ISSN 1027-5495. Functional Materials, 25, No.1 (2018), p. 48-53.
doi:https://doi.org/10.15407/fm25.01.48 © 2018 — STC "Institute for Single Crystals”

Crystal structure and electrical resistance
of Ni-W alloys

V.V.Derevyanko, M.S.Sunhurov, T.V.Sukhareva,
V.A.Finkel, Yu.N.Shakhov

National Science Center Kharkiv Institute of Physics and Technology NSC
KIPT, 1 Akademichna St., 61108 Kharkiv, Ukraine

Received September 29, 2017

The purpose of the paper is to establish the correlation between chemical composition,
phase content and magnetic ordering of Ni(1_X W, alloys and behavior of their electronic
properties in a wide range of temperatures. Alloys Ni_,W, of different composition (0 <
x < 0.5) are synthesized. It is studied the crystal structure and the nature of the tempera-
ture dependence of electrical resistivity. It is shown, that in the range of concentrations
of tungsten 0 < x < ~0.15 there is only face centered cubic (FCC) lattice, whereas, at the
higher values of x, the Ni-W alloy is two-phase system consisting of the face centered and
body centered cubic (BCC) crystal structures. The strong drop in residual resistivity ratio
(RRR) with increasing of x in the ferromagnetic area of single-phase FCC alloy, the weak
dependence of RRR in the paramagnetic area of the FCC alloy, and growth of RRR in the
two-phase region (FCC + BCC) of Ni-W are observed. It is established, that in the two-
phase region of the alloy at concentrations of ~0.15 < x < 0.3 the electric current flows
through the matrix of FCC Ni-W. At the higher concentrations of tungsten (x > ~0.3) the
mechanism of charge transfer changes: electric current flows through percolation chan-
nels, formed by BCC phase of Ni-W system.

Keywords: Ni-W, phase composition, magnetic ordering, resistivity, percolation.

ITenbro craTby ABJASETCA YCTAHOBIEHHE KOPPEIANUU MEMXKIY XUMHUYECKHM COCTABOM, CO-
mepsxauneM (a3 M MArHUTHLIM YIOPSAJOYEeHNEM CILJIABOB Ni(1_X)WX W TIOBeJleHWEeM UX dJIeK-
TPOHHLIX CBOMCTB B IINPOKOM [quamnazoHe TeMmmuepaTryp. CHUHTE3MPOBAHLI CILIABLI Ni(1_X)WX
pasauunoro coctaBa (0 < x < 0,5). Mcenemopana KPUCTANINYECKAs CTPYKTYypPa M XapaKkTep
TEeMIIEPATYPHON 3aBUCUMOCTH 9JIEKTPOCOTpoTUBIeHnA. [loKasano, 4To B AUATIA30HE KOHIIEHT-
panuit Bosbppama 0 < x < ~0,15 B cryiaBe CYIECTBYeT TOJLKO TPaHEIleHTPUPOBaHHAA KyOu-
yeckasa (I'LIK) kpucramimueckas CTPYKTypa, Torga Kak Tpu 6ojiee BHLICOKWUX 3HAUEHUAX X,
ciias Ni-W npegcraeiaser coboii aByx(asHYIO CHCTEMY, COCTOAINYIO M3 I'PAHEIeHTPUPOBAH-
HOIT Kybuueckoil u o0beMHO-IleHTPUPOoBaHHON KyOmueckoii (OIIK) KpucTanrInyecKUx CTPYK-
Typ. Habaomanocs cuibHOE MageHne OCTATOYHOTO yaeabHoro conporusieHud (RRR) ¢ ysenu-
YyeHMEM KOHIeHTpauuu x B GeppomarHuTHoit obsactu oxuHodasHoro I'IK-cnuasa, cimabasa
saBucumocTb RRR B napamarumthHoii obnacru ['IIK-cnumaBa m poct RRR B aByxdasHOU
obaacru (I'IIK + OIIK) Ni-W. Veranosaeno, uro B gByx(hasHoi 00JacTH IIPU KOHIEHTPAIU-
ax ~0,15 < x < 0,3 sjekrpuueckuii Tok unporexaer mo 3epuam ['IIK momcmcrembl cirasa
Ni—-W. IIpu Gosee BBICOKMX KOHIleHTpanmusax Boab(ppama (x>~0,3) mpoucxozur msMeHEHUE
MEeXaHM3Ma [epPeHOoca 3apala: 9JIeKTPHUUYECKHII TOK NPOTEeKaeT II0 MEePKOJSNMOHHBIM KaHAa-
nam, obpasoBanubeiM OI[K-dasoit cucremsr Ni-W ¢ Goslee HUSKUM yIEeJABHBIM 3JE€KTPOCOIIPO-
THUBJIEHUEM.
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Kpucragiuaa crpykrypa Ta eaexrpuunuii omip cmaasie Ni-W. B.B./[epes’anko,
M.C.Cyneypos, T.B.Cyxapesa, B.O.Pinxensv, I0.M Ilaxos.

MeTo craTTi € BCTaHOBJEHHA KopejdArnii Mimk Ximiunmm crjgamgom, (pazoBuM BMicToM i
MAarHiTHHUM YIOPAIKYBAaHHSM CIIJIaBiB Ni(1_X)WX i moBemiHKOIO IX €NEeKTPOHHUX BJIACTHUBOCTEN
y LIMPOKOMY JiamasoHi temmeparyp. CHHTE30BAHO CILIABU Ni(1_X)WX pisHOro crmamy (0 <x <
0,5). MocaimxeHo KpUCTAIIUHY CTPYKTYPY T4 XapaKTep TeMIIEPATYPHOI 3a/IeIXHOCTL eleKTpo-
onopy. Ilokasano, mo y agiamasoni xouueHrparniii Boabpdpamy 0 < x < ~0,15 y cmaasi icuye
TineKu rpanenenrposana Kybiuna (I'I[K) xpucraniuna crpykTypa, TOLL AK Ipu Giabmn BHUCO-
Kux 3HaueHHAX X cmiaaB Ni-W aBasic coGoio gBodasHy cucreMy, 10 CKJIAAAETLCSI 3 T'pDaHe-
eHTPoBaHOI Ky0OiuHoi i o6’emHomenTpoBanoi KybOiumoi (OLIK) kpucTamiuHux CTPYKTYP.
Coocrepirasocsa cuibHe TAAiHHA BaJUIIKOBOro nuTtomoro omnopy (RRR) 3i s6imblienuam
KoHIeHTpanii x y depomarHiTHiil obaacti ognodasuHoro I'I[K-cmiaBy, ciaabka 3aliedKHIiCTH
RRR y mapamarauThiii o6gacti ogmodasmoro I'ITK-cmsaBy i spocramus RRR y aBodasHoi
obmacri (TITK + OITK) Ni-W. Bcranosiewno, mo B aBodasuiili obmacti nmpu KOHIEHTPAIiAX
~0,15 < x < 0,3 enexrpuunuii crpym mnporikae sepmamu ['IIK migcumcremu cmaasy Ni—W.
IIpu Ginpin BHCOKMX KOHIEHTpaliax soabdpamy (x = ~0,3) BigbyBaerbca sMina MexaHisMy
TIEPEHOCY 3apAfy: €JeKTPUUHUI CTPYM MPOTiKae MEePKOMANMINHUMU KaHAJTaMHU, YTBOPEHUMU

OIlK-dasow cucremu Ni-W 3 6inbin HuSBKUM KOe(ili€eHTOM eIeKTPOOmIopy.

1. Introduction

Nickel-tungsten alloys are of great inter-
est because of their unique combination of
magnetic, electrical, mechanical, chemical
and other properties. Ni-W alloys may be
applicable in a large number of applied
areas as the functional materials for ultra-
large-scale integration (ULSI) devices,
micro-electromechanical systems (MEMS),
mold inserts, relays, bearings, etc. [1-4].

By the way nickel based alloys, especially
Ni-W, are currently the most widely used
for substrates in the second generation high
temperature superconductors (2G HTS) ar-
chitectures. The Ni-W alloys may develop a
strong and resilient up cube texture, suit-
able for epitaxial growth of buffer and HTS
films [5-9].

Investigating the physical properties of
the nickel-tungsten binary systems started
since the end of 19th century [10]. Consid-
erable attention also has been paid to con-
struction of phase diagrams for such sys-
tems. The phase diagram of Ni-W looks
quite unusual [11]. Eutectoid decomposition
results in forming of two main regions on
the diagram. There appear solid solutions of
Ni(W) with face centered cubic (FCC) struec-
ture existing at concentrations up to
16.4 at. % at T ~ 1000-1400°C; and mixed
region of Ni(W) and W(Ni) solid solutions
spacious to almost 99.7 at. % W at 1455°C,
where W(Ni) possess the body centered cubic
structure (BCC).

In the fcc region of Ni-W system the
ferromagnetic ordering [12] takes place at
rather low concentrations of tungsten in the
alloy. The ferromagnetic Curie temperature
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of pure nickel T, =681 K falls to T, =0 K
in the case ~ 10 at. % W.

The main purpose of this research is to
establish nature and mechanisms of influ-
ence of the chemical and phase composition
of model systems Ni_ )W, on the electron
properties behavior.

The following comprehensive research
program was implemented:

— synthesis of Nij_,)W, alloys in a wide
range of concentrations x;

— examination of crystal structure of
the obtained samples;

— examining the temperature and concen-
tration dependences of electrical resistivity.

The final result of the study should be
determination of the nature of the mecha-
nisms of temperature, chemical and phase
composition influence on electrical resistiv-
ity of the research objects.

2. Experimental

For conducting the research a series of
Ni(1_X)WX samples was obtained in the wide
range of tungsten concentrations: x = 0;
0.025; 0.05; 0.075; 0.085; 0.095; 0.11;
0.13; 0.15; 0.2; 0.25; 0.3; 0.4; 0.5.

The initial materials for synthesis of Ni—
W alloys were Ni and W powders with
99.98-99.99 % purity (by metallic impuri-
ties). The following methods were used for
purification from gaseous impurities: 1)
heat treatment at temperatures ~ 850°C for
the purification of Ni powder; 2) for refine-
ment of W powder was applied the high-
temperature treatment (1000-1200°C) in re-
ducing Ar + 4 % H, gaseous mixture flow.

After the refinement from impurities,
the Ni and W powders were thoroughly
mixed in necessary proportions using mill-
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Fig. 1. X-ray diffraciton patterns of some
Ni(1_X)WX alloys: a) single-phase FCC alloy
Nig gsWp 155 b) biphasic (FCC + BCC) alloy
Nig g\Wp o-

mortar "Pulverizette”. Then the powder
mixtures were pressed for subsequent ther-
mal treatment.

The synthesis was carried out by means
of powder metallurgy in deep vacuum (p ~
1076-10"5 Torr) at T = 1150°C during t =4 h
[13]. Typical sample sizes for the electrical
studies were 2x2x15 mm3. For attestation
of the obtained samples the X-ray phase
analysis and resistometric measurements
were applied.

Structural studies were performed on X-ray
diffractometer DRON UM-1 using Cu Ko-ir-
radiation.

To carry out the electrical measurements
at low temperatures, special apparatus
based on cryostat was used. The conditions
of the measurement process were strictly
standardized [14]. Electrical resistivity was
measured by means of four-probe po-
tentiometric method. All measurements
were performed in the range of temperatures
T = 50-270 K at constant electric current
density j = 500 mA/ecm? for all concentra-
tion x values.

3. Results

3.1. Structural studies

In Fig. 1, as example there are shown
XRD patterns similar in chemical, but dif-
ferent in phase composition. On XRD curve
(a) there are only diffraction peaks, which
belong to solid solution of Ni(W) with the
FCC crystal structure. On XRD curve (b)
there are observed two systems of diffrac-
tion lines, indicating presence of the W(Ni)
BCC phase together with the Ni(W) FCC
phase.
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Fig. 2. Lattice parameters of both FCC and
BCC subsystems of Ni(1_X)WX alloys in a wide
range of concentrations x.
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Fig. 8. Atomic volumes of Ni,_,W, alloys for
FCC (V;,, = a®/4) and BCC (V,,, = a®/2) sub-
systems.

Fig. 2, shows concentration dependences
of lattice constants. At concentration x ~ 0.15
the strong growth of the FCC phase lattice
parameter slows down and at x ~ 0.3 the
dependence ay..(x) is going to saturation.
The dependence of lattice constant a,..(x) is
almost linear.

Based on the data presented in Fig. 2,
the dependences (Fig. 3) of atomic volumes
for FCC (V.. = a;..3/4) and BCC (V. =
abcc3/2) solid solutions of Ni(1_X)WX alloys
are established. In the range of 0 < x <0.15
the curve V.. qualitatively corresponds to
behavior of af... It should be emphasized,
that in the two-phase region at concentra-
tions x = 0.2, the values of V.. are much
larger than values of V...

3.2. Electrophysical studies

Fig. 4 shows a set of some curves for
temperature dependences of electrical resis-
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Fig. 4. Experimental curves for temperature
dependences of resistivity p(T') of Ni—W alloys
in a wide range of tungsten concentrations:
a) Ni-0 at.% W; b) Ni-5 at.% W; c¢) Ni—
13 at.% W; d) Ni—-20 at.% W; e) Ni-25 at.%
W; f) Ni—30 at.% W; g) Ni—=50 at.% W.

tivity p(7T) obtained at the low tempera-
tures. As is seen from the pattern in the
single-phase region of x <0.15 the curves
p(T) are shifted to the region of the higher
values of p with an increase of tungsten
concentration.

In the region of coexistence both the FCC and
the BCC phases at concentrations x > ~0.15
the curves p(T) have explicitly expressed
the non-linear character: correlation be-
tween the chemical composition in the two-
phase region and the electrical resistivity is
violated. For certain values of R(T), the
curves can intersect.

4. Discussion

Below the nature of the evolution of elec-
trophysical properties, depending on the
composition and external influences, i.e.
temperature, is considered. The methodol-
ogy of the discussion is based on estab-
lishing the correlation between the behavior
of the crystal lattice parameters and the
electrical resistance of Ni-W alloys.

Based on the results presented in Fig. 4,
the character of the dependence of residual-
resistivity ratio (RRR) on concentration x is
determined (Fig. 5). Three distinct regions
on the dependence RRR(x) are revealed: 1)
sharp decrease in RRR in the ferromagnetic
single-phase FCC region as x increases from
0 to 0.1; 2) weak dependence of RRR in the
narrow paramagnetic state in the FCC crys-
tal structure of Ni;_,)W, at 0.1 <x <~0.15;
3) growth of RRR over transition to the
two-phase region (FCC + BCCQC).
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Fig. 5. Residual resistivity ratio

p(270 K)/p(50 K) for samples of Ni(1_X)WX al-
loys in a wide range of concentrations.
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Fig. 6. Dependences of electical resistivity p(x)
on tungsten concentration in Ni(1_X)WX alloys in
temperatures range of T = 50-270 K.

The behavior of the RRR(x) dependence
in the ferromagnetic region is related to the
electron-magnon scattering mechanism.
Sharp falling in the residual resistivity with
increasing of tungsten content in the FCC
alloy Ni(1_ W, (x < 0.1), as well as decrease
in the vafue of the ferromagnetic Curie
point T, with increase in x, correlates with
a significant growth of the lattice constant
Afee N the single-phase FCC region of the
Ni-W alloy.

Obviously, a small value of the RRR pa-
rameter in the paramagnetic area of the sin-
gle-phase close-packed FCC solid solution is
determined solely by mechanism of the elec-
tron scattering by lattice vibrations.

In the two-phase region (FCC + BCC) at x
> ~0.15, the amount of BCC phase with
larger formula volume (V.. > Vi) is grow-
ing, the amplitude of the crystal lattice vi-
brations increases. So it can be assumed,
that the reason of the strong growth of the
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residual resistivity ratio in the two-phase
region of Ni-W system can be strengthening
the contribution of the electron-phonon
scattering mechanism.

For establishing the nature of influence
of Ni(1_X)WX alloys composition on the elec-
trical resistivity in the wide range of tem-
peratures the data of direct measurements
of temperature dependences of electrical re-
sistivity p(T) were transformed into a set of
concentration dependences p(x). For this,
matrix P(T),—.ons: Was transposed into the
matrix p(X)p_const

In this connection, the values of
O(T)y—cons: Were interpolated with a "step”
of 5 K, and some curves are presented in
Fig. 6.

All curves p(x) are of complex character.

It is established that at the compara-
tively high temperature T = 270 K, the con-
centration dependence of the electrical re-
sistivity p(x) reveals three distinct regions:

1. There is an almost linear growth of
p(x) in the range of concentrations x from 0
to 0.15.

2. At concentrations of 0.13 < x < 0.3,
the value of the resistivity is weakly de-
pendent on the concentration of tungsten in
the alloy.

3. At concentrations 0.3 < x < 0.5, there
is a strong drop in the resistivity.

Observed growth of resistivity in the
FCC region corresponds to the characteristic
behavior of the electrical resistivity in sin-
gle-phase dilute alloys based on transition
metals. The nature of the p(x) behavior in
the given region is conserved with tempera-
ture decreasing.

Changes in the character of the concen-
tration dependence p(x) in the two phase
region at ~0.15 < x < 0.3 corresponds to the
scenario of the electric current in the FCC
subsystem, the lattice parameter a;.,. of
which practically does not change during
transition to the two-phase region, i.e. com-
position of which varies very little with the
chemical content change, (see Fig. 2).

The resistivity strong decrease in the two
phase region corresponds to the beginning
of electric current percolation through con-
tinuous channels formed by the BCC subsys-
tem. The value of x = ~0.3 obviously corre-
sponds to the value of percolation threshold
[15], that equals to ~ 17 % of BCC phase in
the two phase system.

When the temperature is lowered to
about 210 K, three sections on the depend-
ence p(x) are realized, but there is a ten-
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dency to blur the curves in the two phase
region (FCC + BCC). Further lowering of
temperature leads to the disappearance of
the pronounced percolation effect. At tem-
peratures below 80 K, the concentration de-
pendence p(x) has a monotonic character,
which is well described by the concentration
exponential dependence.

The observed dynamics of changes in the
electrical resistivity behavior with decrease
in temperature indicates the change in sce-
nario of the electrical charge transfer
through the two-phase region. Despite the
fact that at relatively high temperatures,
the electrical resistance of the FCC phase
exceeds the resistance of the BCC phase,
with decreasing temperature the differences
between electrical resistivity in the both
phases of Ni-W solid solution are blurred,
consequently the mechanism of charge
transferring along the percolation paths
changes to the transfer over the main phase
with the lower resistivity, i. e. the BCC
subsystem.

5. Conclusions

In the present work, the crystal struc-
ture and the character of temperature de-
pendences of the electrical resistivity at the
low temperatures were investigated for 14
different alloys of system  Ni_,W,
(0 £x<0.5) with face centered cubic and
body centered cubic crystal structures.

In the concentration range of x = 0—
0.15, the Ni-W alloy is in a single-phase
state. At x > ~0.15 the alloy is a biphasic
system, consisting of the face centered and
body centered cubic solid solutions.

It is determined that the character of the
temperature dependence of the electric re-
sistance of Ni-W alloys essentially depends
on the chemical composition, the phase com-
position and the type of the magnetic order-
ing of the alloys. In the ferromagnetic sin-
gle-phase FCC region of the Ni-W alloy, the
main contribution to the resistivity is made
by scattering of electrons by magnons. In
the two-phase region as the content of the
BCC phase increases, the effect of scatter-
ing of electrons on the lattice vibrations is
greatly enhanced.

The charge transfer features in the two-
phase region (FCC + BCC) of the Ni-W
phase diagram were described for the first
time. At relatively high temperatures at
tungsten concentrations below the wvalue
corresponding to the percolation threshold,
the electric current flows through the
grains of the FCC phase with a large electri-
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cal resistivity. At the vicinity of the perco-
lation threshold, strong decrease of the elec-
trical resistivity is observed on the concen-
tration dependence p(x): the transfer of
electric charge takes place mainly through
the percolation channels formed by the
grains of the BCC phase of Ni(1_X)WX with
the lower electrical resistance. At the low
temperatures, the role of the percolation ef-
fect in the behavior of the electrical resis-
tivity substantially decreases.
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