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The deformed biomedical Ti—(18—-20)Nb—(3-4)Zr—(1-1.2)Si (% wt.) alloys
are studied. Their rolling is carried out at 950°C by means of the air- and wa-
ter-cooling; the quenching in water and oil with heating up to 1050°C is also
used. As established with the x-ray phase analysis, the hot deformation of
Ti—(18-20)Nb—(3—-4)Zr—(1-1.2)Si alloys contributes to the B-solid-solution
heterogeneity into B1 phase based on Ti—Nb and B2 phase based on Zr-Ti, as a
result of which a final dispersed nonequilibrium (a”” + a’) structure is formed
after cooling, that reflects the (B1 + B2) microstructure formed due to the pre-
vious decomposition. After deformation with air cooling, the experimental
alloys contain the largest amount of o’ phase and have high strength and low
plasticity. As shown, a rising of the cooling rate and temperature during
quenching leads to the predominance of the orthorhombic o'’ phase, while the
strength of the alloys decreases with a significant increase in plasticity. In
the process of deformation and heat treatment, densely and uniformly dis-
tributed disperse silicides are also released in the structure, which contribute
to the strengthening. For Ti—(18-20)Nb—(3—-4)Zr—(1-1.2)Si alloys, the tem-
perature range T =1040 + 20°C is established, the quenching from which al-
lows to obtain high mechanical properties: c:=1100-1150 MPa, co.02=800—
850 MPa, 6 =11-11.5% . By deformation and quenching of the experimental
alloys, a composite material with alloyed soft matrix strengthened by the
uniformly distributed dispersed hard particles of silicides is fabricated.
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Hocmimxeno pedopmoBani 6Giomenuuni cromu Ti—(18—20)Nb—(3—4)Zr—(1-
1,2)Si (% Bar.). IIpokaryBaHHa nIpoBoamiIoca 3a Temueparypu y 950°C 3 oxo-
JIOIKEeHHAM Ha IOBIiTPi Ta BOZOI0; 3aCTOCOBYBAJIOCA TAKOYK rapTYBaHHA Y BOLY
Ta macao 3 HarpiBom g0 1050°C. PenTrenodas3oBoio aHaJIi3010 BCTAHOBJIEHO,
o rapaue pedgopmyBanHsa croniB Ti—(18—-20)Nb—(3—-4)Zr—(1-1,2)Si cupuse
posiiapyBaHHIO J-TBepAOTO po3unHy Ha Pi1-hasy Ha ocHOBi Ti—Nb i B2-dasy Ha
ocHoOBi Zr—Ti, BHacIiZOK YOTO Hic/JA OXOJIOKeHHA YTBOPIOETHCA KiHIlEBA AU-
cmepcHa HepiBHOBakHA (o' + o')-CTPYKTypa, AKa Bimobpakae MiKpOCTPYKTYPY
(B1+B2), chopmoBany uepes nmomepenHiii posunax. Ilicna gedopmanii 3 oxosro-
IKEeHHSM Ha MOBiTpi mocaigHi cTonu MicTaTh HafiOiAbITYy KiTbKicTs o' -hasu Ta
MalOTh BUCOKY MiIlHicTh i HUBBKY IIacTuyHicTh. ITokazaHo, 110 36isbIIeHHA
IIBUAKOCTY OXOJIOMKEHHSA Ta IIiBUINEHHS TeMIepaTypu Iifi Yac rapTyBaHH:A
MPUBOAUTH A0 THepeBasKaHHA Yy HUX opTopoMOiuHOi o''-hasu; BOZHOUAC MIiIl-
HiCTBH CTOIIiB MOHMMKYETHCA 31 SHAYHUM ITiIBUMIEHHAM IIJIACTUYHOCTH. B 1mIpo-
meci medopmarii Ta TepMooOpPOOJEeHHS B CTPYKTYPL TaKOK BUIIISIOTHCS
OIiJIbHO ¥ PiBHOMipPHO pOSIOAiJieHi AuMcHepCHI cUIinuAM, SIKi BHOCATH CBiit
BHeCOK y sminueHHdA. [{na cronis Ti—(18—20)Nb—(3—-4)Zr—(1-1,2)Si BcranoB-
aeuo inTepBas remnepatyp T = 1040 + 20°C, rapTyBaHHA Bil AKOTO YMOKJIUB-
JII0E OJepiKaTh BUCOKI mMexaHiuHi BaacTuBocTi: o:=1100-1150 MPa, co,02=
=800-850 MPa, 6=11-11,5% . Illnaxom medopMyBaHHSA Ta rapTyBaHHS IO-
CJiIHUX CTOIIiB CTBOPEHO KOMIIOBUIiMHUI MaTepisd 3 JeroBaHOIO ILJIACTUYHOO
MaTpullelo, 3MilTHEHOI0 PiBHOMiIPpHO PO3NOJiJIEeHUMY NUCIIEPCHUMU TBEPAUMU
YaCTHHKAMU CUJIIITUIiB.

Karouosi crosa: 6iocymicHi cronu Ti—(18—20)Nb—(3—4)Zr—(1-1,2)Si, gedop-
Mallifd, rapTyBaHHs, CTPYKTypa, CUJIIIUIN, MeXaHidHi BJIaCTUBOCTI.

(Received 31 October 2023; in revised form, 10 December 2023)

1.INTRODUCTION

The development of new titanium alloys for implantology continues in
the direction of excluding from their composition some elements
harmful to the human body, as well as strengthening their osteointe-
gration and mechanical properties [1, 2]. Recently, titanium alloys al-
loyed with biocompatible  stabilizing elements, in particular niobium
[3], have been developed, which have a lower modulus of elasticity,
closer to the modulus of elasticity of bone.

Biomedical alloys based on the Ti—Nb system, additionally doped
with silicon for better osteointegration, were also proposed [4—8]. It
was established that alloys with 18—-20% wt. niobium and a hypereu-
tectoid silicon content of 1-1.2% wt. exhibit higher mechanical prop-
erties and biocompatibility in the Ti—Nb—Si system. The deformation
modes of Ti—(18—-20)Nb—(1-1.2)Si alloys were developed and the opti-
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mal temperature at which quenching of the deformed alloys allows ob-
taining high mechanical characteristics was determined [9].

The properties of alloys of the Ti—Nb and Ti—Nb—Si systems can be
further improved by alloying with biocompatible zirconium [10-13].
In Ti—Nb—Zr [10] and Ti—Nb—-Zr-Si [12, 13] alloys, zirconium has an
additional B stabilizing effect, which grows with an increase in the
content of other  stabilizers (Nb and Si). Zirconium reduces the solu-
bility of silicon and increases the release of silicides in alloys of the Ti—
Nb—Zr—Si system, due to which the alloys are strengthened [12, 13].
The aim of this work is to optimize the technology of deformation and
heat treatment of Ti—(18—-20)Nb—(3—4)Zr—(1-1.2)Si (% wt.) alloys.

2. RESEARCH MATERIALS AND METHODS

Experimental Ti—(18—-20)Nb—(3—4)Zr—(1-1.2)Si alloys were obtained
by electron beam melting [14]. The following charge materials were
used: BT1-0 titanium, HGIII-1 niobium, kr1-110 zirconium, KP-00 sil-
icon. The used smelting method ensured the formation of ingots of the
Ti—Nb—Zr—Si system alloys with a diameter of 60 mm and a length of
640-650 mm, which are quite homogeneous in structure and chemical
composition.

Hot deformation of ingots was carried out at a temperature of 950°C
by screwing rolling up to & 12 mm with air or water cooling. The ob-
tained rods were cut into samples, which were quenched in oil and water
with a holding time of 30 min at 1050°C. After deformation and heat
treatment, tensile tests of the mechanical properties were performed.

The structure was studied by optical (Jenaphot-2000), electron
scanning (Proton-21, Superprobe-733) and transmission (JEOL JEM
100X) microscopy. The x-ray phase diffraction analysis was carried
out on a DRON-3M diffractometer in monochromatic CuK,-radiation,
at an accelerating voltage of 40 kV and a current of 25 mA, in the an-
gular range 20=30-90° with a step of 0.05° and with a stop of
5 s/step. The results were processed in PowderCell software.

3. RESULTS AND DISCUSSION

The properties of alloys after deformation and heat treatment are in-
fluenced by the phase composition, the ratio and size of the structural
components. When the cast alloys of the Ti—Nb—Zr—Si system are
heated, the non-equilibrium phases disintegrate with the redistribu-
tion of silicon and the release of silicides. The largest amount of sili-
cides was observed on the quenching of these alloys from low tempera-
tures of 900-1000°C, close to the eutectoid transformation (865°C in
the Ti—Si system) [6, 7, 13]. Figure 1 shows the structure of the cast
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Fig. 1. Electron microscopy of the cast Ti—18Nb—4Zr—18Si alloy quenched from
900°C with a holding time of 5 min: scanning (a, b), transmission (c, d).

alloy Ti—18Nb—4Zr-1Si quenched from 900°C with holding for 5
minutes, where densely distributed silicide precipitates are clearly vis-
ible. At the same time, almost all silicon binds with zirconium and ti-
tanium to form silicides (Ti,Zr)sSi, <0.2% Si remains in the solid solu-
tion of the cast Ti—-8Nb—4Zr—1Si alloy [11], that leads to a significant
decrease in hardness. When the alloy is heated to higher temperatures
>1100°C, thesilicides begin to dissolve.

Rolling of the cast Ti—(18-20)Nb—(3-4)Zr—(1-1.2)Si alloys oc-
curred in  area at a temperature of =950°C with different cooling
speeds: in air and water. After the deformation with air cooling,
quenching was also applied.

In order to determine the optimal mode of heat treatment of the de-
formed Ti—(18—20)Nb—(3—4)Zr—(1-1.2)Si alloys, the quenching in wa-
ter was carried out at the temperature range of 1000-1100°C in an in-
terval of 20°. The dependences of 65, Go.02, 0 on the quenching tempera-
ture are shown in Fig. 2. Dashed lines show mechanical properties of
the experimental alloys for tension in the deformed state as initial val-
ues. The arrows show changes in the level of 6;, 6¢.02, 8 after quenching,
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Fig. 2. The tensile mechanical properties of deformed Ti—(18-20)Nb—(3—
4)Zr—(1-1.2)Si alloys after quenching in water: c: (m),c0.2 (0), & ().

and the range of quenching temperatures that provide the optimal set
of mechanical properties is also highlighted.

For the deformed Ti—(18—20)Nb—(3—-4)Zr—(1-1.2)Si alloys, a tem-
perature range of T'=1040 + 20°C has been established, the quenching
from which allows obtaining almost identical high mechanical charac-
teristics: 6,=1100-1150 MPa, ©o.02=800-850MPa, 6=11-11.5%.
Decreasing of the yield strength o2 after quenching from tempera-
tures < 1060°C can be explained by more decomposition of the solid so-
lution with forming the great amount of silicides, and as a result the
presence of poor with [ stabilizers, unstable B phase which undergoes
deformation martensitic transformation in tension. Quenching at
1040-1060°C probably fixes the maximum quantity of metastable 3
phase, while the difference between the temporary fracture resistance
o; and the yield strength ooz is > 300 MPa. At higher quenching tem-
peratures, almost the entire p phase undergoes transformation and the
amount of martensite increases, at the same time silicides are dis-
persed due to partial dissolution [13], the consequence of which is an
increase in 65, Go02 Wwith a simultaneous decrease in plasticity o (Fig. 2).

According to x-ray phase analysis the deformed and quenched Ti—
(18-20)Nb—(3—4)Zr—(1-1.2)Si alloys contain o’ and o'’ phases with
their different ratio, residual p phase, and silicides (Fig. 3, Table 1). It
should be noted that a sharp peak located at angles 20 2 50-51° (Fig. 3)
is observed on the XRD-patterns, which cannot be attributed to the ex-
isting B, o', o’ phases. Considering its rather significant intensity, the
appearance of such a peak cannot be explained either by the presence of
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Fig. 3. XRD-patterns of Ti—(18—-20)Nb—(3—-4)Zr—(1-1.2)Si alloy: after the
screwing rolling at 950°C with cooling in air (a) and water (b), after the
quenching in oil (¢) and water (d) at 1050°C, 30 minutes: o’ phase (+), o'’ phase
(1), p phase (), TisSi (o), TisSis (x).

silicides or by the presence of the o phase. In cast Ti—18Nb—xZr—1Si
alloys [12], the same Bragg reflection in the diffraction pattern to the
left of the main (200)p reflex appeared only when the zirconium content
reached 8% wt., which indicates the formation of another 3 phase with a
lattice parameter a = 3.615—-3.595 A based on a Zr—Ti solid solution.

The appearance of another phase with a higher parameter of b.c.c.
lattice, but lower intensity compared to the reflection of the main 8
phase, was previously observed in cast Ti—Nb 3 alloys [15] with a high
niobium content of 37.5 and 45% wt. One of the possible mechanisms
for the formation of a double b.c.c. phase is considered the segregation
of elements because of dendritic liquation during crystallization due to
the difference in the melting temperatures of the components since the
content of alloying elements in the axes of dendrites and interdendritic
areas can differ significantly. But, in the as-cast state of the experi-
mental Ti—(18-20)Nb—(3—4)Zr—(1-1.2)Si (a + B) alloys of the martensit-
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TABLE 1. Phase composition of Ti—(18-20)Nb—(1-1.2)Si alloys: after the
screwing rolling at 950°C with cooling in air (1) and water (2); after the
quenching in oil (3) and water (4) at 1050°C, 30 min.

o) a’ B (Ti,Zr)sSi/
a ‘ ¢ % a ‘ b ‘ c % A o |(Ti,Zr)sSis,
A mass A mass | & mass | % mass

1 2.97854.6537 43 3.08045.09304.6895 49.4 3.2674 2.8 2.8/1.9
2 2.96204.6577 32.2 3.02584.97204.6613 60.1 3.2866 2.6 5.0/0
3 2.96254.6578 16.4 3.01074.97134.6594 75.8 3.2686 2.3 5.5/0
4 2.96394.6579 16.1 3.02294.96544.6657 74.4 3.2757 3.3 5.8/0.3

ic class, dendritic liquation was quite weak [13], the structure after
crystallization consisted mainly of the o' phase, the f phase had no signs
of delamination and its content reached 2 12%.

The second mechanism of the appearance of a double  phase is the
spinodal decomposition of a solid solution. Phase separation is facili-
tated by the difference in atomic radii, especially the presence in alloys
of elements with small atomic sizes: hydrogen [15], oxygen [16], or sil-
icon in alloys of the Ti—Nb—Zr—Si system, which creates conditions for
the formation of clusters. Thus, during heat treatment of Ti—Nb—-O
alloys [16] in the [ phase, nanodomains of Nb-poor and Ti, O enriched
B1, as well as Nb-enriched, but Ti and O depleted B are formed, which
leads to the nanoscale (1 + B2) spinodal microstructure. In the cast Ti—
Zr—Ta p alloys [17], a nanostructure corresponding to the spinodal de-
composition of the original p phase was also formed: semi-coherent
particles of the B: phase with an increased Ta content interspersed in
the Zr-enriched B; matrix with strain accommodation due to edge dis-
locations at the phase boundary and modulation along the elastic-soft
directions <100> in b.c.c. lattice. Such a structure affects strengthen-
ing, which is associated with a barrier to the movement of dislocations
in the form of inclusion boundaries. Unlike traditional decay, spinodal
decomposition does not require the nucleation of particles and allows
obtaining uniform nanostructures without long-term ageing.

On rolling in the P area of Ti—(18-20)Nb—(3—-4)Zr—(1-1.2)Si alloys,
the deformation can stimulate the spinodal decomposition of the f solid
solution. In metals with cubic lattices, {100} <110> deformation texture
is formed, so the 3; phase in the experimental alloys has the correspond-
ing predominant orientation, which is observed in the form of an in-
creased intensity of its (200) line in the diffraction pattern (Fig. 3). It is
likely that upon further cooling the ; phase transforms into a” phase, 3,
into o', with remnants of the corresponding § phases between the mar-
tensitic plates, and the final dispersed structure (o’ +a') reflects the mi-
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crostructure (B; + B2) formed through spinodal decomposition.

During deformation processing with air-cooling of Ti—(18-20)Nb—
(3—4)Zr—(1-1.2)Si alloys, the cooling rate is higher at high tempera-
tures, where the martensitic transformation f — o' occurs. As a result,
a thin needle-like o' phase is formed (Fig. 4, a, b), which has a signifi-
cant distortion of the crystal lattice ¢/a=1.562 (for a Ti ¢/a=1.587).
Upon further cooling, a dispersed o'’ phase as separate areas between
the primary needles appears, the orthorhombicity of which is close to
unity b(3)2/a=0.955 that indicates its lower doping with B stabi-
lizers. At the same time, the diffraction pattern does not show the
splitting of the lines, but only their broadening (Fig. 3, a). In the struc-
ture of deformed Ti—(18-20)Nb—(3—4)Zr—(1-1.2)Si alloys cooled in air,
there is also a small amount of primary (Ti,Zr);Si; silicides (Table 1),
which were formed in the cast state after crystallization, and secondary

100KV X3,000

Fig. 4. Scanning electron microscopy of Ti—(18—20)Nb—(3—4)Zr—(1-1.2)Si alloys:
deformation at 950°C with air cooling (a), deformation at 950°C with cooling by
water (b), quenching of the deformed alloy into oil at T'=1050°C, 30 minutes (c),
quenching of the deformed alloy in water at T'=1050°C, 30 minutes (d).
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TABLE 2. Mechanical properties of Ti—(18-20)Nb—(3—4)Zr—(1-1.2)Si alloys
after different hot deformation and heat treatment modes.

Mechanical tensile properties
Treatment
co2, MPa | ou, MPa |38, %
1 Rolling at 950°C, air cooling 1145 1250 1,7
2 Rolling at 950°C, water cooling 885 1055 8
3 1-+quenching at 1050°C, 30 minutes in oil 760 1025 12
4 1+ quenching at 1050°C, 30 minutes in 810 1135 11,5
water

(Ti,Zr)sSi silicides, which were released during cooling due to the
peritectoid transformation at 1170°C: B+ (Ti,Zr)sSis — (Ti,Zr)sSi [13].
The formation of such a non-equilibrium deformed structure causes
high strength .= 1250 MPa and low plasticity 6 < 2% (Table 2).

An increase in the cooling rate and an increase in temperature dur-
ing quenching of deformed Ti—(18—20)Nb—(3—-4)Zr—(1-1.2)Si alloys
leads to the formation of a larger amount of orthorhombic o'’ phase
(Table 1), which has a dispersed lenticular thin-lamella structure (Fig.
4, b, d). This also results in a decrease in the values of orthorhombicity
of o martensite b(3)2/a=0.953—-0.948 and the splitting of its lines
on the XRD patterns (Fig. 3, b—d), due to a greater saturation with al-
loying elements. Accordingly, the amount of the o’ phase decreases,
and its ¢/a=1.572 (Table 1) increases, which means a decrease in dop-
ing of this phase. The strength of deformed Ti—(18-20)Nb—(3—4)Zr—
(1-1.2)Si alloys after quenching decreases compared to air-cooling
with asignificant increase in plasticity due to the predominant amount
of the o’ phase (Table 2).

In the quenching process, an additional separation of tertiary sili-
cides (Ti,Zr)sSi occurs because of the eutectoid transformation:
B—a"” +(Ti,Zr)sSi. Thus, Ti—(18-20)Nb—(3—-4)Zr—(1-1.2)Si alloys af-
ter deformation and heat treatment contain densely and uniformly dis-
tributed silicide particles (Fig. 4) with a total amount of = 5-6% mass
(Table 1). The most intense lines of silicides on the diffractograms
practically coincide with the lines of the main phases, so their presence
is evidenced by an increase in the background near the main lines and
the higher total intensity (Fig. 3). Electron-microscopy study showed a
large number of both coarse and dispersed silicides in the quenched al-
loys between small, differently oriented, acicular and lenticular mar-
tensitic plates (Fig. 5).

Eutectoid silicides are released during the quenching process both in
the form of highly dispersed particles between the plates of the o'
phase, and on the already existing secondary (Ti,Zr)sSi silicides, which
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Fig.5. Transmission electron microscopy of Ti—(18—20)Nb—(3—4)Zr—(1—-
1.2)Si alloy: after the screw rolling at 950°C with water cooling (a, b), after
the deformation with the additional quenching in water at 1050°C (¢, d).

results in their growth. The formation of dispersed silicides on the sur-
faces of martensitic plates and in B layers occurs due to deformation
and heat treatment of the experimental alloys. This leads to their grid-
like distribution, which is a resistance to the movement of dislocations
and provides additional strengthening.

Tensile failure of the alloy, deformed with air cooling, is brittle-
viscous, and pitted, with the presence of spalled facets in areas of the
lamellar o’ phase (Fig. 6, a). Low-energy dimples dominate the fracture
surface after quenching at a lower temperature of 950°C (Fig. 6, b).
The fracture of the alloy quenched at 1050°C is viscous, high-energy,
with small pits (Fig. 6, ¢). In a softer matrix, the deformation pits are
formed, at the bottom of which silicides remain (Fig. 6, d).

Both the level of the phases alloying (solid-solution hardening) and
the amount and size of silicides (dispersion hardening) affect the me-
chanical properties. In the solid solution of Ti—(18—-20)Nb—(3—4)Zr—
(1-1.2)Si alloys, <0.2% Si remains according to calculations [13], and
the o’ phase contains more dissolved silicon, and, accordingly, less sili-
cides than the o’ phase. The fracture mechanism of Ti—(18—-20)Nb—(3—
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Fig. 6. The fracture surface of the Ti—(18-20)Nb—(3—-4)Zr—(1-1.2)Si alloy:
deformed at 950°C, cooled in air (a), deformed at 950°C with cooling by water
(b), quenched at 1050°C, 30 minutes in water (c, d).

4)Zr—(1-1.2)Si alloys shows that deformation and quenching create a
composite material with an alloyed plastic matrix, which is strength-
ened by uniformly distributed, dispersed solid particles of silicides.

4. CONCLUSIONS

After the hot deformation at 950°C with air-cooling of Ti—(18—20)Nb—
(3—4)Zr—(1-1.2)Si alloys, approximately the same amount of o’ and o'’
phases was formed. Such a non-equilibrium structure has high
strength 0,2 1250 MPa and low plasticity 6 <2% . Quenching of Ti—
(18-20)Nb—(3—4)Zr—(1-1.2)Si alloys leads to the predominance of the
orthorhombic o' phase in their structure, correspondingly, the
strength decreases with a significant increase in plasticity. The tem-
perature range T =1040 + 20°C was established, from which quenching
of deformed alloys Ti—(18—20)Nb—(3—-4)Zr—(1-1.2)Si allows obtaining
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an optimal complex of high mechanical properties: c.=1100-1150
MPa, 00.02 = 800—-850 MPa, 6=11-11.5%.

The structure of Ti—(18—-20)Nb—(3—-4)Zr—(1-1.2)Si alloys after de-
formation and heat treatment also contains dispersed silicides densely
and uniformly distributed between small martensite plates. The for-
mation of a large amount of silicides (= 5—6% mass) decreases the sili-
con content in the solid solution and reduces its strength. However, at
the same time, the mesh-like distribution of silicides formed due to de-
formation and heat treatment is a resistance to the movement of dislo-
cations and provides dispersion hardening. In this way, a composite
material with an alloyed soft matrix and uniformly distributed hard
silicide particles was created.

In the deformed and quenched Ti—(18-20)Nb—(3—4)Zr—(1-1.2)Si
alloys, x-ray structural analysis showed that, in addition to o', ", re-
sidual  phase and silicides, a peak was also observed indicating the
presence of another f phase based on a Zr—Ti solid solution with a lat-
tice parameter a=3.615-3.595 A. The appearance of this phase can be
explained by the spinodal decomposition of the B solid solution, which
is stimulated by the stresses during deformation. This is facilitated by
the difference in the atomic sizes of the components, in particular the
presence in alloys of silicon and zirconium and the possible formation
of clusters. The delamination of the f phase during deformation prob-
ably affects the formation of the final dispersed (o'’ + a')-structure,
and provides high mechanical properties.
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