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ABSTRACT

Superelastic Nitinol and shape memory alloys have attracted growing attentions over the
recent years in the areas of biomedical and aerospace applications. Surface integrity of Nitinol
devices by various fabrication processes is critical for their functionality and performance. Low
plasticity burnishing (LPB) is a surface enhancement process to improve surface integrity due to
its unique capability to plastically deform material in the deep subsurface on the order of a 5001000μm. This thesis focuses on the dynamic mechanical behavior of SE508 Nitinol (NiTi) alloy
and process mechanics and surface integrity by ball burnishing of the material.
The stress-strain behaviors of SE508 NiTi alloy at quasi-static and high strain rates were
experimentally determined using a series of compression testing. Then, the experimentally
determined stress-strain behavior was used in correlation with Hertzian theory of contact
mechanics in ball burnishing of the material. It was found that quasi-static compressive stressstrain behavior correlates well with Hertzian peak pressure. This serves as a basis to select
burnishing loads. The effects of LPB parameters, i.e. burnishing pressure, feed, speed, number of
path, and pattern on surface integrity characteristics such as surface topography, roughness,
microhardness, and microstructure are investigated.
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INTRODUCTION
Nitinol (NiTi) is a nickel-titanium alloy of near equiatomic composition with superelastic
mechanical properties as well as shape memory properties. Slight variations in the binary alloy
composition change the mechanical properties significantly with this particular material;
moreover, heat treatment history and finishing of the material play a vital role in the mechanical
properties as well. As a result, these material properties are critical to various biomedical and
aerospace applications. Nitinol was first discovered in the early 1960’s and some of the first
experimental work was conducted by the Naval Ordinance Laboratory where many of the early
applications of Nitinol focused on the shape memory mechanical properties of NiTi.
With slight variation of nickel presence in the nearly equiatomic Nitinol alloy, there is a
distinction of enhanced shape memory or super elastic properties. The designation of shape
memory NiTi is denoted by SM495 where super elastic NiTi is denoted as SE508. In the recent
years, a lot of attention has been aimed toward the superelastic properties of Nitinol with
particular emphasis on biomedical applications. SE508 NiTi has superelastic features well below
the melting point where a diffusionless phase transformation occurs from an austenite to
martensite state allowing this phenomenon to occur. It is also of interest that SE508 NiTi has
elastic behavior that has similar characteristics to human biological tissue. Although SE508 NiTi
serves as an excellent biomaterial, there are concerns with nickel leeching while in vivo as
literature may suggest. This would have adverse effects on the structural integrity of a NiTi
implant and therefore reduce the fatigue life.
1

It is of importance to have a high quality surface integrity of a NiTi implant such that the
life of the implant has a lasting effect while not being detrimental to the patient. The two primary
contributing factors to influence longer fatigue life and corrosion resistance are compressive
residual stresses and protective surface layers. Adequate heat treating of NiTi is a necessary
practice to create a titanium oxide layer that is critical for corrosion resistance of a NiTi medical
device. In the event of surface modification, electro-polishing follows thereafter to generate a
uniform protective oxide layer. One of the more novel surface modification methods is low
plasticity burnishing (LPB). Ball burnishing is a superior surface enhancement process that
induces large compressive residual stresses with little cold work. Minimal amounts of cold work
are desired on the premise that elastic properties are not compromised. Ball burnishing is a
process where an extremely hard ceramic ball passes over a workpiece at high pressures to
induce deep subsurface residual stresses. Hertz theory of contact mechanics is a classical method
that can be used to predict elastic behavior for the primary parameters inherent to LPB. The
ability to predict the onset of plastic behavior in such a process sheds light to surface integrity
formation.
This work starts with a literature review on NiTi alloys and processing methods.
Microstructure and dynamic mechanical properties of SE508 NiTi alloy were characterized.
Then, process mechanics of ball burnishing of SE508 NiTi alloy was analyzed based on Hertz
theory of contact mechanics. Lastly, surface integrity in terms of surface topography, roughness,
microhardness, and microstructure of ball burnishing of SE508 NiTi are characterized.
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CHAPTER 2

A LITERARY REVIEW ON NITINOL ALLOYS AND PROCESSING

Abstract
In the more recent years, there has been a lot of emphasis on biomedical applications for
Nitinol (NiTi) alloys with particular interest in superelastic properties. These particular
superelastic properties are similar to biological tissue and are desirable for biomedical devices.
However, nickel based alloys are generally unstable in corrosive environments and this brings
forth questionable biocompatibility for a material such as NiTi. Initially, there was concern in
regard to the biocompatibility of NiTi. Through the years, NiTi has surfaced as a superior
biomaterial in comparison to other biomaterials. Through the years of development with NiTi
based applications, it was discovered that with adequate heat treatment and passivation that the
stability of NiTi as a biomaterial has no signs of adverse interaction. The stress-strain
characteristics of NiTi are advantageous as a biomaterial on the premise that other candidate
materials are not as elastically permissible. On the grounds that NiTi serves as an excellent
biocompatible material, that is resistant to fatigue, there exists a global interest in the capacity to
advance current medical practices and procedures. This literary review encompasses the
evolution of NiTi to from early to modern applications and as well as current interests in the use
of NiTi as a biomaterial.
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2.1 Introduction
2.1.1 The discovery and debut of Nitinol
Nitinol (NiTi) is a nickel-titanium alloy of near equiatomic composition with pseudoelastic mechanical properties. Slight variations in the binary alloy composition change the
mechanical properties significantly; moreover, heat treatment history and finishing of the
material play a vital role in the mechanical properties as well. Typically, superelastic behavior in
metals occurs at elevated temperatures that approach the melting point of the material. NiTi is
composed of nickel and titanium with trace elements and the accompanying characteristics of
this particular binary alloy distinguish overall properties of a superalloy yet NiTi has superelastic
features well below the melting point. NiTi is not only superelastic but also has shape memory
properties, which are rather elegant to say the least. As a result, these material properties are
advantageous to various biomedical and aerospace applications. NiTi was first discovered in the
early 1960’s and some of the first experimentations were conducted by the Naval Ordinance
Laboratory. The term Ni-Ti-Nol was brought about by the composition of this nickel-titanium
binary alloy and the development of the material conducted by the Naval Ordinance Laboratory.
The public introduction of NiTi was formally brought about in 1968 and thereafter a series of
devices were patented in the regard of using the mechanical energy from NiTi where many were
unsuccessful.

2.1.2 Nitinol implants and applications
In more recent years, Nitinol has become increasingly popular for biomedical
applications in light of mechanical properties that are similar to human biological tissue. Nitinol
4

has also proven to have stable biocompatibility both in vitro and in vivo as literature would
suggest. Biocompatibility is an essential characteristic of an implant device. The two primary
parameters that determine the biocompatibility of a given material are the host reactions from the
material and the environment of the body [1]. Some of the first known medical applications of
Nitinol were successfully developed dating back to the 1970’s. These particular applications
include dental arch wire, vena cava filter, and suture anchors for orthopedic surgery. Later in the
1990’s, further development of biomedical applications were successfully carried out with an
increase in interest throughout the medical community. Such applications include urethral,
esophageal, and vascular stents as well as aneurysm prostheses, and various orthopedic implants.
The mechanical properties of NiTi offer a critical advantage over other materials such that the
mechanical characteristics of superelasticity have the ability to mimic similar mechanics of
intracellular tissues as observed in Fig. 2.1.

Fig. 2.1 General stress-strain characteristics for Nitinol, stainless steel, bone, and tendon tissue [2]
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2.1.3 Critical issues for conventional metallic implants
There are a number of factors that encompass conventional metallic biomedical implants.
One of the key issues is the dissolutions of metallic ions while in vivo where the dissolution of
ions may lead to allergenic reactions to the body of the implant recipient and therefore must be
avoided at all cost. Surface characteristics such as passive layers and compressive residual
stresses play a vital role in the rate of solubility of a given implant. While any biomaterial will
degrade over time, the amount of degradation equates to the amount of ionic release to the host.
There are many studies that have been conducted on the biocompatibility of metallic implants
and the key areas that are studied are solubility performance with an emphasis on fatigue life and
stress induced corrosion crack propagation. It is also desirable to have an implanted device
mimic the properties of the surrounding intracellular tissue such that a natural adaptation occurs
while in vivo for the life of the implant and the patient.

2.2 Nitinol phase transformation
The crystalline behavior of NiTi is what gives the material its physical mechanical
behavior. The unique characteristic of NiTi is having two solid phases of martensite and
austenite. At lower temperatures, NiTi is in a martensitic phase and at elevated temperatures, the
crystalline structure is in the austenitic phase. The transformation of these two solid phases
occurs from the twinning and detwinning of the martensitic and austenitic crystalline lattice. The
schematic shown in Fig. 2.1 illustrates the detwinning process of the martensite to austenite
transformation during temperature cycling under tension. The microstructure of the material
determines the mechanical behavior of the material and for this reason it is important to
6

understand the crystalline lattice network to predict the deformation of a polycrystalline solid as
a whole.

Fig. 2.2 Transformation and detwinning processes during thermal cycling under tension [3]

The phase transformation from austenite to martensite is a function of both stress and
temperature as previously discussed. Similarly, NiTi has material properties that determine the
start and finishing temperatures of the austenite to martensite phase transformation, which are
dependent on the composition of the binary alloy. In most applications, the design parameters are
dominated by the temperature of the environment and the loading condition on the material. One
of the hindrances of developing a constitutive for NiTi is the tight tolerance of mechanical
behavior with slight changes to the composition. Moreover, slight changes in composition alter
the range of martensite to austenite phase transformations and one problem in particular that
designers have to mitigate is the presence of what is referred to as an R-phase that occurs under
7

certain temperatures and stress loads. The martensite that is responsible for the shape memory is
not the same as the martensite that appears in the R-phase. The crystalline martensite that is
responsible for shape memory is a monoclinic cubic type of geometry and not the rhombohedral
shaped structure. The phase transformation of austenite to martensite that corresponds to
temperature, stress, and strain values as observed in Fig. 2.3. The phase transformation of
austenite to martensite allows for the ability of shape memory and superelasticity; however, the
R-phase that occurs with particular temperature ranges often acts as a hindrance for
characterizing superelastic properties and especially shape memory performance. The R-phase is
worthy of studying on the premise that the probability of R-Nitinol is superior to the fatigue
resistance of NiTi without the occurring R-phase. It was found by Lin et al that the probability of
fracture for overall range of strain for R-Nitinol was found to be lower than that for NiTi [4].

Fig. 2.3 Phase transformation corresponding to stress, strain, and temperature [5]
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The phase transformation that occurs in NiTi is dependent on the start and finish thermal
transitions of the austenite and martensite crystalline phases, as seen in Fig. 2.3. An important
characteristic of NiTi, is the nonlinear relationship between transformation strain and stress. The
theoretical basis of the Clausius-Clapeyron model describes the critical stress and temperature
for stress induced martensite transformation and implies a linear relationship between stress and
phase transformation. However, this concept doesn’t hold true for shape memory alloys [6]. One
of the key aspects of the martensitic transformation is the finishing process of the material
although it should be noted that any slight variations in the NiTi binary composition have a
significant impact on the mechanical behavior of the material.
There is some importance of understanding some of the basic crystallographic
configurations when characterizing phase transformations of NiTi. The B2 orientation refers to
the parent austenite phase and the B19 orientation refers to the martensite phase of NiTi. When
NiTi undergoes cooling, some grades of NiTi will transform from a high-temperature austenite
phase to martensite through an intermediate R-phase that competes with the B19 martensite
phase. Fig. 2.4 illustrates the parent austenite phase that is cubic shaped and when cooling
occurs, the lattice elongates along one of the existing diagonals. This configuration reduces the
cube angle and produces a rhombohedral structure. For the R-phase component to occur, the
martensite transformation must be suppressed relative to the creation of the R-phase.

9

Fig. 2.4 Lattice change during the evolution of the R-phase transformation [7]

When NiTi undergoes the cooling process, there is a single stage transformation from an
austenite phase to a martensite phase; however, the phase transformation may also transform
from the austenite phase to the R-phase and onto the martensite phase causing a two stage
transformation process. Heat treatment is one of the important parameters in causing
transformation and thermo-mechanical characteristics of NiTi [8]. In order to accurately predict
the mechanical behavior of NiTi, one must have a full understanding of these particular
mechanical characteristics. An example of this discussion may be observed in Fig. 2.5 where
differential scanning calorimetry (DSC) results may be observed of both an as-received and a
heat treated sample at 700°C where the composition of the sample is SMA 54.5Ni-45.5Ti.
The as-received sample shown is from a heated state to cooling where two peaks appear
from the austenite phase to an R-phase followed by a final martensite phase appear. Similarly,
during a heating input from a cooled state, a trend develops where a martensite phase to an
austenite phase change occurs at increasing temperatures. This is an important characteristic to
note in regard to temperatures where desired phase change occurs. Hence, heat treatments are
crucial in designing a NiTi alloy where the presence of the R-phase plays a role in the desired
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results of the intended application [9]. It suffices to say that the stress-strain behavior of NiTi is
controlled by the microstructural constituents such as the R-phase and martensite [10].

Fig 2.5 Varying heat treatment times of NiTi in the case of cooling (left) and heating (right) [8]

2.3 Nitinol mechanical properties
2.3.1 Stress-strain characteristics
The stress-strain characteristics of NiTi are contributed from the austenite and martensite
phase transformation under varying loading conditions whether it is thermal or mechanical
energy. The martensitic transformation that occurs with NiTi is a solid-solid diffusionless
transformation [11]. It has been shown that martensite forms from austenite when cooled below a
certain temperature; however, the formation of martensite is also stress-induced. Fig. 2.6
illustrates the stress-strain characteristics of NiTi and the martensite transformation.
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Fig. 2.6 Martensite transformation with induced stress and strain [7]

Fig. 2.7 illustrates the tensile stress-strain responses of the NiTi alloy during fatigue
loading with max stresses of 300MPa and 500MPa with low-cycle fatigue (LCF) testing. An
interesting thing occurs after about 10 cycles where stabilization occurs. It may also be observed
by the formation of the hysteresis loops that after the onset of stabilization, a dissipation of
mechanical energy arises. This is caused by a frictional resistance of grain boundaries during
martensite formation. The volume density of the lost energy in a loading/unloading cycle can be
computed from the area within the hysteresis loop on the stress-strain curve [12].

12

Fig. 2.7 Tensile stress-strain response of a NiTi alloy with cyclical LCF [13]

With NiTi alloys there is an interesting occurrence with stress and strain since there is both
superelasticity and shape memory involved. Hence, it is of importance to evaluate characteristics
both qualitatively and quantitatively. Nayan et al investigated several of the trends that
correspond to varying parameters of stress and strain with regard to the hysteresis behavior
during cyclic loading. The width of the hysteresis loop from loading and unloading is the energy
density dissipated during each cycle, whereas the area under the unloading part of the stressstrain curve corresponds to the recoverable energy. Fig. 2.8 illustrates the characteristic trend of
hysteresis loops for a NiTi alloy cyclically loaded and unloaded. Moreover, a number of
martensite variants are present within the alloys and after cycling there is a reduction in the
number of moving boundaries. It is a noticeable trend that the width of the hysteresis loops
decrease with increasing cycles and this implies that the martensite damping capacity decreases
with increasing cycles. Another characteristic that was noted by the author was that the volume
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fraction of detwinned martensite increases and the proportional energy loss of the dewinned
martensite is half of the twinned martensite [13].

(a)

(b)

Fig. 2.8 a) Hysteresis width a) and area b) with varying stress [13]

Porous NiTi is of interest for some applications with particular emphasis on biomedical
applications where it is desired to have a surface area where cellular tissue has the ability to
attach and thrive during the life of the implant. It is desirable to have porosity with most
biomedical applications such that cellular adhesion prevents the implant from migrating. Micro
pores along the surface also act as fluid reservoirs and help lubricate surface interaction between
mating surfaces. There are some applications where a higher percentage of porosity is desired
and some applications where porosity is best kept at a minimum. Entchev et al conducted an
experiment to determine the stress-strain behavior of varying porosity as seen in Fig. 2.9 [14]. As
one would expect, a decreasing elastic modulus occurs with increasing porosity. Similarly, with
increasing porosity a decreasing damping capacity becomes apparent.

14

Fig. 2.9 Stress-strain behavior of NiTi with varying porosity [14]

2.3.2 Superelastic behavior of Nitinol
The superelasticity (pseudo-elasticity) of NiTi has varying parameters that determine the
mechanical behavior of the material. Any slight modifications to the nearly equiatomic
composition of NiTi alters the mechanical behavior of the material significantly. The finishing
process of the manufactured material also plays a vital role in the mechanical behavior as well as
and heat treatments or cold work performed on the material. The elastic modulus brings forth a
great deal of confusion when applied to NiTi alloys. The elastic modulus is difficult to define
with shape memory alloys and in particularly NiTi because the modulus varies with temperature
and typically cannot be assumed to be constant as it is with conventional metals and alloys. The
temperature dependence of the modulus of NiTi is well known while still challenging to design
engineers [15]. Hence, the challenge would be predominantly controlled by the sensitivity of the
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temperature or stress induced phase transformation, which determines both the superelastic and
shape memory effects.
One of the important mechanical properties of superelastic materials is that they exhibit
constant unloading stresses over large strains. Hence, the force applied by a superelastic material
is induced by temperature and not strain as other conventional materials. The advantage of this
characteristic involving medical device implants is that body temperature is constant and one can
design a device that applies constant stress over a wide range of shapes [16]. The superelasticity
and temperature dependence of NiTi play an important role in the ability to fine tune biologically
artificial devices.

2.4 Biocompatibility of Nitinol
In order for a material to be considered biocompatible, the material must induce little to
no immune response or the dissolution metal ions while in vivo. Some of the common
parameters that are quantitatively analyzed are corrosion properties, the release of metallic ions,
physical reactions with cellular tissues, and surface interaction with the imposed biological
surface and the implant surface. Similarly, biomaterials are tested in both vitro and in vivo with
the requirements of no toxic, allergenic, or carcinogenic reactions while in vivo for the life of the
patient with a respectable safety factor [17].
Another important characteristic of a potential biomaterial is the surface interaction of the
material and the intracellular tissue. If the implant device does not attach properly and adhere to
tissue, an adverse reaction may occur. The dominant parameter in cell adhesion is the wettability
or hydrophilic nature of the surface. A hydrophilic surface refers to the ability for a surface to
16

have affinity with water or rather the friendly acceptance of molecular bonding. NiTi has a
hydrophilic surface and this also improves as the material is treated and sterilized prior to
insertion of the recipient. One particular study by Shabalovskaya et al indicated that sterilized
surfaces and contact angle has been shown to increase wettability by a factor of three [18]. On a
similar topic relative to adhesion, there also exists optimal pore size on a given implantation
surfaces. According to Itin et al, an optimal pore size is in the range of 100-500µm for osteoblast
cellular growth and surface porosity smaller than 100µm for connective fibroblast cells [19].
Similarly, smooth surfaces with porosity are beneficial such that the small porous cavities act as
fluid reservoirs, which are beneficial for wettability, connective tissue adhesion, and studies
indicate the fatigue life of the material increases respectively [20].
Nickel dissolution is inevitable with a nickel rich biomaterial such as NiTi although it
should be introduced to the body in small amounts. Excessive exposure to nickel concentrations
can lead to asthma, cellular hypersensitivity, cytotoxicity, and genotoxicity. Porous surfaces are
generally desired in medical applications where cellular genesis is desirable such that the implant
does not migrate to undesired locations. However, nickel release is increased due to enhanced
surface exposure where the surface of the material has little to no cold work treatments, which
decrease metallic dissolution due to surface compaction and compressive residual stresses.
NiTi is an excellent candidate for biomedical applications and for this reason many
biomedical applications have been developed over the last ten years. Before the introduction of
NiTi, most biomedical implantations were stainless steel (FeC) and cobalt-chromium (CoCr);
however, with advances in technology, Nitnol has made its presence known to the scientific
community with promising outcomes. Since NiTi has a shape memory effect and has
17

temperature dependence on hysteresis characteristics, there are similarities to biological tissues
and thus are mimetic to the kinesiology and biomechanics of humans and other biological
specimens. The possibilities of NiTi seem almost endless with the possibilities for design
considerations for implantation devices. Some of the early clinical utilization of NiTi includes
wire for orthodontic tooth alignment, osteosynthesis staples, vena cava filters. Developments in
NiTi for biomedical applications have evolved tremendously in the last 10 years. There have
been a number of studies involving biocompatibility of NiTi since early developments of NiTi
addressed concerns in the regard of nickel dissolution while in vivo. The biocompatibility of
metals, amongst other factors, relates to the corrosion properties of the metal and chemical
interactions between the host and the imposed metallic implantation device. Studies reflect that
NiTi exhibits excellent corrosion resistance while in vivo. However, this does not exclude
metallic ion release. The rate of this release, the solubility and protein-binding capacity of the
ions and their cytotoxic, allergenic and genotoxic activity will finally determine the biological
safety. Based on these grounds, all these aspects of biocompatibility should be taken into account
before the NiTi alloy can be safely used as an implant in the human body [21].
However, it has been shown in a number of studies that NiTi is biocompatible in the
regard of dissolution of nickel ions. NiTi has good biocompatibility with human osteoblasts and
fibroblasts. It is important to note that larger concentrations of nickel ions are introduced to the
host in the first few days of implantation. Literature indicates that conclusions seem to be
unanimous on the biocompatibility of NiTi. Ryhanen et al reported that NiTi releases more
nickel in cell culture media in the first two days but after concentration levels decrease [22].
Moreover, the amount of dissolved nickel was observed to be minimal such that no toxic effects
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or decrease in cell proliferation was found. In another study by Pertile et al it was observed that
the release of Ni ions while in vivo was negligible and it was suggested that the release of Ni
ions may even be lower than the average dietary ingestion of this element. It was also mentioned
that the premature failure of metallic implants usually starts with the breakdown of the TiO2 layer
in similarity to corrosion locations that are inherent to the initiation of cracks and fractures [23].
It was reported in another study conducted by Kapanen et al that NiTi exhibits low cytotoxicity
in contact with bone cell formations where stainless steel was not equally tolerable as NiTi [24].
NiTi has been proven as a stable biomaterial as literature would suggest. There is a great deal of
research and supporting literature that substantiate the biocompatibility of NiTi. The TiO2 layer
on the surface of NiTi is the primary factor in the biocompatibility of the material and with
proper treatment of the material there is no concern for nickel dissolution.

2.5 Fatigue life of Nitinol
Numerous investigators have analyzed the cyclic failure of NiTi alloys for different
specimen shapes such as bars, wires, and plates. Typically NiTi performs well in a strain or
displacement controlled fatigue but does not perform well in a stress controlled fatigue
environment [25]. Identifying a safe operating range is important for NiTi medical implants
exposed to high cycle fatigue conditions. In such a case, Soderberg or Goodman plots are known
to drastically over estimate the safe operating range of safe strain level in nickel-titanium based
alloys [26].
The number of cycles of failure plotted against the stress amplitude for martensitic and
austenitic NiTi alloy may be observed in Fig. 2.10. It is suggested by Nayan et al that a NiTi
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alloy in an austenite phase has a lower threshold to stress at higher stress amplitudes in
comparison to a NiTi alloy in a martensite phase. However, at lower stress amplitudes it is
suggested that austenite has a higher threshold to stress. It was noted that the stress required for
the onset of non-linear deformation (detwinning stress in the case of martensite and the stress
required for inducing austeite to martensite transformation in the case for the austenite) is less
than the martensitic alloy in comparison to the austenitic alloy. It was also noted by the author of
this study that a possible factor in the cause of lower fatigue resistance of the austenitic alloy is
the stabilization of the stress induced martensite (SIM) during fatigue loading or that the
microstructure is more tolerant and softer for fatigue induced damage propagation and failure
[13].

Fig. 2.10 Stress amplitude vs. cycles for an austenitic and martensitic NiTi alloy [13]

An important characteristic about the stress-life of NiTi alloys is hysteresis under a given
load condition. Preliminary experimental results can be used to predict where failure may occur
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or the onset of plastic flow. Especially in shape memory applications, the dissipation of
mechanical energy directly correlates to the shape memory effect and a prediction of that
particular threshold would be a useful tool for a material model. The cyclic behavior of
hysteresis is a useful resource such that the dissipation of mechanical energy may be
characterized in many fashions whether hardening or softening occurs over the life of intended
application. Clayton et al suggests there is a rather unique indifference that exists for a given
stress amplitude between a pearlite steel and a NiTi alloy. It is apparent that NiTi absorbs much
more of the strain energy in a short number of cycles in comparison. Moreover, this would imply
that NiTi absorbs strain energy as well as strain hardens during the course of cyclical stress
inputs [27].

Fig. 2.11 Hysteresis loops for a) pearlitic steel and a b) 55- NiTi alloy [27]
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Conventional metals and alloys have S-N curves that are used to evaluate the life of a
design model. The stress-strain behavior has little deviation and therefore mechanical properties
may be ascertained to be constant with each batch. However, NiTi is dissimilar in this fashion
such that small changes in composition and heat treatment histories result in large deviations of
mechanical properties. Hence, designers and engineers must individually evaluate each product,
material, and set of process parameters in order to provide accurate fatigue life data [28]. The
metallurgical properties such as grain boundaries, precipitates, oxide layers, and cooling methods
predict the characteristics of shape memory alloys just as conventional metals are characterized.
Shape memory alloys have the ability to be trained by stress induction or by thermal histories
applied directly to the material. These loading paths determine the permanent set of the material
and/or cold working abilities of the material as well. Similarly, the martensitic phase of a shape
memory alloy exhibits a hardness and wear resistance that is influenced by the ease or difficulty
for retransforming and/or reorienting of existing martensite plates. The behavior exhibited by
this transformation if characterized by the length of martensite plates, which are conditioned
mainly by the precipitate size and precipitate-free zones. Moreover, the smaller scales of
martensite plates have a higher mobility rate thus improving the energy absorption and reducing
wear damage. A great quantity of these smaller scale martensite plates creates a stress field
impeding the ease of martensite plate mobility resulting in decreased wear capabilities. It was
confirmed by Arciniegas et al that the existence of precipitates contributes to the nucleation of
martesnite plates but also slows the rate of their growth [29].
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2.6 Crack growth behavior
It is important to evaluate fatigue life when each of the common phases are present to
efficiently characterize a pattern of failure as mentioned in the last section. The initiation of
cracks and crack growth are resulting parameters of fatigue studies. Pelton et al referred to past
research suggesting that the fatigue process is generally categorized into five stages: early
microstructural damage, micro-crack nucleation, short-crack propagation, macro-crack
propagation, and final crack fracture. It was noted by Pelton et al that stress based fatigue
analyses are preferred in the presence of microscopic surface flaws or existing cracks that create
stress concentrations. When a critical flaw length is exceeded, the use of stress based mechanics
provides a method of quantifying fatigue and fracture behavior [30].
It is important to efficiently characterize crack growth behavior with various in vitro
studies such that a particular biomedical application can be validated. In the presence of a
corrosive environment, fatigue crack growth rates per cycle in most metallic materials are
actually accelerated by lower frequencies due to an increased time period for the corrosion
kinetics to be active. The implications of this are that life predictions may not be conservative
when based on higher-frequency fatigue data [31]. In a study conducted by Robertson et al, there
was comparison to crack growth rate and stress intensity with the use of a NiTi tube at a load
ratio of R=0.5 but in different mediums, see Fig. 2.12. The efforts were to characterize cracking
modes in relation to corrosion. It was also noted by the authors that the vast majority of fatigue
data for NiTi alloys have been tested at frequencies of 30 Hz or more, primarily for reasons of
expediency. This correlation suggests lower frequencies more accurately represent in vivo
conditions and produce marginally slower crack-growth rates than at higher frequencies, which
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indicate that higher frequency tests that are utilized provide a more conservative lifetime
prediction for NiTi biomedical devices.

Fig. 2.12 Crack growth of a NiTi tube (45° orientation) at R=0.5 at various conditions [31]

Crack growth behavior of NiTi while in compression may be observed in Fig. 2.13 where
tensile compressive stresses are retained and this is believed to be the cause of the crack
extension upon releasing the elastic strain energy of a severely bent NiTi wire. It was noted in
the study conducted by James et al that fractures occurring during compression generally occur
when loading is reversed where at the arch of the bending location experiences small tensile
loads. These particular fractures are typically caused by voids in the material that tend to
concentrate in a particular region resulting in stress concentrations [32].

24

Fig. 2.13 Crack growth of a NiTi wire after severe compression [32]

The phase transformation and stress behavior of a NiTi alloy is best observed with a
notched specimen. The highest stressed region is in closest proximity of where the notch is and
this is where martensitic bands develop and small amounts of plastic residual strains accumulate.
The region outside of the highest stressed region will undergo a phase transformation from
austenite to martensite where the remainder of the specimen will be in an elastic state. Daly et al
conducted a study emphasizing on stress behavior of notched specimens, which may be observed
in Fig. 2.14. The Figure details a mode I crack that characterizes the stress field of a notched
NiTi specimen. The stress behavior of NiTi is important to have understanding of such that NiTi
devices are properly designed in regard to geometry as well as various loading conditions.
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Fig. 2.14 Crack behavior of a notched NiTi sheet [33]

2.7 Issues and future research of Nitinol
There are some issues that are of concern with regard to NiTi such as surface
modification in relation to superelastic behavior. This would also be questionable with relation to
the thickness of the work piece. Most of the studies relative to stress-strain behavior of NiTi or
investigated in modes of tension and there is little research and literature for NiTi in compressive
modes. Surface modification methods such as laser shock peening, shot peening, and low
plasticity burnishing induce compressive stress into a given work piece. Further understanding of
compressive stress-strain behavior would be resourceful for many applications of NiTi. The
thermal sensitivity of NiTi brings many challenges for designing medical devices. It is of great
importance that proper heat treating of the material is done such that phase change is direct from
austenite to martensite without interference in the lattice. Another issue arises when considering
the fatigue life of Nitinol such that the frequency and amplitude of the given application be
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compared to data that is relative. While Nitinol continues to be on the forefront as an excellent
biomaterial, due to the elegance of the mechanical properties, it is also of importance to have full
understanding of the conditions that the material will be subjected to as well as the effect of
surface modification and mechanical properties.
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CHAPTER 3

CHARACTERIZATION OF MICROSTRUCTURE AND DYNAMIC MECHANICAL
PROPERTIES OF A BIOMEDICAL NITINOL ALLOY
Abstract
Nitinol, an equiatomic alloy of nickel and titanium, has broad applications in the
biomedical industry. It is widely accepted that Nitinol (NiTi) is very biocompatible in the human
body. It has been used mainly as a material for various kinds of stents. Much information exists
for the mechanical response of NiTi that has been loaded in tension, but little exists for NiTi in
compression. Furthermore, even less information is available for the compressive mechanical
response of NiTi under increasing strain rates. This study details the compressive mechanical
response of SE508 NiTi (50.8at.%Ni-49.2 at.%Ti) under both quasi-static compression and Split
Hopkinson pressure bar testing. Under quasi-static loading conditions, the elastic moduli in the
austenite and martensite regions were found to be 48 GPa and 41 GPa respectively. The ultimate
compressive strength (UCS) was found to be 2.3 GPa. The SHPB data showed a general trend of
decreasing the UCS while increasing the toughness with increased strain rate. The average grain
size of the undeformed NiTi samples was on the order of 30 microns.
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3.1 Introduction
Nitinol is a nickel-titanium alloy of near equiatomic composition with shape memory and
superelastic mechanical properties and is known to have elastic strains of up to 8%. Slight
variations in the binary alloy composition change the mechanical properties significantly;
moreover, heat treatment history and finishing of the material play a vital role in the mechanical
properties as well. Typically, superelasticity occurs at elevated temperatures that approach the
melting point of the material. NiTi is composed of nickel and titanium and the accompanying
characteristics of both metals distinguish overall properties of a superalloy yet NiTi has
superelastic features well below the melting point. As a result, these material properties are
advantageous to various biomedical and aerospace applications. NiTi was first discovered in the
early 1960’s and some of the first experimentations were conducted by the Naval Ordinance
Laboratory. The term Ni-Ti-Nol was brought about by the composition of this nickel-titanium
binary alloy and the development of the material conducted by the Naval Ordinance Laboratory.
The public introduction of NiTi was brought about in 1968 and thereafter a series of devices
were patented in the regard of using the mechanical energy from NiTi [12]. An example of one
of the many early developments of NiTi devices may be seen in Figure 3.1.
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Fig. 3.1 Thermobile engine patent [12]

The mechanical properties of NiTi bring forth a particular interest for many applications;
however, the mechanical properties of NiTi are sensitive to variations in composition due to the
solid phase presence of the material, see Figure 3.2. NiTi can be considered an ordered
intermetallic that has an extremely narrow composition range below the eutectoid in the phase
diagram [10]. NiTi is sensitive to changes in composition since the narrow region of the binary
alloy in solid phase is relatively small, which may be observed in the phase diagram of the binary
alloy. NiTi is typically manufactured by vacuum arc melting or vacuum induction melting.
Vacuum arc melting requires multiple remelts of the material to ensure sufficient homogeneity
while vacuum induction melting typically introduces oxygen contamination [13]. Since NiTi is
sensitive to variations in composition, it would suffice to measure the mechanical properties for
precision engineered applications and to ensure precise superelasticity and shape memory
characteristics. This study analyzes the dependence of strain rate with the stress-strain response
of superelastic (50.8 at.%Ni - 49.2 at.%Ti) NiTi. NiTi has a strong dependence of strain rate with
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the mechanical properties of NiTi [11] and this is characterized in this particular study.
Moreover, NiTi exhibits exceptional mechanical behavior that is attractive to biomedical
applications since it has superior elastic properties. Similarly, the shape memory capabilities of
NiTi are highly attractive to the aerospace industry and the technical communities abroad for
various applications. Moreover, NiTi has similar mechanics to biological tissue with numerous
studies supporting excellent biocompatibility properties. Similarly, biocompatible NiTi has a
unique elastic regime with recoverable strains of up to 8.0%. The effect of NiTi in compression
and tension are known to have an asymmetric stress-strain response where most studies focus on
the tensile properties of NiTi. One of the motivations of this experimental work is to determine
how superelastic (50.8 at.%Ni - 49.2 at.%Ti) NiTi responds to various strain rates while under
compressive loading conditions at room temperature. Quasi-static and dynamic compression
tests are conducted in this study in order to characterize an overall range of how this material
behaves at both low and high strain rates.
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Fig. 3.2 Phase diagram of a nickel-titanium binary alloy [13]

3.2 NiTi SE508 fabrication and sample preparation
3.2.1 Material fabrication
The NiTi composition used in this study was 50.8at.%Ni-49.2 at.%Ti and was acquired
from NiTi Devices and Components (NDC). This specific composition was chosen for testing
because it is commonly used in medical devices such as stents. The material exhibits superelastic
properties at room temperature and so it is ideal for this task. This particular material was created
from a solid ingot manufactured by vacuum induction melting that was then drawn to produce
bar stock. The unaltered bar stock acquired from NDC had nominal dimensions of 0.5” in
diameter and 2.6” in length. To achieve superelastic properties at room temperature, the material
was heat treated by NDC in a salt bath at 505˚C for 45 seconds.
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3.2.2 Sample preparation
The cylindrical bars obtained from NDC were reduced in diameter and sectioned by
turning to create twenty-one 0.25” x 0.25” samples. Machining was done relatively slowly at
roughly 400 RPM with a depth of cut of 0.0070 inch with lubrication to avoid thermal damage as
this could alter the microstructure of the material and in turn change its mechanical properties.
Sample sizes were chosen for SHPB testing because the literature suggests that radius and
diameter should be kept at ratios between 0.5-1.0. These dimensions were also used for quasistatic testing, as they were also appropriate. After machining, the samples were then numbered
on the sides and edges with a permanent marker.

3.3 Experimental procedures
3.3.1 Quasi-static compression testing
Quasi-static compression testing consists of compressing a sample between two large
plates. During testing, displacement and compressive load are recorded by the testing equipment.
From the resulting data compressive mechanical properties such as yield strength, ultimate
strength and young’s modulus are derived. This allows complete compressive mechanical
characterization of the material at strain rates low enough to be considered negligible. In these
experiments, the strain rate chosen for testing was 0.001/s and testing was performed at room
temperature. Because of the hardness of this material, Silicon carbide disks were used to
compress the samples so as to not damage the test equipment. Also, a small amount of grease
was placed between the carbide disks and the ends of the samples to decrease the friction
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between the two during testing. Testing was conducted at the CAVS research facility at
Mississippi State University.

3.3.2 High strain rate Split-Hopkinson pressure bar testing procedure
In order to characterize the mechanical behavior of superelastic NiTi, a classical SplitHopkinson pressure bar test was implemented where dynamic strain measurements range from
2600s-1 to 6400s-1. The SHPB (Split Hopkinson Pressure Bar) experimental test setup is also
referred to as the Kolsky apparatus and it is commonly used as a method to test the mechanical
properties of a given material at high strain rates [17]. During compressive SHPB testing, a short
cylindrical specimen is sandwiched between the ends of two bars where a striker bar is fired at
the free end of the incident bar, see Figure 3.3 [5]. Upon the impact of the striker bar, a stress
wave is initiated that travels along the first bar (incident) and into the specimen. Due to the
impedance mismatch between the bars and the specimen, a part of the wave is reflected back
along the incident bar from the transmitter bar. The rest of the incident wave travels through the
specimen and enters the second bar (Transmitter) [14].
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Fig. 3.3 Schematic of the SHPB test setup [5]

It has been noted in literature that the stress uniformity during plastic flow is more aptly
characterized by the uniformity of the specimen at the beginning of a test when the applied stress
is relatively small. Hence, uniform stress flow should be validated during the elastic response of
a given test [3]. Moreover, to fully define the elastic and plastic behavior of a material, the point
of fracture must be established or the stress-strain behavior will be not fully developed.
Furthermore, the geometry of the specimen is chosen such that stress uniformity is constant
throughout the specimen during impact. A cylindrical specimen with a height of 0.25” and a
length of 0.25” was selected for this experiment, see Figure 3.4. The frictional coefficient
between the incident bar, transmitter bar, and the specimen are critical parameters in the
accuracy of the SHPB test and the evaluation of one-dimensional wave propagation [4]. During
impact of the specimen, the diameter changes and interfacial friction comes into play as well as
the radial inertia effect. While there are corrective formulations to make these errors relatively
small [15], it would suffice to have a smooth lubricated surface contact between the specimen
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and the surface interface. In this particular test, a light coating of beeswax is applied between the
specimen and the interface of the incident bar and the transmitter bar. The application of
beeswax allows for both adhesion of the specimen to the pressure bars and for the reduction of
friction during impact by acting as a lubricant. It was noted in a past discussion by Davies and
Hunter that the omission of inertial terms is legitimate for thin specimens, however, the neglect
of interfacial frictional effects is not. In order to overcome the frictional problem, it is imperative
to introduce specimens with (length/diameter) aspect ratios of 1.0 [19]. Hence, a commonly
selected aspect ratio of 1.0 was selected in reference to this past discussion. Moreover, an
important parameter in the consideration of specimen geometry for the SHPB test is whether or
not the material is ductile or brittle. The inherent problem that is often encountered with brittle
materials is the uniformity of stress flow through the material. Many common materials of
interest such as rocks, concrete, and ceramics are brittle with strains less than 1.0% and
modifications to the SHPB test method must be made [16]. There are several dominate
parameters that affect the ductility of near equiatomic NiTi and that is the percentage of coldwork, the reduction of area, heat treatments, and the amount of each element in the binary NiTi
composition. With all these considerations, the specimens used in the SHPB test are considered
to be of ductile nature.
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a)

b)

Fig. 3.4 a) Dimensions for SHPB sample; b) Shear plane during dynamic compression testing

3.4 Experimental results
3.4.1 Stress-strain curves
NiTi has been shown in literature to have a characteristic superelastic stress-strain curve
that consists of two segments of elasticity under normal quasi-static loading conditions [2].
However, very little information exists in the literature for stress-strain data of NiTi under
dynamic loading conditions at high strain rates under compression. This topic was covered to a
certain extent by Chen et al [1], but the strain rates tested were still rather low. Stress-Strain data
found in this experiment for both quasi-static and dynamic strain rates can be seen in Figure 3.5
below. The data gathered for the quasi-static samples showed a close relationship and was
averaged into a singular plot by adding stresses containing the same strain values and dividing
the result by two. The resulting graph of stress versus strain shows a similar result to that of the
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literature of NiTi samples of the same composition and heat treatment. Looking at the data it can
be clearly seen that as the strain rate is increased to the point that it is no longer quasi-static that
the superelastic transition region tends to flatten out and become less pronounced, while the
ultimate compressive strength (UCS) becomes greater. However, when the strain rate is
increased past a certain point the UCS starts to lessen and the material gains toughness. The
strain rate at which this happens cannot be clearly determined by this study, because strain rate
data could not be obtained for strain rates less than 2600/s using the SHPB technique.
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Fig. 3.5 Stress-strain data of SE508 NiTi for quasi-staic and dynamic strain rate testing

3.4.2 Microstructural characterization
There is some importance of understanding some of the basic crystallographic
configurations when characterizing phase transformations of NiTi. The B2 orientation refers to
the parent austenite phase and the B19 orientation refers to the martensite phase of NiTi. The
unique shape-memory and superelastic properties of NiTi are due to a diffusionless phase
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transformation between a parent austenite phase (B2 crystalline structure) and a martensite phase
(B19 crystalline structure). One of the important characteristics of NiTi is the temperature at
which austenite transforms to the martensite phase. These phase changes are commonly called
finishing temperatures at which increasing and decreasing temperatures are introduced to the
material. Figure 3.6 [18] illustrates the trends at which these phase transformations occur. The
austenite finishing temperature A f



is the most important temperature since it dictates the

transition between shape memory and superelastic properties [10]. The A f temperature can be
adjusted through thermo-mechanical treatments in order to optimize the performance of the
material for the intended application.

Fig. 3.6 Schematic of the transformation and detwinning processes [18]

When NiTi undergoes cooling, some grades of NiTi will transform from a hightemperature austenite phase to martensite through an intermediate phase that competes with the
B19 martensite phase, which is known as the R-phase. Figure 3.7 illustrates the parent austenite
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phase that is cubic shaped and when cooling occurs, the lattice elongates along one of the
existing diagonals. This configuration reduces the cube angle and produces a rhombohedral
structure and thus referred to as the R-phase. For the R-phase component to occur, the martensite
transformation must be suppressed relative to the creation of the R-phase [9].

Fig. 3.7 The evolution of the R-phase transformation [9]

One of the unique facets of NiTi is developing a constitutive model since the nature of
the material has tight tolerances with slight changes to the composition [7]. Commercially used
NiTi is not widely distributed from a large number of vendors; however, batches will vary to
small degrees due to small variations in processing parameters and thus material constants must
be obtained to accurately characterize the mechanical behavior of the material. Hence, any
deviation from the equiatomic composition of NiTi requires that the alloy is in a two phase field
and these slight deviations affect the phase transition temperatures significantly [10]. The
interesting and unique phenomenon that occurs with shape memory alloys such as NiTi is the
phase transformation that occurs during loading conditions. Temperature is also a parameter that
is involved with the evolution of the phase transformation. The testing conditions regarding this
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study were kept constant at room temperature in order to isolate the mechanical stress-strain
response at a constant temperature.
The microstructural characteristics of NiTi in various conditions may be observed in Fig.
3.8. Two different etchants were used on polished NiTi samples to enhance the grain boundary
definitions.

(b)

(a)

(d)

(c)

Fig. 3.8 Optical images (50x magnification) of NiTi samples at various strain rates in
compression; (a) uncompressed, (b) 0.001 s-1, (c) 2600s-1 , and (d) 3157s-1

The samples were polished to a mirror shine to improve the etchant process. The primary
objective of the etchant is to pronounce the grain boundaries of the NiTi samples used during this
experimental work. There was severe surface pitting with the use of etchant A, which was of
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composition 45% HNO3, 45% H20, and 10% HF by volume; the same result occurred regardless
of reactant time. An alternative etchant, etchant B, of composition: 10% HNO3, 85% H20, and
5% HF by volume [8]. While etchant B achieved the objective of pronouncing grain boundaries
such that grain size measurements could be made, a consequence of mild pitting resulted, see
Figure 3.9.

(a)

(b)

Fig. 3.9 uncompressed NiTi surface after etching with (a) etchant A, (b) etchant B

The pitting is most likely due to elemental trace impurities on the surface yet the mild
nature of the pitting was considered acceptable for the desired grain size distribution
measurements for each of the considered strain rates. The samples observed in Figure 3.8 range
from uncompressed, quasi-static, 2600s-1, and 3157s-1. A trend develops with respect to strain
rate and grain size distribution, Figure 3.10. As one would expect, the grain size decreases with
increasing strain rate. The measurements of the grain size distribution were taken along the
longitudinal axis of the material since normal loading was imposed respective to this direction.
The as-received drawn NiTi rod material exhibited an average grain size of ~40µm that is similar
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to the findings in research articles regarding NiTi grain size. The nominal grain size distributions
were found to be ~34µm for the quasi-static (0.001s-1) strain rate, ~32µm for the strain rate of
2600s-1, and ~26µm for the strain rate of 3157s-1.

45
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35
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20
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2600s-1

3157s-1

Fig. 3.10 NiTi grain size distribution at various strain rates after compression testing

3.5 Conclusions
The mechanical properties of Nitinol (50.8at.%Ni-49.2 at.%Ti) have been obtained in
compression for both quasi-static and dynamic strain rates using compression and SHPB testing.
For the quasi-static loading condition, the elastic moduli in the austenite and martensite regions
were found to be 48.3 GPa and 41.0 GPa respectively. The UCS for the quasi-static condition
was found to be 2.3 GPa. The overall SHPB data showed a general trend of decreasing UCS
while increasing the toughness with increased strain rate. Increasing the strain rate also tended to
flatten out the transformation region between austenite and martensite. This region became
unrecognizable in the stress-strain response at the highest strain rates. Optical images of this
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material showed a grain size on the order of 30 microns for the undeformed samples. Optical
images were also taken to show the evolution of the grain structure with increased strain rate.
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CHAPTER 4

PROCESS MECHANICS OF BALL BURNISHING OF SE508 NITI ALLOY

Abstract
Nitinol alloys have received considerable attentions in biomedical and aerospace
applications. Surface integrity of Nitinol (NiTi) devices by various fabrication processes is
crucial for their functionality and performance. In this study, surface integrity of SE508 NiTi
processed by low plastic burnishing (LPB) has been explored to tune the mechanical behavior
and microstructures. LPB is very promising to modify surface integrity due to its unique
capability to mechanically affect the material down to very deep subsurface on the order of a few
millimeters. The effects of LPB parameters, i.e. burnishing pressure, feed, speed, number of
path, and pattern on surface integrity characteristics such as roughness, microhardness, surface
topography, microstructure, and residual stresses are investigated. The burnished surfaces are
smoother than the as-machined ones. Strain-induced phase transformation from austenite to
martensite can be controlled by controlling the burnishing pressure. Significant strain hardening
occurs on the burnished surface. Highly compressive residual stresses on the surface and in the
subsurface are also measured, which is expected to significantly increase fatigue life of vascular
stents.
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4.1 Introduction
4.1.1 SE508 NiTi
Nitinol is a nickel-titanium alloy of near equiatomic composition with superelastic
mechanical properties as well as shape memory properties. Slight variations in the binary alloy
composition change the mechanical properties significantly with this particular material;
moreover, heat treatment history and finishing of the material play a vital role in the mechanical
properties as well. Typically, superelastic behavior occurs at elevated temperatures that approach
the melting point of a metal structure. SE508 NiTi is composed of nickel and titanium and the
accompanying characteristics of both metals distinguish overall properties of a superalloy yet
NiTi has superelastic features well below the melting point. As a result, these material properties
are advantageous to various biomedical and aerospace applications. NiTi was first discovered in
the early 1960’s and some of the first experimental work was conducted by the Naval Ordinance
Laboratory. Many of the early applications of NiTi focused on the shape memory effect where in
the recent years a lot of attention has been aimed toward the superelastic properties of NiTi with
particular emphasis on biomedical applications. The physiological conditions of the in vivo
environment within the human body are isothermal where the temperature of the body turns out
to be ideal for the superelastic properties of binary NiTi [1]. The non-linear effect of the
superelasticity of NiTi is based on a mechanical event where a diffusionless fully reversible
phase transformation evolves. The superelasticity effect of NiTi originates in an austenitic parent
phase where the continued application of stress results in a martensitic phase evolution and this
stress induced phase transition is commonly referred to as stress induced martensite (SIM). NiTi
is an ordered intermetallic that has an extremely narrow composition range below 630°C, which
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is observed in Fig 4.1 [2, 3]. Furthermore, the surface integrity of NiTi dictates important factors
regarding the resistance to corrosion and wear, which are primary failure mechanisms in NiTi
devices and components. The final surface condition of a NiTi structure has been shown to
correlate the biocompatibility of biomedical NiTi devices and components [4] where poor
surface finish of biomedical NiTi structures has been shown to produce poor resistance to
corrosion wear [5]. The contribution to high wear resistance of NiTi is due to several factors,
such as: pseudo-elasticity, strain hardening, as well as hardness [4, 6]. Hence, it would appear
that surface modification procedures have the capacity to enhance these features of a proposed
NiTi implantation device that would improve the ability for the device to mitigate corrosion and
wear.

Fig. 4.1 Phase diagram of a nickel-titanium binary alloy [3]
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4.1.2 How to improve fatigue life
Due to the elegant nature of (50.8at%Ni-49.2at%Ti) superelastic NiTi, a recent flurry of
attention has been focused on biomedical applications and for this reason it is critical that the
material has superior resistance to corrosion with excellent fatigue life while meeting and
exceeding FDA guidelines. According to the 2010 guideline established by the FDA, it is
recommended that vascular stents undergo bench top pulsatile fatigue testing replicating pressure
cycles at accelerated frequencies relative to human conditions. Hence, this particular guideline
indicates that a fatigue life requirement of 10 years equivalent to human in vivo physiological
conditions substantiates sufficient proof of safety for most patients [7]. Low plasticity burnishing
(LPB) is a novel technique in the field of engineered surfaces that can be tailored to suit the
desired application with improved surface integrity features. Hence, it is thereby postulated that
LPB is an ideal surface modification process with the capacity to improve features that initiate
failure mechanisms in superelastic NiTi biomedical devices and components. Low plasticity
burnishing is known for having deep surface layer compressive residual stresses of up to 1mm
that have been correlated to longer high cycle fatigue life. Similarly, LPB is a cold-working
process that enhances surface integrity features such as roughness, surface finish, and hardness
while providing corrosion resistance, wear resistance, and improved fatigue life [8, 10].
Conventional computerized numerically controlled (CNC) machine equipment can be used to
navigate the LPB tool with respect to the desired workspace. LPB provides a deep stable layer of
compressive residual stresses in nickel, titanium, steels, and aluminum alloys that can exceed
1mm in depth, which typically exceed the depth of typical corrosion pits [9, 11]. LPB is
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presumably an ideal surface modification process to enhance the overall surface integrity and
functionality of the material.

4.2 LPB method
4.2.1 Experimental setup
The process of low plasticity burnishing is a method of controlled burnishing with the use
of CNC programming logic. The process is implemented with the use of a high modulus freely
rotating spherical ball that is rolled over the surface of the desired workpiece under high pressure
[12]. The LPB method produces a deep layer of highly stable residual compressive stress with
minimal cold-work [13, 14]. A layout of the LPB tool functionality may be seen in Fig. 4.2.

Fig. 4.2 LPB tool diagram and details [8]

54

A fixture was employed in the observations of spherical indentation on the workpiece. The
fixture design incorporated the use of a load cell such that load measurements could be made in
order to verify LPB input parameters. Fig. 4.3 illustrates the fixture incorporated throughout this
experimental investigation where a cavity on the top face of the fixture, along with a peripheral
fitting, was machined to securely hold the workpiece such that steady-state operating conditions
could be employed. The top plate of the fixture rests on 4 posts where a load cell securely rests
below capturing load while in operation. The Ecoroll LPB tool with a 12.7mm ball diameter was
manipulated by precision with the implementation of a Cincinnati Arrow 2 series CNC machine.
The LPB tool was held at a constant speed of 1000 mm/min in this experiment. It is
recommended to set the speed, pressure, and ball diameter to the highest values practical to
achieve such to increase the fatigue life [9]. The high pressures that are delivered by the LPB
tool are delivered by hydraulic fluid that tends to spill on the workpiece and surrounding areas.
The hydraulic fluid is machine friendly and acts as a coolant whereby the working fluid serves as
a mechanism of assistance rather than an inhibitor to the intended process.

Fig. 4.3 LPB test fixture for isolated experimental work
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4.2.3 Work material
The experimental work was carried out on (50.8at%Ni-49.2at%Ti) superelastic (SE508)
NiTi that was obtained by Nitinol Devices and Components (NDC), Fremont, California in thin
sheet form; this particular composition of NiTi is commonly referred to as SE508 NiTi by the
vendor. Similarly, this particular composition of binary nickel-titanium is commonly used in
biomedical applications since the mechanical properties are similar to biological tissue [15]. The
average grain size of the as-received austenitic parent phase NiTi sheet samples were on the
order of ~40µm. Cold-working is capable of transforming the parent austenite phase into a
martensite phase by localized stress distributions [9]. The as-received NiTi sheets are 1.5mm in
thickness and were cut to size by electro-discharge machining (EDM), and thereafter
mechanically polished to a mirror finish such to aid in the accuracy of surface profile
measurements [16]. Similarly, smoother surface to surface contact allows for better accuracy in
characterizing the experiemental results to Hertzian contact mechanics. Table 4.1 details the
composition of the work material supplied by NiTi Devices and Components (NDC).

Table 4.1 Composition of SE508 NiTi
SE508 NiTi chemical composition
Nickel (nominal):

55.8 wt.%

Titanium:

Balance

Oxygen (max):

0.05 wt.%

Carbon (max):

0.02 wt.%
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4.3 LPB process analysis
4.3.1 Burnishing pressure/force
The idea is to induce small amounts of uniform plasticity where the tool is in contact with
the surface of the desired workpiece. The quasi-static mechanical properties of SE508 NiTi may
serve as a guideline to determine the critical region of desired plasticity. Similarly, Hertz theory
of elastic contact mechanics may be employed within the limits of small deformation [17, 18] to
characterize optimal LPB input parameters for SE508 NiTi. When considering the force input for
the LPB method, it is important to quantify several parameters such as the tool radius, the
effective curvature and stiffness of the tool with respect to the workpiece. These input variables
may be quantified by the following equations of Hertz elastic contact mechanics.

 1  12 1  22 

E*  

E 2 
 E1

1

(4.1)

 1
1 

R   
R
R
2 
 1

(4.2)

F  P   r2

(4.3)

The material properties of the Ecoroll LPB tool and the workpiece may be found in Table
4.2. The effective modulus considers the tool and the workpiece; however, the workpiece has
two regions of elasticity where the austenitic and martensitic elastic regions were averaged as the
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overall modulus of elasticity for the workpiece. Since the workpiece is a thin plate of infinite
curvature, the value of R2 is null.

Table 4.2 Input parameters for Hertzian contact theory
E*

E1

E2

v1

v2

R

R1

R2

r

[MPa]

[MPa]

[MPa]

[-]

[-]

[mm]

[mm]

[mm]

[mm]

37162

315000

0.26

0.3

12.7

12.7

∞

12.7

37998

4.4 Hertz maximum contact pressure relation
The basis of the burnishing input pressures corresponds with Hertz theoretical maximum
contact pressure, p0, with respect to the acquired quasi-static mechanical properties of SE508
NiTi while in compression. The experimental plan of this investigation is based on Hertz contact
theory of elastic bodies for spherical contact on a flat surface and such corresponding values may
be observed in Table 4.3; the values in bold font correspond to inputs for this experimental work.
Hertzian peak pressure inputs were employed for samples 1-6 where samples 7-8 were inputs
based off of tool pressure. The theoretical Hertzian peak pressure values are plotted in
correspondence to the measured quasi-static stress-strain mechanical properties in Fig. 4.4. This
particular plot suggests that values of Hertz peak pressures correspond to true stress and strain
values and may serve as a valuable tool in determining optimal LPB input parameters. Based on
Hertzian elastic contact mechanics, the contact radius of the spherical indenter is a function of
the input load as well as the effective stiffness and curvatures of the two elastic materials in
contact. The maximum contact pressure derives from load input with respect to spherical load
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case geometry. Furthermore, the approach of distant points, or depth, is a function of load input,
spherical load case geometry, and an overall effective stiffness and these values may be obtained
from the following equations.

 3 P  R 
a

 4 E* 

(3.4)

 3 P 
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 2   a 

(3.5)
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Table 4.3 Spherical indentation and optimal LPB parameters experimental plan
Sample
[-]

Pressure
[MPa]

F
[N]

po
[MPa]

a
[mm]

z
[mm]

δ
[µm]

τmax
[MPa]

σ at r = a
[MPa]

1

0.15

19

500

0.13

0.06

3

155

67

2

0.61

77

800

0.21

0.10

7

248

107

3

1.19

151

1000

0.27

0.13

11

310

133

4

4.02

509

1500

0.40

0.19

26

465

200

5

9.53

1207

2000

0.54

0.26

45

620

267

6
7

13.57

1719

2250

0.60

0.29

57

698

300

15

1900

2327

0.62

0.30

61

721

310

8

20

2534

2561

0.69

0.33

74

794

341
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Fig 4.4 Quasi-static mechanical properties compared with Hertz peak pressure

4.5 Burnished depth/width
During spherical indentation on the surface of a flat contact area, the effect of sink-in and
pile-up occur where the load is applied. When the indented material is deformed elastically, the
effect of sinking-in occurs. However, when the indented material exceeds the yield stress, the
increase in plastic deformation of the indented material has a decrease in sinking-in and an
increase in pile-up. The presence of these particular characteristics causes inaccuracies in
determining the projected area of contact [19]. It is important to establish a high degree of
accuracy when evaluating the true contact area geometry yet the contact area from indentation
load-depth data is not necessarily a straightforward process since there is a dependence on the
amount of pile-up or sink-in of material around the edge of the indentation [18, 20]. Moreover,
the effect of pile-up is influenced by loading pressure and the strain hardening mechanical
properties of the material. A general trend can be noted whereas the increase of pressure has the
increase of dislocation density with the microstructure of the material and is the dominant factor
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affecting fatigue life. However, there are a combined series of factors that influence the hardness
and surface roughness of the material and not a single stand alone factor [11]. In biomedical
applications, the effect of superelasticity is the attractive property of NiTi and it is vital to
preserve the superelastic features. The amount of cold work induced by low plasticity burnishing
is of low magnitude and yet the fatigue life can substantially be increased as well as corrosion
performance standards. The highest level of cold work induced in this particular investigation
was 0.2%. A Dektak II surface profilometer was used to measure the depth and width surface
profiles. A governing factor of the low plasticity burnishing process is the size of the tool tip and
the applied pressure whereby an acceptable feed may be established. Table 4.4 illustrates the
LPB pressure inputs with respect to contact width, depth, and contact radius. It was found that
the width of the indentation tracks changed very little with the increase in pressure although the
track width was substantially larger than the penetration depth, which was to be expected. The
contact radius pertains to the Hertzian contact model of an elastic solid. There was no sign of
indentation on the first of the three pressure inputs which indicates the indentation was purely
elastic up to a certain threshold.
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Table 4.4 LPB pressure input parameters
Pressure
[MPa]

Depth
[µm]

Width
[µm]

Contact Radius
[µm]

0.15

-

-

134.2

0.61

-

-

214.7

1.19

-

-

268.4

4.02

0.17

1648.2

402.7

9.53

0.34

1814.8

536.8

13.57

1.33

1879.7

603.9

15

1.14

1666.7

624.5

20

4.18

2018.5

687.3

4.6 Maximum shear stress and location in the subsurface
When two elastic solid bodies come into contact, the onset of plasticity is dependent on
the hardness of the two bodies and loading conditions. For this particular contact problem, the
initiation of plastic yielding occurs beneath the surface while creating a stress field. The
subsurface shear stresses may be observed in equation 3.7, for

= 0.3, [18]. A linear relationship

exists with the Hertzian theoretical values of shear stress and subsurface location. Moreover, a
general rule of thumb is that the locations of subsurface maximum shear stresses are about half
the distance of the contact radius. This particular characteristic is ideal for generating deep
subsurface compressive residual stresses by the use of low plasticity burnishing with a spherical
tool tip. The magnitude of the stress field increases as the indentation depth increases or
indentation force. Once the stress field reaches an equivalent point within the specimen, the
material will start to transform to martensite with an increasing hardness [17, 23]. According to
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Hertz theory of contact mechanics, we can observe in equation 3.7 that the maximum shear stress
is approximately 31% of the applied maximum contact pressure applied at the center of contact.
The contour plot in Fig. 4.5 [18] illustrates the variation of the stress field induced from spherical
indentation to an infinitely flat surface with respect to depth and width input parameters. The
Hertzian contact solutions hold true in a purely elastic state and a generalized Von Mises Stress
criterion is commonly used as a yielding envelope. Upon the average of the principal stresses
with the Von Mises criterion, we can assume that plastic flow occurs when the distortional strain
energy reaches a critical value and the result of the initiated yielding may be observed in
equation 3.8 [24]. A consideration of the Hertzian contact mechanics is the sensitivity of
Poisson’s ratio with respect to the contact angle. The load case of a spherical surface in contact
with an infinitely flat surface also bears the consideration of the contact angles and the effect of
the surface and subsurface stresses [25, 26, 27]. Similarly, the maximum tensile stress for this
load case may be ascertained by equation 3.9 where the maximum tensile stress resides at the
surface of the work material just outside the contact patch [28]. The radial stress is therefore
tensile outside the loaded area. It reaches a maximum value at the edge of the circle at r = a. This
is the maximum tensile stress occurring anywhere [18]. We can observe that the Poisson effect is
a parameter involved in the generated tensile stress field whereby a stress deviator has the
propensity to exist. It would also be desirable to the intended application for smooth surface to
surface contact where many studies indicate the difficulty in the assumptions of classical
Hertzian contact mechanics with relation to surface and subsurface stress fields. Kadiric et al
investigated tensile and shear stress on the surface and in the subsurface and found a linear trend
with the stress field and the surface peaks [29]. Hertz theory of contact mechanics between two
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elastic bodies imposes the assumption that the contact surfaces are topographically smooth
whereby perfect contact takes place. In reality all surfaces are rough to some extent where the
true contact takes place at the crest of the surface asperities [16]. Therefore, we can imply that
smoother surfaces allow a higher degree of accuracy in determining surface and subsurface stress
fields. This becomes an important factor in regard to subsurface residual stresses and the low
plasticity burnishing process.

 1  0.31  p0

z  0.48  a

(3.7)

 1   2 2   2   3 2   3   1 2  2  Y 2

(3.8)

 r   1  2   2   p0

(3.9)

1
3

at r  0,

at r  a,

z0

Fig. 4.5 Contour plot illustrating the distribution of τmax at r = 0
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4.7 Experimental characterization of LPB tracks
On the premise that small deformations are imposed upon SE508 NiTi in this experiment,
we can use Hertz theory of contact for a basis model. There are challenges involved with
predicting an accurate baseline model when the elastic range of the material is far beyond
conventional. The aforementioned experimental plan constitutes the basis of the burnished input
pressures based of the Hertzian maximum contact pressure and experimentally determined
compressive quasi-static stress-strain values. The spring back due to superelasticity may be
observed in Fig. 4.6. Hence, it is necessary to experimentally determine process parameters for
low plasticity burnishing. It was determined that the first three applied loads were purely elastic
and the critical threshold to induce plastic deformation was established at approximately 4 MPa
with respect to a tool tip diameter of 12.7mm. The depth of penetration in Hertz theory of contact
mechanics resides in the elastic region and therefore does not indicate permanent indentation.
However, it is interesting to note the difference of the indentation depth induced by plasticity in
comparison with Hertz theory of elastic contact. While Hertz contact mechanics is not a gauge of
the plastic depth of penetration, we can ascertain that there is a large region of elastic springback
of this material. We can also use this methodology to predict elasto-plasticity and the evolution
of fully-plastic behavior upon the critical threshold of the burnishing pressure to induce
plasticity. Past studies indicate that relative high values of pressure and speed are dominating
factors where tool speed is a dominating factor in post-processing efficiency. The speed, or dwell
time, of the tool has an effect of the evolution of plasticity yet the tool speed was kept at a
relatively high value in comparison to literature in efforts for post-processing efficiency and
longer fatigue life [9]. An investigation by Seemikeri et al reflected that the dominating
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parameter was the applied pressure for increasing fatigue life whereby there was no single factor
that had an effect on surface roughness but a combination of parameters [9]. We can expect that
there will be greater hardness and pile-up when the spherical tool tip has greater contact area [17,
20, 30]. As one would expect, the track profiles vary in depth with respect to pressure inputs.
However, from Table 4.4 we can observe that there is very little variance in width of each of the
profile tracks. There was undetectable depth penetration with the first three pressure inputs
although the remaining pressure inputs reflected depth penetrations ranging from 0.2µm-4.0µm
with a percent cold work ranging from 0.01% - 0.2%, respectively. The cold work involved in
low plasticity burnishing is rather small and therefore the superelastic properties of SE508 NiTi
are not compromised.
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Fig. 4.6 Hertz depth in comparison to experimental depth
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4.8 Conclusions
This investigation brings better understanding to process parameters to the low plasticity
burnishing process of SE508 NiTi. It was found that the quasi-static response of super elastic
NiTi correlates well with calculated Hertzian peak pressure contact of a sphere to flat surface
elastic body. Therefore, it is ideal to utilize quasi-static compressive stress-strain data to a
calculated peak pressure Hertzian model for ideal LPB loading parameters. Tool tip radius in
optimal LPB parameters plays a vital role in process efficiency where more or less surface area is
attained. However, this would imply that tool loading would increase where the tool would be
subject to accelerated tool wear. Similarly, larger diameter LPB tools would be more efficient in
regard to processing time.
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CHAPTER 5
THE SURFACE INTEGRITY OF BALL BURNISHING OF SE508 NITI
Abstract
Superelastic Nitinol and other Nitinol alloys have been growing in numbers over the
recent years in the areas of aerospace and biomedical applications. Surface integrity of Nitinol
devices by various fabrication processes is advantageous for their functionality and performance.
In this study, surface integrity characteristics of Nitinol SE508 processed by low plastic
burnishing (LPB) have been explored to determine optimal loading and feed parameters. LPB is
a superior surface enhancement process to modify surface integrity due to its unique capability to
mechanically affect the material down to very deep subsurface on the order of a 500-1000μm.
The effects of LPB parameters, i.e. burnishing pressure, feed, speed, number of path, and pattern
on surface integrity characteristics such as roughness, microhardness, surface topography, and
microstructure are investigated. Strain rate characteristics are also of importance in this study on
the premise that quasi-static strain rate is highly similar to Hertzian peak pressure contact.

5.1 Introduction
For a number of years now, Nitinol has received a lot of focus from the biomedical
community as the superior biomaterial for medical implants and devices. Nitinol is a well sought
after material for medical devices since the material has excellent strain recovery abilities due to
its superelastic properties that are comparable to biological tissue [1]. Nitinol also has shape
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memory properties that weigh in more or less depending on the composition and treatment of the
material. Nitinol (NiTi) is an equiatomic alloy of nickel-titanium that undergoes a diffusionless
phase transformation from an austenitic phase to a martensitic phase with mechanical or thermal
loading. This particular phenomenon allows for large strain recovery that is rather elegant in
comparison to conventional metals. Shape memory applications of NiTi are employed when the
ability to utilize thermal loading may be controlled. Similarly, the physiological conditions of the
in vivo environment within the human body are isothermal where the temperature of the body
turns out to be ideal for the shape memory properties of binary NiTi [2]. Shape memory Nitinol
is often referred to as SM495, which would be equivalently 49.5 at% Ni. Similarly, superelastic
Nitinol is commonly referred to as SE508 with 50.8 at% Ni balanced with Ti along with trace
elements. The biocompatibility properties of Nitinol have received some concern to other
researchers due to high levels of nickel presence and the risk of cytocompatibility. Moreover,
there exists a consensus in the research community that the levels of nickel contained in NiTi
that are dissolved over time while in vivo are minimal and non evasive to the livelihood of the
patient. A more exaggerated application would be porous NiTi where more surface area is
exposed per a given volume. In such an application, the likelihood of nickel dissolving while in
vivo is expanded when porous NiTi medical devices are employed [3]. However, there are
certain advantages of porous NiTi implants that promote cellular growth in the downfall that
over the course of time nickel dissolution is of risk. This would imply that surface integrity and
functionality is an important factor with nickel-based biomedical implants. The benefits of
surface treated NiTi bring forth factors that are far more favorable for biomedical devices in a
physiological environment. In regard to surface enhancements of a NiTi, low plasticity
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burnishing (LPB) is a relatively novel surface enhancement, cold-working process, which has the
capacity to provide deep subsurface compressive residual stresses and improved overall surface
integrity and functionality characteristics. LPB is simply a surface treatment process where a
spherical burnishing ball is forced to float in a high-pressure fluid cap that is of noble hardness
and strength of the presumable body in contact. This hydraulically floated ball is pressed into the
surface of interest and rolled freely whereby local regions near the surface are deformed
plastically with minimal frictional loss. LPB is an ideal approach to improve surface integrity
being that the process induces minimal cold work and therefore not compromising the elastic
properties of SE508 NiTi. Similarly, LPB is known to improve surface finish while improving
low-cycle and high-cycle fatigue, surface hardness, corrosion resistance and wear resistance [4].
The compressive residual stresses produced from LPB are the driving mechanism that improves
the overall surface integrity as well as low-cycle and high-cycle fatigue life of the work material.
Moreover, the LPB process introduces less cold work at the surface and produces residual
compressive stresses more stable compared to other surface treatment methods [5]. In regard to
biocompatibility, surface enhanced NiTi has been observed to improve overall cytocompatibility
of NiTi [6]. When metal structures are work treated by cold working processes, fatigue life is
increased primarily due to the increase in dislocation densities within the lattice structure of the
material, which also generates compressive residual stresses within the surface and subsurface
layers of the working material. The series of plastic deformations that occur near the surface
layer of the material compress the polycrystalline solid and increase the bonding forces that
improve mechanical characteristics but vastly improve molecular stability of the lattice structure
of NiTi. Similarly, when cold work processes are employed to a given metal structure, there is
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generally an increase in strength and fatigue properties but losses in elastic behavior. The benefit
of LPB is that there is minimal cold work where elastic properties go nearly unscathed. Hence,
the superelastic properties of SE508 NiTi are of particular interest to the biomedical community
and are the focus of this study with emphasis on the optimal parameters of LPB. Moreover, the
purpose of this investigation is to determine optimal LPB parameters of SE508 NiTi in
correlation to desired indentation forces using the Hertzian contact theoretical model for a rigid
sphere in contact with an elastic half-space.

5.2 LPB method
5.2.1 Experimental setup
The process of LPB is a method of controlled burnishing with the use of CNC
programming logic. The process is implemented with the use of a high stiffness freely rotating
spherical ball that is rolled over the surface of the desired workpiece under controlled pressure
[7]. The LPB method produces a deep layer of highly stable residual compressive stress with
minimal cold-work of less than 3-5% [8, 9]. A fixture incorporated the use of a load cell such
that load measurements were made at a single load cycle per second in order to verify LPB input
parameters in steady-state loading conditions.
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Fig. 5.1 LPB EcoRoll tool on a load platform

Fig. 5.1 illustrates the fixture incorporated throughout this experimental investigation
where a cavity on the top face of the fixture was machined to securely hold the workpiece so that
steady-state operating conditions would be optimal. The top plate of the fixture rests on 4 posts
where a load cell securely rests below capturing load data while in operation. The Ecoroll LPB
tool with a 12.7mm ball diameter was logically controlled with a Cincinnati Arrow 2 series CNC
machine. The LPB tool was held at an arbitrary constant speed of 1000 mm/min during
experimental trials. The mechanics of the LPB tool allow for minimal friction since the spherical
indenter acts as a hydrostatic bearing. Moreover, the high pressures that are produced from the
LPB tool are delivered by hydraulic fluid that tends to spill on the workpiece and surrounding
areas. The hydraulic fluid is machine friendly and acts as a coolant whereby the working fluid
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serves as a mechanism of assistance rather than an inhibitor to the intended process. Similarly,
the working hydraulic fluid could be reclaimed in a manufacturing application to minimize cost
impact.

5.2.2 Work material
The experimental work in this study was carried out on SE508 NiTi, which was obtained
by Nitinol Devices and Components (NDC), in Fremont, California. The samples were 1.5 mm
in thickness and segmented to desired sections with the use of electro-discharged machining
(EDM). This particular composition of binary nickel-titanium is commonly used in biomedical
applications where the intent is to investigate the as-received state in comparison to varied LPB
parameters. It was observed that the average grain size of the as-received austenitic parent phase
Nitinol sheet samples were on the order of ~40µm. Moreover, it would be expected that grain
size would decrease in parallel to the loading path of the LPB tool. The forward stress
transformation from the parent austenite phase to a stress induced martensitic (SIM) phase is
achieved purely by mechanical loading in this study with thermal loading considered negligible.
In efforts to characterize with a level of precision, the as-received Nitinol sheets were
mechanically polished to a mirror finish (3µm) to aid in the accuracy of surface profile
measurements [10]. Similarly, smooth surface contact allows for better accuracy in
characterizing the experimental observations where equal distribution of loads may be
discernable.
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Table 5.1. SE508 NiTi composition by weight percentage

Ni

Ti

O

C

55.8 wt% nominal

Balance

0.05 wt% (max)

0.02 wt% (max)

5.3 LPB process analysis
5.3.1 LPB load cases
The parameters for applying the LPB method to a SE508 NiTi sheet sample were
investigated with various loads and feeds. The selected load cases were based on quasi-static
experimental compression testing and in correlation to Hertz theory of contact mechanics. It was
determined in preliminary investigations that the quasi-static load case in compression was
comparable to Hertzian peak pressure, p0, calculated by using Hertzian contact theory with a
sphere and a planar surface. The elastic modulus considered with the theoretical Hertzian contact
method, pertaining to NiTi, is modified as an overall elastic modulus with the austenitic and
martensitic phases of NiTi while in compression. In general, Hertzian contact mechanics are
based on conventional materials with a single elastic region although the median stiffness
concerning both austenitic and martensitic elastic regions are used as an effective elastic
modulus for the body in contact. A range of load cases was applied to capture the full spectrum
of the compressive stress-strain curve in forward stress transformations in a compressive stress
state. LPB pressure inputs will range from 1.2-15 MPa, which is the equivalent of 1.0-2.3 GPa
Hertzian peak pressure values. An overlap of constant tool feed was chosen as 40% coverage
based on the tool tip radius for lo ad dependent analysis. As observed in Table 5.2, the effect of
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LPB feed was varied with a constant Hertzian peak pressure of approximately 2.0 GPa. Loading
patterns were also investigated as observed in Fig. 5.2.

Table 5.2. Parameters investigated for optimal LPB of SE508 NiTi

Sample
[-]

Pressure
[MPa]

Feed
[mm]

No. of passes
[-]

% overlap
[-]

po
[MPa]

F
[N]

1

1.2

0.711

1

40

999.70

1501

2

4.0

0.711

1

40

1500.01

509

3

9.5

0.711

1

40

2000.09

1207

4

13.6

0.711

1

40

2250.16

1719

5

15.0

0.711

1

40

2326.57

1900

6

9.5

0.948

1

20

2000.09

1207

7

9.5

0.474

1

60

2000.09

1207

8

9.5

0.237

1

80

2000.09

1207

9

9.5

0.593

2

100 (Pattern A)

2000.09

1207

10

9.5

0.593

2

100 (Pattern B)

2000.09

1207

Fig. 5.2 LPB patterns of 100% coverage
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As observed in Fig. 5.3, the stress-strain relationship of SE508 NiTi in a quasi-static
compressive stress state correlates well with Hertzian theoretical peak contact pressure and
serves as a valuable tool in this study, see Fig. 5.3. The objective was to employ varied stress
states through the range of the stress-strain relationship in efforts to determine optimal LPB
characteristics. It was observed with the LPB process that stress-strain relations correlated well
with quasi-static strain-rate data in comparison to high strain-rate data from previous studies.
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0.14

ε [mm/mm]
Quasi Static

Peak Contact Pressure p0

Fig. 5.3 Experimental stress-strain compared to Hertzian stress-strain

5.3.2 LPB contact mechanics
Due to the nature of the contact between the spherical tool face and the planar sample,
maximum tensile stresses are produced at the edge of the contact radii at the sample surface.
Shear stresses produced by the LPB tool are directly below the contact face of the spherical tool
and the mating surface. As a result of the contacting bodies with applied load, a characteristic
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stress field develops whereby shear and tensile stresses encompass the region of contact both
parallel and normal to loading. The tensile stressed regions are concentrated around the contact
area of the indenter whereby the contact radius is given by equation 5.5 as according to Hertz
contact mechanics. The Hertzian peak pressure is calculated by the relationship of an elastic
spherical body in contact with a planar elastic surface as observed in equation 5.7 in this
particular application. Similarly, maximum shear stresses are defined by equation 5.8 with two
elastic bodies being a sphere and a flat planar surface. Maximum shear stress occurs at the center
point of contact where peak shearing stress occurs at approximately 50% of the depth of the
contact radius. This particular characteristic allows for deep compressive residual stresses
beneath the contact surface of the LPB tool with respect to cold loading. Similarly, maximum
tensile stress values are expected to be much less due to the nature of the load case as observed
in equation 5.9. An effective modulus is evaluated with the LPB tool material properties and the
modified elastic moduli of the two-phase SE508 NiTi. The force generated from the LPB tool is
calculated by pure geometry as noted in equation 5.4. In regard to spherical contact with a planar
body, the contact radii is thereby infinite where only the tool tip radius is considered per equation
5.3. The mutual relative approach of distant points, indented depth, is characterized by equation
5.6 with respect to two elastic bodies in contact. For this particular study, adhesion is not
considered for the sake of brevity whereby the objective is to determine the adequate LPB
parameters to improve the surface integrity and functionality of SE508 NiTi.
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5.4 Experimental characterization of LPB tracks
5.4.1 Surface profiles at varied LPB load cases
Loading was monitored during LPB trials and measurements were evaluated through
each phase of loading. Surface profile measurements were taken in parallel and perpendicular to
each other on the loading surface. Of particular interests were the peaks and valleys of the
sample surface and the arithmetic average of surface roughness as noted in equation 5.10.

1 x=L
Ra= ò y dx
L x=0

(5.10)

The relationship of surface roughness in comparison with to varied LPB pressure brings
forth some interest. It was observed that there was an increase in surface roughness with an
increase in LPB pressure and this is due to pileup from indentation force with the respective tool
radius. It was observed that surface roughness increased with the effect of loading pressure up to
a particular region, which suggests there are optimal loads for desired surface roughness, see Fig.
5.4.
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Fig. 5.4 Surface roughness compared to LPB pressure

Similarly, each of the data points consists of three measurements for each point such that
a reasonable level of certainty could be justified. Moreover, the varied LPB loading pressure was
held at a constant 40% overlap coverage where the value of overlap coverage was calculated
from Hertzian contact area. It was observed that surface roughness decreased at a particular
threshold in the wake of plasticity. Similarly, the effect of feed was also investigated with a
constant Hertzian peak loading pressure of 2.0 GPa. It was observed that surface roughness was
relatively stable during the austenite-martensitic phase transformation. However, as overlap
increased, surface roughness also increased with the exception of a parallel and perpendicular
tool path of 100% coverage as noted in pattern A,B. Similarly, it was observed that a 3.5%
difference in the increase in LPB loading pressure had an 82% improvement in surface
roughness. With the understanding of LPB loading and surface roughness, there is an implied
load that is dependent of tool radii, which will achieve a desired surface roughness. In the event
that optimal LPB parameters are to be determined for a given application, there is reasonable
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correlation that surface roughness alone would allow for a reasonable characterization for
optimal LPB parameters.

5.4.2 Microstructures on the top surface and in the subsurface
The grain structure of SE508 NiTi was evaluated in the as-received state along with the
samples with varied burnishing pressure. All evaluated samples were carefully polished down to
a mirror finish with a 3μm diamond Lecot spray. The regions of interest were evaluated in the
areas where LPB work was performed with the exception of the virgin sample. The samples were
prepared such that subsurfaces could be mounted for characterization and analysis. The etchant
that proved to be the most successful was a composition that was composed of the following
solution, HNO3+0.5HF+8.5H2O. It was observed that excessive craters would appear after
approximately 2 minutes although times under 1 minute were not enough to fully expose grains.
Once the grains were exposed, measurements of grain size were taken parallel to the loading path
where maximum compression occurs. It was found that with increasing LPB pressure, grain size
decreases in the loading path. Micrographs were dimensionally evaluated within the first 500μm
of subsurface depth where Maximum residual stress would be expected. Results determined that
SE508 NiTi in the as-received state had what appeared to be a symmetric grain structure of about
45μm in size. Observations of the decrease in grain size were found at the points where Hertz
peak pressure corresponded to plastic behavior in quasi-static experimental trials, see Fig. 5.5-6.
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Fig. 5.5 Comparison of grain size with LPB loading pressure

a) as received

b) LPB tool pressure of 1.2 MPa
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c) LPB tool pressure of 4.0 MPa

d) LPB tool pressure of 9.5 MPa

e) LPB tool pressure of 13.6 MPa

f) LPB tool pressure of 15.0 MPa

Fig 5.6 Grain characterization with varied LPB tool pressure

5.4.3 Surface/subsurface microhardness
The evaluation of surface and subsurface micro hardness was evaluated with the given
loads as observed in the test matrix. The nature of Hertzian spherical contact on a planar surface
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results in a stress field where maximum shear stress occurs below the contact surface. The
maximum shear stress occurs at approximately half of the contact radius below the contact
surface as stated in equation 5.8. Similarly, experimental results reflect a similar pattern to the
Hertzian model where peak hardness occurs. Microhardness was evaluated with a Vickers
indenter with a load of 100gf and a dwell time of 15s. The effect of loading was investigated
since loading is the critical parameter for optimal LPB parameters. As loading is a critical
parameter for optimal LPB applications, it would also suffice to say that surface roughness and
tool tip radius is of equal importance. The EcoRoll LPB tool that was used in this study has a tip
radius of 6.35mm. It was also of importance to have a smooth surface finish such that optimal
LPB parameters could be adequately investigated. Hardness results may be observed in Fig. 5.6
where surface and subsurface depths up to 500μm are evaluated. The hardness results indicate
that peak martensitic presence is below the surface. This is what would be expected from the

Vickers Hardness (100
gf)

Hertzian model in correlation to SE508 NiTi.
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Fig. 5.7 The comparison of microhardness and depth
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An important characteristic of Nitinol is the nonlinear relationship between
transformation strain and stress. The theoretical basis of the Clausius-Clapeyron model describes
the critical stress and temperature for stress induced martensite transformation and implies a
linear relationship between stress and phase transformation. However, this concept doesn’t hold
true for shape memory alloys [11]. By the stress-strain diffusionless phase transformation that
occurs with forward stress transformation, it may be observed with these results that martensitic
presence increases with loading. In general, hardness data from this study would indicate an
increase in martensitic presence up to approximately 0.5mm in the subsurface. It must be kept in
mind that the hardness to the forward transformation stress is not constant and may not serve as a
reasonable measure from material properties alone. This would indicate that an increase in
hardness results in an increase in the elastic modulus, which would impact the overall elasticity
of the material [12]. To what degree the elastic properties will be affected, is currently unknown
and further studies are required to determine such phenomena.

5.5 Conclusions
Hertz peak pressure may be used as a calculated method for optimal LPB parameters as it
closely relates to quasi-static stress-strain compressive behavior. In correlation to stress-strain
and subsurface hardness there is a distinction between the onset of experimentally observed
plastic behavior and peak pressure derived from the Hertzian model based on elastic properties.
It was observed that subsurface hardness increased as loading increased where the approach of
plastic behavior reveal a rapid increase in hardness. A rapid increase in martensite lathes would
properly characterize this phenomena and this occurs at the threshold of plastic behavior. The
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surface roughness of the samples increased with LPB pressure constrained to a constant feed up
to a particular region of plastic stress-strain behavior. A 3% difference in LPB pressure revealed
a 55% decrease in hardness. This would indicate there is a sensitive region where loading is
optimal. It was also observed that surface roughness increased with an increase in feed with the
exception of 100% overlap tool path. Perpendicular tool path proved to provide the best surface
roughness in comparison of feed patterns. Optimal burnishing parameters depend most on tool
tip radius, the initial surface roughness, and surface irregularities. Moreover, it would suffice to
say that increasing martensitic presence triggers plastic flow that can be directly correlated to
optimal LPB parameters for SE508 NiTi. This investigation serves as an academic contribution
to compressive stress-strain behavior in the event of rigid spherical indentation of a half-space
SE508 NiTi elastic solid body.
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CHAPTER 6
SUMMARY
This thesis focuses on the compressive mechanical characteristics and behavior of
superelastic (SE508) Nitinol as it relates to low plasticity burnishing. Low plasticity burnishing
pertains to a manufacturing process that improves the overall surface integrity of a given material
by inducing compressive residual stresses. An initial study was done to have better
understanding of how SE508 responds to varied strain rates. At this time there is little research
available on compressive mechanical behavior of SE508 NiTi. A range of strain rates was
evaluated from 0.001s-1 to 6400s-1. The high strain rate mechanical behavior of Nitinol was
evaluated with a Split Hopkinson Pressure Bar setup. A trend developed such that with
increasing strain rate there was increasing toughness of the test specimens. The diffusionless
phase transformation was less noticeable with increasing strain rate as well. The evaluation of
mechanical behavior provided a platform for further studies involving compressive mechanical
behavior of Nitinol.
In the efforts of improving the surface integrity of SE508 NiTi, it was exercised to
employ low plasticity burnishing, a modern manufacturing process. This particular loading
configuration was studied in great detail by Heinrich Hertz or otherwise known as Hertz theory
of contact mechanics. Hertz contact theory pertains to conventional metals with linearity in a
purely elastic state. An effective modulus was calculated from the nonlinear mechanical loading,
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while in an elastic state, to compare to the Hertz model. It was discovered that quasi-static stressstrain behavior of SE508 NiTi correlates exceptionally well with Hertzian peak pressure output.
The prediction of mechanical behavior may be used for achieving optimal ball burnishing load
parameters. The process of low plasticity burnishing involves mild plastic flow in the event of a
compressive load whereby an elastic model is suitable for an application of this nature. During
the course of this work, there were efforts toward characterizing and better understanding
spherical indentation as well as LPB tool tracks. Due to the nature of superelastic spring-back
with SE508 NiTi, other parameters proved to be invalid and null for a superelastic material such
as Nitinol.
A further study was conducted to better learn optimal parameters for LPB with regard to
SE508 Nitinol. LPB pressure was compared to hardness with a number of samples to
substantiate that there is indeed an increase of depth hardness with the increase of LPB pressure
as one would expect. Moreover, the comparison of the Hertzian model to experimental surveys
confirmed that peak pressure was just below the surface as the Hertz model suggested. It was
also observed that surface roughness does not necessarily improve with 100% tool coverage over
the surface. It is also suggested that elastic properties are not compromised on the premise that
minimal cold work is done to the samples in this study. The trials of studies conducted in this
thesis contribute to a benchmark to impose optimal input parameters for low plasticity
burnishing and improving the performance of SE508 Nitinol.
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