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MICROSTRUCTURE OF THE NiAlV ALLOYS SUBJECTED TO THE HPT DEFORMATION

MIKROSTRUKTURA STOPOW NiAlV PODDANYCH ODKSZTAELCENIU METODA SKRECANIA POD WYSOKIM CISNIENIEM

Some attention in physical metallurgy is devoted to the mechanisms of decomposition of the disordered phases via
eutectoid transformation accompanied by the atomic ordering. In case of the non-pearlitic modes of transformation this concerns
intermetallic phases of the general description A3B-A;C. The application of intensive deformation like HPT may introduce
opposite mechanisms introducing some degree of the metastable disordered phase structure at room temperature. The paper
presents results of the phase composition and microstructure studies of the alloys of composition Ni;sAl,V, (where x =15,
10, 5 and y =10, 15, 20), which undergo the solid-state eutectoid decomposition at temperature 1281 K, in the equilibrium
conditions. The alloys achieved by the cold crucible levitation method were later intensively deformed with the method of
high pressure torsion (HPT). The alloys after HPT revealed homogenous, metastable L1, (Ni3Al) structure in place of the
eutectoid product L.1,-D0,,. The average size of the Sherrer’s coherent diffraction volumes did not exceed 9 nm, suggesting
nano-structure of the material. Transmission electron microscopy (TEM) and high resolution electron microscopy (HRTEM)
revealed that the micro- and nano- deformation twins were the main feature of the microstructure, dividing volume into cells
of the sizes similar to the coherent volumes. The HPT deformation did not influence atomic order. The results are compared
with those achieved for the injection cast samples.

Keywords:NizAl, NizV, eutektoid decomposition, microstructure, HPT;

W publikacjach z zakresu fizycznej metalurgii przejawia si¢ zainteresowanie mechanizmami rozpadu, nie perlitycznego
typu, faz nieuporzadkowanych, zachodzacymi z udzialem uporzadkowania atomowego. Dotyczy to faz rodzaju A;B-A;C.
Zastosowanie intensywnego odksztalcenia metodg skrecania pod wysokim ci$nieniem (HPT) moze przeciwdzialaé rozpado-
wi wprowadzajac fazy metastabilne, o pewnym stopniu nieuporzgdkowania atomowego, w temperaturze pokojowej. Artykut
przedstawia wyniki badari sktadu fazowego i mikrostruktury stopéw o sktadzie Ni;sAlL 'V, (gdzie x =15, 10, 5 iy =10, 15,
20), podlegajacych, w warunkach réwnowagi, rozpadowi eutektoidalnemu w temperaturze 1281 K. Stopy otrzymano meto-
dg lewitacji w zimnym tyglu (CCLM) a nastgpnie poddano przerobce metodg intensywnego odksztalcenia skrgcaniem pod
wysokim ci$nieniem. Po takim procesie stopy wykazywaly jednorodng strukture L1, fazy NizAl, zamiast produktéw rozpadu
eutektoidalnego w postaci struktur L1, i DO,,. Sredni rozmiar koherentnych obszaréw rozpraszania Sherrera nie przekraczat
9 nm, wskazujac na material o charakterze nano-strukturalnym. Zastosowanie transmisyjnej mikroskopii elektronowej (TEM)
i wysokorozdzielczej transmisyjnej mikroskopii elektronowej (HRTEM) pokazato, ze bliZniaki odksztalcenia o rozmiarach mi-
kro i nano byly gtéwnymi elementami mikrostruktury, dzielac catg objetosé na komérki o rozmiarach podobnych do rozmiaréw
obszar6w koherentnego rozpraszania. Metoda HPT nie wplyngta natomiast na uporzadkowanie atomowe. Wyniki poréwnano
z uzyskanymi dla prébek otrzymanych metoda szybkiego chtodzenia przez wtryskiwanie do wlewnicy.

1. Introduction packed structures, L1, and DO0,,, with very high degree of
coherence at the interfaces [3-5]. Depending on the particular
composition and thermal history, such alloys reveal at room

Intermetallic phases of the A;B composition, like NizAl,
reveal many interesting properties as constructive materials
[1]. The NiAlIV alloys, of the compositions belonging to the
pseudo-binary phase field through the Ni-Al-V ternary phase
diagram, connecting, NizAl and Ni3V phases, at the equilib-
rium conditions should undergo eutectoid decomposition at
temperature 1281 K [2] (Fig. 1). The eutectoid decomposition
in this case is associated with the atomic ordering, as both
Ni3zAl and Ni3V phases belong to the highly ordered, densely
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temperature characteristic microstructures resulting from the
decomposition/ordering path [6]. These may be influenced by
the cooling rate and/or further prolonged annealing, which
leads to the different lamellar or maze morphology [6]. It was
also reported that mechanical properties of decomposed alloys
revealing such microstructure, which were investigated in the
tensile and tensile creep tests, were very good [7,8].
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Fig. 1. a) NizAl- Ni;V section through Ni-Al-V phase diagram [2]
with crystallographic structures of the phases and nominal composi-
tions of the investigated alloys, marked by crosses. The experimental
composition of the alloy V-1 is marked by circle; b) Location of the
nominal and experimental compositions of the alloys is marked on
the composition triangle[2] by the crosses and circles respectively.
The width of the NizAl and NizV phases fields and hypothetical
boundaries between them is shown as straight lines. Assumed lat%
error of the EDS analysis is marked as well

The application of the high pressure torsion to the
multi-phase alloys may lead to very different results,
to a strong decrease of the grain size down to the
nano-microstructure and in some cases, to the metastable
phase compositions at room temperature. It may also strongly
influence atomic ordering, sometimes much more effectively
than rapid quenching [9-11]. In the following sections some
basic results presented in literature, concerning ordering in
case of Ni3Al phase and eutectoid decomposition of the coarse
grained Ni3(ALV) alloys are summarized.

2. Eutectoid decomposition and ordering of the Nij
(AL V) phases

In the case of the hypereutectoid composition
the following reaction occurs: Ni(Al,V)SS—NizAl+
Ni(ALV)SS—NizAl + (NizAl + NizV) [5,6]. At the first
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stage precipitation of the Ni3Al phase from the solid solu-
tion proceeds together with atomic order solid state reaction:
Al — LI1,. The morphology of the primary precipitating
phase is cubical [5,6]. The decomposition of the remaining
SS into two differently ordered phases: NizAl + Ni3V, also
proceeds with the atomic reordering, having the sequence:
Al1-D0y —DO0y;+ L1, —D0y [4,5]. The morphology of
the phases may be different, depending on composition and
annealing time [4-6].

In the case of the eutectoid composition the following
reaction occurs: Ni(Al,V)SS— NizV— NizAl + NizV [5,6].
At the first stage disordered A1l structure of SS transforms into
the D0, structure of NizV phase [6]. In the next step NizAl
phase of the L1, order precipitates [6]. The morphology con-
sists first of transformation twins followed by formation of the
NizAl plates in them [6]. Ageing leads to a maze structure
similarly to hypereutectoid compositions [6].

The paper presents results of the investigation of the
phase composition and microstructure of the NizsAlV,
(where x =15, 10, 5 and y =10, 15, 20) alloys, of the hypereu-
tectoid and eutectoid compositions after intensive deformation
with the use of the high pressure torsion (HPT) method at
room temperature.

3. Experimental

The alloys were prepared with cold crucible levitation.
The high purity metallic components were melted in the in-
duction coil in the copper concentrator, cooled with water,
while pure argon gas was used as an inert gas atmosphere.
The solidification of the liquid phase took place directly in
the concentrator. The method ensures relatively uniform and
fast cooling rate. Resulting samples weighted about 9 grams.
The experimental compositions were determined with the EDS
method. Two different sets of samples were further prepared.
The first one was made by injection casting of the re-melted
alloys in the copper mould of 3 mm diameter, and the sec-
ond by intensive deformation with the high pressure torsion
method (HPT). The following parameters were used for the
process: pressure 5 GPa and 5 rotations at room temperature.

The nominal and experimental compositions of the al-
loys are presented in Tab. 1. They also, as marked in Fig. 1a,
presenting a pseudo-binary cross-section through the equilib-
rium Ni-Al-V phase diagram, published by Raghaven [2]. The
nominal composition of the alloys may be summarized as
NizsAlps—, V, where x=10, 15, 20. As shown in Figs. 1a,b the
V-1 and V-2 compositions should be located at the two-phase
field of NizAl phase and Ni(Al,V) solid solution (SS), at
high temperature range. The solid solution should decom-
pose through eutectoid solid state reaction into a mixture of
Ni3zAl and Ni3V phases of different structures below temper-
ature 1281 K. The alloy V-3 close to the eutectoid composi-
tion, should decompose in the reaction Ni(ALV)SS— NizAl
+ NizV. The experimental compositions of the V-2 and V-3
alloys deviated from the nominal compositions (Tab. 1). How-
ever, as shown in Fg. 1b, they remain in the broad range of the
Ni3zAl and Ni3V phases compositions. The boundary lines de-
termined by width of these phase fields are marked in Fig. 1b.
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TABLE 1
Nominal and experimental (EDS) compositions of the investigated
alloys
Alloy Ni (% at.) | Al (% at.) | V (% at.)
V-1 75 15 10
V-1 gps 75.8 14.5 9.7
V-2 75 10 15
V-2 gps 76.8 8.9 143
V-3 75 5 20
V-3 gps 77.9 44 17.7

The analysis of the chemical composition was performed
with EDS. The precision of the EDS method was at least 1
at.%. X-ray diffraction (XRD), electron scanning microscopy,
transmission electron microscopy and high resolution trans-
mission electron microscopy (SEM, TEM and HRTEM) were
used for determination of the phase composition and mi-
crostructure of the samples. The following equipment was
used: SEM - Philips XL 30 with EDS system, TEM/HRTEM —
TECNAI FEI, G2 FEG/200 kV and XR diffractometer Philips
X’Pert in the Bragg-Brentano geometry.

4. Results

A. Samples prepared by injection casting to the cooper
mould

First, some results concerning V-1 — V-3 samples cast
by the injection to the copper mould, presented in [12] will
be summarized for comparison with the results after HPT.
XRD revealed that V-1 and V-2 samples contained NizAl
phase and Ni(AlL V) SS, while the V-3 sample contained on-
ly disordered solid solution, metastable at room temperature.
The Ni3Al phase revealed expected L1, atomic order. These
results were confirmed with the use of TEM. Fig. 2 presents
typical microstructure of the alloys V-1 and V-2, consisting
of the cubic crystallographic variants of primary precipitates
of Ni3zAl phase and Ni(Al,V)SS remaining between them. No
further decomposition into lamellar structure of NizAl+NizV
was found.

by injection casting: a) BF image, b) SADP, orientation [001], note
superlattice spots, ¢) DF image. Different crystallographic variants of
Ni; Al phase of the cubic morphology, retained Ni(Al,V)SS remains
between them [12]
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B. Samples prepared by high pressure torsion

The samples obtained by HPT are shown in Fig. 3. Their
dimensions were: radius R~5 mm and minimal thickness h,,,;,
121 pm. From the most common formula for the amount of
deformation it follows that maximal deformation was about
730% [13]. The XRD phase analysis (Fig. 4) revealed the ho-
mogenous NizAl (L1,) phase composition. As results from the
determined values of the lattice parameters a, different from
the equilibrium for this phase, the composition, nether con-
taining Ni solid solution nor Ni3V phase, remains completely
metastable, with metastability increasing from V-1 to V-3 al-
loys, in direction of the eutectoid composition. In this case the
L1, structure has to accommodate additional vanadium atoms.
As a result, lattice parameter a increases with the V content
from 3.577 to 3.583 A (+0.002 A). The other important para-
meter is the average size of the coherently diffracting domains,
which was about 9 nm for all the samples. The presence in
the diffractions of the (100)y34zvy and (110)ni3a,v) peaks
proves that the atomic ordering took place in the samples.
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Fig. 4. XRD for the samples V-1, V-2 and V-3 after intensive de-
formation with HPT. The L1, structure of NizAl phase is seldom
present

The microstructure of the samples V-2 and V-3 were
investigated with use of the transmission and high resolu-
tion electron microscopy. The bright field (BF) microstruc-
ture is shown in Fig. 5a. It reveals high density of disloca-
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tions, concentrated also in the so called “deformation poles”.
It is not possible to recognize the grain boundaries in such
as deformed state. Electron diffraction observed with a large
aperture (Fig. 5b) shows the elongated shape of the diffraction
spots characteristic of the plastically deformed material. The
electron diffraction from the selected area (Fig. 5c) presents
[011] orientation of the ordered L1, structure. The (001) and
(011) type spots related to the atomic order are weak but
visible.

Fig. 5. a) TEM image of the microstructure of V-2 alloy in BF
technique. Foil orientation [011]; b) electron diffraction with large
aperture typical of the deformed material; ¢) SADP lattice and su-
perstructure spots of the L1, structure

(111)

Fig. 6. a, b, c — TEM microstructure in DF, foil orientation [011]; a)
ordered domains visible, b, ¢) deformation twins, traces of the ba-
sic crystallographic planes marked; d) SADP, foil orientation [011]
showing L1, superstructure spot (marked)

Domains of atomic ordering are visible in a dark field
(DF) technique in Fig. 6a-c. Also deformation twins are well
defined in this technique (Fig. 6b,c). The traces of the basic
twin planes {001}, {011} and {111} are marked on the micro-
graphs. High resolution image of the microstructure in case of
the alloy V-2 is presented in Fig. 7, and the inverse FFT (IFFT)
after some filtration (Fig. 7b and 8c) in the Fig. 8a. Magnified
selected area marked in Fig. 8a is shown in Fig. 8b. It may be
concluded that the HPT deformation leads to the formation of
the nano-scale structural defects, stacking faults or nano-twins
containing a few crystallographic planes, dividing the whole
volume into domains, with relatively homogenous lattice ori-
entation (Fig. 7a, 8a, 8c). Neighboring domains, separated by
stacking faults or twins reveal crystallographic disorientation
(Fig. 8b). The average size of such domains remains similar
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to the Sherrer’s coherent diffraction domains, determined with
XRD (Fig. 8a).

Fig. 7. a) HRTEM image of the microstructure of V-2 alloy after
HPT, staking faults or nano-twins visible; b) Fast Fourier Transform
(FFT) from the part of the image containing structural faults

Fig. 8. a) Inverse Fourier Transform (IFFT) from the selected area of
the high resolution micrograph after filtration of FFT, the size of the
domain with homogenous contrast marked; b) FFT from the marked
area, foil orientation [011], L1, order spots clearly visible as well as
weak twin spots; c) enlarged fragment of the a) showing disorienta-
tion of the lattice between the bordering domains (only lattice spots
used)

The similar TEM and HRTEM investigations results con-
cerning alloy V-3 after HPT processing are presented in
Figs. 9, 10 and 11. In Figs. 9a and 10a deformation twins
dividing area into separated domains are visible. One set of
such twins is bent in the direction of the rotation axis of the
anvils. The area of the twin-separated domains reveals high
dislocations density (Fig. 10a). The SADP’s in Fig. 9b and
10b also contain weak spots related to the atomically ordered
structure. HR images of the V-3 sample presented in Fig. 11
prove, that deformation of the lattice is going mainly through
micro- and nano-twin formation. The twinning planes are
mostly {111} dense packed planes of L1, structure of NizAl
phase. It is also visible, that the twins contain many stacking
faults of different types and that the twins boundaries as well
as crystallographic planes are not flat but bent (Fig. 11d, f).
This results in an increase in energy of such crystallographic
elements of the microstructure.
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of the deformation twins bended in the direction of the rotation axis
typical for the HPT deformed samples; b) electron diffraction pattern
of the L1, structure, LRO spots marked, diffraction typical of the
deformed material (large aperture)

Fig. 10. a) BF microstructure, foil orientation [011]; high concentra-
tion of the dislocations between twins; b) electron diffraction pattern,
orientation [011]; L1, LRO spots visible

Fig. 11. HRTEM image of the microstructure of V-3 alloy after HPT,
foil orientation [011], a) high resolution microstructure; nano-twins
containing lattice defects; b, d) magnified IFFT from the marked area
in a); b) complicated structural defects in twin visible; ¢) lattice and
twin spots from the FFT used for the IFFT; d) crystallographic planes
bent, only lattice spots from the FFT (in e) used; f) nano-twins in
the lattice, g) spots for IFFT used
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5. Discussion

In difference to the RT equilibrium phase composi-
tion of the investigated Ni(ALV) alloys which should be
NizAl+(Ni3Al+NizV), or to high temperature compositions
achieved by injection casting, NizAl+Ni(ALV)SS, HPT inten-
sive deformation in all the samples introduced homogenous
NizAl phase, metastable at RT. However, in applied parame-
ters of HPT, no influence of the method on the atomic L1,
order was noticed. Apart from the homogeneity of the phase
composition, the main observed microstructural effect of the
deformation was the high density of stacking faults and de-
formation twins introduced, from micro- to the nano-scale,
which divided the samples volume into disoriented neighbor-
ing domains. The other, rather obvious observation was the
high density of the dislocations in such domains and different
stacking faults inside the twins. Also, the twins’ boundaries
revealed some bending and rather complicated microstructure,
suggesting some energetically non-equilibrium state of the ele-
ments of microstructure [14]. The Sherrer’s coherent domains,
about 9 nm in average size, allow the qualification of the HPT
samples as a nanomaterial. All the observations connecting de-
formation mechanism predominantly through the micro-twins
formation remain in complete agreement with the papers pre-
senting microstructure of the NisAl phase after intensive de-
formation with the HPT method [14]. The main difference
to the presented results is that in some reported experiments,
HPT deformation lead to the complete disordering of the alloy
[11], which was not the case in the results presented above.

6. Conclusions

1. Intensive deformation with the HPT of the Ni;sAl,V, al-
loys (where x = 15, 10, 5 and y = 10, 15, 20) leads to the
metastable, homogenous L1, structure of NizAl phase in
place of the eutectoid decomposition into NizAl + NizV
phases, of L1, and DOy, structures.

2. Microstructure after HPT deformation consists mainly of
the stacking faults and micro- and nano-twins formed on
the {111}densely packed planes. It reveals also very high
density of dislocations and metastable, non-planar twin
boundaries.

3. The coherent volume remained of the average size 9 nm.
The grains boundaries after HPT can not be determined
without annealing.

4. In difference to the structures achieved by the rapid so-
lidification and ball milling, the HPT deformation with
applied parameters does not seem to influence L1, atomic
order.
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