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Evolution of MicrostructurE and crystallographic tExturE  
in sEvErEly dEforMEd feconialti MulticoMponEnt alloy

the evolution of microstructure, texture, phase composition, and dislocation density distribution in Fe-based shape memory 
alloys processed by high-pressure torsion (hPt) at room temperature was investigated using synchrotron radiation and electron 
backscatter diffraction. the initial material was a hydrostatically extruded sample that underwent additional heat treatment. before 
hPt deformation, the disks were heat treated at 1200°C for 5 mins. to relieve the stresses. the starting Fe-based material was 
characterized by a strong fibre <111> texture and coarse columnar grains with an average size of approximately 200 µm. the hPt 
process alters the initial <111> strong fibre texture to a typical shear texture with dominating B, B–, A1

* and A2
* components. As de-

formation proceeds marginal precipitation of β phase occurs. the precipitation process seems to be related to the shear magnitude, 
as the volume fraction of β phase increased linearly with shear. Furthermore, the precipitates produced by hPt form a typical 
texture for bcc metals with F and J1 components. 
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1. introduction

iron-based multicomponent alloys are a class of materials 
known for their remarkable ability to superelastic effect, high 
strength and excellent soft magnetic properties [1-10]. unlike 
traditional alloys, the Fe-based alloys exhibit a superelastic effect 
near room temperature or even at lower temperatures, making 
them highly valuable for a wide range of engineering applica-
tions, including actuators and biomedical devices [11-21]. Con-
currently, due to their complex chemical composition, Fe-based 
multicomponent alloys allow for easy control of microstructural 
features through massive solid solution formation, phase stabi-
lization, and precipitation hardening. in this context, two types 
of precipitates can evolve within the solid matrix. the first one 
is the coherent γ' phase which is of great interest due to its im-
pact on superelastic properties [11,16]. this effect is strongly 
dependent on the precipitation hardening conditions (tempera-
ture, time, initial state of the material) that strengthen the matrix 
and provide stress concentrators that stimulate stress-induced 
martensitic transformation [22-28]. the second precipitate is the 
incoherent b2-based β phase, which significantly affects both the 
magnetic and mechanical properties. in light of these findings, 

precipitation hardening is a key factor in tuning the mechanical 
and magnetic properties of Fe-based multicomponent alloys. 
therefore, in this paper, the main focus is to study the effect of 
severe plastic deformation on the precipitation process.

Another important factor is crystallographic texture. Super-
elastic strain, a unique property of shape memory alloys (SMAs), 
is activated along specific crystallographic planes and directions. 
this is also true for magnetic and mechanical properties, which 
are strongly anisotropic. therefore, the texture is a crucial ele-
ment that should be analyzed and optimized. For these reasons, 
Fe-based multicomponent alloys with a composition of Fe-28ni-
17Co-11.5Al-2.5ti (in at.%, abbreviated nCAt) were subjected 
to hydrostatic extrusion (hSe), heat treatment, and finally high-
pressure torsion (hPt). Deformation can lead to a preferred ori-
entation, which can vary depending on the specific deformation 
process. in high-pressure torsion, simple shear is the dominant 
deformation mode and the magnitude of shear changes along 
the sample radius. this characteristic allows for a wide range 
of investigations using just one sample. Severe plastic deforma-
tion can also produce ultrafine-grained materials. therefore, 
to explore the effect of hPt on microstructure, texture, phase 
composition, dislocation density, and microstrains, synchrotron 
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radiation and electron backscatter diffraction (ebSD) were used. 
Applying these techniques, the evolution of microstructure and 
texture was analyzed in relation to the deformation mode, heat 
treatment, and precipitation hardening.

2. Experimental

the initial material was cast in the shape of a cylinder of 
diameter 13 cm with Fe-28ni-17Co- 1.5Al-2.5ti composition. 
Secondly, the material was hydrostatically extruded at room 
temperature. After extrusion, the cross-section was reduced from 
13 mm to 10 mm in one pass at room temperature. the material 
was extruded with pressures in the range 400-500 MPa. Prior 
to hPt deformation, the alloy was heat-treated at 1200°C for 
5 minutes [1]. three small disks, with a diameter of 10 mm and 
a height of 2 mm, were cut from the initial bar by spark ero-
sion. the following coordinate system was applied so that the 
extrusion direction (eD) was parallel to the normal direction 
(|| hPt process). the disks were subsequently deformed at room 
temperature by hPt for 1, 2, and 5 rotations under a constant 
pressure of 2 gPa. in order to perform phase analyses, high-
energy x-ray diffraction measurements were carried out using 
the hzg beamline (P07b) located at PetrA iii with wave-
length, λ = 0.142342 Å at DeSy, hamburg, germany. in order 
to eliminate the texture effect and to obtain highly comparable 
results, all samples were rotated 180° about the ω angle during 
measurements (the so-called continuous mode) [29-31]. the 
crystallographic texture of all states was also measured using 
high-energy synchrotron radiation by a step size of 5°. For local 
texture and phase analyses, cuboid samples with dimensions of 
2.0 mm × 2.0 mm × 13 mm were cut. the samples were transmit-
ted with a beam size of 0.8×0.8 mm. the shear strain value given 
corresponds to the middle of the respective analyzed volume. 
experimental pole figures were calculated using StresstexCal-
culator software [32], and the orientation distribution function 
(oDF) was obtained using lAbotex software. the following 
pole figures were measured: {111}, {200}, {220} for the fcc 
matrix, and {110}, {200}, {211} for the β phase-type precipi-
tates [33]. A typical monoclinic symmetry of simple shear, along 
with standard crystal and sample coordinate systems, was em-
ployed [34]. Texture images are represented by ϕ2 = 0° and 45° 
oDF sections, which allow for easy detection and interpretation 
of all major texture components. to estimate the volume fraction 
of particular phases high Score Plus software was employed. the 
used parameters ensured good counting statistics with a typical 
value of goodness of fit parameter lower than 2 for all rietveld 
quantifications. the microstrains were calculated using the fol-
lowing formula ε = βcosθ/4, where ε is a microstrain, β is the 
full-width at half maximum (FwhM). Dislocation density was 
estimated using δ = (Kλ/βcosθ)2 formula, where K is constant. 
[30,31]. All states were also investigated by Fei Quanta 3D Feg 
scanning electron microscope operated at 20 kV and equipped 
with eDAx oiM tSl ebSD collecting system to reveal the 
microstructure of the nCAt alloys.

3. results and discussion

Fig. 1 represents the diffraction pattern for all the examined 
samples. As can be seen in the as extruded and annealed state 
solely the fcc matrix is present. the only difference lies in the 
position and broadening of diffraction peaks indicating a much 
higher dislocation density and internal stresses in the hSe 
sample. Annealing at 1200°C provides softening of the material 
relieving the stresses. 

Fig. 1. Synchrotron diffraction pattern of differently deformed and 
annealed nCAt samples. (hSe – hydrostatic extrusion, hPt – high-
pressure torsion). inset demonstrates the rietveld refinement for hPt 
deformed sample

it also changes the grain size as shown in Fig. 2 producing 
coarse equiaxed grains with an average size of around 200 µm. 
however, upon hPt deformation, high strains cause broaden-
ing of diffraction profiles indicating again a gradual increase 
in dislocation density as the shear magnitude increases. in ad-
dition, the β phase is recognized by a small intensity of (110) 
reflection. the volume fraction of the β phase maintains a higher 
value with increasing shear gradually reaching eventually 3.8% 
for γ = 20, Fig. 3b.

As can be seen in Fig. 2, hPt successfully refined the 
microstructure with an average size of about 5 μm and 1 μm 
for γ = 10 and 20, respectively. the size of the β precipitates 
is beyond the spatial resolution of ebSD (40 nm) being in the 
nanometer range. Shear deformation also changes the shape of 
austenitic grains from around equiaxed to ellipse shape with the 
long axis inclined toward the shear direction (SD). using a dif-
fraction pattern the dislocation density and microstrains were 
calculated. Fig. 3(a) reveals both parameters following the de-
formation path. After one pass of hSe the density of dislocation 
rises to 1.1×1015 m–2. heating at 1200°C causes a sudden drop in 
microstrains and dislocation density by an order of magnitude to 
about 0.001% and 1.0 ×1014 m–2, respectively. nevertheless, hPt 
process progressively increases both features reaching values of 
about 40% higher than for the hSe sample. Fig. 3(b) shows the 
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calculated by rietveld refinement volume fraction of β phase. 
As can be seen, the amount of beta phase linearly increases with 
shear deformation and finally equals 3.8% for γ = 20. this clearly 
demonstrated that the β phase is generated by a shear-driven 
phase transition as there was no heat treatment applied after hPt. 
it is worth mentioning that compared to our previous study the 
quantity of the β phase is significantly reduced [35] reaching 
a very small value. thus, hPt leads to a precipitation process 
promoting the NiAl-B2 (β) type intermetallic phase. However, 
the amount of niAl-b2 is very small.

Fig. 4 shows the oDF sections at φ2 = 0° and 45° which 
clearly indicate that the initial texture of the hSe processed 
sample is characterised by a strong <111> fibre component. 
the <111> direction is predominantly aligned with the extru-
sion direction which means that this is also the rotation axis for 
hPt process. Anealing does not change the texture qualitatively 
since it remains strong <111>, however a new weak <100> fibre 
appears. the shear deformation of the matrix produces a typical 
shear texture for fcc metals. Mainly B, B–, A1

* and A2
* components 

are detected [36]. the intensity of these components increases as 
the magnitude of shear increases. on the other hand, the texture of 
β bcc-based precipitates is characterized by F and J components 
[37]. interestingly one of the J components and D components 
are missing which can point to some variant selections. it is 
also unexpected that the shear texture of precipitates is quite 
pronounced even though the volume fraction of them is very low.

4. conclusions

the following conclusions can be drawn based on the 
experimental results:
1. hSe produces a strong <111> fibre texture of the fcc phase 

with no trace of bcc precipitates. 
2. After annealing, no significant change in the texture is ob-

served, except for stress relief and grain growth. 
3. hPt performed at room temperature leads to marginal 

precipitation of b2 phase.

Fig. 2. ebSD maps of the initial material and subjected to hPt at a shear strain of about 10, and 20

Fig. 3. (a) Microstrains and dislocation density calculated from high-energy x-ray diffraction patterns for all samples along with (b) volume 
fraction of the β phase
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Fig. 4. oDF sections at φ2 = 0° and 45 of the initial hSe sample, annealed and after hPt at a shear strain of 10 and 20 for the matrix phase. key 
figures give the ideal components of simple shear of fcc metals. intensities are provided in multiples of random distribution (mrd)

Fig. 5. oDF sections at φ2 = 0° and 45 of the sample subjected to hPt at a shear strain of 20 for β phase. key figures give the ideal components 
of simple shear of bcc metals
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4. the texture of Fe-based alloys subjected to the hPt process 
is characterized by strong B, B–, A1

* and A2
* omponents while 

F and J shear components of bcc metals are found.
5. no D and only one J shear component after application of 

high shear is found in the bcc phase indicating strong vari-
ant selections.
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