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ABSTRACT

ABAZA, MOHAMED, A., Masters : June : [2017:], Material Science and Technology

Title: Properties and Thermal Stabilization of Nanocrystalline Copper via Solute Additions of

Niobium
Supervisor of Thesis: Khaled, M, Youssef.

Nanocrystalline materials, those with grain size <100 nm, were found to have
superior mechanical properties compared to their coarse-grained (CG) counterparts.
However, these materials are not thermally stable because of having a high density of
grain boundaries which increases their Gibbs free energy. Consequently, the nano-
grains grow back to their original size in order to release this energy, which results in
losing their exceptional properties. Hence, finding ways to stabilize these nano-grains
i1s an utmost importance. Introducing solute to such systems was found to solve the
instability issue. Two approaches can describe the mechanism in which the solute atoms
prevent or minimize the grain growth, Kinetic Approach which is concerned with
reducing the mobility of the grain boundaries by pinning them; and Thermodynamic
Approach that works on reducing the energy of the system, hence eliminating the need
for the grains to grow.

Nanocrystalline (nc) Cu and Cu-1 at.% Nb are prepared via mechanical ball
milling under argon. The microstructure and the properties of the as-milled and the
annealed samples are characterized using XRD, TEM, Vickers Microhardness, Tensile
tests, SEM, and Four-Point Probe technique. Only one atomic percent of Nb is found
to enough to thermally stabilize the nanostructure of copper up to 1073 K, which
represents 80% of its melting point. Solute drag and Zener pinning are found to be the

main kinetic stabilization mechanisms that succeeded to keep the grain size in the



nanoscale. In addition, the solute atoms substantially enhanced the strength and
hardness of the nc Cu, along with maintaining a better ductility. Moreover, such small
amount of Nb did not sacrifice the excellent electrical conductivity of copper. This
approach of synthesizing and improving the thermal stability of nc materials is not
necessarily limited to Cu and could be applied to other metals and alloys. This shall
make a leap forward in the production of thermally-stable and ultra-tough
nanocrystalline materials for many industrial applications, without affecting their

inherent properties.
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CHAPTER 1: INTRODUCTION

Over the centuries, materials scientists and metallurgists have been doing
research to enhance the materials’ strength and hardness in order to achieve better
performance, especially in high-temperature environments. The advancements in
nanotechnology and high-tech industries have added to these efforts. Production of
materials with nano-grains (grain size <100 nm) has been found to greatly enhance their
strength and the hardness [1]-[8], which may reach to an order of magnitude higher
than their conventional CG counterparts [1]. However, it severely reduces their ductility
[5], [9]. The reason behind such mechanical performance lies in the grain refinement.
This is mainly because more refinement to the grains is escorted by the formation of
more grain boundaries, which acts as a barrier to dislocation motion [5]. Further
explanation of the relation between grain size and grain boundaries is provided in
section 2.1, and their influence on the mechanical properties is addressed in section 2.2.

There are various techniques to synthesize such nanocrystalline (nc) materials,
which are all belonging to either of two main synthesis approaches, i.e.; top-down and
bottom-up. However, it has been found that each method produces different
nanostructure, which in turns results in having different properties even for the same
exact produced material of same chemical composition [10]. Hence, choosing the
suitable method is important to achieve desirable results. Different production
techniques are mentioned in section 2.3, highlighting the energy ball milling technique,
as a subcategory of severe plastic deformation, which belongs to the Top-down
approach.

Copper is the best electrical and thermal conductive metal after the more
expensive silver [11], [12]. This made the world agree to consider copper as a standard

1



material for measuring the electrical conductivity, known as “International Annealed
Copper Standard” (IACS). That is why copper is excellent candidate for many
applications which serve plenty of fields, such as wires and cables [13], electric motors
[14], heat sinks for electronic devices [15], heat exchanger for pipelines systems, cars’
radiator coils, and air conditionings [16].

Most of the copper uses are in the form of a pure metal. However, it is alloyed
when a higher hardness is needed, which represents about 5% of the total use [17].
Unsurprisingly, alloying significantly reduces the excellent properties of the ultra-high
electrical and thermal conductivities. Hence, it is of a great interest to achieve higher
mechanical properties of copper without sacrificing its inherent properties. Producing
it in nc form should help achieving this target. However, nc materials, in general, suffers
from thermal instability issues, due to the higher energy that accompanies the high
density of grain boundaries. This means that nc materials are prone to grain growth
back to their conventional grain size with increasing temperature, hence they lose the
unique strength and hardness, which are advantages of nc materials [18], [19]. More
details on the instability issue are discussed in section 2.4.

Previous research efforts have concluded that nc alloys and nc materials
containing impurities attain substantial thermal stabilization [20]-[27], meanwhile pure
nc materials do not. Consequently, it is understood that the solute atoms play a vital
role in achieving thermal stabilization in this class of materials. There are two different
scenarios describing such role. In the first scenario, the solute atoms kinetically stabilize
the grains by pinning them in place, hence preventing their growth. Meanwhile, in the
second scenario, the solute atoms reduces the overall energy of the system, hence

stabilizing it in a thermodynamic way [28]. More details on the stabilization



mechanisms, as well as some relevant examples from the literature on the thermal
stability in nc materials, in general, and nc copper, in particular, are provided in section
2.4.

In this thesis, nc Cu and Cu-1 at.% Nb are prepared via ball milling under argon
and characterized using various techniques in order to know their properties. Further
details on the preparation methods and the used tools for characterization are provided
in Chapter 3. Nb was chosen to thermally stabilize the nanostructure of nc Cu, thanks
to the large atomic size misfit, and the positive heat of mixing (AHpix = 3 KJ/mol [29])
of the two elements. This shall promote the segregation of Nb atoms to thermally
stabilize the system. Adding only 1 at.% Nb has thermally stabilized the grain size of
nc Cu up to 80% of the melting point and retained remarkable high strength, ductility,

strain hardening, and electrical conductivity as found in chapter 4.

1.1 Novelty and Significance

There are very limited research groups who have worked on nc Cu-Nb system.
Yet, all of them were concerned with studying nc Cu alloys with Nb content varying
from 5 to 20 wt.% (~3.5 - 14.5 at.%), which is found in the work of Abad et al. [30],
Botcharova et al. [31]-[34], and Lei et al. [35]-[38]. Such additions of high-atomic
percentage of Nb in Cu causes significant deterioration in its properties. For example,
the electrical conductivity of ball milled nc Cu-10%Nb was only about 10% IACS [34].
Mula at al. [39] prepared nc Cu-(1-10 at.%) Nb and examined their properties using
XRD and microhardness tests without further investigations, e.g. using TEM and
tensile testing. The key to achieve strong and thermally stable nanostructure while

preserving other good properties is to minimize the amount of solute additions. The



uniqueness of this thesis arise from being the first to report TEM and HRTEM
micrographs, electrical resistivity, and tensile test results of nc Cu-1 at.% Nb. This very
small addition of solute Nb helps to maintain the high thermal and electrical
conductivities of the pure copper, along with enhancing the strength and hardness of
the nanocrystalline copper to more than 10 times those of the conventional pure one.
Moreover, the production processes and the stabilization approaches used in this thesis
could be applicable to other metals/alloys to enhance their mechanical properties while
preserving their own characteristic properties, which widen their utilization in many

technological applications.

1.2 Objective and Hypothesis
The purpose of this thesis is to thermally stabilize nc Cu with the addition of 1

at.% Nb and investigate its properties and the stabilization mechanisms.

The hypothesis of the thesis is: Adding only 1 at.% Nb to nc Cu is enough to
thermally stabilize its nanostructure and prevent grain growth by reducing the mobility

and the free energy of the grain boundaries.



CHAPTER 2: LITERATURE REVIEW

2.1 Nanocrystalline Materials

A nanocrystalline (nc) material is any solid (single/multiphase) with grain size
<100 nm [3], [19], [35]. Such material exhibits different physical, mechanical, thermal,
optical, and magnetic properties when compared to their conventional CG counterpart
(this with grain size >1 um) [25], [40]-[45]. Nanocrystalline materials can be classified
into three main classes relative to their dimensionalities. These classes are one-
dimensional (1D) layered structure, two-dimensional (2D) filamentary or rod-like
structure, and three-dimensional (3D) equiaxed nanostructure [19],[40]. In this thesis,
we are dealing only with bulk nc materials that are made of the consolidation of the 3D
equiaxed nanostructured metals. For each of these classes, there are some typical
synthesis methods that will be touched upon in section 2.3.

The structure of nc materials consists of nano-grains separated by grain
boundaries (GBs). As a result, there are more grains in nc materials compared to their
conventional counterpart, hence they have higher volume fraction of GB. Therefore,
the number of the interfacial atoms (those lies in the GB regions) is larger than that of
the CG ones. Such interfacial component represents around 50% of the whole crystal
volume at a grain size of 5 nm, and decreases to 30% at a grain size of 10 nm, whereas
this percentage is neglected for the CG materials [19]. It should be also noted that these
interfacial atoms are highly disordered. Fig. 2.1 shows a model of equiaxed nc-metal.
The black circles in this model represent the crystalline region (regions with long-range
order), and the white circles represent the interfacial region (disordered intercrystalline
region) [46]. Transmission Electron Microscopy (TEM) micrographs for nc Cu (Fig.

2.2) provides an evidence to the concept of the lack of crystallinity at the GB [2].
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Figure 2.1 Representation of the microstructure for the nc-materials, black circles are atoms belongs to
the ordered crystallite regions, and white ones are atoms in the GB regions (interfacial atoms) [46].

Figure 2.2 TEM images for nc Cu, crystallinity continues up to the GB [2].

2.2 Mechanical Properties of Nanocrystalline Materials

The unconventional structure of the nc materials, previously mentioned, is the
main reason why these materials attain superior mechanical properties [47].
Nanocrystalline materials possess ultra-high yield strength that may reach up to 11
times higher than their CG counterparts [3], and this is basically what makes scientists

interested in these materials. Grain refinement is considered to be the main tailoring



tool that controls the mechanical properties. However, it has been experimentally
proven that different techniques used to produce nc material result in having products
with different mechanical properties, even if they have the same grain size and chemical
composition. This was attributed to the different flaws and impurities, variations of the
dislocation density, and different interfacial structure that each technique may introduce
to the final product [8],[48].

The yield strength of the nc metals follows the Hall-Petch relationship in terms
of the increased strength with the reduction of crystal size [47]. As per the early
predictions made by Gleiter, strength, hardness and ductility of an nc material ought to
increase with grain size refinement. Even though most of the experimental work has
proved this for the strength and the hardness, but it failed to prove it for the ductility
level [4], as can be spotted in the early trial of J.R.Weertman [45]. However,
pronounced achievements in maintaining good ductility of nc/nanostructured materials

have been reported [3], [6]-[8], [49]-[53].

2.2.1 Strength, Hardness, and Ductility

Several mechanical tests such as hardness [7], [38], tensile [10], [21], [26], [27],
compression [34] [56], miniaturized disk bend test (MDBT) [57] have been used to
investigate the mechanical properties of nc metals and alloys. Legros, et al. [45]
produced nano-grained Cu via inert gas condensation using resistive heating to
evaporate pure Cu, then they warm compacted the sample at 150 °C (0.31 Ty,) for 4 hr.
The micro-sample tensile test done for this sample showed higher yield stress (0.2%
offset) of 535 MPa compared to the 340 MPa of the sample produced by Wang et al.

[54] by means of thermomechanical treatment (cold rolling then annealing). However,



the later sample showed much higher ductility of 30% uniform elongation and around
65% strain to failure versus only 2.1% strain to failure [45]. The reason behind these
significant differences lies in the bimodal structure of the sample produced by Wang et
al. i.e. the presence of the relatively large micro-sized grains with 25% vol. embedded
within a matrix of nanocrystalline/ultrafine grains, which accounts for such superior
ductility as well as the reduced strength in ref. [54] compared to that in ref. [45].

In contrary to what was mentioned in ref. [54] regarding the difficulty to process
an artifact free bulk nc metal, Youssef, et al. [3] has achieved this using in-situ
consolidation ball milling technique. The Cu powder was first cryo-milled (at liquid
nitrogen temperature) for 3 hr, which allowed achieving high density of dislocation and
smaller grain size, then the milling was resumed under room temperature for extra 6 hr.
The product then came out in the form of spheres (8§mm diameter), where the in-situ
consolidation has taken place while milling at room temperature. The average grain
size of the sample was 23 nm with a narrow distribution of the grain size, so the entire
grains were in the nanocrystalline size range (<100 nm) as can be seen in Fig. 2.3. The
prepared sample exhibited ultra-high yield strength of ~790 MPa (higher than [55]),
and ultimate tensile strength of ~1120 MPa, along with microhardness value of 2.3
GPa. The sample has also shown a very good amount of ductility that reached 15.5%
elongation to failure, as can be seen clearly in Fig. 2.4, thanks to the well consolidated
artifact-free structure. BF-TEM image (Fig. 2.5) proved that there were dislocations
piled-up at the GB, which also accounts for the high ductility and strain hardening

shown in Fig. 2.5 [3], [51].
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Botcharova et al. [34] produced nc Cu-10 at.% Nb alloy via mechanical
alloying. The alloy was then consolidated by hot pressing, and the final grain size was
<50 nm. Mechanical testing showed a superior compressive strength of 1625 MPa,
which is the highest reported value up to date for such an alloy. Again, this high
compressive strength was mainly due to the grain boundary strengthening mechanism.

Ozering et al. [58] revealed a hardness value of a thin film nc Cu-10 at.% Nb
alloy, made by sputtering technique, to be more than 5 GPa. This value is more than
double that of the pure nc Cu. They attributed this to the strengthening that came from
the segregation of a solute with a large atomic size mismatch with Cu (i.e. Nb) to the
GB.

Later, Abad et al. [30] studied the mechanical properties of nc Cu-15 wt.% Nb
(10.8 at.% Nb), that was produced by mechanical milling for 30 hr, then consolidated
using the high-pressure torsion (HPT) at ambient temperature. The sample exhibited a
very high hardness of 6 GPa (Fig. 2.6), which is greater than a value reported by Mula
et al. [39] for a similar sample. It was concluded from this study that increasing both
the Nb content and the time of milling increases the hardness of the alloy [30].
Significant improvements in the mechanical properties of various nc metals/alloys have

also been reported [2], [6], [7], [S9]-[62].
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Figure 2.6 Variation of the hardness value of the nc Cu,Nb, 4 versus Nb content (at.%) [30].

2.2.2 Strengthening Mechanisms

Now it is clear that the nc metals and alloys possess a higher hardness and
strength relative to their CG counterparts, but what is the main reason behind such
behavior? The purpose of this section is to answer this important question. Earlier, in
the 18th century, scientists did not know about the existence of a specific relation that
relates a material’s strength to its average grain size. However, they knew that the
highest quality iron is the one with the smallest grain size. In the 1950s, and with the
development of the electron microscopy, the observation of the dislocation defects was
made possible. Hence, explaining many mechanical and physical phenomena. To
comprehend the relation between the average grain size and the mechanical properties,
let us consider the schematic drawing in Fig. 2.7 that represents two adjacent grains
separated by a common GB. Normally, if a deformation is to take place, dislocation
must move across this GB from A to B. Here, the GB will act as a barrier to this
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movement due to two reasons, (a) the dislocation needs to change its direction due to
the misorientation between the two grains, and this increases the difficulty of the
crossing process; (b) there is an atomic disorder inside the GB itself, which produces a
discontinuity in the slip planes between the two grains. Moreover, in a high angle grain
boundary (HAGB) system, dislocation crossing the GBs might not be the case, rather,
dislocations are more common to pile up at the GBs causing a stress concentration at
the slip planes. This high stress may initiate the formation of new dislocations in the
adjacent grains. A material with fine grains basically have more GBs, and hence, more
obstacles for the dislocation motion during the deformation process. Therefore, nc

materials possess higher hardness and strength [63].
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Figure 2.7 Schematic represents the dislocation motion within two grains A and B adjacent to each other
and separated by a grain boundary [63].

E.O.Hall and N.J.Petch, got their hands on these findings and their research
efforts helped them to achieve a mathematical relation between a material’s strength
and its grain size, which was named as “Hall-Petch relationship” after them, and it is

as follows:
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6, =0, + kd ' Eq. 2.1

Where oy is the yield stress, o, is the material’s constant lattice friction stress
needed to move one dislocation, also k is a material constant, and d is average grain
size [64]. From the equation, it is obvious that as the value of the grain size (d) drops,
the yield stress o, will increase, and hence the strength increase. Research work from
the literature that emphasises the applicability of the Hall-Petch relationship to the nc
materials can be found in [4], [21], [34], [54], [59], where the strength of these materials
significantly increased with decreasing their grain size to the nano-range.

Aside to the grain refinement strengthening mechanism, strengthening from the
solid solution have been also realized in nc materials [65]-[68]. The existence of solute
atoms inside the lattice increases its frictional stress [69]. As per Youssef et al. [6], solid
solution hardening had partially contributed by 11% to the total strength of the nc Al-
5%Mg alloy. Equation 2.2 [70] describes the solid solution hardening as a function of
the shear modulus of the mixture (G), the strain due to the misfit in the atomic size (¢),
and the solute atomic fraction (¢), and it is as follows:
1y = PG Eq.2.2

Where f is a constant, and p and ¢ are constants depending on the spacing
between the solute atoms, and the interactions between the dislocations and these

atoms.

2.3 Synthesis of Nanocrystalline Metals and Alloys

There are many different techniques to produce metals and alloys with
nanoscale grain size. These techniques can be categorized under two main approaches;

named bottom-up approach and top-down approach [71]. The bottom-up approach
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requires starting from the atomic scale and constructing the nanostructure atom by
atom, molecule by molecule, cluster by cluster. This approach includes many
techniques such as, physical vapor deposition (PVD) [72], chemical vapor deposition
(CVD) [73], pulsed electron deposition [74], inert gas condensation [75], spark erosion
[76] and sputtering [77]. Meanwhile the second approach -as the name suggests-
implies breaking down the bulk material into smaller pieces till reaching the nanoscale.
This approach involves techniques such as lithography [78], ball milling, and other
applications of severe plastic deformation [5]. However in the literature, lithography
sometimes can be categorized under a third approach known as hybrid top-down and
bottom-up approach [79]. The 1D and 2D nanostructured (ns) materials are typically
synthesized using vapor or electrodeposition techniques, whereas the 3D ns materials
are commonly achieved using either gas condensation or ball milling techniques [19].
The following section focuses only on ball milling technique, since it is used to

produce nc materials in this thesis, revealing its advantages and disadvantages.

2.3.1 High Energy Ball Milling

There are two slightly different terms used to refer the processing of powder
particle via ball milling, Mechanical Milling (MM) and Mechanical Alloying (MA).
The first term is commonly used while dealing with a single pure metal powder,
intermetallic, or an alloy that have been already prepared before being milled. On the
other hand, the term MA 1is used to refer the process when different kind of
metals/alloys are to be milled together so that a new homogenous material/compound
is to be formed out of this milling process [80]. Another term is the Cryomilling, which

implies milling under very low temperature using, for example, liquid nitrogen. This
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technique is ideal for milling ductile metals [3], [4], [80]-[83].

High energy ball milling belongs to the top-down category, where
nanomaterials are produced by milling the bulk material so that its conventional grain
size decreases to the nanoscale due to the severe plastic deformation accompanying this
process. This technique was firstly hosted by Benjamin et al. at the International Nickel
Co. in 1966, and it was mainly used to make oxide dispersion-strengthened alloys
(ODS). In this technique, the powder is loaded to a steel vial along with a specific
number of steel milling balls. In the case of no oxides are intended to be formed, as in
this thesis, the vial must be sealed using fixable ‘O’ ring within inert environment e.g.
a glovebox filled with ultra-high pure argon gas. The vial is then placed in the milling
machine. After starting the milling process, the vial starts to rotate in one direction,
meanwhile, the balls rotate in the other direction as can be noticed in Fig. 2.8A [84].
the powder is then subjected to continuous collisions with the milling media (balls/vial)
that causes it to be ground as can be shown in Fig. 2.8B. There are two kinds of
collisions that happen inside, ball-powder-ball collisions and ball-powder-vial
collisions [38]. What exactly happens inside the milling vial is a continuous and
repeated fracture and cold welding processes in the grains of the powder. At the
beginning of milling, the work hardening resulting from the collision causes the
particles to fracture, forming new soft surfaces that have high tendency for
agglomeration so it welds back again forming particles that are even bigger than the
conventional size. After continuous milling, the particles get fractured by fatigue
failure. Here the fracturing starts to take over the cold welding [80]. Severe plastic
deformation happens at elevated strain rates causing the density of dislocations in the

material being milled to increase. At critical dislocation density, the microstructured
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material starts to break down into subgrains with low angle grain boundaries. With
continuous milling, those subgrains evolve into final grains in the nanoscale with high

angle grain boundaries, which eventually produces the aimed nano-sized structure [25].

Horizontal section

Movement of the
supporting disc

Centrifugal

force

Rotation of the milling bowl

Figure 2.8 Schematic showing (A) the movement of the balls and the vial [84], (B) the grinding
mechanism between two balls [85].

There are many parameters that control the milling process, including but not
limited to; milling temperature, milling time, milling speed, the milling atmosphere,
and ball to powder weight ratio (BPR). Generally speaking, the higher the BPR, the less
time is required to achieve the minimum grain size [80]. MM/MA has been used to
produce many materials such as iron/iron alloys [86],[87], copper/copper alloys [21],
[26], [30], [32], [81], [88], [89], aluminum/aluminum alloys [8], [61], [90], [91], and

magnesium/magnesium alloys [7], [62].

2.3.2 Advantages and Disadvantages of Ball Milling
One key advantage of MM/MA technique is that it offers an economic method

to synthesize nanomaterials, which is relatively cheaper than other techniques (e.g.
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sputtering). It also operates at normal temperature, unlike other techniques that require
relatively higher temperature, especially when it comes to the formation of
intermetallics [85]. Another advantage is the possibility of mass production using this
technique, so it can be used on an industrial scale. Moreover, MA/MM is a non-
equilibrium process, which enables the production of non-equilibrium phases that are
impossible to be produced using the other equilibrium methods. Thanks to the vast areas
at the grain boundaries that are available for segregation, the saturation of the
element(s) in the alloys can be increased beyond the conventional saturation limit.
Hence, creating supersaturated solid solutions [80], [92]. In addition to this, the
possibility to use cryogenic milling for soft and ductile metals/alloys will permit
achieving the lowest possible grain size in the nano-range. Since the very low
temperature will help to embrittle the metals and decrease their tendency for cold
welding [80].

In spite of these advantages, MM/MA still has some drawbacks. The major
drawback of this technique is contamination. The main source of contamination is Fe,
which is introduced to the powder from the milling media. High Fe contamination
(>5%) was noticed in high energy mills (e.g. Spex shaker mill) over prolonged milling
hours. A possible solution is to replace the steel milling media with another one made
of transformation-toughened zirconia/tungsten carbide. Oxygen is also a source of
contamination, which can be eliminated or minimized by using an inert gas as stated in
the previous section. Another difficulty may arise while milling ductile metals/alloys,
as they tend to pile up on the walls of the vial and around the balls. Though surfactant
may be used to solve this issue; yet its decomposition will add to the contamination of

the system [85]. Hence, cryomilling is a better solution to avoid welding.
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2.4 Thermal Stability in Nanocrystalline Materials

As discussed in section 2.2, decreasing the grain size to the nanoscale range
results in exceptional properties in the materials. Consequently, maintaining these
properties 1s only possible through preserving such very small grain size.
Unfortunately, nc materials are not thermally stable, as their gains start to grow back to
their original size at temperatures as low as room temperature, hence losing its
nanostructure, and the superior mechanical properties as a result [18], [19].

Searching for a solution to this problem is very important not only for the
scientific aspect but for the industrial and technological aspects as well. As for the
industrial level, and since most of the techniques produce the nc materials in the shape
of tiny particles, synthesis bulk nc materials requires the consolidation of such
particulates, which often happens at high pressures and temperatures. Accordingly,
grain growth will always be a problem in such cases. The target is to achieve a 100%
dense bulk nc material out of these particulates with minimal or zero grain growth.
Hence the proper understanding of the grain growth is the key to solve this problem.
This shall be validated through studying the stability of both the microstructure and the

GBs’ structure.

2.4.1 Grain Growth

Grain growth up to double of the initial nc grain size has been observed in some
nc pure metals with melting temperatures less than 600 °C, such as Al, Mg, Pb, and Sn,
within just 24 hours at room temperature [93]. The reason behind the grain growth in
such materials is that they have a high volume fraction of GB regions, therefore more

atoms occupying interstitial positions, which is unfavorable energy wise [94], [95].
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Since the overall energy of the system is now unfavorably high, and as any system,
tends to lower its energy, the only way to do so is to decrease the area of the GB region,
and as for pure elements, this can only be achieved via grain growth. This can be
understood from the relationship that relates the change in the area of the grain
boundary (dA) to the change in Gibbs free energy (dG)

dG < ydA Eq.2.3

Where y is the surface free energy of the GB per unit area. The grain growth in
pure nc metals is very significant, since the elemental metal has a positive GB energy.
Therefore, lowering its Gibbs free energy will be on the expense of reducing the
interfacial spacing between its grains, i.e. increasing the grain size [96]. Therefore,
decreasing the interfacial free energy is the driving pressure for this growth process,
consequently, reducing the free energy of the whole system. The growth of the grains
can be considered as an enlargement in the curved interface because of a driving

pressure (P) that keeps pushing this interface, where this pressure can be described as:

P=a g Eq. 2.4
Where «a is a constant and r is the GB radius. It is obvious form equation 2.3
that a smaller GB radius (r) produces higher driving force (P) for the grain growth.
Such driving force can reach up to 1 GPa for a grain size of 10 nm, [8], [97].
Darling et al. [97] examined the effect of elevated temperature on pure nc
copper prepared by electroplating. The sample was annealed to 64% of the melting
point (Ty,) of Cu for 2 hr. TEM observations (Fig. 2.9A and B) confirmed a severe grain

coarsening from an average grain size of 60 nm to 60 um, which is a thousand times

increase!
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160nm

Figure 2.9 Images of the microstructure of nc copper (A) as deposited by electroplating, (B) after sintered
at 600 °C for 2 hours [97].

Other many research efforts have been conducted as to show the influence of
temperature on the stability of the grains in pure nc metals like Cu, Ni, Mg, Al, Zn, and
Pb, which experienced grain growth at low temperatures [96], [97]. Fig. 2.10 shows the
effect of the reduced annealing temperature (T/Ty,) on the grain size of various pure nc
metals [28], [86], [98], [99]. It is obvious from this Figure that the grains kept growing
with the increase of the annealing temperature, which indicates that grain growth is a
general problem that faces many nc metals. Hence, finding a solution to such a problem

is of an utmost importance.
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Figure 2.10 Graph exhibiting the trend of grain growth for different pure metals denoted as: Cu e, Fev,
Pd o, and Ni v [28].

2.4.2 Thermal Stabilization Approaches

Two main approaches are reported in the literature to surmount the thermal
instability issue in nc materials: Kinetic Approach and Thermodynamic Approach.
These approaches emerged from equation 2.5 which describes the velocity of a GB
experiencing grain growth as a function of its mobility (M) and the driving pressure (P)

[100]:

v=M.P=M,exp(=2. 2 Eq.2.5

Where M, is the mobility pre-exponential factor, Q is the activation energy, R
is the universal gas constant, and T is the absolute temperature. From the equation, we
can tell that for nc materials at low temperature, there is still sufficient GB velocity
since the very small r compensates for the low mobility that exists at lower temperatures

[101]. Additionally, to prevent or minimize grain growth, we either have to lower the
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mobility (M) by pinning the GB in place or to reduce the driving force (P). It is quite
important to mention that both approaches involve introducing some foreign atoms to
the system. Hence all the reported nc systems, up to date, are not pure elements [28].
This highlight how the instability issue of the nc materials has limited their usage in the
technological applications which might take advantage of their inherent properties as
of being pure metals. This is because alloying and/or the existence of impurities

severely affect(s) some of the original excellent properties.

2.4.2.1 Kinetic Stabilization Mechanisms
In the Kinetic approach, the mobility of the GBs is controlled by different
mechanisms, including: solute drag [102], second phase drag (Zener pinning) [103],
porosity drag [104], and chemical ordering [105], [106]. The first mentioned two
mechanisms are the most important ones in this thesis, so we shall discuss them in

details.

2.4.2.1.1 Solute Drag Effect

The growth of the grains depends on the possibility of the boundary to skip the
solute atmosphere. Two opposing forces controlling such possibility: (1) the magnitude
of the drag force, and (2) the driving force of the grain growth. The magnitude of the
drag force can be understood by studying the effect of solute concentration on the
mobility of the GB. It was believed that at low solute concentrations, mobility does not
significantly change, and grain growth takes place. However, increasing the solute
atoms makes it more difficult for the boundaries to move and expand, i.e. the higher

the amount of solute, the lower the mobility of the GB. Hence, more thermal stability
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for the system will be possible. Meanwhile, when the driving force of grain growth is
low, the solute atoms will have sufficient time to diffuse and hinder the GB mobility.
However, with the increase of this force, as in the case of the nc materials, grain growth
will be faster; hence the solute atoms have to diffuse through larger areas in less time.
Solute drag may still be effective at high temperature, due to the enhanced diffusivity
of the thermally expanding lattice. However, it should be noted that the value of the
pinning force will depend on the interactions between the solvent and the solute [25],
[97].

Michels et al. [102] investigated the thermal stability of the annealed Pd-19 at.%
Zr alloy at 600 °C for 30 hr. They noticed an increase in the average grain size from 5
to 16 nm, and that the average concentration of Zr atoms at the GBs has increased from
19% to 26.5%. They claimed two possible approaches may describe this behavior.
Either the GBs have trapped the Zr atoms while growing (solute drag), or that these
atoms have diffused to the GBs through the lattice. However, since the 600 °C only
represents 0.47 of the melting temperature for this alloy, the diffusion approach is less
likely to be validated. Hence, solute entrapment is the logical approach here to account
for the increase of the Zr concentration at the GB arecas. VanLeeuwen et al. [107]
studied the same system at even higher temperatures and concluded that the
thermodynamic approach cannot describe the scenario since the decrease in the energy
of the GB due to the segregation is not enough to prevent the grain growth, as can be
seen in Fig. 2.11, which demonstrates the occurrence of severe grain growth after
annealing at 950 °C. Meanwhile, the solute drag could stabilize the system up to 700
°C. The same interpretation was made for a Ni-1 at.% Si alloy, where the stabilization

was achieved due to the entrapment of the Si atoms between the GBs (solute drag
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mechanism) [108], hence proving that even low solute additions still have the ability to

hinder the GB motion.

Figure 2.11 TEM images exhibit the microstructure of Pd-19 at.% Zr alloy annealed at 950 °C for 1 hr.
(A) low resolution, (B) high resolution [107].

2.4.2.1.2 Second Phase (Zener) Pinning
Again, as mentioned before, all the stabilization mechanisms imply introducing
foreign solute atoms to the system. If these atoms formed a second phase either as
precipitates or dispersoids, where they hinder the movement of the GBs, then it is said
to be Zener pinning/effect or the second phase pinning as can be understood from the

following equation:

_3ry
P, =22 Eq.2.6

Where P, is the pinning pressure exerted by the dispersoids or the precipitates,
F is the volume fraction of the particles with radius r, and vy is the GB interfacial energy.
For the sake of having good thermal stability, the P, in Eq. 2.6 should be more than or

comparable with the driving pressure (P) in Eq. 2.4. Hence a high volume fraction of
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the second phase particles and/or an extremely small radius are/is needed. It is worth
mentioning that the Zener pinning has a lower sensitivity regarding the high
temperature than the solute drag. Thus, it is more effective to impede the motion of the
GB at relatively higher temperatures [109].

Shaw and his co-workers [91] examined the thermal stability of the mechanical
alloyed AlgsFesTi,Cr; alloy. They achieved thermal stability up to 77% of the melting
point of this alloy, where a very limited grain growth occurred to the FCC-Al grains,
as some of them remained in the range of 20 nm. They attributed the initial stability to
the solute drag mechanism with some possible contribution from the second phase drag
(Zener). However, for the stability above 450 °C (0.77 Ty,), it was mainly due to Zener
mechanism where the formation of the intermetallic compounds such as AlgFe,
followed by AlsTi, AljsFes, and Alj3Cr,, has taken place and contributed to the
stabilization of GBs.

Zener effect was successful to stabilize nc Cu system, as in the case of using
solutes of W [110], Mo [111], or Nb [32], [33]. In a recent work, Atwater et al. [26]
found that only 1 at.% Zr was able to thermally stabilize nc Cu prepared by cryomilling
up to 900 °C. They attributed such stability to the second phase pinning mechanism,
where the precipitation of ZrO, and CusZr particles appeared to be enough to account
for the thermal stability of this system. As illustrated in Fig. 2.12, the two FCC-Cu
outermost SAD rings reveal an average grain size of ~60 nm, meanwhile, the two
innermost rings give an indication of the average grain size of the second phase particles

which appears to be 5-10 nm.
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Figure 2.12 (A) SAD pattern, (B) BF-TEM image of the cryo-mechanical alloyed nc Cu-1 at.% Zr
annealed at 900 °C for 1 hr [26].

A very recent study was conducted by Lei et al. [38] on a mechanical alloyed
nc Cu-10 wt.% Nb. It was found that the Nb particles grew to about 10 nm, and the Cu
remained below 100 nm even after annealing at 900 °C for 3 hr. This was evidenced
from the bright field TEM micrographs shown in Fig. 2.13. The Hardness value
decreased from 460 HV for the as-milled to 375 HV after annealing, which is still
relatively high. This high stability was mainly due to the solute drag (at lower
temperatures) as well as the pinning effect that was more significant at the higher

annealing temperatures.
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Figure 2.13 BF-TEM of nc Cu-10 wt.% Nb annealed at 900 °C for 3 hr, (A) Cu nano-grains, (B) Nb
nanoparticles [38].

2.4.2.2 Thermodynamic Stabilization Mechanisms

By reference to Eq. 2.5, that describes the velocity of GB as the multiplication
of the mobility (M) and the driving force (P), v = M.P, we have already mentioned the
kinetic stabilization approach that aims to lowering the “M” term. However, the
thermodynamic approach aims to lower the other term “P”. In other words, the
thermodynamic approach works on the reduction of driving force of the GBs by
lowering their Gibbs free energy. Solute atoms should be able to easily segregate to the
GBs filling the gabs and reducing its free energy [28]. Solving the Gibbs adsorption
equation leads to a relation between the solute content and the reduction in the GB
energy, which is stated in Eq. 2.7 below:
dy =-Tadpa Eq. 2.7

where I'4 is the segregated amount of solute to the GB, and 4 is the chemical
potential of the species (solute atoms) [112]. From Eq. 2.7 we can tell that, the more

the segregated solute atoms to the GB, the more reduction in the GB energy. Taking
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into account that the larger the atomic size misfit between the solute and the solvent
atoms, the higher the tendency for the solute atoms to segregate to the GB. This is
mainly because of the need for such bigger atoms inside the ordered lattice to release
its high elastic strain by moving to the empty spaces that present inside the disordered
GB region. High temperature also promotes such solute segregation. This process shall
reduce the GB energy, which is the driving pressure for the grain growth (P) (see Eq.
2.5), and eventually thermally stabilize the system [113]. This concept have been used
by Weissmiiller [114], [115], Kirchheim [20], [116], and Millett [92]. The first trial to
solve the Gibbs adsorption isotherm was made by Weissmiiller [114], [115]. It
described the GB energy after the segregation as follows:
Y =Yo+ I's [AHseg — TASseg] Eq. 2.8
Where y is GB energy after segregation, y, is the energy of the non-segregated
GB, and AH,, and AS,, are the differences in the enthalpy and entropy after and before
segregation, respectively. Based on Eq. 2.8, in order to obtain a “y” that is lower than
“¥o”, it is required that the value between the two brackets, [AHseg — TASseg], to be as
negative as possible. Earlier, McLean [117] stated that the change in the enthalpy of
segregation, AHseg, comes solely from the release in the elastic strain energy. On the
other side, Defay et al. [118] reported that this change in enthalpy is only due to the
chemical interactions. In fact, both of them were not completely true, since AHsey
should involve the two parts; the chemical contribution (AHchem) resulting from the
solute solvent chemical interaction, and the elastic strain contribution (AHs) as a result
of the atomic size misfit of the solute/solvent atoms. This was summarized by
Wynblatt-Ku [119], [120] in their model as in the following equation:

AHSeg = AHchem + AHelS Eq. 2.9
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Friedel [121] came out with an equation that can calculate the value of the AH,,

as below:

AH... = - AE :MZ Ea. 2.10
els els 3KEV 414G 4V g g. <.

Where AE.; is the total released elastic strain energy, K is the bulk modulus, G
is the shear modulus, and V is the molar volume of solute A and solvent B. There are
many models that explain the thermodynamic stabilization and the segregation process.
However, the following part shall discuss the two most famous ones, Kirchheim’s

models [20], [116], and the more recent, Trelewicz and Schuh [96].

2.4.2.2.1 Kirchheim’s Model
Kirchheim inspired this model from the earlier model of Weissmuller [114],
[115]. He accounted for the equilibrium area of the GB and its change with the
temperature. As it can be deduced from Eq. 2.3, assuming positive GB energy, grain
growth will occur to lower the free energy of the system. This grain growth is
eliminated only when “y” is equal to zero. The equilibrium grain size (diameter of a
grain at saturation) of a high segregation enthalpy alloy with a very low solubility limit

can be deduced from Eq. 2.10 [82]:

_ 3F5*VAB
===
X4

D Eq.2.11

Where I}" is the solute excess corresponding to the saturated GB monolayer,
X f,’ is the total solute concentration at the bulk and the interface, and V3 is the molar
volume. This equation exhibits the inverse relation between the equilibrium grain size
and the solute content. This model claims that in a saturated GB, two behavior compete;

precipitation and segregation. However, precipitation shall cause a lower energy state
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in systems with strongly segregating solute atoms [116]. Kirchheim [122] considered
the GBs, dislocations and vacancies as defects. He examined the reduction in energy
that accompanied the formation of such defects in [122], [123], which was later
modeled by Millet et al. [124]. as a reduction in the excess free energy to zero in order

to estimate the equilibrium grain size.

2.4.2.2.2 Trelewicz and Schuh (TS) Model

All the previous models made by Weissmuller, Kichheim, and Liu have a
common limitation that they are only applicable in systems that contain dilute solution
and a small volume fraction of GB. This is basically not the case in the nc materials,
where there is a high amount of GB regions and the segregated solute to the GB can be
high. Trelewicz and Schuh tried to overcome this limitation and came up with a model
that can be applied on systems with either low or high segregating solutes. The model
divides the binary alloy system into three regions: bulk, intergranular, and transition

regions, as demonstrated in Fig. 2.14.
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Figure 2.14 schematic showing two adjacent grains with the bulk region (gray), separated with an
intergranular (IG) region (red), with a transitional region (cyan) that connects the IG and the bulk regions
[96].

According to this model, the change in the internal energy (AU) needs to be
calculated as the summation of the total energy of all the atomic bonds within each
region. This AU arises due to the solute-solvent chemical interactions. After that, the
mixing enthalpy (AH) is calculated using the value of the previously calculated AU.
Considering an ideal solution, the mixing entropy (AS) is obtained and the Gibbs free
energy (AG) is calculated in terms of AH and AS. Finally, AG is diminished with respect
to the change in the concentration of the solute at the GB and the GB volume fraction.
Solving all these equations leads to the equilibrium GB volume fraction, which shall
eventually give the metastable equilibrium grain size. A relation between the energy of
GB and the global solute content is plotted in Fig. 2.15A, as well as a relation between

the grain size, solute volume fraction, and the annealing temperature (Fig. 2.15B).
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Figure 2.15 (A) GB energy vs. the atomic fraction of Sr in Al-Sr system [8], (B) Grain size vs.
temperature at different concentrations of Zr in FeZr system [113].

Unfortunately, the TS model has some limitations. One of the limitations of this
model is that the AH here has accounted only for the chemical contributions and did
not account for any elastic strain contributions that are induced by the solute-solvent
atomic size misfit. Another limitation is that this model assumes no formation of any
secondary phase, hence it cannot be applied where the formation of precipitates is
possible. Even though this model suffers from the mentioned limitations, yet it provides
better interpretations that match quite well with the experimental data, as it can be
noticed in Fig. 2.16, where the grain size is plotted against the total concentration of
solute in a high segregation system such as Ni-P system [125], and in a low segregation

Ni-W system [126].
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Figure 2.16 Grain size vs solute content for Ni-P [125] and Ni-W [126] systems as per the (a)
experimental data, and (b) TS model [96].

Chookajorn et al. [127] have implemented some modification on the TS model
by adding the contributions of the elastic strain to the change in the enthalpy. The new
model generates nanostructured stability maps, where the mixing and the segregation
enthalpies are plotted against each other. Fig. 2.17 shows the stability map of the
tungsten alloys. This map can tell the ability of different solutes to stabilize nc tungsten.
For example, the model here tells us that solutes like Zn, Ti, or Mn can stabilize nc W

system, whereas solute like Cu, Ag, or Cd cannot stabilize this system.
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Figure 2.17 Stability map for nc W system, showing some of the elemental solutes that can and others
cannot stabilize this system [127].
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CHAPTER 3: EXPERIMENTAL WORK

This chapter introduces the experimental procedure that has been done in this
thesis. The procedure is divided into two main parts; the first part represents the sample
preparation process including the synthesizing process of nc Cu and nc Cu-1 at.% Nb
via Mechanical Milling/Alloying (MM/MA), the annealing process at various
temperatures to test its thermal stability, and finally the compaction and polishing of
the samples in order to perform analysis using different characterization tools. The
second part introduces the different characterization techniques that have been used to
analyze the produced samples. This includes X-ray diffraction (XRD), transmission
electron microscopy (TEM), Vickers microhardness tester, Tensile testing machine,

Scanning Electron Microscopy (SEM), and the Four-Point Probe technique.

3.1 Sample Preparation
3.1.1 High Energy Ball Milling

Synthesis of nc Cu-1%Nb was performed using the mechanical alloying
technique. Two elemental powders have been used: Cu and Nb with purities of 99.9%
and 99.99%, respectively (purity obtained from Alfa Aesar®). They were all packed
and sealed under argon, then opened and stored inside a glovebox, mBRAUN, (Fig.
3.1). Both humidity and oxygen levels inside this glovebox were <0.5 ppm. To produce
pure nc Cu, the copper powder was inserted into a stainless-steel vial along with 32
stainless-steel balls (440C martensitic), the ball-to-powder mass ratio (BPR) was 8:1.
In order to avoid contamination, the vial was well sealed under this ultrahigh purity
(UHP) argon atmosphere inside the same glovebox. The vial was then mounted inside

a high-energy ball miller (SPEX 8000M Mixer/Mill, Fig. 3.2), and milled for 8 hr at
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room temperature (~18 °C). However, to produce nc Cu-1%Nb, 1 at.% of niobium
powder was added to the copper powder. The exact same procedure was done as in the
case of the pure Cu, then samples were milled for various milling hours; 1, 3, 5, 8, and
10 hr. A detailed description of how the powder was transferred into nano-sized grains
was mentioned in section 2.3. The milling process is represented in Fig. 3.3. After the
milling was completed, the product was collected in glass vials as in Fig. 3.4, and
preserved inside the glovebox for the time of the analysis to keep the sample fresh, and

minimize the risk of contamination.

Figure 3.1 mBRUAN glovebox.
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Figure 3.2 SPEX 8000M Mixer/Mill.

Figure 3.3 Schematic representation of the milling process [8]. Figure 3.4 Produced sample after milling.

3.1.2 Sample Annealing
Annealing of the nc Cu and Cu-1%Nb samples was performed in a tube furnace

(MTI GL-1500, Fig. 3.5) under the flow of UHP argon (99.999%). A vacuum (3*10~
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Torr) was applied and argon gas was flushed into the tube for three times. The samples
were annealed at various temperatures for 1 hr. The cooling and heating rates were 10

and 5 °C/min, respectively.

i amm

Figure 3.5 MTI GL-1500 tube furnace (on the left) attached to a vacuum pump (on the right).

3.1.3 Sample Consolidation

In order to perform characterization tests like XRD and microhardness tests, the
samples must be compacted to a disk-like shape, as the XRD test requires a sample with
a flat surface, and the microhardness test requires consolidation to the theoretical
density and a smooth flat surface. About 3 g of each sample were loaded into a 6.35
mm die made of tungsten carbide (Fig. 3.6A), then an axial load of 2 GPa was applied
on the punches using a cold mounting press (Carver, Fig. 3.6B). The result was a
compacted ~1 mm disk specimen (Fig. 3.6C). To polish the disk, it was glued to a small
bulk cylindrical glass, which was inserted in the middle of a steel die on a movable
base. This base can adjust the elevation of the glass piece with the sample above by

using an Allen key, see Fig. 3.6C. All the disks were polished using a Metkon Forcipol
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grinder/polisher. Finally, they were mirror polished with a cloth and 0.05 pm alumina,

using the same Metkon device.

Figure 3.6 (A) From left to right; eject tool, die, and punches. (B) Carver mounting press. (C) Steel die
along with the glass piece and ~1 mm sample disk above them.
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3.2 Characterization Methods
3.2.1 X-Ray Diffraction (XRD)

X-ray diffraction analysis is one of the fundamental non-destructive techniques
that is used to determine the crystal structure. In addition, many other crystal structure
parameters such as the degree of crystallinity, grain size, inter-planar spacing, and
lattice parameter and strain can be determined by XRD technique. The principles of
XRD emerges from Bragg’s law (Eq. 3.1) [128], which states that the path difference
between the two incidents and the scattered waves (2dsinf) equals to multiple of x-ray
wavelength, where a constructive interference has taken place. This can be derived from
Fig. 3.7.
nA =2dsinf Eq. 3.1

Where n is the diffraction order, A is the wavelength of the incident X-ray beam,
d is the distance between two crystal planes (inter-planar spacing), and 6 is the

incident/reflection angle.

Figure 3.7 Schematic derivation for Braggs law.

In this thesis, XRD was used to determine the phases along with their crystal

structures, the average grain size, and the lattice strain and parameter of the nc Cu and
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Cu-1 at.% Nb samples. The used XRD device was PANalytical Empyrean
Diffractometer, Fig. 3.8, with a Cu anode material (A = 0.1542 nm). The XRD scanning
range was set to be from 20° to 100°, with a step size of 0.013° and a scan rate of 0.044°

s. The operating conditions were at 45 kV, 40 mA, and 25 °C.

Figure 3.8 Interior view of the PANalytical Empyrean Diffractometer.

The breadth of the XRD peak gives an indication to the grain size of the sample
and the lattice strain due to the milling process. Averbatch method [129] is used to
precisely estimate the average grain size and lattice strain. Each single peak of all the
diffraction patterns was plotted with OriginPro software and fitted with a Pseudo-Voigt

function (PsdVoigtl). The Averbatch equation used in the calculations is shown in Eq.

3.2[129]:
B _ 24 B 2
tan?0, d (taneosineo) t25e Eq.3.2

Where B is the full width at half maximum (FWHM) or the integral breadth of

the peak, 0, is the peak position (Bragg’s angle), d is the average grain size, and e is
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the lattice strain.
The lattice parameter of the prepared samples was calculated using a modified
Cohen’s method shown in Eq. 3.3 [130]
a=a,+ aokcos’ 0 Eq.3.3
Where "a" is the calculated lattice parameter for each peak, "a," is the average

lattice parameter, and "k" is a constant.

3.2.2 Transmission Electron Microscopy (TEM)

Nowadays Transmission Electron Microscopy (TEM) is considered as an
essential technique for nanomaterials characterization. TEM uses a beam of electrons
that illuminates a very thin specimen in ultra-high vacuum conditions. It is capable of
imaging the crystal structure along with its features like grain boundaries, dislocations,
and other defects [131]. It can be used to provide information about the volume fraction
distribution of the grain size [25]. The magnification power of TEM can reach to
capture the finest crystal structures, such as the atoms, which is called High-Resolution
TEM (HRTEM) [131]. These facts made TEM a reliable tool to validate the average
grain size that was deduced from the XRD data, since TEM can really see the nc grains,
unlike the XRD which can only detect the average grain size via a mathematical
calculation method.

This is how TEM works, the electron beam passes through condenser lenses in
order to focus it into a very thin coherent beam before striking a thin sample (~100 -
150 nm thick). The electrons that successfully passed (transmitted portion) is then
focused with the help of an objective lens and translated into an image. This image

passes through some electromagnetic lenses to be magnified before being received on
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a fluorescent screen or, in other devices, a charge coupled device (CCD) camera [131].
The transmitted image is nothing but differences in contrast between blacks and whites,
which is a translation to the variations in the amount of the material where this beam of
electrons has passed (sample thickness), and variations of the electron mean free path
(sample material). Heavier atoms have shorter mean free path than the lighter ones, due
to the more scattering behavior in the heavy ones. There are two modes of contrast in
TEM: a bright field (BF) mode, where the grains are showed in a darker color within a
lighter background; and a dark field (DF) mode, which is the opposite [132].

The TEM sample preparation was carried out using double-jet electropolishing
technique. For both nc Cu and nc Cu-1%Nb, a spherical sample (Fig. 3.4) was flattened
using the mounting press (Fig. 3.6B) into a sheet with a thickness of ~1 mm. The sheet
was then punched using a disk punch (Fig. 3.9A) into a disk of 3 mm diameter. This
disk was mechanically polished using a P1200 tungsten carbide sandpaper till a
thickness of ~80 um was reached. The disk was finally electropolished at room
temperature using a Fischione Automatic Twin-Jet Electropolisher (Fig. 3.9B). An
electrolyte solution of Nitric acid and Ethanol was used for the electropolishing process.
This process should continue till the formation of a tiny hole in the center of the sample.
However, obtaining such tiny hole while keeping the surface of the sample shiny is a
tricky process, since many parameters like current, voltage, and jet speed need to be
controlled. Moreover, the sample needs to be removed immediately on the formation
of the hole, as the thickness of the edges of the metal sample surrounding this hole
should be in the nano-range to fulfill the TEM sample requirements. However, if the
hole stayed for a relatively longer time (few seconds) after the hole was formed, the

corrosive electrolyte will attack these thin edges. That is why this twin-jet
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electropolisher is equipped with a light source at one of the jet nozzles and a
photodetector at the other jet nozzle. Once the hole is created, the light passes through
the hole and detected by the photocell, which in turns activate an alarm. On hearing the
alarm, the operation should be immediately stopped, and the sample has to be removed
out of the corrosive solution as fast as possible and gently submerged into an ethanol

solution.

Figure 3.9 (A) 3-mm disk punch [133]. (B) Fischione Automatic Twin-Jet [134].

After preparing the samples, they were examined under an FEI Tecnai G2 TEM
(Fig. 3.10). Using a voltage of 200 kV, BF and DF images were taken to determine the
microstructure of the nanograins. The average grain size of 200 grains was calculated
from the DF image, and a grain size distribution plot was generated. Moreover, the
selected area diffraction (SAD) patterns give information about the crystal structure and
the phases present, in a way similar to the XRD, but the data visualization is in the form
of bright spots instead of peaks, where the spots come from the diffracted X-rays that
has successfully satistied Bragg’s law. In addition, SAD patterns can give an indication
of the degree of the gain refinement, where in the case of nanocrystals (larger number
of grains) a high density of spots is generated to the extent that makes them form rings,
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and these rings go brighter with lower grain size [135]. Furthermore, High-Resolution
TEM micrograph for nc Cu-1%Nb annealed at 1073 K was performed using a JEOL-

2010F TEM.

Figure 3.10 FEI Tecnai G2 TEM system.

3.2.3 Vickers Microhardness

Vickers microhardness test is a non-destructive technique that is used to
evaluate a mechanical property of the materials, which is the hardness. It can also give
an indication of the strength of the material through Tabor’s relationship that ties
between the yield strength of a material and its hardness [136], [137]. The unit of the

hardness as obtained by the machine is known as Vickers Hardness number (HV),
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which can be converted into pascals. In such a test, a diamond indenter with a very fine
tip and a square base (pyramid-like) is applied to the surface of the sample with a
specific load and for a specific time (dwell time), leaving behind a pyramid-like
deformation with diagonals d1 and d2 (Fig. 3.11). These diagonals are measured
precisely using the optical microscope attached to the machine. For the same load and
dwell time, the smaller these diagonals are, the harder the material. The hardness value

is then determined by the following equation [138]:

1.8544+W (gm)*9.8+10°
H (GPa) = Eq. 3.3
(GPa) (dl-;-dz)z*looo q

Where W is the applied weight in grams, and d1 and d2 are the diagonals of the

indentation in mm.
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Figure 3.11 Image of the indentation showing the diagonals d1 and d2, taken by the attached optical
microscope.

In this thesis, Future Tech Microhardness Tester FM-800 equipped with Fully-
Automatic Hardness Testing System ARS 9000 (Fig.3.12) was used to perform the

microhardness measurements, using a 25-g load for a dwell time of 10 sec. The Sample
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was mounted on the steel die the same way as mentioned in section 3.1.3. At least six
indentations were taken per sample in order to have the average hardness and the

standard deviation.

Figure 3.12 Future Tech Microhardness Tester FM-800 and Fully-Automatic Hardness Testing System
ARS 9000.

3.2.4 Tensile Testing and Fracture Surface Analysis

The tensile test is considered as the most fundamental mechanical test. In this
test, the specimen is put under tension till failure. The strain is detected and plotted
against the applied stress, giving the stress-strain curve. Such curve provides important
information about the material’s properties such as; yield strength, ultimate tensile
strength, uniform elongation and elongation to failure [139].

The as-milled nc Cu-1%Nb samples were punched into a dogbone-like shape
with a 2-mm gauge length and a 1-mm width. The tensile specimens were mirror

polished to get rid of the effects of the surface defects. The final thicknesses after
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polishing were about 300-500 pum. The tensile tests were performed at ambient
temperature using a strain rate of 10~ s, After performing the tensile test, the fractured
pieces were collected to be analyzed under the Scanning Electron Microscopy (Hitachi

S3200N SEM, Fig. 3.13) in order to investigate their ductility.

Figure 3.13 Hitachi scanning electron microscope (model S3200N) [140]

3.2.5 Four-Point Probe

The four-point probe method is a very precise technique to measure the
electrical resistivity. The sample is attached to four probes/terminals which are
separated by equal distances from each other as appears in Fig. 3.14. An electrical
current is allowed to pass in the two outer probes while measuring the voltage between
the two inner ones. The idea behind using such method is that it can measure the actual

resistance of a material without being affected by the contact and lead resistances. This
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advantage comes from the fact of using different electrodes for current and voltage,
unlike the conventional method where the sample is connected to only two terminals

[141].

A

Figure 3.14 Schematic showing the way to connect a sample for measuring the electrical resistivity
using a four-point probe apparatus [142].

The dc electrical resistances of the nc Cu and Cu-1%Nb were estimated using
the four-point probe method at room temperature. The samples were discs with about
6 mm diameter and about 0.2 mm thickness. These disks were attached to four gold
wires using a paste of conductive silver, then their electrical resistances were simply

calculated through dividing the voltage by the electric current.
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CHAPTER 4: RESULTS AND DISCUSSION

4.1 Evolution of Nanostructure of Cu-1 at.% Nb

Fig 4.1 shows the XRD patterns of the nc Cu-1%Nb milled for various milling
hours; 1, 3, 5, 8, and 10 hr. For comparison purposes, the XRD pattern of nc Cu milled
for 8 hr is also shown. The position of the peaks indicates the existence of an FCC-Cu
phase. No other peaks appear for the BCC Niobium phase even after milling for only 1
hr. This confirms the success of the non-equilibrium milling (mechanical alloying)
process in forming a supersaturated solid solution from the two immiscible elements,
Cu and Nb. (Figure 4.2 show the Cu-Nb equilibrium phase diagram [143]). It can be
noticed from Fig. 4.2 that there is very limited solid solubility of Nb in Cu at room
temperature. MM/MA has been found to increase the solid solubility even for
immiscible elements [80], [92]. For example, 10 at.% Nb have been reported in the
work of Botcharova et al. [111] to completely dissolve into the Cu lattice after 60 hr of
milling using a planetary ball mill, where there were no peaks for the elemental Nb,
which agrees with our results. Furthermore, it is quite noticeable that as the milling
hours increase the peaks get broader and their intensities are reduced. This is an
indication of refinement in the grain size. However, to be exact sure, the integral
breadth (FWHM) was obtained after fitting the peaks with a Pseudo-Voigt function
(PsdVoigtl), then the averages of the grain sizes were calculated via Averbatch method
[129]. The results were plotted as a function of the milling hours as shown in Fig. 4.3.
It can be noticed that the grain size steeply decreased during the first five hours of
milling. The grain size of the Cu-1%Nb milled for 8h is less than that of the nc Cu
milled for the same period (16 vs 23 nm, respectively). This can be due to the existence

of solute niobium atoms that could have reduced the ductility of the copper, embrittled
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the whole mixture, and made it easier to fracture and harder to re-weld as in the case of
AlgeSr; [8]. This was achieved as the niobium hindered the dislocation motion inside
the copper lattice. Further milling of the Cu-1%Nb caused a slight grain refinement till

reaching an average grain size of 15 nm after milling for 10 hr.
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Figure 4.1 XRD patterns of nc Cu-1%Nb milled for 1, 3, 5, 8, and 10 hr compared to nc Cu (milled for
8h).
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Figure 4.3 Grain size variation of nc Cu-1%Nb with milling time, compared to nc Cu milled for 8h.
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Bright and dark field TEM micrographs of nc Cu and Cu-1%Nb milled for 8 hr
are shown in Fig. 4.4A-D. The images show equiaxed nano grains which are randomly
distributed within the structure. A statistical analysis was constructed out of several
dark field images by taking the average grain size of 200 grains in each sample. The
analysis revealed an average grain size of 22 and 18 nm for nc Cu and Cu-1%Nb,
respectively. These data are translated in the form of statistical distributions as appears
in Fig. 4.4E and F. The grain size results are in consistence with the SAD patterns,
where the diffraction rings of nc Cu-1%Nb is brighter and thicker than that of nc Cu.
This finding is due to the higher density of spots that came out of a higher amount of
diffractions, which is an indication for a finer nanostructure in the former. It is also
worth mentioning that the SAD pattern in Fig. 4.4C shows only complete rings of the
FCC-Cu phase and no rings for the BCC-Nb, hence confirming the solubility of Nb in

the Cu lattice, and matching with XRD results (Fig. 4.1).
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respectively. (C) and (D) are bright and dark-field TEM micrographs of the

nc Cu-1%Nb, respectively. The corresponding SAD patterns are at the upper right insets of A and C. (E)
and (F) are the statistical distribution plots of the grain size for the nc Cu and Cu-1%Nb, respectively.

£l

Figure 4.4 TEM observations of nc Cu and Cu-1%Nb. (A) and (B) are bright and dark-field TEM

micrographs of the nc Cu



4.2 Properties of nc Cu-1 at.% Nb
The mechanical and electrical properties including hardness, tensile strength,
and electrical resistivity were measured for the as-milled nc Cu-1%Nb. These

properties were compared with the nc Cu milled for 8 hr.

4.2.1 Microhardness Results

Micro-indentation test represents another way to investigate the evolution of the
microstructure of a material with the milling time. Fig. 4.5 shows the values of Vickers
microhardness of Cu-1 at.% Nb as a function milling time. It is clear that the hardness
increased with increasing the time of milling. These results match quite well with XRD
data represented in Fig. 4.2, indicating that the grain refinement is the reason behind
the hardness improvement. Hence, confirming the applicability of the Hall-Petch
relationship in nc materials. Such increase in hardness continued and reached a point
where further milling will not have a significant improvement on the hardness. As can
be seen in Fig. 4.5, there is no significant boost in the hardness of the Cu-1%Nb milled
for 10 hr over that milled for 8 hr. Therefore, we believe that as for this material, milling
for 8 hr is satisfyingly enough, and accordingly, we chose the Cu-1%Nb milled for 8
hr as a final product. The nc Cu-1%Nb achieved a hardness value of 3.21 GPa, which
is more than that of the nc Cu (2.43 GPa). This is mainly attributed to the relatively
smaller grain size of the Cu-1%Nb, the solid solution hardening mechanism, and the
stresses that are induced in the material as a result of forcing the Nb atoms into the

relatively tight Cu lattice.
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Figure 4.5 Microhardness variation of nc Cu-1%Nb with milling time, compared to nc Cu milled for 8h.

4.2.2 Tensile Test Results

Fig. 4.6 compares the tensile curve of nc Cu (prepared via in-situ cryo and room
temperature milling technique by Youssef et al. [3]) to that of the Cu-1%Nb. Both
tensile tests were carried out at a strain rate of 10~ s and at room-temperature. The
mechanical properties for nc Cu-1%Nb exceeded those of nc Cu, where the tensile yield
strength (o, 0.2% offset) and the ultimate tensile strength (c,,) of nc Cu-1%Nb are 1100
MPa and 1350 MPa, respectively compared to the 875 MPa and 1190 MPa of the nc
Cu. This higher strength than that of nc Cu can be attributed to the solid solution
hardening, the lattice stresses associated with supersaturation of Nb into the Cu lattice,
and the relatively smaller grain size (18 nm) than that of the nc Cu (22 nm). These
extraordinary ultra-high yield and ultimate tensile strengths are accompanied by decent
ductility and strain hardening. nc Cu-1%Nb showed higher uniform elongation (10%)

and elongation-to-failure (18%) than the nc Cu (8.5% uniform tensile elongation and
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15% elongation-to-failure). It is worth mentioning that the yield strength of the nc Cu-
1%Nb is more than 10X that of the conventional Cu sample (grain size ~50 um) shown

on the same figure.
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Figure 4.6 True stress-strain curves of the CG Cu in comparison to the in situ consolidated nc Cu [3],
and Cu-1%Nb.

SEM Micrographs of the fracture surfaces are shown in Fig. 4.7A and B. From
the morphology, it is clear that nc Cu-1%Nb (Fig. 4.7B) has more void and dimples
compared to the nc Cu (Fig. 4.7A). This indicates that ductile fracture via the nucleation
and coalescence of very fine sub-microvoids was more significant in the nc Cu-1%Nb
sample than in the pure nc Cu. This is also consistent with the distinct enhancement in
uniform elongation that is found along with noticeable strain hardening as shown from
the stress-strain curves in Fig. 4.6, where the radially unstable crack growth took more

time, and the stabilizing triaxial stress state was retained to higher strains.
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Figure 4.7 Fracture surfaces images taken by SEM after tensile testing of the as-milled (A) nc Cu, and
(B) nc Cu-1%Nb.

4.2.3 Electrical Resistivity Results

Measuring the electrical resistivity for nc Cu and Cu-1%Nb at 298 K revealed
values of 1.97 and 2.17 pQ-cm, respectively. Comparing these values to the one for the
CG Cu (1.78 pQ-cm) and getting their reciprocals, we can find that the electrical

conductivity of the nc Cu is about 90% of that of the CG Cu. This slight reduction in
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the conductivity arises from the contributions of the grain boundaries and the
dislocations. However, the addition of 1 at.% Nb to the nc Cu exhibits a minimal
reduction in the electrical conductivity, as the electrical conductivity of the nc Cu-
1%ND is about 82% of that of CG Cu. Thus, the scattering of conducting electrons from
the 1 at.% Nb atoms in the Cu lattice only reduces the electrical conductivity by about
8%. Such electrical conductivity is superior to that of the nc Cu-5%Nb prepared by
Botcharova et al. [34], where the conductivity was significantly affected by the 5 at.%
Nb as it dropped all the way to ~28% IACS. It is worth mentioning that this nc Cu-
5%Nb was hot pressed at 873 K, and that the higher temperatures enhance the
conductivity since it promotes the segregation of the Nb atoms outside the Cu lattice,
as explained in the next section. Accordingly, the conductivity of as-milled sample
should be even lower. In other words, the electric conductivity of the nc Cu-1%Nb shall

be higher after annealing.

4.3 Thermal Stability of nc Cu-1 at.% Nb
This Section addresses the effect of adding one atomic percent of Niobium on
the thermal stability of the nc copper. This shall be evidenced by performing structural

analysis and mechanical tests on the annealed nc Cu-1 at.% Nb.

4.3.1 Structural Analysis of The Annealed Samples

As was mentioned in Chapter 2, the high temperature causes grain growth to
occur in nc materials. Hence, one of the ways to check the effect of a stabilizing element
on a nc material is to measure its grain size as a function of temperature and see how

severe the grain growth is. This was done here by performing XRD analysis of the

59



annealed nc Cu-1 at.% Nb at different temperatures. Samples from the nc Cu-1%Nb
milled for 8 hr were annealed at 573, 873, and 1073 K. Fig. 4.8 presents the XRD
patterns for nc Cu-1 at.% Nb as-milled for 8 hr along with the annealed samples. From
the figure, we can tell that the FCC structure was well preserved, and that the peaks get
sharper as the broadening gradually decreased with increasing temperature. In order to
determine the extent of grain growth precisely along with the strain percentage inside
the lattice, analysis has been performed using the Averbatch formula as mentioned in
the previous chapter (section 3.2.1), and section 4.1 in this chapter. The results have
been plotted as a function of the annealing temperature, as presented in Fig. 4.9A. It
can be noticed that the average grain size kept increasing with temperature till reaching
25 nm for the sample annealed at 1073 K for 1 hr. Meanwhile, the strain percentage
was decreasing with increasing the annealing temperature, as the temperature has
worked on reducing the strain inside the Cu lattice, indicating a partial segregation of

the Nb atoms outside the lattice.
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Figure 4.9 Change in grain size and stain percentage of nc Cu-1 at.%Nb with annealing temperature.

TEM observations were carried out on the annealed sample at 1073 K, as it is
the highest annealing temperature where the largest grain growth may occur. Fig. 4.10A
shows a BF-TEM image of nc Cu-1%Nb annealed at 1073 K for 1 hr. The figure
exhibits equiaxed grains that are randomly distributed within the structure. The average
grain size calculated based on 320 grains from the DF images is 45 nm (see Fig. 4.9B).
It is important to note that all the grains are below 100 nm. This confirms that the
crystallinity of the material is maintained in the nano-scale even after annealing at
1073K, which represents ~80% of copper’s melting point. The average grain size
measured with the TEM is relatively larger than that estimated using the XRD

technique. However, such discrepancy in the value of the average grain size obtained
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by the two techniques has been reported in many of the literature as in refs [35], [144].
Basically, TEM is considered as a more reliable technique to determine the grain size
than the XRD, especially at grain size values >30 nm. As for the annealed nc Cu, its
average grain size severely grew to ~3 um, as can be seen in Fig. 4.11. Such significant

grain growth is mainly due to the high GB energy of the 22-nm grain size.
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Figure 4.10 (A) BF-TEM image of nc Cu-1 at.% Nb with the SAD pattern (the inset) annealed at 800 °C
(1073 K) for 1h. (B) The statistical distribution of grain size of this annealed sample.
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Figure 4.11 Optical microscope image showing the grains of pure nc Cu after annealing at 1073 K for 1
hr.

4.3.2 Microhardness of The Annealed Samples

Now, After we examined the effect of adding 1 at.% Nb to nc Cu on the thermal
stability in terms of the grain size. Yet, there is another way to make us more confident
about the results of the structural analysis by examining the practical outcomes of this
effect. This shall be validated by testing the mechanical properties of the annealed
samples. This section exhibits and discusses the results of the microhardness tests that
were performed on the annealed nc Cu-1%Nb samples, and compares it to that of the
annealed nc Cu.

Fig. 4.12 reveals the hardness variation of nanocrystalline Cu and Cu-1%Nb as
a function of annealing temperature. From the Figure, with increasing the annealing
temperature, the micro-hardness of the pure nc Cu significantly decreased, where it
dropped to a relatively low value of 0.83 GPa after annealing at 1073 K. This agrees
quite well with the result of the optical microscope image in Fig. 4.11, where the grains

grew to an average of 3 um, consequently reduces the hardness. In contrast, nc Cu-
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1%Nb showed an excellent thermal stability with increasing the annealing temperature.
As can be seen from Fig. 4.12, no significant decrease in the hardness of the nc Cu-
1%NDb is observed up to 773 K. Meanwhile, increasing the temperature to 873 K
decreased the hardness value to 3 GPa, while further annealing to 1073 K (~80% of the
melting point of copper) only decreased the hardness to 2.83 GPa. This high value was
achievable thanks to the 1 at.% Nb that was able to keep the grain size <100 nm. It is
important to mention that the hardness value of the annealed nc Cu-1%Nb at 1074 K is
still higher than the hardness of the as-milled nc Cu (2.43 GPa), regardless of having
larger average grain size than that of the as-milled nc Cu (45 vs 22 nm). This is
attributed to the solid solution hardening, and the existence of the relatively larger Nb
atoms inside the Cu lattice, which contributes to a higher strain inside the lattice, which

in turns adds on to its hardness.
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Figure 4.12 Hardness variation of the nc Cu and Cu-1 at.% Nb with the annealing temperature.

4.3.3 Mechanisms of Thermal Stability

Referring to Chapter two, there are two approaches for the stabilization
mechanisms: kinetic and thermodynamic. The experimental results indicate that the
main stabilizing effects are a combination of the solute drag, where the Nb atoms have
pinned the grain boundaries, and the Zener pinning, where nanoparticles have
precipitated out of the grains and contributed to the pinning. The non-equilibrium
processing during mechanical alloying forces the larger Nb atoms to form a metastable
solid solution as shown from the diffraction pattern in Fig. 4.4C. This caused the Cu
lattice to have a higher strain and increased its lattice parameter from 3.6103 to 3.6193

A° as illustrated in Fig. 4.13. From the same figure, we can tell that increasing the
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annealing temperature causes a reduction in the lattice parameter down to 3.6125 A°,
which indicates segregation of some of the Nb atoms to the grain boundaries, releasing
the stress of the lattice as well. This is also consistent with Fig. 4.9, where the strain
percentage drops with increasing the annealing temperature. There are two scenarios in
which segregation to grain boundaries may occur; either by the entrapment of Nb atoms
at the GBs as the grains grow, or by the diffusion of Nb atoms from the lattice to the
boundaries. However, the first scenario is more likely, since lattice diffusion requires
higher temperatures than those where the grain growth happens in nc materials. Knauth
et al. [108] used this explanation, solute entrapment by the moving boundaries as the
grains grow, to account for the variations in the results of the DSC for the grain growth
in nc Ni and Ni-1%Si, where the growth in nc Ni-1%Si alloy happened at a much lower
rate. Similarly, we believe that solute drag is the dominant mechanism for stabilizing
nc Cu at the relatively low temperatures. However, at the higher annealing
temperatures, Nb atoms accumulate near the Cu grain boundaries to form
nanoprecipitates. There are three pieces of evidence on such a claim: the first one is the
(110) peak and ring of the BCC Nb shown in the diffraction pattern of the annealed
sample at 1073 K, see Fig. 4.8 and the inset in Fig. 4.10A, respectively; the second one
is the significant drop in the value of the lattice parameter of the nc Cu-1%Nb annealed
at 1073 K, approaching that of nc Cu, see Fig. 4.13; the third and the strongest evidence
is the High-Resolution TEM image of the nc Cu-1%Nb annealed at 1073 K (Fig. 4.14),
where some precipitates of Nb (area surrounded by white dashed lines ~15 nm) can be
spotted at the grain boundary of Cu. The fast Fourier transform (FFT) patterns (shown
in the insets of Fig. 4.14) collected from the Nb and Cu grains (areas surrounded by

yellow dashed squares) confirm the elemental composition of the selected regions.
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Hence the accumulation of Nb precipitates at the grain boundaries is confirmed.
Consequently, the movement of the boundary as the grain grow is impeded by the

precipitation of Nb as suggested by the Zener drag effect.
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Figure 4.13 Variation in the lattice parameter of nc Cu-1%Nb with the annealing temperature.
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Figure 4.14 High-Resolution TEM micrograph of nc Cu-1%Nb annealed at 1073K for 1h. The top and
bottom insets are the electron diffraction patterns from Nb precipitates (surrounded by white dashed
lines) and Cu, respectively.
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CHAPTER 5: CONCLUSIONS

Nanocrystalline Cu and Cu-1 at.% Nb samples were synthesized via mechanical

alloying/milling using high-energy ball milling technique. The evolution of

nanostructure and hardness in the ball milled Cu-1 at.% Nb versus milling time was

examined. The tensile and the electrical properties of the nc Cu and Cu-1%Nb milled

for 8 hr were inspected. In addition, their thermal stability was investigated by

measuring the grain size of the samples at various annealing temperatures. The hardness

of the annealed samples was measured to further support the structural investigations.

The following conclusions are drawn based on the experimental findings discussed in

chapter 4:

1.

XRD and TEM investigations showed that the nano-crystallinity for both Cu and
Cu-1%Nb was successfully achieved by ball milling technique, with average grain
sizes of 22 and 18 nm, respectively.

The immiscible 1 at.% Nb was entirely dissolved into the Cu lattice forming a
supersaturated solid solution.

Microhardness test carried out on the as-milled nc Cu revealed hardness value of
2.43 GPa. Meanwhile, the tensile test data showed tensile yield and ultimate
strength of 875 MPa and 1190 MPa, respectively. The uniform tensile elongation
and elongation-to-failure were 8.5% and 15%, respectively.

As-milled nc Cu-1%Nb exhibited hardness of 3.21 GPa, as well as tensile yield and
ultimate strength of 1100 MPa and 1350 MPa, respectively, with uniform
elongation and elongation-to-failure of 10% and 18%, respectively. Hence, nc Cu-

1%NDb has superior mechanical properties compared to those of the nc Cu.

. Adding 1 at.% Nb only reduced the electric conductivity of the pure nc Cu by 8%,
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hence attained 82% IACS. Such result is considered revolutionary when compared
to the 10% IACS of nc Cu with higher 10 at.% Nb content.

. Upon annealing at 1073 K, 80% of the homologues temperature, for 1 hr, the grains
of the pure nc Cu grew to an average of around 3 pm. However, the grain growth
in the nc Cu-1%Nb was with an average grain size of 45 nm. Hence, indicating the
effectiveness of the 1 at.% Nb in thermally stabilizing the nanostructure of the
copper.

The lattice parameter of the as-milled nc Cu-1%Nb was relatively high (3.6193 A°).
However, it started to decrease gradually after annealing till reaching 3.6125 A° at
1073 K. Which indicates the segregation of the Nb atoms out of the Cu lattice to
the grain boundaries.

The thermal stability of nc Cu-1%Nb at lower annealing temperatures is attributed
to the solute drag mechanism. Meanwhile, second phase drag mechanism is found
to be the main responsible for such stability at the elevated temperature, where some
precipitates accumulated at the grain boundaries as seen by HRTEM.

The hardness of the annealed nc Cu-1%Nb at 1073 K decreased to 2.83 GPa only.
On the other side, its counterpart nc Cu has encountered a significant reduction
reaching just 0.83 GPa. This also shows the effect of the 1 at.% Nb in achieving
thermal stability and maintaining exceptional mechanical properties.

It is worth mentioning that the approach used to thermally stabilize the nc

copper in this thesis could be applied to stabilize other nc metals and alloys. This helps

to achieve remarkable high strength and hardness concurrent with good ductility and

strain hardening, without sacrificing the inherent properties of the metal or the alloy,

which shall open a new era for their utilization in technological applications.
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