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a b s t r a c t 

Metal matrix composites reinforced by nanocarbon materials, such as carbon nanotubes or nanodia- 

monds, are very promising materials for a large number of functional and structural applications. Carbon 

nanotubes and nanodiamonds-reinforced metal matrix nanocomposites with different concentrations of 

the carbon phase were processed by high-pressure torsion deformation and the evolving nanostructures 

were thoroughly analyzed by electron microscopy. Particular emphasis is placed on the thermal stability 

of the nanocarbon reinforced metal matrix composites, which is less influenced by the amount of added 

nanocarbon reinforcements than by the nanocarbon reinforcement type and its distribution in the metal 

matrix. 

© 2020 The Authors. Published by Elsevier Ltd on behalf of Acta Materialia Inc. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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Metal matrix composites (MMCs) are a class of materials, which 

ave been in the focus of interest in the material science commu- 

ity for quite some time [1] . Very important for their structural 

nd mechanical supremacy over pure metals is a homogenous dis- 

ribution of the second phase particles. Several methods are used 

o achieve such a distribution, such as stir casting, infiltration or 

owder processing, which impose strong forces and high temper- 

tures on the composites [2] . High-pressure torsion (HPT) as a se- 

ere plastic deformation (SPD) technique is known for imposing 

arge strains on the material, which cause a reduction of the grain 

ize and an increase of strength of the deformed materials [3] . HPT 

an also be used for optimizing the distribution of second phase 

articles in MMCs [4] . 

Carbon nanotubes (CNTs) or nanodiamonds (ND) from the class 

f nanocarbon materials are of great interest as second phase ma- 

erials, since they offer superior mechanical and thermal properties 

ncreasing the tensile strength, microhardness and thermal stabil- 

ty of the matrix material. On the other side, they tend to form 

arge agglomerates which can cause a deterioration of the mechan- 

cal properties, thus, a homogeneous distribution and a dissolution 

nto smaller agglomerates or single nanocarbon particles is essen- 

ial [5] . 

Effort s to improve the thermal stability by adding nanocarbon 

einforcements to metallic matrices have already been made 
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6–11] . In [10] it was shown that CNT reinforced Ni composites 

xhibited an improved thermal stability in comparison to pure Ni 

amples processed in the same way. The goal of this study is to 

et a better understanding on the influence of the amount, type 

nd distribution of nanocarbon reinforcements in the metal matrix 

n the thermal stability. Regarding the high cost of nanocarbon 

einforcements, another main question that has to be answered is 

hat minimum amount is necessary to stabilize the structure. 

Fully dense bulk ultrafine grained or nanocrystalline MMCs can 

e processed by HPT-deformation and the distribution of CNT or 

D agglomerates can be altered with processing conditions [12–

4] . To obtain nanocrystalline MMCs with different amount and 

lso two different distributions of nanocarbon reinforcements in 

he metallic matrix, powder blends of Ni (Alfa Aesar, mesh −325, 

endritic) and CNTs (CCVD grown, Graphene Supermarket, USA) 

ith 0.1, 0.25, 0.5, 1, 2 and 3wt% CNTs were HPT processed at a 

eformation temperature of 200 °C and with a two-temperature de- 

ormation process (deformation temperature of 400 °C followed by 

00 °C) as described in [12] . 

In general, the CNT distribution homogeneity is improved on 

 μm length scale after the two-temperature deformation process. 

s an example, Fig. 1 shows the final distribution of the CNTs in 

i-MMCs with 0.1, 1, 2 and 3wt% CNTs. The images, which are ob- 

ained by binarisation of scanning electron microscope (SEM) mi- 

rographs, display only CNT agglomerates (in black) for better vi- 

ualization. After HPT-deformation at 200 °C (upper row), the size 

f the CNT agglomerates in the Ni matrix shows a large variation 
. This is an open access article under the CC BY-NC-ND license 
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Fig. 1. Binarised images from SEM micrographs of Ni-MMCs with 0.1, 1, 2 and 3 wt% CNTs. The dark regions correspond to CNT agglomerates. The scale bar is the same in 

each image. The HPT samples were deformed at 200 °C for 30 rotations (upper row) and with a two-temperature process (lower row, 30 rotations at 400 °C, followed by 10 

rotations at 200 °C). 

Fig. 2. TKD orientation maps (with pattern quality overlay) of Ni-MMCs with 2wt% CNTs in as-deformed state (a,b) and after annealing at 500 °C for 3h (c,d): HPT deformed 

at 200 °C (a,c) and HPT deformed at two temperatures (b,d). 
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ith some agglomerates having a diameter of about 1 μm. Larger 

NT agglomerates are stretched in the shear direction. The distri- 

ution is inhomogeneous with clusters of larger agglomerates inter 

ispersed by smaller ones. Furthermore, areas with no discernible 

NT agglomerates can be identified, especially for Ni-MMCs with 

ow CNT content. The Ni-MMC samples, which were HPT deformed 

t two temperatures (lower row), show evenly distributed CNT ag- 

lomerates with an overall smaller size. There are only a few in- 

ividual agglomerates at higher CNT concentrations visible, which 

ave a size larger than 1 μm. 

To characterize the microstructure as well as the grain size 

istribution of the Ni matrix after HPT processing, Transmission 

ikuchi Diffraction (TKD) in a SEM equipped with a Bruker QUAN- 

AX EBSD system for TKD was performed. Fig. 2 shows repre- 
203 
entative orientation maps of different deformed states of Ni- 

MCs with 2wt% CNTs in axial direction. The Ni matrix consists 

f nanocrystalline, equiaxed grains, with a similar microstructure 

or both processing conditions in the as-deformed state. The area 

eighted grain sizes were determined from the TKD scans. The 

wo-temperature deformation process with 200 °C being the sec- 

nd processing temperature resulted in similar grain sizes (96 nm) 

s the deformation at 200 °C alone (85 nm), indicating that the fi- 

al HPT-deformation temperature determines the final grain size 

f the Ni matrix. The grain sizes in the MMCs are smaller than in 

ommercial, pure Ni, which is HPT deformed at the same deforma- 

ion temperature (200 °C) [15] . 

Vickers microhardness measurements of the as-deformed Ni- 

MCs were performed using a load of 300g (HV0.3). The sat- 
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Fig. 3. a) Vickers microhardness as a function of the CNT and ND content for as-deformed and annealed Ni- and Ag-MMCs. The Ni-MMCs are HPT-deformed at 200 °C and 

with two temperatures. SEM images of Ag-MMCs with 0.5wt%NDs after annealing at b) 400 °C (0.54 T m ) and c) 600 °C (0.71T m ) for 2h and d) 2wt% NDs after annealing at 

400 °C for 2h. 
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ration microhardness ranges between 575 and 830HV in the 

s-deformed state ( Fig. 3 a). The significantly finer microstruc- 

ure compared to pure Ni is also evidenced by the higher hard- 

ess of the as-deformed Ni-MMCs, as pure Ni HPT deformed 

t 200 °C reaches a smaller saturation microhardness of about 

50HV [15] . Although similar grain sizes are achieved in the Ni- 

MCs independent of the HPT processing conditions, the micro- 

ardness is about 75HV lower in the sample deformed at 200 °C 

han in the samples deformed with the two-temperature pro- 

ess ( Fig. 3 a). This hardness difference might be attributed to 

he improved distribution and smaller size of the remaining CNT 

gglomerates. Higher microhardness values in sintered Ni/CNT- 

MCs due to a better homogeneity of the reinforcement phase 

ere also found in [16] . For all Ni-MMCs, the microhardness in- 

reases with increasing CNT content. This trend does not clearly 

ontinue and levels off for higher CNT concentrations, which 

eems to be caused by the increase of the size of the agglomer- 

tes. 

After HPT deformation, the deformed Ni-MMCs were addition- 

lly heat treated for 3h at 500 °C (0.45T m 

) in vacuum to investigate

heir thermal stability. In Fig. 3 a, the microhardness evolution af- 

er annealing as a function of the CNT content is presented as well. 

t can be seen that the microhardness significantly decreases after 

nnealing for all Ni-MMCs. Independent of the used HPT process- 
204 
ng, similar microhardness values are reached after annealing for 

ach CNT concentration. 

TKD analysis was used to characterize the microstructure of an- 

ealed Ni-MMCs with 2wt% CNTs ( Fig. 2 c,d). In agreement with 

he microhardness measurements, grain coarsening is observed, 

ut no obvious structural difference between the annealed states 

epending on HPT processing and improved CNT distribution can 

e determined. Average equivalent grain sizes of 276nm (deforma- 

ion temperature 200 °C) and 333nm (two-temperature deforma- 

ion) are maintained after annealing. In [17] , the thermal stability 

f pure HPT deformed Ni powder was evaluated. Despite a lower 

nnealing temperature (3h at 300 °C (0.33T m 

)), the pure Ni sample 

howed significant microstructural coarsening and abnormal grain 

rowth after the heat treatment. To illustrate the influence of the 

NT content, the relative microhardness reduction can be calcu- 

ated. For Ni-MMCs with low CNT contents (0.1-0.5wt%), the micro- 

ardness after annealing decreases by about 70%. The microhard- 

ess reduction is still quite high (~65%) for Ni-MMCs containing 

wt% CNTs. For higher CNT contents (2 and 3wt%), however, the 

icrohardness only drops to about one half. From the microstruc- 

ural investigations and microhardness results it seems that the 

mproved CNT distribution on the macroscale after deformation at 

wo temperatures has no significant influence on the thermal sta- 

ility, whereas the amount of added CNTs slightly affects stability. 
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n general, however, the microstructure remains significantly finer 

ompared to pure Ni [ 17 , 18 ]. 

To investigate the influence of a different type of nanocarbon 

einforcement on thermal stability, Ag-MMCs with 0.5 and 2wt% 

Ds were processed by HPT deformation using Ag powder (Alfa 

esar, 500 mesh, spherical) and ND powder (Plasmachem, parti- 

le size: 4-6 nm) as described in [14] . Ball milling of Ag-ND pow-

er blends was used to break up ND agglomerates before HPT 

eformation at room temperature (similar homologous tempera- 

ure to the final deformation temperature of Ni-MMCs) [14] . In 

he Ag-MMCs, a homogeneous dispersion of the NDs in the Ag 

atrix is achieved on the macroscale. With increasing ND con- 

ent, significantly finer Ag grain sizes can be achieved (68 nm 

ith 0.5wt%NDs, 43 nm with 2wt%NDs), which lead to a high 

icrohardness of 137HV (0.5wt%NDs) and 173HV (2wt%NDs). Af- 

er processing, the Ag-MMCs were heat treated at similar homolo- 

ous temperatures (at 400 °C for 2h (0.54T m 

)) as the Ni-MMCs. Af- 

er annealing, nearly no change in microstructure is observed for 

oth compositions, which is further reflected in an almost con- 

tant microhardness ( Fig. 3 ). In contrast to the Ni-MMCs reinforced 

ith CNTs, the microhardness decreases by 7 and 11%, respec- 

ively. Therefore, the Ag-MMC with 0.5wt% ND was also annealed 

t higher homologous temperatures (600 °C (0.71T m 

)) for 2h and 

light grain coarsening of the Ag matrix is observed ( Fig. 3 c). De-

pite the structural coarsening, the measured hardness of 111HV is 

till 81% of the hardness of the as-deformed Ag-MMC. To assess the 

ffectiveness of the NDs to stabilize the microstructure, pure Ag 

owder samples were HPT processed and annealed with the same 

arameters. In the as-deformed state, a NC microstructure with a 

icrohardness of 104HV is obtained [14] . After annealing, similar 

ardness values, 57HV (annealed at 400 °C) and 51HV (annealed at 

00 °C), are measured for both samples. The microhardness after 

nnealing is distinctly lower compared to the Ag-MMCs, which in- 

icates a lower thermal stability of the pure Ag samples. 

To understand the difference in thermal stability depending 

n the type of nanocarbon reinforcements, transmission elec- 

ron microscopy (TEM) investigations in a JEOL 2100F instrument 

ere performed to determine the nanocarbon distribution at the 

anoscale. Fig. 4 shows TEM images of both investigated Ni-MMCs 

ith 2wt% CNTs and the Ag-MMC reinforced with 2wt% NDs. To 

etermine the size of CNT and ND agglomerates and estimate 

heir volume fraction, particle analysis on several TEM images with 

he program ImageJ was performed [ 19 , 20 ]. After HPT deforma- 

ion at 200 °C, nanometer sized as well as larger CNT agglomerates, 

hich are rather poorly distributed, can be seen in the Ni ma- 

rix (the CNTs identified unambiguously are indicated in Fig. 4 a). 

he mean size of the CNT agglomerates is 41.3 ±43 nm. Many of 

he CNT agglomerates are irregularly shaped. From high-resolution 

EM images, it is visible that they consist of many multi-walled 

NT fragments, sticking together with no preferred orientation 

 Fig. 4 b). The interface between the Ni matrix and CNT agglom- 

rates shows a good bonding. Overall, the CNT agglomerates are 

maller (37.3 ±20 nm) and more homogeneously distributed in the 

i matrix in the sample deformed by the two-temperature process 

 Fig. 4 c). However, the distance to each other is rather large. The 

nternal structure shows a fingerprint-like appearance of CNT frag- 

ents ( Fig. 4 d). Again, there is no visible porosity at the interface

etween the two phases. The spacing’s between the individual CNT 

ayers have been measured to be 0.37 ± 0.03 nm (200 °C) and 0.41 

0.05 nm (40 0 °C + 20 0 °C). These values are slightly larger than the

.34 nm measured in pristine multi-walled CNTs [21] . For both Ni- 

MCs, the CNT agglomerates are in the same size range or even 

arger as the Ni matrix grains. Their volume fraction is 4.8% for the 

i-MMC HPT-deformed at 200 °C and 2.5% for the Ni-MMC HPT de- 

ormed by the two-temperature process. The Fig. 4 e shows the Ag- 

MC with 2% NDs in the as-deformed state. The magnification is 
205 
wice as large compared to the Ni-MMCs. In the Ag-MMC, the ND 

gglomerates are homogeneously distributed at the nanoscale and 

ocated at grain boundaries and triple junctions of the Ag matrix 

rains ( Fig. 4 e). In case of the Ag-MMCs, the size of the ND ag-

lomerates is much smaller (15.7 ±8 nm) than the grain size of the 

g matrix. The ND agglomerate volume fraction is 3.7%. In Fig. 4 f, 

 high-resolution TEM image of such a ND agglomerate located at 

 triple junction is shown. It consists of several NDs separated by 

n amorphous carbon grain boundary phase. 

The thermal stability of nanocrystalline materials can be en- 

anced using different strategies [22–28] . Kinetic stabilization 

rises from reduced grain boundary mobility, whereby grain 

oundaries can be pinned in various ways, e.g. second phase Zener 

rag [29] or solute (impurity) drag [30–32] . A previous study of 

ur group revealed that irreversible damage to CNTs in HPT de- 

ormed MMCs is already introduced at low levels of strain [33] . 

uring HPT deformation, the CNTs undergo an amorphization tra- 

ectory following a model as proposed in [34] . It can therefore be 

xpected that sufficient carbon atoms are available after deforma- 

ion as impurities in the Ni-MMCs, as a consequence of this irre- 

ersible damage [33] . It can also be assumed that single carbon 

toms are removed from NDs and dissolved in the Ag matrix dur- 

ng ball milling and subsequent HPT deformation [14] , although 

t is more unlikely due to the predominance σ -bonds, which are 

ery stable [35] . In [15] it was shown that the saturation grain size

f HPT-deformed Ni further depends on the carbon content, with 

n increasing amount of carbon leading to an increase in hardness 

nd finer microstructures consistent with the results on Ni-MMCs. 

tom probe investigations indicated that carbon is dispersed along 

he grain boundaries in HPT deformed Ni [15] . Due to the small 

ize and low solubility of carbon in Ni and Ag [36–38] , segregation 

o interfaces like grain boundaries can be expected in the HPT de- 

ormed MMCs stabilizing the nanostructure of the matrix by the 

olute drag mechanism. Carbon segregation to grain boundaries 

ight also contribute to a stabilization of grain size by reducing 

he grain boundary energy (thermodynamic stabilization mecha- 

ism [ 26 , 39 ]). X-ray diffraction in-situ annealing experiments re- 

ealed carbide formation (Ni 3 C) between 200 °C and 350 °C in CNT 

einforced HPT deformed Ni-MMCs, which are metastable and de- 

ompose above 350 °C [10] . The observed carbide formation can af- 

ect the thermal stability in two possible ways: Ni 3 C can reduce 

he grain boundary mobility by exerting a pinning force, but can 

lso leads to a possibly reduced thermodynamic and solute drag 

tabilization mechanism by the loss of carbon at grain boundaries. 

ndeed, it could be shown that the grain growth rate of the Ni ma- 

rix is nearly zero up to 350 °C and increases after decomposition 

f Ni 3 C during in-situ annealing [10] . 

Our results demonstrate a superior thermal stability of MMCs 

einforced with NDs compared to the use of CNTs as reinforcement 

hase. The matrix grain size of the HPT processed Ag-MMCs re- 

ains very stable with sizes of about 100 nm after annealing at 

00 °C (0.71T m 

) for 2 h. This fits well to reported maximum ho- 

ologous temperatures that can be attained without coarsening in 

anocrystalline materials reinforced by different nanosized parti- 

les [23] . Adding CNTs, however, does not efficiently stabilize the 

anocrystalline Ni matrix grains and significant coarsening is al- 

eady observed after annealing at lower homologous temperatures 

0.45T m 

) in the Ni-MMCs. 

To achieve a maximum pinning force by second phase particles, 

 small particle size and a high volume fraction are required ac- 

ording to classical Zener pinning [ 23 , 29 ]. Additionally, the spatial 

istribution of the particles should be as uniform as possible. A 

urther crucial factor is a sufficient resistance against coarsening at 

levated temperatures. 

In the Ni-MMCs, CNT agglomerates exist at the macro- and 

anoscale for all CNT concentrations. The hardness reduction, 
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Fig. 4. TEM and high-resolution TEM images of Ni with 2wt% CNTs HPT-deformed at 200 °C (a, b) and with two temperatures (c, d) and of Ag with 2wt% NDs HPT deformed 

at RT (e,f). CNT and ND agglomerates, which could be unambiguously identified, are marked. The black boxes mark regions, where the high-resolution images were taken. 

w

h

b

h

a

c

d

i

t

c

t

e

m

t

b  

a

t

l

t

e

b

l

i

p

s

v

e

fi

K

v

A

hich can be correlated to structural coarsening, is slightly less for 

igher CNT contents ( Fig. 3 a). However, no significant difference 

etween CNT concentrations of 2 and 3% is found. In particular, at 

igher CNT concentrations, most of the CNTs are accumulated in 

gglomerates, which are much larger than the Ni grain size. As a 

onsequence, the amount of nanosized CNT clusters present at in- 

ividual grain boundaries and triple junctions does not necessarily 

ncrease with the overall CNT content. Although a better distribu- 

ion is achieved at the macroscale after the two temperature pro- 

ess ( Fig. 1 ), an inhomogeneous distribution is still persistent at 

he nanoscale ( Fig. 4 c). Thus, the CNT agglomerates do not provide 

ffective stabilization of the nanostructures by the particle pinning 

echanism. 

By contrast, the smaller agglomerate size and the uniform dis- 

ribution of the NDs increase the effectiveness of the stabilization 

y particle pinning in Ag-MMCs ( Fig. 3 b and Fig. 4 ). Since the CNT

gglomerates volume fraction is similar to the volume fraction of 
206 
he ND agglomerates in the microstructure, the essential factors 

eading to a better thermal stability are the uniform spatial dis- 

ribution and the smaller size of the NDs. 

In summary, the high grain size stability of Ag-MMCs is consid- 

red to be due to the pinning forces arising from impurities (car- 

on) as well as homogeneously dispersed NDs. Additionally, only a 

ow volume fraction (0.5wt% ND corresponds to only 1.6vol.% NDs) 

s needed for thermal stabilization even at high homologous tem- 

erature ( > 0.7T m 

). The 0.5wt% ND reinforced Ag-MMC further pre- 

ented a remarkable strength over pure Ag with tensile strength 

alues exceeding 400 MPa and a good ductility [14] , which is also 

ssential for possible future applications. 
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