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APPLYING THE GENERAL non-linear theory of shells undergoing phase transitions,
we derive the balance equations along the singular surface curve modelling the phase
interface in the shell. From the integral forms of balance laws of linear momentum,
angular momentum, and energy as well as the entropy inequality, we obtain the local
static balance equations along the curvilinear phase interface. We discuss general
forms of the constitutive equations for thermoelastic and thermoviscoelastic shells,
as well as propose their simple cases for the linear isotropic shell behaviour. We
also derive the thermodynamic condition allowing one to determine the interface
position on the deformed shell midsurface. The theoretical model is illustrated by
the example of thin circular cylindrical shell made of a two-phase elastic material
subjected to tensile forces at the shell boundary. The solution reveals the existence
of the hysteresis loop whose size depends upon values of several loading parameters.
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1. Introduction

SMART MATERIALS ARE WIDELY used in modern technology. Examples of such
materials are shape memory alloys and shape memory polymers [45]. The dif-
fusionless (displacive) phase transitions (PT) of martensitic type are recognised
[7, 28] to be responsible for the shape memory effect in these materials. Phase
transitions in steel, alloys, polymers and other materials become very important
also for contemporary materials science.

Within continuum mechanics the PT phenomena can be modelled using dif-
ferent approaches. The approach used in this paper is based on introducing the
sharp phase interface, being a sufficiently smooth surface dividing two different
material phases. In this approach the position of the phase interface itself becomes
unknown, together with the translation, temperature and other unknown fields.
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Mechanics of two-phase media has been developed in a number of papers
and summarized in books, for example by GRINFELD [19], GURTIN [21, 22],
ROMANO [43], BHATTACHARYA [7], ABEYARATNE and KNOWLES [2], LAGOUDAS
et al. [28], and BEREZOVSKI et al. [5]. Starting from the pioneering work by
GIBBS [16], the balance equations at the phase interface and the phase interface
motion during the deformation process are among the most discussed issues
in this field. Apart from the monographs mentioned above, let us remind here
some representative papers on equilibrium and motion of the phase boundary
[1-4, 6, 15, 26, 29, 30, 33, 38, 44, 53, 54]. In those works many one-dimensional
problems were discussed which also adequately described behaviour of bars, rods
and beams made of martensitic materials.

In technology there is a growing interest to understand the behaviour of
two-dimensional structures such as thin films, plates and shells made of shape
memory alloys and other materials undergoing PT. Thin films made of shape
memory alloys are regarded to be very prospective for design of microelectrome-
chanical systems (MEMS). Mechanics of such thin films was discussed, for ex-
ample, by BHATTACHARYA and JAMES [8], and JAMES and Ri1zzONI [23], see
also [7]. Let us note that experiments on shape memory alloys are usually per-
formed with thin-walled samples, for example rectangular plates [7, 11, 39, 40]
or tubes [14, 31, 50]. Thus, it is important to develop two-dimensional mechanics
of thin-walled structural elements made of materials undergoing PT, which is
based on the theory of shells.

Equilibrium conditions of elastic thin-walled structures (plates and shells)
undergoing PT of martensitic type were formulated by EREMEYEV and PIET-
RASZKIEWICZ [12], and PIETRASZKIEWICZ et al. [42], within the dynamically and
kinematically exact theory of shells presented in the books [10, 32]. By analogy
to the 3D case, as the phase boundary in the shell we have taken in [12, 42]
a singular surface curve. Hence, the two-phase shell was regarded as a certain
material base surface, consisting of two material phases divided by a sufficiently
smooth surface curve. This assumption about existence of such a dividing curve
restricts the class of allowable deformations of the shell as 3D body, because not
for all types of PT the reduction of 3D body to 2D shell leads also to reduction
of the phase dividing surface to the surface interface curve. But in many cases,
existence of such a curve was confirmed by experiments made on thin-walled
samples, see [7, 11, 14, 39, 40, 50]. As examples of other approaches to model
PT in thin-walled elements, we note the papers by SHKUTIN [46, 47] and the
review published in [42].

From experimental data we know that PT depending on strain rates and
inelastic effects may considerably influence the stress state of the solid. The aim
of this paper is to extend the results [12, 42] by taking into account temperature
and viscoelastic effects of the shell material phases.
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The paper is organised as follows. In Sec. 2 we remind the notation, the exact
equilibrium conditions, the shell strain measures as well as the kinematic com-
patibility conditions and the jump conditions at the curvilinear phase boundary
already discussed in [12]. The 2D resultant counterparts of the 3D energy balance
and dissipation inequality, together with the corresponding jump conditions at
the phase boundary, are discussed in Secs. 3 and 4. Then using the jump con-
ditions we discuss in Sec. 5 the possible forms of the kinetic equation, allowing
one to describe motion of the curvilinear phase boundary in the quasistatic
deformation process. The initial-boundary value problem is completed by the
constitutive equations of thermoelastic and thermoviscoelastic shells whose gen-
eral structure is discussed in Secs. 6 and 7, where also their simple expressions
for the linear isotropic shell behaviour are proposed. Finally, in Sec. 8 we il-
lustrate the theoretical model developed here by an axisymmetric example of a
thin circular cylindrical shell made of an elastic material capable of undergoing
phase transformations. The cylinder is subjected to tensile forces on the one end
and is clumped on another one.

2. Shell equilibrium conditions

A shell is a three-dimensional (3D) solid body which in a reference (unde-
formed) placement is identified with a region B of the physical space £ with F
as its translation 3D vector space. Geometry of B is usually described in the
system of normal coordinates {6, £}, a = 1,2, where £ = 0 defines the shell un-
deformed base surface M C B, and —h~ < & < ht is the distance from M, with
h = h~ + h* denoting the shell thickness. Relative to an inertial frame (o, i),
where o € £ and iy, € E, k = 1,2, 3, are orthonormal vectors, the position vector
x of an arbitrary point x € B is given by

x(0%,€) = 2(0%) + En(07),
1
where x(0%) = x(6%,0) is the position vector of M, n = ﬁm’l X & 2 is the unit
0
7C¥ = %( . )

normal vector orienting M, and a = det(x - T 3), (...)

Within the dynamically and kinematically exact theory of shells developed
in [10, 41], in the deformed placement the shell is represented by the position
vector y = x(x) of the deformed material base surface N = x(M) with attached
three directors (d,, d) such that

(2.1) y=xz+u, dy=Qx, d=Qn,

where y is the deformation function, w € F is the translation vector of M, and
Q € SO(3) is the proper orthogonal tensor, Q7 = Q~!, det Q = +1, given on
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Fi1G. 1. Shell kinematics.

M representing the work-averaged gross rotation of the shell cross-sections from
their undeformed shapes described by (z «,n), Fig. 1.

In the shell undergoing phase transition, it is assumed that above some level
of deformation different material phases A and B may appear in different com-
plementary subregions V4 and Np separated by the curvilinear phase interface
D € N, Fig. 2. For a piecewise differentiable mapping x we can introduce on
M a singular image curve C' = x~!(D) separating the corresponding image re-
gions Ma = x '(Na) and Mg = x ' (Np), Fig. 2. The position vectors of C
and D are related by z¢(s) = x ' (yo(s)), where s is the arc length parameter
along C.

F1G. 2. The shell with phase interface.
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The Lagrangian equilibrium BVP for elastic shells with PT was formulated
in [12] as the stationary problem for the functional of total potential energy. In
the present paper, however, we discuss the thermoviscoelastic shells which allow
for some energy dissipation during deformation with PT. But the exact, resul-
tant Lagrangian equilibrium conditions for the shell with the singular surface
curve modelling the phase interface, can always be derived by performing direct
integration across the shell thickness of the 3D global equilibrium conditions of
continuum mechanics, see for example [10, 48, 27].

Let £(0%), ¢(0%) be the resultant surface force and couple vector fields acting
on N\D, but measured per unit area of M\C, and let n*(s), m*(s) be the
resultant 1D boundary force and couple vector fields acting along ONy, but
measured per unit length of M. Then the exact, resultant, local Lagrangian
equilibrium conditions are [10, 27]

Divy N+ f =0, DivyiM +ax(NFT —FNT)+¢c=0 in M\C,

2.2)
( Nv=n*, Mv=m" along 0M;\C,

where (N, M) € E®T,M are the surface tangential stress resultant and stress
couple tensors of the first Piola—Kirchhoff type, following from the Cauchy the-
orem n,, = Nv and m, = Mv of the resultant contact force n,, and couple m,,
vectors, F' = Grady y is the surface deformation gradient, F € EQT, M, ax(...)
is the axial vector associated with the skew tensor (...), v is the surface unit
vector externally normal to M, while Grad, and Div, are the surface gradient
and divergence operators on M as defined in [10, 20], respectively.

Additionally, at the curvilinear phase interface C, which is the singular sur-
face curve with regard to the surface stress measures, we obtain the local La-
grangian equilibrium conditions

(2.3) [Nv] =0, [Mv] =0,

where the expression [...] = (...)p — (...)a means the jump at C.

More general Lagrangian equilibrium conditions along C, taking into account
also the elastic strain energy density of the interface itself as well as additional
resultant force and couple vectors acting only along C, were discussed in [27, 42].

In the general theory of shells considered here, the following two strain mea-
sures corresponding to the deformations (2.1) may be introduced, see [10, 12,
13, 41]:

1 .
(24) E=e,®a® K=5x,0a% ea=Yq—da, #a= §dz xQ.Q"d;,

where (a®m) and (d') are the bases reciprocal to (z 4,n) and (d,,d), respec-
tively.
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When deformation is small, one can essentially simplify expressions of the
strain measures (2.4). In such a case €, and s, are given by, see [10],

(25) Eq — u,a — @ X m,(:m Ao = So,a’

where ¢ is the infinitesimal rotation vector such that Q@ ~ 1 — ¢ x 1 if ||| < 1,
and 1 is the 3D identity tensor.
Let us consider a one-parameter family of shell deformations

(2'6) y(mv t) =T+ u(wv t)v da(wv t) = Q(w7t)w,av d(wv t) = Q(a:,t)n(m),

where t is a time-like scalar parameter such that ¢ = 0 corresponds to the
undeformed placement and ¢ to the deformed one. Then v = 4 is the transla-
tional velocity vector, and w = aX(QQT) is the angular velocity vector, while
V = &¢ - v is the exterior normal velocity of the phase curve C.

The curvilinear phase interfaces in shells can be either coherent or incoherent
in rotations, see EREMEYEV and PIETRASZKIEWICZ [12]. For the coherent inter-
face both fields y and @Q are supposed to be continuous at C' and the kinematic
compatibility conditions along C become, see [12], Egs. (31) and (34),

(2.7) [v] + V[Fv] =0, [w] + V[Kv] = 0.

The phase interface is called incoherent in rotations if only y is continuous
at C but the continuity of @ may be violated. In this case the condition (2.7);
is still satisfied, but (2.7)2 may be violated, [12].

From the physical point of view, the phase interface incoherent in rotations
model the singular surface curve at which the position vector remains continu-
ous, but the curvature of the base surface can have a jump discontinuity during
deformation process. Such singular surface curves correspond to formation of
folds or partial rotational damage of the base surface. In particular, such folds
were observed in thin martensitic films as the so-called tents and tunnels, see the
experimental data presented in [9, 8, 23, 24]. Of course, the notion of 1D phase
interface incoherent in rotations (as used in this paper) is somewhat idealized,
for in statics it corresponds to appearance of an ideal hinge associated with the
constraint m, = 0 along the interface. More realistic models of 1D incoherent
phase interface, which would allow creation of folds along which m, # 0, could
be obtained for example by introducing additional constitutive equations for the
forces, couples and energies associated with the interface itself, as in [42]. In such
a case the interface incoherent in rotations would model a deformable elastic or
thermoviscoelastic curvilinear joint. The 2D incoherent interfaces in 3D solids
were discussed by GRINFELD [19].
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3. Energy balance

To take into account the influence of temperature, let us discuss the balance
of energy in the shell. Thermodynamics of shells from various points of view was
presented for example in [17, 18, 34, 36, 48, 49, 55]. In the papers various sets
of surface fields responsible for temperature were used and several formulations
of the first and second laws of thermodynamics for shells were discussed. In
order to present here the reasonably simple results we confine ourselves to the
simplest version of these laws suggested by MURDOCH [36, 37]. If additionally
the temperature changes across the shell thickness are disregarded, at the shell
midsurface we have the temperature field T' which describes some through-the-
thickness average temperature.

The energy balance of an arbitrary part II of the shell midsurface M can be
described in analogy to the 3D energy balance, see [51], by the resultant surface
fields [34] as

d
3.1 —F=A ,
(3.1) g +Q
where F is the resultant total energy, A is the resultant mechanical power, and )

is the resultant heat supply. In (3.1), E = [[ peda, p is the undeformed surface
I

mass density, ¢ is the internal surface energy density per unit undeformed surface
mass, and A in the quasistatic process can be given by the relation

A://(f'v+c'w)da+/(nu'v-l-m,,-w)ds.
I a1l
In (3.1), Q is defined as

Q=//p(q++q‘+cm)da— / Gy ds — / q*ds,
11

ATI\OM,, ATINOM},

where ¢F are the heat influx densities through the upper (+) and lower (—) shell
faces defined as in [36, 37, 55], g1 is the internal surface heat supply density,
while ¢, and ¢* are the heat supplies through the internal boundary contour 911
and the external boundary contour dMj, respectively. The field ¢, is defined
through the surface heat influx vector q according to ¢, = q - v. We shall omit
¢* in the following discussion.

From (3.1) we obtain the local energy balance at any regular point of M,

d6 . o o
(3.2) pa:p(qu—i—q_—i—qH)—Dleq—f-NoE +MeK°,
where (...)° is the co-rotational time derivative, see [10, 13, 41],

d d
E°=Q+ (Q"E), K’ =Q-(Q'K),
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and the scalar product of two tensors (A, B) € E® T, M is defined by Ae B =
tr (AT B).
Introducing the referential shell stress and couple stress tensors as well as
the referential shell strain measures by the relations
N=Q'N, M=Q"™M, E=Q'E, K=Q'K,

one can rewrite (3.2) as

de dE dK
. — = Di Ne—+Me
(3.3) py =P@ +¢ +an) —Divig+Ne—- 4 Me —-.
From (3.1) we also obtain the local balance equation at C'
(3.4) Vpe] + [n, - v] + [my - w] — [q - v] = 0.

The relation (3.4) is the special case of the general resultant continuity con-
dition proposed in [34], Sec. 3.6.

4. Clausius—Duhem inequality

We take the second law of the surface thermodynamics in the simple form
proposed by MURDOCH [36, 37]

(4.1) //pnda>// (—+—+q;> da—/—ds,
The  Tex o

where 7 is the surface entropy density. In (4.1), by T, Xt and T, we denote
temperatures of the external media surrounding the shell from above and below,
respectively.

The local form of (4.1) at any regular point of M is

dn - q (1
4.2 — > p| — +—=— — Divys [ =q ) .
(4.2) Pat =° (Te-r(t " T + T T

Solving (3.3) for ¢ and eliminating it from (4.2), we obtain the reduced
dissipation inequality for the shell

dy aT dE dK ( 1 ) .

(4.3) < +Ne—" +Me = +TGrad,

Par = Par dt dt

T _ T
+Pq+(1—T—+>+Pq <1—T—_>7
ext ext

where 1) = ¢ — T is the surface free energy density. Equation (4.3) is analogous
to the reduced dissipation inequality in 3D continuum mechanics [51],

Eq. (XV.2-2), or [52], Eq. (1.19).
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From (4.1) also follows the jump condition at C,

(4.4 Vion] - [[%q - uﬂ — >0,

The quantity §2 represents creation of entropy at the interface C. If § = 0
then the phase transition is called reversible. In such a case the balance equation

at C reduces to .
Vien] - qu'”ﬂ =0.

More complete local forms of (4.3) and (4.4) are discussed in [34], Sec. 3.7.

5. Thermodynamic continuity condition

Let us discuss the relations (2.3), (2.7), (3.4) and (4.4) for jumps of vari-
ous fields at C'. We remind that these relations should be satisfied for arbitrary
shells, also elastic, thermoelastic and thermoviscoelastic. This is so because these
relations either represent continuity as (2.7), or balance equations of some fields
at the singular curve C quasistatically moving on the base surface M. Addi-
tionally, we assume that the temperature field T is continuous in M, that is
[T]=0 at C.

Eliminating [q - v] from (3.4) and (4.4), we obtain

VY] + T6? + [n, - v] + [m, - w] = 0.
Using the identities
[ - o] = (o) - [o] + o] - (v),  [mo -] = (my) - [w] +[m.] - (W),

where (...) = % [(...)a+ (...)B] is the mean value at C, and taking into account
the static balance equations (2.3), we obtain the relation

VIpy] + (n,) - [v] + (m,) - [w] +T6* =0 at C,

or
VipY] +v - NT[w] +v- MT[w] +T6*> =0  at C.

For the coherent phase interface from (2.7) it follows that
(5.1) T6* = -V {[py] —v - NT[Fv] —v- - MT[Kv]} at C.

Assuming the relation v- M7 = 0 used in [12], for the phase interface incoherent
in rotations the following relation holds at C:

(5.2) T6* = -V {[py] —v NT[Fv]}.
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Equations (5.1) and (5.2) can be rewritten using the Eshelby tensors, intro-
duced in [12] within the general nonlinear theory of elastic shells, in the form

(5.3) 76% = —Vv - [Clv,

where C = C, = ppA — N'F — MTK for the coherent interface and
C = C,; = pp A — NTF for the interface incoherent in rotations. Here A =
1-n®n, n-An =0, whilel € EQ F and A € T, M ® T,, M are metric tensors
of the 3D space and of the undeformed base surface, respectively.

Equation (5.3) follows from the general balance for jumps of the fields. Hence,
this equation should also be satisfied for any other type of the singular curve C
describing a slow (quasistatic) motion of various defects such as, for example,
shear bands, dislocations, etc. From the point of view of configurational mechan-
ics [22, 35, 25], the quantity v - [C]v represents the configurational (or driving)
force acting on C' and responsible for its motion. In the papers [12, 27] we formu-
lated the balance equations along the phase interface C' in the equilibrium state.
In [12] it was found that in equilibrium the condition v - [C]v = 0 should be
satisfied. This condition was necessary to find the position of the phase interface
C' in the equilibrium state.

According to the second principle of thermodynamics, the entropy pro-
duction 62 remains always non-negative for all thermodynamic processes.
Equation (5.3) allows us to postulate the kinetic equation, describing motion
of the phase interface for all quasistatic processes, in the form

(5-4) V==3w-[Cl,

where § is the non-negative definite kinetic function depending on the jump
of C at C, i.e. §(s) > 0 for ¢ > 0, where C = C, for the coherent interface
and C = C| for the incoherent one. In the 3D theory of elasticity the kinetic
equations of the type (5.4) were discussed in a number of papers among which
let us note [1-4, 6, 15, 26, 29, 30, 33, 44]. Equation (5.4) can also be viewed as
a kind of constitutive relation consistent with the thermodynamic requirement
62> 0.

One can also discuss other forms of the kinetic equation different from (5.4).
As an example of such relations one can postulate a simpler relation v-[C]v = 0
not only in equilibrium but also in quasistatic motion. From the physical point of
view this would mean that the velocity towards phase equilibrium is assumed to
be much higher than the characteristic velocity of deformation. In other words,
the phase equilibrium at each quasistatic deformation is being attained much
faster than the body deforms. One can also formulate more complex relations
depending on the linear energy density or on other factors. In what follows we
restrict our discussion to the kinetic equation (5.4).
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Since in the equilibrium state v-[C]v = 0 and V' = 0, it is natural to require
that §(0) = 0. The form of the function § depends mainly upon the type of phase
transition, material behaviour, temperature and other factors. After [2], let us
assume §(¢) in the form

k(s —<0) <= <o,
(5.5) S()=140 —¢0 < s < <o,
k(s+<) << —.

Here ¢y describes the effects associated with nucleation of the new phase and
action of the surface tension, see [2], and k is a positive kinetic factor. If o = 0 then
the function (5.5) reduces to the linear kinetic function §(¢) = k<. Such a kinetic
function was used for example in [54] in the stability analysis of two-phase continua.

Summarising, in the case of finite deformations the BVP for the shell under-
going phase transitions consists of the equilibrium equations and static boundary
conditions (2.2) supplemented by appropriate kinematic boundary conditions for
u and Q, the energy transfer equation (3.2) with appropriate boundary condi-
tions for 7', as well as the balance equations (2.3), (2.7), (3.4) and (5.4) along the
interface C. Equation (5.4) distinguishes the considered problem from the one for
a compound shell, because in our case it is used to find position of the curvilinear
interface C' in its quasistatic motion. It is apparent that it is not possible to solve
such a BVP without the constitutive equations expressing N, M (or N, M),
¥, m, q, ¢¢ in terms of deformation and temperature.

6. Thermoelastic shells

Let us discuss the simple case of thermoelastic shell. In this case N, M, v, n,
g, ¢& do not depend on prehistories of deformations and temperature but only
upon their actual values

N =N(E,K,T,9), M =M(EK,T,g),
(61) ¢ = ¢<EaK7Tvg)7 n = U(EvKaTag)7
q = q(E7K7T7g>7 q:t = q:t(E7K7T7g>7

where g = Grads 7. One can check that the constitutive equations (6.1) satisfy
the principle of material frame-indifference [51]. Notice that Egs. (6.1) can also
depend on T, as parameters.

Substituting (6.1) into (4.3), we obtain the inequality

o dE o dK oY dr dy dg
(6.2) (p(?—E_N>.%+<p8_K_M>.E+p<8_T+n>%+p@ it

1 T T
< —. T1—- — “(1-=—.
_TGradsT q+pq (1 T > + pq <1 T)

ext ext
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Applying the method of [51], from (6.2) follow the reduced constitutive equations
of thermoelastic shells

_ __% _, _

and the inequality (6.2) restricts only the heat influxes

1 T T
6.4 T Grad, — - T1—- — “l1——])>0.
(6.4) rads 7 - q + pg ( T+)+pq ( Te1t>_

ext

Inequality (6.4) is the 2D analogue in shell theory of the 3D Fourier inequal-
ity [51]. The inequality is satisfied for example by the following constitutive
equations for g and ¢*:

(6'5) q = —cGrad; T, q:t = _Ci(T - Teit)ﬂ

where c is the positive coefficient of heat conductivity of the shell in tangential
direction, and ¢* are coefficients describing the heat exchange between the shell
and the surrounding media according to the Newton law (heat influx through
the surface is proportional to temperature difference).

For thermoelastic shells the local energy balance (3.3) takes the form of the
heat conductivity balance

dn _

. T =
(6.6) T

—Divyq+plan +¢" +4q7).
As an example of the constitutive description for the isotropic thermoelastic
shell one may consider the following form of the surface free energy density:

20 = aqtr 2E” + aotr Eﬁ + astr (EWE”) +aum - EETn + 2a(T)tr E|

( ) + ﬁltr2K” + Gotr Kﬁ + Batr (K{K“) + Bam - KKTT[
6.7
+268(T)tr Ky + 2p¢0(T),

E,=E-E"p, K =K-K'n,

where (.. .) means the part of the tensor (...) in the tangent space T, M ®@ T, M
to M at x € M. This equation is a direct generalization of the density of
the physically linear elastic shell [13]. In (6.7) the function ty(T) describes
dependence of the free energy density on temperature in the undeformed state,
while a(T") and B(T) are connected with the shell expansion due to temperature
changes. In the simplest case these functions are linear in 7. In the expression
(6.7) we also have eight constitutive factors ax, Or (k = 1,2,3,4) which can
depend on T as well, in general.
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The function (6.7) generates the following constitutive equations for the
isotropic thermoelastic shell:

N = a1 AtrEj + wE[ + a3E) + aun @ E'n + a(T) A,

(6.8) M = B At K| + BK| + 3K+ 8m oK 'n+5(T)A
do dﬁ dig
pn = —ﬁtrE” tI"KH — pﬁ.

In [10] the following relatlons for the elastic moduli appearing in (6.7) and
(6.8) were used:

a1 =Cv, ar=0, az=C(1-v), as=0a,C(l—-v),
ﬁlZDyv 52:07 ﬁBZD(I*VL 54:at-D(1*V)7

Eh Cp- Eh? 7
1—v2 12(1 — v?)
where F¥ and v are the Young modulus and the Poisson ratio of the bulk ma-
terial, respectively, a; and oy are dimensionless coefficients, while A is the shell
thickness.

The constitutive equations (6.8) are written assuming that ¢ = 0 in the
absence of deformation. In some cases of phase transition it is necessary to
write the constitutive equations for deformation relative to some intermediate
configuration following from a certain value of the phase transformation strain,
see for example [19, 54]. In the case of small deformations discussed here, such
constitutive equations follow from (6.8) if we change there E and K for E — E,
and K — K, respectively, where E, and K, are now values of the surface strain
measures corresponding to shell deformation during the phase transition without
loading.

(6.9)
C =

7. Viscoelastic shells of differential type

As an example of shells with memory effects let us discuss the constitutive
equations ([34], Chapter 9)

dE dK dE dK
N—N(EKd I Tg) M—M(EKd L Tg>
dE dK dE dK
@ v—v(BR G g) = (Bx G ).

dE dK dE dK
—alEK T t=¢* (EK, —,—.T,g]).
q Q( ) ’dt’ dt? 7g>7 q q < ) ,dt’ dt? 79)
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These constitutive equations satisfy the principle of material frame-indifference
[51] as well. They are counterparts in the general theory of shells of the Voigt
viscoelastic material model. Substituting (7.1) into (4.3), we obtain the in-
equality

0 dE [ 0 dK (oY \dT  dp dg
(7.2) (paE N).dt+<p8K M)’dt+p<aT+"> i " Pag @

L, v @B 0y &K
Po@E/an * a2 " "ok ar) * ar

1 T T
< T Grads — -q + pg* (1——) +pq~ (1——).
T TJr Text

ext

Let us represent the constitutive equations for N and M as the sum of
equilibrium and dissipative parts

(7.3) N=Ng+Np, M=Mg+Mp,
where
NE - NE(E,K,T,Q), ME - ME(E,K,T,Q),
dE dK dE dK
Np =N EK — —. T Mp=M EK — —
D D<, ’dt’dt”g)’ D D<, ’dt’dt”g>’

with restrictions
ND (E7K70707T7g)207 MD (E7K70707T7g)20'

Substituting (7.3) into the inequality (7.2) we obtain

) dE 9 dK d T
(7.4) (pa—g—NE>-—+(pa—;i—ME>-—+p<%+n>—

di di di
dy dg o d’E ) d’K dE dK
w. 9 CNpeZ _Mpe it
TPag ar T Paar/an * ae T PoaK an Car T P a T P

1 T T
< T Grad, — - 11— = “(1-=—).
< T Grads - q+pg ( T+>+,oq ( T)

ext ext

From (7.4) it follows that

_ _ o _
8T7 NE_paEa ME_paKa

and the dissipation inequality (7.4) reduces to

(75) Y= w(Ev KvT)a n=
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dE dK 1 T T
(7.6) Npe—+Mpe— +T Grad —-q—|—pq+< ——)—l—pq (1——) > 0.
dt dt °T T -

Indeed, since the second derivatives d?E/dt* and d*K/dt* can take arbitrary

values, and signs and their multipliers do not depend on these derivatives, in
order to satisfy (7.4) it is necessary that

oy oy

=0 Bk /dr

9(dB/dt) =0

Otherwise, by choosing appropriate signs and values of the second derivatives
we can give the inequality any of the two signs. The proof idea is thus reduced
to the statement that the inequality 0 < ax +b is satisfied for any x if and only if
a =0, b > 0. Analogously we can show that diy/dg = 0. Hence, ¢ = ¢(E, K, T).
Repeating the discussion concerning the first time derivatives of E and K, we
obtain that their multipliers should vanish as well. As a result, from (7.4) follow
(7.5) and (7.6) indeed.

For thermoviscoelastic shells the local energy balance (3.3) becomes

dn dE dK
7.7 T— = —Di Npe— +Mpe — T +q).
(7.7) P ivsq+Npe—-+Mpe— +plgqn+q"+4q7)

As an example of simple constitutive relations of the type (7.3), one may
consider the constitutive equations of thermoviscoelastic isotropic shells con-
sisting of the relations (6.8) and (6.5) for the equilibrium parts and the linear
constitutive equations for dissipative parts

dE,  dE[  4E, dE”
Np = (1Atr i + ¢ 7 + (3 i +<4n®—dt n,

dK;  dKj dK| dK”
Mp = mAtr g THeg THs g tman®— -,

where ¢ and ui (k= 1,2,3,4) are the viscoelastic coefficients. If one takes the
constitutive equations (6.5), it is possible to show that the inequality (7.6) is
equivalent to the following inequalities:

2<1+C2+C3ZO7 C2+C3ZO) C3_<220) C4207
2p +po+pz >0, pe+p3 >0, pz—p2 >0, ug > 0.
These moduli can also be taken in the form analogous to (6.9) if one ex-

changes E and v there for the corresponding viscoelastic moduli of the bulk
material.
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8. Example: Tension of two-phase tube

Let us discuss the thin circular cylindrical shell of length L and radius R
made of an elastic material undergoing phase transition. The shell is extended
by forces P uniformly distributed at the right shell boundary, Fig. 3. The left
shell boundary at z = 0 is clamped.

ey

Fic. 3. Tension of the two-phase thin-walled tube.

We assume that the shell deformation is infinitesimal so that for the strain
measures we can use the relations (2.4); 2 with (2.5). In such a case we approx-
imately have N =N, M =M, EZE, K =K.

At z = 0 the kinematic boundary conditions
(8.1) u =0, =0
are satisfied, and at z = L we use the static boundary conditions
(8.2) Nv = Pv, Mv =0, (v =1i3).

Under such loading there is an axisymmetric deformation state
(8.3) u=u(z)e, + w(z)e,, p = p(2)ey,

where e, = cos ¢i; + sin ¢iz, ey = —sin @iy + cos @iz, e, = iz are the unit base
vectors of cylindrical system of coordinates. With (8.3) the linearized strain
measures are

w

E =Gradu—px A=ve,®e, + (v —ple,@e, + Re¢®e¢,
(8.4)

K = Gradsp = go’e¢ ®e, — %e,« ® ey,
where (...) = %( o).
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The surface stress measures N and M of the axisymmetric stress state can
be represented by

55) N = N..e, ®e, + Nypey @ ey + N;.ep Qe;,
8.5
M = My.ey ®e, + M.ye, @ ey + My gye, Qe,.

The equilibrium conditions (2.2) with f = ¢ = 0 take the simple form

M, ,
56) N, =0, N;Z—?zo, M<;2+T’"+Nm:0, in M\C,

N..=P, N.=0, My=0 atz=L.

From (8.6); it immediately follows that N,, = P, Vz € [0, L].

Let us assume that the deformation process is isothermic, and additionally
that T = T.f, = T, = const. and ¢r; = 0. In such a case the energy balance
Eq. (6.6) or (7.7) is not discussed and the problem is reduced to the stress-
induced phase transitions.

Let us consider the following free energy densities for the elastic phases A, B:
(8.7) 208 = af’Btr QEH + a’;’Btr ]:]ﬁ + 0/34’Btr (E‘F“F]NEH) + af’Bn -EETq
A,B A,B A,B A,B A,B

+ B80T K + By T K 4 By tr (KK ) + By m - KK+ 200577

Here E = E — E?’B, where ES’B is a phase transformation strain. We assume
that E;;‘ B — e;‘ B A with ef = 0. Such a phase transformation strain corresponds
to an isotropic extension of a material under the phase transition. The relations
(8.7) mean that both material phases differ by values of the elastic moduli and
free energy densities in the undeformed state.

According to the assumption of axisymmetric deformation, we search for the
phase interface C' in the form of the circle with radius R, the position of which
on M is given by the equation z = £(t), 0 < £(t) < L. Hence, V = {(t). For the
coherent interface, the kinematic and static balance equations on C, together

with the kinetic equation, lead to the relations
( ) [[uﬂ = [[w]] =0, [[SD]] =0, [[sz]] =0, [[er]] =0, [[Mqﬁz]] =0,
8.8 )
0==5(), s=[ptp—N(1+u)— Now — My¢']| at z=4L(¢).

For the phase interface incoherent in rotations we obtain
[[u]] = [[U):H = 07 IINZZ]] = 07 [[NTZ]] - 07 M¢Z — 07

(8.9) :
(=-3(), s¢=[p—N..(1+u)— N w'] atz=1~L2).
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The ordinary differential equation (= —35(s) should be supplemented by the
initial condition ¢(0) = f¢y. The parameter ¢, indicates the place within the
cylinder in which the phase transition occurs first. In this example we assume
that ¢y describes the cylinder edges.

As a result, the discussed example is reduced to solving the boundary-value
problem consisting of the system of equilibrium equations (8.6);, the consti-
tutive equations (8.7), the boundary conditions (8.1) and (8.2) as well as the
compatibility conditions (8.8) or (8.9) along C.

Let us discuss pure tension of the elastic one-phase cylinder. With notation
(6.9), the equilibrium equations and the constitutive equations can be written
as the following system of ordinary differential equations:

, P w
u = 5 — VE +6p,
N, w
N;z:—}(g(ﬁ; N¢¢=VP+C(1—V2)E,
(8.10)
My, = Mo N, — %
z R rZy rp — 4R,
W=ty o = o

ay D(1—-v)

This is the system of five ODE with constant coefficients, expressed in terms of
independent functions u, w, ¢, N,., My,. The solution of (8.10); can be found
by direct integration when the other four equations have been solved.

The system (8.10) has always the particular solution

(8.11) wu(z) = <% + ep) z + const, w=-vu'R=— (% + €p> VR,
for which N, = 0, Ngg = 0, ¢ = 0, M = 0. This solution describes the axisym-
metric membrane equilibrium state of the cylinder. In the two-phase cylinder
such a solution is possible only when v4 = vp = 0 or va/Esha = vg/Ephp
and eg‘ = ef since otherwise, according to (8.11), deformations of parts A and B
would not coincide: wa # wp. This means that the pure membrane equilibrium
state is not possible, in general, in the axisymmetric problem of the cylinder.
Although (8.11) can adequately describe the solution far from the shell bound-
aries and far from the interface curve, for the full description of the two-phase
cylinder one should construct the full solution of (8.10).

To illustrate the 2D model of phase transitions in the cylinder, in this pa-
per we restrict ourselves to the simplest case when vy = vp = 0. Then the
equilibrium solution of the two-phase shell is (8.11). Since in this case ¢ = 0,
M = 0, there is no difference between the coherent interface and the interface
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incoherent in rotations, and this problem becomes entirely analogous to the 1D
problem discussed by ABEYARATNE and KNOWLES [2] as a model problem of the
3D continuum model. If indices A and B denote solutions for different material
phases, from (8.6) with the boundary conditions up(0) = 0, up(¢) = ua(¥) it
follows that

P P A 1 1 A
Then the free energy densities take the form
C C
pr = TBE%7 pr = 7A(EA - 6;1?)2 + A>
(8.13) p p
EAEuiq:—+€A Ep = vy = —

Since the initial values of the free energies can be assumed to be arbitrary, in
(8.13) we have assumed pi)f = 0, pydt = A. The graphical illustration of 145
as functions of the stretch F is given in Fig. 4.

R
wA
PP o
A4
0 A B
P

F1Gc. 4. Free energy densities.

For the discussed cylinder the variable ¢ becomes

, . P21 1 N
810 <= lu- Nl = [l - P =2 (5 - 5+ Pei -

The equilibrium position of the interface should follow from the equation
¢ = 0. For the uniform stretch state it is easy to see that this equation is
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satisfied by only one value of the force

2 1 1 A
e a(d a)aa
(8.15) P=prP"= —— .

Ca Cp

Thus, in this case it is impossible to determine uniquely the position ¢ of the
interface, because with P = P* the value of ¢ can be arbitrary within [0, L]. For
the sake of simplicity we consider below only the case e;‘ =0.

Let us consider the dependence of displacements of the right edge of the
cylinder upon P. From (8.12)2 we obtain that

¢ (Ca -
()] e
where ¢ € [0, L], Ef, = ua(L)/L. The cases £ = 0 and ¢ = L correspond to the
cylinder consisting entirely of the phases A and B, respectively.

The relation how the force P depends on deformation in the equilibrium
states follows from (8.16). It is illustrated in Fig. 5. This relation takes the form
of piecewise-straight line OABC'. The segment O A corresponds to deformation
of the cylinder consisting of the phase B and is defined by P = CgEr. When
P reaches the value P*, it becomes possible to have different equilibrium states
with two phases of the material. For definiteness, we assume that during loading
the new phase A is first created at the right boundary of the cylinder, z = L.
Then the two-phase cylinder behaves similarly as an elastic-perfectly plastic one:
the deformation increases with constant value P = P* of the extension force,
see the segment AB in Fig. 4. When P increases above P*, the deformation of
the cylinder follows the segment BC' corresponding to the one-phase A state.
The segment BC is more inclined than the one OA, since it is a part of the
straight line P = Cx E1, with C'4 < Cp. For decreasing P through P* up to 0,
the equilibrium states follow the graph in the reverse order: C BAO.

Let us now discuss the quasistatic motion of C' governed by the kinetic equa-
tion (5.4). The loading is assumed to be linearly increasing in time: P = Pyt,

(8.16) P=Cy

Py = const, while the unloading rule to be again linear in time: P = —Fyt. By
changing variables ¢t = =P/ P, the kinetic equation can be written as
al
8.17 +Py— =— .
(8.17) o5 = —5()

In Fig. 5 we show the respective graphs AB’ for the loading and BA’ for
the unloading obtained from (8.17). With the kinetic equation the phase tran-
sition process in the cylinder proceeds as follows. If P € (0, P*), the cylinder
deforms as consisting entirely of the phase B. This is the segment OA in Fig. 5.
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When P = P*, the new phase A is nucleated at the right boundary, and when
the force P is growing above P* the interface is moving towards the left bound-
ary. This behaviour is described by the path AB’ in Fig. 5. After reaching B’
the cylinder consists entirely of the phase A and deforms further according to
the segment B’C'. In the process of unloading the cylinder deforms according to
the path CBA'O.

A 4

P ’ C

P A - =

\ 4

Fi1c. 5. P — E curves for two-phase shell for different values of k.

As a result, in the deformation process of the two-phase cylinder we observe
the existence of the hysteresis loop AB'BA’ characteristic to the behaviour of
phase transition of martensitic type. The size of the loop depends essentially on
the form of function §, and particularly upon values of the kinetic factor k£ and
the parameter Py determining the loading velocity. When k=k /Py increases,
the area of hysterems loop decreases. Examples of several deformation paths for
different values of k are given in Fig. 5. It is seen that with the growing k we ob-
tain the narrowing loops AB'BA’, AB"BA", AB" BA", etc. The limit k — oo
corresponds both to the infinitely large kinetic factor & — oo and to the infinitely
small loading velocity Py — 0. In the limit k — oo the hysteresis loop reduces to
the equilibrium segment AB. This means in particular that with the infinitely
small loading velocity the deformation follows the equilibrium path OABC.

We have discussed above the case ¢ = 0. Let us now analyse the cylin-
der deformation when ¢y # 0. Remember that ¢y is associated with threshold
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effects when the new phase is nucleated, [2]. For nucleation to occur it is nec-
essary for the driving force ¢ to exceed some threshold value ¢y. It follows from
(8.14) that ¢ = ¢y when P = P}, and the inequality P* < P* < Pf holds
true. At the beginning the cylinder deforms similarly as above following the lin-
ear rule P = CpEpr. In Fig. 6 this corresponds to the segment OAA,. When
P = P} the new phase A nucleates at the right boundary. The correspond-
ing relation P(Fy) is shown as the path A, By in Fig. 6. When ¢ attains the
zero value, the cylinder becomes entirely consisting of the one phase A. For
P > P the cylinder deforms again according to the linear rule P = C4 Ey, (the
segment B, ().

A // C
P , By
/
7/
7
/,
Py Ar /= 5 =
pP* A Bo
B
P* A f — =« B_
4
//
A_ ,/
7
7
7/
//
7
7
7
7
O £y,

F1G. 6. P — E curves for ¢y # 0.

In the unloading process P = — Pyt the cylinder, initially consisting entirely
of the phase A, deforms according to the linear rule P = C4 E, until P attains
the value P*. Its further quasistatic motion is described by the kinetic equation
with the initial condition ¢(P*) = 0. The corresponding relation P(E}) is illus-
trated in Fig. 6 as the path B_A_. When /¢ reaches the value L, the cylinder
becomes again consisting entirely of one phase B and its further deformation is
governed by the linear rule P = CgEy, (the segment A_QO).

With ¢y # 0, the size of hysteresis loop becomes larger with the growing value
of ¢p. But in this behaviour there is a qualitative difference as compared with
the case ¢g = 0. When ¢y # 0, growing values of k also lead to decreasing areas
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of the hysteresis loops. But for & — oo the limiting paths reduce to two different
respective segments A, By, and B_ A In other words, the hysteresis loop takes
place also in this limit case corresponding to the infinite kinetic factor and to
the infinitely small loading velocity. Such limit cases describe the so-called rate-
independent phase transitions observed in martensitic materials, see for example
(2, 6, 28].

The simple example discussed here indicates that the general theory of shells
with PT developed in this paper allows one to solve complex shell problems and
obtain the results which in the special 1D case generalise the results reported in
[1, 2, 6, 15, 26, 29] based on the assumed 1D models of PT in 3D elastic solids.
In particular, the present example shows which assumptions about the stress
state and the bulk material properties can lead to the 1D models discussed in
those papers.

We have solved the problem of PT in the extended elastic circular cylinder
using several simplifying assumptions about the external loads and the form of
constitutive equations. In particular, we have assumed that v4 = vg = 0. If this
were not the case, we would obtain also additional solutions of the boundary
layer type near the shell edges and near the phase interface. These solutions may
considerably complicate the motion of the interface itself. Also a more complete
loading applied on the shell edges (e.g. boundary shear, bending and/or torsion)
might considerably complicate the solution. Additionally, in this example we
have implicitly assumed that there is only one phase interface; it is possible
to remove this assumption and analyse the problem with several moving phase
boundaries as well. Detailed analysis of quasistatic deformation of the elastic
circular cylindrical tube capable of undergoing phase transformations with the
full account of the factors mentioned above is beyond the aim of this paper and
should be presented separately.

9. Conclusions

We have worked out the complete 2D model of quasistatic deformations of
the non-linear thermoelastic and thermoviscoelastic shells made of materials
capable of undergoing phase transformations of martensitic type.

The new balance equations of linear momentum, angular momentum, and
energy as well as the dissipation inequality at the curvilinear phase interface
have been derived from the resultant balance laws of the general non-linear
theory of shells. These balance equations at the quasistatically moving phase in-
terface have been presented for thermoelastic and thermoviscoelastic two-phase
materials. They generalize our earlier results obtained in [12, 42] by variational
methods valid for the case of thermodynamic equilibrium state. In particular,
we have used the kinetic equation (5.4) with the function (5.5) which allows
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one to describe the motion of the curvilinear phase interface in the quasistatic
deformation process.

To illustrate the 2D model we have solved analytically the simple 1D exam-
ple of phase transition in the elastic circular cylindrical tube subjected to tensile
forces applied to its end. For the linearly elastic cylinder one observes the ex-
istence of hysteresis loop characteristic to the behaviour of phase transitions in
martensitic materials. The size of the loop depends upon the values of several
loading parameters. This example contains, as particular cases, many existing
1D models of phase transformation in elastic bodies.

The proposed 2D model allows one to take into account several additional
factors unavailable in the existing 1D models of phase transitions, such as so-
lutions of the boundary layer type, or more differentiated ways of loading and
unloading. We are also able to analyse, even analytically, quite complex problems
which in the 3D models are possible to discuss only by numerical methods.
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