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Introduction

The production of ultrafine-grained (UFG) or nanostructured materials either by top-down or
bottom-up route is usually accompanied by lattice defect formation, such as stacking faults,
grain boundaries (GBs), dislocations and vacancies. The type and density of lattice defects can
have significant impact on the properties of nanomaterials. Therefore, it is important to deepen
our understanding about the relationship between lattice defects and properties of
nanomaterials. Over the years, there is an increasing interest in employing severe plastic
deformation (SPD) techniques for production of UFG materials. High-pressure torsion (HPT)
is considered as the most effective SPD method in grain refinement and improvement of the
strength of metallic materials. Moreover, the experiments showed that a combination of HPT
with other SPD and non-SPD processing routes (such as rolling) gives the potential for
achieving a greater grain refinement in bulk metallic materials. In the case of bottom-up
techniques, the processing by electrodeposition is a conventional yet one of the most effective
and low-cost methods. Further improvement in the properties of UFG and nanomaterials can
be achieved by the addition of alloying elements which influence the microstructure as well as
its thermal stability. Similar effect is expected when organic additives are added to the

electrodeposited materials.

Ni-Mo alloys exhibit high hardness, wear, thermal and corrosion resistance, and have several
important practical applications. However, the effect of Mo atoms on the microstructure and
defect structure of UFG Ni prepared by different processing techniques has never been
investigated yet. For this purpose, Ni-Mo alloy specimens were processed by both bottom-up
(electrodeposition) and top-down (severe plastic deformation) routes with similar chemical

compositions. My PhD research incorporated the influence of processing route on the



microstructure, defect structure and mechanical properties of UFG and nanocrystalline Ni-Mo
alloys. It also takes into account the influence of Mo alloying and saccharin addition on the
characteristics of Ni alloy thin films processed by electrodeposition. In addition to the study of
the thermal stability of the microstructure and defect structure during annealing, the correlation

between the lattice defects and the mechanical properties was also investigated.

In my PhD research work, | performed the X-ray experiments for the characterization of all the
samples investigated within the scope of this thesis to determine various microstructural
parameters. For this purpose, after measuring the X-ray diffraction (XRD) patterns, | conducted
the evaluation using the X-ray line profile analysis (XLPA) method. | carried out the sample
surface preparation for X-ray and scanning electron microscopy (SEM) investigations. |
evaluated the electron backscatter diffraction (EBSD) images to obtain grain size and grain
boundary fractions using OIM software. Additionally, | calculated the grain sizes using
transmission electron microscopy (TEM) images for those thin film samples which were
beyond the detection limit of EBSD. | evaluated the differential scanning calorimetry (DSC)
thermograms and calculated the stored energies for SPD processed and electrodeposited
samples. | also performed the microhardness tests to determine the mechanical properties of the
samples and then correlated the mechanical properties to the microstructure and defect

structure.



Layout of the Thesis

This thesis is divided into five chapters as follows:

In Chapter 1, I include a brief description about the properties and applications of Ni-Mo
systems. Additionally, this chapter summarizes the processing of UFG and nanocrystalline
(NC) materials by top down and bottom up methods. The effect of processing techniques and
their conditions on the microstructure, defect structure, thermal stability and mechanical

properties of the as-processed materials is also discussed.

In chapter 2, | present the details of the material processing and the experimental techniques
used in this research. XRD technique was extensively used in this study, therefore the detailed
description of XLPA method is included along with brief details of other characterization

techniques such as SEM and TEM, DSC, microhardness and uniaxial tensile tests.

In chapter 3, I show the influence of Mo addition on the microstructure, thermal stability and
hardness of Ni alloy processed by a combination of cryorolling and HPT. The evolution of
microstructure, defect structure and mechanical properties of UFG Ni alloys processed by SPD
with increasing SPD straining is presented. Additionally, the evolution of grain size and
dislocation density were also investigated as a function of the annealing temperature and then
correlated to the evolved DSC peaks. The results obtained within the scope of this chapter have

been published in three journal papers [P1-P3].

In chapter 4, | present the evolution of the microstructure, defect structure as well as mechanical
properties of thin films of Ni alloys with low and high Mo concentrations, which were processed
by electrodeposition with and without saccharin addition. The calculation of the change of
stored energy during annealing is also included. The scientific results shown in this chapter

were published in journal and conference papers [P4-P7].



In chapter 5, | discuss the influence of processing route on the microstructure, defect structure,
thermal stability and stored energy. For this purpose, | compared the results obtained by the
investigation of Ni-Mo bulk nanomaterials processed by HPT with that of Ni-Mo layers with

very similar compositions but processed by electrodeposition. The results presented in this

chapter were published in two journal papers [P6, P7].



New Scientific Results

The new scientific results of my PhD research can be summarized as follows:

1. Both Ni alloys with low (0.3%) and high (5%) Mo contents remain in solid solution
state even after cryorolling and HPT. Although the grain size was not refined into the
UFG regime during cryorolling, there were very high dislocation densities (~15-35 x
10 m) in both alloys. HPT at RT led to further enhancement in the dislocation density
up to ~30-60 x 10'* m? and a concomitant gradual grain refinement below 200 nm.
Irrespective of the Mo content, the saturation of the dislocation density occurred earlier
(after 5 turns) than for the grain size (only after 20 turns) during combined cryorolling
and HPT. The minimum grain size and the maximum dislocation density values are,
respectively, smaller and higher in the alloy with high Mo content than in the material
with low Mo concentration due to the pinning effect of Mo atoms on the lattice defects.
This effect also hinders the clustering of dislocations within the grains as indicated by

the higher value of the dislocation arrangement parameter.

2. The hardness for both alloys saturated and became homogeneous along the disk radii
after 5 turns of HPT. The maximum hardness values achieved for 0.3% and 5% Mo
concentrations were ~3200 and ~4300 MPa, respectively. The higher saturation
hardness with 5% Mo is in accordance with the microstructural observations. It is
demonstrated that the hardening caused by the combined process of cryorolling and
HPT may be related to the increase of the dislocation density using the Taylor equation.
The o parameter in this equation has a lower value for the higher Mo content due to the

less clustered dislocation structure.



3. For the HPT-processed samples, the recovery of the UFG microstructures started at
~400 K irrespective of the Mo content but recrystallization occurred at a much higher
temperature for the Ni alloy with higher Mo content. During recovery, the low-angle
grain boundary fraction increased due to the arrangement of dislocations into low energy
configurations, such as low-angle grain boundaries. In the recrystallization process, the
fraction of low-angle grain boundaries decreased. The temperature range of the recovery
is much larger for the alloy with higher Mo content (~515 K) than that for the sample
with lower Mo content (~280 K). After annealing up to ~1000 K, the grain size remained
much smaller for the sample with higher Mo concentration. Moreover, the larger Mo
content yielded a separation of recovery and recrystallization processes in the DSC
thermogram. In comparison to the sample with lower Mo content, there is a much higher
onset temperature of recrystallization for the alloy with higher Mo concentration due to
the segregation of solute Mo atoms at the grain boundaries which may reduce the grain
boundary energy and additionally hinders the motion of the grain boundaries. The
higher Mo concentration has a more pronounced hindering effect on recrystallization
than on recovery. It is concluded that the higher Mo content significantly increases the

stability of the SPD-processed UFG microstructure in Ni.

4. Annealing to ~600 K resulted in a considerable hardening for the sample with lower Mo
content while the ductility remained unchanged. This annealing-induced hardening was
explained by the annihilation of mobile dislocations and the clustering of the remaining
dislocations into subgrain boundaries. An increase of the Mo concentration in UFG Ni
led to a much lower annealing-induced hardening which was explained by the hindering
effect of Mo atoms on the annihilation and clustering of dislocations. Therefore, the

influence of Mo content on the annealing-induced hardening in UFG Ni-Mo alloys is



opposite to the trend observed formerly for their nanocrystalline counterparts processed
by bottom-up methods due to the different strengthening mechanisms. Annealing to
high temperatures resulted in a simultaneous reduction in the strength and an
improvement in the ductility in UFG Ni-Mo alloys. The softening and the increase of
ductility were lower for the alloy with higher Mo concentration, indicating a better

thermal stability of this sample compared to the sample with lower Mo content.

In the electrodeposited Ni-Mo layers, the increase of Mo content resulted in a smaller
grain size as well as a higher dislocation density and twin fault probability in the Ni
layers. This effect is more pronounced for the electrodeposited films than for the UFG
Ni-Mo alloys with similar compositions but processed by SPD. This difference can be
attributed to the different formation mechanisms of lattice defects: during SPD-
processing and electrodeposition deformation-induced and grown-in defects were
formed, respectively. The addition of saccharin to the electrolyte bath also yielded an
increase of the lattice defect density in Ni-Mo layers for both low and high Mo contents.
This effect can be explained by the co-deposition of sulfur together with Ni. The
increase of the defect density due to saccharin addition is more pronounced for Ni film

with low Mo concentration.

. The increase of Mo concentration in Ni films resulted in a considerable improvement
of the thermal stability of the nanocrystalline microstructure. The improved stability due
to Mo alloying can be attributed to the pinning effect of Mo on the lattice defects such
as dislocations and grain boundaries, thereby retarding recovery and recrystallization of
the nanocrystalline microstructure. The electrodeposited film with higher Mo
concentration exhibited a better stability than the SPD-processed counterpart with the

same Mo content. Although both Mo alloying and saccharin addition resulted in a strong



increase of the lattice defect density in electrodeposited Ni layers, their effects on the
thermal stability were significantly different. Namely, saccharin yielded a significant
reduction of the thermal stability of the nanocrystalline Ni microstructure because this
additive increased the defect density during deposition, thereby enhancing the
thermodynamic driving force for recovery and recrystallization. At the same time, the
impurity elements (e.g., sulfur) deposited from saccharin cannot hinder effectively the
recovery and recrystallization of the nanocrystalline microstructure in Ni films, causing

a reduced thermal stability.

. The stored energy investigation for the electroplated Ni films with both low and high
Mo contents revealed that the majority of the released heat (~77%) can be attributed to
the contribution of grain boundaries while the rest was caused by the annihilation of
dislocations and twin faults. From the equality between the measured and calculated
released heats, the grain boundary energy was estimated as ~0.5 and ~0.7 J/m? for low
and high Mo concentrations, respectively. These values are in the lower part of the
possible grain boundary energy range (0.4 - 1.4 J/m?), suggesting a low excess volume
in the grain boundaries of the present electroplated films. The grain boundary fraction
in the released heat was significantly smaller (less than 55%) for UFG Ni-Mo samples
with similar compositions but processed by HPT. For these specimens, the sum of the
heat contributions of grain boundaries, dislocations and twin faults was much smaller
than the released heat obtained by DSC. The difference was attributed to vacancies and
vacancy clusters. The estimated vacancy concentration was about 1073, The higher Mo
content yielded a two times larger vacancy concentration. The electroplated layers
contain less vacancies than the HPT-processed samples, especially for low Mo content.

The increase of Mo concentration in the electrodeposited films from ~0.4 at.% to ~5.3



at.% resulted in an enhancement of the stored energy with a factor of about two. This
change is caused by the larger defect density and the smaller grain size. The influence

of Mo content on the stored energy is less pronounced in the samples processed by HPT.

8. The investigation of the hardness of the electrodeposited Ni-Mo films showed that
before annealing the saccharin-free layer with low Mo content has lowest hardness value
in comparison with the other investigated Ni-Mo layers. This can be explained by the
much higher grain size and lower dislocation density for this film compared to the other
three electrodeposited samples. For other investigated layers, the hardness values were
very close, despite the very different dislocation densities and twin fault probabilities.
The grain size values for these three samples were very small (between 20 and 30 nm),
which can cause change of the main deformation mechanism from dislocation glide to
grain boundary sliding. Among all the layers, the minimum variation in the hardness
during annealing was observed in the saccharin-free layer with high Mo content in
accordance with the best thermal stability of the microstructure of this film.
Furthermore, the addition of saccharin reduced the temperature of the large hardness
reduction. At the same time, the increase of Mo content increased the thermal stability
of the layers. Unlike HPT processed samples, no annealing-induced hardening was

observed in the studied electrodeposited Ni-Mo layers.

Research Achievements

The results obtained during my PhD research were published in 8 papers (7 publications are
related to the dissertation). Additionally, these results were presented at 5 international

conferences and seminars.
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