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Abstract 

In order to overcome the thermal instability in nano-crystalline (NC) and 

ultrafine-grained (UFG) materials due to a large grain boundary area, the use of 

reinforcements and alloying elements has been implemented. To this end, 

multiwall carbon nanotubes (MWCNT) were used in NC and UFG nickel matrix 

composites (Ni/CNT) processed by severe plastic deformation (SPD) by means of 

high pressure torsion (HPT). A set of systematic investigations were conducted, 

aiming to address open questions regarding the microstructural evolution during 

HPT, the distribution homogenization of CNT, the structural damage induced on 

the CNT, the strengthening mechanisms and the material performance related to 

the thermal stability and the tribological behavior.  

 

HPT at room temperature of Ni/CNT composites was found to significantly 

increase the microstructural inhomogeneity along the radial direction, resulting 

in the hindrance of the microstructural steady-state. An analytical model to 

determine the minimum strain for a homogenous distribution of CNT was 

developed. Results showed that CNT suffer degradation related to the 

accumulated strain and the variations in composition. Finally, CNT contributed 

to the microstructural stabilization and improved the wear behavior with respect 

to the reference material (SPD Ni).  
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Zusammenfassung 

Um die thermische Instabilität bei nanokristallinen (NC) und ultrafeinkörnigen 

(UFG) Materialien aufgrund einer großen Korngrenzenfläche zu überwinden, 

wurde der Einsatz von Verstärkungs- und Legierungselementen eingeführt. Zu 

diesem Zweck wurden mehrwandige Kohlenstoff-Nanoröhrchen (MWCNT) in 

NC- und UFG-Nickelmatrix-Verbundwerkstoffen (Ni/CNT) eingesetzt, die durch 

starke plastische Verformung (SPD) mittels Hochdrucktorsion (HPT) verarbeitet 

wurden. Es wurden eine Reihe systematischer Untersuchungen durchgeführt, 

um offene Fragen zu beantworten. Speziell wurden Mikrostrukturentwicklung, 

Verteilung der CNT, strukturelle Schädigung der CNT, 

Verstärkungsmechanismen und das Materialverhalten im Zusammenhang mit 

der thermischen Stabilität und dem tribologischen Verhalten untersucht. 

 

Es wurde festgestellt, dass HPT bei Raumtemperatur von Ni/CNT-

Verbundwerkstoffen die mikrostrukturelle Inhomogenität entlang der radialen 

Richtung signifikant erhöht, was zu einer Behinderung des mikrostrukturellen 

stationären Zustands führt. Zusätzlich wurde ein analytisches Modell zur 

Bestimmung der notwendigen Mindestdehnung für eine homogene Verteilung 

von CNT entwickelt. Zudem wurde beobachtet, dass CNT im Zusammenhang 

mit der akkumulierten Dehnung und den Variationen in der Zusammensetzung 

eine Schädigung erfahren. Schließlich trugen die CNT zur Stabilisierung gegen 
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Kornwachstum und zu einem verbesserten Verschleißverhalten gegenüber dem 

Referenzmaterial (SPD Ni) bei. 
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1.  Introduction and Motivation 

Ultrafine-grained (UFG) and nanocrystalline (NC) materials usually 

possess improved mechanical properties compared to their coarse grained 

counterparts. These materials can be obtained not only by traditional bottom-up 

methods (i.e. electrodeposition, inert gas condensation, chemical and physical 

deposition among others), but also by top-down techniques, using coarse-

grained bulk polycrystalline solids as starting material [1]. Top-down techniques 

consist of exerting large shear strains inducing severe plastic deformation (SPD) 

without significantly changing the sample shape.  

 

Notwithstanding the unique physical and mechanical properties in SPD 

materials, they possess a non-equilibrium nature that makes them thermally 

unstable, implying grain growth at low temperatures, which is detrimental for 

their mechanical performance [2]. In this regard, efforts have been done seeking 

the stabilization of the microstructure by the addition of reinforcing particles 

and introduction of oxides [3,4] and alloying elements [5].  

 

Carbon nanotubes (CNT) are suited to be used as reinforcement phase in 

composite materials due to their outstanding physical properties (i.e. high 

thermal conductivity), high specific strength (strength/density), low weight and 

high aspect ratio. In particular, the use of CNT in MMC can improve electrical, 

thermal and mechanical properties (Al [613ۋ], Cu [1416ۋ] and Ni [1720ۋ]). 
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Recently, CNT were used in composites subjected to severe plastic deformation 

[21] seeking thermal stabilization of the microstructure. This is related to their 

ability to pin the grain boundaries (GB) (in coarse-grained materials) when the 

material is heated, which enables the control of the final microstructure [22] and 

the mechanical properties [23]. Nevertheless, CNT tend to agglomerate due to 

strong van der Waals interactions.  

 

High Pressure Torsion (HPT) is an ideal technique to study materials 

subjected to very large strains and offers the possibility to obtain bulk 

composites with uniform second phase distribution [24], which is of great 

importance to improve the ductility and to reduce, to a certain degree, the 

anisotropic behavior during mechanical loading of metal matrix composites 

(MMC). In this regard, processing CNT/MMC by HPT represents a 

possibility not only of stronger and finer microstructures but also of a 

better distribution homogenization of the CNT within the matrix. 

 

Nevertheless, the CNT must conserve their microstructural features after 

processing, in order to retain to some extent their physical properties and to 

avoid chemical interactions with the metallic matrix, which can be detrimental 

for the mechanical performance. Raman spectroscopy has proven to be a 

powerful instrument for the characterization of carbon based materials and even 

though there are numerous reports on the damage analysis of CNT by means of 

Raman spectroscopy, by the time of the preparation of the present 
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dissertation, there was no thorough study in the literature on the CNT 

structural state after SPD and in many cases the analysis was limited to the 

evaluation of the so-called defect index (ID/IG) [21,25,26]. 

 

In summary, processing CNT/MMC by HPT could lead to composites with 

microstructures having improved mechanical properties provided that the 

CNT are well distributed within the matrix and retain their structural 

integrity in order to properly being able to stabilize the microstructure against 

thermally-activated grain growth.  

 

The present dissertation deals with the processing of CNT/Ni composites by 

HPT. Several important aspects are addressed in order to understand the limits 

within which, these composites should be processed by HPT. Specifically,  the 

following aspects are discussed: the structural evolution, the damage suffered by 

the CNT, the distribution homogeneity of the reinforcement, the composites' 

performance under heating and tribological testing as well as the strengthening 

mechanisms involved.  
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2.  State of the art 

2.1. Carbon Nanotubes (CNT) 

Carbon nanotubes (CNT) are synthetic carbon allotropes, which can be thought 

of as graphene sheets rolled up into tubes with un/capped ends. Since their 

discovery in 1991 by Ijima [27], they have been widely used and proposed for a 

great span of engineering applications due to their outstanding mechanical, 

thermal and electrical properties (mainly along the tubes' axial direction). 

Carbon nanotubes possess a sp2-hybridization, in which the carbon atoms form 

ʹ-bonds with other three other carbon atoms (see Fig. 1a), whose bonds are 

oriented 120° from one another, and form a set of hexagonal structures (see Fig. 

1b). Moreover, orthogonal p orbitals fRUP ͱ-bonds (see Fig. 1a), which are free 

delocalized electrons and are highly mobile along the planar direction [28]. Fig. 2 

shows some representative sp2 hybridized materials. In contrast, for sp3-

hybridization, WKe ʹ-bonds are oriented 109.5° from one another (see Fig. 1c). 

 

Fig. 1 a) Bonding structure of sp2 hybridized materials showing the configuration of 

both σ and π bonds, b) hexagonal carbon ring and c) sp3 diamond structure. 
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Fig. 2 Main carbon sp2 hybridized nanomaterials. 

 

CNT can have one, two or more rolled-up graphene sheets to form a single wall 

CNT (SWCNT), a double-wall CNT (DWCNT) or a multi-wall CNT (MWCNT). 

The separation of the concentric tubes in a MWCNT ranges between 0.32-0.35 Å, 

similar to the interplanar separation of graphite (0.34 Å) [29]. Moreover, 

MWCNT are significantly heavier than SWCNT, which makes the mass 

production of SWCNT more arduous compared to MWCNT. 

 

Furthermore, the physical properties of CNT are affected by the presence of 

structural defects and impurities stemming from the synthesis process or 

appearing during post-processing steps. Common defects can be vacancies, di-
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vacancies (missing carbon atoms), polygonal distortions such as pentagons, 

heptagons, etc., and bond rotations (the so-called Thrower-Stone-Wales (TSW) 

defects [30,31]), which give curvature to the CNT reducing the strain energy. 

Some of these defects are shown in Fig. 3. Moreover, non-carbon atoms (e.g. Ni 

and B) can be embedded in the lattice, and non-sp2 carbon defects can be present 

due to dangling bonds, carbon chains, interstitials, open-ended tubes, which 

increase the CNT reactivity [32]. 

 

 

Fig. 3 Some defects present in CNT. a) Mono-vacancy (left) and reconstruction showing 

a dangling bond with an Hڒtermination (right), b) di-vacancy (left) and respective 

reconstruction (right), c) single 5-7 defect and a 5-7-7-5 TSW configuration and 

respective perpendicular views showing the nucleation of a dislocation in the former 

and the absence of long-range disorder in the latter [33]. 
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2.1.1. Physical properties of CNT 

SWCNT can be metallic, semi-metallic and semi-conducting, depending on how 

the sides of the honeycomb lattice structure are joined together (chirality). 

MWCNT, on the other hand, possess an arbitrary number of concentric sheets 

with different chiralities and have been found to be always metallic, but possess 

a decreased electronic coupling between the layers relative to graphite mainly 

due to the interplanar stacking disorder [34,35]. 

 

According to theoretical simulations and experimental studies, thermal 

conductivity of individual tubes in the case of SWCNT can be as high as 

6600 W/m·K and in MWCNT, as high as 3000 W/m·K [36,37]. Nevertheless, CNT 

thermal conductivity strongly depends on the structure and morphology [38]. 

Furthermore, CNT have a strong tendency to agglomerate due to attractive van 

der Waals forces, which makes their alignment in CNT composites a challenging 

task. Entanglement of CNT in composites increases the heat diffusion (with 

increasing CNT-CNT contact) and involves simpler manufacture techniques. 

However, it is detrimental for the thermal conductivity, which can limit certain 

applications in which a remarkably high thermal conductivity (avoidance of 

CNT-CNT contact) is required as in thermal interface materials (TIMs) [38].  

 

CNT microstructural characteristics differ significantly from those of crystalline 

solids and, since there is no spatial uniformity of the material in the radial 

direction, CNT response to applied stresses and fracture behavior diverge 
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significantly in the axial and radial direction. CNT are significantly stiff in the 

axial direction but are also flexible and can undergo large nonlinear 

deformations [39]. Despite the technical difficulties regarding the manipulation 

of CNT for their mechanical testing, the measurement of the mechanical 

properties and fracture of CNT has been a very attractive topic in the scientific 

community. Regarding tensile strength and Young's modulus, the 

experimentally determined values vary significantly depending on factors such 

as the type of CNT (SWCNT or MWCNT), the number of walls and the amount 

of structural defects. Table 1 shows some experimentally obtained values on the 

tensile strength and Young's modulus of CNT. 

 

Table 1. Tensile strength and Young's modulus for different CNT. Adapted from [40]. 

Tensile 

Strength 

in TPa 

Young's 

modulus in 

TPa 

Type Method used References 

 1.8 MWCNTARC 
Thermal 

vibrations (TEM) 
[41] 

 1.25 SWCNTLSR 
Thermal 

vibrations (TEM) 
[42] 

 1.28 MWCNTARC AFM [43] 

 0.81 MWCNTARC AFM [44] 

 0.01-0.05 MWCNTCVD AFM [45] 

0.01-0.06 0.27-0.95 MWCNTARC 
AFM (dual 

cantilevers) 
[13] 

0.15 0.8 MWCNTARC TEM (tension) [46] 
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Owing to their outstanding physical properties, CNT have been used as 

reinforcement phase in CNT composites, as will be discussed in chapter 2.2.2. In 

the present dissertation, MWCNT were used as reinforcement material in metal 

matrix composites (MMC), mainly because the presence of multiple walls in 

CNT composites is of advantage, since it enables the possibility to functionalize 

the CNT for a more efficient load transfer and to sacrifice some layers during 

mechanical processing, while retaining the integrity of the inner tubes. 

 

Furthermore, MWCNT have been extensively used for anti-wear enhancement 

and friction reduction due to their intrinsic lubrication properties. In this regard, 

many studies have been conducted on the tribological behavior of CNT-

reinforced MMC (Al, Cu, Cr, Mg and Ni/CNT [4757ۋ]). The reduction in the 

steady state coefficient of friction (COF) has been attributed to CNT being 

continuously provided to the contact zone where they can roll and slide [49], but 

also to the formation of a lubricating carbon film on the surface as a result of 

CNT degradation [50,51]. In recent work performed by Reinert et al., the tribo-

mechanisms of CNT in CNT/Ni matrix composites and CNT-coated bulk Ni were 

compared [58]. In the coating, it was observed that the decrease in COF holds, 

provided that the CNT are present at the contact zone and the COF increased 

after the coating is removed. In the composites, on the other hand, the COF 

reduction was attributed to a continuous supply of CNT to the contact zone. 

Additionally, when the CNT coatings were combined with laser patterned 

surfaces they showed a long-lasting solid lubrication because the laser textures 
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served as lubricant reservoirs entrapping CNT, which can be provided to the 

contact zone [59]. Furthermore, the surface lubrication mechanism of CNT was 

attributed to the compression and elastic restoration of CNT agglomerates and 

their continuous supply to the contact area and tribologically induced CNT 

degradation with the formation of nanocrystalline graphite allowing the 

incoming CNT to slide and roll on the graphitic surfaces [60]. 

 

2.1.2. Structural Characterization of CNT 

There are multiple techniques by which the CNT microstructure and properties 

can be characterized [61], the most common being electron microscopy (SEM, 

TEM, HRTEM, etc.), atomic force microscopy (AFM), scanning tunneling 

microscopy (STM), X-ray photoelectron spectroscopy (XPS) and Raman 

spectroscopy [62]. The latter is the fastest and most user-friendly technique for 

the characterization of sp2-hybridized carbon nano-materials, as well as it is 

accurate and reliable. It does not require laborious sample preparation (non-

destructive), enables to differentiate among the present phases (and 

polymorphism) and to detect and estimate defects and impurities by analyzing 

the different Raman modes.  

 

Raman spectroscopy relies on the optical properties of CNT, specifically, the van 

Hove singularities [31,63]. If the excitation energy (energy of incident photons) 

matches a van Hove singularity in the electronic joint density of states of the 

valence and conduction bands, optical transitions can be seen experimentally 
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(inelastic light scattering along with a change in vibrational energy of a 

molecule) as up- or downshifts of emission frequency after relaxation. These are 

the so-called Stokes (down) and anti-Stokes (up), which complement the 

Rayleigh, i.e. elastic scattering. Thus, not only phonons are involved in Raman 

scattering, but also, magnons and plasmons can be involved in a scattering 

process satisfying the energy-momentum conservation [63]. Accordingly, a 

Raman spectrum consists of a plot of intensity of Raman scattered light versus 

the Raman shift (frequency difference from the incident radiation).  

 

The G-band (around 1580 cm-1) and the radial breathing mode (RBM) (about 100-

500 cm-1) are first-order Raman modes (involving one-phonon emission). The G-

band, is related to the in-plane vibrations along the tangential direction and 

indicates the presence of sp2 carbon networks, and the RBM (bond-stretching 

out-of-plane phonon mode) is a characteristic feature, mostly present in 

SWCNT, related to the coherent movement of carbon atoms in the radial 

direction with a certain frequency (Raman shift) inversely proportional to the 

tube diameter [63]. Moreover, the G-band full width at half maximum (FWHM) 

can be related to the CNT structural crystallinity. The D-band (~ 1350 cm-1), 

which stems from the disorder-induced mode, and its second harmonic, the G'-

band (~ 2700 cm-1), are the strongest second-order Raman modes. As the G'-band 

is less sensitive to defects in CNT, the ratio IG'/ID can be used as purity index 

[64]. Fig. 4 shows the different characteristic Raman modes of a sample of 

pristine MWCNT synthetized by chemical vapor deposition (CVD).  
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Fig. 4  Raman spectrum of a pristine MWCNT sample synthetized by CVD, showing the 

characteristic peaks. The excitation wavelength used was 532 nm (2.33 eV). 

 

The D-band arises from aromatic rings [65] and its intensity ratio with the G-

band (i.e. defect index ID/IG) increases with increasing disorder and is inversely 

proportional to the domain size La (related to the defect-to-defect distance), as 

studied by Tuinstra and Koenig (TK) by X-ray diffraction experiments in 

graphitic structures [66]. Nevertheless, ordering in the case of amorphous 

carbons is accompanied by the development of a D-band (the opposite of 

disorder in graphite), and therefore the TK relation will no longer hold 

(transition from graphite to amorphous graphite (a-G)) and thus the intensity 

ID/IG ratio will decrease  [65].  
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Raman spectroscopy using monochromatic visible light excitation (typically 

from a laser) is an optimal technique for the study of sp2 hybridized materials. 

Based on calculations by Loudon [67] and on experimental results by S.R. Sails et 

al. [68], sp2 dRPaLQV ZLWK WKe cKaUacWeULVWLc ͱ-bonds are up to 233 times more 

sensitive to visible light than sp3, and higher photon energy would be necessary 

WR e[cLWe bRWK WKe ͱ aQd ʹ-bonds (UV light, 5.1 eV) in contrast to, for example, 

green light (~2.33-2.41 eV) [69]. 

 

Accordingly, visible Raman spectrum provides mainly direct information about 

sp2 ordering and indirect estimation of sp3. Based on the competing features in a 

Raman spectrum, Ferrari and Robertson [65] defined an amorphization trajectory 

ranging from graphite (0% sp3) to ta-C (~ 100% sp3, tetrahedral amorphous 

carbon or defective diamond). This amorphization trajectory is defined by 

considering the evolution of the G-band position and the ID/IG ratio, and can be 

used to derive the sp3 fraction. The shift of the G-band is actually caused by the 

appearance of another disorder induced peak (D') at around 1620 cm-1 (shown in 

Fig. 5), which merges in the G-band when small domains are present.  Table 2 

summarizes the features of the amorphization trajectory for Raman data at 

514 nm. 
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Fig. 5 Deconvolution of the G-band showing the cumulative fit and the individual 

Lorentz fit. 

 

 

Table 2. Summary of variation of the G-band position and ID/IG ratio. 

 Stage 1 Stage 2 Stage 3  

G  
position  
in cm-1 

(+)  
1581 Æ ~ 1600 

(-)  
~ 1600 Æ ~ 1510 

(+)  
~ 1510 Æ ~ 1570 

 

ID/IG 

(+)  
0 Æ ~ 2 

Follows TK [66] 

(-)  
~ 2 Æ ~ 0 

TK no longer valid 
Very low or 0 

 

     

Graphite 
0% sp3 

NC-graphite 
0% sp3 

a-C 
~ 20% sp3 

 
ta-C 85% sp3 
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In summary, the characteristic features of the Raman spectra of CNT enable the 

study of their purity (IG'/ID) and defective state (ID/IG, G-band shift and 

FWHM) [64,65,70].  

 

 

 

 

 

 

 

According to the information discussed in the present chapter, Raman 

spectroscopy constitutes a key technique for the study of structural 

defects in carbon nanomaterials, and was therefore extensively used in 

the present dissertation. 
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2.2. Metal Matrix Composites (MMC) 

Composite materials are engineering materials consisting of two or more 

physically distinguishable components that are completely insoluble in each 

other. Composites possess improved functional and/or physical properties than 

their individual components separately and usually possess a lower density, 

allowing for a higher specific strength. They are composed by a matrix, a 

reinforcement and the interface between them, which enables the interaction 

(e.g. load transfer) between the components. The matrix can be of ceramic, 

polymeric or metallic nature and the reinforcement can be particles or fibers 

(continuous, short or whiskers) [71,72]. 

 

MMC are typically reinforced by ceramic particles or ceramic fibers (e.g. oxides, 

carbides, nitrides, etc.). The matrix is selected according to the application and 

final characteristics required in the composite. Moreover, the performance and 

characteristics of the composites depend not only on the reinforcement volume 

fraction, composition, size, distribution and orientation, but also on its chemical 

composition and physical properties, as well as on the processing history of the 

composite (e.g. fabrication method, cold work, heat treatment, etc.).  

 

MMC are traditionally known to be composed by a metallic matrix and a non-

metallic reinforcement, whereas classical alloys, consisting of two phases 

obtained from the melt by solidification are normally not considered a composite 

[73]. However, some authors have considered these two-phase alloys and the 
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severely deformed counterparts as metal-metal nano/composites [74]. In line 

with the classical definition, in the present dissertation, relevant discussion 

about MMC is focused on particulate reinforced MMC, with special attention to 

carbon nanotubes.  

 

2.2.1. Fabrication methods of MMC 

The fabrication method is to be chosen depending on the characteristics of both 

the matrix and the reinforcement, as well as on the required final performance 

and shape of the composite. MMC thus can be manufactured by a wide variety 

of processing methods such as liquid metal, deposition and solid state processes 

 Relevant for the present dissertation are solid state methods of .[77ۋ75]

particulate-reinforced composites, in which adverse and interfacial reactions 

between the components can be avoided, since the processing is performed at 

temperatures lower than the melting temperature of the matrix. Furthermore, 

solid state methods allow to tailor the distribution of the reinforcing phase [71], 

especially critical in the case of CNT-reinforced MMC, in which the CNT tend to 

agglomerate due to Van der Waals interactions.  

 

Solid state methods are mainly based on powder metallurgy techniques, the 

starting materials consist of metallic powders and powder/particulate 

reinforcing materials, which are mixed/blended and cold pressed to form 

green bodies. The latter can then be uniaxially or isostatically sintered and/or 

extruded - forged (or other deformation processes) in order to obtain the 
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maximum densification possible. The main secondary processing methods are 

discussed in the following. 

 

Mixing/Blending 

In the case of carbon nanoparticles (CNP)-reinforced MMC, the mixing/blending 

process is a very critical step, which will determine the homogeneity of the 

reinforcement distribution. The three most common methods to mix/blend CNP 

with metallic powders are molecular level mixing, ball milling and colloidal 

mixing. 

 

Molecular level mixing involves the functionalization of the CNP, i.e. 

chemical treatment of the particles (typically acid oxidation [78]), in order to 

break covalent bonds and thus attach functional groups to the surface (e.g. ۋOH, 

-COOH, etc.). These groups will act as nucleation sites for the formation of 

metal oxides on the surface of the CNP (for example CNT) by mixing the 

functionalized particles in a solvent with a metal salt and a reducing agent. This 

solution consisting of metal particles decorated CNT is then calcined in, for 

instance, hydrogen atmosphere, resulting in metal-encapsulated CNT. By this 

method, very homogeneous interfaces are obtained. However, damage is 

introduced to the CNT during the process, which is detrimental for their 

intrinsic physical properties [52,79,80], and can decrease the performance of the 

CNT-reinforced MMC.  
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Ball milling is a technique traditionally used for the secondary grinding step to 

reduce the size of minerals in the mining industry in order to provide proper 

particle sizes for the extraction of metals by post-separation techniques. 

Typically, alumina or steel balls (and/or cylinders) of a certain diameter size 

distribution are mixed with the solid particles in a cylindrically shaped container 

(mill). The filling volume of the mill, its rotational speed, the grinding time and 

the ball/powder ratio should be set as to enable the optimum cascade formation, 

in which the solid particles are reduced in size by the impact of the hard balls 

against the solid powder.  

 

Even though this technique is widely used for homogenously distributing CNP 

with metal powders [79,8183ۋ], as in molecular level mixing, ball milling 

introduces defects on the CNT by the energetic impact of the hard balls on the 

powder mixture. The stress applied on the powder (and MWCNT) during the 

process can be as high as ~ 30GPa [31].  

 

In colloidal mixing the CNT are mixed with the metallic powder in a solvent 

by means of mechanical and/or ultrasonic agitation. The degree of dispersion 

depends strongly on the nature of the solvent and the agitation time. The 

dispersion is then heated as to evaporate the solvent and to obtain a powder, 

which can be subsequently cold pressed and further processed. Even though, 

shortening of the CNT can occur if the agitation time is too long [84], in this 

method, the functionalization of the CNT is not necessary, which removes 
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unwanted degradation of the CNT during processing. L. Reinert et al. performed 

the dispersion process by mechanical agitation and ultra-sonication of CNP/Ni 

powders for the manufacture of CNP-reinforced Ni-MMC for their use as self-

lubricating surfaces without significant degradation of the CNP [85]. They used 

ethylene glycol (EG) as solvent, which had proved to be successful in the 

manufacture of CNT-reinforced Ni-MMC [86]. S. Suarez et al. [86] studied the 

dispersion time in ultrasound of MWCNT/EG and found that the sonication 

should be performed at least during 10 min in order to obtain a proper 

disentanglement of the CNT without further introducing structural defects.  

 

 

 

 

 

 

 

 

Cold Pressed Sintering (CPS) 

During sintering, the porosity of the green bodies is significantly reduced by 

lattice and GB self-diffusion processes. During these processes, the total 

interfacial energy is reduced leading to necking, interconnection of pores. 

Colloidal mixing thus is an optimal dispersion technique for the 

blending of CNT/Metal powder mixtures without performing particle 

functionalization and without significant degradation of the CNT. 

Therefore, this method was chosen for the blending step of the CNT-

MMC composites used in the present dissertation. 
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Complete densification takes place with increasing sintering time until finally 

only residual isolated pores exist [87]. The green pellets are pressureless sintered 

in a furnace with either vacuum or inert atmosphere to avoid oxidation (see Fig. 

6). Nevertheless, due to residual porosity very long sintering times and/or high 

temperatures have to be used to increase the final density of the composites (for 

densities greater than ~ 93%) [87].  

 

Fig. 6 Schematic of cold pressed sintering (pressureless sintering). a) Die fill stage, b) 

compaction, c) sample removal and d) sintering. 

 

Hot uniaxial pressing (HUP) 

In order to reach high densities in MMC it is necessary to apply external forces, 

which can promote almost full densification by sintering at lower temperatures 

and shorter times than in CPS, for instance, by the application of isostatic or 

uniaxial pressure during heating. In the latter, the green pellet is inserted into a 

die (typically of steel) and subjected to high uniaxial pressure (several hundred 

MPa) with the help of alumina punches and subsequently heated either in 

vacuum or in inert atmosphere (see Fig. 7). Hence the sintering process is aided 

by plastic deformation and creep in addition to lattice and GB diffusion 
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mechanisms, which makes HUP more effective than CPS, thus reducing time and 

temperature needed during the densification process [87]. 

 

Fig. 7 Schematic of hot uniaxial pressing. a) Die fill stage, b) hot pressing stage and c) 

sample removal. 

 

Post processing by plastic deformation 

For further improvement of the reinforcement distribution, reduction or 

elimination of porosity and tuning of the microstructure/mechanical properties 

of the MMC, post processing methods can be applied by means of plastic 

deformation, e.g. extrusion, forging, rolling, etc., or a combination of these. 

Nevertheless, plastic deformation methods such as extrusion and forging are 

restricted to MMC with discontinuous reinforcement [71]. Regarding the 

processing by extrusion, depending on the reinforcement particle size, volume 

fraction and on the applied strain, the reinforcement aligns along the extrusion 

axis, hard particles fracture and the microstructure is refined. Forging is 

performed typically on hot-pressed or extruded products and particles are 

slightly aligned perpendicular to the forging direction. Furthermore, forging 
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represents lower costs than extrusion and sinter-forged MMC have similar 

fatigue and tensile properties as extruded ones [71]. 

 

Recently, SPD techniques have been used for the reinforcement homogenization 

(secondary process) in MMC and for the generation of metallic nanocomposites 

[74]. For instance, HPT has been used to process CNT-reinforced MMC showing 

improvement in the reinforcement distribution and mechanical properties 

[21,88]. Nevertheless, SPD processing of CNT-reinforced MMC induces 

structural damage on the CNT, which can be detrimental for the microstructural 

performance of the composites. 

 

 

 

 

 

 

 

 

 

2.2.2. Mechanical behavior and strengthening 

mechanisms of MMC 

The mechanical properties of composites depend mainly on the nature, the 

volume fraction and mechanical properties of the matrix and the reinforcement 

In summary, during processing of CNT/MMC, especially by SPD 

techniques, a trade-off must be found in order to obtain a homogeneous 

distribution of the CNT without significantly damaging their structure.  

Relevant discussion in this regard is provided in papers II and III in 

chapter 4. 
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and on how they interact during processing and under mechanical loads. In 

particular, improved mechanical and/or physical properties are desired in MMC 

(with respect to the matrix). Some aspects regarding the mechanical behavior 

and the strengthening mechanisms of MMC are considered in the following.  

 

Direct strengthening by load transfer takes place both in continuous and in 

discontinuously reinforced MMC. The load applied to the composite is 

transferred from the matrix to the reinforcement (stronger than the matrix) 

across the interface. Nevertheless, the load transfer is more efficient in the case 

of continuous fibers (due to higher aspect ratio) than in particulate composites 

[71].  

  

During cooling to room temperature of MMC during processing, due to 

differences in the coefficient of thermal expansion (CTE) between the 

matrix and the reinforcement, residual stresses arise depending on the volume 

fraction, size, shape and distribution of the reinforcement, as well as on the 

processing temperature and mechanical properties of the matrix. For example, in 

the case of MMC with ceramic reinforcement, which possesses lower CTE than 

the metallic matrix, tensile residual stresses result in the matrix, whereas 

compressive residual stresses will be present in the reinforcement [89]. 

Furthermore, adding ceramic reinforcement leads to an increase in the Young 

modulus, but MMC yield earlier than the metallic counterpart due to 

inhomogeneous stress distribution in the matrix [89].  
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The presence of second-phase particles in MMC also affects the microstructural 

evolution during processing by stimulating the nucleation of recrystallization 

[90] and by pinning the GB (Zener drag effect or Zener pinning) [91]. As a 

result, the grain size is reduced, thus providing GB strengthening following a 

Hall-Petch relation [92]. Thereby, the GB act as obstacles for dislocation 

movement. Additionally, second-phase particles can act as dislocation obstacles 

resulting in particle strengthening. 

 

In the case of CNT-reinforced MMC, strengthening due to CTE mismatch is 

also present since CNT possess very low or even negative CTE in a wide 

temperature range [93,94]. Load transfer has been also suggested to play an 

important role in CNT-reinforced MMC [9599ۋ]. Moreover, GB drag, and thus 

grain refinement take place in MMC in which CNT are mainly located at the 

GB, where they can pin the microstructure and decrease grain growth during 

processing at high temperatures and during annealing treatments [22,23,100]. S. 

Suarez et al. observed that grain growth during sintering of CNT/Ni composites 

manufactured by solid state processing followed a Zener pinning relationship 

[22,23] and showed a Hall-Petch behavior [23]. Moreover, grain refinement has 

been observed in CNT-reinforced MMC with different metallic matrices, as well 

as an increase in strength (but generally decreased ductility), and improved 

tribological and physical properties [8,12,16,49,99,101111ۋ]. Those properties 

depend mainly on the manufacturing process, which determine the distribution, 

morphology and size of the reinforcement, its bonding (interaction) with the 
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metallic matrix and the defects introduced to the matrix during manufacturing 

and processing [98].  
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2.3. Severe Plastic Deformation (SPD) 

Severe plastic deformation (SPD) refers to the application of very large shear 

strains to a metallic material without significantly changing the overall 

dimensions and by which a high amount of defects is introduced leading to 

microstructural refinement. Material strengthening by means of SPD techniques 

is significantly superior to that obtained by conventional plastic deformation 

methods (e.g. rolling, forging, etc.) since the true strains introduced by SPD are 

remarkably larger (>> 10). Even though there are many methods to confer SPD 

[112,113], the most relevant ones (in which the scientific community has shown 

the most interest) are Equal Channel Angular Pressing (ECAP) [114] ۋ

internal simple shear, Accumulative Roll Bonding (ARB) [115] ۋbased on 

ordinary forming operation by rolling and High Pressure Torsion (HPT) [116ۋ

  .simple shear induced by frictionۋ [119

 

ECAP, on one hand, consists in pressing a sample with a certain cross-section 

through intersecting channels that have defined angles of curvature �)��and�<, 

internal and external angle of curvature, respectively. See Fig. 8), with the help 

of a plunger. With every pass, the sample is subjected to simple shear strain and 

different routes can be followed by rotating the sample by a certain angle before 

every pass. ARB, on the other hand, consists in successively rolling, cutting in 

half, stacking and rolling after respective surface treatment (cleaning) as 

depicted in Fig. 9. The process is performed with the application of heat in order 

to enhance the diffusion bonding of the surfaces. Nevertheless, ARB is more 
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laborious and time consuming than ECAP, which makes the latter a preferred 

technique for the up-scaling as a material forming process for mass production 

  .[122ۋ120]

 

There are several reviews on the SPD of materials by ECAP and ARB (see [123ۋ

125]) and further details will not be discussed. However, since SPD by HPT is 

more relevant for the present dissertation, it will be discussed in detail in the 

following chapter. 

 

 

Fig. 8 Schematic of Equal Channel Angular Pressing (ECAP), showing the sample (in 

form of a rod or a bar) being pressed by a plunger and being bent through a channel 

with certain internal and external angles.  
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Fig. 9 Schematic illustration of Accumulative Roll Bonding (ARB). 

 

2.3.1. High Pressure Torsion (HPT) 

SPD by HPT consists in exerting high hydrostatic pressures (up to 8 GPa) to a 

disk-shaped sample, which is placed between two anvils, typically under 

constrained conditions (see Fig. 10). By rotating the lower anvil, the sample is 

subjected to torsional straining and the deformation (simple shear) is aided by 

surface frictional forces [119].  

 

Conventionally, the equivalent strain in HPT is calculated by [119,126]: 

ͦVM=
2ͱTU

W3
                       (1) 

where T is the number of turns, r is the distance from the center along the radial 

direction (i.e. the radius) and t is the thickness of the sample. Under the 

assumption that the variation of the thickness does not have a significant effect 
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on the shear strain 𝛾, in HPT 𝛾 ൌ ఏ
௧

, where 𝜃 is the rotation angle in radian, 

𝜃 ൌ 2𝜋𝑇. Assuming a von Misses yield locus, the von Mises equivalent strain is 

given by ͦVM ൌ ఊ
√ଷ

.  

 

Very high equivalent strains can be obtained by HPT and, even though it usually 

yields grain sizes much smaller than in the case of ECAP and ARB [119,127], the 

scalability of the technique is more limited. This can be traced back to the 

microstructural gradient/inhomogeneity along the radius and sample' thickness, 

the small sample sizes, as well as the need of robust equipment for the 

application of very high hydrostatic pressure [128]. Despite these challenges, 

there have been several efforts to upscale HPT to larger sample sizes [129,130]. 

Nowadays, disks with diameters up to 50 mm and thicknesses of about 10 mm 

can be processed by HPT at the facilities of the Erich Schmid institute (ESI) in 

Austria, in an equipment that has a maximum load of 4000 kN. 

 

 

Fig. 10 Schematic of High Pressure Torsion (HPT).  
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Furthermore, the processing can be performed using different deformation 

temperatures (from -196 °C up to 700 °C), for instance, by using an induction coil 

or liquid nitrogen for the heating and the cooling systems, respectively.  

 

The evolution of the microstructure and further characteristics of SPD materials 

are discussed in the following chapter. 

 

2.3.2. UFG and NC materials by SPD 

Microstructural evolution 

Microstructure evolution during SPD processing depends on the employed 

technique and on different process-related parameters (e.g. processing 

temperature, processing route, induced strain, strain rate, application of high 

hydrostatic pressure, etc.) and sample-related factors (e.g. chemistry, stacking 

fault energy, microstructural parameters including texture and initial grain size 

and defect density, presence of second phases including formation of 

precipitates and the segregation of impurities and dissolution thereof, etc.).  

 

Regarding the microstructural fragmentation during SPD and its derivation in a 

steady state (i.e. where no further microstructural changes take place), several 

dislocation density based models have been proposed throughout the years 

[113], starting from disclination models [131], which constituted relevant 

background for the introduction of models based on grain fragmentation by cell 
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formation in form of rows of dislocation dipoles [113]. These models are based 

on the understanding that defects are introduced during plastic deformation in 

form of vacancies, dislocations and GB and, that grain fragmentation occurs 

when excessively high strains are applied, which leads to the formation of 

dislocation cells, sub-grains and GB by the arrangement of dislocations and 

subsequent accumulation of misorientations across the dislocation cell 

boundaries [113]. Furthermore, L.S. Tóth et al. [132] proposed a model, in which 

grains are fragmented as a consequence of the development of lattice curvature 

inside individual grains (rotation of crystallographic planes within a grain 

caused by dislocation slip) due to constraining of the neighboring grains (lattice 

rotation is impeded near the GB). This gives rise to geometrically necessary 

dislocations (GND) leading to grain subdivision, in which texture development 

was found to play an important role.  

 

There have been several attempts to explain and model the saturation of grain 

fragmentation during SPD. Nevertheless, it still remains a challenging task. 

Recently, O. Renk and R. Pippan [133] discussed the current status and open 

questions in this regard, focusing on single phase materials, from which the 

following discussion is drawn. 

 

Relevant for the present dissertation are face centered cubic (FCC) metals, which 

deform predominantly by dislocation slip. However, at low homologous 

temperature (< 0.2 absolute melting temperature Tm, i.e. at temperatures where 
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no recovery phenomena are activated) and low strains (ͦ << ͦ Qeeded WR UeacK 

the steady state), there are other factors that affect the grain fragmentation and 

the microstructural evolution. One of these factors is the stacking fault energy 

(SFE), especially in the case of metals with low SFE, in which twinning and 

planar slip are favored and their tendency to form macroscopic shear bands is 

increased. This causes a significantly faster grain subdivision [134,135] leading 

to higher work hardening rates at early stages of deformation in comparison to 

metals with medium to high SFE [133]. When severe strains are applied (e.g. by 

HPT), SFE does not affect the microstructural evolution and the minimum 

attainable grain size [136138ۋ], resulting in a homogenous nanostructure with 

predominantly high angle grain boundaries (HAGB).  

 

For very high equivalent strains it was observed that, in the case of Ni single 

crystals subjected to HPT, the initial crystal orientation had no effect on the 

texture. Thereby, the texture also reaches a saturation (shear texture) together 

with the saturation in the microstructural refinement [139]. The initial grain size 

also does not affect the structure in the steady state, whereby SPD on samples 

with grain sizes smaller than the saturation grain size (~ 200 nm for Ni) show 

grain growth upon deformation [140142ۋ]. Furthermore, the strain rate also 

does not have a significant effect on the saturation grain size at low 

temperatures [24,143]. This is also true in the case of body centered cubic (BCC) 

metals [144]. 
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Regarding the mechanisms leading to the saturation of grain refinement during 

deformation, there must be a dynamic equilibrium between the generation of 

defects and restoration processes. Specifically, the restoration processes involve 

the migration of junctions and boundaries, with the former being more relevant 

at higher temperatures. Furthermore, the fundamental process for boundary 

migration at low homologous temperatures is the motion of boundary steps, 

which are linked to mechanical stresses. Thereby, grain growth is accelerated in 

highly distorted regions due to higher driving force for grain growth [133]. 

Nevertheless, in several studies the occurrence of the steady state is attributed to 

the annihilation of dislocations, as discussed in [113].  

 

Finally, factors such as the processing temperature and the addition of alloying 

elements, impurities and second phases, may play a more important role for the 

saturation grain size than the previously discussed factors. Specifically, 

increasing the processing temperature facilitates the arrangement of dislocations 

into dislocation cells, and the presence of impurity atoms may promote an 

increase in the dislocation density [24,133].  

 

Mechanical behavior 

As a result of the microstructural evolution and grain refinement taking place 

during SPD, the processed materials show an increase in hardness at early stages 

of deformation. The hardness reaches homogenization (stays rather constant 
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throughout the specimen) when the microstructural refinement reaches the 

steady state. The initial sudden increase in hardness is related to work hardening 

due to an increase in dislocation density at early stages of the deformation 

process and, according to the discussion of the last sub-section, as deformation 

proceeds, dislocations continue to accumulate and eventually start to entangle 

and arrange into lower energy configurations such as sub-grains, LAGB and 

HAGB. With sufficiently large applied equivalent strains, restoration processes 

start to dominate towards the onset of the steady state in the microstructural 

refinement.  

 

Accordingly, UFG and NC materials obtained by SPD processing usually possess 

high yield strength due to high dislocation densities (work hardening) and small 

grain sizes (following a Hall-Petch relation). Nevertheless, in severely deformed 

materials, the dislocation density and the grain size correlate with each other 

regarding the increase in hardness, and the linearity of the Hall-Petch plot 

cannot be taken as GB dominated strengthening [145]. The yield strength 

(mainly the compressive one) of UFG and NC metals correlates well with the 

relationship, Vickers Hardness/3 [146,147]. In general, a reduction in ductility is 

expected in NC materials, mainly due to low work hardening rate, causing early 

strain localization and failure, in addition to their inability of extensive plastic 

deformation for the accommodation of crack propagation [148]. 

Notwithstanding the decreased ductility exhibited by NC materials as strength 

increases, UFG and NC materials obtained by SPD have exhibited increased yield 
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strength along with good ductility [149151ۋ]. Moreover, the presence of 

contaminants and high porosity can significantly reduce the ductility, but a high 

density of twins can increase it [148].  

 

Based on experimental observations, the occurrence of an inverse Hall-Petch 

behavior has been suggested [152] (see Fig. 11). Accordingly, analytical models 

have proposed that this mechanical behavior in NC materials occurs below a 

critical value Dc (below 25 nm for Cu [148] and ~ 8 nm for Ni [153]) and it is 

mainly due to GB shear [154]. It should be noted that GB shear differs from GB 

sliding in that the former involves both GB sliding and GB migration, whereas 

the latter does not involve GB migration [155]. Regarding the deformation 

mechanisms in NC materials, it has been implied that dislocations continue to be 

the main carriers of plasticity down to the smallest grain sizes. For instance, 

excess porosity [156] and increased dislocation adsorption [152] at small grain 

sizes lead to deviations in the Hall-Petch behavior. Furthermore, the occurrence 

of strain hardening [157] (intragranular plasticity) and grain rotation mediated 

by grain boundary dislocations (GB diffusion dominated plasticity), with 

dislocation climb instead of cross-grain dislocation slip or GB sliding [158] 

(studied in a TEM lamella), also implies the important role of dislocations in the 

deformation of NC materials at room temperature. 
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Fig. 11 Schematic of the strength in polycrystalline materials as a function of the grain 

size. Adapted from [159]. 

 

Moreover, NC and UFG materials have been predicted to exhibit superplasticity, 

which is relevant for the superplastic forming industry, in which complex 

shapes can be obtained from superplastic metals in one step operation [160]. 

Superplasticity can be defined as the ability of a material to undergo very large 

elongation to failure (> 200 %) at high temperatures (> 0.5 Tm) without 

significant grain growth [161]. This is based on the premise that if GB mainly 

control the deformation of polycrystalline materials at high temperatures, 

smaller grain sizes should enable a superplastic behavior [162]. Nevertheless, 

due to the high amount of defects in the form of vacancies, dislocations and 

large grain boundary area per unit volume, grain growth can occur already at 
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low homologous temperatures in NC and UFG materials (particularly those 

obtained by SPD) [163,164]. Grain growth is driven by a large grain boundary 

and high strain energies, which limits their application areas and makes it 

challenging to study the mechanical behavior of these materials at elevated 

temperatures [161]. However, adding alloying elements or oxide particles has 

shown to improve the thermal stability in NC and UFG materials [3,4,165] and 

many alloys severely deformed by HPT have shown superplastic behavior [166]. 

Further discussion regarding the processing of MMC by HPT is presented in 

chapter 2.3.3. 

 

Microstructural characterization 

There are different characterization techniques by which the microstructural 

evolution of UFG and NC materials processed by SPD can be studied. Due to the 

presence of nanoscale structural elements such as non-equilibrium GB, stacking 

faults and nanotwins, segregation clusters or "clouds" (impurities at GB), nano-

sized particles or precipitates, etc., techniques with resolutions down to the 

nanoscale are required. Electron microscopy techniques, especially high 

resolution transmission electron microscopy (HRTEM), have proven to be very 

useful techniques to resolve such nanoscale structural elements, but in cases 

where the chemical composition must be studied in the atomic scale, for 

instance to resolve impurities at the grain boundaries, atom probe tomography 

(APT) is more appropriate.  
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Furthermore, X-ray diffraction is a well-known technique for the 

microstructural analysis of NC and UFG materials, in particular those with a 

high density of defects, which would be challenging to analyze by other 

techniques. Specifically, information about the crystalline domain size, 

dislocation density and stacking faults can be extracted from x-ray diffraction 

patterns by means of line profile analysis (LPA). LPA include traditional 

methods such as the Scherrer equation [167], Warren-Averbach [168], 

Williamson-Hall [169] and the modified techniques thereof [170172ۋ], which 

implement the contrast factor of dislocations, related to the anisotropic nature of 

the dislocation strain field. These methods rely on the study of diffraction peaks 

broadening (subtracting the instrumental broadening) for the estimation of 

crystalline domain sizes and dislocation densities, whereby the strain field arises 

mainly from the dislocations contained in the crystals and in many cases, the 

dislocation density is calculated via the Williamson-Smallman equation from the 

PeaVXUed PLcURVWUaLQ ͦ aQd JUaLQ VL]e D (crystalline domain size) [173175ۋ]   

𝜌 ൌ 2√ଷఌ
𝑏

 (b is the magnitude of the Burgers vector), which is only valid for 

randomly distributed dislocations. 

 

Alternatively, the method by Whole Powder Pattern (WPPM) has been 

developed [176], in which physical models describe the line profiles of the 

specimen and the instrument, from which the crystalline domain size and the 

dislocation density are obtained, without fitting the diffraction profile to 

arbitrary bell-shaped functions as in traditional techniques.  
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Thermal analysis 

 

Regarding the assessment of the thermal stability and the stored energy in 

severely deformed NC and UFG materials, different techniques have been used. 

For instance, differential scanning calorimetry (DSC), in which non-

reversible energy changes undergone by the specimen during heating can be 

detected, and the energy released/absorbed can be measured as a function of 

time or temperature, have been extensively used for the thermal analysis of UFG 

metals processed by SPD (see [177] and references therein). The stored energy 

related to the annealing of dislocations has been related to their density Ͳ [178] 

as 𝐸௦௧ ൌ 𝐺𝑏2 ఘ
ସగ

𝑙𝑛  ଵ
𝑏ඥఘ

൨ [179], where G is the shear modulus and 𝑘  is the 

arithmetic average of 1 and (1-Q) (if equal contributions from edge and screw 

dislocation is assumed, Q�is the Poisson ratio). Furthermore, the activation 

energy for recovery and recrystallization can be obtained by using the Kissinger 

equation [180] 𝑙𝑛 𝑉
𝑇మ
ൌ െொ

ோ
ଵ
𝑇
 𝐴, in which the activation energy is related to 

WPPM is thus considered an optimum technique for the microstructural 

analysis of severely deformed materials regarding the crystalline 

domain sizes and dislocation densities. Further details regarding the use 

of WPPM are provided in paper IV in chapter 4. 
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the shift of the respective exothermic peak with the changes in heating rate (see 

Fig. 12), V is the heating rate; Tp, the peak temperature; Q, activation energy; R, 

universal gas constant and A, a constant. In general, the released heat in DSC 

increases with decreasing grain size and the exothermic peak related to the 

annihilation of dislocations and grain growth shifts to lower temperatures with 

increasing applied strain [178,181]. Thus, the thermal stability of severely 

deformed metals is expected to decrease with increasing applied strain. 

 

 

Fig. 12 Schematic of a Kissinger plot. 

 

The thermal stability of severely deformed metals, in terms of changes in the 

crystallite size (homologous to grain growth analysis) and the dislocation 

density, can be studied by in-situ heating X-ray diffraction by means of X-ray 

LPA within the detection limits of the experimental set-up (for instance, up to 

~ 800 nm grain size and above Ͳ ~ 1013 m-2  for a laboratory diffractometer [181]). 
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Additionally, post annealing analysis by means of electron backscatter 

diffraction (EBSD) or TEM provides information about the final grain size and 

defect density. 

 

2.3.3. MMC by SPD 

SPD has been applied to MMC mainly to reduce the second phase particle size 

and to improve the distribution, as well as to enhance the strength of the 

material. Equivalently, second phases have been introduced to metallic matrices 

to reduce the saturation grain size (by improving the structural stability [151]) 

and to enhance the mechanical properties.  

 

Regarding the microstructural evolution during SPD of MMC, apart from the 

factors discussed for single phase materials in chapter 2.3.2., it also depends on 

the size and the volume fraction of the reinforcing phase [74]. Furthermore, the 

deformation mechanisms are strongly influenced by the presence of 

reinforcements, which interact with dislocations by Orowan mechanism (when 

particles are located mainly at grain interiors and if particle size is sufficiently 

small), act as blockage for dislocation slip (for large particle size) and may limit 

GB migration (if located at the grain boundaries) [151,182,183]. During SPD of 

MMC, there is a significant decrease in the saturation grain size and the thermal 

stability is generally improved in comparison to the respective single phase 

materials (see [74] and references therein).  
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There are several reports on improved mechanical behavior, thermal stability 

and microstructural evolution of CNT-reinforced MMC processed by SPD (for 

instance, Cu/CNT [182186ۋ] and Al/CNT [25,26]). Regarding Ni/CNT systems, 

the mechanical behavior of composites consolidated by spark plasma (not SPD) 

was reported in [187]. Nevertheless, studies on SPD of Ni/CNT composites are 

still limited in the literature, and the majority of related research has been 

conducted by our group during the time, by which the present dissertation was 

being developed. According to our results, regarding the mechanical 

performance of SPD Ni/CNT composites, it was found that in order to reach the 

steady state in the microstructural refinement with high hardness (>700 HV) and 

small grain size (< 100 nm) by HPT, thermomechanical processing (30 T of HPT 

at 400 °C) and post deformation at room temperature (5 T of HPT) is one 

optimum processing route [188]. Furthermore, tensile tests performed on micro-

size samples of CNT/Ni composites showed that composites with low CNT 

content (0.25 wt.% CNT), processed by 30 T of HPT at 400 °C and 10 T of HPT at 

200 °C, possess both high strength (~1.75 GPa UTS and ~1.7 GPa Yield strength) 

and good ductility (~0.85% uniform elongation and ~45% reduction in area) [189].  

 

Regarding the improved thermal stability in NC and UFG materials, it has been 

reported that thermodynamic stabilization (segregation of solute atoms at the 

GB to lower their energy) and kinetic stabilization (second-phase particle 

pinning to lower GB movement) play an important role [3,74,151,165,190]. 

Furthermore, CNT have been suggested to restrict the diffusion paths at high 
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temperatures, as well as the dislocation movement in Al/CNT composites [191]. 

Therefore, adding CNT to materials subjected to SPD is expected to improve 

their thermal stability.  

 

 

 

 

 

 

 

 

 

Additionally, as a result of their significantly higher hardness (when compared 

with their coarse-grained counterparts), SPD materials are expected to show a 

decrease in the steady state coefficient of friction (COF) and wear during 

tribological contact. Yet, a finer microstructure increases the oxidation activity 

due to a high amount of GB area, which can affect both friction and wear. It has 

been proposed that the addition of reinforcements to SPD materials should 

improve their wear resistance [192,193], and since CNT have been proven to 

improve both the frictional and wear behavior in MMC during tribological 

contact (by dry sliding) [47,48,50], SPD Ni/CNT composites may exhibit 

improved frictional behavior compared to NC Ni. However, no investigations on 

the lubrication effects of CNT in SPD MMC had been yet done in the literature.  

Nevertheless, no systematic investigations had been yet done in the 

literature on the thermal stability of SPD Metal/CNT composites, 

specifically, regarding the microstructural evolution during heating, as 

well as the limiting grain size after annealing as a function of the CNT 

content. 
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To gain further insights into the state of the art related to each individual analysis 

carried out in the present dissertation, the reader is referred to the corresponding 

publication contained in the "Results and Discussion" chapter. 

In summary, investigation on the microstructural evolution and the 

performance of SPD Ni/CNT composites regarding their thermal 

stability and the tribological behavior, is of great relevance to obtain 

relevant understanding on the material properties of CNT-MMC 

processed by SPD techniques. 

Thorough discussion in this regard can be found in papers V and VI in 

chapter 4. 
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3.  Approach and overview 

Based on the increasing number of publications regarding CNT-MMC, it is 

obvious that the scientific community has been very interested in the promising 

characteristics that CNT can provide to metallic matrices of different nature 

-Regarding the deformation of CNT .[94,96,98,99ۋ194,92ۋ108,191,192ۋ9,13,100]

MMC, the formation of carbides would be promoted by the introduction of 

defects during processing due to the energetic nature of HPT. However, nickel 

carbide (Ni3C) is not expected to form in a wide temperature range (0-1500 °C) 

due to its metastable nature with positive Gibbs free energy of formation [198]. 

Therefore, Ni was used in the present dissertation as the metallic matrix. 

Even though CNT/Ni systems [2123,53,58,85,86ۋ] and the deformation behavior 

of pure Ni by HPT have been studied in the literature (see for example [143] and 

references therein), an extensive study on the phenomena involved during 

HPT on CNT/MMC had not yet been performed in the literature before 

the present dissertation. 

 

According to the highlighted points in the boxes throughout the state of the art 

and to the open questions identified in the literature, the following three 

objectives were proposed:  
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Objective 1 

The first objective of the present dissertation is to study the effect on the 

microstructural evolution and on the CNT structural changes during 

SPD of CNT/MMC by HPT. Bulk CNT-reinforced MMC will be synthetized 

and processed by HPT at room temperature. A preliminary assessment of the 

microstructure should be carried out followed by a thorough analysis of the 

structural changes undergone by the CNT in order to assess to what extent these 

can hold the deformation process without compromising their intrinsic features. 

Additionally, an extensive study on the CNT distribution homogenization must 

be performed, in which advanced image analysis is combined with concepts 

from spatial statistics. This aims at obtaining a model, which predicts the 

minimum effective strain needed to achieve a homogeneous distribution of the 

reinforcement during HPT.  

 

 

 

 

Objective 2 

The second objective is to understand the interaction between the matrix 

and the CNT during processing and under mechanical loading. The 

evolution of microstructural parameters of CNT-reinforced MMC during HPT 

with increasing applied strains and CNT content should be analyzed. The focus 

This objective was addressed in papers I, II and III. 
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should be on the changes in dislocation density and the grain size. The proper 

technique to be used should be carefully chosen and, based on the results, the 

main strengthening mechanisms should be assessed.  

 

 

 

 

Objective 3 

The third objective of this dissertation is to evaluate the performance of the 

severely deformed CNT/MMC regarding their thermal stability and 

tribological behavior. The performance of the composites after processing by 

HPT regarding their thermal stability should be studied focusing on the grain 

growth and the recovery phenomena occurring during heating. Furthermore, 

annealing treatments on the severely deformed composites should be carried out 

in order to analyze the limiting grain size depending on the CNT composition. 

Regarding the friction and tribo-chemical behavior, the microstructural changes 

after micro-tribological testing should be studied. 

 

 

 

These objectives constitute the key topics of this work and an overview of the 

scientific findings are introduced in the following: 

This objective was addressed in paper IV. 

This objective was addressed in papers V and VI. 
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Outline  

 

I 

 

A preliminary study is carried out focused on the microstructural 

analysis of the "as sintered" and "as deformed" conditions in CNT-

reinforced Ni-MMC fabricated by solid state processing and 

processed by HPT at room temperature. Vickers microhardness 

and electron microscopy are used as the main characterization 

techniques. The as deformed composites exhibited a finer 

microstructure with smaller agglomerate size and higher hardness. 

The microstructural steady state was not reached. 
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II 

 

A thorough study is performed on the influence of processing 

CNT-reinforced Ni-MMC by HPT on the CNT structural state 

using Raman spectroscopy as the main characterization technique 

by analyzing the evolution of different descriptive parameters 

including the G-band full width at half maximum (crystallinity 

related), ID/IG ratio (defect related). The analysis of the G-band 

position was found to be essential (amorphization-stage-related). 

The damage is associated with the accumulated strain and changes 

with the CNT fractions. The damage mechanism is correlated to a 

well-established carbon amorphization trajectory proposed in the 

literature. 

III 

 

A thorough analysis on the evolution of the microstructural 

features and the clustering behavior of the CNT during different 

stages of the deformation process is performed using a systematic 

methodology that involves concepts from image analysis and 

spatial statistics. Furthermore, a model for the prediction of the 

minimum accumulated strain required to achieve a homogeneous 

distribution of the second phase during HPT is developed and 

correlated with the experimental results. 
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IV 

 

The evolution of dislocation densities and crystalline domain sizes 

are analyzed by means of XRD using WPPM. The size of the 

measured area is limited along the radial direction to reduce the 

effect of the microstructural gradients on the results. The effect of 

increasing CNT content and increasing strain is investigated. In 

particular, a higher amount of screw dislocations was measured by 

WPPM. The strengthening of CNT-MMC processed by HPT is 

mainly due to work hardening and grain refinement, both being 

assisted by the presence of CNT, with marginal contribution of 

particle strengthening.  

V 

 

A thorough analysis of the microstructural evolution during 

heating and the thermal stability of CNT-reinforced Ni MMC 

processed by HPT, was performed using DSC, HT-XRD and EBSD.  

The formation and dissolution of metastable Ni3C phase was 

evidenced by DSC and HT-XRD in composites with sufficient 

carbon atoms available as a consequence of irreversible damage on 

the CNT introduced by HPT. Nevertheless, the composites exhibit 

an improved thermal stability with respect to Ni samples processed 

under the same conditions. 
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VI 

 

Micro-tribological testing (100 mN load, 3 mm diameter counter 

body) is performed on deformed Ni and CNT/Ni composites in 

order to analyze the effect of CNT content and increasing 

equivalent strains on their frictional and tribo-chemical behavior. 

The microstructure beneath the wear scar is analyzed by FIB cross-

sections. As a result of structural damage, which is introduced on 

the CNT during SPD, and of a continuous formation/damage of a 

stable oxide layer during tribo-contact, the CNT lubricant ability is 

counteracted. Consequently, the steady state COF reaches the 

same value in all the studied samples. The microstructure under 

the wear scar do not show evident changes, which is related to a 

hardened surface, especially in the composites, in which the wear 

is reduced with respect to Ni. 
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4.  Results and discussion 

The scientific findings within the cumulative part of this dissertation are 

reported in the following publications: 

 

I. Evolution of the microstructure in carbon nanotube 

reinforced Nickel matrix composites processed by high 

pressure torsion 

II. Study of the structural defects on carbon nanotubes in metal 

matrix composites processed by severe plastic deformation 

III. On the reinforcement homogenization in CNT/metal matrix 

composites during severe plastic deformation 

IV. Evolution of the lattice defects and crystalline domain size in 

carbon nanotube metal matrix composites processed by 

severe plastic deformation 

V. Microstructural evolution during heating of CNT/Metal 

Matrix Composites processed by Severe Plastic Deformation 

VI. Friction and tribo-chemical behavior of SPD-processed CNT-

reinforced composites 
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I. Evolution of the microstructure in carbon nanotube 

reinforced Nickel matrix composites processed by high 

pressure torsion 

 
Katherine Aristizabal1, Sebastián Suárez1, Andreas Katzensteiner2, Andrea 
Bachmaier2, Frank Mücklich1 
  
1 Department of Material Science and Engineering, Saarland University, 
66123 Saarbrücken, Germany 
2 Erich Schmid Institute, Austrian Academy of Sciences, Jahnstrasse 12, 8700 Leoben, 
Austria 
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This article is an open access article distributed under the terms and conditions of the 

Creative Commons Attribution (CC BY 3.0) license 
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Accessible online at: https://iopscience.iop.org/article/10.1088/1757-899X/258/1/012008  
 

Own Contribution: Project management, sample manufacturing and 

processing, experimental execution, data analysis and manuscript writing.  

 

Abstract: 

Carbon nanotube (CNT)-reinforced nickel matrix composites were processed 

using high-pressure torsion (HPT) at room temperature (RT). Different CNT 

weight fractions were used in order to study the behavior of the composites in 

WKe ۔aV VLQWeUedە aQd WKe ۔aV defRUPedە cRQdLWLRQV aQd WR deWeUPLQe WKe effecW Rf 

the amounts of CNT added on the different processing methods. The samples 

were analyzed by means of Vickers microhardness and electron microscopy. 

According to the results, increasing the CNT cRQWeQW LQ WKe ۔aV VLQWeUedە 

https://iopscience.iop.org/article/10.1088/1757-899X/258/1/012008
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condition increases the agglomerate size but decreases only slightly the grain 

VL]e. ReJaUdLQJ WKe ۔aV defRUPedە cRQdLWLRQ LW VKRZed little to negligible effect 

in further refining the microstructure. By means of HPT the hardness was 

increased up to 800%. It was concluded that the microstructure could be further 

improved in terms of grain size and agglomerate size and distribution by means 

of HPT. 
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II. Study of the structural defects on carbon nanotubes in 

metal matrix composites processed by severe plastic 

deformation 
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Own Contribution: Project management, sample manufacturing and 
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experimental results and manuscript writing.  

 

Abstract: 

Carbon nanotubes (CNT) have been recently proposed as stabilizers against 

grain growth that can happen even at low temperature inputs in nano-

crystalline and ultrafine-grained materials obtained by severe plastic 

deformation. In this study, we analyzed the evolution of the structural defects on 

the nanotubes in CNT-reinforced nickel matrix composites with different 

reinforcement weight fractions. The composites were processed by high 

pressure torsion, and we used Raman spectroscopy as the main characterization 

https://doi.org/10.1016/j.carbon.2017.09.075
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technique. The results indicate that for CNT subjected to highly energetic 

processing, it is not sufficient to analyze only the ID/IG ratio (as proposed in the 

available literature), but it is also necessary to evaluate the shifting of the G-

band, which traces the amorphization trajectory undergone by the CNT. 

Furthermore, we observed that the deformation suffered by the CNT is related to 

the accumulated strain and varies with the partial CNT fractions of these 

composites. This is related to their capacity to withstand the plastic strain that 

occurs during deformation. In addition, the defective state reaches a saturation 

before achieving the saturation in the microstructural refinement. These results 

will help to efficiently optimize the processing of this type of engineering 

composites. 
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III. On the reinforcement homogenization in CNT/metal 

matrix composites during severe plastic deformation 
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Abstract: 

Carbon nanotube (CNT)-reinforced nickel matrix composites with different 

concentrations were processed by high pressure torsion (HPT). We thoroughly 

characterized the CNT agglomerates' spatial arrangement at different stages of 

deformation in order to extract information valuable for the optimization of the 

processing parameters and to elucidate the mechanisms involved during the 

processing of particle reinforced metal matrix composites by HPT. From the 

electron micrographs taken on the radial direction with increasing equivalent 

strains, we observed that CNT agglomerates debond by relative sliding between 

https://doi.org/10.1016/j.matchar.2018.01.007
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CNT during HPT, becoming spherical at higher stages of deformation. 

Furthermore, we introduced a model for the prediction of the minimum strain 

required for a homogeneous distribution of a second phase during HPT, which 

can be correlated to the material's three-dimensional structure and agrees well 

with the experimental data. 
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IV. Evolution of the lattice defects and crystalline domain 

size in carbon nanotube metal matrix composites 

processed by severe plastic deformation 
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Abstract: 

Nickel (Ni) and carbon nanotube (CNT)-reinforced Ni-matrix composites were 

processed by high-pressure torsion (HPT). The evolution of dislocation densities 

and crystalline domain sizes were analyzed by means of X-ray diffraction (XRD) 

using Whole Powder Pattern Modelling (WPPM). The composites showed an 

evident gradient in the microstructural refinement and in hardness with 

increasing applied strain. This effect was found to be more pronounced in the 

https://doi.org/10.1016/j.matchar.2019.06.019
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presence of higher amounts of CNT. In particular, a higher amount of screw 

dislocations was measured by WPPM after HPT. It was concluded that the 

strengthening of CNT-MMC processed by HPT is mainly due to work hardening 

and grain refinement, both mechanisms being assisted by the presence of CNT, 

with marginal contribution of particle strengthening. 
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V. Microstructural evolution during heating of CNT/Metal 

Matrix Composites processed by Severe Plastic 

Deformation 
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Abstract: 

Carbon nanotube reinforced nickel matrix composites (Ni/CNT) with different 

CNT compositions were fabricated by solid state processing and subjected to 

severe plastic deformation (SPD) by means of high pressure torsion (HPT). A 

thorough study on the microstructural changes during heating and on the 

thermal stability was performed using differential scanning calorimetry (DSC), 

high temperature X-ray diffraction (HT-XRD) and electron backscattered 

http://www.nature.com/articles/s41598-020-57946-3
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diffraction (EBSD). Furthermore, the formation and dissolutions of the 

metastable nickel carbide Ni3C phase was evidenced by DSC and HT-XRD in 

composites with sufficient carbon atoms available as a consequence of 

irreversible damage on the CNT introduced by HPT. Finally, it was shown that 

the composites exhibited an improved thermal stability with respect to nickel 

samples processed under the same conditions, with a final grain size dependent 

on the CNT volume fraction according to a VCNT-1/3 relationship and that lied 

within the ultrafine grained range. 
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VI. Friction and tribo-chemical behavior of SPD-processed 
CNT-reinforced composites 
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Abstract: 

Nickel (Ni) and carbon nanotube (CNT)-reinforced Ni-matrix composites were 

manufactured by solid state processing and severely deformed by high-pressure 

torsion (HPT). Micro-tribological testing was performed by reciprocating sliding 

and the frictional behavior was investigated. Tribochemical and microstructural 

changes were investigated using energy dispersive x-ray spectroscopy (EDS), 

scanning electron microscopy (SEM) and focused ion beam (FIB). The CNT 

lubricity was hindered due to the continuous formation of a stable oxide layer 
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promoted by a large grain boundary area and by irreversible damage introduced 

to reinforcement the during HPT, controlling the frictional behavior of the 

studied samples. The presence of CNT reduced to some extent the tribo-

oxidation activity on the contact zone and reduced the wear by significant 

hardening and stabilization of the micro-structure. 
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5.  Conclusions 

The present dissertation investigated the SPD by HPT at room temperature of 

CNT-reinforced Ni-MMC fabricated by solid state processing. Special focus was 

set on the following aspects: 

x The microstructural evolution of the composites during HPT.  

x The effect of HPT on the structural features of CNT and their 

degradation. 

x The optimization of the reinforcement distribution homogeneity. 

x The effect of increasing the CNT content and the applied equivalent 

strain on the crystalline domain size and the dislocation density. Also, 

the strengthening mechanisms of the composites were estimated. 

x The microstructural stability of the SPD composites during heating and 

after annealing, with particular attention on the limiting grain size by 

means of Zener pinning relationship.  

x The friction and tribo-chemical behaviour of the SPD composites related 

to the microstructural stability during tribo-tests.  

All studies were also performed on pure Ni samples, which served as reference 

material. 

 

Different amounts of CNT (i.e. 0.5 wt. % (2.4 vol. %), 1 wt. % (4.7 vol. %), 

2 wt. % (9 vol. %) and 3 wt. % (13 vol. %)) were mixed by means of colloidal 

mixing with dendritic Ni powder. The powder mixtures were cold pressed 
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(990 MPa) and sintered by hot uniaxial pressing (2 × 10ޮ6 mbar) at 750 °C for 2.5 h 

with a 264 MPa axial pressure. The composites with a diameter of 8 mm and 

approximately 1 mm of thickness were processed by HPT at room temperature 

using 1, 4, 10 and 20 T using 4 GPa of pressure. The respective equivalent strains 

measured at 3 mm from the samples' centers were ~ 18, ~ 70, ~ 190 and ~ 370. It 

should be noted that samples with 3 wt. % CNT harden prematurely (<4 T) 

during HPT at room temperature, which, together with the lubricity effect of the 

CNT, caused slippage of the anvils and made it impossible to further process 

them.  

 

The structural damage undergone by the CNT during HPT was studied by 

means of Raman spectroscopy. The analysis of the defect index ID/IG was 

conventionally performed in the available literature, but based on the results, 

this was found to be insufficient for the analysis of CNT subjected to highly 

energetic processing such as HPT. According to this, a complementary analysis 

of the shift of the G-band was implemented. The apparent maximum damage, as 

studied by the shift of the G-band, was found to be reached at early stages of 

deformation by HPT, where the CNT follow an amorphization trajectory related 

to their capacity to withstand the applied strain during HPT, resulting in loss of 

order.  

 

HPT proved to be highly effective not only for the microstructural refinement 

but also for the distribution homogenization of CNT in CNT-reinforced Ni-
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MMC. CNT agglomerates were found to debond by relative sliding and to 

elongate in the shear direction at early stages of deformation. This is in contrast 

to ceramic particles that are hard and brittle and do not deform when 

debonding. Furthermore, a thorough characterization of the CNT spatial 

distribution was performed and an analytical model was proposed for the 

prediction of the minimum required strain 𝜀
 for a homogeneous distribution 

of the reinforcement, which only requires the initial grain size of the composites 

and the second phase volume fraction. It should be noted that the procedure 

applied in the present work and the respective analytical model can be also 

applied to other types of MMC. The calculated 𝜀
 for the studied CNT/MMC 

were 126.5, 96.31, 73.71 and 63.16, for the respective CNT volume fractions VCNT 

used, i.e. 0.024, 0.047, 0.09 and 0.13. Accordingly, larger strains should be applied 

for lower VCNT since inhomogeneity can rise from reinforcement-depleted 

regions. 

 

The composites showed a significant decrease in grain size and increase in 

hardness with respect to pure Ni samples processed by HPT under the same 

experimental conditions. Nevertheless, the saturation in the microstructural 

refinement was not reached in any case in the composites, as demonstrated by a 

microstructural and hardness gradient along the radial direction. Results show 

that increasing the applied strain increased the dislocation density, where a 

higher amount of screw dislocations was measured by WPPM. This was 

attributed to the assumption that edge dislocations arrange, for instance in GB, 
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and contribute predominantly to the grain refinement and are therefore "seen" 

by XRD mostly as crystalline domains, whereas the screw dislocations are 

mainly located at the grain interiors. Moreover, CNT were found to promote a 

significant grain refinement, as a result of their interaction with dislocations and 

grain boundaries. It was concluded that the presence of CNT in CNT-MMC 

processed by HPT mainly assists the contribution of strengthening mechanisms 

due to work hardening and grain refinement. However, the contribution due to 

particle strengthening is only marginal. 

 

A thorough study was performed on the microstructural evolution during 

heating and the thermal stability of the CNT-reinforced Ni-MMC processed by 

HPT. The formation and dissolution of the metastable Ni3C phase between 200-

350°C was evidenced by DSC and HT-XRD in composites, where sufficient 

carbon atoms were available as a consequence of irreversible damage suffered by 

the CNT during HPT. Nevertheless, it could be shown that the composites 

exhibit an improved thermal stability with respect to Ni samples processed 

under the same conditions. The composites presented a final grain size, which is 

dependent on the CNT volume fraction according to a 𝑉ே𝑇
−ଵ/ଷ relationship and 

that lied within the UFG range.  

 

Regarding the friction and tribo-chemical behavior of the SPD composites, 

micro-tribological testing was performed by reciprocating dry sliding. It was 

observed that the frictional behavior was controlled by a continuous formation 
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of a stable oxide layer, whose formation was promoted by a large grain 

boundary area. There, the CNT lubricity was hindered also due to irreversible 

damage induced during HPT. Nevertheless, in comparison to the tested Ni 

samples, the CNT reduce -to some extent- the tribo-oxidation activity in the 

contact zone as well as the wear in the composites. This was related to the 

microstructural stabilization and hardening of the composites, where no 

significant microstructural changes were observed under the wear track. 

 

Further improvements in terms of the mechanical properties of the composites 

can be achieved by thermomechanical processing, by which a microstructural 

steady state with small grain sizes can be obtained, with both high strength and 

high ductility. In addition to that, the use of lower amounts of CNT can also lead 

to reduction of crack formation during processing, since less amount of 

agglomerates would be available for dislocation hindrance, avoiding a premature 

hardening during HPT.  

 

HPT is a technique that, despite the technical difficulties involved in upscaling it 

to an industrial level, presents the possibility of manufacturing new material 

systems, either composites or alloys, with certain microstructures and physical 

properties, which are difficult to obtain by other processing methods.  

 

Finally, it can be stated that CNT were successfully used for the stabilization of 

the microstructure in NC and UFG composites processed by HPT. Additionally, 
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their use can be extended to other metallic matrices, as long as a proper 

distribution of the CNT is provided and the CNT retain their structural features. 

Nevertheless, dissolution of CNT occurs when used as reinforcement in a 

metallic matrix with the tendency to form carbides (e.g. that contain Fe, Al, Cr 

or Ti), which would require the application of a protective coating on the CNT 

(nonreactive with C, e.g. with Ni). This protective coating would also improve 

the bonding between the CNT and the matrix. The application of such coatings 

has been barely studied in the literature. 

 

Summarizing, all these findings relate to the understanding of the materials' 

structure/properties relationships and allow for a better comprehension of the 

mechanisms involved during SPD by HPT of CNT Ni-MMC, for the 

minimization of particle degradation and the improvement of reinforcement 

homogenization, as well as the composites' performance and microstructural 

stability under heating and tribological testing. These results can be useful for 

further research in this area using different types of matrices and 

reinforcements, and provides useful insights on the evaluation of MMC, as 

suitable candidates for mechanical applications. 
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