https://doi.org/10.46813/2024-149-089

FEATURES OF STRUCTURE, SUBSTRUCTURE,
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The structural state, stress, and substructure parameters of ribbons obtained by rapid solidification from the
liquid state of the TisZrssNiy; alloy and powders obtained by deformation were investigated using X-ray
diffraction and SEM microscopy methods. The influence of sample preparation parameters such as quenching rate
and intensity of deformation, on the content of the Tis; 52141 5Nig; quasicrystalline phase and the crystalline phase of
the approximant (W-phase), is considered. It is noted that the volume content of the W-phase increases with higher
deformation intensity and decreases with higher quenching rate. Accumulation of specific defects in the
quasicrystalline structure, known as phason defects, occurring during quenching, is observed in ribbon samples. The
concentration of phason defects is nonuniform over the cross section of the samples, increasing from the side of the
ribbon in contact with the quenching wheel to the free surface. This non-uniformity may be associated with the
participation of phason defects at the initial stage of the phase transformation during the formation of the W-phase.

The concentration of phason defects significantly increases during deformation of ribbons.

PACS: 52.40.HF

INTRODUCTION

At present, the thermodynamic stability of various
quasicrystal systems has been quite thoroughly studied,
and the icosahedral nature of their structure has been
confirmed by diffraction patterns [1-3]. However, the
perfection of such a structure at the microlevel within
the framework of phenomenological description has not
been sufficiently explored. In some works, the concept
of “coherence length” equivalent to the grain size for
polycrystals [1, 4] was introduced in discussions on the
width of diffraction peaks. To describe the perfection of
the structure, some authors introduce the concept of
phasons deformations [5-7]. There is limited literature
dedicated to the analysis of the width of X-ray
diffraction lines of quasicrystals [4]. In addition, the
issue of residual stresses in quasicrystalline samples has
not been sufficiently studied.

Therefore, the purpose of this work is to analyze the
structural state and physico-mechanical properties of
ribbons and powders containing the quasicrystalline
phase Tigy 52Zr415Nis7.

1. SAMPLES AND INVESTIGATION
TECHNIQUE

Samples of Tigys2Zr415Nii; were obtained using the
method of high-speed quenching from the liquid state
on the “STRICHKA-3” setup (Institute for Single
Crystals, National Academy of Sciences of Ukraine,
Kharkiv). The method of rapid solidification from the
melt was employed, with components having a purity of
at least 99.95%. Quenching occurred on the surface of a
copper wheel rotating with a linear velocity (V) ranging
from 10 to 30 m/s and cooled by flowing water. The
thickness of the obtained ribbon samples ranged from
10 to 50 um. To obtain dispersed powders, the ribbon
samples were crushed in a ceramic mortar with an agate

pestle in a medium of pure ethanol. Nine ribbon and
powder samples were investigated.

The structural characteristics were analysed using
XRD methods. X-ray diffraction patterns were obtained
on a DRON-type apparatus with filtered Cu-Ka
radiation. The spectra were processed using the
New_Profile3.5 software package. The identification of
the quasicrystalline phase and the determination of its
quasicrystallinity parameter (a;) were performed
according to Cahn J.W. [8] using an original software
package.

Microhardness of the samples was tested by the
Vickers diamond pyramid indentation method using a
PMT-3M microhardness tester.

2. RESULTS AND DISCUSSION

Previously, it has been demonstrated [9, 10] that thin
ribbons (h < 10 pm) of quasicrystalline samples contain
residual macro-stresses. These stresses are balanced
within the volume of the samples and are compressive
on the side in direct contact with the surface of the
quenching disk and tensile on the opposite side.

In samples with a thickness significantly greater than
half the thickness of the X-ray absorption layer, the
aq-sinz\u plots appear nonlinear (Fig. 1). This non-
linearity can be explained by the inhomogeneity of the
stress state, composition or structure in the cross section
of the samples. Indeed, according to the scanning
microscopy data (Fig. 2) and microhardness
measurements (H,) (Fig. 3), the samples also exhibit
inhomogeneity.

As seen in Fig. 3, microhardness varies over the
cross section, with the lowest value H, = 350 kg/mm?
on the side in contact with the quenching wheel surface.
On the free side, microhardness is slightly higher,
H, = 450 kg/mm>. Over the cross-section, H, changes
non-monotonically, reaching its maximum value
approximately in the middle of the sample. This
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indicates the presence of non-uniformity in the structure
and properties over the cross-section of the samples.
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Fig. 1. az-sin®y plots constructed from the results of
scanning the side in contact with the surface of the
quenching wheel; samples were prepared at the wheel
linear velocity V = 25 (1) and 15 m/s (2)

Fig. 2. SEM image of the cross section of the ribbon
prepared at the wheel linear velocity V = 15 m/s
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Fig. 3. Distribution of microhardness over the cross
section of the ribbon prepared at the wheel linear

velocity V = 15 m/s

The reason for this heterogeneity should be
investigated through phase analysis. However, since the
thickness of the ribbon exceeds half the thickness of the
X-ray absorption layer (Cu-Ka), it was decided to grind
the ribbons and study them in the form of powdered
samples. This approach is expected to allow the study of
internal layers.

Fig. 4 shows X-ray diffraction patterns of the best
ribbon sample and the powder sample obtained from it.
It can be seen that all reflections of the ribbon sample
are identified as belonging to the icosahedral

quasicrystalline phase. The diffraction pattern of the
powder sample (see Fig. 4,b) shows a larger number of
diffraction peaks, many of which do not belong to the
quasicrystal. Reflections from the known impurity
phase are marked on the diffraction pattern with arrows.

The reflections of the impurity phase were identified
by computer modeling of the theoretical scattering
spectrum using the PowderCell 2.1 program [11] and
the basis of the possible W-phase (1/1 crystal-
approximant) presented in [12]. The comparison of
experimental diffraction patterns with theoretical ones
for several powder samples allows us to state that the
powder contains an icosahedral quasicrystalline phase
with a quasicrystallinity parameter a; = 0.52069 nm and
its crystalline approximant 1/1 with a lattice period
ain = 1.43773 nm. The parameters aq and ay; are related
by a strict expression [1, 6]:

2(p+q-T)

Y = G Ya o
where g/p is the rank of the approximant and t=1.618...
is the golden ratio. The verification showed that this
ratio is indeed accurately fulfilled.

A quantitative estimation of the phase composition
can be carried out based on the assumption that the
structures of the both phases, as well as their atomic-
crystalline composition are similar. This allows us to
assume that the diffraction properties of the phases are
approximately the same. Thus, from the intensity ratio
(see Fig. 4) of the reflection (20,32) of the
quasicrystalline phase and (620) of the W-phase, we can
concluded that the amount of the W-phase is
approximately 30 vol.%. Calculation according to the
Scherrer equation shows that the average crystallite size
in both phases is about 15 nm.

There is a theoretical assumption that the phase
transition from the quasicrystalline phase to the
approximant phase occurs due to the accumulation and
merging of specific defects in the quasicrystalline
structure, known as phasons [13]. They enter the
volume of the quasicrystalline phase as a result of
mechanical processing or quenching. Indeed, we
observe an increase in the amount of the approximant
phase relative to the quasicrystalline phase with
intensified grinding. The quenching rate is changed by
varying the linear velocity on the surface of the
quenching wheel.

According to the results of data processing, two
phases are present in the ribbon manufactired at a
velocity v=25 m/s: the main phase is the icosahedral
quasicrystalline phase and the crystalline W-phase. The
quasicrystallinity parameter is 0.52064 nm, and the
lattice period of the crystal-approximant is 1.1432 nm.
The estimated content of the W-phase is approximately
11 vol.%. The dependence of the amount of crystalline
phase on the linear velocity of the quenching wheel is
shown in Fig. 5.

From the figure, it can be seen that the higher the
quenching speed, the smaller the fraction of the
crystalline phase. The lower the W-phase content, the
higher the perfection of the quasicrystalline phase
structure (see Fig. 5). This is due to the fact that more
material goes into the quasicrystalline phase. This
conclusion is in accordance with existing literature data.
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Fig. 4. X-ray diffraction patterns for the ribbon sample (a) and powder sample obtained by grinding (b)
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Fig. 5. Variation in the content of the crystalline
W-phase (1) [9] and the quasicrystallinity
parameter (2) depending on the linear velocity
of the quenching wheel
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According to literature data, the formation of phason
defects or phason deformations is characteristic of
icosahedral quasicrystal structures. These defects
introduce local chemical and structural disorder into the
ideal structure. X-ray analysis makes it possible to
identify these defects by shifting and broadening of
diffraction peaks.Typically, such defects may be absent
only in samples that have been subjected to very long
annealing.

To analyze the presence of phason defects, ribbons
obtained at a quenching wheel velocity v=19.5 m/s
were selected. Theoretically, the reflections with a large
magnitude of the diffraction vector in the perpendicular
space Q, are sensitive to the presence of phason defects.
Therefore, the dependence of shifts of diffraction
reflections on Q, values was analyzed. To characterize
the shift of the reflections, the parameter Aag (N, M)
was calculated as the difference  between
quasicrystallinity parameters for a given reflection with
indices (N, M) and for the reflection (136,220) located
at a large angle 29 and having the smallest Q.. The

diffraction vector in the perpendicular space Q. is

determined as
1 (Nz—M
o - L. [N—m)
2aq 2+7

Figs. 6-9 illustrate the dependencies Aaq (N, M) on
Q.. The graph in Fig. 6 shows the relationship for two
ribbon samples, the diffraction patterns of which were
recorded from the “free” side of the samples. Circles
and squares correspond to different samples, but, as you
can see, almost the same dependence is obtained. Fig. 7
shows a similar dependence for measurements from the
side in contact with the surface of the quenching wheel.
In both cases, a linear dependence is observed, but the
slope of the second graph is relatively less. The obtained
dependence indicates the presence of phason defects in
the structure of the ribbons. They most likely have a
quenching nature, and their number increases in the
direction of the “free” surface of the ribbon.
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Fig. 6. Dependence of the difference 4aq (N,M) on the
magnitude of the diffraction vector in perpendicular
space Q, for the free surface of the ribbon sample
prepared at the wheel linear velocity V = 19.5 m/s

Figs. 8 and 9 illustrate the dependence of Aaq (N,M)
on Q. for powder samples for powder samples of
different degrees of refinement. It can be noted that for
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these samples, the dependence is more pronounced than
for the ribbon samples. It can be concluded that phason
defects accumulate intensively in the structure of a
quasicrystal during deformation, and this accumulation
is greater the higher the degree of refinement.
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Fig. 7. Dependence of the difference 4aq (N,M) on the
magnitude of the diffraction vector in perpendicular
space Q for the contact surface of the ribbon sample
prepared at the wheel linear velocity V = 19.5 m/s
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Fig. 8. Dependence of the difference 4aq (N,M) on the
magnitude of the diffraction vector in perpendicular
space Q for a powder sample obtained by “gentle”

grinding
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Fig. 9. Dependence of the difference 4a4(N,M) on the
magnitude of the diffraction vector in perpendicular
space Q, for a powder sample obtained
by “intensive” grinding:

1 — “reflections from the 5th order symmetry plane ”;
2 — “reflections from the 2nd order symmetry plane”

According to the literature [5], phasons accumulate
in the structure of quasicrystals under mechanical

loading due to the movement of dislocations.
Dislocations and dislocation dipoles in the icosahedral
structure of quasicrystals are predominantly located in
planes perpendicular to the axis of fifth-order symmetry
[14, 15]. Therefore, for reflections obtained from planes
normal to the fifth-order axis, the shift of the diffraction
maxima should be the largest. Fig. 9 shows the highest
Aag (N,M) values corresponding to the line 1, precisely
for such reflections. The smallest shift of diffraction
maxima is characteristic of reflections formed from
planes normal to the axis of the second order (line 2).

CONCLUSIONS

The methods of XRD, SEM, and microhardness
measurements were used to establish the heterogeneity
of the grain structure, structural state, substructure,
phase composition, and residual stresses throughout the
volume of Tiyys5Zr45Nig; ribbon samples obtained by
melt solidification.

It has been shown that the main phases in ribbon and
powder samples are quasicrystalline Tis; sZr4; 5Nij; and
the crystalline 1/1-approximant phase (W-phase), and
their volumetric content depends on the rotation
velocity of the quenching wheel and the degree of
fragmentation. The volumetric content of the W-phase
increases with increasing deformation degree and lower
quenching speed.

It has been established that phason defects specific
to the quasicrystalline structure accumulate in ribbon
samples. They have a quenching nature. Ultimately,
there are more of them on the free side than on the
contacting side. This is due to the fact that they
participate in the formation of the approximant phase.

Deformation of the ribbons leads to a significant
increase in the number of phason defects.
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OCOBJIMBOCTI CTPYKTYPHU, CYBCTPYKTYPHU TA 3AJIMIIKOBUX HAIIPYKEHb
Y KBA3IKPUCTAJAX Tig 5254 5Niyz, IO 3ATAPTOBAHI 3 PIIKOT'O CTAHY

C.B. Manuxin, H.B. Konomoncuka, JI.€. Konomoncuokuii, C.B. Cyposuybkuii,
B.B. Cmapikos, B.B. I'pesuos

MeTtomaMu peHTIeHiBCbKOI mudpakromerpii Ta SEM-Mikpockomii DoCHimKeHi CTpYKTypHHI CTaH, HATPY>KCHHS
Ta TapaMeTpu CYOCTPYKTYpH CTpPI4OK, IO OTPHMaHI MIBUAKICHUM 3arapTyBaHHAM 3 PIiIKOTO CTaHy CIUIaBy
Tigy 52141 sNij7 Ta HOPOLIKIB, SIKi OTpUMaHi JeopMyBaHHIM. Po3risnaeThes BIUIMB MapaMeTpiB OTpUMAaHHS 3pasKiB,
TaKHX SIK [IBHAKICTh 3arapTyBaHHs Ta IHTCHCHBHICTH JedopManii Ha BMIiCT kBasikpuctamiyHol Gpazu Tigy 5214 sNisz
Ta Kpuctaniyaoi ¢a3u anpoxcumanta (W-¢asm). Bimznaueno, mo o0'emuuit BMict W-da3u 3pocrae mpu Oiibmn
BUCOKill IHTEHCHBHOCTI Jie(opMallil Ta 3MEHIIYEThCS TPH OLIBLI BUCOKIH IIBUAKOCTI 3arapTyBaHHs. Y CTPIYKOBHX
3pa3kax BHSBJICHO HAKOMUYEHHS CrelU(piYHMX Ne(eKTiB KBa3iKpUCTANIYHOI CTPYKTYpH — (a30HHHUX AE(EKTiB, sIKi
BUHHUKAIOTh Npu raptyBanHi. Konuentpaiis $a3oHHUX Ae(eKTiB HEOMAHOPIAHA y MOMEPEUHOMY Mepepisi 3pa3KiB:
BOHA 301JBLIYETHCS BiJj CTOPOHHM CTPIUKHM, SKa KOHTaKTyBaja 3 rapTiBHMUM OapabaHOM, y HamlpsIMKy J0 BUIbHOI
noBepxHi. Taka HEOAHOPINHICTH MOB’SI3YETHCS 3 MOMJIMBOIO ydacTiO (Da3oHHHX Ie(eKTiB y MOYaTKOBiH cTajil
(hazoBoro meperBopennst npu yrBopenHi W-daszu. Konrenrpaiis Gpa3oHHUX IeeKTIB 3HAYHO 301IbIIYETHCS MPU
nedopmarii CTpivoK.
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