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Residual stresses and shape memory effect

It is possible to estimate the reliability of the materials during their use by recording the changes
in defect density of polycrystalline structure, which can be estimated on residual stresses at a crystal
micro-level. In this paper the experimental results of the residual stress field changes in actuator ma-
nufactured using shape memory alloy (SMA) are presented. The experimental data are based on the
investigation of the changes in the root-mean-square (RMS) micro-strains and size of coherent block
in the SMA caused by thermal and mechanical loading. The study is performed on the samples of ap-
proximately equiatomic TiNi alloy. To induce the reversible martensite transformations in the material
the external loading is applied with subsequent data recording using the X-ray method. The results of
experimental measurements of the RMS microst rain and coherent block size in austenite are presented.
Basing on the experimental data a modified (by Brechko [4-5]) mathematical model of Likhachev and
Malinin [3] is proposed, which is used in the computer simulations including the martensite transforma-
tions, twining, elastic and irreversible deformations. The experimental and computer modeling results of
stress and strain field generated by the defects in polycrystalline materials are discussed.

1. Introduction

Degradation of functional properties and fatigue of SMAs has been formu-
lated by R. Stalmans and J. Van Humbeck [1] as follows: “...the reliability of
shape memory devices depends on its global lifetime performance. The failure of
SMA-elements is completely different from the failure of conventional materials;
SMAs can fail due to a decrease of the stroke during repeated actuation, due to a
shift of the transformation temperatures, etc. Moreover, degradation and fatigue
are influenced in a complex way by many parameters. Time, maximum tempe-
rature, maximum stress, maximum strain, strain mode and the amount of cycles
are in this respect important external parameters. Important internal parameters
that can have a strong influence on the lifetime are: the alloy system, the alloy
composition, the heat treatment, and the processing. For general purposes, the
maximum memory effect, strain and/or stress, will be selected depending on the
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required amount of cycles”.

Application of SMAs in various areas of engineering [2] are by all means con-
nected to time of preservation of their functional properties. They find also various
applications in engineering as bent elements. In these condition changes of stres-
ses at a bend complicates martensite transformation on section. Therefore in the
present work carried out researches in conditions are approached to such condi-
tions work of a material. The basic purpose of these researches is to search for
structural parameters on which it will be possible to predict a temporary resource
of non-failure operation of elements from shape memory alloys.

Let us to consider the SMA based on the Ti and Ni. Despite it can be pla-
stically deformed at some relatively low temperature, upon exposure to certain
higher temperature SMA returns to its original shape prior to the deformation
since the molecular bonds are not broken. If overloading occurs, then lattice will
break the bonds and shape will not be fully recovered. Materials that exhibit
shape memory only upon heating are referred to as having a one-way shape
memory. Some materials also undergo a change in shape upon recooling. These
materials are said to have a two-way shape memory. In order to understand the
way, in which the shape memory effect works, it is useful to examine the cry-
stal structure of SMA. All shape memory alloys exhibit two significantly distinct
crystal structures or phases. The presence of the particular phase depends on
the temperature and amount of stress (think of it as an internal stresses) being
applied to the SMA. These phases are known as martensite, which exist at lower
temperatures, and austenite for higher temperatures.

2. Experiment

For the experiment an Nisg g Tisg.4 SMA has been used. The samples of SMA
with the size 70 x 2 mm were cut from a 3 mm thick sheet. After this, the sample
was annealed at temperature of 825 K for one hour. After annealing, the sample
has been subjected to a cyclic thermo-mechanical loading. For this research the
special stand has been used (Fig. 1). The tripod (2) was attached to the base (1).
On the end of tripod a sample SMA was placed. One end of the sample is fixed
(3) and the other one is loaded (4). For heating purposes the electrical system (6)
has been coupled to the sample. In the experiment the one-way shape memory
effect has been generated, according to the scheme presented in Fig. 2. The cha-
racteristic temperatures of alloy are: A; = 300 K, Ay = 308 K, M, = 291 K and
My = 283 K.

In our case, the cyclic thermal and mechanical loading proceeded in the follo-
wing manner: first, we cool the sample down to the temperature of 250 K , after
that, the sample is bent at angle velocity approximately equal to 30° per second
and heated to 350 K (Fig. 3). In the experimental study the total applied strain
level for the NiTi specimens was estimated at 6 %. During the cooling and ben-
ding the direct martensite transformation was indicated in the sample (Fig. 4).
These apparent plastic deformations can be recovered completely during heating,
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Fig. 1. Schematic diagram of the experimental setup.
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Fig. 3. Changes in thermal and mechanical loading as function of time.
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resulting in the original hot shape, i.e., we obtain the austenite phase (Fig. 5).

From the Figs. 4 and 5 it can be concluded, that thermal and mechanical
loading causes direct and opposite martensite transformation (Fig. 6). As the
experiment has shown, the cyclic loading results in broadening of diffraction lines
of austenite (Fig. 6). On the basis of experiment we have calculated the RMS
micro-strains (Fig. 7) and values of coherent blocks sizes by using harmonic ana-
lysis method [6], (Fig. 8). In the Fig. 7 the changes of RMS micro-strains as
function of base length caused by cycling thermal and mechanical loading is pre-
sented which is also schematically in Fig. 3 is shown. The RMS micro-strains and
size of coherent blocs (Fig. 8) have been calculated with respect of the changes in
diffraction profiles (110) and (220) of austenite (Fig. 6). For X-ray measurement
we have used the CoKa radiation.

3. Mathematical model

In this section we present a mathematical model that has been used to account
for physical fields during cyclic thermal and mechanical loading. The model based
on the angular space averaging of the processes occurring on a micro-level can be
expressed as [3]

2w 27

w2j!!jf(@,¢,¢) ik, Try i sin© dO d¢ dvp dt, (1)

ool —

o

where: (07;, 0F;) are residual stress tensors at the macro- and micro-levels; aj; is

rotation matrix of coordinate system; f(6, ¢,) is the weight function; 8, ¢, ¢ are
the Euler’s angles. By the dot over the symbols we indicate the change of values
in time. To account for a residual elastic field at a microlevel we used mechanical
model allowing to take into consideration phase structure and anisotropy of the
lattice elastic properties (Fig. 9). In Fig. 9 the numbers 1 and 2 denote phases
with the various mechanical characteristics or various elastic characteristics of a
crystal lattice in crystallographic directions 1 and 2, respectively.
With reference to the terms introduced above, we can write [4-5].

1 1 a(2 I 1 2
n=5005" -85 + 5 (85 - 852, 2)

where a(1), a(2) and m(1), m(2) denote the austenite and martensite deformations
in crystallographic directions 1 and 2, respectively. At the micro-level, however,
the residual elastic deformations are more suitably represented through the effec-
tive elastic field equal to the difference in stresses 7;; caused by external forces
and residual stresses 7;;

Ty =T i, (3)
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Fig. 4. XRD pattern of Nisg,6 Tisg,4 alloy after cooling and bending at temperature of 200 K.
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Fig. 9. Mechanical model for residual stress calculations.
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Fig. 10. Changes in effective residual stress a:‘ﬁf and components of thermal and mechanical loading
with time.
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Fig. 12. Changes in intensity of residual stress in martensite 0‘:' with time.
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where
J = OOkl Qg (4)

and

E v v

= T I+ g 8h] o () + [0 + g el ) 0
Here, E is Young’s module; v is Poisson ratio; akl is stress field at the macro-level
caused by external forces; 519 is Kronecker ¢; 8 is phase distortion; w is energy
of initialization of stress relaxatlon process; k 1s materlal constant and 7" is tem-
perature.

For simplicity let us consider single-phase bodies with highly represented cry-
stal anisotropy of elastic properties, and two-phase bodies that are anisotropic
at the crystallographic level. In this case the averaged modules of elasticity and
Poisson ratio can be written as [4-5], [7].

1 pr 1—opr

ey 3 6
SRt R (6)
1 1—opr

S (7)
v V9 1%}

where pr is the probability that the chosen direction coincides with the crystal-
lographic direction characterized by elasticity modulus Es and Poisson ratio vs.
Therefore, the probability (1 — pr) corresponds to the coincidence with the direc-
tion characterized by E; and v4.

The present model describes the rate of the changes in the total distortion at
the micro-level

Bij = B + B + Bij + B (8)
In (8) the following abbreviations have been introduced:
e changes in elastic deformation
. 14+v, 72
i = g T~ g%tk (9)

e changes in irreversible (plastic) deformation [3].

,ij = Ap [’f‘ij i ’7’5 sign Tij}H[Tij sign Tij — T',g}H[Tij sign Tig — ’f'ipﬂ, (10)
e changes in the tensor of plasticity limit

. L . 2
T5=A—p %&gn f’j, (11)
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e changes in the deformation caused by twinning process [3].

B = Aty — 1) [H(ij)H(sij — Bi)H (g — )+

g — 1+ hﬁj)H(— fg)H( zt])H(th] = - Tij)], (12)
where
t
= [ By, (13)
0

and Ap, A; are modules of plasticity and twinning; hf; = 0.8 7; is a change
in the shear stresses when reverse process occurs. In equations (10-11) sign
x denotes operator of sign (sign z = 1 for £ > 0 and sign z = - 1 for z < 0);

e rate of the changes of the deformation caused by phase transformation
3™ = Dy;®. (14)

Here D;; is the distortion matrix of austenite to/or martensite transformation;
the rate of changes in the martensite volume is [3]

& = ~T"H(1 - &n)H(As - T*) { H(=T*)H(M, — ®[M, — M|T*)-
(M, — Mg]™ + HI*)H(T" + 8[Af — As] - AplA; — A7}, (15)

In equations (10-15) H(z) denotes Heaviside functions (H(z) = 1 for z > 0 and
H(z) = 0 for < 0); My and M; are the temperatures at the beginning and
end of the martensite transformation; A; and A ¢ are similar temperatures for the
zustenite transformation T

: 0

T* =T — = Dy, (16)
do
T

T* =T — —ODijTij, (17)
q0

‘n equation (17) T' denotes the temperature; qp is the latent heat of phase trans-
‘ormation; Tp is the temperature of thermodynamic equilibrium the martensite
wolume contains at the micro-level

t
o= / ddt, (18)
0

“he martensite volume at the macro-level is then equal

27_r 2T

t
5 bt 8% 0/0/ O/O/f(@,¢, $)bsin© dO do du dt, (19)
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The total deformation €;; at the macro-level is

2w 27

t s
1
cii = 3 o/o/o/o/f (0, 6, ¥) sk Buicrs; sin © dO do d dt, (20)

with component of total residual stresses being

U —a —I—a (21)

In equation (21), of; and o} designate the components of residual stress ten-

sors in austenite and martensme respectively. In equations (10-13) the tensor of
crystallographic shift and twining oi; is calculated as

1
= (053055031 + 01053073), (22)
2

Uij =

and limits of shear stresses of plastic flow 77, and twinning 'r are calculated as

ij

1 |

7 = 5 (Giadiy; + dadjaTh), (23)
1

Tij = 5(51-353'17:31 + 0udj37ls), (24)

It should be noted that Heaviside functions introduced in equations (12) and (15)
were developed using Boolean algebra.

4. Results of calculation

The mathematical model based on equations (1-24) was used to study the re-
sidual stress field evolution with the cyclic thermal and mechanical loading. The
calculation of the residual stresses evolution with temperature and stress field
induced by external forces were carried out with the following constants:

A, = D10 MPa 550 = 200 8Py ¢ = 035 1 — U.o; Bl = 110" MPg
By = Q7107 7 = 2lFMPa ey = LIS A = 1107 ° MPy Ly =205k
o = 150 MJ-m™; My = 283 K; M = 291 K; A, = 300 K; Ay = 308 K; w
= 150 kJ-mol~!; k£ = 0.05. The components of martensite symmetrical transfor-
mation matrix D;; were determined experimentally (D1 = — 3.013 - 1073; Doy
= 2,128 - 10+ Psg'= 8197 107V Dz = 4975 10°% Dis = 0"y = Q).
The results of calculation are presented in Figs. 10 to 15. The curves show the
changes of structural parameters in the form of simulated loading, temperatures
and time during one thermal and mechanical loading. This process is realized in
less time than one minute, similarly as in the experiment. In the Fig. 10 is visible

the characteristic bend at the top of Ufjf curve. It shows the influence of effective
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residual stresses. In the Fig. 11 are presented the changes of martensite crystal
size include kinetic of transformations during cooling and heating in the sign of
effective temperature. Next, in the Figs. 12-13 we can see difference in the in-
tensity of residual stresses for martensite and austenite. The values are different.
Influence of cyclic thermal and mechanical loading is showed in the Fig. 15. In
the first cycles the intensity of residual stresses is significant, then is undergoing
reduction and is stable.

5. Concluding remarks

The changes in RMS micro-strains (Fig. 7) show that they first increase with
the growing number of thermal and mechanical loading cycles and then stabilize.
It is clearly visible that after averaging the RMS micro-strains in base length
are equal 55 nm (Fig. 7). The results of the study of the effect of the intensity
of residual stresses (Fig. 15) show that in the initial state the stress intensity is
sharply reduced and then is stabilized. Thus, we can conclude that experimental
results show good agreement with the simulations. The experimental results re-
present the characteristic of an elastic field at a structural micro-level. The set
of processes of breaking of inter-atomic bonds during the martensite transforma-
tion, realization of the dislocation plasticity, twinning and elastic deformations
in micro-volumes of an alloy results in generation of a residual elastic field. This
field is a consequence of preservation of indissolubility of a material with defects
of a crystal structure.

In this paper we have experimentally investigated a component of the average
action of an elastic field, i.e. its dispersion, which results in broadening of the
diffraction peaks. On the basis of the measurements of distribution of intensity of
two orders reflection from family of planes by a method of the harmonic analy-
sis root-mean-square micro-distortions have been calculated (Fig. 7) and average
size of coherent blocks was estimated (Fig. 8). The size of coherent blocks is con-
nected with dislocation structure and the root-mean-square micro-distortions. In
general, the observation of changes in these structural parameters allows us to
estimate expected functional characteristics of the alloys under investigation.

The obtained results indicate a possible method of modeling of the service-
ability and reliability of functional materials. It can be used further for numerical
estimations of reliability designs in which the functional materials are applied.

Received in revised form February 2001
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