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In this paper, finding the order of singularity in multi-wedge systems containing elements
made of functionally gradient material (FGM) with an angular gradient under antiplane
deformation is studied. These elements are proposed to be modeled by means of multi-
wedge composite, where the shear modulus changes from wedge to wedge according to
a certain functional dependence (in this article we consider the linear, quadratic, and
exponential dependencies). It is found that the model region composed of 20 elements
provides a relative error in the calculation of the stress field singularity order, which does
not exceed 5%. Using the simulation of FGM by a multi-wedge system, the influence of
an insert made of functionally graded material with an angular gradient on the singularity
order in a three-component composite wedge has been studied. A number of regularities
have been established.

Keywords: antiplane problem, multi-wedge system, stress singularity, functionally
graded material, angular gradient.
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1. Introduction

When predicting the strength of composite structures, it is important to know the basic characteristic
of the stress field behavior in the vicinity of “singular” points of the structure (for example, breakpoint
of the materials contact surfaces, tips of the slit (cracks) and pointed inclusions, wedge-shaped notches
and points of contact of several materials, etc.), namely the order of its singularity. This is, primarily,
due to the fact that such points are concentrators of stresses, and their vicinities are the site of
breakdown of the structure. Therefore, it is natural that the solution of the problem of determining
the stress field singularity order in the vicinity of singular points of elastic structures is constantly in the
center of attention of researchers. One of the first studies is described in the work of K. Wieghardt [1]
(1907), their further development was carried out in the work of M.L. Williams [2]. An exhaustive
list of works, concerning the results of study of the stress state in the vicinity of singular points in
structures made of isotropic materials structures can be found in the reviews [3-8|. At the same place,
the validity of modeling these regions by multi-wedge structures is substantiated.

With the advancement of technologies, functionally graded and anisotropic materials are increas-
ingly being used in instrument-making, and therefore it becomes necessary to analyze the stress state
around the “singular” points existing in such materials [3,6-11].

A thorough review of works concerning determination of the singular order around an apex of a
multi-wedge systems is given in publications [3,7-9]. There are can find the analytical and numerical
methods for determining the stress-strain state in multi-wedge systems. At the same place their specific
configurations are investigated [4,7-10]. Bat the number of elements of these systems generally did not
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exceed four. This is due to the fact that the use of analytical approaches (complex potentials or Mellin
transform) [4,7,11,12] leads to the need of solving a system of equations of order 2n for antiplane
problem and 4n for a plane one. And the numerical methods [14, 15] require serious improvements,
especially in the study of systems containing elements with small opening angles. This may explain the
fact that there currently are no detailed studies of the behavior of the stress field singularity around
the vertex of a multi-wedge system in the case when the number of its elements will increase (and the
size of their opening angles will decrease, respectively) while maintaining the original geometry of the
system.

In the papers [7,15,16], the singularity of stresses in the vicinity of a “singular” point in the structure
containing the elements of FGM with angular gradient is studied. That is, the material the elastic
characteristics of which continuously varied in angular polar coordinate, the pole of which coincides
with the “singular” point. At the same place, based on the approximation of elastic characteristics
by a piecewise constant function, the possibility of approximate determination of the singularity of
stresses is considered. The special case of determining the order of singular stresses in a composite
wedge with an FGM insert at the assumption that its shear modulus varies by quadratic law, was
considered in the publication [16]. There the influence of elastic characteristics of external wedges on
the order of singularity is also investigated. However, despite the sufficient number of works involved
in the mentioned problems (reviews [6, 14, 16]), the question of the influence of the characteristics
variation laws on the description of the stress state in the vicinity of the corresponding “singular”
points remains open. It should also be noted that the special form of expressions for the displacements
and stresses fields in materials with angular gradients creates additional difficulties when formulating
the conditions of contact with an isotropic material. This in turn leads to difficulties with the study
of stress-strain state in composites containing inserts materials with elastic characteristics varied by
angular coordinate.

The purpose of this article is to test one approach of modeling material with angular gradient and
to study the antiplane deformation of a composite wedge with an FGM insert. For this purpose, is
analyzed the possibility of modeling the wedge-shaped elements of material with a functional gradient
by a multi-wedge package of similar geometry whose elements elastic properties varied according to a
corresponding functional dependence.

The results of the analysis are used to study the longitudinal shear of a three-component wedge,
the central element of which is made of FGM with angular gradient. Such an object of research was
chosen, in particular, for physical speculations about the diffusion of materials during their techno-
logical connection [7,13,16], as a result in the vicinity of the breakpoint of the material separation
boundary is appear a wedge-shaped interphase, the elastic characteristics of which changes according
to some predefined law.

2. Basic relations and problem statement
Let us consider the antiplane deformation of an infinite wedge
() ‘ S (Fig.1) with an opening angle § < 27 at the vertex, whose
/ elastic characteristics of material are varying continuously de-
‘.\ pending on the angular coordinate according to a certain law
/ = p(p) (FGM with angular gradient).

According to the elasticity theory of inhomogeneous body
in this region the equilibrium equation, will look like [17]:

Fig.1. A wedge of functionally gra- 9 9

dient material, the shear modulus of O w law i@ w L dulp) Ow -0 1
. . . . 2 + + 2 92 2 - ™ ( )

which changes in the angular direction. or ror  r20%  ple)r? dp Oy

and at the edges of the wedge the conditions of the corresponding boundary-value problem of elasticity
theory are specified:
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the first conditions

0o gy = 701 @), T D),y = Tl 0): 2)
the second conditions
w(r)‘go:() = wo(r), w@")b:ﬁ = wg(r); (3)
the mixed conditions
0oz (1: )| pg = T0(r,0), W (r)] e = wa(r), (4)
or
w(r)ly—g = wo(r), opx(r,@)l,_g = 78(r, ). (5)

In this article, the special cases, where the shear modulus changes according to one of the following
laws [7,14,16] will be consider:
the liniar law

wp) =pa+b, 0<p<pf (6)
the quadratic law
ulp) = {ap +b}2, 0<p<p; (7)
the exponential law
plp) = be®, 0<p<p. (8)

Hear a, b are the arbitrary constants.
According to the works [5,18], the stress field near the top of the wedge can be writing as a power

series
= 0wy a
o(r,p) = Zu%rql . (9)
i=0

where r is the distance to a specific point; ¢; are the roots of the characteristic equation A(q) = 0,
Re (¢i) € (0;1);
Therefore, the displacement field will be described by an asymptotic series of the form

w(r,p) =Y wi(p)r? (10)
=0

where the analytical solutions (1) are found in the form: w;(¢) = A;Jy (%—Fqg@) +

B;Yy %—i-qcp for linear law; w; (@ Ajcos gipt Bisingio . quadratic law [16]; w; =
a ap+b

o—0.5ap [Az‘ oS <0,51 /4%’2 — a2<p) + B;sin <0,5, /4qi2 - a2<p>] for exponential law.

Using the boundary conditions (2), is finding the form of the characteristic equation for the case of
the first boundary-value problem of elasticity theory similarly to one [5,18]:
for linear law

q® [J1 (ba™'q) Y1 (q(ba™" + B)) — J1 (q(ba™" + B)) Y1 (ba"'q)] =0, (11)

for quadratic law
(1 + P (b%a% + ba_lﬁ)) singf — gBcos gB = 0, (12)
for exponential law

& sin <0.5\/—a2 n 4q25) —0. (13)

The characteristic equations for the cases of the second or mixed problems of elasticity theory and
for a solid plate have a similar structure.
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In works [14,19] the stresses singularity order in a multi-wedge system, whose elastic characteristics
of elements are related by a functional dependence (Fig.2a) is investigated. It is found that the
number of elements increases, while preserving its initial geometry configuration, asymptotically goes
to a certain limit value. Also, it is revealed that when the number of elements is n > 20, the relative
difference in the calculation of the values of the singularity order for different number of elements n of
the system does not exceed & = |(An — Appr) Ayt| = 0.01 (n,k=1,2,...,) [19]. In the same place is
proposed to use such models to study the stress fields in the vicinity of “singular points” of structures
made of FGM with angular gradient.

Determination of the order of singularity
in a multi-wedge system composed of an arbi-
trary number n of connected different elastic,
isotropic wedges S; (i = 1,2,...,n) (Fig. 2a),
under the conditions of longitudinal shear u =
0, v =0, w = w(r,p), is discussed in detail
in the works [5,6]. According to these works,
the stress singularity order in the vicinity of
the vertex of the system point O, is deter-
mined by the relations \; = 1 —Re (¢;), where
q; are the roots of the characteristic equation
A(q) = 0, whose real part belongs to the in-
terval Re(¢;) € (0;1). Depending on the boundary conditions given on the edges, the characteristic
equation for antiplane deformation, has the form [6]:

1) for the conditions of the first boundary-value problem of elasticity theory

Fig. 2. Multi-wedge system.

n—1
gsin(gen) + %L’i cos [q(on — @i)] = 0; (14)
i=1 v+

2) for the conditions of the second boundary value problem
& Hir1—
. i1~ i g
sin(gen) — > ————Lysin [q(on — @i)] = 0; (15)
i M+l

3) for the conditions of the mixed boundary value problems

n—1
(Big1 — i) 5 .
cos (qpn) — ~————L'sin[q (pn — ¢i)] =0, 16
(@2n) = 3 e L sinla o — ) (10

the loads are specified at ¢ = 0, and displacement at ¢ = @y;

n—1
geos (qpn) = Y L cos [g(n — 91)] = 0, (17)
o M+l
the loads are specified at ¢ = ¢, and displacement at ¢ = 0.
Here
o (i1 — ) o
L} = —gsingpr — »_ ~————LLj cos [q(¢x — 1)),
i1 Hi+1 (18)
S
Ly = qeos qpp — »_ ~—————Lbcos [q(pr — )] -
im1 Hit1

If now is assumed that the opening angles of the composite components are o; = Bn~' and the
shear modulus are related by one of the functional dependencies (6)—(8), for example by the equality
wi = g (¢i) (where @; = iBn~1, i = 1,n), then this composite (Fig.2b) according to [15,19] models a
wedge with opening angle § at the vertex made of FGM with angular gradientness (Fig. 1)
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3. Results and analysis

Based on the above results, is investigated the variation of singularity order in a wedge made of FGM,
the shear modulus of which changes in the transversal direction according to one of the laws (6)—(8),
depending on the opening angle 8 of the wedge and the ratio of shear modulus values on the edges of

the wedge v = u(8)/p(0).
The approximate values of the singularity order were cal-

culated using the modeling FGM with angular gradient by
the multi-wedge system and solution of characteristic equa-
tions (14)—(17). For verification, they were compared with
the exact values obtained using the model of material with
continuous heterogeneity (1) based on the solutions of char-
acteristic equations (11)—(13). It is found that the maximum
relative error in the calculation of the singularity order us-
ing the model region composed of 20 wedges is less than 5%
for the ratio of the shear modules at the edges of the wedge
0.01 < v < 100 and decreases with increasing their number.

The typical results of the singularity order calculations are
presented in Fig. 3, where the solid curves 1, 2, 3 correspond

A

0.5 e
0.3 =7 =

0.2 /4,/, Z2-
0.1 //// 22
N/

180 240 300 360 B

AS N

Fig. 3. The maximum value of the stress

singularity order A; = 1 — Re(¢;) in a

wedge made of FGM with angular gradi-

ent in the case of the first boundary value
problem.

to the quadratic, exponential, and linear laws of the shear modulus variation at v = 5, and the dash
one corresponds to v = 125. The curve 4 corresponds to the case of a homogeneous isotropic wedge —

v =1

It is elucidated that the stress field singularity near the vertex of the wedge occurs because to the
value of the opening angle § is larger than a certain limit value «, that is 8 > « > 180°. In the case
of a wedge of isotropic material o = 180° is the opening angle, at which the wedge can be considered

as a matrix with a wedge-shaped cut.
The following patterns have been identified:

— as the ratio of the shear modulus increases at v > 1 (or decreases at 1 >~ > 0), the limit value of
wedge opening angle « increases, and the value of the singularity order decreases;

— the value of the order of singularity in a wedge of FGM with an angular gradient is always less
than in the isotropic wedge and this difference is larger the larger (or less) is the value of the ratio

of shear modulus on the edges of the wedge ~;

— usage of an approximation of the FGM properties with an angular gradient by means of a quadratic
law leads to lower values of the singularity order in comparison with the use of the exponential law.

These results indicate that the
FGM wedge-shaped elements (in-
serts) with angular gradient can be
reasonably modeled by the multi-
wedge structures the elastic charac-
teristics of the elements of which are
related by a certain functional de-
pendence.

Based on this conclusion, an
FGM insert in a composite three-
component wedge was modeled

ui=p(e;)

(Fig. 4a). Fig. 4. Three-component composite wedge containing insert of func-

Here o, a3, ui, p3 are the open-

tionally graded material.

ing angles and the shear modulus of the external wedges ST, S5 Fig. 4a; n = 20 is the number of wedges
of the system by which we model the insert S5 Fig. 4b; 3 is the opening angle of the insert; shear mod-
ulus of the insert S5 material Fig. 4a changes from p(af) = pj to p(aj + 8) = pj according to one of
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the typical laws of change of the shear modulus (6)—(8), where af < ¢ < aj + 8, and the coefficients
a and b are determined according to the relations [20]:
a=(u—p) B b= [ui B — i (i — 1)) 871 in the case of linear law of the shear modulus change;

a= (\/7 \/7)5 ! b— [041\/7 (o +B) /15| B~ L'in the case of quadratic law;

a=(B)" 1ln’y, b=piy i , Wy = p3 in the case of exponential law.

Some typical results of numerical studies of the influence of the insert shear modulus functional
dependence type on the stress singularity order, depending on the insert opening angle, are presented
graphically in Figs. 5-7.

These results correspond to the systems for which af +8+aj = 27 (the angular cutout transforming
into a section), the opening angles of the external wedges are the same (o = ¢j), and the ratio of
their shear modules v = p§/p} = 10 under the conditions of the first (Fig.5), the second (Fig.6) and
mixed (Fig.7) boundary value problems. The curves 1-3 in the figures illustrate the corresponding
results of determining the stress singularity order for linear, quadratic, and exponential type variation
of the insert S5 shear modulus.

Al, AZ“ ‘ A1 A 1
0-5 . N 0.525 ot
0.475 F—N 3
0.2 N =
0.1 0.45 AN ]
0 == . 0.425 -
0 90 180 270 360 B 0 90 180 270 360 B

Fig.5. The values of the singularity order \; (solid  Fig.6. The values of the singularity order A\; for the
line) and Az (dashed line) for the first-boundary value  second boundary-value problem of elasticity theory.
problem of elasticity theory.

)t“ AHA
1 |
0.525 L 0.3 !
- 2 0.25 "
0.5 — / 3
\\ . 0.2 7
0475 N s 0.15 7
045| P - 0.1 4
0.425 > 0.05 >
0 90 180 270 360 B 0 90 180 270 360 B
a b

Fig. 7. The values of the singularity order A\; and A2 for the mixed problem of elasticity (the forces are given
at ¢ = 0, displacement at ¢ = ¢,, and the ratio of the shear modules of external wedges is p%/uj > 1.

The results show that:

— for the first boundary-value problem (Fig.5), the singularity order A\; = 0.5 with increasing the
insert opening angle decreases from the value A; = 0.5 (absence of the insert), and then increases,
while remaining less than A; = 0.5, even when considering the crack in the matrix of FGM. The
minimum singularity order value is obtained by the degeneracy of the insertion to the half-plane
B = . The influence of the law of change of the shear modulus of the insert material manifests itself
by the fact that the smallest values of the singularity order will be for the insert made of material
whose shear modulus changes linearly, and the largest will be for those whose shear modulus changes
exponentially;
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— for the second boundary-value problem of the elasticity theory (Fig.6), the values of the singularity
order will be the smallest if the shear modulus of the insert material varies according to the expo-
nential law, and the largest when it varies linearly. If the change of the shear modulus is described
by the exponential law, the singularity order changed in the same way as for the first boundary
value problem: its values first decrease with increasing the angle of insertion, and then increase,
while remaining less than A; = 0.5. In the case of a quadratic law of the insert shear modulus
variation the singular order value increase after reaching the minimum and for g = 27, they are
approximately equal to 0.5. If the variation of the insert shear modulus is given by a linear law,
then for values 8 < 7/2 the singularity order is about Ay ~ 0.5. For § > 7/2, it grows to maximum
at 8~ b /3, then falls, while remaining greater than 0.5.

— for the mixed problem of elasticity (Fig.7), besides the maximum stress singularity order \;
(Fig.7a), it is necessary to take into account the minor one Ay (Fig.7b). The maximum values
of the singularity order 0.84 < A; < 0.905 for different laws of change of the Poisson ratio of the
insert material differ a little from each other, and for § < 7 they are almost equal. The greatest
value of the singularity order is obtained for exponential law of the insert shear modulus variation
while the smallest one occurs for the linear law. If the system is under the condition of mixed
problem of elasticity theory, then in addition to the maximum values A\ on interval (0; 1), there are
also minor values of the singularity order belonging to the interval (0.05;0.3) (Fig.7b). Then the
singularity generated by them becomes essential, and therefore, when evaluating the stress-strain
state in the structure of considered type, one must take into account the term of the series (9) that
contains them. The largest values Ao are obtained if the shear modulus of the insert varies linearly
while the smallest one is observed for the exponential law (Fig.7b).

For the first and second boundary-value problems of the elasticity theory, there may also be more
than one value of the singularity order (for example, the first boundary-value problem, when the
shear modulus of the insert material changes linearly (Fig.5)) for different geometric parameters of
the system. However, in these cases go =~ 1 and, the singularity generated by it is small Ay < 1.
Therefore we can when describing the stress field around the vertex of the wedge system, neglects the
corresponding member of series (9), [16,20].

4. Conclusions

A procedure for determining the stress singularity order in the vicinity of a singular point of a wedge-
shaped structure containing elements of FGM with an angular gradient is proposed. The procedure is
based on modeling the FGM elements by multi-wedge systems, whose elastic characteristics are related
by functional dependence.

By using a model region composed of 20 wedges, it is found that the maximum relative error of the
stress singularity order in the studied cases is less than 5% for the ratio of shear modulus value on the
edges of the wedge is 1 < v < 100 (v = u(B)p~1(0)). This confirms the validity of using such a model.

This model was used to elucidate the singularity order in a two-component wedge with an FGM
insert with an angular gradient. The influence of the insert shear modulus variation law nature on
the stress singularity order is analyzed. It is found that depending on the geometric parameters of the
system, being implemented the variation law of the shear modulus of FGM insert, one can influence
significantly the stress field singularity order.

The proposed procedure provides additional possibility in designing and predicting the integrity
and reliability of structures containing wedge-happen FGM elements with an angular gradient.
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I Inemumym npuxaadnuz npobaem Mexawiru i mamemamury im. . C. Hidempueawa HAH Yxpainu,
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3 ITenmp mamemamuunozo modemosarns IITITMM im. d. C. Iidempuzaua,
eyn. Jowc. Jlydaesa, 15, Jlveis, 79005, Yxpaina

V nmaniit poboTi BUBYAETHCS 3’sICy BAHHS TOPSAJIKY CHHIYISPHOCTI y 0AraTOKIMHOBUX CHCTE-
Max, 10 MICTITb €JIeMEeHTH, BUKOHAH] 3 (bYHKIIOHAIBLHO IrpajienTHoro Marepiaay (OI'M)
3 KyTOBOIO rpajieHTHiCTIO. Taki eJeMeHTH 3aIpONOHOBAHO MOJETIOBATU 3a JOIIOMOTOIO
6araTOKJIMHOBOT'O ITAKETY, JIe MOJIyJIb 3CYBY 3MIHIOETHCS BiJl KJIIMHA JI0 KJIMHA 3TiJHO 3 I1€B-
HOIO (DYHKI[IOHAJIBHOIO 3aJI€KHICTIO (B CTATTI PO3IVIAHYTO JIHIfiHY, KBaIpaTHIHy Ta €KC-
HOHEHIAJIbHY 3aJieXKHOCTi). 3’scoBano, 1o cKiajeHa 3 20 ejleMeHTIB MomesbHa 06JacTh
3abe31edye BiTHOCHY TOXUOKY OOYHMC/IEHHS [TOPSIKY CHHTYJISPHOCTI MO/ HAIIPY 2KEHb, KA,
ne nepesunrye 5%. Bukopucropyoun momemosanas OT'M 3a gonomMoron 6araToKJIMHOBOL
cucreMu, BUBYEHO BILIMB BcTaBkU 3 PI'M 3 KyTOBOIO Ipai€HTHICTIO Ha IOPSJIOK CHUHLY-
JIIDHOCT] ¥ TPUKOMIIOHEHTHOMY KOMIIO3UTHOMY KJIMHI. BUsB/IeHO HU3KY 3aKOHOMipHOCTEIA.

Knwouosi cnoBa: anmunaocka 3adava, 6a2aMOKAUHOBE CUCTEMA, CUHLYAAPHICMS HA-
npystcens, GYHKUIOHAAIbHO 2PadicHMHUT MAMEPIaL, KYMOoGa 2padicHmmicms.
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