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Abstract. This paper deals with the determination of stresses and displacements in a curved
bimetallic beam which has uniform curvature. The two curved beam components of different
materials have common displacements at their interface. The thermal load is derived from
uniform temperature change. Two models are considered. The first one is based on the
theory of the generalized plane stress state of elasticity and the second one uses a strength
of materials approach. The results obtained by these models are verified by a comparison
with finite element analysis.
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1. INTRODUCTION

When two metal strips, strip 1 and strip 2, are bounded along the length of a beam,
strip 1 is partly prevented from expanding by strip 2 when they are subjected to
uniform temperature change. A considerable force is thereby developed which causes
the bonded strip to bend. If there are no applied external forces, the bimetallic strip
will take the shape of a circular arc. Timoshenko [1] was the first who studied stresses
in bimetallic beams. He used the expressions of curvature and stresses assuming that
the temperature change is uniform [143]. Several works have dealt with the analysis
of bimetallic strips which consist of two different beam components [4H10]. In the
above-mentioned papers curved bimetallic beams were not considered. In papers [11]
12] curved beams are investigated but the loading is pure mechanical loading. In this
paper the curved bimetallic beam under the action of uniform temperature change is
studied. The considered bimetallic beam has uniform curvature. To determine the
deformations and stresses in curved bimetallic beams two methods will be considered.
The first one is an elasticity solution based on the theory of generalized plane stress
state. The second approach uses a strength of materials formulation. The results
obtained by these models are verified by comparison with a finite element solution
(Abaqus CAE).
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2. SOLUTION AS A GENERALIZED PLANE STRESS PROBLEM

Figure [1| shows the curved bimetallic beam of uniform curvature, which consists of
two different elastic materials.

X=r cosq
y=r sing

Figure 1. Bimetallic curved beam with rectangular cross section

The governing equations and boundary conditions are formulated in the cylindrical
coordinate system Orez, and the plane z = 0 is the symmetry plane of the two-
layered curved beam for its geometrical properties. The connection between beam
component 1 and beam component 2 at the common cylindrical boundary surface
r = Ry is perfect, hence neither the displacements nor the tractions have a jump at
r = Ry. For example, technically the rigid connection between the beams 1 and 2 is
created by welded bonds. There are no present body forces and the whole boundary
of the bimetallic curved beam is stress free. This means that

UT(Rl’SD) :O—’I”(R?HSO) :TMp(RlaQO) :Trap(Ri%SO) =0, 0< 505197 (1)

0u(r,0) = 04,(r,0) = Trp(r,9) = Tp(r,0) = 0, Ry <r < R;s. (2)
In the framework of generalized plane stress model the boundary condition
o, (r,9) = 0,(r,0) =0, Ry <r <R3, (3)
will be satisfied only in weak form such as
R3 R3
N = /ogp(r7 Hdr = /aw(r, 0)dr =0, (4)
R1 Ry
R3 R3
M= /raq,(r, P)dr = /rcrsa(r,())dr =0. (5)
Ry Ry

That is, the stress resultants and the moment resultant of the stresses vanish only at
the end cross sections ¢ = 0 and ¢ = 9. The temperature of the two-layer composite
beam initially is the reference temperature. Its temperature is slowly raised to a
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constant uniform temperature, where the temperature change is T'. The deformations
and stresses are caused by only the uniform change of temperature. The solution of
this problem is derived from the following displacement field

ui(r, ) = Us(r) + ficosp + fasing, (i=1,2), (6)

vi(r, ) = Cro + fising — facosp + far, (i=1,2), (7)
where the displacement components are denoted by u; in the radial direction and
by v; in the circumferential direction and the lower index ¢ refers to curved beam
component (i = 1,2). In equations @, (@ f1, fo and f3 are integration constants
whose values can be obtained from the displacement boundary conditions (Figure :

(751 (Rl, 0) = O, U1 (Rl, 0) = O, UQ(R3, 0) =0. (8)

The constant C' can be determined from the stress boundary conditions (1)), (4), (5]
and the continuity conditions the displacements and the normal stress field should
satisfy on the common cylindrical boundary of the beam components 1 and 2. It
follows from equations @ and that the strains can be given in terms of U; and C
as

U; dau; )
i—7+C, Eri = ar (Z—LQ). (9)
Combining equations @1 and @1 yields the compatibility condition the strains
should meet:

€p

€pi
" dr
For the present problem the constitutive law of linear thermoelasticity has the follow-
ing form |9, |10]:

+€Lpi_€Ti_C:O7 (i:1,2). (10)

Eigri = 0pi — V04 + BT, (i=1,2), (11)
Eieyi = 04 — Vo + BT, (i=1,2), (12)
where F; is the modulus of elasticity, v; is the Poisson ratio and «; is the coefficient

of linear thermal expansion while the radial and circumferential normal stresses are

denoted by o,; and o, (¢ = 1,2). Substituting equations and into
yields

d
T’a (_Vio'ri —|— Uapi —|— EiOéiT)—(1+V7;)O'7~7;—|—(1+l/i)0'¢i—Eic’ = 0, (Z = 1, 2) (13)

In our case the equation of mechanical equilibrium is as follows:

do,; o0, —0
+

i .
T " =0, (i=1,2). (14)
The general solution of equation can be given in terms of the stress functions
F;, = Fi(r) as
o Fl(r) o dFi

Orq = r ) Opi = dr )
Combination of equation with the formulas derived for the normal stresses leads
to the following differential equations
dF? dF; .
dQ’:“ +T?—Fi—EiCT‘:O, (221,2), (16)

(i=1,2). (15)

,],,2
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the solution of which are given by

E.C
F1(T)=(31r+c72+ ; rinr, Ry <7 <Ry, (17)
and
E>C
Fz(’r')zc?”r‘—’—%—’— ; 7"11’17", R2 <TSR37 (18)

where c1, ¢2, c3 and ¢4 are undetermined integration constants. Note that the stress
and strain fields are independent of the polar angle ¢. A simple calculation shows
that

R3 RS d
N = /J@(r)dr:/g(ror)dr:
R1 Rl

= Ry0,1(R2) — R10,1(R1) + Rsor2(R3) — Raora(R2) =0 (19)
if the stress boundary conditions
or1(R1) = 0p2(R3) =0 (20)
and the continuity conditions
or1(Re) = 0r2(R2) (21)

are satisfied. To obtain the stress field we should determine the five undetermined
integration constants ci, co, c3 ¢4 and C. The following equations will be used for
determining the values of the unknown integration constants:

or1(R1) =0, or2(R3) =0, or1(R2) = ora(Ry), (22)
Ro Rs
Ul(RQ) = UQ(R2)7 /T’ledrﬂ-/TULdeT =0. (23)
R1 R2

By the use of @1 equation 1 can be manipulated into the following form:

€p1(R2) = €p2(R2). (24)
This equation can be expressed in terms of stresses as
1 1

E [le(Rg) - VlUrl(Rg)} + o T = E [O'(pg(Rg) - VQUTQ(RQ)} + axT. (25)

By utilizing equations , 23]) and (25 the following system of linear equations
can be set up for xT = [ c1 ‘ co | e3 ‘ cy | C ]:

Mx=h (26)
where

M = [my]; h"=[0]0]0]|h]|0] (27)

and
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1 E
my = Ry, miz = oo s = Mg = Mgy =My = 0, mys = §R1 In Ry
1
1 FE
ma3 = R3, Moy = Ry’ Mas = 72R3 In R3,
1 F, - FE
m31 = R, M3z = 7 m33=—Ro, M31=" 5 m35:%R21nR2,
2 2
1—1 1+14 1—1s
my1 = Tl’ My2 = _W’ my3 = — E, )
2
. 1+ -1
myqg = ?R%y mys = In Rs, (28)
1 R 1
ms1 = = (R — R}), msy = —In =2, gy = = (R3 - R3),
2 R, 2
R
mss = —In—=>, h=(az—ay)T,
Ry

E 1
Mmss = Tl [RglnRz ~ Riln Ry + 5 (RS - Rf)} +

E 1
+f [Rg InR; — R3n Ry + 5 (R%—Rg)} :

After solving the linear equation system the following formulas can be used for

computing the stresses and displacements:

Co ElC Co ElC
arl(r):cl—&—ﬁ—i—Tlnr, le(r):cl—ﬁ—i—?(lnr—i—l),
C3 EQC Cy EQO
ora(r) = ez + 5 + ——Inm, Tp2(r) = 3 — 3 + ——(Inr + 1),
1-— 1
Ui(r) = Elyl ar — T+E'11/1 co + % [(1—wv)Inr — 1] 4+ a1 Tr,
1-— 1 C
Us(r) = E2V2 car — 7‘;21/2 ca+ 77“ [(1—w)lnr — 1]+ aoT'r,
v 14+v
fr=—Ui(R) = —— e Ry + RIEECQ—
CR
— ?1 (1 — lll)lan - 1] + a1 TR,
Ja=f3=0,
ui(r) =U;(r) — Uy (Ry) cos @, (i=1,2),

vi(r) = Cro + Ui (Ry) sin ¢, (i=1,2).

(29)

(30)

(31)

(32)

(33a)
(33b)
(34)

(35)
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3. SOLUTION IN THE FRAMEWORK OF STRENGTH OF MATERIALS
On the basis of paper [13] by Ecsedi and Dluli it will be assumed that
u="U(p) and v=rd(p)+ — (36)

are the two displacement components for the whole two-layer composite curved beam.
The strain-displacement relationships of the linearized theory of elasticity yield

Er = €2 = Yro = Yoz = Vrz = 0, (37)
1 d2U do
€¢—T<U+M>+ds0 (38)

which means that only one strain component is different from zero. Equations . (37))
and show that the displacements given by satisfy the requirements of Euler-
Bernoulli beam theory. The constitutive relation is the simple Hook’s law applied
here by taking into account the thermal effect:

E; a2U d¢ .
Opi = Eiiip - EZOéZT = 7 <U + dgp) + E d EZ‘OéZ'T, (’L = ]., 2) (39)

The stress resultant and the moment resultant of the stresses (the axial force and the
bending moment) vanish since there is no mechanical load on the structure (Figure

. Hence

d2U d¢
N = /deT—kl(U-i-d 2>+k2d(p_ﬁT:O7 (40)
i 2U do
M:/rawddr:kz(U—i—d2)+kgd<p—vT—0 (41)
Ry
where
Ry R3
ki = Elh’lR + E5In R, kQZEl(RQ—R1)+E2(R3—R2),
5 2 5 (42)
ks =5 (R3 - RY) + 57 (RS — R3)
B = 041E1 (R2 — Ry) + aQEQ (R3 — Ro),
041E1 OéQEQ (43)
7= P (g Ry 2P (m )
It follows from equations and that
d*°U  Bks — vks d¢ k1 — Bko
= T —=——-=T. 44
Ut a2 k=2 dp ~ ks — 2 (44)

Combining equation and leads to the following expression for the circum-
ferential normal stresses

o 1 Bks — vk B o L
Opi = Ez {k‘lkg — ]f% ( r + ’7]‘;1 5k2> 041} Tv (7’ - 17 2) (45)
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With o,; the normal stress o,; can be determined by utilizing the equilibrium equation

d .
ar (rop) = Oyi (i=1,2). (46)

Substituting o,; and solving the resulting equation for o,; yields

1 r
or1(r) 1{ (ouks — K2) 7 (Bks — vk2) In Rt

- R

+ (vk1 — Bka) (r — Ry) — Ol1r }T7 Ry <r <Ry (47)

1 r
ks — vko)In —
T(BS 72)HR2

— +
(kiks — k3)

R
ora(r) = 720r1(R2) + Ez{
T*RQ

+ (7k1 — Bkz) (’/‘ — RQ) — Q2 }T, R2 S T S R3. (48)

Integration of equation by taking boundary condition into account leads to
the following expressions for the radial and circumferential displacements:

_ Bks — ko

U(QO) - klkS _ k% (]‘ — COs SO) T? (49)
o(pr) = = Oke) ;fk; (_ﬂ,];’ —vks)sing (50)
2

4. NUMERICAL EXAMPLE
The following data are used in the numerical example:

Ri =0.35m, Ry = 0.4m, Ry = 0.45m,
E1 = 200 GP&, E2 =70 GP&,
v = 0.27, vy = 0.33,

1 1
ar=11-107" -, 02 =23-107°

T =200K, ¢ = %n.

Beam component 1 is made of steel. The material of beam component 2 is aluminum.
The graphs in Figures |2| and |§| show the normal stresses o, and o, in a comparison
with finite element solutions. The latter was carried out by using the commercial
Abaqus CAE software (coupled temperature-displacement solver).
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Figure 3. Plots of the circumferential stresses

In Figure [ the finite element model of the bimetallic curved beam and von Mises
equivalent stress field are presented, in which we can see that the stresses do not

depend on the polar angle ¢ aside from the narrow neighborhood of the end cross
sections.
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Figure 4. The finite element model with the equivalent stress field

Figures 5 and [6] show the 3D graphs of displacements U (r, ¢) and v(r,¢) obtained
by the previously presented elasticity solution when Ry <r < Rz and 0 < ¢ < 7.

0.40 0.42

r [m]

Figure 5. The circumferential displacement field
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Figure 6. The radial displacement field

5. CONCLUSIONS

This paper presents two models to analyze the curved bimetallic beams. Presented
elasticity and strength of materials approaches are checked by finite element simula-
tions (using Abaqus FE software). The stresses obtained by the analytical method
and FEM solution are in good agreement except for the end cross sections of the
curved bimetallic beam. The presented analytical methods can be used to design a
two-layered curved composite members which are in a high temperature environment.
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