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Abstract: In this work, the interdiffusion features in multicomponent (high-entropy) alloys of refractory metals were studied. The following
pairs were chosen as the diffusion study objects: titanium—equiatomic alloy (Hf—~Nb—Ta—Ti—Zr—Mo) and titanium—tantalum for the sake of
comparison. The article covers the issues of sample preparation, microstructure study, sample preparation methodology for diffusion research,
and experimental results. Diffusion annealing was carried out for 12 h in a vacuum at a residual argon pressure of 6.65-10~> Pa and a tempe-
rature of 1200 °C. Particular attention was paid to the method of combining diffusion pairs (titanium with tantalum, titanium with alloy) by
thermal cycling near the polymorphic transformation temperature in titanium (882 °C) within & 50 °C. The behaviour of the most characte-
ristic elements (Ta, Zr, Ti) in the weld area after the titanium and alloy diffusion pair joining was demonstrated. This is the first time that data
on the dependence of the intensity of the corresponding spectral line for titanium and elements of a multicomponent alloy on the penetration
depth were obtained. A change in the signal intensity for system elements was observed at a depth of 150—200 pm, whereas a sharp drop in the
signal intensity was seen to occur at depths of about 50 um. The effective value of the coefficient of diffusion of elements into titanium averaged
over all elements of the alloying system (except for titanium) at a temperature of 1200 °C was calculated. The obtained value was compared to
reference data: the self-diffusion coefficient in B-titanium and diffusion coefficients in titanium pairs with alloy doping elements.

Keywords: high-entropy alloys based on multiple refractory metals, interdiffusion parameters
Funding: This study was carried out with the financial support of a grant from the Russian Foundation for Basic Research (Project No. 20-03-00387).
Acknowledgments: The authors acknowledge V.K. Portnoi and E.A. Kolesnikov for their help with the experiments.

For citation: Razumovsky M.I., Rodin A.O., Bokstein B.S. Interdiffusion in refractory metal systems with a BCC lattice: titanium—tantalum
and titanium—multicomponent (high-entropy) alloy. Izvestiya. Non-Ferrous Metallurgy. 2023; 29 (1): 75—83. (In Russ.).
https://doi.org/10.17073/0021-3438-2023-1-75-83

B3aumuas nug@ys3us B cucremax

HA OCHOBe TyromiaBgux MetajioB ¢ OIIK-pemertkoii:
TUTAH—TAHTAJ U TUTAH — MHOTOKOMIIOHEHTHBIH
(BBICOKO3HTPONUIHBIN) CILJIAB

M.HU. PazymoBckuii, A.O. Poaun, b.C. bokmreiin

HanunonanbHbIii Hccen0BaTENbCKMIA TeXHOIOrHYecKuii ynusepcutet «MUACHUC»
119049, Poccus, r. MockBa, JIeHuHcKuit np-T, 4

< Muxaun Uropesuu Pazymosckuii (razmikhail@gmail.com)

AnHoTaums: M3yuyeHbl 0COOEHHOCTH B3aUMHOM nubdYy3Mu B MHOTOKOMITOHEHTHBIX (BBICOKOSHTPONMIAHBIX) CIJIaBaX Ha OCHOBE TYIo-
IUIaBKUX MeTajioB. B KauecTBe 00beKTOB NG (HY3MOHHOTO UCCIeN0BaHsI OB BBIOPAHBI CISIYIOIINe Maphbl: TATAH — 9KBUATOMHBI
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criiaB (Hf=Nb—Ta—Ti—Zr—Mo) u, a5 cpaBHEHU ST, TUTAaH—TaHTaJ. PaccMOTpeHbl BOIIPOCHI MPUTOTOBJIEHU s 00pa3oB, UcCe0Ba-
HUSI MUKPOCTPYKTYPbI, METOIMKA TTOATOTOBKM 00Pa310B sl u3ydeHust nudby3uu U 9KCIepuMeHTalbHbIe pe3yabTaThl. uddysu-
OHHBIN OTKUT GBI MPOBEACH B TedeHne 12 4 B BAKYYME C OCTATOYHBIM TaBieHeM aproua 6,65-10~> I1a mpu Temmepatype 1200 °C.
Oco00e BHUMaHUE yIeJIeHO METOAUKE coequHeH st nubGy3nOHHBIX Map (TUTaHA C TAHTAJIOM, TUTAHA CO CILIABOM) MyTeM TePMO-
LIMKJUPOBaHUS BOJU3M TeMIlepaTypbl moiuMopdHoro npeppaiuneHus B TutaHe (882 °C) B npeaenax +50 °C. [TokazaHo noBejaeHue
HauboJiee xapakTepHbIX 2sieMeHTOB (Ta, Zr, Ti) B 0o61acTi CBapHOTO 1lIBa MMocJje coeAnHeHu st 1u(Gy3MOHHO nmapbl TUTaHA U CIljlaBa.
BriepBble moy4YeHbl JaHHbIE O 3aBUCMMOCTUA MHTEHCMBHOCTY COOTBETCTBYIOLIEH JIMHUM CIIEKTPA 1JIsi TUTAHA U 3JIEMEHTOB MHOTO-
KOMITIOHEHTHOTO CTIJIaBa OT TJIyOMHBI MTPOHUKHOBEHUsI. VI3MeHeHe MHTEHCUBHOCTHU CUTHAJIA IJIsl JIEMEHTOB CUCTEM HaOJIIo1aeTcst
Ha tnyoune 150—200 MxM, a pe3koe MaaeHUEe WHTCHCUBHOCTHM CUTHAa MPOWCXOAUT Ha TIybuHax mopsaka 50 mxkm. Paccuutano
YCPEIHEHHOE MO BCEM 3JIEMEHTAaM CHUCTEMBI JISTUPOBAHUS CIIJIaBa (3a UCKJIOYeHHeM TUTaHa) 3¢ bekTuBHOe 3HaYeHne KO3 hduim-
eHTa nuddy3un smemeHTOB B TUTaH npu TeMmmepatype 1200 °C. [IpoBeneHo cpaBHEHUE MOJYUEHHOI0 3HAaYeHU s CO CMTPaBOYHBIMU
naHHBIMU: KoabduumeHntoMm camonudodysuu B B-tutane, koahduuneHtamu nuddys3uu B mapax TUTaHa ¢ JETUPYIOLIUMU dJIEMEH-
TaMU cIjiaBa.

Kiouesbie ciioBa: BbICOKOBHTpOHHﬁHBIG CIlJIaBbl HA OCHOBE MHOT'MX TYT'OIIJITAaBKUX METAJIJIOB, ITapaMETPhbI B3aUMHOMN I[I/ICI)CI)YBI/II/I
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Introduction

Achieving higher-than-average operating tem-
peratures of gas turbine engines up to 1400 °C re-
quires the use of alloys with a melting point exceed-
ing 2000 °C. Refractory metal alloys are the most
suitable for this purpose. In addition to their high
melting points, these alloys usually contain more
than 5 elements with a concentration of 5 to 35 %
each, and hence are characterised by high configu-
rational entropy. This is why they were called high-
entropy alloys (HEA) [1, 2].

Since the increase in entropy is associated with an
increase in the system disorder, the suggestion was
made that the diffusion could be slowed down by the
sluggish diffusion effect [3, 4]. There is very little data
available on the dependence of the interdiffusion coef-
ficients on the composition of the alloy in binary sys-
tems of refractory metals, even less for multicomponent
alloys. The objective of this study was to select and ana-
lyse articles published in high-level influential journals
(Acta Materialia, Journal of Alloys and Compounds,
Intermetallics, etc.) in the 2018—2020 period. The ar-
ticles were selected based on two criteria: 1) the subject
matter of the study shall be multicomponent HEA; 2)
the results obtained shall concern the diffusion mobil-
ity of the components.

Among the 47 articles selected, only 10 [5—14]
met the first criterion, whereas only 3 articles [6; 9;
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11] covered the problems of diffusion in the HEA of
refractory metals with a BCC lattice. There are much
more studies on diffusion in multicomponent HEAs
with an FCC lattice than on those with a BCC lattice.
The authors of [7] believe that “such studies still have
a long way to go”.

The general conclusions may be formulated as fol-
lows: the slowing down of diffusion in high-entropy
alloys (sluggish effect) is not uniformly present in
all HEAs and depends on their composition; the re-
sults obtained by X-ray spectral microanalysis (EDX)
proved to be the most informative; the sluggish dif-
fusion effect is more pronounced for BCC structures
than for FCC structures, although there have been
much more studied conducted on FCC structures that
are currently available; some authors suggest the pos-
sibility of the occurrence of a dissociative or interstitial
mechanism ina BCC HEA, which is a consequence of
the disordered structure, leading to increased, rather
than sluggish, diffusion.

The main task of this study, therefore, is to carry out
a comparative analysis of diffusion processes in diffu-
sion pairs — one containing an alloy and the other con-
taining single-component substances. The choice of the
alloy composition — the multicomponent equiatomic
alloy HfFNbTaTiZrMo, is based on the analysis made in
our review [15]
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Sample preparation

To prepare the initial mixtures, «high-purity» class
(99.96 %) powders of components (Hf, Nb, Ta, Ti, Zr,
and Mo) with particle sizes of 40—80 pum were used.
The powder mixture' was ground in a P-7 planetary mill
(Fritsch, Germany) in an argon atmosphere at a powder-
to-ball mass ratio of 1 : 8.

Hot isostatic pressing (HIP) was carried out in a la-
boratory gasostatic extruder at a temperature of 1200 °C
for at least 2 h of exposure, and the powders were com-
pacted in steel capsules that had been pre-evacuated
during HIP.

X-ray spectral microanalysis (EDX) of the compact-
ed samples was carried out using a scanning electron
microscope of the brand LEO EVO 50 XVP (Carl Zeiss,
Germany) with an INCA ENERGY (Oxford Instru-
ments, UK) module.

The main phase obtained during the powder mixture
grinding is a BCC solid solution with a lattice period
a~ 0.34 nm [16].

Microstructure
of multicomponent alloys

In this work, thin, polished sections of pure tita-
nium, tantalum, and an alloy based on multiple re-
fractory metals were made. A mixture of hydrofluoric
and nitric acids was used to reveal the resulting grain
structure.

The structure was studied using an Axio Vert.Al
(Carl Zeiss, Germany) optical microscope and a JSM-
6480LV (SEM) (JEOL, Japan) electron microscope
equipped with an INCA ENERGY Dry Cool (Oxford
Instruments, Great Britain) energy-dispersive spectros-
copy module, as well as on a FEGFEINavaNanoSEM
(Field Electron and Ion Company, FEI, USA) micro-
scope fitted with a Bruker (Germany) module.

Fig. 1 shows a photograph of the homogeneous struc-
ture of one of the alloy samples.

Sample preparation method
for diffusion studies

Diffusion welding was used for the diffusion contact
of the samples. A stainless-steel clamp was placed in a
quartz reactor in a vertical pipe furnace to provide and

! Samples of a refractory-metal multicomponent alloy were
obtained using equipment of Lomonosov Moscow State Uni-
versity.

maintain the ~2 MPa pressure required for welding. The
interior part of the reactor was argon-purged to exclude
any oxidation.

The mode of preparation of diffusion pairs consist-
ed in thermal cycling at approximately the titanium
polymorphic transformation temperature =50 °C. One
cycle consisted in heating the samples to a temperature
of 930 °C and cooling them down to a temperature of
830 °C with multiple cycling or to room temperature
with a single cycling. The cooling procedure involved

SEM HV: 200 kV
Det BSE

SEM MAG: 5.00 kx VEGAJ TESCAN

10 pm

NUST MISIS

Fig. 1. SEM image of the alloy sample structure

Puc. 1. DiekrpoHHoe uzobpaxeHue (SEM)
CTPYKTYpbI 0Opa3slia crijiaBa
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Fig. 2. SEM image of a welded joint between titanium
and tantalum plates

Puc. 2. DrekrponHoe uzobpaxenue (SEM)
CBapHOTO IIBa MEXIY MJIaCTUHAMU TUTAHA U TaHTaJa

77



lzvestiya. Non-Ferrous Metallurgy e 2023 ¢ Vol. 29 « No.1e P.75-83

Razumovsky M.I., Rodin A.O., Bokstein B.S. Interdiffusion in refractory metal systems with a BCC lattice: titanium-tantalum...

ﬁ
100 pm 100 pm

100 pm

Fig. 3. SEM-EDS image showing element distribution in the welded titanium—alloy joint area

Puc. 3. Mzo6paxkenue SEM-EDS pacrnpeneiieHus1 3JleMEHTOB B 00J1aCTU CBApHOTO 111Ba TUTaHa U CIiIaBa

removing the quartz reactor containing the samples
from the furnace, followed by holding at room tem-
perature. A TVR Al thermocouple was used to deter-
mine the change in temperature of the samples in the
reactor.

After welding, the samples were specially pro-
cessed to be able to examine the welded joint. For this,
parts of the welded samples were removed by machin-
ing with grinding wheels, following which the welded
joint areas were polished and then examined by X-ray
spectroscopy. Fig. 2 and Fig. 3 show the SEM image
of the weld and the element distribution in the welded
joint area.

The size of the transition zone formed as a result of
the fabrication of the diffusion pair is within a few mi-
crometres and, apparently, is a consequence of phase
recrystallisation. The obtained weld joints appeared
continuous, with no pores or contraction cavities.

Experimental results
and estimated diffusion coefficients

Diffusion annealing was carried out for 12 h
in a vacuum with a residual argon pressure of
6.65-1073 Pa at a temperature of 1200 °C. After an-
nealing, the samples were cut along the direction of
diffusion penetration and the resulting surface ground
and polished. Fig. 4 shows a typical polished surface.
The lower, darker part is titanium, and the lighter part
is the alloy. The dots show the areas of energy-disper-
sive analysis of the chemical composition. The dis-
tance between the dots is about 35 um. Fig. 5 shows
a typical spectrum.
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Fig. 4. EDX of an interdiffusion zone of a titanium—alloy pair
(white crosses accordance each spectrum numbers
from 38 to 52)

Puc. 4. PCMA 30HBI B3auMHO# nudhy3nn
B IIape CrjiaB—TUTaH

It is clear that interdiffusion is associated mainly with
the penetration of the alloy components into titanium as
the more fusible part of the system (Fig. 6); a change in
signal intensity is observed at a distance of 150—250 um
for all elements. A sharp drop in intensity takes place at
depths of 50 pm.

Data on the recalculated concentrations of the com-
ponents are given in the table.
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Figure 7 shows data on the dependence of the inten-
sity of the corresponding spectral line for titanium and
other alloy components.

Fig. 8 shows the concentration distribution of all el-
ements of the HEA doping system in the interdiffusion
zone. For comparison, a line corresponding to the de-
scription using the erfc-shaped solution is shown [17; 18]:

(2]

)

=t
5]
=

Fig. 5. Typical EDX spectrum in the interdiffusion zone
of a titanium—alloy pair near the interface

Puc. 5. Tunuunsrii ciektp PCMA
B 30HE B3aMMHOU n1u(py3ru nmapbl THUTAH—CILJIaB
BOJIM3M MTOBEPXHOCTU paszjiesa

Element concentration in the interdiffusion zone, at.%

c,-C, x—x
Cx,)=C,+ ———{1—erf 011,
o2 { (zmj}

where C, is the minimum concentration of the reference
element; C, is the element concentration in the equia-
tomic alloy; D is the diffusion coefficient; 7 is the time;
X, is the interface coordinate.

N, imp/s
80004 .o - o—Ti
sl —o—Ta
——7r
7000 1 #— Nb
] —O— Mo
= —+—Hf
20004
1000
0 -

0 100 200 300 400 500
Distance, pm
Fig. 6. Change in intensity of spectral lines
in the interdiffusion zone of the titan—alloy pair

Puc. 6. Mi3meHeHe MHTEHCUBHOCTH JTUHUH CTIEKTpa
B 30HE B3aMMHOI 1u(Py3uu B mape TUTaH—CILIaB

KoHLeHTpaLMy 3J1eMEHTOB B 30He B3auMHO# nuddysun, at.%

Spectrum Ref. No. Coordinate, um Ti Zr Hf Mo Ta Nb
38 0 15.6 20.6 18.3 14.7 14.7 14.7
39 35 16.6 17.9 16.6 15.6 16.7 16.6
40 70 17.6 9.3 13.5 19.7 19.6 19.4
41 105 17.0 13.4 15.5 18.4 18.4 17.3
42 140 17.8 14.3 15.9 17.3 16.7 18.0
43 175 19.6 11.5 14.1 18.2 18.1 18.5
44 210 60.4 3.6 5.7 9.8 10.0 8.4
45 245 75.6 2.9 3.9 5.2 5.1 4.6
46 280 80.0 2.7 2.7 3.5 3.5 3.3
47 315 83.3 2.5 2.4 2.8 2.7 3.0
48 350 85.5 2.1 2.0 2.1 2.0 2.3
49 385 87.5 2.1 1.9 1.6 1.4 1.7
50 420 87.3 2.2 1.5 1.6 1.1 1.7
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Fig. 7. Intensity profiles of some alloy components in the interdiffusion zone

Puc. 7. [Ipoduin MHTEHCUBHOCTU HEKOTOPBHIX KOMITOHEHTOB CI1JlaBa B 30He B3auMHOM n1ubdy3un
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Fig. 8. Element distribution in the alloy—titanium diffusion

zone

Puc. 8. Pacripenenenue aneMeHTOB B 1 HYy3MOHHON 30HE
Mapsl CIJIaB—TUTaH
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In Fig. 8, to the left of the x plane is the alloy region
and to the right is the titanium region.

Elements tend to have a similar behaviour that
can be described well by the proposed solution.
The experimental points for the titanium—HEA
pair correspond to the diffusion coefficient D =
=3.0-10""* m?%/s.

Similar studies were carried out for the titanium—
tantalum pair. Fig. 9 shows the photomicrograph and
concentration profile of this pair.

The results presented show a significant difference
between the diffusion processes in tantalum—titanium
and alloy—titanium pairs. The data obtained for the
titanium—tantalum pair correspond to the diffusion
coefficient D = 5.0-1071 m2/s, which is approximately
2 orders of magnitude lower than for the titanium—
HEA pair.



13BecTig By30B. LiBeTHOS METAAAYPIrUS o 2023 o T.29 o N21 e C, 75-83

Pasymosckut M.U., PoanH A.O., bokwrterH b.C. BsanmHas Anddysns B CUCTEMAX HO OCHOBE TYronAaBKnx metaanos ¢ OLK-pelueTkomn...

50 pm

Ta, at.%

120

100

804

60+

404

204

0 1 1 1
10 20 30 40 50 60

Coordinate, um

Fig. 9. Micrograph of the cut surface (a) and distribution of the Ta concentration in the Ti—Ta diffusion pair (b)

Puc. 9. MukpodoTtorpadus moBepxHOCTHU cpe3a (a) u pacnpeaesieHre KoHueHTpauuu Ta B nuddysnonnoii mape Ti—Ta (b)

Conclusion

In this work, a technique for studying interdiffusion
in pairs consisting of single-component (titanium—tan-
talum) and one and multiple (titanium—high-entropy
alloy) refractory metals with a BCC Ilattice was devel-
oped and tested.

Diffusion annealing was carried out for 12 h in a
vacuum with a residual argon pressure of 6.65-10~> Pa
at a temperature of 1200 °C. The chemical compo-
sition in the interdiffusion zone was determined by
energy-dispersive X-ray analysis. The obtained data on
the dependence of the intensity of the corresponding
spectral line for titanium and various elements of mul-
ticomponent alloys were recalculated in terms of the
concentrations of the main elements in the diffusion
zone.

Interdiffusion in the titanium—alloy pair is asso-
ciated mainly with the penetration of the alloy com-
ponents into titanium as a more fusible part of the
system. A change in the signal intensity is observed at
a distance of 150—250 pum for all elements. A sharp
drop in the signal intensity takes place at a distance of
around 50 pm.

The behaviour of the elements can be well described
by the erfc-shaped solution, which indicates the absence
of a noticeable concentration dependence of the inter-
diffusion coefficients. Under the given experimental
conditions, the average diffusion coefficient for all el-
ements (except titanium) is D = 3.0-10~* m?/s, which
is approximately an order of magnitude less than the

self-diffusion coefficient in B-titanium, which is equal
to 2.0-10713 mz/s [19]. Similarly, for comparison, it is
possible to give the diffusion coefficient values in titani-
um at a temperature of 1200 °C of other refractory met-
als, namely: zirconium — D (Zr/Ti) = 2.6:10712 mz/s;
molybdenum — D (Mo/Ti) = 9.3-10~"* m?/s [20]; nio-
bium — D (Nb/Ti) = 7.2:10~13 m?/s [21] (isotope me-
thod); tantalum — D (Ta/Ti) = 7.2:107'% m?/s [22];
hafnium — D (Hf/Ti) = 1.0-10~'2 m?/s [23].

Similar studies for a titanium—tantalum pair show a
significant difference in the diffusion processes in tan-
talum—titanium and alloy—titanium pairs. A change
in the signal intensity (and, accordingly, the concen-
tration of components in the diffusion zone) takes place
at a distance of 20 um. The data obtained correspond
to the interdiffusion coefficient D = 5,0-10_16 m2/s,
which is approximately 2 orders of magnitude lower
than for the titanium—HEA pair. Note that tantalum
and multicomponent alloys have significantly different
melting temperatures (solidus and liquidus regions for
alloys) of 3290 K for pure tantalum and 2100—2400 K
for alloys [24].
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