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Abstract
The effects of strain rate and testing temperature on the mechanical response of a near
equi-atomic NiTi alloy have been investigated. All experiments have been conducted in
compression, at testing temperatures of room .temperature (-20°C), 30°C, 40°C and
50°C.
Quasi-static experiments were performed using a Hounsfield HK50 universal testing
machine, and high strain rate measurements were obtained using the split Hopkinson
pressure bar technique. The primary differences in the behaviour of the material within
these deformation rate regimes appeared to be the presence of a possible transformation
inhibition mechanism that occurs for high rates of strain, which manifests itself as an
accommodation of applied load after the onset of transformation, increased strain rate
sensitivity at high rates, and temperature dependence not evident at low rates.
Initial material characterisation was achieved' through microhardness testing, DSC,
DMTA, X-ray and electron diffraction, resulting in clarification of the transformation
temperatures, martensitic volume fraction and microstructure of the alloy.

A post

experiment X -ray investigation was also performed in order to establish the
microstructural response of the material to deformation.
From the stress-strain data collected, the strain rate sensitivity and entropy of·
transformation of the alloy have been calculated.

The application of a standard

Arrhenius type equation has also been attempted, in order to estimate the material
parameters of activation volume, and the free energy of transformation in the absence of
stress. This model was found to be reasonably representative of the response of the
alloy, although the results calculated demonstrated a high degree of intrinsic error.
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Chapter 1
Introduction

1.1 Overview of SMAs and their Applications
Shape memory alloys (SMAs) have found increasing popularity in the fields of both
materials research and industrial application since their discovery by Chang and Read in
the 1950's (Chang and Read, 1951). Such alloy systems characteristically exhibit two
unique properties: supereiasticity and the so-called shape memory effict, making them
highly advantageous in numerous technological scenarios.
Superelasticity refers to the phenomenon by which SMAs have the ability to recover
large strains in comparison to conventional metals, whilst the 'shape memory effect'
designates the process by which such alloys can reverse permanent deformations upon
an increase in temperature. These remarkable properties are primarily the result of a
solid-state phase change that occurs within such materials when exposed to various
external influences, including not only thermal and load application, but also the
application of an external magnetic field (Tsuchiya et al., 2004).
Whilst SMAs will clearly play a part in the future of technological evolution, to date
only few such alloys have found their way into the field of corporate industrial
application. This is due to a large number of issues observed across the broad range of
SMAs under current study.

For example, many SMAs display a high degree of

brittleness, requiring in-depth studies of stoichiometric effects on material ductility.
Also, virtually all SMAs exhibit a highly specific temperature range across which the
driving phase transformation occurs, implying that many alloys systems instantly
become poor choices for applications that are centred on strict thermal conditions, such
as jet engine exhaust housings, orbital satellite deployment, etc. These factors, amongst
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others, are significant obstacles to the design and mass production of SMA based
devices for the consumer market.
The majority of the alloy systems currently under investigation have intrinsic problems,
and only two systems have shown sufficient promise so as to make them commercially
viable. These are NiTi (Nitol) alloys and copper-based alloys, such as CuZnAl and
CuAlNi.

Each of these systems has either. demonstrated the ability to recover

substantial amounts of strain, or to generate significant force whilst undergoing shape
change.
Numerous devices have been designed and manufactured in order to capitalise on the
unique properties of commercially useful SMAs such as those discussed. In medicine
for example, intra-venous stents have been constructed which begin as wire rods for
easy insertion into blood vessels. Once the temperature of the wire is increased by body
heat, the straight wire coils up so as to hold the vessel open. Self adjusting orthodontic
wires are also currently in use.
At the other end of the spectrum, the aeronautics industry is attempting to construct
wings comprised of a composite of prestressed SMA wires within a polymer matrix.
The heating effect of passing a controlled current through the wires, combined with the
cooling effect of air flow across the surface, produces a wing that can change shape and
so adjust its aerodynamic properties without the need for complex mechanisms.

1.2 Martensitic Phase Transformations
Whilst a complete micromechanical model of the processes underlying superelasticity
and the shape memory effect has not yet been achieved, it is understood that the
principal attributing factor is a micro-structural phase transition that occurs within the
material. This is known specifically to be a martensitic phase transition.

1.2.1

Introduction

The martensitic phase transition, sO' named after the German metallurgist Dr Adolf
Martens for his research into the microstructure and mechanical properties of various
steel alloys, is a solid to solid transformation, in which the primary cubic structure, or

2
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austenite phase of the material, transfonns into on orthorhombic martensitic phase (see
Figure 1.1).

The transfonnation is achieved through a shear movement within the

crystal structure of the parent austenite, and involves no breaking and refonning of
bonds.

ao
ao
ao

Figure 1.1: Cubic and ortborhombic unit cell geometries.

Combining this observation with evidence such as the broad temperature range across
which martensitic transitions have been found to initiate, the speed at which the
transition has been seen to propagate through materials, and the fact that no
compositional change takes place during the process, leads to the conclusion that
martensitic phase transitions are completely diffusionless (Bhadeshia, 2002). This is as
opposed to diffusive transfonnations, which involve the free movement of atoms across
distances greater than that of the interatomic spacing. In order to clearly distinguish
between these two cases, martensitic transfonnations, and those similar, are designated
as displacive.
In order to minimise the strain energy involved in such a phase transfonnation, the
martensitic material takes the fonn of thin plates along particular crystallographic
planes known as habit planes, and it is these that fonn the interface between austenite
and martensite phases. From a physical perspective, this leads to the fonnation of
martensitic plates in a number of different orientations, proportional to the multiplicity
of the particular habit plane in question.

3
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1.2.2

Thermodynamics of Martensitic Transformations

As is the case for phase transformations in general, the driving factor behind the
martensitic transformation is the difference in the Gibbs free energy of the two phases
of material. Represented explicitly:
(1.1)

where OM and OA are the Gibbs free energy of the martensite and austenite phases
respectively. The change in Gibbs free energy can be further factorised (Kaufmann and
Cohen, 1958) into the following components:

,l0 = ,l0e + ,l0, + ,l0,

(1.2)

Here LlOe is the chemical free energy related to the differences in crystal structures of
the two phases of material, LlO, represents the surface energy between the two phases
and LlOe is the free energy as a result of the elastic and plastic strain generated by the
formed martensite.

Both LlOs and LlOe are non-chemical quantities, and can be

combined into one term representing the total contribution of non-chemical energy

(LlOne):
,l0 = ,l0e + ,lOne

(1.3)

In the case of martensitic transformations, this non-chemical energy can be of a similar
magnitude to the chemical term, due to the large shape change that is typical of such a
phase transformation. It is for this reason that shape memory materials must be cooled
below their equilibrium temperature To. before the martensite start temperature is
reached and martensite begins to form. Here To is derived by (Tong and Wayman,
1974) to be:

(1.4)

and represents the temperature at which the Gibbs free energies of both austenite and
martensite phases are equal to one another (AF being the temperature at which austenite
formation finishes and Ms the temperature at which martensite formation begins). This

4
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is illustrated in Figure 1.2 below, together with the Gibbs free energy curves for
austenjte and martensite, and the significant thermal values.
Free Energy (C)

LI G,j.1/

.!JT,

M,

Figure 1.2:

To

A,

Temperature (T)

G ibbs free energy curves for austen ite (GA , red) and marten site (GM, blu e).

The

equilibrium temperature To, austenite start tem peratu re As and ma rtensite start temperature

M~.

are also included, together with the differences ill Gibbs free ene rgy for both the auste nitemartensite and martensite-austenite transformations at the M,\. and As tem perat ures respectiv ely.

(A fter Kaufmann " nd Cohen, 1958).

The same is also true for the reverse transformation, in the sense that the material must
be heated above To before the austenite start temperature is reached and austenite reforms.

1.2.3

Thermally Activated and Stress Induced Transformations

As stated previously, the martensitic phase transformation can be initiated through
either a change in temperature, or the application of an external stress, and both of these
activation methods give rise to the two phenomena for which SMAs achieve their high
level of interest - the shape memolY effect and supereiasticily.

5
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1. 2. 3. 1

Thermal Transformation Path

In the case of temperature, if we consider the scenario ofa polycryslalline SMA sample
in its higher symmetry austenite phase, which is then cooled through the transformation
and then subsequently re-heated to its original temperature, the sequence is as follows:
I. Firstly, upon reaching the temperature at which martensite formation starts to
occur (defined as the mru1ensite start temperature M s), sections of the sample
begin to transform.

However th is process is not instantaneous, and instead

nucleates throughout the sample and continues over a temperature range until
total transformation of the austenitic material has taken place.
2. Once saturation of the sample has occurred, continued cooling of the material
has no further effect on the crystall ography.

The temperature at which tOlal

martensite transformation is complete is termed

the martensite

fini sh

temperature MF.
3. Re-heating the sample may initiall y bring about no reverse transformation.
Instead, austenite will begin 10 re-form once a characteristic starting temperature
has been reached (temled As, or austenite start temperature), much in a manner
similar to that during the transition to martensite. Again this takes place not
instantaneously, but over a particular temperature range.
4. Finally, total reverse transfom1ation occurs once all of the sample has returned
to an austenitic phase, which conventionally is known as the auslenite fini sh
temperature AF.
The process described above is illustrated in Figure 1.3 in which the temperatures Ms,
MF, As, and AF are labelled.

6
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100%

M.~

A,..

-- - ------------------------- - -.r-----~----

r

Temperature (7)
Figu re 1.3: Thermally in itiated transfo rmation path of NiTi. Typical examples of thermal va lues
for a Ti-N-S 'IoC u alloy are Ms (7S°C), M ,. (56° C), As (62°C) and A,. (78°C) (Mobe rly and Meiton,
1990).

Of course each of the thermal val ues of Ms, MF, As, and AF are not the same for each
SMA, and are instead characteristic to individual alloys and dependent on a number of
different factors such as composition and stoichiometry.

Additionall y, Figure 1.3

highlights that the martensiti c transformation is not the same for coo ling as it is for
heating, with different temperatures for both MFand As and Ms and A F. This leads to a
distinct hysteresis between the two transformation paths, and the need to consider latent
heats when completely categori sing the martensitic transformation process.
Simple cooling of a SMA under stress-free conditions results in a transformation with
no macroscopic distortion of the alloy.

However, if during the sequence described

previously one were to deform the sample at the point of martensite saturation (i.e.
between points 2 and 3), it would return to its ori ginal shape upon reheating. This
process is termed the shape memory effect.
1.2.3.2

Stress Induced Transformation Path

In a similar manner to that discussed for the effects of changing temperature on shape
memory materials, the transformation process can be initiated through the application of
stress. The sequence of the transfonnation within the material as a function of both
stress and resul tant strain is given in Figure 1.4.
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-

A

o

-

B

c

Strain L'

Figure 1.4: St ress initiated transfo rmation path of NiTi.

It is asswned that the sample is again ori gi nall y in its austenite phase, and the ini tial
appli cation of stress brings about an elastic deformation of the austenitic materi al until a
critical stress is reached. At thi s po int the further application of fo rce results in the
formation of martensite between A and B, in a manner such that the defo rmation of the
material continues, but the impinging stress is accommodated.

Once saturation

IS

achieved, elastic deformation of the martensite continues with increasing stress level.
However, as loading has taken place above the actual transition temperature of the
sample, the martensite formed is only stable whil st the external stress is present and of
sufficient magnitude. If the fo rce were to be reduced, (after initial elastic recovery of
the martensite) the reverse transformation takes place between points C and 0 until the
reversion to austenite is complete. In this manner, SMAs can exhibit large strains when
deformed, and then recover this strain once the applied stress is removed. Such a
process is known as superelasticity or pseudoelasticity, and strains of up to 15 % have
been observed to be recoverable in some alloy systems.
It is important to note that the scenarios described previously are ideali sed, in the sense
that all of the material that transformed into martensite reverted to its austenitic phase
upon either re-heating or the removal of stress. In practice however this is not the case,
particularly when considering polycrystalline samples, as some martensitic material
often remai ns even after the reverse process is complete.
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In actual fact, martensitic transformations can be di vided into two distinct groups:

thermoelastic and non-thermoelastic. In the case of non-thermoelastic transformati ons,
a very large driving force is required, leading to a significant change in shape, and the
formation of martensite proceeds through the sample by means of nucleation and
growth. The result of thi s is a high degree of plastic deformation occurring around the
martensite pl ates as they form, leading in turn to the furth er growth of martensite being
inhibited as the temperature is continuall y reduced. Thus the remaining materia l does
not displ ay a completely martensitic microstructure, and instead some residual austenite
remains (Machlin and Cohen, 1952). Additionally, this type of transfo rmation ex hi bits
a high degree of hysteresis between cooling and heating pathways .
In contrast, those materials which undergo a martensitic phase transformation that

IS

thermoelasti c in nature, such as is the case for NiTi, demonstrate a significantl y sma lle r
degree of hysteresis (up to a factor of ten decrease in magnitude compared to nonthermoelasti c transformati ons). These transformati ons proceed in a manner that is quite
different to their non-thermoelastic counterparts, with plates of martensite growing in
size as the temperature is lowered, due to the hi gh mobility of the interface between the
two phases of material, as opposed to many plates nucleating and growing almost
instantly to their maximum available size.

Thus it is observed that thermoelasti c

transformations are crystall ographicall y reversible, in the sense that the re-fo rmed
parent material is microstructurall y identical to its ori ginal starting structure.

1.3 Martensitic Transformation Mechanism
1.3.1

Crystallographic Description

It has already been discussed that martensitic phase transformations are diffusionJess in

nature, and thus the atomic movements that take place during the process are small in
comparison to diffusion and dislocatio n slip transformati ons in metals.

These

movements are also significantl y small er than the interatomic spacing within the
material itself, although this varies from all oy to alloy.
In order to describe the process by which austenite transforms into martensite, several
theories of crystalJographic motion and orientation have been developed.

The most

9
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prominent of these considerations was that put forward by E. C. Bain in 1924 as a result
of hi s work into the martensitic transfonnati on that occurs in steel. [n hi s paper (Bain ,
1924), it is suggested that a face-centred cubic (FeC) austenite can be transformed by
the elongation of two of the crystallographic axes and a shortening of the third. Thi s
combination of expansion and contraction of the principal axes of a unit cell in order to
convert one crystal structure to another has been termed Bain strain or Bain distortion,
and is illustrated in Figure 1.5.

z
z

(a)

•

a.

X

y

X

~

a.

"

y

"

Z

Z

(b)

(c)

a.

X

•
a.

y

X

a

a

y

"
!'igure 1.5:

Crystallographic transformation descr iption adopted by Bain.

(a) illustrates the

fo r mation of a BCT unit cell within an !'CC lattice, (b) is the BCT unit cell alone for clarity and (c)
is the new ma rtensitic BCT un it cell after deformation. (After Otsuka and Wayma n, 1998a).

In keeping with the original approach to the transformation of steel adopted by Bain,
two unit cell s of Fee austenite are placed side by side so as to define a body-centred
tetragonal (BeT) unit cell of austenite with an axial ratio of

cl a = J2.

As discussed

previously, if the X and Y axes of the unit cell are elongated and the Z axis is
compressed so that

cl a becomes the value of the

martensite, then a BeT w1it cell of

martensite results (Otsuka and Wayman, 1998b) . Furthennore, if the lattice parameter

10
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of the initial FCC lattice is specifi ed as ao' and the parameters of the mal1ens ite cell are

a and c, then the lattice deformation matri x

(s)

in tenn s of the .XYZ reference frame

can be expressed as:

_ [n/a,
B=

o

0

n,,1
la,

o

o

( \ .5)

This can then be described with respect to the austenite xyz system throug h the
application of the similarity transformation :
( 1.6)
Here R and RT represent the rotation matrix and its transpose that successfully relate
the deformation matrix to the parent lattice . Written explicitly thi s is:

InIn InIn o][n/a,
[o

B= -

0

0
I

0
0

n/a,

o

0
0

0

,%,

][/nIn -In
In

0]
0

( \.7)

001

With this deformation defined, it is now important to consider the correspondence of the
directions and lattice planes between the xyz austenite and XYZ martensite structures.
Observation of Figure 1.5 indicates that the correspondence between the three primary
directions in both crystal systems is:

[+-+ 0L II [I 0 0L,
[++oL 11 [0 I olM
[0 0 IL II [0 0 IL,

(1.8)

where the subscripts A and M refer to the austenite and martensite system respective ly.
The directional relationships stated above allow a matrix to be constructed, that in tum
describes the transformation of a direction in the austenite [xyz] phase to its resulting
direction in the martensite [XYZ] phase.

1\

I InrrodllCf;On

~

X] []I,

[ = -:

~~

]I, O][X]

(1.9)

;

Thus it can be seen, for examp le, that the [Ill] martensitic direction corresponds to the
[1 01] austenitic direction.
In a similar fashion, it is possibl e to relate crystallograph ic planes in the parent latti ce to
those that they become in the martensite lattice. Thi s is achieved using the fo llowing
transformation:

[]I, - ,Y, O][h]
H]_
K- ,Y,,Y, Ok
[ LOO 1 I

(110)

In this instance the Miller indices that specify a set of lattice planes in the austenitic
(hkl) regime can be used to determine the resulting planes in the m3ltensitic (HKL)

system. An example of this wou ld therefore be the martensitic (011 ) planes, which
originate from the austenite ( Ill ) planes.
Whilst the Bain distortion is suffic ient to relate the transformation of a Fee lattice into
a lower symmetry BeT lattice, it is an incomp lete representati on of the martensitic
transformation as a who le.

Experimental evidence suggests that, whilst the

transformation does occur as described, there should be an lmdi storted plane once the
transformation is complete.
In order to demonstrate this experimentally observed orientation relationship, we
consider a single crystal of SMA in its austenite phase, on which two parallel lines are
etched into the surface. Thi s setup is depicted in Figure 1.6.
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Martens ite Plate
Austenite

Austenite

Figure 1.6:

SMA single crystat with para llel lines etched onto the surface.

Continuity is

maintained after crossing the martensitic plate highlighted. (A fter Seaton, 2006).

As demonstrated in the diagram, once the crystal is coo led below its Ms temperature
there is a noticeable change in the direction of the scratches, together with a surface
relief effect. However, even though the straight lines are transform ed into other straight
lines, the fact that they are continuous across the terminus of one material to the other
implies that there is no rotation of the interface plane. Had such a rotation occurred
there would be a subsequent loss of continuity of the lines due to the presence of
locali sed plastic deformation in the austenite near to the habit plane (Bowles and
Mackenzie, 1954, Wayman, I 964a).
Therefore, as the Bain di stortion concept does not appear to comp letely agree with
experimental observations, further operati ons have been investigated in order to correct
for this inconsistency. To thi s end, two independent theori es regarding the comp lete
martensitic transformation were put forward, and then ultimately found to be
mathematicall y equivalent to one another. The first of these theories was developed by
Wechsler, Lieberman and Read in 1953 (Wechsler et ai , 1953), and the second a year
later in 1954 by Bowles and Mackenzie (Bowles and Mackenzie, 1954).

Their

equivalency was then determined by Chri stian in 1955 (Chri stian, 1955).
Although both of the theories are capable of producing the necessary deformations in
order to transform an austenite lattice to a martensite one, whil st at the same time
remaining true to the experimental observations described previously, they are
phenomenoJogical in nature. In this sense they do not attempt to describe the actual
mechanism of atomic motion within the lattice structure as the transformation takes
place.

13

I Il1Irodllction

It is suggested that the complete martensitic transfomlation is a combination of three
deformations, which do not necessarily take place in the same order:
1. Firstly, Bain di stortion takes place so as to achi eve the required crystall ographi c
transformation.
2. A rigid body rotation occurs so as to leave the habit plane undi stotted and
common to both phases.
3. Lattice invariant shear occurs, ei ther in the fo rm of slip or by the formation of
twins, so as to permit more favourabl e accommodation of the newl y growing
martensitic phase within the parent material.

It is important to emphasise that the first two deformations li sted above are not
physically distinct, but that their segregation is convenient fro m a mathematical
perspecti ve. As a result, the basic principle of the theories can be expressed in matri x
fo nnat (Wayman, 1964b):
( 1.11 )
The calculated matrix PI represents the shape strain evolved from the transformation,
with B being the Bain di stortion matrix described previously. R and P are the ri gid
body rotation and lattice invariant shear respecti vely. However, aspects such as the
lattice parameter of both the austenite and martensite phase, the lattice correspo ndence
between the two phases and the specific mechani sm of the latt ice invariant shear
(whether it be by slip or by twinning), must all be predetermined befo re calculations can
be successfull y made.

1.3.2

Lattice Invariant Shear and Deformation Twinning

As menti oned earlier, martensitic phase transformation s are first order, and so proceed
by nucleation and growth.

The characteristic shape change associated w ith the

transformation therefore leads to the generation of large amounts of strain around the
martensite as it forms within the parent phase. In order to acconunodate the new
material, and thus reduce the evolved strain to a minimum , the system co mpensates by
undergoing lattice invariant shear. This can take the form of one of two processes;
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either through the introduction of slip or by twinning. Both processes are depi cted
schematicall y in Figure 1.7, together with the actua l shape change that is being
accommodated for compari son.

/11111111,
!"I"II~
-III/I!I//
/1/1111111 .
(a)
Figure 1.7:

\
J

(b)

Schematic illustration of the crystallographic accommodation of newly formed

martensite through (a) slip and (b) twinning. (After Wayman and Duerig, 1990a).

In each case the indi vidual unit cell s have the required martensitic structure, whil st the
overall section as a whole has a shape similar in dimensions to that of the original
austenite. However, the mechanism of slip is a permanent process, in the sense that the
microstructure of the sample is irreversibly damaged. In contrast to thi s, twinning is a
reversible change as it involves no breaking of atomic bonds.
Whether slip or twinning is introduced as a lanice invariant shear depends upon the kind
of alloy in question, although in the case of SMAs, twinning is the predominant process.
This is easy to understand when considering the shape memory effect, which must be
both reversible and involve no large changes in vo lume.
Closer inspection of a twinned martensitic microstructure reveal s that the boundaries
between twins are essentially mirror planes, with each atom at the boundary having the
same number of nearest neighbours and similar bonds to that of an atom not located on
a boundary. The result is that the mirror planes or ' twin boundaries ' are both of a low
energy and highly mobile, which implies that the stability of the martensite phase is not
greatly affe cted by the density and location of these boundari es.

1.3.3

Effects of Stress on Martensitic Phase Transformations

The fact that twin boundaries (both those within and between martensile plates) have a
high mobility has already been di scussed, and thus it is logical to conclude that an
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external stress applied to martensite would result in the movement of twin bOlUld aries so
as to produce a macroscopic shape that better accommodates the applied stress. The
motion of a twin boundary is therefore aki n to converting one twin variant into another
- specifically a variant that is more favourab ly oriented with respect to accommodating
the appli ed stress. To thi s end, in an ideali sed situation, the application of a suffi cient
load would result in the conversion to a single martensite variant - a process referred to
as'detwinning' .
If reheating of a sample were to take place after the deformati on of martensite
di scussed, the reverse transformation would result in the conversion of the martensitic
variants back to the original austenite structure in its original orientation.

The

crystallographic reversibility allows the generated strain to be virtuall y full y recovered,
hence restoring the original dimensions of the austenite through the shape memory
effect.
Following Patel and Cohen 's anal ysis (Pate I and Co hen , 1953), it is logical to assume
that the transfonnation process itself is affected by the app li cation of an external stress
to a habitat plane.
A uni ax ial stress acting on a shape memory all oy that is undergo ing a phase
transformation acts so as to increase the martensite start temperature, and thus ass ists
the process.

However, thi s is not necessaril y the case for any type of stress.

examp le, if an Iron-Nickel SMA is subjected

to

For

a hydrostatic stress (in which tile stress

has no shear component), the transfomlation is observed to be suppressed.
When dealing with stresses that are purely hydrostatic in nature on the transformation of
SMAs, it becomes evident that the dilation of the material is crucial in determining
whether the transformation is either aided or hindered.

Specifically, if the dilation

(L1V/ V) is less than zero the hydrostatic stress wi ll assist the transformation and so

increase the martensite start temperature (Ms), whi lst if the dilation is greater than zero
then the Ms temperature will be lowered and the transformation subsequentl y
suppressed (Otsuka and Wayman, 1998c).
Alternativel y, it is possible to evaluate the effect of stress on martensitic transformati ons
through application oflhe Clausi us-Clapeyron equation:
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(1. J 2)

where P is pressure, T is temperature, LJH is the latent heat of transformation and Ll V is
the change in volume due to the transformation.

If we consider a uniax ial stress,

equati on 1.12 can be re-expressed in terms of metallurgical quantiti es (Wo llants et aI. ,
1979):

deJ
dT

- L1H

= eT

( 1.1 3)

Here a is the applied stress (be it either compressive or tensile) , and

fi represents the

accumulated strain resolved along the direction of the applied stress (Wayman and
Dueri g, 1990b).
Additio nall y, using classical nucl eation theory of martensitic transformati on proposed
by Cohen et al (Cohen, 1958), if we consider newly formed martensiti c material as a
thin oblate spheroid particle, it can be seen that the free energy barrier fo r martensiti c
nucleation is given by:

L1C'

=

327rE'y'
3(Llg + U )'

( 1.14)

where E is the strain energy produced due to the fo rmation of a martensitic nucleus, y is
the martensite/matrix interfac ial energy per area and Llg is the driving fo rce for the
transformation. U represents the work done on or by the transformation due to the
action of the applied stress and can be expressed:
( 1.1 5)
Here

a:

is the normal stress perpendicular to a habit plane of a martensitic variant and

(]"~ is the shear stress in a shear direction.

fi::

and £~: are the normal strain and shear

strain of the transformati on respectively.
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Equation l.14 indicates that the nucleation barrier will decrease signi fi cantly as the
applied stress increases. Thus as the applied stress is increased, so too wi Il the rate of
nucleati on of martensitic material (Hsu, 2006).

1.4 NiTi Shape Memory Alloy
Of the multitude of different shape memory materials that exist, NiTi has proven to be
the most commercially applicable to date, offering good impact and heat res istance,
high fatigue strength, and excellent corrosion resistance. Its ability to generate large
forces as a result of the shape memory effect make NiTi a prime candidate for a large
number of devices that benefit from non-mechani sm based motion, whil st its high
degree of biocompatibility allows it to function in numerous med ica l applications. As
NiTi is the main foc us of the experimental work within thi s thesis, it is important to
introduce the material and its basic mechanical properties.

104.1

Introduction

Equiatomic NiTi in its parent austenite phase has an ordered BCC structure belonging to
the space group Pm3 m , and often referred to as B2 in Strukturberi cht notation. In
contrast, martensitic NiTi has a monoclinic structure denoted B I9', with space group
symmetry

P 2I/m '

Structure refinement conducted by Kudoh et al (Kudoh et ai, 1985)

has determined a lattice parameter of

Go

= 3.0 1SA

b = 4.108A c = 4.646A for martensite with the angle

fo r austenite and

a

= 2.898A ,

fJ = 97.78°. Unit ce ll s fo r both

phases are illustrated in Figure 1.8.
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Figure 1.8:

(a) Unit cell of Austenitic NiTi (shaded cube) and it' s relation to th e undistorted

tetragona l cell. (b) Unit cell of Martensitic NiTi. (Xia ngyan g et ai, 2003)

Polycrystalline NiTi in solution heat treated fo rm is rarely used in applications due to its
low mechanical strength, and the fact that it rarely demonstrates the ability to fu ll y
recover strains under superelasti city testing. As a result of thi s, samples of

iTi are

normally subj ected to a number of different processing methods in order to op\i mise
such properties. These include co ld working, the addition of other elements so as to
form interstitials (solid so lution strengthening), and treatments designed to introd uce
precipitates throughout the materi al.

Subsequentl y, much research has yielded an

optimum treatment of cold working, fo ll owed by annealing in the region of 400°C, in
order to produce metastable precipitates such as Ni4Ti3 and Nil Ti into the parent
austenite. The outcome of which is the ability of the material to full y recover strains.
Whilst the introduction of prec ipitates into NiTi prod uces the desired propelties for
superelasticity, their presence does have a profound effect on the transformation
behaviour of the material.

This is understandable when it is considered that the

precipitates themselves are rich in nickel, and so their formation occurs at the detriment
of the surrounding austenite composition. When combined with the observation that a
0.1 % alteration in composition equates to a change in transformation temperature of
approximately IOoC (Melton, J990a), it is clear to see that the initial treatments of a
sample of N iTi can drasticall y affect its final properties.

To thi s end, the

thermodynami c quantities of Ms, MF, etc also vary accordin g to the processi ng of
samples during preparation.
As well as affecting the transition temperatures of NiTi, the presence of precipitates also
has a drastic influence on the crystalline phases that form during both the thermal and
stress-induced martensitic transformation. Usually, solution heat treated N iTi displays a
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two stage reversible transformation between the 82 austenitic phase and the B 19'
martensitic phase. However it is possible for a second martensite phase (denoted Rphase) to be introduced prior to the formation of the primary martensite. This R-phase
transition was first observed by Dautovich and Purdy (Dautovich and PW'dy, 1965) and
Wang et. al. (Wang et aI. , 1965) using X-ray diffract ion, although it was not known at
the time to be a distinct phase of martensite, but rather a precursor to the standard
martensite.

More specificall y, the R-phase constitutes an intermediate state of the

material which acts as a lower energy transformation path between the two primary
phases. Ab initio geometry optimisation calculations performed by Go ng et al (Gong et
a I. , 2006), and using the density-functional theory norm-conserving pseudopotentials
method, have deduced a crystal struClW'e of P31m for the R-phase, as supported by
crystallographic and ground-state energy arguments.

1.4.2

Mechanical Properties

Like most SMAs, NiTi alloys di splay a significant di ffe rence in behavio ur depending on
whether they are being tested in either the austenitic or martensitic regime, as depicted
in Figure 1.9. In the case of the latter case, the applicati on ofa load results purely in the
deformation of martensitic materi al, and the stress-strain curve for such a process can be
divided into three di stinct regions. Initially, a lo w plateau results in the stress-induced
growth of one favo urably oriented mrutensitic variant at the expense of the other, less
favourably oriented ones.

As described previously, this takes place through the

mechanism of detwinning, and leads on to a secondary linear region.

Thi s region,

whilst linear, is not purely elastic, and is instead thought to represent a defonn ati on
mechanism that involves both the elastic deformation of the detwinned martensite,
together with the formation of new orientations of martensite which then interact wi th
those already present (Melton and Mercier, 1978). The [mal region results from the
onset of plastic deformation, such as is the case for the yielding of all conventi onal
metals.

If, however, sufficiently large deformation strains are used, the reversibl e

martensitic deformation process and the dislocations introduced due to plastic flow
interact with one another resulting in a decrease in recoverable strain.
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Figure 1.9:

Example of a stress-strain curve obta in ed for a Ni-Ti- IO % Cu alloy in both the

austenitic and martensitie regime. (After Melton, 1990b). Coloured inserts represent the phase of
the material at that particular section of the curve (austenite, twinned martensitc, detwinned
martensite). Blu e images correspond to the austenite cu rve, whilst green im ages cor.res pond to the
martensite curve.

On the other hand, for deformation of NiTi that is in its austenitic phase (i.e. at a
temperature slightly above the Ms temperature), yielding occurs through the process of
stress-induced martensite formation in the same fashion as that described earlier for
SMAs in general.

Increasing the testing temperature does not affect the mode of

deformation, although the martensite is thermod ynamica lly less stable; the resu lt of
which is a greater stress required to induce the tran sformation.
In Figure 1.10, we consider a specimen of NiTi that is subj ected to one mechani cal
cycle (i.e. loading fo llowed by complete unloading), both in its completely martensiti c
and austenitic phases. The diagram clearly highlights the described effects that testing
temperature variation has on the deformation behaviour of NiTi. On the one hand,
below the MF temperature, the application of load to the sample results in residual
plastic strain once the cycle is complete, although this can be recovered by rais ing the
temperature above the transition point (as depicted on the lower section of Figure 1. 10).
Alternatively, once in austenitic form, deformation of the specimen is completely
reversible, giving rise to the superelastic loop depi cted at a higher temperature. Finall y,
after the temperature has been increased to a sufficiently high level that martensite
transformation is energetically unfavourable, the application of an external load to the
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material purely results in the plastic deformation of austeni tic NiTi , implyin g that
supere lastic behaviour has been lost.
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Figure l.IO: Effects of temperature on the mechanica l pro perties of NiTi. (After Wa yman a nd
Duerig, 1990c).

1.4.3

Effects of Strain Rate on Mechanical Properties

The mechanical cycl ing di scussed previously is sufficient to explain the deformation
behaviour of NiTi only when tested quasi-statically, in the sense that the strain rate of
the deformation in this situation is low (typically in the region of 10.5 S· I) . However, a
thorough understanding of the mechanical behaviour of NiTi at significantly higher
strain rates is essential (i.e. in the region 102 - 104 S·I).
In order to in vesti gate the mechanical response of NiTi m this strain rate region,

techniques such as the split Hopkinson pressure bar (SHPB) method must be employed,
and it is indeed thi s technique that has been used for the hi gh strain rate experimentati on
presented in this thesis. However, such testing raises the issue of constant strain rate.
This is in the sense that, during dynamic defonnation, the strain rate may change as the
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microstructure and dimensions of the material changes. This would then most likel y be
directly related to the response of the material.
High strain rate studies performed at varying temperatures (Ogawa et aI. , 1988), in
which the strain rate was not contro lled, have indicated that the overall stress level in
dynamic experiments is higher than in the quasi-static case, and that the dynanli c
deformati on of the material produced a noticeably high work-hardening rate. They also
demonstrate that, when tested at a temperature signifi cantly higher than the As
temperature, a small amount of residual strain remai ned within the sanlple, even after
exposure to heat post-experiment.

It was concluded that thi s corresponded to the

occurrence of slip, as clarified by Miyazaki et al. (Miyazaki et aI. , 1981).
These studies are complimented by those of Chen et al. (Chen et aI. , 200 I), who
included pulse shapers in order to control the strain rate within the stress-induced
martensite fo rmation regime during dynam ic load ing. Their results also demonstrate
that the stress for stress-induced martensite formation increases with increasing strain
rate in the range of 130 S·l to 750

S· l ,

and that the reverse transformati on from

martensite to austenite during dynamic deformation differs from that in the quasi-static
one. This strain rate sensitivity ofNiTi alloys was also observed by Mi llet et al. (M illet
et aI. , 2002), who noted that the yield stress of the material increased from - 500 MPa at
quasi-static load ing to -800 MPa under shock loading.
Additionally, tensile testing of thermally induced twinned martensite (Liu et aI. , 2002a
2002b), has concluded that whi lst the detwinning stress is not particul arly dependent on
the strain rate, the strain hardening effect in the dislocation deformation regi me is.
Furthermore, a comprehensive study into the high strain rate, small strain response of
NiTi has been conducted using both an Instron hydraulic testing machine and a SHPB
(Nemat-Nasser et aI. , 2005). For samples of superelastic NiTi subj ected to low strain
rate compressive deformation at room temperature, it was observed that the transiti on
stress for stress-induced martensite formation and the subsequent work hardening rate in
this regime are both dependent on strain rate. Additionall y, they go on to describe how
both of these parameters increase as the strain rate is increased, impl yi ng that N iTi
demonstrates a high degree of strain rate sensitivity.
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For hi gh strain rate testing, again pulse shapers were incorporated into the standard
SHPB set-up so as to control the strain rate during the experiment. Their overall results
indicate that, at room temperature, the transition stress of the material monotonically
increases with an increasing strain rate in the range of 10-4
above a strain rate of approxi matel y 1000

S·I

S·I

to 2000

S·I .

However,

they observed a significant increase in the

stress, implying that the strain rate sensitivity behaviour of the materi al is simil ar to the
fl ow-stress response of most ordinary metals (see Figure 1.11 ).
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Figure 1.11: Transition stress of stress-induced martensite formation in NiTi as a function of strain
rate. (Nemat-Nasser et a l., 2005).

They attribute this dependence of stress on strain rate to a thermally-acti vated interfacial
motion, such as that defined by Grujicic et al. for CuAINi alloys by studying the
kinetics of martensitic interface motion (Gruji cic et aI. , 1982).

In thi s model the

interfaces are considered to possess mobilities similar to those of slip dislocations, and
the behaviour observed during compressive testing suggested a rate control by
interaction with discrete particles of solute clusters.

However, whil st thi s model

adequately explains the dependence of stress on strain rate at strain rates up to

- 1000 S· I, it does not address the rapid increase in stress above this rate, although it is
suggested that there may exist an interfacial drag effect, similar to that of dislocation
slip at high strain rates.
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In suggesting that thermally activated interfacial motion is the underlying cause fo r the
dependence of transition stress on strain rate, it is necessary to eva luate the stressinduced martensite form ation during deformation from a thermal perspecti ve. In doing
so it must be noted that such a transition is an exothermic process and that, especiall y at
high strain rates the heat generated remains within the s pecimen, and thus increases its
temperature during the deformati on and resul ting phase transfo rmation.

These

temperature variations then affect the critical stress of martensite fo rmation as suggested
by the Clausius-Clapeyron equation (See Secti on 1.3.3).
At high strain rates, the deformati on of NiTi is essentiall y adi abati c and (taking into
account that only a small proportion of the deformation work is stored in the materi al as
the elastic energy of defects (Bever et aI., 1973», the increase in temperature of the
specimen due to the deformation is estimated by:

( 11 6)

In this expression, p is the mass density (6450 kgm-\ jJ corresponds to the fraction of
deformation work converted to heat (Therefore

199 8»,

(J

f3 '" I (Kapoor and Nemat-Nasser,

denotes stress, C is the average heat capacity of the specimen (500 Jkg-1K-1),

and the closed integration is taken over the stress-strai n hysteresis loop.

It is also

assumed that the majori ty of the dissipated energy is released in the fo rm of heat, as
opposed to sound waves and vibrations.
However, in order to obtain the actual temperature increase of the material, the latent
heat that accompanies the transformation of austenite to martensite must also be
considered. (Leo et aI. , 1993) has measured this value to be - 4. 3x I0 7 Im -3, and if it is
assumed that martensite saturation is achieved at max imum strain, this yields a
temperature increase of 13 K. Combination of both this temperature increase due to the
latent heat o f transfol1ll ation (I1TL), and the increase calculated fro m eq uation 1.1 6,
results in the overall temperature ri se of the specimen:
( 1.1 7)
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The study undertaken by Nemat-Nasser includes this specimen temperature increase as
a function of strain rate, and is di splayed in Figure 1.1 2:

•
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Figure 1.12:

Calculated (uppe r curve) a nd actual (lower curve) temperature cha nge of NiT i

specimens as a function of strain rate. Samples denoted "Sill gle Test" were loaded only on ce, whilst
those la belied " Repeated Test" were deformed several times. (Nemal-Nasser et al., 2005).

They include a temperature variation calculated using an estimation of the ClausiusClapeyron slope. In order to achieve thi s they use a constant strain rate of 10-3 s' ] and
then various initial temperatures, yielding:

c,. (5 ft".
]
- -' =6 MPaK'
/::,.T
where /::"(5;, is the transition stress obtained from their stress-strain curves,

(1.1 8)

The

resulting temperature variation is represented by the upper curve in Figme 1. 12, and
indicates a rapid increase in /::,.T with increasing strain rate, in contrast to the variation
obtained through purely experimental results, However, as they have ind icated, the
3

calculation utilised only a single Clausius-Clapeyron slope at a strain rate of 10- s' ],
although it has been observed in other investigations that the slope at low strain rates is
noticeabl y smaller than that at hi gh strain rates. Thi s is understandable as a specimen
undergoing deformation at such a low rate would not be under ad iabatic conditions.

26

I ImrodllcriolJ

Therefore the thermomechanical data presented as a result of their calculations must be
considered with a degree of caution.
In addition to the increase in transition stress of NiTi, varying strain rate also has an
effect on the work hardening rate of the material.

Agai n in Nemat-Nasser's

investigation, they observed that NiTi has two work hardening rates, depending on the
strain range. The first con'esponds to the stress-induced martensite formation, whil st
the secondary region relates to the plastic deformation of the resulting martensitic
material. Their results for work hardening rate as a function of strain rate are presented
in Figure 1.1 3.
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Figure 1. 13: Variation of work hardening rate w ith increasing strain rat e for NiTi in the stress

induced marlensile fo r malion regime. (Nemal-Nasser el a l., 2005).

Whilst they comment that the work hardening rate is seen to increase linearly with
strain rate in the region of - 10-4 to - I

S·I ,

thi s does not appear to be stri ctl y the case. In

fact, a curved relationship between the two variables would seem to produce a more
appropriate fit to the given data in this region.

Tt is then reported that the work

hardening rate remains essentiall y constant up wltil - 1000

S·I ,

although thi s is di ffic ult

to assume with confidence due to the insufficient quantity of data in this section. Thus,
again, whilst there does appear to be a relati onship between work hardening rate and
strain rate, the trends presented as part of the study by Nemat-Nasser are inadequate to
compl etely characterise what is to be expected.
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Nevertheless, it is theorised that the initial increase in work hardening rate is due to both
the latent heat of transformation and of deformation, whi ch is supported by the findin gs
of Tobushi et al. (Tobushi et aI. , 1999), although this notion does not describe the
supposed constant region. In fact, no explanation as to the origin of thi s secondary
region is given. However in the case of the sudden increase in work hardening rate
above 1000 S·I , it is believed that the dislocation drag effect on the interfacial moti on of
the formed martensites may be responsible.
One final aspect that has been noted throughout the course of research conducted into
the effects of varying strain rate on the mechanical properties ofN iTi, is that of sample
recovery after experimentation. Again thi s is primarily highlighted in the work of
Nemat-Nasser, who commented that, even though certain stress-strain results calculated
from experimental data showed a distinct amount of residual strain in the specimens,
actual measurement of the samples in question revealed no such strain. The implication
of thi s is that additional recovery had taken place directly after the tests had been
completed. However, what with the somewhat dubious results presented in conjunction
with this assessment, again the validity of the findings must be approached wi th caution.
The various studies discussed offer a wide range of information considering the
mechanical behaviour of NiTi SMAs in general, although as an overall investi gati on
they are far from comprehensive. The majority of the hi gh strain rate studi es have been
conducted solely at room temperature, and for alloys with transformation temperatures
either significantly above or below thi s level. Thus these studies represent alloys that
are either completely martensitic or completely austenitic, depending on the
transformation temperatures in each case. For example, the work performed by Liu et
al. was for an alloy with an AF temperature of -93°C, whilst that by Nemat-Nasser was
for an one with an AF temperature of -20°e. Additionally, of those studies that offer a
more extensive exploration of the thermomechani cal properties ofNiTi, these tend to be
for alloys of non equi -atomic proportions. Such as Chen et al. and Adharapurapu et al.
(Adharapurapu et aI. , 2006), who both focus sed their research on all oys that were nickel
rich (55 % Ni-wt. in each case).

28

I Introduction

1.5 Intended Work
The objective of this thesis is to produce a comprehensive investigation of the effects of
both strain rate and testing temperature on the mechanical properties of a near equiatomic NiTi alloy, with a transformation temperature in the region of room temperature,
in response to quasi-static and dynamic compressive loading. Thi s will be achieved
through the use of a Hounsfield HK50 universal testing machine and a sp li t Hopkinson
pressure bar system. Particular attention will be paid to the influence of strain rate upon
the transformation stress of the material and with regard to any subsequent variations in
microstructure that may also result. These findings will be presented in conjuncti on
with a brief thermal characterisation of the sample material obtained through both the
technique of differential scanning calorimetry, together with dynamic mechani ca l
thermal analysis.
The specific material that will be the main focus of the following in vestigation is a
commerciall y available ' B-type' NiTi (Ni - 50.3 at-%) alloy, with a quoted A p
temperature of approximately 30°C, manufactured in rod fonn from so lid solution and
purchased from ' Memory-Metalle. ' Heat treatment by flat annealing at a temperature of
500°C whi lst under a tensile load was performed by the manufacturer to ensure a
uniform composition throughout the rod to a tolerance of 0.2 wt-%, and produced an
oxide fini sh on the exposed surfaces.

Machining of the rod to required sample

dimensions was achieved by lathing, during which process a circulating coolant suppl y
was used to negate temperature build up.
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Material Characterisation

Prior to compression testing, it was necessary to characteri se the phys ical and
thermomechanical behaviour of the NiTi alloy under investigation in thi s research. In
order to evaluate these properties, microhardness testing, diffe rential scanni ng
calorimetry and dynamic mechanical thermal analysis have

been employed.

Subsequentl y, the phase transfonnation and associated enthalpies demDnstrated by the
materi al have been Dbserved and characteri sed fo r bDth heating and cDo ling, together
with the variations in modulus as a function of heating rate. In addition, the martensite
fraction of samples pri or to testing has been estimated.
The DMTA data presented in the fo llowing chapter was obtained using the faciliti es at
Triton Technology Ltd.

2.1 Microhardness Testing
Specimen preparation for compressiDn testing required that the stDck bar Df Ni Ti all DY
be machined intD 4.5 mm lengths with faces parall el tD within a tD lerance Df -0.02 mm.
HDwever, the machining process was fo und to be extremely diffi cult due to the
tendency of the cutting tool to become damaged. It was noted that tool fail ure d id not
occur unifonnly whilst machining the face of a sampl e. Instead, breakage would

OCCUI

randomly but frequently. In response to this problem, microhardness testing through
diamond indentation was perfo nned so as to ascertain if the hardness of the material
itself was unifo nn .
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Upon testing, usmg a Shimadzu HMV -2 micro hardness tester, an average hardness
value of 260 Hv was obtained by indenting approximately forty times on both specimen
faces and sides of the uncut bar itself.

However, approx imately one in ten

measurements conducted on a specimen face yielded a hardness value of between

1500 Hv and 2000 Hv. The implication of thi s is that NiTi grains of a different phase
material may exist within the bulk all oy. (Marshal , 2009) repOJted that NiTiz precipitate
exhibits a hardness of - 2000 Hv, and so it is speculated that these harder particles may
also be of NiTiz composition. As testin g revealed few hard particles per number of
overall indentations, it may be assumed that, if such precipitate material is present, it
constitutes a small fraction of the overall material.

2.2 Differential Scanning Calorimetry
2.2.1

(ntroduction

The technique of differential scanning calorimetry (DSC) is based on measurement of
the differences in heat flow required to keep both a sample material and a reference at
the same temperature as a function of either time or temperature. Thi s difference in
energy fl ow may be expressed as in eq uation 2. 1:

dq
dt

= dT(C
dt

'

-C )
,

(2. 1)

in which q represents the heat, I is time and C, and C, are the specific heat capacity of
the sample pan and reference pan systems respectivel y.
Under the conditions stated, thermal events that occur within the san1ple material would
result in a change in heat fl ow to the sample system, and thus appear as deviations in the

DSC baseline in either an exothermic or endothermic direction . Which of this cases
materiali ses is dependent on the nature of the thermal event taking place, in the sense
that excess heat may be either released or absorbed.
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2.2.2

Experimen tal Procedure

A Mettler systems DSe30 differential scanning calorimeter was used to perform DSC
on two untested samples of NiTi with similar dimensions to that of the specimens used
for compression experiments (4.5 mm length and 9 mm diameter) . Standard practice
usuall y requires only approximate ly 10 mg of sample material for analysis. However,
several attempts with thi s quantity revealed that the signal returned was insufficient to
identify any transitions or other thermal phenomena. Thus the mass of the two samples
actually tested was of the order of 1.9 g, necessitating the use of very low heating rates
so as to ensure that the samples reached thermal equilibrium during testing.
After an initial scan at IOo/min to search for any transfonnations, the first sampl e was
heated from -30°C to 70°C at a linear heating rate of IOC/min, before coo ling from
80°C to -80°C again at the same rate.

The second specimen was heated from 10°C to

60°C at a rate of O.S oC/min, and then subj ected to a further heating cyc le fro m -80°C to
80°C at a heating rate of 1°C/min in order to confirm the results obtained.

2.2.3

Results

The thermal profiles obtained for both heating and cooling of the first sampl e are given
in Figure 2. 1. Note that the scan actually represents the second heating/cooling cycle
for thi s samp le.
Upon heating (red curve), the phase transformati on from martensite to austenite can
clearly be identified from the large endothernlic peak at _35°C. From thi s data, As and
AF values may be inferred for the material of - lOoe and - 45°C respectively. However,

the cooling curve (blue curve) demonstrates a dual phase transformation, with the first
exothermic peak occurring at _ 13°C and the second at - -30°C.
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Figure 2. 1: DSC output for heating a nd cooling cycle applied to the first sa mple of NiTi.

As di scussed in Chapter I, Section 104.1, it is possible for a secondary martensite phase
(denoted R-Phase) to be introduced prior to the formation of the primary martensite.
Recent research conducted by Eggeler et al. (Eggeler et aI. , 2005) confirms tbat, for an
alloy of similar composition to the one under investigation here, the occunence of the
R-Phase transformation is evident from tbe presence of two peaks upon cooling. They
also comment that the presence of the R-Phase is most likely the res ult of thermal
ageing of the material, which is possible considering the heat treatment applied to the
original stock bar post-formation (see Chapter I, Section I.S). Thus the initial peak
demonstrated during cooling of the specimen may be considered to be the result of
R-Phase transformation prior to the onset of the transformation to B 19' martensite.
After clarification of the dual transformation observed for cooling of the material , Ms
and MF values may be obtained fro m the secondary peak of - - 15°C and - -SO°C
respectively.
Integration of the three peaks observed produced an enthalpy of transformation from
martensite to austenite of28.7 Jg' \, together with enthalpies of7.9 Jg' \ and 17.0 Jg' \ for
the R-Phase and primary martensitic transformati ons respectively. Clearly the sum of
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the second two enthalpies shoul d be approx imately equal to the first value obtained for
heating. However, in this case the sununation produces a total enthalpy that is sli ghtl y
less than expected . Thi s di screpancy m ay be the result of irreversible fo rmation of
austenite during the thermal cycles, due to restri ction in the local environment within
the material after transformation. The manifestation of such a process would be the
evolution of less energy during coo ling in a similar manner to that observed, as less of
the material would be undergoing the reverse transformation into martensi te.

The

values do, however, appear to be in agreement with those obtai ned by Da Sil va (Da
Silva, 1998), who performed calorimetric studies on a N iTi all oy of similar
composition. The energy loss observed here would also be present during mechanical
loading of the material.

In such an instance, the irreversible tranSf0 n11ation and

deformation of some austenite, again due to localised stress fie lds bei ng created with in
the surroundi ng microstructure, would result in the energy hysteresis manifesti ng as a
sizeable degree of residual strai n.
The scan of the second sample yie lded an enthalpy of transformation of martensite to
austenite of 5.3 Jg- 1•

As the previous scan of the material indicates that onl y one

transformation takes place upon heating of the alloy, it may be infe rred that the
transformation observed during this in stance is the result of conversion of any
martensiti c material present to austenite.

Thus the enthalpi es measured from both

samples should be in the same proportion as the fraction of martensite in the uncycled
material. Thi s is in the sense that the value obtained fo r the first scan is representati ve
of the conversion of 100 % of martensite to austenite (t>HI OO%), whi lst the second
corresponds to the conversion of the parti cul ar fraction of martensiti c material present
in an untested specinlen of alloy (t>HFrac). Therefore, calculation of the ratio of I'1HFrac
to t>H/OO% is representative of the fraction of martensite present in an original specimen.
This value was determined as:
!1H prac

Mi 100%

5.3
I
28.7"'"6

(2.2)

Ergo, the enthalpy values obtained for the transformations indicate that the quantity of
martensite present within a specimen prior to compression at room temperature is 1/6
of the anlount of material in total. This is a considerabl y lower fraction of martensite

34

2 Material Characterisation

than would be expected for an SMA with a quoted AF of - 30°C, and implies that
specimens should demonstrate superelasticity

even for compression at room

temperature. However, the recovery in thi s case would not be expected to be complete
due to the quantity of marten site that is present, which should therefore deform
plasticall y.
The second heating scan performed on sample two produced a thermal curve identica l
to that displayed in Fi gure 2. 1. Additionally, the enthalpy of transformati on of the peak
was calculated to be 27.3 Jg. 1, which is in good agreement with the value obtained from
the ori ginal heating scan. A summary of the peak temperatures and enthalpy values is
given in Table 2. 1.
Table 2.1 : Peak temperatures a nd corresponding enthalpies determined by DSC lesling.
Peak Temp. (0C)

llH (J g.')

35 ±2
13 ± 2 (R-Phase), -30 ± 2
22 ±2
27 ±2

28 .7 ± 0. 1
7.9 ± 0. 1 (R-Phase), 17.0 ± 0. 1
5.3 ±O. I
27.3±O. 1

Sample
I
2

Healing
Cooling
Heati ng
Heating

(-30"C 10 70"C)
(80"C 10 -80"C)
( IO"C 10 60"C)
(-80"C to 80"C)

2.3 Dynamic Mechanical Thermal Analysis
2.3.1

Introduction

Dynamic mechanical thermal anal ysis (DMTA) is reportedly one of the most sensiti ve
techniques

employed

for

the

characteri sation

and

interpretati on

of

the

thermomechanical behaviour of materials. The underlying principle of the method is
the measurement of the response of material s to a peri odically varying fo rce.
In the case of a perfectly elastic material, the application of a stress that van es
sinusoidally with time would produce an elastic strain response that is both in phase
(phase angle 6:0°) and invo lves no mechanical damping. In this case, the appl ied stress
is accommodated as potential energy within the material, and subsequently released as
kinetic energy once the stress is removed.
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Conversely, for a perfectl y viscous material, the strain produced wo uld lag behind the
applied stress by b=90°. In this instance the energy introduced into the material is
dissipated in the form of heat, and thus manifests as mechanical damping.
Generally, materials are a convolution of both of the extreme examples described
previously and as a result, part of the energy suppli ed is stored elastically whil st the
remaining energy is lost. Thus the phase shift between the driving sinuso idal stress and
the elastic response of the material falls between 0<0<90°.
The dual phase description outlined previously brings about two important quantiti es
relating to the response of a material to a sinusoidal stress: the Elasti c/Sto rage Modulu s
(E') and the Viscous/Loss Modulus (E") . Each modulus represents the ratio of stress

to strain for both the elastic and viscous properties inherent to the material under
investigation, and can be related to one another through equation 2.3 .
E'=E'+iE"

(2.3)

Here E' and E" are the storage and loss moduli defined earli er and E' refers to the
complex modulus of the material. Subsequently E" can be interpreted as a measure of
the material' s resistance to the overall defonnatioll.
It is convenient at this point to introduce the loss tangent or Tanb, which is defined as in

equation 2.4:

Tam5

E"

= IF

(2.4)

This dimensionless ratio between the two moduli indicates the relati ve damping ability
of the material and is indicative of the ratio of energy lost to energy stored during a
deformation cycle.

2.3.2

Experimental Procedure

A TRITEC2000B Dynamic Mechanical Analysis lnstrument was used to perform
DMTA on two specimens of NiTi in 3-point bending mode. In this orientation the
samples, in the form of thin rectangles, are clamped into position at each end, and the
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driving force was applied by an impinging probe-tip at the sample mid-point, as
depicted in Figure 2.2.
Probe
Sample

Clamp

Clamp

Figure 2.2: Schematic diagram of the OM TA apparatus in 3-point bending mode.

Initiall y a small static load was applied by the probe, followed by the superposition of
the oscillating force at known frequency and a strain amplitude of 0.05 %.

The

specimen mechanical response could then be observed through application of the theory
given in the previous section.
For the experiments conducted here, the specific sample dimensions are given in table
2.1 , although it should be noted that the functional length of both speci mens during
testing was limited to the di stance between the outer clamps (10 mm). This is logical,
as only the material present between the two clan1ps is strictl y within the experimental
field.
Table 2.2: OMTA sample dimensions.
Sample No.

Length (mm)

Width (mm)

Thickness (m m)

I

32.6
30. 1

4.6

0.9

2.9

0.7

2

Sample 1 was scanned through a temperature range of -O°C to 70°C at a linear rale of
3°C/min, whilst simultaneously recording the material response to applied dri ving
frequencies of I Hz and 10Hz (see Figure 2.3).
Scans of Sample 2 were then conducted whilst heating through a temperature range of

ooe to 80 e at a linear heating rate of 3°C per minute, and then whil st cooling back to
0

room temperature at the same rate.

Again data points were recorded for driving

frequencies of both I Hz and 10Hz (see Figure 2.4).
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2.3.3

Results

The DMTA results obtained for both samples are presented in the fo llowing sect ion in
tenns of modulus variation with respect to varying temperature. In each example, the
measurements for driving frequencies of both I Hz and 10Hz are represented by solid
and dashed lines respectively.

These frequencies correspond to strain rates of the

material in each case of 10.3 and 10-4 S·1 respectivel y.
Figure 2.3 ill ustrates the variation in both storage and loss moduli of the material as a
function of increasing temperature and clearl y highlights the transformation of the
material in the region of the quoted value of 30°C. This is indicated by the drastic
change in both moduli as the temperature is increased.

Figure 2.3: Variation in Storage and Loss moduli as a function of temperature for sa mple I. Solid
and dashed lines represent deformation frequencies of 1 Hz and 10 Hz respectively.

From the data, the thermal parameters of As and AF can be estimated as - 27°C and
-50°C respectively, together with storage and loss modulus values of - 2.5 GPa and
-0. 1 GPa for martensite, and - 4.25 GPa and - 0.0 I GPa for austenite. In addition, there
appears to be a softening of the martensitic storage modulus just prior to the onset of the
phase transfonnation.
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The As and AF temperatures estimated imply that specImens of the material wou ld
consist mainly of martensitic N iTi wl1en at room temperature.

However, as the As

temperature and room temperature are relatively close, it is possible that a small fraction
of the material would be austenitic.
These findings are corroborated by the results obtained for the thermal cycling of the
second sample, which are given in Figure 2.4.
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Figure 2.4: Change in Storage modulus whilst heating (red curves) followed by subseq uent cooling
(blue curves).

Solid and dashed lines represent deformation frequen cies of I Hz and 10 Hz

respectively.

In this instance, the heating phase of the experiment indi cates As and AF temperatures of
- 20°C and -50°C, which are in close agreement with those determined from Figure 2.3.
In addition, the cooling phase yields values for Ms and MFof _40°C and - I SoC.

Figure 2.3 and Figure 2.4 also indicate that an increase in driving freq uency has little
effect on the mechanical properties of the material, which is illustrated by the similarily
in curves obtained for freq uencies of both I Hz and 10Hz. However, thi s is by no
means an exhaustive investigati on of the effects of driving frequency as onl y a decade
variation was considered .
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Quasi-Static Strain Rate Testing

3.1 Introduction to Hounsfield Compression Testin g
Observation of the mechanical properties of materials in the quasi-static strain rate
regime (i.e. 10-4 - 10.2 s·') can be effectively achieved through Hounsfie ld compression
testing. This equipment and techn ique has the benefit of provi ding a controll able strai n
rate in the range specified , whi lst at the same time permitting rea l-time data acqui sition
at a hi gh reso lution.

3.2 The Loughborough Hounsfield Sys tem
The Hounsfi eld compression testing apparatus under use in the Loughborough Physics
department is depicted schematicall y in Figure 3. 1.

3.2.1

Hounsfi eld Compress ion Rig

The compression rig itself is a Hounsfield HK50 universal testi ng machine with a
max imum attainable load application of 50 kN. T he maxi mum load restriction speci fi ed
is due to the upper functioning threshold of the load cell included in the apparatus setup, and exceeding thi s li mit would greatly increase the probabil ity of eithe r damage or
failure of the device. Steel rollers of a hardness greater than that of NiTi (-700 Hv)
were used in order to prevent deformation of the platens, which themselves have a
relatively low hardness.
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Power su ppl y

Load cell

Data logge r

Sample
Steel roller
Platen

Computer
Ex tcnsometcr

Control un it

Figure 3.1: Schematic representat ion of the apparatus used fo r Hounsfield compress ion testing.

Testing parameters such as platen movement direction, and both stress and deformation
observation range, are input using the controls at the base of the instrument, and the
drive itself is provided by a dual screw-thread system. This ensures a constant and even
deformation of the sample .
In addition to in-situ readouts that provide information as to the load being applied and
the displacement of the upper platen, the Hounsfield machine has output vo ltages that
are characteristic to both of these readings in order to record them externall y.
Specifically, an output of 1 V from the instrument corresponds to a maximum value of
either load or platen di splacement, as determined by the range selection controls
mentioned previously. For example, when the load cell of the maclline is operating in
the 100 % range, a I V deflection from the device would therefore correspond to a load
of 50 kN being applied to a sample.

3.2.2

Electronic Measurement Apparatus

The data generated by the Hounsfield rig during a.n experiment is recorded on a. separate
computer as the instrument itself has no storage memory. In order to achieve tru s, the
analogue voltage output from the machine described above is tra.nsferred to a ' Pi co
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Technologies' AD-20 data logger, which subsequently converts the information to a
digital signal for processing and storage.
However, only the signal corresponding to the applied force measurement of the
Hounsfield machine is recorded in tbe manner described. In order to obtain an accurate
description of NiTi when subjected to compress ion on the Ho unsfi eld ri g, a UB -5
di splacement transducer external extensometer was applied to the specimen prior to
testing. As indi cated in Figure 3.1 , this device is comprised of two fl ex ible prongs that
are inserted into the sample area, which subsequently bend as the di stance between the
two rollers decreases.

Strain gauges affixed within the device and powered by an

adjoining unit providing a constant CUlTent and vo ltage of20 mA and 10 V respective ly,
then translate the displacement of the prongs into a vo ltage output similar to that of the
Hounsfield machine itself. Calibration of the device was performed prior to testing and
yielded a relationship between extensometer di splacement and voltage deflection of
I mm: 1.573 mY.

This vo ltage output is also chrumelled to the data logger for

recording.
Using the setup described it is possible to monitor both parameters of app lied load and
sample deformation simultaneously

3.2.3

Sample Specifications

Samples tested on the Hounsfield compression ri g were N iTi cylinders that had been
machined to a length of 4.50

± 0.02 mm and diameter 9.00 ± 0.02 mm, and thus were

the same dimensions as the samples used for hi gh strain rate testing on the split
Hopkinson pressure bar. Before loading into position in the apparatus, a thin fi lm of
lubricating MOS2 grease was applied to both faces of the specimen in order to reduce
barrelling.

3.3 Analysis of Data
To obtain the resulting stress-strain profile of a sample after compression testing, the
recorded voltage outputs from both the Hounsfi eld machine and the extensometer had to
initially be converted into their respective values of load ru1d platen di splacement. Thi s
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was achieved by noting that a I Y output from the Hounsfield machine corresponded to
a 50 kN load being app li ed, and that an extensometer displacement of I mm was
represented by a voltage change of 5.1 73 mY, as determined by prior ca libration. Thus
it was a simple matter to relate each voltage deflection to its corresponding physical
quantity.
Once determined, the load and displacement data could be further translated into sample
stress and strain through appli cation of the standard formulae given in equations 3. 1 and

3.2.

li

'

t:,J
10

10 -I
10

(3 . 1)

=-=--

and
F

0',

=

(3.2)

A

o

where 10 and 1 are the initial and fi nal sample lengths respectively, F is the load or fo rce
applied to the samp le, and Ao is the initial cross-sectional area. However, the stress and
strain values obtained from application of these two relationships are more specifically
the engineering stress and strain of the specimen. These measurements were converted
to true stress and strain in order to achieve a more fundamental understanding of the
deformation process taking place.

This is in the sense that true stress-strain

compensates for the changes in the dimensions of a sample whilst undergo ing either
compressive or tensile deformation
In the case of strain, if we consider a simpl e cylindrical sample, the true strain (c,) is

given by equation 3.3
1 dl
I
c = f - = In ,
I
10

(3.3)

I,

where again, 10 and I correspond to the origi nal and [mal length of the specimen
respectively.
Equation 3. 1 can then be rearranged to yield:
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(3.4)

before be ing substituted into equation 3.3, resulti ng in:
e,

= In(1 +0.)

(3.5)

[n this case the actual deformation of the samp le has been taken to be tensile in keeping
with the standard convention, although it is clear to see that for compression

Ee

would

be a negative quantity, implying that the overa ll relationship between true and
engineering strain may be represented as :

c, = In(1± c,)

(3.6)

ill terms of stress, the true stress of such a sample is given by equation 3 .7.
F

(J ,

(3.7)

=A

Here F is the force applied, again in a tensi le manner, and A is the cross-sectional area.
If it is assumed that the specimen material has a Poisson ' s ratio of 0.5 and that,
consequently, the volume of the specimen remains constant throughollt the deformation,
it can be seen that the relationship to the initia l cross-sectional a rea of the sample is
given by equation 3.8:

Al = Aolo

(3.8)

The assumption of a Poisson' s ratio of 0.5 holds true in this situation, as initial testing
of the NiTi alloy was performed prior to experimentation.

By measuring the

dimensions of a typical sample of the material, both before and after compression, the
subsequent reduction and expansion of the length and diameter were observed to be
consistent.

Comparison of these values yielded a Poisson' s rati o for the all oy of

-0.48 ± 0.05, which is effectively in the region of 0.5.
Thus rearranging equation 3.8 and substituting for A in equation 3.7 yields equation 3 .9.

44

3 Quasi-Static Strain Rate Testing

(3.9)

in which

F/ ~ is the engineering stress and 1/10 is one plus the engi neering strain of

the sample as introduced previously. Therefore the true stress can be represented as:

(J, = (J,(I ±E, )

(3. 10)

Again the ± symbol is included to denote the difference between tensi le and
compressive deformation characteristics.
After applying equations 3.6 and 3. 10 the results of both true stress and true strain can
then be plotted against one another in order to obtain the characteristi c deformation
curve for the sample.

3.4 Experimental Procedure
Prior to loading a NiTi sample into the testing rig, its dimensions were measured using a
digital micrometer. This done, a thin layer of MoS 2 grease was applied to both faces to
reduce barrelling and the sample itself was placed on top of the lower steel ro ll er. After
centralising the specimen position, the upper platen was lowered slowly until both it and
the rollers were finnly held in place by a small load of -5 N (whi ch was then tared to
zero). This ensures that no unwanted movement of the sample took place whilst the
extensometer was being attached and fmal preparations were made.
The extensometer itself was supported by a nearby clamp and stand, and the two
measurement probes were inserted into the gap around the sample between the rollers.
After activating the power supply and checking that the extenso meter was producing a
voltage read ing in the range ex pected (-38 mY), the required platen movement speed
was selected, together with the required sampling rate . Spec ifically these were:
Platen Speed (mm /m in)

Sa mpling Interval (s)

0.1

5

I

I

10

0.5
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These values were chosen as they provided the optimum signal/noise ratio for each
platen speed, as pre-determined from several initial trial experiments on copper
samples.
With the required preparations complete, each experiment was proceeded by
compressing the sample until a load of 45 kN was reached, at which point the motion of
the platen was reversed and unload ing of the sampl e took place. Data from the event
was continuously recorded by the computer and could then be analysed once the
experiment had reached its conclusion. Once unloading had been achieved, the sample
dimensions were re-measured .

3.5 Modifications for Elevated Temperature Experiments
As it was necessary to evaluate the effects of varying temperature on NiTi and the
impact it has on the mechanical behaviour of the material during quasi-stati c
defonnation, the standard Howlsfield compression set-up depicted in Figure 2.2
required modification. To thi s end, a heating block was introduced in place of the lower
platen as illustrated in Figure 3.2 .

Load cell

Upper plalen

EXlensometer

Sample
I

I
I

Healing block :

Sleel roller
Temperature
controller

I
I
I

Figure 3.2:

(Left): magnified section of the Hounsfield experimenta l set-up to highlight

modifications for raised temperature testing.

Black markers correspond to loca ti ons at which

temperature checks were taken and the red dashed line represents sections of eq uipment that are
heated. (Right): photograph of the apparatus set up illustrated.
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It can be seen from Figure 3.2 that the roll ers and sampl e were placed direct ly on top of
the block as with the platen before. The device was powered by the ma ins suppl y, and
regulated by an attached control unit with connecting thermal sensors.
In order to guarantee that samples were at a particular constant temperature for testing, a

suffi cient period of pre-heat ing was allowed before experi mentati on.

Numerous

temperature checks performed using both an in fra-red, and contact thermometer duri ng
this settling period ensured that the sample and surrounding apparatus had reached both
the required temperature (to within ± 2°C), and thermal equil ibrium before data
co llection began.

3.6 Results
The stress-strai n properti es obtained fro m the Hounsfield compression testi ng of NiTi
are presented in the fo ll owing section fo r ex periments that were perfo rmed at fo ur
temperatures fo r each of the three platen movement speeds.

The results are fi rstl y

presented as a function of varying temperature .whilst maintaining constant strain rate,
and secondly from the perspecti ve of varying strai n rate at constant testing temperature.
The experiments were carried out at testing temperatures of room temperature
(R.T. ~20 °C) , 30°C, 40°C and 50°C so as to encompass the transformation temperature
of the material itsel f. The three platen movement speeds utilized corresponded to strain
rates of ~ 1O·5

S·I ,

~ 1O-4 S· I and ~ 1O·3 S· l

The measurements described were repeated in

order to ensure validity although, since the results were very simil ar, the secondary data
series is included in Appendix 1 fo r completeness, whil st the key results are outlined
below.

3.6.1

Stress-Strain Properties as a Function of Varying Temperature

The true stress-strain curves are presented as a fun ction of varying testing temperature,
as indicated by the curve colouration, for each of the three constant strain rates, in
Figure 3.3. The results corresponding to strain rates of ~ 10·5

S·I,

~ I O-4 S·I and ~ 1O·3 S·I

are given in (a), Cb) and (c) respectively.
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Figure 3.3: First series stress-stra in results for NiTi. (a), (b) a nd (c) refer to the strai n rate range
selected according to the platen movement speed, a lthough actua l stra in rates calculated for each
experi ment are also included in the inserts. Colou ring from blue to red correspo nds to testing

temperatures of rOom temperature (R.T.), 30°C , 40°C a nd 50°C respectively. Erro r estimates for
stress and strain va lues are of magnitude 0.05 GPa a nq 0.5 % .
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The strain rates of _ IO-S S-I demonstrate a reducti on in the maximum strai n reached in
each case with increasing testing temperature_ Thi s can be seen by the characteri stic
successive shift in the point of max imum load to the left, with an overall reduction fro m
6 % for the room temperature sample (blue curve) to 5 % for the sam pl e tested at 50°C
(red curve). A trend simil ar to thi s was observed for the repeated data (Append ix I), in
which the room temperature, 30°C and 40°C curves shift progressively to lower
maximum strains. The 50°C result in that series however, does not appear to fo llow in
sequence, and instead has a higher than expected maximum strain, although thi s may be
due to the variation in strain rate appl ied between the repeat test and the ini tial
experiment. Nonetheless, it may be assumed that the increase in testing temperature
results in a successive decrease in the maximum strain achieved by the material when
subjected to the same compressive load.
In add iti on, a second trend is also observed as the loops become closed at hi gher
temperatures. For example, the room temperature curve demonstrates a residual strain
of - 3.4 % after unloading, but as the temperature increases the anlount of res idual strain
is seen to decrease to below 0.5 %.

The 50°C curve appears to contradi ct th is

observati on, a lthough the repeat series data again fo llows the expected trend. Coupled
with the fact that the residual strain observed fo r the ori ginal series c urve is miniscu le
(-0.5 %), it may be assumed that the materi al undergoes complete recove ry at 50°C fo r
this strain rate. Thus the red uction in residual strain appears to indicate an increase in
the degree of superelasticity of the alloy.
The stress-strain loops for strain rates of _ 10-4

S-I

also demonstrate the two trends

discussed previously, however there appears to be a larger reduction in the max imum
strain induced as a function of increasing testing temperature. The results fro m the
IO-s S- I ex perinlents indicate an overal l reduction of approxinlately I % strain, whilst in
this case a lmost 1.5 % is observed, which is also true for the repeated data seri es. In
addition to thi s, the sequential reduction demonstrated by the IO-s S-I data (blue, green,
yellow, red) is not present. Instead the curves for 30°C and 40°C are in reverse order
(blue, yellow, green, red), although this may not actually be the case as the repeated
results show the expected curve order observed at the previous strain rate.
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T here is, however, a decrease in the residual strain of the materi al upon unl oad ing
similar to that seen previously, w ith a fin al strain of - 3.6 % remaining for the room
temperature sample, foll owed by less than O.S % remaining at all three hi gher
temperatures. Thi s is again supported by the repeated data, although in that series the
curve obtained at 30°C also demonstrates a residual strain of approx imately 2 %.
Curves obtained for the _ 10.3

S·l

experiments are in agreement with results fro m the two

previous strain rates. In this instance the magnitude of the red ucti on in max im um strai n
is again greater, with an overall loss of approx imately 2 % strain between the room
temperature curve (- 6.4 %) and the SO°C curve (- 4 .4 %). Additi ona lly, the successive
loops again follow the expected sequence (blue, green, yellow, red), although there is a
significant difference in the spacing of the maximum strain points whi ch is evident from
the variation in separation of the points of max imum load . Thi s is also present fo r the
repeated results, although the spacing of the max inlUm strain values is not as great.
The degree of superel asticity of the materi al also increases with increasing testing
temperature.

However, whilst for the lower strain rates superelastic behaviour is

observed at 30°C, in thi s instance that is not the case, and the 30°C stress-strain curve
demonstrates a - 2 % residual strain upon tota l removal of the compress ive force. Thi s
was again observed for the repeated data seri es, in which the 30°C curve demonstrates
-2.S % residual strain. The previously observed trend appears to return at the hi gher
temperatures of 40°C and SO°C for both sets of results.

3.6.2

Stress-Strain Properties as a Function of Varying Strain Rate

True stress-strain curves obtained at the fo ur festing temperatures are presented as a
function of varying strain rate in Figure 3.4. Curve co lourati on in the seq uence red,
green, blue represents the increase in strain rate fo r each isotherm.

The results

corresponding to testing temperatures of RT, 30°C, 40°C and 50°C are given in (a), (b),
(c) and (d) respecti vely.
The curves obtained as a result of the room temperature compression testing (Figure 3.4
(a» are very similar across all three of the strain rates employed. This is in the sense
that the max imum strain reached at maximum load is approximately the same for a ll
three loops, and the overall shape of the curves does not appear to diffe r by much in
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each case. The amount of residual non-recovered strain, being approximately 3.5 %, is
also the same for each specimen. Whil st the material does not fu lly return to its original
dimensions upon unloading, a recovery of thi s magnitude (- 2 %) is higher than that
expected from a standard metal . Thus the alloy appears to demonstrate some degree of
5

superelastic behaviour at room temperature, irrespective of strain rate in the range 10.
to 10.3

S·I .

Thi s in turn implies that a significant fraction of the materi al must still be in

the austeni tic phase even at room temperature, as in iti all y determ ined by thermal and
diffraction testing.

The repeated mea surements in Appendi x I corroborate this

assessment, as the three curves in the seri es also retain strain in the region of3.5 -4 %.
At 30°C (Figure 3.4 (b)), the similarity between the hysteresis loops observed at room
temperature appears to break down, with each successive strain rate producing
variations in curve shape. The max im um strain reached in each case is hi ghl y simil ar,
although a possible reduction in max imunl strain wi th increasing strain rate may be
taking place. This can be seen from the shift in the curve inflections to the left with
increasing strain rate.

However, there is some ambiguity as the magnitude of the

reduction between red and blue curves is less than 0.5 %. The repeat data in thi s case
reveals the same trend fo r the blue and green curves (representing strain rates of 10.3
and 10""

S·I),

S· I

although not fo r the red (10.5 S·I) curve. If it is assumed that the initial data

series and the repeat series should produce the same results, the magni tude of the
dev iation between the maximWll strains of both 50°C curves is representative of the
error associated with the calculated strai n values. Thus an error estimate of - I % can be
applied to all quasi-static strain rate results. This in turn implies that di spersal of the
max imum strain values observed for the initial seri es curves may not be true, as the
magnitude ofthe strain reductions falls within this error estimate.
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Figure 3.4:

First series stress-strain results displayed in terms o f vary in g strain rate for each

isotherm . (a) to (d) represent testing temperatures of R.T., 30°C, 40°(: and 50°C. Colouring from
red to blue corres ponds to in creas in g strain ra tes, as indi ca ted in th e inserts. Error estimates for

stress and strain valu es a re of magnitude 0.05 G P. and 0.5 % .

52

3 Q/lasi-Static Strain Rare Testillg

Additionally, at the highest strain rate (10.3

S·l) ,

the material displays a large amount of

non-recovered strain (-2 %), whj lst at the two lower strain rates superelastic behaviour
is observed. This is confirmed by the repeat testing, which indicates a residual - 2.5 %
strain at the highest strain rate, although implies that the sample tested at the
intermediate strain rate of 10.4 S·l al so demonstrates a non-recovered strain of - 2 %.
The results of testing at 40°C and 50°C both imply that the material is superelastic for
all three strain rates at these temperatures, and thjs trend is also observed for the
repeated data in each case. In addition, the amount of reduction in the maximum strain
achieved at both temperatures also appears to increase as the testing temperature
increases, although no definite trend between strain rate variation and maximum strain
can be deduced for room temperature, 30°C and 40°C, as the sequence of the curves
varies for all three temperatures in both the injtial and repeated results. Onl y the curves
obtained from testing at 50°C demonstrate a definite trend of reduction in maximum
strain with increasing strain rate, which is confirmed by the repeat data. Therefore it
may be possible that, at this temperature, the increasing strain rate may be resulting in
work hardening of the alloy, as characteri sed by the reduction in strain reached for the
sample load.
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Chapter 4
High Strain Rate Testing

4.1 The Split Hopkinson Pressure Bar Technique
In 1949, Kolsky modified the original pressure bar apparatus that had been deve loped

.

and studied by Hopkinson in 19 14 in order to observe the mechanical behaviour of
materials at hi gh strain rates. Kolsky' s adaptation focus sed around the splittin g of the
pressure bar into two bars of identical length. In thi s duel bar set-up, a thin disc of
sample material could be placed between the flat faces of the bars, and a transient
pressure could be applied to one end either through detonation of an explosive charge,
or by impact of a projectile.
The stress pu lse generated by the explosion/impact would then propagate along the first
bar as before, until reaching the interface with the sample disc.

At thi s point, a

proportion of the impinging compressive pulse is reflected from the sample and travel s
back along the initial bar, leaving the remaining energy to be transmitted through the
sample, and pass on into the second bar. It is the relative di splacements of the ends of
the two bars that can then be related to the stress and strain characteristics of the
material being tested.
Alteration of the initial explosive charge or projectile impact speed pennits
measurements to be taken across a range of strain rates. Typically this is of the order of
102 to 104 S·l using a gas gun and projecti le. The stress pulses generated in the bars are
measured by strain gauges placed at equidi stant points from the specimen.
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The two bar system described is now known as the Kolsky Bar or Split Hopkinson
Pressure Bar (SHPB) and is widely used throughout the field of material s testing and
development, from singular metals to complex composites.
In add ition to the basic set-up described previously, aspects such as hi gh speed
photography, laser interferometry, etc have been incorporated into the design in order to
measure the di splacement of the bar faces directl y. For examp le, (Griffith s and Martin,
1974) constructed a photoelectric recording system simi lar to that first suggested by
(Wright and Lyon, 1957). Thi s design utilised a light beam and shutter system as
depicted in Figure 4.1.
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Figure 4.1 : Ph otoelectric recording system used by Griffiths and Martin.

Movement of shutter S, as a result of spe'cimen compression, implies that the
illumination received by the photomultipliers fro m the light source L wi ll be
diminished. By recording thi s on an oscilloscope, a linear relationship between shutter
displacement and beam deflection can be deduced, and the displacement of the sample
faces can be determined.
An alternative method of determining sample displacements is through the use of

speckle metrology. (Grantham et aI. , 2004) incorporated this teclUlique into their SHPB
Brazilian testing of an explosive simulant. In their experiments, a random pattern was
applied to the visible surface of the specimen, and then the movement of the pattern was
tracked during the deformation process by means of high speed digital photography and
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image correlation. The data obtained could then be used as a direct reference to the
di splacement and strain of the sample.

4.2 The Loughborough SHPB System
The SHPB system in the Loughborough Physics department is essentially an improved
version of the ori ginal design employed by Kolsky, and is illustrated schematically in
Figure 4.2.

4.2.1

Pressure Bars and Gas Gun Assembly

The set-up comprises two maraging steel bars (loading and transmissio n), chosen due to
its high yield stress (1300 MPa), ali gned in succession in the horizontal plane. Precise
alignment is achieved through the use of V-shaped nylon clamps which are adj ustable in
both the hori zontal and vel1ical directions, and the ends of both bars are machined fl at
to within a tolerance of 10 I-UI1 in order to ensure a good interface with no gaps.
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Deviating from the original Kolsky specifications, a pre-Ioadi ng bar of lower strength
(700 MPa) has been added prior to the loadi ng bar as a result of research conducted by
(Parry, Walker and Di xon, 1995) into the smoothing of Hopkinson Bar loading pul ses.
The effect of placing th is bar, made from 43 1 steel, is to significant ly reduce the
presence of Pochhammer-Chree osci llations (Figu re 4.3), so named after the researchers
who first described their behaviour mathematica lly.

These arise due to the Fourier

components of a pu lse sufferi ng elastic wave dispers ion (Pochhammer, 1876) and
(Chree, 1889) as a consequence of the fact that the velocity of a wave in a bar depend s
on its wavelength relative to the bar dianleter. Therefore, after a suffic ient time of
propagation along the bar, the higher frequency components of the pulse will begin to
lag behind the leading edge, resulting in these hi gh freque ncy oscillati ons being
superimposed on the original wave front.

Pochhammer-Chre~
oscillations

L

Incident pul se'_ _ _ _ _---i_ __

100fl S
Figure 4.3: Pochhammer-Chree oscillations superimposed onto in cid ent pulse wavefro nt.

It is clear that the presence of Pochhanlmer-Chree oscillations can have a significantly

detrimental impact on the validity of experimental results, as it is possible that a sam ple
being tested is subj ected to a series of unl oading and reloading fronts. Subsequently,
locali sed regions of the specimen may experience stress and strain histories that diffe r
substantially when compared to the average behaviour of the sanlple as a whole. Thus
the addition of a pre-Ioading bar of lower strength has the effect of damping the
oscillations before they can reach the loading bar.
At the terminus of the apparatus layout, a fi nal bar has been placed in di rect contact
with the transmission bar.

The function of th is bar is to convey the momentum

remaining after the initial stress wave propagation away from the experimental field.
Failure to achieve this would result in multiple unwanted tensi le and compressive waves
continuing to travel in the pressure bars, refl ecting at each interface enco untered. In
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addition, thi s momentum bar is aligned so that it itself impacts with a bl ock of
plasticine, so as to dampen its moti on and disperse the kinetic energy contained within
it.
Transient stress pulses are generated in the apparatus by the ballistic impact of a
projectile, fired from the adjoining gas gun, with the pre-Ioading bar. The proj ectil e
consists of a 25 cm cy li nder of 431 steel, surrounded by a PTFE carriage that is close ly
fitti ng in the gas gun barrel whilst still allowing easy movement (Figure 4.4). Between
experiments the projectile is kept refrigerated so as to avoid the problems that would
ari se due to thermal expansion and subsequent shape change.
250mm

•

•

S_te_e\-t-~::::::: =ff+-PT-FE--'
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•

11111111

Figure 4.4: Diagram of the projectile used to create stress pulses during a SHPB experim ent.

PTFE is used in order to ensure a relatively fri ctionless passage of the projectile along
the length of the gas gun, which is itself a steel tube of diameter 6.35 cm and length
2.4 m. A vacuum is created in the gun by means of a rotary pump and associated
conduits, together with a series of valves that enable each section to be isolated
independentl y.
The final plate contains apertures of various diameters which can be opened or sealed as
desired so as to increase or decrease the throughput of air into the tube. Thus the speed
of the proj ectile, and so the resulting stress and strain-rate applied to the sample can be
altered accordi ngly.

Firing of the projectile is achi eved using the firin g lever to

suddenly open the gas gun to atmosphere.

4.2.2

Electronic Measurement Apparatus

Measurements of the pulses propagating in the pressure bars are made by two pairs of
strain gauges affixed on both bars, at equidistant points 40 cm on either side of the
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sample positi on. The gauge pair located on the load ing bar therefore observes both the
incident compressive pul se generated by the projectile impact, together with an y
reflected pulse after interaction with the sample. The pair of gauges on the transmi ssion
bar, meanwhile, monitor any of the pulse that is transmitted throu gh the sample. A
constant current of 20 mA is maintai ned across the gauges by a Famell E350 stabili zed
voltage suppl y and the resulting voltage deflections, which should thus be opposite in
polarity depending on whether referring to a compressive or tensile pul se, are generated
by simple potential divider circuits of construct identical to that shown in Figure 4.5.
Power Supply
,-------~

~-------,

sov
R,
2200n

Ll V

Figure 4.5: Potential divider circuit diagram used to monitor the voltage deflection s across o ne

pair of strain ga uges.

The voltage deflection (Ll V) across the ballast resistor Rn in both gauge circuits is
channelled to a digital osci lloscope for simultaneous data coll ecti on, with chmmel
corresponding to the load ing bar and channel 2 to the transmitter bar.
Each gauge in a particular pair is attached diametrically opposite to its partner, and both
are connected in series. Thi s arrangement has the benefits that the signal from the bars
is doubled, allowing for greater resolution, and that flexural or bending wave
contributions are compensated for.
In add ition, channel 2 has an SA I 00 Scope 100x amplifi er included in order to boost
the signal received from the strain gauges. Al so, any excess noise that may be prevalent
in the recorded signal is removed by electronic filtering.

4.2.3

Sample Specifications

Samples tested using the SHPB apparatus are cylinders that have been machined to a
length of 4.50 ± 0.02 mm and diameter 9.00 ± 0.02 mm , as was the case for specimens
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tested at low rate compression. Samples are also lubricated with MoS 2 grease during
loading as before.

4.3 Pulse Propagation and the Effects of Acoustic Impedance
An important cons ideration when attempting to understand the progress ion of stress

waves from one materia l to another is that of the acoustic impedances of the media
through which the waves are travelling. It is the variation between these mechanical
quantities that detern1ines the behaviour of such a wave at the interface of the two
materials, and so governs the magnitude of the transmitted and reflected waves that may
be prod uced.
When estimating the intensity of the stress propagated in a bar, the fo ll owing express ion
4.1 holds true :
(4. 1)

where

1J0

is the propagating stress, and p, Co and Vo are the dens ity, elastic wave speed

and particle velocity of the bar respective ly. It is the quantity pea that is referred to as
the mechanical or acoustic impedance, and is characteristic to the material from wh ich
the bar is comprised (Johnson, 1972).
If two bars constructed of different materials are placed in contact with one another,
then a stress pulse travelling from the first bar to the second wi ll be affected in a manner
dependent on the magnitude of the discontinuity between the acousti c impedances of
each bar. Reflection will occur if the impedance of the second bar is either greater or
smaller than that of the first, although in the initial case the reflected wave will be
compressive in nature, whilst in the latter a tensi le reflected wave will be created. In
either example, the generation of a reflected wave would result in a subsequent loss of
energy from the transmitted pulse.
Alternatively, if two bars comprised of the same material are placed in sequence
identically to the example above, it follows that a propagating stress wave wou ld
experience no reflection as the acoustic impedances of the two bars are the same. Of
course this is only true if the particle velocity remains constant throughout the entire
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propagation, which is usually the case during SHPB tests, and the result is that the entire
pul se is transmitted across the interface .
Therefore, as mentioned earlier, the pressure bars comprising the Loughborough SHPB
system are specifically made from materials that have similar or identical acoustic
impedances. This therefore negates the compli cation of varying stresses during the
course of wave propagation throughout the apparatus.

4.4 Factors Affecting Experimental Accuracy
Determination of the mechanical properties of materials using the SHPB technique is
only possible when the following two sample criteria are met:
(i)

That the specimen is in a state of one-dimensional stress.

(ii)

That the stress and strain throughout the sample are uni form in nature.

Friction between the sample and bars, together with radial/axial inertia effects invalidate
these criteria.
Factors leading to a subsequent non-uniformity of sample stress and thus inaccuracy of
results, such as friction, inertia and stress wave propagation within the sample itself are
di scussed by (Davies and Hunter, 1963). In their work they employed a prevIOus
analysis performed by (Siebel, 1923) and introduced the criterion :
lid

-' « 1
31

(4. 2)

in which Jl. is the Coulomb friction coefficient, d is the sample diameter and 1 the sampl e
length, as an effort to negate the effects of friction. This led to the use of specimens that
had a diameter to length ratio of -0.5 whi lst (Kol sky, 1963) attempted to achieve earlier
axial stress equi librium using a ratio of 0.05 . Additionall y, he attempted to introduce a
correction based on the assumption of only small strains being reached, in order to
compensate for the effects of rad ial inertia:

(4. 3)
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is the ax ial stress required to defoml the sample in a one-dimensional stress state,

O"b

is the axial stress as determined by taking the. average stresses measured in the two
pressure bars, and

Vs, p s,

d, and

E:

are Poisson's ratio, density, di ameter and ax ial strain

of the sample respectively.
This correction is zero if:

(4.4)

or

I _

d -

~ V; 6

_ v.,.J3
- 8- - - 2 -

(4.5)

Thus a sample of dimensions dictated by equations 4.4 and 4.5 would need no
correcti on for inertial effects, and in additi on satisfy the cri terion required fo r the
neglect of both frictional and wave propagation corrections.
Further correction factors for fri ctional, and both ax ial and radi al inertia effects have
also been introduced by (Rand, 1967) and (Samanta, 197 1), together with one
dimensional con·ections contributed by (Hauser et ai, 1960), (Conn, 1965), (Chiu and
Neubert, 1967) and (Jahsman, 197 1).
In concordance with the fi ndings of Davies and Hunter, (Kames, 1974) perfo rmed a two
dimensional computer analysis that demonstrated that, by lubri cating the sampl e and
using a length to diam eter rati o of

Vs ~3/ 4

'" 0.5, then the correcti ons for both fri ction

and inertia can be safely ignored. This is, however, assuming that the sam ple IS
incompressible, which is generall y the case fo r plastically deforming materials.
In consideration of wave propagation within the specimen, criteri a are often introduced
in order to ensure that the stress applied is uni fo rm . One such example involves waiting
for the pulse to propagate a minimum of four times through the sample.

However,

pulses generated in the Loughborough SHPB have a ri se time in the region of 10 f.lS and
a duration of 100 f.ls.

Thi s implies that the conditi ons proposed are sati sfi ed, and
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therefore that the stress would be unifonn throughout the sampl e after the first few
micro-seconds.

4.5 Theory of SHPB Technique
ln order to determine the stress-strain behaviour of a material, both the pulse reflected
from and the pulse transmitted through the sample must be observed.

Tlli s was

achieved using strain gauges, and implies that the pulses recorded were that of strain in
the bars.
From the one-dimensional theory of elastic wave propagation:
(4.6)

and thus
.

(J

(4.7)

U= -

pC o

where lA is the particle velocity, a is the stress, p is the density and Co is the elastic wave
velocity. As

Co

=~Eb/P , in which Eb is the elastic (Young's) modulus of the pressure

bars, this leads to:

(4.8)

Integration with respect to time therefore yields di splacement (u) at time (I):

,
u = Co fedl

(4.9)

o

Now we consider a specimen undergoing compressIOn

111

the manner of a SHPB

experiment. Figure 4.6 depicts the magnified region surrounding the sample during a
typical experimental scenario.

Cl, CR

and

CT

correspond to [he incident, reflected and

transmitted pulses of strain respectivel y, whilst

u/

and

U2

refer to the displacements of

the ends of the two pressure bars. Lo is the initial length of the sample.
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Lu
E:,
E:T
Sample ,.---

~
Transm ission Bar

Load ing Bar

Figure 4.6: Schematic view of strain pulses incid ent on a sample.

The di splacement of the face of the loading ba r (u,) is the resul t of both the incident
pul se, travelling in the positi ve x-direction, and the refl ected pulse travelling in the
negati ve x-direction. Ergo:

,

,

u, = Co JE:/ df o

Co

JE: Rdf
0

,

(4. 10)

= Co J(E:/ - E:R )d/
o

Displacement

U2

of the face of the transmitter bar is due to the transmi tted pulse, and so

can be represented as:

(4.11 )

The engineering strain (E:e) of the specimen is therefore:

(4. 12)

and substitution yields:

(4. 13)
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As La approaches zero it can be assumed that the stress across the sample becomes
constant, and by neglecting time delay due to wave propagation thi s implies that the
forces acting perpendicular to the bar faces are equal. Hence it can be assumed that:
(4. 14)
This relationship can then be applied to equation 4.13 resulting in :

E,

=-

2

2
o

I

(4.15)

f ER df
0

Thus the sample engmeenng strain can be determined through integration of the
reflected pul se and application of the constants Co and La·
Similarl y, the fo rces F, and F2 appl ied to both faces of the specimen are given by:
(4. 16)
and
(4.17)
where Aa is the cross-sectional area of the pressure bars.
The engineering stress (O"e) within the sample is therefore:

tJ,

F; + F,
= ?A
- ,

(4.18)

E. Ao (E, +ER + E )
=-?-r

_A,

in which As is the cross-secti onal area of the sample itself.

Again considering the

relationship in 4.13 , this becomes:

(4.19)

Thus it can be seen that the engineering stress is directly proportional to the transmitted
strain.

66

-I High Strain Rate Testing

Once the engineering stress and strain of the specimen had been estab li shed, it was
again necessary to convert these measurements to that of true stress and strain. Thi s
was achieved in the same manner as described in Chapter 3, Section 3.3.

4.6 Analysis of Data
4.6.1

Electronic Data Conversion

As deri ved in the previous secti ons, the engineering stress and strain of a material
undergoing testing on the SHPB system can be determined fro m the fo ll owing
relationships:

Oil) =

E~Ao Errt)

(420)

.,

<:,(1) =-

2'

2

(4.2 1)

J<:il)dl

o

0

Therefore, both <:r and

GR

must be extracted from the output signa ls of each respective

strain gauge pair.
An appropriate place to begin is by noting that the strain experienced by a gauge is

related to its electrical resistance change through the simple proportionality relationship:
(422)

where F is the gauge factor and RGis the resistance of a gauge pair.
Evaluation of the potential divid er circuit (Figure 4.5), in which the gauge paIr IS
connected, implies that:

VG = R

G

RG E
R
+ B

(4.23 )

Here VG is the voltage across the gauge pair and Rn is the resistance of the ballast
resistor placed in series. E is the vo ltage provided by the power supply overall.
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It is convenient at thi s point to introduce the term:

(4.24)

and re-equate expression 4.23 sllch that:
(4.25)

From here, differentiation of both this equation with respect to n and equati on 4.24 with
respect to Rc yields:
dVG
dn

E

=

(n +

(4.26)

IY

and
(4.27)

respectively.
Equation 4.27 can then be rearranged in terms of dn and substituted into 4.26 to give:

(4 .28)

implying that

dR = R2 (n + I)2 dV.
G

G

RE
8

G ·

(4.29)

Finally, this expression can be substituted into the original strain/ resistance equation
4.22 to give the required relationship:

Ii

In+IY
dV.
nFE

G·

(4.30)
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Using this formula, with the appropriate constants included, the reflected and
transmitted strain pulses, recorded in terms of voltage deflection, could be converted
into numerical values.

4.6.2

Numerica l Analysis

Once the reflected and transmitted strain pulses were known, it was necessary to utili se
equations 4.20 and 4.21 in order to evaluate ihe overall stress and strain experienced by
the samp le.

In the case of the sample strain, integration of the reflected pulse was

achieved by applying equation 4.30 in order to determine the reflected strain as a
function of time, followed by application of the trapezium method in order to complete
the actual integration. This involves dividing the whole strain pul se into a large number
component trapeziums and then summing each if their calculated areas as an
approxi mati on of the pul se integral as a whole. Figure 4.7 depicts the process of
integration visually.

E,

E,

o

Time (s)

···

'+-+'

O . I~s

Figure 4.7: Exaggerated illustration of how the trapezium method is employed in order to calculate
the integral of the reflected pulse.

For each trapezo idal sample, the base length was taken to be the time between adjacent
readings, as a digitizing rate of 10 MHz was always used. This therefore produced an
intersample interval of 0.1 f.ls. The heights of the two sides therefore correspond to the
strain read ings at those particular points. With final inclusion of the required constants,
the overall strain of the sample was determined.
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For the transmitted pulse, agam the voltage data was converted to strain using
equation 4.30. However at this point equation 4.20 could be directly applied in order to
calculate the stress of the sample.
As the results of both stress and strain were synchronous in time, they could be pl otted
against one another so as to produce the fami liar stress-strain curve, from which the
mechanical characteristi cs of the original sample materi al could be observed.

4.6.3

Selection of Data

Experimental data is recorded using a digital osc ill oscope, and the measured signals
from both of the pressure bars are output in spreadsheet format. From here, the required
sections of the signals corresponding to the reflected and transmitted pul ses cou ld be
isolated and analysed. Figure 4.8 is an example of the signal s obtained for a typical test
on stainless steel.
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(a)
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Time (f.ls)
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~
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-100

o

100
200
Time (f.ls)

300

400

figure 4.8 : Examples of the output signals from an SHPB experim ent on sta inless steel. (a) is the
signal obtained from channel I and (b) is that obtaineil from channel 2. The requircd pulses have
been highlighted in each case.

in the example above, the relevant pulses corresponding to stress and strain have been
highlighted . The incident pul se generated by the impact of the projectile can al so be
observed in (a), prior to the main pul se .

Other pulses present in the two traces

correspond to further reflections that have taken place in the two bars after the main
event. The two signals have been normali sed so that all pulses are compared fro m zero
volts. This is achieved by averaging the fIrst 100 data points and then either subtracting
or adding the value obtained as required to all of the data. Additionall y, the signal from
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the transmitter bar has been adjusted accordingly so as to remove the amplificati on
applied.
Owing to the fact that there may be an error in the positi on of the strain gauges,
resulting in them not being at exactly equidistant positions from the sample, an offset in
the start time of the pulses often had to be introduced. Thi s had the effect of overlay ing
the two pul ses, and ensuring that both stress and strain began at the origin when plotted
against one another. Without such a co rrection it would appear, for example, that the
sample was being strained without the application of any stress, or vice-versa that there
was an application of stress without any resulting strain . Both of these examp les would
obviously di stort the overall stress-strain behaviour of the material in quest ion.

4.7 Experimental Procedure
When conducting a typical experiment on the Loughborough Hopkinson bar it was first
necessary to ensure that the ax ial ali gnment of the bars is as precise as possible. Th is
was achieved by stretching a piece of string along the entire length of the apparatus and
adjusti ng the bars to be as parallel with the string as possible, and by shining li ght
through the bar interfaces in order to check that no gaps are present.
With thi s done, the sample could be loaded. A th in fi lm of MOS2 grease was appl ied to
both faces of the specimen in order to minimise the impact of friction and prevent
barrelling. Then the sample was sandwiched between the loading and transmitter bars
whil st at the same time attempting not to rotate the bars themselves and thus ruin the
alignment. This was assisted by checking that three marks, (which have been etched
onto the surface of the bars) were also ali gned, as illustrated in Figure 4.9.

-------------------------,

r-------------------------

-------------------------'

'-------------------------

Figure 4.9: Diagram depicting how alignment of th e press ure bars is achieved th oro ugh the use of
etched markings.
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Once the sample had been positioned as specified, the projectile was loaded into the gas
gun breech and the system was evacuated. The required apertures were selected and
uncovered prior to loading in order to achieve a strain rate in the range required (there is
always a variation in final stress level and strain rate due to the variation in projectile
speed from one experiment to the next). It was essential that the projectile ilselfbe kept
in a refrigerator in between tests in order to avoid it changing shape due to thermal
expansion as highlighted earlier.
With the required vacuum achieved (typicall y between 5 and 3 mbar) the osci lloscope
was set to single sequence record mode and the gas gun was sudd enl y opened to
atmosphere by rapidly uncovering the aperture plate. The sudden influx of air into the
gun barrel thus propels the proj ectile, initiating the experiment and data coll ection.
In order to ensure continuity and validity of results, the sample dimensions were
measured both before and directly after testing. With the experiment completed, the
projectile was retrieved from the gas gun breech by first re-evacuating, and the allowing
air to slowly enter through the opposite end to the aperture plate.

4.8 Modifications for Elevated Temperature Experiments
As it was necessary to evaluate the effects of varying temperature on the mechanical
properties of materials in addition to a variation of strain rate (which is particularly true
for SMAs), a method of heating samples and keeping them at a constant pre-determined
temperature throughout the duration of experimentati on was required. To this end, a
radiant heating system was constructed as modificati on to the original Hopkinson bar
set-up.
The heating rig is designed to heat samples in a consistent and non-invasive marmer,
whil st they are loaded into the apparatus.

This is achieved through the use of two

hal ogen lamps controlled by a feedback system with an adjoining platinum resistance
thermometer. With the lamps focused onto the sam ple position and the platinum strip
attached directl y to the specimen's surface, intermittent pulses of light warm both the
sample and the immediate sections of the loading and transmitter bars to the required
temperature. A schematic of the arrangement is illustrated in Figure 4.10.
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Halogen lamp
Samp le

------ -- - -1-- - - , , - - - - - - - - - - --Transmission
bar
bar
______ - _.:c...::."'-t------'
" - - - - - - -Loading
- - - - - - --

Pl resistance stri p
Halogen lamp

Temperature
controller
Figu re 4.10: Sehematie of the radiant heating rig modification used for SHPB experiments above
room temperature.

Whil st the o riginal intention was to heat the samples once they were loaded into
position as stated previously, it soon became apparent that a more efficient protocol was
to heat the bars and samp le separately. This is because the ends of the bars in the
sample region required a significantly longer period of time to reach thermal
equilibrium. Thus once the bar ends had reached the correct temperature, samples were
quickly raised to the same temperature using a separate heating block nearby and Ihen
rapidly transferred to the apparatus .
The benefit of thi s method is that other preparations cou ld be performed whi lst the bars
were heating, and that the sample remained at temperature when transferred. Also, the
use of two indi vidual pieces of heating equipment helped to ensure accuracy in the
temperatures being used. In addition, as samples woul d have been exposed to a large
amount of heat during the warming of the bar ends in the original configuration, the
revised methodology negates the possibility of any permanent alteration to the sample
due to prolonged heating.
The effects of temperature on the resistance of the strain gauges was also checked prior
to testing. By rai sing the temperature of a gauge from room temperature to 60°C, an
increase in resistance of 0.22

n

was measured . Through calculation this variation was

found to correspond to an effective strain increase of - 0. 1 %.
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4.9 Initial Tests on Copper
Before commencing experimentation on actual samples ofNiTi, which are difficult and
time-consuming to fabricate, a series of initial test runs were completed on similar
dimensional specimens of copper. As the mechani cal properti es of copper metal have
been well characterised, the results obtained from thi s initi al investigatio n wou ld
provide a measure of the validity of the SHPB experimental procedure and results. In
order to accompli sh thi s, three identical experiments were performed for three different
gas gun apertures, lead ing to a total of fifteen tests.
The three apertures chosen were 8 mm, 12 mm and 20 mm in diameter, for the reason
that these should provide a noticeable increase in strain rate, whilst at the same tim e
avoiding issues such as an undesirable signal to noise ratio at the lower end , and a hi gh
probability of equipment fai lure at the high end. These apertures wo uld then be used
for the characterisation ofN iTi.
Ideall y, as each set of three runs adhered to the same criteria (i.e. identi cal sample,
choice of aperture, etc.), one would expect the outcome to be the same eac h time.
However, due to the variation in the initial speed of the projectile from one ex periment
to the next, and thus the stress/strain rate in each case, there is likely to be a deviation in

results. With all other aspects of the test controlled, thi s overall vari ation would be
indicati ve of the systematic error resulting from the apparatus and data anal ys is
procedure only, and so all ow an estimation of the variation in results to be ex pected
when applied to NiTi samples.

4.9.1 Results
The results obtained from the initial tests on copper are shown in Figure 4 .11 , with each
set of three stress-strain graphs superimposed for easy comparison.
A yie ld stress of approximately 350 MPa is demonstrated by each specimen tested,
which is as expected for pure, untreated copper metal , and values of Young's modulus,
calculated from the unloading li ne in each case, agree favourabl y with known values
(Kaye and Laby, 1973).
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The variation due to difference in gas gun aperture can clearl y be seen by the separat ion
of the data into three distinct band s, which has been emphasised by the colouration of
the stress-strain profiles, and corresponds to that expected from an increase in both
projectile velocity and therefore strain rate. There is, however, a distinct flu ctuation in
the resu ltant strain, as indicated by the spread of final unloading lines. As the copper
samples tested were physically and dimensionally the same, this deviation must be
primarily due to the equipment and data analysis process.
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Figure 4.11:

True stress-strain results for pure, untreated copper samples.

Indi vidual colours

represent aperture diameters or8 mm, 12 mm and 20 mm for comparison. Three id entica l samples

were tested for each diameter aperture and are labelled S I, S2 and S3 in each case.

A comparison of the residual strains calculated from the experimental results presented
in Figure 4.11 , and those determined from actual measurement of sample dimensions
before and after testing, reveals a discrepancy between the two val ues that increases
with increasing aperture area, and therefore with strain rate.

Thi s is highlighted in

Figure 4.12, in which both measurements of residual strain after testing are given for
each sample and aperture.
At the lowest aperture area the two values compare well together, and so it may be
considered that the value determined from the Hopkinson bar output signals is of a good
accuracy . However, with increasing aperture area, and so strain rate, the difference
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between the two measurements becomes more pronounced, reaching up to - 5 %
difference at the largest area.
It must be emphasised that the deviation in strain wi ll be due to variations in projectile
speed at impact. This wi ll subsequently be the result of variations in the travel of the
projecti le down the gas gun.

Each experiment produces a unique set of data from

which an accurate strain rate and stress-strain curve is described. The purpose of the
experiment described here is to characterise the variability in the apparatus and to check
the analysis programme.
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~
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Test LD.
Figure 4.12: Co mpa riso n between residual strain va lues for sa mples obta ined post-testi ng throug h
the SHPB ana lysis technique (b lue bars) and through calcu lati on from initial and final dim ension

measurements (red bars). Both gas gun aperture and sample number are given on the lower ax is.

Whilst the observed increase in the error between the measured and calcul ated values of
specimen residual appears to be systemic for copper, this may not be the case for SMAs.
The superelastic properties of N iTi render the comparison between measured and
calculated values of strain useful , in the sense that either little or complete recovery
should be easi ly observable from both measurements, although ambiguous due to the
possibility of continued recovery once a specimen has been removed fTom the
apparatus, as reported in Chapter I.
The results demonstrated in Figure 4.12 suggest that the reliability of the calcu lated
stress-strain curves decreases with total strai n. However, since the results obtained for
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NiTi are limited to strains <5 %, the experimental results all fa ll into the accurate
reglOn .

4.10 Results
The stress-strain results obtained from the split Hopkinson pressure bar compression
testing of NiTi are presented in the fo llowing section for experiments that were
performed at four temperatures for each of the three strain rates. The results are firstly
presented as a function of varying temperature whilst maintaining constant strain rate,
and secondly from the perspective of varying strain rate at constant testing temperature.
As was the case for the quasi-static experiments, testing was carried out at room
temperature (RT -20°C), 30°C, 40°C and 50°C.
corresponded to strain rates of l.Ox I 03

S·I,

l. 5x I 03

The three apertures utili zed
S·I

and 2.0x I 03

S·I

and agai n the

measurements described were repeated in order to ensure validity. The actual strain rate
in any given test was calculated from the test data and is indicated on the pl ots of
results. As before, the results were very similar, and so the secondary data series is
included in Appendix 2 for completeness, whil st the key results are outlined as fo llows.

4.10.1 Stress-Strain Properties as a Function of Varying Temperature
Figure 4.13 represents the true stress-strain curves obtained for each of the three
constant strain rates. Colouration indicates variation in testing temperature, whilst (a),
(b) and (c) corresponds to strain rates of I.Oxl0 3

S·I ,

l. 5x103

S·I

and 2.0x 10

3

S·I

respecti vely.
At a strain rate of I x l0 3

S·I ,

each of the curves demonstrates a residual strain of I % or

less, which is also true for the repeated experiments given in Appendix 2 .

This

implication is that the material responds superelasticall y at this strain rate irrespecti ve of
the increase in testing temperature between 20°C and 50°C. However, there appears to
be a -2 % reduction in the max imum strain reached as the temperature increases , as
indicated by the successive shift in the point of max imum load from - 4 % at room
temperature (blue curve) to -2 % at 50°C (red curve). Whil st the curves representati ve
of tests conducted at 30°C and 40°C (green and yellow) appear to follow thi s overall
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pattern, they both reach approximately the same maximwn strain value (-3 %). This
may not be a definitive overall trend however, as the repeated results display a
considerable difference between the maximum. strain reached for the 30°C and 40°C
curves. The residual I % strain observed in each case may be due to the deformati on of
martensi tic material that was ori ginally present in the specimens prior to compression.
The increase in testing temperature also appears to result in an increase in the initial
modulus of the alloy, together with an increase in yield stress. A lthough in the case of
SMAs such as this, the yield stress can be more appropriately thought of as the critical
transformation

stress, as it represents the stress value at which

martensitic

transformation begins in order to accommodate the applied load (see Chapter I). In
addition, as the testing temperature increases, the curves appear to develop an infl ection
just past the point of transformation onset, whi ch appears to be a contraction of the
plateau/transformation region observed for other SMAs. As thi s occurs, there is a
corresponding drop in stress that itself seems to increase in magnitude as the testing
temperature increases. It is asswned that thi s observation is a physical response of the
material because the repeated experimental results also demonstrate the same
phenomenon.
The trends described previously can also be observed for the stress-strain curves
obtained at 1.5x I 03 S·I . At thi s strain rate the curves representative of experiments
performed at 30°C, 40°C and 50°C all demonstrate a residual strain of - 0.5 %, whi lst
that produced at room temperature appears to recover to - 1. 5 %. However, the overall
recovery is sufficient to imply a superelastic response of the material at all fo ur
temperatures. This is also the case for the repeated results, which show an overall
superelastic behaviour oflhe alloy with increasin g temperature. In addition, both sets of
data show a reduction in the maximwn strain reached of - 2 %. The 30°C and 40°C
curves also both reach the same maximum strain value, as observed for the prevIous
strain rate, although again the repeated results appear to invalidate this trend .
As for the previous resuIts, the variation in testing temperature appears to induce a
change in the modulus of the material.

As before, the san1ples tested at room

temperature exhibit the lowest modulus, although for those tested at elevated
temperatures, no overall discernable correlation is observed in either the initial or
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repeated data sen es. However, the yield point/transformation stress does appear to
systematically increase with increasing testing temperature, wh ich is confirmed by the
secondary results .

In addition, the curve infl ection again appears to become more

prominent with increasin g testing temperature, even though when at its maximum, it is
not as great as for the previous strain rate.
At 2x \ 0 3 S· I the material still demonstrates superelastic behaviour across a ll four testin g
temperatures, as indicated by the residual strain of I % or less in each case. However, it
appears that the curves obtained at room temperature and 30°C do not recover to the
same extent as those performed at 40°C and 50°C. Both of these trends seem to be
valid as the re peated results for these experiments show the same pattern as well. The
initial and repeated series also exhibit an overall reduction in maximum strain that is
smaller than that observed at the previous two strain rates- in thi s case being onl y - I %.
Additionally, the curves representative of testing at 30°C and 40°C no longer reach a
similar value of maximum strain, in either the initial or secondary data. Instead there is
a sequential decrease as the testing temperature increases.
Both the modulus of the material and the transformation stress appear to increase with
increasing testing temperature in the same manner as observed for the previous strain
rate. However, both the initial and repeated data series ind icate more of a trend between
testing temperature and modulus, although an exact relationship still camlOt be totally
inferred. For both sets of data, the inflection after the onset of lransformation is difficult
to observe at all four temperatures, and so appears to have been suppressed at thi s strain
rate.
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Figure 4. 13: First se ries stress-strain res ults fo r NiTi. (a), (b) a nd (c) refer to the st ra in ra te ra nge
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81

-I High Strain Rate Testing

4.10.2 Stress-Strain Properties as a Function of Varying Strain Rate
True stress-strain curves obtained at the four testing temperatures are presented in
Figure 4.14 as a function of variation in strain rate . Curve co louration fro m red to blue
indicates the increase in strain rate for each isotherm . (a), (b), (c) and (d) correspond to
testing temperatures of RT, 30°C, 40°C and 50°C respecti vely.
At room temperature, the stress-strain curves display recovery to - I % strain upon
unloading, after testing at all of the three strain rates. In addition, the maximum strain
reached in each case appears to decrease by \ %. However, the repeated test data
corresponding to these experiments does not confirm thi s, and instead shows a greater
reduction in max imum strain of -2 %.
As the strain rate increases, both the modulus and the apparent transformation stress of
the material appear to increase, although the infl ecti on observed just after the onset of
transformati on seems to become less prominent with the increase in strain rate.
Additionally, the resuIts indicate the possi bility of a second, less pronounced inflecti on
in the stress-strain curves at a higher strain.

Thi s appears to separate the most

horizontal sections of the curves into what could be two transformation regions, and is
consistent through all three strain rate tests. For example, the green curve in Fi gure
4.14(b) demonstrates both the initi al curve inflecti on noted previously, together with a
second at -2.5 % strain. The remainder of the curve after thi s secondary inflecti on then
also suggests a secondary modulus correspondin g to the deformation of martensite.
Whilst it is possible that the anomaly observed could be an iso lated phenomenon, the
secondary data suggests that it is a physical response of the material, as it is also present
in the each of the three repeated stress-strain curves.
When compressed at 30°C, the stress-strain curves demonstrate recovery of the alloy to
_ \ % strain or less for all three strain rates, together with an overall reduction in the

maximum strain reached of -2 %. Again both of these trends are supported by the
repeated testing. In addition, both results series indicate an increase in transformati on
stress with increasing strain rate, although no discernabl e trend may be inferred for the
variation in the modulus of the material. 10 the initial data seri es, the mod ulus appears
to vary substantially, although there appears to. be no specifi c relati onship between it
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and the variation in strain rate. However, the secondary results imply that there

IS

virtually no change in modulus as the strain rate increases.
Both initial and repeated results do show evidence of the primary and secondary curve
inflections observed before, together with two transformation regions up until the point
of maximum strain is reached. Again the primary inflection becomes less prominent
with increasing strain rate, whilst the second remains relativel y consistent, although
both are more prominent on the whole than was observed at room temperature.

I

After testing at 40°C, the resulting curves demonstrate similar trend s to those observed
at the previous two temperatures, with both the initial and secondary data series

I

I

implying a recovery of the material to - I % or less in each case. Thus it may again be
considered that the alloy behaves superelasticall y at all three strain rates. The overall

I

reduction in the maximum strain reached by the specimens is also -2 %.

I

Whil st the initial results indicate that the modulus of the material IIlcreases with

I

increasing strain rate, the repeated data suggests no di scernabl e relati onshi p between

I

modulus and strain rate . However, the transformation stress in both sets of results does

I

appear to increase sequentially as the strain rate increases. Also, both seri es display

I

evidence of the primary and secondary curve inflections, togethe r with the double

I

transformation region observed previously. Again the secondary inflection appears to
remain consistent, whil st the primary decreases in prominence as the strain rate

I

increases.
Compression at 50°C yielded stress-strain curves that demonstrate a reduction in the
point of maximum strain of -2 % again, and al l three curves show recovery to - 0.5 %
strain.

Thus it would appear that the material behaves superelasticall y at 50°C

irrespective of the strain rate increase in the range tested. Both of these trends are also
true for the correspondi ng repeat results, although the reduction in maximum strain in

I

this case is observed to be slightly greater (-3 %).

I

I

I
I

I
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Figure 4.14: First ser ies stress-strain results displayed in terms of va rying strain rate for each
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stress and st rain va lues are of mag nitude 0.05 GPa and 0.5 % .
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Both sets of results indi cate that the transfomJation stress of the material increases
systematically with increasing strain rate, although as before, the ini tial results impl y
that the mod ulus of the material al so increases, whilst the secondary data does not
confirm this. Additionally, whil st the curves representative of compression at 2x I 0

3

S·I

demonstrate the double curve inflection and dou bl e transformation regions, those
obtained at the other two strain rates appear to display only the primary curve inflection
together with only one transformation region. It may be assumed that th is is a physica l
response of the alloy, as such a trend is also observed in the correspond ing repeated
results.

85

Chapter 5
Microstructural Analysis

This chapter briefly introduces the methods that have been employed

111

order to

characterise the microstructure and microstructural changes of the N iTi alloy under
investigation. The techniques of X-ray and electron diffraction are described and the
results obtained are presented.

5.1 X-ray Diffraction Measurements
5.1.1

Introduction

In 1913, W. H. Bragg and W. L. Bragg pioneered the technique of using X-radiation to
probe the crystallographic structure of matter. In order to achieve thi s they described
the regular array of atoms within the sample material as a combination of several
different sets of lattice planes, from which impinging radiation would be reflected. As
the wavelength of X-rays is of the same order of magnitude as the spacing between
these lattice planes, the reflected radiation would thus undergo diffraction.
The radi ation diffracting from within the crystal undergoes constructive interference if
the path difference of the reflected rays is of an integer number of wavelengths (n),
which can be visualised geometrically as in Figure 5. 1.
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•
Figure 5.1: Illustration of the reflection of X-rays from an atomic latti ce with inter planar spacing
dhkl as visualised by W. H. and W. L. Bragg. Constru ct ive interfere nce occ urs when the path

difference (2 L) is a multiple of th e incident wavelength.

This criteria is expressed by the Bragg equation (equation 5.1):
(5. 1)
where n is an integer representing the diffraction order, }, is the wavelength of the
illuminating X-rays, dhkl is the interplanar spacing and

e hkl

is the angle of both incidence

and reflection.
In the case of a cubic lattice structure, such as that of austeniti c NiTi, the interplanar
spacing can be related to the lattice parameter of the unit cell (a) through equation 5.2.

(5.2)

in which h, k and I are the Miller indices corresponding to a particular fami ly of lattice
planes within the crystal.
For the more complex monoclinic lattice, associated with martensitic N iT i, equation 5.3
must be utili sed in order to adequately detennine the different lattice parameters of the
unit cell (Warren, 1990).

_ 1_

d'IIkl

=

1

sin '

(~+ k' sin ' fJ +~

fJ a

2

b'

c'

_

2hl cosfJ)

(5.3)

ac
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In this instance,

fJ corresponds to the non 90 angle within the monoclini c crysta l
0

system geometry.

5.1.2

Experimental Procedure

The X-ray diffraction measurements presented in thi s thesis have been obtai ned using a
(J/ 2(J

scanning diffractometer, operated in the Bragg-Brentano configuration as shown in

Figure 5.2.
Slit
Ni filter

Detector

X-ray tube

Recei ving slit

. ample

Goniometer
circ le

Figure 5.2: Schematic representation of the scanning diffractometer set-up in th e Bragg-Brentano

geo metry. Adapted from (Birkholz et aI., 2006a).

The illuminating X-rays were generated by a copper X-ray tube operated at a potential
of 40 kV and a current of 20 mA, with the resulting beam being passed through a ni ckel
filter in order to suppress the

KfJ emission line. A 1 Soller slit was also positioned
0

between the X-ray source and the sample so as to regulate the beam divergence.
The sample itself was positioned at the centre of the Phillips PWl 050 gon iometer in
order to preserve the

2(J

geometry of the incoming and refl ected beams, required for the

operation of the system.
Beam focussing was achieved by maintaining a constant distance between both the
X-ray source and the sample, and between the sampl e and the detector. The first was
accompli shed by keeping the position of the source fixed, and the second by restricting
the detector to a constant radius.

88

5 MicroSlrll c/Uro! Analysis

The intensity of the diffracted X-ray radiation was measured by the detector as a
function of 2B whi lst both the sample and detector were rotated in a fix ed ratio of 8: 28.
In order to achieve good resolution, the detector itself was rotated in small steps of
0.05° at a rate ofO.5°/min .

5.1.3

Correction of Diffraction Profiles

Whil st the Ni filter and monochromator is sufficient to prepare the impinging X-rays,
the resulting beam still comprises of emission from both the Cu Ka , and Ka2 doub let,
with wavelengths },'

=

0.15406 nm and },;

=

0.154 18 nm.

Thi s implies that X-ray

spectra obtained are a convolution of two indi vidual diffraction patterns, in which the a 2
reflections, occurring at 82 are shifted with respect to the a , refl ections as given by
equation 5.4.

(5.4)

Additionally, the intensity of the a, reflections, la, and the a 2 refl ections, la; are of the
ratio:

la ,
la ,

- = R" =0.5 1

(5.5 )

In order to obtain a monochromatic spectrum, the Rachinger method (Rachinger, 1948)
is used to strip the Cu Ka 2 contribution. This technique emp loys the discrete algoritlUl1 :
(5.6)
and leaves the pure Ka , spectrum.

5.1.4

Pre-Testing Results

X-ray diffraction was performed on an untested sample of NiTi that had been machined
in ilie same manner as all of the samples that were used for compression experiments
detailed in Chapters 3 and 4, in order to determine a control diffraction profile for the
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material. The resulting 28 scan (corrected for the

KIJ.2

radiation contribution) is given in

Figure 5.3.
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Figure 5.3: X-ray diffraction profile obtained for a specim en of untested NiTi.

As can be seen, one definitive peak may be identified at a scattering angle of -42.5°28,
together with significantly smaller peaks in the region of -60°28 and _77 .5°28. The
intensity of all peaks is relativel y low, being of the order of 600 counts for the primary
peak and between only 50 and 30 counts for the secondary and teltiary. In add ition,
each peak is also very broad in angle.

This can most clearl y be observed for the

primary peak, which has a width of -10°28. The presence of mini scule crystallites
results in a characteristic broadening of X-ray diffraction peaks, as described in
(Birkholz, 2006b), and so the broad peak width observed may be indicative of a very
small grain structure.
In order to determine if thi s greater than expected peak width is actually the result of
small grains within the material , another uncompressed specimen of the alloy was
annealed at 800°C for a period of 10 hours, before undergoing an identical X-ray scan.
The resulting profile is given in Figure 5.4, and shows a striking difference in
appearance to that obtained for the non-annealed specimen.
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Figure 5.4: X-ray d iffraction profile obtained fo r a specimen of untested NiTi , a nn ea led prior to
scanning by beating to 800°C for a period of 10 hours and th en allowed to slow cool.

Possible

austenite and martens ite reflections have been ind exed and labe ll ed. Peaks labelled * are believed
to be d ue to reflections from a NiTh prec ipitate phase.

From the profile, it may be inferred that the large peak observed for the original NiTi
sample is actually an envelope containing a minimum of six individual peaks, The peak
that appears to contribute the most intensity to the overall envelope has been identified
as resulting fro m reflections from (l ID) austeniti c lattice planes, whilst the remaining
peaks are believed to be due to diffraction from martensitic material. Figure 5.5 is a
magnification of the region in question, with both the initial scan and that of the
annealed specimen overlaid in order to clarify this description, although it must be
noted that a tenfold difference in detected intensity between the two scans is present.
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Figure 5.5: X-ray diffraction profile obtained for untested NiTi (b lue) with that of th e annealed
specimen (red) overlaid for comparison.

In addition it is possible to resolve further peaks at higher scattering angles, which again
appear to be mainly the result of austenite or mal1ensite. Several small peaks (which
have been labelled with an

* in Figure 5.4), including the most prominent at - 71 °28, are

also present, and indexing using the crystallographic database (PCPD FWTN, 2002) has
been performed in order to ascertain their origins.

Whilst several NiT i precipitates

exist, the diffraction profile of the NiTi2 system was found to be in closest agreement
with the peaks observed in Figure 5.4. Therefore it is believed that the unknown peaks
are the result of a NiTi2 precipitate within the material. Thi s corroborates the earlier
fmdings from microhardness testing, which revealed the likely presence of NiTi2
precipitate grains within the ori ginal alloy.

5.1.5 Post-Testing Results
After experimentation, X-ray diffraction measurements were taken for all of the first
series of NiTi specimens that had undergone compression testing, both at quasi-static
and high strain rates, and for all testing temperatures. The resulting diffraction profi les
are given in the fo llowing section. Firstly the results are presented as a function of
increasing strain rate for each of the four constant testing temperatures, fo llowed by
considering them as a function of varyin g temperature at each strai n rate range .
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j. 15 I

Diffraction Profiles as a Function of VCily{ng Strain Rate

The X-ray diffraction measurements taken fo r each compressed sample are given

In

Figure 5.6 and Figure 5.7 in terms of variation in strain rate for each of the fo ur testing
temperatures. (a) and (b) in Figure 5.6 correspond to room temperature (RT - 20°C)
and 30°C experiments, whilst (c) and (d) in Figure 5.7 refer to temperatures of 40°C and
50°C.
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Figure 5.6: X-ray diffraction profiles obtained for NiTi sa mples after compress ion. (a) and (b)
correspond to testing temperatures of room temperature (RT.) and 30°C respectively. Strain rates
for each test a re give n on the ri ght axis.
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At room temperature (a), the increase in strain rate appears to have little effect on the
diffracti on profi les, and therefore microstructure of the material. Each specimen stil l
demonstrates both a broad primary peak and a significantl y smaller secondary peak, at
scattering angles of - 42.5°28 and -77.5°28, similar to that observed for untested NiTi,
although no peak is present at -60°28. In addition, the intensities of both peaks appears
to remain reasonably constant with increasing strain rate. The on ly excepti on to thi s is
the secondary peak observed at a strain rate of 1.78x l0

3

S·l ,

which drops in intensity to

approximately 25 counts. However, at the three hi gh strain rates (resulting from SHPB
testing) the primary peak demonstrates the development and growth of a shoulder peak
at slightly lower angle (-40°28) which could be the martensitic ( I T I) peak, as
identified from the X-ray scan of the arrnealed specimen ofNiTi. If thi s is in fact the
case, then the development of such a shoulder would imply that the quantity of
martensite within the specimens has increased.
The profiles obtained for samples tested at 30 0 e (b) also show the characteri stic peak
broadness observed for untested alloy. Again the intensities of both peaks appears to
remain relatively constant with increasing strain rate, although at this temperature the
primary peak di splays a shoulder peak superimposed at lower angle for all strain rates
except 2.88 x I 0.3

S·l.

This could again be due to (I TI ) reflections ari sing from the

increased presence of martensite wi thin the material.
obtained for 1.42x I 03

S·l

(and possibly fo r 1.36x I 03

S·l

In conjunction, the profile
and 2.43 x 10-4

S·l)

indicates the

presence of a second shoulder superimposed on the primary peak at a sli ghtl y hi gher
scattering angle (-44°28). Analysis of the profile obtained for annealed NiTi reveals
that thi s peak could be due to martensitic 021 reflections. Additionally, the tertiary
peak, observed for untested alloy, appears to return in the 1.42x 10
possibl y in that obtained at 2.49x I 03

S·l .

3

S· l

profile, and

However, this is ambiguous as the intensity is

too low to be conclusive.
At 40°C again the same trends are observed as fo r the two prev ious temperatures .
However, in thi s case all of the primary peaks across the series demonstrate the
martensitic shoulder at lower angle. As each shoulder appears to have approx imately
the same intensity, this implies that the quantity of martensitic materi al present is
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independent of strain rate at thi s temperature. None of the profi les obtained indicate the
presence of martensitic (02 1) reflections similar to those observed at 30°C.
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Figure S.7: X-ray diffraction profiles obtained for NiTi samples after compression. (c) a nd (d)
correspond to testing temperatures of 40°C and SooC respectively. Strain rates for each test are
given on the right ax is.

Finally, the profiles obtai ned from samples tested at 50°C (d) again show the same
overall characteristics, with little change in peak intensity or position with increasi ng
strain rate. In this instance, all primary peaks but the one observed for a strain rate of
2.S3x 10-4

S-1

demonstrate the low angle shoulder possibly indicati ve of ( I I 1)

martensite reflections noted previously.

In addition, the profiles for strain rates of
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2.79x 10-3 S-I and 2.53x 10-4 S- I both indicate the presence of possi ble (02 1) martensite
reflections as well.

5.1.5.2

DifjrQc/ion Profiles as a Func/ion of VCllyil1g Tempera/lire

The diffracti on profi les displayed in Figure 5.8 represent san1ples compressed at strain
rates of 10-5 S- I (a), 10-4 S-I (b), 10-3 S-I (c), whilst those in Fi gure 5.9 are for strain rates
of I x l03 S-I (d), 1. 5x l0 3 S-I (e) and 2x l0 3 S- I (t).
For specimens compressed at a strain rate of 10-5 S-I (a), the resulting X-ray diffraction
patterns demonstrate only two peaks of a relatively low intensity, and each with a broad
width in 2B. This level of intensity and degree of angular width appears to remain
constant with increasing testing temperature. From room temperature to 40°C, the
primary peak appears to develop a low angle shoulder believed to be the result of
martensitic ( I I I ) reflections, although this is virtuall y nonex istent once the hi ghest
temperature of 50°C is reached .
The trends described previously are also present for the diffraction profile sen es
obtained for samples compressed at a strain rate of 10-4 s-I (b). Again the relat ive
intensity and angular width of the two peaks appears to remain fairly constant as the
testing temperature increases, and the primary peak demonstrates development of a
similar low angle shoulder between room temperature and 40°C. As for the previous
strain rate range, this shoulder is then no longer present at 50°C.

In Figure 5.8 (c) (10-3 S-I), the primary peak displays virtually no martensitic shoulder at
both room temperatme and 30°C, although at 40°C and 50°C it is again present,
implying that the quantity of martensitic phase within the specimen has increased.
Also, at 50°C there is evidence of another higher angle shoulder superimposed onto the
primary peak. Thi s is bel ieved to be due to ( 021 ) martensite refl ecti ons.
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Figure 5.8: X-ray diffraction profiles obtained for NiTi sa mples after compressio n, (a), (b) a nd (c)
correspond to the three quasi-static strain rate ranges and actual strain rates fo r each test are give n
in the annotations.
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Figure 5.9 (d), (e) and (t) (high strain rate compression samples) all show evidence of
the low angle martensitic shoul der at all temperatures.

[n add ition, each series of

profi les indicates the growth of the tertiary peak, observed at -60°28 fo r the untested
specimen ofN iTi. This is believed to be indicative of the martensitic (02 1) reflecti on,
and is most prominent for the specimens tested at 30°C and 40°C at a strain rate of
1.5x 103

S· I.

However, the profiles compressed at 2x 10

3

S·I

show the most systemati c

growth ofthe peak. with respect to increasing testing temperature.
Of the profiles obtained for the specimens compressed at hi gh strain rate, on ly the
sample tested at [.42x 10 3

S·I

at 30°C demonstrates the higher angle (021) martensitic

shoulder. This specimen also displays the most significant number of these reflections,
as indicated by the highest intensity peak. of all of the series obtained.
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Figure 5.9: X-ray diffraction profiles obtained for NiTi samples after compression. (d), (c) a nd (I)
correspond to the three high strain rate ranges and actual strain rates for each test are given in the
annotations ..
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5.2 Electron Diffraction Measurements
As the results of the X-ray diffraction study perfo rmed across all of the speci mens
tested indicated that the microstructure of the all oy under investi gation may be nanogranular in nature, electron diffraction measurements were conducted in order to
ascertain the validity of thi s result.

tn conjuncti on with thi s transiti on electron

microscopy (TEM) was performed in an attempt to image the crystallites within the
material directl y.

5.2.1

Introduction

Electron diffraction in solids may be perfo rmed using a transition electron mi croscope
(TEM), in which electrons pass through a thin fi lm of the material being studied and the
resulting diffraction pattern is observed using a fl uorescent screen, photographic tilm or
CCD camera.
The principle behind the technique is essentially identical to that outlined for the
di ffraction of X-rays from a crystalline lattice in the previous section. However, in th is
case the illuminating electrons have a much smaller wavelength than X-rays and also
the spacing between the crystal pl anes within the specimen. A consequence of this is
that both electron microscopy and di ffraction demonstrates a significantly greater
spatial reso lution in contrast to X-ray diffracti on techni ques. Thus crystal grains of the
order of - lOom may be resolved and imaged using electron microscopy.
Whilst X-ray diffraction probes crystall ographi c pl anes that are parallel to the surface of
the sample, in electron di ffraction the beam is diffracted by planes that are almost
parallel to the incoming beam as illustrated in Figure 5. 10.
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Electron beam

Reflecting planeL

000

L

hk! ring

RrM

Detector

Figure 5.10: Schematic representation of the geo metry of electron diffraction (left) and the image
detect ed (right) fo r a non-textured polycrystalline sa mple.

In the case of single crystal sample material s, the diffracted electrons are imaged as a
number of spots corresponding to particular hkl reflections.

However, for

polycrystalline materials the image obtained would be very different. Depending on the
size of the crystallites present within the specimen and the degree of texturing of these
particles, the result would be that of rings comprised of numerous spots. The width of
the rings and the number of diffraction spots present within them are therefore related
directly to the microstructure of the sample material itself.
Due to the geometric arrangement depicted in Figure 5.1 0, the scattering angle in each
case is very small, and so the sin

e

contribution in the Bragg eq uation may be

approximated to:
sin

e" e

(5.7)

Thus the modified diffraction relationship for electrons is may be expressed as m
equation 5.8 :
(5 .8)
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where }, is the wavelength of the electrons, L is the di stance between the sample and the
detector/imaging plate, R is the diameter of a particular diffraction ring, and d represents
the interplanar spacing of the crystal planes producing that diffracti on ring.

5.2.2

Experimental Procedure

In order for electrons to pass through the sample material and undergo diffraction, the
spec imen itself must be of a thickness in the order of - 100 nm or less. Thus spec imens
were prepared by milling cross-sections of material from a bulk sample of NiTi alloy
using a focussed ion beam (FIB). An electron microscope image of the result of thi s
process is given in Figw·e 5. 11 .

Surface of bulk material
Milled sample

Temporary platinum
join fo r remova l of
samp le slice

Manipulator probe tip

Figure 5.11: Electron microscopy image of a specimen s urface after milling with an ion beam. The
TEM sa mple has been temporarily jOined to the manipulator probe with platinum so that it ma y be
lifted free of the milled depression and mounted on a copper support.

Once they had been iso lated and lifted away from the bulk, the microscopic slices could
be further machined to achieve the required thickness.

An example of a prepared

specimen is given in Figure 5.12.
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Final specimen
(layered in thickness)

Copper support

Figure 5.12 : Final stage TEM sample attached to a copper support. An ion bea m has been used to
mill the specimen to the required thickness.

Electron microscopy and electron diffraction were performed fo r two samples of 'as
received' alloy that had been prepared using the method bri efl y outlined above.
Preparati on of TEM samples in the manner described in the previous section, imp lies
that both electron and X-ray diffracti on probe identical crystal planes withi n the
material in this case. In order to emphasise the relationship between the refl ections
taking place, an exaggerated image of the two processes is given in Figure 5.1 3, in
which the diffracting planes have been highli ghted .
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Electron beam

Exaggerated sample
removed fo r TEM

X- rays

Reflecti ng crystal planes

Bulk cylindrical bar
Figure 5.13: Exaggerated representation of the remo va l ofa TEM sa mple fro m the bulk specimen.
The crysta l planes producing diffra ction for both X-rays and electrons ha ve been highlightecl in
ord er to demonstrate the similarity in the res ul ts of both techniques.

5.2.3

Results

Electron microscopy was unable to resolve a distinct grain structw·e for either samples
of the material analysed, indicating that the crystallite nature of the all oy is indeed nanogranular, as suggested by the X-ray diffraction analysis. This is further supported by
the electron diffraction measurements obtained for both specimens.
The diffraction images produced by both samples are presented

III

Figure 5.1 4 and

Figure 5. 15 respectively. For each image, a line profile analysis was performed in order
to establish the intensity variation with ring diameter. The line sampled is hi ghli ghted
on both images, together with the resulting intensity plot is given below the diffraction
pattern as a function of diameter.
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Peak no.
I

2
3

-40

-30

-20

o

-10

10

20

d-space
2.1 A
1.5 A
1.1 A

30

(mm)

Figure 5.14:

Electron diffract ion image obtained for sample 2.

T he red lin e represe nts the

intensity cross section which is given below the image. The d-spacings correspo nding to each peak
observed ha ve been ca lculated and a re given in the adjoining table.

In both cases, several distinct diffraction rings are observed, each of whi ch has a broad
width, similar to that observed for X-ray diffraction. Again thi s is indicative that small
par1icles produce the reflections, and thus supports the notion that the grain size within
the alloy is nano-granular (less than 5 nm). Upon analysing the line profiles, tllree main
peaks , corresponding to the presence of three bright rings, are observed. These are
labelled as peaks I, 2 and 3, and are found to occur in identical positions for both
samples.

Using equati on 5.8, it was possible to calculate the d-space values

corresponding to the peak positions, and these values are given in the table inserts in
Figure 5.14 and Figure 5.15 accordingly.

Further analys is enabl ed the respective

crystallographic planes producing the reflections to be identified, and the results are
presented in Table 5.1. Thus peak 1 is believed to arise due to reflections from (110)
austenitic crystal lites, whilst peak 2 corresponds to diffraction from (022) martensitic
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planes. Peak 3 is believed to be a harmonic reflection of peak 1, as it has been found to
arise from (220) austenite planes. Therefore, the sample is believed to exhibit a strong
[110] austenitic texture. Comparison with the powder di ffraction database for austenitic
NiTi reveal s that several other reflection s of sizeable intensity should be present. Their
absence in the electron diffraction images serves to corroborate the assessment of strong

[11 0]A texturing witllin the material.

Peak no.

d-space
2. 1 A

2

1.5
1.1

3

-40

-30

-20

-10

o

10

20

A
A

30

(mm)

Figure 5.15:

Electron diffraction image obtained for sample 1.

The red lin e represents the

intensity cross section which is given below the im age. The d-spacings correspo nding to each peak

observed have been calculated and are given in the adjo ining tab le.

The findings described previously correlate with those from the X-ray diffraction
analysis, as the primary Bragg peak (at - 42. 5°28) and secondary peak (at -60.2°28),
observed for diffraction from the untested N iTi sample (Figure 5.3), also indi cated the
presence of (11 O)A and (022)M refl ections. Simi larl y, the X-ray diffraction scan of the
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annealed N iTi specimen (Figure 5.4) exhibited refl ection from (220)A crystal planes,
and electron di ffract ion has since revealed these to be present in the untreated sample.
Table 5.1: Ca lculated d-spacings a nd their corresponding crystallographic planes.
Pea k No.

d-space (A)

ilkl planes

I
2
3

2. 1
1. 5
1.1

II OA

022"
220 A

Additionally, closer inspection of the electron diffraction images indicates the presence
of distinct spots, superimposed on the rings observed. These spots appear to have a
symmetric arrangement also ind icative of preferential grain orientati on within the
material.

Specificall y, the pattern is remini scent of a fibrou s texture, in a similar

manner to that observed by Bilello et al. (B ilell o et aI. , 1995). The symmetry of the
spots implies that the crystal grains are most likely acicular in nature, with a rectangul ar
shape, and are likely to be distributed in a rad ial fashion from the centre axis . Such
texturing is frequently observed in metal s as a result of casting.
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Chapter 6
Interpretation and Analysis of Results

The fo llowing chapter details the collation and analysis of all of the resu lts obtained
from

thermomechanical characterisation

experiments,

compression testing and

diffraction studies of the N iTi alloy under investi gation in thi s research. The aim of thi s
section is to ascertain the effects of strain rate and testing temperature on the
mechanical properties of the material. A the same time, an attempt is made to develop
an understanding of the microstructural response of the alloy during compressive
deformation at both quasi-static and high strain rates.
Firstly, a summary overview of the results presented thus far is given, with the emphasis
on variations in the superelastic behaviour of the material wi th respect to its
thermodynamjc properties.

Possible explanations for the observed responses of the

all oy are also presented. Secondly, analysis of the data co llected will be given in order
to quantify the strain rate sensitivity and entropy of transfonnation of the material.
Final analysis, based on a standard Arrhenius style model relating transformation stress
and strain, is also performed. From tills evaluation, other material paranleters such as
activation volUl11e required for transformation, and the free energy of activation in the
absence of stress are also calculated .

6.1 Overview of Results
Preliminary thermomechanical characterisation revealed that the alloy exhibits an As
and AF temperature of - 20°C and - 50°C respecti vely, that was determined by averaging
the measurements of both parameters, obtained independentl y through DSC and DMT A
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testing. This is lower than would be expected fro m the measured As and AF values, but
was consistently observed. Comparison between the calcul ated enthalpies of both a
total transformation from martensite to austenite, and that determined fro m an ' as
received ' specimen, yielded an initial martensitic fracti onal volume estimate of - 1/6
for a typical, pre-tested sampl e of the alloy at room temperature. The implication of th is
is that the primary component of the material is initi ally austenite, and therefore
specimens were expected to demonstrate some degree of superelastic behaviour, even
when deformed at a testing temperatw'e below that of the quoted transformati on
temperamre of 30°C.

Ms and MF values for the material are difficult to determine unambi guously, as the all oy
appears to demonstrate a dual phase transform ati on upon cooling, with the fo rmation of
an intermediate R-phase pri or to the onset of the primary martensitic phase.

DSe

testing resul ted in start and fini sh transformati on temperamres of MS(R) _2 0°C and

MF(R) _Doe for the R-phase transformation and Ms - -I SoC and MF - -50°C for the
primary phase.

DMTA experimentation, however, did not reveal any defi ni ti ve

evidence for the presence of the R-phase transformation, and instead yielded
transform ation temperatures of Ms - 40°C and MF- 18°C.
As can be seen, there is a large disagreement between the thermal values o btained for
the martensitic transformation through both DSC and DMTA experimentation. The
reason for this may be due to the lack of evidence for the presence of the R-phase
transformation during the DMTA investigation. A similar observation was made by
(Debdutta et aI. , 2008) for NiTi wires tested using DMT A. They noticed that the Rphase transformation of the material was suppressed in ' as received' samples, but hi ghl y
apparent for specimens of the alloy that had been thermally cycled. Thi s is also the case
in this instance, as the R-phase transformation is only detected fo r the DSC sample that
had undergone a previous thermal cycle.
Throughout each of the DMTA experiments, the response of the material to vari ation in
deformati on frequency was also measured. However, due to the similari ty in the results
for all experiments, it appears that variation in frequency has a negli gible effect on the
behaviour of the alloy over a decade change.
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Microhardness testing by diamond indentation indicated a primary hardness of the
material of -260 Hv, which was achieved by averaging the measurements obtained
from 40 individual hardness tests on both specimen faces, and along the surface of the
uncut bar. Approximately one in ten hardness tests, of those conducted on the face of a
sample, yielded a value between 1500 and 2000 Hv. By repeating measurements in
close proximity to one of these anomalous indents, it was detennined that the material
responsible for producing the hi gh hardness values was particulate, and the low
frequency of their discovery implies that the number of these particles is small.
Comparison with the findings of others indicated that the hard material, within the
matrix of the bulk alloy, may be a NiTi precipitate with composition NiTb. X-ray
analysis conducted at a later point served to corroborate this theory, as peaks
corresponding to the presence ofN iTi 2 were identified. The subsequent reduction ofTi
in the equi-atomic all oy must lead to the formation of Ni2Ti precipitates as we ll ,
although thi s was not detected.
Preliminary X-ray scan indicate that the microstructure of the untested alloy may be
nano-granular in nature, with component crystallites that have a diameter less than
5 nm . Thi s was characterised by the presence of only three X-ray peaks, the most
prominent of which demonstrated a broad angular width in 28. A further scan of a
specimen of the material that had been heat treated by annealing at 800°C for ten hours,
followed by slow cooling, revealed that the broad diffraction peak observed is actuall y a
superposition of at least six individual peaks, each corresponding to either a martens itic
or austenitic reflection.
imaging

by

Additional electron diffraction measurements, coupled with

transmission

electron

microscopy,

supported

thi s

nano- granul ar

microstructure theory, as a definitive grain structure was either non-existent or too small
to resolve.

Al so, the diffraction patterns obtained demonstrated considerably broad

peaks. The electron diffraction patterns produced by the alloy did, however, provide
evidence that the microstructure of the material is textured, with preferential crystallite
ori entation resulting in diffraction spots within the individual diffraction rings. It is
understandable that some texturing may be present, as formation of the original stock
bar, from which the samples tested were cut, involved a tensile treatment during
annealing. It is therefore logical to assume that preferential crystallite growth may have
occurred in the direction of thi s applied force.
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When subj ected to compression at low strain rates on the Hounsfi eld universal testing
machine, ex periments performed at room temperature indicate that the material retained
approximately -3 % unrecovered strain upon complete unl oading.

The only other

specimens to exhibit residual strain were found when testing at 30°C, although this was
only the case for the higher two strain rates in the range investigated.

Whilst total

recovery had not taken place after these tests, the sampl es did each demonstrate a
recovery of 2 % or more, which is very large in comparison to nomlal metal s.
Therefore,

quasi-static

compression

experimentation

suggests

that

the

alloy

demonstrates superelastic behaviour at room temperature, 30°C, 40°C and 50°C, in the
strain rate range 10.5 S- I to 10-3

S- I.

Thus the origi nal expectation that the materi al

should demonstrate at least some degree of superelasticity, due to the presence of a
large fraction of austenite detected within untested specimens, was correct. In addition,
one of the specimens compressed at room temperature, and so having undergone the
least amount of recovery, was heated to 60°C post-experimentation and , was observed
to retuned to its original dimensions prior to the original compression. This indicates
that the material that had deformed plastically within the specimen was in fac t
martensitic. The application of heat caused the deformed martensite to undergo the
shape memory effect, and thus recover the strai n that had been accrued.
High strain rate compression testing on the SHPB indi cates that the alloy respond s
superelasti call y between room temperature and 50°C, in the strai n rate range I x I 03 S-I
to 2x I 03 S- I.

Within this strain rate range, the critical transformation stress of the

material appears to increase with rate, and by a sizeabl e amount. This behaviour is
analysed and discussed further in section 6.2 in order to quantify the strain rate
sensiti vity of the material. In addition, a sudden decrease in stress is observed to occur
just after the onset of stress induced transformation, which is characterised by the
noticeable curve inflection at this point. The results suggest that thi s inflection becomes
more prominent with increasing testing temperature, although less prominent overall in
the high strain rate region with increasing strain rate.
As the alloy has been found to be nano-granular at the mi crostructural leve l, the
standard processes of dislocation mobility, such as that employed for the description of
stress accommodation in typical steels, is inadequate to describe the sudden stress
recovery observed in the high strain rate stress-strain curves obtained .

lnstead, a
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possible explanation is that the curve inflecti ons are a result of a suppression of the
phase transformation of the material. The result of thi s is that the actual app lied stress
reaches a level that is in excess of the critical stress for the onset of transformat ion.
However, once a sufficiently high enough stress is reached, the transformation
inhibition mechanism seems to be overcome, and the applied load is instantaneously
distributed across the material within the specimen. Once this occurs, any austenite
present would naturally undergo stress induced transformation, and thus accommodate a
portion of the applied load. This would manifest itself as a sudden decrease in the stress
of the specimen at the point of transformation, such as that observed.
Logically, if a greater fract ion of austenite were present, more of the applied load would
be accommodated superelastically once the transfonnation inhibiti on mechanism is
overcome, thus resulting in a greater drop in the stress level.

Also, as all of the

austenitic material would transform at the sanle time, due to the stress exceeding the
critical stress, the actual transformation plateau on the corresponding stress-strain curve
would be very short if not non-existent. Both of these traits are observed fo r the stressstrain curves obtained at a testing temperature of 50°C, during which it has been
established that specimens would be comprised almost solely of austenite.

At this

temperature, the samples di splayed both the most significant drop in stress and the
shortest transformation regions of the temperature series curves.
In the case of a specimen with a high component of martensite, such as for the samples
compressed at room temperature, the sudden dispersal of the applied load across the
material would theoretically result in the accommodation of less stress due to the
limited presence of austenite to undergo transformation.

Al so, the presence of

martensite yields both the possibility of interfacial boundary development between the
two phases of material, and stress accommodation through the mechanism of
detwinning. The growth of such boundaries may have the effect of impeding the
transformation of the austenite, and it is intuitive that a combination of thi s, together
with both detwinning and plastic deformation, would yield a broader transformati on
region in the stress-strain curve of the sample. This is observed for the specimens of
alloy compressed at room temperature, which demonstrate the smallest recovery of
stress, together with the largest transformation regions.
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According to (Niemczura and Ravi-Chandar, 2006), the speed of the transformation
fronts in NiTi is in the region of -300 ms-I. Assuming that the transformati on occurs as
such here, for a specimen of length 4.S mm, the time for total transformation would be
- 15 ~IS. As the ri se time of the loading pulses produced during SHPB testing is also in
this region (- ID !-Is), it may be possible that a lag occurs between the onset ofloading of
a specimen and the transformation taking place. This would account for the load ing of
sanlples effectively beyond the critical stress. Calculation of the time at the point of
critical transformation stress, and the point of the observed curve inflections, revealed
an average delay between the two events of -S !-IS, which is of a plausible magnitude to
coincide with this notion.
Another possible explanation for the applied stress surpassing the critica l level could be
due to the hard precipitate material detected within the bulk specimens. If thi s materi al
exists in the form of long needle like fibrous crystallites that span the entire length of a
sample (a notion which is supported by the TEM results obtained), the applied of load
would initially be distributed across these particles. As the hardness of th e precipitates
has been determined to be significantly hi gh, it is logical to assume that the stress
required to fracture these needles would also be great. Once this were to occur, the
applied load would be dispersed across the rest of the bulk material in a similar manner
to that di scussed previously, thus producing the sudden decrease in stress value.
However, further experimental testing would be required in order to ascertain if this
description of the mechanical behaviour of the material is justified.
A secondary curve inflection was also identified at a hi gher strain for all tests except
those performed at SO°C at strain rates of l x l0 3 S-I and I.S x l0 3 S- I. Each of the other
stress-strain curves also demonstrated what appears to be a dual transformation region,
separated by this secondary inflection. The prominence of the secondary inflection was
not observed to vary with strain rate or temperature, and may be related to the plastic
deformation of martensite. It is suspected that, once martensiti c material has formed
due to stress induced transformation, further stress accommodation is ach ieved through
the process of detwinning of this material. Once this has occurred completely, what
remains is the deformation of the detwinned martensite alone, and thus results in the
secondary curve anomaly and slight change in modulus observed.
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X-ray diffraction measurements performed for each spec imen post-compression,
revealed a similar result to that obtained for untested alloy, with few diffraction peaks
that were themselves broad in angu lar width. The results of several experiments did,
however, indicate the growth of what is believed to be a martensitic ( I I I ) peak at a
sli ghtly lower angle compared to the primary peak envelope. Each of these sam ples
also demonstrated the least recovery after compression. It is believed that deformation
resulted in the formation of martensite that did not then return to the austenite phase
after testing. Thus the recovery of the sam ples was observed to be minimum, wh il st the
X-ray analysis indicated the presence of more martensitic reflections. This notion is
supported by the aforementioned heat treatment at 60°C performed post-experiment,
during which the shape memory effect was seen to take place and produce recovery in
defonned specimens. In addition, a small number of samples displayed evidence of the
growth of a second martensite peak, in this case slightly higher in angle to the main
peak, and beli eved to correspond to martensitic (02 1) reflections. As described earlier.
electron diffraction measurements for specimens of untested NiTi support the findin gs
of the X-ray diffraction study, and the three peaks observed appear to correspond to
three peaks observed using X-rays.
Overall , a fundamental di ffe rence between low and high strain rate deformation of the
alloy is therefore the presence of a transformation suppression mechanism at h.igh rates.
It is not clear exact ly what this is, but it may possib ly be related to the simi larity
between the rate of deformation and the rate of transformation progression through the
material.

6.2 Strain Rate Sensitivity Analysis
A fundamental characteristic of materials is the degree of sensitivity that they exh ibit to
strain rate during deformation. In the case of SMAs, such as the NiTi alloy under
investigation here, it is well known that strain rate has a direct effect on the
transformation temperature of the material.

Specifically , thi s presents itself as a

corresponding decrease in the effective transformation temperature with increasing
strain rate. However, the relationship, if any, between the critical transformation stress
of N iTi and the strain rate of deformation has not been studied ex tensively. This is
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particularly true of dynamic deformation at high strain rate, as little to no researc h has
been performed for N iTi all oy of near 50 % stoichiometry that comprises a mixture of
austenite and martensite at room temperature.
In order to evaluate the effects of strain rate on the critical stress for inducing
transfonnation of the alloy here, analysis has been perfonned on the q uasi -static and
high strain rate stress-strai n curves obtained throughout the course of experimentation.
Specificall y, the transformati on stress has been determined for each result by evaluating
the double di ffe rential of the initial section of the individual curves. A mi nimum point
in the second differential would then correspond to the point of max imum curvature of
the initi al section of the stress-strain data, and thi s is taken as representative of the stress
reached at the onset of the phase transformati on. The stress values determined coul d
then be expressed with respect to the strain rate at w hich they were observed so as to
determine any relationship between the two measurements.

6.2.1

Results

The calcul ated values of critical transformation stress (UT) are presented in Figure 6.1 as
a fun cti on of logari thmic strain rate.
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Figure 6. t : QuaSi-static (a) and high strain rate (b) transformation stresses, determined from
experimenta l stress-strain curves, as a function of strain rate.

Figure 6. 1 (a) di splays measurements obtained fo r quasi-static deformation, whilst
Figure 6. 1 (b) represents the results fo r high strain rate testing. In both fi gures, trend
lines have been fitted to each isotherm and corresponding gradient values fo r the fo ur
testing temperatures have been calculated. These values are given in Table 6. 1.
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Table 6.1 : Strain rate sensitivity of the transformat io n stress.
High strain rate regio n

Quasi-static region

Temp.
(0C)

20
30
40
50

A(JT
AlogE

- - . (pa/decade)

2.9x IO'± 4x IO'
2.9x IO'± Ix lO'
4.2 x10' ± Ix \O'
4.0x 10' ± 2x 10'

Temp.
(0C)

A(J
__T_. (Pa/decade)
AlogE

20
30
40
50

3.9x I0'± Ix IO'
6.0x IO'±2x I0'
7.5x I0'± Ix IO'
I.l x I09 ± 2x I0'

The results indicate that, between 10.3 S- I and 10- 5 S· I, the strain rate sensitivity of the
material appears to be approximately constant. However, at the strain rates of 103 S- I
and above, the transformation stress appears to become hi ghly sensitive to the strain rate
of deformation. This sensitivity is also observed to increase with increasing testing
temperature, as indicated by the increase in gradient in (b) from 3.9x 10 8 to
1.1x I 09 Pa/decade.
The behaviour of the material demonstrated here is reminiscent of that observed for

I

normal metals, and confirms the findings of (Nemat-Nasser et aI. , 2005), who also
detected a significant increase in the strain rate sensitivity ofNiTi at 103

S- I

and above.

6.3 Entropy of Transformation
Modification of the original Clausius-Clapeyron equation (given in Chapter I , eq uation
1.12) yield s a thermodynamic expression relating the effects of temperature (T) to the
transformation stress (aT) of SMAs. Thi s expression is given in equation 6. 1.

I
I
I
I

I
I
I
I

(6. 1)

Here cr is the strain value reached at the onset of transformation and!:;s is a constant for

I

the material which corresponds to the entropy of transformation per unit volume

I
I
I
I

(Otsuka and Way man, 1998c).
Thus evaluation of the transformation stress with respect to the testing temperature has
been performed in order to determine the value of!:;s. Any effects produced due to the
variation in strain rate on thi s material constant could then be observed.
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6.3.1

Results

The variation of critical transformation stress with testing temperature is displ ayed

III

Figure 6.2. In the fi gure, (a) corresponds to the results obtained from quasi-stati c strain
rate testing, whil st (b) represents the results taken for the high strain rate tests. Both
initial and repeated data series have been evaluated individually, so that comparison of
the two outcomes may be perfo rmed in order to determine the degree of error in the
results. In each case, the linear trend lines fi tted to the data to determine dCY T / dT have
been included.
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Figure 6.2 : Quasi-static (a) and high strain rate (b) transformation stresses, determined from
experimental stress-strain curves, as a function of testing temperature. Linear trend lines fitted to

each data set have been included. Solid markers represent values taken from the initial stressstrain curve series, wh ilst ho llow markers correspond to the repeated series.

As can be seen in the figure, all of the pl ots are of reasonable linearity, although the
scatter of results led to large errors in the value of the slope. Calcul ated values of the
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entropy of transformation per unit volwne (thl) at the different strain rates studied are
given in Table 6.2, together with their respecti ve errors.
Table 6.2: Entropy of transformation per unit volume.
Quasi-static region
llS (Jm"' KI)
i; (Si)

High stra in rate region
i; (Si)

llS (Jrn"' KI)

10"'

I x I 0' ± 3x I 0'

~ 1.0x 1O'

3x l O' ± Ix l O'

10
10"'

I x 10'± 4x 10'
Ix IO'± 2x IO'

~ 1.5 x 103

4x I 0' ± 4x I 03
Ix IO'± 2x I0'

~2 . 0 x 10'

The data in Table 6.2 gives some indication of an increase in /';S as a functi on of strain
rate in the high strain rate region, whilst at quasi-static strain rates the value appears to
be constant. Due to the inaccuracy of the results, these may not be valid observations.
The average value of /';S does, however, compare favourably w ith that determined by
Oil et al. (Oi l et aI. , 1995) for a di fferent NiTi alloy.

6.4 Constitutive Modelling
In order to achi eve a more thorough understanding of the behaviour of materi als to
various deformation processes and situations, a large amount of eff0l1 continues to be
expended on the development and application of constitutive models. These range fi·om
approaches based on purely empirical fittin g of experimental data, to completely
theoretical models determined from micro-mechanical processes. For the purposes of
the research in this case, an Arrhenius type model is considered that may
mathematicall y describe the temperature and strain rate dependence of the
transformation stress ofNiTi.
If it is assumed that a singl e thelmally acti vated mechanism contro ls the fl ow of a
metal, and that the corresponding force-displacement relationship is rectangular, the n at
high rates of strain it may be shown that the applied stress (eT) of the metal is related to
the strain rate of deformation through the expression given in equation 6.2 (Harding,
1987).
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I

I

I
(6.2)

I

I
In this equation, D.Go is the Gibbs free energy of activation in the absence of stress, V is
the activation vo lume and k is Boltzmann's constant.

t

I

is the strain rate of deformation

I

and to represents a frequency factor (or nominal limiting strain rate) which depends on

I

is the athermal component of stress.

I

This value corresponds to the component of stress that is essentiall y not thermally

I

the mobile dislocation density . The quantity

<3a

activated, and is the stress required to overcome long range barriers to dislocation

I

motion such as grain boundaries, other dislocations and so lute interactions.

I
I

Whilst equation 6.2 constitutes a standard description for the dependence of fl ow stress
on strain rate for a normal metal , by substituting transformation stress for stress it may

I

be of possible application to SMAs, where the mechanism is the stress induced

I
I

transformation to martensite rather than stress induced motion of di slocations. Thus
equation 6.2 takes the form of equation 6.3

(6.3)

Through mathematical manipulation of thi s expression, the quantities of Vand D.Go can
be extracted.
In order to determine the activation volume of the material , equation 6.3 was divided by

T, yielding equation 6.4.
<3 a
D.G
k (I n &. In &.)
-<3T = +-0+ -

T

T

VT

V

(6.4)

0

Evaluation of this expression indicated that, for graphical plots of

I
0" T

IT at constant & as

a function of In t, the grad ients of the resulting isothenns would be equal to the

I
I
I

quantity k / V. [t was thus a simple matter to calculate the respective values of V.

I

I
An alternative method of calculating V is achieved if it is assumed that the quantity is

I

independent of stress. If this is the case, a logarithmic strain rate sensitivity parameter A.

I

may be defined as in equation 6.5 (Harding, 1987).

I

I
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It = ( 00",.

ologt

J

4kT

T,e '"

(6.5)

V

Thus the gradients of the transformation stress as a function of logarithmic strain rate,
calculated in order to determine the entropy of transformation of the material in secti on
6.3, were used to provide another estimate of the activation volume.
Determination of the free energy in the absence of stress for the alloy, again required
that equation 6.3 be manipulated. In this case, each temperature and its associated value
of

O"T

were submitted into the original expression to obtain the series of equatio ns,

which were then subtracted from one another in sequence. An example of thi s process
is given as follows for two temperatures T, and T2:

-_ 0"
a

(kT, )1n(t)
to

+6G
--o + V
V

(6.6)

(6.7)

Therefore subtraction of 6.6 from 6.7 yields:

(6.8)

By keeping the strain rate constant, and substituting in the req uired val ues each time, an
average value fo r the parameter In t o was determined.
The quantity

O"a

was found by plotting the transformation stress of the material as a

functi on of absolute temperature for the lowest strain rate data, and then extrapolating a
fitted trend line back to 0 K. This would then provide an estimate of the component of
stress that was not dependent on temperature.
resulted in a value for

0"0

However, the procedure described

of zero within error estimates. Thus

O"a

was o mitted from the

final calculatio n of 6Go using a rearranged version of equation 6.3.
As a check for the value of 6Go produced, it was averaged and substituted into
equation 6.9, together with the average value determined for the entropy of
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I

I

transfornlation (see secti on 6.3) in order to calcul ate the enthalpy of transformati on (of

I

Mf).
(6.9)
Tlli s could then be compared with the enthalpy values obtained from DSC test ing in
chapter 2.

6.4.1

I
I

Results

Li near trend lines were fitted to plots of
were detemlined.

(J" T

/T versus

In t , and the resulting gradients

From these va lues, the activation volwne V for the alloy was

calculated. The results are given in Table 6.3 as a function of temperature.
Table 6.3 : Calcu lated activation volu mes as a function of temperature.

Quasi-static region
T. (0C)
V (m" )

High strain rate region
T. (0C)
V (rn " )

20

3.l x 10'" ± I x 10'"

20

2.4 x I0.29 ± I x I0.28

30

3.3 x I0'''± I x l O·28

30

1.7x I 0.29 ± 2)( \0.28

40

2.4 x lO''' ± I x I 0'"
2.4 x 10'" ± I x I0.28

40

1.3 x I0. 29 ± I x I 0'"

50

9.4 x I

50

0-'. ± I x I0.

28

Whil st there is clearly a large degree of error in the results obtained , the magnitude of
the values falls within the region of atomic vo lume. Thjs ind icates that the vo lume
required for the onset of transformation is onl y of the order of a single atom. Also, the
values calculated from the quasi-static strain rate data are ten times greater than those
calculated from the hi gh strain rate data .
The alternative method described in the previous section was also used to ca lcu late
values of V for the material. Thus the strain rate sensitivities obtained earlie r were
substituted into eq uation 6.5. The resulting values are presented in Tab le 6.4 in the
same manner as previous ly.
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Table 6.4: Activation volumes as a function of temperature calculated using sensitivity parameter.
Quasi-static region
V (m"")
T.(OC)
20
30
40
50

High strain rate region
V (m")
T. (CC)

S.7xIO'" ± IxlO'"
5.9xlO'''± IxIO'"
4.2xIO'''± IxIO'"
4.5xIO'''± IxlO'"

20
30
40
50

4.2x 10'" ± I x 10'"
2.8xIO'" ± 2xlO'"
2.3xIO'''± IxlO'"
l.6xIO'''± Ix 10'"

The volumes calculated in this case are also of the order of atomic dimensions, although
again the large degree of error implies that this is ambiguous. However, these results
again demonstrate a greater activation volume at quasi-static strain rates. Thus the
observation from the previous data appears to be valid.
In order to determine the free energy of transformation in the absence of stress, firstly
the quantity lns o was required.

Calculation using the transformation stresses and

corresponding testing temperatures at constant strain rates, yielded an average value for

So of 3x 1011. This is small in comparison to the frequency factor calculated for an
Fe-NiTi alloy by (Heo, 1996), who obtained a value of 2.6xl0 21 , although the error
associated with the quantity calculated here is large.
With the values of So known, further calculations were performed in order to ascertain
the value of the free energy t1Go. The results are presented in Table 6.5 as a function of
strain rate.
Table 6.S: Calculated fiG, values as a function of straiu rate.

i: (SI)
10'0

10
10'

Quasi-static region
fiG, (kJrnorl)
74 ±20
72 ±20
66±20

High strain rate region
fiG, (kJrnorl)

i; (SI)

~l.Ox103
~1.5xI03

~2.0xI03

32±20
33 ±20
34±20

t1Go appears to remain relatively constant across both strain rate regions, although once
again this assessment is questionable due to the large errors in the calculated values.
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The magnitude of the results, however, does seem to be a plausible estimation of the
free energy of transformation.
Substitution of the average value of IlGo into equation 6.9, together with the average of
/IS yielded an estimate for the enthalpy of transformation of 52 ± 21 kJmorl. Whilst
this value corresponds to a crude estimation of the enthalpy, it is of the same order of
magnitude as that determined by DSC experimentation, and consideration of the error
implies that the two results agree favourably with one another.
Therefore, it may be concluded that the application of such a model to the stress-strain
data obtained, has produced values for material specific parameters that appear to agree
reasonably favourably with those obtained by both other researchers, and with prior
experimental measurements made using a totally independent method. However, each
of the results estimated has a sizeable error associated with it, leading to speculation as
to the accuracy of the assessments made, although is important to note that the model
utilised in this situation was originally intended to describe the stress-strain response of
a normal metal to high strain rate deformation.
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Chapter 7
Conclusion

7.1 Initial Testing
Thermomechanical testing indicated that the initial composition of the 'as received'
alloy was primarily austenite, even at room temperature, but with a 1/6 martensite
fraction, At 50°C, the material was observed to become completely austenite.
DSC testing of a specimen of the alloy that had undergone a previous thermal cycle
revealed the presence of an intermediate R-phase transformation, prior to the primary
transformation. However, this was observed to be suppressed for specimens tested in
the 'as received' state, which is confirmed by the findings of (Debdutta et al., 200S).
Both DMTA and DSC testing confirmed As and'A F temperatures for the alloy of -20°C
and -50°C respectively.

Ms and MF temperatures were difficult to determine

unambiguously due to the presence of the R-phase transformation, although final values
are believed to be _40°C and -I SoC.
Microhardness testing revealed the presence of extremely hard particles within a matrix
of NiTi of average hardness -260 Hv.

These particles are speculated to be NiTh

precipitate, and had a hardness ranging between 1500 and 2000 Hv. As one in ten
indentations located one of these particles, it is assumed that the bulk material contains
approximately 10 % precipitate.
Preliminary X-ray scattering experiments indicated that the microstructure of the
untested alloy is nano-granular in nature, with crystallites of an average diameter less
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than 5 run. This was corroborated by a separate TEM investigation, which was unable
to resolve a distinct grain structure.

Additional evidence, in the form of distinct

diffraction spots superimposed on the overall ring image, was obtained and is indicative
of texturing within the material. Specifically, the component crystallites are believed to
be of rectangular shape and fibrous, with a radial distribution from the centre axis ofthe
stock bar.
An X-ray scan of a specimen of the alloy that had been annealed at 800°C for 10 hours,

followed by slow cooling, indicated the presence of the NiTi2 precipitate initially
discovered through microhardness testing. Also, it was determined that the main broad
peak obtained for untested alloy is actually an envelope containing several broadened
Bragg peaks.

Whilst the majority of these peaks were determined to arise due to

martensitic reflections, the primary peak appeared to correspond to (110) austenite
reflections.

7.2 Compression Testing
Compression at low strain rates indicated that the material demonstrates superelastic
behaviour at room temperature, as recovery of up to 2 % was observed. At all testing
temperatures above this, complete recovery occurred. This response was expected, due
to the high austenite content of specimens across all temperatures.
Upon re-heating to 60°C, a sample that had previously demonstrated plastic
deformation was observed to return to its original dimensions prior to compression.
This is indicative of the recovery of martensite through the shape memory effect.
At high rates of strain, the material exhibited near complete superelastic behaviour
across all strain rates and testing temperatures. In each case, -1 % residual strain
remained, which is believed to be due to the plastic deformation of martensite.
The fundamental difference between low and high strain rate deformation appears to be
the presence of a possible transformation suppression mechanism in the latter case,
which manifests itself as a curve inflection indicative of stress recovery after the
apparent onset of transformation. This was observed to become increasingly more
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prominent with increasing testing temperature , and is speculated to be the result of lag
between the initiation of deformation, and the time taken for the transformation fronts to
progress across a specimen.
A secondary curve inflection, followed by a second deformation region, was also
demonstrated by the alloy at high strain rates. It is suspected that these correspond to
the deformation of martensite, and thus would explain the residual -1 % strain after
unloading in each case.

7.3 Post-Compression X-Ray Investigation
X-ray diffraction measurements conducted for samples post-experiment, revealed
similar broad angle results as those obtained for untested alloy. However, the growth of
what is believed to be a martensitic (1 T1) peak was observed to occur for specimens
that demonstrated the least amount of recovery. This is intuitive, as less recovery would
imply the presence of a greater fraction of martensite after unloading.

7.4 Strain Rate Sensitivity and Entropy of Transformation
Analysis of the stress-strain data permitted the calculation of the strain rate sensitivity of
the alloy as a function of both strain rate and temperature. The results indicate that the
material behaves in a similar manner to that of normal metals, with a near constant
sensitivity at quasi-static strain rates, and an increasing sensitivity at high strain rates.
This trend also appears to be consistent with increasing testing temperature, and
confirms the findings of (Nemat-Nasser et aI., 2005) for a different NiTi alloy.
Calculation of the entropy of transformation per unit volume of the alloy was performed
using a modified Claussius-Clapeyron equation. The results gave some indication of an
increase in this parameter as a function of strain rate in the high strain rate region. At
quasi-static strain rates, however, !J.S appears to be constant. Whilst the average value
of!J.S seems to agree favourably with that obtained by (Oil et aI., 1995) for a different
NiTi alloy, the large degree of error associated with the results leads to an overall
ambiguity in these findings.
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7.5 Constitutive Modelling
An attempt was made to relate the measured material parameters, such as

traosformation stress, strain rate aod testing temperature, through application of ao
Arrhenius type model. Calculations yielded estimates for the activation volume aod
free energy in the absence of stress for the alloy. These were found to be of plausible
magnitude, aod in reasonably favourable agreement with both the findings of other
researchers aod pre-determined experimental values. However, due to the inaccuracy of
the values obtained in both cases, these may not constitute valid observation
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Appendix 1
Second Series Results of Quasi-Static Strain Rate Testing
The stress-strain curves shown in Figure Al- i represent the repeated measurements
obtained from quasi-static compression testing of NiTi displayed as a function of
varying temperature, whilst those given in Figure Al-2 are presented as a function of
varying strain rate.
Measurements were repeated in this manner so as to reduce the possibility of anomalous
results, and to validate the observations discussed in Chapter 3.
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Figure AI-I : Second series stress-stra in results for NiTi. (a), (b) and (c) refer to the strain rate
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Appendix 2
Second Series Results of High Strain Rate Testing
The stress-strain curves shown in Figure A2-\ represent the repeated measurements
obtained from quasi-static compression testing of NiTi displayed as a functi on of
varying temperature, whilst those given in Figure A2-2 are presented as a function of
varying strain rate.
Measurements were repeated in thi s manner so as to reduce the possibility of anomalolls
results, and to validate the observations discussed in Chapter 4.
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Figure A2-2: Second series stress-strain results displayed in terms of varying strain rate for each

isotherm. (a) to (d) represe nt testing tempe ratures of R.T., 30°C, 40°C and 50°C. Colourin g from
red to blu e corresponds to increasing strai n rates, as indicated in the inserts.
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