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Abstract 
 
This project aimed to investigate the evolution of the mechanical properties brought to light while 

testing specific microstructures. This study tested three different samples made of pure nickel. A 
reference sample composed of a coarse grained structure, a bimodal random sample and a 
bimodal harmonic one. The experimental work intended to make a comparison of mechanical 
properties to make a comparison between all samples. The research work took place in LTH Lund 
University in Materials Engineering Division in collaboration with Instituto Superior Técnico, 
University of Lisbon. All experiments were made in compliance with the respective ASTM 
standards for the tensile testing. The behaviour of all samples was studied by the computation of 
properties of strength and ductility. The reproducibility of results was estimated considering the 
variations of the tensile tests parameters computed for three specimens per sample. Harmonic 
bimodal structures showed the lowest reproducibility results. In general, bimodal structures have 
proven to be considerably stronger than the coarse grained sample, under tension, without 
compromising their ductility significantly. An oscillating behaviour in the beginning of plasticity was 
identified in both bimodal samples suggesting micro fractures in ultra-fine grains. Harmonic 
bimodal structures have shown their strain hardening stage to be composed of a first, almost 
linear behaved phase. 
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1. Introduction 

 
Ever since their first days, humans have 

tried to find and produce materials that best 
suit their needs. The subject of this thesis 
continues that millenarian quest, since its 
main objective is to understand the effect of 
a specific structure on the properties of the 
material when it is subject to a certain 
loading. 

In general, for structural purposes, high 
strength ductile materials are required. 
Thus, the need for a better compromise 
between two properties – strength and 
ductility – comes as a corollary.   

Bimodal structures were born with the 
intention of solving the aforementioned 
dilemma. These combine properties of 
materials with coarser and finer grains. 

 
 
 
 
 
 

 

2. Literature Review 
 

2.1. Bimodal Structures 
 
Definition 
 

As the name suggests, bimodal structures 
are composed of two different types of 
grains. The present work focuses in two 
kinds of bimodal microstructures – one in 
which the distribution between UFG and CG 
is random (Random Bimodal – BR) and 
other in which UFG and CG are disposed 
through a specific pattern (Harmonic 
Bimodal – BH). Materials composed by the 
latter geometry are often referred to as ultra-
fine structured “composites comprised of a 
strong matrix and ductile inclusions” [1]. 

 



 
 
Figure 1 Schematic representation of “harmonic” 

bimodal and random bimodal microstructures. Adapted 

from Figure 1 in [2] 

 

A 3D representation of the “Harmonic” 
structure is represented in the Figure 2 
where it is possible to distinguish CG nuclei 
of an approximate circular geometry – 
commonly called “cores” – separated from 
one another by UFG – usually referred to as 
“shell”. 

 

 

Figure 2 Schematic of 3D mesh of a harmonic 

structured material. Adapted from Figure 1 in [3] 

 

Fabrication 
 

Research has been made in order to find 
the optimal procedures for producing 
bimodal structures and more specifically, 
harmonic microstructures. Nowadays, the 
harmonic structures are generally obtained 
through the application of a series of 
procedures that belong to both PM (Powder 
Metallurgy) or SPD (Severe Plastic 
Deformation) routes following the 
manufacturing procedures schematically 
represented in the Figure 3. 

 

 

 

Figure 3 Schematic of the fabrication processes for 

producing “harmonic structures” 

 

Firstly, the coarse grained metal powders 
are put inside vials that later allow Ball 
Milling (BM) to be performed. BM consists in 
imposing controlled plastic deformation in 
the metal powders. Since plastic 
deformation in the powders is achieved 
through collisions between the balls 
contained inside de vials and the powders, it 
is easy to understand that most of that 
deformation will be localized in the exterior 
of the powder particles, gradually 
diminishing the amount of deformation the 
closer the center of the particles is. Hence, 
this process enables the creation of a 
gradient grain structure in each of the 
powder particles – which translates on a 
controlled spatial distribution of CG and 
UFG. 

Parameters like temperature, atmosphere, 
pressure, ratio balls: powder, the presence 
of additive, time and particle size are 
adjusted according to the material to be 
processed and the characteristics intended 
for the final bimodal structured material. 

After the milling processing of the powders, 
in general the consolidation process chosen 
to be performed is FAST/SPS (Field-
Assisted Sintering Technology/Spark 
Plasma Sintering), whose working principle 
consists in inducing both electrical and 
mechanical stimuli in a controlled 
atmosphere to the powders to be sintered. 
Since the materials of the equipment that 
surround the powders are highly conductive, 
a low-voltage electrical pulse is needed to 
create very high currents and alongside with 
an increase in pressure created by the 
punch in the powders, a very rapid heating 
process is achieved. With use of a water 
cooling system, the grain growth of already 
milled powders is prevented, preserving the 
microstructure produced in previous 
processing [4]. 

 

2.2. Nickel 
 
Properties 
 

From nature, it is possible to refine Nickel 
until a purity of 99.99% is achieved, however 
what ends up happening is that 99.95% is 
the percentage that is more commonly 
reached. The latter fraction of purity is 
almost always sufficient for the computation 
of nearly all the physical properties [5]. In the 
Table 1 can be consulted the main physical 
and mechanical properties of pure nickel. 



 

 

At room temperature Nickel crystallizes as 
Face Centered Cubic (FCC) atomic 
structure. For instance, FCC metals are 
known for being more ductile than BCC 
(Body Centered Cubic) or HCP (Hexagonal 
Close Packed) ones, because in that 
geometry the atoms have more space 
between them which enables an easier 
adjustment of the microstructure when 
deformation starts to occur [8]. 

In order to properly test the performance of 
a specific microstructure it is important to 
make sure that the atomic structure remains 
the same during testing and/or service 
conditions. Thus, the choice of Nickel, for 
being a material that does not suffer phase 
changes under the testing conditions to be 
performed. 

 

3. Materials and Methods 
3.1. Samples 
 
Material 
 

The material samples used for testing are 
made of Nickel with a purity of 99%.There 
were made three different types of samples: 

 
•Coarse Grained Sample (Reference 

Sample): Made from coarse grained Nickel 

•Random Bimodal Samples: Made from 
a random distribution coarse grained and 
ultra-fine grains of Nickel (UFG fraction of 
40% of the overall material) 

•Harmonic Bimodal Samples: Made from 
a harmonic distribution of coarse grained 
and ultrafine grains of Nickel (UFG fraction 
of 40% of the overall material) 
 
Type and Dimensions 

 
The specimens of type flat rectangular. 
Dimensions of the gage section: 

1.5x2x5 (mm) [thickness x width x length]  
 
Considering the ASTM standards that 

guided the course of the present 
investigation it is possible to conclude that 
the specimens used for testing were 
subsized, therefore not standardized. This 
issue lead to the need of several 
adjustments in the testing preparation stage. 
One of these adjustments consisted in the 
production of an alignment plate – Figure 4 
– that would allow for the grips to fix the 
specimen in the right position. 

 

 

Every specimen was measured before 
being tested with use of a Mitutoyo digital 
micrometer QuantuMike 293-140-30 that 

has an accuracy of ± 1 μm and a range of 
25 mm. Most of them presented slight 
variations from the values intended. 

 

Specimen Preparation 
 
Grinding 
 

SiC grinding papers 2000 and 4000 were 
used to remove the largest portions of 
material off the surface of the specimens. 
There were used at speeds of around 150 
rpm for about 30 seconds to 1 minute, in 
order to ensure that the specimens’ surface 
only had scratches in the direction of the 
length. 

 
 

Table 1 Physical and mechanical properties of 

Nickel. Values taken from [6] and [7] 
*Mechanical properties from Nickel 200 with a 

purity of 99.6% 
Physical and Mechanical Properties of 

Pure Nickel 

Atomic Number 28 

Density (solid) [g/cm3] 8.908 

Melting Point [ºC] 1455 

Boiling Point [ºC] 2913 

Thermal Conductivity 
[W/(mK)] 

91 

Thermal Expansion [10-5 
K-1] 

1.34 

Specific Heat (solid) 
[J/(kg K)] 

445 

Electrical Resistivity [10-8 
mΩ] 

7 

Magnetic Type  Ferromagnetic 

Curie Point [K] 631 

Elasticity Modulus [GPa] 200 

Annealed 0.2% Proof 
Stress at 20ºC [MPa] 

150* 

Annealed Tensile 
Strength at 20ºC [MPa] 

450* 

Elongation [%] 47* 

 

Figure 4 Alignment Plate 



Polishing 
 

MD-Nap 200mm cloth was used alongside 
with DP-suspension A of 9, 6, 3 and 1μm for 
about 2 min at a rotating speed of 350 rpm. 
At last, some drops of OP-S were poured in 
a MD-Nap cloth in order to remove the 
smallest scratches that were still present in 
the surface. 

 

Etching 
 

The chemical solution chosen and created 
for etching Nickel was composed by: 

•5 parts of Nitric Acid (HNO3) 
•5 parts of Acetic Acid (CH3COOH) 
•2 parts of Sulfuric Acid (H2SO4) 
•5 parts Deionized water  
After the preparation of the solution, the 

surface of the samples was submerged in 
the liquid for about 1 min, then the leftover 
acid was removed from the surface using 
water and ethanol and dried with 
compressed air. 

 

3.1. Tensile Testing 
 
Machine, software and additional 
equipment 
 

The machine used for tensile testing of the 
samples was ElectroPuls e10000 from 
Instron Instruments. The procedure for 
setting up the machine for testing is 
thoroughly described in an instruction 
manual that was developed during the 
course of the present research.  

The testing software used was BlueHill. 
The key inputs that were changed from test 
to test were the strain rate and specimen 
dimensions. A load cell of 10kN was used 
because test loads exceeded 1kN. 

The testing software used was BlueHill and 
its accuracy of data acquisition is within less 
than 0.01% error, since calibration by a 
special service is performed regularly. 

The extensometer Epsilon SN E98981 was 
used for measuring the strain of the 
specimens during testing. This equipment 
was used with the intension of monitoring 
more accurately the extension of the 
specimens during testing, and because it 
also makes sure that the extension 
considered only refers to the gage length of 
the specimen. 

 
 
 
 

Data Analysis 
 

After testing, Bluehill creates as an output 
an excel file with the values of load and 
extension registered throughout the test, as 
well as another file with the computed key 
parameters of the tensile test from the raw 
data. However, since some abnormalities 
were found in the parameters computed by 
the software, those values were dismissed, 
and their computation was re-done based on 
the raw data file described as following: 

In order to analyse the elastic region, the 
Young’s Modulus and Yielding Stress had to 
be computed. The Young’s Modulus can 
obtained by making a linear regression in the 
elastic region (considering test points with 
strains within the range of 0.05-0.25%) of the 
Engineering Stress vs Engineering Strain 
being the Young’s Modulus the slope of that 
function for all specimens. 

The Yield Stress is computed by the Offset 
Method. By using the previously obtained 
values of the Young’s Modulus, a function 
parallel to the linear regression of the elastic 
region is created with an offset of 0.2% in the 
strain axis, being given by, 

 
Then, the Yield Stress is the resulting 

stress value given from the interception 
between the offset function and the 
Engineering Stress vs Engineering Strain 
diagram obtained from testing. However, 
since the data is scattered, the creation of a 
trendline is required. Therefore, in order to 
accomplish a satisfying R-squared value, a 
cubic polynomial trendline is drawn for all 
specimens for test points with strains within 
the range 0.25-1.25%. The interception 
between the linear and cubic polynomial 
trendlines was computed analystically with 
use of Wolfram Alpha.  

After yielding, the specimens enter the 
region where plastic deformation starts to 
occur. Therefore, in order to figure whether 
the samples obey Ramberg-Osgood theory, 
a power trendline is computed in excel with 
the values of true stress and strain. Only the 
values of plastic true strain were used as 
equation (2) suggests. 

 

𝜎 = 𝐸(𝜀 − 0.002) (1) 

 

𝜎 – Engineering Stress 
𝜀 − Engineering Strain 

𝐸 − Young’s Modulus 

 



 

 

Fracture Surface Analysis  

 
For the fracture surface analysis to be 

possible, Alicona InfiniteFocus G4 was used 
with the help of a specialist in order to take 
images that could help in the process of 
identifying characteristic features of both 
typical brittle and ductile fractures.  

 

4. Results and Discussion 
4.1. Mechanical Properties and 
Reproducibility 
 
Sample Comparison 
 

With the intention of analysing the strength 
of samples tested, bar diagrams of Figure 5 
and Figure 6. 

 

 

From both Figure 5 and 6, as already 
expected by the Hall-Petch relation for the 
Yield Stress (YS), and by previous studies 
from Tatsuya et al [9], Orlov et al [10], Zhang 
et al [2], Sawangrat et al [11], and Vajpai et 
al [3] for the Ultimate Tensile Stress (UTS), 
average values are higher for Bimodal 
structures. Even though average value of 
BH’s YS and UTS is lower than BR’s, the 
sample standard deviation suggests that 
they may reach higher values as it is 
expected to be. 
 

 
From the Figure 8 it is seen that the values 

of strain at fracture are higher for the CG 
sample, which is supported by the materials 
engineering theory, alongside with research 
projects from Tatsuya et al [9], Orlov et al 
[10], Zhang et al [2], Sawangrat et al [11], 
and Vajpai et al [3], that state that since CG 
are larger than UFG, they have more room 
for imperfections to be created, accumulated 
and propagated, which basically defines 
their ability to intake plastic deformation [12]. 
The results have also shown higher values 
of strain at fracture for BR sample when 
compared to the BH one. However, previous 
studies have reached the opposite 
conclusion – Zhang et al [2], Sawangrat et al 
[11]. 

 

 

 

From Figure 7, it is seen uniform strain 
(Eu) and strain until failure (Euf) follow the 
same tendency as strain at fracture. A larger 
uniform strain is associated with more ductile 
materials, since it is the measure of how 
much the material is able to deform before 
strain localization. The softer the material, 
the larger will be its microstructural capacity 
for accumulating and propagating defects, 
resulting in delayed strain localization and 
subsequent late fracture. Strain until failure 
is defined by the amount of straining 
supported by the material since strain 
localization occurs until failure.  Similarly to 
uniform strain, strain until failure is larger for 
softer materials, because ductile materials 
microstructures have a better ability for 
delaying crack propagation and therefore for 
delaying fracture. In that sense, results are 
according to expectations – CG sample, 
having a higher average grain size, is softer 
and, therefore holds the highest value for 
both of these parameters.  

Bimodal structures, even though 
contradicting theory – Zhang et al [1], 

𝑆 = 𝐻𝑒𝑝
𝑛 (2) 

 

𝑆 – True Stress 
𝑒𝑝 − True Plastic Strain 

𝐻 − Material’s constant 

𝑛 – Exponent  

 

 

Figure 5 Yield Stress comparison between CG, BR 

and BH samples tested at a strain rate of  
36x10-4 s-1 

 
Figure 6 Ultimate Tensile Stress comparison 

between CG, BR and BH samples tensile tested at 
a strain rate of 36x10-4 s-1 
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Sawangrat et al [13] – show results that are 
in accordance with values of strain at 
fracture obtained. Despite the ratio between 
strain until failure and uniform strain remains 
approximately constant in CG and RB 
samples, it decreases around 5% in the HB 
sample, which is a result of a more fragile 
behaviour shown by this sample. 

 

 

 

 

Since, Ramberg-Osgood describes a 
power relation, it is known from simple 
calculus that for exponent values that are 
worth less than the unity (which is the case 
for the great majority of metals whose 
exponent usually varies between 0.1-0.5) 
the higher the value, the more rapid will be 
the increase in strength and as a result the 
strain-hardening of the material. Therefore, 
the results in the Figure 8 suggest that the 
CG sample strain hardens the most followed 
by the bimodal samples that show practically 
no difference from one another. 

 

 
 
 

Since previous experimental results from 
previous research projects as well as 
different deformation theory proposals for 
bimodal harmonic structures are in 
disagreement to the results obtained in the 
development of the present experimental 
work, microscope images from the structure 
of the samples taken before testing were 
investigated – Figure 9. 

From the analysis of the Figure 9 and after 
having analysed the structures of all 
specimens prior to testing, it is possible to 
see that unfortunately the bimodal harmonic 
samples do not show a distinct harmonic 
structure, and that could be the cause of the 
difference in behaviour between the 
specimens tested during the development of 
the present master thesis and the results 
from previous research projects. 

 

 

a) b) 

Figure 9 Images taken from optical microscope of 
pre tested specimen of a)Bimodal Random Sample; 

b) Bimodal Harmonic Sample 
 

Therefore, it is likely that the inaccuracies 
related with the geometric pattern of the 
Bimodal Harmonic sample specimens have 
to do with their fabrication, either due to 
human error or with lack of maturity of the 
fabrication procedures applied [14]. 

 

Study of oscillating behaviour at 
different strain rate 
 

In order to further analyse the oscillating 
data found in the beginning of the plastic 
region of both bimodal samples, one 
specimen of each of those samples was 
tested at a slower strain rate. It was of 
extreme relevance to discover whether 
these oscillations were caused by the 
deformation mechanisms of bimodal 
structures or if they were induced by 
software/hardware inaccuracies of the 
testing machine.  

The behaviour showcased in Figure 10 the 
specimen tested at a slower strain rate 
shows a smooth beginning of plasticity, 
whereas one of the specimens tested at a 
higher strain rate shows multiple 
fluctuations. This is according with the theory 

 

Figure 7  Uniform strain (blue), strain until failure 
(orange) and strain at fracture (blue plus orange) 
comparison between CG, RB and HB samples 

tested at a strain rate of 36x10-4 s-1. 

 

Figure 8 Strain Hardening Exponent comparison 
between CG, BR and BH samples tested at a strain 

rate of 36x10-4 s-1 
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that these oscillations appear a result of 
material deformation. It was already 
expected for lower strain rates that 
structures would more easily adapt to 
changes imposed during testing, preserving 
specimen integrity for longer. 

 

 

 

The same test was performed for the 
harmonic bimodal sample and its results are 
shown in Figure 11. 

 

 

In Figure 11, a similar difference to the one 
in Figure 10 can be identified – the 
specimen tested at lower strain rate does not 
show the fluctuations present when testing 
the same structure at a higher strain rate. 

 

4.2. Fracture Surface 
 

Coarse Grained Sample 
 

Through first glance of Figure 12, it seems 
like fracture is rough, which is a result of 
multiple dimple like features present 
throughout the whole fracture surface. 

From the Figure 12 it is seen that even 
though dimples are present, the surface 
does not show a ”cup and cone” 
appearance, but rather an inclination lower 
than 45º. The results obtained for this 
fracture are in accordance with the theory, 

where it is widely recognized that samples 
with grains with a higher average diameter 
show a more ductile behavior [15], which in 
the case of fracture is usually translated 
either by pure shear mechanisms or by the 
void’s growth and coalescence [16]. It was 
then expected that specimens from the 
reference sample would show a typical 
ductile behaviour with the characteristics 
that were found in reality. 

 

 

Bimodal Random Sample 
 

Since this BR samples are composed by 
CG and UFG it would be expected that the 
fracture surface would show features of 
ductile and brittle fractures, respectively. 
Unfortunately, the image quality is not the 
best, the depth range was far too big for the 
Alicona machine to be able to obtain a very 
accurate scanning in useful time. However, 
the image of Figure 13 suggests as 
expected a mixed bahvior took place, where 
some dimples can be identified throughout 
the whole surface, even though not as much 
and not as easily as in the CG sample, which 
suggest that in between those dimples 
fracture must have promptly happened in the 
UFG areas.  

Figure 13 also enables the identification of 
an inclination of the fracture surface which is 
higher than the one registered for the 
reference sample.   

 
 

 

Figure 10 Harmonic random Sample tests diagram 
of Engineering Tensile Stress vs. Engineering 

Strain. 

 

Figure 11 Harmonic random Sample tests diagram 
of Engineering Tensile Stress vs. Engineering 

Strain. 

 
Figure 12 Image taken from of Alicona 

InfiniteFocus G4 from the total Surface Fracture of 

Coarse Grained Sample at 200x magnification 
(shaded) 



 

Bimodal Harmonic Sample 
 

Since the Harmonic structured sample is a 
Bimodal structure, like what was previously 
stated for the BR sample, it was expected a 
mixed brittle–ductile behaviour in which 
features of both types of fractures would be 
present and visible. Besides, since the 
harmonic structure is in theory composed by 
a periodic pattern it would be also expected 
that this mixed-behaviour would also be 
present in the surface in the same pattern as 
its structure. However, as it was seen in 
previous subsections of the present thesis of 
the BH sample specimens do not show a 
very distinctive harmonic structure which 
obviously will impede them from having a 
fracture surface that will mimic the non-
existent structural pattern. 

Even though the imaging quality is not 
sufficient for om Figure 14, similarly to what 
was seen in the BR sample, it is possible to 
identify some dimples, features that 
characterise ductile fractures. 

 

 

 By looking at Figure 15 it is possible to 
see that the purple areas, the ”lower” areas, 
are characterized by almost no change in 
depth, which is a characteristic of brittle 
fracture and a sign that those areas went 
promptly into fracture, which therefore hints 
that these regions are no more than the UFG 
mesh regions.  

Additionally, similarly to what was shown 
by the other samples, also the BH sample 
was no exception when it came to showing 
some inclination of its fracture surface, and 
like for the BR sample it also shows a higher 
inclination than the one shown by the CG 
sample, as it can be seen in Figure 15. 

 

 

 

Even though not a lot of research was 
made about the fracture mechanisms of 
Bimodal structures, still Lee et al [17] studied 
the fracture mechanisms that were in 
involved in the fracture of tensile tested bulk 
bimodal UFG Al-Mg alloy and proposed a 
theory which suggests that the crack starts 
in the UFG region through voids in the 
microstructure, then, those voids will result 
in the initiation of cracks that will propagate 
up until they reach a CG region. Then in the 
CG region, once the stress is too high for the 
CG ”bridges” to sustain, the material will fail 
and in those regions of the fracture surface 
it will be expected that the fracture will have 
ductile features.  

This theory is in accordance to what was 
found in the fracture surface of both BR and 
the BH samples and it satisfies and justifies 
the presence of both brittle and ductile 
features in their fracture surfaces.   

 
 
 
 
 

 

 

Figure 13 Image taken from of Alicona 

InfiniteFocus G4 from the total Surface Fracture of 
Bimodal Random Sample at 200x magnification 

(shaded) 

 
Figure 14 Image taken from of Alicona 

InfiniteFocus G4 from the Surface Fracture of 
Bimodal Harmonic Sample total fracture surface at 

200x magnification 

 
Figure 15 Image taken from of Alicona 

InfiniteFocus G4 from the a section of the Surface 

Fracture of Bimodal Harmonic Sample at 1000x 
magnification (shaded) 



5. Conclusions and Future Work 
5.1. Conclusions 

 

The development of the experimental work 
previously described led to the following 
conclusions.  

Regarding the strength of the samples 
tested, bimodal structures have shown 
consistently higher yield and ultimate tensile 
stress than the values computed for the 
coarse grained structures.  

Even though average yield and ultimate 
tensile stress values are higher for the 
random bimodal sample, the harmonic 
bimodal sample standard deviation suggests 
that harmonic bimodal specimens can reach 
higher values regarding these properties, 
which would be supported by results 
obtained in previous research projects. 

With respect to the samples ductility, 
results have shown that bimodal structures 
are less ductile than the reference, coarse 
grained, sample. However, even though 
they show an average yield and ultimate 
tensile stress values 50% higher than the 
obtained for the coarse grained sample, only 
a decrease of strain at fracture between 
11%-25% was registered. Furthermore, 
Bimodal harmonic sample showed lower 
ratio between heterogeneous deformation 
straining over total strain at fracture than the 
bimodal random and reference sample.  

The strain hardening behaviour of all 
samples was tested according to the 
Ramberg-Osgood equation. Bimodal 
structures results have suggested these 
structures are to strain harden less than the 
reference structures. 

In terms of reproducibility of results, the 
harmonic bimodal sample showed the most 
disperse outcome, unlike what was 
expected. Since the microstructure of this 
sample specimens should have a specific 
grain layout, it would be expected that the 
specimens fabrication would more easily 
replicate that patte This result is probably 
caused by the fact that the intended 
harmonic pattern was not  successfully 
accomplished, the results were obtained 
accordingly .   

Harmonic bimodal specimens have shown 
the presence of a first strain hardening 
phase wiith almost linear characteristics in 
which coarse grained regions are deforming 
plastically while the ultra-fine grained ”mesh” 
still deforms elastically.  

In fracture, bimodal structures show a 
mixed behaviour in which features of both 
Brittle and ductile fractures are visible. 

5.2. Future Work 

 

With the intention of further developing the 
work elaborated for the present master 
thesis, a few suggestions are made: 

- The performance of at least five tensile 
tests in order for to assure significance of 
results.  

- The use of specimens with standardized 
dimensions in order to more easily compare 
the results with the tabulated for the pure 
material or alloy tested. 

- Test for more strain rate values and check 
the combined impact of the variation of the 
strain rate alongisde with the temperature. 

- Measurement of the particle size 
evolution of two grains (one CG and one 
UFG) of a BH specimen during tensile 
testing through a specimen footage taken 
through the microscope with Digital Image 
Correlation (DIC). 

- Study the behavior of the BR and BH 
samples in fatigue conditions through the 
performance of fatigue testing. 

- The choice of a strain-hardening 
approximation that estimates the two distinct 
regions of strain hardening present in the BH 
sample, in order to more accurately estimate 
the strain hardening variations. 
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