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A B S T R A C T   

In order to develop materials for energy storage, a bulk nanocomposite with a composition of FeTi-25 vol% Cu 
was prepared by high-pressure torsion, with FeTi as functional phase for hydrogen storage and Cu as ductile 
phase to improve the processability. Despite the use of such a highly ductile auxiliary phase, the processability 
remained challenging due to strain localization in the softer Cu. This behavior is most pronounced at room 
temperature, and no nanocomposites were formed. At elevated temperatures, the strong strain rate sensitivity of 
the flow stress of the nanocrystalline Cu facilitates the formation of a FeTi–Cu nanocomposite due to a self- 
reinforcing process. Nevertheless, fragmentation of FeTi is limited because the resulting massive strain hard
ening prevents controlled processing at temperatures <250 ◦C, and Cu-rich shear bands develop at temperatures 
>250 ◦C. Satisfactory microstructural homogeneity is only achieved at the highest deformation temperatures of 
550 ◦C. Overall, this study highlights that for unlikely material pairings, as often required in the pursuit of 
superior functional materials, the mechanical behavior of the phases involved and their interplay remains critical 
and must be thoroughly investigated when aiming for controlled structural homogeneity of bulk nanomaterials.   

1. Introduction 

High-pressure torsion (HPT) allows the preparation of nanocrystal
line (nc) bulk and composite materials with improved mechanical and 
functional properties, e.g., magnetic coercivity or hydrogen absorption 
[1–6]. The stability of these outstanding properties under harsh envi
ronments and over extended periods is essential for future energy ap
plications. Many green technologies require hydrogen, which will 
become a central energy vector for the upcoming energy transition [7, 
8]. Hydrogen production [9], utilization [10], and storage [11] are 
crucial aspects of this transition, with high-performance storage as one 
cornerstone allowing for simple and ubiquitous use of hydrogen 
[11–13]. 

A promising candidate for solid-state hydrogen storage in the form of 

metal hydrides is intermetallic FeTi [14,15]. While it excels other 
methods, such as pressurized and liquid hydrogen, in volumetric 
hydrogen storage capacity, operating conditions, abundance, and price, 
FeTi has the disadvantage of requiring an activation treatment at high 
temperatures (400 ◦C) before hydrogen absorption can take place, and 
detrimental deactivation occurs when it is exposed to oxygen-containing 
environments [14–17]. 

Many studies approach these problems by alloying or mechanical 
processing, including severe plastic deformation (SPD). Various alloying 
strategies were addressed [18], and Mn addition showed the most 
promising results [19]. Other studies focused on improving the ab
sorption properties by SPD, often using ball milling [20–25]. The milled 
FeTi powders showed good initial absorption behavior, albeit often at 
reduced absorption capacities. 

Abbreviations: HPT, High-pressure torsion; RT, Room temperature; SEM, Scanning electron microscopy; SRS, Strain rate sensitivity; TEM, Transmission electron 
microscopy; XRD, X-ray diffraction. 
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Edalati et al. reported on the processing of FeTi and derivatives by 
HPT [26,27]. Due to its high hardness and brittle nature, it is, however, 
difficult to process FeTi, and even HPT results only in a heterogeneous 
microstructure [26]. A later study showed direct synthesis of FeTi by 
mechanical alloying using HPT [28]. Such processing routes resulted in 
enhanced absorption properties as well as enhanced oxygen resistance. 
However, the capabilities of HPT extend beyond simple mechanical 
processing and alloying. It is a versatile tool for preparing complex 
multi-phase materials and composites with enhanced mechanical and 
functional properties. The resulting materials can be nanocomposites 
[29], supersaturated solid solutions [30], or thermodynamically stable 
phases, but also otherwise inaccessible and metastable phases can be 
obtained [31]. 

A promising route is to blend different powders and compact and 
deform them using HPT. Multiple material systems have been investi
gated following this strategy, many of which contain Cu, as this material 
exhibits excellent ductility and deformability, e.g., Cu–W [32,33], Cu-Cr 
[34], Cu-Co [35], and Cu–Ag [36,37]. 

Although some reports exist on the processing and mechanical 
alloying of FeTi by HPT [26,27,38,39], no studies are available on 
preparing nanocomposites containing FeTi. Such nanocomposites could 
exhibit unexpected phases, microstructure, and properties. Further
more, they could be starting points for further processing, for example, 
the preparation of nanoporous materials with significantly increased 
surface area, such as previously realized for Cu–W [40], Cu-Fe [41], 
Au-Fe [42], and Cu–Ag–Fe [43]. 

Processing functional materials with specific functional properties as 
the primary focus can be tedious because the associated mechanical 
properties are often poor. This is also the case with the hard and brittle 
FeTi phase. Controlled processing is, however, key to precisely tuning 
the material structure and properties. Therefore, in this work, we opt to 
circumvent the limited bulk processability of FeTi by deforming it with 
Cu, preparing a homogeneous FeTi–Cu nanocomposite. Cu takes the role 
of a ductile phase to improve deformability. The Cu content was reduced 
as much as possible to ensure the highest amount of the active phase 
FeTi while maintaining a percolating structure [44]. Percolation will be 
a crucial requirement for any later formation of nanoporous structures. 
Therefore, we used an optimized Cu content of 25 vol%. 

Starting from powders, an FeTi-25 vol% Cu nanocomposite was 
successfully prepared using optimized HPT processing. It is found that 
localization in the softer Cu phase hinders uniform grain refinement of 
FeTi. It is crucial to increase the deformation temperature to obtain a 
nanocrystalline composite. We propose that the temperature and grain 
size dependent strain-rate sensitivity (SRS) of Cu is the origin of the far- 
improved refinement behavior of the composite at elevated tempera
tures. In addition, mechanical alloying stabilizes a more uniform 
deformation. Despite this, Cu-rich shear bands remain present even at 
the highest deformation temperatures. The process knowledge gained in 
this work is valuable for highlighting possible routes around the asso
ciated difficulties when processing unlikely material pairings. 

2. Methods 

We synthesized FeTi by arc melting (Arc Melter AM 0.5, Edmund 
Bühler GmbH, Germany) from stoichiometric quantities of Fe (flakes, 
99.99+ %, HMW Hauner GmbH, Germany) and Ti (granules, 99.995%, 
HMW Hauner GmbH, Germany). The ingots were remelted five times to 
ensure homogeneity and crushed afterward using mortar and pestle. The 
crushed FeTi and Cu powders (99.9%, Alfa Aesar, US) were intimately 
mixed by ball milling (Planetary ball mill PM 400, Retsch GmbH, Ger
many). The powders were weighted (ensuring 25 vol% Cu, i.e., 43 at.% 
and 31 wt% Cu) and sealed in a steel milling vial (50 ml volume) with 20 
steel balls (10 mm diameter) in a glovebox under Ar atmosphere (H2O <
0.5 ppm, O2 < 0.5 ppm). The ball-to-powder ratio was 10:1. This pre- 
milling was performed for 1 h at 300 rpm. The vial was transferred 
and opened in a glove box to minimize oxygen contamination. The 

resulting FeTi–Cu powder did not separate into the elemental powders 
and provided good handleability. 

Subsequently, the FeTi–Cu powder was consolidated in a custom- 
made HPT device under an Ar-atmosphere using an inert gas holder, 
as reported previously [45]. A Cu-ring was glued on top of the cavity to 
minimize spilling [45]. The tool steel anvils for compaction had a cavity 
with a diameter of 8 mm and a depth of 0.3 mm. A pressure of 7.5 GPa 
and 1/8 revolution was applied to ensure complete compaction and 
minimal porosity. The resulting pellets had a diameter of 8 mm, a 
thickness of about 1.1 mm and were handled in ambient atmosphere. 
Both anvils and compacted samples were sandblasted before HPT pro
cessing to ensure sufficient friction and avoid slipping during deforma
tion. The anvils for deformation had a cavity with a diameter of 8 mm 
and a depth of 0.15 mm. The compacts were then deformed by HPT for 
10, 50, and 100 revolutions at room temperature (RT), 200 ◦C, 400 ◦C, 
and 550 ◦C, respectively. The applied pressure was 7.5 GPa for RT and 
200 ◦C and 6 GPa for 400 ◦C and 550 ◦C. The rotation speed was 1 rpm. 
During RT deformation, the anvils were additionally cooled with pres
surized air to minimize heating effects due to the severe deformation 
applied. For selected specimens, the torque was measured during HPT 
processing [46]. At elevated temperatures, the measurement time was 
restricted because of possible damage from the temperature rise. The 
shear strain γ at a specific radius r introduced during HPT deformation 
was estimated based on the expression [47]: 

γ =
2 π n r

t
(1)  

with n being the number of revolutions and t the thickness of the sample. 
After HPT deformation, the samples had a thickness of about 0.5 mm. 
From the torque T, the shear stress τ was calculated using the equation 
[46]: 

τ =
3T

2πr3. (2) 

To identify the phases and to quantify defect densities and me
chanical alloying, synchrotron X-ray diffraction (XRD) was performed 
on the P02.1 Powder Diffraction and Total Scattering Beamline of 
PETRA III (DESY Hamburg) in transmission geometry with a Varex XRD 
4343CT (150 × 150 μm2 pixel size, 2880 × 2880 pixel area) detector and 
a photon energy of 60 keV. The diffraction patterns were calibrated 
using a CeO2 reference and the pyFAI software [48]. The beam was 
positioned to coincide with a radius of 3 mm of the respective HPT disks. 
The broadening of reflections can be traced back to many structural 
defects, including grain boundaries (i.e., crystallite size), microstrains, 
dislocations, stacking faults, and more [49]. To discriminate the 
broadening originating from grain size and dislocations, the diffracto
grams were evaluated using the Williamson-Hall [50] and modified 
Williamson-Hall [51] methods using a Python 3.9 script including li
braries such as lmfit [52] (version 1.0.3) and Scipy [53] (version 1.6.2). 
The latter also considers anisotropic broadening due to dislocations 
employing contrast factors, yielding more accurate results. Therefore, 
the modified-Williamson-Hall method proved more reliable, and this 
data was used for further interpretation. Full profile fitting was 
considered inadequate for XRD evaluation since the patterns contained 
only a few non-overlapping, independent peaks. The dislocation density 
ρ was calculated using equation [51]: 

ρ= πAb2

2
k (3)  

with k being the slope in the modified Williamson-Hall fit and b the 
Burgers vector. The constant A is set to 1, which constitutes the upper 
bound of the microstrain-based dislocation density [54]. 

The HPT disks were cut in half for microstructural investigations to 
obtain complete cross-sections. The structure and morphology of the 
polished cross-sections were investigated by scanning electron 
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microscopy (SEM; LEO type 1525, Carl Zeiss GmbH, Germany). Trans
mission electron microscopy (TEM) images were recorded at a cross- 
sectional view in scanning TEM (STEM) mode utilizing a JEM-2200FS 
microscope, JEOL Ltd., Japan. The preparation steps for achieving 
electron transparent specimens included polishing, dimple grinding, and 
final ion-milling of the disks at a radius of 3 mm. For parameterization 
(area fractions, particle analysis), the software packages Ilastik [55] 
(Version 1.3.3), Fiji (Version 1.53) [56] (including the BioVoxxel plugin 
[57]), as well as a Python 3.9 script including packages such as Scipy 
[53] (version 1.6.2), Scikit-Image [58] (Version 0.18.1) and OpenCV 
[59] (Version 4.5.4.58) were employed. 

The Vickers microhardness was measured on the polished cross- 
sections previously prepared for SEM investigations using a universal 
laboratory hardness tester (DuraScan, ZwickRoell GmbH, Germany). 

3. Results 

Backscattered electron (BSE) micrographs of the composites 
deformed at different temperatures are shown in Fig. 1; all images were 
taken after 50 revolutions at r = 3 mm (γ ≈ 1900) in the tangential di
rection of the HPT disk. The main feature evident at low magnifications 
is relatively large FeTi particles (dark phase). Such particles significantly 
exceeding the targeted nanocrystalline/ultra-fine-grained length scale, 
i.e., having a diameter larger than 500 nm, are referred to as residual 
FeTi particles from now on and were identified under all processing 
conditions. 

The most heterogeneous microstructure of all studied samples is 
found for RT deformation, with large FeTi particles embedded in a Cu- 
matrix. As seen in Fig. 1 (a)–(c), some refinement of FeTi takes place. 
However, most grains are still in a micrometer or ultra-fine-grained (ufg) 
regime, indicating insufficient fragmentation and deformation of the 
FeTi phase. The microstructures obtained after processing at 200 ◦C and 
400 ◦C are displayed in Fig. 1 (d)–(i). At 550 ◦C, the microstructural 
homogeneity improves markedly, and the amount of residual FeTi is 
minimal; only a few large FeTi particles remain. 

All samples deformed at elevated temperatures (>200 ◦C) form 

nanocomposites, as shown in Fig. 1 (f), (i), and (l). These nano
composites constitute the matrix in which residual FeTi particles are 
embedded. The micrographs also confirm that the nanocomposite grain 
size depends on the deformation temperature and increases with tem
perature. The presence of residual FeTi, albeit less severe than in case of 
RT deformation, is again associated with insufficient and inhomoge
neous refinement. 

Depending on the exact conditions, we observed another micro- to 
nanoscale feature. During deformation at 200 ◦C, a homogeneous 
nanocomposite forms, while at 400 ◦C and 550 ◦C, bright bands, marked 
by arrows in Fig. 1, are visible. Due to the bright contrast, these bands 
must contain higher atomic number elements and are identified as Cu- 
rich regions. The orientation of the bands varies with the radial posi
tion, but generally, they are parallel or slightly inclined to the shear 
plane. These bands are also commonly observed close to residual FeTi 
grains and become more pronounced as deformation progresses. 

The microstructural homogeneity was quantified by determining the 
area fraction of residual FeTi across the entire cross-section using image 
analysis and plotting it against the number of revolutions n and applied 
shear strain γ in Fig. 2 (a). As FeTi is refined below a certain limit (<0.5 
μm for area analysis; <1 μm for particle analysis), i.e., to the ufg and 
targeted nanocrystalline regime, it was not counted anymore. FeTi 
particles close to the 0.5 μm threshold are associated with a larger un
certainty in this analysis, but their relative contribution to the area 
fractions is comparably small. Still, it should be kept in mind that 
numerous of those particles exist and are only observable in high- 
resolution SEM micrographs, as seen in Fig. 1. As shown in Fig. 2 (a), 
under most conditions, microstructural refinement arrives at a limit at 
which further deformation does not yield any reduction of residual FeTi. 
This limit varies with deformation temperature. At RT, there is little 
refinement, and a steady state is reached after only ten turns. More 
refinement occurs at 200 and 400 ◦C, where a steady state is observed 
after 25–50 revolutions. For samples deformed at 550 ◦C, there is no 
limit to the structural refinement, and the microstructure is well ho
mogenized after 50 revolutions. 

The microstructure was further parameterized by determining the 

Fig. 1. The SEM micrographs show HPT samples subjected to 50 revolutions (r = 3 mm, γ ≈ 1900) at (a)–(c) RT, (d)–(f) 200 ◦C, (g)–(i) 400 ◦C and (j)–(l) 550 ◦C. The 
brighter phase corresponds to Cu and the FeTi–Cu nanocomposite, respectively, while the dark phase is residual FeTi. Cu-rich shear bands are highlighted by yellow 
arrows. Images (f), (i), and (l) were taken with an In-Lens detector, all others with a BSE detector. (For interpretation of the references to color in this figure legend, 
the reader is referred to the Web version of this article.) 
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number and size distribution of residual FeTi particles in cross-sections 
from radial positions within 1.5–3.5 mm for samples deformed for 50 
revolutions (γ ≈ 950–2200). The results are plotted in Fig. 2 (b). The 
lower tail of the distribution is not resolved, but the curve agrees well 
with a fractal distribution, having a linear slope in the double loga
rithmic plot [60]. A linear fit in this regime yields the associated fractal 
dimensions, being between 3.3 and 4 for RT to 400 ◦C and significantly 
lower, 1.3 for 550 ◦C; for more details, refer to Table S1. Overall, the 
trends observed in Fig. 2 (a) are confirmed, i.e., the number and size of 
residual FeTi particles are reduced as temperature increases but stay 
constant in the range of 200 ◦C–400 ◦C. Additionally, this representation 
highlights that the whole particle distribution shifts to smaller sizes for 
these intermediate temperatures, suggesting uniformly increased 
refinement. The drastic enhancement of homogeneity at 550 ◦C is 
mainly associated with a superior refinement of already smaller FeTi 
grains, while the particle size distributions converge at larger particle 
diameters. Consequently, deformation at 550 ◦C leads to the best ho
mogeneity, but a few large FeTi particles remain in the microstructure. 

High-resolution SEM images, as depicted in Fig. 1 (f), (i), and (l), 

discriminate between the apparent phases; however, they do not resolve 
the individual grains. TEM investigations were performed to access the 
latter. The corresponding BF-STEM images, including the normalized 
grain size distributions, are provided in Fig. 3. However, the Cu and FeTi 
grains cannot be distinguished based on these images. Therefore, the 
grain size distributions in Fig. 3 (d) represent the combined FeTi and Cu 
distributions. Nevertheless, the general trend is for grain sizes to in
crease with higher deformation temperatures, in agreement with the 
SEM and TEM results. 

Synchrotron X-ray diffraction was used for structural characteriza
tion with high sensitivity for crystallographic phase constitution and 
phase-specific grain sizes and defect densities. The diffractograms 
shown in Fig. 4 (a) confirm that FeTi and Cu are the main constituting 
phases for all processing conditions. Only minor amounts of the Fe2Ti 
phase are detected in the samples deformed at 550 ◦C, as highlighted in 
Fig. 4 (b). 

The positions of the reflections shift slightly with deformation tem
perature, and the associated changes in lattice constants are plotted in 
Fig. 4 (c). Well-separated reflections, listed in Table S2, were used to 

Fig. 2. (a) Area fraction of residual FeTi particles embedded in the Cu/FeTi–Cu matrix over the whole cross-section as a function of strain at r = 3 mm. (b) Particle 
size distribution of residual FeTi particles in samples deformed for 50 revolutions at a radius between 3.5 mm and 1.5 mm (γ ≈ 950–2200) plotted in a double- 
logarithmic fashion. Splines are added as guides to the eye. Linear fits for the determination of the fractal dimensions are also given. 

Fig. 3. Cross-sectional TEM micrographs and SAED patterns taken at a radius of 3 mm of samples deformed for 50 revolutions (γ ≈ 1900) at (a) 200 ◦C, (b) 400 ◦C 
and (c) 550 ◦C and (d) associated probability density distributions. 
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minimize errors due to overlap. The expansion of the lattice constants 
observed for both phases is taken as an indicator for mechanical alloy
ing, and based on literature [61,62], the atomic concentrations were 
estimated. Mechanical alloying of Cu becomes more pronounced with 
increasing temperature, while FeTi has a distinct maximum at 200 ◦C, 
with a concentration of about 8 at.% Cu, after which the lattice constant 
approaches again the value of unalloyed FeTi. It should be noted that for 
Cu, an approximation was to calculate only the average Fe + Ti con
centration based on an average lattice expansion due to alloying with 
both species, i.e., 8 at.% is equivalent to 4 at.% Fe plus 4 at.% Ti. The 
patterns with the broadest peaks, i.e., RT for FeTi and 200 ◦C for Cu, 
coincide with a significant standard deviation in the lattice constant, 
likely due to increased uncertainties in determining the exact position. 
The two-phase composite structure is maintained at all conditions and 
no single-phase supersaturated solid solution forms. 

All patterns exhibit broad peaks, indicating the material’s highly 
defective and fine-grained state after SPD. As Fig. 4 (d) depicts for 
exemplary peaks, peak broadening reaches a maximum at RT and 200 ◦C 
for FeTi and Cu, respectively. At higher deformation temperatures, the 
full-width-at-half-maximum (FWHM) decreases again. Based on this 
broadening, the coherent scattering domain (CSD) sizes and the 
microstrain-based dislocation (ρ) densities were determined. The FeTi 
and Cu phases yield good fits using the modified Williamson-Hall pro
cedure [51]. This modified variant considers anisotropic broadening and 

is especially well-suited for highly dislocated crystals. When applied, a 
significantly better fit could be obtained in the case of Cu. The improved 
fit quality indicates that Cu contains many dislocations, a significant 
contributor to (anisotropic) peak broadening. 

The obtained CSD sizes are plotted together with the results from 
TEM in Fig. 5. The TEM values, representing the combined grain sizes of 
FeTi and Cu, align perfectly with CSD sizes. Altogether, the results from 
TEM and XRD agree well and confirm the nanocrystalline (<100 nm) 
nature of the FeTi–Cu composite material at all processing conditions. 
The dislocation densities evaluated from XRD are included in Fig. 5. 
These decrease at elevated temperatures, especially for FeTi, due to 
recovery phenomena. 

The mechanical properties were evaluated by Vickers microhardness 
HV0.5 measurements as a function of radius and, therefore, the strain 
applied on the microstructure. The indentation area contained the 
respective matrix phase and residual FeTi, yielding an average com
posite microhardness (Cu, FeTi–Cu nanocomposite, and residual FeTi). 
The results are plotted in Fig. 6 (a). The measurements indicate hardness 
saturation after a certain degree of deformation. This is observed for 
many HPT-deformed single and multi-phase material systems [30, 
63–65]. Based on the notion that microhardness is a well-suited 
descriptor for microstructural evolution, a detailed investigation of the 
hardness as a function of radial position within the HPT disk is repre
sented in Fig. 7. 

Fig. 4. (a) Synchrotron XRD measurements of samples deformed for 50 revolutions (r = 3 mm, γ ≈ 1900) at various temperatures. Note the logarithmic scaling of the 
intensity. (b) The magnified region of the pattern highlights the formation of minor amounts of Fe2Ti at high temperature HPT deformation. (c) Lattice parameters 
and atomic concentrations are calculated from the reflections given in Table S2 and (d) FWHM of the (200) peaks of FeTi and Cu as a function of the processing 
deformation temperature. 
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Fig. 6 (a) shows that RT deformation does not result in significant 
strain hardening compared to the compacted samples. Interestingly, 
from the box plots of the individual samples in Fig. 7, it becomes 
apparent that some hardening does occur, but it is localized at the edge 
of the HPT disk, irrespective of the applied strain. The reasons could be 
the different stress states close to the disk edge. 

Samples deformed at elevated temperatures exhibit microstructural 
refinement and saturation behavior. Saturation is seen in Fig. 6 (a) as a 
hardness plateau, which evolves at γ ≈ 300 for 200 ◦C and 400 ◦C, at γ ≈
500 for 550 ◦C. This indicates that further deformation does not result in 
further refinement, despite the heterogeneous microstructure and the 
presence of residual FeTi. The hardness level of the plateau depends on 
processing temperature, whereby 200 ◦C and 400 ◦C yield a hardness 
level of ≈ 7.5 GPa, while for 550 ◦C, a level of ≈ 8 GPa was achieved. The 
same saturation behavior is also visible for individual samples in Fig. 7. 
At elevated deformation temperatures, all samples exhibit a distinct rise 
in hardness with radius at low strains, while at higher strains, it does not 
change within the error margins. It also becomes apparent that the 
samples deformed at 550 ◦C for 50 revolutions exhibit the narrowest and 
most uniform hardness distribution, in agreement with a high degree of 
homogeneity. 

The Vickers microhardness in the saturation regime, as plotted in 
Fig. 6 (b), correlates with the amount of residual FeTi, one of the main 
features of the composite microstructure. The hardness was taken from 
the sample deformed for 50 revolutions and from a radial range of 1–3.5 
mm corresponding to γ ≈ 630–2200. As the number of residual FeTi 
particles decreases with higher deformation temperatures, the hardness 
of the composite increases due to Hall-Petch strengthening accompa
nying the improved refinement of both phases. For most indents, how
ever, cracks are observed, being more severe for the heterogeneous 
samples, as depicted in Fig. 6 (c). This results in stress relief and 
lowering of the hardness. Therefore, the HV0.5 hardness should rather be 
interpreted as a measure of microstructural homogeneity and saturation 
than as the hardness of the nanocomposite matrix. This view is sup
ported by the scaling of the standard deviation with the residual FeTi 
content, exhibiting a large value of about 1 GPa for the more hetero
geneous microstructure at RT and about 0.2 GPa for the more homo
geneous nanocomposites at elevated temperatures. 

Selective indentation at lower loads (HV0.1) was carried out to obtain 
the hardness of the nanocomposite matrix and to avoid the cracking 
mentioned above. The nanocomposite matrix yields hardnesses 
exceeding the previous HV0.5 values, as evident in Fig. 6 (b). Such a load- 

Fig. 5. (a) FeTi and (b) Cu grain/CSD size as a function of processing temperature as obtained by TEM and XRD (modified Williamson-Hall). The dislocation densities 
ρ, as obtained by XRD, are included. Dashed lines act as guides to the eye. The data are from samples HPT deformed for 50 revolutions and taken at r = 3 mm (γ 
≈ 1900). 

Fig. 6. (a) Evolution of microhardness of the composites with increasing deformation strain. The microhardness plus standard deviation is included as a purple band 
for the compacted powder. (b) Average microhardness when strained between γ ≈ 630–2200 plotted (a grey region in (a)) against the area fraction of residual FeTi. 
Indentation was done randomly (HV0.5) and selectively in the nanocomposite matrix (HV0.1). SEM images highlight the differences when indenting with (c) high 
loads (HV0.5) and (d) low (HV0.1); cracking is indicated by yellow arrows in (c). (For interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.) 
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dependent behavior can be related to an increasing elastic deformation 
component at lower loads or to crack formation at higher loads, leading 
to stress relief and lower hardness [66,67]. As Fig. 6 (d) and Fig. S1 
confirm, lower loads do not result in appreciable cracking. The 
increasing differences in HV0.5 and HV0.1 values at lower deformation 
temperatures cannot be explained solely by elastic deformation and 
must thus be related to cracking at the indent. Consequently, the HV0.1 
values can be regarded as being closer to the actual hardness of the 

nanocomposites at the expense of losing information about micro
structural heterogeneity and saturation behavior. However, these values 
might slightly overestimate the actual value due to significant elastic 
deformation. 

Finally, to better understand the mechanisms controlling refinement, 
the torque required to deform the material was used to construct the 
flow curves in Fig. 8. Under all conditions, the curves show a substantial 
increase in shear stress as deformation starts. After this initial increase, 

Fig. 7. Boxplot of the hardness (HV0.5) as a function of radius for samples deformed at different temperatures and to various numbers of revolutions n. The black 
checks (◆) indicate outliers. 

Fig. 8. (a) Flow curves obtained by torque measurements during HPT processing. Yellow arrows mark slip-stick events. The average strain state of the sample is 
given at the top; this is equivalent to the strain at r = 3. Sample surface of samples deformed at (b) 200 ◦C and (c) 400 ◦C. (For interpretation of the references to color 
in this figure legend, the reader is referred to the Web version of this article.) 

L. Schweiger et al.                                                                                                                                                                                                                              



Materials Today Advances 20 (2023) 100433

8

the temperature has a marked effect on the deformation behavior. At RT, 
the shear stress reaches a maximum of about 2.1 GPa, followed by a 
minor but steady decline. At 200 ◦C, the curve increases to the highest 
shear stress of up to 3 GPa. At this level, sudden stress drops occur 
regularly. Each event is associated with loud noises the HPT emits 
during deformation. Above 250 ◦C, the curve arrives at a distinct 
temperature-dependent maximum, followed by a decline and a steady 
state. This steady state behavior is less pronounced at 550 ◦C than at 
300 ◦C and 400 ◦C. The latter results must be interpreted carefully, as the 
torque could not be measured at such high temperatures over extended 
periods for instrumental reasons. Thus, grey marks indicate the breaks 
required for cooling the device. As seen in Fig. 8 (b) and (c), after 
deformation at 200 ◦C, the sample surface is smooth, while at 400 ◦C, it 
is rough with delaminated regions showing Cu-rich regions. 

4. Discussion 

The results show significant differences between the composite’s 
refinement behavior at RT and elevated temperatures. The following 
section discusses the reasons for the absence of a homogeneous nano
composite at RT, followed by the phenomena allowing its formation at 
elevated temperatures. These findings will be combined to rationalize 
the complex micro- and nanostructure of the FeTi–Cu material. 

4.1. Insufficient refinement at room temperature 

HPT deformation at RT does not result in the formation of a uniform 
nanocomposite. Instead, as Fig. 1 (a)–(c) show, the microstructure 
consists of fractured FeTi particles, ranging from the nanocrystalline to 
the microcrystalline regime, embedded in a Cu matrix. Fig. 2 (a) reveals 
that FeTi particles are broken up at low strains, but a steady state is soon 
reached, and the amount of residual FeTi remains constant. The particle 
distribution, plotted in Fig. 2 (b), shifts to smaller particle sizes than the 
initial state, indicating uniform but little refinement across the whole 
size range. 

Therefore, as apparent in Fig. 6, no microstructural saturation and no 
increased hardness plateau are reached. The slight hardness increase 
with radius in Fig. 7 might originate from the different, more complex 
stress states present close to the edge of the HPT disk. The absence of 
saturation indicates insufficient refinement, either due to deformation 
localization or slipping of the sample in the anvils. 

These possibilities can be discriminated based on the flow curves in 
Fig. 8. An increase in torque can be related to strengthening, but also 
lateral material flow, a reduction to softening of the material [46, 
68–71]. Instantaneous drops in shear stress can be associated with 
slip-stick events, in which the friction between the sample and the anvil 
is insufficient to introduce more strain [72]. As RT deformation starts, 
the shear stress initially increases, followed by a slight but continuous 
drop. Together with microstructural investigations, this implies that 
refinement and the associated strain hardening halts, and the composite 
locally deforms in one of the constituent phases. Such localization 
originates from the strength differences of the respective phases. The 
hardness of bulk Cu subjected to SPD is 1–2 GPa [73–75], and can reach 
up to 3 GPa for nc-Cu [76]. Annealed FeTi has a hardness of 3.5 GPa, 5.5 
GPa when prepared by mechanical alloying [77], and up to 10 GPa after 
HPT [26]. As the initial powder was ball milled, initial hardness values 
of 2 GPa [74] and 5 GPa [77] for Cu and FeTi are anticipated. This 
strength difference supports initial deformation localization in the softer 
Cu phase, while the harder FeTi phase will refine by fracture. A similar 
behavior has been observed for other soft-hard metallic composites 
[30], e.g., Cu–W [32,33], Cu-Cr [34], Cu-Co [35], and Ni–Ag [78] 
composites. In many material systems, the strength of the individual 
phases converges, e.g., in the Cu–Co system [35]. On the one hand, such 
convergence of the mechanical strength of the individual phases, often 
accomplished by strain hardening of the softer phase, is important for 
efficient refinement, either by fragmentation or co-deformation. On the 

other hand, many hard-hard contact points should be present at high 
volume fractions of the stronger phase, necessitating deformation of it 
too. For FeTi–Cu at RT, neither is the case; strain hardening of Cu and 
FeTi–FeTi contacts is insufficient, and localization in the Cu phase per
sists. Fig. 5 highlights that despite the massive strain introduced in the 
Cu phase, its dislocation density/CSD size remains below/above that of 
FeTi. High dislocation densities/small CSDs are associated with a 
high-strength state, which qualitatively confirms the strength difference 
between FeTi and Cu. While in the ufg-Cu dislocations are dynamically 
consumed during the severe deformation process [79,80], in the mostly 
undeformed FeTi particles their concentration remains significantly 
higher. Consequently, HPT deformation at RT results in insufficient 
refinement due to deformation localization caused by the persisting 
strength difference between the constituent phases of the composite. 

4.2. Nanocomposite formation at elevated temperatures 

Despite the initial differences in strength and deformation localiza
tion, an FeTi–Cu nanocomposite is formed at elevated temperatures, as 
clearly observable in Fig. 1. Three possible phenomena can explain such 
microstructural evolution: (i) Strength convergence, (ii) mechanical 
alloying, and (iii) suppression of localization.  

(i) Convergence of strength 

As strength difference is the reason for insufficient refinement at RT, 
it might be obvious that this discrepancy must be reduced at higher 
temperatures. Otherwise, deformation localizes in the softer phase, and 
the stronger particles cannot fracture and refine. Indeed, the intrinsic 
mechanical properties of the constituent phases should converge, as fcc 
Cu should be affected to a lower extent by temperature than FeTi with a 
B2 structure [81–83]. For Cu, a gradual but small decrease in flow stress 
ratio was observed up to about 500–600 ◦C; this decrease is less pro
nounced at higher strain rates [84], such as during HPT. For FeTi, the 
Vickers microhardness steadily decreases from around 200 ◦C upwards; 
ductile deformation behavior concomitant with a strongly reduced yield 
strength occurs above 500 ◦C [85,86]. The latter behavior resembles a 
brittle-to-ductile transition, as reported for other B2 intermetallic ma
terials, such as FeAl [87] or TiAl [88]. 

These trends point towards reduced strength differences at elevated 
temperatures between the constituent phases, but whether this is 
enough to converge fully remains questionable. The large residual FeTi 
particles visible in Fig. 1 (j) suggest significant differences in strength, 
even at 550 ◦C. Additionally, the SEM images indicate a refinement 
mechanism mainly based on FeTi fragmentation, as no signs of co- 
deformation, e.g., significantly elongated grains in shear direction, 
could be observed. Such a fragmentation-based mechanism is the 
prevalent refinement mechanism for many soft-hard material combi
nations processed by HPT [30]. However, a minor degree of plastic 
deformation in the stronger phase cannot be excluded, especially at the 
highest deformation temperatures. In addition, alternative deformation 
modes might become important in the nanocrystalline state, especially 
at higher temperatures [89]. Therefore, an intrinsic convergence of 
strength seems to be a less plausible explanation for the enhanced 
refinement of FeTi at elevated temperatures.  

(ii) Alloying effects and solubility 

Cu exhibits only minor solubility for Fe and Ti but forms multiple 
intermetallic phases with the latter [90,91]. However, mechanical 
alloying during SPD results in a supersaturated solid solution, as re
ported for other material systems [30], including the Cu-Fe [92,93] and 
Cu–Ti systems [94,95]. Fe is one of the most efficient solutes for solid 
solution hardening in Cu alloys [96]. Ti imparts significant solid solution 
and precipitation strengthening [97], although precipitates could not be 
detected during this investigation, as seen in Figs. 3 and 4. As seen in 
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Fig. 4 (c), the lattice constant of Cu increases steadily with temperature 
(with significant uncertainties at 200 ◦C), indicating solid solution for
mation with up to 4 at.% Fe and 4 at.% Ti dissolving in Cu at 550 ◦C [98, 
99]. Therefore, mechanical alloying strengthens the softer Cu phase at 
elevated temperatures. Furthermore, the supersaturation of Cu also 
stabilizes its nanocrystalline state [100–102]. FeTi can accommodate 
some Cu in its structure, expanding the lattice [91,103]. As seen in Fig. 4 
(c), the lattice constant shows a maximum at 200 ◦C; at higher tem
peratures, the lattice spacing shrinks again, converging towards the FeTi 
equilibrium lattice constant. Consequently, Cu substitution in FeTi has a 
maximum of about 8 at.% and is again lower at elevated temperatures, 
being about 2 at.% at 550 ◦C. Therefore, the solubility behaves asym
metrically when addressing higher temperatures, increasing for Cu and 
decreasing for FeTi, and, on average, FeTi gets dissolved in Cu. Similar 
results were observed in the Cu–Co system [35] and for W-transition 
metal composites [104], in which the fraction of the harder phase was 
also reduced. Due to the expanding lattices by forming solid solutions 
and based on the equation from Kaufman [105,106], the high pressure 
applied during HPT should decrease the solubility of Cu in FeTi and 
influence it minimally in the case of Cu. Higher temperatures can pro
mote increased solubilities, but our work found peak solubilities at in
termediate temperatures, i.e., 200 ◦C. The solution of Cu in FeTi also 
promotes the formation of Fe2Ti, but the phase seems to be able to 
precipitate only at the highest deformation temperatures [91]. Conse
quently, the increased solubility of Cu in FeTi and vice versa can be 
attributed mainly to dynamic and mechanically driven processes. 
Overall, this mechanical alloying and partial dissolution of FeTi in Cu 
works in favor of extrinsic strength convergence and refinement. 
Nevertheless, FeTi must be refined significantly before appreciable 
mechanical alloying occurs. Therefore, the above alloying effects can 
stabilize more uniform deformation but initiate neither uniform defor
mation nor nanocomposite formation.  

(iii) Suppression of localization by enhanced strain rate sensitivity 
(SRS) 

High-strength materials, such as FeTi–Cu, suffer from localized 
deformation due to their limited ability for strain hardening. However, a 
high strain-rate sensitivity (SRS) can help to sustain homogeneous 
deformation and suppress localization phenomena [107,108]. A maxi
mized SRS is, therefore, an essential property of high-strength materials. 

Ufg Cu exhibits an increased SRS at elevated temperatures [109, 
110], and a similar increase was proven in the nanocrystalline regime 
for the fcc metals Ni and Al [111]. In this case, non-conservative dislo
cation processes such as climb and grain boundary interactions become 
significant for plastic deformation. The dominance of deformation pro
cesses involving a strong grain boundary-interaction is supported by the 
determined dislocation densities showing, on average, less than one 
dislocation per grain. One reason for this may be that dislocations are 
dynamically generated and absorbed at grain boundaries during defor
mation, leaving only few dislocations in the grain interior after defor
mation [79]. Also, processes not involving dislocations in the 
deformation process, such as grain boundary sliding, have been reported 
[89,112,113]. This can become more pronounced at higher tempera
tures [114]. Irrespective of the specific process, all of them are thermally 
activated and impart a significant strain rate dependence on the flow 
behavior, thereby increasing the SRS [79,115]. Such 
dislocation-mediated processes can also explain the SRS evolution in 
other materials, e.g., in semicrystalline polymers [116]. 

The more grain boundaries, the more pronounced such an effect will 
be. Therefore, the SRS is also inversely proportional to the Cu grain size 
down to the nanocrystalline regime [76,117]. These nanocrystalline 
states are easier to achieve and more stable in composites, with a second 
phase hindering recovery/recrystallization [29]. Therefore, as FeTi is 
refined and dispersed, Cu is also stabilized in an ufg or nanocrystalline 
state. Indeed, Fig. 5 shows that the CSD size of Cu processed at RT is 

larger than that after processing at 200 ◦C; the stabilization by the 
dispersed FeTi can explain such a trend. As discussed above, this helps to 
increase the SRS and develop resistance against localization. 

We, therefore, deduce that at temperatures exceeding RT, the SRS of 
Cu becomes large enough to reduce strain localization. The thereby 
promoted fracture of FeTi stabilizes a smaller Cu grain size, increasing 
the SRS further. These concomitant effects result in a self-reinforcing 
refinement process that increasingly facilitates the fragmentation of 
FeTi by fracture and leads to the formation of the FeTi–Cu 
nanocomposite. 

4.3. Cu-rich shear bands 

Although the above effects, mechanical alloying and SRS, inhibit 
localization and support nanocomposite formation, Cu-rich shear bands, 
visible in Fig. 1 (h) and (k), were detected by SEM after deformation at 
400 ◦C and 550 ◦C. The corresponding flow curves in Fig. 8 exhibit a 
maximum, followed by a pronounced drop in shear stress indicating 
softening. This might be associated with localization in the softer Cu- 
rich shear bands observed by SEM. Delaminated regions in Fig. 8 (c) 
show a Cu-like coloring, hinting at localization in the Cu-rich shear 
bands. Therefore, localization becomes problematic again at higher 
temperatures, albeit to a lower extent than at RT. Flow curves at inter
mediate temperatures suggest a transition temperature at around 
250 ◦C. Above this temperature, all samples show a distinct drop in their 
flow curve due to the formation of Cu-rich shear bands. 

The re-emergence of localization at higher temperatures could be 
associated with coarsening of the composite, as observed by TEM and 
XRD, plotted in Fig. 5, and also expected based on other studies [45,64, 
118,119]. A coarser structure will have a lower SRS, which might be 
enough to allow shear localization in Cu-rich regions [76,117]. Also, the 
temperature-dependent mechanical alloying strengthening the Cu phase 
is most pronounced at 200 ◦C. The reason for the reappearance of 
localization is therefore associated with a decline in effects (ii) and (iii) 
due to grain coarsening and less pronounced mechanical alloying at high 
deformation temperatures. 

4.4. Structural heterogeneity and residual FeTi 

The phenomena discussed above result in the formation of the 
desired nanocomposites with varying amounts of Cu-rich shear bands at 
elevated temperatures. As noted in Fig. 1, micrometer-sized residual 
FeTi particles remain dispersed in these FeTi–Cu nanocomposites. Fig. 2 
(a) and (b) reveal that the amount of residual FeTi in the saturated 
microstructure is a function of temperature. Based on the phenomena 
discussed above, one can rationalize the formation of this complex 
microstructure as illustrated in Fig. 9. 

At 200 ◦C, no pronounced Cu-shear bands are present in the nano
composite. The suppression of shear bands results from effects (ii) and 
(iii), as seen in Figs. 4 and 5. Fig. 8 reveals a drastic strengthening, and 
the material becomes too hard to allow reasonable processing, even by 
means of HPT. The material starts to slip in between the anvils, which 
can be identified by sudden drops in shear stress, as indicated in Fig. 8 
[72]. Even reducing the sample diameter to 6 mm, allowing pressures of 
up to 9.5 GPa, did not reduce this unwanted slip. Therefore, the large 
residual FeTi particles can be explained by the inability to introduce 
significantly more plastic deformation, as the uniform nanocomposite 
becomes simply too hard for controlled processing. If this problem could 
be circumvented, 200 ◦C might be an ideal processing window because, 
at this temperature, all plastic instabilities seem to be suppressed. 

At temperatures higher than 250 ◦C, effects (ii) and (iii) become 
weaker, and localization in Cu-rich regions sets in, forming shear bands. 
Despite localization, saturation occurs along the radius of the HPT disk, 
and the same heterogeneous microstructure develops irrespective of 
strain. Figs. 2 (a) and 6 (a) depict this saturation behavior. It is 
concluded that the microstructural refinement, especially the fracture of 
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large, residual FeTi particles, is limited by localization in Cu-rich shear 
bands. 

Despite this localization, refinement improves significantly when 
deforming at 550 ◦C, as reflected by Figs. 1 and 7. At 500 ◦C, FeTi be
comes ductile, i.e., possibly undergoes a ductile-to-brittle transition 
[85]. The decreased fractural dimension obtained from Fig. 1 (b) in
dicates a different fragmentation mode and in particular a reduced 
resistance to fracture [60]. The increased deformability could allow 
easier necking and fracture of FeTi particles. Additionally, mechanical 
alloying could take effect as solid solution strengthening increases again 
for Cu at the highest temperatures but continuously diminishes for FeTi. 
These combined effects of enhanced ductility of FeTi and solution 
strengthening of Cu likely promote refinement. 

5. Conclusion 

Within this study, a new functional nanocomposite, FeTi-25 vol% Cu, 
was successfully prepared using HPT, despite difficulties due to the 
significant strength difference of the involved phases. By careful inves
tigation of the resulting microstructures and the HPT process, four 
separate processing windows could be identified:  

a) The localization is most pronounced at RT, where a continuous Cu 
matrix takes up most deformation, and refinement of FeTi is mini
mal. Thus, no desired nanocomposite forms. 

b) At elevated temperatures <250 ◦C, a uniform FeTi–Cu nano
composite with the highest hardness forms. The increased SRS of 
ufg/nc-Cu at elevated temperatures is the underlying mechanism; 
mechanical alloying also stabilizes uniform deformation. The 
enhanced refinement of FeTi supports the nc state of the Cu-phase, 
further increasing its SRS, resulting in a self-reinforcing refinement 
process. 

c) At temperatures >250 ◦C, an FeTi–Cu nanocomposite forms, exhib
iting distinct Cu-rich shear bands in which deformation is concen
trated. Subsequent softening, as highlighted by a continuous drop in 
the flow curves, limits refinement again. The re-emergence of 

localization is associated with coarsening of the composite and less 
mechanical alloying.  

d) Despite the ongoing localization, increasing the temperature as high 
as 550 ◦C results in a far improved homogeneity. The reason is the 
combined effect of increased deformability of the harder FeTi and 
well as its dissolution in the Cu phase, drastically promoting the 
fragmentation of FeTi. 

Through this detailed study, we demonstrate that by understanding 
the underlying processes, even for challenging material combinations, 
parameters leading to the desired homogeneous nanocomposites can be 
identified. In the case of the FeTi–Cu, such nanocomposites could open 
up a viable new route for preparing superior hydrogen storage materials 
with well-controlled nanostructures and hydrogen sorption properties. 
We believe these insights will influence other research avenues so far, 
challenged and limited by unlikely material pairings. 
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Fig. 9. Illustration of the evolution of grain refinement, mechanical alloying, 
and the associated resistance to deformation localization. The different micro
structural regimes that result are indicated. 
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[28] E.I.L. Gómez, K. Edalati, F.J. Antiqueira, D.D. Coimbrão, G. Zepon, D.R. Leiva, T. 
T. Ishikawa, J.M. Cubero-Sesin, W.J. Botta, Synthesis of nanostructured TiFe 
hydrogen storage material by mechanical alloying via high-pressure torsion, Adv. 
Eng. Mater. 22 (2020), 2000011, https://doi.org/10.1002/adem.202000011. 

[29] A. Bachmaier, R. Pippan, Generation of metallic nanocomposites by severe plastic 
deformation, Int. Mater. Rev. 58 (2013) 41–62, https://doi.org/10.1179/ 
1743280412Y.0000000003. 

[30] K.S. Kormout, R. Pippan, A. Bachmaier, Deformation-Induced supersaturation in 
immiscible material systems during high-pressure torsion, Adv. Eng. Mater. 19 
(2017), 1600675, https://doi.org/10.1002/adem.201600675. 

[31] K. Edalati, H. Emami, A. Staykov, D.J. Smith, E. Akiba, Z. Horita, Formation of 
metastable phases in magnesium–titanium system by high-pressure torsion and 
their hydrogen storage performance, Acta Mater. 99 (2015) 150–156, https://doi. 
org/10.1016/j.actamat.2015.07.060. 
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