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Abstract 

Nanocrystalline (NC) metals have attracted a considerable interest over the past twenty 
years due to their desirable material properties. One of the most attractive features of 
nanocrystalline materials is their mechanical response. It is generally well-known that, 
compared with their microcrystalline counterparts, nanocrystalline materials are 
characterized by enhanced values in terms of yield stress, ultimate tensile strength (UTS), and 
hardness, while their plastic behavior and fracture toughness usually seem to have decreased 
values. However, the issue of defining the mechanical response of nanocrystalline materials 
is still difficult through experimental campaigns. In parallel, technological advances in the 
hope of the mass production of such materials and several computational efforts for the 
development of predictive models focusing on the investigation of their mechanical response 
have been accomplished. By defining the difficulties and remaining problems to solve, in the 
current doctoral thesis, the mechanical behavior of innovative porous binary nanocrystalline 
materials has been investigated. 

In the present Ph.D. thesis, knowing that the aforementioned materials are influenced by 
imperfections (pores which are mostly located in the area of grain boundaries) due to the 
manufacturing process and their effect on the overall mechanical response, a Finite Element 
multiscale procedure was developed in order to simulate the mechanical response of porous 
nanocrystalline materials which consists of three simulation levels. In the first simulation 
level, it was assumed that nanocrystalline has not any imperfection (pores) so as to investigate 
the compression behavior of the ideal full-densed nanocrystalline alloys. In the second 
simulation level, a porous RVE has been modeled and it is assumed that the pores are 
randomly distributed and not agglomerated at the grain boundaries’ phase. The volume 
fraction of alloying elements and their grain boundaries as well as the density and the size of 
randomly distributed pores has been utilized. The above-said model parameters (grains’ and 
pores’ sizes, volume fractions of grains and pores) have been calibrated and validated against 
microstructure characterization measurements (SEM, TEM and XRD analyses). The 
methodology has been applied to simulate the mechanical response of nanocrystalline 
materials containing extensive porosity under compression loading. In the third simulation 
level, a nanoindentation model has been developed. The FE model, in conjunction with a 
reverse data analysis, allows to create the  material’s stress-strain curve on the base of the 
results of the nanoindentation test.  

 Regarding the nanocrystalline materials, mechanical tests have been performed 
(compression, hardness and nanoindentation tests) in accordance with ISO and ASTM 
standards. For the aforementioned mechanical test campaign, 4 different material systems 
have been investigated in the present Ph.D. thesis and they are listed below: 

Cοarse-grained Tungsten-Copper (cW-Cu) alloys 
Nanocrystalline Tungsten-Copper (W-Cu) alloys 
Nanocrystalline Tungsten-Aluminum (W-Al) alloys 
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Nanocrystalline Titanium-Aluminum (Ti-Al) alloys 
Regarding the nanocrystalline Tungsten-Copper specimens, the results showed a 

significant improvement of yield strength in comparison to their microcrystalline 
counterparts but the Young’s moduli were degraded due to the extensive presence of porosity. 
Additionally, the other two batches of nanocrystalline materials (Tungsten-Aluminum and 
Titanium-Aluminum) have been assessed with their respective microcrystalline counterparts 
by comparing their results with those from the open literature. Again, the nanocrystalline W-
Al and Ti-Al samples presented similar trends compared with the nanocrystalline W-Cu 
samples following strictly the Hall-Petch effect which is the dominant mechanism on the 
nanocrystalline materials. 

According to the comparison of the numerical simulations with the experimental tests, the 
numerical outcomes, in terms of compression stress-strain curves and the resulting 
mechanical properties (Young’s modulus and yield strength), correlate well with the 
experimental results. Both the model and tests reveal that the pores degrade the compressive 
behavior of the nanocrystalline materials. More specifically, as the volume fraction of pores 
increase, the results showed a significant decrease of the Young’s modulus. On the other hand, 
the yield strength followed strictly the Hall-Petch phenomenon since the smaller the grain 
size the higher the yield strength. The porosity seems to have a small effect on the yield 
strength. The numerical methodology followed in this simulation level is more realistic on the 
basis of microstructure of the produced specimens and its numerical outcomes fit well 
compared to the corresponding experimental results due to the fact that it takes into account 
the effect of porosity on the overall mechanical response. 

The proposed multiscale numerical procedure represents a contribution towards the 
development of a numerical model for the investigation of mechanical response of multiphase 
porous nano-crystalline materials by varying the volume fraction of alloying elements, the 
volume fraction of randomly distributed pores and their size and may serve as the basis for 
the development of macro models to be applied in the quality control of mass production 
systems of the aforementioned promising materials. It reveals also the promising perspective 
for an extensive use of nanocrystalline materials on aeronautics and aerospace industry  in the 
near future. 

 



Περίληψη  xv 

Περίληψη 

Τα νανοκρυσταλλικά υλικά (ΝΚ) έχουν προσελκύσει σημαντικό ενδιαφέρον τα 
τελευταία είκοσι χρόνια λόγω των επιθυμητών ιδιοτήτων τους. Ένα από τα πιο ιδιαίτερα 
χαρακτηριστικά των νανοκρυσταλλικών υλικών είναι η μηχανική τους απόκριση. Είναι 
γενικά γνωστό ότι, σε σύγκριση με τα μικροκρυσταλλικά υλικά, τα νανοκρυσταλλικά 
υλικά παρουσιάζουν βελτιωμένες τιμές όσον αφορά το όριο διαρροής, την αντοχή σε 
εφελκυσμό (UTS) και την σκληρότητας. Από την άλλη μεριά, η πλαστική παραμόρφωση 
και η δυσθραυστότητα παρουσιάζουν μειωμένες τιμές. Ωστόσο, το ζήτημα του 
προσδιορισμού και της πρόβλεψης της μηχανικής συμπεριφοράς των ΝΚ υλικών 
εξακολουθεί να είναι δύσκολο, παρόλο που έχουν γίνει πολλές υπολογιστικές 
προσπάθειες ανάπτυξης μοντέλων και τεχνολογική πρόοδος με στόχο την μαζική 
παραγωγή τέτοιων υλικών. Προσδιορίζοντας τις δυσκολίες και τα υπόλοιπα προβλήματα 
που πρέπει να επιλυθούν, στην παρούσα διατριβή, διερευνήθηκε η μηχανική 
συμπεριφορά καινοτόμων πορωδών διφασικών νανοκρυσταλλικών υλικών. 

Στην παρούσα διδακτορική διατριβή, γνωρίζοντας ότι τα προαναφερθέντα υλικά 
επηρεάζονται από ατέλειες (πόροι που βρίσκονται κυρίως στην περιοχή των ορίων των 
κόκκων) λόγω της διαδικασίας παραγωγής και της επίδρασής τους στη συνολική 
μηχανική απόκριση, αναπτύχθηκε μια αριθμητική μεθοδολογία πολλαπλών κλιμάκων 
για την προσομοίωση της μηχανικής συμπεριφοράς πορώδων νανοκρυσταλλικών 
υλικών που αποτελείται από τρία επίπεδα προσομοίωσης. Στο πρώτο επίπεδο 
προσομοίωσης, θεωρήθηκε ότι το νανοκρυσταλλικό υλικό δεν έχει καμία ατέλεια 
(πόρους) ώστε να διερευνηθεί η συμπεριφορά θλίψης των ιδανικών νανοκρυσταλλικών 
κραμάτων πλήρους πυκνότητας. Στο δεύτερο επίπεδο προσομοίωσης, ένα πορώδες 
αντιπροσωπευτικό στοιχείο όγκου έχει μοντελοποιηθεί και θεωρείται ότι οι πόροι 
κατανέμονται τυχαία στην φάση των ορίων του κόκκου και δεν συσσωματώνονται. Το 
κλάσμα όγκου των κραματικών στοιχείων και των ορίων των κόκκων τους, καθώς και η 
πυκνότητα και το μέγεθος των τυχαία κατανεμημένων πόρων έχει αναπτυχθεί μέσω της 
αριθμητικής μεθόδου. Οι παραπάνω παράμετροι του μοντέλου (μέγεθος κόκκων και 
πόρων, κλάσματα όγκου κόκκων και πόρων) έχουν βαθμονομηθεί και επικυρωθεί μέσω 
μετρήσεων της μικροδομής (SEM, TEM και XRD αναλύσεις). Η μεθοδολογία έχει 
εφαρμοστεί για την προσομοίωση της μηχανικής συμπεριφοράς σε θλίψη των 
νανοκρυσταλλικών υλικών που περιέχουν εκτεταμένο πορώδες. Στο τρίτο επίπεδο 
προσομοίωσης, αναπτύχθηκε ένα μοντέλο νανοδιείσδυσης. Το αριθμητικό μοντέλο, σε 
συνδυασμό με μια αντίστροφη ανάλυση δεδομένων, επιτρέπει τη δημιουργία της 
καμπύλης τάσης-παραμόρφωσης του υλικού στη βάση των αποτελεσμάτων της δοκιμής 
νανοδιείσδυσης. 

Όσον αφορά τα νανοκρυσταλλικά υλικά, πραγματοποιήθηκαν μηχανικές δοκιμές και 
πιο συγκεκριμένα, δοκιμές θλίψης, σκληρότητας και νανοδιείσδυσης σύμφωνα με τα 
πρότυπα ISO και ASTM. Για την  προαναφερθείσα σειρά μηχανικών δοκιμών, 4 
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διαφορετικές κραματικές σειρές έχουν διερευνηθεί στην παρούσα διδακτορική διατριβή 
και παρατίθενται παρακάτω:  

Χονδρόκοκκο κράμα Βολφραμίου-Χαλκού (cW-Cu)  
Νανοκρυσταλλικό κράμα Βολφραμίου-Χαλκού (W-Cu)  
Νανοκρυσταλλικό κράμα Βολφραμίου-Αλουμινίου (W-Al)  
Νανοκρυσταλλικό κράμα Τιτανίου-Αλουμινίου (Ti-Al)  

Όσον αφορά τα νανοκρυσταλλικά δείγματα Βολφραμίου-Χαλκού, τα αποτελέσματα 
έδειξαν σημαντική βελτίωση του ορίου διαρροής συγκριτικά με τα αντίστοιχα 
μικροκρυσταλλικά υλικά, αλλά το Μέτρο Ελαστικότητας υποβαθμίστηκε λόγω της 
εκτεταμένης ύπαρξης πορώδους. Επιπλέον, οι άλλες δύο παρτίδες νανοκρυσταλλικών 
υλικών (Βολφραμίου-Αλουμινίου και Τιτανίου-Αλουμινίου) έχουν αξιολογηθεί με τα 
αντίστοιχα μικροκρυσταλλικά κράματα συγκρίνοντας τα αποτελέσματά τους με αυτά 
της βιβλιογραφίας. Και πάλι, τα νανοκρυσταλλικά δείγματα W-Al και Ti-Al παρουσίασαν 
παρόμοια συμπεριφορά σε σύγκριση με τα νανοκρυσταλλικά δείγματα W-Cu 
ακολουθώντας το φαινόμενο Hall-Petch που είναι ο κυρίαρχος μηχανισμός στα 
νανοκρυσταλλικά υλικά. 

Τα αριθμητικά αποτελέσματα, όσον αφορά τις καμπύλες τάσης-παραμόρφωσης και 
οι μηχανικές ιδιότητες (Μέτρο Ελαστικότητας και όριο διαρροής), συσχετίζονται καλά με 
τα πειραματικά αποτελέσματα. Τόσο το μοντέλο όσο και οι δοκιμές αποκαλύπτουν ότι οι 
πόροι υποβαθμίζουν την θλιπτική συμπεριφορά των νανοκρυσταλλικών υλικών. Πιο 
συγκεκριμένα, καθώς το κλάσμα όγκου των πόρων αυξάνεται, τα αποτελέσματα έδειξαν 
σημαντική μείωση του Μέτρου Ελαστικότητας. Από την άλλη πλευρά, το όριο διαρροής 
ακολουθεί το φαινόμενο Hall-Petch, καθώς όσο μικρότερο είναι το μέγεθος των κόκκων 
τόσο μεγαλύτερο είναι το όριο διαρροής. Το πορώδες φαίνεται να έχει μικρή επίδραση στο 
όριο διαρροής. Η αριθμητική μεθοδολογία που ακολουθείται σε αυτό το επίπεδο 
προσομοίωσης είναι πιο ρεαλιστική βάσει της μικροδομής των παραγόμενων δειγμάτων 
και τα αριθμητικά της αποτελέσματα ταιριάζουν καλά σε σύγκριση με τα αντίστοιχα 
πειραματικά αποτελέσματα λόγω του γεγονότος ότι λαμβάνει υπόψη την επίδραση του 
πορώδους στη συνολική μηχανική απόκριση. 

Η προτεινόμενη αριθμητική μεθοδολογία πολλαπλών κλιμάκων μπορεί να θεωρηθεί 
ως μια συνεισφορά προς την ανάπτυξη ενός αριθμητικού μοντέλου για τη διερεύνηση της 
μηχανικής απόκρισης των πολυφασικών πορωδών νανο-κρυσταλλικών υλικών 
μεταβάλλοντας το κλάσμα όγκου των κραματικών στοιχείων, το κλάσμα όγκου των 
τυχαία κατανεμημένων πόρων και το μέγεθός τους και μπορεί να εξυπηρετήσει ως βάση 
για την ανάπτυξη μακροσκοπικών μοντέλων που θα εφαρμοστούν στον έλεγχο 
ποιότητας των συστημάτων μαζικής παραγωγής των προαναφερθέντων υλικών. Επίσης 
αποκαλύπτει την προοπτική για μια εκτεταμένη χρήση νανοκρυσταλλικών υλικών στην 
αεροναυτική και την αεροδιαστημική βιομηχανία στο εγγύς μέλλον. 
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Chapter 1 

Introduction 

1.1 Motivation 
Nowadays, nanocrystalline metals have attracted a considerable interest over the last 

decades due to the unexpected fundamental phenomena revealed in their microstructure, 
such as the breakdown of the Hall-Petch law, and suggested the possibility of reaching the 
ever-so-challenging combination of large ductility with high yield stress. In particular, the 
remarkably high strength arising in connection with reduced dimensionality and small grain 
size attracted considerable interest and seemed to open up for NC metals many interesting 
design applications. Unfortunately, several adverse properties soon emerged, the most 
undesirable one being the microstructural instability that undermines strength over time [1]. 
Despite the fact that the main issue of determining the mechanical response of nanocrystalline 
materials is still challenging, several technological advances have been achieved since then.  

The properties of a material depend to a great extent on its microstructure. The above-said 
instability of material properties is inevitably linked to the small crystalline grains, and the 
consequently large grain boundary area. Indeed, the associated high interfacial energy finally 
induces the coarsening of microstructure, which in turn reduces the properties associated with 
the NC status of the material. For many advanced metal alloys, coarsening is accelerated by 
the prolonged exposure to high temperatures and/or irradiation associated with processing 
and working conditions [2]. The ability to characterize a material’s microstructure and 
develop predictive models for how the material will respond, when for instance load is 
applied, is a key component of designing with engineering materials. Metals that are 
nanocrystalline (i.e. grain size < 100nm) have unique properties owing to the extensive 
presence of grain boundaries within the microstructure. 

The fabrication of new nanocrystalline metal alloy is challenging, and limited number of 
samples exist. However, none of them resists to even modest temperature rises. Their grains 
start growing at relatively low temperatures, and tend to grow indefinitely. This is the 
commonly known coarsening-effect [1]. The reason is well known, and lies in the large specific 
interface area of NC alloys. Since interface energy is typically positive, Gibbs free energy 
minimizes upon grain growth, and the most stable thermodynamic state coincides with the 
one that can be ideally obtained at the end of the grain coarsening process. The Doctoral Thesis 
targets the identification of binary NC alloys resistant to coarsening effect, enabling its design 
and fabrication, which can result in new families of materials with unprecedented properties 
and performances, paving the way to applications on aerospace and aeronautics engineering. 

To achieve these goals, the Doctoral Thesis fosters a multidisciplinary strategy: The 
investigation of mechanical behavior of binary NC metal alloys resistant to coarsening and 
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specifically addressed to meet the materials demand of aerospace and aeronautical industry. 
In this regard, the present dissertation focuses on materials with high mechanical strength to 
reduce the total weight associated with structural materials, keeping mechanical 
performances unchanged, which results in lighter construction elements and directly lower 
fuel consumption in aerospace industry. Additionally, the proposed nanocrystalline materials 
have enhanced thermal resistance, aimed at enabling stable performances under high-
temperature conditions and at enhancing materials performances in dynamic thermal 
environments with temperature varying approximately in the range from -80 and 100oC. 

Due to their superior performances compared to those of more conventional materials, in 
the last decades NC metals have been the focus of intense interdisciplinary research. 
Particularly, in the Aeronautics sector, the high-level drivers set out by the Advisory Council 
for Aviation Research and Innovation in Europe lead to materials technology requirements 
related to reduction in mass, increased temperature capabilities, and reduced cost through the 
use of new materials with low density, mechanical properties unaffected by high 
temperatures and simpler production and maintenance processes, so as to be used in primary 
and secondary structures, cabin elements and engine structures [3]. In this regard, 
nanocrystalline materials will strongly impact on the aerospace sector providing enhanced 
material properties and an answer to the high temperature present challenges in aviation: 
improved materials for engines, and lightweight temperature resistant materials for 
supersonic flight regimes (Figure 1.1). The proposed nanocrystalline alloys deriving from the 
present dissertation have the following impacts on the aviation industry:  

1. More efficient use of resources and energy; 
2. Reductions in aviation’s negative environmental impact through the use of lighter and 

recyclable structures in aviation; 
3. Reduction in manufacturing and maintenance costs and lead time; 

As an example, to demonstrate the importance of nanocrystalline materials just consider 
the satellite launching and manufacturing market. When a satellite is launched into space, the 
customer (or taxpayer) pays approximately $10,000 to $20,000/kg. Every kilogram conserved 
in the payload's weight is equal to a kilogram less thrust needed from the booster. That is 
translated into a double saving in fuel that has to be hauled along for the ride as well as in the 
airframe of the launch vehicle itself. The structural cost of an unmanned spacecraft runs to 
around $5,000 per kg. The weight reduction perspectives from the use of nanocrystalline 
materials will boost space travel and satellite market. In terms of market size, just an outlook 
on the development of the satellite production indicates the growing importance of non-
European markets. This is already reflected in successful contracts of European 
manufacturers. The number of satellites expected for 2014-2023 to be manufactured is 252, 
with 81% of them previewed delivered outside EU. According to SIA, global satellite industry 
grew 3% in 2013 (195.2 Billion $) slightly outpacing both predicted worldwide economic 
growth (2.4%) and U.S. growth (2.8%) [4]. In the aviation market, four OEMs accounted for 
close to 60% of the market revenue share in 2018. More specifically, Lockheed Martin, Boeing, 
Airbus, and Textron were the major shareholders of the market revenue, in the aviation 
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market. Additionally, the world’s largest airplane maker said at the Paris Airshow it expected 
44,040 new airplane deliveries over the next two decades, up from the roughly 43,000 it 
forecast a year ago. That would be worth $6.8 trillion over the next two decades. The aerospace 
materials market is unconcentrated. For the past 20 years, aerospace materials have been a 
niche market, and advanced technology and sufficient raw material supply is vital in this 
industry. Consequently, only limited companies are able to produce aerospace materials in 
their own region. Regionally, North America is the biggest consumption region of aerospace 
materials, about 36.72% of the global aerospace materials consumption, and the market share 
of Europe is also considerable. 

Figure 1. 1 Aeronautical application of nanocrystalline materials 

 Additionally, let’s take into account possibility of high-speed aerial connections thanks 
to a new generation of materials allowing safe supersonic flights (at Mach > 3.0), which is 
presently unfeasible because of materials structural and thermal resistance, or the possibility 
of long exploratory space missions without radiation risks to the crew, allowing a new era for 
humankind.  
 A new family of lightweight nanocrystalline high resistance alloys, half dense but five 
times strengthen (up to 5-6 GPa) would be possible, and using it in critical components of a 
plane (i.e., bearings), implies less weight, what is equivalent to lower fuel consumption and 
therefore lower CO2 emissions. Just consider that introducing such a material in the body and 
land nose landing gears bearings of an Airbus A310 would probably save around 110 kg, 
which will result in saving 32.965 kg CO2 equivalent per year [5]. For a mid-size jet such as a 
Boeing 757-200, nanocrystalline alloys would be able to introduce from 1 to 3 tones reduction 
in weight, thus improving fuel economy by around 1-3% in the cruise. For smaller aircraft, 
e.g., Boeing 737-300, this figure rises to 1.6-4.8%. Additionally, the successful development of 
nanocrystalline materials allow a substantial turbine operation temperature increment (50°C 
increase at turbine inlet temperature, leads to 1-1.33% increase in engine efficiency, allowing 
less fuel to be burnt for the same thrust output) [5, 6]. As CO2 emissions are in a 1:1 ratio with 
fuel burn, these reductions relate directly to a decrease in carbon dioxide emissions. Massive 
fuel savings and reduced costs lead to higher accessibility of flying for general population and 
thus improvement of mobility within EU and outside, boosting economy by easy transfer of 
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people and skills will be also a medium-term consequence. For instance, it is noteworthy to 
mention at this point that the 45% of structural parts of the aircraft Boeing 787 are made by 
metals (Aluminum, Titanium and Steel) showing the potential influence of nanocrystalline 
materials on its weight reduction which in turns it drives to the reduction of CO2 emissions 
(Figure 1.2). 

 

Figure 1. 2 Photo showing the structural parts of the Boeing 787 aircraft. 

1.2 Technological Problem 
Even though there is a strong need to exploit the potential of nanocrystalline materials in 

the aeronautic and aerospace industry alongside the application of nanocrystalline bulk 
structures and coatings, their adequacy for primary aircraft structures remains low. Despite 
the advances made in this sector as well as previous attempts, the shortcomings observed 
were caused mainly by the absence of adequate mass production processes. It is noteworthy 
to mention that the performance of nanocrystalline materials is strongly affected by the 
operational loads to which the material is subjected during service, the resulting grain size 
and their material properties of alloying elements. Additionally, the volume fraction of pores 
and their inherent characteristic of nanocrystalline metals being affected on grain coarsening 
effect at elevated temperatures are also crucial parameters for the resulting mechanical 
response. 

The corresponding requirements concerning the quality assurance of the manufacturing 
process of load critical nanocrystalline structures are particularly high, as potential failures 
could directly affect the overall safety of any aircraft or aerospace structure. Thus, the current 
dissertation targets the identification of nanocrystalline alloys resistant to coarsening 
phenomenon. This could result in new families of materials with unprecedented properties 
and performances, which could also have far-reaching consequences on the development of 
revolutionary technologies in near future, thus paving the way to applications on structural 
engineering. However, the extensive investigation on mechanical behavior ranging from 
alloying elements to their volume fraction and grain sizes leads to high costs and does not 
allow for a full production of the samples. Thus, the need of the development of a numerical 
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model, which will be able to predict efficiently the corresponding mechanical response, had 
to be spurred. 

The already developed models for the investigation of mechanical response of 
nanocrystalline materials are based on two-dimensional Finite Element models and three-
dimensional atomistic approaches. However, using such numerical methods does not assess 
efficiently the corresponding material properties presenting deviations with the experimental 
outcomes. Thus, the development of a 3D numerical model which, on the one hand, provides 
a correlation to the material properties of the alloying elements and their 3D microstructure 
and, on the other hand, could prove the porosity effect on the overall mechanical response of 
nanocrystalline metal alloys accessible had to be spurred.  

In the present dissertation, the mechanical response of binary NC metals has been 
investigated so as to provide a contribution to the continuing challenges and remaining issues. 
Regarding the nanocrystalline materials, a multi-scale model simulating the influence of the 
grain size, the volume fraction of alloying elements and their grain boundaries as well as the 
presence of pores and their volume fraction has been utilized so as to investigate the material 
properties of binary nanocrystalline alloys. Representative Volume Elements (RVEs) have 
been developed to determine the homogenized material properties of the nanocrystalline 
material, which have been assigned to the Finite Element model of a compression and 
nanoindentation specimen in order to determine the Modulus of Elasticity and yield strength 
of the NC metals. Regarding the porosity effect, their volume fraction as well as their size has 
been studied and the mechanical performance of porous nanocrystalline materials has been 
assessed. Furthermore, mechanical tests have been performed, more specifically compression, 
hardness and  nanoindentation tests. 

1.3 Thesis Objectives 
Motivated by the above-mentioned scientific as well as technical aspects and needs, the 

major purpose of the Ph.D. Thesis is two-folded: (a) to develop a numerical model, which will 
be able to determine efficiently the mechanical response of bulk NC metals covering key 
aspects, such as mechanical properties, characterization and performance and (b) to evaluate 
experimentally the mechanical behavior of nanocrystalline alloys and their ability to sustain 
their material properties at elevated temperatures (grain coarsening effect). Towards this 
direction, the different types of mechanical tests carried out were combined with a multi-scale 
model assessing the influence of crucial parameters on the Modulus of Elasticity and yield 
strength of the porous nanocrystalline materials. 

To meet this objective, the subsequent specific activities have been conducted: 
Development of a multi-scale model simulating the influence of the density and the size 
of pores as well as the grain size and the volume fractions of the alloying elements on 
the compression and nanoindentation response. 
Development of a reverse algorithm for the conversion of Load-Displacement data from 
nanoindentation test to Stress-Strain curves. 
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Material characterization by SEM, TEM and XRD analysis. 
Compression tests of porous nanocrystalline materials 
Hardness tests of porous nanocrystalline materials 
Nanoindentation tests of porous nanocrystalline materials 

 

1.4 Thesis Outline 
The present thesis is presented in the following Chapters: 
Chapter 1: The technological problem is presented accompanied with a brief presentation of 

previous research conducted to the direction of solving some of the components 
consisting it. Subsequently, the main objectives are stated along with the thesis 
workflow. 

Chapter 2: The theoretical background of the nanocrystalline materials. A thorough literature 
review regarding the parameters affecting the mechanical response of the 
nanocrystalline material has been conducted. Specifically, this chapter focuses on 
the manufacturing techniques of the nanocrystalline materials, their 
microstructure and how these affect their mechanical properties. Also, an 
extensive literature review of the already-developed predictive models of 
mechanical behavior of nanocrystalline materials has been carried out. 

Chapter 3: The materials and sample geometries for all cases tested are described as well as 
        their micro/nanostructure characterization has been carried out. Additionally,  
        the experimental workflow and all testing procedures for the destructive tests are 
        described in detail. Compression tests, hardness tests as well as nanoindentations 
        have been conducted and their results have been discussed. 
Chapter 4: The multi-scale model simulating the porosity effect and the effect of volume 

fraction of pores and alloying elements as well as their grain sizes is presented. The 
compression and the nanoindentation FE models of the nanocrystalline material 
are described as well as the reverse algorithm for the conversion of 
nanoindentation results to stress-strain curves is presented. 

Chapter 5: This chapter presents and describes the numerical results from the simulation of 
compression and nanoindentation tests of the porous nanocrystalline materials. 
Moreover, a comparison of the aforementioned numerical results with the 
corresponding experimental outcomes have been done so as to validate the 
effectiveness of the proposed predictive models. 

Chapter 6: The main conclusions, highlights and innovation arising from the current work are 
presented. Additionally, recommendations for future research are also made. 

Chapter 7:  Suggestions for future research work are presented. 
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Chapter 2 

Literature Review 

2.1 Manufacturing technique 
As preliminary described, the unique microstructure of a nanocrystalline specimen, which 

is correlated with its mechanical behavior, is absolutely relied on its manufacturing process. 
Consequently, models which are capable of predicting the mechanical response of 
nanocrystalline materials must come from a clear definition of the geometrical characteristics 
of microstructure. A different manufacturing process may result in produced materials with 
various types and amounts of imperfections. That is why it is of paramount importance to 
obtain a good understanding on the interaction between manufacturing route and resulting 
microstructure. Thereby, the numerical workflow of the predictive models can be sufficiently 
examined, compared to observations from experimental tests. In order to achieve the above-
said objectives, this chapter is completely devoted to the proposed manufacturing route and 
the resulting structural and mechanical properties of the produced specimens. 

At this point, it would be advisable to mention that nanocrystalline metals cannot yet be 
fabricated in sufficient quantities so as to be used for extensive application on several 
industrial products. Based on the above said fact, it is needless to mention that specimens 
available for experimental tests are fabricated in a restricted number of institutions globally. 
Therefore, it is a very challenging task to investigate the influence of various manufacturing 
processes on the resulting microstructures due to the fact that the produced specimens are 
completely dependent on the production parameters utilized in each laboratory. However, 
helpful information correlating the microstructural characteristics with the fabrication process 
has been gathered and they will be exhibited in the present chapter. 

The main purpose of the present chapter is evidently not to make a thorough and 
exhaustive description of all synthesis routes available. For further extensive description of 
the rest of existing consolidation processes, reviews by Gutmanas [7] and Cherkaoui et. al [8] 
have been made. 

2.1.1 Mechanical Alloying 

Mechanical alloying (MA) is a fabrication method which is based on the fundamental of 
the grain refinement of an as-received powder, through the implementation of the cyclic 
fracture and agglomeration of the produced nanoparticles. MA is extensively used from the 
most of the producers because of its inherent lack of complex manufacturing steps. A 
noticeable variety of nanocrystalline alloys as well as non-miscible alloying binary systems 
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[9], can be produced utilizing the mechanical alloying process [10] which exhibits a wide 
spectrum of chances for nanocrystalline metals fabricated by MA. 

At this point, it is important to represent the ball milling process. An illustration of a ball 
mill is shown in Figure 2.1. The coarse-grained powders are inserted into a sealed container 
enclosing steel or ceramic milling balls. 

 

 
 

 

Figure 2. 1 Schematic of a ball milling [8] 

The rotary rod is operated at high frequency so as to transfer a high energy to the milling 
balls. The powder particles are subjected to large strains at each entrapment of a particle 
between two balls (see Figure 2.1). The aforementioned procedure results in the grain size 
refinement. The powder particles’ entrapment between milling balls drives to severe plastic 
deformation (SPD) effect of the particles, which typically shows an ultrafine morphology after 
lot of hours of milling. 

Τhe mechanism of grain refinement has been found to be completed in three steps (see 
Figure 2.2) [11]. The dislocation activity is expected to be the dominant mechanism during 
SPD effect. At first, plastic deformation is located at shear bands and leads to an extensive 
strain at the atomic level ranging on the order of 1–3%. The above-said shear bands arise from 
cross-slip of dislocations which prevails the plastic deformation. After that, the dislocation 
systems will be rearranged to develop low-angle grain boundaries within the shear bands. 
Therefore, the initial grain will be splitted into sub-grains with diameter of some nanometers. 
By continuing the milling process, the areas consisted of small sub-grains will be increased 
throughout all grains. Furthermore, the formation of multiple twins was exhibited by 
Transmission Electron Microscopy (TEM) and shear bands can be created at the tip of the twin 
boundaries [12]. In the last step, grain boundaries with large angles are originated through 
the rearrangement of grain boundaries with low-angle. The diameter of the grains is restricted 
by the stress imposed by the ball mill on the grain. It is noteworthy  that dislocations can be 
observed within nanograins [12]. The produced grain boundaries are generally curved, and 
exhibit extensive strain [13]. 
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Figure 2. 2 Illustration of the powder refinement via mechanical milling [8] 

As referred before, the rate of the grain refinement process could be rapidly increased when 
the mechanical attrition method is executed in an environment of liquid nitrogen. This 
procedure is called cryogenic mechanical attrition [14-16]. 

Additionally, the grain size is dependent on the ball to powder proportion (usually 10:1), 
the milling time, the milling frequency and the size of the milling balls. As depicted in Figure 
2.3, showing the interaction of the grain size to milling time for the case study of NC iron 
powders [17,18]. Moreover, the purity of the specimens can be affected on account of the 
presence of debris and of the addition of control agent elements [16]. 

 

Figure 2. 3 Diagram of grain size versus milling time from experimental observation of iron 
powders [15] 

For the purpose of highlighting  the significance of the details of the synthesis process it is 
of paramount importance to make a brief summary. First, the intrinsic characteristic of 
nanocrystalline metals is that the synthesis of the first novel samples could achieve the 
promising compromise of high strength and high ductility. On the other hand, a lot of effort 
need to be done so as to reach this aim owing to the inherent limitations of the current 
fabrication techniques providing samples with impurities or pores. Hence, the 
aforementioned compromise could be achieved by combining cryogenic mechanical attrition 
to room temperature milling [19, 20]. Additionally, one another study has shown NC 
specimens, fabricated by mechanical attrition and compaction in an Ar environment, are able 
to achieve a deformation of 50% [21]. 
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2.1.2 Hot Isostatic Pressing 

As it is referred above, nanocrystalline materials show low thermal stability and grain 
coarsening will occur during sintering process. This phenomenon would result in the loss of 
the unique mechanical behavior characteristics of the nanocrystalline materials. In general, 
the sintering process at high temperatures is responsible for the fabrication of samples with  
much lower densities [22-24]. For instance, nanocrystalline aluminum was fabricated utilizing 
compaction of aluminum powders with an average grain size of 53 nm by two manufacturing 
steps [25] and the densities obtained by sintering were 96% with a peak at 98%. 

 The proposed manufacturing technique which is able to consolidate nano-powders 
efficiently, is the hot isostatic pressing (HIP), which is composed of imposing high pressure, 
to a powder that is simultaneously subjected to a moderate temperature, keeping it below the 
melting point. The synthesis process enables the exposure of the sample to lower temperatures 
than of sintering so as to suppress grain coarsening. HIP involves some attractive features 
allowing the fabrication of specimens with appreciably high densities and small grain size 
simultaneously. For instance, this process seems to be successful in fabricating Fe-Al alloys 
with a density of 98%. The Fe-Al powder, fabricated by mechanical attrition, was subjected to 
a pressure of 8 GPa and temperature of 100oC, and the produced specimen had an average 
grain size of 23 nm [26]. Typically, it is abnormal for a nanocrystalline structure to maintain 
nanosized grains at such elevated temperatures [26]. In order to prevent the grain growth, the 
application of high pressure is needed to be utilized so as to restrict the phenomenon of 
diffusion. 

2.2 Structure and Mechanical Properties of nanocrystalline 
materials  

2.2.1 Structure  

 NC metals consist of grain interiors with clearly-determined atomic pattern connected to 
other grains by mean of an interphase area consisting of grain boundaries and triple junctions. 
Experimental tests on nanocrystalline materials revealed that the grain boundaries show an 
independence between grain boundary thickness and achieved grain size [27]. Thus, as the 
grain size is moving downwards, the volume fraction of the grain boundaries' phase is going 
up. Assuming an equiaxed shape of grains, the analytical expressions of the volume fraction 
for the cases of grain boundaries and triple junctions are presented below [28]: 

 

(2.1) 
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Where the subscripts int, gb, and tj indicate the interphase, the grain boundaries, and the 
triple junctions, respectively. 

It should be noted that early studies of XRD analyses on nanocrystalline materials 
measured the volume fraction of interphase to 30% with an average grain size of 10 nm 
approximately [29]. The predictions of the aforementioned observations are presented in 
Figure 2.4. The aforementioned observations lead us to recognize the significance of the 
interphase area on the mechanical response of nanocrystalline metals. Finally, the achieved 
mechanical properties are influenced by the specimen microstructure, which in turns, is fully 
dependent on the synthesis route followed. 

 

Figure 2. 4 Progression of corresponding volume fractions of grain boundaries, interface, 
grain cores and triple junctions and grain interiors with the grain size in nm [8] 

2.2.1.1 Crystallites 

The grain interiors reveal a crystalline structure up to the grain boundary and this 
characteristic is independent of the synthesis route followed [30]. Additionally, the main 
reason for the reduction of lattice parameter is the applied compressive stress on the non-
equilibrium grain boundaries and this is validated and confirmed by the fabrication of 
specimens by various synthesis routes [30]. 

Regarding the issue of the dislocation density, evaluations have undergone to an extensive 
academic discussion accompanied with published values of dislocation density with 
controversial results [31]. As depicted in [31], the existence of dislocation loops can be noticed 
accompanied with the existence of twins. Similar observations have been carried out in [32]. 
Although, it is noteworthy that nanostructured materials fabricated by SPD methods, like 
High Pressure Torsion (HPT) and Equal Channel Angular Pressing (ECAP), grain refinement 
comes from the large strains enforced on a coarse-grained bulk specimen [33]. Finally, we have 
to notice at this point that it is very difficult to achieve a grain size smaller than 100 nm by 
severe plastic deformation. 
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The storage of dislocations is an athermal process, equivalent to the dislocation pinning 
effect on an obstacle, such as defect, impurity or grain boundary, and results in a restriction 
in the average free dislocation path [34–37]. 

2.2.1.2 Grain Boundaries 

The grain boundaries' structure is an aspect of the nanocrystalline materials accompanied 
with a long-lasting investigations and controversial outcomes. Grain boundaries can be 
considered as a cluster of stored dislocations which exist as a result of hardening effect. This 
leads to the decrease of the dislocation free path [1]. Moreover, the thickness of grain 
boundary is commonly-known not to show any size effect and can be assumed as constant, 
equal to 1 nm approximately [38]. Additionally, grain boundaries are considered as areas of 
reduced atomic density. 

Regarding the thorough structure of grain boundaries, two approaches have been 
subjected to a long-lasting dispute. The first one proposes a microstructure of grain 
boundaries in which there is not any atomic order while the second approach considers grain 
boundaries as a fully discrete phase. 

Additionally, it is too challenging to describe grain boundary microstructure in detail 
because the available synthesis processes follow completely different manufacturing 
techniques and as a result the final produced materials show completely different 
microstructures. The above-said inherent difficulty in preparing specimens with similar 
microstructure characteristics leads to limited reliable information about the grain 
boundaries’ structure [13]. Moreover, it is noteworthy to mention that small-angle grain 
boundaries act as sources of dislocations performing in such a way akin to that of a traditional 
source of Frank and Read model.  

The vast majority of the defects (small pores) in nanocrystalline materials are located in the 
area of the grain boundaries. For instance, during the stage of outgassing process 
accompanied with Hot Isostatic Pressing, the gas is very likely to be entrapped in the region 
of grain boundaries in the form of pores. 

2.2.1.3 Triple Junctions 

Triple junctions are areas in which three or more grains can meet each other. Taking into 
account that the atomic arrangements in grain boundaries are in complete dependence with 
the relative atomic position of the grain interiors, it is expected that the position of atoms 
located at the triple junctions will be directly dependent on the relative orientation of the 
neighboring grains. TEM observations exhibited that there is no any ordered atomic 
arrangement in a triple junction [39]. Additionally, it is noteworthy to refer that triple 
junctions are areas of concentrated irregularities like impurities, pores and flaws such as the 
grain boundaries themselves. 
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2.2.2 Mechanical Properties 

NC metals reveal unique mechanical properties which are influenced by their 
microstructural characteristics, such as the extensive volume fraction of grain boundaries. One 
of the most attractive aspects of NC metals is the enhanced yield stress that can be achieved 
by decreasing grain size. For instance, a nanocrystalline sample could present  a five times 
higher yield strength compared to its coarse-grained counterpart. 

Despite the fact that the main purpose of decreasing the grain size to the nanoscale is to 
achieve a compromise between strength and ductility, it is difficult to reach it. Besides the 
aforementioned dependence between grain size and the yield stress, NC metals reveal also 
other material properties which exhibit various values and they are difficult to determine the 
parameters caused the aforementioned fluctuations. 

In general, the yield stress of a specimen is evaluated by tensile test. But, in the case of 
nanocrystalline metals, the specimens have small material volumes due to the lack of 
production systems to provide sufficient quantities. This aspect makes extremely difficult to 
perform tensile tests. Thus, nano-hardness tests are conducted and the yield stress is 
calculated using empirical analytical expressions, dividing the hardness by 3 [40-42]. 
Nevertheless, in the case of nanocrystalline metals, hardness evaluations result in greater 
values of the Ultimate Tensile Strength (UTS) than obtained by tensile tests. Additionally, 
hardness values present noticeable deviations within the material [43]. In Figure 2.5, the 
porosity effect plays a significant role on the hardness values. In reality, powder which is 
compacted at densities lower than 99.5% reveal a 30% lower hardness compared to specimens 
with higher density [43]. 

 

Figure 2. 5 Hardness versus density of the powder compaction [43]. 

2.2.2.1 Young’s Modulus 

The elastic response is associated with the interatomic bonds of the structure. More 
specifically the Modulus of Elasticity for the NC metals is strictly correlated to the grain size 
effect due to the fact that the volume fraction of grain boundaries and triple junctions, in the 
case of NC materials, tend to be increased up to 10 times in comparison with that of coarse-
grained metals showing also a different microstructure from that of perfect crystal lattice. As 
it is already referred above, the density of grain boundaries' phase is smaller in the case of 



38  Literature Review 

nanocrystalline metals leading to a degradation of the elastic response on this type of 
materials. What is more, experimental observations and evaluations on pure Copper 
specimens by varying the grain size have been made from various different institutions and 
their outcomes are shown in Figure 2.6. Summarizing the results of Figure 2.6, a 
nanocrystalline Copper of about 35 nm and a volume fraction of grain boundaries close to 
10%, presents a decrease in Young’s modulus between 5% and 25% and this is strictly 
correlated with the consolidation method followed. 

 

Figure 2. 6 Experimental observations of Modulus of Elasticity as a function of grain size [8] 

2.2.2.2 Yield Stress 

Coarse-grained materials are commonly known to reveal a correlation between the 
obtained grain size and the yield stress according to the Hall-Petch law [44, 45]. It predicts a 
proportional improvement in the yield stress to the inverse of the square root of the grain size 
and is derived by: 

 (2.2) 

where, σ0 is the friction stress, σy is the yield stress of the material, k is the Hall-Petch slope, 
and d is the grain size. Hall-Petch phenomenon plays a significant role on the macroscopic 
mechanical behavior of NC metals and that is why an extensive modelling effort has been 
performed in order to predict efficiently the material properties of promising NC alloys. In 
the early years, analytical expressions were developed in order to describe the dislocation 
interactions and pile-up mechanisms which are located at the area of grain boundaries [44]. 
Moreover, in [46] the researchers developed a model which was focused on the dislocation 
emissions by the grain boundary ledges. Following similar analytical approach, the 
researchers in [47-50] proved the correlation between the volume fraction of grain boundaries 
with the yield strength. Based on the aforementioned approach, an analytical model taking 
into account the Hall-Petch law and the influence of dislocation was developed and it was 
efficient to describe the Hall-Petch phenomenon [51]. 

Thus, if the grain size is decreased to the nanometer scale, experimental tests of NC 
specimens have exhibited that under a critical grain size, the resulting yield stress presents 
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noticeable deviations from the Hall-Petch law. In general, the aforementioned critical grain 
size is close to 25 nm and below this grain size the Hall-Petch incline can either decrease or 
even become negative. The Hall-Petch breakdown is very difficult to be described accurately 
at this moment due the lack of available data and most of them are contradictory because of 
the various types of tests (compressive tests, tensile tests, nanoindentation measurements) and 
the extensive presence of porosity within the specimens. Additionally, the yield stress and 
maximum strain on NC materials show a remarkable deviation between compression and 
tensile tests because of the poor particle agglomeration. In Figure 2.7 the experimental 
evaluations of the yield stress with the obtained grain size were shown. Furthermore, it is of 
paramount importance to mention the existence of appreciable deviation on yield stress. This 
phenomenon is reasonable and it relies on the fabrication method performed. 

 

 

Figure 2. 7 Experimental measurements showing yield stress as the function of the inverse of 
the square root of the grain size [8] 

NC materials reveal inelastic behavior and they are often assessed in elastic perfectly 
plastic manner. Ιn [52], the stress-strain curve of a NC Copper specimen with  an average grain 
size of 50nm and of coarse-grained Cu specimen are presented. It is easily observed that the 
coarse-grained Copper specimens shows a mechanical response governed by the appreciable 
strain hardening effect, while the nanocrystalline counterpart behaves with an almost perfect 
elastoplastic manner. 

 2.2.2.3 Ductility 

As it commonly known, the first specimens revealed low ductility with maximum 
elongation barely showing 2–3%, and some other specimens, showing larger maximum 
deformation, were not able to exhibit the expected yield strength. Therefore, the ability of NC 
metals to obtain a ductile response is in dispute [53]. Despite that, during the last decade and 
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the consequent advances in the consolidation processes of NC powders, samples with 
homogeneous grain size distributions revealed enhanced ductility accompanied with an 
appreciably increased yield stress [53–59]. In Figure 2.8 the dependence of the yield stress of 
Copper specimens as a function of maximum elongation is presented. The progress achieved 
during the last decade is obvious. The first produced specimens revealed a ductility of 2% 
while the recent specimens are able to be deformed up to 50% with much higher yield stress 
than coarse-grained specimens. 

Additionally, the presence of voids into the microstructure of the as fabricated specimens 
influence negatively the ductility of nanocrystalline metals. In [60], nanocrystalline Nickel 
specimens revealed a behavior of no plastic response prior to failure. 

 

Figure 2. 8 Experimental data presenting a yield strength versus elongation [8] 

2.3 The porosity effect on the mechanical behavior 
The microstructure and the mechanical response of nanocrystalline metals are extremely 

affected by the fabrication processes [61, 62]. However, the mechanical response of NC metals 
is influenced by irregularities introduced during manufacturing process or heat treatment. 
These irregularities include pores, which are mostly located in the area of grain boundaries. 
Porosity in the form of voids, is a common feature for nanomaterials fabricated by Inert Gas 
Consolidation (IGC), electrodeposition or SPD [59, 63, 64, 65]. Moreover, nanovoids play a 
significant role as local stress concentrators during plastic deformation and as a result they 
have a detrimental influence on the corresponding mechanical behavior by reducing ductility 
[59].  

For instance, Figure 2.9-a depicts the dependence of the Modulus of Elasticity as a function 
of the volume fraction of pores as investigated by Weertman et al. [59]. The degradation of 
Young’s modulus is strictly correlated to the porosity effect and it is  explained by analytical  
expressions. One of the equations is derived by Wachtman and MacKenzie [66, 67] : 

 
 (2.3) 



Chapter 2  41 

where p  is the volume fraction of pores and f1  and f2  are equal to 1.9 and 0.9, respectively. 
For low porosity, p2 can be neglected and we have, approximately . The yield 

stress and ductility are also influenced. Figure 2.9-b depicts the correlation of the yield stress 
as a function of density [68]. The degradation of strength is more than enough obvious. The 
present pores provide the necessary conditions for the initiation sites for failure. 

(a) (b) 

Figure 2. 9 (a)Modulus of Elasticity and (b) Compressive yield strength as a function of 
porosity for nanocrystalline Palladium and Copper [59, 68] 

Additionally, TEM measurements exhibited that porosity is responsible for the existence 
of low density on nanocrystalline microstructure [69–71] and they have size comparable to 
that of grains. In [63], the pores of a compacted nanocrystalline Ni made by IGC at room 
temperature are intergranular and cracklike. After an annealing of the specimen, the cracks 
became rounded and larger but many are still in intergranular positions. 

2.4 Predictive models of mechanical behavior of 
nanocrystalline materials utilizing Finite Element Analysis 
Due to several issues demonstrated throughout their production (for example, the 

thermodynamic instability because of the Gibbs free energy monotonic reduction), it is 
evidently accepted that experimental test campaigns for the investigation of mechanical 
properties of NC metals is a quite tough task. This fact is based on the inadequacy associated 
with the research community in providing sufficient quantities of material with regard to test 
specimens. Nonetheless, the aforementioned production obstacles are also the driving force 
for the implementation of numerical models suitable for associating the material 
microstructure (grain size, volume fraction of each phase, etc.) with the mechanical properties 
of nanostructured materials. 

Numerical models and molecular dynamics (MD) are the main modeling approaches 
employed to simulate the microstructure and the mechanical response of NC materials. Before 
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showing the most appreciable modeling efforts, a brief description of the advantages and 
weak points of the two approaches is worthwhile. 

The Finite Element approach (FEM) is a continuum modeling methodology, and as a 
result it has not any intrinsic unit scale. Unit scale effects should be applied via the material 
modeling in the FE numerical computation. The lack of an intrinsic unit scale in the FEM is 
more than enough important in terms of computational time since it allows the numerical 
modeling of crystalline systems with dimensions at the nanoscale level [72]. 

In Finite Element approach, aspects that are deal with MD models, such as the physical 
mechanism of the grain-boundary slip, need the implementation of sophisticated numerical 
sub-routines to describe their physical mechanism in FE models. In case of phenomena that 
exist only at the length scales (for example, crystal plasticity), they are being examined 
numerically by obtaining the mechanical properties and verifying the precision of the 
proposed methodology. The aforementioned approach is still challenging in recent years and 
an important effort is made in that direction.  

On the contrary, MD methods directly simulate the atoms and consequently integrate the 
atomic length scales of the crystal directly into the model. Individual atoms interact through 
forces defined by analytical expressions. These functions interpret the physical phenomena, 
derived from insights obtained from quantum systems. 

Despite MD method shows several attractive features, it is accompanied with its inherent 
obstacles. The first obstacle is involved in time scales. The solution in a molecular dynamics 
system is progressed in time utilizing an explicit time integration method that imposes a limit 
on the time step size. In practical terms all of the MD computations take place at extremely 
high strain rates which are not able to be executed experimentally. 

The computational methods provided for simulating NC metals present several 
imperfections and limitations, but they can provide essential insights into the mechanical 
behavior of NC materials. Since FEM and MD methods are sectors which are attracted by large 
number of academic institutions and research companies, and NC materials have been 
recognized as a promising research area, there will be substantial advancement in the 
development of both methods in the near future. 

Regarding the MD approach, the most indicative models are presented in summary. In 
[73], utilizing atomistic simulation methods, the researchers investigated the porosity effect 
on the elastic constants of a single Nickel crystallite making a parametric study by varying 
both the volume fraction of pores and their average size. They found that the size of pore acts 
a crucial role in the definition of the degradation in the Modulus of Elasticity. 

Additionally, in [74] researchers developed atomistic models of uniaxial tension of porous 
3D NC Cu with an average grain size of 5nm at temperature of 300 K. Various types of voids 
were examined with different ellipsoidal and spherical shapes in the region of grain 
boundaries, and they found that the voids with spherical shape have the largest influence on 
the degradation of the resulting mechanical properties. 

In [75], authors investigated the effect of voids with ellipsoidal shape on the tensile 
behavior of NC Cu with an average grain size of 6nm at temperature of 300 K. They showed 
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that dislocations emitted from the void tips may act as initiation points of shear plane 
formation. No crack-like void nucleation or propagation was found regardless of the 
orientation of the voids with regard to the applied stress. 

At this point, it is of paramount importance to discuss the most attractive modeling efforts 
on the numerical investigation of mechanical behavior of NC materials utilizing Finite 
Element models. To begin with, Kim et al. [76] applied the plastic strain of nanostructured 
metals using constitutive expression based on the dislocation density evolution along with 
diffusion controlled plastic flow. Estrin et al. [77] introduced a new model with crystal 
plasticity that incorporated terms with consideration to the fact that double-slip geometry has 
a diffusional behavior. Wei et al. [78] utilized the cohesive behavior of elements on the grain 
boundaries (GB) in order to model a GB slip mechanism. The aforementioned elements have 
progressive equations that utilize the slip and separation effects between adjoining grains, 
simulating the reversible elastic and inelastic responses. The grain interiors (GI) were defined 
with the approach of the single crystallite plasticity. Wei et al. [78] utilized a numerical 
approach to the investigation of nanostructured nickel and compared it with the experimental 
results of the aforementioned nanocrystalline material. It was shown that dislocation density 
in nickel GIs after plastic strain presented a declining trend, indicating that annihilation might 
be accommodated at the GB area (Figure 2.10). They detected that the non-linear response was 
mainly because of the elasto-plastic behavior of the GB phase. The mechanism of plasticity of 
GIs was infrequently detected previous to GB cracking.  
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Figure 2. 10 (a) Stress–strain curves for different grains sizes. (b) Peak strength versus grain 
sizes. Plots (c) through (g)show contours of the equivalent plastic in the grain interiors 
corresponding to the strain levels right after peak stress for the 61, 40, 30, 20 and 14 nm 

average grain-sized microstructures [78] 

Fu et al. [79] utilized, via a numerical approach, a model in which the grain of a 
nanocrystalline copper consisted of two phases—a GB with a definite thickness and the grain 
interior (GI). Typically, it has a non-linear relationship with the crystallite diameter. A number 
of two dimensional (2D) elements of grain sizes varying from 26 to 100 nanometers were 
subjected to compression (Figure 2.11). The crystal morphology continued to be constant, thus 
the GB thickness ratio to the grain diameter was liable for the deformation variations. The 
aforementioned approach investigated several grain sizes varied by ratios between GB and 
bulk dimensions. 

Four distinctive models with differing numerical approaches and employed GI and GB 
phases were examined. In the first investigation [75], the GIs referred to one crystallographic 
orientation related to three different types of hardness orientation. The GIs were modeled 
isotropic and associated with the indicative stress-strain curve utilizing the experimental 
outcomes acquired from Diehl [80] and Suzuki et al. [81]. The GBs were modeled with 
perfectly plastic behavior. 
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Figure 2. 11 Compression of polycrystalline copper (D = 26 nm), left column shows 
equivalent strains: (a) 0.0033; (b) 0.035; (c) 0.1432; (d) 0.4141; right column (e)–(h) shows the 

corresponding von Mises stresses, colours describe stress and strain levels [79]. 

A more recent work [82] used a numerical methodology by applying the separated 
crystallite plasticity for the GI and the Voce equation in order to simulate the hardening 
behavior of the GBs. In [82], the approach of separated crystallite plasticity for the GI and GB 
was used. The grain interior and grain boundary acquired different hardening properties. This 
numerical approach shows the localization evolution, which happened via the work 
hardening effect. In [82], another numerical methodology is presented that replaced the 
separate GI and GB model with a hardening approach that correlated to the evolution of 
dislocations. The aforementioned phenomenon is controlled by the orientation variation of 
maximum shear planar stress, which is calculated by the angle of shear stress. 

The computations were performed with a multiphase Eulerian analytical implementation 
[83]. Apart from the highest strain values (which were substantially higher than experimental 
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results), the strains were lower than the Lagrangian computations. The analytical formulas 
profitably predicted the Hall-Petch effect; however, the fluctuation in the experimental results 
was noticeable. Considering the aforementioned obstacle, it would be impossible to tune the 
aforementioned analytical and numerical methodologies. 

GB slip was examined by taking into account the restrictive examples of perfect bonding 
and the ideally frictionless GB slip mechanism [75]. The limitation of ideal GB bonding 
increased the yield strength compared to ideal slip by 200 MPa at a proportional plastic strain 
of 0.2, which was close enough for the models to start acting in an almost perfectly plastic 
way. 

It is evident from the above that the study of the material properties of nanocrystalline 
metals is at early stage—with upward trends—due to enhanced mechanical properties 
relative to commercial metallic materials and their recyclability relative to composite 
materials. Furthermore, it is common knowledge that there is currently an inability within the 
scientific and industrial communities to produce sufficient quantities of nanocrystalline that 
are thermodynamically stable in order to sustain their superior mechanical properties while 
also dealing with their low plasticity. 

In the current Doctoral Thesis, a numerical methodology for predicting the mechanical 
properties of nanocrystalline materials utilizing a sophisticated 3D Finite Element FE model 
is shown. The scope combines a multidisciplinary study of nanocrystal characterization using 
SEM-TEM analyses and the development of a numerical methodology using a representative 
volume element (RVE) for predicting the material properties of NS materials. For simplicity’s 
sake, we selected the numerical implementation of cubic volume (RVE), as it is the smallest 
volume in which a sampling of all microstructural heterogeneities can be considered for the 
investigation of macroscopic mechanical responses on the condition that it remains small 
enough to be considered a volume element of continuum mechanics. Thus, the indirect scope 
of the present thesis is to extend the scientific effort for the prediction of nanocrystalline 
mechanical properties from 2D models to 3D models utilizing a sophisticated 3D Voronoi 
tessellation algorithm accompanied with a numerical work-flow which implements only the 
basic mechanical properties of alloying elements combining the Hall-Petch effect. The results 
of 3D models are more reliable than of 2D models due to their realistic microstructure. This 
way, the FE approach may become a useful tool and a contribution for evaluating the 
adequacy of nanocrystalline metals, making their implementation on aerospace sector 
feasible. 

The FE outcomes of the present Doctoral thesis are a combination of the numerical efforts 
made in the frame of ICARUS project [84] over the last 4 years and their results have been 
published and presented in several journals and conferences [85-90]. 
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Chapter 3 

Experimental characterization of nanocrystalline 

materials 

3.1 Materials 
Τhe powders have been produced by the MBN Nanomaterialia S.P.A (MBN)  and the 

consolidation process has been executed by the University of Miskolc (UniMi) in the frame of 
the European FET-Open project ICARUS [84]. The materials, which have been produced by 
ICARUS partners , are showing below: 

 
Coarse-grained Tungsten-Copper alloy (cW-Cu) 
Nanocrystalline Tungsten -Copper alloy (W-Cu) 
Nanocrystalline Tungsten-Aluminum alloy (W-Al) 
Nanocrystalline Titanium-Aluminum alloy (Ti-Al) 

 
The compositions as well as the micro/nanostructure characterization and their mechanical 

response are extensively shown in the following sections. 

3.2 Micro/nanostructure characterization 

3.2.1 cW-Cu and W-Cu 

One of the materials of the nanocrystalline materials class that has attracted considerable 
attention especially for space applications is Tungsten. It is mainly due to its ability to resist 
the severe irradiation at space environment. Investigations on the influence of grain size 
reduction on the irradiation resistance and its mechanical behaviour showed promising 
results [91]. Irradiation damage was found to be decreased with the reduction of grain size 
[92]. In Reference [91], the authors have noticed the significant irradiation resistance of 35 nm 
grain size tungsten. Nevertheless, the mechanical properties of this material have not been yet 
sufficiently investigated. There is a small number of publications in the literature dealing with 
the properties of conventional coarse-grained tungsten subjected to quasi-static loading [93, 
94]. It was found that conventional coarse-grained tungsten (cW) exhibits a poor ductility and 
a high ductile-to-brittle transition temperature [95, 96]. It results in cracking effects at many 
locations in the material prior to the accumulation of the plastic dissipation needed to trigger 
plastic instabilities. More specifically, the compressive and tensile failure of cW specimens 
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occurring at room temperature without any noticeable ductility at a stress level just exhibiting 
the flow stress indicates a failure mechanism typical for most brittle ceramics (intergranular 
fracture). In Reference [97], the authors have observed enhanced ductility in ultrafine (200–
500 nm) and nanocrystalline tungsten (100 nm) in compression tests. In this section, we focus 
on the investigation of mechanical behaviour of the tungsten-copper material since it is one of 
the most promising alloys for the aforementioned aerospace applications (Figure 3.1) [98, 99]. 
Porosity in the form of voids, resulting from the limitations of material production techniques, 
is a typical feature for nanomaterials. Nanovoids may be intensively formed at regions of local 
stress related to plastic deformation [100]. It is needless to say that the presence of voids has a 
profound effect on the mechanical properties and can for example severely reduce both 
ultimate tensile strength and ductility. 

 

 

(a) 

 

(b) 

 

(c) 

Figure 3. 1 Manufacturing process of nanocrystalline materials: a) High Energy Ball Milling, 
b) Hot Isostatic Pressing and c) Produced W-Cu samples [84] 

In this work, the W-Cu alloy system has been selected. The alloy consisted of 75% Tungsten 
and 25% Copper in weight. For this material two different types of W-Cu alloy were produced. 
Both types were manufactured using the same powders originating from the same powder 
batch. The High Energy Ball Milling method (HEBM) was utilized in order to mill Tungsten 
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and Copper powders achieving a nanocrystalline morphology. The nanocrystalline W-Cu 
powders used for the production of alloy will be referred in the following to W-Cu. The 
process was performed by the company MBN Nanomaterialia. For the fabrication of the alloy 
that in the following will be referred to as cW-Cu no any grain refinement process has been 
involved for the powders which have been simply mixed. For the production of the Tungsten-
Copper specimens, the well-known manufacturing approach consisting of cold pressing, Hot 
Isostatic Pressing (HIP) and heat treatment was implemented (Figure 3.2). These specimens 
were used for XRD measurements. All of them were manufactured as cylindrical. Table 1 
shows the geometrical data of the specimens. The W-Cu and cW-Cu specimens were 
manufactured at the University of Miskolc. As the manufacturing processes was involved this 
type of materials is still far from being industrialized with respect to deviations in dimensions, 
mass and relative density. The observed deviations are summarized in Table 3.1. 

 

Figure 3. 2 Manufacturing process of nanocrystalline specimens 
 

Table 3. 1 The geometrical data of the manufactured W-Cu and cW-Cu samples 

Material Diameter 
(mm) 

Height  
(mm) 

Mass 
(g) 

Theoretical 
density 
(g/cm3) 

Calculated 
relative density 

(%) 
W-Cu 13.08-13.11 25.1 45.12-46.53 

14.95 
89.04-92.25 

cW-Cu 13.08-13.14 25.16 44.92-46.14 88.84-92.04 
 

XRD tests were performed by ADVAMAT and UniMi so as to identify the microstructure 
of the material which is changing with each step of the material’s production process. Table 
3.2 summarizes the obtained results for the coarse-grained cW-Cu specimens. Step 1 of Table 
3-2 shows the composition of the as-milled powders, which is considered as the reference 
composition. The material consists of 74% W and 26% Cu, in weight, with average grain sizes 
of 1300 nm and 279 nm, respectively. The cold pressing step caused an appreciable reduction 
of the grain sizes for both materials. Yet, the deviations observed on the grain size for both 
materials is appreciable (step 2). The following Hot Isostatic Pressing (HIP) stage is resulting 
to a further significant reduction of the grain sizes of both materials and an appreciable 
reduction of the deviations observed for the grain sizes as well. The said deviation remains 
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higher for Cu (step 3). The final annealing of the specimens’ result, as expected, to a coarsening 
of the grains which is accompanied by an increase of the grain size deviation for both materials 
(step 4). It is noticeable that the HIP step as well as the annealing process are associated to the 
creation of some impurities in the form of Tungsten oxides. The Tungsten percentage 
measured to be participating to the creation of said oxides has been 0.2% and 0.8% in weight, 
respectively. 

Table 3. 2 XRD results of the cW-Cu: cold pressed sample, hot isostatic pressed sample, 
sample aged (36 h). 

Step Status W Cu 
 Composition [wt%] 74% 26% 

1 
As-received powder size 

[nm] 1300 ± 300 279 ± 62 

2 
Cold pressed powder size 

[nm] 
1011 ± 225 74 ± 55 

3 
HIP grain size 

[nm] 
113 ± 25 45 ± 25 

4 
Grain size after 36h annealing 

[nm] 206 ± 70 247 ± 55 

 
The XRD results obtained by ADVAMAT and UniMi for the milled W-Cu specimens are 

summarized in Table 3.3. The reference composition was measured to be 73.67% W and 
26.33% Cu, both in weight. The initial powders composition was consisting of fine Cu 
powders of 6 nm in average, showing a small deviation of the powder size, and a bigger 
average size of 30 nm for the W powders expressing a powder size deviation of 15 nm (step 
1). The cold pressing stage seems to be sufficient just for creating agglomerates of powders 
having an average size of 16 nm and 8nm for W and Cu, respectively and small deviations of 
the sizes of the agglomerations (step 2). The following Hot Isostatic Pressing step results to 
nanograins being rather uniform for Cu and deviating appreciably in terms of dimensions for 
W (step 3). The final step of heat treatment exhibited the same trend of grain coarsening which 
was also observed for the coarse-grained materials (step 4) 

It should be noticed that the large scattering in terms of grain size observed for both cW-
Cu and W-Cu specimens is due to the involved fabrication method. The Hot Isostatic Pressing 
leads to gradual grain growth. Mentioned growth is due to the large specific interface area of 
NC alloys. Since interface energy is typically positive, Gibbs free energy minimizes with grain 
growth. The most stable thermodynamic state coincides with the one that can be ideally 
obtained at the end of the grain coarsening process. 
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Table 3. 3 XRD results of the W-Cu: milled powder, cold pressed sample, hot isostatic 

pressed sample, sample aged (36 h). 

Step Status W Cu 
 Composition [wt%] 73.67% 26.33% 
1 Milled powder size 

[nm] 30 ± 15 6 ± 5 

2 Cold pressed powder size 
[nm] 

16 ± 4 8 ± 3 

3 HIP grain size 
[nm] 

152 ± 10 31 ± 7 

4 Grain size after 36h annealing 
[nm] 

187 ± 65 108 ± 24 

 
The SEM images made by Aerospace and Advanced Composites GmbH (AAC) of the 

received powders are shown in Figure 3.3.  

  
(a) (b) 

  
(c) (d) 

Figure 3. 3 The SEM images of the received powders. a) cW-Cu 300x, b) W-Cu 300x, c) cW-
Cu 1000x, d) W-Cu 1000x [84]. 

The cW-Cu and W-Cu powders are compared in order to see the main differences. The (a) 
and (c) are the coarse type, the (b) and (d) are the milled powders. As it can be seen, in the 
case of the coarse-grained samples, the shape of the particles is more or less regular, moreover 
on Figure 3.3-c the W and Cu can be separated (W light shade, Cu dark shade). In the case of 
the milled powders irregular particles can be seen, and the W and Cu on the SEM images 
cannot be separated. 

In Figure 3.4 the sintered cW-Cu samples are presented by providing pictures with 
different magnification.  
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(a) (b) 

 
(c) 

Figure 3. 4 The SEM images of cW-Cu bulk sample. a) cW-Cu x 2.5k, b) cW-Cu x 25k, c) cW-
Cu x 100k [84]. 

The first two figures (3.4-a and 3.4-b) show the characteristic microstructure of the sample. 
The dark areas are copper and the bright are tungsten. On the Figure 3.4-c at 100k 
magnification you can see the grain sizes more clearly, also at the right upper corner the XRD 
measured crystalline size is shown as reference (Table 3.2, HIP crystalline size for W). 

In Figure 3.5 the sintered W-Cu specimens are presented. The first two pictures (3.5-a and 
3.5-b) depict the microstructure of the milled sample. On the Figure 3-5.c) as in the case of 
Figure 3.5-c, at the upper right corner the XRD measured crystalline size is shown (Table 3.3, 
HIP crystalline size for W). 

 

   
(a) (b) (c) 

Figure 3. 5 The SEM images of W-Cu bulk samples. a) W-Cu x 2.5k, b) W-Cu x 25k, c) W-Cu 
x 100k [84]. 

The Figure 3.6 shows the low magnification SEM images made by AAC of the W-Cu and 
cW-Cu samples. As it can be seen though the Figures 3.6-a and 3.6-b depict the resulting 
microstructure of cW-Cu samples while the Figures 3.6-c and 3.6-d present the achieved 
nanocrystalline microstructure which is obtained by the proposed manufacturing process. It 
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is evident from the following images that the microstructure of the W-Cu specimens is finer 
that of the coarse-grained counterpart. This is justified by the appreciable grain size reduction 
which drives to the remarkable increase of volume fraction of grain boundaries showing a 
homogeneous-like alloy at the present magnification. 

 

  
a) b) 

  
c) d) 

Figure 3. 6 The low magnification SEM images of W-Cu and cW-Cu samples (executed by 
AAC): a) cW-Cu 02, b) cW-Cu 03, c) W-Cu 08, d) W-Cu 19 [84]. 

3.2.2 Ti-Al 

Two cylindrical samples have been produced by UniMi with the nominal composition of 
92% wt Ti and 8% wt Al. Their physical parameters are listed in Table 3.4, where the calculated 
relative density is based on the geometrical measurements of the samples. 

Table 3. 4 The geometrical data of the manufactured Ti-Al samples 

Material Diameter 
(mm) 

Height  
(mm) 

Mass 
(g) 

Theoretical 
density 
(g/cm3) 

Calculated 
relative density 

(%) 
Ti-Al 12.98 25.07 13.70 4.28 96.56 
 
The XRD results, which are performed by ADVAMAT, are listed in Table 3.5. As it can be 

seen, the nanocrystalline Ti-Al alloy consists of 2 volume fractions of Ti and Al accompanied 
with an intermetallic compound, the AlTi3. It contributes to almost 10% of the mass of the 
sample. Compared to the nominal composition we measured around 1.5% more Al, which 
could be due to the AlTi3 formation. 
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Table 3. 5 XRD results of the Ti-Al samples 

Status Ti AlTi3 Al 
Composition [wt%] 82.7% 8.8% 8.5% 

Grain size 
[nm] 27 ± 6 31 ± 7 6 ± 1 

 
The SEM image made by AAC of Ti-Al sample is presented in Figure 3.7. It shows the 

general microstructure of the Ti-Al sample in low magnification. As it can be shown, there are 
large dark phases within the material (number 4). Also, the matrix seems to contain two 
phases  (number 1 and 2). There also can be seen small bright phases (number 3) which 
indicate some type of contamination or compound formation. As it can be seen, the alloy 
consists of two Ti-Al phases differing in Ti:Al ratio. The darkest phase identified with number 
4 is also a Ti-Al phase with high Al content. The bright phase (number 3) contains 
contamination from Fe, Cr, Ni and Si accumulated. 

 

  
(a) (b) 

 
(c) 

Figure 3. 7 The SEM image of the Ti-Al in low magnification [84]. 

3.2.3 W-Al 

Cylindrical samples of W-Al have been produced by UniMi with the nominal composition 
of 94 wt% W and 6 wt% Al. The geometrical data and physical parameters of the samples are 
listed in Table 3.6. 
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Table 3. 6 The geometrical data of the manufactured W-Al samples 

Material Diameter 
(mm) 

Height  
(mm) 

Mass 
(g) 

Theoretical 
density 
(g/cm3) 

Calculated 
relative density 

(%) 
W-Al 13.47 24.73 45.72 14.07 92.18 
 
The XRD results are performed by UniMi and they are presented in Table 3.7. As it can be 

seen there are several phases identified from the diffractogram. Most of the phases have small 
crystalline size. There are two compounds formed from Al and W. Also, we have identified 
WO3 and TiO2 (contamination) within the sample. 

Table 3. 7 XRD results of the Ti-Al samples 

Status W Al Al2W WO3 
Composition [wt%] 92.98 3.64 2.42 0.42 

Grain size 
[nm] 55 ± 13 33 ± 8 27 ± 7 15 ± 5 

 
In Figure 3.8 the SEM images made by AAC of W-Al samples are presented. More 

specifically, in 3.8-a, the general microstructure of the sample is shown while in 3.8-b it is 
presented the same nanocrystalline morphology with 100k magnification. As it can be seen all 
grain sizes are below 500 nm. The striped look on the image is caused by the sample 
preparation. As it is shown apart from the grey matrix, there are several other phases in the 
material, also small scattered white phases within all phases present. The darkening of the 
grey phase is connected to its Al content while the light grey phase is referred to the W content. 
The black marks located at the region of grain boundaries are pores. 

 

  
(a) (b) 

Figure 3. 8 The SEM image of the W-Al in different magnifications, a) low magnification, b) 
100k magnification [84]. 
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3.3 Experimental Workflow 
Mechanical testing is important in all aspects of material science and aeronautical 

engineering. The experimental approach followed in the present PhD thesis is presented in 
Figure 3.9. The mechanical test campaign has been executed in accordance with ASTM E9, 
ASTM E92 and ISO 14577 for the compression, hardness and nanoindentation tests 
respectively [101, 102, 103].  

 

Figure 3. 9 Experimental methods used for the mechanical characterization of specimens 

Sub-components are major aircraft structures representing a section of the complete 
structural part (e.g., frames, fuselage or wing panels, etc.) and components are major sections 
of the aircraft (e.g., wing, fuselage, landing gear, etc.). Finally, the major tests refer to the 
testing of a full-scale aircraft structure comprising of two or more sub-components. 

Test sample size, complexity, manufacturing lead time and cost increase from bottom to 
top of the pyramid as it is shown Figure 3.10 [104]. This underlines the necessity to use the 
low levels of the test pyramid to their fullest potential in order to obtain as much 
representative information about the mechanical performance as possible. 

 

Figure 3. 10 Test pyramid for aircraft structural components [104]. 

 

Mechanical 
characterization

Compression 
tests Hardness tests Nanoindentation 

tests
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3.3.1 Compression tests 

Compression tests were conducted according to ASTM E9 standards [101]. The tests were 
performed at room temperature under a constant strain rate of 0.005 in./in.*min (m/m*min) 
using the MTS universal testing machine having a load capacity of 250 kN. The L/D ratio of 
the specimens was equal to 2. The specimens were subjected to compression force up to 
fracture. The specimens were carefully aligned in a fixture to ensure concentric loading. Strain 
gauges were cemented at the middle of specimens’ length using cold-curing adhesive in order 
to measure the micro-strains. The strain gauges used for the compression tests were 
unidirectional with grid resistance of 120 Ω and gauge factor of 2.125% ± 0.5%. After curing 
the adhesive, it is important to ensure that the strain gauge has been installed correctly. 
Although visual examination should be sufficient, it is recommended to use an ohmmeter to 
double-check the resistance of the strain gauge. In addition to the use of strain gauges, the 
critical local strain was measured also using a GOM ARAMIS digital image correlation optical 
device (DIC). The compression force and displacement of the test machine were recorded 
continuously during the test. The apparatus used for the tests may be seen in Figure 3.11. 

 

   

Figure 3. 11 Specimen in the testing machine. (a) before experiment; (b) after experiment; (c) 
digital image correlation 

The stress-strain curves obtained for the coarse-grained and the nanocrystalline grain W-
Cu type of alloy are presented in Figure 3.12 and 3.13, respectively. As shown in Figure 3.12, 
the coarse-grained Tungsten exhibits a yield stress ranging between 400 and 450 MPa under 
quasi-static compression conditions at room temperature. The outcomes acquired in this work 
for the coarse-grained Tungsten samples are consistent with results from the literature [105]. 
In this work coarse-grained Tungsten specimens were found to collapse under tension at a 
stress level of 450 MPa showing an intergranular fracture and the critical local strain value 
was found to be equal to 12-14%. 
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Figure 3. 12 The experimental results of cW-Cu specimens in accordance with ASTM E9 

The results of the quasi-static compression tests for the nanocrystalline W-Cu samples are 
displayed in Figure 3.13. The results from data acquisition clearly indicate a brittle behavior 
with the strains at fracture reaching values ranging between 4% and 6%. It is noticeable that 
fracture practically occurs just after the yield point is exceeded. Moreover, the yield stress is 
approaching 1100 MPa, which is close to twice the value of the coarse-grained cW-Cu samples. 
The results have shown that nanocrystalline alloys with grain sizes between 20nm and 100nm 
demonstrate a low hardening rate or almost no hardening due to the low number of generated 
grain boundary dislocations and their annihilation by opposite grain boundaries. This, in turn, 
generates low ductility and lead to shear localization at grain boundaries and, as expected, it 
results to an appreciable increase of the yield strength stress required to continue plastically 
deforming the material [61, 106]. 

 

Figure 3. 13 The experimental results of W-Cu specimens in accordance with ASTM E9 

In addition, the results of the W-Al samples under compression tests are presented in 
Figure 3.14. The compression tests of W-Al samples have been conducted by Laboratory of 
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Strength of Materials and Structures, Department of Civil Engineering, Aristotle University. 
As W-Cu samples, W-Al specimens indicate a more brittle behavior, compared to them of W-
Cu nanocrystalline specimens, with the strains at fracture reaching values ranging between 
0,4% and 0,5%. It is noticeable that fracture practically occurs just after the yield point is 
exceeded. Additionally, the yield stress is approaching 1100-1200 MPa, which is similar with 
the resulting yield stress of W-Cu samples. At this point, it is useful to refer that the W-Cu 
specimens have a composition of 75%wt Tungsten and 25%wt Copper  with a porosity of 9% 
while the W-Al specimens have a chemical composition of 96%wt Tungsten and 4%wt 
Aluminum with a porosity of 5,3%. These results have shown that two main factors rely on 
the above-said difference on the total deformation: the porosity effect and the overall chemical 
composition. Tungsten is a material with an appreciable value of Young’s Modulus at a purity 
of 100% but it behaves in a very brittle manner. The aforementioned brittle behavior has 
deteriorated by the extensive porosity. The pores act like stress concentrators which drive to 
the initiation of fracture from their area. Thus, the combination of these factors leads to the 
resulting low ductility. 

 

Figure 3. 14 The experimental results of W-Al specimens in accordance with ASTM E9 

However, it is of paramount importance to mention on this point that all of Tungsten-based 
alloys have attracted considerable attention especially for space applications. They are used 
at form of coatings owing to their high density which drives to the weight increase and the 
exclusion of their use at bulk forms. The weight reduction is a very important parameter 
nowadays and both of scientific community and industry try to minimalize the total weight 
of spacecraft and aircraft components. 

Taking for granted the aforementioned trend of space and aircraft engineering nowadays, 
a nanocrystalline batch of Ti-Al specimens have been tested under compression in order to 
underline their potential for being implemented in space and aircraft structural applications. 
The compression tests of W-Al samples have been conducted by Laboratory of Strength of 
Materials and Structures, Department of Civil Engineering, Aristotle University. The results 
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of the quasi-static compression tests for the nanocrystalline Ti-Al samples are displayed in 
Figure 3.15. 

 

Figure 3. 15 The experimental results of Ti-Al specimens in accordance with ASTM E9 

 As shown in Figure 3.15, the nanocrystalline Ti-Al specimens demonstrate a yield stress 
ranging between 1800 and 2000 MPa and a Young’s Modulus between 132 GPa and 155 GPa 
under quasi-static compression conditions at room temperature. Additionally, the results 
from data acquisition clearly exhibit a fracture in a brittle manner with the strains at fracture 
reaching values ranging between 1% and 1.5%. It is noticeable that fracture practically occurs 
just after the yield point is exceeded. Moreover, the above-said resulting yield stresses are 
close to twice the value of the commercial Titanium-Aluminum alloys. More specifically, the 
most widely used Titanium-Aluminum alloys in aircraft applications are the Ti-6Al-4V alloy 
and Ti-5Al-2.5Sn alloy. 

Ti-6Al-4V is the most commonly used alloy for the production of aircraft structural 
components (Figure 1.2). It is significantly stronger than commercially pure titanium while 
having the same stiffness and thermal properties. Among its many advantages, it is heat 
treatable. This Titanium-Aluminum alloy is an excellent combination of strength, corrosion 
resistance, weld and fabricability. It has a Young’s Modulus of 115 GPa and a compressive 
strength of 950 MPa. 

Ti-5Al-2.5Sn is an alloy which is widely used for the production of jet engines due to its 
good weldability and strength at elevated temperatures. It has a Young’s Modulus of 120 GPa 
and a compressive strength of 880 MPa. 
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3.3.2 Hardness tests 

Nanocrystalline materials have attracted considerable attention mainly due to their 
improved tensile strength properties. The production of the aforementioned materials is 
difficult to provide sufficient quantities keeping their microstructure stable, which in turn 
leads to limited mechanical test campaigns due to their thermodynamic instability during 
manufacturing processes. Thus, experimental investigations are mainly limited to hardness 
tests.  

The aim of this task is to assess the mechanical behavior of nanocrystalline W-Cu, W-Al 
and Ti-Al alloys utilizing hardness tests performed by using a Vexus SHR-187.5D hardness 
testing instrument and small material volumes (Figure 3.16). The tests were carried out 
according to the ASTM E92 procedure (Vickers Hardness) [102]. Additionally, the ultimate 
tensile strength has been calculated by using the empirical relation    [42]. 

 
 

  

Figure 3. 16 Vexus SHR-187.5D hardness testing instrument and sample fixation 

The hardness results clearly indicate that there is a strong correlation between the volume 
fraction of alloying elements and their microstructure with the resulting hardness (Figure 
3.17). More specifically, the comparison of coarse-grained W-Cu with nanocrystalline W-Cu 
alloys exhibits a strong relationship between the grain size and yield stress. A decrease of 
grain size drives to an increase of the volume fraction of grain boundaries which act as 
dislocation barriers which in turns it results in the exceptional increase of the yield stress in 
accordance with Hall-Petch effect. The above-said hardness values have been converted by 
using the empirical mathematical expression which describes that the yield stress is equal of 
the three times of the hardness value [42]. The outcomes of the mathematical expression seem 
to follow the resulting yield stresses from the compression tests.  
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Specimen 

number 

Vickers 

test 1 

Vickers 

test 2 

Vickers 

test 3 

Mean 

Value 

Tensile 

Strength 

(MPa) 

cWCu 19/1 137.7 128.5 135.4 133.8 441 

cWCu 19/2 127.9 130.6 132.7 130.4 420 

WCu  03/1 395.2 381.7 398.6 391.8 1240 

WCu  03/2 434.9 417.1 444.2 432 1390 

TiAl   02/1 563.8 567.3 580.9 570.3 1834 

TiAl  02/2 570.7 552.6 596.3 573.2 1865 

WAl  03/1 831.4 860 792 827.8 2648 

WAl  03/2 810 852 784 815.3 2605 

Figure 3. 17 Hardness results in accordance with ASTM E92 [42] 

On the other hand, the Tungsten-Aluminum alloy present a remarkable hardness value of  
about 820Hv which is approximately 2600 MPa based on the empirical conversion equation. 
The converted yield stress shows an appreciable difference compared to that of the 
compressive tests. This fact seems to be reasonable due the large volume fraction of Tungsten 
into the produced specimen (96%wt W and 4%wt Al) which leads to the brittle behavior of 
the W-Al specimens. At this point it is important to refer that the aforementioned empirical 
expression is an efficient way for the prediction of the yield strength only on ductile-like 
materials. On the basis of the aforementioned observation, it is evident that the deviation 
between compression results and empirical estimations of tensile strength from hardness tests 
in regards to W-Al material is reasonable due to its inherent fully brittle behavior. 

To conclude, in the case-study of the TiAl specimens, the hardness values are about 560-
570Hv. Based on the conversion mathematical expression, the predicted yield stress is about 
to 1800 MPa. The aforementioned prediction of yield stress is close to the results from the 
compression tests and it reflects the average values of yield stresses from the experimental 
compression tests. The efficiency of the proposed empirical expression is evident on Ti-Al 
specimens due to the inherent feature of the alloying element to foster the total deformation.   
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3.3.3 Nanoindentantion tests 

Nanoindentation refers to a variety of hardness tests, which are applied in small scale. 
Penetration is perhaps the most common way of checking the mechanical properties of 
materials facilitated by high precision instrumentation in the nanometer scale. In 2008, the 
ISO/TR 29381 was published, allowing for the evaluation of tensile properties of metallic 
materials by instrumented indentation [107]. 

In this Ph.D. thesis, the  nanoindentations were conducted using a nanoindentation device 
developed at the Physical Metallurgy Laboratory at Aristotle University of Thessaloniki and 
is presented in Figure 3.18. The device performs testing using a Berkovich, Vickers, Knoop 
diamond or 0.5-2 mm indenters. The travel distance of the workbench can reach 50 by 140 
mm, guided by a specially developed computer software. The height of the optics is measured 
by means of a laser distance meter coupled with a rotary encoder attached to the fine 
adjustment dial of the microscope. The accuracy of the device in the XY direction is in the 
order of 1 μm. The applied load can vary from 1 to 1000 mN with a resolution of 0.1 mN 
according to the ISO 14577 [103]. The measurement consists of two stages, the loading and the 
unloading phase. During loading, force is applied gradually to the diamond indenter and as 
it penetrates the test piece, depth measurement is recorded. During unloading, a residual 
depth remains due to the plastic deformation of the sample, which depends on the properties 
of the material, the size of the applied force, and the geometry of the indenter. The maximum 
indentation depth fluctuations measured on the same sample are mainly induced by different 
contact conditions between the indenter tip and the tested surface due to roughness [108]. This 
effect can be tackled by conducting an appropriate number of measurements to attain 
stabilization of the maximum indentation depth mean value [108]. In the present case, 40 
measurements were conducted on each specimen to exclude roughness effects, although even 
10 measurements would be enough considering the low roughness of the used samples. The 
mean value of these measurements is applied for each specimen in the SSCUBONI algorithm 
(stress-strain curves based on nanoindentation) [108, 109] to determine the stress–strain curve 
of the materials under investigation. 

 

Figure 3. 18 Nanoindentation device employed in the investigation 

The indentation force (P) – penetration depth (h) curves obtained for the coarse-grained 
and the nanocrystalline grain W-Cu type of alloy are presented in Figure 3.19. The 
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nanoindentation tests of W-Cu and cW-Cu samples have been conducted by Physical 
Metallurgy Laboratory at Aristotle University of Thessaloniki. As shown in Figure 3.19, the 
coarse-grained Tungsten-Copper alloy exhibits a higher penetration depth of about 400 nm at 
an indentation load of 15mN compared to that of nanocrystalline Tungsten-Copper alloys 
which present a penetration depth of about 250 nm at applied penetration load of 15 mN 
correspondingly. The aforementioned outcomes are reasonable due to the fact that the Hall-
Petch effect is governed on this type of materials and the yield stress is increasing by 
decreasing the grain size. Thus, the nanocrystalline specimen shows a higher “resistance” to 
the indentation effect and to the plastic deformation. 

 

 

Figure 3. 19 The experimental results of cW-Cu and WCu specimens in accordance with ISO 
14577 
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Chapter 4 

Numerical methodology of nanocrystalline materials 

4.1 Assumptions and work-flow 
Atomistic simulation approaches give notable understanding into the microstructural 

behaviour of nanocrystalline materials. Be that as it may, their use for foreseeing the 
corresponding material properties is very problematic because of fundamental limitation of 
their techniques. Hence, the implementation of a finite element methodology for NC materials 
is focused to provide an important tool for the design-by-analysis of the fundamental NS 
material morphologic characteristics so as to acquire the required mechanical response. In this 
PhD thesis, a numerical methodology for predicting the mechanical properties of 
nanocrystalline materials utilizing a sophisticated 3D FE model has been shown. The scope 
combines multidisciplinary study of the nano-crystals characterization using SEM-TEM scans 
and the development of a numerical methodology by using RVE for predicting the material 
properties of NC materials. For simplicity’s sake, we selected the numerical implementation 
of cubic volume element (RVE) as it is the smallest volume over which a sampling of all 
microstructural heterogeneities can be considered for the investigation of macroscopic 
mechanical response on the grounds that it remains small enough to be considered as a 
volume element of continuum mechanics. Thus, the indirect scope of the present thesis is to 
extend the scientific effort for the prediction of nanocrystalline mechanical properties from 2D 
models to 3D models utilizing a sophisticated 3D Voronoi tessellation algorithm accompanied 
with a numerical work-flow which implements only the basic mechanical properties of pure 
alloying elements combining the Hall-Petch effect. The results of 3D models are more reliable 
than of 2D models due to their realistic microstructure. This way, the FE approach may 
become a useful tool and the keystone for evaluating the adequacy of nanocrystalline metals, 
making their implementation on aerospace sector feasible. 

The involved methodology is displayed in the flowchart shown in Figure 4.1. The first step 
of the study has been the characterization of the samples by involving X-ray diffraction (XRD) 
imaging procedures. The obtained characterization of the microstructure and classification of 
pores were used for the multi-level numerical simulation which accounts for pores 
characteristics, such as their volume fraction and size. In parallel an experimental study was 
carried out by performing compression tests to allow for the validation of the developed 
numerical model. In the forthcoming sections, the stages of methodology are described 
extensively. 
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Figure 4. 1 Flowchart of the methodology 

4.2 First simulation level (Full-Dense RVE model) 
The  analysis  objective  was  focused  on  the  development  of  a  numerical  procedure  

via  the parametric interaction representing the geometrical characteristics of NC metals.  The 
presumptions used in the present work are described extensively here. 

Investigation of NS materials SEM/TEM images (Figure 4.2) from [110] showed that NC 
metals are made of randomly distributed polyhedral-shaped grains. For the purpose  of  the  
realistic morphology of NC metals into representative volume element, the microstructure 
numerical morphology was made utilizing the commonly known Voronoi algorithm[111, 
112]. The Voronoi algorithm is a semi-analytical methodology of plane partition to multiple 
definite regions using the distance between points in an explicit plane subset. The 
aforementioned set of points is clearly defined beforehand, and for each point, there is a 
related area made of all points closer to that particular seed than to any other. These areas are 
named Voronoi cells. 

 

Figure 4. 2 A TEM illustration of the nanocrystalline Copper [110]. 
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Authors utilized the next assumptions for the numerical generation of the polycrystalline 

aggregate: 
1. Crystallite generation starts at all points (pi) in a finite set of nuclei (point seed) at the 

same time (T0). The nuclei are fixed at their randomly spatial positions during the 
growth process; as a result, they are not able to move. 

2. The velocity of the crystallite generation (following the parabolic plane curve) is 
assumed to be equal in all grains and all directions leading to the isotropic and uniform 
grain creation. 

3. Crystallite growth in a direction stops as two grain boundaries contact each other. The 
grain overlapping is not allowed. The growth process stops when there is no further 
grain growth in any direction in any grain. The entire volume has been filled with 
grains; as a result, there are no voids. 

The Voronoi method further takes for granted that there may not be more than one nucleus 
within each sphere of radius rmin (Figure 4.3). This is equivalent to requiring: 

 
(4.1) 

 

 

Figure 4. 3 Implementation of point seeders. 

Regarding the issue of periodicity for the numerical microstructure, Voronoi tessellation 
models can be periodized using their initial periodic geometry as input data. Utilizing the cell 
multiplication function, the final unit cell can be constructed as is illustrated in the 2D plane 
in Figure 4.4. 

 

Figure 4. 4 Creation of a periodic set of Voronoi vertices for implication of a periodic 
microstructure. 

A detailed step-by-step procedure of the proposed meshing algorithm is shown below.  
1. Create point seed S. 
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2. Compute Voronoi tessellation. 
3. Intersect Voronoi cells with unit cell (generate input geometry). 
4. Separate geometric master and slave entities. 
5. Create surface mesh with constraint boundary nodes (2D meshing). 
6. Surface periodic mesh: copy mesh from master to slave surfaces. 
7. Create volume mesh with constraint boundary nodes (3D meshing). 
8. Refine volume mesh with constraint boundary nodes. 
9. Create input file for ANSYS APDL computation (scripting). 

The recommended meshing procedure was used with the DIGIMAT© software [113], 
which generated an ultra-fine meshed model. After the mesh generation, the model was 
imported to ANSYS APDL [114] using its superior computational performance. 

Initially, the point seed was generated by a Poisson process. N indicates the number of 
nuclei that performed in RVE. In a Poisson process, each point pi (i = 1, . . . N) is given an x-, y-
, and z-coordinate through random variables Xi, Yi, Zi, which are uniformly distributed around 
the origin at (0,0,0) with: 

 (4.2) 

where  and h are the width, depth, and height of the cuboid volume element, 
respectively. For the Voronoi tessellation, all points pj with: 

(4.3) 
are removed from the point seed, and new points are added. The aforementioned 

procedure was repeated until the number of points satisfying the prescribed radius was 
obtained. The computation of Voronoi tessellation consisted of a set of vertices (P) and a list 
of corner vertices for each Voronoi cell. Therefore, the determination of the intersection of the 
Voronoi  cells with the bounding box  was necessary. In this work, we applied the fast and 
robust algorithm described in Figure 4.5 for the identification of such an interior point. 

 

Figure 4. 5 Algorithm for intersecting a Voronoi cell (VC) and the unit cell (UC). 
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In each RVE, a comprehensive 3D model of the GI and GB phases, as randomly-distributed 

sub-volumes, was developed (Figure 4.6). As referenced above, the volume fractions of GI and 
GB phases play a significant role on the calculated mechanical response of the RVE. These 
Volume fractions could be parametrically defined in the NC model. 

 
Nanocrystalline microstructure 

 
Grain interiors’ phase 

 
Grain boundaries’ phase 

 

Figure 4. 6 Representative Volume Element. 

The thickness (t) of GBs was equal for nanocrystalline NC metals and coarse-grained metals 
[38], and it was kept at t = 1 nm in the numerical case studies shown below. It should be noted 
that early studies using XRD analysis on nanocrystalline materials measured the volume 
fraction of grain interiors to 80–90% [29].  The difference from the VF of GBs was important 
only in the case of NC metals. For the simulations, the VF of the grain interior phase was 
defined by Equation (4.4). 

 (4.4) 

The representative volume element was meshed utilizing tetrahedral finite elements 
(Figure 4.7). Appropriate mechanical properties at each component were given, and the 
representative volume elements were subjected to representative loading conditions. 

 

Figure 4. 7 Meshed Voronoi unit cell 
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The material properties used in the models of nanocrystalline alloys were taken from 

multilinear stress-strain curves found in the literature [40, 115 - 117]. The material properties 
used in the simulations are presented in Table 4-1. For instance, in the case of Tungsten-
Copper RVEs, they have been assigned to the grain interiors with their nominal composition 
of 75 wt% tungsten and 25 wt% copper by applying a random distribution. The distribution 
of tungsten (blue-marked), copper (red-marked), aluminium (magenta-marked) and Titanium 
(green-marked) are shown in Figure 4.8. 

75% Tungsten 
25% Copper 

 

 
Tungsten 

Copper 

96% Tungsten 
4% Aluminum 

 

 
Tungsten 

Aluminum 

84% Titanium 
16% Aluminum 

 

 
Titanium 

Aluminum 

Figure 4. 8 Random grain distribution of W-Cu, W-Al and Ti-Al nanocrystalline alloys. 
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Table 4. 1 Material properties used in the simulations [40, 115 - 117]. 

Features  Phases 
Young Modulus 

(GPa) 
Hall-Petch Parameters 

Poisson Ratio 
σ0 (MPa) ky (MPa m½) 

Grain 
interiors 

Cu 120 40 0.11 0.33 
W 400       800 1 0.28 
Ti 116       250 0.19 0.34 
Al 68      10 0.09 0.36 

The Young’s modulus of the grain boundaries’ phase, Egb, was 20% lower than the one of 
the grains, EGI. The hypothesis of the reduced value of the GB elastic constant was based on 
the results of ab initio calculations found in Reference [75] and experimental findings reported 
in Reference [80]. The yield stress of the GB phase was parametrically defined because of the 
pile-up breakdown phenomenon. The reason behind this effect is based on the Hall–Petch 
effect. 

 

(4.5) 
 
As the GI diameter diminished, the number of dislocations accumulated contrary to a GB 

phase reduced because this number was a relationship between the applied stress and the 
distance to the source. On the contrary, an upward stress value was required to come up with 
the identical number of dislocations at the pile-up. At an essential crystallite size, we could no 
longer utilize the approach of a pile-up mechanism in order to define the plastic flow. As the 
GI size decreased to the NC regime, the number of dislocations at the pile-up decreased to 
one after some time (see Figure 4.9). For even more decreased values of the GB yield stresses, 
total plastic strain was accommodated at the GB phase, and these stresses defined the 
comprehensive yield stress of the nanocrystalline aggregate. Wadsworth and Nieh [118] 
foretold the critical GI size in several metals in which the H–P effect would collapse by 
considering that there is a critical value at which crystallite in a nanocrystalline specimen can 
no longer be adequate to hold more than one dislocation. 

 (4.6) 

 
where G, b, dcr, and v are the shear modulus, the Burger’s vector, the critical grain size, and 

Poisson’s ratio, respectively. 
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Figure 4. 9 Breakdown of pile up mechanism: (a) microcrystalline level and (b) 
nanocrystalline level. 

Ιt was assumed that grain boundaries and grain interiors exhibit the elastic–plastic 
properties described by the following relationships: 

 
 (4.7) 

 (4.8) 
 
where e0 is the elastic strain at the yield point, E is the Young’s modulus, and h is the work-

hardening coefficient. The plasticity of grain boundaries was approached based on the Hill 
criterion [119], which accounts for differences in the yield strength in orthogonal directions. 
The equivalent stress can be described as: 

 

 (4.9) 

where [M] is a matrix of yield stress variations with orientation and {L} describes the 
difference between tension and compression of yield strengths: 

 

 

(4.10) 

where  and  are tensile and compressive yield strengths in the direction j, j= x, y, z, 
xy, yz, xz. 

Numerical analyses were executed utilizing ANSYS software with SOLID 187 type of 
elements. Such 3D elements allow non-linear elastoplastic, anisotropic features using large 
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deformations [114]. In the analyses, it was considered that the numerical model was loaded 
under compression forces. The force was conducted by the surface-boundary of the RVE in 
order to compute the macroscopic stress, σm. 

Furthermore, the consequential displacement at the surface of the RVE was conducted by 
its length in the vertical direction to acquire the macroscopic deformation, em. In a numerical 
analysis under uniaxial compression condition, boundary conditions (BC) utilized for the RVE 
are shown in Figure 4.10. 

 

  

Figure 4. 10 Applied boundary conditions (BCs) in the compression numerical analysis and 
strain distribution into representative volume element (RVE) subjected to uniaxial 

compression loading. 

The Young’s Modulus of Elasticity and yield strength of the nanocrystalline metal can be 
numerically predicted. This led us to pass over the commonly known fabrication issue of 
nanocrystalline materials at sufficient quantities in order to execute a considerable mechanical 
test campaign. Considering the aforementioned proposed numerical methodology, a reduced 
number of specimens for experimental tests was required for validation purposes. The 
implemented numerical analysis can provide the necessary tools for creating the essential 
nanocrystalline microstructure based on the appropriate mechanical properties. 
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4.3 Second simulation level (Porous RVE model) 

4.3.1 Porosity classification 

In the previous simulation level, the numerical model has been applied for the simulation 
of the mechanical behavior of a full dense nanocrystalline material without taking into 
consideration the presence of any defect. In the present simulation level, the numerical 
methodology is extended so as to account for the presence of pores. 

The analysis of CT and XRD data and data from the literature [63, 70] give information 
about the content, size and location of the pores. The evaluated volume contents of the pores 
are 10.7%, 9%, 5.3% and 2% for the cW-Cu, W-Cu, W-Al and Ti-Al samples, respectively. 
According to porosity measurements as shown in Tables 3.1, 3.4 and 3.6 with increasing the 
porosity content, the number of small pores increases, and the pores seem to have a spherical 
shape. 

In the RVEs, it was assumed that the pores have a spherical shape and they are randomly 
distributed and not agglomerated at the grain boundaries’ phase. 

The total volume of pores is derived from 
 

 (4.11) 

 
where N is the number of pores and Vi is the individual pore volume. The volume of the 

RVE is calculated by 
 

 (4.12) 

 
where vp is the volume fraction of pores. Then, the mean diameter of pores was calculated 

by 
 

 (4.13) 

 
where ri is the radius of each pore. Since the pores are considered spherical, the volume of 

the pores in the equivalent set of the porous model is calculated by: 

 (4.14) 

 
This procedure was applied at this simulation level. 



Chapter 4  75 
 

4.3.2 Topology algorithm of pores 

An overview on the algorithm used to define the topology of pores is presented below 
(Figure 4.11). 

 

Figure 4. 11 Flowchart of numerical methodology for the random generation of pores. 
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1. Calculate number of pores in the domain by 

 (4.15) 

 

 

(4.16) 

where, Vtotal is the total volume (volume of all grains + grain boundary), poros is the porosity 
in %, Vvoid is the total porous empty volume, Rsp is radius of spherical porous hole and Nsp is the 
number of porous holes in the domain 

2. Get Nsp as nearest whole integer number (NINT function in ansys APDL) (ANSYS Inc, 
Canonsburg, PA, USA) [114] and then recheck that total volume of all porous is not 
greater than Vvoid.  

3. Get properties of surface area of GB 
a. calculate area of each surface of GB 
b. calculate normal of each area  
c. determine min/max location of key point (Kp) from origin and its associated Kp 

number for each area (GB surface) 
4. Determine parallel Surface 

a. check whether GB surface lies on boundary of cube or not from its max/min 
centroid location 

b. Find all group of GB surfaces (excluding boundary surfaces) who’s normal 
vectors are parallel to each other. 

 (4.17) 

c. Calculate the distance between centroid of each parallel surfaces and find the 
pair of surfaces which has minimum centroid distance.  

5. Generate random number 
a. For each pair, calculate distance from origin of global coordinate (0,0,0) to 

centroid of both the surfaces.  In order to check which surface is close to origin 
and which surfaces is far from origin. The surface close to origin consider as 
Area1 and for surface far from origin as Area 2.  

b. From previously calculated min/max kp location, get minimum and maximum 
location from origin for each pair. This will define a small cubical space covered 
by pair of surfaces in the GB and GI domain. Size of that cubical space will be 
xmin-xmax, ymin-ymax and zmin-zmax. 

c. Generate 500 (randsize) random number within range of that cubical space for 
each pair. 

d. Find min 1 random number who’s XYZ location lies in between the pair of 
surfaces (Area 1 & Area 2) 
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i. First check that XYZ location of random number doesn’t lie on 
boundary of GB and GI domain 

ii. Calculate normal distance (DNrandmin) of random number from Area1 
and similarly normal distance (DNrandmax) from Area2 

iii. recalculate distance (Dcentmin) between centroid of Area 1 and Area 2 
iv. Check XYZ location of random number is greater than location of Kp 

(xcent1, ycent1, zcent1) of Area 1 who is closed to the origin (0 0 0) and 
XYZ location is less than Kp (xcent2, ycent2, zcent2) of Area 1 who is far 
from the origin. By doing so, it is decided whether the random number 
lies inside the cubical space of area pair not on boundary of area pair.  

v. Considering GB as imported solid bodies, it is assumed that normal of 
all surfaces will be in outward direction. Hence normal of both the 
surfaces of each pair will be in opposite to each other direction. So, now 
check the location of random number with respect to normal direction 
of Area 1 and Area 2.  For ex. If normal vector from Area 1 to XYZ 
location of random number is in same direction as normal vector of 
Area 1 then previously calculated normal distance DNrandmin will be 
positive, otherwise it will be negative. So, check that normal distance 
DNrandmin of random number is greater than 0 and DNrandmax is less 
than 0. 

vi. For further, check that sum of absolute value of normal distance of 
random number from Area1 and Area2 is not greater than centroidal 
distance (Dcentmin). This confirms if the random number perfectly 
comes in between the pair of areas (Area 1 & Area 2) 

vii. In order to make sure that random number does not lie very close to 
Area1 or Area 2, check that absolute value of DNrandmin is greater than 
tolerance TLdrand. Tolerance is nothing but 5% of Dcentmin. This is an 
optional condition.  

e. Repeat same process total number of random number (Nsp) is found.  
 
After the aforementioned numerical workflow, generation of solid spheres with a radius 

of Rsp, at XYZ location of all random numbers found, can be utilized and performing 
subtraction of Boolean operation to create the pores in the domain. 

The RVE has a cubic shape. Inside the cube, spherical pores with a diameter of 10 nm were 
created. The position of pores was random in the grain boundaries’ phase and no overlap 
between them was allowed. The RVE was meshed with 680.000 elements of ANSYS SOLID 
187 element type (ANSYS Inc, Canonsburg, PA, USA) [113] using SMRTSIZE and LESIZE 
functions so as to guarantee a sufficient mesh size at the grain boundaries. This was a higher-
order 3D 10-node element, well suited to model irregular meshes. Such three-dimensional 
elements provide non-linear elastoplastic, anisotropic features utilizing also large 
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deformations. Each material was defined using the ANSYS multilinear kinematic hardening 
material model which is suitable for simulating metal plasticity behaviour [114]. The model is 
fully parametric so as to be easily adapted for each porosity scenario and different 
compositions of alloying elements. An extensive mesh convergence study, as well as an RVE 
size effect investigations, was made on the base of the approach proposed in Reference [120, 
121]. A typical geometry of the porous RVE is shown in Figure 4.12, while a typical FE mesh 
is presented in Figure 4.13. 

 

Figure 4. 12 Porous RVE 

 

Figure 4. 13 Meshed RVE 

The elastic constants and the yield strength of the nanocrystalline alloy can be numerically 
predicted. This led us to overpass the commonly known production issue of nanocrystalline 
materials at sufficient quantities in order to complete a considerable mechanical test 
campaign. Taking as granted the above-said proposed numerical procedure, a reduced 
number of samples for experimental tests is required for validation purposes. 
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4.4 Third simulation level (Porous RVE model) 
With the upward interest in miniaturization of mechanical parts and production of 

innovative metallic materials, methods of mechanical characterization of small material 
volumes are necessary since traditional means such as tensile testing becomes increasingly 
difficult with such small test samples. More specifically, in the case of nanocrystalline 
materials the above-said phenomenon of produced specimens with small material volume 
becomes noticeably challenging owing to their inherent limited production at sufficient 
quantities up to now. 

Additionally, in spite of upward interest for the investigation of nanocrystalline (nc) 
metals, limited results are shown in journals concerning the correlation between the 
microstructure and the resulting material properties. Some of the desirable material 
properties, in the frame of the nanocrystalline materials, are the yield stress, the ultimate 
strength at fracture, the enhanced wear resistance and the improved plasticity compared to 
that of microcrystalline counterparts [122-126]. The vast majority of nanocrystalline materials 
are produced by mechanical alloying method or electrodeposition technique. The 
electrodeposition technique has some inherent limitations in terms of the quality of the 
produced specimens since they show extensive porosity or impurities. On the other hand, the 
fabrication technique of mechanical alloying is able to produce materials with nanocrystalline 
microstructure at high manufacturing speed and complete control of fabrication parameters 
so as to obtain defect-free bulk materials [127]. However, the main obstacle of mechanical 
alloying method is the production of specimens without uniform grain size which in turns it 
influences the macroscopic mechanical response of the materials, especially at harsh 
environment (e.g. at elevated temperatures) in which the material microstructure changes 
rapidly. This is the commonly-known coarsening effect. The aforementioned materials, in 
which their mechanical behavior is completely influenced by their different interphases into 
the microstructure, are so-called graded materials [128, 129]. 

Scientific progress has resulted in the extensive use of nanoindentation experiments [130–
143]. Berkovich indenters allow precise measurements by varying the force of 
nanoindentation (P) in relation to the depth of penetration (h). Observations through 
experimental nanoindentation tests have been performed on many materials so as to 
determine material properties such as residual stresses and/or hardness [132–134, 140, 142–
152]. In recent years, nanoindentation was also used for characterizing nanocrystalline 
materials [153-155]. 

As it already mentioned above, the nanoindentation method is a very attractive testing 
procedure in order to obtain the mechanical properties of such kinds of materials like 
nanocrystalline metals which are difficult being produced at large quantities leading to the 
mechanical characterization of small volume specimens. The uniqueness of the 
nanoindentation technique relies on the extracted results which are coming from the P-h 
diagram. More specifically, the estimation of contact pressure between nano-indenter and the 
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target material and the resulting hardness evaluation comes from the measurement of the 
contact area between of the above-said parts in terms of indentation load and penetration 
depth through continuous data acquisition  in the loading phase of a typical indentation test. 
In the following unloading part of  the P-h diagram, the Young’s modulus and Poisson ratio 
of the indented material can be exported from the unloading phase at the early stages because 
of the strain relaxation within the material [156, 157]. Furthermore, mechanical properties like 
residual stress [158, 159], initial plasticity [160, 161], creep [162], hardening [163], are very 
important values for the property extraction in nanoindentation testing method. Additionally, 
the surface deformation around the plastic deformation induced by the nano-indenter creates 
sink-in and pile-up residual strains which are very important for the mechanical 
characterization of the target material in nanoindentation tests [164]. The aforementioned 
alteration of surface plays a part in determining the contact area and it is also an effective 
factor for the definition of material properties like the strain-hardening behavior [165, 166] 

As it is commonly known from open literature for the indentation testing method, a 
nanoindentation test is commonly-known for the creation of a non-uniform stress field at the 
surface of the target material which leads to the average calculation of induced stresses [167]. 
The mean value of stresses in terms of  von Mises stress, according to Meyer's hardness [156, 
167], is defined utilizing the Tabor Relation [42, 167, 168]: 

 

 (4.18) 

 (4.19) 

where H is the resulting hardness, P is the applied force of nano-indenter on the target 
material, and A is the contact area of the Berkovich nano-indenter. The indentation area is 
calculated taking into consideration the geometry of the nano-indenter’s tip and the pileup or 
sink-in that take place around the tip, as shown in Figure 4.14. 

 

Figure 4. 14 Indentation geometry showing pile-up and sink-in. 
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The mathematical expressions followed for the calculation of the projected contact area of 

the nanoindenter are presented in Equation 4.20 for the case study of a Berkovich indenter’s 
tip [169] and in Equation 4.21 for the case study of the spherical indenter’s tip: 

 (4.20) 

 (4.21) 

where hc is the penetration depth of the indenter tip into the target specimen, C is a constant 
for the case of Berkovich indenters (150nm) and it refers on the geometrical features of the 
specific indenter [169], while R refers on the curvature of the nano-indenter. The penetration 
depth of the indenter’s tip has been calculated according to the contact mechanics’ analytical 
expressions (Figure 4-14) [156, 167, 170]: 

 (4.22) 

 (4.23) 

where h is the overall displacement of the nano-indenter, δ is a geometric constant 
parameter regarding the geometrical characteristics of the indenter’s tip which is equal to 0.75 
for Berkovich indenters while the variable hs describes the displacement of the target 
material’s surface during nanoindentation load, taking also into account the pile-up and sink-
in deformation mechanisms, and S is stiffness at the unloading phase. At this point, it is of 
paramount importance to mention that the stiffness at the unloading step is defined from the 
incline of the P-h diagram (an indicative plot is shown in Figure 4.15). 

 

Figure 4. 15 Load-displacement curve from an indentation test 

It is noteworthy to mention that (4.19)-(4.23) were referred on research papers in the frame 
of homogeneous materials. Based on this aspect, extensive work is needed to be done so as to 
verify the effectiveness of the proposed Equations on heterogenous materials like the porous 
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nanocrystalline Tungsten-Copper materials produced and tested in the present paper. 
Moreover, the strain rate of indentation at the surface of target material is also non-uniform 
and it leads to the creation of the corresponding non-uniform stress field, as referred to above. 
It is of paramount importance to define the mean deformation rate as the rate of the complete 
penetration depth into the target material over the current total displacement of the indenter 
[168]: 

 (4.24) 

The Finite Element modeling of the nanoindentation test was developed utilizing Abaqus 
CAE (Computer Aided Engineering) [171]. The model was developed in three dimensions 
consisting of 2 objects, a representative pyramidal indenter with the real dimensions of 
Berkovich indenter and a cube representing the specimen with dimensions of 5μm x 5μm x 
3μm (Figure 4.16). 

 
(a) 

 

(b) 

 
 

(c) (d) 

Figure 4. 16 Three-dimensional finite element model of nanoindentation: (a) dimensions of 
target material and (b) dimensions of Berkovich indenter (c) meshed model and (d) meshed 

Berkovich indenter 

 The indenter has been modeled to be rigid. The definition of elastoplastic response of cubic 
specimen has been achieved by using an innovative nanoscale numerical model [90]. 

One important aspect of the analysis is contact modeling. In case a simulation fails, plenty 
of the times the error can often be related to problematic contacts. There are many types of 
contacts in FEA software but only some of them are commonly used in nanoindentation 
simulation models. During the contact modeling procedure, there are two sides, the “master” 
and the “slave”. The first one is usually considered as a rigid geometrical surface and the 
second one as deformable, respectively. A contact occurs, through sets, parts and nodes if 
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there is a possibility of penetration of a slave node to a master segment. By that procedure, 
after identifying which locations should be checked for this penetration, a contact is being set. 

 

Figure 4. 17 The master and the slave side of a configuration. The FE model searches 
possible penetrations between the slave side through the master side of the contact. 

At every time step, penetration is searched by using plenty of different algorithms. In case 
a penetration detected, a force proportional to penetration depth is applied and the contact 
force is expressed by the following equation 

  

 (4.25) 

Where k is the contact stiffness and xp is the penetration depth. The contact stiffness is 
calculated in a different way for solid and for shell elements. In our case (solid elements), the 

stiffness is equal to  ,where is the scale factor, K is the bulk modulus, A is the segment 

area and V is the underlying element volume. 

 

Figure 4. 18 The master side has penetrated inside the slave side with a depth of xp 

In our case the mesh from the slave side (sample) is finer than the one from the master side 
(nanoindenter), there are possibilities of “blind” penetrations inside the sample. In case of 
such a condition, it would be much better to use SURFACE_TO_SURFACE contact even 
though is more computationally costly. So, a SURFACE_TO_SURFACE frictional contact with 
a coefficient of 0.1 was implemented to the indentation model. Several numerical 
investigations have presented that frictional coefficient between the indenter and target 
material is an insignificant parameter regarding the experimental nanoindentation outcomes. 
In the present work, the influence of frictional contact was taken into account on the numerical 
model in order to develop numerically the same experimental conditions with the ultimate 
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goal of the maximum similarity between the numerical model and experimental tests. 
Regarding the numerical parameters, the target material was meshed with 62.000 hexahedral 
elements of type C3D8R (eight node) with a dense mesh at the area of the target material 
directly beneath Berkovich’s tip [171]. Moreover, the indenter has a constant penetration 
speed of 5.5 nm/s until it reaches the load of 15 mN, in the loading phase, which is a pre-
defined setup parameter. After this step, the indenter is removing from the target material 
with a constant speed of 16 nm/s in the unloading phase. At this point, it is important to be 
mentioned that the ratio of the RVE height to the maximum penetration depth is equal to 10 
in the current model so as to reduce computational time. From the scope of parametric study, 
a higher ratio of 20 has been also investigated and the results presented an insignificant 
divergence in the resulting P-h diagram compared to that of the ratio of 10. 

The main advantage of the numerical nanoindentation models is that they are able to 
acquire the load versus depth curve of a specified reference point by the continuous data 
acquisition  throughout the duration of the simulation, just as during an experiment in situ. 
Furthermore, another important aspect that it should be mentioned is that the proposed 
numerical methodology has taken into account the importance of dimensional definition of 
the RVE achieving the elimination of boundary effects on the simulated model. The 
assumption of a continuous medium has been validated. During simulation process, one of 
the most important boundary conditions applied on this model is the fixation of the target 
material’s base so as to ensure an ideal indentation test accompanied with the second 
important boundary condition applied on the nano-indenter in a such a way that nano-identer 
is fixed to allow motion in only the vertical direction. 
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4.5 Reverse analysis for the determination of mechanical 
properties via nanoindentation testing method 

Due to the limited production of nanocrystalline materials at sufficient quantities up to 
now and the consequential difficult for conventional mechanical test campaigns, extensive 
analytical and numerical investigations have been conducted. These investigations have been 
made so as to determine the deformation mechanisms and the contact mechanics  for the 
purpose of the  definition of mechanical response from applied load of nanoindentation (P)  
versus penetration depth h diagrams acquired from instrumented nanoindentation [132, 134, 
140, 141, 145, 146, 172-175]. More specifically, researchers in [132, 134] suggested analytical 
approaches in which the modulus of elasticity and hardness could be extracted from the Pmax 

and the unloading incline at the starting stages. Additionally, Giannakopoulos and Suresh 
[174] proposed a procedure in which all of elastoplastic properties may be extracted through 
a P-h diagram. Based on [158, 174], Suresh and Giannakopoulos developed an up-to-date 
methodology, able to export the residual stresses. In terms of numerical methods, several 
numerical attempts have been conducted on the case studies of thin film systems [176–178]. 

To conclude, a self-similar methodology has been developed by Hill et al. [179] for the case 
study of materials with power law plastic behavior under indentation load of spherical 
indenter. The self-similar calculations of sharp indenter, such as a Berkovich indenter, for the 
case of  elastoplastic materials were numerically extracted by Larsson et al. [180] and 
Giannakopoulos et al. [172]. Moreover, scale factors were carried out so as to investigate bulk 
materials  [140, 141, 173] and coated material [178]. To this end, the researchers of Reference 
[140] have developed a comprehensive analytical approach and several investigations were 
conducted on the basis of dimensional analysis of sharp indentation. The results from the 
aforementioned approach showed that the Kick’s Law is a constitutive factor of dimensional 
analysis of sharp indentation. 

A comprehensive analytical methodology for instrumented indentation has been identified 
on this work which allows us to define of mechanical properties of materials by using a 
Berkovich indentation. The current project is focused on the development of an inverse 
analysis algorithm so as to obtain the material properties via nanoindentation tests and 
numerical nanoindentation models. Figure 4.15 shows the P-h curve for a Berkovich indenter. 
At the loading phase, it seems that the curve is in consistency with the relation P=Ch2, where 
C parameter is responsible for the indentation curvature. This curvature represents the 
resistance of the target material to indentation effect. Additionally, the calculated pressure of 
contact, pav=Pmax/Amax , could be determined with the hardness of the target material, where Pmax 
is the maximum applied force for indentation. The Pmax provides the necessary energy to the 
nano-indenter in order to penetrate the target material by a depth of hmax, by that means 
creating the Amax (the maximum projected contact area on the surface of the target material). 
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Elastoplastic FE models with a Berkovich indenter, conducted on the present paper utilizing 
computational analyses comparable with those presented in ref. [172], also show that 

 (4.26) 

Where d*=4.678 for the case of a Berkovich indenter. Equation 4.26 is in rational accordance 
with the experimental observations of Breval and MacMillan [181]. Taking into consideration 
the true contact area on three-dimensional numerical models and the of strain hardening 
effects imposed on pile-up and/or sink-in strains, the subsequent mathematical expression 
which correlates Amax with hmax has been obtained for the case study of elastic-plastic materials 
[145, 172]: 

 

 
(4.27) 

 
The aforementioned mathematical expression is a polynomial regression to the calculated 

values of Amax/h2max. In equation 4.27, the resulting Young’s Modulus of the Berkovich 
nanoindenter-target material system, E*, is derived as 

 

 (4.28) 

 
Where dP/dh is the incline of the P-h diagram at the unloading phase  from Pmax while the 

c* parameter is equal to 1.167 for the case study of Berkovich nano-indenter. Furthermore,  the 
ratio of the residual penetration depth hr to the maximum depth of indentation, hmax, is typical 
of the magnitude of strain hardening and plastic deformation and [172, 182, 183]: 

 (4.29) 

In the aforementioned equation, σy is mentioned to the yield strength while σ0.29 refers on 
the indicative plastic strain of 0.29 for the target material in uniaxial loading. 

At this point, it is noteworthy to mention that the combination of Equations (4.26) and (4.27) 
gives an important relationship which correlates Amax with hmax. Using the aforementioned 
combined mathematical expression, we are able to extract the true contact area from the P-h 
diagram without the need of any visual examination. Knowing that  

 (4.30) 
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We can calculate the C parameter so as to use it into the following equation which comes 

from 3D numerical simulations of elastic-plastic nanoindentation in addition to the 
corresponding experiments[145, 158, 172, 182, 183]: 

 (4.31) 

The constants in this mathematical expression are M1 and M2 where the M1 is equal to 6.618 
and M2 is equal to -0.875 for the case study of a Berkovich indenter [174]. Having all values 
calculated using the above-said analytical expressions, the strain hardening exponent can be 
easily calculated by applying the subsequent equation: 

 

 (4.32) 
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Chapter 5 

Comparison of the numerical and the experimental 

results 

5.1 Comparison of compression results 

5.1.1 Tungsten-Copper  

Using the numerical model, the homogenised mechanical response of the RVE is calculated 
for the case of a coarse-grained W-Cu material in Figure 5.1. In this figure, the computed 
curves using the full dense as well as the porous model are displayed and compared to the 
respective experimental curves. For the calculations, the tungsten grain size was taken to be 
150 nm and the copper grain size 60 nm. The volume fractions of W and Cu were 74% and 
26%, respectively. The proposed numerical model utilises the maximum strain criterion at 10.5 
% based on the experimental observations. For implementing the full dense model, the 
material was considered to be fully dense, i.e., the existence of pores is ignored. The full dense 
FE model predicts a Young’s modulus of 280 GPa, a yield stress of 420 MPa and an ultimate 
compressive strength of 530 MPa. As it can be seen, the cW-Cu samples show a Young’s 
modulus of about 200 GPa, a yield stress ranging between 300 and 350 MPa and an ultimate 
compressive strength ranging between 400 and 450 MPa. It is evident that, when involving 
the full dense model and ignoring the presence of voids, the deviations from the experimental 
results are appreciable. Yet, as experimentally observed and discussed above, the produced 
cW-Cu material exhibits an extensive volume fraction of pores, reaching approximately 10.7%. 
By involving the developed algorithm and accounting for the mentioned volume fraction of 
the pores, the same RVE model was simulated and its behaviour was computed. By 
implementing the FE Porous model, the Young’s modulus results to 210 GPa, the yield stress 
to 340 MPa and the ultimate compressive strength to 430 MPa. These values, as well as the 
entire numerical mechanical response, fit well to experimental results. 
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Figure 5. 1 Comparison of the experimental results of cW-Cu specimens with the full dense 
and porous numerical results. 

For the case of nanocrystalline W-Cu, the numerical model has been utilised for a tungsten 
grain size of 110 nm, a copper grain size of 35 nm and volume fractions of W and Cu of 73.7% 
and 26.3%, respectively. For implementing the maximum strain failure criterion, the critical 
strain is defined to 6% in accordance with the performed mechanical tests. The computed 
results by implementing the full dense as well as the porous FE model are shown in Figure 
5.2. As it can be seen, the full dense numerical model predicts a Young’s modulus of 760 GPa 
and an ultimate compressive strength of 1400 MPa. By accounting for 9% porosity, as 
measured by the performed experiments, the porous model predicts a Young’s modulus of 
230 GPa and an ultimate compressive strength of 1150 MPa. The experimental results for the 
W-Cu samples show a Young’s modulus of 220 GPa and an ultimate compressive strength 
ranging between 1100 and 1200 MPa. It is noticeable that the values of UCS and elongation 
are significantly different. The observed brittleness is largely attributed to the weakening 
effect of the interstitial impurities and pores along the grain boundaries [98]. Therefore, the 
ductile-to-brittle transition of tungsten is dependent on the purity level of the material, the 
volume fraction of grain boundaries, etc. [94]. Tungsten of coarse-grained purity usually 
exhibits ductile-to-brittle transition above 150°C [184]. This explains the ceramic-like 
behaviour of such W at room temperature. In the current methodology, the ductile-to-brittle 
transition was considered through the implementation of the Wadsworth and Nieh 
mathematical expression [118] in terms of grain boundary strengthening by reducing the grain 
size so as to prohibit the global deformation of RVE. The results make it evident that the 
mechanical behaviour, as well as the property values calculated by use of the Porous FE 
Model, lie close to the observed experimental behaviour which is not the case when involving 
the Full Dense Model. 
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Figure 5. 2 Comparison of the experimental results of W-Cu specimens with the full dense 
and porous numerical results. 

5.1.2 Tungsten-Aluminum  

For the case of nanocrystalline W-Al, the numerical model has been used for a tungsten 
grain size of 55 nm, an aluminum grain size of 33 nm and volume fractions of W and Cu of 
96% and 4% based on XRD observations, respectively. For implementing the maximum strain 
failure criterion, the critical strain is defined to 0.5% in accordance with the performed 
mechanical tests. The computed results by implementing the full dense as well as the porous 
FE model are shown in Figure 5.3. As it is shown, the full dense numerical model predicts a 
Young’s modulus of 320 GPa and an ultimate compressive strength of 1450 MPa. By 
accounting for 5,3% porosity, as measured by the performed CT scans, the porous model 
predicts a Young’s modulus of 250 GPa and an ultimate compressive strength of 1140 MPa. 
The experimental results for the W-Cu samples show a Young’s modulus varying from 240 to 
280 GPa and an ultimate compressive strength ranging between 1180 and 1240 MPa. Both of 
the numerical models follow similar trends due to the lower porosity compared to that of 
Tungsten-Copper alloys. Based on this finding, it is evident that the porosity effect plays a 
significant role on the resulting mechanical properties. 
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Figure 5. 3 Comparison of the experimental results of W-Al specimens with the full dense 
and porous numerical results. 

5.1.3 Titanium-Aluminum  

Implementing the Finite Element model, the homogenised mechanical response of the RVE 
is calculated for the case of the nanocrystalline Ti-Al material in Figure 5.4. In this figure, the 
computed curves using the full dense as well as the porous model are displayed and 
compared to the respective experimental curves. For the calculations, the titanium grain size 
was taken to be 27 nm and the aluminium grain size 19 nm. The volume fractions of Ti and Al 
were 84% and 16%, respectively. The proposed numerical model utilises the maximum strain 
criterion at 2% based on the experimental observations. For implementing the full dense 
model, the material was considered to be fully dense, i.e., the existence of pores is ignored. 
The full dense FE model predicts a Young’s modulus of 180 GPa, a yield stress of 1900 MPa 
and an ultimate compressive strength of 2000 MPa. As it can be seen, the Ti-Al samples show 
a Young’s modulus of about 135-150 GPa, a yield stress ranging between 1350 and 1900 MPa 
and an ultimate compressive strength ranging between 1400 and 2050 MPa. It is evident that, 
when involving the full dense model and ignoring the presence of voids, the deviations from 
the experimental results are appreciable. Yet, as experimentally observed and discussed 
above, the produced Ti-Al material exhibits a limited volume fraction of pores, reaching 
approximately 2%. By involving the developed algorithm and accounting for the mentioned 
volume fraction of the pores, the same RVE model was simulated and its behaviour was 
computed. By implementing the FE Porous model, the Young’s modulus results to 145 GPa, 
the yield stress to 1600 MPa and the ultimate compressive strength to 1850 MPa. These values, 
as well as the entire numerical mechanical response, fit well to experimental results. 
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Figure 5. 4 Comparison of the experimental results of Ti-Al specimens with the full dense 
and porous numerical results. 

5.2 Comparison of nanoindentation results for the case study 
of the Tungsten-Copper full dense model 

5.2.1 Validation of the numerical full dense nanoindentation model 

Using the numerical multiscale model, the homogenized nanoindentation response of the 
full dense indented material is calculated for the case of a coarse-grained W-Cu (cW-Cu) 
material and it is shown in Figure 5.5. In this figure, the computed P-h curves of a  full dense 
nanocrystalline material using two Berkovich indenters with a sharp tip and a rounded tip 
with a roundness of 100nm, are displayed and compared to the respective experimental curve. 
The geometrical features and the material properties applied on the cubic specimen are 
described extensively in reference [90]. The divergence of numerical outcomes from the 
experimental result is negligible since the nanoindentation model does not take into account 
any defect (like pores) which might be located at the microstructure of the specimens. The 
aforementioned assumption of defects’ absence on the numerical model drives to the 
simulation of a full dense homogeneous-like material which may be differed from that of the 
reality. On the other hand, the existing impurities or pores are mostly located at the lower 
layers of specimens and as a result the nanoindenter cannot reach them through 
nanoindentation test due to the very small indentation depth. This phenomenon leads to the 
prediction of a nanoindentation response of a full dense material without microstructure 
irregularities. 
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Figure 5. 5 Comparison of the experimental result of cW-Cu specimen with the numerical 
results utilizing a sharp and rounded Berkovich indenter 

Taking for granted the above-said assumption, the only parameter which plays an 
important role on the definition of nanoindentation response, is the sharpness of the 
nanoindenter. In terms of tip sharpness, both of Tungsten-Copper alloys and their 
corresponding numerical results (Figures 5.5 and 5.6), present the same tendency. More 
specifically, the numerical results of the sharp Berkovich indenter present the higher 
penetration depth at both materials. This phenomenon is reasonable due to the extensive 
stress concentration beneath Berkovich tip. The sharper the tip, the higher stress concentration 
factor is. On the other hand, the implementation of a rounded tip of Berkovich indenter is a 
more realistic approach due to the unavoidable degeneration of the nanoindentation 
apparatus through its extensive usage. The above-said fact is logical and the effect of 
indenter’s sharpness on the mechanical response in nanoindentation experiment has been 
reported in [70]. Taking this aspect for granted, the numerical results of the rounded 
Berkovich indenter tends to show the most reliable nanoindentation behavior. 

                                             
Figure 5. 6 Comparison of the experimental result of W-Cu specimen with the results 
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5.2.2 Comparison of nanoindentation experimental results utilizing 
SSCUBONI algorithm 

Implementing the SSCUBONI algorithm, the resulting representative stress-strain curves 
of cW-Cu and W-Cu specimens from the nanoindentation tests are shown in Figure 5.7 and 
Figure 5.8 respectively. The aforementioned curves are compared to them of compression tests 
for the same batches.  

Figure 5. 7 Comparison of S-S curves of the experimental compression test with the 
corresponding inverse SSCUBONI-based experimental test for the cW-Cu specimens

As it can be shown from both figures, the inverse experimental nanoindentation results 
present a remarkable deviation from the compression test of cW-Cu and W-Cu counterparts. 
More specifically, in Figure 5.7, the inverse SSCUBONI nanoindentation curve exhibits a 
Young’s Modulus of  200 GPa and a yield stress of 1340 MPa while the corresponding 
compression curve shows a Young’s Modulus of 180 GPa and a yield stress of 450 MPa. 
Moreover, in the case of W-Cu specimens (Figure 5.8), the inverse SSCUBONI curve from the 
experimental nanoindentation curve shows a Young’s Modulus of 250 GPa and a yield stress 
of 2.8 GPa while the respective compression curve for the case of W-Cu specimen  exhibits  a 
Young’s Modulus of 220 GPa and a yield stress of 1150 MPa. 

                                                   
Figure 5. 8 Comparison of S-S curves of the experimental compression test with the 
corresponding inverse SSCUBONI-based experimental test for the W-Cu specimens 
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It is evident that the deviation of inverse experimental nanoindentation outcomes from the 
experimental compression results is appreciable but reasonable. The porosity effect is the  
main reason which relies on the aforementioned deviation. As it is already explained above, 
the nanoindenter penetrates the target material at a contact area of few nanometers for an 
indentation depth of some nanometers. The contact area of nanoindentation is extremely 
small compared to the volume of the specimen and as a result the obtained experimental 
results reflect a nanoindentation behavior of a homogeneous-like material excluding all 
present heterogeneities into its microstructure by extracting a nanoindentation behavior of an 
ideal material. This procedure drives in unreliable results in case of material with several 
defects or impurities into their microstructure. The experimental test is not able to perceive 
the extensive presence of pores which are located at the lower layers. In our case, the 
experimental P-h curve reflects more the nanoindentation behavior of a full-dense material 
than of a material with an extensive porosity like the examined specimens of the current 
project. 

5.2.3 Comparison of numerical nanoindentation results utilizing 
inverse algorithm 

In an effort to predict the macroscopic material properties via nanoindentation testing 
method, an inverse algorithm has been proposed and utilized on this paper. The macroscopic 
mechanical responses of the experimental results and numerical outcomes of nanoindentation 
models are calculated for the case of a cW-Cu material and W-Cu material and they are shown 
in Figure 5.9 and Figure 5.10 respectively. As it can be seen, the experimental nanoindentation 
results obtained from the SSCUBONI algorithm show an appreciable convergence with the 
corresponding numerical nanoindentation results obtained by the proposed inverse 
algorithm. 

                                             
Figure 5. 9 Comparison of S-S curves of the experimental compression test with the 

corresponding inverse numerical nanoindentation results and inverse SSCUBONI-based 
experimental test for the cW-Cu specimens 
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Both of inverse analysis algorithms seem to be efficient in converting the Penetration load 
- Indentation depth curve to Stress - Strain curves but the proposed multiscale 
nanoindentation model in conjunction with the inverse algorithm provides an advantage to 
the scientific community since it is able to predict the macroscopic mechanical response of any 
nanocrystalline material without executing any experimental test. However, it is noteworthy 
to mentioned at this point that the porosity effect is a crucial parameter on the mechanical 
behavior. For the aforementioned reason, the numerical multiscale nanoindentation 
methodology implementing the porosity effect on the case study of porous nanocrystalline 
alloys in combination with the proposed inverse analysis algorithm is needed to be developed 
so as to predict the macroscopic mechanical response more efficiently.  

 

Figure 5. 10 Comparison of S-S curves of the experimental compression test with the 
corresponding inverse numerical nanoindentation results and inverse SSCUBONI-based 

experimental test for the W-Cu specimens 

5.3 Comparison of nanoindentation results for the case study 
of the Tungsten-Copper porous model 

5.3.1 Validation of the numerical porous nanoindentation model 

Using the numerical multiscale model, the homogenized nanoindentation response of the 
RVE is calculated for the case of a coarse-grained W-Cu material and it is shown in Figure 
5.11. In this figure, the computed P-h curves of a target porous nanocrystalline material using 
two Berkovich indenters with a sharp tip and a rounded tip with a roundness of 100nm, are 
displayed and compared to the respective experimental curve. The geometrical features and 
the material properties applied on the RVE are presented extensively in reference [90]. It is 
evident that the deviations of numerical outcomes from the experimental result are 
appreciable but reasonable. The main reason behind the aforementioned observation is the 
porosity effect. As it is already explained above, the nanoindenter penetrates the target 
material at a contact area of few nanometers for an indentation depth of some nanometers. 
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This procedure drives in unreliable results in case of material with several defects or 
impurities into their microstructure. The contact area of nanoindentation is extremely small 
compared to the volume of the specimen and as a result the obtained experimental results 
reflect a nanoindentation behavior of a homogeneous-like material excluding all present 
heterogeneities into its microstructure. In our case, the experimental P-h curve reflects more 
the nanoindentation behavior of a full-dense material than of a material with an extensive 
porosity like the examined specimens of the current project. The proposed numerical 
methodology has been overpassed the above-said issue by utilizing a porous RVE and 
extracting the macroscopic mechanical response of a porous nanocrystalline material. Then, 
the obtained numerical mechanical properties have been applied on an upper scale sample so 
as to simulate the mechanical behavior of a homogeneous target material with degraded 
material properties due to the extensive presence of porosity. The suggested approach 
neglects the porosity effect and scale effect and it leads to more reliable results as it is shown 
below on the results of the reverse analysis’ section. 

 

Figure 5. 11 Comparison of the experimental result of cW-Cu specimen with the numerical 
results utilizing a sharp and rounded Berkovich indenter 

For the case of nanocrystalline W-Cu, the numerical model has been utilized again with the 
microstructure features and material properties as they were suggested in Reference [90]. The 
computed results by implementing the sharp Berkovich indenter as well as the rounded 
indenter are shown in Figure 5.12. The numerical results for the case study of W-Cu specimen 
follow the same trend compared to them of cW-Cu specimen since the nanocrystalline 
specimen has a similar volume fraction of porosity with that of the coarse-grained counterpart 
[90]. 
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Figure 5. 12 Comparison of the experimental result of W-Cu specimen with the numerical 
results utilizing a sharp and rounded Berkovich indenter 

In terms of tip sharpness, both of Tungsten-Copper alloys and their corresponding 
numerical results, present the same tendency. More specifically, the numerical results of the 
sharp Berkovich indenter present the higher penetration depth at both of materials and this 
phenomenon is reasonable due to the extensive stress concentration beneath Berkovich tip. 
The sharper the tip, the higher stress concentration factor is. This aspect leads to bigger 
penetration with the same value of applied force but sometimes it results in predictions of 
degraded values of yield stress. On the other hand, the implementation of a rounded tip of 
Berkovich indenter is a more realistic approach due to the unavoidable degeneration of the 
nanoindentation apparatus through its extensive usage. The above-said fact is logical and the 
effect of indenter’s sharpness on the mechanical response in nanoindentation experiment has 
been reported in [185]. Taking this aspect for granted, the numerical results of the rounded 
Berkovich indenter tends to show the most reliable nanoindentation behavior. 
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5.3.2 Comparison of numerical nanoindentation results utilizing 
inverse algorithm 

Utilizing the proposed reverse algorithm, the macroscopic mechanical responses of the 
experimental results and numerical outcomes are calculated for the case of a coarse-grained 
W-Cu material and W-Cu material and they are shown in Figure 5.13-a and Figure 5.13-b 
respectively. As it can be seen, the results of the nanoindentation tests obtained from the 
reverse SSCUBONI analysis show a remarkable deviation compared to them of the 
corresponding results of numerical nanoindentation models and the compression tests 
obtained by the proposed reverse analysis. The above-said deviation is reasonable due to the 
lack of effectiveness of nanoindentation test to take into consideration the extensive presence 
of porosity effect into specimen. For the aforementioned reason, the numerical 
nanoindentation results of porous nanocrystalline alloys and their reverse macroscopic 
mechanical responses present a very good convergence with the compression results of the 
corresponding porous cW-Cu specimens since they calculate the overall mechanical responses 
of homogenized porous RVEs. 

(a) 

 

(b) 

 

Figure 5. 13 Comparison of S-S curves of the experimental compression test with the 
corresponding inverse numerical nanoindentation results and inverse SSCUBONI-based 

nanoindentation test for the cases of a) cW-Cu alloy and b) W-Cu alloy 

 

0

200

400

600

800

1000

1200

1400

0 5 10 15 20 25

St
re

ss
 (M

Pa
) 

Strain (%) 

Reverse nanoindentation
SSCUBONI
Compression test

FE: Sharp Tip

FE: Rounded Tip

0

500

1000

1500

2000

2500

3000

0 5 10 15 20

St
re

ss
 (M

Pa
) 

Strain (%) 

Reverse nanoindentation SSCUBONI

Compression test

FE: Sharp Tip

FE: Rounded tip



Chapter 5  101 

To conclude, both of inverse analysis algorithms seem to be efficient in converting the 
Penetration load - Indentation depth curves to Stress - Strain curves for full dense materials. 
The main advantage of the proposed numerical and analytical methodology is that the 
multiscale nanoindentation model in conjunction with the inverse algorithm is able to predict 
efficiently the mechanical response of nanocrystalline materials with inherent irregularities 
into their microstructures. The aforementioned fact provides a benefit to the scientific 
community since extensive mechanical test campaigns are not needed to be conducted 
utilizing the developed methodology.
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Chapter 6 

Conclusions & Innovation 

The present thesis’ scope is twofold. On the one hand, it aims to provide a comprehensive 
understanding of the mechanical behavior of porous nanocrystalline materials and on the 
other hand to assess the potential of nanocrystalline materials for extensive use for aerospace 
applications through their fabrication at industrial scale. Towards this direction, the different 
types of tests (SEM, TEM, XRD, compression, hardness and nanoindention) carried out were 
combined with an innovative multi-scale  numerical model based on SEM-TEM data for 
simulating the mechanical behavior of these nanocrystalline materials. Additionally, an 
inverse algorithm capable of predicting these properties from nanoindentation simulation 
model has been developed. An assessment of material properties has been conducted taking 
into consideration the effect of crucial parameters, such as the volume fraction of alloying 
elements, the grain size of alloying elements, the volume fraction of pores and their sizes. 

From the present study, the following conclusions can be drawn: 
 

Microstructure analyses: Several microstructural analyses have been done by 
ICARUS partners so as to assess the obtained microstructure characteristics of 
the produced nanocrystalline materials, their resulting chemical composition 
and their defects (pores and impurities). It has been found that cW-Cu, W-Cu, 
W-Al and Ti-Al have porosity volume fractions of 10.7%, 9%, 5.3% and 2% 
respectively while their resulting chemical compositions have no any 
noticeable deviation from their nominal ones proving that there is no any 
extensive presence of impurities. 
 
Compression tests: The results of the compression tests revealed the Hall-
Petch effect on the resulting mechanical response. More specifically, the yield 
stress of W-Cu specimens is approaching 1100 MPa, which is close to twice the 
value of the coarse-grained cW-Cu samples while the Young’s Modulus of W-
Cu samples are increased compared to them of cW-Cu counterparts due to 
their slightly reduced porosity. Additionally, in the case of W-Al samples, the 
samples showed an extremely brittle behavior. This is reasonable due to the 
extensive presence of Tungsten (96%) and porosity (5.3%). On the other hand, 
Ti-Al specimens presented noticeable material properties compared to their 
aircraft alloy counterparts. More specifically, they demonstrated similar values 
of Young’s Moduli in comparison with Ti-6Al-4V and Ti-5Al-2.5Sn alloys but 
the yield stresses of nanocrystalline materials is ranging 1800 and 2000 MPa 
which are more than double the values of the above-said commercial Ti-Al 
alloys. Based on the aforementioned facts, it is noteworthy to summarize that 
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cW-Cu has the best machinability properties following by W-Cu and Ti-Al 
while W-Al looks like a ceramic material and hard to machine. 
 
Hardness tests: Hardness tests have been conducted on all produced materials 
and their resulting ultimate tensile strengths have been exported by using an 
empirical mathematical expression. Again, the Hall-Petch effect is verified by 
the implementation of the aforementioned empirical equation since the W-Cu 
specimens have 3-4 times higher hardness and consequential tensile strengths. 
Similar trends are also shown in the case of Ti-Al samples. The all of the 
aforementioned predictions are in accordance with the compression results. On 
the other hand, the empirical equation seems to be inefficient in the case of W-
Al material. This is more than enough reasonable due to it is already examined 
that this empirical equation is an efficient way for the prediction of yield 
strength only on ductile-like materials. As it is already mentioned, the W-Al 
material behaves like ceramic material and for this reason it is strongly 
recommended not to take into consideration the calculated values of tensile 
strength from the hardness tests. 
 
Nanoindentation tests: Nanoindentation tests have been carried out so as to 
evaluate the cW-Cu and W-Cu samples. Based on these tests, the cW-Cu alloy 
exhibited a higher penetration depth of 400 nm at an indentation load of 15mN 
compared to the penetration depth of 250 nm for the case of W-Cu. The 
nanocrystalline material shows a higher resistance to the indentation effect and 
to the plastic deformation. This phenomenon  is governed by the Hall-Petch 
effect again. 
 
Numerical compression models: A numerical methodology was developed 
for simulating the behavior of porous nanocrystalline materials. The model 
parameters (grains’ and pores’ sizes, volume fractions grains and pores) were 
calibrated and validated against experimental measurements. The 
methodology was applied to simulate the behavior under compression tests of 
nanocrystalline materials containing extensive porosity. The final numerical 
results were validated using four series of compression tests conducted on two 
types of W-Cu alloys, namely a coarse-grained and a nanocrystalline alloy 
respectively, W-Al and Ti-Al alloys. The numerical results, in terms of 
compression stress–strain curves and mechanical properties (Young’s 
modulus and yield stress), correlate well with the experimental results. Both 
the model and tests reveal that the pores degrade the mechanical behavior of 
the nanocrystalline materials. Additionally, the numerical full dense outcomes 
provide us some essential findings about the resulting material properties in 
case of full absence of any defects into nanocrystalline microstructures. 
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Numerical nanoindentation model: A methodology was developed initially 
for simulating the nanoindentation test of full-dense nanocrystalline materials 
utilizing a combination of numerical and analytical approaches. The numerical 
full-densed nanoindentation outcomes correlate very well with the 
experimental nanoindentation results which validates the proposed 
methodology in terms of simulating the nanoindentation test. However, in the 
scope of the prediction of mechanical properties at the macroscale level, the 
proposed methodology in conjuction with the proposed inverse algorithm 
shows an appreciable divergence with the experimental compression tests due 
to the porosity effect. On the other hand the proposed inverse algorithm 
correlates efficiently with the commonly-known SSCUBONI algorirthm. 

 
For the aforementioned reason, it was of paramount importance the proposed multiscale 

numerical methodology to be modified so as to take into account the porosity effect. 
Fundamental of the efficiency of the methodology was the validation of software parameters 
used for the analysis of porosity. The numerical nanoindentation results of porous model 
exhibited a noticeable deviation with the corresponding nanoindentation outcomes due to the 
fact that the nanoindentation apparatus is not capable of taking into consideration the 
extensive porosity which is located at the lower layers of the specimens. This fact drives to the 
definition of a material which has not any defect into its microstructure. The above-said lack 
of efficiency of the experimental test is governed by the inherent limited penetration depth of 
some nanometers. In contrast to the aforementioned deviation, the inverse numerical 
nanoindentation results of porous model correlate well with the compression results proving 
the efficiency of the proposed numerical methodology.

The main contribution and innovation of the present thesis is mechanical characterization 
of the such kind of novel materials as well as the assessment of their inherent irregularities on 
the resulting mechanical response. Additionally, the proposed multiscale numerical 
approach, in conjuction with the inverse algorithm, represents a contribution towards the 
development of a numerical nanoindentation model and may serve as the basis for the 
development of large-scale models to be applied in the quality control of mass production 
systems of the aforementioned promising materials in the near future. 

Beside the main contribution of the thesis, several minor innovations were achieved: 
 

The experimental characterization of the effect of pores on the mechanical 
behavior of nanocrystalline materials (Young’s Modulus and yield strength). 
 
The development of a fully parametric multi-scale model for predicting the 
mechanical properties of nanocrystalline materials which contain pores using 
data from microstructure analyses or from material’s manufacturing 
parameters. 
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Chapter 7 

Future Work 

Based on the capabilities of the experimental and numerical methodologies developed in 
the present thesis, the following subjects are proposed for future study: 

 
Development of numerical methodology for predicting the effect of elongated 
flaws, cracks and precipitations to the mechanical behavior of nanocrystalline 
materials. The interaction between different types of defects (pores and 
precipitations) and cracks should be assessed. 
 
Identification of the porosity effect on the fracture toughness of nanocrystalline 
materials and development appropriate numerical tools for  predicting these 
properties.  As previously discussed,  intergranular pores may influence the 
development of intergranular fractures and degrade the fracture toughness of 
nanocrystalline materials. This phenomenon should be assessed both numerically 
and experimentally. 
 
Establishment of  numerical methodology for evaluating the effect of porosity on 
the fatigue life of nanocrystalline materials. The fatigue life is the main objective of 
a large variety of designing parameters of  nanocrystalline materials. Thus, a 
corresponding methodology for this type of load should be developed. 

 
Expansion of the numerical methodology for including the mechanical behavior of 
large structural parts. As the present thesis comprises the properties at the level of 
the nanocrystalline specimen, the expansion of the same methodology to include 
also the nanocrystalline part is considered mandatory. 

 
Development of numerical methodology utilizing the topology optimization 
method. Using this methodology, the production of structural parts with less 
weight and enhanced mechanical response could be achieved. 
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