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Abstract The static inverse thermoelastic problem for an infinite elastic isotropic medium containing a cavity of
unknown shape, under three-axes tension and given constant values of the pressure and the temperature on the cavity
surface, is considered. The shape of a cavity is sought subject to the condition that certain stress components are
uniform on the cavity surface. It is shown that ellipsoidal shapes furnish a solution of this inverse thermo-elasticity
problem. Nonlinear equations for determining the geometric cavity parameters, which lead to an equal-stress state
along the cavity surface, are obtained. Results of other authors for force loading only are obtained as special cases.
Numerical investigations have been carried out and correlations between values of the force and temperature load-
ings and geometrical parameters for an equal-stress cavity surface are studied. The stress values on the equal-stress
cavity surface under force and temperature loadings are investigated.

Keywords Equal-stress surface - Force and temperature loading - Inverse problem - Unknown cavity surface

1 Introduction

Stress concentrations near holes, cavities and inclusions considerably influence the strength of design elements.
The problem of finding the cavity or inclusion shape to minimize stress concentration under force and temperature
influences is a difficult and important problem in the optimization of construction elements. Like other problems
of shape optimization, the geometry of a cavity or inclusion is the unknown element. However, the quantity to be
minimized differs in principle from the functionals of the integral form that are usually encountered in classical
variational problems. The solution of this problem allows estimating the limiting possibilities to decrease stress
concentration under a given system of loadings, and also to investigate the properties of such limiting states.

We consider the three-dimensional problem of finding a cavity shape in an infinite elastic medium under force
and temperature loading. We find the cavity shape as a function of the loading parameters and of the properties
of the elastic medium that cause the special stress distribution along the cavity surface. Similar two-dimensional
inverse problems for finding the optimal hole shape in a plate under tension were considered in [1,2]. Some space
inverse problems of finding the optimal cavity shape or rigid inclusion shape under three-axes tension were investi-
gated in [3-8]. The solution of a more complex three-dimensional inverse problem for an infinite medium with an
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elastic isotropic inclusion, the elastic properties of which differ from the medium properties, under force loading,
was obtained in [9]. Besides, it is assumed that between medium and inclusion ideal mechanical contact takes
place. Inverse thermo-elasticity problems for an isotropic matrix with an elastic isotropic or transversally isotropic
inclusion under three-axes tension and uniform heating of matrix and inclusion were studied in [10,11]. We note
that some direct problems for ellipsoidal cavities and inclusions in anisotropic media, which could be used in some
cases for solving inverse problems, were considered in [12—15], [16, Chapt. 4].

Note that a significant change of the temperature field can change the mechanical and thermal properties of a
material. According to linear theory [17, Chapt. 13], we assume that a small change of the temperature field does
not change the elastic and thermal properties of the material.

The problem of finding the cavity shape which realizes an equal-stress state along the cavity surface, under three-
axes tension in the elastic isotropic medium and given values of pressure and temperature on the cavity surface, is
considered in this paper. We note that the temperature field has a more complicated distribution in the medium in
this case than in the above-mentioned papers, which were devoted to solving inverse problems. As in [3—10], the
unknown cavity shape is found from the condition of equal-stress state along the cavity surface. If the temperature
field in the elastic medium is absent, we have to deal with the inverse elastic problem only. This was studied in [8].
Its solution follows as a special case from the results obtained here.

2 The inverse thermo-elasticity problem formulation

Suppose that an elastic isotropic medium contains a cavity of unknown shape. Let oY, 055, 055 denote a given
constant tensile stress in the medium, Py denote pressure on the cavity surface and 7j denote the temperature on a
cavity surface of unknown shape.

It is necessary to define a cavity shape which leads to the equal-stress state along its entire surface. For this, we
consider the next thermo-elasticity problem:

2(1 +v)x

— grad divi 4+ V2u = =, ead T, (X € RY), 1)
aij njlg = —Poni, 2
oij = o7 +o(IX|7") as [¥| > oo, (i, j =1,2,3), A3)
V2T =0;Tls =Ty, T=0(%"") as|¥|— ooc. 4)

Note, that (1) follows easily from [17]. The cavity surface S is an unknown surface which we define from the con-
dition that a special stress structure exists on its surface. For given values ai‘j’.o, Py and Ty, elastic matrix properties
W, v and linear temperature extension coefficient «, we find such a cavity surface S for which the stress tensor has
a special distribution along the cavity surface [8]:

J,'j|s =o0s(8;j —ninj) — Ponjnj, (@I, j=1,2,3), (&)

where o is an unknown value, which we have to find as part of the problem solution; §;; is the Kronecker symbol
and n; are the components of the unit outward normal to the cavity surface. We can verify that an equal-stress
state is realized on the cavity surface for this kind of stress distribution. In curvilinear coordinates connected to the
surface S, the stress state on this surface has the following form [8,9]:

Onmnls = —Po, O¢cls = ouls =05, Onrls = onrls = 0clg = 0.

Note that these conditions are equivalent to conditions (5), (this can be proved directly), and they can be considered
as the equivalent criterion for finding an equal-stressed surface S.
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3 Solution of the inverse thermo-elasticity problem

Using the knowledge of the solutions of inverse problems [2—11], for which the required geometrical form of a single

cavity or inclusion has been found in a class of ellipsoidal shapes, we shall search for the unknown geometrical

form of a cavity in the same class of geometrical shapes with unknown values of ellipsoidal semi-axes.
According to [18, Chapt. 5] we have the collection of harmonic functions

o0 x12 x% x% " ds
wn(x,y,z,p)=/ + + -1 , n=0,1,2,3,..).
p \ai+s a+s ai+s [(@} + )@} + )@} +9)]"

For n = 0 we obtain the harmonic function wg(x, y, z, p) which has a constant value on the ellipsoidal surface.
The function w;(x, y, z, p) which we have for n = 1, corresponds to the Newtonian potential of a homogeneous
ellipsoid of unit density [16, Chapt. 2], [19, Chapt. 5].

The temperature field in the elastic medium with cavity is represented by means of the harmonic function
wo(x, y, 2, p)

> d
me%m=0/ = 06s) = [(@® + )@ + )@ + )]/, ©6)
, 0@

where the constant C is given by C = T/ fooo ds/Q(s) and p = p(x1, x2, x3) is an ellipsoidal coordinate, which
is connected with Cartesian coordinates by the relation

2 2 2
X1 ) X3

5 + +— -1=0, (7
ag+p ay+p az+p

Here the parameters ay, a», a3 are ellipsoidal semi-axes, which we need to determine during the solution process;
on the cavity surface we have p = 0.
According to [12] we now write the particular solution of the thermo-elasticity equations in the following form

= D grad g, €))
where
2 2 2 2
. _/oo (a1 +5) | — X XX ds. ©)
p Q0) al+s ai+s al+s

Displacement components, which correspond to this particular solution of the thermo-elasicity equations, can
be represented as (see [12]):

¥ _op /°° ds ¥ _ 2Dy /°° ds + (@ 2)/°° ds
u, = X1 —_—, U, = X2 _— —a _—
* 14 Q(S) 7 p Q( ) z P (a% +S)Q(S) (10)
© ds
c—ame [T e [
, 0 " u+waw
where the constant D is defined as follows:
1(1 T
4§1+v; OZ (()15 ’ an
—v
f 0O(s)
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Using (10), we find expressions for the stress components which correspond to the particular equations of the
thermo-elasticity equations (8)

2
x ds (a%—i—p) X1
f=4D | (A -2
o (”)/p 0w 0w ((alz+,0)h)

2
* (a% +p) X2
=4D [ (v + + -2 ;
09 ( M)/ Q( ) M(m 2)/ 7 a2 +s)Q(s) 0 000 ((a% +p)h)
o =4D [ G+ )/ & @ az)/oo PG et (. 2 (12)
. 8 o MNTH ] @ rnow Tow \@ron) )
O_* — 4D —2/,1/ (alz + 10) X1 X2 O'* _ 4D _2M (alz + ,O) X1 X3
. Q) @ +ph@+pn) 0(p) (@ +ph (@ +ph )’
. @+pn x X3 X7 X3 x2
=4D| -2 , h= + + 3
= ( Y00 @t o @ +p)h) @ +p?  @+p)?  (@+p)

By means of (12), if p = 0, we obtain the structure of the stress field on the cavity surface, which results from
this particular solution of the thermo-elasticity equation. As a result we obtain

on | =ap((+ )/oo L .

s = . o 0O Malazasl '

O_*| = 4D ()\_’_ )/OOd_s+ (az_a2)/oo ds -2 Cl% n2
B Pl 0w TN T @ Mawms)

00 00 2
ok = 4D (k+u)/ d—s+u(a$—a2)/ ds oAt 2 (13)
Bls 0o 0®) o (@3 +5)0(s) ayazaz °
2 2 2
01*2‘ =4D{ —2u 4 niny |, ‘71*3‘ =4D| —2u i nns |, 02*3’ =4D| —2u 4 nonjy J.
S ajazas S ayjazas 1S ajayas

Comparing the obtained expressions (13) with (5), we may conclude that the multiplier at n;n; is identical in all
expressions al?; |s(i # j)in (13).
We now represent the stress state in the medium with cavity as a superposition of states:

0 1+v)
oij = oy + o+ oy = 2uel o i (14)
In addition, the solution of the uniform equilibrium equations 03. is represented according to [8] as
A 3%Q f x3 X3 x3 ds
0 1 2 3
o= — , Q=majara + + -1 . 15
Y 4w 9x;0x; 1 3/p (a%—ks a3 +s  ai+s Q(s) >

Next compare coefficients for similar terms. After some transformations which are similar to those of [8], we obtain
that the conditions (5) on the special structure of the stress tensor on the cavity surface are realized if a system of the
four following equations with respect to the unknown A, oy, a/ay, az/aj is satisfied. These equations are linear
relative to the first two unknown values and nonlinear with respect to the last two ones.

a2

1
Jo (0)’

1+v
os+Po=A+ 1 auTg

Jo (0)

1 —al) 1, (0
AL (©) = 12 (0) + (ofF — 055) + (%) ouTy (M) o,
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o o 14 a3 —a?) J, (0)
A1 (0) = J30) + (oY —o3%) + (1 — z) O!MTO(%) =0, (16)

1+v l+v aj
3 —A 00 00 ) _3 T T —1_1 s
os + (off + o35 +033) aﬂo(l_v)+a“0(1—v)(Jo(0) )

where

J()—laaa/ood—s J-()—laaa/OOd—s (=123 (17
0)0—2123p Q(S), 10_2123/) (ai2+s)Q(s)’ — Ly &y .

As follows from formulas (17), the values Jo(0), J1(0), J2(0), J3(0) are functions of ellipsoid semi-axes. For the
further calculations, it is convenient to use their interconnection in accordance with [16, Chapt. 2].

Jo (0) = a}Jy (0) 4 a3 J2 (0) + a3 J5 (0).
Further, from system of equations (16), we find

_off+02°2°+o§3°+&_zuaTo(l+v).

os = >

2 2 —
18)
oy +o55 +o8 3 1+v a? (
4= 21 22 3 4 2p — uall 2 L
2 tofomredo\ T I 2 10

The final two equations can be rewritten as

1 o3y o 3P  ualy (1+v a? o
214 22 4 38 -0 2 1 J1(0) — J-(0 1 — 22
[2( Tom o ) Yoo T e Ty )P 2 ) | 1O T 2O s
To (1 3 —a}) (0
+Ma000( +V) (a3 —ay)J2(0) —0, (19)
o 1—v Jo(0)
1 o o 3 Py waTy (1+v a? o
14 222 4 233 el S 2 1 J1(0) — Ja(0 1 — 33
{2(+Uﬁj+gﬁj g o (1) (27 50 ) | 1@ = son+ (1= 22

ety (1+v)(<a§—a%>13(0)):0_
of \1-v Jo(0)

Equations (19), which connect a given force and temperature loading and medium properties with geometrical
cavity parameters, are parametrically nonlinear equations with respect to the parameters ay/a; and az/aj.

4 Numerical results and their analysis

We now analyze Eqgs. (18), (19). Theoretically, when a temperature influence is absent, the corresponding relations
from [8] should be obtained from these formulas as special cases. Indeed, if 7o = 0, we obtain

off+02°2°+a3°_§ Py aff+a§2°—}-o3°§ 3
=234 - 4=A_2_34°p,
os 5 + > ) -|-2 0
o — ¥ o — X
Jz<0)—11<0>=%, 13<0)—Jl(0)=%. (20)

These expressions coincide entirely with the results of [8], where a similar problem for the action of force loading
is considered.

Now we consider the case of an axially symmetric tension 055 = o for given values of the pressure Py and
the temperature Tp. It is obvious that for an elastic isotropic medium a search of the necessary geometrical form of
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a cavity must be carried out within a class of rotational forms for reasons of symmetry. Indeed, it is easy to verify
that the first equation of system (19) is satisfied if a; = a». In this case, from system of nonlinear equations (19),
we obtain a single nonlinear equation with regard to a3 /aj. This means that the unknown cavity shape is searched
already among rotationally symmetric ellipsoids (spheroids).

Let us note an important property of system (16) which essentially simplifies our search. For a given ratio of
the ellipsoid semi-axes and values paTy/ofY and Py/o[Y, this system is linear with respect to the unknown ratios
of loadings o5y /oY and 053 /o[y, which lead to the realization of an equal-stress state for this ellipsoidal cavity
shape.

This property allows estimating the value of a payoff by reduction of the stress concentration in comparison, for
example, with the most symmetric, namely the spherical form of the cavity. So, if 7o = 0, the values of the two
ellipsoidal semi-axes are fixed and the third semi-axis is changed, making it is possible to calculate the loadings
realizing an equal-stress state for obtaining the geometry of the cavity. Then, it is possible to calculate the greatest
stress value on the spherical cavity (osphere) under the same loadings and to estimate the value of a payoff by a
reduction of the stress concentration for the equal-stress shape in comparison with the spherical cavity shape. As a
result of our numerical calculations, we obtained that for a3 /a; = 0.1 and az/a; = 0.2,0.4, 0.6, 0.8, the magnitudes
of the payoffs are equal ophere /05 = 1.8314, 1.9001, 1.9218, 1.9305, respectively.

In some cases (under specially chosen loadings), the stress concentration on the equal-stress cavity surface is
significantly less (almost twice) than for a spherical cavity.

The relations between the stress and the semi-axes parameters of the equal-stress shape under three-axes tension
(Ty = Pp = 0) are shown in Figs. 1-3.

In these figures the curves 1-5 correspond to semi-axes ratios of ellipsoids a /a; = 1, 0.8, 0.6, 0.4, 0.2, respec-
tively. The line 1 relates to the case of axially symmetric loading. In Figs. 1-2 the correlation between loading ratios
that lead to the equal-stress state, and the semi-axes of equal-stress cavity are shown. Figure 3 demonstrates the
dependence of the stress values on the equal-stress shape of the cavity semi-axes. The influence of the temperature
action on the parameters of the equal stress-state is shown in Figs. 4-6. In addition, it was assumed thatay /a; = 0.6
and the absence of pressure on the surfaces of a cavity (Pyp = 0). Curve 1 in these figures corresponds to the case
B=auTp /01°]° = 0 (force loading only), and lines 2, 3, 4 relate to the cases 8 = 0.15, 0.25, 0.35, respectively.
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Fig. 1 The dependence of 05y /oy on the semi-axis ratio of an Fig. 2 The dependence of 555 /o on the semi-axis ratio of an
equal-stress ellipsoidal cavity under three-axes tension equal-stress ellipsoidal cavity under three-axes tension
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Fig. 5 The dependence of o35 /o7y on the semi-axis ratio of an Fig.6 The dependence of the maximal stress values on an equal-
equal-stress ellipsoidal cavity surface under three-axes tension stress ellipsoidal cavity surface on the semi-axis ratio under
and temperature influence three-axes tension and temperature influence

In these figures, we can estimate the influence of a temperature field on the interrelation between loadings and
geometrical parameters of equal-stress cavities, and also on the value of the stress on the surface of equal-stress
cavities. Results of investigations of the pressure influence on the parameters of the equal-stress state are shown in
Figs. 7-9. The ratio of the semi-axes was a>/a; = 0.6 (as well as in the above mentioned case) and 7Ty = 0.
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Fig.7 The dependence of 053 /o7y on the semi-axis ratio of an
equal-stress ellipsoidal cavity surface under three-axes tension
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Fig. 9 The dependence of
the maximal stress values
on the semi-axis ratio of an
equal-stress ellipsoidal
cavity under three-axes
tension and inner pressure
on the cavity surface
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Curves 1-5 correspond to the cases Py /‘71010 =0, 0.2, 0.4, 0.6, 0.8, respectively. For all numerical calculations,
the Poisson ratio of the elastic medium was v = 0.3. We observe the correlation between the ratios of loadings and
semi-axes of ellipsoidal equal-stress cavities, and can estimate the stress values on the equal-stress cavity surface.

5 Conclusions

The inverse problem of thermo-elasticity for an isotropic medium of unknown form of a cavity under force, tem-
perature loading and inner pressure has been considered. The nonlinear equations for searching the geometrical
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parameters of an equal-stress cavity surface have been obtained. The relations for the force loadings which were
found by other authors follow from the obtained equations as special cases. Numerical calculations that establish
the correspondence between loads and geometrical parameters of the required cavity shape were carried out and
stress values at the surface of an equal-stress cavity were obtained. The influence of the temperature and the inner
pressure on the relation between the loading parameters and the geometrical characteristics of an equal-stress cavity
was evaluated.

It was shown that in some cases the obtained equal-stress cavity shapes allow to decrease the stress concentration
notably. A temperature field and a pressure upon the cavity surface, as well as the force loading values, strongly
influence the geometrical parameters of an equal-stress cavity and the stress values on its surface.

Future researches may be devoted to studying similar inverse problems for anisotropic two-dimensional and
three-dimensional elastic bodies with cavities or inclusions of unknown form under given force loading and tem-
perature influences. This will allow evaluating opportunities on how to decrease stress concentration in anisotropic
bodies.

Acknowledgements The author, would like to thank the referees for useful comments and remarks.

Appendix A

According to [16, Chapt. 2]; [20, Chapt. 17] the integrals Jy(0), J1(0), J2(0), J3(0) can be expressed by standard
elliptical integrals. Assuming a; > ap > a3, we have:

Jo (0) = : 2a1a25;;1/_2F(0,k), J1(0) = = 2‘1)16(12;13 i {F0.k)—E©,k)}, (A1)
ar — a3 ay —az)\ay —dz
(a? —a3)"” F 0.k) a
J> (0) = aaras E 6, k) — — i (A2)
[(a% —3) (a3 —a3) (@ —ad) (@@ —ad)'?  aar (i} —aj)

2 12
5 (0) = e )1/2[a2(a1 «) —E(M)}, (A3)

(@3~ a3) af — 3
2 2 2 a1a2da3
aiJ1(0) + a1 /2 (0) +a375(0) = WF 0.k) =Jo(0), Ji(0)+2(0)+ J3(0) =1, (A.4)
ay — 43

where

o dw o 5 . \1/2
F 0, k) = , E©, k) = 1 —k*sin*w)  dw,
1/2
0 ( 0

1 — k2 sin? w)

0 = sin~! (1 — a%/af)l/z, k= {(a% — a%) / (af — a%)}l/z.

Appendix B

Consider the superposition of stress states according to (14). We shall equate each of the stress-state components
of this superposition to the required value according to (5). We have

2
a 1+v
onls = A(J1(0) — n}) + of} +4D ((A + ) Jo(0) — 2 — n%) — 2uaTy (

=05 — Po)n?,
ajaraz 1—21)) os = (o5 + Po)ni
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onls = A(J2(0) — n3) + 035 + 4D ((x + W Jo(0) + p(ai — a3)J2(0) — 2u

1
—2uaTy ( il

2
T Zv) = o5 — (05 + Py)n3,

o33ls = A(J3(0) — n3) + o5y +4D ((x + W Jo(0) + p(at — a3)J3(0) — 2

14+v
1—2v

—2uaTy ( ) = o5 — (05 + Po)n3,

2

a
opls = —(A +8Dp— )nlnz = —(os + Po)niny,
ajazas

2

a
o13ls = —(A +8Dpu—-" )nlns = —(os + Py)nins,
ajazas

2

a
o023ls = —(A +8Dpu—-2" )nzns = —(os + Py)nans,
ajaxas

where D is defined according to (11). We have from last three equations

2

a
A+8Du—L1— =05+ P,.
ajazas

By means of (B.1) we obtain from first three equations

14+v
AJ1(0) + oY +4D (A + 1) Jo(0) — 2uaTy (1 — 2‘)) = oy,

14+v
AL (0) + 055 + 4D(h + 12)Jo(0) + 4Dy (a12 - ag) J2(0) — 2uaTy (1 m—

14+v
AJ3(0) 4 035 +4D (A + 1) Jo(0) +4Dp (012 — a%) J3(0) — 2uaTy (1 Y

(B.1)

(B.2)

(B.3)

B4

Let us transform (B.2)—(B.4). Instead of (B.2) we shall take the difference of (B.2) and (B.3), instead of (B.3) we
shall take the difference of (B.2) and (B.4), instead of (B.4) we shall take the sum of (B.2), (B.3), (B.4). Substituting

D according to (11), we obtain

-~ ~ 1+
A (J1(0) — 2(0)) + (o] —‘722)"'(1_3)0[“%( Jo(0)

1 2 a0
A(1(0) = J3(0)) + (05 — 05%) + (I“_L_:) WTO(M) _o.

Jo(0)
1
(1—2v)

1+v al2 1+v
V) ar —1) = 6par, —o,
+“(1—u)“ 0(10(0) ) e 0(1—21))

Substituting D in (B.1), we have

14+v
305 = A+ (0ff + 055 + 055) + 3paTy (r)

1+v a%
os+ Pp= A+ puaTy =) 700)°
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From (B.7), (B.8) we obtain

gg= Mo Ty Py e (1YY (B.10)
2 2 —v
oX +o55 +0X 3P 1+v a?
A= 2l 22 33 20 T ) 1 B.11
- + > nalp T + 70(0) ( )

Substituting the expressions og, A in (B.5) and (B.6), we obtain the equations (19).
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