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DEFORMATION OF HETEROGENEOUS MICROSTRETCH ELASTIC BARS

DORIN IESAN

The material points of microstretch continua undergo a uniform microdilatation and a rigid microrotation.
This paper is concerned with the deformation of a bar composed by two different microstretch elastic
materials. The intended applications of the solution are to bone implants and various compound cylinders.
The bar is reinforced by a longitudinal rod and is subjected to extension, bending, torsion and flexure.
First, the problem of bending and extension is investigated. The solution involves the solving of three
plane strain problems. Then, we study the problem of torsion and flexure. The results are used to
investigate the extension of a right circular cylinder reinforced by a circular rod.

1. Introduction

A microstretch continuum is a material with microstructure in which the microelements can stretch
and contract independently of their translations and rotations. The theory of microstretch continua was
introduced in [Eringen 1999] as a generalization of the Cosserat theory. When the microdilatation is zero,
the microstretch continuum reduces to the Cosserat model. The applications of the theory of microstretch
continua are to composite materials, porous solids, bones and various materials with inner structure.
The Cosserat elastic solid was used as model for carbon nanotubes and composite materials [Lakes
2001; Chandraseker et al. 2009; Ha et al. 2016] and for bones [Lakes 1982; Fatemi et al. 2002]. Lakes
[1982] presented some experimental observations on the mechanical behavior of bones and remarked
that “Human bone, a natural fibrous composite, displays size effects in torsion and bending which are
consistent with Cosserat elasticity rather than classical elasticity”. The cancellous bone is considered as
a porous body [Kohles and Roberts 2002] so the linear theory of microstretch elastic solids is adequate
to describe the mechanical behavior of bones. Various papers have been devoted to the study of bone
implants and anisotropic cylinders [Hanumantharaju and Shivanand 2009; Thielen et al. 2009; Taliercio
and Veber 2016]. The bone and the implant form a body which can be modeled as a continuum composed
of different materials.

We study the deformation of a heterogeneous bar which is made of two materials, welded together
along the surface of separation. The deformation of homogeneous microstretch elastic cylinders has been
investigated in [Iesan and Nappa 1995; Iesan 2008; 2019a; 2019b]. We assume that the bar is composed
of two homogenous and isotropic microstretch elastic materials and is subjected to extension, bending,
torsion and flexure.

The paper is structured as follows. First, we present the basic equations of isotropic microstretch
elastic solids and formulate the problem of a reinforced rod. Then, we define the plane strain problem
associated to a heterogeneous body. In the following section we present the solution of the problem
of extension and bending. It is shown that this problem reduces to the study of some two-dimensional
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problems in which the external data depend only on the constitutive coefficients. Then, we study the
problem of torsion and flexure. The flexure of the cylinder produces a torsion of the bar about its axis.
Finally, we use the method to investigate the extension of a circular cylinder reinforced by a circular rod.

2. Preliminaries

We present the basic equations of the microstretch elastic solids and the formulation of the problem.
We consider a continuum which in undeformed state occupies the regular domain B of Euclidean three-
dimensional space and is bounded by the surface d B. Throughout this paper a fixed system of rectangular
cartesian axes Oxg, (k =1, 2, 3), is used. We shall employ standard indicial notations: Greek subscripts
take on the values 1 and 2 whereas Latin subscripts (unless otherwise specified) are understood to range
over (1, 2, 3), and summation over repeated subscripts is implied. We denote by n; the components of
the outward unit normal of d B and introduce the notation f; = df/dx;. We study the deformation of
isotropic solids in the linear theory of microstretch elastic continua. Let u; be the displacement vector, let
@k be the microrotation vector, and let ¥ be the microstretch function. We denote by ¢;j; the alternating
symbol. The strain measures are defined by

eij=uj;i+&ikek, Kij=¢ji» Vi=WY.i. (2-D

Let #;; be the stress tensor, m;; be the couple stress tensor, o; be the microstretch stress vector, and ¢ be
the microstress function. The constitutive equations are

tij = Aepr 8ij + (U + k) eij + peji + AoV dij,  mij = oKy 8ij + BKji + v Kij + boEwji Vi, 22)

oi =aoy; +bosirsksr, . =Xoer + M1,
where A, u, k, Lo, A1, o, B, ¥, bo and ag are constitutive coefficients. In the linear elasticity the Cosserat
model is characterized by the coefficients A, u, k, o, B, y. The tractions acting at a regular point of 0 B
are defined by

L =tn;, m;=m;n;, O =O0;N;. (2-3)

In the absence of body loads, the equilibrium equations are
tiij =0, mjj+eirstys=0, 0;;—¢=0. (2-4)

In what follows we assume that the domain B is a right cylinder of length /& with the cross-section X
and the lateral boundary I1. The rectangular coordinate frame is chosen such that the x3-axis is parallel
to the generator of B. We denote by X; and X, the terminal cross-sections and assume that these are
located at x3 = 0 and x3 = h, respectively. Let L be the boundary of ¥;. We assume that the cylinder is
free of lateral loading. We have

tying =0, mying =0, oyn,=0 onlII. (2-5)

We assume that the load of the cylinder is distributed over its ends in a way which fulfills the equilibrium
conditions of the body. We use Saint-Venant’s formulation in which the pointwise assignment of the
terminal tractions is replaced by prescribing the corresponding resultant force and resultant moment.
Let the loading applied on X; be equivalent to the resultant force R = (R, R», R3) and the resultant
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moment M = (M, M, M3). The cross-section X, is subjected to tractions that satisfy the conditions of
the equilibrium of the cylinder. The conditions on the end X; can be expressed as

/ fzida = —R;, (Xq 133 — €30 M3p) da = eqp3 Mg, (&30 Xat3p +m33)da =—M3. (2-6)
21 E| 21

The formulation of Saint-Venant leads to the four basic problems of extension (R, =0, M; = 0), bending
(Rj =0, M3 =0), torsion (R; =0, M, =0) and flexure (R3 =0, M; =0).

Let I" be a closed curve contained in X, which is the boundary of a regular domain €2, contained
in X;. We suppose that I" and L have no common points and denote by 2| the domain bounded by I
and L. Let B, be the cylinder:

B, ={(x1,x2,x3) : (x1,x2) € RQ,, O<x3<h}, p=1,2

We suppose that B, is occupied by an elastic material with the constitutive coefficients AP, 1P P
A0 @ gy @ p) and ¢, We assume that the elastic potential corresponding to the
material that occupies the cylinder B, is a positive definite quadratic form in the independent constitutive
variables.

Let S be the surface of separation of the two materials. We assume that the cylinder B is composed of
two different materials which are welded together along S (Figure 1) and that there is no separation of
material along S in the course of deformation. The functions u;, ¢;, ¥, t;, m; and o must be continuous
in passing from one medium to another, so that we have

[ujli = [u;]2, il =l¢jl2, (Y1 =¥,

2-7)
[taj 1110 = [taj12n,  [mejlind =[mej1anl, [o4]ind =[o,]2nd on S,

where (n(l), ng, 0) are the components of the unit normal to S, and the expressions in brackets are calcu-
lated for the domains B and B,, respectively.

Saint-Venant’s problem consists in the determination of the functions u;, ¢; and ¥ which satisfy
the equations (2-1), (2-2) and (2-4) on B; and B,, the conditions (2-5) on the lateral surface, the condi-
tions (2-6) on X and the conditions (2-7) on §. The constants R; and M;, and the constitutive coefficients
are prescribed. In what follows we use the method established in [Ilegsan 1976a; 1976b; 1976¢] to study the
deformation of inhomogeneous cylinders. This method has been extended to study generalized models
in [Lyons et al. 2002; Iesan and Scalia 2009; Iesan 2008; Birsan and Altenbach 2011; Birsan et al. 2012].

Figure 1. A heterogeneous rod.
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3. Plane strain

We introduce the plane strain problem associated to a cylinder composed by two materials. We assume
now that the cylinder is subjected to a body force fj(p ), a body couple g;p ), and to the microstretch body
force [”), on B,, (p =1, 2). Moreover, we suppose that the lateral surface of the cylinder is subjected
to surface tractions fj, to surface moments 7 ; and to microstretch traction 0. We assume that all external
data are independent of the axial coordinate and that f3(p ) = 0, gép ) = 0, =0, m, =0.

We say that the cylinder B is in a state of plane strain, parallel to the x; Ox;-plane if the functions u;,

@; and ¥ have the properties

Ug =Ug(Xx1,Xx2), u3=0, @y=0, @3=p3(x1,x2), V¥ =v(x1,x2) onBkB. (3-1)

It follows from (2-1), (2-2) and (3-1) that e;;, «;;, i, tij, m;ij, o; and ¢ are all independent of the axial
coordinate. The nonzero strain measures are

€ap = UBa + EBa3 V3, Ka3 =@P3 o>, Yo = w,a- (3'2)

The constitutive equations (2-2) imply that, in the case of plane strain, the nonzero components of the
stress tensor, couple stress tensor and microstretch stress vector are tjg, mq3, m3, and o,. Further,

ta/fi — )"(p)evv 50“3 + (M(P) +K('O)) eup +M(p)eﬂa +)"(()p)w8aﬂ’

(3-3)
maz =y P kaz + b(()p)€3aﬁ Vg, Ou= a(()p))/a + b(()p)53,3a kg3, &= )»(()p)ew + )»ip)‘ﬁ-
The equations of equilibrium in the case of plane strain can be expressed as
tap+ [P =0, Mosa+eraptap g =0, 0ga—¢+I1? =0 ong, (3-4)
The conditions (2-7) reduce to
[uat = [ualo, [o3]1 = [@3]2, Wh =1V,
[tpa]ing = [tpalang. [masling =I[maslang. [oaling =loalang onT. )
The conditions on the boundary IT become
[tpaling =ta, [me3ling =m3, [0gling=6 on L. (3-6)

The plane strain problem consists in finding the functions u,, ¢3 and ¥ which satisfy the equations
(3-2)—(3-4) on 2, the conditions (3-5) on I' and the conditions (3-6) on L. The functions fofp ), gép ), 1),
ty, M3 and & are given C*-fields. The necessary and sufficient conditons for the existence of a solution
to the plane strain problem are [Fichera 1973]

2 2
/ fads+ ) / P da =0, / (30 Xo Tp + 713) ds + / (€308 Xa 5 +85") da=0. (3-7)
L Q L Q
p=1 4 p=1 4

If the conditions (3-5) are replaced by
[ugli = [uqgl2, [p3li = [@3]2, (V1 =¥,

(3-8)
[tpa]1 7y = [palang + Pa.  [Mmasling = [maslang +q. [oaling =l[oalang +s.
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where p,, g and s are prescribed functions, then the necessary and sufficient conditions for the existence
of the solution are

2
/fads+2/fofp)ds+/padS=O,
L Pl r

(3-9)
2
/(83aﬁ Xo Ip +m3)ds + Z / (&30 xaf}g(p) + gép)) da+ /(83a5 xqpp+q)ds =0.
L Q r
p=17""%°
If 73 = 0 and gép ) =0, then the conditions (3-9) reduce to those used in classical elasticity to study

the deformation of heterogeneous cylinders [Muskhelishvili 1953]. By using (3-2) and (3-3) we can
express the equilibrium equations (3-4) in terms of functions u,, ¢3 and . We obtain the equations of
equilibrium:

1 1) Aty + AP + D)ty o + kP esap 3.5 + 2 Vo + £ =0,

» » » » (3-10)
y(p)A(P3 +K(p)83a;3 Ug,a — 2K(p)(p3 + g3p =0, aop Ay — )\()p Uyy— Alp ¥ +l(p) =0

on 2,, (p =1, 2), where A is the Laplacian.

4. Extension and bending of heterogeneous cylinders

We assume that the loading applied on the end located at x3 = O is statically equivalent to the force
(0, 0, R3) and the moment (M;, M,, 0). The conditions on X; become

f t3eda =0, (4-1)
|
f f3da = —Rs, (4-2)
)
(Xo 133 — €30 M3g) da = eqp3 Mg, (4-3)
P
/ (€308 Xo 13p +m33) da = 0. (4-4)
P

The problem of extension and bending consists in finding the functions u;, ¢; and ¥ which satisfy the
equations (2-1), (2-2) and (2-4) on B,, the conditions (2-5) on II, the conditions (2-7) on S, and the
conditions (4-1)—(4-4) for x3 = 0. Following [Iesan 2019b] we try to solve this problem assuming that

3
1
Uy = —Ecaxg + chff), uz = (c1x1 + caxp +¢3) x3,
= 4-5)

3 3
k
Yo = E3ap CB X3, <P3=ch¢’§), W=ZCk1/f(k),
k=1 k=1
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where u(k) <p§k) and ¥ ® are unknown functions which are independent of x3, and ¢; are unknown

constants. In what follows we shall prove that the functions ul, (p(k) and ¥® satisfy a plane strain
problem P®, (k = 1,2, 3), associated to the composed cylinder B.

Let us denote by e(k) (k) and y® the strain measures (3-2) associated to the functions uka), (pgk)
and y®, (k=1,2,3). Thus we have

k k k k k
eup =gt eps s kS =0i0 P =v. (4-6)

We introduce the notations

X k k
t(ﬂ) —) (p)e(k)6 s+ ('u(p) K(p)) e( ) M(p)el(goz )»(()'O)W‘Saﬁ’
k k k — —+ —
”l((x3) - )/('O)K;; +b(()p) J//fg ), %Ek) —a(()p)%gk) b(()p)83,3 Kp3, f(k) )\'E)p)el()lf)) )L(lp)‘/f(k)’ 4-7)
X k k
) - )‘(p)el()lf)) )‘(()p) ¢ (k)’ mga) = ﬂ(p)K;_@) + b(p)SSav yv(k) on QP‘

In view of (2-1), (4-5)—(4-7), the constitutive equations (2-2) imply

3
k
lup = )\.(k)(C1X1 + c2x0 +¢3) 505/3 + chta(tﬁ), ty3 = t3q =0,
k=1
3
3= (A0 42 + kD) (erx) + e+ e+ Y atsy

k=1 (4-8)

3 3
k k
Moz =m33 =0, myz= ,8('0)83aﬂ cp+ Z Ck m((ﬂ) Mg =y P e300 cy + Z Cr mga),

k=1 k=1
3
Oy = —b(p)ca + cha(k), o3=0, (= Aép)(clxl +crxo+c3) + chg(") on B,.
k=1

Let us substitute (4-8) into the equations of equilibrium (2-4). We require that the resulting equations
be satisfied for any constant c;. Thus, we find that the functions t(];,), g;) , (k) and ¢®, (k=1,2,3),
satisfy

3

(4-9)
U)_g(V)_)\’(()p)xv=0’ O’(iii_;(g)_)\'(()p)=0, V:1,2 on Qp

The equilibrium equations are satisfied if (4-9) holds. It follows from (2-5) and (4-8) that the conditions
on the lateral surface are satisfied for any constants cy, ¢, and c3 if we have

tgling =1L, [mSling =iy, [0F1ing=6® onL, (4-10)
where we have used the notations

~(3 ~ ~(3 ~ 1 ~
éa) A(l)xanﬁ, t/g ) = —A(l)nﬁ, mga) = BWVesqun,, mg ) = 0, 6@ = b(() )na, 6@ =0. (411
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Similarly, we conclude the conditions (2-7) on the surface S are satisfied if the unknown functions satisfy

L =w®h, 10801 =151, w(“]l:w(")h, [tglinG = (15, + pF.

(4-12)
[m(k)] n, = [m(k)]z n, 04 g®, [O'(k)] [o*o(lk)]z n, 04+ s® onT.
Here, p&, g™ and s® are defined by
pB = (0@ — 2y xgn0 p® = (@ — 2y 0
¢ N (4-13)

D =BV =P esuny, ¢V =0, P =0 -bng, s =0.

o’

Thus, the functions u((xk) , goék) and ¥® are the solutions of the plane strain problems P%® which are
characterized by the geometrical equations (4-6), the constitutive equations (4-7) and the equilibrium
equations (4-9) on €2, and the boundary conditions (4-10) and (4-11). The functions t(k) and m(3k) can
be found after the determination of ua , <p§k) and w(k) from the problems p®, (k= 1, 2, 3). It is easy
to see that the necessary and sufficient conditions (3-9) for the existence of the solution are satisfied for
each problem P®, (k =1,2,3). We note that the external loading in the problems P®) depend only
the constitutive coefficients and the cross-section of the cylinder.

Let us prove that the constants ¢y, ¢ and c3 can be determined from the conditions on the ends. First,
we note that the conditions (4-1) and (4-4) are satisfied on the basis of equations (4-8).

The conditions (4-2) and (4-3) reduce to the following system for the constants ¢, ¢; and c3:
Aaj Cj :8305,3M/3, A3j Cj = —R3. (4—14)

Here, we have used the notations

2
Aup :Z/{(,\<ﬂ>+2u<0>+/<<ﬂ>)xaxﬁ + 21D + £3,0mP + 9P 5041 da,

2
A=) / (O 420 41 P) xy + xg 153 + £300 M) } da,
Q
) (4-15)
Asg = Z/ (AP 420 4+ 1) x, + 152 da,
Q

2
33=Z/(W)+2M<P>+K<P)+t§§))da.
Q

The constants A;; can be found if we know the functions ul, goék) and y®, (k=1,2,3). By using
the methods of the classical elasticity [Muskhelishvili 1953; Iesan 2008] we can prove that the positive
definiteness of the elastic potential and the reciprocal theorem imply

det(A,‘j) >0, A,‘j = Aji- (4-16)

The constants ¢; are determined by the system (4-14). Thus, the solution of the problem is given by (4-5).
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5. Torsion and flexure

The problem of torsion and flexure consists in finding the displacement vector, the microrotation vector
and the microstretch function, which satisfy the equations (2-1), (2-2) and (2-4), the conditions (2-5) on
the lateral surface, the conditions (2-7) on the surface separation, and the conditions (2-6) on X, when
R3; =0 and M, = 0. We seek the solution of the problem in the form

3
1 1
Uy = —gaaxg +x3 E aku((xk) +dx3ege3 Xg, U3 = §(a1X1 + arxy + as) x% + F3,
k=1

(5-D

3 3
1 k
Qo = E)C3283a5 ag+Fpg, ¢3=dx3 +X3Zak¢§ Loy =X3Z“W(k)’
k=1 k=1

where a; and d are unknown constants, 1%, wék) and ¥ ® are the solution to the problem P®), and F;
are unknown functions of x; and x,. We denote by w = (Fy, F;, F3) the ordered triplet of functions F1,
F, and F3, and introduce the notations

T w=(u? 4+ kP F3 4 4k Peqps Fp, TP w = uP Fs o +kPespq Fg, 5.2)
M(p) —a@F § () ~ (28 NP g = M(p) N(p) _ T(p)
wp =0 n.n %ap + B wp TV B.as o w=ngMg, o, 3 w=n,T,;3 w.
and
Ll(f’)a) — a(p)Fn,r]v + ’3(/0) Fy o+ V(p)Fv,M + &un3 K('O)F3,,] — 2P F,, 53
Lgp)a) — (M(p) _,_K(p))F&(w + a3 K(p)Fﬂ’a on Qp-
From (2-1), (5-1) and the constitutive equations we obtain
3
tap = A(p)(a1x1 +axxs +az) x3 8up +)C3Z ay to([]/;),
k=1
3
13 =\ +2u"? + kD) (@rx) + arey +az) x3+x3 ) ar(WPelf) +A ),
k=1
3
tes = T L w0+ dpPe3p, x5+ 1 Zak u®,
k=1
3
13g = T3(£)w —i—dswa(,u(p) —i—/c(”))x,g + (u'” +K(’D))Z ax uka), (5-4a)
k=1

3
k
My =ML+ Pdsy, + > ar @8, 3 + e3y, b 0,
k=1

3
m33=(oz(p)+ﬂ(p)+y<p>)(d+zak<p§k>>+a(p)Fn,n,
k=1

3 3
& k
My3 = (ﬁ(p)sav?a ay+ Y ax mfxs)) X3, Mg = (V“’)Sam ag+ ) akmga)) X3,

k=1 k=1
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3 3
Oy = (Z akaog") — b(()p)aa) X3, 03= b(()p)83a5Fa,/3 +a(§p)2ak y®
k=1 k=1 (5-4b)

3
.= <Ag))(a1x1 +azxr +asz) + Z ay {(k)> X3 on Bp.
k=1

By using (4-9), (5-3), (5-4a) and (5-4b) we see that the equilibrium equations (2-4) reduce to

) olp)
Lj w= Sj on £2,, (5-5)

where

3
k k k
S,Ep) =diPx, +y® £3gy ag — Zak[mgu) +a(p)¢§")) — &3 AT ul(3 )],

k=1
3 (5-6)

$Y) == +2u° + k) (@rx) +axa +az) = Y al(AP + u) ell) + 1y 1.
k=1

In view of (4-10), (4-11), (5-2), (5-4a) and (5-4b), the boundary conditions (2-5) can be written as

Nj(l)a) =h; onlL, (5-7)

where

3
k 1
he = _O[(l)dna — Ny Zak(a(l)(sva @; ) + €301 b(() )W(k)),

k=1 3 (5-8)
h3 = d,bL(l)Sgaﬂ XgNg — Ng ,u(l)z ai ug‘).
k=1
The conditions on the surface of separation S reduce to
[Fil =[FL. (N o)n" =No)n +e onT. (5-9)
Here, (N J.('O )w) (n°) denotes the operator N j(p )w for Ny = ng and ¢; are defined by
3
g, = (@@ —a®) ng, g3 = (u'V — M(Q))(déga}g Xg— Zak ufp) ng. (5-10)

k=1

It is known [Fichera 1973] that the necessary and sufficient condition for the existence of a solution to
the problem (5-5), (5-7) and (5-9) is

2
/h3 ds+/83ds =Z/ s\ da. (5-11)
L r o1’

In view of (5-6), (5-8) and (5-10), the condition (5-11) reduces to

Asja; =0, (5-12)
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where Aj; are defined in (4-15). By using the equations of equilibrium (2-4) we get

B3g = 1g3 + €380 Mjp,j = la3 + Xo k3 k + €380 Mjp,j = (Xo 1y3 + €30 Myp) v + Xo 1333 + €380 M3B,3.

Thus, in view of (2-5) and (2-7), we obtain

/ Bgda= | (xq 1333+ €380 M3p,3) da. (5-13)
%) %)

With the help of (5-4a), (5-13) and (4-15), the first two conditions from (2-6) become
Agjaj = —Rg. (5-14)

On the basis of (4-16), the equations (5-12) and (5-14) determine the constants ay. Let us determine now
the constant d. We introduce the notation V = (G, G2, G3), where G; satisfy the following boundary
value problem

LOV=kPx,, LYV=0 onQ,  [Vihi=[Vih. NPV)@®)=NPV)@O),
(N5 V)0 = (NP V) () + () = u®) s30p x5 mG, o T, (5-15)

N‘SI)V = —a(l)nv, N3(1)V = /L(l)83a/3 Xgnyg onL.

If we define the functions Fj0 by

FO = F;— dG;, (5-16)

and denote »? = (F 0 on , F30), then oV satisfies

3
k k k
LJ(.p)a)O =y P e3p, ap — Zak[mgv) 4o gpél)) — 083 I(('O)Mjg)], Lgp)a)0 = Sép) on,, (5-17)
k=1

and the conditions

[Fli =[Fl, (NP0 (") = (NP o) (n°) + &,
3
(1 0y/,0 — 2, 0y, 0N ¢, (D _ (2,0 (k) r
(N3 o) (%) = (N3 ) (n) = (uV — )na;akua onT, (5.18)
B 3

3
No(ll)a)0 =-—n, Zak(a(l)csm (pék) + €301 bél)l//(k)), N3(1)a)0 = —,u(l)na Zak uka) on L.
k=1 k=1

Clearly, the conditions for the existence of the functions G; and Fj0 are satisfied. The functions t3,
and m33 can be expressed as

3
3y = T3(5)Cl)0 +d[T3(£)V +83/30((/'L(p) +K(P)) -x,B] + (M(P) +K(P))Zak u((xk)’

k=1 (5-19)

3
m3,;=(O{(P)_i_ﬁ(P)+V(P))Zak¢§k)+a(P)F]2n+d(a(P)+ﬁ(P)+y(P)+a(P) GW:’?)'
k=1
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In view of (5-19), the last condition from (2-6) determines the constant d,

d=—-D""(M3+ M), (5-20)

where

2
D= Z/ [e30p XaTag V + (P + k) xyx, +a® + P +y ) +aVG, 1 da,
Q
p=177r

2 3 (5-21)
k
M;“=Zf{83a,sxa T +a® FO, + 3 al@? + B9 4y @)
o=1"%% k=1
+ &30p Xa (W + k) uly Y da.

As in classical elasticity we can show that the torsional rigidity D is different from zero. The other
conditions from (2-6) are satisfied on the basis of relations (5-4a). Thus, the solution of the problem is
given by (5-1).

In the case of flexure we have M3 = 0, but the constant d could be different from zero. In general,
the flexure of the bar is accompanied by torsion. The torsion problem is characterized by R; = 0 and
M, = 0. In this case, from (5-12) and (5-14) we find that the constants a; are equal to zero. It follows
that the torsion does not produce a microdilatation. The solution of the flexure problem shows that the
microrotation vector and the microstretch function are, in general, different from zero.

6. Extension of a cylinder reinforced by a longitudinal rod

This section is concerned with the problem of extension of a circular cylinder composed by two different
microstretch elastic materials. In this case in the conditions (2-6) we have R, =0 and M; = 0. We
assume that the domains 2 and €2, are defined by Q; = {(x1, x2, x3) : r22 < xl2 + x22 < r12, x3 = 0}
and Q7 = {(x1, x2,x3) : 0 < x12 + xz2 < r22, x3 = 0}, where r| and r, are the radiuses of the concentric
circles L and I', respectively. To investigate this problem we use the solution (4-5). First, we have to
study the plane strain problems P, and then to calculate the constants cj. We seek the solution of the
problem P® in the form

W =U, V=0, yO =0, 6-1)
where U and @ are unknown functions which depend only on the variable r = (xl2 + x%)l/ 2. Clearly,

uffzx =AU = %(rU/)/, eSS) =Ugp =08up7 U —xqxp7 U + x4 x5 2U", (6-2)
where U’ = dU /dr. From (4-7) and (6-1) we find that

to(g:;) — )“(P)Saﬂ AU + (ZM(P) +K(P)) Uaﬂ +)\’(()P)q) 80[‘5’

(6-3)
m((¥33) =0, 0053) :a(()p)fb,a, §(3) = A(()p)AU —i—k(lp)cb on 2,.
In view of (3-10), the equilibrium equations (4-9) reduce to
)\’(P)
AU+epnd=AY, A0—12,d="2(1+4") onQ, (6-4)

()
ay
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where A(ll) and Aiz) are arbitrary constants and

PR
ey = )»(()'O)/()\.(p) +2M('D) _{_K(p))’ 2 1 0

To)= 75— —€0p)- (6—5)
() a(()p) a(()p)

The positive definiteness of elastic potential imply that ‘E(zp) > 0. From the equations (6-4) we find

U' = =110y @+ X7 +E A r + AP,
® = Dy —2d,(14+AY), (6-6)
oy = Cip)lo(‘[(p)r) + Cép)Ko(‘[(p)r) on Qp,

where Agp ), Cfp ) and Cép ) are arbitrary constants, I, and K,, are modified Bessel functions of order 7,
and we have used the notations

o) =€) /Ty Koy =€), dipy =2 @t ad) ™" &y =2 d /1), (6-7)
Since U’ and ® must be bounded for r = 0, we conclude that
AP =0, cP=o. (6-8)
With the help of (6-1) and (6-6) we obtain
ug = xo (=10 ®r ™"+ x(p) HE@ AT + AL on @y,
tgg)na = nﬁ{(2u(l) +x M) r](p)CID(’)r*1 —u® —Hc(l))x(p) —i—k(p)Agl) —2u® 4Dy r*ZA;D}, (6-9)

oPng=a’ @, onlL,

where

kipy = dipy A @1 + 20 + k@) — 200721/ (6-10)
If we impose the conditions (4-10) and (4-12) corresponding to the problem P, then we obtain a linear
system of equations for the constants Aip ), C f’o ), (p=1,2), Aél) and Cél). Thus, the condition 0053)710, =0
on L reduces to

c =vc?, (6-11)
where
vy = I (zayr1)/ Ki(zayrn)- (6-12)
From (6-6) and (6-11) we get
1) / )
@y =CcVow), @)=V Ar) onQy,
i 0=Ci T ! 6-13)

CD() = sz)lo(‘[(z)r), (Dz) = C{z)‘[(z) I] (‘L’(z)l’) on Qz,
where
Or) = Io(rqyr) +viKo(rayr), A@r) = hL(zayr) —viKi(rayr). (6-14)

The condition imposed to the function o® on I' leads to

c?® =vch, (6-15)
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where
_ (M (2) -1
vy =aqa, Tty Ar)lay T li(te)r2)] ™. (6-16)

Let us introduce the notations
AV=x,, AV=x,, AP =x; c’=x,. (6-17)

The remaining conditions from (4-10) and (4-12) reduce to the following system for the constants Afxl),
A® and ¢V
1 1
4
Y anX;=b,, r=12.34, (6-18)

s=1
where
aj1 =—2dwy, app=0, a;3=2dp), as=Q(r2)—v2ly(t2)r2),
ay =&, an= r{l, axy = —§),
a2y =N T2) vzr2_111 (teyr2) — U(l)T(l)rz_lA(rz),
az =kay, an=—-QuY +xMr?  az=—ke),
azs = u Y + Dy nay Ty ry ' A — Qu® + k@) nayvary Ty Li(Tey ), (6-19)
ag =kay, an=—-uY +kW) Ffz, as3 =0,
ags = u + Dy ey T(l)rl_lA(Vl)»
by =2(duy—dpy), br=xe) — X1,
by = (2,u(1) +K(l))X(l) _ (2M(2) +K(2))X(2) +)»(2) _ )»(1),
by = (ZM(I) +K(1))X(1) — A

We assume that the constitutive coefficients are independent. From (6-18) we can determine the constants
A((Xl), Agz) and Cl(l). The constants C;l) and Cl(z) can be calculated by (6-11) and (6-15). Thus, from
(6-1), (6-6), (6-9) and (6-13) we find that the solution of the problem P is given by

1 _ 1 -
ul =xa{—n(1)C1( )r(l)r YA+ xa +§(1)A§ )+A§ r72 on
2) 2
u$ = xo{—n0 T(z)Cf 't (toyr) + x@ +§(2)A§ '} on,

(6-20)
v =1(C{"0(r) —2d0)(1+A")} onQ,
¥ =(CPhreyr) — 2o (1+ A7)} onQ, ¢ =0.
From (4-7) and (6-2) we find
153 =27 Uy + 0 [ @0 — 2d() (1 + AY)] on Q. (6-21)

In view of (6-6), (6-13), (6-21) and (4-15), we obtain

A3 =0, Asxz=H, (6-22)
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where
H=70242u? +c)r; +7(0? +2u D + D)} —r3)
+2m (ALY +hi AP + hi3CY 4+ his € + ho),

hi= 0 —rHAD —dya”),  hi =r30@ —dpa$),

) (6-23)

hi3=G(r) — G(r), his = rz()»(()2) T(z)l —2Pew) Ii (@),
— (2 _ 2\ (D _ ONIE 2).2 2),.2

ho = (r{ =r))(A"xay —dmyry ) —dyrg 15 + 2713 X ).

G@r)= r{)»(()])fa)l 11 (zyr) — vi K1 (zayr)] = A ey A ()}
With the help of (4-16) and (6-22) we obtain A3, = 0. In the case of extension we have M; =0, so that
the system (4-14) has the solution
(4] :0, CQZO, c3 = —R3/H. (6—24)

Thus, the solution of the extension problem can be expressed as

ug =c3ul), uz=c3xs, =0, Yy=c39,

where u$” and ¥® are given by (6-20).

7. Conclusions

The paper is concerned with the deformation of a bar composed by two different microstretch elastic
materials welded together along the surface of separation. The results established in this paper can be
summarized as follows:

(a) We study the deformation of a heterogeneous bar which is subjected to extension, bending, torsion
and flexure.

(b) We show that the solution of the problem of extension and bending can be reduced to the study of
some two-dimensional problems.

(c) We establish the solution of the problem of torsion and flexure by a transversal force.

(d) We use the method to investigate the extension of a circular cylinder reinforced by a longitudinal
rod.
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