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a b s t r a c t

Self-propagating exothermic reactions, for instance in the nickel-aluminum (NieAl) system, have been
widely studied to create high performance intermetallic compounds or for in-situ welding. Their easy
ignition once the phase spacing is reduced below the micron scale, makes top-down methods like high-
energy ball milling, ideal to fabricate such reactive nanostructures. A major drawback of ball milling is
the need of a sintering step to form bulk pieces of the reactive material. However, this is not possible, as
the targeted reactions would already proceed. Therefore, we investigate the ability of high pressure
torsion as an alternative process, capable to produce bulk nanocomposites from powder mixtures. Severe
straining of powder mixtures with a composition of 50 wt% Ni and 50 wt% Al enables fabrication of self-
reactive bulk samples with microstructures similar to those obtained from ball milling or magnetron
sputtering. Samples deformed at ambient temperature are highly reactive and can be ignited signifi-
cantly below the Al melting point, finally predominantly consisting of Al3Ni2 and Al3Ni, independent of
the applied strain. Although the reaction proceeds first at the edge of the disk, the strain gradient present
in the disks does not prevent reaction of the whole sample.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

The NieAl system has been used extensively to study metallo-
thermic reactions for combustion synthesis of high temperature
NiAl and Ni3Al intermetallic alloys, in situ welding and structural
energetic materials [1e10]. Magnetron sputter deposition has
become a useful method to produce intermetallic reactives with
multiple targets sequentially depositing nanoscale layers [11e14].
This method allows to synthesize NieAl multilayered foils having a
Materials Science, Austrian

and Engineering, University
highly controlled microstructure with individual layer thicknesses
down to 10 nm [14]. Consequently, the typical sluggish reaction
kinetics in macroscale mixtures of NieAl can be accelerated by
reducing the dimensions of the constituents down to the submi-
cron- or nanoscale [15e25]. However, major drawbacks of this
method are the inherent slow deposition rates, typically on the
order of a few angstroms per second, and the high costs of the
process. Therefore, alternative approaches that allow to overcome
these limitations have been explored. Scalable top-down processes
were mostly targeted, where severe degrees of deformation are
applied to initially coarse structures to refine them down to the
nanoscale. A frequently used method for fabricating energetic
mixtures is high-energy ball milling (HEBM) [16e18,26]. This
approach uses a planetary ball mill to apply high inertial forces to
the milling media (e.g. stainless-steel balls) that repeatedly impact
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Fig. 1. Schematics showing the synthesis of the NieAl nanocomposites using a high
pressure torsion device. Images are not to scale.
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and deform the powder mixtures. This results in a significant
refinement of the phase dimensions and yields micronscale com-
posite powders consisting of nanoscale features which are nearly as
reactive as multilayered foils. However, the milled powders would
have to be consolidated for further use, which is an issue as con-
ventional sintering can already start the intermetallic phase re-
actions occurring at approximately 500 K, or disrupt the nanoscale
structure due to grain growth, which retards the reaction kinetics.
Furthermore, contamination from themilling agents, millingmedia
and the container is always present. Another approach is accu-
mulative roll bonding (ARB), where metal sheets are rolled and
folded repeatedly to decrease the individual layer thicknesses
through plastic work, while maintaining the starting sheet thick-
ness [27]. For 50% thickness reduction conventionally applied in
ARB, the layer thickness reduces by 1

.
2N, with N the number of

rolling passes applied. Thus, evenwhen starting already with metal
foils (typical thicknesses of several tens of micrometers), huge
numbers of rolling passes are required to achieve nanoscale
structures comparable to HEBM. Moreover, this only holds true in
case of ideal co-deformation of the individual phases, which is
hardly possible for material combinations having substantially
different mechanical properties such as Ni and Al. For such material
combinations, uniform refinement of the individual phases is hard
to accomplish, as the softer Al layers preferentially deform. This can
cause thinning and eventual necking of these layers, as frequently
observed [28,29]. To reduce the layer dimensions below 100 nm
and ensure a high degree of reactivity, more than 50 folding and
rolling passes for the NieAl system seem to be necessary [29]. Thus,
ARB can take many rolling passes to realize a high degree of
refinement. Lubricant contamination from the rolls can be prob-
lematic as well and requires the use of sacrificial layers that have to
be replaced at each cycle or cleaning of the sheets before restacking.
Other methods include cold spraying, where the powders impact a
substrate at high velocities to form a deposit [30,31]. However, heat
generation from powder particle deformation can already initiate
early reactions or diffusion and also for this method the issue of the
strength mismatch between the Al and Ni powders prevails. These
limitations motivate to explore new cost efficient methods that
have the potential to generate uniform nanocomposites and allow
to process large amounts of consolidated material while mini-
mizing contamination.

One promising approach towards this direction is high pressure
torsion (HPT), which is capable to produce nanostructured mate-
rials or nanocomposites not only from bulk precursors but also
from individual powder mixtures [32,33]. HPT uses cylindrical
specimens which are compressed under high hydrostatic pressures
between two hardened steel anvils. Subsequently, high shear
strains are applied to consolidate and refine the starting powder
particles down to the nanoscale. However, as enormous strain
levels can be easily applied, mechanical alloying or the formation of
intermetallic phases already during the HPT process have been
reported [33e36], which could impede the targeted reactions.
Formation of the Al3Ni phase already during HPT of NieAl powder
mixtures has been observed indeed for sufficiently large strains and
deformation temperatures [37]. Thus the applied strain and
deformation temperature need to be kept as low as possible, to
avoid intermetallic phase formation already upon processing.

In addition, the strain gradient naturally present along the
radius of the HPT disk could result for composite materials in
microstructural gradients and hence different reaction kinetics.
This could eventually deteriorate the ignition behavior, the reaction
rates or prevent reaction of the whole disk in case of the NieAl
system. Therefore, the present study aims to explore the use and
feasibility of HPT to fabricate bulk reactive NieAl composites. To
2

understand the refinement process as well as the influence of the
nanostructure on the ignition behavior and the reaction sequence,
the samples are characterized using scanning electron microscopy
(SEM), X-ray diffraction (XRD) as well as thermal analysis. As a
whole, the results demonstrate that HPT provides indeed an effi-
cient method to fabricate bulk and highly self-reactive specimens.
2. Experimental methods

To synthesize bulk self-reactive samples, elementary nickel (Ni,
3e7 mmparticle size, 99.9% purity) and aluminum (Al, 5 mmaverage
particle size, 99.5% purity) metal powders with an overall compo-
sition of 50 wt% (~70 at.% Al), respectively, were blended. Subse-
quently, they were cold consolidated and refined by applying
severe torsional strains using a quasi-constrained HPT device [38].
The metallic powder mixtures were filled into the cavity of the HPT
anvil, which was surrounded by a thin copper ring. The copper ring
had a diameter larger than the actual cavity to ensure enough
powder quantity for the subsequent deformation step (see sche-
matics in Fig. 1). After compression at room temperature with a
nominal pressure of 7.8 GPa, the entire copper ring was removed
and the sample was subsequently deformed under the same
nominal pressure. The samples, having a diameter of 8 mm and a
thickness, t, of about 0.8 mm, were subjected to various numbers of
rotations, n, (i.e. 0, 0.5, 1, 2, 3, 5 and 8) at ambient temperature,
corresponding to different equivalent von Mises strains, εvM, ac-
cording to Eq. (1) [39], where r denotes the sample radius.
Compared to earlier studies on the NieAl system (e.g. Ref. [37]),
comparably low strains were deliberately chosen to prevent me-
chanically induced intermixing or phase formation upon process-
ing, consequently complicating sample ignition. The rotation rate
(u ¼ 0.2 rot min�1) was kept at a low level to avoid self-heating of
the samples, as indicated by earlier in-depth studies [40].

εvM ¼2rpnffiffiffi
3

p
t

(1)

The resulting microstructures and phases of the various as-
deformed samples as well as the reaction-induced changes were
analyzed in detail using SEM, differential scanning calorimetry
(DSC), XRD as well as separate scanning and in situ synchrotron
XRD measurements on selected samples. Because the spacing and
morphology of the precursor phases, Ni and Al, as well as the
heating rate could possibly affect the occurring reactions and final
product phases [10,13,41], XRD phase analysis was not only



O. Renk, M. Tkadletz, N. Kostoglou et al. Journal of Alloys and Compounds 857 (2021) 157503
performed on the DSC annealed samples but also on a similar batch
of ignited ones. Together with the in situ ignition experiment, this
allowed to identify the according reaction pathways and their in-
fluence on external variables, such as heating rate or phase spacing.
Samples for microstructural characterization in the SEM were
prepared by conventional grinding and polishing followed by a final
mechano-chemical polishing step using colloidal silica. All samples
were analyzed in a Zeiss LEO 1525 field emission gun SEM. The
images were taken in radial (RAD) direction of the HPT disk at a
radius of approximately 3 mm. For definition of the three principal
axis of the HPT disks studied, see the inset image in Fig. 3.

The SEM images of the consolidated and HPT deformed Ni and
Al powders, exhibiting self-similar granular and lamellar features
across various magnification scales, were analyzed regarding their
fractal dimension [42] via box-counting algorithms implemented
by image processing software [43]. The fractal dimension reflects
the multi-scale geometric wiggledness (or 3D spatial complexity)
of NieAl boundaries and is defined as the (negative) slope of the
curve of number of occurrences versus the size of boundary fea-
tures on the micrographs. Thus, it returns the exponent of the
power law connecting these two variables and its variation over
dimensional scale. This indicates changes in the phenomena of the
fabrication process producing the fractal microstructure of the
material.

DSC measurements were performed on all samples using a
Setaram Labsys DSC system. Samples of ~25 mg were cut from
similar positions, where also the microstructural characterization
was conducted (r ~3 mm). Subsequently, the measurements were
performed in Al2O3 crucibles in argon atmosphere up to a tem-
perature of 1773 K using a heating rate of 10 K min�1. Laboratory
XRD measurements were carried out on the as-deformed HPT
samples, samples after DSC measurements and ignited samples
using a Bruker-AXS D8 Advance diffractometer with Cu Ka radia-
tion (l ¼ 1.5406 Å) at 40 kV voltage and 40 mA current. The X-ray
diffractograms were recorded using Bragg-Brentano geometry in a
2q range from 20 to 90�, a 0.01� step width and a scan speed of 1.2 s
per step. Phase identification and peak indexing was performed
based on standard peak positions of the individual phases Ni [44],
Ni3Al [45], NiAl [46], Al3Ni2 [47], Al3Ni [48] and Al [49] provided by
the International Centre for Diffraction Data (ICDD). As detailed
later, for the samples subjected to five and eight rotations, XRD
revealed already noticeable amounts of the intermetallic Ni3Al
phase formed during the HPT process. To reveal the critical strain
(i.e., radius and number of rotations) for mechanically induced
Ni3Al formation, these two samples were selected for lateral
resolved scanning transmission synchrotron XRD measurements.
Line scans across the sample radius were performed at the high
energy materials science beamline P07 at DESY (Deutsches
Elektronen-Synchrotron, Petra III, Hamburg, Germany) using a
0.5 � 0.5 mm2 sized X-ray beam with an energy of 87 keV
(l ¼ 0.14235 Å). Each sample was mounted with its former
torsional axis parallel to the X-ray beam using a translation stage.
Diffraction patterns were recorded at radial positions of R ¼ 1, 2, 3
and 4 mm using a Perkin-Elmer 2D detector. Prior to the mea-
surements, the setup was calibrated using a LaB6 line position
standard of SRM 660c type provided by the National Institute of
Standards and Technology (NIST). Subsequently, the patterns were
integrated along the azimuthal direction to observe corresponding
diffractograms of the individual measurements, i.e. along the radial
direction. Standard peak positions for Al, Ni and Ni3Al were
calculated and indexed using the lattice parameter of the individual
phases provided by the ICDD cards of the respective phases spec-
ified above.

To directly monitor the self-propagating reaction and the sub-
sequent intermetallic phase formation of the NieAl specimens
3

during ignition, the sample deformed for 8 rotations was selected
and analyzed in detail using in situ synchrotron X-ray measure-
ments at sector 32-ID-B of the Advanced Photon Source (APS) at
Argonne National Laboratory (ANL); the experimental set-up is
shown in Fig. 2. The X-ray energy was 25.39 keV with a corre-
sponding wavelength of l ¼ 0.488 Å. The X-ray beam was focused
down to 50 � 50 mm2 along the edge of the thin cylindrical sample
and the diffraction signal was imaged using a Lu3Al5O12:Ce scin-
tillator mounted Lavision HS-IRO image intensifier imaged with a
Photron SA-Z high speed camera at 20 kHz in pre-trigger mode. The
sample was mounted on a 3-axis stage and moved into position to
get the glancing angle X-rays, since the beam is completely absor-
bed by the 0.8 mm thick sample. The sample distance from the
scintillator was 290 mm at an angle of 10.15� degrees. The edge of
the sample, where the diffracted beam is collected, was supported
by an amorphous soda lime glass slide to prevent sample move-
ment without producing a diffraction pattern. The sample was
ignited using a resistively heated tungsten coil that was placed in
contact at the top of the sample supporting it on its edge. The
sample was simultaneously imaged using a FLIR SC2500 near-
infrared camera operated at 1000 Hz and a commercial CCTV
camera that were both operated remotely. When the reaction was
observed on the CCTV video stream relayed to a monitor at the
control room, all the cameras weremanually triggered to record the
last 2 s of the event. The resulting diffraction patterns were
analyzed using the HiSPoD software developed by ANL and cali-
brated using Al foils. The Debye-Scherrer rings were integrated over
a Phi angle (azimuthal direction) range between 150 and 210�.
Standard peak positions for Al3Ni, Al3Ni2 and NiAl were calculated
and indexed using the lattice parameter of the individual phases
provided by the ICDD cards of the respective phases specified above
[44e49].

3. Results and discussion

3.1. Microstructure and phase evolution during HPT deformation

Fig. 3 shows representative SEM micrographs of the NieAl
samples deformed to different numbers of rotations. As expected,
higher strain levels ensure full densification accompanied by sub-
stantial refinement of the powder particles. Up to two rotations,
corresponding to an equivalent strain of about 27 at r ¼ 3 mm, a
significant amount of residual porosity can be observed. These
pores most likely stem from a loss of improperly bonded powder
particles during metallographic sample preparation and not from a
low sample density itself. For this reason, the just compressed
specimens (zero rotations) were also excluded from the SEM
analysis. However, Fig. 3 shows that at least two rotations at room
temperature are needed to ensure pore free bonding of the powder
particles. While the dimensions of the individual phases are still up
to the micrometer range after two rotations, already significant
grain refinement occurs. After five and eight rotations, nano-
lamellar structures with dimensions significantly below 100 nm are
obtained. While for up to five rotations the lamellar structure re-
fines and aligns preferentially along the shear direction, i.e. parallel
to the tangential direction, especially the structure after eight ro-
tations looks different. At this strain level, many lamellae are
rotated with respect to the shear plane. The image taken at higher
magnification reveals that individual lamellae are displaced and
seem to be sheared off. Such features can be frequently found in
case of strain localization during severe deformation of composites
[20,50e52]. These locally enhanced shear strains do not only pro-
mote locally enhanced refinement, but eventually also result in
chemical intermixing or intermetallic phase formation, i.e. features
that are not desirable for self-reactive specimens.



Fig. 2. Schematics showing the in situ synchrotron X-ray diffraction setup.
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Fig. 4 illustrates the dependence of the fractal dimension in the
SEM micrographs on magnification scale (in kx, i.e., 1000 times
magnification) for samples subjected to 0.5, 1, 2, 5 and 8 rotations.
While a fractal dimension of two describes smooth interfaces,
higher values indicate more complicated interfacial structures
along with increased interfacial area. It thus provides a quick esti-
mation of a, beside the lamellae spacing, potentially important
parameter that can affect the reaction kinetics. As expected, the
fractal dimension initially decreases with feature scale because of
the typical log-normal size distribution of the starting Ni and Al
powders, but stabilizes at higher magnifications due to the sub-
micron geometrical roughness of the powder granules. With
increasing number of rotations, the fractal dimension at a fixed
scale initially decreases due to intergranular friction and local
deformation of the boundaries, thus eliminating finer geometric
features, resulting in micro-bonding of the grains into combined,
larger blob aggregates. Upon further straining, however, the fractal
dimension generally rebounds again to higher values across scale
because new feature complexity is generated during deformation.
This stems from the extensive shear deformation of the individual
phases into alternating finer lamellae of progressively smaller
thickness, as well as ‘Swiss roll-up’ curls of the lamellar structures
at local flow instabilities. While homogenous plastic flow is present
at the beginning, it is presumably countered by the increasing
confinement and strain hardening of the two phases accompanied
by formation of intermetallics, resulting in strain localization and
according rotation of the lamellae with respect to the shear direc-
tion. The geometrical features of the generated new boundaries
thus contribute to raising the fractal dimension during the process.
These phenomena are congruent and comparable with those
observed in Ni and Al powder consolidates prepared by other se-
vere plastic deformation methods such as HEBM but as well with
HPT deformation of other composite materials [16e23,26,52,53].

Laboratory XRD measurements were conducted to reveal if
apart from Ni and Al any intermetallic phase(s) formed during HPT
processing. The results are presented in Fig. 5, reflecting the
microstructural observations. With increasing strain (i.e., number
of HPT rotations), the Al and Ni peaks broaden due to substantial
microstructural refinement. In addition, for the samples deformed
up to five and eight rotations, reflections of the Ni3Al phase are
present. Phase formation was frequently observed during severe
plastic deformation and related to the large defect densities
created. As the resulting phases often correspond to the equilib-
rium phases present at elevated temperatures, the concept of an
effective processing temperature, Teff, has been introduced [54,55].
4

Based on this concept, Teff should be larger than about 1400 K here,
because above this temperature only Ni3Al and NiAl exist. Never-
theless, the NiAl phase was not detected in any of the as-deformed
samples, but only the Ni3Al phase. While further investigations are
certainly required, the conflict with the concept of an effective
temperature might be explained based on the underlying processes
of mechanical intermixing. As mechanically induced chemical
intermixing, necessary to form the Ni3Al phase, is mainly governed
by the deformation of the individual phases and the defects created
within them (e.g. roughening of the interfaces, size of the phases,
etc.) [51,56], it is not unreasonable that deviations from the concept
of an effective temperature occur. Anyway, the mechanically
induced phase formation at comparably low strains is in good
agreement with earlier findings in the NieAl system, although
presumably due to the elevated HPT processing temperatures
(573 K) and different chemistry (50 at.% Al) Al3Ni formed [34].

To reveal the critical strains for deformation induced interme-
tallic phase formation, position resolved scanning transmission
synchrotron measurements were performed on the samples giving
Ni3Al reflections in the laboratory equipment (i.e., with five and
eight rotations) and the results are presented in Fig. 6. Four posi-
tions were analyzed for each of these samples, moving in 1 mm
steps from the center towards the edge of the sample in radial di-
rection. The measurement positions at r ¼ 1, 2, 3 and 4 mm are
denoted in Fig. 6 as R1 mm, R2 mm, R3 mm and R4 mm, respectively. As
expected, both samples show reflections of the intermetallic Ni3Al
phase, however, only for larger radii, indicating that a certain
amount of strain is necessary for its formation. This is in line with
the microstructural observations, where for both, five and eight
rotations, nanoscale features presumably required for intermixing
can be found. No Ni3Al peaks are present in the sample deformed
for five rotations at r < 3 mm. As the samples subjected to five
rotations seem to deform homogenously (Fig. 3), a critical strain for
the phase formation of εvM ~68 can be estimated from Eq. (1). For
both samples, the intensity of the Ni3Al peaks increases with strain,
i.e. whenmoving towards the edge of the HPT disk. Thus, for a given
radius higher intensities should be present in the sample deformed
for eight rotations, compared to the one subjected to only five ro-
tations. However, this only holds true for the largest radius, while
for r < 4 mm the intensities of Ni3Al remain at a rather constant
level. Presumably this discrepancy is caused by the occurrence of
strain localization at higher strain levels (compare Fig. 3), compli-
cating a direct comparison between the specimens. Nevertheless,
the results clearly emphasize that Ni3Al formation can already
occur at low number of rotations.



Fig. 3. Representative microstructures of the NieAl samples subjected to HPT for different numbers of rotation. All images were taken in radial direction at r ~3 mm.
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3.2. Thermal analysis and phase formation at low heating rates

In general, thermomechanically induced phase formation
should be avoided as it could deteriorate the ignition and reaction
behavior of self-reactive samples. However, the phase fractions
formed may not be sufficiently large to subdue the targeted re-
actions. To elucidate the influence of pre-existing intermetallic
phases as well as the phase spacing of the NieAl nanocomposites
on the ignition behavior, DSCmeasurements were performed on all
samples and the results are shown in Fig. 7a. Independent of the
5

applied strain and thus, phase spacing and phase morphology,
exothermic reactions occur well below the melting point of pure
aluminum (933 K). This also holds true for the just compressed
powder blends, but may not be surprising, as also for these speci-
mens a considerable amount of strain (ε ~ 1) was already applied.
Such strains seem to be sufficient to decrease the phase di-
mensions, fracture the native oxide layer and enhance the inter-
facial area, all of them facilitating the occurring reactions. However,
with increasing number of rotations, i.e. structural refinement, the
onset temperature of the exothermic reaction is progressively



Fig. 4. Variation of fractal dimension on SEM micrographs taken at r ~3 mm with
feature scale during HPT processing.

Fig. 5. Laboratory X-ray diffractograms of the NieAl samples consolidated and HPT
deformed to different number of rotations.

Fig. 6. Radial phase evolution of the NieAl samples subjected to HPT for a) five and b)
eight rotations. Radial positions are denoted as Rx, where x is the distance from the
disk center in mm.
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shifted towards lower temperatures. While for the as-compacted
powder blends the reaction proceeds at about 750 K, it already
starts at about 450 K after eight rotations. This is in line with earlier
observations on sputtered or ball milled NieAl samples, where
reduced phase dimensions accelerate the reaction kinetics (e.g.
compare Refs. [15,16,18,20]). These exothermic reactions are
indicative of intermetallic phase formation. With decreasing
microstructural dimensions, the exothermic peaks tend to broaden
and the overall heat release somewhat diminishes. While the
broadening might be attributed to the size distributions of the HPT
deformedmicrostructures and their respective onset temperatures,
the diminishing exothermal heat flow is most likely a consequence
of the formation of intermixed regions or mechanically formed
6

compounds that reduce the available enthalpy that can be released
in the form of heat. Intermixed interfacial layers have not only been
observed in NieAl samples produced by means of plastic defor-
mation [57], but also for sputtered multilayers having small sub-
layer dimensions (i.e., 12.5 nm), with similar effects on the released
heat as found here for the HPT samples [58]. Furthermore, the
exothermic reaction seems to propagate in two stages beyond 2
rotations, which becomes evident for the samples deformed to
higher strains, where two peaks can be clearly identified, compare
Fig. 7a. However, also for the just compressed powder blends the
distinct shoulder of the exothermic peak indicates a reaction
occurring in two stages. Two distinct peaks in DSC analysis of self-
reactive nanocomposites have been observed earlier and were
attributed to isolated nucleation and growth of the intermetallic
phases, in some cases coupled to the formation of an amorphous
precursor phase [59,60]. Although the applied strain clearly shifts
the onset temperatures (Fig. 7a), similar reaction sequences seem
to occur for all specimens. The measured heat flow over the whole
investigated temperature range is exemplarily plotted for the
sample deformed for five rotations in Fig. 7b. For all specimens, the
exothermic reactions are completed at 900 K at maximum and for
higher temperatures two distinct endothermic peaks can be iden-
tified for all samples. The first occurs at about 1150 K, while the
other proceeds at 1425 K. Both temperatures are in good agreement
with the two peritectic reactions expected from the NieAl phase
diagram [61] for the given composition. According to this phase
diagram, Al3Ni transforms at 1129 K into Al3Ni2 and liquid phase,
while at 1411 K Al3Ni2 further decomposes into liquid phase and



Fig. 7. a) Heat flow of the exothermic reactions occurring in the specimens subjected
to different strains by HPT as revealed by DSC in Ar atmosphere at a heating rate of
10 K min�1; b) Measured heat flow in the whole temperature range (up to 1773 K)
exemplarily shown for the sample deformed for five rotations.

Fig. 8. Diffractograms of the DSC samples revealing the final phase compositions. In-
dependent of the applied strain during HPT, the samples finally consist of Al3Ni and
Al3Ni2 with some minor fractions of Al.
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NiAl. At ~1560 K another exothermic peak can be identified. The
origin of this peak at ~1560 K (Fig. 7b) could not unambiguously
clarified, but might stem from possible reactions of the samplewith
the alumina crucible. If kinetically permitted these reaction se-
quences inversely occur upon cooling and NiAl reacts to Al3Ni2 and
remaining liquid phase, while at even lower temperature addi-
tionally Al3Ni forms. Based on these reactions it can be assumed
that after the exothermic reactions Al3Ni, Al3Ni2 and remaining Al
or Ni should be present.

The reacted DSC samples were subsequently crushed, ground
into powders and analyzed in the lab XRD to identify the formed
phases. The resulting diffractograms of all specimens are presented
in Fig. 8. As can be noticed, in agreement with the DSC measure-
ments, the final phase composition of the samples does not differ
significantly. Apart from a minor amount of Al, all samples con-
sisted predominantly of the Al3Ni and Al3Ni2 phases, as expected
for the given chemical composition. Only in case of the samples
deformed to the highest number of rotations aminor fraction of the
equimolar NiAl phase was found. The traces of Ni3Al that were
found in the samples deformed for five and eight rotations were not
detected anymore after the DSC runs. Thus, it can be concluded that
the reaction kinetics are subject to change if the starting phase
dimensions are reduced, but not the reaction sequence itself.

3.3. Reaction sequence and phase evolution during ignition

As the heating rate is known to potentially influence the reac-
tion sequence and final phase composition [13,41], the results ob-
tained on the DSC samples at rather low heating rates may not be
representative for self-propagating reactions occurring in ignited
samples. Therefore, another set of all samples was ignited and
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analyzed post mortem in the lab XRD. In addition, to monitor the
occurring reactions, one sample was analyzed in an in situ syn-
chrotron experiment accompanied by a highspeed near-infrared
camera. For this experiment, the sample deformed for eight rota-
tions was chosen. This sample was selected as it already contains a
fraction of Ni3Al. Thus, it allows conclusions about whether the
structural gradient along the disk radius or the mechanically
induced intermetallic phase formation prevent ignition or reaction
throughout the whole HPT disk.

The image series from high-speed near-infrared imaging are
shown in Fig. 9. The contact point between the bright tungsten
heating coil and the HPT disk appears darker due to heat conduc-
tion to the sample, reducing the temperature locally. Given times
are relative to the first sign of a reaction within the sample (i.e.,
t ¼ 0 for the first frame). The reaction starts at a location on the
outer edge of the sample away from the contact point with the
heating coil and propagates along the outer edge. After forming a
complete ring, the reaction front slowly propagates radially to-
wards the center. Following an incubation period of about 10 ms, a
hot spot appears at the center and reacts further for another 10 ms.
The reactions are completed after this stage. The morphology of the
propagation front can be expected from the nature of the HPT disk,
with the applied shear strain linearly increasing in radial direction
from the disk center. As the periphery of the disk undergoes higher
strains, these areas are refined to a higher degree compared to the
center. Due to the reduced diffusion paths these regions can react
faster, whereas the reaction kinetics towards the center slows
down. Nevertheless, despite this structural gradient the disk fully
reacts. Based on the simultaneously recorded diffraction data from
the right edge of the HPT sample, the occurring reaction sequences
after preheatingwith the tungsten coil can be determined, compare
the obtained diffraction data in Figs. 10e13. Fig. 10 shows the in-
tegrated diffraction patterns as a function of relative time (y-axis). It
has to be noted that the timescale of the diffraction experiment was



Fig. 9. Image series from high-speed near-infrared imaging at 1000 Hz showing the propagation of the reaction in the sample deformed for eight rotations. It can be noticed that the
reaction first propagates at the edge of the sample before travelling towards the center that initially appears dark. The sample is outlined with dashed lines in the first frame, with
the bright object marked with an arrow in the top left corner being the hot tungsten coil to ignite the sample.

Fig. 10. Time series of integrated diffraction patterns obtained during the reaction of a
NieAl sample deformed for eight rotations. The reaction front passes across the
measurement spot at a relative time of ~160 ms.
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not synchronized with the near-infrared image series and thus a
direct comparison of the relative times of both experiments is not
possible. The initial peaks between 2q ¼ 12e16� can be assigned to
Al and Ni. There is also another weak peak at around 7.5� possibly
stemming from Al3Ni, that already formed upon pre-heating the
sample with the tungsten coil. No distinct peaks of the Ni3Al phase
could be detected, as opposed to the already reported laboratory
and synchrotron XRD analysis (Figs. 5 and 6), although they might
exist in relatively small amounts. This might be a consequence of
the small phase fraction and probing the sample locally (~50 mm) in
this in situ experiment. The reaction front passes across the small
area of interest at a relative time of ~160ms. At that stage, the initial
constituents Al and Ni along with the already formed Al3Ni rapidly
Fig. 11. a) The diffraction pattern of the sample deformed for eight rotations at a relative ti
Al3Ni2 and b) the corresponding integrated pattern with according room temperature stand
Debye-Scherrer rings suggest the formation of fine and randomly oriented crystallites.
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react to Al3Ni and Al3Ni2, compare Fig. 11. The patterns at this stage
are nearly continuous, indicating the formation of very fine crys-
tallites with random orientation. After a period of around 30 ms,
the second stage commences to produce Al3Ni2 with a significant
amount of melt fraction, which is in agreement with the NieAl
phase diagram for the given composition, as soon as tempera-
tures above ~1129 K are reached. A slight shift of the recorded
pattern to lower 2q angles with respect to the indicated room
temperature standard peak positions can be assigned to the
inherent thermal expansion of the respective phases.

Almost all peaks disappear at a relative time of ~200 ms and
only a broad halo at around 2q ~5� remains, as shown in Fig. 12, at a
relative time of 225 ms. The diffraction patterns from this time on
show a single weak diffraction spot originating from NiAl. This
might be due to almost complete melting of the product phases
Al3Ni2 and Al3Ni at this sample state which leaves, according to the
NieAl phase diagram, NiAl as the only solid phase if the peritectic
line at ~1411 K is exceeded, and the temperatures applied do not
exceed themelting point of NiAl. Again a slight shift of present peak
in the recorded pattern to lower 2q angles with respect to the
indicated room temperature standard peak position is observed
which can be related to the thermal expansion of the NiAl phase at
elevated temperature. The two spots clearly observed in Figs.11 and
12 and partially in Fig. 13 at the diffraction angle of ~13.5� at
approximately two o’clock direction do not originate from the
sample, but rather from an object in the path of the beam, either
part of the aluminum mount used to secure the sample or the
tungsten coil. This was evident as these spots were not affected by
the transformations in the sample and were present before and
after the reactions.

The diffraction peaks from the cooled sample after the reactions
are shown in Fig. 13. After the reactions are fully completed, peaks
from Al3Ni2 and Al3Ni are observed, which should have formed
again during solidification and cooling, being again in good
me of ~165 ms (time averaged over 5 ms) shows Debye-Scherrer rings from Al3Ni and
ard peak positions for Al3Ni2 and Al3Ni. Due to the small area probed, the continuous



Fig. 12. a) The diffraction pattern of the sample deformed for eight rotations at a relative time of ~225 ms (time averaged over 5 ms) shows a broad halo with a weak diffraction spot
from NiAl and b) the corresponding integrated pattern with the calculated room temperature standard peak positions for NiAl.

Fig. 13. a) The diffraction pattern (averaged over 100 frames) after the reaction of the sample deformed for eight rotations shows multiple diffraction spots originating from Al3Ni2
and Al3Ni and b) the corresponding integrated pattern with calculated room temperature standard peak positions of Al3Ni2 and Al3Ni.

Fig. 14. X-ray diffractograms of the ignited and fully reacted HPT samples deformed to
different strain levels.
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agreement with the NieAl phase diagram and also with the results
obtained at low heating rates (i.e., the DSC experiments). At this
stage, the recorded peaks in the pattern fit very well to the indi-
cated room temperature standard peak positions due to the lack of
a mismatch caused by the thermal expansion of the respective
phases. Such kind of multi-stage reactions have also been observed
in reacting green compacts fabricated from HEBM NieAl powders
using two-color near-infrared imaging [23]. The reactions seem to
stagger at the peritectic temperature of 1411 K as Ni2Al3 dissociates
intomelt and NiAl endothermically, when the self-heating rates are
not sufficient to rapidly overcome this. Likewise, melting of any
remaining Ni can also stagger the reactions due to its endothermic
melting at 1728 K, although this has not been observed in the HPT
samples.

To elucidate the effect of the phase spacing and morphology on
the phase constitution after ignition, the various HPT samples after
ignition were also analyzed in the lab XRD. The obtained dif-
fractograms are shown in Fig. 14. Independent of the sample, Al3Ni
and Al3Ni2 are present as final phases. In addition, for the samples
subjected to less than two rotations, a minor amount of Al can be
detected as well. This might be a consequence of the still relatively
large phase dimensions in case of these samples, resulting in longer
diffusion distances and accordingly retarded reaction kinetics.

Comparing the different heating rates, i.e. low during DSC and
high during the ignition experiments, the product phases do not
differ significantly (compare Fig. 8 and Fig. 14). Hence, for the HPT
samples studied herein, the heating rate does not seem to cause
significant differences with respect to the reaction sequence. This
9
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widely holds true also for the applied strain, although the samples
deformed to higher numbers of rotations react completely, while
for the just compressed or slightly deformed disks some aluminum
remains. Presumably this difference is caused by the enhanced
defect densities and shorter diffusion pathways. Based on the ex-
periments and the known asymmetric diffusivity in the NieAl
system [62,63], it is obvious that the reaction starts with the
interdiffusion of Ni into Al, resulting in the formation of Al3Ni. This
results not only in a heat release due to the phase formation, but
presumably also enhances the diffusivity in the Ni phase due to the
increasing vacancy concentration. As a consequence, Al3Ni2 can
form and in case that sufficient heat is either released by the self-
propagating reaction or from a heating source (i.e., such as in
case of the DSC), it can dissociate at elevated temperatures into a
liquid phase and the equimolar NiAl phase. Thus, based on the in
situ diffraction data and the investigated composition, the
maximum reaction temperatures can be expected to be above
1411 K, but below the melting point of NiAl (1924 K).

4. Summary and conclusions

In the present study a first attempt to synthesize bulk self-
reactive NieAl samples by high pressure torsion (HPT) at ambient
temperature was performed. Detailed investigations of samples
deformed to different strains and thus varying structural di-
mensions clearly show that HPT is capable to produce reactive
specimens on a bulk scale. Despite the structural gradient along the
disk radius, the samples with a composition of 70 at.% Al deformed
by HPT are highly reactive and can be ignited significantly below
the Al melting point, yielding a product predominantly consisting
of Al3Ni2 and Al3Ni and minor fractions of NiAl, while reaching
reaction temperatures significantly above 1400 K. While the
applied increasing strains cause a significant refinement and lower
the onset temperatures of the reaction, diffraction analysis revealed
mechanically induced intermetallic phase (Ni3Al) formation at
higher strains. Avoiding intermetallic phase formation while
refining the structure even further could certainly improve the
ignition and reaction behavior. Intermetallic phase formation could
occur by mechanical intermixing, which could be accelerated by
strain localization (favored at low temperatures) but also thermally
induced. Ideal processing conditions yielding maximum refine-
ment without intermetallic phase formation are thus hard to pre-
dict and inspection of samples processed by HPT at different
temperatures is required to understand the predominant formation
processes and to optimize synthesis conditions.
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