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Abstract: This work is focused on establishing the regularity of the effect of zirconium (2.21; 3.29; 3.69 and 6.92 wt.% Zr) on structure
formation, the nature of distribution of elements and the microhardness of structural components in the AI-Ni—Zr system alloys obtained by
aluminothermy using the SHS metallurgy. Regularities of the formation of structural components and their microhardness depending on the
content of zirconium in Al—Ni alloys (50 wt.%) have been identified and scientifically substantiated. Structural components were identified by
the methods of electromicroscopic studies and X-ray microanalysis of elements. The structure of the initial alloy consists of Al;Ni, (B’-phase)
and Al3Ni nickel aluminides. Zirconium doping of the alloy in the amount of 2.21 wt.% leads to crystallization of zirconium nickel aluminide
Al,(Ni,Zr). With further increase in the content of zirconium (more than 2.21 wt.% Zr), complex alloyed intermetallic compounds crystalli-
ze — Zr, W, Si aluminides and Ni zirconides. A regularity was established in the decrease of the solubility of nickel in nickel aluminides Al;Ni,
and Al3Ni and their microhardness as the zirconium content increases in the Al-Ni—Zr alloys from 2.21 to 6.92 wt.%. In nickel aluminide
with zirconium Al,(Ni,Zr), this contributes to a decrease in the solubility of Ni, Al and increase in the concentration of Si and Zr. Zirconium
doping of the Al—Ni alloy in the amount over 2.21 wt.% contributes to an increase in hardness (HRA), despite a decrease in the microhardness
of the metal base (Al;Ni,, Al3Ni and Al,(Ni,Zr)). The main reason for increasing the hardness of the Al-Ni—Zr alloys is the crystallization
of complex-alloyed intermetallides — Zr, W, Si aluminides and nickel zirconide, which probably have an increased microhardness. Thus,
zirconium doping of the Al—Ni alloy makes it possible to obtain a plastic metal base from nickel aluminides Al;Ni,, Al3;Niand Al,(Ni,Zr) and
complex-alloyed intermetallides with high hardness.
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B criaBax cucteMbl Al—Ni—Zr, MmoJiydeHHBIX ajioMoTepMueii ¢ npumeHenuem CBC-MeTayuiypruu. YCTaHOBJIEHBI U HAyYHO OOOCHO-
BaHbBl 3aKOHOMEPHOCTH (HOPMUPOBAHUSI CTPYKTYPHBIX COCTABISIONMIMX U UX MUKPOTBEPAOCTH OT COAEPXKAHWS ITUPKOHUS B CILJIaBax
Al—Ni (50 mac.% Ni). MeTomaMu 3JeKTPOHHOIW MUKPOCKOITMU U MUKPOPEHTIEHOCTIEKTPATIbHOTO aHAIN3a SJIEMEHTOB UACHTU(DULIUPO-
BaHbl CTPYKTYpHbIe cocTaBisiiolne. CTPyKTypa UCXOJHOIO CIlJIaBa COCTOUT U3 alloMuHuI0B Hukenst AlNi, (B-dasza) u AI3Ni. Jleru-
poBaHue cIljlaBa LIMPKOHMEM B KoJuuecTBe 2,21 Mac.% NpuBOAUT K KpUCTAJUIM3AL MU LUPKOHUEBOro aJioMuHuaa Hukens Aly(Ni,Zr).
[Tpu manpHelileM yBeTUYEHUN CONepXaHUs UpKoHUs (6osee 2,21 Mac.%) KpUCTAIU3YIOTCSI KOMITJIEKCHO-JIETMPOBAaHHBIE MHTEPME-
TaJJIMAHBIE COENUHEHUS — amtoMUHUAB Zr, W, Si u nupkoHuabl Ni. YcTaHOBJIeHAa 3aKOHOMEPHOCTb CHUXXEHUS pacTBOpuMOCTH Ni B
amoMuHunax Hukenst AlsNip, 1 AI3Ni 1 uX MUKPOTBEPLOCTH [0 Mepe yBeJINUYeHHU sl CofepX)KaHus LUPKOHUSs oT 2,21 10 6,92 mac.% B cruta-
Bax Al-Ni—Zr. B amomunue Hukesns ¢ uupkonuem Al,(Ni,Zr) 3To ciocodcTByeT yMeHblIeHN0 pacTBopuMOcTH Ni, Al 1 MOBBILIEHU IO
KoHUeHTpatuit Si u Zr. JlerupoBanue crutaBa Al—Ni nupkoHreM B KonmdecTBe 6osee 2,21 Mac.% crmocoOCTBYET MOBBIIIEHU IO TBEPIOCTH
(HRA), HecMOTps1 Ha CHUXKEHME MUKPOTBEPAOCTU MeTalIn4ecKoit ocHOBbI (Al3Ni,, AI3Niu Aly(Ni,Zr)). OCHOBHOI1 TPUYMHOI MOBbIILE-
HUSI TBEPAOCTH CI1aBOB Al—Ni—Zr siBJsIeTCS KpUCTAIN3A1 M ST KOMIIJIEKCHO-TIETUPOBAHHBIX MHTEPMETAJINI0B — aTioMUHUA0B Zr1, W, Si
U LIMPKOHU A HUKEJIsI, 00J1aJalol X, BEPOSITHO, TOBBILIEHHOI MUKPOTBEpAOCThIO. TakuM 006pa3oMm, jerupoBaHue crjasa Al—Ni nupko-
HMEM ITO3BOJISIET MOTYYUTh MJIACTUYHYIO METAJUIMYECKYIO OCHOBY U3 aTIoMUHUI0B HUKend AlsNi,, Al3Niu Al,(Ni,Zr) u BEICOKOTBEPABIE
KOMIIJIEKCHO-JIETUPOBAHHBIE MHTEPMETAJIUA L.

Kurouesbie ciaoBa: criaB AI—Ni, criiaB AI—Ni—Zr, cTpyKTypooOpa3oBaHUe, MUKPOPEHTIEHOCTIEKTPaJbHbI aHAIU3, MUKPOTBEPIAOCTb,
TBEPAOCTh, aTIOMUHUABI HUKeN s, CBC-meTannyprus.
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CTBEHHbI YHUBEPCUTET» MPH HUHAHCOBOI Moaaepkke MUHUCTEPCTBA HayKK U obpasoBanus Poccuiickoit @enepannu B pamkax HUP
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Introduction

The high oxidation resistance and thermal conduc-
tivity of nickel aluminide played a role in its selection
as a material for high-temperature applications, es-
pecially in the aerospace, automotive and energy in-
dustries [1; 2]. In connection with recent research on
fuel economy, the low density of this intermetallide
is a huge added benefit. The intermetallic structure
of NiAl promotes structural stability even at critical-
ly higher temperatures, which are of important engi-
neering value. This is possible due to the special phase
of the B2 structure which persists even to the melting
point, making it ideal for high-temperature structural
applications [3]. Unfortunately, a major obstacle to the
versatile applicability of this intermetallide is its poor
mechanical properties at room temperature, especial-
ly its ductility and fracture toughness. The lack of slip
systems and the complexity of transferring them across
grain boundaries have been identified as single “con-
tributors” to the NiAl brittleness [4].

Various approaches to improve the restrictions of this
intermetallide have been studied over the years. They
are still being studied, in order to make the most of its
versatility. Researchers have included ductile phases
in the brittle system. They have also applied direction-
al solidification pathways, refined grain sizes, studied
heat treatment, added rare earth metals, and even re-
cently integrated nanostructures into the NiAl matrices

[5—10]. However, in the papers analyzed here, there is
no information regarding doping of the Ni—Al system
alloys with rare metals, such as Sc and Zr.

Meanwhile, the formation of coherent precipitates
L1, was observed during aging in aluminum alloys with
Sc [11; 12]. This showed high thermal stability, allow-
ing the use of Al alloys with Sc at higher temperatures.
The undesirable coarsening of phases was not identified
in the structure which has a beneficial effect on strength
increase at room temperature and heat treatment tem-
peratures. Zirconium, while having a lower diffusion
coefficient than scandium, also forms metastable co-
herent precipitate L1,. The disadvantage of using Zr
is in its even lower maximum solubility in Al than in
Sc — only 0.078 at. % [12]. This limits the use of these
alloying elements when implementing the traditional
NiAl production technology.

The promising technology of self-propagating
high-temperature synthesis (SHS), which has a num-
ber of economic advantages, can be a solution to the
problem of obtaining NiAl [13]. This process allows the
formation of reinforcing phases in the matrix alloy. The
method is used to synthesize nickel aluminides which
are the metal matrix in modern functional materials.
A high temperature of endogenous processes makes it
possible to obtain cast composite alloys according to a
short flow diagram [14—21].
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The use of high-temperature reduction processes
for refractory metal oxides seems economically feasible
[21—24]. The present study is a continuation of work [22]
in which the Zr content in the AI—Ni—Zr alloy ranged
from 0 to 3.52 wt.%.

Thus, the objective of this work was to obtain zir-
conium-doped nickel aluminides by their synthesis
from nickel oxide compounds and baddeleyite concen-
trate from the Far East region by the SHS metallurgy
method. Another objective was to study the effect of
zirconium on structure formation, liquation process-
es and microhardness of structural components of the
Al—Ni—Zr system alloy.

Methods and materials

The initial substances for the charge were:

— NiO (99.5 wt.%, TU 6-09-3642-74, OSCH 10-2);

— baddeleyite concentrate (Table 1);

— calcium fluoride CaF, (98.0 wt.%, TU 2621-007-

69886968-2015 with amendment 1);

— NaNO; (C.P., GOST 4168-79);

— aluminum powder (98.0 wt.%, PA-4, GOST 6058-73).

The composition of the charge in fractional parts
was as follows: Al : NiO : CaF, : NaNO;s : ZrSiO4 =
=10:10:12:6: X, where X= 1.5, 2.0, 2.5, 5.0 and
8.0 of ZrSiO, fractional parts.

Metallothermic smelting was carried out in
heat-resistant metal crucibles lined with refractory
material. The charge was prepared by mixing a 50 g
weighed portion with & 40 mm grinding balls in a Pul-
verisette3 planetary mill (Fritch, Germany). This is
a sealed 0.5 L container, at a speed of 500 rpm for
15—20 min. The experiment was carried out in the
open air. The charge was ignited at a bulk mass after
vibration compaction. The reaction was initiated with
an electric igniter from above. Then the reaction pro-
ceeded without external heating. As a result of smelt-
ing, 2 layers of products in the form of metallic and
slag phases were formed. They were separated due to
gravity separation and the presence of calcium fluo-
ride in the charge, acting as a flux.

Within the context of this work, samples with the size
of the studied surface of about 1.5 cm? and 5 to 10 mm
high were used. Marking was done with a permanent
marker. In order to study the uniformity of element dis-
tribution in volume, the surface of the cross section was
treated. The samples were fixed by hot pouring into the
Rose’s alloy. Abrasive grinding with abrasive paper on a
rotating wheel was used with decreasing the grain size
after each treatment.

In order to ensure a higher quality of the examined
surface, abrasive polishing with a felt cloth on a rotating
wheel and chromium oxide-based abrasive pastes with
different abrasive particle sizes ranging from 9 to 1 pm
were used. Ultrasonic cleaning in acetone medium was
applied, in order to remove polishing products and other
contaminants from the surface of the samples.

The following modern methods of research were
used:

— X-ray phase analysis of alloys using a DRON-7
diffractometer;

— X-ray spectral microanalysis to determine the
content of elements in different structural components
of the alloys — on an analytical research complex based
on FE-SEM SU-70 (Hitachi, Japan) with energy disper-
sive (Thermo Scientific Ultra Dry) and wave (Thermo
Scientific Magna Ray) attachments;

— microhardness tests (Hs) by the standard method
on the HMV-G21DT device (Shimadzu, Japan);

— assessment of porosity by hydrostatic weighing on
AUW-220D analytical scales (Shimadzu, Japan);

— hardness tests by the standard HRA method on
a Metolab 100 hardness tester (Russia).

Main results and their discussion

The alloy synthesis proceeds through the stage of
reduction of the initial zirconium and nickel oxides,
accompanied by the formation of intermetallides and
can be summarized, with a certain degree of approx-
imation, by the following equations of chemical reac-
tions [13]:

. . 3 _3 1
In order to determine the regularity and average the /4 Zr0y + Al ="/ Zr + '/, AL, 03, M

results obtained, 5 melts were carried out for each con-
centration of the baddeleyite concentrate. 3Al+ Zr = Al3Zr, @)
Table 1. Composition of baddeleyite concentrate, wt.%
Ta6auwua 1. CocraB 6amaeIeuTOBOrO KOHIIEHTpaTa, Mac. %

ZI'OZ CaO SIO2 F6203 P205 T102 W03 Impurities

72.83 0.86 10.28 0.89 10.19 0.25 2.35 1.35
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Q)
Q)

3NiO + 2A1 = 3Ni + AL, O,

4AL+ W = ALW.

The values of the Gibbs energy are AGjgoox =
= —39 kJ/mol for reaction (1), —28 klJ/mol (2),
—105 kJ/mol (3) and —254 kJ/mol (4).

The effect of variable zirconium content on struc-
ture formation and the nature of element distribution in
structural components of the A1—Ni alloy (50 wt.% Ni)
obtained by the SHS metallurgy method was studied. In
all synthesized ingots, the vertical sections in the lower
half showed a dense structure without pores, and in the
upper half the porosity was about 20 %.

The diffraction patterns of all alloys (Fig. 1) have
the same character and set of peaks. The differ-
ence is noticeable in the relative intensity of reflex-
es. This probably indicates unequal crystallization
processes and the preferential growth along certain
atomic planes. The NiAl; phase was identified. No

Intensity, relative units

compounds with zirconium were detected, due to
the low concentrations of this metal in the initial
mixture.

The following structural components are formed
in the initial alloy during crystallization in the SHS
process (Fig. 2). Nickel aluminide Al;Ni, represents
ap’-phase —solid solution of Niin AINi, located inthe
area to the left of the singular crystallization point of
AINi. Its crystals have a lighter hue and are multifac-
eted in the form of grains. The AI;Ni crystals have a
gray hue and occupy the main area in the thin sec-
tion.

Figure 3 presents the microstructure and points of
analysis in structural components of the AI—Ni—Zr al-
loy samples which contain 2.21, 3.29, 3.69 and 6.92 wt.%
of zirconium. As its content increases, the alloy struc-
ture becomes more complex with a decrease in the total
volume ratio of the AI;Ni matrix alloy, and an increase
in the density of reinforcing intermetallide phases with
zirconium.

Intensity, relative units
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Fig. 1. Diffraction patterns of AI-Ni—Zr alloys
Zr content, wt. % 0 (a), 2.21 (b), 3.29 (c),

3.69 (d), 6.92 (e)

Puc. 1. Iludpakrorpammbl criiaBoB AlI-Ni—Zr

Conepxanue Zr, Mac.%: 0 (a), 2,21 (b), 3,29 (¢), 3,69 (d),
6,92 (e)
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Fig. 2. Microstructure and element distribution in structural
components of the Al—Ni alloy
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B CTPYKTYPHBIX cOCTaBsiiomux criyiaBa Al—Ni

Fig. 3. Microstructure, points of element
analysis in structural components
of the AI-Ni—Zr alloy

Zr content, wt. % 2.21 (I), 3.29 (II), 3.69 (II),
6.92 (IV)

Puc. 3. MukpocTpyKTypa U TOUYKU
aHaJn3a 3JIEMEHTOB B CTPYKTYPHBIX
cocTapistomux craba AlI-Ni—Zr
Conepxanue Zr, mac.%: 2,21 (1), 3,29 (II),
3,69 (I11I), 6,92 (IV)
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Table 2 shows the elementary and phase composi-
tions of structural components of the synthesized alloys.
As can be seen, the NiAl; and Ni,Al; phases have been
identified in all samples. Zirconium alloying compli-
cates the phase composition of the alloy: the Al,(Ni, Zr)
phase is formed in all the samples, and with an increase
in the zirconium additive over 2.21 wt.% — Aly(Ni, Zr,
V, Hf, Ti), Al(Zr, Ni, W, V, Ti, Fe), Zr4(Al, Ni, Hf, Ti),
Zry(Al, Ni, Hf, Ti) and AI(Si, Ni, V, Mn, Cr, W) are
formed.

Figure 4, a shows that the increasing zirconium
content in the A1—Ni alloy contributes to the extre-

5 Hardness, HRA

a
3
70 ¢
65
60
554
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0 2.21 3.29 3.69 6.92
Zr, wt.%

me change in hardness with its minimum value at
2.21 wt.% Zr. In order to identify the reasons for this,
the effect of zirconium on the microhardness of the
Al5Ni,, Al;Ni and Al,(Ni,Zr) structural components
was studied.

It was found that the Al3Ni, (f-phase) and Al;Ni
microhardness monotonically decreases to 6.92 wt.%
Zr (see Fig, 4, b). This is due to the reduction of ni-
ckel solubility as the zirconium concentration increases
(Fig. 4, ¢c—d). The Al,(Ni,Zr) compound has an in-
creased zirconium content in addition to the low nickel
content (Fig. 4, e). Moreover, their total Ni + Zr amount

Microhardness, MPa
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Fig. 4. Effect of zirconium on the composition and microhardness of nickel aluminides in AlI—Ni alloys
a — hardness, b — microhardness of matrix phases, ¢ — Al and Ni in Al3Ni,, d — Al and Ni in Al;Ni,, e — Al, Ni, Si in Al,(Ni,Zr),

f—Ni+ Zrand Si in AL(Ni,Zr)

Puc. 4. Biusinue uMpKOHMS Ha COCTAB U MUKPOTBEPAOCTh aTIOMUHUI0B HUKeJIs B crtaBax Al—Ni

@ — TBEPIOCTb, b — MUKPOTBEPIOCTb MAaTPUUHbIX (a3, ¢ — Al u Ni B Al3Ni,, d — Al u Ni B Al3Ni,, e — Al, Ni, Si B Aly(Ni, Zr),

f—Ni+ Zru SiBAlLy(Ni, Zr)
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decreases, and the concentration of silicon in Al,(Ni,Zr)
increases significantly (Fig. 4, f).

Thus, the microhardness of AI3Ni,, AL3Ni and
Aly(Ni,Zr) decreases as the zirconium content in the

Table 3. Crystallization of intermetallide compounds
depending on the content of zirconium

in AlI-Ni—Zr alloys

Tabauua 3. Kpucramiuzanuus MHTEpMETaJIUIHbIX
COE€IUHEHUI B 3aBUCUMOCTH OT CoaepXKaHUAd HUPKOHUA
B criaBax Al-Ni—Zr

Zr, wt. % Composition, at.%

72.6 Al
4.05 Ni
0.28Ti
0.835V
21.19 Zr
0.32 Fe
1L.OW

64.6 Al

21.79 Ni
11.55Zr
0.6 Ti

0.75V
0.7 Hf

9.01 Al
7.92 Ni
0.94Ti
79.27 Zr
2.93 Hf
25.6 Al
11.45 Ni
0.56 Ti
59.76 Zr
2.63 Hf

39.06 Al
9.37 Ni
0.97 Cr
385V
30.5 Si
0.75 Fe
1.0 Mn
1295W
1.58 Ti

Compound

3.29 Aly(Zr, Ni, W, V, Ti, Fe)

3.29 Aly(Zr, Ni, V, Hf, Ti)

3.69 Zr,(Al, Ni, Hf, Ti)

3.69 Zr5(Al, Ni, Hf, Ti)

6.92 Aly(Si, W, Ni, V, Ti, Mn);

52.56 Al
17.34 Ni
28.41Zr
1.43 Hf
0.26 Ti

6.92 Al(Zr, Ni, Hf, Ti)

Al—Ni alloy increases because the solubility of Ni and
Ni+Zr decreases.

The main reason for increasing the hardness of
the AI—Ni—Zr system alloys during alloying with
2.21—6.92 wt.% Zr is the crystallization of additional
intermetallide compounds (Zr, W, Si aluminides and
nickel zirconides) possessing high microhardness
(Table 3).

Thus, by doping the AI—Ni alloy with zirconium
(more than 2.21 wt.%), it is possible to obtain a plastic
metal base of Al3Ni,, AI3Ni, Al,(Ni,Zr) and high-hard-
ness intermetallide phases of Al,(Ni, Zr, V, Hf, Ti),
Al(Zr, Ni, W, V, Ti, Fe), Zr,(Al, Ni, Hf, Ti), Zr3(Al,
Ni, Hf, Ti), AI(Si, Ni, V, Mn, Cr, W) which increase the
hardness of the AI—Ni—Zr system alloy.

Conclusion

1. The structural components in alloys of the
Al—Ni—Zr system containing 2.21, 3.29, 3.69 and
6.92 wt.% Zr have been identified by electron-micro-
scopic studies and X-ray spectral microanalysis of ele-
ments.

2. Regardless of the zirconium content, Al;Ni,
(B-phase), Al3Ni and Al,(Ni,Zr) crystallize in the Al—
Ni—Zr alloy. In addition to these, various intermetal-
lide compounds differing in stoichiometry and chemical
composition crystallize in the alloy studied. They in-
clude zirconium, tungsten, silicon aluminides and ni-
ckel zirconide.

3. The solubility of nickel in Al3Ni, (B’-phase) and
AL3Ni, as well as nickel with zirconium in Al,(Ni,Zr)
has been found to change with increasing zirconium
content in the AI—Ni—Zr alloy:

— the amount of nickel in Al3Ni, and Al;Ni de-

creases;

— the concentrations of Ni, Al and Ni + Zr in

Al,(Ni,Zr) decrease;

— the silicon content increases on the contrary.

4. The regularity of AI3Ni,, Al3Ni and Al,(Ni,Zr)
microhardness decrease depending on the zirconi-
um content in the AI—Ni—Zr alloy has been estab-
lished.

5. Doping of the AI—Ni alloy with zirconium (more
than 2.21 wt.%) promotes increase of hardness in spite
of decrease of microhardness of the Al3Ni,, Al3Ni and
Al,(Ni,Zr) metal base.

6. The main reason for increasing the hardness of
Al—Ni—Zr alloys is the crystallization of complex inter-
metallide phases — Zr, W, Si aluminides and Ni zirco-
nides. Thus, the structure corresponding to the Charpy
principle is confirmed.
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7. Due to the structure developed and phase com-

position, as well as the increased hardness, it can be
assumed that the alloys with the addition of 6.92 wt.% Zr
are the most heat-resistant and wear-resistant of
the synthesized alloys. This in turn, can be used in
the conditions of increased wear and high tempera-
tures.
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