%2.5 52.0£2.5 8.6%0.3 2.5%0.3 6.1%0.3

Fig. 3. Al-Ni-Cu interface in the wire after copper electrodeposition (a) and subsequent annealing (b), SEM
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The results of the SEM examination of the wires’ cross-section are presented in
Fig. 3. The AL-Ni interface is characterized by the distinct flakes of Ni or Ni-based phase
particles. The interface is also uneven which can be attributed to the initial surface of the
Al alloy wire, that was not subjected to any addition surface treatment after cold drawing.
Within the Al alloy wire volume intermetallic particles are clearly seen. The nature of
these particles is most probable. AlsFe, Ali;Fe3Si or AlsFe,Si,, forming in 1xxx series and
Al-Zr system alloys, that conventionally have certain amount of Fe and Si in their
chemical composition [4], just like in this study (Table 1). Since it was not the subject of
this study, the exact phase composition of the Al wire was not established. The Ni-Cu
interface is smooth and only distinguishable by the fact that copper, being softer material,
was more roughly polished rather than Ni.

Annealing at 300 °C for 1 hour resulted in coagulation of the flakes at the AL-Ni
interface, as well as in increased porosity of the Cu layer (Fig. 3(b)).

Table 3 presents the properties of Al-0.4Zr wire samples before and after copper
deposition. The ultimate tensile strength (UTS) of Al-0.4Zr alloy wire is 175 MPa, level of
electrical conductivity is 58.9 %IACS. Such combination while quite high in both
parameters is not unique for aluminium alloys. The relative elongation before failure of
Al-0.4Zr wire is decent - 6.1 %, allowing this composite wire to be recommended for
practical applications. The formation of the Ni+Cu layer resulted in the moderate
electrical conductivity decrease down to 57.1 %IACS with simultaneous increase in UTS
up to 233 MPa, also significantly reducing the composite’s ductility down to 3.1 %. The
introducing of copper into composite material led to increase in mechanical and electrical
properties, while either introducing the Ni or ALl-Ni intermetallic particles resulted in the
drop of ductility. In order to increase the ductility level, the annealing of the copper-clad
aluminium alloy wire was performed.

As a result of thermal treatment, the ductility and the UTS of the material increased
to the initial level (6.3 % and 176 MPa, respectively), electrical conductivity exceeded the
original wire level (62.6 % IACS). The tensile strength of the composite wire after
annealing has decreased, though remaining within the error limits relative to the original
uncoated Al-0.4Zr wire.

The most probable reason for the decrease in electrical conductivity is the presence
of a nickel layer between the copper and aluminum layers. In addition to the fact that the
electrical conductivity of nickel itself is very low, nickel forms a number of continuous
solid solutions with copper, on the one hand, and a number of intermetallic phases with
aluminum, on the other. Both the solid solution and the intermetallic phases are
characterized by reduced electrical conductivity relative to the base material. All of the
above reasons could, both together and separately, negatively affect the electrical
conductivity of copper-plated wire. The increase in electrical conductivity due to
annealing occurred, most likely, due to the processes of recovery and recrystallization in
the aluminum alloy, and the processes of recovery in the copper layer. Annealing at such
parameters, as shown in the literature, is insufficient for noticeable changes to occur at
the interface of materials, therefore, a potential decrease in electrical conductivity due to
these processes was not recorded.

Similar method of copper deposition was applied to the Al-0.5 wt. % Fe alloy,
produced by electromagnetic casting [27]. While having almost the same level of
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electrical and mechanical properties in the initial state (cold-drawn wire), Al-Zr based
bimetallic wire demonstrates both higher electrical conductivity and ductility in the
annealed state (Table 3).

Table 3. Physical and mechanical properties of copper-clad Al-0.4Zr alloy wires

Electrical properties Mechanical properties
Sample

RER,

Q~mm2/m IACS, % ovs, MPa ours, MPa | 6, %
ALl-0.4Zr wire 0.02929 58.9+0.4 | 157%3 1754 6.1%0.5
AL-0.4Zr (copper-clad) 0.03020 57.1£0.5 | 167%19 233%11 3.0£0.5
Al-0.4Zr (copper-clad) annealed 0.02754 62.6x0.6 | 153*3 176%6 6.3%0.3
AW [29] 0.02952 58.4%0,4 | 17012 20414 5.3%0.2
CCAW [27] 0.02996 57.5£0.5 | 185%6 1877 1.5+0.1
CCAW-A [27] 0.02831 60.9+0.3 | 135%5 184%6 4.3%0.6
Al-10%Cu hard-drawn [28] - >62.9 - 110-205 | >1
Al-10%Cu annealed [28] - >62.9 - 135-170 | >5-15
Al-15%Cu hard-drawn [28] - >64.4 - 110-205 | >1
Al-15%Cu annealed [28] - >64.4 - 135-170 | >5-15

According to the commercial prospects the requirements for the copper-clad
aluminium wires are as follows: electrical conductivity is 62.9...64.4 %, tensile strength is
110...205 MPa, and for ductility is 1...15 % [28], depending on the state (hard-drawn or
annealed) and copper content.

The copper-clad Al-0.4Zr alloy wire after annealing demonstrates the combination
of UTS, electrical conductivity and ductility on par with the commercially produced
Al-10 %Cu copper-clad wire in the annealed state while having almost twice as low
copper content (6.1 %) (Table 3).
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Fig. 4. Engineering stress-strain curves of initial Al-0.4Zr wire (1), copper-clad wire before (2)
and after annealing (3)
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Figure 4 shows the engineering stress-strain curves of copper-clad Al-0.4Zr wire
samples before and after annealing, as well as the data for the original cold-drawn wire.
The tensile test for the uncoated wire is represented by the curve characteristic for the
aluminium alloys. Samples obtained by the electrodeposition method are characterized
by the higher ultimate tensile strength and two-stage fracture — one being caused by the
Cu-Ni layer fracture, and the latter by the fracture of aluminium wire itself. Such behavior
during tensile tests contributed to the decrease of the elongation to failure.

Annealing at 300 °C for 1 h results in the staged character of the tensile test curve,
meaning that the fracture of the wire occurs as a whole. The level of ultimate tensile
strength and elongation to failure of the CCAW-A returns to the levels of initial wire, with
only exception being lower level of yield stress.

The results of fractographic analysis are presented in Fig. 5. Peeling of the Ni+Cu
layer from the Al alloy core could be observed in the as-deposited state. The Ni+Cu layer
doesn’t function as a whole having seemingly brittle cracks. Such cracks are not observed
in the annealed stste (Fig. 5(b)) although the disjoinment of the Ni+Cu and Al alloy layer
occurs as well.

Fig. 5. Fractographic images of the copper-clad wire before (a,c) and after annealing (b,d), SEM

The detailed study of the aluminium alloy wire core demonstrats characteristic
dimple fracture both in samples before (Fig. 5(c)) and after annealing (Fig. 5(d)), which
along with the evidence presented before allows to establish the ductile nature of the
aluminium alloy wire core fracture.

Figure 5(d) demonstrates the presence of the coarse particles in the root of the
certain dimples, meaning that the fracture starts at them.
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The fractographic images of the Cu-Ni alyer in the samples before and after
annealing are presentyed in Fig. 6. Ni layer in sample before annealing demonstrates the
clean, flat surface, indicating brittle character of the layer fracture. Cu layer fracture
surface is characterized by the presence of so-called "river patterns” which also indicate
the brittle nature of the fracture [30]. At the same time Cu layer is also characterized by
the wave-like patterns on the fracture surface. Since Cu layer has multiple pit-like lines
along the surface, it would be safe to assume that the fracrure started in the Ni layer and
the transferred to the Cu layer, in which the fracture occurred in semi-brittle way.

Fig. 6. Fractographic images of the Cu-Ni layer in the copper-clad wire before (a)
and after annealing (b), SEM

Fracture surface of the Cu-Ni layer after annealing is presented in Fig. 6(b). Surface of
both Ni and Cu layer looks spongy, most likely due to the porosity that was formed during
the annealing — no protective atmosphere or vacuum was applied, thus the oxygen migration
into Cu and Ni layers occurred. Despite Ni layer having flakes on the fracture surface, it also
posesses the fracture, demonstrating the semi-brittle type of the fracture [31].

Conclusions

This paper studies the novel method of obtaining copper-clad aluminium wires via
electrodeposition. The thermally stable Al-Zr alloy was used as a base material for the
copper electrodeposition. The choice of the Al alloy was dictated by the necessity of
increasing the overall strength and thermal stability of the composite wire. The proposed
method is promising for producing copper-coated aluminum wires due to ability to
precisely control the copper layer thickness down to tens of microns, as well as the
chemical composition of this layer.

1. Samples of a copper-clad wire based on Al-0.4Zr alloy wire coated with copper
using the electrodeposition method were obtained. The Ni layer was applied between
aluminium and copper layers in order to eliminate electrochemical corrosion between
aluminium and copper. The copper content in the cross-section is about 8 %, and there
are no visible defects/intermetallic particles at the metal interfaces.

2. Electrochemical copper deposition onto Al-0.4Zr aluminum wire while having
positive effect on mechanical strength and electrical conductivity, significantly (twofold)
reduced the ductility of the composite wire, as well as causing the brittle nature of the
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samples fracture. Annealing of composite wire at 300 °C for 1 h resulted in an increase
in electrical conductivity up to 62.6 % IACS, while relative elongation before failure and
UTS values recovered to the initial wire level - 6.3 % and 176 MPa, respectively.

3. The studied composite wire demonstrates the combination of UTS, electrical
conductivity and ductility on par with the commercially produced Al-10%Cu copper-clad
wire in the annealed state. Change of the core material from commercially pure Al to
thermally stable Al-Zr alloy allowed to achieve this with almost twice as low copper
content (6.1 %). Moreover, due to the use of Al-Zr alloy, the resulting wire will retain its
strength properties stable even at elevated temperatures, at least up to 150 °C.
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ABSTRACT

The nucleation of CdS quantum dots in a sodium germanate glass matrix by means of isothermal treatment
is demonstrated. It is shown that a sufficiently high concentration of cadmium ions in the initial glass
results in nucleation of fairly big quantum dots. The luminescence of CdS is mainly of a trap nature and is
localized in the region of 600-900 nm. Excess cadmium ions and nucleation of quantum dots in oxide glass
lead to the defect nature of the luminescence bands: mainly associated with interstitial cadmium ions (ICd),
the donor-acceptor pairs [Vca—Vs], and deep trap levels created by volume cadmium vacancies. The
luminescence quantum yield of CdS quantum dots is less than 1 %, indicating that nonradiative
recombination of charge carriers is the dominant process.
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Introduction

CdS quantum dots (QDs) have attracted much attention as a special class of nanoparticles
due to their luminescent and semiconducting properties [1-3]. Due to the intense
luminescence, continuous excitation spectrum, controllable emission band location, and
ease of functionalization for tissue labeling, CdS QDs have been becoming promising for
medical imaging and disease treatment [4-6]. Since CdS has a wide band gap, it is used
as a window material for heterojunction solar cells, avoiding the recombination of
photogenerated charge carriers and improving the efficiency of solar cells [7]. Due to its
high photostability, CdS can be a basis for light-emitting diodes, photodetectors, and
sensors [8,9].

The photoluminescence of QDs is very intense and occurs with a fairly narrow
spectral profile: the full width at half maximum (FWHM) is usually less than 40 nm [10].
By choosing the chemical composition (i.e. the band gap of the bulk material) and the
size of the nanocrystals, it is possible to tune the radiation energy so that it falls in the
spectral region from UV to IR. Optical and electronic processes in a semiconductor
nanocrystal include radiative and nonradiative recombination of excitons; radiative and
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nonradiative recombination of surface defect states, which in turn can be an oxidizing
surface trap (electron trap) and a reducing surface trap (hole trap) [11].

A surface passivation procedure is used to reduce the influence of defects on the
optical and spectral properties of QDs and to reduce the probability of nonradiative
relaxation of photoexcitation. Quite a few methods of surface passivation have been
considered to date. In this paper, we will focus on the nucleation of quantum dots in an
inorganic glass matrix [12,13], which was initially intended as protection of the QD
surface from interaction with an oxygen-containing atmosphere and stabilization of the
quantum dot structure [14-16].

As off today, only three works have been devoted to the nucleation of cadmium
chalcogenide quantum dots in germanate glass [17-19], but none of them demonstrate
the luminescent and optical properties of the resulting nanocrystals. Alkali metal oxides
are usually added to pure GeO; [20-22] to improve the crystallization ability of the
germanate glassy matrix. Since glass synthesis is usually carried out in a reducing
atmosphere to decrease sulfur volatility, the use of lithium ions in large quantities is
contraindicated. Therefore, sodium oxide was used in the germanate matrix to nucleate
cadmium chalcogenide nanocrystals [17].

Here, the influence of the isothermal treatment mode on the spectral and
luminescent properties of CdS nanocrystals nucleated in a sodium germanate glass matrix
is demonstrated.

Methods

The chemical composition of initial sodium-germanate glass matrix was:
20 Na,0 - 80 GeO, mol. %, 7.4 mol. % CdS were introduced as activating additives over
100 % of the matrix. Chemicals Na,COs, GeO,, CdS of reagent grade were used for synthesis
of 100 g glass bulk. Glasses were synthesized in a Gero laboratory high-temperature
furnace at 1150 °C for 30 min in closed quartz crucible by standard melt-quenching
technique in argon atmosphere. In two articles devoted to the nucleation of CdS and
CdSe in sodium germanate glass, the authors took either 8 Na,O - 92 GeO; (mol. %)
composition with subsequent heat treatment (HT) at a temperature of 500-550 °C [18], or
40 Na;0 - 60 GeO; (mol. %) composition with heat treatment at 580-620 °C [17]. Since in
this work an intermediate composition in terms of Na,O content was chosen, subsequent
single-stage heat treatment was conducted in the Nabertherm muffle furnace at 560 °C.

Absorption spectra were measured on a double-beam Lambda 650 PerkinElmer
spectrophotometer in the wavelength range 200-800 nm with 1 nm resolution. For these
measurements polished plane samples of 0.8-1.0 mm thick were prepared.

Photoexcitation and  photoluminescence spectra were obtained by
spectrofluorometer LS-55 (Perkin Elmer) in the 200-900 nm region with 1 nm step. The
luminescence decay kinetics were obtained using a pulse mode of a built-in Xenon lamp
and by varying the time delay from the exciting pulse with a step of 0.01 us. Based on
this, the time dependence of the luminescence intensity was plotted and mathematically
processed by the Origin Pro software.

The actual chemical composition of the glass-ceramics was determined by X-ray
fluorescence spectroscopy (XRF) using an X-ray fluorescence spectrometer ARL
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PERFORM’X by Thermo Scientific with Rh tube, 4.2 kW/60kV generator, FPC and Sc
detectors (chemical elements: from oxygen to uranium). The study was done at ambient
temperature in the vacuum atmosphere. The chemical composition was averaged over a
sample area of 20 mm?2 The resulting composition of the glass under study was:
7.4 Na,O - 84.8 GeO;, - 7.5 CdO - 0.3 S wt. %. Despite the use of a closed crucible and
an inert atmosphere, the sulfur content decreased by 4 times due to high volatilization.
According to the phase equilibrium diagram of the Na,0-GeO, system [23], in the region
of high GeO; content, the compounds Na,0-4GeO, or 2Na,0-9Ge0O; should crystallize. The
eutectic point between first compound and GeO; accounted for 94.5 wt. % GeO, having a
melt temperature of 950 °C. Since in our case the actual Na,0/GeO, ratio was close to
this numbers, we should expect the corresponding phase separation.

Results and Discussion

Figure 1 shows the absorption spectra of the initial glass and glass-ceramics after the
heat treatment at a temperature of 560 °C for different durations. The heat treatment
temperature was chosen according to the literature and below the exothermic peak on
the differential scanning calorimetry curve for the glass matrix under study [24].
Nevertheless, even a duration of 1 hour led to intensive release of CdS nanocrystals in
the glass matrix (Fig. 1(a)). This was confirmed by the fact that the absorption edge of the
initial glass located in the region of 400 nm (3.1 eV), and the absorption boundary of the
heat-treated glass was in the region of 512 nm (2.42 eV). The band gap of bulk CdS in the
form of zinc blende is 2.42 eV [25]. Thus, after the heat treatment, rather large crystals
were immediately released in the glasses under study. With an increase in the heat
treatment duration, the amount of the crystalline phase increased, which was confirmed
by an increase in the absorption intensity of nanocrystals. As well as the scattering level
was increased which was associated with phase separation and partial crystallization of
the glass matrix. In this case, the absorption edge location remained practically
unchanged, which indicated that the mean crystal size remained the same.
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Fig. 1. Absorption spectra of the glass under study: initial and after heat treatment at a temperature of
560 °C with different durations



43 A.N. Babkina, R.D. Kharisova, V. G. Sheremet, O.S. Barbash, K.A. Zhikov, K.S. Zyryanova

It is worth noting that the location of the band gap edge on the absorption spectrum
is directly related to the size of the quantum dot [26-28]. If the position of the absorption
edge is close to the band gap of the macrocrystal (Eex= 2.4 + 2.5 eV), then quantum dots
have grown so that they are either related to the weak size quantization regime [29,30]
or no longer obey the rules of strong size quantization [31,32] (in case of exceeding the
Bohr exciton radius ae=2.5 A [33,34] by two times).

For the exciton photoluminescence band of CdS QDs, the Stokes shift was in the
range of 0.01-0.15 eV with a band maximum at 350-480 nm for QDs with an average
size of 1.5-5nm [25,35,36]. For the luminescence band associated with radiative
recombination involving defects, the Stokes shift was significantly larger and varied from
0.2 to 1.2 eV for different defects [25,35,36]. The presence of defects leads to the
appearance of localized levels within the band gap. Even though at low concentrations
of defects these levels are practically not distinguished in the absorption spectra, their
contribution to luminescence can be significant, as in our case (Fig. 2).
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Fig. 2. Luminescence spectra of the studied glass: initial and after heat treatment at a temperature of
560 °C with different durations (Aex = 390 nm)

The luminescence of CdS QDs in the long-wavelength region is determined by the
local states associated with intrinsic defects of the crystal structure. Such defects are
surface states, interstitial cadmium and sulfur ions (lcq, Is), sulfur vacancies (Vs), cadmium
vacancies (single Vg, paired with a sulfur vacancy [Vca—Vs] or oxygen in the sulfur position
[Vea-Os)) [16,25,37-39]. According to these papers, in single crystals cadmium vacancies
Ve led to the luminescence at 1.2 eV, the complex of a cadmium vacancy with oxygen
[Vca-Os] — 1.51 eV, the donor-acceptor pair [Vca—Vs] = 1.72 eV, the interstitial cadmium
atom lcg — 2.05 eV, the interstitial sulfur atom Is = 2.38 eV and sulfur vacancies Vs - in
the region of 1.77-1.85 eV.
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Due to the presence of several factors, namely: the quantum-size effect, size
dispersion, and the allocation of quantum dots in the oxide glass matrix, in our case the
location of the corresponding bands will differ slightly from those indicated above. A wide
structureless band, which dominated the luminescence spectrum (Fig. 2) with a maximum
at 650 nm was a superposition of at least three bands with maxima at 610, 700, and
765 nm. These bands can be attributed to transitions to levels associated with interstitial
cadmium ions (Icq), and the donor-acceptor pair [Vca—Vs]. A separate band with a maximum
at 855 nm can be associated with a radiative transition involving the states of the
cadmium vacancy with oxygen [Vc-Os]. An increase in the intensity of this band after
isothermal treatment confirmed its oxygen nature, since the heat treatment was carried
out in an oxygen-containing atmosphere. According to the analysis of the chemical
composition, an excess of cadmium ions over sulfur was found in the glass under study,
thus the probability of the presence of many cadmium vacancies and interstitial cadmium
ions was quite high; therefore, most of the radiative transitions were attributed to these
types of structural defects.

The luminescence quantum yield in the studied glasses was less than 1 %. Low QY
is usually taken as a sign that nonradiative recombination of charge carriers is the
dominant process. Since in our case the luminescence spectra demonstrate a large
number of bands associated with structural defects, the probability of nonradiative
recombination on them can be quite high.

The multi-exponential luminescence decay observed for cadmium chalcogenide
nanocrystals also indicates the distribution of both the size and shape of the
nanoparticles, the presence of radiative states with different lifetimes, as well as the
release of traps and the redistribution of charge carriers at different energies [40-42].
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Fig. 3. Time-resolved luminescence spectra of the initial glass (a) and glass after heat treatment
for 2 hours (b) with different delays after the exciting pulse (Aex = 390 nm)

The time-resolved luminescence spectra for the initial and heat-treated glass are
shown in Fig. 3. The luminescence decay kinetics of the heat-treated sample was
described by a single-exponential function with a lifetime of 17 uysec, which
corresponded to the decay of a Xenon flash lamp used in the registration method. This



45 A.N. Babkina, R.D. Kharisova, V. G. Sheremet, O.S. Barbash, K.A. Zhikov, K.S. Zyryanova

suggests that the decay kinetics of CdS in this case was probably quite fast: on the order
of hundreds of nanoseconds, which is quite consistent with the literature [43,44] and
which is not resolvable in this method. However, the luminescence decay kinetics of the
initial glass with CdS was significantly more protracted and the single-exponential
lifetime was 850 psec at 760 nm and 662 psec at 845 nm. The nature of such a long
lifetime requires additional research. In both graphs (Fig. 3), after a certain delay, a
luminescence band with a maximum at 875 nm appeared in the spectra, which can be
attributed to transitions to deep trap levels created by cadmium vacancies in the volume
of nanocrystals.

Conclusions

The article demonstrated the nucleation of CdS quantum dots in a sodium germanate
glass matrix by means of isothermal treatment, as well as the dependence of the
luminescent properties of quantum dots on the treatment mode. It was shown that due
to a sufficiently high concentration of cadmium ions in the initial glass components, the
resulting quantum dots were quite large. The luminescence of CdS was mainly of a trap
nature and was localized in the region of 600-900 nm. Excess cadmium ions and
nucleation of quantum dots in oxide glass led to the fact that the nature of the
luminescence bands was mainly associated with such crystal structure defects as
interstitial cadmium ions (lcq), the donor-acceptor pairs [Vca—Vs], and deep trap levels
created by volume cadmium vacancies. The luminescence quantum yield of CdS quantum
dots was less than 1 %, indicating that nonradiative recombination of charge carriers was
the dominant process.
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ABSTRACT

The effect of high-temperature annealing on the structure and properties of single crystal B-phase gallium
oxide is reported in this work. The investigated sample obtained by cleaving from a bulk 3-Ga;0Os ingot
grown by the edge-defined film-fed growth method. Some of the samples were annealed in an oxygen-
containing atmosphere at temperatures up to 7= 1673 K. The temperature dependences of internal friction
and dynamic modulus of elasticity were obtained by the composite oscillator method at a frequency of
100 kHz. Optical absorption spectra were investigated in the wavelength range from 200 nm to 2 pm.
It was found that annealing and redistribution of gallium vacancies in beta-phase gallium oxide crystals is
accompanied by simultaneous changes in the internal friction in the temperature region around 290 K and
in the optical spectrum in the infrared region.
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Introduction

The design of new devices for power electronics and energy converters is essential for
improving the energy efficiency of production and maintaining ecological balance. In
modern devices, efficiency improvements are provided by technologies based on wide
bandgap semiconductors such as silicon carbide and gallium nitride. The use of ultrawide
bandgap semiconductors such as gallium oxide, aluminum nitride, and diamond should
lead to the next round of technological development due to their unique electrical
characteristics and high temperature stability. Various applications of these materials in
power electronics [1], ultraviolet [2] and X-ray detectors [3] have been predicted. The
availability of methods to produce single crystals of beta-phase gallium oxide (B-Ga;0s)
from melt [4] allows the creation of bulk elements and substrates for homoepitaxy, which
provides a technological advantage in the use of this semiconductor [5]. High-
temperature growth and prevention of thermal decomposition of other Ga,0s; polymorphs
are possible only for epitaxial layers [6] and small particles.
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Gallium oxide is an ultrawide bandgap semiconductor with an optical band edge
near 250 nm (~4.9 eV) [2,4,5]. Most of B-Ga,0s crystals available today are n-type due to
the unintentional doping by silicon. At the same time, varying the dopant content during
growth implies achieving and controlling the desired crystal properties [7]. The
mechanisms of the influence of oxygen and gallium vacancies on the electrical
conductivity and other characteristics of gallium oxide are also still not studied in detail.
Studies of different types of vacancies are important to clarify the redistribution of charge
carriers localized near the corresponding sites of the crystal lattice. Variations of different
types of vacancies should apparently change the number of stable hole centers and
anisotropic electrical properties in the B-Ga,0s [8,9]. In the same way, the electrical
properties of B-Ga,0s are related to the migration energy of vacancies. Relevant questions
in view of the complexity of organizing direct experiments and interpreting indirect
measurements were solved earlier mostly numerically by density functional theory (DFT)
calculations [10-16] with some rare exceptions [8,9,17-19]. Structure-dependent
mechanical properties were determined previously on epitaxial layers and single crystals
of B-Ga;0s by nanoindentation [20], which is important from the point of view of their
application. However, such measurements did not allow us to draw conclusions about the
fine effects associated with impurities in this material.

In this work, we study the internal friction, dynamic modulus of elasticity (Young's
modulus) and optical transmittance of gallium oxide single crystals before and after high-
temperature annealing in an oxygen atmosphere.

Materials and Methods

Gallium oxide single crystal samples were obtained from a melt using edge-defined film-
fed growth (Stepanov) method similar to reported in [4].

To exclude defects introduced by processing, the investigated sample plates with
thickness about 1 mm were prepared by cleaving along the (100) crystallographic plane.
The procedure for preparing samples by this method is described in detail in [21]. The
length of the studied specimens was about 33 mm, their dimensions in rectangular cross-
section did not exceed 3 mm. For strain amplitudes in the range of 10%<e<10°?
considered in this paper, the use of the dislocation theory of anisotropic internal friction
is appropriate. In the framework of this theory, the deformation of a crystal under the
action of elastic waves is composed of the deformation of the ideal crystal lattice and
additional deformation due to the motion of dislocations. The main contribution to the
internal friction comes from the motion of dislocations distributed on slip systems in the
sample volume. In this case, the role of surface topology is less significant than the
possible influence of the disturbed layer during processing, since later correlates with the
stress distribution in the standing ultrasonic wave. Also due to the straightforward
delamination and absence of a disturbed surface layer, these samples were used to
evaluate the crystalline quality using X-ray. The area of measurement of optical
characteristics and maximum mechanical stress during ultrasonic vibrations was located
at the geometric center of the plate (100). X-ray diffraction of this region was obtained
to confirm the crystalline quality of the samples. The rocking curve were obtained by two-
crystal X-ray diffractometry under condition of symmetric 800 (CuKau) reflection. Analysis
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of Bragg peaks and determination of the exact lattice parameter were carried out with
the high precision three-crystal X-ray spectrometer.

The samples were annealed in a muffle furnace with air atmosphere at 1673 K. The
annealing time was 9 h. After annealing, the temperature was slowly reduced to room
conditions for 20 h. We chose the annealing mode based on the high migration energy of
gallium and oxygen atoms inside the bulk sample in the corresponding vacancy positions [22,23].

To determine the internal friction and dynamic modulus of elasticity (effective

Young's modulus), we used the method of composite piezoelectric oscillator with an
excitation frequency about of 100 kHz. This method, first presented by Quimby [24], is
based on the transfer of elastic vibration energy between the quartz crystal and the
cemented sample. To measure the vibration damping, a second quartz crystal is also used,
thus forming a three-component oscillator which vibrates as a single body [25]. Effective
Young's modulus E was calculated according to the first longitudinal mode of standing
waves condition as:
E = 4pl*f;?, (1)
where p is the density of the material under study, [ is the length of the sample, f; is the
frequency of oscillations in the sample. The oscillation attenuation in the sample 4§,
corresponds to internal friction (IF). This value §; and the oscillation frequency f; are
determined according to the equations of motion and constants [25,26]. Previously, we
have shown the possibility of using this method to study microplasticity and structure-
dependent internal friction in gallium oxide [27].

Optical transmittance studies were performed on a LAMBDA 1050 (PerkinElmer)
with a 2D detector module. The same samples before and after annealing, obtained by
chipping of the crystal along the cleavage plane (100) without further processing, were
used. Relative change of transmittance AT was determined according to equation:

— Ta—To
AT = ==, (2)

where Ty is the absorption before annealing and T, is the absorption after annealing.

Results and Discussion

The full width at half-maximum of rocking curves was no more than 50" for all the
samples studied. A shift in the parameter a from 12.2255 to 12.2272 A was observed in
the samples before and after annealing, correspondingly.

The temperature dependences of effective Young's modulus and internal friction for
B-Ga,0s were obtained by composite oscillator studies. In Fig. 1, it can be seen that the
internal friction both before and after annealing decreases with decreasing temperature
while Young's modulus increases. Measurements of £ and IF of samples after annealing
in a wider temperature range were hampered by the peculiarities of equipment operation.
The Young's modulus of Ga;0s on the pre-annealed samples increased by 20 GPa (or 4 %)
from 257 GPa at room temperature to 267 GPa at 120 K. An increase in the £ values from
264 GPa at room temperature to 275 GPa at 120 K was observed on the samples after
annealing. The steepness of the E curve is generally preserved, and insignificant changes
are explained by the peculiarity of the measurement method itself.
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Fig. 1. Temperature dependences of (a) internal friction 6 and (b) Young's modulus E of beta-phase Ga,0s
samples before and after annealing. The dotted line shows the temperature at which relaxation occurs

The increase in internal friction and decrease in E with temperature in
semiconductor materials is primarily due to the larger amplitude of vibrations of atoms
in the lattice and greater scattering of phonons (elastic waves) on them. After annealing,
there was an increase in Young's modulus and a decrease in internal friction associated
with the relaxation of residual stresses in the crystal lattice due to a decrease in the
density of defects (vacancies) and their redistribution.

At a temperature of about 290 K one can observe a relaxation peak of internal
friction marked in Fig. 1(b) by a dashed line. This peak corresponds to a bend in the
Young's modulus curve. This relaxation peak in gallium oxide seems to be associated
with point defects such as vacancies. The energetically most suitable mechanism for this
process is the Hashiguchi relaxation, which is associated with the interaction of
dislocations (kinks) with intrinsic defects: vacancies and their complexes.
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Fig. 2. The optical absorption spectra (a) and optical band edge - inset, the relative change in its value (b)
for samples of single crystal gallium oxide before and after annealing for 12 h at 1673 K

The optical transmission edge is located around 269 nm, which corresponds to a
band gap energy of about 4.85 eV (Fig. 2(a) - inset). The smooth decrease in transmission
with increasing wavelength (Fig. 2) is associated with absorption by free electrons [9,28].
Additional absorption in the high-energy region around 3.5 eV (Fig. 2(b)) can be caused
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by defects like gallium vacancies [29]. Thus, the decrease of transmittance in the high-
energy part and its simultaneous increase in the long-wave part can be related to the
redistribution of gallium vacancies of different types. At the same time, the change of
energy in the longwave region may be intrinsically correspond to various transitions from
the valence bands to the conduction band caused by residual strain and impurities [30].

Conclusions

In this paper, the effect of high-temperature annealing on the structure and properties of
single-crystalline beta-phase gallium oxide is investigated. Data on internal friction and
optical absorption are presented. It is found that annealing is accompanied by
simultaneous changes in the internal friction in the temperature region around 290 K and
in the optical spectrum in the infrared region, which is associated with the redistribution
of gallium vacancies of different types with a general decrease in their number. This is
consistent with the hypothesis of the effect of high-temperature annealing on gallium
vacancies, which leads to an increase in the crystalline quality of the material. The
presented results are also in agreement with known experimental [17,28-30] and
theoretical [9,12] works.
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ABSTRACT

Fabrication of gallium oxide 1-100 um-thick layers by exfoliation them from single crystals opens up the
way to provide good thermal management in high-power Ga,0; devices. Here we propose a lift-off protocol
based on spalling of homoepitaxial layers from (100) B-Ga,0s bulk crystal. The process includes sputtering
of Ni sacrificial mask on B-Ga;0s substrate and its modification by annealing, prior to epitaxial layer
deposition in mist-CVD reactor. The separated 4 uym-thick B-Ga,0s layers have been studied. It is shown
that implementation of the lift-off protocol allows obtaining high-quality free-standing layers.
KEYWORDS
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Introduction

Growth of the bulk B-Ga,0s crystals is still a complex task, which only a few research
groups in the world have successfully accomplished to some extent. This is evidenced by
the fact that the only company that has achieved a commercial result to date is Tamura
Corp. [1], whose substrates remain extremely expensive. In fact, bulk Ga,0Os crystals are
grown exclusively from-melt techniques, which in this case have a number of drawbacks.
First of all, the temperature distribution in both the crystallization zone and the melt
region is unstable due to the multifactorial nature of the process, which is difficult to
model. One of these factors is the step-by-step dissociation of gallium oxide into lower
oxides and ultimately into O, and Ga, which is noticeable already at 1200 °C [2]. In
addition, oxygen released during the decomposition of Ga,0s deteriorates the growth
zone equipment during chemical interaction, and free gallium forms an intermetallic
compound with iridium. For this reason, the extremely expensive iridium used in the
Czochralski process [3] (CZ) or Stepanov edge-defined film-fed growth (EFG) [4]
techniques become a consumable. To fabricate epi-ready substrates, expensive bulk
crystals must be subjected to post-growth processing (cutting, grinding, polishing), during
which the material is underwent to mechanical and thermal effects. It has been
experimentally established [5] that the structure of the subsurface layers of epi-ready
substrates has a lower degree of crystal perfection than the bulk and contains defects, for
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example, in the form of threading dislocations due to post-growth processing. In addition
to being highly anisotropic material in its physical properties, gallium oxide suffers from
low thermal conductivity that emerges for substrate thicknesses of 500 um and more [4].
These are the thicknesses of the substrates cut from the grown ones (in the form of
boules), which is limited by the cutting capabilities. Obviously, this limits the scope of
application of the material in power electronic devices.

Ground on this, an idea of development of bulk free-standing gallium oxide layers
looks highly attractive. One of the most effective approaches from the collection of lift-
off techniques is the use of a sacrificial interlayer. The main challenge of this layer is to
form a weakened interface to accomplish detachment. There are number examples are
known among such semiconductor materials as: GaAs [6,7], InP [8], GaN [9-23]. The
majority of authors employ epitaxial growth to obtain the upper layer that will be
subjected for exfoliation. The novel mist chemical-vapor-deposition is one of the few
techniques that allows growth of the thick gallium oxide layers at high growth rates [24-
26]. This method is cost-effective and provides flexible doping schemes, precise layer
thickness control and high crystal perfection.

In this paper, we report the lift-off procedure by spalling (100) B-Ga,0s
homoepitaxial layers grown by mist-CVD for the first time. A modified Ni film was used
as a sacrificial interlayer. Fabrication of a such a Ni-droplet mask pursues two goals: to
provide further growth process according epitaxial lateral overgrowth (ELOG) technique
and to employ it as a sacrifice layer that weakens the following exfoliation spalling.

Materials and Methods

(100) oriented B-Ga,0s plates were used as the host-substrates. Previously the cylindric
boule was grown in our lab by Czochralski process (Cz). The setup and the process
parameters can be found in our recent publications [27-30]. Since (100) is a gallium oxide
perfect cleavage plane, blocks splitting occurs precisely along it. Thus, the boule was
cleaved manually into close-to-rectangular plates measuring approximately to 2 x 1 cm?
and 2 mm thick. The plates that had plane surfaces without chip outs were selected. It is
known that (100) B-Ga,Os surface inherent interlaced patchwork morphology with
20-200 mm size regions that are highly smooth [27]. Therefore, such regions are adapted
for epitaxial growth.

Vacuum thermal evaporation (VTE) at VUP-2KU4.2 was applied to sputter Ni
sacrifice layer prior to homoepitaxy process. The Ni foil (99.8 % purity) divided into
0.0034 g portions per one sputtering process was used. The Ni portion weight was
measured with a help of a Radwag WAS 220/C/2 analytical balance to provide Ni layer
thickness of ~200 nm. The correspondence between film thickness and film weight was
determined experimentally in advance. The evaporation process was performed at partial
pressure of 10 Pa and a voltage of 60 V applied to the W-filament. To form self-ordered
droplet-like island arrays, the subsequent thermal annealing was used. The improved
Granat vacuum chamber was utilized. The annealing was performed at 1200 °C for 30 min
in Ar ambient (at 2:10* Pa). The verification of the Ni layer thickness proceeded by
registration the difference in the contrast of the grown layer from the base in the scanning
electron microscope (SEM) on a scratch. It was mechanically applied to the sputtered
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layer using a needle, the depth of which was registered by a microscope relative to the
top surface of the layer.

The epitaxial growth was developed on the (100) Ni/B-Ga;0s substrate by the mist-
CVD technique. The home-made mist-CVD reactor employed a process based on
acetylacetonate (acac). The growth temperature and duration were 950 °C and 3 h,
correspondingly. The detailed process parameters can be found in our previous paper [31].

The thicknesses of the homoepitaxial layers were measured by defining a difference
in weights (recalculated through the layer volume and B-Ga,0s density) of the Ni/B-Ga,0s
wafer and this sample (B-Ga,0s/Ni/B-Ga,0s) after growth. The Snoll 4/1300 muffle
furnace was employed for sample annealing to weaken the Ni interface and impel
epitaxial layer exfoliation. The annealing mode was set as 30 min at 700 °C on air.
Directly for the exfoliation process the 3M Scotch double-sided tape was utilized. To get
read of the rest of the Ni interlayer the sample was etched with HNOs for 10 min
at 30 °C [32]. The complete scheme of (100) B-Ga,0s the lift-off is shown in Fig. 1.

A e o o o o
ALY L A
b [ J
host-substrate - Ni-sputtering - annealing

@Jpside down .
e @ @

gluing on tape

annealing - mist-CVD

/ y

Ni etching stand-alone layer

mechanical exfoliation

Fig. 1. The complete scheme of (100) B-Ga,0s the lift-off

The surface morphology of the grown gallium oxide layer was analyzed using a
Phenom ProX SEM operating in secondary electron (SE) mode at 10 kV. Energy dispersive
spectroscopy (EDS) implemented in SEM was applied for chemical characterization. The
phase composition and the crystallinity of the homoepitaxial layers were analyzed by
X-ray diffraction (XRD) at Bourevestnik DRON-7 setup utilizing equipped with Ge (111)
monochromator crystal on doublet Cu Kqi, radiation, the wavelets 1.5406 A (K«1) and
1.5444 A (Ka).
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Results and Discussion

The Ni sacrificial layer was sputtered on the (100) surface of the B-Ga,0s substrate. The
estimation ground on scratch measurement (see Fig. 2) gave a value of 230 nm which is
very close to the experimental evaluation.

At the next step the sample was annealed with an aim to form separate droplets.
The surface contains Ni self-organized droplets of 0.5-1 pm in diameter is shown in
Fig. 3(a). The chemical composition measured within a droplet region was Ga:Ni:O =
28:29:43 at. %, at the same time in the rest region the Ni concentration appeared to be
as below 1 at. % and the chemical formula corresponded to trivalent gallium oxide.

The surface of the sample upon mist-CVD epitaxy is depicted in Fig. 3(b). One can
see, that it has relatively homogeneous morphology that consists of facetted crystals of
various shapes with sizes of 1-2 pm. The thickness of the grown layer was estimated as
4 um by weighting based on the B-Ga,0s density p = 5.95 g/cm? [33].

> - -] um A
Fig. 2. SEM plan-view image of the Ni  Fig. 3. SEM plan-view images of the (100) B-Ga,0s layer: after
layer with a scratch in green square Ni sputtering and annealing (a) and after mist-CVD growth (b).
The inset the (a) shows the average droplet size of 0.5-1 pm
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Fig. 4. XRD pattern and w-scan (the inset) for the (100) B-Ga,0s; homoepitaxial layer

The phase composition and the crystal perfection were estimated via 6-20 curve
and the w-scan, respectively. Figure 4 illustrates a single-crystal structured homoepitaxial
[100] oriented B-Ga,0s layer. No additional peaks indicating the presence of other phases
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or polycrystalline inclusions were detected. Perfection of the grown layer is confirmed by
the successive series of even reflection orders from 400 up to 12 0 O observed on the
X-ray diffraction pattern obtained in the 6-26 scanning mode (ICDD #00-041-1103).
200 and 14 00 reflections are not registered since their intensities are very low
themselves as it is shown by pattern modeling [34].

An w-scan of the 400-peak shown in the inset demonstrated that the rocking curve
peak can be effectively fitted via a Gaussian function with the FWHM (full-width-of-half
maximum) of less than 3 arcmin. l.e., the crystallinity of the layer can be thus estimated
as 2.88 arcmin (see inset of the Fig. 4) which is highly acceptable value for the epitaxial
layer. The absence of additional peaks within the incident beam area of 0.1 x 1.0 mm?
indicates the presence of a coherent B-Ga,0s mosaic of high perfection for this field of
study.

Prior to lift-off process, the samples were undergoing annealing for initiating the
exfoliating procedure. The exfoliation process was carried out using double-sided tape.
The sample was glued to the tape with the epitaxial layer surface (see Fig. 5(a)). The
substrate was then pulled upwards to peel off the epitaxial layer (see Fig. 5(b-d)). The
most of epitaxial layers were successfully detached using this approach.

Fig. 5. Exfoliation process: the sample glued to the tape with the epitaxial layer surface (a), the peeled off
epitaxial layer (b), the same in reflected light (c), the same in transmitted light (d). The silhouette of the
epitaxial layer is indicated by the frame. The scale of all images is the same

Fig. 6. SEM plan-view images of Fig. 7. SEM plan-view images of the (100) 3-Ga;0s stand-
the (100) B-Ga,0s stand-alone layer alone layer upon etching. EDS measurements were
with particularities. A zoomed region registered in the box marked as “1”. The inset shows an

is depicted in the inset energy spectrum contains Ga and O peaks only
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SEM showed (see Fig. 6) that the contact surface of the exfoliated layer is suffered
from uneven morphology, since it may include parts of the sacrificial Ni layer and
fragments of gallium oxide itself which is capable of splitting along the cleavage plane.
As soon as HNOs at room temperature does not affect gallium oxide substrate (unless it
is in the form of thin films), but able to dissolve Ni, it was utilized as the etchant.

Upon etching the surface contained no particularities as well as no Ni has been
found. This was approved by EDS measurements. The inset in Fig. 7 shows identification
of Ga and O only while the white box indicates the scanning area.

The diffraction pattern registered for the spalled layer is depicted in Fig. 8. It shows
split (due to the doublet nature of the radiation) reflections 400, 600, 800, 12 0 0, and
also 10 0 0, which has the form of a separate peak (probably from the Kq: line) with a
satellite of reduced intensity (which can be interpreted as a contribution from the Kq,
component). Processing of the reflections set caused by the Kq radiation component
yields the interplanar distance d,oo (i.e. between adjacent (200) crystallographic planes)
of about 11.865 A. The similar value obtained on treating the reflections formed due to
the Kq; beam component turned out to be approximately 11.864 A. The coherent-domain-
size (CDS) value happened to be about 170 nm in both cases with a microstrain of no
more than 10-*. The set of the peaks in the range of ~ 13-28 deg. obviously belongs to
tape material. Profile analysis of the w-scan curve from the homoepitaxial B-Ga,0s film
of thickness 4 ym separated from a single-crystal substrate showed that its perfection
(3.77 arcmin for the ®-scan curve FWHM) is close to the one of the unseparated layer
(2.88 arcmin, see Fig. 4, the inset). Somewhat broadening and formation of symmetrical
steps on both slopes of the w-scan peak can be associated with its mechanical destruction
in separating from the substrate.
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Fig. 8. XRD pattern and w-scan (the inset) for the (100) B-Ga,0; homoepitaxial layer after spalling
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Conclusion

The fabrication of free-standing homoepitaxial (100) B-Ga,0s layer by spalling from the
native host-substrate is developed. It includes: 200-nm-thick sacrificial Ni film sputtering
by vacuum thermal evaporation; formation of nickel micron scale drop-like mask by high
temperature annealing and homoepitaxial growth of 4-um-thick layer by mist-CVD. The
mechanical exfoliation itself was carried out with preliminary annealing. The exfoliated
layer is characterized as a coherent $-Ga,0s mosaic structure with high perfection. The
measured value of the coherent-domain-size is about 170 nm with a microstrain of no
more than 10°* The full-width-of-a-half-maxima value is amounted as 3.77 arcmin,
which is broadened compared to as-grown non-spalled layer (FWHM = 2.88 arcmin)
presumably due to mechanically induced destruction. The exfoliated layers have smooth
surface, and relatively high crystal quality. We propose that such approach is cost-
effective for production of high power devices based on gallium oxide single crystals.
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ABSTRACT

Nano-roughness evaluation for the surface of epitaxial graphene and height measurement are considered
for a microstep on as-grown surface of sapphire in order to provide homogeneous graphene films on large
areas of silicon carbide or sapphire substrates. To investigate dissimilar surface properties, different
approaches have been used: off-specular grazing incidence X-ray scattering and in-line phase contrast
imaging with synchrotron radiation. Statistical and local parameters of two types of surface morphology
are measured. For the graphene surface, the dependence of the root-mean-square roughness of terrace-
step nanostructure on the direction of the steps is estimated. For the vicinal face of sapphire, a surface step
height of about one micron is determined directly from a phase contrast image, proving for the first time
that the phase contrast imaging resolves surface morphology on a micrometer scale. Atomic force
microscopy confirmed the obtained results.
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Introduction

Silicon carbide (SiC) and sapphire (Al,Os) substrates are widely used for epitaxial films
and thin coatings. Substrate production requires the use of complex processing to obtain
a smooth surface with standard roughness parameters (root mean square roughness,
RMS; mean height of peaks; mean depth of valleys, etc.). Nevertheless, a residual damage
layer remains on the substrate surface and its removal leads to the formation of terrace-
step nanostructures (TSN). Thus, both flat and TSN surfaces are specific to SiC and AL,Os
depending on their processing. The fabrication of high-quality graphene by the thermal
decomposition of SiC meets requirements on cleaning and annealing of substrate. The
removal of the residual damaged layer results in TSN. The formation of a continuous
graphene sheet on such a substrate may be a serious problem [1]. Chemical vapor
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deposition (CVD) offers an alternative possibility to synthesize graphite films on Al;Os
substrates at elevated temperature. According to some authors [2], CVD films
demonstrate improved electrical parameters compared to epitaxial graphene on SiC.

When making single-layer graphene on a substrate containing TSN, one should
consider the minimum step height and maximum terrace width at the lowest surface
roughness values. During thermal processing, the graphene sheet partly repeats the TSN
pattern on the substrate. Moreover, single- and few-layer graphene grow on the same
substrate leading to the formation of regions with different values of surface potential [3].
Increasing roughness, in turn, results in a spread in the electrical resistance of electronic
devices (see, e.g., [4]). For example, in sensor chips that detect viruses, harmful gases,
chemicals, etc., the conducting graphene channel is located between contact pads whose
orientation does not correspond to that of the TSN. At the same time, the correlation
between the root-mean-square roughness and the direction of steps is not yet clear.

Various methods can be suitable for the fabrication of graphene, each with its own
advantages and substrate requirements. For instance, the synthesis of graphene on
sapphire reduces the cost of purchasing substrates. The main benefit of the Stepanov-
LaBelle technology over those for growing large sapphire crystals is the production of
finished substrates. In particular, basal-faceted sapphire ribbons do not require the use
of machining and finishing processes. The ribbons can serve as substrates for GaN, Ga,03
or graphene. Wide and thin ribbons which can be used to epitaxially grow these materials
still have structural defects. The defects include microsteps arising due to small
differences in the ribbon thickness or deflection of its surface from the basal face.

In this work, grazing-incidence X-ray scattering (GIXS) measurements and phase
contrast imaging (PCl) using Synchrotron Radiation (SR) have been employed to
investigate the nano- and microscale morphology of graphene and sapphire. Specular
reflectometry and off-specular X-ray scattering technique allow roughness, density and
thickness determination in extremely thin surface layers. Spectral data processing and
inverse problem solution are based on the theories of grazing incidence X-ray methods
(see, e.g., [5-10]). Particularly, off-specular GIXS provides an opportunity to determine
Power Spectral Density (PSD) function, which is directly associated with the statistical
parameters of roughnes [10-13].

X-ray phase contrast imaging has become widespread due to the construction of
3rd-generation SR sources [14,15] and to upgrades of existing ones. In the setup of PCl,
SR propagates through the sample and illuminates the volume within the field of view.
When a local phase shift caused by small changes in electron density is variable over the
beam cross-section, the corresponding intensity variation can be detected through the
phenomenon of refraction. Though this method was used to quantitatively analyze micro-
inhomogeneities in crystals [16,17], its feasibility for quantitative surface imaging has not
been demonstrated yet. It has recently been shown that PCl is applicable to thin
composite layers [18] that may contain microcracks [19]; however, this method has only
been employed for qualitative observations.

We emphasize that the quantitative aspects of using PCl for characterization of
surface morphology have not been previously considered, but will now be addressed in
this paper. In the next sections, two different experimental methods are briefly described.
X-ray scattering measurements near the critical angle for total external reflection of
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epitaxial graphene are discussed. The results of imaging experiments on sapphire ribbons
conducted at Pohang Light Source-II (PLS-1l) are analyzed.

Materials and Methods

Semi-insulating SiC (0001) substrates purchased from different commercial channels had
off-axis miscut angles, typically of the order of < 0.2-2°. The residual damaged layer was
eliminated by high vacuum annealing in a closed tantalum cell in the temperature range
of 1400-1500 °C at a residual gas pressure of 10 Pa [20,21]. As a result, a fairly regular
pattern of terraces separated by steps formed on the polar silicon (Si) face of SiC. A further
increase in temperature to 1725 °C allowed us to obtain a graphene sheet in an area of
~ 1 cm?. Graphene was formed under an argon (Ar) atmosphere at a pressure of ~ 10° Pa.
The specific properties of graphene were confirmed by Raman spectroscopy.

Figure 1(a) shows a cross-section view of a typical multilayer graphene on 4H-SiC
substrate obtained by high resolution transmission electron microscopy (HRTEM). An
electron-transparent lamella was prepared by cutting the substrate, with the cutting line
lay perpendicular to the step direction. It can be seen that the graphene is not uniform. A
white line encircles the step on the substrate surface. The image shows a distinct feature
located at the interface between the film and substrate, but we cannot distinguish a gap
from a step on the film. Both types of these defects increase the surface roughness.

Fig. 1. (a) High resolution TEM image of the interface between Si-face 4H-SiC and multilayer graphene.
White line encircles a step on the SiC surface; (b) AFM image of graphene surface. Arrows represent
the X-ray scan directions, selected parallel (green, magenta) and perpendicular (red, blue) to the steps

The X-ray measurements were performed on a laboratory diffractometer [22].
A conventional X-ray tube with a Cu-anode served as a source. Radiation with wavelength
A =0.154 nm reflected in a monochromator Si (111) within a passband of AA/A = 10°.
A vacuum collimator was placed between the sample and the detector to reduce parasitic
scattering by air molecules. The collimated beam had a width of ~ 0.2 mm, a divergence
of ~ 10 rad and an intensity of | = 3-10°¢ c’. The initial position of the sample surface was
horizontal and parallel to the direction of the incident beam. During X-ray measurements,
the source and detector rotated around a stationary sample. A scintillation detector
SCSD-4 (Radicon Ltd., St. Petersburg, Russia) was used in conjunction with a position-
sensitive strip Dectris MYTHEN 2R (Dectris AG, Baden-Dattwil, Switzerland). The detectors
provided good linearity and made it possible to measure the intensities of specularly
reflected and scattered radiation in one process. Angular scanning varied between 0° and
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3°; the direction of incidence was fixed by the angle 0.236°; the scattering transfer vector
and spatial frequency were in the range of 0-0.42 A* and 0.05-10 um, respectively.
When the direct beam width in the plane of detector was 20 um, the beam spot width on
the sample was 5 mm at a grazing angle of 0.236°. The GIXS methodology for estimating
TSN parameters was previously developed using Al,Os and SiC substrates [23-25].

Compared to GIXS, PCl setup is very simple. Apart from the SR source, sample and
detector, nothing else is required, provided that the spatial coherence of the incoming
beam is sufficient. PCl is an appropriate technique to use, when a surface step entails a
detectable phase shift. Since only intensities are measured, analytical means are needed
to regain the phase-related information. Several efficient phase retrieval algorithms were
produced.

The PCl experiments were carried out at the PLS-Il operating at an electron energy
of 3.0 GeV. At the BL6C beamline, a wiggler with a strong magnetic field (2.0 T) provides
SR in the spectral range £ = 23-50 keV. At a given energy of £ = 23 keV, the double crystal
monochromator selected a bandwidth AE/E = 2.9-10*. To obtain X-ray images, a sapphire
ribbon was placed in the beam with its basal face perpendicular to the beam direction at
a distance of r, = 36 m from the wiggler source. Images were recorded with a scintillator
screen coupled to a digital detector [26] located at a distance of r;= 8 mm or 20 cm from
the sample. Magnifying light optics projected a luminescent image onto the pixelated
detector, and high image resolution was ensured by the small pixel size. In particular, the
detector was equipped with a CCD matrix PCO Edge (PCO AG, Kelheim, Germany). Each
chip had a resolution of 2560 x 2160 pixels and a size of 6.5 x 6.5 um? The combination
of x20 objective lense with the PCO matrix led to an effective pixel size of 0.325 um and
a view field of 832 x 702 um?. For each pixel, a 16 bit analogue digital conversion was
available.

Statistical parameters of roughness of epitaxial graphene on SiC

A characteristic feature within our approach is the computation of PSD function from angular
distribution of scattered X-ray radiation [11-13]. The integral of the PSD function gives the
effective roughness height o, The o. is determined in the region of spatial frequencies
limited by the width of the X-ray beam on one side and by the beam intensity on the other.
In our case, the frequency range is limited by values vmin = 0.05 pm™ and vmax = 10 pm™.

X-rays illuminate large surface areas; actually, the entire sample area (up to
25-30 mm, when the width of the direct beam in the detector plane is ~ 100 pm),
therefore GIXS technique can detect high o,y values. An increase in the average roughness
height leads to a significant increase in the PSD-function values. Atomic force microscopy
(AFM) scan size is usually lower than 100 x 100 um?2 Nevertheless, AFM has higher
resolution, therefore this method can image finer roughness scales. With this approach,
a probed area is approximately three orders of magnitude smaller. One can characterize
the roughness scales by comparing the values of the PSD functions calculated from GIXS
and AFM data.

Figure 1(b) is an AFM image of TSN on the surface of a multilayer graphene film.
The image shows X-ray scan directions relative to the step edges. Colored lines numbered
1 and 3 indicate two parallel scans located perpendicular to the step edges. In Fig. 2 the
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red (1) and blue (3) markers represent the PSD-curves plotted against frequency for scans
1 and 3, respectively. In the same diagram, the PSD-plots 2 and 4, shaped by green and
magenta markers, refer to directions 2 and 4, which are parallel to the step edges. Note
a peak in functions 1 and 3 that occurs when the beam scan is directed perpendicular to
the steps. The position of the peak on the abscissa axis corresponds to the spatial
frequency of the average TSN period. The peak shape is approximated by a Gaussian. The
spread of periods and uneven edges of the terraces increase the peak width. The period
value estimated from the GIXS data is 2.96 um, but it should be noted that this result is
obtained by averaging over a surface area of ~ 1 cm? illuminated by the beam. Scanning
with a 90° rotation results in smoothing of the peak, as in the case of functions 2 and 4.

PSD, um?
10°

10

107

10-1(]
0.01 0.1 1 10

Fig. 2. Roughness PSD functions for multilayer graphene on Si face of 4H SiC. Plots corresponding to
different scan directions are represented by markers of different colors: green, magenta (parallel) and red,
blue (perpendicular) to the steps of TSN, respectively. PSD functions derived from AFM scans across
(black) and along (cyan) the steps are indicated by curves without markers

In Fig. 2, solid lines (without markers) correspond to AFM scans directed along
(cyan) or across (black) the steps, respectively. The behaviors of these PSD curves
depending on the calculation direction are similar to those obtained with GIXS.
Particularly, calculations across or along the steps result in a broad peak or monotonic
decline, respectively. The discrepancy is seen in the low frequency region. The reason for
the discrepancy relates to the decrease in AFM resolution that occurs when the roughness
period is close to the AFM scan size. It should be stressed that in case of SiC substrates,
a better match was obtained between the GIXS and AFM curves [25].

The effective roughness height o, can be determined by the equation:

Opff = \/fvvrﬁx PSD (v)dv.

The value of o, extracted from PSD curves |-1V for directions 1-4 is:
et = 0.37 nm, 0e? = 0.35 nm, o = 0.35 nm, o = 0.31 nm. Thus, we see that the
deviation (calculated as the arithmetic mean of the absolute values of the deviations)
does not exceed 17 %. According to various researchers who have measured the root-
mean-square roughness of graphene, these values are unlikely to result in a noticeable
variation in electrical resistance.
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Local step height on as-grown surface of sapphire

As described in the previous section, spatially averaged X-ray scattering gives the root-
mean-square roughness of the entire sample area (e.g. ~ 1 cm?). In this section we have
again used the interaction of X-rays with matter, but in a different approach, which has
the essential advantage of ensuring locality of measurements. The ensemble of local
measurements constitutes an image. The image shows contrast due to changes in
absorption, phase, or Bragg diffraction. Here we present X-ray phase contrast. The PCl
setup provides a relatively limited field of view - from a few square millimeters to
fractions of a millimeter. Nevertheless, the method combines localization and a fairly
large area by moving the sample in front of the detector and recording images [27]. Since
PCl cannot display morphology in a way similar to AFM, the latter is used in this work to
obtain additional information about a surface structure.

1.6 4
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Fig. 3. (a) 2D representation of AFM data showing various defects in the sample. White arrows point to a
particle (1) and a pit (2). The green dashed line indicates the AFM probing direction across the surface
step. (b) AFM map of the step location. The solid line stands for the probing direction, identical to that

shown in (a). In the phase contrast image (c), the green arrow points to the step region probbed by AFM.
White arrows point to the same features as in (a). Profile (d) of the step height (y, um) vs. the distance

across the step (x, um)

Figure 3 contains AFM and PCI images of the sapphire ribbon grown from the melt
using Stepanov’'s method at a growth rate of 1 mm/min up to a size of
10 x 0.4 x 100 (WxHxL) mm?>. The misorientation of the ribbon surface relative to the basal
facet was only a few arc minutes. Figure 3(a) shows several defects imaged by AFM. At the
bottom of the figure, one can see a rounded pit and an irregularly shaped defect in the vicinity
of the pit. In the 3D representation of the AFM data, this defect appears as a particle (data
not shown). The wavy line dividing the light and dark areas defines a step on the surface of
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the ribbon. Green dashed line is for AFM scan across the step. The same scan is shown by the
solid line in Fig. 3 (b), which displays a large-scale AFM map of the step location. At the top
of the map, the light contrast corresponds to the step, and the dark contrast at the bottom
comes from the material underneath the step. Furthermore, in the phase image (Fig. 3(c)) the
same surface step is represented by a wavy line of black and white contrast. The green arrow
indicates the position of the AFM scan on the sample surface. Note that the same location
was chosen for the contrast evaluation on the phase image.

The pit and particle indicated above are present inside the region of interest. They were
used as markers to localize both AFM and PCl measurements. We assume the following
scenario for their formation. When a ribbon is pulled out, the metallic shaper heats up to a
high temperature. A molten droplet can fall on the ribbon at some distance from the
crystallization front, and overheating of the surface will lead to the formation of a pit.

S(x/xq) - C(x/xg) (I-1o) / I
0.4 e
0.2 4 0.02
0 0
0.2 -0.02
faad 0.04
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-10 -5 0 5 10 -10 -5 0 5 10
X, tm X, um

Fig. 4. Intensity profiles vs. the distance across the surface step. (a) Theoretical profile calculated for
coherent radiation from a point source. xo = 2.32 um. (b) Experimental (open circles) and theoretical
(smooth red curve) relative intensity distributions. The red curve is obtained by averaging the profile in (a)
after convolution with a Gaussian function (FWHM is 3 um)

To evaluate theoretical intensity distribution for the step we employed X-Ray Wave
Propagation (XRWP) computer program [28]. The result obtained for a point source and
fully coherent radiation is shown in Fig. 4(a), where the maximum is located on the side
of the smaller sample thickness. We note that many Fresnel fringes are formed besides
the maximum and minimum.

The experimental profile was obtained by measuring the contrast of the phase
image recorded in a CCD (Fig. 3(c)). The image was stored in TIFF format, 16-bit. TIFF file
was converted into a matrix. In the course of further processing, the matrix was used to
produce the image of the step with highest possible contrast. The intensity was measured
perpendicular to the step section. Here we want to emphasize again that the section was
located within the region of the AFM scan (Fig. 3(a)). In Fig. 4(b) open circles stand for the
experimental data. One can see that the Fresnel fringes are simply not detected.

The theoretical and experimental intensity distributions were compared. Prior to
the comparison, averaging on the fringes was performed. As an averaging method we
propose to employ the standard convolution with a Gaussian function. The method is
successful in cases when the factors responsible for the reduction in spatial coherence
are unspecified. The full width at half maximum (FWHM) of Gaussian can be determined
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from preliminary experiments on test objects [29,30]. Finally, the smoothed theoretical
profile is drawn by the red line in Fig. 4(b) (FWHM of the Gaussian is 3 um).

Analytical solution gives the same results in a much more simple way. When the

phase shift ¢ introduced by a surface step is small compared to unity, the intensity profile
can be calculated as a power series of ¢. Retaining only the first dominant contribution,
we conclude that the contrast is proportional to ¢, and the intensity profile is calculated
analytically using an equation:
/1o = 1+ ¢[S(x/x0) = C(x/%0)], b = K&t, xg = (Arg/2)"/?, (1)
where S(x) and C(x) are the sine and cosine Fresnel integrals, ry is the distance from the
object to the detector, ¢ is the local phase shift introduced by the step; ¢<< 1. The
contrast of the step determined from the plot is 0.2¢. Using the estimation of phase
¢ = 0.2, obtained from the comparison of the experimental and simulated contrasts, and
the decrement of the refractive index of sapphire 6= 1.532-10¢, we find the step height
t from the Eq. (1):t=1.12 um. This value is confirmed by the AFM data. The AFM analysis,
whose graphical result is presented in Fig. 3(d), gives the step height versus the distance
across the step. One can see that the step height changes slightly from 1 to 1.5 um.

Conclusions

The present study is an example of the application of grazing-incidence X-ray scattering
technique and phase contrast imaging to graphene and sapphire. The quality of graphene
surface was estimated by statistical parameters of roughness. The surface of sapphire was
investigated by in-line PCl method, which did not yet deal with solid surfaces and crystal
faces. The novelty in the PCl experiment is that the microstep height has been determined
directly from an image with fairly good accuracy (~ 1 um), despite the relatively large
decrease in spatial coherence. Our experimental design involves techniques that are not
feasible in the same setup. Nevertheless, the combination of X-ray-matter interactions,
namely scattering and refraction, which are commonly used for different purposes, has
led to a better interpretation of surface morphology.
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ABSTRACT

The results of studies of 2.0-17.0 GHz frequency responses of S11 and S21 values of flexible
electromagnetic radiation shields made of metallized polymer film, on the surface of which a coating of
the Fe-Ni system is applied by electron beam evaporation, are presented. It has been experimentally
established that an alloy in the Fe-Ni system containing 56 wt. % (~ 57 at. %) Fe and 44 wt. %
(~ 43 at. %) Ni is azeotropic one. Such composition corresponds to the minimum temperature at which the
total vapor pressure reaches 10 Pa. It has been determined that by applying of the Fe-Ni system coating
with the specified content of components to the surface of a metallized polymer film, it is possible to
reduce S11 value by a maximum of 5.0 dB and S21 value by a maximum of 6.7 dB in the frequency range
of 2.0-17.0 GHz of this film.
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Introduction

Electromagnetic radiation (EMR) shielding is currently a pressing chronic problem due to
the continuous development of radio-electronic devices, especially with wireless power
supplies, which has necessitated the constant improvement of means of protection
against negative electromagnetic interference. In recent years, employees of Belarusian
State University of Informatics and Radioelectronics, based on the results of their
research, have developed various devices for EMR shielding.

Thus, at the research laboratory "Materials, Technologies and Equipment for Safety”
of Belarusian State University of Informatics and Radioelectronics, the following main
kinds of EMR shields have been developed:

1. non-flammable shields based on aluminum oxide and magnetic powder [1];
2. shields based on fabric materials [2,3].

One of the current directions of the research work conducted in the indicated
laboratory is development of EMR shields based on foil and foiled film materials [4,5]. EMR
shields based on foil, or foiled (metallized) film materials are also direction of the work
conducted by the other researchers [6-10]. The main advantage of such materials is their
thinness and flexibility. Due to this advantage it’s possible to modify the shape of the
shields based on these materials. Such materials are widely used nowadays for obtaining
EMR shields with frequency selective surface (metasurface) [11-19]. Moreover, origami
technic is widely used nowadays to create EMR shields based on such materials [20-29].
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All of the above shields are composite structures that provide a high degree of EMR
shielding. At the same time, the use of thin-film vacuum coatings for EMR shielding
systems, combining metal layers with high values of electrical conductivity (AL, Cu) and
relative magnetic permeability (Ni, Fe), is one of the little-studied and promising areas.
The choice of the electron beam evaporation method for the Fe-Ni system films
obtaining is primarily due to the impossibility of using magnetron sputtering methods
due to the shielding of the magnetron cathode unit magnetic field by targets. Since
electron beam evaporation causes alloy fractionation, the azeotropic composition of the
alloy was calculated for the Fe—Ni system. The relevance of the work is due to the ever-
increasing requirements for noise immunity of electronic devices.

This article discusses the results of studies of the protective properties of flexible
EMR screens made of metallized polymer film with coatings of the Fe—Ni system formed
on their surface by electron beam evaporation.

Justification of the composition of Fe—Ni system coating

As follows from the phase diagram (Fig. 1), Fe-Ni system alloys are unlimited solid
solutions, therefore, during their electron beam evaporation, the liquid — vapor phase
transition obeys Raoult’s law. The sizes of the elements radii near their melting
temperatures, Rr=0.1290 nm, Ry =0.1246 nm. Therefore, Fe and Ni activities ratio in
accordance with [30] is equal to:

3 3
R 0.1290
Ire _ (L) = ( ) = 1.11. (1)
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Fig. 1. State diagram of the Fe-Ni system (L - liquid; V - vapor;y - y-phase)

The required rate of deposition of Fe-Ni systems coatings with a thickness of
150 nm is ensured at a Ni and Fe vapor pressure ranging from 1 to 20 Pa. According to
Fig. 1, the evaporation temperatures of Ni-Fe system alloys should be in the range from
1500 to 1650 °C. The average pressure of Fe vapor in this temperature range is 13 Pa,
and that of Ni vapor is 11 Pa [30]. The atomic masses of the elements Ni and Fe are 58.71
and 55.85 amu. respectively.

Substituting all the indicated values into Eq. (1), for the Fe—-Ni system we obtain:

nwi _ fNiniPyi (@)l/ “at EM = 1, we get xpe = 111 (T) - (58'71)1/2 xyi = 1345 xy;. (2)

Npe  fFeXFePre \Ani Fe 11 55.85



S-parameters of flexible electromagnetic radiation shields with Fe-Ni system coating 76

From equation xr + xy = 1 we find that xr = 0.574; xy; = 0.426. Thus, according to
the carried calculations out, it was established that Fe-Ni system alloy containing
56 wt. % (~57 at. %) Fe and 44 wt. % (~ 43 at. %) Ni is azeotropec one. Such composition
corresponds to the minimum temperature value at which the total vapor pressure reaches
10 Pa (Fig. 1, point A on the isobar).

The reproducibility of the composition of layers of Ni-Fe system alloys obtained by
electron beam evaporation was judged by the results of an analysis of their elemental
composition. Nickel grade NP2 and iron 005ZhR were used as starting materials. Five
samples of alloys were prepared from these materials. The compositions of the alloys, as
well as the average content of elements in coatings 150 nm thick, are given in Table. 1.
Each value was obtained from elemental analysis data of at least 3 samples.

Table 1. Compositions of the Fe-Ni system alloys and average element contents in 150 nm thick coatings
obtained by electron beam evaporation

Alloy Alloy composition, at. % 150 nm thick coatings composition, at. %
number Fe Ni Fe Ni Others

1 30 70 51.5 45.4 3.1

2 40 60 38.8 58 3.2

3 55 45 51 47.6 1.4

4 60 40 58.7 38.8 2.5

5 70 30 68.5 28.7 2.8

It can be seen that the elemental composition of the films is preserved upon
evaporation of the FessNiss alloy, i.e. its congruent evaporation occurs. At the same time,
as follows from Table 1, due to the very similar values of vapor pressure, molecular
weights, parameters of the crystal lattices of Fe and Ni, as well as the unlimited solubility
of these elements in melts, the elemental composition of films of the Fe-Ni system is
quite close to all the compositions of evaporated alloys that we have studied.

Fig. 3. Layers’ layout of the film Kotar IZOFOLIX:
Fig. 2. The appearance of the film Kotar IZOFOLIX 1, 3 - polypropylene film; 2 - aluminum layer; 4
- polyethylene layer

Kotar IZOFOLIX film was chosen as a polymer base for the coating [31]. This film
has a thickness of 105 um. It has multilayer structure, one of the layers of which is
aluminum with a thickness of 150 nm. The appearance of this film is shown in Fig. 2, and
its layers’ layout is shown in Fig. 3.
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An alloy of composition FessNiss was used as material for applying coatings by
electron beam evaporation. Coatings were applied to the polymer substrate using
a VU-1A installation according to the following regime:

1. the residual gas pressure in the chamber was no more than 5-10-2 Pa;
2. the substrate temperature was no more than 40 °C;

3. the application time was 150 s;

4. the application speed was 1 nm/s;

5. the distance from the crucible to the polymer substrate was 400 mm;
6. the weight of the sample was 20 g.

In this case, the thickness of the applied Fe-Ni system coating was 150 nm. The
choice of this thickness value is due to the low heat resistance of the polymer substrate.
At a coating application rate of 1 nm/s and a process duration of more than 150 s, the
substrate is destroyed. The layers’ layout of the EMR shield obtained according to the
presented method is shown in Fig. 4.

Fig. 4. Layers’ layout of the EMR shield:
1 - coating of the Fe-Ni system; 2 - the film Kotar IZOFOLIX

Methods

The measurements of the EMR reflection and transmission coefficients the shields (511
and S21 values, respectively) were carried out in the frequency range of 2.0-17 GHz. The
panoramic meter of transmission and reflection coefficients SNA 0.01-18 was used for
the measurements. The measurements were carried out in accordance with Standard
20271.1-91 "Microwave electronic products. Methods for measuring electrical
parameters”. The modulus of the measurements relative error of EMR reflection and
transmission coefficients doesn’t exceed 10.0 %. The connection diagrams of the modules
of this meter are shown in Fig. 5.

The dimensions of the studied EMR shields samples were 300 x 400 mm. The
following EMR shields samples were studied:
1. single-layer EMR shield sample based on Kotar IZOFOLIX film (Fig. 3), sample 1.1;
2. double-layer EMR shield sample based on Kotar IZOFOLIX film (Fig. 6), sample 1.2;
3. single-layer EMR shield sample based on Kotar IZOFOLIX film, on the surface of which a
150 nm coating from FessNiss alloy was applied (Fig. 4), sample 2.1;
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4. double-layer EMR shield sample based on Kotar [ZOFOLIX film, on the surface of which
150 nm coating from FessNiss alloy was applied (Figs. 7,8), samples 2.2 and 2.3,
respectively.

Block A/R Jl Block AR ;:

Horn antenna

Horn antenna
P6-23M P6-23M
The test sample
Power supply Measuring signal processing unit Sweep generator
Power supply Measuring signal processing unit Sweep generator unit
unit A B R
A B P -0 — -0 -0
— —o -0 —

@) (b)
Fig. 5. The connection diagrams of the modules of panoramic meter of transmission
and reflection coefficients SNA 0.01-18 for S11 value (a) and S21 value (b) measuring
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Fig. 6. Layers layout of the sample 1.2: Fig. 7. Layers’ layout of the sample 2.2:
1, 2 - polypropylene film; 3, 4 - aluminum layer; 1, 2 - coating of the Fe-Ni system;
5, 6 - polyethylene layer 3,4 - polypropylene film; 5, 6 - aluminum
layer; 7, 8 — polyethylene layer

7
5
1
3
Fig. 8. Layers’ layout of the sample 2.3:1, 2 - Fig. 9. External view of the measuring unit 1US-
polyethylene layer; 3, 4 - polypropylene film; 3 with an installed sample

5, 6 — aluminum layer; 7, 8 - coating from FessNiss
alloy
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Measurement of the surface resistance of the sample 2.1 was performed. The
measuring unit 1US-3 was used for this (Fig. 9).

The surface resistance (ps) of the indicated sample was measured using the four-
probe method under the following conditions: the probes were arranged in a row at five
points; the distance between the probes was 1 mm; slides measuring 75x25x2 mm? were

used as substrates.
Based on the results of such measurements, the specific surface resistance (p) of the

sample was calculated according to the following equation:
p=pst (3)
where t is the sample thickness.

Results and Discussion

2-17 GHz frequency responses of S11 values of the samples 1.1 and 1.2 are presented
on Fig. 10.

1
!
=] ! ]
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Fig. 10. 2-17 GHz frequency responses of S11 Fig. 11. 2-17 GHz frequency responses of S21

values of the samples 1.1 (curve 1) and 1.2 (curve 2)  values of the samples 1.1 (curve 1) and 1.2 (curve 2)

S, dB
521,dB
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Fig. 12. 2-17 GHz frequency responses of S11 Fig. 13. 2-17 GHz frequency responses of S21
values of the samples 2.1 (curve 1), 2.2 (curve 2) values of the samples 2.1 (curve 1), 2.2 and 2.3
and 2.3 (curve 3) (curve 2)

In the frequency range 2-17 GHz, S11 values change from -9.4 to -0.04 dB and from
-13.8 to -0.14 dB for the samples 1.1 and 1.2 respectively. It should be noted that when
the number of layers in the shield based on the film Kotar IZOFOLIX increases from one
to two, the energy of the EMR reflected from it decreases. This phenomenon is most
clearly observed in the frequency ranges of 5-7, 10-12 and 15-16 GHz. This
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phenomenon is associated with the resonant interaction in antiphase of the EMR of the
listed frequency ranges. 2-17 GHz frequency responses of S21 values of the samples 1.1
and 1.2 are presented on Fig. 11.

In the frequency range of 2-17GHz, S21 wvalues change from
-36.5 to -16.6 dB and from -38.2 to -17.4 dB for of the samples 1.1 and 1.2 respectively.
Thus, increasing the number of layers in shields based on film Kotar IZOFOLIX doesn’t
have a significant effect on their S21 values. 2-17 GHz frequency responses of S11 values
of the samples 2.1, 2.2 and 2.3 are presented on Fig. 12.

In the frequency range of 2-17 GHz, S11 values vary from -5.5 to -0.017 dB for the
sample 2.1, from -6.2 to -0.25 dB for the sample 2.2, and from -4.4 to -0.006 dB for the
sample 2.3. 2-17 GHz frequency response of S11 value of the sample 2.2 is characterized
by a resonant decrease in the frequency ranges of 5-7 and 14-16 GHz. 2-17 GHz
frequency responses of S21 values of the samples 2.1, 2.2 and 2.3 are presented on
Fig. 13.

S21 values vary from -33.0 to -14.2 dB for the sample 2.1 and 2.2 and from -43.7 to
-17.3 dB for the samples 2.3. Thus, an increase from one to two layers in the shield based
on film Kotar IZOFOLIX, on the surface of which a 150 nm coating of FessNiss alloy is
applied, leads to a decrease by 3-18 dB in the S21 value of this shield.

The relative measurement error of the surface resistance of coatings using the four-
probe method doesn’t exceed 5.0 %. To reduce the measurement error, the results of five
measurements of the specified parameter for each sample were averaged.

The results of surface resistance measurements of the sample 2.1 are presented in
Table 2.

Table 2. The results of surface resistance measurements of the sample 2.1

Area No. 1, Area No. 2, Area No. 3, Area No. 4, Area No. 5,
Q/ square Q/ square Q/ square Q/ square Q/ square
39.3 47.9 42.3 53.1 58.8

Based on the results of calculations carried out using Eq. (3), it was determined that
the specific surface resistance of a 150 nm coating of FessNiss alloy is 7.242-10° Q-m:

(B2 aesa 11 908) - 150 - 10~° = 48.28 0/square - 150 - 10~° m = 7.242-107°Q - m.

Conclusions

Calculations of the parameters of the compositions a coating of Fe—Ni alloys were carried
out. Based on the results of such calculations, it was found that the FessNiss alloy is
azeotropic one. The mode of applying a 150 nm coating of this alloy onto a substrate in
the form of a foil-clad polypropylene film (film Kotar IZOFOLIX) was developed.

It was found that applying a 150 nm coatings of FessNiss alloy onto film
Kotar IZOFOLIX allows to reduce its S11 value by a maximum of 5 dB, and S21 value by
a maximum of 6.7 dB. When increasing the number of layers in the shield based on film
Kotar IZOFOLIX from one to two, its S11 value decreases by a maximum of 10 dB.
S21 value remains virtually unchanged. Increasing the number of layers in the shield
based on film Kotar [ZOFOLIX, on the surface of which a 150 nm coating of FessNiss alloy
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is applied, from one to two leads to a decrease by a maximum of 5 dB in the S11 value
of such shield. It’s S21 value decreases by 3-18 dB in such case. It was determined that
the specific surface resistance of a 150 nm coating of FessNiss alloy is 7.242x107° Q-m.
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ABSTRACT

A corroded aluminum plate with an inclined crack at the corrosion end was repaired by boron/epoxy
composite patches, bonded with various adhesive types under mechanical loads. The aim of this study was
to discover which glue types are better for the composite patch adhesive and the most efficient in
transferring stresses from the aluminum plate to the patch, so in this study three-dimensional finite
element analysis was used to study the changes in the damaged area of the adhesive (DR) and the stress
factor (SIF) in the two modes (mode | K, and mode Il Kj)), then compare them. To confirm the analytical
results, we conducted a laboratory experiment using corroded aluminum plate 2024 with random cracks
that were repaired with a composite patch affixed with several adhesive types, and then we calculated the
ultimate tensile strength. The obtained results, both on the analytical and experimental side, showed that
the adhesive type FM73 is more efficient in fixing the composite patch and more effective in transferring
stress from the damaged plate towards the patch compared to the other materials used in this study
(araldite, adekit and redux).
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Introduction

The appearance of cracks in a metal structure in any field such as aviation structures and
marine structures is a major concern for maintenance operators and a real threat of
structural damage [1].

Composite patches have become widely used to repair metal structures that have
been damaged due to fatigue or external stresses whether mechanical or thermal. These
patches make it possible to delay the spread of cracks and thereby increase the life of
structures repaired in this way. The mechanical properties of these repaired structures
have been studied in several articles. The influence of several parameters on crack
propagation behavior has been carefully studied by several researchers. For example, the
effect of composite patch size [2,3], number of layers [4], asymmetry of the repaired
structure [5], component tension before bonding of the composite patch [6], incomplete
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bonding of the composite patch [7] or residual stresses [8], have been examined in recent
literature.

The adhesive plays an important role in the process of repairing damaged structures,
it is the mediator between the patch and the plate, and it is responsible for transferring
stress from the plate to the patch. The damaged area criterion was proposed by [9,10] for
the analysis of damage in the adhesive. This standard assumes that the material will fail
once the measured stress exceeds the ultimate strength of the material. Sheppard and
colleagues [10] introduced the idea of a damaged area of an aluminum plate repaired with
a single and double composite. This area is determined by a surface, where the von-Mises
deformations exceed the maximum permissible deformation, and the fracture load of glue
joints was determined experimentally. Damage to the adhesive layer occurs when the
strains or stresses in the adhesive are greater than the material properties. Failure in the
adhesive is not caused by crack propagation in the substrate, but rather by initiation and
propagation of the damaged area in the layer containing defects such as microcracks or
voids [11]. The percentage of damaged area has been suggested to predict the load of glue
joint failure. For FM73 epoxy adhesive, it has been shown that this adhesive fails when the
damaged area ratio reaches the Drc = 0.247. In the damaged area theory, it is assumed that
the glue joint is non-adherent when the damaged area reaches a certain critical value. The
affected area can be determined by either pressure or deformation criterion. The
deformation criterion is more appropriate when the adhesive exhibits significant non-
linearity. There are two ways for adhesive joints to fail: interface failure and cohesion. In
the interfacial mode, the critical failure load of the glue joint is related to the interfacial
pressure between the adhesive and the part to be glued [12].

There are several works carried out by M. Berrahou [13-19] to study the repair of plates,
whether metal such as aluminum or composite plates using the composite patching
technique, and these studies were numerical analytical research and laboratory experiments.
In [20-22], it was also showed that the determination of the stress intensity factor on the
crack tip is one of the possible ways to analyze the repair performance associated with these
composite materials, using the three-dimensional finite element method.

In this work, we place ourselves in the context of a numerical analytical study using
the 3D finite element method to assess the damaged area ratio of the adhesive and the
intensity of the stress factor at the crack tip, in addition to laboratory experiments to find
out the ultimate tensile strength value for each sample. These samples were corroded
aluminum plates of type 2024 with random cracks, originally made by boron / epoxy resin
bonded with different types of adhesives (FM73, araldite, adekit and redux). The aim of this
study was to determine which of these adhesives are more efficient in stress transfer and
reduce the risk of repair damage and thus enhance the corrosion resistance properties.

Geometrical model

The geometry of the structure considered in this study is shown in Fig. 1. For a rectangular
elastic thin plate of 2024-T3 aluminum with random shaped corrosion, with the following
dimensions: Hy = 254 mm, W, = 254 mm and e, = 5mm, with an inclined crack of length
a =15 mm. The plate was repaired with a single boron/epoxy patch of different shapes
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Corroded area
Thickness of corosion
0.25mm

Fig. 1 Geometry of the damaged plate

and constant thickness e,.: = 1.5 mm, the layers in the patch have a unidirectional stacking
where the fibers are oriented along the length direction of the specimen (parallel to the
load direction). In order to analyze the effect of the type of adhesive, four types of
adhesives were chosen in this study: (FM73, adekit A140, redux and araldite). We used
four patch shapes in this study: rectangular, trapezoidal, circular and elliptical, having the
same surface A =9750 mm?Z. The sizes of these patches are given in Fig. 2. The patch is
bonded with 0.15 mm thick adhesive. The plate is subjected to a uniaxial tensile load of
amplitude o = 100 MPa and with an ambient temperature T =20 °C.

(a) (b)

=475 m ,

= Emm

(c) (d)

a=30mm

h=130mm

a=715mm
a=G0mm

b=130mm

Fig. 2. Patch dimensions: (a) elliptical, (b) circular, (c) rectangular, (d) trapezoidal
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The mechanical properties of (the plate, patch and of the adhesive) are shown in
Table 1. The geometric shape of the corrosion used is randomly in 3D with a thickness
0.25 mm, before repairing the structure, the corroded area is cleaned to remove the
Corrosion film and keep the same mechanical properties.

Table 1. Elastic property of different materials [23]

Boron/ep AL 2024 FM 73 Adekit Redux Araldite

Ei, GPa 200 72
Ez, GPa 2.5
Es, GPa 2.5

U1z 0.21 0.33 0.32 0.3 0.36 0.36

U13 0.21

Uz 0.21
G1y, GPa 7.2 4.2 2.69 3.808 2.448
G13, GPa 5.5
Gy, GPa 5.5

Finite element modeling

The analysis involved a three-dimensional finite element method to supplement and analyze
the experiments by using a commercially available finite element code ABAQUS [24].
The finite element model consisted of three subsections to model the cracked plate, the
adhesive, and the composite. The Jintegral values were extracted using a domain integral
method within ABAQUS. This method provides high accuracy with rather coarse models
in three- dimensions. The J integral values were extracted using a domain integral method
within ABAQUS. This method provides high accuracy with rather coarse models in three
dimensions. To generate crack front some brick elements are replaced by "crack block".
These crack-blocks are meshes of brick elements which are mapped into the original
element space and merged with surrounding mesh. Boundary conditions and loads are
transferred to the crack-block elements. The mesh was refined near the crack-tip area
with an element dimension of 0.067 mm using at least 15 such fine elements in the front
and back of the crack tip. The finite element mesh was generated using brick elements
with 20 nodes. The number of elements used in this analysis is 50000 and number of
degrees of freedom DOF is 322016. Figure 3 shows the overall mesh of the specimen and
mesh refinement in the crack-tip region.

Refined mesh of plate near the corrosion

Circular shape
of adhesive

Rectangular shape
of adhesive

Trapezoidal shape
of adhesive

Elliptical shape
of adhesive

Fig. 3. Typical mesh model of the plate and the patch
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Results and Discussions

The von-Mises Failure criterion was introduced by von-Mises (1913) and has been used
since as one of the most reliable failure criteria for engineering materials. It relies on the
second deviatoric invariant and the effective average stress. Assuming a triaxial test
condition where 0:>0,=03.

\/E = 1/3(0; — 03). (1)
The effective average stress can be expressed by the following equation:
om — Py = 1/3(0y + 203) — P,, (2)

where P, formation pore pressure and the effective average stress is defined as the
average stress minus the pore pressure.

In the von-Mises shear criterion, the second deviatoric invariant is plotted against
the effective average stress for various axial loads o: and confining pressures os. The
resulting curve, known as the failure curve, specifies two regions, one below the curve as
being safe and stable and the other above the curve as being unstable and failed as shown
in Fig. 4.
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Fig. 4. Von-Mises failure model from triaxial
test data

Fig. 5. Stress-strain curve of eoxy adhesive FM73

The theory’s Main assumption of is that the adhesive and crack initiation in the
bonded patch occurs after a damaged area develops. Under low amplitude of load, the
localized damage arrives at the edges of patch. This damage occurs because the material
is locally subjected to strains higher than the ultimate material strain. Under medium
load amplitude, the damaged zones grow in size and the concentration of points of the
damaged areas increases. As the failure load is reached, the damaged area in the adhesive
grows to a critical size and the individual components of the damage coalesce and form
a crack. Numerically, the damaged area is identified by marking items for which a failure
criterion is exceeded. The adhesive tested is a toughened ductile adhesive which is
expected to fail in performance. Consequently, the failure criterion used for the cohesive
damage of the adhesive layer is the equivalent von-Mises strain criterion:

Eequiv = \/ﬁx\/(‘gm - gpz)z + ('sz - 'Sp?»)z + (SpS - sz)z’ (3)
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where &.4yi» IS the equivalent patches, €,; are the plastic strains in the different directions
and 9 is the Poisson ratio.

This criterion is satisfied when the maximum principal strain in the material reaches
the ultimate principal strain. For each failure criterion an ultimate strain will be defined
and the corresponding damage zone size at failure is determined. The damaged area
theory is based on the principle that the adhesive joint is assumed to fails when the
damaged area reaches a certain critical value. The damaged zone can be determined by
either stress or a strain criterion. Therefore, the adhesive fails to perform its functions
when the cohesive failure criterion is satisfied with the adhesive joint. Since adhesive
failure occurs at the adhesive joint, the adhesive failure criterion for the damaged area
should be used. For isotropic materials, failure criteria such as the von-Mises and Tresca
criteria can be used to better understand the adhesive failure. Chang-Su Ban [12] proved
that the area where the equivalent strain of the adhesive exceeds the ultimate strain of
7.87 %. After conducting studies on the FM-73 adhesive they concluded that this adhesive
fails when the Dz (damaged area ratio) reaches a percentage exceeding 0.24 which is
considered critical [25] (Fig.4). The value of the damaged area ratio is calculated

according to the following relationship:
Do = sum of damaged areas (4)
R=

total adhesive area
In our work, the evaluation of the breaking stress of the FM73 adhesive is calculated

from the curve in Fig. 5.

This study was carried out to determine the evolution of the damaged area in the
adhesive layer which ensures the adhesion of the composite patch to the cracked plate
with randomly shaped corrosion. The area of the damaged zone was calculated for
different parameters such as the following effects, patch shapes (rectangular, trapezoidal,
and circular), patch types (boron/epoxy, graphite/epoxy and glass/epoxy) and crack
inclination under thermo-mechanical loading. The damaged area theory was used to
evaluate the progression of damage in the adhesive layer during the analysis. The color
of the damaged area can be seen in gray.

The criterion of von-Mises is used as criterion of plasticity. The theory of additional
plasticity is introduced to model the non-linearity of the adhesive material. The stress
intensity factors at the crack tip are calculated using the virtual crack closure technique
(VCCT) based on the energy balance. In this technique, the stress intensity factors are

obtained for the three failure modes according to the equation:

2
Gy = K?l ()
where G; is the Fracture energy for mode |, K| is the stress intensity factor for mode i and
E is the modulus of elasticity.

The model referred to above is called the linear elastic fracture mechanics model
and has found wide acceptance as a method for determining the resistance of a material
to below-yield strength fractures. The model is based on the use of linear elastic stress
analysis; therefore, in using model one implicitly assumes that at the initiation of fracture
any localized plastic deformation is small and considered within the surrounding elastic

stress field.
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o, = K cose[l—sinesin3e]
( X7 2 2 2 2

K 0 0 30
=— -1 in-= in—].
Oy = 5= €083 [ + sin-sin— (6)
Oyy = K sin 0 [cos 0 cos 36]
Xy 7 \2mr 2 2 2

The stress in the third direction are given by o, = gy, = g,, = 0 for the plane stress
problem, and when the third directional strains are zero (plane strain problem), the out
of plane stresses become oy, = gy, = 0 ando, = 9(ox + g,). While the geometry and
loading of a component may change, as long as the crack opens in a direction normal to
the crack path, the crack tip stresses are found to be as given by Eq. 6.

The stress intensity factor (K) is used in fracture mechanics to predict the stress
state "stress intensity” near the tip of a crack or notch caused by a remote load or residual
stresses. It is a theoretical construct usually applied to a homogeneous, linear elastic
material and is useful for providing a failure criterion for brittle materials, and is a critical
technique in the discipline of damage tolerance. The concept can also be applied to
materials that exhibit small-scale yielding at a crack tip.

The magnitude of K depends on specimen geometry, the size and location of the
crack or notch, and the magnitude and the distribution of loads on the material. It can be
written as [26,27]:

K = ovraf (3), )

where: f(%) is a specimen geometry dependent function of the crack length a, the

specimen width W, and o is the applied stress.

f

’

Mode I: Mode I1: Mode I1I:
opening sliding Tearing

Fig. 6 Mode |, mode I, and mode Il crack loading

In 1957, G. Irwin [28] found that the stresses around a crack could be expressed in
terms of a scaling factor called the stress intensity factor. He found that a crack subjected
to any arbitrary loading could be resolved into three types of linearly independent
cracking modes. These load types are categorized as Mode |, Il, or |l as shown in Fig. 6.
Mode | is an opening (tensile) mode where the crack surfaces move directly apart. Mode
Il'is a sliding (in-plane shear) mode where the crack surfaces slide over one another in a
direction perpendicular to the leading edge of the crack. Mode Ill is a tearing (antiplane
shear) mode where the crack surfaces move relative to one another and parallel to the
leading edge of the crack. Mode | is the most common load type encountered in
engineering design.
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Different subscripts are used to designate the stress intensity factor for the three
different modes. The stress intensity factor for mode | is designated K, and applied to the
crack opening mode. The mode Il stress intensity factor Kj, applies to the crack sliding
mode and the mode Il stress intensity factor Ky, applies to the tearing mode. These factors
are formally defined as [29]:

K, = lim \/Z_m‘ayy(r, 0),

r—0

K;; = lim V2nray,(r,0), (8)

KIII = 11_1’)% \Y 27TTO'yZ(T, 0).

Effect of crack inclination on adhesive damage

This part was carried out in order to determine the development of the damaged area in
the adhesive layer due to corrosion. The damaged area theory was used to achieve the
objectives of the analysis. The surface of the damaged area was calculated from the
adhesive used to repair the damaged plate with random corrosion with a inclined crack
at an angle 6 for the effects of different types of adhesives and with different patch shapes
(rectangular, trapezoidal, circular and elliptical). Where, using the damage area theory,
the surface of the damaged areas appears in gray. By calculating the surface of this gray
area, the development of damage in the adhesive layer during mechanical loading can
be assessed.

This effect is shown on the images in Fig. 7, 9 and 11. This shows the differences in
the damaged area of the adhesive as a function of the crack inclination () for a fixed
length a=15 mm repaired with a single boron/epoxy patch. We fixed the adhesive
thickness e, = 0.15 mm and the thickness of the ep.: = 1.5 mm, for different patch shapes
(rectangle, trapezoid, circle, ellipse) and for an equal applied load at 100 MPa. We
changed the crack inclination at angles 6 = 15, 45, 75°, after defining the different graphs
of the proportion of the damaged area and the curves of variation of the intensity
modulus, a comparison can be made between the different types of different adhesives
and determine the effect of the crack inclination.

Rectangular Patch

Figure 7 shows the pictorial results that allowed us to follow the development of the
damaged area according to the crack inclination. In general, we find that the higher the
crack inclination, the smaller the damaged area surface for all adhesive types. In the cases
of 8 =15° and 8 = 75° one notices a damaged area only at the patch periphery. As for the
inclination 6 = 15°, we notice the appearance of the damaged area around the corrosion
and crack.

Figure 8 shows the variance of Dr as a function of the crack inclination 6 for different
adhesives (araldite, redux, adekit and FM73). All curves have the same behavior, because
Dr decreases with the increase in the value of the inclination 6. By comparing the
performance through the curves obtained, it can be seen that FM73 adhesive is the most
efficient as it gives the lowest Dr values. The least effective for repair is redux adhesive.
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0 =15° | e=450 | 0 =75°
(a) - Araldite

~(b) - Adekit A 140

(c)- Redux

(d) - FM73

Fig. 7 Damaged area for a patch of rectangular shape and glue (a) araldite, (b) adekit A 140,
(c) redux and (d) FM73
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Fig. 8 Variation of Dg ratio for rectangular shape for different adhesives

Trapezoidal patch

Figure 9 represents the results that make it possible to observe the evolution of the
surface of the damaged area of the adhesive according to the crack inclination. In general,
we find a direct proportion between crack inclination and the damaged area of the
adhesive, the greater the crack inclination, the greater this damaged area for all types of
glue. In all cases, we also note the presence of a damaged area in the patch vicinity only,
and the absence of any damage in the vicinity of the corrosion and crack.
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9=15° | 9=45 8=75
(a)- Araldite

(b)- Adekit A 140

(c)- Redux

(d)- FM73

Fig. 9 Damaged area for a patch of trapezoidal shape and glue (a) Araldite, (b) Adekit A 140,
(c) Redux and (d) FM73

Figure 10 shows the variance of Dr as a function of the crack inclination 6 of the
different adhesives (araldite, reduxe, adekite and FM73). The damaged area of the
adhesive (araldite, reduxe and adekit) passes a minimum of 6=55° and then gradually
stabilizes after this inclination. Redux glue is the worst among these adhesives because
it gives the greatest values for the damaged area ratio. The variance in Dg increases for
the FM73 adhesive but with a much lower inclination than for the other three adhesives
and at a very small interval of values 0.26 until Dz = 0.24 for 6=80° is reached. It can be
concluded that the FM73 adhesive is the most efficient because it gives the lowest Dr
values.

0.44 Adhesive:

0,42 - —=—FM73
—a&— Araldite

0,40 4 Adekit
—¥— Redux

0,38
0,36
0,34

0,32 4

Damaged area ratlo D,

0,30
0,28

0,26

0,24

Fig. 10 Variation of Dx ratio for trapezoidal shape for different adhesives



Numerical and experimental study of the effect of adhesive quality on the repair efficiency of corroded and cracked aluminum plate 93
under mechanical loading

Circular Patch

Figure 11 represents the results that make it possible to follow the development of the
damaged area according to the crack inclination in the case of circular patching. In
general, we find that the increase in the crack inclination leads to a decrease in the
surface of the damaged area of the adhesive. In all cases, we note a damaged area in the
patch vicinity. In addition, we observe the appearance of small damaged areas in the
corrosion vicinity and crack in this case of araldite, adekit and FM73 for the inclination
angle 6 = 15°,

Fig. 11 Damaged area for a patch of circular shape and glue (a) araldite, (b) adekit A 140,
(c) redux and (d) FM73

One notes in Fig. 12 the differences in Dz according to the crack inclination 6 of
different adhesives (araldite, redux, adekit and FM73). The damaged areas of the
adhesives (redux and adekit) are noticeably the same for all angles inclinations. The
variance of the Dr for the FM73 adhesive decreases but with values much lower than
those of the other three adhesives and in an interval of values ranging from 0.21 until
reaching Dr = 0.12 which is always less than Drc = 0.247. We can conclude that FM73
adhesive is the most effective because it gives the lowest Dr values. Araldite is more
efficient than adekit and redux.
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Fig. 12. Variation of Dg ratio for circular shape for different adhesives

Elliptical patch

Figure 13 represents the results that make it possible to follow the development of the
damaged area according to the crack inclination in the case of an elliptical patch. In
general, we find that as the crack inclination increases, the area of the damaged area of
the adhesive decreases. In all cases, we note the presence of a damaged area in the patch
vicinity, and the absence of any damage in the vicinity of the corrosion and crack.

0 =15° | e=450 | 0 =75°
a- Araldite

Fig. 13. Damaged area for a patch of elliptical shape and glue (a) araldite, (b) adekit A 140,
(c) redux and (d) FM73
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We observed in Fig. 14 the variation of Dr according to the crack inclination 6 of the
different adhesives (araldite, redux, adekit and FM73). The damaged area ratio of
adhesives (FM73) is better than that of (adekit, redux and araldite) because their values
are the smallest. On the other hand, we conclude for elliptical patch that FM73 glue is
the most efficient than other adhesives.

Adhesive:
—a—FM73
—#— Analdite
Adekit
0.24 —¥— Redux
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0,22 |
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0,18 -|
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0,10 -

Fig. 14. Variation of Dy ratio for elliptical shape for different adhesives

Stress intensity factor Calculation according to the crack inclination 6

Figures 15-17 present, respectively, the variations of the SIFs in modes |, Il and mixed
mode (I+1l) according to the crack inclination 6 for the length crack of 15 mm. We have
used in this part of the study the Elliptical-shaped patch, because from the results
obtained in the part dedicated to the damaged area of the adhesive or in previous studies
we carried out [13,15,17,19], we have confirmed that the elliptical shape gives the best
results compared to other shapes (rectangular, trapezoidal and circular).

For mode |

The curves in Fig. 15 present the variations of SIFs according to the crack inclination 6,
for a crack with a size a= 15 mm in mode I. SIF "K," is calculated for four different types
of adhesives (araldite, redux, adekit and FM73) used in the installation of the
boron/composite patch epoxy and with four shapes (rectangular, trapezoidal, circular and
elliptical) according to the crack inclination 6 of the crack, Under pressure o = 100 MPa
and temperature At=20 °C. The curves presented in Fig. 15 have almost the same
behavior, where the decrease in SIF values is related to the increase in the crack
inclination for all types of composites used in this study.

As itis clear to us according to all shapes and types of adhesives used that the stress
intensity factor is at its maximum when the cracks are perpendicular to the stress, which
leads to the largest crack opening at the angle 6 = 0°, this behavior is due to the fact that
for © = 0°, The pure mode | exists and therefore the stress absorption by the patch is
maximum which increases the patch performance.
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The difference in SIF between FM73 and araldite is about 36 % for 8 =0° and 17 %
for adekit and 15 % for redux, this difference tends towards 0 for 6 = 90°.

After comparing the results of all curves, it becomes clear to us that the FM73 type
adhesive is the most efficient compared to the other adhesives, because it gives the
lowest values for the stress intensity factor in all patch shapes.

6 - b Adhesive:

—a—FM73
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Fig. 15 SIF vs the crack inclination 6 of mode | for elliptical shape patch

For mode Il

Figure 16 shows that the SIF (K,) differences in Mode Il are affected by the crack
inclination 8 and with a size a= 15 mm. It can be seen that the K| values increase starting
from O reaching the maximum at the inclination value about 6 = 45°. Then, these curves
start decreasing differently once the angular value exceeds 45° (6 >45°), it all depends
on the properties of adhesive and shapes of the patches.
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Fig. 16 SIF vs the crack inclination 8 of mode Il for elliptical shape patch
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The curves are almost the same for all adhesives types, after studying the curves
we note that the K values are close, except that the FM73 adhesive gives the lowest
values of SIF (Ky), and this clearly indicates that this adhesive relieves stresses at the
crack level better, thus presenting the energy gain which equals 16 % for adekit and 15 %
for redux, this difference tends towards O for 8 = 90° and 6 = 0°.

Variation of stress intensity factor SIF (K+K) according to the crack inclination 6 for
different adhesive types

The stress intensity factor study of the sum of SIFs (K, + Ki) was presented as a function
of the crack inclination 6 in Fig. 3, it is evident that (K + K)) values decrease with
increasing crack inclination, regardless of the composite shape or the type of adhesive.
We note that the (araldite, redux and adekit) curves have the same behavior, because the
difference in the values of the SIFs (Ki + K, is very small compared to FM73 adhesive. The
energy gain of these results is returned: (6 = 0°) 29 % and (6 = 75°) 37 % on average
compared to the other three types of adhesives.

The redux glue was the worst compared to all other types of adhesives used in this
study, with the (K, + Kj)) values being very high. SIF varies between (10 to 7.5 MPa m). The
curves of Fig. 17 show that FM73 glue gives the lowest values of K| + K, = 3.5 MPa-m'/?,
indicating its effectiveness. From it we conclude that FM73 glue is the most efficient in
this study.
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Fig. 17. K, and K, vs the crack inclination © for different adhesive type

Ultimate strength and stiffness depending on the patch type

In this experimental study we used AL 2024 aluminum alloy. To obtain the appropriate
samples for the experiment, we accelerate the corrosion using water + salt basins, and
then immerse these plates in this solution, and then we cut the AL2024 alloy into several
samples. These samples have a rectangular shape with dimensions (200 x 150 x 3) mm?.

Aluminum is naturally covered with a layer of oxide, which often protects it from
corrosion. In neutral aqueous solutions (4 < pH < 9), this oxide film is 50 A thick and
protects the metal (passivation), but chloride (Cl) ions have a very destabilizing effect on
this oxide layer, then a rupture of the oxide layer occurs, which leads to corrosion.
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Figures 18 and 19 show the completed stages in which we obtained corroded
aluminum plates. To confirm the results obtained in the analytical study, we conducted
an experimental study on AL 2024 aluminum alloy. To obtain the appropriate corroded
samples for the experiment, we accelerate the corrosion using water + salt basins, and
then immerse these plates in this solution, and then we cut the AL2024 alloy into several
samples. These samples have a rectangular shape with dimensions (200 x 150 x 3) mm?
(Fig. 20).

Fig. 18 Before the process Fig. 19 Three weeks after the operation

Fig. 20 Geometry of the repaired specimens

Aluminum is naturally covered with a layer of oxide, which often protects it from
corrosion. In neutral aqueous solutions (4 < pH < 9), this oxide film is 50 A thick and
protects the metal (passivation), but chloride (Cl) ions have a very destabilizing effect on
this oxide layer, leading to corrosion.

According to the ASTM D3039-76 [30], ultimate strength is obtained. The ASTM
D3039 tensile test is used to measure the force required to break a composite sample
and how far the sample stretches or elongates to that breaking point. Tensile testing
produces a stress—strain diagram which is used to determine the tensile modulus.

The objective of this pilot study was to analyze the absolute strength as a function
of the types of adhesives (FM73, redux, araldite and adekit) for fixing the rectangular-
shaped boron/epoxy patch used to repair the corroded aluminum plate.

This study proved that the use of composite materials increases the value of the
absolute strength of the aluminum plate so that the untreated corroded plate fails with
a value of only 100 MPa, while using composite materials, this value increased to reach
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the value of 150 MPa when using the graphite / epoxy adhesive, 188 MPa for redux, 190
for araldite and 220 MPa for boron/epoxy adhesive.

After observing the obtained values, it can be concluded that FM73 adhesive has
effective effect and high stress transfer efficiency compared to other materials (redux,
araldite and adekit) with an increase of 16 % compared to araldite, 30 % redux and 45 %
graphite which allows us to say that The FM73 adhesive is the best type of adhesive
compared to other materials used in this work (Fig. 21).
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Bl FM73 B Araidie [ Adekit [ Redux I without repair

Fig. 21. Ultimate strength depending the type of adhesive for Al2024 aluminum plate on T =20 °C

Conclusions

This study made it possible to understand the corrosion behavior of 2000 series aluminum
alloy under mechanical influence. This work focused in particular on aluminum alloy
2024-T4 with inclined crack, consists of two parts: a numerical analytical part and an
experimental part. The analytical part, using the finite element method focused on
evaluating the damaged area of several adhesives (FM73, araldite, adekit and redux) used
in patch fixation, determining the stress intensity factor and then comparing the results
for the different adhesive types. In the experimental part, we compared the ultimate
tensile strength of the damage of corroded aluminum sheets that were repaired by
boron / epoxy patch with several adhesive types.

This study allowed us, both on the analytical and experimental side, to conclude
that FM73 adhesive is more efficient and effective compared to other adhesives (araldite,
adekit and redux), because in the analytical study it gives the lowest values of the
damaged area ratio of adhesive, the stress intensity factor, yither in mode | or mode II. As
for the experimental study, it gives greater resistance to tensile strength and longer life
compared to other adhesives.
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ABSTRACT

Using the methods of optical metallography and scanning electron microscopy, a systematic study of the
features of destruction of structurally and crystallographically textured titanium blanks after low-cycle tests
in synthetic seawater containing 3.5 % NaCl was carried out. It is shown that corrosion-resistant structurally
and crystallographically isolated regions with a basic orientation of the interface and a width of 20-30 pm,
which periodically lay over the entire thickness of the workpiece in increments of 100-170 ym, are
responsible for reducing fatigue life. The main types of corrosion of steels in sea water are considered. It is
shown that for austenitic steels there is a duality regarding the presence of chlorine in seawater: it reduces
the activity of microbiological corrosion but increases the risk of pitting and crevice corrosion.
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Introduction

Currently, the Government of the Russian Federation has focused on the development of
the Northern Sea Route. The plan includes over 150 projects, including the construction
of marine facilities and terminals for the production, storage and transportation of
liquefied natural gas, gas condensate.

In accordance with the above, the issue of selecting essential materials resistant to
corrosive wear for the manufacture of both primary and auxiliary equipment, applicable
under conditions of simultaneous exposure to seawater, atmosphere, and low-cycle
vibrations of the floating vessel's hull, is becoming crucial.

The main types of metal and alloy corrosion in seawater are microbiologically
influenced corrosion (MIC), crevice corrosion, pitting corrosion, and stress corrosion
cracking. Seawater contains a 3.5 % NaCl solution, where the chloride ion shifts the
potential of metal atoms towards a lower electronegativity, thereby increasing the
corrosion rate. Chlorine ions are easily adsorbed by oxide films on metal surfaces and
displace oxygen (passivator) from them, dissolving the passivating films and forming
soluble metal chlorides in the process [1].

Stainless high-chromium steels and titanium- and aluminum-based alloys have high
resistance to general corrosion. However, in environments with increased chlorine ion
content, such as seawater, they can be susceptible to microbiologically influenced
corrosion, pitting corrosion, and stress corrosion cracking.

© AK. Leonov, M.A. Skotnikova, 2024.
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Corrosion in seawater

The primary component determining the corrosive aggressiveness of seawater is halide
ions, whose concentration reaches 30 g/L. Testing in seawater exhibits more localized
corrosion development and results in greater depth of damage with lower overall mass
losses. Moreover, the aggressiveness of seawater is significantly influenced by the oxygen
content, the concentration of which depends on the salinity of the water, flow rate, and
depth of immersion, and may vary across a wide range.

Previous studies [2-6] have shown that the degradation of materials, such as
austenitic stainless steel AISI 316, follows a cumulative effect primarily determined by
environmental parameters. These parameters include temperature, chlorine ion (Cl-)
concentration, pH level, and flow velocity [7-10].

In addition to environmental factors, the surface and subsurface structures of the
material play a crucial role in the onset of mechanical and corrosive degradation. Below,
the main types of corrosion characteristic of marine environments are discussed.

Microbial corrosion

Microbiologically influenced corrosion (MIC) is a type of corrosion caused by bacteria or
microorganisms (Fig. 1) [11].

Fig. 1. Corrosion products on the metal surface:
(a) general view (x5); (b) detailed view of corrosion wear (x10)

Biological fouling of submerged floating objects results from the development of
natural marine biota. Each organism selects ideal conditions for its existence; therefore,
the vertical distribution of fouling organisms on both mobile and stationary surfaces is
determined by various factors such as light availability, water flow rate, depth, and others.
The attachment points of biofoulers are primarily determined by the hydrophilicity and
adsorption capacity of the material, and secondarily by the nature and speed of water
flow along the surface, as well as micro-turbulence at points where this flow is
disrupted [12]. The most studied type of microbiologically influenced corrosion is
bacterial corrosion [13].

The term "microbiologically influenced corrosion” does not describe a single
corrosion mechanism but rather serves as an umbrella term for various mechanisms
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through which microorganisms alter the kinetics of corrosion reactions by their presence
or activity. The occurrence of MIC requires the specific interaction of three components:
microorganisms, the environment, and the metal. The combination of these components
determines different mechanisms that can directly or indirectly change the rate of metal
degradation [14].

Pitting corrosion

Pitting corrosion (Fig. 2) is the most destructive form of corrosion, as cavities ("pits") form
on local, difficult-to-detect areas of the surface. The causes of the initiation and
propagation of pitting corrosion wear are heterogeneous inclusions, local defects in the
protective corrosion-resistant film such as cracks, scratches, abrasions, etc.

Fig. 2. Pitting and crevice corrosion on the metal surface

The mechanism of pitting corrosion is electrochemical in nature: during its
formation, the "pit” becomes the anode, and the base metal becomes the cathode (Fig. 2).

The influences of various factors on corrosion in seawater are complex and, in some
cases, contradictory due to their interactions and the dominance of one factor over others.
The high salt content in seawater leads to high electrical conductivity, which causes an
increase in the rate of corrosion. The impact of seawater salinity on corrosion is
maximized when the concentration of NaCl exceeds 10 % [15]. The catalysts
(accelerators) of pitting corrosion include: chlorides that contaminate the metal surface
and hinder surface passivation; oxygen that accelerates the cathodic reaction; and
residual chlorine, which is a strong oxidizer and, when entering the "pitting”, locally
lowers the pH of the environment within the cavity.

Crevice corrosion

Crevice corrosion is a type of localized corrosion that occurs within "crevices" formed by
metal-metal and metal-nonmetal pairs. In terms of the destruction mechanism, crevice
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corrosion is identical to pitting destruction. The primary difference lies in the mechanism
of the initiation of destruction.

The initiators of destruction are small cavities or ‘crevices" where localized
corrosion occurs [16]. These crevices can be formed due to the geometric characteristics
of the structure, such as in the areas of welded, riveted, and threaded joints; the contact
of metal with non-metallic solid bodies, such as plastics, rubber, and glass; or the
deposition of sand, dirt, or corrosion products on the metal surface.

Such crevices can allow fluid to penetrate, creating a stagnant zone and, at the same
time, restricting the access of oxygen from the outside necessary to maintain the integrity
of the metal’s passive layer. This leads to the weakening of the metal's passive layer,
accumulation of dissolved metal ions inside the crevice, and consequently, a decrease in
the pH of the environment within the crevice. Subsequently, the destruction process
proceeds according to the pitting corrosion scenario.

Especially sensitive to crevice corrosion are certain metals whose passive state on
the surface is maintained through the access of oxidizing agents. These metals primarily
include stainless steels, aluminum, and titanium alloys, which are crucial structural
materials.

Selection of stainless steels and control of service conditions

The main method of preventing corrosion damage is the correct selection of steel grades
based on the content of alloying elements. With an increase in the content of chromium,
molybdenum, and nitrogen in the steel, its corrosion resistance increases. For instance,
steel grades such as 10Cr17Ni3Mo2Ti and 12Cr18Ni12Mo3TiL exhibit high corrosion
resistance in seawater.

Another common method of preventive protection against corrosion damage is the
control of external and internal operating conditions. Control of external conditions, such
as air humidity, and internal ones, such as restricting water exposure, ambient
temperature, regulation of the pH level of the environment, concentration of chlorides,
and residual chlorine. For example, temperature control allows avoiding critical
temperatures for pitting formation; reducing chloride concentration decreases the
intensity of the cathodic reaction on the steel surface; control of residual chlorine
(chlorines) creates an unfavorable environment for the activity of microorganisms [17].
Inhibitors, when added in small quantities, slow down corrosion and differ in their
mechanisms and nature of action [18]: passivating and adsorptive; by the chemical nature
of types of media: acidic corrosive, hydrogen sulfide, petroleum, neutral, atmospheric; by
the degree of metal surface blockage [19].

Stress corrosion cracking

Steels and alloys are also susceptible to brittle corrosion cracking (SCC) under stress
[20,21]. Depending on the material and the aggressiveness of the environment, fractures
can be either intergranular or transgranular in nature [22] and may be one of the main
causes of product failures [23,24]. Stress corrosion cracking occurs under the influence of
constant or cyclic mechanical loads in a corrosive environment (3.5 % NaCl). Stress
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corrosion cracking is one of the most unpredictable and dangerous types of destruction,
occurring during the operation of high-strength steels and alloys in seawater.

In [25], it was shown that the entire stress corrosion cracking process can be divided
in three stages: initiation of crack, propagation of crack and, as the result, fracture.

The process of stress corrosion cracking has the following characteristics: brittle
crack propagation in the direction perpendicular to tensile stresses; formation of
branching intergranular, transgranular, or mixed cracks; dependency of steel and alloy
susceptibility to SCC on relative humidity [26] and the level of externally applied tensile
stresses [27,28].
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Fig. 3. The dependence of the coefficient of inclination to CR, B, obtained during the 3.5 % NaCl test by
the stepwise cantilever bending method, on the yield strength: 1 - ferrite-bainite low-alloy steels;
2 - bainite-martensitic medium-alloy steels; 3 and 6 - martensitic alloy steels;
4 - low carbon martensitic steels; 5 - medium carbon martensitic steels

Figure 3 shows the testing results of high-strength steels with different structural
and phase composition obtained on the basis of [29] using the cantilever bending method
for SCC in seawater under stepwise increasing loads. It was found that steels with ferrite-
bainite, bainite-martensite, and martensite structures and corresponding yield strength
values in the range of 370 to 1000 MPa do not show susceptibility (B) to SCC under
general corrosion conditions (regions 1-3, Fig. 3). The highest susceptibility to SCC was
shown by martensitic low and medium carbon alloy steels with a yield strength of
1200 MPa (region 6, Fig. 3).

Corrosion damage prevention of stainless steels

The primary method for preventing corrosion damage is the rational selection of steel
grades based on their chemical composition, where corrosion resistance increases with
the content of the alloying element chromium. For instance, grades such as
10Cr17Ni3Mo2Ti and 12Cr18Ni12Mo3TiL, containing 17-18 % Cr, exhibit high corrosion
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resistance in seawater. The simplest and most common method for assessing the
corrosion resistance of a steel in specific conditions is the pitting resistance equivalent
number (PREn). The value of PREn depends on the percentage content of alloying
elements in the steel and is calculated by:
PREN=%Cr+3.3-% Mo+ 16 % N. (1)
It is evident that the main alloying elements that increase corrosion resistance are
chromium, molybdenum, and nitrogen. Table 1 presents some of the most widely used
steel grades, in order of increasing corrosion resistance. Chemical compositions are taken
from [30].

Table 1. Steel grades and PREn

Steel grade PREn value Steel type
304 19 Austenitic
316 24
317 30
904L 34
2205 38 Duplex
255 44 Superduplex
2507 48

6Mo / 254 SMO 46 Superaustenitic

Another common method for preventive protection against corrosion damage is the
control of external and internal operating conditions, such as air humidity and exposure
control. Internal condition control is conducted, for example, by limiting the influence of
water or environmental temperature, regulating the pH level, or controlling chloride and
residual chlorine concentrations. For instance, temperature control helps to avoid critical
pitting temperature; reducing chloride concentration decreases the intensity of the
cathodic reaction on the steel surface; controlling the residual chlorine (chloramines)
creates an unfavorable environment for microbial activity. Inhibitors, or corrosion
retarders, are substances used to slow down or prevent corrosion when added in small
amounts to an aggressive environment.

Corrosion inhibitors vary in their mechanisms and nature: passivating and
adsorptive; by chemical nature in different environments: acidic corrosive, hydrogen
sulfide, oil, neutral, atmospheric; by the degree of surface blocking of the metal.

However, as evidenced by the aforementioned, these methods cannot be applied
indiscriminately because reducing the risk of one type of corrosion might increase the
risk of another. For example, in preventing microbiological corrosion by introducing so-
called biocides, the activity of microorganisms is significantly reduced or entirely
stopped, which in turn leads to a substantial decrease in the overall pH of the
environment, hence increasing risks of pitting and crevice corrosion.

In [30], it was found that maximum operational temperatures as well as maximum
residual chlorine values for certain cases. For instance, for pipelines, pumps, vessels, and
other equipment operating in seawater conditions, the maximum residual chlorine value
is 0.7 mg/L. This value is to be considered as a guideline rather than a strict standard
requirement.
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Materials and Methods

Tests were conducted on low-cycle specimens from the PT-5V titanium alloy with an
annular notch, cut from the surface layer of billets so that their axis was parallel to the
rolling direction (Fig. 4(a)). Testing was carried out with tension-compression fatigue
testing machine in accordance with standard test methods defined in [31]. The colored
electrochemical staining was conducted for surface preparation prior fractography
inspection.

rrV
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Fig. 4. Sample cutting scheme for low-cycle fatigue tests (a) and structurally-crystallographically isolated
areas with the basic orientation of the separation boundaries, revealed by colored electrochemical
staining of the workpiece (b)

The structural texture of the studied materials was expressed in the preferential
orientation of large-angle grain boundaries of flattened and elongated a-phase particles
(Fig. 4(b)). Crystallographic texture was observed in the preferential orientation of the
elementary hexagonal cells of the a-titanium crystal lattice (Fig. 4(a)). The texture of the
material had a layered structure.

These layers with a basic {0001} orientation of structurally and crystallographically
distinct regions with a width of 20-30 um periodically with a step of 100-170 um were
distributed throughout the thickness of the billets. The presence of such regions in the
material altered the failure mechanism and increased the scatter in values of low-cycle
fatigue resistance in specimens from two-phase titanium alloys.

Results and Discussion

A total of 120 specimens were tested in a 3.5 % NaCl solution in a zero-tension mode
with a pulsating loading cycle at a frequency of 2-3 cycles per minute with an applied
stress amplitude of 0.8 and 0.7 of the average yield limits (Fig. 5).

The test results showed that at loads of 0.8 oy and 0.7 oy, the number of cycles to
failure ranged from 200 to 1900 and from 700 to 3800 cycles, respectively. Thus, as the
level of applied stress decreased, the scatter in the number of cycles to failure increased.
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Fig. 5. Results of the low-cycle fatigue tests of the PT-5V alloy

Fig. 6. Characteristic fractures (a,b), destruction schemes (c,d), and structurally-crystallographically
isolated areas with the basic orientation of the separation boundaries, revealed by colored
electrochemical staining of low-cycle samples (e,f), tested in a 3 % NaCl solution with low (N = 269)
(a,c,e) and high (N = 1885) (b,d,f) numbers of cycles to failure
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Fractographic analysis of the macro- and micro-topography of the fractures of the
tested specimens (Fig. 6(a,b)) allowed the conclusion that as the main crack length
increased and the live cross-section of the specimen decreased, four characteristic
fracture zones formed on its surface (Fig. 6(c,d)). The initiation zone of the fatigue crack
(zone 1) transitioned into an area of stable crack propagation with large fields of regular
fatigue striations (zone 2). The accelerated crack growth area showed a mixed mechanism
of fatigue rupture and single-event corrosion cracking (zone 3). Finally, the zone of final
failure corresponded to rapid static fracture of the remaining cross-section (zone 4).

The micro-topography of zone 3, representing corrosion cracking, appeared as a
mosaic of misoriented fracture facets "G (1010)" (Fig. 7(b)) and perpendicular macro-
groove colonies "K (0001)" (Fig. 7(b)). In fractures of specimens tested in air, although
macro-grooves were present, corrosion cracking facets were not observed (Fig. 7(b)).

(a)

Fig. 7. Destruction scheme (a) and characteristic fracture appearance of low-cycle samples
after testing in seawater (b) and in air (c)

In specimens with low cycle counts to failure, the corrosion embrittlement zone
occupied most of the surface and reached the edge of the specimen. Color
electrochemical staining of the metal directly below the fracture allowed the
identification of structurally and crystallographically distinct regions with basic boundary
orientations and widths of 20-30 um, periodically layered with a step of 100-170 pm
throughout the billet thickness (Fig. 6(d,e)).

In specimens with high cycle counts to failure, the corrosion cracking zone was
either absent or located in the middle of the fracture. Electrochemical staining of these
specimens revealed the absence of elongated a-phase particles with basic boundary
orientations in the plane of main crack propagation.

Conclusions

In seawater, there is a risk of main types of corrosion: microbiological, crevice, pitting,
and stress corrosion cracking. The dual nature of chlorine presence in seawater results in
reducing microbial corrosion activity, but increases the risks of pitting, crevice corrosion,
and stress corrosion cracking. It was shown that the reduction in low-cycle fatigue
endurance is attributed to structurally and crystallographically distinct regions with basic
boundary orientations and widths of 20-30 um, periodically layered with a step of 100-
170 um across the billet thickness. The lower the level of applied stress during cyclic
testing, the more significant the crack initiation stage is in the specimen’s life time,
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emphasizing the importance of considering the quantity and geometry of such
structurally and crystallographically distinct regions in flat billets, influencing the macro-
mechanism of specimen failure.
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ABSTRACT

The influence of chlorinated butyl rubber (CIIR) and bromobutyl rubber (BIIR) in combination with nitrile
butadiene rubber NBR 4045 on the rheometric characteristics of the rubber compound, physico-mechanical,
performance and dynamic properties of rubber is examinated. Along with rubber, the rubber compound
contained a vulcanizing agent (sulfur), vulcanization accelerators (2,2'-dibenzthiazole disulfide,
diphenylguanidine), vulcanization activators (zinc white, stearic acid), stabilizer (naphtham-2), softeners
(rosin, SMPlast resin, bitumen petroleum, industrial oil [-12A), fillers (carbon blacks P 514 and
P 803, natural chalk, trans-polynorbornene) and other ingredients. It has been established that the nature
of halobutyl rubbers in combination with NBR 4045 rubber has virtually no effect on the maximum and
minimum torques, and BIIR promotes a higher rate of vulcanization of the rubber mixture. Vulcanizates
containing combinations of NBR 4045 rubber with halobutyl rubbers are characterized by almost identical
physical and mechanical properties and, after exposure to sea water, their masses change slightly. Vulcanizate
based on a combination of rubbers NBR 4045: BIIR = 75:25 parts per hundred parts of rubber (phr) has
the least changes in physical and mechanical properties in sea water and advanced dynamic properties.
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Introduction

It is known [1-6] that vulcanized rubber, due to its elastic elastic structure, has higher
dynamic properties compared to other materials. To improve the dynamic (vibration
damping) properties of rubbers, special ingredients are introduced into them (for example,
diatomite [7], various grades of carbon black N 110, N 330, N 550, and N 990 [8],
graphene nanoplatelets [9], zeolite [10], organic montmorillonite [11], silicon dioxide
Silica Perkasil KS-408 [12], organically modified nanoclay Cloisite 30B as a nanoscale
anisotropic additive in combination with carbon black [13]. In [14-16], trans-
polynorbornene [14,15] and various dispersed fillers (diatomites NDP-D-400 and NDP-
230, microquartz and magnesium hydrosilicate) [16] were used as such ingredients. In
[14,15], it was shown the prospects of using trans-polynorbornene as a functional
ingredient of targeted action for a rubber mixture based on general rubbers (butadiene-
methylstyrene SKMS-30 ARK, butadiene SKD and isoprene SKI-3) and special (butadiene-
nitrile NBR 6280) rubbers for the manufacture of gaskets for rail fastenings. Using the
method of dynamic mechanical analysis, it was established that the introduction of trans-
polynorbornene into the rubber mixture helps to improve the vibration-damping
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properties of vulcanizates. In [16], the influence of dispersed fillers on the dynamic
characteristics of rubber based on general and special purpose rubbers for railway under-
rail pads was studied. It has been shown that rubber containing diatomite NDP-D-400 has
increased damping properties.

In [17-26], it was shown that the use of combinations of rubbers of different nature
(nitrile butadiene [17], butadiene rubber and ethylene vinyl acetate [18], siloxane rubber [19],
urethane rubber and epoxy resin [20], natural rubber and epoxidized natural rubber [21],
natural and nitrile butadiene rubbers [22], nitrile butadiene rubber and polyvinyl chloride [23],
natural and styrene butadiene rubbers [24], chlorobutyl rubber [25], ethylene propylene
diene and epoxidized natural rubbers [26]) is one of the promising ways of creating
rubbers with improved dynamic properties. In [27,28], it is shown that the use of a
combination of rubbers of different polarities (polar butadiene-nitrile NBR 4065 and non-
polar butadiene-methylstyrene SKMS-30ARK and butyl rubber BK-1675) with the
addition of trans-polynorbornene, sevilene 11808-340 [27] and polyisobutylene P-200 or
sevilene 11808-340 [28] leads to an increase in the dynamic parameters of rubbers for
products operating under conditions of exposure to sea water. In this regard, the purpose
of the work was to study the influence of a combination of halobutyl caoutchoucs
(chlorinated butyl rubber (CIIR) and bromobutyl rubber (BIIR)) with butadiene-nitrile
rubber NBR 4045 on the properties of rubber used to manufacture products used in sea
water. To achieve this goal, the following tasks were solved: rheometric characteristics of
a rubber compound containing different combinations of rubbers were studied, physico-
mechanical, performance and dynamic properties of vulcanizates obtained on the basis
of this rubber compound were determined and analyzed.

Materials and Method

The rubber compound based on CIIR and BIIR with a Mooney viscosity MLi.s (125 °C) of
39 and 32, mass fraction of chlorine (bromine) of 1.20 and 1.74 %, respectively
(Nizhnekamskneftekhim, Russia), in combination with nitrile butadiene rubber NBR 4045
with a mass fraction of acrylic acid nitrile 36-40 wt. %, Mooney viscosity MLi.4 (100 °C)
42-48 (Sibur, Russia) contained the following ingredients: vulcanizing agent (sulfur
Kaspiygaz, Russia)), vulcanization accelerators (2,2'-dibenzthiazole disulfide Vulkacit DM
Lanxess, Germany), diphenylguanidine (Khimprom, Russia)), vulcanization activators
zinc oxide (Empils-zinc, Russia), stearic acid (RossPolymer, Russia)), antioxidant
naphtham-2 (Bina Grupp, Russia)), softeners (rosin (Sibles, Russia), SMPlast resin
(Region-NK, Russia), petroleum bitumen (TAIF-NK, Russia), factis (Alphaplastic, Russia)
and industrial oil I-12A (Necton Sea, Russia)), fillers (carbon black P 514 (Ivanovskii
Tekhuglerod i Rezina, Russia), carbon black P 803 (Ivanovskii Tekhuglerod i Rezina,
Russia), natural chalk (Melstrom, Russia), trans-polynorbornene  (Astron
Industriebeteiligungs GmbH, Austria)). The rubber mixture was prepared on laboratory
rollers LB 320 160/160 (Polimermash group, Russia) at a roller temperature of 60-70 °C
for 25 min. The rheometric characteristics of the rubber compound were studied on a
MDR 3000 Basic rheometer from Mon Tech (Buchen, Germany) at 150 °C for 30 min in
accordance with ASTM D2084-79. Standard samples for determining physico-mechanical
properties were vulcanized at a temperature of 150 °C for 30 min in a P-V-100-3RT-2-

(
(
(
(
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PCD vulcanization press (Pan Stone Hydraulic Industries Co., Ltd., Taiwan). The main
characteristics of vulcanizates were determined according to the standards in force in the
rubber industry: elastic strength properties were determined according to Russian State
Standard GOST 270-75 "Rubber. Method of the determination elastic and tensile stress-
strain properties’, Shore A hardness was measured in accordance with Russian State
Standard GOST 263-75 "Rubber. Method for the determination of Shore A hardness”, tear
resistance was found according to Russian State Standard GOST 262-93 "Rubber,
vulcanized. Determination of tear strength (trouser, angle and crescent test pieces)”, the
change in conditional tensile strength, relative elongation at break and hardness after
exposure to sea water (8 % aqueous solution of sea salt) was determined according to
Russian State Standard GOST 9.030-74 (method B) "Unified system of corrosion and
ageing protection. Vulcanized rubbers. Method of testing resistance to attack by corrosive
media in limp state”, the change in mass after exposure to sea water was found according
to Russian State Standard GOST 9.030-74 (method A) "Unified system of corrosion and
ageing protection. Vulcanized rubbers. Method of testing resistance to attack by corrosive
media in limp state”. The dynamic parameters (mechanical loss tangent) of vulcanizates
of various variants of the rubber compound were studied at a temperature of 30 °C on a
Metravib VHF 104 dynamic mechanical analyzer (France) in the "tension-compression”
deformation mode (degree of deformation 0.01%) and a frequency of 1000 Hz.

Results and Discussion

The effectiveness of using the combination of SKN-4045 with CIIR and BIIR was assessed
by the rheometric properties of the rubber compound, physico-mechanical properties, and
changes in these indicators after exposure to sea water, as well as the dynamic properties
of vulcanizates. Variants of the studied rubber compound containing NBR 4045, CIIR and
BIIR in various proportions are shown in Table 1. Figure 1 and Table 1 show the obtained
vulcanization curves and the following values of the rheometric parameters of the rubber
compound respectively.

Table 1. Variants and rheometric properties of the rubber compound

Caoutchoucs Variants of the rubber compound

1 2 3 4 5 6 7
CIIR, phr* 25.0 - 20.0 - - 100.0 -
BIIR, phr - 25.0 - 20.0 - - 100.0
NBR 4045, phr 75.0 75.0 80.0 80.0 100.0 - -

Rheometric properties of the rubber compound at 150 °C

My, dN-m 9.00 8.99 8.46 8.28 6.37 5.43 5.05
My, dN-m 0.83 0.87 0.78 0.80 0.70 1.01 0.94
t;, min 3.15 2.76 3.24 2.87 5.37 8.09 5.78
too, Min 20.04 18.11 19.79 18.31 22.39 22.94 15.64
Note: My is the maximum torque; M, is the minimum torque; £ is the curing scorch time; tois the optimum
curing time.
*phr (parts per hundred parts of rubber)
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Fig. 1. Rubber compound vulcanization curves
(curve numbers correspond to rubber compound variant numbers)

As can be seen from Fig. 1 and Table 1, replacing CIIR with BIIR (variants 1-4) has
virtually no effect on the maximum and minimum torques of the rubber compound.
At the same time, BIIR helps to reduce the start and optimum times of vulcanization of
the rubber compound. Such a change in the curing scorch time and optimum curing time
is due to the increased reactivity of bromobutyl rubber due to the lower energy of
the C-Br bond compared to the C-Cl bond and the higher rate of vulcanization of the
rubber compound containing bromobutyl rubber [29-32]. Variants 5-7 of the rubber
compound are characterized by lower values of the maximum torque and longer times
for the onset and optimum of vulcanization compared to the rubber compound options
containing combinations of nitrile-butadiene and halobutyl rubbers.

Table 2. Physico-mechanical and performance properties of vulcanizates

Indicators Variants of the rubber compound
1 2 3 | 4 [ s 6 7
Physico-mechanical properties of vulcanizates

fo» MPa 5.4%0.2 5.6%0.2 4.2+0.2 4.4%0.2 3.8%0.2 4.0+0.2 3.7%0.1
&p, % 51020 510+18 420+16 410£15 49019 500+21 520+20
H, units Shore A 60+1 63+1 64+1 68+1 511 57+1 53#1
B, kN/m 29%) 30+2 28%2 26%2 24%) 22%) 22%)

Changes in the physical and mechanical properties of vulcanizates after exposure to sea water at 23 °C for 24
Af, % +6.2+0.2 | +4.9%£0.2 | +5.2+0.2 | +5.4%0.2 | +10.8%0.4 | -14.4£0.6 | -16.2*0.6
Ae, % -2.6%0.1 -1.9%0.1 -5.8+0.2 -6.3%0.2 -2.0£0.1 | -10.2#0.4 | -9.6¥0.4
AH, units Shore +3#1 +2%1 +2%1 +3%1 +6%1 +6x1 +7£1
A

Change in the mass of vulcanizates after exposure to sea water at 23 °C for 7 days

Am, % 0.68+0.01 | 0.64*0.01 | 0.62#0.01 | 0.59#0.01 | 0.1520.01 | 0.4320.01 | 0.3920.01
Note: f, is the tensile strength; ¢, is the elongation at break; H is the hardness; B is the tear resistance;
Af,, Ag,, Am are relative changes in tensile strength, elongation at break and mass after exposure of
rubber to sea water; AH is the difference in hardness after and before aging in sea water.
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The results of studies of physico-mechanical properties (Table 2) show that
vulcanizates containing combinations of NBR 4045 rubber and halobutyl rubbers are
characterized by almost identical elastic-strength properties, hardness and tear
resistance (variants 1-4).

Moreover, an increase in the proportion of halobutyl rubbers in combination with
NBR 4045 leads to an increase in the elastic-strength properties of rubber. Vulcanizates
of variants 5-7, containing separately only each of the rubbers used, have lower physical
and mechanical properties. It also follows from Table 2 that the smallest change in
elastic-strength properties after daily exposure to sea water is characterized by rubber
that includes the rubber combination SKN-4045: BIIR =75:25 phr. The mass of
vulcanizates based on a combination of nitrile butadiene and halobutyl rubbers changes
slightly after a week's exposure to sea water.

Subsequently, the values of the mechanical loss tangent tané were determined for
different variants of vulcanizates (see Fig. 2).

0.8 -
0.7 -
0.6 - I L
0.5 -
0.4 -
0.3 -
0.2
0.1-

0 T T T T T T 1
1 2 3 4 5 6 7

Variants of the rubber compound

Iano
H

Fig. 2. The mechanical loss factor of vulcanizates

According to [33-36], materials (polymers) with high tand values have good
dynamic properties. As can be seen from Fig. 2, an increase in the content of halobutyl
rubbers leads to an increase in tand. Vulcanizates of options 1 and 2 have almost equally
high tané values, and, therefore, they are characterized by better dynamic properties.

Conclusions

1. The effect of halobutyl rubbers (CIIR and BIIR) in combination with nitrile butadiene
rubber NBR 4045 on the rheometric properties of the rubber compound, physico-
mechanical, performance and dynamic properties of the vulcanizates was studied.

2. It was shown that equal-mass replacement of CIIR with BIIR has virtually no effect on
the rheometric characteristics (maximum and minimum torques) of the rubber compound.
At the same time, BIIR helps to reduce the onset and optimum times of vulcanization
(higher vulcanization rate) of the rubber compound.
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3. It was established that the vulcanizate of the rubber compound based on a combination
of NBR 4045:BIIR rubbers at a ratio of 75:25 phr has increased physico-mechanical
properties; their smallest changes after exposure to sea water; better dynamic properties
(high value of the mechanical loss factor).
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ABSTRACT

Carbonate acidizing is a technology of well productivity stimulation in oil recovery practice. The maximum
effect of such a well treatment is connected with acidizing channels formation of several millimeters in
diameter (wormholes). One of the approaches to predict the acidizing effect of wormholing is the semi
empirical simulation based on the results of the experiments of core plug channeling by acid injection. It
was established that maximum of permeability improvement corresponds to the minimum of injected
volume and is defined by wormhole breakthrough. Presentation of such equation in the dimensionless form
involves dimensionless criteria such as Damkohler, Peclet, etc, that are defined by the results of the
calculation and with experiment data matching. The new approach to derivate of the main equation
defining the acid wormholing process is developed in the present paper.
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Introduction

Well’s productivity stimulation in carbonate reservoirs by acid solutions had a practice
history from the middle of the previous century [1-3]. The main target of carbonate
formation acidizing is the permeability improvement in the near well bore zone.
Application of different technologies was proposed for this purpose: from low-rate acid
injection for cavity creation near a well to high velocity injection that leads to reservoir
fracturing and fracture stabilization by etching of its side surfaces. The ideology of
channeling or wormholing of an oil formation was developed in the works [4-7].

A lot of the studies analyzed the formation and structure of wormholes in
carbonates with the radioscopy and computer tomography of a core plug during acid
injection [8,9]. In [10,11], it was used the large, massive carbonates blocks with a
cylindrical channel or the well bore model. Application of unprecedented experimental
scale helps to understand the formation of wormhole net in the vicinity of a well, their
structure including fractal form.

These investigations helped to develop the general semi empirical theory of
wormhole growth. It was established that the injection rate defines the following modes
of the stimulation process: frontal acidizing of carbonate matrix and cavity creation near
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the inlet of core plug due to low-rate acid injection; wormhole growth with critical value
of injection rate and volumetric acid reaction accompanied by high velocity acid flow.
The maximum of well productivity increase occurs due to deep acid penetration to the
matrix with formation of high permeability wormholes. The understanding of the
mechanisms was achieved in the analysis of linear core plug experiments. The result of
these studies established that wormhole formation is operated by injection rate through
the Damkohler number or relation of reaction rate to acid flow velocity. The Peclet (or
the ratio of convective to diffusive fluxes) and the acid capacity (defining the specific
mass of matrix that can be dissolved by acid in pore space) numbers describe the
influence of other parameters on the process. Its role in the reaction was considered
in [12]. Note that the Peclet number is proportional to the injection rate but the
Damkohler number is inverse proportional to the same parameter. Introducing the critical
values of injection rate and volume of acid needed for wormhole breakthrough Fredd and
Fogler [5] proposed new dimensionless parameters of the process: the ratio of injected
acid volume and the rate to the critical values of these characteristics. Using these
variables, they established the unique dependence: introduced specific acid volume from
the Damkohler number. The physical meaning of the dependence is the connection of
acid injection volume with the length of the created wormhole. Processing of the
experiments by different investigators covered limestone and dolomite, various types of
acid, their concentration, reaction and injection rates confirmed the unique dependence.
The reservoir mineralogy of cause plays a definite role in the value of dimensionless
numbers. Note that the heterogeneous reaction rate is defined from the experiments with
the rotating disk apparatus [3] and by the volumetric method [13] and the definition of
Damkdhler number may involve internal wormhole parameters (radius, length) [4] and
external characteristics (permeability, flow velocity) [14].

Acidizing experiments in a vuggy carbonate showed that specific acid volume to
breakthrough is an order of magnitude lower than what has been observed with relatively
homogeneous limestone [15]. Large-Scale Dual-Porosity Approach is developed for such
reservoirs in [16].

The idea of the developing of the simulator including all acidizing modes attracts
many investigators [8]. These approaches may be divided into several categories.
Huang et al. [17] used the capillary tube approach to predict wormhole population
density and calculate the volume of acid required to create wormholes of a certain density
and length. Semi empirical models will be considered further in details. Wang et al. [18]
developed transition pore theory to calculate the optimum flux to generate dominant
wormholes during a matrix acid treatment. As a network model approach Fredd and
Fogler [6] proposed the model to describe wormhole growth in 3D physically
representative network where distribution of acid concentration is calculated due to
transport and reaction with sphere grains. The last group uses Darcy scale models for acid
transport in reacting matrix [19].

Further only semi empirical model group will be considered. This group [8]
considers micromechanics of creation and growth of the main wormhole in a carbonate
core plug. The underground of this model group is the laboratory investigation of
wormhole creation and growth in a carbonate core plug and the study of heterogeneous
reaction (in situ diffusion and reaction rate) on the rotating disk installation. As a result,
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these models involve the formulation of the main equation bonding pore volume of acid
injection till its breakthrough to the outlet of core plug with the injection rate and also
the influence of other parameters such as acid type and concentration [4],
temperature [20] on the main equation. Note that it is difficult to find out the systematic
study of reliable quality in the present studies, most researches give the 2-5
experimental points. Several investigators consider the main dimensionless
characteristics of the process is the Damkohler number [6], other outline the Peclet
number [20,21], Gong and El Rabaa [14] use mixed approach.

The impact of effective tortuosity of porous media of the Damkohler and Peclet
dimensionless numbers is considered in [22]. Wang et.al analyzed the process of matrix
acidizing in naturally fractured carbonate reservoirs [23]. The influence of acid type and
combined acid systems on the process was studied experimentally in [24].

Summarizing the above considerations, the main equation bonding acid
breakthrough pore volume (PV) and injection rate (g) has the following structure [14]:
PV = ;;2 + Bgs, (1)
where A and B are the constants depending on carbonate mineralogy, acid composition
and concentration, in situ diffusion and some other factors. These constants are defined
by matching calculation with the experimental data.

Gong and El Rabaa [14] integrated the approaches of Fredd and Fogler [4] and
Daccord, Touboul and Lenormand [18] and proposed the following dimensionless
version of the main Eq. (1). Their equation involves the Damkdhler Ny, the Peclet Np. and
the acid capacity Ne:

1
L e @
where f; and f; are the empirical constants defined from matching experimental data.

In [14], the dimensionless numbers are defined as the following:

s 2
Npe = avk ac = DHRPw pa = D32—‘/E (for dolomite), Np, = %Sk (for limestone), (3)
D (1-0)pr vig v3gq

where D is the in-situ diffusion coefficient, K is the reaction kinetic constant, k and @ are
the permeability and porosity of a rock matrix, p./or is the ratio of acid solution and rock
matrix densities, v is the kinematic viscosity, »r is the solubility of matrix in acid, c is an
acid concentration.

Further exactly these expressions of the dimensionless numbers will be used in the
paper. Unfortunately, incorrect mathematical calculations hinder the application of the
Gong and El Rabaa model for practical prediction of the process.

The main conclusion of the experimental studies is the establishment of the critical
value of acid injection rate g. that accompanies wormhole formation and minimum pore
volume injection till acid breakthrough PV.. The dependence of dimensionless variables
PV/PV. = f (q4/ q-) is a universal function that is defined only by the Damkdhler number.

Note that most of the models of other mentioned simulation approaches were
verified by matching the calculations with the results of leaner experiments which are
the framework the of semi empirical approach [25,26]. In a manner, the accuracy of these
approaches is approximately the same as for semi-empirical models based on PV
breakthrough curves from core scale experiments.
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Formulation of the main theorems

Let’s accept the main hypothesis about the dependence of breakthrough pore volume PV
from the acid injection rate (1) by more general function:

PV = qim + Bq™ 4)
The minimum of this function may be obtained by differentiating with respect to
the injection rate and setting it to zero. The obtained equation may be rearranged to yield

the expression of g.. Finally, the critical rate and the minimum/critical breakthrough pore
volume are expressed as:

1 n m
mA\m+n Am+nBm+n(m+n)
Qer = (E) ’ PVcr - m i . (5)
mm+nnm+n

The first item. Let’s prove the statement that Fredd’s and Fogler’s universal
equation of wormhole growth is the consequence of the adoption of the equation in the
form (1) and depends on only the values of exponents m and n. For this purpose, let's
introduce the new dimensionless parameters PV/PV.. and g/ q.- and rearrange the Eq. (4)
to the following form:

m n
P = () +mGL)) ©

If we choose the inverse Damkohler number as the dimensionless injection rate

than Eq. (6) will be defined by one universal constant a:

A— (n(aNDa)m+ = ) (7)

PVer © (m+n) (aNpg)™
Fredd and Fogler have determined this constant by matching calculations and
experimental data and obtained the value 0.29. Consequently, the initial hypothesis (1)

and (4) lead to the conclusion of the existence of universal dependence:
PV 1

= F G ®)

The proved statement is true for various values of m and n.

Taking into account the dependence of introduced dimensionless numbers from
injection rate (4) and Eq. (7) it is expedient to consider the following dimensionless
numbers and their combination:

Ngc; Npa; Npg = NpeNpg. )

Here only Damkohler number depends on the injection rate that is why we can
suppose that the critical value of parameters involve only N and Nrc and breakthrough
pore volume PV is defined by Eq. (4). The combination Nk is applied in the theory of
solutions separation by filters [27] and further will refer as the generalized Damkdhler
number. The authors propose the following expressions for the critical values:

91Npc®
e = N (1)
Qer = gZNFGe(NDaCI):
where € and @ are arbitrary exponents defined by matching experimental and calculated
data. The proposed expressions (10) are based on the physical considerations that critical
breakthrough pore volume PV, is directly bonded with matrix pore volume that could
react with acid injected volume or 1/N,..
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The second item. The proposed approach bases on the main postulate that the
wormhole growth mechanisms is defined by introduced critical values but the Egs. (1) or
(4) matches the injection rate only in the narrow rate interval. The extension of the
dependence in the modes of frontal or volumetric acidizing or mixed reaction modes is
not correct. The common trends of the main equation in the regions of high and low
injection rates tends to infinity, from the other hand the objectives of frontal and
volumetric reaction modes have definite solutions with the finite values. For example, in
the low rate region, the breakthrough pore volume is defined by 1/Nq..

Let’s analyze the experimental data on breakthrough pore volume, for example
gathered in [6], which are presented on Fig. 1. First of all, the majority of experimental
point lays in the vicinity of the critical injection rate. The number of points far from the
critical value is less and the deviation of them is much higher. If we adopted the universal
dependence in the form (4) than we can restrict the experimental points by two curves
with exponents values:1) m=2,n=1/3and 2) m=5/2,n=13/5. In order to get away from
the details the coordinates of points were normalized on Fig. 1. Therefore, the main target
of the model’s equation is to describe the behavior of PR function near the critical point
and to define the critical parameters with sufficient accuracy.

1000 |
D\ * Fredd&Fogler
100 —m=2 n=1/3
_ m=5/2 n=3/5
>U * L
% 10 e
a Lew v /
e ‘,. 9“:.0/"/
1 Moy |
0,1
0,01 0,1 1 10 100 1000

alder

Fig. 1. Experimental data on normalized dependence of the breakthrough pore volume from
dimensionless injection rate extracted from [6]

The third item. The proposed approach generalized the models presented by
Fredd and Fogler [6], Gong and EL Rabaa [14] and does not contradict the empirical
results by Dong, Zhu and Hill [28], Pange, Ziauddin and Balakotaiah [29]. In the first item,
it was established that the universal Fredd’s and Fogler’s equation (8) is defined by the
assumptions about the structure of equations and could be arranged to the view (2) by
simple mathematical calculations.
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The main proposal of Gong and EL Rabaa on the dimensionless numbers that
operates the process is the same in the suggested approach. The equation (4) generalizes
the Eq. (1) proposed by Gong and El Rabaa.

Dong, Zhu and Hill [28] analyzed experimental data executed by Wang et al. [18]
and their own on temperature and acid concentration influence on the critical injection
rate. They established the invariant that does not dependent from temperature and acid
concentration. This invariant is defined as follows:

Pl — const. (11)

dcr

After substitution the expressions of the critical parameters (10) to the invariant (11)
one can obtain that the Dong’s, Zhu’s and Hill's conclusion is performed when ¢ and 6
satisfy the condition: e = 0 + 1.

This equation with Fredd and Fogler assumption lead to the following expression

of critical parameters:e =1, 6 =0, PV, = gj\:v—”;, der = 92(Npaq), g2 = a = 0.29.

If we take into account the proposal of Pange, Ziauddin end Balakotaiah on the

equation form than we shall come to the following conclusions: € = 0.5, 8 = —0.5,
__914NFg _ 92(Npaq)
PVcr T Nge er = \/N—FG .

At last, despite the mathematical claims to the work of Gong end EL Rabaa we

4

present the expressions of critical parameters in their model: e=%, 0=—;,

1
pPV.. = 91(NacNFG)7 — gz(NDaQ)Nacl/7
cr Nac Y cr (NaCNFG)4/7
dimensionless constant Nrg, Noc and critical injection rate includes excess Nec.

but instead of Nk these expressions involve

Conclusions

Generalizing the conclusions of the proved items the following results can be declared:
1. The proposed approach integrates the main aspects of Fredd’s and Fogler’s theory on
the influence of Damkohler number on the wormhole formation in carbonates, the
proposal of Daccord, Gong et al. on the role of Damkdhler, Peclet and acid capacity
numbers in the acidizing process and the type of the equation bonding breakthrough pore
volume with acid injection rate, established by Dong, Zhu end Hill invariant (10) is also
being executed by Eq. (11).

2. The main purpose of the equation bonding breakthrough pore volume with acid
injection rate is the precise determination of critical parameters. The key factors of the
wormholing process are the critical parameter PV, and q., which are dependent from
Damkeler, Peclet and acid capacity numbers. The critical parameters do not dependent
from exponents n and m, that is why the role of these parameters is limited by the
approximation of breakthrough pore volume from injection rate and precise
determination of critical parameters from experimental data.

3. The experiments on the influence of acid concentration, matrix permeability, in situ
diffusion on critical parameters are of current interest. These experiments could help to
select the most accurate models of wormholing growth in carbonates [30,31].
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ABSTRACT

The possible ways of generation and growing the fullerenes having six-fold symmetry have been studied.
Beginning with cyclohexane C¢Hi,, benzol CsH¢ and clusters C4Ce, we obtained elementary fullerenes Ci,
and mini-fullerenes C,4, which produce the fullerenes from C,4 to Cg4; perfect (basic), as well as nanotubes.
The basic fullerenes Cy4, Cs6, Css, Coo, C72 and Cs4 have the ordinary six-fold symmetry. We have calculated
their energies and discussed possible reasons for their dependence on a fullerene size and shape in the
framework of the periodic system of fullerenes.
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Introduction

Up to now an origin and growth of fullerenes and nanotubes is hotly debated [1-34]. The
appearance of the periodic table of fullerenes [35,36] allowed change the strategy of
investigation: phenomenological approach to fullerenes was replaced by task-oriented
activity. The periodic table of fullerenes consists of horizontal series and vertical columns;
they include fullerenes from Ci4 to Cios. The horizontal series form the An periodicities,
An=2, 4, 6, 8, 10, 12, 14, 16, 18, where the fullerene structure changes from three-fold
symmetry to six-fold through four and five ones. The vertical columns include the
fullerenes of one and the same symmetry, the mass difference Am for each column being
equal to a double degree of symmetry, i.e. Am=6, 8, 10, 12. We declare that the periodic
system must be taken as a base for rigorous fullerene classification.

At first we have studied isomers of fullerenes from C4 to Ceo [37-41]. In parallel we
have investigated nucleation and growth of the fullerenes referring to the columns of
three-fold [42], four-fold [43] and five-fold symmetry [44]. In this contribution we present
the results obtained for the fullerenes referring to the column of six-fold symmetry.

Nucleation and growth of embryos

We assume that the embryos of fullerenes of six-fold symmetry are similar to cyclic
hydrocarbons of the same symmetry: cyclohexane (CsH1,) or benzol (CsHe).
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Cyclohexane

At first, cyclohexane was depicted as a molecule having a plane carbon ring. Later it was
established that it has highly symmetric ‘chair configuration which belongs to the
symmetry group Dsq (Fig. 1(a)). Here [45] four carbon atoms lie in one plane, two others
are disposed bilaterally along the plane, all the valence angles CCC are tetrahedral, and
all the C-H bonds of neighboring methylene groups are disposed in chess order with
respect to each other. From twelve C-H bonds, six bonds are axial and parallel to the
symmetry axis of the third order; other six bonds are equatorial. Geometric parameters of
the molecule are as follows: r(C-C)=1.54 A, r(C-H)=1.09 A. The chair is a stable
conformation of cyclohexane. Another conformation is a boat (a bath) which belongs to
the symmetry group C,, and is shown in Fig. 1(b). It is unstable and at room temperature
only one molecule from a thousand has a boat conformation. Chemical and physical
methods are unable to fix each conformation separately; they see only an average picture.
We have calculated their frozen structures and energy through the use of Avogadro
package [46].

. O

(a) o: CCI: (b) P
o-O / e ) / ™
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Fig. 1. Structure of a cyclohexane molecule: (a) chair conformation, (b) boat conformation.
Large spheres are carbon atoms, small spheres are hydrogen atoms: £ is energy, kl/mol

Benzol

Another embryo of fullerenes of six-fold symmetry is similar to benzol (CsHe). For benzol
it is customary to assume that the benzol molecule is a regular hexagon with Dg,
symmetry [45,47] and not a system of alternating long and short bonds. It is believed that
in this case there appear delocalized electrons which create bonds. This question is
beyond the scope of our study. Nevertheless, it should be mentioned the following. As
noted above, chemical and physical methods are unable to fix each electronic
conformation separately; they see only an average picture. However, an electronic
conformation can be fixed if the system is frozen. Such situation takes place in fullerenes,
where the benzol hexagon is rigidly incorporated into a fullerene molecule. Here for
fullerene Cq atomic force microscopy picture of one of the symmetry equivalent
hexagons clearly shows the two different types of bonds [48]. The measured bond lengths
are rmn = 1.38 A and ry, = 1.4654 A. For this reason, we take in consideration the bond-
order discrimination in our study. We have calculated the frozen structure and energy of
benzol through the use of Avogadro package [46]. The result is shown in Fig. 2.
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Benzol
CeHe

E=8.02

Fig. 2. Benzol: carbon ring and six hydrogen atoms on its periphery, E is energy, kl/mol

Clusters

Suppose that we have removed hydrogen atoms from cyclohexane and added carbon
atoms instead. In doing so we obtain clusters CsCs with several types of carbon atoms.
The carbon atoms of cyclohexane remain in the initial electronic state. The new added
ones are reactive carbon atoms; they are connected with the initial carbon atoms by
single or double bonds, being ionized to a different degree. Similar to cyclohexane, we
can remove hydrogen atoms from benzol and add carbon atoms instead. In doing so we
obtain also cluster CsCs with several types of carbon atoms. We have calculated the
optimized structures and energy of these compounds through the use of Avogadro
package [46]. The results are presented in Fig. 3.

From cyclohexane From benzol

E=-1.95 O E=33.4 E=0.70

Fig. 3. Carbon clusters C¢Cs obtained from cyclohexane and benzol, E is energy, kl/mol

Folding and elementary fullerenes

One of the ways of further cluster evolution is folding and forming a hexa-angular prism
(Fig. 4). Here and below, we use area-colored graphs because they gain a better
understanding of the structures. In our case, six areas of the prisms are tetragons and
they are grey painted, two areas are hexagons; they are yellow painted.

Consider cluster folding more closely. The folding produces a hexagonal prism of
six-fold symmetry which may be thought over as an elementary fullerene. Several
electronic configurations are presented in Fig. 4.
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Fig. 4. Folding clusters into hexagonal prisms: structure and graphs; E is energy, kl/mol

Fusion of prisms

From this point we will consider the prisms as elementary fullerenes. The fusion of two
prisms with conserving their symmetry produces a fullerene which shape resembles a six-
cornered barrel. The structure of several electronic isomers is shown in Fig. 5. To gain a
better understanding of the fullerene structure, the graph areas are also painted in
different colors: pentagons in goldish and hexagons in yellow as before.

Fig. 5. Six-cornered barrel-shaped fullerene Cy4 as a result of prisms fusion;
its graphs and energy E, kl/mol

In its turn this barrel-shaped fullerene can continue the symmetry-conserving
growth through the use of the above mentioned mechanism, i.e. joining with another
hexagonal prism according to reaction C,4+Cy, (Fig. 6). The reaction is possible since the
reacting structures have six-fold symmetry and therefore they are compatible with each
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other. The subsequent-fusion growth of the fullerene, Css+Ci; or C4+Cy4, is presented in
Fig. 7. However further fusions create nanotubes.

Fig. 7. Nanotube as joining two fullerenes Cy4; structure and graphs; E is energy, kJ/mol

Cluster growth

Another way of looking at the gradual evolution of the clusters is the growth of initial
clusters by joining single carbon atoms or carbon dimers. The complexes formed then
transform into half-fullerenes (cupolas) conserving the symmetry of clusters [36].
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Graphite

One additional comment is necessary for the six-fold-symmetry clusters. “Carbon atoms
in graphite are arranged in plane paralleled layers which are slightly connected with each
other. In each layer each carbon atom is bounded with three others by one double and
two single bonds. A plane configuration of these bonds defines a plane structure of the
entire layer. In reality all the three bonds are equivalent and valent angles are equal to
120°, since a double bond can occupy any of three possible positions around a carbon
atom. This leads to indefinitely high number of different resonant structures of the layer
(Fig. 8). Such description is equivalent to another, when an electron pair of each double
bond displaces into a delocalized orbital enveloping the entire layer [49]. However, this
does not influence on the geometry of a molecule which is dictated by the plane
arrangement of three localized single bonds; the bonds being around each carbon atom”.
We assume that this phenomenon is referred to fullerenes too. In the following, we will
use this fact in producing input data for calculations.

Fig. 8. One of possible resonant structures for a carbon-layer fragment in graphite. Based on [49]

Gaudi cupolas

They can be obtained by joining single carbon atoms to clusters C¢C¢ shown in Fig. 3. The
result is presented in Fig. 9. From the figure it is seen that the cupolas have one and the
same base of six atoms; they can combine with each other creating a new fullerene of
six-fold symmetry. Reaction Cis+Cys is equivalent to reaction Cys+Cy; considered above
and has just the same result. The fullerene obtained is shown in Fig. 6.

E=298 E=396 E=280

Fig. 9. Gaudi cupolas of six-fold symmetry: structure, E is energy, kJ/mol
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Graphene fragments

Another way of looking at gradual evolution of the clusters C¢Cs is the growth of initial
clusters by joining carbon dimers, with producing graphene fragments conserving six-
fold symmetry (Fig. 10).

E=553 E=1078 E=995

Fig. 10. Graphene fragments of six-fold symmetry: structure, E is energy, kl/mol

Fuller cupolas

Beginning with Cs¢ the graphene fragments contain pentagons. As a result of further
growth transforms the plane surface into a curved one and the graphene fragments begin
to grow as Fuller cupola (Fig. 11). From the figure it is seen that all the cupolas have one
and the same base of twelve atoms; therefore, they can combine with each other creating
new fullerenes.

Basic perfect and intermediate imperfect fullerenes

According to the periodic system of fullerenes [35,36], there are two main types of
fullerenes; the basic perfect ones and intermediate imperfect ones. The basic perfect
fullerenes have ideal structure and common symmetry. The intermediate imperfect
fullerenes have extra carbon dimers. By analogy with crystal physics, we have assumed
that these extra dimers play the role of defects which violate the common symmetry and
create local imperfections. However, for defect crystals the long-range-order is observed
experimentally. In order to underline this peculiarity, such long-range order is referred to
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as the topological long-range one [50]. Using analogous terminology, we have defined
the imperfect fullerenes, which conserve the main axis of common symmetry, as having
topological symmetry.

Fig. 11. Fuller cupolas of six-fold symmetry: structure, £ is energy, kl/mol

Perfect fullerenes

According to the first issue of periodic system of fullerenes in 2017 [36] there are the
following basic perfect fullerenes and nanotubes of six-fold common symmetry: Css, Cas,
Ceo, Cr2, Css, Cog and Cyos. In 2018, we enlarged the system from above adding series An=2
and 4 [36]. Series An=2 contains the elementary fullerenes of similar shape (prisms) but
having different symmetries. Series An=4 contains the barrel-shape fullerenes of different
symmetries. As a result, the column of six-fold-symmetry fullerenes incorporated two new
perfect fullerenes, Ci; and C;4 Consider all these fullerenes in more detail.

Elementary fullerene Ci,. It is a hexahedral right-angle prism (Fig. 4). Its generation
was discussed above.

Barrel-shaped fullerene Cy. It is a barrel-shaped fullerene (Fig. 5). Other features are
considered above,

Fullerene Cs. The fullerene was obtained by fusion barrel-shaped fullerene C,4 with
prism Ci, (Fig. 6). There are other ways of producing this fullerene (Fig. 12), e.g. fusion of
two cupolas Cys, or fusion of two graphene fragments Ci1; and Caa.

At first two molecules Cis, or Ci; and Cy, are moving towards each other
(Fig. 12(a,d)). Then the boundary atoms (dark-red) interact with each other producing a
compound (Fig. 12(b,e)). During this process new covalent bonds (heavy red lines) are



Periodic system of fullerenes: the column of six-fold symmetry 135

generated, distorted polyhedrons are formed; they relaxing into perfect polyhedrons
(Figs. 12(c,f)).

Fig. 12. G5 as joining two cupolas Cys (a,d) and two graphene fragments Ci; (b,e) and Cu (c,f)

In the first case one obtains just the same fullerene as is shown in Fig. 6, having the
same energy. In the second case we have an isomer of this fullerene (Fig. 13). The isomer
obtained consists of six tetragons and fourteen hexagons; it contains twenty four faces.
One may name this perfect isomer, having six-fold symmetry, a truncated six-angular
bipyramid.

Fig. 13. Truncated six-angular bipyramid Cs and its graphs; E is energy, kJ/mol
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Fig. 14. Fullerene C4s as a result of joining two cupolas C,4 of six-fold symmetry: the mirror symmetry
fusion, structure and graphs; E is energy, kl/mol

Fig. 15. Fullerene C4s as a result of fusion of two cupolas C,4 having six-fold symmetry: rotation-reflection
symmetry joining: structure, graphs, E is energy, kl/mol
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Fullerene C4. One can design two isomers of six-fold-symmetry fullerene by two
different ways of joining two cupolas Cys. It should be emphasized that there are two
modes of cupola joining: mirror symmetry and rotation-reflection one. In the first case
the lower cupola is a mirror copy of the upper one. The fullerene obtained consists of six
tetragons and twenty hexagons (Fig. 14); it has twenty-six faces. It is a tetras-hexazo
polyhedron. In the second case the lower cupola is a rotatory reflection of the upper one.
The fullerene obtained contains twelve pentagons and ten hexagons, the number of faces
being the same (Fig. 15). It is a pentai;-hexais polyhedron. Its energy is less than that of
the first fullerene.

Fullerene Cso. We have designed this fullerene of six-fold symmetry by fusion of a
graphene fragment C,4 and a cupola Cs6 (Fig. 16). The fullerene obtained contains six pairs
of two adjacent pentagons and twenty hexagons (Fig.17). It is a pentai-hexax
polyhedron of six-fold symmetry.

Fig. 16. Scheme of joining graphene fragment Cy4 and cupola Cse: (a) separate carbon components;
(b) intermediate compounds; (c) polyhedron obtained

Fig. 17. Structure, energy and graphs of fullerene Ceo with single and double bonds
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Fullerene C7,. One can design this fullerene of six-fold symmetry by fusion of two
cupolas Cs what is shown in Figs. 18-20. It should be emphasized that one of the graphs
is reverse.

Fig. 18. Scheme of joining two half-fullerenes Css:
(a) separate carbon cupolas; (b) intermediate compound; (c) polyhedron C;; obtained

’/i (d)
4 c/f%‘:’i"\%\
\‘\‘:‘éﬁ'/'/
a4

Fig. 20. Fusion reactions of cupolas Cs¢as graph embedding: (a) graph of cupola Css; (b) reciprocal graph
of cupola Css; (c) graph embedding; (d) graph of fullerene Cy;

2T
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Fullerene Css In @ similar manner it is possible to construct this fullerene of six-fold
symmetry by fusion of cupolas Css and C4s what is shown in Figs. 21-23.

Fig. 21. Joining two half-fullerenes Css and C4s, and fullerene Cg4 obtained: (a) separate carbon cupolas;
(b) intermediate compound; (c) polyhedron after relaxation

Fig. 22. Structure and energy E (kJ/mol) of fullerene Cg4
Cse
(b)

Fig. 23. Fusion reactions of cupolas Cssand Cs4s as graph embedding: (a) graph of cupola Css;
(b) reciprocal graph of cupola Cs¢; (c) graph embedding; (d) graph of fullerene Cgs4
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Nanotube Co. The next perfect fullerene is a nanotube. One can design this nanotube
of six-fold symmetry by fusion of two cupolas Css what is shown in Figs. 24-26. Let’s
analyze these figures. The question arises: what we have obtained, fullerenes or
nanotubes? Where is the boundary between fullerenes and nanotubes? An intuitive idea
says that a fullerene is a spheroid, whereas a nanotube with open ends is a cylinder and
a nanotube with closed ends is a cylinder with two hemispheres. Each spheroid can be
divided into three parts; two hemispheres. If the height of cylinder is less than the height
of two hemispheres, we assume that it is a fullerene. On the contrary we have a nanotube.
In its turn the cylinder height is defined by the number of adjacent hexagons. To form a
cylinder one needs to have along its height at least one hexagon which is not connected
with pentagons. Referring to the graphs shown, we admit that the nanotubes begin with
the structure Coe.

It is worth noting that both fullerenes and a nanotube have one and the same
number of pentagons, namely twelve, being equal to a double degree of symmetry.

Fig. 24. Rotation-reflection-symmetry joining of two cupolas Css: () separate cupolas Cus;
(b) intermediate compound; (c) nanotube Cos obtained

Fig. 25. Structure and energy £ (klJ/mol) of nanotube Co
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Cas Cas

Fig. 26. Fusion reactions of cupolas C4s as graph embedding: (a) graph of cupola Cus;
(b) reciprocal graph of cupola Css; (c) graph embedding; (d) graph of nanotube Cq

Summary and Discussion

We have studied possible ways of generation and growing the fullerenes having six-fold
symmetry. Beginning with cyclohexane C¢H1,, benzol C¢He and clusters C¢Ce, we obtained
at first elementary fullerenes Ci; and mini-fullerenes Cy4, and then the fullerenes from Cse
to Co, including a nanotube. We have calculated the energies of the possible fullerenes.
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Fig. 27. Energy E of fullerenes in kl/mol as a function of fullerene size and shape
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In Table 1, the energies of fullerenes are presented, for fullerenes with single bonds
only (above) and single and double bonds (below). The energies are also shown in Fig. 27.

Table 1. Energy of fullerenes in kJ/mol as a function of fullerene size and shape

C12 c24 c36 c369raph c48 rrs c48 ms c48tube c60 c72 C84 c96tube

1207 | 697 | 1022 | 2023) | 991 | (1926) | (1240) | 1253 | 1656 | 1557 | 1957
2738 | 1478 | 1844 | (3430) | 2582 | (3854) | (2201) | 2329 | 2210 | 2255 | 2555

Continuity and discontinuity

These notions are connected with the lonic and Pythagorean schools of philosophy (VI-
IV century B.C.) [51]. Plato of Athens (MAatwv, 427 B.C.) has tried to combine both notions,
putting five forms of matter (fire, air, earth, water, ether) into consistency to five regular
polyhedra (tetrahedron, octahedron, cube, icosahedron, dodecahedron). According to
Aristotle every thing is the unity of matter and form (n JAn kai 1o €ibog); the form being
an active element produces movement [51].

In mathematics there are such notions as curvature, tensor of curvature [52]. The
curvature is defined as the quantity which characterizes a deviation of a surface from a
plane at a given point. The latter is defined in the following manner. Through the normal
at a given point of surface all the possible planes are drawn. The sections of surface by
these planes are called normal sections, the curvatures of normal sections being normal
curvatures of the surface at a given point. Maximum and minimum curvatures are called
principal curvatures. Their combinations give Gauss and average curvatures which are
used for analysis of the surface curvature.

CF-4 CF-5

E=311

Fig. 28. Curvature fragments of fullerenes

Curvature of fullerenes

We will follow to Aristotle trying finding the forms of fullerenes, which define its surface
curvature. In other words, we will search first of all “fragments of curvature”, but not a
curvature value. Further we will use the following notions: curvature as continuity
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property and curvature fragments as discontinuity. Analysis of the fullerene structures
shown before allows us to separate the following curvature fragments (Fig. 28). It should
be emphasized that an isolated fragment CF-6 does not creates curvature; it becomes a
curvature fragment under the influence of surroundings.

Different curvature fragments have their own symmetry. We name a center of
symmetry “curvature concentration center”. The study of its arrangement in different
fullerenes has given the following picture (Fig. 29). The figures resemble rings (Ci2, C4sms),
zig-zag ring (Casrs), prisms (Ceo, Css), Archimedes antiprisms (Cy4, C72) and a biantiprism
(Cse).

C12

C48 ms C48 rrs

— .\/’\,/'\./.\

Fig. 29. Geometry of curvature concentration centers (CCC)

Curvature, strain and stress concentration

In mathematics [52], the surface is introduced as a bit of a plane subjected to continuous
deformations (tension, compression, bending). In its turn, curvature is defined as the
quantity which characterizes a deviation of a surface from a plane at a given point. In
mechanics [53] for characteristics of deformation one introduces tensor of strain, which
diagonal elements characterize volume change; non-diagonal elements show the change
of a form. If stress is a function of strain in each point of continuum, such continuum is
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said to be an elastic body. In a simple case, the function which connects strain and stress
is Hooke’s law.

In mechanical engineering [54], the problem of weakening stress concentration is
very important. Unloading local stress can be obtained through the use of a correct
construction, in particular, a construction which consists of frames. Frame bridges were
already used by Romans. An advance of the network of railway lines has led to widespread
use of frame bridges and, as a consequence, to development of the methods of their
designing. The first three farms are shown in Figs. 30-32. The problem was to design a
farm in which the stress in farm rods would be minimum when a bridge is in work; the
knots of systems being the centers of stress concentration.

) ()

N N o/ o/

o/

Fig. 31. Whipple’s frame (USA, 1852). Based on [54]

OO
O—C—F—F—8——0—®

Fig. 32. Zhuravskiy’s frame (Russia, 1850). Based on [54]

Studying cyclic molecules [36], we developed a procedure which shows their side
view. It can be named the method of cutting and unrolling. The procedure allowed us to
discover a new phenomenon: hidden symmetry of molecules. It is interesting to note that
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if to act in a similar manner, i.e. to cut the prisms shown in Fig. 29 along a vertical line
going through one of its curvature concentration points, we obtain the figures resembling
farm bridges.

Based on this similarity, we assume that in fullerenes the curvature concentration
centers are strain centers and since strain is connected with stress, they are centers of
stress concentration. Therefore, the energy of a fullerene consists of two parts: chemical
energy of formation and strain energy of construction.

Now we are able to understand and explain the dependence of fullerene energy on
size and form (Fig. 27). Fullerenes with single bonds relax through the transformation of
plane hexagons into chair conformation and so their energy has incorporated only a small
part of strain energy. As a result, the dependence of fullerene energy on size and shape
is almost monotonic. Fullerenes with single and double bonds are rigid constructions,
and here the contribution of strain energy is high. The fullerene shape is a result of self-
organization and here there are possible several types of curvature. The most stress state
is characteristic for fullerenes which curvature concentration centers (CCC) are plane
hexagons, the least refers to CCC in the form of antiprisms which highly resemble farm
bridges. The other fullerenes have intermediate strain energy.

Future investigations

We assume that first of all it is necessary to find the curvature concentration centers. In
doing so, we gain the arrangement of stress concentration, can apply the elasticity theory
not only to the fullerenes (this task is very cumbersome) but to the polyhedrons of
curvature centers (the task is easier). Moreover, the energy of fullerenes can be considered
not only as a global quantity, but as a surface distribution. Since the CCC polyhedrons
resemble crystals, and the crystals are studied for years, we can use this knowledge for
understanding such processes as, e.g. sublimation, fracture of fullerenes. As a result, we
would be able to gain more profound insight into their nature.
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ABSTRACT

The possible ways of generation and growing the fullerenes having at first six-fold symmetry has been
studied. Beginning with a hexagonal prism (elementary fullerene Cy,), six-cornered barrel-shaped fullerene
Cy4 and high six-cornered barrel-shaped fullerene Css, we obtained their direct descendants throw the use
of Endo-Kroto’s mechanism known as embedding carbon dimers. We have calculated the energies of the
possible fullerenes and discussed possible reasons of their dependence on a fullerene size and shape.
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Introduction

A fullerene is a molecule of carbon in the form of a hollow sphere, ellipsoid, tube, and
many other shapes. The suffix “-ene” indicates that each carbon atom is covalently
bounded to three others instead of the maximum of four. Fullerenes were conjectured
more than fifty years ago independently in 1970 and 1973 [1-3]. They were discovered
by mass spectrometry in 1985 [4], through laser evaporation of graphite in 1992 [5]. The
discovery of fullerenes greatly expanded the number of known allotropes of carbon,
which had previously been limited to graphite, diamond and amorphous carbon. From
that time on the fullerenes have been the subjects of intense research, both for their
chemistry and for their technological applications, especially in materials science,
electronic, and nanotechnology. Nanostructure carbon, having many isomers, offers a
great number of applications [6]. However, up to this point there is no clear and unique
theory of fullerene growth, and therefore there is no standard way of obtaining desirable
fullerene structures. The studies of fullerenes, in particular fullerene isomers, reflect only
partial ways of their formation and have little in common; they are non universal [7-25].

The appearance of the periodic table of fullerenes [26] has changed the strategy of
investigation: phenomenological approach to fullerenes was replaced by task-oriented
activity. The periodic system of fullerenes gives a base for rigorous fullerene
classification. It consists of horizontal series and vertical columns; they include fullerenes
from Cis to Cios. The horizontal series form the An periodicities, where the fullerene
structure changes from three-fold symmetry to six-fold through four and five ones. The
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vertical columns (groups) include the fullerenes of one and the same symmetry, the mass
difference Am for each column being equal to a double degree of symmetry.

On the base of periodic system, we have systemized possible ways of fullerene
growth. It turned out that there are three the most natural types of growth mechanism [27]:
1. Endo-Kroto: embedding carbon dimers into the hexagons of initial fullerenes;

2. Melker-Vorobyeva: fusion of the carbon cupolas having the same symmetry;
3. Melker-Krupina: fusion of fullerenes having compatible symmetry.

The first mechanism creates both perfect and imperfect fullerenes; the second and
third mechanisms do only perfect fullerenes.

Up to now we have considered so called “vertical growth” of fullerenes when a
growing object conserves its symmetry, ordinary or topological. It resembles the growth
of coniferous trees. Contrary to them deciduous trees grow sometimes in such manner
that one of side branches begin to prevail over the main one. We have assumed that such
situation was also possible for some fullerenes. In doing so, a fullerene is changing its
symmetry, e.g., fullerene C4s having two-fold symmetry has transformed into fullerene Cyo
of six-fold symmetry.

To gain a better understanding of that phenomenon, we have decided to study it
from the very beginning.

Elementary fullerene Ci;

As was shown earlier [26-31], folding a plain cluster C¢Cs produces a hexagonal prism of
six-fold symmetry which may be thought over as an elementary fullerene Ci,. Several
electronic configurations are presented in Fig. 1. Here and below, we use area-colored
graphs because they gain a better understanding of the structures. In our case, six areas
of the prisms are tetragons, and they are grey painted, two areas are hexagons; they are
yellow painted.

O\: ! /O o\lfl n /o o\: : /o o\l . /o
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,O|———— - /ON‘——O| /¢|:::::0,|\ ,"b————é .
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Fig. 1. Hexagonal prisms formed from clusters: structure and graphs; E is energy, kl/mol
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Mechanism of growth

The process of changing symmetry was obtained [32] through the use of the mechanism
known as “embedding carbon dimers,” which was suggested by M. Endo and the Nobel
Prize winner HW. Kroto in 1992 [33]. According to it, a carbon dimer, colored goldish,
embeds into a hexagon of an initial fullerene. This leads to stretching and breaking the
covalent bonds which are normal to the dimer and to creating new bonds with the dimer.
As a result, there arises a new atomic configuration and there is a mass increase of two
carbon atoms (Fig. 2).

Fig. 2. Carbon dimer embedding into a hexagon (a) and forming two adjacent pentagons (b)

Growth of elementary fullerene C1

The fullerenes produced during the growth of initial fullerene C;, through the use of the
Endo-Kroto mechanism are illustrated in Figs. 3-7. Here the dimer embedding is made
at the “frigid zone” near the axis of symmetry.

Fig. 3. Fullerene Cyi4 as a result of a dimer embedding into a hexagonal prism; its graphs and energy E (kJ/mol)

Ci16-RRs

E=2070

Fig. 4. Fullerene Cy¢ produced by rotation-reflection-symmetry embedding two dimers into a hexagonal
prism; its graphs and energy E (kJ/mol)
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E=2600

Fig. 5. Fullerene Cy¢ produced by mirror-symmetry embedding two dimers into a hexagonal prism; its
graphs and energy E (kJ/mol)

G S Gy

Fig. 8. Six-cornered barrel-shaped fullerene C,4 as a result of prisms fusion; its graphs and energy E (kJ/mol)
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Six-cornered barrel-shaped fullerene Cz4

As was shown earlier [26], fusion of two prisms with conserving their symmetry produces
a fullerene which shape resembles a six-cornered barrel. The structure of several
electronic isomers is shown in Fig. 8; the structure and graph areas are painted as before
in different colors.

Growth of six-cornered barrel-shaped fullerene Cz4

The fullerenes C;s — Cs6 produced from the initial fullerene C,4 through the use of the
Endo-Kroto mechanism are illustrated in Fig. 9.

Fig. 9. Dimer embedding into fullerene C,4; graphs and energy in kl/mol of Cy

High-six-cornered barrel-shaped fullerene Cz¢

As was shown earlier [26], fusion of two prisms with conserving their symmetry produces
a fullerene which shape resembles a six-cornered barrel. The structure of several
electronic isomers is shown in Fig. 10; the structure and graph areas are painted as before
in different colors.
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Growth of high-six-cornered barrel-shaped fullerene Czs

The fullerenes produced during the growth of initial fullerene Cs¢ through the use of the
Endo-Kroto mechanism are illustrated in Fig. 11.
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Fig. 11. Fullerenes produced by embedding carbon dimers into a fullerene Cys; their graphs and energy E (kl/mol)
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Summary

We have studied possible ways of generation and growing the fullerenes having at first
six-fold symmetry. Beginning with a hexagonal prism (elementary fullerene Ci,),
six-cornered barrel-shaped fullerene C,4+ and high six-cornered barrel-shaped fullerene
Cs6, we obtained their direct descendants throw the use of Endo-Kroto’s mechanism
known ad embedding carbon dimers. We have calculated the structure and energy of the
possible fullerenes.

In Tables 1, the calculated energies of fullerenes are presented, for fullerenes with
single bonds only and single and double bonds.

Table 1. Energy of fullerenes in kl/mol as a function of fullerene size and shape

Fullerenes Single Single+double
Cu 1207 2738
Ciua 964 2469

Ci6ns 671 2070
Ci6ms (974) (2600)
Cis 761 1556
Cao 491 1079
Cu 697 1778
C 802 1787
Cys 924 1879
Cso 787 1403
Cszs 679 1318
Cszas 817 1507
Caa 841 1530
Cse 762 969
Cse 1022 1884
Css 1011 1999
Cao 871 1956
Ca 894 1804
Cu 1027 1450
Caus 1042 1355
Cas 990 1390

Continuity and discontinuity. Curvature of fullerenes

These notions are connected with the lonic and Pythagorean schools of philosophy (VI-
IV century B.C.) [34]. Plato of Athens (MAatwv, 427 B.C.) has tried to combine both notions,
putting five forms of matter (fire, air, earth, water, ether) into consistency to five regular
polyhedra (tetrahedron, octahedron, cube, icosahedron, dodecahedron). According to
Aristotle every thing is the unity of matter and form (n JAn kai 1o €ibog); the form being
an active element produces movement [34].

In mathematics, there are such notions as curvature, tensor of curvature [35]. The
curvature is defined as the quantity which characterizes a deviation of a surface from a
plane at a given point. The latter is defined in the following manner. Through the normal
at a given point of surface all the possible planes are drawn. The sections of the surface
by these planes are called normal sections, the curvatures of normal sections being
normal curvatures of the surface at a given point. Maximum and minimum curvatures are
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called principal curvatures. Their combinations give Gauss and average curvatures which
are used for analysis of the surface curvature.

We will follow to Aristotle trying finding such parts of fullerene’s shape, which
define surface curvature of a fullerene. In other words, we will search first of all “space
fragments of curvature”, but not a curvature value. Further we will use the following
notions: curvature as a continuity property and curvature fragments as discontinuity.
Analysis of the fullerene structures shown before allows us to separate the following
curvature fragments (Fig. 12). It should be emphasized that an isolated fragment CF-6
does not creates curvature; it becomes a curvature fragment under the influence of
surroundings. Different curvature fragments have their own symmetry. We name their
center of symmetry “curvature concentration center” (CCC).

CF-4

E=311

Fig. 12. Curvature fragments of fullerenes

In mathematics [35], surface is introduced as a bit of plane subjected to continuous
deformations (tension, compression, bending). In its turn, curvature is defined as the
quantity which characterizes a deviation of a surface from a plane at a given point. In
mechanics [36] for characteristics of deformation one introduces tensor of strain, which
diagonal elements characterize volume change; non-diagonal elements show the change
of a form. If stress is a function of strain in each point of continuum, such continuum is
said to be an elastic body. In a simple case, the function which connects strain and stress
is Hooke’s law.

We assume that in fullerenes the curvature concentration centers are strain centers
and since strain is connected with stress, they are centers of stress concentration.
Therefore the energy of a fullerene consists of two parts: chemical energy of formation
and strain energy of construction.

Now we are able to understand and explain the dependence of fullerene energy on
size and shape (Fig. 13). The study of the CCC arrangement for the family of fullerene Cy,
has given the following picture (Figs. 14,15). Fullerenes with single bonds relax through
the transformation of plane hexagons into chair or boat conformation and so their energy
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has incorporated only a small part of strain energy. Fullerenes with single and double
bonds are more rigid constructions, and here the contribution of strain energy is high.
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Fig. 13. Energy of fullerenes in kl/mol as a function of fullerene size and shape
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It is worth noting some facts. The most energy (and therefore the most stress state)
is characteristic for fullerenes which curvature concentration centers (CCC) compose
plane hexagons. The least energy (and therefore the least stress state) refers to those
having CCC in the form of an icosahedron. It must be remembered that the fullerene,
creating such CCC, is a dodecahedron, an icosahedron and dodecahedron being dual.

Fullerene Cis ms has a larger energy in comparison with fullerene Cyrrs. Probably
this phenomenon is associated with the fact that mirror symmetry doesn’t create, as
rotation reflection symmetry, a compact structure of CCC where the centers of stress
concentration are compensated.

In a similar manner it is possible to explain the dependence of fullerene energy on
size and shape for families Cos and Csg, if to design the structure of their CCC (Figs. 16-19).
The local maxima of energy correspond to loose or asymmetric CCC structures; the local
minima refer to compact ones.

Fig. 16. Frames of CCC (curvature concentration centers) for fullerenes Cu4, Co6 and Cys
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Fig. 17. Graphs of CCC (curvature concentration centers) for family of Cy4
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o O\

Fig. 19. Graphs of CCC (curvature concentration centers) for family of Cy
(only a half is shown; the second half is symmetric)

The fullerene shape is a result of self-organization and here there are possible
several types of curvature. During the growth old CCC-s disappear, new CCC-s are
generated, but the number of CCC-s remains constant for each family.

Future investigations

We assume that first of all it is necessary to find the curvature concentration centers. In
doing so, we gain the arrangement of stress concentration, can apply the elasticity theory
not only to the fullerenes (this task is very cumbersome) but to the polyhedrons of
curvature concentration centers (the task is easier). Moreover, the energy of fullerenes
can be considered not only as a global quantity, but as a surface distribution. Since the
CCC polyhedrons resemble crystals, and the crystals are studied for years [37], we can use
this knowledge for understanding such processes as, e.g. sublimation, fracture of
fullerenes. As a result, we would be able to gain more profound insight into their nature.
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