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ABSTRACT

In this work we investigate the mechanical properties of nanocrystalline Ni
and Ni solid solutions made by both traditional fabrication methods (through a
literature review) and by a newly developed chemical-derivation method (through
experimental characterization and nanoindentaiton testing). Chapter 1 consists of
a review of the current literature on nanocrystalline Ni. It focuses specifically on
how the grain size of these materials is related to hardness through the Hall-Petch
relationship and at grain sizes past the Hall-Petch breakdown. Given the number
of apparent deviations from the Hall-Petch relationship found in the literature, in
Chapter 2 we consider factors other than grain size which can impact hardness,
including additives, annealing, and texture. Chapter 3 provides a description of
our own experimental methods and results, including sample fabrication, grain size
measurement, and nanoindentation. The hardness and reduced modulus of our
nanocrystalline Ni samples are calculated to be 56 MPa and 1.76 GPa, respectively.
These values are very low compared to what is described in the literature. Chapter 4
presents models for the hardness and Young’s modulus of nanocrystalline materials
as functions of porosity, impurity content, and other factors which might cause
anomalously low values. However, we find that these models are unable to account
for the values we have observed. Chapter 5 includes a discussion of future work
which should be done in order to better understand the deformation occuring in
chemically-derived nanocrystalline Ni and how it differs from what is described in
the literature.



iv

TABLE OF CONTENTS

Acknowledgements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ii
Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . iii
Table of Contents . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . iv
List of Illustrations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . v
List of Tables . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vi
Chapter I: Introduction to Nanocrystalline Materials, The Hall-Petch Effect,

and The Hall-Petch Breakdown . . . . . . . . . . . . . . . . . . . . . . . 1
1.1 The Hall-Petch Effect . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Breakdown of the Hall-Petch Effect . . . . . . . . . . . . . . . . . . 2
1.3 Nanocrystalline Ni . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

Chapter II: Factors Other Than Grain Size Controlling the Hardness of
Nanocrystalline Ni: Additives, Annealing, and Texture . . . . . . . . . . 8
2.1 Additives to Nanocrystalline Ni . . . . . . . . . . . . . . . . . . . . 8
2.2 Annealing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
2.3 Texture . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
2.4 Case Studies for Specific Grain Sizes . . . . . . . . . . . . . . . . . 16

Chapter III: Fabrication, SEM Characterization, and Nanoindentation of Ni
Films . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
3.1 Fabrication of Ni Films . . . . . . . . . . . . . . . . . . . . . . . . 18
3.2 Resulting Microstructure . . . . . . . . . . . . . . . . . . . . . . . . 18
3.3 Nanoindentation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

Chapter IV: Modeling Modulus and Hardness of Nanocrystalline Ni as a
Function of Grain Size and Porosity . . . . . . . . . . . . . . . . . . . . 23
4.1 Models for Modulus Dependence on Grain Size and Porosity . . . . 23
4.2 Models for Hardness and Yield Stress Correlation with Grain Size

and Porosity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
Chapter V: Summary, Conclusions, and Future Directions . . . . . . . . . . . 31
Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33



v

LIST OF ILLUSTRATIONS

Number Page
1.1 Comparison of microcrystalline and nanocrystalline materials. . . . . 3
1.2 Hall-Petch plot for nanocrystalline Ni. . . . . . . . . . . . . . . . . . 6
1.3 Hardness versus grain size for Ni on a log-log plot. . . . . . . . . . . 7
2.1 Phase diagram for Ni-W system. . . . . . . . . . . . . . . . . . . . . 9
2.2 Hardness for Ni-W samples for different W contents . . . . . . . . . 11
2.3 Young’s Modulus for Ni-W samples for different W contents . . . . . 12
2.4 Hall-Petch plot for Ni and Ni-W. . . . . . . . . . . . . . . . . . . . . 13
2.5 Hall-Petch plot for annealed and unannealed nanocrystalline Ni-W. . . 15
2.6 Hardness vs. annealing temperature for nanocrystalline Ni-W. . . . . 17
3.1 SEM images of nanocrystalline Ni films. . . . . . . . . . . . . . . . 19
3.2 Counts of grains of different diameter ranges . . . . . . . . . . . . . 20
3.3 Force vs. displacement during nanoindentation of Sample 2. . . . . . 21
4.1 Predicted dependence of Young’s modulus on grain size for fully-

dense nanocrystalline Ni. . . . . . . . . . . . . . . . . . . . . . . . . 24
4.2 Predicted dependence of Young’s modulus on porosity. . . . . . . . . 25
4.3 Combined model for dependence of Young’s modulus on grain size

and porosity. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
4.4 Predicted hardness as a function of porosity . . . . . . . . . . . . . . 28
4.5 Grain size dependence of flow stress for different levels of porosity . 29



vi

LIST OF TABLES

Number Page
1.1 Values for kH and σ0H from individual datasets. . . . . . . . . . . . 5



1

C h a p t e r 1

INTRODUCTION TO NANOCRYSTALLINE MATERIALS, THE
HALL-PETCH EFFECT, AND THE HALL-PETCH

BREAKDOWN

Most crystalline solids are not a single monolithic crystal, but are instead com-
posed of many smaller crystallites which vary in size and orientation. These crystal-
lites are called grains, and the interfaces between them are called grain boundaries.
Conventional coarse-grained materials typically have grains with average diameters
between 10 and 300 µm. However, the observation that materials with smaller
grains have many desirable properties, has lead to interest in ultra-fine grained and
nanocrystalline materials. Ultra-fine grain size is typically defined as 500 nm to 1
µm, and materials are typically considered nanocrystalline if they have grain sizes
between 1 and 500 nm. Nanocrystalline materials can have many advantageous me-
chanical properties including increased strength and hardness, increased toughness,
decreased elastic modulus and ductility, high diffusivity, increased heat capacity,
and superior soft magnetic properties [1]. Because of these desirable properties,
there has been much interest in nanocrystalline materials both for their potential
structural applications and for what can be learned about how fundamental material
deformation mechanisms change at small scales.

1.1 The Hall-Petch Effect
It has long been known that the strength of a material increases with decreasing

grain size. In the early 1950s Hall and Petch showed empirically that the yield point
of steels was related to their grain size, d, following the now well-known Hall-Petch
relationship:

σy = σ0 + kd−1/2 (1.1)

whereσ0 and k are material-dependent constants [2, 3]. Since then, this relationship
has been shown to apply to yield stress, flow stress, and hardness of many metals
and alloys [4].

Many authors have offered rationales for the mathematical expression of the
Hall-Petch relationship. Most models treat the terms σ0 and kd−1/2 separately;
kd−1/2 is assumed to represent the grain size strengthening physicswhileσ0 accounts
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for strength unrelated to grain size. According to the model suggested by Hall and
Petch, in bulk polycrystalline materials, plastic deformation occurs by the glide
of lattice dislocations and their piling up against grain boundaries. Furthermore,
macroscopic yielding occurs when dislocations are emitted into adjacent grains.
The total length of a dislocation pile-up is limited by the grain size. Decreasing
grain size limits the number of dislocations which can pile-up in each grain, which
also limits the stress at the head of the pile-up, and thus higher stresses are required
for plastic deformation to occur [2, 3]. There are many variations of Hall and Petch’s
pile-up model which all predict a grain size-strengthening relationship of the form

σ = σ0 + βGb1/2d−1/2 (1.2)

where b is the magnitude of the Burger’s vector, G is the shear modulus, and β is a
constant (β ≈ 0.18 on average for FCC metals like Ni) [4].

However, there is no direct evidence which relates dislocation pile-up length
to grain size, and the pile-up model fails to account for k dependence on grain
boundary structure and chemistry. This has led other authors to develop work-
hardening models based on the idea that grain boundaries influence dislocation
density which then affects flow stress:

σ = σ0 + αGb
√
ρ (1.3)

where α is a material dependent constant. For a more extensive summary and
discussion of the various models which have been used to explain the Hall-Petch
relationship see Cordero et al.’s review [4].

1.2 Breakdown of the Hall-Petch Effect
As the grain size of amaterial decreases, grain boundaries become an increasing

fraction of the overall volume compared to grains. If we assume that grains have a
cubic or spherical shape, the volume fraction of grain boundaries can be estimated
as 3∆/d where ∆ is the thickness of the grain boundaries and d is the grain diameter
[1]. Assuming a grain boundary thickness of 1 nm, for 100 nm grains, the volume
fraction of grain boundaries is around 3%. For 5 nm grains the volume fraction of
grain boundaries is approximately 50%, which is remarkably higher. Furthermore,
the number of dislocations which can fit in a single grain decreases, and at small
enough grain sizes grains can no longer fit multiple dislocations. This has significant
implications for the mechanical properties of nanocrystalline materials. The Hall-
Petch relationship has generally been found to hold for materials until they reach
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a grain size of d ∼ 20 nm. Below this grain size, the fundamental deformation
mechanisms begin to change, and either a plateau or decrease in strength has been
observed with further decreasing grain size [1].

Figure 1.1: Comparison of microcrystalline and nanocrystalline materials. Com-
parison of dislocation pile-ups in (a) a microscale grain and (b) a nanoscale grain
which can no longer fit multiple dislocations. Comparison of number of atoms in the
grains and grain boundaries for (c)microcrystallinematerials and (d) nanocrystalline
materials. Figures not drawn to scale.

The exactmechanisms of plastic deformationwhich replace dislocation pile-ups
in nanocrystallinemetals are still debated, but contenders are grain boundary sliding,
rotation, migration, and dislocation absorption and emission at grain boundaries [1].
More generally, there appear to be multiple deformation mechanisms which occur
and can dominate deformation in materials with very small grain sizes. In some
cases plasticity is dislocation-mediated and in others it is grain boundary-mediated.
For example, Kumar et al. investigated the deformation of electrodeposited, fully
dense, nanocrystallineNiwith a grain size of∼ 30 nmby (1) tensile testing in situ in a
transmission electron microscope (TEM) (2) TEM characterization of samples post-
deformation by compression and nanoindentation [5]. They found that deformation
was dominated by dislocation-mediated plasticity. They observed that deformation
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startedwith the emission of dislocations at grain boundaries, followed by the creation
and growth of voids at grain boundaries and triple junctions due to intergranular slip
and grain boundary sliding. These voids then acted as nucleation sites for dimples
which lead to fracture [5]. However, Shan et al. found contrasting results with in-
situ TEM studies of nanocrystalline Ni with a grain size of 10 nm [6]. They found
that deformation was dominated by grain boundary mediated processes, particularly
grain rotation leading to the formation of grain agglomerates. Nevertheless Shan
et al. also found trapped lattice dislocations in grains post-deformation, indicating
that there is still some dislocation-mediated deoformation [6].

Besides experimental work, a number of molecular dynamics (MD) simula-
tion studies have helped to elucidate the mechanical properties and deformation of
nanocrystaline materials. These simulations generally show that for materials with
grains larger than 10-12 nm, plasticity occurs my a mixture of inter- and intra-grain
deformation mechanisms, where the intra-grain deformation mechanisms take the
form of dislocations propagating through grains and being nucleated/annihlated at
grain boundaries. Below a critical grain size, inter-grain deformation mechanisms
become dominant [7]. Futhermore, in materials with grain sizes less than 30 nm,
only partial dislocations are observed [7]. However, there are many limitations
to MD simulations. For one, they must be done using high strain rates ( 107 -
109/s). Additionally, they are sensitive to the chosen grain boundary structure,
which could dramatically vary with the addition of impurities commonly introduced
by experimental fabrication methods [8]. In a review of MD simulation work on
nanocrystalline materials, Derlet et al. concluded the only meaningful information
which can be drawn from these simulations is determining the atomic processes
taking place during deformation [7].

1.3 Nanocrystalline Ni
Nanocrystalline Ni is one of the most widely studied nanocrystalline metals. In

a survey of literature data for the yield stress and hardness of Ni across a large range
of grain sizes (d = 10 nm – 460 µm), Cordero et al. found that for the aggregated
data the Hall-Petch slope was k = 7.3 GPanm1/2 with an intercept σ0 = 0.08 GPa
[4]. For Ni, Gb1/2 = 38 GPAmn1/2, so k/Gb1/2 = 0.2 as with most FCC metals.
We have aggregated hardness data specifically for nanocrystalline Ni (d = 3 - 660
nm). The data are shown on a Hall-Petch plot in Figure 1.2. In order to compare
out results to Cordero et al., we can multiply the k and σ0 values Cordero et al.
found by a Tabor factor of 3. Doing this we get kH = 22 GPanm1/2 and σ0H = 0.24
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GPa. From our aggregated data we found kH = 16 GPanm1/2 and σ0H = 1.7 GPa
by fitting the data for which d > 20 nm. For grain sizes below 20 nm, one can see
the start of a plateau in hardness with respect to d−1/2. The discrepancy in values
could come from the testing method and the assumption that Tabor’s relationship
is valid (H = 3σy). Other studies which specifically looked at hardness values
for nanocrystalline Ni have found Hall-Petch slopes kH = 15 GPanm1/2 closer to
what we found [9]. Table 1.1 shows values for kH and σ0H from individual datasets.
There is significant variation in values, indicating that these values are very sensitive
to sample type and experimental methods. In the next chapter we will discuss some
of the factors other than grain size which can impact the hardness of nanocrystalline
metals.

Figure 1.2 shows the same aggregated data as Figure 1.1 but plotted on a log-log
plot. The fitted line has a slope of -0.31, while we would expect a slope of -1/2 if
the Hall-Petch relationship is strictly followed. Cordero et al. found similar results,
specifically an exponent of -0.39 for Ni, as well as exponents ranging from -0.03
for Hf to -0.95 for W [4]. There is still more work to be done in determining the
generality of the exponent in the Hall-Petch relationship.

kH σ0H Reference
22 0.24 [4]
22.5 0.551 [11]
17.2 2.33 [12]
21.2 1.76 [13]
16.6 1.66 [14]
22.6 1.59 [15]
16.0 2.09 [16]
19.3 1.82 [17]
14.8 3.77 [18]
17.5 1.56 [19]
17.7 0.868 [23]
16 1.7 Aggregated Data

Table 1.1: Values for kH and σ0H from individual datasets.
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Figure 1.2: Hall-Petch plot for nanocrystalline Ni. The fitted line is H = 1.7 +
16d−1/2. Data are from [10–22].
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Figure 1.3: Hardness versus grain size for Ni on a log-log plot. Data are from
[10–22].
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C h a p t e r 2

FACTORS OTHER THAN GRAIN SIZE CONTROLLING THE
HARDNESS OF NANOCRYSTALLINE NI: ADDITIVES,

ANNEALING, AND TEXTURE

In the last chapter we discussed the dependence of the hardness of materials,
both coarse-grained and nanocrystalline, on grain-size. In this chapter we review
other factors which affect the hardness of nanocrystalline materials and can lead
to deviations from the Hall-Petch relation. These factors include alloying or solid-
solution addition of other elements, annealing, and texture.

2.1 Additives to Nanocrystalline Ni
There are several elements which are commonly used as additives for nanocrys-

talline Ni. These additives include but are not limited to Co [24], Fe, Cu [15], and
P [25, 26]. However, by far the most common additive for nanocrystalline Ni is W
[27–31].

Much of the interest in using W as an additive comes from the discovery that
W addition can be used to tune the grain size of nanocrystalline Ni and to achieve
smaller grain sizes (∼2 nm) compared to what is possible with pure metals like Ni
(∼20 nm) [32]. In a single-component system like pure Ni, there is a positive grain
boundary energy, so the system can lower its free energy by reducing the volume of
grain boundaries or equivalently by increasing the grain size. Thus, it is non-trivial
to fabricate nanocrystalline materials as they are inherently unstable with respect to
grain growth. However, in a two-component system, the free-energy of the system
can be lowered by segregating one component to the grain boundaries. If the energy
reduction for segregation is high enough, the grain boundary energy will equal zero
at an equilibrium grain size, leaving no driving force for grain growth and allowing
nanocrystalline materials to be accessed in an equilibrium state. Detor and Schuh
were able to fabricate Ni-W samples with compositions ranging from 1.2 to 26.5
at% W by electrodeposition [32]. This ability to tune the W content also allowed
them to tune the grain sizes between 2 and 140 nm, with higherW content producing
smaller grains.

It should be noted here that Detor and Schuh only observed FCC Ni-rich solid
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solutions, even for W contents of 26.5 at%, while the equilibrium phase diagram
for Ni-W indicates a solubility limit of 12 at%. The phase diagram for Ni-W is
shown in Figure 2.5 [35]. While this might seem to indicate that the samples with
high W content are not at equilibrium and unstable, this is simply another result
of grain boundary segregation. Atom probe tomography experiments have shown
that for Ni-W with d = 16 nm and d = 28 nm, the grain-boundary (grain-interior)
compositions were 27 (19) and 23 (14) at.% W, respectively [33]. Thus, the
compositions of the grain interiors are much closer to the solubility limit expected
from the phase diagram. Furthermore, while W content is intimately linked to grain
size, the excess W content in the grain boundaries compared to the grain interiors is
relatively independent of grain size. For Ni-W with grain sizes ranging from d = 3
nm to d = 28 nm, the excess W-content in the grain boundaries is relatively constant
at 4-8 at.% W [33, 34]. Similar tuning of grain sizes has been done with P content
in Ni. However, P has much lower solubility in Ni than W, which limits its tuning
ability to very fine grain sizes. Liu and Kirchheim were able to tune between 2 and
9 nm with compositions of 3 - 13 at.% P [26].

Figure 2.1: Phase diagram for Ni-W system. Reproduced from [35].

While the purpose of using W as an additive may be to allow for finer control
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of grain size, W addition has other affects on the mechanical properties of nanocrys-
talline Ni. Figure 2.4 shows a Hall-Petch plot for both nanocrystalline Ni and
Ni-W. From Figure 2.4 it is apparent that Ni-W solid solutions typically have higher
hardness compared to Ni. The most obvious explanation for this is solid solution
hardening; the large W atoms in the Ni lattice create a stress field which impedes
dislocation motion. However, Schuh et al. have pointed out that the solid solution
hardening affect of adding W to Ni is expected to increase the hardness by about
40 MPa, which is very small compared to the hardness of pure nancrystalline Ni at
around 7 GPa [30]. While the model Schuh et al. used to obtain this estimate for the
increase in hardness did not explicitly account for dislocation emission from grain
boundaries or W segregation to the grain boundaries, it should give a reasonable
order of magnitude estimate [30]. Initially, Schuh et al. attributed the increased
hardness of nanocrystalline Ni-W to the fact that W addition produces finer grain
sizes [30]. However, the data in Figure 2.4 suggest that Ni-W has a higher hardness
than Ni even at the same grain size. Furthermore, this increase in magnitude ap-
pears to be on the order of GPa’s rather than tens of MPa’s. In a more recent paper
Schuh and colleagues demonstrate a technique to fabricate Ni-W solid solution with
different concentrations of W but holding the grain size constant at d = 20 nm
[36]. They found that W addition does indeed increase hardness independently of
the refinement of grain size. This is in agreement with data we have collected from
the literature shown in Figure 2.4. Their explanation was that in addition to tradi-
tional solid solution hardening, the addition of solutes to nanocrystalline materials
affects the global properties, including shear modulus and burgers vector, without
affecting the primary deformation mechanism [36]. Other possible experimental
factors contributing to this increase in hardness could be that nanocrystalline Ni-W
samples might tend to be textured differently or have differently shaped grains than
nanocrystalline Ni samples.

Given that W composition is generally intimately linked to grain size in elec-
trodeposited nanocrystalline Ni-W and that hardness is dependent on grain size, it
is difficult to determine if hardness is affected by W addition from a survey of the
literature. However, by sputtering Ni-W, Rupert et al. were able to acheive Ni-W
samples with a composition range of 0-20 at.%W all for the same grain size d = 20
nm [36]. Their data is shown in Figure 2.2 and Figure 2.3. Both hardness and
Young’s modulus increase with increasing W content indepent of the effect on grain
size.
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Figure 2.2: Hardness for Ni-W samples for different W contents. Data are from
[36].

Another change in mechanical properties caused by W addition to nanocrys-
talline Ni is the shift of the grain size at which the Hall-Petch breakdown begins
to occur to smaller grain sizes. Although it can be harder to see the Hall Petch
breakdown with pure nanocrystalline Ni due to the instability of very fine Ni grains,
the aggregated data in Figure 2.4 suggest that for Ni the Hall-Petch relation breaks
down at a grain size of ∼13-25 nm while for nanocrystalline Ni-W this break down
occurs at smaller grain sizes, ∼8-12 nm. This decrease in “inflection grain size”
requires that W addition suppresses deformation at very fine grain sizes.

Although there is still significant debate surrounding the mechanisms for the
breakdown of the Hall-Petch effect (see Chapter 1), Schuh & Nieh have provided
a model for how W addition could suppress diffusive deformation mechanisms
[23]. For a solid solution under steady state conditions the solution components
must redistribute during deformation to maintain chemical homogeneity. Therefore,
the deformation is controlled by the diffusivities of both components. Following
Schuh & Nieh, assuming a steady-state Coble-creep deformation mechanism, the
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Figure 2.3: Hardness for Ni-W samples for different W contents. Data are from
[36].

inflection grain size for a concentration of substitutional element (in this case W)
can be estimated as:

dNi−W

dNi
=

[
DW

DNi
(1 − c) + c

]2/7
(2.1)

where d is the inflection grain size and D is the grain boundary diffusivity. For
a deformation mechanism where diffusion occurs predominantly within the grains
like Nabarro-Herring creep, the exponent would be 2/5 [23]. There are no reported
values for DW and DNi, but W is much larger than Ni with an atomic radius of 210
pm compared to 163 pm for Ni. Consequently, at room temperature, the diffusivity
of W in Ni is smaller than the self-diffusivity of Ni by a factor of 10−15. Therefore,
Schuh & Nieh assume

DW

DNi
≈ 0→

dNi−W

dNi
≈ c2/7 (2.2)

Thus, for a W concentration of c = 0.26 we would expect dNi−W

dNi
= 0.68. For

c = 0.12 we would expect dNi−W

dNi
= 0.55. If, based on the data in Figure 2.4, we

take dNi−W = 10 nm and dNi = 18 nm, we get dNi−W

dNi
= 0.56, in good agreement

with this estimate.
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Figure 2.4: Hall-Petch plot for Ni and Ni-W. The fitted line (H = 18.9x + 1.65)
represents the Hall-Petch relation. Data are from [10–20, 22, 27–31].

2.2 Annealing
It has been reported by many studies that as-prepared nanocrystalline metals

have nonequilibrium grain boundaries which contain dislocations, excess free vol-
ume, and misfit regoins [37–39]. It has also been shown that annealing relaxes these
nonequilibrium grain boundaries, which become more ordered and are eliminated
of excess defects [37, 40]. This process is called grain boundary relaxation. Fig-
ure 2.5 shows data collected from the literature for both unannealed and annealed
nanocrystalline Ni-W. It is clear that annealing increases hardness for Ni-W. The
mechanism for this increase in hardness with annealing is generally thought to be
grain boundary relaxation.

Ni-W is thermally stable below ∼500◦C. Above this temperature, grain growth
begins to occur, but ultrafine grain structures are kept up to a temperature of ∼900◦C
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[41]. All of the annealed data included in Figure 2.5 is for an annealing temperature
well below 500◦C, so it can be assumed that the observed increases in hardness
are not related to changes in grain size. Detor & Schuh have shown that the heat
released during low temperature annealing of Ni-W scales with grain boundary area
which in turn increases with decreasing grain sizes [41]. This observation supports
the explanation of grain boundary relaxation. Note that in Figure 2.5, there is also
an apparent increase in the hardening due to annealing with decreasing grain size,
which further supports this explanation.

Kinetic studies of hardening of Ni-W due to grain boundary relaxation have
shown that hardness increases approximately linearly with annealing time until a
maximum hardness is achieved [27]. This maximum hardness depends on anneal-
ing temperature, with higher temperatures allowing more pronounced as well as
faster hardening [27]. An analysis of the rate of relaxation hardness at different
temperatures for Ni-W and the calculated activation energies led Rupert et al. to
conclude that diffusion through triple junctions was the most likely mechanism to
control the grain boundary relaxation kinetics. Rupert et al. proposed that the
apparent dependence on maximum achievable hardness on temperature is caused
by there being many different relaxation mechanisms occurring, some of which are
only accessible at higher temperatures [27].

Once the grain sizes of nanocrystalline metals are reduced to ∼1-2 nm, these
materials begin to reach the limit of amorphous metals. In Figure 2.5 one can
see that the increase in hardness due to annealing increases with decreasing grain
size up until a grain size of ∼6 nm. At ∼3 nm the increase in hardness due to
annealing is less dramatic. Rupert et al. have also observed that there is increased
shear localization during deformation of Ni-W with d = 3 nm after annealing [27].
A similar phenomena has been observed in metallic glasses whereby annealing
or increasing the order in glasses leads to more localized plastic flow [27]. This
suggests that nanocrystalline metals with d = 3 nm are entering the metallic glass
regime.

2.3 Texture
Texture is another factor which affects the hardness of nanocrystalline materials

and can make samples appear to deviate from the Hall-Petch relation. There are
five possible preferred orientations which have been observed in electrodeposited
nanocrystalline Ni: (100), (110), (210), and (211), as well as randomly distributed
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Figure 2.5: Hall-Petch plot for annealed and unannealed nanocrystalline Ni-W. Data
from [23, 27–29, 31].

grain orientation [17, 42]. The texture is dependent on the electrodeposition con-
ditions used. For example, higher current densities tend to produce more random
texture and the ratio of time-on to time-off during pulsed plating can be used to
select for specific textures [17, 30].

Furthermore, the grain size itself can be correlated with a specific texture.
Godon et al. found that the texture of their electrodeposited nanocrystalline Ni
samples had three different grain size regimes, each with a different texture and a
different Hall-Petch slope [17]. The first regime (d = 278 − 816 nm) corresponded
to a (100) texture, the second regime (d = 51 − 278 nm) corresponded to a (110)
texture, and the last regime (d = 33− 51 nm) corresponded to a random orientation
of grains. The regime with (100) texture had the steepest Hall-Petch slope, while
the regime with (110) had the least steep slope. The randomly texture regime had
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an intermediate Hall-Petch slope similar to what has been found for polycrystalline
Ni. Godon et al. attributed this variation in the Hall-Petch slope to competition
between different physical mechanisms occurring near grain boundaries which are
affected by grain orientation and grain boundary type [17].

2.4 Case Studies for Specific Grain Sizes
We now focus on two specific grain sizes in order to more fully demonstrate

the combined effects of these factors above and below the Hall-Petch breakdown.

Case Study for d = 75 nm
Ni andNi-W specimenswith a grain size of 75 nm arewell above the breakdown

of Hall-Petch but still considered nanocrystalline and have a significant volume
fraction of grain boundaries. Assuming spherical or cubic grains and a grain
boundary thickness of 1 nm, we estimate the volume fraction of grain boundaries
to be 4%. Most of the hardness data for Ni at this grain size is for pure Ni, given
that it is fairly easy to fabricate pure nanocrystalline Ni at d = 75 nm compared to
at smaller grain sizes (d < 20 nm). Of the literature data we have collected for pure
Ni at this grain size the average hardness is H = 3.5± 1.5 GPa. There are also a few
data points available for Ni with low additions ofW (∼6 at.%) at this grain size, with
average hardness H = 5.4 ± 1 GPa. Thus, W addition appears to increase hardness.
Annealing Ni-W at this grain size, by contrast, has very little affect. Figure 2.6.
shows The hardness of Ni-W after annealing at different temperatures. There is only
a 50 MPa difference in hardness between unannealed and annealed samples.

Case Study for d = 6 nm
Almost all Ni samples at d = 6 nm grain size are a Ni-W solid solution due

to the great difficulty of achieving stable pure Ni samples at this grain size. In
our review of the literature, the smallest reported grain size for pure Ni we found
was d = 8 nm [14]. The reported hardness of this sample was 6.8 GPa [14]. Of
the literature we collected for Ni and Ni-W with grain sizes d = 5 − 8 nm, the
average hardness was 7.4 ± 0.76 GPa. Both of these values are significantly above
the hardness values we found for d = 75 nm, but are not quite as high as the peak
hardness for nanocrystalline Ni-W at H = 8− 9 GPa. For both Ni and Ni-W, a grain
size of 6 nm is below the Hall-Petch breakdown. Trelewicz and Schuh have even
suggested that Ni-W samples with d = 6 nm can be thought of as amorphous-matrix
composites with 60% 6 nm crystal reinforcements [31]. The increased disorder in
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materials at this grain size causes annealing to a have a greater impact on hardness
(Figure 2.6).

Figure 2.6: Hardness vs. annealing temperature for nanocrystalline Ni-W. Data
from [27].
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C h a p t e r 3

FABRICATION, SEM CHARACTERIZATION, AND
NANOINDENTATION OF NI FILMS

3.1 Fabrication of Ni Films
The method used for the fabrication of nanocrystalline Ni films in this work

is an adaptation of the method described in Yee’s paper for additive manufac-
turing of metal oxides [43]. First we prepared a photoresin by mixing 1 mL
of 2.67M nickel nitrate hexahydrate solution with 1 mL of poly(ethylene glycol)
diacrylate (PEGda) and 200µL of LAP solution (20 mg of lithium phenyl02,4,6-
trimethylbenzoylphosphinate in 1 mL of water). The ratio of nickel nitrate hex-
ahydrate solution to PEGda was varied for different samples and its effect will be
discussed in a later section. We then sandwiched the resin between 2 glass slides
(using additional glass slides as spacers) and cured the resin with 405 nm light.
The time for which the resin was cured varied, but was typically 30 s – 2 min on
each side. The resulting polymer films were approximately 1-2 mm in thickness and
weighed approximately 0.5 – 2 g.

The polymer films were then calcinated with compressed air at 500◦C at a
pressure of 14 Torr. In order to reach 500◦C, the heating rate was 0.5◦C/min
followed by a cooling rate of 2◦C/min. This resulted in NiO films. The film mass
after calcination was greatly reduced, 50 – 150 mg. Finally, to achieve Ni films, the
NiO films were reduced in forming gas (95% N2, 5% H2) at a pressure of 14 Torr
and a temperature of 700◦C for 6 hours.

Note that while in this work we focus on films made by this process, the same
general method can be used to make complex 3D geometries at the nanoscale by
patterning the resin using two-photon lithography instead of curing with a light [43].

3.2 Resulting Microstructure
SEM images of the nanocrystalline Ni films are shown in Figure 3.1. The

fabrication for Samples 1, 2, and 3 were identical with the exception of the ratio of
nickel nitrate hexahydrate solution to PEGda used. Samples 1, 2, and 3 had ratios
of nickel nitrate hexahydrate to PEGda of 40:60, 50:50, and 60:40, respectively.
Sample 4 had a ratio of 50:50, but differed from Sample 2 in that the resin was only
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cured for 30 seconds on each side instead of 1 minute.

Figure 3.1: SEM images of nanocrystalline Ni films. (a) and (b) two different
regions of Sample 1, (c) Sample 2, (d) Sample 3, and (e) Sample 4.

There are several significant features of the microstructure of the films. All
of the samples have a number of pores on the surface. While we are unsure of the
exact porosity of the films, based on these images we would not be surprised if they
were as much as 50% porous. A number of cracks are also visible in each of the
films. Furthermore, there is evidence of impurities in the SEM images. Looking
at the images of Sample 4, for example, the bright white spheres on top of the Ni
grains are likely some contaminant from the fabrication process. One last aspect
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of the microstructure that should be noted, is that there is significant variation in
microstructure across individual samples. Consider Sample 1, for example. Some
regions of the sample have regular ridges while others have more irregular folding
patterns.

SEM images were used to estimate the average grain sizes of Samples 1, 2,
and 3, and all three of these films were found to have grain diameters in the range
of hundreds of nanometers. Histograms showing counts for the number of grains
of each diameter are shown in Figure 3.2 for two different regions of each sample.
The mean grain size is 445 ± 226 nm, 298 ± 104 nm and 199 ± 53 nm for Samples
1, 2, and 3, respectively. The grain size decreases with increasing ratio of nickel
hexahydrate solution to PEGda. This observation is unsurprising; higher Ni loading
would create a higher density of nucleation sites for the Ni grains and lead to the
growth of smaller grains.

Figure 3.2: Counts of grains of different diameter ranges for Samples (a) 1, (b) 2,
and (c) 3.
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3.3 Nanoindentation
Nanoindentation was performed on the Ni films using a G200 Nano Indenter

with a Berkovich tip. The indents were done to a depth of 5 – 10 µm. The thickness
of the films were at least 350 µm, so there should be no effect of the thickness on
the measured hardness. A representative force vs. displacement curve is shown in
Figure 3.3.

Figure 3.3: Force vs. displacement during nanoindentation of Sample 2.

The reduced modulus and hardness of the samples were calculated following
the method of Oliver and Pharr [44]. The reduced modulus is calculated as

Er =

√
π

2
S
√

A
(3.1)

where A is the contact area and S is the measured stiffness. The contact area as a
function of contact depth for the Berkovich tip used was found experimentally to
be A (h) = 24.5h2

c + 688hc prior to analysis. The contact depth at peak load was
determined using the equation

hc = hmax − hs (3.2)

where hmax is experimentally measured and hs is the displacement of the surface of
the contact perimeter

hs = ε
Pmax

S
(3.3)

For Berkovich indenters, ε = 0.75 . The stiffness S was calculated from the
unloading data. The unloading data was fit by a simple power law relation:

P = A
(
h − h f

)m (3.4)
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The stiffness S was found by analytically differentiating this expression and eval-
uating the derivative at the peak load and displacement. Hardness was computed
as

H =
Pmax

A
(3.5)

Performing these calculations on our nanoindentation data for Sample 2, we found
H = 0.056 GPa and Er = 1.76 GPa.
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C h a p t e r 4

MODELING MODULUS AND HARDNESS OF
NANOCRYSTALLINE NI AS A FUNCTION OF GRAIN SIZE

AND POROSITY

As discussed in Chapter 3, we calculated that our fabricated nanocrystalline
Ni films had a hardness of H = 0.056 GPa and a reduced modulus of Er = 1.76
GPa. Based on the values from the literature presented in Chapters 1 and 2, we
would expect the hardness and reduced modulus to be ∼2.6 GPa and ∼207 GPa,
respectively. The measured values are two orders of magnitude lower than these
values.

Historically, early investigations into the Young’s modulus of nanocrystalline
metals produced conflicting results. Some studies showed that the Young’s modulus
of nanocrystalline metals produced by inert gas condensation were reduced by over
50% compared to coarse-grained metals [45]. However, later studies confirmed that
compacted nanocrystalline materials have modulus values near that of polycrys-
talline materials and that the low previously measured value for moduli were due
to residual porosity in the samples [15]. Therefore, porosity might be a significant
factor in why the values of hardness and modulus we measured are so low. In this
chapter we examine how the modulus and hardness of nanocrystalline materials
depends on porosity and grain size in order to determine whether these factors can
account for these anomalously low values.

4.1 Models for Modulus Dependence on Grain Size and Porosity
We model the dependence of modulus on grain size following Giallonardo et

al. [15]. We consider the contribution of three different structural components –
grain interiors, grain boundaries, and triple junctions. The influence of each of these
components can be estimated using a simple rule of mixtures:

E (d) = E0 fg (d) + Egb fgb (d) + Et j ft j (d) (4.1)

where E0 is the Young’s modulus of the bulk polycrystalline material, Egb is the
Young’s modulus of the grain boundaries, Et j is the Young’s modulus of the triple
junctions, and fx (d) is the grain size-dependent volume fraction of each component.
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If we assume a 3D tetrakaidekahedral crystal shape, the volume fractions are:

fg (d) = 1 − fic (d) (4.2)

fic (d) = 1 −
(

d − t
d

)3
(4.3)

ft j (d) = 1 −
3t (d − t)2

d3 (4.4)

where fic (d) is the intercrystallite volume fraction. We assume that the grain
boundary thickness is t = 1 nm and that Egb and Et j are about 76% and 73%
of E0, respectively. These assumptions come from values Zhou et al. found by
applying the same model to nanocrystalline Ni-3wt% P [25]. We apply this model
to nanocrystalline Ni, which has a polycrystalline Young’s modulus of E0 = 207
GPa [15]. A plot for the expected variation in Young’s modulus with changing grain
size for nanocrystalline Ni is shown in Figure 4.1. Above a grain size of ∼50 nm, the
Young’s modulus is practically at its conventional polycrystalline value, and there
is little dependence of modulus on grain size. However, below ∼20 nm the modulus
decreases dramatically with decreasing grain size. This model using a simple rule
of mixtures is in agreement with the results of MD simulations [46].

Figure 4.1: Predicted dependence of Young’s modulus on grain size for fully-dense
nanocrystalline Ni.
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We model the dependence of modulus on porosity following Kristic et al
[47]. Consider a nanocrystalline solid containing many non-interacting, uniformly
distributed pores. For a nanocrystalline solid, it is highly unlikely that the surfaces
of the pores are smooth. Thus, we assume that each of the pores contains annular
flaws extending from its surface, as shown in Figure 4.2. The Young’s modulus is
then given by

Ep

(
Vp,

S
R

)
= Ed0

[
1 +

4Vp (1 − v)
π

((
1 +

S
R

)3
+

9

2 (7 − 5v)
(
1 + S

R

)2 +
4 − 5v

2 (7 − 5v)

)]−1

(4.5)
where Ed0 is the Young’s modulus of the fully dense nanocrystalline solid, Vp is the
volume fraction of pores in the solid, v is the Poisson ratio, R is the pore radius, and
S is the length of the annular flaw. The predicted Young’s modulus of Ni versus
porosity for different values of S/R is shown in Figure 4.2. The value of S/R has a
dramatic effect on how the modulus decreases with increasing porosity; the modulus
decreases much more rapidly for higher values of S/R.

Figure 4.2: Predicted dependence of Young’s modulus on porosity.

Combining these two models, we can plot the expected Young’s modulus
of a nanocrystalline, porous solid as in Figure 4.3. In Figure 4.3 there is also
experimental data plotted for nanocrystalline Ni and Pd collected by Hurley et al.
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[48] and Nieman et al. [45]. The experimental data shows good agreement with the
model for S/R = 1.

Figure 4.3: Combined model for dependence of Young’s modulus on grain size and
porosity.

Another factor which could affect the Young’s modulus of nanocrystalline
metals is texture. As with many FCC metals, the modulus of Ni varies greatly with
orientation; in the (111) direction E111 = 293 GPa while E100 = 130 GPa [15].
Thus, one would expect nanocrystalline Ni samples which have a preferred (200)
orientation to have a lower Young’s modulus, and this is consistent with what has
been observed by several authors. Fritz et al. found that by varying the current
density used for electroplating nanocrystalline Ni, they could control the preferred
orientation and by extension the Young’s modulus between 165 GPa and 205 GPa
[49]. Torrents et al. were able to control preferred orientation through annealing,
and increased the Young’s modulus of nanocrystalline Ni from 165 GPa to 240 GPa
[50].

We can calculate the theoretical upper and lower bounds on the Young’s mod-
ulus due to texture with the Voigt and Reuss bounds for statistically isotropic, poly-
crystalline, single-phase materials [15]. The bounds are determined by calculating
the bulk and shear moduli:

KV = KR =
c11 + 2c12

3
(4.6)
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GV =
c11 − c12 + 3c44

5
(4.7)

GR =
5 (c11 − c12) c44

4c44 + 3 (c11 − c12)
(4.8)

where K and G are the bulk and shear modulus, respectively, and the V and R

subscripts represent the Voigt and Reuss bounds, respectively. The bounds on the
Young’s modulus are then determined by

1
E
=

1
3G
+

1
9K

(4.9)

For Ni, c11 = 243, c12 = 149, and c44 = 119 [51]. Performing this calculation,
we find EV = 232 GPa and ER = 194 GPa. Experimentally, values outside these
bounds have been observed. This indicates texture is important but certainly cannot
account for variation in hardness values alone.

4.2 Models for Hardness and Yield Stress Correlation with Grain Size and
Porosity
Besides elastic modulus, porosity has also been linked to anomalously low

values of hardness in nanocrystalline materials. Ma et al. used a simple cluster-pore
mixture model to describe the effect of porosity on hardness:

Hm = Hc (1 − p) + Hpp (4.10)

where Hm is the measured hardness of samples, Hc is the hardness contribution of
the clustered nanocrystalline grains, Hp is the hardness contribution of the pores,
and p is the volume fraction of pores [24]. Since the pores do not contribute to the
hardness (Hp = 0):

Hc =
Hm

1 − p
(4.11)

Using this model, Ma et al. examined hardness measurements for porous electrode-
posited nanocrystalline Co-Ni and Cu coatings which appeared to show a breakdown
of the Hall-Petch effect at much larger grain sizes (∼80 nm) than what is typically
observed. They found that the calculated pore-free hardness actually did follow the
Hall-Petch relation down to the smallest grain sizes measured [24].

Li presents a model which accounts for the grain size, impurity content, and
porosity dependence of hardness [52]. Their model is based on the idea that
at smaller grain sizes, the volume fraction of grain boundaries in a material is
higher; thus, impurities which segregate to and are usually concentrated in the grain
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Figure 4.4: Predicted hardness as a function of porosity using the model developed
by Ma et al [24] compared to experimental results discussed in Chapter 3.

boundaries become more dilute, and the grain boundaries effectively become more
pure. It is thought that impurities in the grain boundaries stabilize ledges which
serve as sources for dislocations. Therefore, there is a critical grain size between
“impure” and “pure” grain boundaries, and for materials with grains smaller than
this critical size, there is no longer an increase in stress required for deformation
with decreasing grain size. The yield stress-grain size relationship based on this
idea is

σ = σ0 + A

√
x

d
3 KN0

(4.12)

where σ0 is the yield stress for a single crystal, A is a constant, d is the grain size,
K is the equilibrium constant for incorporation of impurities into the sample, N0 is
the saturation amount of impurity per unit area of grain boundaries, and x = N/N0.
Well above the critical grain size discussed above, the grain boundaries are saturated
with impurities

x = xm =
KN

1 + KN
(4.13)
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σ = σ0 + A

√
x

d
3 KN0

= σ0 + A

√
3KN0

d
(4.14)

which recovers the Hall-Petch relation [53]. However, as x or d approaches zero,
the yield stress approaches

σ = σ0 + A
√

KN (4.15)

which provides an explanation for the Hall-Petch breakdown [52]. Porosity can be
incorporated into this model by considering that if the grain boundary contains extra
porosity, the internal stress distribution is altered and impurities are less segregated
into the boundary. Therefore, we substitute

x → x − B (φ − φ0) (4.16)

σ = σ0 + A

√
x − B (φ − φ0)

d
3 KN0

(4.17)

where B is a constant, φ is the porosity, and φ0 is the equilibrium porosity [52].
Figure 4.5 shows the expected yield strength based on this model for different values
of B (φ − φ0).

Figure 4.5: Grain size dependence of flow stress for different levels of porosity
based on the model developed by Li [52].
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Other authors such as Schiotz et al. have used atomic-scale simulations to
study how porosity affects flow stress in nanocrystalline metals [54]. They found
that the impact on the flow stress depends greatly on the type of pore, especially with
higher levels of porosity. At 4-5% porosity, the type of pore had a small effect on
the reduction in flow stress; elliptical, crack-like pores caused a 10-13% reduction
in flow stress, missing grain boundary atoms caused a 5% reduction, and missing
grains a 14% reduction. At 8-9% porosity there is a more noticeable difference.
Missing grains cause a 10% reduction, cracks an 18% reduction, and missing grain
boundary atoms a 20% reduction. At 12% porosity, missing grain boundary atoms
can create a reduction in flow stress as high as 40% [54].



31

C h a p t e r 5

SUMMARY, CONCLUSIONS, AND FUTURE DIRECTIONS

In the first two chapters and the fourth chapter of this thesis, we have discussed
a multitude of factors which affect the hardness and Young’s Modulus of nanocrys-
talline materials, specifically Ni. The most obvious factor is grain size. Above
the Hall-Petch breakdown (d > 25 nm), decreasing grain size creates an increase
in strength generally described by the Hall-Petch relationship, although the value
for k can be sensitive to experimental details, and we found that an exponent of
−0.3 to −0.4 would be more appropriate for nanocrystalline Ni than −1/2 which is
generally used in the Hall-Petch relationship. Young’s modulus remains essentially
constant with respect to grain size above the Hall-Petch breakdwon. Below the
Hall-Petch breakdown (d < 10 − 20 nm), hardness can decrease or remain constant
with decreasing grain size, and Young’s modulus decreases rapidly with decreasing
grain size.

However, grain size is not the only factor affecting hardness, and many de-
viations from the Hall-Petch relationship can be explained by other experimental
factors. Addition of W to nanocrystalline Ni allows for control of grain size as
well as the acheivement of finer grain sizes, but also increases hardness. Further-
more, W addition shifts the grain size at which the Hall-Petch breakdown occurs
to smaller grain sizes. Annealing nanocrystalline Ni-W also increases hardness by
grain boundary relaxation strengthening. Additionally, texture impacts both hard-
ness and Young’s modulus. Given that the Young’s modulus for single-crystal Ni is
significantly higher in the (111) direction than the (100) direction, nanocrystalline
Ni with (111) texture has a higher modulus. Texture can also affect the steepness
of the Hall-Petch slope, and since texture can be correlated with grain size, this
can create confusing experimental results for the Hall-Petch slope. Finally, porosity
decreases both hardness and Young’s modulus. The shape of pores, the extent of
cracking on the pores’ surfaces, and how the pores impact impurity segregation all
affect how dramatic is the decrease in hardness and Young’s modulus.

Despite the multitude of factors which have been investigated in the literature
that can create lowmeasured values for hardness andYoung’smodulus, none of these
factors can account for the observed values for chemically derived nanocrystalline
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Ni which are two orders of magnitude lower than what is reported in the literature for
nanocrystalline Ni produced by other methods. The methods commonly used in the
literature to fabricate nanocrystalline Ni (electrodeposition, inert gas condensation)
are very different from our method. Clearly, more research needs to be done to
explain our results and determine what about chemically-derived nanocystalline Ni
makes it so different from nanocrystalline Ni made from other methods.

The first step in further investigating chemically-derived nanocrystalline Ni
is to gather a better understanding of the microstructure. While SEM images
provide some idea of microstructure, TEM imaging would provide much more
detail including a more accurate measurement of grain size, an idea of the texturing
of the films, and the potential to image grain boundaries, dislocations, and other
defects. Taking cross-sections of the films and imaging with SEM would allow for
a measurement of porosity. Furthermore, EDS would provide information on the
type, concentration, and distribution of impurities in the films.

Future work should also include further mechanical characterization. In-situ
nanoindentation of films as well as imaging of indents post-indentation could allow
for a better understanding how the deformation occurs. Futhermore, as mentioned
in chapter 3, the same method for fabricating chemically-derived Ni could be used
to additively manufacture nanoscale, nanocrystalline Ni pillars. This would allow
for uniaxial compression testing which provides another way to measure elastic
modulus and a way to measure strength. This future work should provide greater
understanding of the microstructure and mechanical properties of new chemically-
derived metals and how they compare to more traditional nanocrystalline metals.
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