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ABSTRACT
Electrodeposited metallic thin films have exhibited mechanical behavior that
differs dramatically from their bulk counterparts, including high strength and low
ductility. Specifically, films with grain sizes less than 100 nm have exhibited low elastic
modulus compared to the expected coarse grain material value, and this is often
contributed to a large volume fraction of grain boundaries. The mechanical behavior of
pulse electrodeposited (PED) nickel films with a micrograined microstructure was
examined in this study and compared to the properties of nanycrystalline direct current
deposited thin films and bulk material behavior.
Tensile tests of the PED specimens were analyzed using digital image correlation
(DIC). Engineering strain was determined using the DIC technique and, in conjunction
with engineering stress, was used to calculate elastic modulus values between 81 and 112
GPa. The bulk coarse-grained value of elastic modulus is 200 GPa. DIC evaluation of
the transverse strain ratio led to values as great as 3.4 for this ratio in the apparent elastic
regime of the material, values greater than the elastic limit of 0.5 for uniaxial tension.
These values corresponded to a volume change of -17.0% below the proportional limit of
the material. The specimens had an average yield strength of 826 MPa and average
tensile strength of 995 MPa. The use of incremental step fatigue tests conducted at a
maximum stress of 876 MPa revealed that elastic modulus increased after initial loading
and that this increase in elastic modulus was a stable and permanent effect. The average
increase in elastic modulus was 51.7%. DIC evaluation indicated average modulus
changes from 100 GPa to 160 GPa. Constant amplitude fatigue tests conducted at the
nominal yield strength and at half of the yield strength confirmed the results of the
incremental step tests with regards to elastic modulus. The specimens were heat treated
and then incrementally step tested to observe the effect of thermal energy on the change
in elastic modulus. Specimens were heat treated for 24 hours at 100°C and 25% RH.
After heat treatment, the average change in elastic modulus was 14.0%, showing that
thermal energy drove the mechanism responsible for elastic modulus evolution in the
material. Additional specimens were creep tested at ~25°C for 24 hours in force control,
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and these specimens also showed increases in elastic modulus and also primary and
secondary creep regimes. Both elastic strain energy and thermal energy appeared to drive
the mechanism responsible for stabilization of the dilated material.
Optical micrography on metallographically prepared specimens indicated the
films were textured, and X-ray diffraction analysis confirmed a (111) orientation for the
films. X-ray microanalysis indicated no grain reorientation or grain growth when
comparing as-received and fatigued specimens. Analysis of the lattice parameter through
X-ray diffraction showed that as-received specimens had a lattice parameter 0.1% greater
than specimens that had been heat treated at 100°C and 25% RH for 30 minutes.
Comparison of fatigued and heat-treated specimens to as-received specimens using ion
contrast imaging revealed, qualitatively, recrystallization of grains below ~10 nm in size
throughout the fatigued and heat-treated specimens.
Density measurements supported the transverse strain results from tensile testing.
The as-received specimens decreased 18.9% by volume after heat treatment at 100°C and
25% RH for 30 minutes. A possible mechanism to account for these changes in elastic
modulus is lattice dilation. Current models of nanocrystalline materials are not
applicable due to the low volume of grain boundaries, and there was no evidence of
microcracking in the material, which is another mechanism that can reduce the apparent
elastic modulus of the material. Through the use of thermodynamic models, the observed
density volume changes would correspond to a reduction in elastic modulus of 48.9%
with respect to the bulk material equilibrium value at 0 K, suggesting that this material
system could be modeled using first principles thermodynamic calculations. The
proposed mechanism for low elastic module in PED nickel thin films does not depend on
grain boundary volume like the nanocrystalline material models, and the lattice dilation
model correlated well with observed volume changes and elastic modulus changes in the
material system.
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Chapter 1
Introduction
The elastic properties of various metallic thin films, such as copper and nickel
thin films, have shown deviation from their bulk material properties. In particular, the
elastic moduli of nanocrystalline thin film materials have shown reductions of 30 to 50 %
from the expected bulk value when tested in tension or fatigue tested. Electrodeposited
gold thin film beams tested by compressive buckling have had elastic moduli reported
that are 12% lower than the expected bulk elastic modulus value [1]. Some studies have
only examined the initial elastic modulus of the material during mechanical testing, while
other studies present the results for materials that had been processed prior to mechanical
testing [2, 3]. Several theories have been explored to explain the apparent reduced
elasticity of certain nanocrystalline metallic thin film materials. Such theories include
grain coalescence, microcracking, grain boundary sliding, and increased grain boundary
compliance [3]. However, these theories do not apply to materials with grain sizes larger
than a few hundred nanometers, at best, leaving similar mechanical behavior phenomena
in microcrystalline metallic thin films unaccounted for. This thesis will examine the
mechanical behavior of electrodeposited thin films through monotonic and cyclic
mechanical testing and demonstrate that microcrystalline thin films can also show
reduced initial elastic moduli. Furthermore, evolution of the elastic modulus through
applied stress will be demonstrated and a mechanism will be provided to explain this
phenomenon.

1.1 Thin Film Deposition
Pulse electrodeposition (PED) is the most common method used for creating thin
film nickel. The technique produces fully dense films with a grain size and texture
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controlled by the deposition parameters, with grain sizes as small as 20 nm possible [4].
The PED technique has few geometrical constraints for part fabrication and, unlike direct
current (DC) electrodeposition, requires no organic additives. Organic additives may
include saccharin to relieve stress, and coumarin as a brightener in addition to wetting
agents [2, 4, 5].
Density calculations performed by Haasz on electrodeposited nanocrystalline
nickel indicated a maximum porosity of 0.6% by volume and an intercrystalline density
97.7% of the single crystal value for crystalline nickel films with an average grain
diameter of 11 nm and 18 nm [6]. Intercrystalline density is the single crystal density
less the difference in density between the nanocrystalline and single crystalline material
normalized by the intercrystalline volume fraction. This relationship is expressed in
Equation 1.1:

ρ IC = ρ SC −

ρ SC − ρ NC
⎛
Δ ⎞⎟
1 − ⎜1 −
⎜
d avg ⎟⎠
⎝
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where ρIC is intercrystalline density, ρSC is single crystal density, ρNC is nanocrystalline
density, Δ is grain boundary width, and davg is average grain diameter. The smaller the
grain size, the greater the reduction in density compared to the single crystal value.
Textural development in direct current deposited thin film is often attributed to
the presence of interfacial inhibiters such as H2. The presence of these inhibitors can
adversely affect the surface morphology of the thin film. The formation and escape of
hydrogen gas bubbles can create pits on the surface of the thin films and suppress the
formation of directionally grown grains. The use of saccharin in the electrolyte bath can
lead to the absorption of carbon and sulfur impurities in the nickel film, which may lead
to embrittlement over time [2, 7].
Conversely, adjustment of pulse beam parameters alters the nickel/electrolyte
interface reaction and can be used to fine-tune the microstructural development of the
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deposited nickel [2]. Pulse electrodeposition results in fewer impurities in the deposited
film than other electrodeposition techniques which use organic additives in the
electrolytic solution, and the formation of hydrogen gas can be more easily controlled
than in other deposition techniques. The use of a pulse allows time for Ni2+ ion
replacement on the cathode and diffusion of impurities away from the surface of the thin
film during deposition. The technique also yields films that are pore-free and with grain
sizes as small as 20 nm and can be strongly directionally oriented [2, 4].
Because of the many deposition parameters and experimental conditions and lack
of standards for exploring the results of a deposition parameter, direct comparison of
results between two different pulse electro-deposition experiments is difficult. The most
commonly cited parameter when exploring the effects of the deposition process on thin
film growth is pulse frequency, which is proportional to the time the current is switched
on and off and strongly affects the grain size of the deposited film [2]. The influence of
current density on the deposition process is another commonly explored parameter in
pulse electro deposition, and this parameter strongly influences the texture of the
deposited film [2]. All of the mechanical properties of the nickel, from tensile strength
and yield strength to elastic modulus and ductility are affected by the deposition
parameters. Slight tweaks in pulse duration and strength can affect the grain morphology
of the deposited nickel, and consequently the mechanical properties of the nickel [5].
The next section details general mechanical properties unique to nanocrystalline metals.

1.2 Mechanical Properties of Thin Film Nickel
The Hall-Petch relationship has been used to describe the tensile strength of
nanocrystalline nickel in comparison to bulk nickel. The Hall-Petch relationship states
that as grain size decreases, the increase in grain boundary area will impede dislocation
motion, requiring a greater stress state to cause dislocation motion than a coarser grain
size microstructure [8]. The relationship can be expressed using Equation 1.2. The yield
strength of a material is inversely proportional to the square root of the grain size:
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σ y = σ o + kyd1 2

where σo is the stress needed for dislocation motion, ky is a material constant, d is the
grain diameter, and σy is the yield strength. However, the Hall-Petch does not accurately
reflect the relationship between strength and grain size exhibited by nanocrystalline
nickel, specifically grain sizes below ~1 μm [4], and has been the subject of debate
among researchers. After grain size decreases below 25 nm, the yield strength either
plateaus or decreases, depending on the material system and experimental method [4].
This phenomenon has been observed at room temperature in several thin film systems,
including nickel, copper, and palladium [9, 10]. The mechanism for this deviation from
the Hall-Petch criteria is unknown, but suggested mechanisms include room temperature
diffusional creep or the presence of flaws in the microstructure [11].
Nanocrystalline metals also tend to differ from bulk behavior in strain hardening
properties. Strain hardening effects tend to be limited to rapid strain hardening during an
initial plastic strain regime of ~1-3% [4]. In materials with grain sizes greater than 1 μm,
strain hardening typically occurs due to irreversible entangling of dislocations within
grains. In nanocrystalline materials, dislocations are observed to originate at grain
boundaries but are exhausted as a source for dislocations [12]. Once dislocation motion
has ceased, creep effects dominate the plastic deformation of the material. Creep is
possible for certain nanocrystalline metallic systems at room temperature (25°C) due to
the abundance of grain boundaries that provide paths for diffusion and enable grain
boundary sliding creep mechanisms. These creep mechanisms reduce the rate of strain
hardening after the initial phase of dislocation source depletion has occurred [12]. Strain
hardening during large plastic deformations is limited through dynamic recovery by
dislocation annihilation and dislocation saturation. Dislocations generated at grain
boundaries are annihilated once they terminate at another grain boundary. The limited
work hardening response of nanocrystalline materials leads to low ductility and necking
caused by localized deformation in the absence of strain hardening behavior [4].

1.2
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Nanocrystalline and microcrystalline materials differ in their relationship between
yield strength and ductility. For nanograined metals, materials with higher yield
strengths exhibit less ductility. Conversely, higher yield strengths correspond to greater
ductility for micrograined metals [13, 14]. Grain size affects the yield strength and
ductility because there are different plastic deformation regimes for different grain sizes.
For grain sizes greater than 1 μm, plastic flow is controlled by the intersection of
dislocations and the generation of dislocations at grain boundaries. The formation of
dislocation cell structures is also possible, which leads to high ductility with high flow
stress. These additional dislocations in crease the mobile dislocation density and the
material’s flow stress [14]. For grain sizes between 10 nm and 1 μm, cell structures
cannot form and dislocation motion is limited to glide planes. Plastic deformation is
controlled by grain boundary shear enabled by dislocation pile-up at grain boundaries.
Smaller grain sizes limit the number of dislocations that are generated and pile-up,
increasing flow stress but limiting the ability of the material to plastically flow [13, 14].
Lack of ductility in nanograined thin films has also been attributed to processing artifacts
such as porosity or inclusions that enable crack formation and propagation [13]. This
section had outlined some mechanical properties distinctly different from coarse-grained
materials. The next section will detail specific material systems and their mechanical
behavior for various mechanical tests.

1.3 Mechanical Behavior of Thin Films During Testing
The following sections outline the observed mechanical behavior of
nanocrystalline thin films, with specific nickel examples, for tensile, fatigue, and creep
tests. Mechanisms of deformation are outlined along with microstructural changes and
changes in mechanical behavior during or after testing. The deformation mechanisms
and elastic behavior will be related to the mechanistic models of elastic behavior of
nanocrystalline metallic thin films that were discussed in Section 1.4.
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1.3.1 Tensile Testing
Tensile tests have been conducted on nanocrystalline nickel to determine the
effects of stress and strain on the microstructure of the material. Wu et al. investigated
the presence of partial dislocation mediated processes (PDMPs), such as the formation of
twins, subjected to a uniaxial stress state [15]. Formation of PDMPs would alter the
tensile mechanical behavior of the material, so their formation and effect on
nanocrystalline metals must be understood to quantify the tensile mechanical behavior of
these materials. The films in the study were electrodeposited, 150 μm thick, and had an
average grain size of 25 nm. Tests were conducted on microtensile samples with a gauge
length of 8 mm and width of 4 mm using a strain rate of 3·10-3 sec-1. For tests conducted
at room temperature, only about 5 twins per 120 grains was observed [15], and it was not
possible to determine which twins were growth twins and which twins were caused by
deformation. Such small changes in grain boundary area through the formation of
deformation twins negate the application of GBS theory or grain boundary compliance to
any changes in system elasticity.
Tensile tests have also been utilized to compare the mechanical properties of
nickel electrodeposited at various current densities and electrolyte baths. The
experiments compared a sulfamate and Watts bath electrolyte used to electro- deposit
nickel tensile samples using LIGA [5]. Generally, the samples prepared in the sulfamate
bath had higher yield strengths and tensile strength while retaining ductility comparable
to the samples prepared in the Watts type bath. More specifically, higher current
densities during fabrication of the sulfamate bath samples reduced the sample’s elastic
modulus, yield strength, tensile strength, and ductility. Lower current densities during
deposition produced finer microstructures. Annealing samples from both bath solutions
produced similar results. Higher annealing temperatures decreased elastic modulus, yield
strength, and tensile strength but increased the ductility of the samples [5]. The elastic
moduli were obtained from the linear portion of the stress-strain curve. Elastic moduli
were also generated for each sample using nanoindentation, and the results were more
consistent, with values ranging between 160 – 170 GPa. Regardless of the fabrication
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technique and annealing temperature, all moduli measured were below the typical bulk
value of 200 GPa. Annealing the samples or applying higher current densities in a
sulfamate bath decreased the elastic modulus and strength of the films.
Further studies by Sharpe, et. al. have also postulated a link between
microstructure and elastic modulus. LIGA produced nickel tensile specimens were tested
in uniaxial tension and their elastic modulus, yield strength, and ultimate tensile strength
were determined [16]. This study was utilized to compare results to a previous study of
LIGA nickel tensile specimens by Mazza el. al. [17]. Hemker tested LIGA manufactured
microbridge nickel specimens and measured an average elastic moduli of 202 GPa.
Stress was measured using a balance and strain was measured by optical imaging of
markers on the specimen surface. However, there was some small specimen deformation
when the specimen was mounted for testing, and grain morphology was not examined
and related to the material properties [16, 17]. Sharpe et. al. performed tensile tests on
LIGA nickel specimens and reported an elastic modulus between 158 and 182 GPa.
Force was measured using a load cell, strain was measured using laser interferometry,
and all of the samples were polished before testing. There was also no deformation
applied to the specimens when they were mounted for mechanical testing. Electrodeposited nickel thin films have also demonstrated different fatigue properties than bulk
nickel, and results from several studies are outlined in the next section.

1.3.2 Fatigue Testing
There have been few studies on the fatigue behavior of nanocrystalline thin films.
Most of the studies have been conducted on copper thin films used in microelectromechanical systems (MEMs). Yang et al studied the fatigue behavior of nickel metallic
thin films with short cracks to understand MEM fatigue crack resistance [18]. Ion
contrast images were used to observe slip bands at the crack tip. After about 110,000
cycles, new crack tips formed at the intersection of two slip bands along with the
formation of inclined secondary slip bands. The formation and intersection of slip bands
provided a mechanism for crack formation and crack growth when the slip bands were
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unconstrained [18]. Crack growth for short cracks is faster than crack growth for long
cracks (on the order of magnitude of the specimen dimensions), and is likely due to
higher levels of plastically-induced crack closure. The film thickness is very small
compared to its width and length, so plastic strain fields would dominate the crack tip
deformation zone [18]. Yang’s results were the first published report of short crack
growth anomalies in metallic thin films and highlight the need for research to understand
the mechanical behavior of MEMs materials and how their properties are different from
bulk materials.
An early study conducted by Witney et al. in 1995 examined the mechanical
behavior of nanocrystalline copper, an FCC metal, in tension-tension fatigue. Maximum
stress was 50 – 80% of the yield strength with a minimum stress of 10 MPa. After a few
hundred thousand cycles, grain size had increased approximately 30% and the samples
had elongated slightly [19]. The amount of elongation was comparable to the elongation
from a room temperature constant stress creep test with a maximum stress similar to the
fatigue test. The most surprising result, however, was a measured initial elastic modulus
that was half of the expected elastic modulus [19]. Likewise, the elastic modulus
measured for the nickel thin films by Yang et al. was 170 GPa ± 10 GPa, which is below
the bulk nickel elastic modulus of 200 GPa [18, 20].

1.4 Mechanistic Models for Metallic Thin Film Elastic Behavior
Several metallic thin films have had low elastic moduli measured during
mechanical testing, with this reduction approaching a 50% reduction from the expected
bulk elastic modulus. Regardless of the test performed, whether uniaxial tension or
fatigue tests, all of the studies explored only measured the initial value of elastic modulus
[2, 3]. In order to explain the low elastic modulus of nanocrystalline metallic thin films,
theories have been explored that account for grain boundary surface area and defects
along the grain boundaries. This section will explore the theories of grain boundary
sliding, microcracking, and grain coalescence [3].

9
1.4.1 Grain Boundary Sliding
Elastic grain boundary sliding (GBS) is a theory that proposes the rearrangement
of grains in the microstructure accommodates shear stresses resulting from uniaxial
loading. GBS theory assumes that the grain boundaries are unable to sustain strong shear
stresses, and consequently uniaxial strain redistributes the grains in a manner that reduces
the elastic modulus of the specimen. At grain sizes smaller than 50 nm, the influence of
grain boundaries on mechanical properties can be significant, with grain boundaries
representing 50% of the volume fraction of the material for grain sizes of 5 nm or smaller
[21].
Zener proposed in 1941 that grain boundaries that are incapable of supporting
shear stresses lead to reduced elastic moduli in polycrystalline materials [22]. There is a
“relaxed” elastic modulus, ER, that is associated with the grain boundaries incapable of
supporting shear stresses, and the Young’s Modulus, E, which is associated with the
aggregate polycrystalline system that is interlocked and able to support shear stresses at
grain boundaries [22]. The measured modulus of the material would be bounded by ER,
the elastic modulus with grain sliding enabled, and E, the elastic modulus of the
polycrystalline system without grain sliding. The grain geometry was assumed to be a
pentagonal dodecahedron with slip only occurring on the grain boundary faces. If a load
was applied and the shear stress relaxes, then the overall load on the specimen will
decrease and the strain energy stored in the grains will increase. The strain energy was
modeled as the average of a quadratic function of the stresses present, and the average of
the stresses is a function of the loading direction. Uniaxial loading will only produce
uniaxial stresses with a uniform stress field for isotropic grains. If the grain boundaries
begin to slip, the stress distribution will become inhomogeneous, increasing the strain
energy of the system. The relationship between strain energy and elastic modulus is
given in Equation 1.3:
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where ER is the elastic modulus, W is strain energy, and σ is the average uniaxial stress
applied to the specimen. For a given applied stress, an anomalous increase in strain
energy due to displacement of grain boundaries would decrease the elastic modulus of the
polycrystalline material. This theory requires that the material have a large fraction of
grain boundaries that relax under any shear stress present to account for a reduced
modulus.
The model used by Sharma and Ganti used a crystalline matrix phase reinforced
with flat, elliptical grain boundary discs [21]. The bounds on the elastic modulus
included a case with no grain boundary sliding and a case where all grain boundaries are
able to slide. A composite mechanics approach was used to find the effective elastic
modulus, with the grain boundaries randomly distributed and with random orientations.
Grain boundary sliding was accounted for by setting the shear stiffness tensor C66 of the
stiffness matrix to 0. Only in-plane grain boundaries would be able to slide.
Consequently, out-of-plane grain boundaries were considered coherent and not able to
slide [21]. Even if grain boundary sliding is ignored, the elastic modulus would be
reduced because the modulus of the grain boundaries would be low. Grain boundary
sliding only enhances this reduction in elastic modulus; with a reduction of 8 to 13 GPa
(7%-11%) from the coherent model for grain sizes less than 10 nm for copper and
palladium systems [21]. Grain sizes larger than 50 nm were not explored in Sharma and
Ganti’s study, and they concluded that grain boundary sliding was not a significant
contribution to the apparent low elastic modulus of the thin films. Instead, the low
compliance of the grain boundaries and their large volume fraction for small grain sizes
(less than 50 nm) are more significant.

1.3
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1.4.2 Grain Boundary Compliance
Enhanced grain boundary compliance was another theory developed to explain
the lower elastic modulus. The grain boundaries are considered a second phase and
applies a composites approach to the mechanics of the grain and grain boundary system.
However, in order for the rule of mixtures approach to be applicable, the elastic
properties of both phases (grain and grain boundaries) must be known. The elastic
properties of the grain boundary phase and the volume fraction of grain boundaries
present must be known, and neither of these parameters can be quantitatively and
accurately measured at this time [21] and are approximated through various models.
Modeling of grain boundary compliance often involves using simplified
geometrical approximations of grain morphology and assumptions pertaining to material
properties. Some simplified geometrical models include a hexagonal arrangement of
cylindrical or cuboidal crystallites surrounded by a phase of grain boundary material [23]
or even grains with aspect ratios greater than 1. Polycrystalline mechanical properties are
often substituted for crystallite mechanical properties, and grain boundary mechanical
properties may derive from calculations based on measured crystallographic structure or
first principle calculations [21, 23]. The grain boundary region elastic properties can be
calculated by approximating the grain boundary region as material with dilated
interplanar spacing perpendicular to the crystallite-grain boundary interface [24]. The
aggregate nanocrystalline material elastic modulus can now be calculated by applying the
Veuss-Roigt bound as extreme maximum and minimum values of elastic modulus,
respectively, and then refining the calculation using Hashmin-Schtrickman bounds or
other models of composite elastic properties [23]. For grain sizes below 10 nm, grain
boundaries may compose up to 30 % by volume the structure of the material [21, 23].
Regardless of the models used to predict the effect of grain boundary volume on
the elastic properties of nanograined metals. For grain boundaries greater than 40 nm, the
effect of grain boundary mechanical properties is minimal, with measured elastic moduli
at least 90 % of the polycrystalline coarse grain value for copper and palladium [23]. As
grain size decreases, and grain boundary volume increases, the influence of grain
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boundary mechanical properties on the aggregate material becomes more important. The
measured elastic modulus of copper and palladium nanocrystalline materials decreases
rapidly below a grain size of 10 nm. Using palladium as an example, for a grain size of 8
nm and elastic modulus of 88 GPa, using the atomistic model from Bush et. al., the
modulus of the grain boundaries was calculated to be 50.5 GPa [23]. The polycrystalline
elastic modulus of palladium is 117 [25]. Even though grain boundary compliance can
account for large reductions in elastic modulus, it is only significant for materials with
grain sizes less than 40 nm. The next section explains a microcrack model that is
independent of material system and grain size that can account for large reductions of
elastic modulus in materials.

1.4.3 Microcrack Clouds
Grain boundary sliding is limited to uniaxial stresses, and only accounts for at
most 11% of the elastic modulus reduction. Grain boundary compliance may account
for up to 20% reduction in elastic modulus if the grain size of the material is 10 nm. The
microcracking model can account for larger reductions in elastic modulus. The amount
of reduction depends on the orientation of the grain boundaries with respect to the
direction of crack growth [26]. Elliptical, penny, and slit crack geometries were
investigated in addition to random and 2-d orientations. Equations 1.3 – 1.7 correspond
to aligned penny cracks, randomly oriented penny cracks, aligned slit cracks, randomly
oriented 3-d slit cracks, and randomly oriented 2-d slit cracks respectively. The crack
type and orientation that provides the greatest reduction in modulus is the aligned penny
crack. The 3-d randomly oriented slit cracks reduce the modulus the least out of all the
crack types and orientations. Figure 1-1 is an illustration of 2-d oriented slit cracks. The
grains are hexagonal close-packed with equal crack densities on all three planar faces.
The axis of the cracks are oriented in the x3 direction, with their normals randomly
oriented in the x1-x2 plane.
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The variable υ is the uncracked material’s Poisson’s ratio and ε is a crack density
parameter for a specific crack type. While microcrack formation can be useful for
toughening brittle materials, the presence of cracks in the grain boundaries of materials
that can plastically deform would lead to a decrease in strength and ductility and
altogether be an undesirable presence. Additionally, the cracks would be unable to
“heal” during mechanical loading, so a material with microcracks would be unable to
heal and improve its strength and elastic modulus. None of the models discussed so far
allow for an increase in elastic modulus from the observed reduced value. The next
section will explore a mechanism for the recovery of elastic modulus under mechanical
loading
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Figure 1-1: Diagram of 2-d oriented slit cracks along the faces of ideally realized
hexagonal close-packed grains. The crack axes are aligned perpendicular to the x1-x2
plane and are evenly distributed along the grain faces [26].

1.4.4 Grain Coalescence

The models for grain boundary sliding and microcracking are insufficient for
explaining any increase in elastic modulus from the initial reduced value. Grain
boundary sliding and microcracking provide no mechanisms to allow the elastic modulus
to recover to its defect-free value. Grain compliance assigns values to the grain boundary
thickness and elastic properties, both of which are difficult to measure, and only accounts
for low elastic moduli. Grain boundary coalescence was first conceived to explain
intrinsic tensile stresses in sputtered thin films, which may be generated from excess
volume in the thin film that may account for a lower elastic modulus than expected for a
bulk, fully dense material. This model, however, allows for the recovery of the elastic
modulus from the application of stress to the substrate of the thin film. The first model
for grain coalescence, developed in the 1970’s, only considered the effect of film
morphology on the intrinsic stress of the film [27]. This relationship is given in Equation
1.9:
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E δ
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where E is the elastic modulus, v is Poisson’s ratio, 2a is the typical grain size, and δ is
the grain elastic distortion parameter. Energy-based estimations for δ failed to predict the
experimental results for a film with intrinsic stress. An atomistic model of grain
boundary potential was introduced later that better explained the observed stress in the
film [4, 27].
Nix and Clemens used the approach in Equation 1.9 to analyze the equilibrium
between stored elastic energy and energy created from grain boundary formation at free
surfaces [27]. Their model ignored plastic strain in the material and was used to
determine a viable mechanistic model that explained low elastic moduli in metallic thin
films. Regardless of the model used, grain boundary coalescence requires free space to
exist in the microstructure, presumably as voids in grain boundaries. These voids would
be more likely to form in sputtered thin films and columnar grain morphologies. The
film’s elastic modulus is dependent on the difference in surface free energy and grain
boundary energy and the distribution of intergranular spacing. For a system with no
intergranular spacing and complete strain transfer between grains, the elastic modulus
predicted by the model is the same as the bulk elastic modulus of the material. For a
magnetron sputtered Fe thin film, a reduction in modulus up to 50% was observed, with
larger average grain sizes producing larger reductions in elastic modulus. GBS would not
be an accurate description of this phenomenon because the maximum predicted reduction
in modulus for GBS was 38%, and GBS should be more pronounced with smaller grains
because of increased grain boundary area. Similarly, the grain boundary compliance
theory would predict greater reduction in modulus for smaller grains for the same reason
as the GBS theory.
In grain boundary coalescence, the distribution of uncoalesced grains is dependent
on grain size. As grain size increases, the elastic volumetric contribution to total energy
increases with respect to grain boundary energy, and this disparity in energy will be more
likely to decoalesce the film after deposition, producing a more reduced elastic modulus
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than a finer-grained microstructure with elastic and grain boundary energies closer to
equilibrium states. In the sputtered Fe film, the intergranular voids appeared to be cracks,
where the tip of the crack would have a relatively low energy barrier to overcome for the
coalescence process to nucleate and propagate. Figure 1-2 is a schematic of a thin film
on a substrate with a) fully separated grains and b) fully coalesced grains. The substrate
provides transference of strain energy to the grains under an externally applied elastic
strain.

Figure 1-2: Schematic of a) uncoalesced grains and b) coalesced grains. The grains are
bonded to the substrate during the film deposition process, and strains applied to the
substrate are transferred to the grains, driving grain coalescence [3].

The free energy per unit volume of the thin film depends on the surface free
energy of the separated grains and the elastic strain applied to the grains and is
transferred from the substrate material. Equation 1.10 corresponds to the free energy
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uncoalesced state, as seen in Figure 1-2a, while Equation 1.11 corresponds to the free
energy of the coalesced state, as seen in Figure 1-2b. The surface energy of the top and
bottom of the grains were ignored, and only the surface energy of the uncoalesced grain
boundaries and coalesced grain boundaries were considered.
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Free energy of the system is dependent on the values: γs, surface energy of
uncoalesced grains, or γgb, grain boundary surface energy for coalesced grains; strain
transfer coefficient k; grain width a; elastic externally applied strain ε; uncoalesced grain
spacing Δ; Young’s modulus E; Poisson’s ratio ν. If the grains have a low aspect ratio, or
H << a, where H is grain height through the film thickness, then there is complete strain
transfer between the substrate and grains [3]. This is also the case for fully coalesced
grains, as seen in Equation 1.11. However, if the grains have a high aspect ratio, then
there is negligible strain transferred from the substrate to the grains [3]. The coalescence
of the grains creates a material with fully bonded grains and the ability to transfer grains
homogenously throughout the microstructure, increasing the measured elastic modulus of
the system [3, 27].
Although grain coalescence theory introduces a mechanism for recovery of elastic
modulus from a reduced value for some thin films, the theory is limited in its application.
Grain coalescence requires that the thin film be adhered to a substrate so that an applied
external strain will transfer from the substrate to the grains. The elastic strain energy will
cause the grains to coalesce, with compressive strains aiding grain coalescence.
However, without the substrate, there would be no mechanism for transferring strain to
the grains, and there would be no driving force for grain coalescence.

1.10
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1.5 Digital Image Correlation

Digital image correlation is a technique used for measuring strain from a sequence
of images acquired during a mechanical test. Features of the microstructure are tracked
and correlated between images to determine any non-uniform displacement. The image
is divided into sub images which are used for tracking and correlation to provide an array
of data points with corresponding strain values [28]. These data points can be used to
create a strain map for examining the strain field in the specimen. The strain map can
show regions of localized strain, strain gradients in the material, or even strain fields
around a crack tip [29, 30].
In this investigation, convolution was used to track and correlate the sub images.
The sub image region of the deformed region is rotated 180 degrees and used as a
convolution kernel. The convolution process is a linear filtering operation where the
output pixels are a weighted sum of the input pixels, the sub image pixels of the nondeformed image. The non-deformed image is the base or initial image of the sequence.
The convolution kernel provides the weights for the convolution operation, and the
operation produces a peak in the center of the output matrix. This peak intensity will
change if the image deforms. This peak is then subtracted from the local sums of the
deformed and base image, and the ratio of this subtraction for the deformed and base
image produces a correlation coefficient, R, for each value in the convolution matrix. If
R is 1, then the images are exactly the same, but if R is 0, then there is no correlation
between the images. A perfect mismatch will produce an R value of -1 [31, 32].
The peak value of the correlation matrix is determined, and the location is
calculated using a second-order least squares polynomial fit. This polynomial fit
provides a 1/10 subpixel resolution in peak position, and is fit over the 8-connected
neighbors of the peak correlation value. The position of the correlation peak is then used
to determine any displacement between two images. A surface map can now be created
from the displacement values and peak positions, and this map is smoothed and fit to an
equally-spaced grid to find the gradients of the displacement values. Equations 1.12,
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1.13, and 1.14 are then used to find the strain values for each sub image region and the

interpolated values between the regions:
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where εxx is strain in the x-direction, εyy is strain in the y-direction, εxy is shear strain in
the x-y plane, and the differentials are gradients of displacement vectors u and v with
respect to the x or y-coordinate axis.
From the image coordinate system strain values, the principal strain values are
calculated using Mohr’s circle. The equations used for determining the principal strains
in the material coordinate system are listed below:
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where εxx is strain in the x-direction, εyy is strain in the y-direction, εxy is shear strain in
the x-y plane, ε11 is the principal strain parallel to the material’s first principle axis, and
ε22 is strain parallel to the material’s second principal axis. The resulting strain maps are
used to analyze the strain field of the microstructure and determine values such as the
mean strain of the sample or localized strain events. In the case of nickel specimens, DIC
enables necking phenomena to be observed and measured. The strain in the necking
region can be compared to the strain far away from the neck to quantify the effect
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necking has on the immediate neighboring region of the sample and provides a more
accurate assessment of the strain to failure of the specimen than analyzing a region that
does not undergo local plastic deformation.

1.6 Outline of the General Structure of the Thesis

Chapter 1 discussed the current research of mechanical behavior of thin films with
specific references to pure nickel systems. The chapter also examined the application of
various models to explain the evolution of elastic modulus in these materials, and the
development of techniques to quantify this effect in the nickel thin film systems that will
be discussed in Chapters 3 and 4. These chapters will detail the results of mechanical
testing and evaluation of the microstructure through various microscopy techniques.
Methodology and experimental procedure are outlined in Chapter 2. The chapter
will list sample fabrication techniques and the resulting chemical analysis of impurities.
The next several sections will discuss sample geometry, including atomic force
microscopy surface roughness measurements and nominal specimen dimensions.
Following this section will be the techniques used for sample preparation and mechanical
testing, followed by experimental techniques employed for observation of the material’s
microstructure both before and after mechanical testing.
Chapter 3 organizes the results of the various mechanical tests applied to the
nickel systems. The chapter will open by presenting tensile test data and the application
of DIC to determine elastic modulus. Then the use of fatigue tests, both incremental step
tests and constant amplitude tests, will be explored and the results of the time-dependence
and stress dependence of the mechanical properties of the thin films will be presented
before ending with the effect of creep testing on the same mechanical properties. The
chapter will close with some summary remarks about the key findings from the
mechanical tests.
Microstructural analysis and correlation to models of material mechanical
behavior are enumerated in Chapter 4. Optical micrographs will be presented that
qualitatively show the texture and grain orientation of the films, and these results will be
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confirmed through the discussion of micro X-ray analysis to analyze film texture and
lattice parameters. The chapter will also present focused ion beam ion contrast image
analysis that will provide more detailed information about grain orientation and size than
the optical analysis. The chapter will end will exploration of various models of
mechanical behavior of thin film materials and how they apply to the observed
microstructure. The thesis will close with Chapter 5, which will be a summation of
conclusions from the results of mechanical testing and microstructural analyses and relate
the findings to the observations of the authors and results from other literature that were
presented in Chapter 1. A bibliography of references will be provided after the
concluding remarks.
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Chapter 2
Materials and Experimental Methods

This chapter will describe the materials and methods used to generate the results
presented in this paper. The processing history of the specimens, their geometry, and
their preparation for testing is described. The next section lists the mechanical equipment
used for testing and software used for control of the testing equipment and data
acquisition. Then the procedure used for tensile testing, fatigue testing, and creep testing
is explained in detail. These mechanical tests were chosen to explore the effect of stress
amplitude and time-dependency, if any, of the mechanical properties of the nickel thin
films. The fatigue tests would allow the tracking of elastic modulus as a function of
cycle and time, and creep tests would determine any stress dependence of the driving
force behind elastic modulus evolution. Analytical techniques discussed, such as optical
micrography, X-ray analysis, and ion beam contrast imaging would allow the tracking of
microstructural changes in the materials that may result from the mechanism(s)
responsible for changes in elastic modulus of electrodeposited thin films.

2.1 Characterization of the Nickel Specimens

This section describes the sample fabrication history and geometry. The
deposition parameters, such as bath type and pulse duration, are outlined to provide the
samples’ processing history and for comparison to thin films fabricated and tested by the
authors mentioned in the introduction, Chapter 1. Then, sample composition and
roughness to further characterize the film purity and morphology. Lastly, film geometry
is detailed to show consistency with ASTM standard geometry for mechanical testing of
the films. The ASTM standards were used as a guide and were not directly applicable to
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scaled specimens, such as the thin film specimens discussed in this and subsequent
chapters.

2.1.1 Deposition Parameters

The nickel thin film specimens were electrodeposited using a proprietary film
plating system. A typical sulfamate bath (Ni(NH2SO3)2 · 4H2O, boric acid, wetting
agent) with organic additives was used for the direct current (DC) electrodeposition. A
typical sulfamate bath without organic additives and five second pulse duration were used
for pulse electrodeposition (PED). The specific bath chemistry and deposition
parameters, such as current density, are proprietary and not provided by the manufacturer. Lithography was implemented to create two sheets of 224 PED samples and
define each sample with a sample number. One sheet of 30 DC electrodeposited samples
with sample numbers was also manufactured.

2.1.2 Chemical Analysis – Sample Composition

Chemical analysis on the specimens had been conducted previously by Clara
Zapata and NSL Analytical Laboratories in Cleveland, Ohio [7]. One gram of material
had been and analyzed using a LECO elemental analyzer. ASTM E 1587, the standard
for chemical analysis of refined nickel, had been used as a guideline to determine the
atomic percent of C, H, N, O, and S in the nickel thin films. These elements were likely
by-products of the sulfamate baths used to deposit the nickel and would have existed as
trace elements. The results of the chemical analysis are in Table 2-1 , where DC and
PED correspond to direct current and pulse electrodeposited samples respectively.
Although the DC deposited and PED samples both contained trace elements from the
deposition bath, they contained at worst 0.6% impurities.
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Table 2-1: Atomic Percent of Elemental Impurities in Electrodeposited Nickel Specimens
Sample
Type

C

H

N

O

S

Ni

DC

0.25

0.045

0.022

0.12

0.03

99.4

PED

0.037

0.0054

0.0033

0.017

0.003

99.8

2.1.3 Atomic Force Microscopy (AFM) Surface Characterization

Clara Zapata characterized the surface roughness of the as-deposited PED
specimens [7]. A Digital Instruments Dimensions 3100 AFM with a 10 nm nominal
diameter DI Si tip was used in tapping mode to acquire high resolution topographical
images of the surface. Nine readings were acquired in the gauge section of a PED
sample. The front side of the samples has a root mean square (RMS) roughness of 574
nm with an average peak height of 4.06 μm. Such a high RMS roughness value was
desirable for DIC because the surface roughness was resolvable using optical light.
Peaks showed up as bright spots and valleys as dark spots in optical intensity images,
providing high contrast for tracking surface features to create strain maps.

2.1.4 Specimen Geometry

Two sheets of 224 dog-bone tensile samples each were patterned using
lithography, and each sample was marked with a specific sample number. The dog-bone
samples complied with ASTM E-8 for tensile testing of metallic materials with a scaleddown geometry [33]. The geometry of the samples adhered to ASTM E345 for tension
testing of metallic foils. This standard is used for room temperature testing of specimens
with a thickness less than 150 μm. Figure 2-1 shows the geometry of the test specimens
and the orientation of the films with respect to the loading axis. The x-direction was
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along the length of the specimen, the y-direction was across the width of the specimen,
and the z-direction was in the deposition direction towards the camera.
The PED samples had a trapezoidal gauge area and an average gauge length of
560 μm. The width was 125 μm on the backing plate side and 122 μm on the deposition
side, and the gauge section thickness was 35 μm. The DC deposited samples had a
rectangular gauge area and average gauge length of 580 μm. The average gauge width
was 122 μm, and the sample thickness was 25 μm. The radius of curvature was 1.15 mm
for PED and DC deposited specimens at the reduced area transition. Each specimen had
support material in the form as tethers on each side of the specimen, as seen in Figure 21, which prevented loads from acting on the gauge section during handling and placement

in the grips.
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Figure 2-1: Schematic of a nickel tensile specimen. The support material in the corners
(highlighted in red) was cut after the specimen had been preloaded. The gauge section is
highlighted in green in the center of the specimen. The sample was loaded in the xdirection, with the axes corresponding to the coordinate system used for DIC.
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2.2 Sample Preparation and Instrumentation for Observation of Microstructure

This section details the procedures used for preparing the samples for
microstructural characterization. The technique and results for transmission electron
microscopy were reported in Clara Zapata’s thesis [7]. For optical microscopy, the
samples were ground, polished, and cleaned using a procedure developed by Griffin
Jones [34]. A specific routine was used to enable ion contrast imaging of the nickel using
a Focused Ion Beam (FIB) machine, and this routine is enumerated in the last section. Xray microanalysis and X-ray diffraction were utilized to measure any possible changes in
lattice parameter or grain morphology of the microstructure.

2.2.1 Transmission Electron Microscopy (TEM) Characterization

Grain morphology was observed through bright field TEM in a previous study by
Clara Zapata and in collaboration with Dr. Andrew Minor at the National Center for
Electron Microscopy at Lawrence Berkeley National Laboratory [7]. Grain size was
measured across the width of the grain, perpendicular to the deposition direction. Heavy
twinning in the PED samples made determining a grain size difficult, but it was measured
to be between hundreds of nanometers up to a micron in diameter excluding the twin
boundaries. Grains near the substrate side of the specimen were equiaxed and smaller
than the columnar grains that formed away from the substrate side of the specimen. The
grain morphology of the PED specimens was labeled as microcrystalline. In contrast the
DC electrodeposited specimens had a planar view average grain size of 20 nm,
categorizing the DC electrodeposited specimens as nanocrystalline in grain morphology.
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2.2.2 Metallographic Evaluation

This section will detail the steps used to prepare samples for metallographic
evaluation. The samples had to be mounted in epoxy, ground and polished using a
specific sequence of SiC grit paper and polishing suspensions, and then etched using a
modified Marble’s reagent. Specimens for microstructural evaluation were mounted
using an ALLIED Epoxy Set cold mounting resin and plastic spring clips. The plastic
spring clips (Leco part no. 810-815-310) held the tensile specimens in place on their
edges (width of the specimens were perpendicular to the mounting plane). 200 μm
diameter copper wire was tightly wound around the plastic clips to prevent sample tilt.
The resin and hardener were poured into the 1.25 in. ALLIED sample cups containing the
specimens and were then vacuum de-gassed with a Barnant model no. 400-2901 vacuumpressure pump for 10 minutes in a Nalgene vacuum chamber before curing overnight in
laboratory air.
Grinding and polishing was accomplished using an ALLIED MetPrep4TM
Grinding/Polishing Machine with an AP-4 automatic polishing power head. After
mounting the specimens, they were ground starting with 1200 grit SiC paper and then
polished using sequentially finer abrasive suspensions. The following suspensions were
used sequentially: ALLIED 3 μm water-based diamond suspension, ALLIED 1 μm
glycol-based diamond suspension, ALLIED 0.05 μm colloidal silica suspension, and
finally an ALLIED 0.02 μm colloidal silica suspension. Suspensions were applied
manually to ALLIED magnetic-backed 12 inch Chem-Pol Cloths. GreenLubeTM was
applied manually for the first two polishing steps along with a polishing time of 30
minutes, with deionized water used as a lubricant for the final polishing steps for a
polishing time of 20 minutes.
After completing the polishing procedure, samples were cleaned and etched for
optical micrography. Samples were rinsed with tap water for cleaning after the 1200 grit
SiC grinding step and drying in a World Dryer XA5 automatic dryer. For the remaining
polishing steps, the samples were rinsed with DI water immediately after removing them
from the polishing cloth, then swabbing the film for 1 minute with 2 vol% of ALLIED
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Micro Organic soap, rinsing the sample with more DI water, rinsing the sample with
isopropanol, and finally drying the samples in the automatic dryer. A diluted Marble’s
Reagent was the etchant used to reveal the grain morphology. The diluted solution
consisted of 150 mL H2O, 50 mL HCl, and 10g of CuSO4 · pentahydrate. The etchant
was applied by submerging the PED samples for an average of 20 seconds and the DC
electrodeposited samples for 7 seconds. The samples were removed from the etchant 1
second prior to the end of the etching period and rinsed under running tap water for 1
minute. Optical imaging was performed using a Zeiss Axiovert 200 MAT inverted
optical microscope outfitted with an ALLIED AxioCam MRC digital camera.

2.2.3 Focused Ion Beam (FIB) Ion Contrast Imaging

An ion contrast image is an intensity image of the cross-section of the sample and
reveals the grain orientation and grain size of the sample. Grains oriented to let the
incident ion beam pass through unobstructed are black in the intensity image. As the ion
passes through the crystal lattice, there is no interaction with the atoms in the lattice
structure and no secondary electrons are generated. As the grain is rotated with respect to
the incident electron beam, the ion interacts with a greater volume of material, and
secondary ions are generated closer to the material surface and are able to reach the
secondary electron detector. The amount of secondary electrons generated is directly
proportional to the orientation of the grain with respect to the incident ion beam. Due to
the intensity difference between grains in a polycrystalline microstructure, grain texture
and grain size can be analyzed using various image analysis software packages.
Figure 2-2 is a schematic of the generation of secondary electrons in an ion contrast
image.
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Figure 2-2: Schematic of generation of secondary electrons during ion contrast imaging.
An incoming ion interacts with the crystal structure to generate secondary electrons. In
the left grain (blue), secondary electrons are not generated. In the right grain (red), the
ion interacts with atoms closer to the surface, and secondary electrons generated reach the
detector. In an ion contrast image, the left grain would appear dark and the right grain
would be a lighter shade.

An FEI Company Quanta 200 3D Dual Beam FIB was utilized in creating ion
contrast images from the nickel specimens. Image generation was accomplished by Dr.
Andy Minor at Lawrence Berkeley National Laboratory. An as-received, untested
specimen, incrementally fatigued specimen, and a heat-treated specimen were mounted
for observation. The samples grip section was mounted to carbon tape, with the gauge
section left free-standing to prevent possible damage from securing to the carbon tape.
The samples were milled using a current of 114 pA, creating a flat surface through the
thickness of the samples to reveal the cross-sectional grain structure. Images were
acquired at a resolution of 1024×960 pixels at a magnification of 6,500× using an
incident beam current of 30 kV and a secondary electron detector. Images were acquired
from the grip region and gauge region of an as-received sample, an incrementally fatigues
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sample, and a heat-treated specimen. The ion contrast images were compared to track
changes in grain size distribution and examine any changes in microstructure as a result
of heat treatment or loading of the samples.

2.2.4 Micro X-ray Diffraction

Micro X-ray diffraction was utilized to determine film texture, grain morphology,
and lattice parameter with a spatial resolution of 1 μm. An incrementally fatigued
specimen was analyzed for changes in grain morphology between unstressed and stressed
regions of the specimen. A Rigaku DMAX – Rapid Diffractometer with a curved plate
detector was utilized for specimen analysis. A Cu point focus source was used in
conjunction with a graphite monochromator on the primary beam side. The chi angle
(angle of rotation for diffracting plane normals about the beam axis) range was between
70° and 200° in steps of 0.1° for all specimens, and no standard was used for correction
of sample positioning errors. Consequently, lattice parameter could not be accurately
determined for the fatigued specimen, but the technique would be able to reveal any
changes in film texture, such as grain size or reorientation.
Four other specimens were used for lattice parameter determination from micro
X-ray diffraction: an as-received specimen and specimens heat treated at 100°C and 25%
RH for 30, 45, and 60 minutes. The same equipment was used for the as-received and
heat treated specimens as was used for the film texture determination specimen discussed
in the previous paragraph. NIST 640c standard was applied to the surface of the heattreated and as-received specimens to accurately determine lattice parameter while
eliminating positioning errors. The specimens were cleaned according to the procedure
in Section 2.3.2. The radiation used was CuKα with a wavelength of 0.15405 nm, and the
sample was scanned from a 2θ value of 20° to 110° in steps of 0.03°. The raw data was
corrected using standard reference material NIST 640c to calibrate the peak positions.
Lattice parameter was calculated using Bragg’s law (Equation 2.1) and the equation for
planar spacing in a cubic material (Equation 2.2):
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nλ = 2d sin θ

d hkl =

2.1

ao
h2 + k 2 + l 2

2.2

where n is a constant equal to 1, λ is the wavelength of incident radiation, d is the
interplanar spacing of a specified plane, θ is half of Bragg’s angle, ao is the lattice
parameter, and h, k, and l are the Miller indices of a specific plane.

2.3 Mechanical Testing Procedures

The next several sections describe the mechanical testing equipment used and the
camera and controlling software for the system. The instrumentation and digital imaging
equipment are listed in the first section followed by a section containing the general
testing procedure used for all samples. Methods specific to tensile testing, fatigue
testing, and creep testing, along with test conditions and number of samples tested are
also outlined in separate subsequent sections.

2.3.1 Mechanical Testing Equipment

Mechanical testing was performed on an Instron 5848 microtester
electromechanical load frame in laboratory air. The load cell used was a 100 N Instron
2530 series low profile static load cell with a resolution of ±0.1%. Instron micropneumatic grips controlled using foot pedals were used for gripping the specimens with a
40 psi air pressure. An alignment fixture was attached to the bottom grip to help prevent
off-axis stresses developing during testing. PID tuning of the load frame for force control
was performed using the procedure outlined in the load frame instruction manual in force
control mode. The resulting proportional parameter was 10.68 dB, the integral parameter
was 4.65 I/sec, and the derivative parameter was 0.00 msec. The Instron 5800 console, in
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conjunction with custom LabView software, was used to control the actuator and record
and analyze data.
A Pulnix TM-9701 monochrome progressive scan camera was used to record
images of the tests and to measure the specimen geometry. The resolution of the
acquired images were 768 (H) × 482 (V) pixels. The imager was a CCD device 8.9 (H) x
6.6 (V) mm with a cell size of 11.6 (H) x 13.6 (V) μm. The camera was mounted on a
Newport vibration damping rod attached to a Newport 560 series x-y-z stage. Motion in
the x- and y-directions was controlled using Newport model ESA1330-OPT-01
electrostrictive actuations that were adjusted manually and using a Newport ESA-C
controller. Vertical motion was controlled using a manual Newport SM-13 model
micrometer. Focusing was accomplished by controlling the appropriate electrostrictive
actuator using custom LabView software and manufacturer-provided drivers for the ESAC Controller and NI Vision 3.6.1 and NI PC1-1422 frame grabber to control the camera
for image acquisition. The entire camera system was mounted on a lab jack for coarse
vertical position control. A Mitutoyo long working distance 20× objective was attached
to a Navitar 1× adapter model number 1-61445 to provide an in-line lighting system and
provide a working distance of approximately 3 cm. The camera setup is displayed in
Figure 2-3 and shows the mounting configuration of the camera and its relative position
to the pneumatic grips.
The load frame and camera system were set on an aluminum plate resting on a
Minus-K model 250BM-1C 265 lb capacity vibration isolation system with model 350
BM-1 horizontal stiffening columns. The vibration isolation system minimized image
blurring due to due to vibration so that the gauge dimension could be measured with
consistent accuracy. Vibration damping also improved the measurement of strain using
DIC by providing stable images. The only displacements measured were from machine
crosshead displacement and deformation of the specimens. Figure 2-3 shows the entire
mechanical testing system, including the camera used, the pneumatic grips, and how the
system is arranged on the vibration isolation system.
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Figure 2-3: Mechanical testing setup used for monotonic and cyclic loading of the nickel
films. A Pulnix TM-9701 is attached to an x-y-z stage and manual jack to image the
nickel secured in the pneumatic grips. The entire setup was placed on an aluminum sheet
on top of a vibration isolation system.

2.3.2 General Mechanical Testing Procedure

A common set of procedures was used for monotonic and cyclic testing of
samples. Prior to mechanical testing of the samples, they were stored in the same room
as the mechanical testing equipment for over a year, so the specimens had stabilized to
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the laboratory conditions. The load cell was tared before any sample was placed in the
grips of the Instron 5848 microtester. All samples were tested in lab air at ~22ºC. One
end of a tensile specimen was aligned in the bottom grip and clamped using the micro
pneumatic grips. The top grip was lowered and then clamped to the top of the tensile
specimen. A preload of 1 N was applied to the sample using the Instron 5800 console
“specimen protect” function to allow easy cutting of the top support tethers using the wire
snips. After the top two support tethers were cut, a second preload of 1 N was applied to
the sample to remove slack.
The appropriate test parameters, described in the following sections, were entered
in the LabView program. Next, the camera was centered on the gauge length of the
specimen and focused using an autofocusing algorithm that determined maximum
contrast for the image. The ESA controller was swept from a minimum voltage value of
10 V to a maximum value of 120 V in 6 V increments, adjusting the electrostrictive
actuator parallel to the focusing direction of the camera system. Image contrast was
determined by calculating the standard deviation of a Prewitt-filtered edge detection
image of the sample. The voltage corresponding to maximum contrast was used as the
basis for the next sweep, starting 6 V below the peak contrast value to 6 V above the peak
contrast value in steps of 1 V. A third sweep was utilized using a range of 1V less than
and greater than the new peak contrast voltage value in steps of 0.1 V, the most precision
attainable using this ESA controller system. The voltage corresponding to the maximum
contrast from the third sweep was used as the point of best focus. The algorithm was
developed by the author, but the use of the edge detection image for best focus was
adapted from a Labview autofocusing example problem available on the National
Instruments website. The frame rate of the camera was set and a base file name was
chosen for the images, then the camera awaited a trigger from the 5800 console to begin
image acquisition. One the mechanical test was started in the LabView program, the
camera triggered and acquired images at the specified frame rate. The test data were
saved to a tab delimited text file and included the specified test parameters. Calculation
of mechanical properties such as elastic modulus, yield strength, etc. and presentation of
data were performed using Microsoft Excel 2002, Kaleidagraph 3.5, and Matlab 2006a.
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Calculations used to determine the values for mechanical properties were applied
uniformly for each type of mechanical test performed. The elastic modulus for the initial
loading of the specimens was calculated by applying a least-squares linear fit model to
the initial set of stress-strain data. The number of data points was increased until there
was a linear R2 correlation value less than 0.99999. All of data points that encompassed
an R2 value greater than or equal to 0.99999 were used as the linear portion of the stressstrain curve, and the data points in the linear region were always below the proportional
limit of 0.2% plastic strain offset. This region typically consisted of 50 – 100 data points.
The slope of a line fitted through these data points was used as the elastic modulus. For
portions of testing after the initial loading of the specimen, the elastic modulus was
calculated using the slope of a least-squares linear fit model of the stress-strain data.
After the initial elastic modulus was obtained, the yield strength of the nickel was the
stress of the material at a 0.2 % plastic strain offset. Elastic and plastic strains were
calculated using Equation 2.3 and Equation. 2.4, respectively:

ε el =

σ
E

ε pl = ε − ε el

2.3
2.4

where εel is elastic strain, σ is engineering stress, E is elastic modulus, εpl is plastic strain,
and ε is total engineering strain at a given stress. Tensile strength was measured as the
maximum stress attained during a tensile test.

2.3.3 Tensile Testing

Tensile tests were performed on 13 samples to determine reproducibility of the
data and determine the compliance correction factors. A compliance correction factor
was used to adjust the stress-strain behavior generated from cross-head displacement for
machine compliance and specimen compliance to achieve accurate engineering strain
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values for all mechanical test results. A strain rate of 0.003 sec-1, or crosshead
displacement of 0.1mm/min, was used to comply with ASTM E-8. The elastic modulus
was assumed to be 200 GPa, and then the compliance was corrected using the following
equations:
E
Cs =

Eu − 1
E ⋅ A⋅ L

Ca =

Cs
E
1− u

⎛

ε = ε u ⎜⎜1 −
⎝

2.6

E

Cs
Ca

2.5

⎞
⎟⎟
⎠

2.7

where E is the expected modulus, Eu is the indicated modulus, A is the cross-sectional
area, L is the gauge length, Cs is the system compliance, Ca is the specimen compliance,

εu is the indicated strain, and ε is the corrected strain.
The indicated strain was calculated by comparing crosshead displacement to the
specimen’s original gauge length. The strain values were shifted to account for the 1 N
preload using Hooke’s law. The slope of the linear-elastic portion of the plot was fitted
to a linear curve, and the y-intercept (stress) and its corresponding strain value for the
linear fit were calculated. These values were the fitted initial stress and un-shifted strain
values of the plot. The shift needed to account for the preload was just the difference
between the ratio of the fitted initial stress value to elastic modulus and the initial fitted
strain value. This strain shift value was typically 5-10 % of the sample’s failure strain.

2.3.4 Fatigue Testing

Incremental step tests were used for the samples so that a cyclic stress-strain
(CSS) curve could be generated for each specimen, instead of using multiple specimens
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to generate one CSS plot. Generally, the specimen is subjected to linearly increasing and
decreasing strain amplitudes, from zero to a maximum value [35]. Repeating this pattern
allows for the generation of a stable hysterisis loop, which can be used to generate a CSS
plot, eliminating the need to use one sample for different strain amplitudes. The
maximum force applied was between 90% and 95% of the nominal ultimate tensile
strength, resulting in a force of 3.6 N (843 MPa). The minimum force applied was 1 N
(234 MPa) to ensure no slack in the specimen during testing. The test was displacement
controlled with load limits controlling the waveform shape. A strain rate of 0.003 sec-1
(0.1 mm/min of crosshead displacement) was used for fatigue testing. Each block during
testing consisted of 20 steps per block, with 4 specimens tested using 30 steps per block.
Figure 2-4 represents a typical block, with the figure showing 20 steps per block,
used for the incremental step tests. Each peak represents a load limit, with the limits
changing linearly to a minimum value just above the lower load limit. The load limits
were consistent between blocks. The strain rate for the tests was constant. A total of 9
specimens were tested. The maximum force applied decreased and increased linearly
throughout the block. After initial testing, steady state was determined to occur after five
blocks had elapsed. The peak forces for each step in the last block of testing were the
points used for the CSS. Stabilization had occurred when the stress-strain of the peaks
for the last block of testing had a correlation value greater than or equal to 0.9999 with
respect to a linear fit of the data. Such a strong linear correlation indicated a stabilization
of the linear-elastic behavior of the specimen.
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Figure 2-4: The initial block of an incremental step test for a PED nickel sample showing
20 steps per block. Strain rate was 0.003 sec-1

Stress-life fatigue tests were also performed to monitor mechanical properties as a
function of the number of cycles elapsed. One test was performed with a maximum load
at the onset of yielding, 3.48 N (815 MPa), and another test achieved at half of the force
required to produce yielding, 1.74 N (407.5 MPa). The tests operated with a load ratio
value, Rload, of 0.1 and a frequency of 1 Hz for 24 hour under force control with an initial
and final envelope time of 1 second. The initial load on the specimen was equal to

Rload·Fmax. A test was stopped if the specimen broke before 24 hours had elapsed.
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2.3.5 Creep Testing

Various creep tests were conducted to expand the understanding of results from
tensile and fatigue testing, specifically to compare the time versus cycle dependent
evolution of elastic properties. Creep tests were conducted at room temperature, 22ºC ±
2ºC, for 24 hours, utilizing a trapezoidal waveform with a hold period either in force
control or displacement control. Loading and unloading ramps were always conducted in
displacement control. Specimens were loaded to 90% of the UTS and held in force
control or displacement control for 24 hours. Other specimens were held in force control
for 24 hours with periodic loading every 15 minutes to 80% of the hold period force to
measure elastic modulus over time for a creep test. Force limits were set
programmatically at 3 N to keep the test in the elastic regime. There were 3 specimens
tested in force control hold and 3 specimens tested in displacement control hold.
Additional specimens were tested using a maximum load of 3.48 N (815 MPa) or 1.74 N
(407.5 MPa) and a loading rate of 1 Hz under force control. The loading ratio R was 0.1
with the initial load was equivalent to R·Fmax. The hold period for the creep tests was 24
hours, but the test was stopped early if the specimen broke. Using these test conditions,
one additional creep test at a maximum load of 3.48 N and 1.74 N with periodic
unloading every 15 minutes to 80% of the maximum force.
Image acquisition was used to verify the sample movement during testing
corresponded to the feedback from the Instron 5800 controller. Surface microstructural
elements were tracked and correlated to data points. During the hold period for a
displacement controlled hold creep tests, the specimens did not move perceptibly in any
direction, as the feedback from the controller suggested. In the hold period for the force
controlled hold creep tests, the images acquired suggested that the specimens moved as
the 5800 controller response suggested.
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2.4 Heat Treatment of Specimens for Fatigue Testing and Density Measurements

Six specimens were heat treated in an ESPEC SH-241 convection oven and then
incrementally step tested using the same parameters from Section 2.3.4. Other specimens
were heat treated and used for density measurements as explained in Section 2.5. Each
nickel specimen was placed between a pair of glass slides that were taped closed to
prevent the specimen from being affected by the oven fan. The oven was heated to
100°C and held for 24 hours at 25% relative humidity for the incrementally step tested
specimens. The 24 hour hold period began once the temperature remained within 1.0°C
of 100.0°C and the relative humidity was within 5% of the target value for at least 60
seconds. After the 24 hour hold period, specimens were removed and cooled in
laboratory air before being removed from the glass slides for mechanical testing. No
specimens used for density measurements underwent mechanical testing. See Section 2.5
for details about heat treatment holding times for specimens used for density
measurements.

2.5 Density Measurements of Nickel Specimens

The density of specimens were measured using a Mettler ME-40290 density kit
utilizing the Archimedes Principle technique. Distilled water with 0.3 wt% of dissolved
Alconox soap was used as the liquid, and its density was determined by finding the
weight of a 10 mL volume weight submerged to the top of the weight. The following
equation was used to calculate the density of the liquid:

ρL =

P
+ 0.001
10

2.8
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where P is the mass of the 10 mL submerged weight, and the addition of 0.001g/mL
corrects for the buoyancy of air. The mass was measured using an OHAUS GA200
balance.
Once the density of the liquid was measured, the 10mL volume weight was
removed and a sample holder frame was suspended in the liquid. There was a specimen
holder located above the liquid in the air, and there was a specimen holder at the bottom
of the frame immersed in the liquid. The scale was tared when the sample holder frame
was suspended, and then 6 specimens were placed on the upper specimen holder and the
weight was recorded. Then the specimens were placed on the lower specimen holder,
immersed in the liquid, and the weight was measured for the immersed specimens. The
density of the specimens was calculated with the following expression:

ρ=

A
⋅ ρL
P

2.9

where A is the specimen weight in air, P is the specimen weight in the liquid, and ρL is
the density of the liquid measured using Equation 2.9. Density data was collected for asreceived specimens and specimens heat treated for 30 minutes, 45 minutes, and 60
minutes at 100°C and 25% RH. The resulting density measurement is effectively an
average density of the six specimens used for the calculation. Multiple specimens were
used for each density calculation to improve the precision of the observed weight
measurement and calculated density.

2.6 Digital Image Correlation

Digital Image Correlation (DIC) was utilized to provide an alternative method for
measuring strain from the mechanical tests. A Matlab program written by Eberl at JHU
was used to determine strain in the tensile, creep, and fatigue specimens. A sub image
region size of 30×30 pixels spaced 15 pixels apart (producing a 50% overlap) was
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generated for the gauge section of the specimens. Figure 2-5 is an example of a typical
analysis grid. Each red cross is the center of a square 15×15 pixels analysis region and
represents one data point in the strain map. Correlation was performed using a
convolution matrix. The input image was rotated 90 degrees with respect to the displaced
image, which was used as the masking element. The result was a cross-correlated
convolution matrix with a peak. This peak would shift from the center of the convolution
matrix if the displacement between the two images was not uniform. The peak position
was determined using a second order polynomial fit over the 9 pixels surrounding the
peak value. The position of the extremum of this fitted peak provided a 1/10 pixel
resolution in peak position. Strain in the specimen would shift this peak and produce a
displacement u in the x-direction and displacement v in the y-direction.

Figure 2-5: Typical grid used for creation of strain maps and measurement of strain. The
sample was PED with peaks of surface roughness producing bright spots. The markers
are spaced 15 pixels apart and are located at the center of a 15×15 pixel region.

To produce a strain map, the peak position data and displacement data was fit to a
grid using the Matlab command “griddata” using a cubic interpolation and Qhull delauny
triangulation options Qt, Qbb, and Qc. The grid spacing for fitting the data was
calculated using Equation 2.10:

44

S=2

⎡⎛ M ⎞ ⎤
log 2 ⎢ ⎜ ⎡ ⎤ ⎟ ⎥
⎢⎝ x ⎠ ⎥

2.10

where M is the range of movement in an axis direction, x is the number of points used in
the analysis, and the exponent returns the smallest power of two that is greater than or
equal to the absolute value of the quantity in the parentheses. The gradient of the
displacement data fitted to the grid of peak positions in the x-direction and y-direction
produced values of strain for each grid point. The displacement data was used to create a
vector displacement field, which is shown in Figure 2-6. The strain maps generated from
the displacement data could then be overlaid onto the corresponding image to see how the
strain field corresponded to the microstructure of the nickel.

Figure 2-6: Vector displacement field for each grid point. The green arrow points in the
direction of displacement, and the length of the arrow is proportional to the magnitude of
displacement. The previous image in the analysis sequence is red and the current image
in the analysis sequence is blue, and overlapping areas appear purple in the displacement
vector field image.

The gradient of the displacement in the x-direction and y-direction was calculated
to generate the strain maps seen in Figure 2-7. The x-direction corresponded with the
direction of loading of the sample, and the y-direction was the transverse direction.
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Yellow and red colors represented tensile strains, while teal and blue colors represented
compressive strains. Figure 2-7 showcases the technique’s ability to highlight regions of
localized strain and indicate “hotspots”, or areas of large strain values with reference to
the surrounding areas. In particular, this figure indicates a transverse neck at a moment
0.5 seconds before tensile failure of the specimen and was selected to represent the ability
of DIC to track strain in a high contrast material accurately and with excellent spatial
resolution.

Figure 2-7: DIC strain maps of strain in the a) x-direction and strain in the b) y-direction.
Strain in the x-direction (direction of loading) is tensile, while strain in the y-direction is
compressive. Strain is concentrated at the transverse neck in this sample. The image was
captured 0.5 seconds before specimen failure in tension.
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The program was able to resolve 1/1000th of a pixel of displacement for
determining strain measurements. The strain rate of 0.003 sec-1 and frame rate of 2
provided 1 pixel of movement between images. Principal strains were calculated by
applying Mohr’s circle to the components of strain the x-axis, y-axis, and the shear strain.
These data were correlated with the measured stress values to generate a stress-strain
curve. The modulus was determined from this curve using least-squares linear fitting
applied to the initial linear portion of the stress - DIC mean strain plot, typically the first
15-20 data points of 70-120 total data points.
DIC will allow for a non-contact, non-destructive measurement of strain that will
provide elastic modulus measurements when correlated to corresponding stress values
based on timing of image acquisition and data collection. This elastic modulus will be
the basis for measuring changes in mechanical behavior utilizing the tests discussed in
Section 2.3.4. The results of these mechanical tests will be discussed in Chapter 3 with
attention to the evolution of mechanical properties as a result of time elapsed and applied
stress.
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Chapter 3
Mechanical Testing Results and Discussion

A variety of mechanical testing techniques were utilized to explore the
mechanical behavior of the DC electrodeposited and PED thin films, specifically in the
context of elastic modulus measurements. The elastic modulus values, failure strains,
and yield strengths of the PED and DC specimens are summarized in the first sections to
examine the effects of grain morphology on the mechanical behavior of the nickel films.
DIC was utilized to measure elastic modulus of the samples and established the observed
low initial elastic modulus of the specimens. Next, the results from the fatigue tests, such
as rates of stabilization, elastic moduli, and changes in strain amplitude are discussed to
establish the time dependency and effect of stress amplitude on the elastic modulus
evolution of the materials followed by a discussion on the effect of heat treatment on the
driving force for modulus evolution. Results from creep tests with hold periods in
position and force control are also examined to confirm the role of stress amplitude and
time with respect to observed changes in the specimens’ elastic moduli.

3.1 Tensile Test Results

The results from the tensile tests, including elastic modulus, strength, and strain to
failure of the specimens, are discussed in this section along with DIC observations of
Poisson’s ratio. DIC was used to calculate both elastic modulus and Poisson’s ratio, and
these values were compared to bulk nickel values from literature. The material’s yield
and tensile strengths were determined, and the strain to failure was calculated using both
compliance correction and DIC results. Section 3.1.1 summarizes the basic mechanical
properties, while Section 3.1.2 discusses the Poisson’s ratio in detail. The last section,
Section 3.1.3, contains a brief overview of the necking behavior of the specimens.

48
3.1.1 Determination of Tensile Mechanical Properties

After compliance correction was established for all the tensile specimens, the ratio
of their yield strength to their ultimate tensile strength was evaluated. The ratio varied
between 0.71 and 0.95 with an average value of 0.80 and a standard variation of 0.10 for
the thirteen tensile specimens. The nickel specimens resembled an elastic-perfectly
plastic material, and a typical tensile test is shown in Figure 3-1. After averaging over
the thirteen tensile specimens, the average ultimate tensile strength of the specimens was
995 MPa, the average yield strength was 826 MPa, and the average strain to failure was
0.0151. Table 3-1 summarizes the tensile testing mechanical behavior results and
highlights the wide variation in mechanical properties between the specimens despite all
of the samples belonging to one batch of material. Clara Zapata has demonstrated that
the mechanical properties of the specimens are dependent on their location on the
specimen grid [7].

Table 3-1: Tensile tests results of PED nickel specimens that have been compliance
corrected. The table indicates yield strength at 0.02% plastic strain offset, ultimate
tensile strength, and strain to failure for each specimen.
Sample
1ed21
1ed22
1ed28
1ed31
2ed8
2ed12
2ed18
2ed54
Average
Standard
Deviation

Ultimate Tensile
Strength,
σult (MPa)
831
875
1072
1300
985
985
1088
825
995

Yield
Strength,
σy (MPa)
787
788
830
925
784
968
768
757
826

0.0066
0.0111
0.0164
0.0219
0.0154
0.0170
0.0191
0.0133
0.0151

159

78

0.0048

Strain to Failure,
εf
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Figure 3-1: Tensile test of specimen 56 from plate 2, initially loaded to 1 N (234 MPa).
The sample was PED, and strain was measured using crosshead displacement data. The
values of strain are shifted to account for a preload, and the data values are compliance
corrected.

Digital image correlation results of tensile test images were compared to results
analyzed using crosshead displacement. Figure 3-2 shows stress data correlated with
strain data from the DIC Matlab programs for a typical sample. For samples where
failure occurred within the region of interest, failure strains a magnitude higher than
failure strains from crosshead displacement were observed due to localized necking in the
specimen. Additionally, the measured elastic modulus of the samples was 80 to 120 GPa,
or roughly half of the expected bulk polycrystalline aggregate elastic modulus of 200
GPa [20]. Elastic moduli measured through DIC are summarized in Table 3-2. The
elastic modulus calculated using the DIC was consistent among the PED samples for the
initial elastic regime of all the mechanical tests: tensile testing, incremental step tests,
constant amplitude fatigue tests, and the creep tests.
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Figure 3-2: DIC tensile test of specimen 55 from plate 2, initially loaded to 1 N (234
MPa)

Table 3-2: Elastic moduli and strain to failure of tensile specimens determined through
DIC.

Specimen
1ed28
1ed31
1ed43
1ed63
2ed56
Average
Standard
Deviation

Elastic
Modulus,
E (GPa)
109
80.4
94.4
81
112
95.4

Strain to
Failure,
εf
0.1906
0.0630
0.2777
0.0536
0.2583
0.1686

13.4

0.0946
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The DC electrodeposited samples exhibited behavior similar to the PED tensile
specimens. Figure 3-3 compares stress and strain data from a compliance corrected plot
of strain assuming an elastic modulus 200 GPa and uncorrected DIC results of the tensile
tests. Because the DC electrodeposited samples also exhibited localized necking, the
region of the specimen that underwent necking was analyzed in the DIC program for an
accurate measurement of strain to failure. The elastic modulus measured from the DIC
was 162 GPa for the sample with well correlated DIC stress - strain data (R2 = 0.98).
The increase in modulus that would be needed to approach the bulk material value of 200
GPa would be smaller for the DC electrodeposited tensile specimens when compared to
the PED specimens. This result is corroborated by the incremental step test results that
showed the DC electrodeposited specimens had a smaller change in modulus than any of
the PED specimens, as discussed in Section 3.2.1.

Figure 3-3: Comparison of strain data generated by crosshead displacement (2ed56
Crosshead and DC 208 Crosshead) to strain data generated by DIC (2ed56 DIC and DC
208 DIC). Both samples were PED. Strain to failure values for DIC measured strain
were much greater than compliance corrected strain because localized plastic deformation
occurred within the region of interest in the form of transverse necking.
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The next section examines the Poisson’s ratio, as this value can also be analyzed
using the DIC technique. Because the elastic modulus of the nickel thin films was found
to be lower than the expected value, Poisson’s ratio may show similar anomalous
behavior. This value was analyzed for several DIC tensile tests in the elastic regime and
up to the ultimate tensile strength of the material, and was used to analyze the volume
change of the material as a function of strain.

3.1.2 Poisson’s Ratio Observations

Poisson’s ratio is an important parameter in mechanical testing, as it is related to
the transverse strains generated and the volume change of a specimen with an applied
external strain or internal strain. Poisson’s ratio can be calculated for the DIC strain
results by relating ε11 and ε22 using Equation 3.1:

υ=−

ε 22
ε 11

3.1

where ε11 is principal strain related to the direction of applied load, ε22 is the transverse
principal strain, and ν is the resulting Poisson’s ration. For pure nickel, Poisson’s ratio is
expected to be 0.31 at 25°C [20]. The volume change for a material can be approximated
using Equation 3.2:
ΔV
= ε 11 + ε 22 + ε 33
V

3.2

where ΔV is the volume change for a given applied strain, V is the initial volume, and ε11,
ε22, and ε33 are the principal strains of the system. Assuming that the material is isotropic
(ε11 = -ε22/ν = -ε33/ν) then Equation 3.2 can be simplified to Equation 3.3:
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ΔV
= ε 11 − 2νε 11
V

3.3

where ΔV is the volume change for a given applied strain, V is the initial volume, ε11 is
the principal strain, and ν is Poisson’s ratio. A Poisson’s ratio of 0.5 would indicate there
is no volume change in the material and applies to plastic deformation of the material.
Results from the DIC strain analysis were inconsistent with the expected
Poisson’s ratio for elastic and plastic strain. The Poisson’s ratio of the nickel specimen,
now referred to as the transverse strain ratio, was initially large (>1) below the yield
stress, while remaining relatively constant until the tensile strength of the specimen was
exceeded. The transverse strain ratio was not applicable after the onset of localized
necking. DIC used to calculate the transverse strain ratio for three specimens is show in
Figure 3-4. In the “elastic regime”, the transverse strain ratio varies from a value of 0.01
up to 3.4. Approximating the nickel specimens as isotropic, a transverse strain ratio of
3.4 would correspond to a volume decrease of -3.6% for the corresponding strain value of
0.00615. All transverse strain ratio values greater than 0.5 indicated a volume reduction
in the material, when a volume increase was expected for uniaxial tension and using the
assumed Poisson’s ratio value of 0.31. After the yield stress of the material had been
exceeded, the transverse strain ratio for specimens 1ed43 and 1ed63 varied between 0.49
and 0.61, values that are close to the plastic strain Poisson’s ratio of 0.5, while sample
1ed63 had a value of 0.25 after yielding, but the transverse strain ratio for all three
specimens remained constant after yielding had occurred, indicating most or all of the
volume reduction occurred in the elastic regime of the material.
For isotropic materials, the value of Poisson’s ratio ranges from -1 to 0.5 based on
thermodynamic arguments [36]. In the linear region and apparent “elastic regime”, the
transverse strain ratio varied from 0.01 to 3.4. Values above 0.5 indicate inelastic
behavior and are not actually measurements of Poisson’s ratio but the transverse strain
ratio and indicate that there are inelastic volume changes of the material when the
material is below the yield stress and not exhibiting a plastic strain response. A possible
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explanation for this transverse strain behavior would be the presence of a metastable
phase in the material that reaches equilibrium through the application of uniaxial elastic
strain. This uniaxial elastic strain would enable the material to undergo volume changes.
A possible mechanism for this inelastic volume change is explored in detail in Chapter 4.

Figure 3-4: Transverse strain ratio calculated from the DIC strain data for three different
PED specimens. The transverse strain ratio was calculated from initial loading up to
ultimate tensile strength, and the value is high in the elastic regime but remains constant
and around 0.5 in the plastic deformation regime.

An inelastic transverse strain ratio present in an “elastic regime” of mechanical
response seems contradictory. However, if the material is being driven towards
equilibrium by elastic strain energy, then volume change in the material would be a
cumulative response until equilibrium has been achieved. Up to the yield point of the
specimens, the cumulative volume change of the material was -17.0% using Equation 3.3,
indicating that the specimen volume decreased upon loading of the material. A material
with greater volume than its equilibrium value may account for the observed low elastic
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moduli of the tensile specimens. Microstructural evidence of this volume change is
presented in Chapter 4 - Section 4.1. Analysis of necking in the specimens upon tensile
failure is evaluated in the next section. The presence of localized necking could provide
more details about the nature of the elastic and plastic strains in the material after
yielding has occurred, specifically the necessary transverse strain ratio required for
localized necking to occur. The formation of the neck will be discussed in the context of
the DIC technique and related to the geometry of the gauge section.

3.1.3 Necking Analysis and Discussion

Necking phenomenon could be observed in situ through the use of the digital
camera. Localized necking was evident in the PED and DC nickel specimens after
ultimate tensile strength had been exceeded. Figure 3-5 documents the angle of fracture
surface formation in an image taken less than 0.5 seconds before final fracture. The
angle of the fracture surface was 55° with respect to the axis of loading. Angles that are
different than the expected maximum shear angle of 45° have been reported for fracture
of anisotropic sheet materials that failed in tension and in ductile thin film sheet metals
[37, 38]. The localized neck indicated the onset of inhomogeneous deformation in the
material [37]. Void nucleation and growth may also contribute to the formation of a
localized neck for materials that can sustain local plastic deformation [38].
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Figure 3-5: Image of a PED tensile specimen less that 0.5 seconds prior to final fracture. A
localized neck created a fracture surface that was oriented 55° with respect to the axis of
loading. The specimen deposition side was facing the camera.

Localized necking is a form of deformation localization. Once the neck had
formed, deformation (strain) was concentrated at the site of necking, and the rest of the
specimen did not plastically deform (see Figures 2-6 and 2-7 for a strain map of localized
necking) once the neck had formed. In order for the neck to form, the relationship in
Equation 3.4 must be true [37]:

ε1 + ε 2 > 0

3.4

where ε1 and ε2 are the principle strains. As a result, the transverse strain ratio must be
less than 1, and this was observed in the DIC tensile test results from the previous section
at the onset of necking. Consequently, the material must have been driven towards
equilibrium to account for a transverse strain ratio less than the values observed in the
apparent elastic regime of the material.
It is evident from the DIC results of the tensile tests that the thin film nickel
specimens have an initially low elastic modulus. While DIC allowed for observations of
strain, Poisson’s ratio as a function of applied stress and elapsed time, and localized
necking, the tensile test data did not provide any information about time-dependent
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elastic modulus changes that might have occurred. By performing fatigue tests on the
nickel specimens, the elastic modulus was measured as a function of cycle count and
time. The results of the fatigue tests are explored in the following section.

3.2 Fatigue Test Results

The following sections detail experimental results of the incremental step tests
and constant amplitude fatigue tests. Incremental step tests were performed to develop
cyclic stress-strain curves (CSS) while only needing one sample to generate each CSS.
Constant amplitude fatigue tests were also conducted to compare time-dependent
properties of the nickel with the sampe properties determined from the incremental step
tests. The goal of both types of fatigue tests was to analyze the mechanical stability of the
system, and measure any changes to mechanical properties of the specimens such as
elastic modulus, yield strength, tensile strength, etc. Results showed that there was an
apparent increase in elastic modulus after initial loading, and this increased elastic
modulus was a permanent and constant effect. The time scales and magnitudes of these
changes are detailed for each type of fatigue test.

3.2.1 Incremental Step Test Analysis

Figure 3-6 shows a typical incremental step test, where each block is 20 steps and
6 blocks of testing were used. The specimen cyclically stabilized after 4 blocks of
testing. Strain was measured using crosshead displacement and compliance corrected.
Figure 3-7 compares the rates of stabilization for the fatigue tests by comparing the
change in strain amplitude between subsequent blocks of testing. All CSS were testing at
or below the nominal yield point of the specimens, resulting in strains that were mostly or
completely elastic, depending on the actual yield point of the specimen that was tested.
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Figure 3-6: Typical results of an incremental step test for a PED sample showing a) strain
as a function of elapsed time and b) stress versus strain. Strain was measured using
crosshead displacement and compliance corrected.
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Figure 3-7: Rates of stabilization for PED nickel samples, showing the change in strain
for the peak values of each step compared to the previous block

Strain hardening occurred for all the fatigue specimens, as hysterisis of the
samples decreased over time. There was a decrease in the amount of strain amplitude
experienced for a given applied force, and this shift occurred at the end of the first several
blocks before stabilization occurred. For every specimen, there was also an apparent
increase in elastic modulus in the CSS. Table 3-3 contains the elastic moduli measured
from the CSS strain curves and the final elastic and plastic strain from compliance
corrected data. Although compliance corrected data can not be used to measure a
specimen’s actual elastic modulus, it does accurately reveal changes in elastic modulus
that occur during testing. The change in modulus from the equilibrated modulus varied
between 31.7% and 76.9% with an average change of 51.7% for the compliance corrected
data. Table 3-4 enumerates the changes in elastic modulus for the DC electrodeposited
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samples and was compliance corrected for analyzing changes in elastic modulus. The
initial elastic modulus reduction for any of the DC electrodeposited samples, which were
nanograined materials, was smaller than the initial elastic modulus reduction for any of
the PED samples, which were micrograined materials. This phenomenon was
unexpected, as the numerous theories presented in Chapter 1 state that the mechanisms
for recovering the bulk material elastic modulus in the films and for the low elastic
modulus result from the abundance of grain boundary area and volume in the
nanograined materials. However, the PED samples have too little grain boundary area
for the mechanisms proposed in Chapter 1 to be applicable, because the PED samples had
a nominal grain diameter of 1 μm, not the 200 nm or less required grain boundary sliding,
grain boundary compliance, etc. A possible mechanism for recovering elastic modulus
for micrograined materials is explored in detail in Chapter 4.

Table 3-3: Final moduli, elastic strain, and plastic strain of PED fatigued samples with
compliance correction
Sample
1ed46
1ed49
1ed52
1ed53
2ed45
2ed52
2ed58
2ed60
2ed61
Average
Standard
Deviation

Change in
Elastic Modulus,
ΔE (%)
31.7
41.2
47.6
40.9
58.6
76.9
65.5
64.9
37.9
51.7

Final strain,
ε (elastic)

Final strain,
ε (plastic)

0.002730
0.002880
0.002752
0.002881
0.002262
0.002028
0.002168
0.002461
0.002945
0.002567

0.000298
0.000137
0.001276
0.001421
0.000536
0.002350
0.001001
0.000447
0.000459
0.000881

15.3

0.000345

0.000707

61
Table 3-4: Final moduli, elastic strain, and plastic strain of DC fatigued samples with
compliance correction
Sample
DC203
DC202
DC189
Average
Standard
Deviation

Change in
Elastic Modulus,
ΔE (%)
18.1
23.0
25.4
22.2
3.7

Final strain,
ε (elastic)

Final strain,
ε (plastic)

0.006894
0.006621
0.006484
0.006667

0.002837
0.002782
0.00366
0.003093

0.000208

0.000492

The increase in elastic modulus from the initially measured value was apparent in
the initial unloading of the specimen and stabilized for the remainder of the test. The
plastic strain amplitude for the fatigue tests remained constant at zero, and the elastic
strain amplitude was a constant value for a given applied stress. Consequently, the
change in the elastic modulus occurred after the initial loading and remained a
permanent, constant effect. The difference between maximum strain and minimum strain
for each block decreased as the fatigue tests progressed and hysterisis decreased,
indicating cyclic hardening of the nickel thin films. Both Moser and El-Madhoun have
demonstrated that nanocrystalline nickel thin films have cyclically hardened [12, 39]. In
the latter study, cyclic hardening occurred rapidly and was followed by saturation when
testing samples at plastic strain amplitudes of 3.5×10-3 and 5.0×10-3. Moser’s study
showed that for electrodeposited thin films with a grain size of 30 nm and film thickness
of 125 μm conducted at constant force amplitude, the nickel films cyclically hardened.
Post-fatigue tensile tests indicated a small increase in yield strength and ultimate
tensile strength, and elastic regime of the specimens was more linear than the elastic
regimes of the pre-fatigue tensile test specimens. Figure 3-8 compares the effects of
fatigue on the tensile response of a typical specimen. The post fatigue tensile specimen
results were compliance corrected using the increased modulus that occurred during the
fatigue test. Consequently, the values of elastic modulus for the specimens do not
accurately reflect the actual elastic modulus values, but the post-fatigue sample data
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reflects the increase in elastic modulus from compliance corrected initial modulus.
However, the plot does highlight the increase in both yield strength and tensile strength,
and the “elastic regime” of the post-fatigue specimen is more well-defined.

Figure 3-8: Tensile test comparing PED pre-fatigue sample 1ed53 to PED post-fatigue
sample 1ed22, which has a more defined “elastic” region and higher yield and tensile
strengths. The data was compliance corrected, so strain values and elastic modulus
values do not reflect the actual values of these properties for the specimens. This plot
highlights the strengthening of the post-fatigue tensile specimen.

Relative changes in elastic modulus were calculated using compliance correction
data, while absolute changes in elastic modulus were determined by correlating stress
with corresponding strain values and using Hooke’s Law. Initial loading modulus
measurements were consistent with DIC results from the tensile specimens and was
between 80 and 110 GPa. However, the modulus measured after initial loading increased
to 160-170 GPa, which is a value approaching the expected modulus of the nickel thin
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films. Therefore, DIC results from tensile testing and fatigue testing suggested the
specimens initially had a low elastic modulus, but the modulus approached the bulk
polycrystalline aggregate value after initial loading, and remained a constant effect
throughout fatigue testing and post tensile tests. The immediate increase in elastic
modulus and its permanent and constant status is graphically displayed in Figure 3-9

Figure 3-9: Change in elastic modulus after each completed block for an incrementally
step tested PED specimen. The test consisted of 20 steps per block for 6 blocks with a
maximum stress of 876 MPa.

The compliance corrected elastic and plastic strain corresponding to the peak of
the last block of each fatigue test varied significantly between samples. The elastic strain
was inversely proportional to the sample’s modulus, but there appeared to be much less
correlation between plastic strain and elastic modulus. The correlation factor between
elastic strain and modulus was -0.8307, but the correlation factor between plastic strain
and modulus was 0.6390. Figure 3-10 graphically displays the correlation between
changes in elastic modulus from initial loading and the last block of testing and both
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elastic strain and plastic strain for compliance corrected data. There is an inverse linear
relationship between the increase in elastic modulus and elastic strain at fracture, which is
expected. A material with a higher elastic modulus will exhibit less elastic strain at a
given stress than a material with a smaller elastic modulus due to Hooke’s Law. Because
all the specimens experienced the same maximum stress, specimens that exhibited less
elastic strain would have greater elastic moduli. This correlation suggested that
specimens with the greatest change in elastic moduli had initially lower elastic moduli
than specimens with smaller changes in elastic moduli. For two materials with the exact
same yield strength and tensile strength and strain to failure, a stiffer sample would
exhibit more plastic deformation at failure than a less stiff sample. This inverse
relationship is present in Figure 3-10. A lower correlation between plastic strain at
failure and change in elastic modulus could be attributed to both the difference in failure
strengths between samples and their strains to failure as a result of PED processing used
to create the samples. A specimen with greater strain to failure would inherently show
more plastic strain at failure than a more brittle specimen.
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Figure 3-10: The relationship between elastic modulus and elastic strain is inversely
proportional, but the correlation between elastic modulus and plastic strain is less
apparent

The measurement of elastic modulus evolution during the incremental step test is
limited to each block of testing, because only the stresses and strains from the peaks in
each block are used to generate a cyclic stress-strain curve for that block. A more
detailed measurement of changes in elastic modulus over time was acquired by using
constant amplitude fatigue tests at a frequency of 1 Hz. A maximum stress near yielding
(876 MPa) and at half the yield strength (438 MPa) were used for the fatigue tests to
illustrate the effects of stress amplitude on the stiffening of the samples.
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3.2.2 Constant Amplitude Fatigue Tests

Fatigue testing of the nickel provided time-based information on changes in
elastic modulus. Figure 3-11 plots the change in elastic modulus as a function of time for
a fatigue test conducted at one-half of the yield strength and at the yield strength. The
change in elastic modulus was calculated as the percentage change between the elastic
modulus measured for each cycle with the initial elastic modulus. For all of the fatigue
tests, the first unloading modulus measured was already significantly higher than the
initial modulus, but the modulus changed little after the initial increase. There was a very
small transient period before the material stabilized. This period was only 4.3 seconds (4
cycles) for sample 75 from plate 2. Samples 74 and 75 from plate 1 were tested at
yielding. The transient periods for samples 74 and 75 were 17.4 seconds and 13.4
seconds with changes in modulus of 40% and 20%, respectively, compared to the initial
elastic modulus value. The apparent elastic modulus of sample 75 from plate 2 slowly
decreased over time due to damage accumulation.
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Figure 3-11: The change in elastic modulus of PED sample 71 from plate 2 and PED
sample 74 from plate 1 as a function of time for a low and high constant stress amplitude
fatigue test. The R value was 0.1 and frequency was 1 Hz. The change in elastic
modulus is the percentage change in modulus for each cycle compared to the initial
elastic modulus.

Table 3-5 summarizes the results of the fatigue tests. Both of the high stress
samples failed during low cycle fatigue (LCF) and showed larger changes in modulus
than the half yield strength fatigue test sample. They experienced enough damage
accumulation to cause premature failure of the specimens. Constant amplitude fatigue
tests have shown that the change in elastic modulus is not dependent on cycle time and
that the change in elastic modulus may be a strain energy-driven process. In order to
explore this claim, the nickel specimens had to be heat treated to determine if thermal
energy would drive the mechanism for increasing elastic modulus, thus providing an
analogue to strain energy in the system.
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Table 3-5: Fatigue test results for half yield strength and yield strength testing.
Frequency was 1 Hz
Sample
2ed71
1ed74
1ed75

σmax
(MPa)
438 (1/2σo)
876 (σo)
876 (σo)

R
0.1
0.1
0.1

Maximum
ΔE (%)
3.9
42
22.6

Cycles to
Failure, Nf
Runout
2565
8504

3.2.3 Heat Treatment and Fatigue of Nickel Specimens

If the change in elastic modulus is driven towards equilibrium through the
addition of strain energy to the system, then heat treating the samples should provide
thermal energy and provide an analogue to the application of strain energy. Thermal
energy should also drive the mechanism that would reduce or eliminate the increase in
elastic modulus after loading the specimens. Incremental step tests of heat-treated
specimens should have the same elastic modulus response as specimens that were
stabilized through incremental step testing and were not heat treated. The heat-treated
samples were fatigued using an incremental step test and the same parameters as the
previous tests from Section 3.2.1. Table 3-6 summarizes the changes in elastic modulus
of the samples after fatigue testing for compliance corrected data, and Figure 3-12 is a
percentile plot comparison of the incrementally fatigued and heat treated then
incrementally fatigued specimens. The solid line within the box is the median of the
data, the top dotted line is the top 75% of the data, the bottom dotted line is the bottom
25% of the data, and the box extremes represent the top 95% and bottom 5% of the data.
Because of the sample sizes used for this plot, the percentile boxes actually encompass all
of the data for each set.
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Table 3-6: Change in modulus of the incremental step test specimens comparing initial
loading elastic modulus and the final block elastic modulus for compliance corrected data

Sample
2ed62
2ed63
2ed64
2ed78
2ed79
2ed80
Mean
Median
Standard
Deviation

Change in
Elastic Modulus,
ΔE (%)
29.5
13.5
1.5
16.0
12.0
11.5
14.0
13.0
9.0

Figure 3-12: Percentile plot comparison of the modulus changes for incrementally
fatigued specimens and the heat-treated then incrementally fatigued specimens. The top
and bottom borders of the box represent the top 95% and bottom 5% of the data,
respectively. The top dashed line and bottom dashed line represents the top 75% and
bottom 75% of the data, respectively. The solid line bisecting the box represents the
median value of the data. The data was compliance corrected.
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Figure 3-12 plainly shows that there is no overlap in the data sets for the samples
that were and were not heat treated. The largest elastic modulus change for the heattreated samples is smaller than the smallest change in modulus for the non heat-treated
samples. Application of thermal energy to the microstructure has driven whatever
mechanism is present that causes the samples to stiffen when loaded mechanically. The
effect on thermal energy on the elastic modulus stability on the incrementally fatigued
specimens points to a stress-driven mechanism for the increased elastic modulus in the
specimens. Adding energy to the atoms in the microstructure through stress or heat
enabled the microstructure to change into a more thermodynamically stable
configuration. Thermal energy alone did not completely prevent changes in elastic
modulus from occurring through mechanical loading. Therefore, the mechanism for
equilibrating the material through heat treatment and elastic energy might not be exactly
the same. The effects of heat treatment and mechanical testing on the material system are
explored in detail in Chapter 4 through microstructural observations and modeling of the
mechanical behavior response.
So far, applying stress to the nickel specimens and heat treating the samples both
have the effect of increasing the specimens’ elastic modulus. If the mechanism is driven
by strain energy and thermal energy, then the same change in elastic modulus phenomena
should occur when creep testing the samples. Namely, the change in elastic modulus is
driven by strain energy and is a permanent and constant effect that occurs after initial
loading of the specimens.. This assumption will be tested through the use of various
creep experiments.

3.3 Creep Test Results

The following two sections detail the analysis of the creep tests. The stress
response and strain response as a function of time were analyzed for the constant hold
period creep tests. Additionally, strain and strain rate were determined for creep tests
performed in force control. Elastic moduli were measured for the initial loading and
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unloading portions of the tests. Elastic modulus was also evaluated as a function of time
for a creep test with periodic unloading every 15 minutes to 80% of the hold period force.

3.3.1 Constant Hold Period Creep Tests

This section details the results from several types of creep tests used to confirm
the driving force behind the change in elastic modulus. The changes in elastic modulus
for all tests are summarized along with creep test relevant data such as strain rate. Figure
3-13 compares a creep test with the hold in displacement control and a creep test with the

hold in force control for one hour creep tests. Strain data was compliance corrected, but
the trend of strain increasing as a function of time for a constant stress hold period test is
valid and will be confirmed later with DIC. Both samples were initially loaded to a stress
of 407.5 MPa. The time frame for stabilization is approximately the same for both tests
and the same order for the time to stabilization in the fatigue tests. The material appears
to relax when held in displacement control and strain hardens when held in force control.
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Figure 3-13: Creep tests comparing the hold period under displacement control and
forced control indicate a similar transient period for both tests. The samples were PED
and strain was measured using machine compliance and crosshead displacement. The
initial target stress was 407.5 MPa.

The elastic moduli of the loading and unloading curves were measured using the
techniques from Section 2.3.2 and compared to each other to determine changes in elastic
modulus. For both force and displacement control holds, there was an apparent reduction
in modulus of 53% of the initial modulus with respect to the unloading modulus, which
falls within the modulus changes from fatigue testing. For displacement control holds,
there was an initial transient period of force relaxation. A minimum occurred after a
period of time of the same magnitude observed for a stable stress-strain response in the
incremental step fatigue tests. The force control hold tests also had an initial transient
response, however, the measured force was more erratic after the initial response, and
steady-state behavior was not observed. In addition, when creep-tested samples were
incrementally step tested, there was no change in the modulus of the material after initial
loading. Figure 3-14 is an incremental step test performed on a PED creep sample and
was compliance corrected.
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Figure 3-14: Incremental step test of a PED creep tested specimen with 20 steps per
block for 6 blocks. No change in modulus after initial loading is observed, e.g. the elastic
modulus calculated at initial loading and for each block was identical. The data was
compliance corrected and is used to display changes (or lack thereof) of elastic modulus.

Figure 3-15 displays the results from a load-control fatigue test with a 24 hour
hold period at a magnitude of half the yield strength and was compliance corrected.
There is an initial transient period, where strain rate was not constant and corresponds to
the primary creep behavioral response. There was a nearly instantaneous occurrence of
elastic strain followed by a gradual accumulation of creep strain. The steady-state creep
period followed the initial primary creep response. The behavior of the data after ~104
seconds is non real and a consequence of the noise of the load cell and the Instron 5848
microtester position encoder and is not included in the figure. DIC verified this
assumption because there were no large shifts in strain during that time period as shown
in Figure 3-16.
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Figure 3-15: Creep test data for a PED sample tested at half yield strength (476 MPa).
The entire test was performed in force control with a hold period of 24 hours. Loading
and unloading rates were 1 Hz. The data is truncated to exclude anomalous, non-physical
data as a result of the testing machine position resolution and was compliance corrected.
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Figure 3-16: Plot showing a constant strain amplitude hold period for a PED sample held
at half the yield strength (476 MPa) in force control. Strain was measured using DIC.

The strain rate results for the creep test with the stress held at yielding for the hold
period are similar and exhibit the same trends as the half yield strength creep test. The
initial strain rate of the higher stress creep test (1.36×10-3 sec-1) was an order of
magnitude higher than the lower stress creep test (3.49×10-4 sec-1) as calculated from the
compliance corrected data, indicating that the sample accumulated creep strain more
rapidly than the lower stress amplitude sample. Table 3-7 compares the change in
modulus with respect to the initial loading ramp, transient strain rate period, and steadystate creep rate for the two specimens. Both samples exhibited similar changes in elastic
modulus, approximately 20-22%, and had similar steady-state creep rates. The specimen
tested at half yield strength had a longer primary creep regime but lower primary creep
rate than the specimen tested at yield strength, which would indicate the former specimen
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had a more gradual accumulation of creep strain. The specimen held at yielding had a
transient period 51.9 seconds shorter than the transient period of the sample held at half
of the yielding strength. The steady state strain rate was 28.9% higher for the sample
held at yielding compared to the other sample but was of the same order of magnitude.

Table 3-7: Creep test data for a constant load period of 24 hours
Sample

σmax (MPa) R

ΔE (%)

2ed73
1ed76

438 (1/2σo) 0.1
876 (σo)
0.1

22.9
20.5

Steady-state
strain rate
(sec-1)
1.28·10-8
1.65·10-8

Transient Period
(sec)
137.4
85.5

3.3.2 Creep Test with Periodic Unloading

Creep tests with periodic unloading were also conducted to monitor the evolution
of elastic modulus. Results are only available for a half yield strength test, because the
creep test conducted at yielding failed before the first unloading period. Any changes in
elastic modulus were rapid, as most of the change has occurred sometime during the first
hold period, as seen in Figure 3-17. Noise in the data was due to the data sampling rate.
Standard deviation of the elastic modulus data was ±1.5% of the mean value. The change
in modulus for this creep test was 29% with respect to the elastic modulus calculated
from the initial loading ramp. This change in modulus is similar to the changes observed
in the constant amplitude hold period tests. Also, the fact that the change occurred within
the first 15 minutes of testing supports the results from the fatigue testing where changes
in elastic modulus occurred and stabilized after initial loading had been completed.
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Figure 3-17: Elastic modulus as a function of time for a force control creep test with
unloading periods every 15 minutes. The holding load was one-half of the yield point.

3.4 Chapter Summary

The mechanical tests examined in this chapter were utilized to measure the
mechanical stability of the PED nickel systems. DIC measurement of strain from the
tensile samples indicated that the PED and DC samples both had initially low elastic
moduli between 80 and 115 GPa. Poisson’s ratio observations provided evidence of
inelastic behavior in an apparent elastic regime that may be accounted for by volume
changes of approximately 17.0% up to the yield strength of the material. However, after
the samples were stressed in uniaxial tension, their elastic modulus increased to between
150 GPa and 160 GPa and remained constant, suggesting the equilibration of the
specimens was nearly instantaneous. The fatigue samples had an increased elastic
modulus after initial loading, and the creep test with periodic unloading experienced an
increased elastic modulus within the first 15 minutes. Higher stress amplitudes appeared
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to increase the elastic modulus more than lower stress amplitudes. The constant stress
amplitude test performed at yield strength had an increase in modulus more than five
times greater than the specimen tested at half of the yield strength. Introduction of
thermal energy through heat treatment appeared to drive the system towards equilibrium.
Creep tests confirmed that the driving mechanism was stress-driven and not cycle-driven,
as creep-tested samples also showed changes in elastic modulus of 20-22%, and periodic
unloading of the creep specimen showed that the increase occurred some time within the
first 15 minutes of testing. Chapter 4 will explain in detail the mechanisms possible for
this phenomenon and provide detailed microstructural examination of the specimen to
support the hypothesis provided for the mechanism.
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Chapter 4
Quantitative Microstructural Analysis and Applications to Models

This section enumerates the techniques used to observe and characterize the
microstructure of as-received and mechanically tested specimens. Grain morphology and
size were determined using optical micrograph, and grain orientation and size was
quantized using focused ion beam (FIB) images. Film texture and lattice parameter were
quantified using micro X-ray diffraction. Specifically, the techniques were employed to
observe any microstructural changes in the nickel specimens that would account for a low
initial elastic modulus that stabilized after the sampled have been stressed or heat treated.
The quantitative and qualitative results of the microstructural analysis will be applied to
various existing models of elastic modulus reduction in materials to explain the origins of
elastic modulus evolution observed in the mechanical test results of Chapter 3.

4.1 Qualitative and Quantitative Analyses of the Microstructure

Various characterization techniques were used to observe the nickel
microstructure. The first section describes the results from optical micrography, the
quickest but least detailed method of observing the nickel microstructure. Next, the
results from X-ray diffraction are outlined to describe the crystallographic orientations of
the microstructure for texture analysis. The last section details the results from FIB ion
contrast images, which produced high magnification, high resolution images of the grain
morphology and orientation.

80
4.1.1 Optical Microscopy

Optical micrographs were acquired to determine the characteristics of the
microstructure of the PED and DC deposited nickel. Figure 4-1 is an optical micrograph
of a PED nickel sample taken at 500× magnification. The bottom of the picture is the
backing plate side, and the deposition direction is towards the top of the figure. The
grains are columnar in structure, and larger grains are easily visible in the figure. The
small grains were more easily resolvable at 1000×. However, optical micrography
techniques were unable to fully resolve all of the features in the microstructure with high
contrast and sufficient resolution for image analysis.
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Figure 4-1: Optical Micrograph of the PED Nickel at 500×. The top of the image is the
deposition side of the sample. A columnar grain structure is apparent, with grains
oriented vertically in the image. There is a distribution of both large grains and small
grains which were not fully resolvable in this image.

Figure 4-2shows an attempt to resolve the smaller grains at the limit of the optical
microscope magnification. There is little improvement in small grain resolution
compared to Figure 4-1 for PED nickel. No distinct features are visible on the backing
plate side of the sample due to limitations of the resolving ability of optical microscopes.
A grain that is not oriented along the deposition direction is outlined in Figure 4-2 in the
left part of the image. There are some smaller grains and other areas nearby that are also
askew. The optical images confirmed the columnar structure of the nickel, but minute
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features in the microstructure eluded observation. Techniques capable of much greater
resolution and magnification are needed to capture an accurate and detailed image of the
nickel microstructure. Ion contrast imaging allows for much greater resolution than
optical imaging through the use of high energy ions instead of photons for imaging. Ion
contrast imaging will be able to reveal grains with twins and reveal the grain size
distribution more clearly than optical micrography.

Figure 4-2: Optical Micrograph of the PED Nickel at 1000X. Some of the larger grains
are clearly not oriented with the surrounding microstructure, as shown in the red box.
The film is heavily textured in the <111> direction regardless.
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4.1.2 FIB Microstructural Observations

Ion contrast images were generated for the microstructure of the nickel
specimens. Ions were channeled through the structure, and grain orientation influenced
the intensity of the image generated [40]. If the grain was oriented so that the ion passed
through the grain with no deflection, either no secondary electrons were generated or they
could not escape to the surface of the grain and that orientation appeared dark.
Conversely, if grains were oriented so that the ion interacted with the atoms in the grain,
secondary electrons generated at the grain surface would escape and reach the secondary
electron detector, producing a bright intensity. Twins in the image would show up with
different intensities in the ion contrast image similarly to grains with different
orientations. If a grain completely channels an ion and appears dark, its twin would have
a different orientation, a mirror of the parent grain, and appear with a bright intensity. In
summary, the ion contrast image would provide a map showing individual grains and
twins within a grain. Differences in grain morphology between the grip and gauge
section of a specimen loaded in tension or heat treated would help pinpoint the
mechanism responsible for elastic modulus evolution in micrograined materials.
Figure 4-3 compares ion contrast images of the grip and gauge sections of a
specimen that was incrementally step tested. The top image corresponds to the grip
section of the sample, and would be considered unloaded and comparable to an asreceived specimen. The deposition sides of the films are at the top of the images, and the
backing plate side of the films is at the bottom of the images. A twinned grain is outlined
in the gauge section ion contrast image. Note that the twinned grain only has two gray
levels present, demonstrating that there are two orientations in the grain – the orientations
of the parent grain and the orientation of its twin. Grains oriented randomly with respect
to the ion beam have a range of gray values. The bottom image corresponds to the gauge
section of the specimen that has demonstrated an increase in modulus and cyclically
stabilized. Qualitative analysis of the images suggested that there was a larger
distribution of small grains in the gauge section than in the grip section. An increase in
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the number of small grains is evidence of atomic rearrangement due to loading of the
sample.
In order to determine the nature of the qualitatively observed microstructural
changes, measurements of the nickel specimens’ physical properties may reveal the
mechanism responsible for microstructural evolution. A simple physical property to
measure is density, as deviations in density from the expected material value would
indicate material that is not in its equilibrium state, and this material may be responsible
for the microstructural evolution observed with ion contrast imaging. The next section
details observations from density measurements of heat-treated specimens and relates the
results to the previously observed mechanical response of the nickel specimens.
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Figure 4-3: Ion contrast images of the a) grip and b) gauge section of an incrementally step
tested PED specimen. A twinned grain in the gauge section is outlined in red in the
bottom image.
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4.1.3 Density Measurements of As-Received and Heat-Treated Specimens

As explained in Chapter 3, mechanical testing of the PED and DC deposited
specimens exhibited an apparent increase in elastic modulus from an initially low value
towards the bulk pure nickel value of 200 GPa. Methods previously mentioned in this
chapter used to characterize the microstructure have yielded no quantitative results about
microstructural evolution to explain the change in elastic modulus. FIB images have
been qualitatively analyzed to show formations of grains on the order of a few to tens of
nanometers after incremental step tests and heat-treated specimens that had also been
incrementally step tested. If atomic rearrangement occurs to accommodate the elastic
modulus change towards a higher, equilibrium value, such a change may affect the
physical properties of nickel. Density measurements of as-received and heat-treated
nickel would provide a qualitative result of microstructural evolution in the nickel thin
films. Assuming that the atoms rearrange during heat treatment to provide a stable value
of elastic modulus close to the bulk value, then the density of the heat-treated specimens
should approach the bulk density of nickel, and the as-received specimens should have a
lower density value. Figure 4-4 displays the density measurements of the as-received and
heat-treated specimens for various heat-treatment times. The bulk density value of pure
nickel is 8.902 g/cm3 [20].
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Figure 4-4: Density measurements of as-received nickel specimens as a function of heat
treatment times. The samples were heat treated at 100°C and 25 %RH. The solid red
line indicated the theoretical bulk density value of nickel at 8.902 g/cm3.

As the samples were heat treated for longer periods of time, their averaged density
value increased. The greatest increase in density occurred between the heat treatment
periods of 30 and 45 minutes while it seemed to stabilize after 45 minutes of heat
treatment near the bulk nickel value of 8.902 g/cm3. Since nickel specimens that were
heat treated for 24 hours exhibited minimal increase in elastic modulus after incremental
step testing, with the elastic modulus near the bulk nickel value of 200 GPa, the density
measurement results confirm that there was metastable material in the nickel that
equilibrated during heat treatment and mechanical loading. Recrystallization and grain
growth would not account for a change in density of the material. The density of the
specimens increased from 7.37 g/cm3 before heat treatment to 8.76 g/cm3 after heat
treatment for one hour, which is an increase of 18.9%. The mass of the specimens
remained constant throughout heat treatment, so the density was proportional to a volume
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decrease of 18.9% and likewise a linear contraction of 6.29%. This decrease in volume
was very similar to the volume change of 17.0% measured through transverse strain
measurements in Section 2.1.2. The metastable regions of the nickel have been driven by
thermal energy to an equilibrium state that corresponds to the bulk density value of pure
nickel. Figure 4-5 is a schematic of densification of the material after heat treatment.

Figure 4-5: Schematic of material densification upon heat treatment. The solid circles
represent atoms of the as-received material and are in dilated, metastable positions. Upon
heat treatment, the atoms rearrange to equilibrium positions, represented by the dashed
circles.

Even though nearly complete densification was achieved after a heat treatment of
1 hour, incremental step testing showed that the samples heat treated for 24 hours at the
same temperature and humidity experienced an average change in modulus of 14.0%.
Ion contrast image comparisons of the grip and gauge sections qualitatively demonstrated
regions of recrystallization of equiaxed grains after heat treatment with diameters less
than 10 nm. The introduction of regions of nanograins may impart nanograined material
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effects on the elastic modulus of the specimens. However, the only applicable
nanograined effect for these specimens would be grain boundary compliance. Often,
grain boundary compliance can lead to grain sliding or grain rotation, and X-ray
diffraction may reveal if film texture and grain morphology has changed between asreceived and specimens that have been subjected to mechanical loading or heat treatment.
Observations of film texture are detailed in the following section.

4.1.4 X-ray Observations of Film Texture

Focused X-ray beam analysis was performed on a sample that had been
incrementally step tested and then loaded in tension to failure. A region on the top edge
of the grip section, just above the gauge section, and the gauge section were all analyzed
and compared. A schematic of the region analyzed is show in Figure 4-6 with the
unstrained areas of the specimen that were altered during specimen preparation and after
mechanical testing indicated. For micro X-ray diffraction, the region just above the
gauge section and a region and in the grip region section at the top of the specimen were
analyzed and compared to results from the gauge section to reveal any changes in grain
morphology between material that is effectively as-received and the strained gauge
section.
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Figure 4-6: Schematic of the regions analyzed in the PED nickel specimen for X-ray
diffraction. The sample was incrementally step tested for 5 blocks with 20 steps per
block at 90% of the tensile strength of the specimen (799 MPa). After testing, the sample
was strained to failure at a strain rate of 0.003 sec-1. Breaks in the diagram indicate
where the support material was cut and the fracture of the gauge section.

Peak intensities from micro X-ray diffraction for an as-received specimen are
plotted as a function of 2θ in Figure 4-7. Peaks corresponding to nickel diffraction peaks
are labeled, while peaks that are not labeled correspond to the standard used to correct for
sample positioning. The peak with greatest intensity corresponds to the (111) plane,
suggesting that the film is preferentially oriented with the (111) plane perpendicular to
the specimen thickness. Film texture has implications on the mechanical response of the
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system because each plane has specific slip directions, and each slip direction has a
specific elastic modulus. Micro X-ray diffraction was used to analyze any changes in
film texture that may be responsible for the changes in elastic modulus of the nickel
specimens.

Figure 4-7: Peak intensities for an as-received PED nickel specimen. Each nickel peak is
labeled with the Miller indices of the plane corresponding to that peak’s 2θ value.

Diffraction patterns of the gauge section and unstrained region of a heat-treated
and incrementally tested specimen are displayed in Figure 4-8 . The shape of the
diffraction patterns from micro X-ray diffraction confirmed that the grains are
preferentially oriented, but there is a degree in randomness because the diffraction
patterns have some ring characteristics. The peak intensity associated with a diffraction
plane in the crystal would be intensified for a specific diffraction plane if that plane was
the film’s preferred orientation. If the sample were a single crystal, the diffraction pattern
would show peaks of intensity corresponding to diffraction planes. A randomly oriented
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polycrystalline aggregate would have solid rings of light at the same spacing as the single
crystal peak values, and the intensity of the diffraction peak corresponding to the
preferentially oriented plane in the textured version of the material would be less than the
diffraction peak of the same plane in the textured film.
On the other hand, a textured film would have a diffraction pattern composed of
ring segments instead of solid rings for a randomly oriented polycrystalline material or
point intensity values for a single crystal. The slight grain orientation randomness is
observable in Figure 4-1 and Figure 4-2, the optical micrographs, and in Figure 4-3 from
ion contrast imaging. More importantly however, there is no detectible difference
between the gauge section patterns and the grip section patterns. There was no difference
in texture, both the grip and gauge section of the specimen had the same orientation. The
diffraction intensities also had the same spacing and intensities, indicating no change
grain orientation, effectively eliminating grain rotation as a theory for low initial elastic
modulus observations. To confirm the absence of texture changes observed with this
technique, effects of film texture on the elastic modulus of the material will be compared
to observed changes in elastic modulus through DIC to rule out texture changes and grain
reorientation as a mechanism for low elastic modulus and changes in elastic modulus
during mechanical testing.
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Figure 4-8: X-ray diffraction patterns of the a.) far grip sections (unloaded) and b.)
gauge sections (fatigued) are identical. The rings are peaks of intensity corresponding
to diffraction planed in the material. Solid rings would denote a randomly oriented
polycrystalline aggregate. The film is (111) textured.
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The lack of grain rotation has significant implication with respect to the evolution
of elastic modulus in the thin film nickel specimens. The elastic moduli for three
different crystallographic directions are listed in Table 4--1. The direction of loading for
the nickel specimens was <110> as the film was preferentially oriented with the (111)
pole perpendicular to the thickness of the films. Consequently, the maximum expected
elastic modulus expected would be 233.5 GPa, and the smallest expected elastic modulus
would be 138.5 GPa [41].

Table 4--1: Elastic moduli for various crystallographic directions for nickel : Elastic
moduli for various crystallographic directions for nickel [41]..
Direction
of
Loading
<100>
<110>
<111>

Contained in
Planes:
{110}, {100}
{111}, {110}, {100}
{110}

Young’s
Modulus,
E (GPa)
138.5
233.5
302.6

Micro X-ray analysis demonstrated that there was no grain rotation within the
specimens during heat treatment to account for either a low elastic modulus or an
increase in elastic modulus. Because the film is {111} oriented, then the expected elastic
modulus would be approximately 233.5 GPa but likely slightly smaller because the film
is not a single crystal. This elastic modulus would be invariant and independent of the
orientation of the slip direction with respect to the axis of loading. If the film were {100}
oriented, then the elastic modulus would vary between 138.5 GPa and 233.5 GPa. For a
{110} oriented film, the elastic modulus would vary between 138.5 GPa and 302.6 GPa.
The average observed DIC initial elastic modulus was 95 GPa, which is lower than the
elastic modulus of any slip direction in nickel. This low initial elastic modulus requires
that the microstructure either not be fully dense or contain void space for any film
orientation. The observed stable DIC elastic modulus was approximately 160 GPa which
falls between the <100> and <111> slip direction elastic moduli and therefore could be
the result of a {100} or {110} oriented film. Previous results have shown that the film is
{110} oriented.
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The theory of grain boundary sliding with respect to grain reorientation can
account for low elastic moduli, but not for an elastic modulus below the most compliant
crystallographic slip direction, in this case the <100> slip direction [21]. Also, if there
were a mechanism that could allow for grain rotation that resulted in an altered
microstructure with a greater elastic modulus due to the loss of grain boundary
compliance after rotation, this mechanism is not evident from the micro X-ray diffraction
results. Nor can this mechanism account for the formation of new grains or an 18.9%
change in material density. The mechanism for grain reorientation also requires an
applied stress, and heat treatment results have shown than the material can stabilize and
reach equilibrium without elastic strain energy from mechanical testing. Further micro
X-ray analysis in the next section will analyze the lattice parameter of the material to
explore the possibility of lattice dilation being responsible for the low density of the asreceived specimens and lattice contraction for the increased elastic modulus and density
of mechanically loaded and heat-treated specimens, respectively.

4.1.5 Evaluation of Lattice Parameter

The micro X-ray diffraction technique provided information about the lattice
parameter of the nickel specimens after the specimens were heat treated. Locations used
for X-ray microanalysis of the as-received and heat-treated specimens are shown in
Figure 4-9. Regions A and B were used to elicit a sense of the homogeneity of the
specimens as they had undergone heat treatment. None of the specimens analyzed in this
section were mechanically loaded; therefore, changes in lattice parameter would be
driven solely by the introduction of thermal energy to the system.
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Figure 4-9: Region A and Region B were analyzed in an as-received and heat-treated
specimens using micro X-ray diffraction

Lattice parameter was calculated using those peak intensities according to Bragg’s
law. The lattice parameter results are summarized in Table 4-2 or the micro X-ray
diffraction specimens. Lattice parameter and peak width at full width and half maximum
(FWHM) was averaged using the spacing of the (111), (200), and (311) planes from
Region A and Region B for the microanalysis specimens. The ICD reference standard
from NIST for pure Ni at 299K (PDF#00-004-0850) reports an average lattice parameter
of 3.5235 Å based on the planar spacing of the (111), (200), and (311) planes [42].
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Table 4-2: Summary of the average lattice parameter for the X-ray microanalysis and Xray diffraction specimens.
Analysis Type

Sample

X-ray Diffraction

1ed89
1ed94
1ed91
1ed92
1ed93

X-ray
Microanalysis

Lattice
Parameter,
a (Å)
3.5154
3.5230
3.5227
3.5230
3.5260

Standard
Deviation,
(Å)
0.00440
0.00156
0.00105
0.00135
0.00331

Heat Treatment
Time,
t (min)
0
0
30
45
60

The lattice parameter of all specimens except for the specimen heat treated for 60
minutes had a smaller lattice parameter than the NIST standard of 5.238 Å. However, the
NIST standard was created on a powdered sample at a different temperature than the
specimens analyzed in this section. The lattice parameter of Ni at 20 °C has been
reported to be 3.5167 Å, which is lower than all of the X-ray microanalysis specimens
[20]. Therefore, the lattice parameter shifts as a function of temperature must be
examined. Figure 4-10 compares the diffraction ring plate images between the asreceived specimen and the heat-treated specimens. There was no visually obvious shift in
lattice parameter, but calculation of lattice parameter from the observed peaks revealed
more information.
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Figure 4-10: Diffraction ring plate images for an a) as-received, b) specimen heat treated
for 30 minutes, c) specimen heat treated for 45 minutes, and d) specimen heat treated for
60 minutes at 100°C and 25 %RH. There were no qualitative differences between the
diffraction patterns.

Figure 4-11 plots the lattice parameter of the X-ray microanalysis specimens as a
function of heat treatment time. The as-received specimen has a larger lattice parameter
than the heat-treated specimens and has a greater degree of uncertainty in its
measurements. These results indicate that the as-received specimen may have regions of
dilated material, and that heat treatment homogenized the specimens into a material at
equilibrium. Both the (200) and (311) planes indicate a calculated lattice parameter that
decreases as a function of heat treatment time and mirrors the trend seen in the density
measurements, namely that after 45 minutes of heat treatment, the specimens appear to
have stabilized at an equilibrium value. Mechanistic and microstructural models can
provide a mechanism for the observed low elastic moduli and its increase to an
equilibrium value upon mechanical loading or heat treatment. Models discussed in the
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next section will attempt to link the observed microstructure to the mechanical behavior
of the nickel specimens.

Figure 4-11: Lattice parameter as a function of heat treatment times for the PED
specimens examined using X-ray microanalysis. Lattice parameter was calculated as the
average value determined from each plane for a specific specimen.

4.2 Mechanistic and Microstructural Modeling

Models of general mechanical behavior can be applied to the results of the tensile,
fatigue, and creep test. Because all of the tests showed reduced elastic moduli, models
that may account for the observed behavior are utilized. The first section briefly explores
the use of various pore morphologies in a porous material on the effects of elastic
modulus and Poisson’s ratio. The second model explored assumed that the low elastic
modulus is due to the presence of microcracks in the grain boundaries and the change
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occurs due to healing processes. The third model is a thermodynamic model using
volume dilation as the basis for the low elastic modulus of the nickel. The model results
are compared to each other and to the nickel microstructure.

4.2.1 Effects of Porosity on Elastic Properties

The presence of pores in a material has an adverse affect on the elastic constants
and strength of the material. Specifically, pores reduce the net load-bearing area of the
material and the pores become stress concentrations [36]. The effect of spherical pores
on the elastic modulus of an isotropic material can be approximated using MacKenzie’s
solution in Equation 4.1:

(

E = E o 1 − 1.9 P + 0.9 P 2

)

4.1

where Eo is the fully dense elastic modulus and P is the porosity volume fraction. The
ratio of this porous elastic modulus to the fully dense elastic modulus is shown in
Figure 4-12. The pore volume fraction required to produce a density of 7.37 g/cm3 from
a material of density 8.76 g/cm3 would be 0.159 using a rule of mixtures approach, and
this value is marked in Figure 4-12 by a dashed vertical line. The density values
represent an average value for 6 specimens. Note that for the volume fraction of porosity
required, the reduction in modulus is only 27.9%, which is almost half of the average
elastic modulus change observed of 51.2%. Additionally, the electrodeposition process is
expected to produce a porosity-free material. Porosity appears to be a poor explanation
for the reduction in elastic modulus of the material.
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Figure 4-12: Effect of porosity on the elastic modulus of an isotropic material with a
cubic crystal structure. The dashed vertical line represents the pore volume fraction
required (0.159) to validate experimental density observations.

Porosity also affects the Poisson’s ratio of a material in accordance with the pore
morphology. Perhaps porosity could explain the anomalously high Poisson’s ratios
observed in the elastic response regime of the nickel tensile specimens. Equation 4.2 and
Equation 4.3 represent the effect of ribbon-shaped pores and needle-shaped pores on the
Poisson’s ratio of an isotropic material with a cubic crystal structure, respectively:
3(1 − 2υ o )(1 + 1.5 P )
1 + 1.1P
− 15υ o + P (8υ o − 5)(υ o + 1)
υ=
− 15 + 4 P(4υ o − 5)(υ o + 1)

υ = 0.5 − 0.5

4.2
4.3
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where ν is the porous Poisson’s ratio, νo is the fully dense Poisson’s ratio, and P is the
pore volume fraction [43]. The effect of spherical pores on the Poisson’s ratio may be
analyzed using Equation 4.4:
:

ν = 0.5 −

3E p
6K p

4.4

where ν is the porous Poisson’s ratio, Ep is the porous elastic modulus calculated from
Equation 4.1, and Kp is the porous bulk modulus. The porous bulk modulus can be
calculated using Equation 4.5 through Equation 4.8:
:
2(1 − 2υ o )(3 − 5 P )(1 − P )
2(3 − 5 P )(1 − 2ν o ) + 3P(1 + ν o )
2(1 − 2ν o )(1 − P )
K p,2 = K o
3(1 − ν o )
1
s=
1 + exp[− 100(P − 0.4)]

K p ,1 = K o

K p = (1 − s )K p ,1 + sK p , 2

4.5
4.6
4.7
4.8

where Kp,1 is the porous bulk modulus for low porosity, Kp,2 is the bulk modulus at high
porosity, Ko is the porosity free bulk modulus, νo is the porosity free Poisson’s ratio, P is
the pore volume fraction, and s is a sigmoidal function [43]. The poisson’s ratio
calculated for ribbon, needle, and spherical pores is plotted in Figure 4-13 as a function
of pore volume fraction. The vertical dashed line represents the pore volume fraction
required for the observed density measurements and is equal to 0.159. A Poisson’s ratio
of 0.31 was assumed for the porosity free material [20].
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Figure 4-13: Poisson’s ratio of an isotropic material with a cubic crystal structure as a
function of pore volume for ribbon, needle, and spherical pores assuming a porosity-free
Poisson’s ratio of 0.31. The vertical dashed line represents the pore volume fraction
required for the observed density measurements and is equal to 0.159.

For an isotropic material with a cubic crystal structure, the Poisson’s ratio
decreases for all three pore morphologies up to a pore volume fraction of 0.4. This pore
volume fraction already exceeds the value that corresponds to the observed as-received
density. Regardless, using these models the maximum Poisson’s ratio obtained is 0.45 at
a pore volume fraction of 1, or when there is no material left in the structure. Porosity in
the specimens can not explain the values of Poisson’s ratio calculated for the DIC strain
measurements, which had values that exceeded 3 in the elastic regime, nor can these
models account for the observed reductions in elastic modulus. Instead, microcracking
and microcrack formation may be a more realistic model for the reduction of elastic
modulus than the pore models explored in this section, as microcracks can account for
greater changes in elastic properties than pores. Microcracking models will be discussed
in detail in the next section.
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4.2.2 Microcracking and Microcrack Cloud Formation

Microcrack formation along the grain boundaries of the material provides a
possible explanation for the initially low modulus of the material. Essentially,
microcracks would be regions devoid of material and would not contribute to the elastic
stiffness of a material but instead decrease the apparent elastic modulus [26]. Depending
on the geometry and orientation of the cracks, the reduction in modulus could be
significant. DIC results suggested the observed initial elastic modulus may be up to only
one-half of the expected bulk value of 200 GPa.
Figure 4-14 compares the reduction in modulus for various crack geometries and
orientations. Because the grains in the nickel thin films are columnar, and therefore
aligned perpendicular to the direction of loading, the cracks that would most likely be
present would be aligned penny or aligned slit cracks. If there were aligned slit cracks at
the grain boundaries, a reduction in elastic modulus of two-thirds would correspond to a
volume percent of microcracks of 21.1%. This volume percent does not necessarily
correspond to a high number density of cracks. For example, if the grains were cuboidal
and there were cracks on two faces of the grain with a thickness of 0.5 Å (one atom
thick), the corresponding volume fraction of cracks in the material would be 0.125.
Features of the fracture surface of the material would reveal if 21.1% volume of cracks
would significantly affect the material response to mechanical loading. Equations 4.9 to
4.13 correspond to the reduction in modulus for the normal to aligned slits, aligned penny

cracks, two-dimensional randomly oriented slits, three-dimensional randomly-oriented
slits, and randomly oriented penny cracks respectively,
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where Eo is the initial elastic modulus, E is the apparent/measured elastic modulus, υo is
the initial Poisson’s ratio, and ε is the microcrack density per cubic meter. The Poisson’s
ratio was assumed to be 0.31 for the analysis of the nickel specimens, and Eo was
assumed to be 200 GPa.
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Figure 4-14: Reduction in elastic modulus due to microcracking for various crack
orientations and geometries [26].

The effects from the presence of microcracking at the grain boundaries would
have been visible in the micrographs from Section 4.1 and Clara Zapata’s thesis. An
example of one of these fracture surfaces is shown in Figure 4-15. The fracture surface
shows that dimple void rupture occurred in the fractured tensile test specimen, indicating
that local plasticity was present during failure. Microcracking would likely create a
brittle fracture surface with no evidence of dimple void rupture. Additionally, if crack
paths are limited to grain boundaries, the fracture surface would indicate intergranular
failure through angular roughness on the fracture surface reminiscent of the grain
morphology. The materials also exhibit high yield and ultimate tensile strengths as
expected, suggesting a very low or nonexistent population of cracks in the grain
boundaries of the material. Healing of the microcracks during fatigue and creep testing is
also a dubious mechanism for the increase in elastic modulus, as the cracks would grow
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during fatigue testing because of Mode I loading conditions and cause premature failure
of the material. The material would not exhibit the stress-strain behavior of Figure 3-3 if
microcracking were present in the material.

Figure 4-15: Fracture surface of a nickel thin film tensile specimen, showing dimpling
but no apparent crack distributions [7].

Several studies have shown that ultra fine-grained metallic thin films, such as
copper, exhibited cyclic softening. However, these thin films were manufactured using
an ECAP procedure that introduced a large volume of defects in the material [12]. In the
nickel films tested and studied in this thesis, the presence of microcracks would constitute
defects in the material. As stated earlier in this section, a two-thirds reduction in modulus
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compared to the equilibrium value would require a 0.21 volume fraction of cracks in the
material. Even a more modest one-third reduction in modulus would require 0.1 volume
fraction of cracks in the material. Such large volume fractions of cracks in the material
would likely cause observable cyclic softening in the material instead of cyclic hardening
as the cracks would grow and dislocations associated with the cracks would redistribute
upon an applied uniaxial force.
Poisson’s ratio was assumed to be constant for all microcrack densities except for
two-dimensionally oriented slit cracks. For this geometry, Poisson’s ratio was found to
be dependent on the transverse elastic modulus and shear modulus as seen in
Equation 4.14:

ν 12 =

(1 + υ 0 )(ET / Eo )
GT / Go

−1

4.14

where ν12 is the transverse Poisson’s ration, νo is the microcrack-free Poisson’s ratio, ET is
the transverse elastic modulus of the cracked solid, Eo is the microcrack-free elastic
modulus, GT is the transverse shear modulus of the cracked solid, and Go is the
microcrack-free shear modulus. Note that as microcrack density increases, the transverse
elastic modulus and shear modulus must decrease, so the transverse Poisson’s ratio must
decrease. Microcracking can not account for the values of Poisson’s ratio above 0.5
observed for the DIC strain analysis of the tensile tested specimens. The next section
details a mechanism that would not require vacuous volume defects, such as cracks, to be
present in the material, nor a large grain boundary area which the theories in Chapter 1
require. The mechanism would also be a strain energy-driven or thermally-driven
process.

109
4.2.3 Volume Dilation

An alternative explanation for the initially low elastic modulus and its increase
towards an equilibrium value is the dilation of material in localized regions in the nickel
films. The model determined the reduction in stiffness for a volumetric expansion of the
crystal lattice at 0 K for cubic crystal stiffness constants C11, C22, C44, and the bulk
modulus. The model was developed and produced for the nickel system studied in this
thesis by Dr. Zi-Kui Liu and his research group at The Pennsylvania State University
[44]. Volume dilation would occur from poorly bonded atoms in the grains as a result
from processing. The dilated bonds would decrease the elastic modulus of the system,
and a thermodynamic analysis of this reduction is shown in Figure 4-16. The amount of
modulus reduction as a function of volume dilation at 0 K is plotted for the bulk modulus
and elastic constants of pure nickel. The elastic modulus was determined from the single
crystal elastic constants and bulk modulus using the formulas from Simmons and Wang
[45].
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Figure 4-16: Volume dilation effects on the elastic constants (C11, C22, C44), bulk
modulus (B), and elastic modulus (E) of pure nickel at 0 K

For a reduction in modulus of two-thirds, the volume of the nickel would have to
dilate 31.0%, which corresponds to a linear expansion of 10.3% in three orthogonal
directions. For an average elastic modulus reduction of 50%, as determined by DIC, the
volume dilation would have to be 19.8%, or an average linear expansion of 6.60% in the
orthogonal directions. During a fatigue test and creep test, a stress-driven process may
cause the poorly bonded atoms to rearrange into a more thermodynamically stable
arrangement and consequently approach the expected elastic modulus of 200 GPa.
Because the samples were tested in uniaxial tension, a tensile strength oriented parallel to
the gauge length would produce compressive strains in the orthogonal direction.
Figure 4-17 illustrates the orientations of the applied strains on the gauge section of the
nickel specimens. The compressive strains would provide strain energy to enable the
atoms to assume equilibrium positions in the crystal lattice. Consequently, there would
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be a reduction in free energy and entropy in the system and would be an irreversible
process, as evident by the permanent increase in elastic modulus observed in Chapter 3.

Figure 4-17: Schematic of strains generated to the force applied to the nickel specimens.
The force in the y-direction generated tensile strains in the x-direction and compressive
strains in the y-direction due to Poisson’s ratio. The compressive strain energy drives the
rearrangement of atoms in the microstructure to equilibrium positions.

The dilated modulus is a result of the elastic modulus from the loosely bonded
atoms and the bonded atoms that are thermodynamically stable. The loosely bonded
atoms would occupy a certain volume fraction of the material, contributing to a low
initial modulus. Once the system has reached equilibrium, the volume fraction of the
loosely bonded atoms should be zero. This volume fraction can be estimated using the
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elastic modulus measurement results from DIC. Table 4-3 summarizes the DIC results
from incremental step tests.

Table 4-3: DIC elastic modulus results for incremental step tests
Test Type

Specimen

Incremental Step
Test

2ed62
1ed80

Initial Elastic
Modulus , E
(GPa)
113
89

Final Elastic
Modulus, E
(GPa)
156
174

In terms of composite, theory, the lower bond of elastic modulus is 89 GPa from
the tensile test for sample 1ed80. The upper bound of elastic modulus, from the
incremental step test sample 1ed80, was 174 GPa. The elastic modulus measured for the
incremental step tests were analyzed for the final block of the test, the same way elastic
modulus was measured from the load-displacement data. Equations 4.15 and 4.16
estimate the fraction of loosely bonded material that must be present in the nickel to
create a low initial elastic modulus using the Veuss and Roigt bounds respectively:
E = V1 E1 + (1 − V1 )E 2
1 V1 (1 − V1 )
=
+
E E1
E2

4.15
4.16

where E1 and E2 are the elastic moduli of dilated and equilibrium materials respectively,
V1and V2 are the volume fractions of dilated and equilibrium materials respectively, and E
is the elastic modulus of the material with regions of dilated and equilibrium material.
Figure 4-18 is a plot of the elastic modulus of the dilated material from the
Veuss-Roigt average as a function of the volume fraction of dilated material. The solid
curve uses the lowest tensile modulus measured from a DIC test for E and the highest
value of the stable modulus for E2. The dashed curve uses the highest tensile modulus
measured from a DIC test for E and the lowest value of the stable modulus for E2. The
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films are oriented with the (220) pole perpendicular to the sample thickness, with some
random variation in orientation. A polycrystalline elastic modulus value of is 200 GPa
will be used for the models as an approximate average value of the elastic moduli of the
(220) slip directions. Assuming a two-thirds initial reduction in modulus (67 GPa) for
comparison to the dilated lattice model from Section 4.2.2, or a volumetric expansion of
17.9 %, the volume fraction of dilated material for the greatest difference in moduli
would be 0.736. In other words, 73.6% of the nickel sample would have to be dilated
material with an elastic modulus of 67 GPa to account for the initially observed elastic
modulus of 89 GPa to have stabilized at 174 GPa. For the smallest difference in moduli,
the volume fraction of dilated material would be 0.415, or 41.5% of dilated material with
a modulus of 67 GPa would account for an initial elastic modulus measurement of 112
GPa in a material that stabilized at 156 GPa. If the bulk elastic modulus of nickel were
used for the modulus reduction instead, the volume fractions for the smallest and greatest
differences in moduli would be 0.778 and 0.575 respectively.
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Figure 4-18: Plot of the elastic modulus of the dilated material required to create the
observed initial low elastic modulus as a result of a specific volume fraction of dilated
material. The solid line corresponds to the largest observed increase in elastic modulus,
and the dashed line corresponds to the smallest observed increase in elastic modulus.

Such a large volume fraction of dilated material should be apparent in the density
measurement of a specimen. The higher the volume fraction of dilated material, the
lower the elastic modulus of the nickel will be. The elastic modulus of the dilated
material is inversely proportional to the separation of the nickel atoms, so dilated regions
of the nickel would have a lower elastic modulus than regions at equilibrium. The
volume reduction seen in the density measurements indicated the as-received material
had an average volume dilation of 18.9% (linear dilation of 6.29%), and the maximum
change in elastic modulus was observed to be an increase of 48.9%. An average volume
dilation of 18.9% would have been achieved through a modulus reduction of 51.6%
according to the volume dilation mode. The average change in elastic modulus observed
for all of the incrementally step tested specimens was 51.7%. Such a reduction in volume
is very similar to the maximum change in modulus observed through DIC for the
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incremental step test specimens. Assuming that the stabilized elastic modulus values
would have been 163 GPa according to Table 4-3, the initial elastic modulus of the
material would have been 78.9 GPa, or 96.8 GPa assuming a stabilized elastic modulus of
200 GPa. These estimated elastic modulus values are based on the assumption that the
entire material is dilated by 18.9%. The average volume expansion required to produce
the observed density measurements corresponded well to the volume dilation model and
the observed reductions in modulus from DIC of the incrementally step tested specimens.
When comparing the focused ion beam images in Figure 4-3, atomic
rearrangement could explain the nucleation of small grains, those with a grain diameter
less than 250 nm. The nucleation of grains was observed qualitatively, as the resolution
of the image was not sufficient to measure grain morphology changes. Regions of dilated
atoms would have more volume free energy than equilibrium regions, so nucleation and
growth of grains of equilibrium material would decrease the free energy of the dilated
region and provide a thermodynamically stable arrangement of atoms. Consequently, the
elastic modulus of the nickel would approach its bulk elastic modulus value because the
atoms would be in equilibrium positions, increasing the stiffness of the atomic bonds and
the elastic modulus of the nickel.

4.3 Chapter Summary

Various techniques were utilized to observe the microstructure of the nickel.
Optical micrography confirmed that the film was textured with columnar grains
perpendicular to the surface of the film, while a few grains were not preferentially
oriented. FIB observations included the presence of twins in the microstructure and a
bimodal distribution of grain sizes. Qualitatively, after heat treatment and incremental
step testing recrystallization of grains occurred within the microstructure, suggesting
atomic rearrangement. X-ray diffraction determined that the film had a (220111)
orientation and that there were no detectable changes in grain size or orientation. Lattice
parameter was observed to decrease slightly with increasing heat treatment time up to 1
hour at 100 °C.
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Density measurements of the nickel showed an 18.9% decrease in volume after an
hour of heat treatment at 100°C and 25 %RH. A change in a physical property such as
density implied atomic rearrangement in the material to equilibrium positions. The
proposed theory of microcracks in the material failed to provide a mechanism or driving
force for this atomic rearrangement. However, dilated material distributed throughout the
microstructure would account for an initially low observed elastic modulus (between 80115 GPa) that approached the bulk elastic modulus value (150-160GPa) after heat
treatment or incremental step testing. Thermal or strain energy would allow the atoms to
rearrange from a higher energy, dilated arrangement to a lower energy equilibrium
arrangement. For the modulus changes observed through DIC, the average lattice
dilation required would be a linear expansion of 6.29%, which is close to the theoretical
linear expansion of 6.60% for an elastic modulus reduction of 50%.

117

Chapter 5
Conclusions and Future Work

This chapter will briefly summarize the experimental results in Chapter 3 and the
conclusions from each test configurations. A summary of the general conclusions from
all of the experimental results is listed at the end of Section 5.1. The next section
discusses research avenues for future work in utilizing the unique mechanical properties
of thin films that exhibit low elastic moduli and how the effect may be utilized to tailor
the elastic modulus of electrodeposited thin films.

5.1 Conclusions

The variety of test configurations, coupled with the use of DIC, provided insight
into the mechanical properties of micrograined and nanograined nickel thin films.
Through the use of incremental step fatigue tests and digital image correlation, the initial
elastic modulus of the films was discovered to be less than the expected polycrystalline
aggregate property’s value, sometimes less than 50% of the bulk material elastic
modulus. Low elastic moduli have been reported for nanocrystalline materials with an
average grain boundary less than 50 nm. However, the fact that microcrystalline nickel
thin films not only exhibit a low elastic modulus but also have a more pronounced
increase in elastic modulus compared to the bulk polycrystalline value than nanograined
nickel has not been found in previous literature. Existing theories of low elastic moduli
were inadequate in explaining the elastic modulus behavior of micrograined
electrodeposited nickel thin films.
DIC was invaluable in determining the mechanical behavior response that would
not be possible with conventional strain gauges or cross head displacement for these
nickel specimens. Poisson’s ratio was found to be much greater than the elastic limit of

118
0.5, up to a value of 3.4, but decreased to a stable value around 0.5 after yield strength.
The material was assumed to recover as elastic strain was applied, resulting in an
accumulated volume change of -17.0%. This volume change was supported by density
measurements of an 18.9% volume decrease after heat treatment.
Constant amplitude fatigue testing and creep testing illuminated the cyclic or
time dependence of elastic modulus and effects of applied constant stress amplitude. An
increase in elastic modulus occurred within seconds for the constant amplitude fatigue
tests, with a low stress amplitude resulting in a smaller change in modulus than the high
stress amplitude tests. There was even a change in elastic behavior under load and
displacement control 24 hour creep tests as measured from the unloading curve. A creep
test in force control with periodic unloading every 15 minutes matched the results of all
of the fatigue tests and the creep tests, with any changes occurring in elastic modulus
during the first 15 minute period.
Other analyses were utilized to determine the origination of the low elastic
modulus and its evolution under applied stress. Heat treatment of samples with
subsequent fatigue testing demonstrated than introduction of energy into the system, the
elastic modulus changes during fatigue testing are minimized because the system has a
starting elastic modulus close to the expected bulk value. Ion contrast imaging of the
microstructure suggests an increase in grain boundary density. This increase in grain
boundary density could be caused by the formation of grain boundaries due to
rearrangement of atoms into more thermodynamically favorable positions with the
introduction of free energy into the system. X-ray analyses confirmed that grain
reorientation and grain growth were not present in the nickel after heat treatment or
mechanical loading and could not account for low elastic moduli or changes in elastic
moduli.
Density measurements of the nickel indicated a change in elastic modulus similar
to the average change exhibited by the PED incrementally step tested specimens. When
compared to the volume dilation model, the average linear expansion of the density
specimens was 6.29% compared to a value of 6.60% needed for an elastic modulus
change of 50%. These measurements show that the nickel thin films are metastable and
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driven towards equilibrium through elastic strain energy or thermal energy. To
summarize the conclusions of this thesis:
•

Nanograined and micrograined thin film electrodeposited nickel had a
lower elastic modulus than bulk polycrystalline nickel

•

The change in elastic modulus is a elastic strain energy-driven process and
not time- or cycle-dependent

•

The mechanism for this change in elastic modulus is likely due to
aggregrates of loosely bonded atoms in the microstructure resulting from
the electrodeposition process

•

The mechanism for elastic modulus changes in microcrystalline thin film
nickel is different than the mechanism reported for nanocrystalline
material and, in fact, results in a greater elastic modulus change than the
mechanisms for nanocrystalline nickel

•

Poisson’s ratio analysis indicated inelastic volume changes that would
result in volume contraction in the observed elastic response regime of the
specimens

•

Density measurements and comparison to the dilated volume model
indicated that there was atomic rearrangement from dilated positions to
equilibrium positions after heat treatment at 100°C for one hour in 25%
RH

5.2 Future Work

The fact that the nanograined and micrograined nickel thin film specimens all
exhibited a low initial elastic modulus that equilibrated under applied stress or thermal
energy may be used to tailor the mechanical properties of thin films when electrodeposited. The effect of the many deposition parameters used for electrodeposition,
particularly pulse electrodeposition, on the elastic modulus of the material may be
investigated for tailoring of the elastic modulus. The process of pulse electrodeposition is
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complicated and small changes in parameters have significant effects on the microstructure. Understanding of the effects of these parameters is needed for controlled
mechanical properties. Additionally, the effect of other loading configurations, such as
biaxial tension or compression, on the elastic modulus of these materials could also be
explored to provide a more comprehensive understanding of the mechanical behavior of
electrodeposited thin film nickel. Understanding the mechanical behavior of these
materials is vital for their use in microelectromechanical systems.
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Appendix A
Testing Protocols
Mechanical Behavior of PED Nickel Films

General Protocol for All Mechanical Tests:
Reporting
•
•

Dimensions – using calibrated camera image
Specimen preparation

Instron Instructions
1. Warm up machine (turn on in proper order)


Turn on main switch, control boxes, and computer

2. Open Instron5848.vi and run
3. Pre-test setup
•

Calibration:
•

Press Calibrate in the Transducer Actions box to calibrate the

load cell (only if machine has been turned on, not before
every test)
•

Loop Shaping: Loop Tuning Tool = only necessary for new materials and
geometries (access through 5800 console by right-clicking on the load
transducer icon)

•

Limits:
•

Extension Limits = once gauge length is reset use:
1. Upper Transducer Limit = 1 mm
a. Make sure grips DO NOT TOUCH
2. Lower Transducer Limit = -1 mm

•

Load Limits
1. Upper Transducer Limit = 10 N
a. Action = STOP
2. Lower Transducer Limit = -10 N
a. Action = STOP

4. Place specimen between grips using tweezers with the deposition side facing the
camera
5. Balance Load by pressing Balance in the Transducer Actions box (sets load to zero)
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6. Turn on Specimen Protect
•

Threshold = 1 N (check this number EVERY time)

•

Gain = 0.02

7. Add a preload by pressing the Setpoint button
•

While specimen protect is activated, remain in position control

•

Enter a position value and press Begin Setpoint to move the crosshead.

Press the button again to stop movement. Values can be adjusted
while Begin Setpoint is pressed.
DO NOT USE SETPOINT IN LOAD CONTROL UNLESS THERE IS A
LOAD ON THE SAMPLE
8. Remove Specimen Protect (will also be removed automatically by the program once
a test has begun)
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Experimental Protocol for Tensile Testing:
1. Press the Single Ramp button and enter the appropriate test parameters and

copy the values to laboratory notebook
•

Sample Parameters (setting up test)
o

Control Channel

o

Ramp Amplitude

o

Ramp Rate

o

If Enable Changover is selected:


Changeover threshold



New ramp rate

2. No cycle limit is implemented for a single ramp
3. Enter the number of points per cycle you wish to capture data (default is 50)
4. For capturing images, see the Image Acquisition Protocol
5. Press Start Data Collection Ramp
•

Choose a directory and file name

6. Press the Abort button to prematurely end a test
Reporting Data
From INSTRON data:
•

Control channel

•

Ramp amplitude

•

Ramp rate

•

If Enable Changeover was selected:
o

•

New ramp rate

Data columns for: Position, Force, Elapsed Segment, Time

Calculated data:
•

Yield strength, σy

•

Tensile strength, σult

•

Strain to failure, εf

•

Elastic modulus

•

Elastic and plastic strain
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Experimental Protocol for Fatigue Testing:
1. Press the Fatigue Test button and enter the appropriate test parameters and

copy the values to laboratory notebook
•

Sample Parameters (setting up test)
o

Control Channel

o

Ramp Rate

o

Maximum Load

o

Force Ratio

o

Value to set for incremental step fatigue test:


Check Incremental Step Test option to enable this type of test



Enter the number of steps per block

2. Enter a cycle limit
•

This limit will correspond to the number of blocks of testing for an
incremental step test

3. Enter the number of points per cycle you wish to capture data (default is 50)
4. For capturing images, see the Image Acquisition Protocol
5. Press Start Data Collection Ramp
•

Choose a directory and file name

6. Press the Abort button to prematurely end a test
Reporting Data
From INSTRON data:
•

Control channel

•

Ramp rate

•

Maximum load

•

Force ratio

•

Incremental step test:

•

o

Number of blocks

o

Steps per block

Data columns for: Position, Force, Elapsed Segment, Time

Calculated data:
•

Maximums and minimum stress, σ

•

Maximum and minimum strain, ε
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•

Elastic modulus

•

Elastic and plastic strain
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Experimental Protocol for Creep Testing:
1. Press the Trapezoidal Ramp button and enter the appropriate test parameters

and copy the values to laboratory notebook
•

Sample Parameters (setting up test)
o

Control Channel

o

First ramp amplitude

o

First ramp rate

o

First hold period time

o

Second ramp ampltitude

o

Second ramp rate

o

Second hold period time

2. Enter a ramp segment limit
3. Enter the number of points per cycle you wish to capture data (default is 50)
4. For capturing images, see the Image Acquisition Protocol
5. Press Start Data Collection Ramp
•

Choose a directory and file name

6. Press the Abort button to prematurely end a test
Reporting Data
From INSTRON data:
•

Control channel

•

First ramp amplitude

•

First ramp rate

•

First hold period time

•

Second ramp amplitude

•

Second ramp rate

•

Second hold period time

•

Data columns for: Position, Force, Elapsed Segment, Time

Calculated data:
•

Applied stress, σ

•

Strain, ε

•

Strain rate, Δε/Δt

•

Elastic modulus
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Image Acquisition

Experimental Protocol for Image Acquisition:
1. Make sure the Pulnix 9701 camera is not in asynchronous or interlaced mode
2. Open IMAQ.vi and run
3. Pre-test setup
•

Enter the number of buffers to allocate during acquisition. Higher buffer
count correlates to a lower chance of losing a frame during capture

•

Enter the skipcount (number of frames to skip before acquiring the next
frame)

4. Pressing Grab will show a live video capture of the specimen and enable

manual manipulation of the linear actuators
5. Press Focus to focus the camera (will open in a separate window)
•

The top image is the live image capture of the specimen.

•

The bottom image shows the image being used to determine the highest
contrast and focus

•

The chart shows the current contrast of the image. The higher this value, the
more focused the image

•

Focusing can be done manually or automatically using an algorithm to
determine the actuator position corresponding to maximum edge contrast

6. Choose whether to acquire a movie or image sequence
7. Press Acquire Images
8. Choose a file name to save the images (sequence files will end in a number e.g.
image_0001.bmp, image_0002.bmp, etc.)
9. Switch to Instron5848.vi to setup and begin mechanical testing
10. Switching between a movie and image sequence
•

Choose To Image Sequence to convert a move to an image sequence

•

Choose the movie file you wish to convert

•

Choose To Movie to separate a movie into an image sequence

•

Choose the image files in the sequence you wish to write to a movie

•

Press Extract Images
•

The new file will contain the same name prefix as the original
file it was converted from and in the same folder as a default

Appendix B
Labview Code

Labview virtual instruments (vi) were created to control the camera, the Instron
5848 microtester, and collect the data from the 5800 console. Figure B-1 is the front
panel of the image acquisition vi. This program was used to set up an image acquisition
and acquired images during testing. The images were acquired as separate image files or
as a video (avi) file with each frame corresponding to an acquired image. Another vi was
created to set up specific test types, such as a single ramp for tensile testing, and display
and collect data to a text file with header information about the test parameters used and
the data source for each column of data. The front panel is shown in Figure B-2.

Figure B-1: Image acquisition vi front panel. This program was used to acquire images
during mechanical testing and save the images to the computer hard drive.
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Figure B-2: Front panel of the Labview vi responsible for setting up a specific mechanical
test and then collect the data and store it in a text file.

