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Abstract

The precipitation of nano-sized Cr clusters was investigated in a commercial Cu-1Cr-0.1Zr
(wt.%) alloy processed by equal-channel angular pressing and subsequent aging at 550◦C
for 4 h using Small-Angle Neutron Scattering (SANS) measurements and High-Angle Annu-
lar Dark-Field-Scanning Transmission Electron Microscopy (HAADF-STEM). The size and
volume fraction of the nano-sized Cr clusters were estimated using both techniques. The pa-
rameter values assessed by SANS (d ∼ 3.2 nm, Fv ∼ 1.1 %) agreed reasonably with those by
HAADF-STEM (d ∼ 2.5 nm, Fv ∼ 2.3 %). In addition to the nano-sized Cr clusters, HAADF-
-STEM indicated the presence of rare cuboid and spheroid sub-micronic Cr particles measur-
ing approximately 380–620 nm in mean size. Both techniques did not evidence the presence
of intermetallic CuxZry phases within the aging conditions.
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1. Introduction

Cu-Cr-Zr alloys are the subject of many research
activities owing to their potential use in industrial and
technological areas, such as electric/microelectronics
and nuclear fusion reactors [1]. The high conductiv-
ity of these alloys is mainly attributed to the low sol-
ubility of Cr and Zr in Cu at room temperature [2],
whereas their strength is due to the precipitation of Cr
clusters and CuxZry phases in Cu matrices [3, 4]. How-
ever, many authors have reported antagonist findings
of the sequence and nature of precipitates that can
appear during annealing after conventional or severe
plastic deformation (SPD) of Cu-Cr-Zr alloys [5–16].
Besides Cr clusters, different CuxZry phases have been
found in Cu-Cr-Zr alloys: orthorhombic Cu4Zr phase
[10, 17] and Cu51Zr14 (believed to be Cu3Zr) phase
[11]. More complicated phases, such as Cu7Cr3ZrSi
and CrCu2(Zr, Mg) Heusler phases have also been ob-
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served [18–20]. It was reported in binary Cu-Cr and
Cu-Zr and in ternary Cu-Cr-Zr alloys that Cr precipi-
tates appeared first at about 440◦C, followed by sepa-
rate Cu3Zr precipitation at approximately 520◦C [21].
A similar sequence was reported in Cu-Cr-Zr alloys
that were severely deformed by equal-channel angular
pressing (ECAP) [5, 22].
The substantial influence of SPD processes, such as

ECAP and high-pressure torsion (HPT), on the struc-
ture, precipitation sequence, thermal stability, and
mechanical properties of Cu-based alloys has been the
object of many studies [5, 21–29]. The processing of al-
loys by SPD produces significant grain refinement and
a high density of dislocations and vacancies [30]. These
characteristics enhance the mobility of solute species,
generate additional nucleation sites for precipitations,
and consequently strongly modify their kinetics [24,
30].
After ECAP processing, the grains of Cu-Cr-Zr al-
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loys were strongly refined to 1 µm concomitant with
high dislocation densities and significant hardness en-
hancement of up to 250% [5, 22, 23, 27, 31]. Purcek
et al. [27, 31] showed that among the different ECAP
routes, route Bc was found to generate the smallest
grain size and the highest hardness and strength [27].
Moreover, post-ECAP aging led to precipitation hard-
ened ultrafine grain structure that remained stable un-
der both thermal and mechanical conditions [5].
Since the pioneering work of Vinogradov et al. [5],

very few studies have been devoted to the chemical
and microstructural changes, precipitate nature and
morphology, and precipitation sequence that may oc-
cur during and/or after SPD processing of Cu-Cr-Zr
alloys.
Hatakeyama et al. [18] and Chbihi et al. [32] re-

ported quantitative data of size distribution, volume
fraction, and other morphological features of Cr clus-
ters in Cu-Cr-Zr alloys without any prior deformation
by using TEM and 3D-atom probe tomography (3D-
-ATP). They evidenced the existence of nano-scaled
Cr precipitates with a spherical, plate, and ellipsoid
shapes and sizes ranging between 2 and 50 nm.
Small-angle neutron scattering (SANS) and high-

angle annular dark-field scanning transmission elec-
tron microscopy (HAADF-STEM) are powerful tools
for determining the size distribution and volume frac-
tion of precipitates in materials and alloys. Contrary
to microscopic techniques, SANS analyzes a relatively
large volume and thus provides average values over a
very large number of precipitates; thus, this method
is highly sensitive to small changes in the size and
volume fraction of precipitates [33].
The present study aims to comparatively evaluate

the size distribution and the volume fraction of pre-
cipitates in a Cu-1Cr-0.1Zr (wt.%) alloy after SPD
processing by ECAP and aging at 550◦C for 4 h using
SANS and HAADF-STEM.

2. Experimental procedure

The material considered in this study was a com-
mercial Cu-1Cr-0.1Zr (wt.%) alloy that was supplied
in the form of rod bars by Good Fellow (UK). Billets
of 10 mm diameter and 60mm length were then ma-
chined for ECAP processing and then solution heat-
treated for 1 h at 1 040◦C in a protective inert gas
atmosphere, followed by water quenching. The rods
were then processed by ECAP at room temperature
up to one pass using route Bc. Full details of the
ECAP processing can be found in [34, 35]. This route
was specially chosen for generating a fine equiaxed
microstructure with a high volume fraction of high-
angle grain boundaries [31]. After ECAP processing,
annealing was conducted at 550◦C for 4 h under high
vacuum.

Analytical transmission electron microscope FEI
Tecnai G2, at 200 kV and equipped with an HAADF-
-STEM detector and an energy-dispersive X-ray spec-
trometer (EDS), was employed for microstructural
(ultrafine grain size, precipitate size distribution, their
nature, and volume fraction) characterization of the
Cu-1Cr-0.1Zr alloy after various heat treatments.
The TEM specimens were electro-polished using a
TenuPol-5 twinjet polishing unit with an electrolyte
of 75 % CH3OH and 25% HNO3. In the HAADF-
-STEM experiments, six was the spot size used (ap-
proximately 1 nm beam diameter). The volume frac-
tion of the precipitates was estimated using Scion Im-
age for Windows. The area values of a selected number
of precipitates in a TEM micrograph were computed
and divided by the frame in which they were selected.
Since all the sections of the thin foil perpendicular
to the view plan were equivalent, the surface fraction
was assumed equal to the volume fraction. Five TEM
micrographs were used, as suggested by DeHoff and
Rhines [36].
The SANS experiments were performed on a

PAXY spectrometer in the Orphée reactor at the Lab-
oratoire Léon Brillouin (CEA-CNRS, Saclay, France,
Proposal N◦ 12796). Two configurations of incident
wavelength and sample-detector distance were used:
0.6 nm and 2 m; 0.9 nm and 5m. The total covered
scattering range was then 0.01 < q < 2 nm−1. Data
were normalized and corrected for sample transmis-
sion and sample holder contribution. From the ob-
tained 2D patterns, the SANS intensities (I) were de-
duced. The analysis method (of the log(I) vs. q plots)
used for estimating the precipitate size and volume
fraction is discussed in detail in [37, 38].
Following this method, the SANS intensity per unit

volume is given by:

I(q) = Δρ2NpV 2p F (q)s(q), (1)

where Np and Vp are the number density and volume
of particles, respectively. Δρ is the nuclear contrast
and is written as:

Δρ =
bp

vpat
− bm

vmat
, (2)

where bp,m and vp,mat are the average scattering length
and average atomic volume in the precipitate (p) or
the matrix (m), respectively. F (q) is the form factor
of the particles and S(q) the structure factor (in the
present study, the volume fraction is of the order of
1–2%, so S(q) is assumed equal to 1). The precipi-
tates are supposed spherical with a radius R, and the
corresponding form factor is:

F (q, R) =

[
3
sin(qr)−qr cos(qr)

(qr)3

]2
. (3)
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Fig. 1. The microstructure of Cu-1Cr-0.1Zr (wt.%) alloy: (a) as received, (b) solution annealed at 1 040◦C for 1 h, (c)
HAADF-STEM, and (d) TEM bright field image after ECAP processing to 1 pass and aging at 550◦C for 4 h.

Furthermore, the precipitates are not monodisperse,
and the size distribution has to be considered. In this
case, the Gaussian size distribution was taken into ac-
count for the data analysis. The Gaussian distribution
is given by:

h(R) =
1√
2πσ

[
− (R−Rm)

2

2σ2

]2
, (4)

where Rm is the mean radius. The half-width of the
size distribution at half maximum is ΔR =

√
2 ln 2σ =

1.177σ. Under these assumptions, Eq. (1) is rewritten
as:

I(q) = Δρ2fv

∞∫
0
h (R)V 2p F (q,R) dR

∞∫
0
h (R)VpdR

, (5)

where fv is the volume fraction of the particles.

3. Results and discussion

Figure 1 shows the microstructure of the Cu-Cr-Zr
alloy in the as-received state (Fig. 1a) after solution

heat treatment at 1 040◦C for 1 h (Fig. 1b), one pass
of ECAP processing, and subsequent aging at 550◦C
for 4 h (Figs. 1c–d). Figs. 1a and b were reproduced
from EBSD maps in the Index of Quality format [35].
As already reported in [35], the microstructure of

the as-received alloy is characterized by the presence
of long parallel elongated grains in fibrous form. This
columnar structure with an average transverse grain
size of approximately 130 µm resulted from strong
thermal gradients during casting. Figure 1b shows a
coarse equiaxed granular microstructure that resulted
after solution annealing at 1 040◦C for 1 h in an Ar
atmosphere. This heating led to a grain mean diame-
ter of approximately 100µm, which is larger than that
reported by Purcek et al. [31] for a similar alloy that
underwent solution annealing at 1 020◦C for 20min.
This grain size difference is remarkable owing to no-
ticeable grain growth that may occur under increased
temperatures and annealing times. Grain boundaries
are irregular, and many annealing twins are present in
the microstructure.
As observed in Fig. 1c, ECAP processing to one

pass and annealing at 550◦C for 4 h resulted in a typ-
ical microstructure consisting of ultrafine sub-grains
with an average grain size of about 200 ± 40 nm, as
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estimated by the linear intercept method, in which
all grains separated by both high-angle and low-angle
grain boundaries were considered.
This sub-grain size is very close to that reported

by Purcek et al. [31] for a Cu-0.8Cr-0.08Zr (wt.%)
alloy after eight passes of the ECAP technique. These
authors stated that the grain size and morphology did
not considerably change between four and eight ECAP
passes.
Hence, it can be stipulated that the sub-grain size

saturates soon after one ECAP pass and up to 16
passes. Figure 1b suggests that neither normal nor ab-
normal grain growth is observed in the aged alloy. A
surprising absence of any effect of aging at 450◦C for
1 h on the morphology and grain size of ECAPed Cu-
-0.80Cr-0.080Zr (wt.%) alloy was reported by Purcek
et al. [27, 31]. Vinogradov et al. [5] also demonstrated
the impressive fact that the ECAP structure remained
fine-grained during the heating and aging of a Cu-
-0.44Cr-0.2Zr (wt.%) alloy at temperatures reaching
600◦C. This persistent UFG microstructure may be
due to its effective stabilization by the Cr cluster
and/or Cu5Zr particles [8].
Enhanced magnification shows that the microstruc-

ture (Fig. 1d) consists of dislocation-free sub-grains
with sharp (high-angle) boundaries and zones of
moderate-to-high distortions and dislocation walls
(low-angle boundaries). Many grain boundaries are
not apparent due to the existence of high dislocation
density in their vicinity. Many similar observations
were reported in the literature after SPD processing
and aging of Cu-based alloys [5, 28, 31].
Normally, annealing under such conditions should

result in substantial recrystallization and grain growth.
Previous work demonstrated that a Cu-1Cr-0.1Zr
(wt.%) alloy exhibited good thermal stability of up
to 550◦C after ECAP processing and annealing [22].
An interesting finding is the presence of quasi-

cuboid and quasi-spheroid sub-micronic particles in
the microstructure of the annealed Cu-Cr-Zr alloy,
as shown in Figs. 2a,b. The sizes of the cuboid and
spheroid particles are approximately 380 and 620 nm,
respectively.
Table 1 summarizes the results of point EDS anal-

ysis of the Cu matrix and the cuboid and spheroid
particles, which correspond to analyzed zones 1, 2,
and 3, respectively. The two particles are composed
of ∼ 98% Cr and 2% Cu. No trace of Zr is detected
in the core of the spheroid particle. The selected area
diffraction (SAD) pattern taken from Fig. 2b inside
the sub-micronic precipitate is shown in Fig. 2c. The
key to Fig. 2c (zone axis [111]), which shows the po-
sition of fundamental reflections from the Cr cluster,
which are superimposed on the spots in Fig. 2c, con-
firms the presence of only a Cr bcc phase with a lattice
parameter of 0.288 nm.
Aside from the rare sub-micronic particles in the

Fig. 2. HAADF-STEM images of: (a) cuboid and (b)
spheroid sub-micronic Cr clusters, (c) Selected Area
Diffraction (SAD) pattern taken from Fig. 1b inside the

sub-micronic spheroid cluster.

microstructure, profuse nano-sized particles can be no-
ticed inside the sub-grains, as demonstrated in Fig. 3.
Highly similar observations were reported in the liter-
ature [5, 12, 32, 39, 40]. In these reports, such parti-
cles were identified as Cr clusters. Unfortunately, the
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Ta b l e 1. EDS analysis of Cu matrix, cuboid, and spheroid particles

Element Cu matrix (wt.%) Cuboid particle (wt.%) Spheroid particle (wt.%)

Cr(K) 0. 2 97.4 97.4
Cu(K) 99.7 2.5 2.5
Zr(K) 0.1 0.03 –

Ta b l e 2. SANS Cr precipitation characterization on homogenized and ECAP deformed Cu-1Cr-0.1Zr alloy and annealed
at 550◦C for 4 h, respectively

Sample Mean radius (nm) Standard deviation Fv (%)

Reference 1.1 0.2 1.1
ECAP-1 Pass + 4 h at 550◦C 1.6 0.5 1.1

Fig. 3. HAADF-STEM image showing nano-sized Cr clus-
ters (in white contrast) within one sub-grain of deformed

Cu-Cr-Zr alloy after annealing at 550◦C for 4 h.

present work failed to perform EDS analysis because
the precipitates were very small (few nanometers)
compared to the foil thickness (usually approximately
50 nm). Hence, the EDS signal should be strongly con-
voluted between the particles and the matrix lying
under and above the particles. Vinogradov et al. [5]
reported that the precipitation of a fine Cr cluster
started after aging at 375◦C for 15 h. The morphology
and size of such clusters did not change appreciably
and later remained in a diameter range of 5–20 nm
even after aging at 425 and 500◦C [5]. Meanwhile, it
was reported that Cr clusters could be transformed
into large and stable bcc particles at higher tempera-
tures (500◦C) and longer annealing times (two days)
[38].
The precipitation nature and sequence in Cu-Cr-

-Zr alloys after thermomechanical processing have
been thoroughly studied [5–16]; by contrast, the pres-
ence of similar sub-micronic Cr clusters has been re-
ported in only a few studies [12, 41, 42]. Using energy-

dispersive spectroscopy (EDS) mapping, Zhang et al.
[42] showed that sub-micronic Cr clusters had a core-
shell structure with the shell of Zr and the core of Cr.
These relatively coarse phases are thought to form
during solidification and are left undissolved during
the solution [43]. The growth of the coarse Cr phase
in as-cast ingot prefers certain orientations [12]. The
SANS technique failed to detect them within the ex-
plored q range in this study due to their relatively
large size and very low volume fraction.
The nuclear scattering intensities measured on the

deformed Cu-Cr-Zr alloy and annealed at 550◦C for
4h are shown in Fig. 4. Data from homogenized (un-
processed and un-aged) Cu-1Cr-0.1Zr alloys as a refer-
ence sample were also given for comparison. The nu-
clear scattering intensities of the deformed Cu-1Cr-
-0.1Zr alloy and annealed at 550◦C for 4 h exhibit
a weak, extended, and broad peak in the range of
0.375 < q < 1.40 nm−1 compared with the reference
sample.
The SANS data show that at a small q, the inten-

sity decreases rapidly, following a slope in q−4. This is
consistent with the behavior of Porod, which is the sig-
nature of the microstructure of a polycrystalline mate-
rial with or without very large particles. The Porod be-
havior is the same for the reference and the ECAPed
and aged sample; the microstructure (grains, grain
boundaries, or very large particles) was not modified
by the last thermomechanical treatment. At a high
angle, that in the reference sample has an additional
contribution due to nano-objects; this contribution is
much higher in the deformed and annealed material
than in the reference. The measured scattered intensi-
ties were fitted assuming a Porod law and a Gaussian
size distribution of small spherical or ellipsoidal par-
ticles. The agreement between the experimental and
calculated data is excellent, as illustrated by the right
side of Fig. 4. The results of the data fitting are sum-
marized in Table 2. Meanwhile, the evaluation of the
precipitated volume fraction Fv from the experimen-
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Fig. 4. (a) Nuclear scattering intensities for homogenized
and deformed Cu-1Cr-0.1Zr alloy and annealed at 550◦C
for 4 h, respectively. The continuous line illustrates the
Porod behavior (I vs. (1/q4)) attempted for alloy with-
out nano-particles and (b) example of data adjustment

obtained on the higher intensity.

Ta b l e 3. Estimation of size (diameter) and volume frac-
tion of Cr nanocluster from SANS and HAADF-STEM
analysis of deformed Cu-Cr-Zr alloy after annealing at

550◦C for 4 h

Diameter (nm) Fv (%)

SANS HAADF SANS HAADF

3.2 2.5 1.1 2.3

tal data fit requires knowledge of the nuclear contrast
and thus the chemical composition. In this case, the
precipitates were considered pure Cr.
The results confirm that in the reference state, ap-

proximately 1 % of very small particles already exist.
In the annealed sample, the size of the precipitates
shows a clear increase, reaching a radius of 1.6 nm.

The volume fraction is constant. Meanwhile, the size
and volume fraction of the Cr nano-clusters were es-
timated by quantitative metallography from a set of
HAADF-STEM micrographs (Fig. 3, for example) and
then compiled with those found by SANS in Table 3.
Both SANS and HAADF-STEM allowed the assess-
ment of the size and volume fraction of the Cr clusters
with reasonable accuracy and agreement.
In the literature, there is controversy about the ef-

fect of long solution annealing on the Cr dissolution
in the Cu matrix of Cu-Cr-Zr alloys. Indeed, many
authors [18, 23, 44, 45] stated that Cu-Cr-Zr, after so-
lution annealing in the range of 930–1 050◦C, becomes
fully free from any precipitate or cluster. Other stud-
ies [12, 43, 46] evidenced the presence of Cr clusters
caused by incomplete dissolution. The present results
confirm the fact that SANS is a powerful method that
is very sensitive to small variations in the nano-objects
size.
The size of the Cr cluster (diameter 3.3–2.5 nm), as

determined by SANS and HAADF-STEM, falls within
the range of those assessed by many authors [12, 18,
39, 40]. The volume fraction found by SANS is in
agreement with the initial Cr content of the alloys,
indicating the precipitation of all Cr atoms. The Fv
value determined by TEM is higher but remains in
the same order of magnitude, albeit in the error bars
of this technique. It is interesting to note that Chbihi
et al. [32], using EDS mapping in STEM mode, es-
timated the Cr cluster volume fraction to be in the
range of 0.86–1.3%. Surprisingly, both techniques did
not evidence any presence of other types of precip-
itation. The use of 3D-AP and TEM techniques has
demonstrated the presence of only bcc Cr clusters hav-
ing probably Nishiyama-Wassermann (N-W) orienta-
tion relation after aging at 460◦C for 3 h and even
after prolonged aging at 600◦C for 5 h of Cu-Cr-Zr
alloys [20]. Chbihi et al. [32] and Li et al. [40] also
reported the existence of only Cr clusters. Li et al.
[40] identified them as having an ordered fcc with a
cube-on-cube relationship with the Cu matrix. From
exhaustive TEM characterization, Chbihi et al. [32]
stated that three kinds of Cr clusters might coexist.
Some of them were fcc and coherent with the matrix,
whereas others were probably bcc with either N-W or
Kurdjumov-Sachs (K-S) orientation relation.
Based on TEM and 3D-APT, Chbihi et al. [32]

widely discussed the nucleation and growth of Cr clus-
ters and proposed the following probable precipitation
sequence: (i) nucleation of coherent fcc spherical pre-
cipitates, (ii) growth and transformation of fcc spher-
ical precipitates into bcc structure, and (iii) growth of
bcc precipitates with K-S OR at the expense of those
with N-W OR.
Hence precipitation of the Cr-rich equilibrium bcc

phase was thought to initiate through the nucleation
of fcc precipitates that are coherent with the Cu-rich
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fcc parent phase. Very similar precipitation scenario
has been reported in age-hardenable Al alloys [32].
Recently, it has also been demonstrated that the or-
dered fcc Cr phase is the precursor to the formation
of the bcc phase in Cu-Cr-Zr alloys [32].
The nature and morphology of intermetallic com-

pounds that can form in Cu-Cr-Zr systems have been
considered to be linked to the local concentration of
Zr. Intermetallics, such as Cu8Zr3, Cu51Zr14, Cu4Zr,
and Cu5Zr, and Heusler phases type (CrCu2(Zr, Mg))
[19, 20] may precipitate in such systems. However, a
close inspection of the published data revealed a pre-
ponderance of Cu51Zr14 compound with Cr content
below 1 % [12]. Such intermetallic particles generally
have a larger size (d = 10–30 nm) than Cr precipitates
[43]. Besides Cr clusters, a Cu5Zr phase with a quite
smaller size (d < 5 nm) that precipitated preferentially
at twin boundaries, sub-grain boundaries, and within
the twin/matrix lamellae was observed by Li et al.
[40]. These findings were in good agreement with pre-
vious observations of Holzwarth et al. [9] and Fuxiang
et al. [47]. However, as mentioned above, Li et al. [40]
recently reported the presence of only a Cr cluster. It
is worth noting that both SANS and HAADF-STEM
can obtain the conclusion of the existence but not the
absence of precipitation with small size and small vol-
ume fraction.
The formation of CuxZry (mainly Cu51Zr14 and

Cu5Zr) should normally be enhanced after SPD.
For example, ECAP can induce mutation in mi-
crostructure in a scale of grains and in precipitation,
which can deviate greatly from paths that are ob-
served in traditional processes. SPD can be consid-
ered “hot deformation at room temperature,” that
is, a balance between deformation-induced grain re-
finement and deformation-accelerated formation of
equilibrium phases [48]. However, paradoxical inverse
trends have also been reported in the literature. One of
these processes reported in some experimental works
is the spectacular cementite dissolution after [49]
HPT.
It has also been reported that ECAP has a rela-

tively complicated effect on the evolution of precip-
itates, and this effect is strongly dependent on the
initial state of the Al alloy and the deformation tem-
perature [50]. Pre-existing precipitated phases may
dissolve, and supersaturated solid solutions may also
form [50]. Straumal et al. [51] reviewed the possible
effects of SPD processing on phase transformation.
They stated that the phases before and after SPD
differed. SPD can drive the formation or decomposi-
tion of a supersaturated solid solution; dissolution of
phases; disordering of ordered phases; amorphization
of crystalline phases; synthesis of low-temperature,
high-temperature, or high-pressure allotropic modifi-
cations; and nanocrystallization in amorphous matri-
ces.

Ongoing complementary studies will be accom-
plished to thoroughly investigate the entire nature and
sequence of Cr clusters and precipitation and their
evolution upon the aging of Cu-Cr-Zr systems after
SPD by ECAP up to high strains.

4. Conclusions

On the basis of the experimental results, the fol-
lowing conclusions are drawn:
– Cu-1Cr-0.1Zr alloy exhibits excellent thermal

stability up to 550◦C after ECAP processing and an-
nealing with an average grain size of approximately
160 nm.
– HAADF-STEM indicates the presence of cuboid

and spheroid sub-micronic particles measuring about
380 and 620 nm, respectively.
– The size and volume fraction of the nano-sized Cr

clusters estimated using SANS technique (d ∼ 3.2 nm,
Fv ∼ 1.1 %) agrees reasonably with those determined
by HAADF-STEM one (d ∼ 2.5 nm, Fv ∼ 2.3 %).
– The nano-precipitation of CuxZry is not observed

after ECAP processing and aging.
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[38] Mâıtre, A., Bourguignon, G., Medjahdi, G., McRae,
E., Mathon, M. H.: Scr. Mater., 50, 2004, p. 685.
doi:10.1016/j.scriptamat.2003.11.013

[39] Chen, X., Jiang, F., Liu, L., Huang, H., Shi, Z.:
Materials Science and Technology, 34, 2017, p. 1.
doi:10.1080/02670836.2017.1376428

[40] Li, R., Guo, E., Chen, Z., Kang, H., Wang, W., Zou,
C., Li, T., Wang, T.: Journal of Alloys and Com-
pounds, 771, 2019, p. 1044.
doi:10.1016/j.jallcom.2018.09.040

[41] Dybiec, H., Rdzawski, Z., Richert, M.: Mater. Sci.
Eng. A, 108, 1989, p. 97.
doi:10.1016/0921-5093(89)90410-3

[42] Zhang, S. J., Li, R. G., Kang, H. J., Chen, Z. N., Wang,
W., Zou, C. L., Li, T. J., Wang, T. M.: Mater. Sci. Eng.
A, 680, 2017, p. 108. doi:10.1016/j.msea.2016.10.087

[43] Mei, Z., Guobiao, L., Zidong, W., Maokui, Z.: China
Foundry, 5, 2008, p. 268.

[44] Islamgaliev, R. K., Nesterov, K. M., Champion, Y.,
Valiev, R. Z.: IOP Conf. Series: Materials Science and
Engineering, 63, 2014, p. 012118.
doi:10.1088/1757-899X/63/1/012118

[45] Lipinska, M., Bazarnik, P., Lewandowska, M.: IOP
Conf. Series: Materials Science and Engineering, 63,
2014, p. 012119. doi:10.1088/1757-899X/63/1/012119

[46] Shuai, G., Zhang, M., Yan, Y.: Anal. Stereol., 23, 2004,
p. 137. doi:10.5566/ias.v23.p137-141

[47] Fuxiang, H., Jusheng, M., Honglong, N., Zhiting,
G., Chao, L., Shumei, G., Xuetao, Y., Tao, W.,
Hong, L., Huafen, L.: Scr. Mater., 48, 2003, p. 97.
doi:10.1016/S1359-6462(02)00353-6

[48] Straumal, B. B., Mazilkin, A. A., Protasova, S. G.,
Dobatkin, S. V., Rodin, A. O., Baretzky, B., Goll,
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