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a b s t r a c t

This work reports on effect of zinc and milling time on microstructure and Vickers hardness of me-
chanically alloyed and spark plasma sintered (66,7-x)Ti-xZn-22,2Si-11,1B alloys (at.-%, with x¼ 2 and
6 at.-%). Ball milling at different times (20, 60, 180 and 300min) was performed under argon atmosphere
in a planetary ball mill from these elemental powder mixtures. Cylinder bodies with 10mm diameter
were consolidated by spark plasma sintering (1100 �C, 12min, 20MPa) under argon atmosphere. As-
milled powders and sintered Ti-Zn-Si-B samples were evaluated by X-ray diffraction, scanning elec-
tron microscopy, energy dispersive spectrometry, laser diffraction particle size analysis, and Vickers
hardness tests. It was noted a similar behavior during ball milling of Ti-Zn-Si-B powder mixtures. Only
the a-Ti and Si peaks were indexed in XRD patterns of Ti-Zn-Si-B powders milled for 300min. Rietveld
refining indicated that the amount of amorphous structures has increased during milling up to 300min,
which was more pronounced for the Ti-6Zn-22Si-11B powders. The particle sizes of the Ti-2Zn-22Si-11B
and Ti-6Zn-22Si-11B powder mixtures increased during milling from 94 (20min) to 156 (300min) mm
and from 101 (20min) to 136 (300min) mm, respectively. Coherently, the average specific surface area of
powder particles was continuously reduced during milling. Despite the adopted parameters, the SPS
process produced dense Ti-xZn-22Si-11B (x¼ 2 and 6 at.-%) alloys with 98% from their theoretical spe-
cific mass. Regardless of milling time, the Ti6Si2B formation was inhibited in microstructure of the spark
plasma sintered Ti-6Zn-22Si-11B alloy previously milled for longer times. EDS analysis indicated that the
Ti6Si2B phase dissolved close to 1.8 at.-% Zn. Beside the TiB and Ti5Si3, the Ti2Zn and Ti3Zn (not explored)
phases were also found in microstructure of sintered Ti-Zn-Si-B alloys. The Ti-2Zn-22Si-11B alloy pre-
sented average Vickers hardness values higher than 1050 HV whereas the Ti-6Zn-22Si-11B alloy varied
between 970 and 1036 HV, which could be associated with the Ti6Si2B formation.
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1. Introduction

Titanium alloys with addition of Nb, Ta, Zr, Mo and/or others
alloying are alloy designs based on substitutional solid solutions
[1e6], which present limited properties for use in medical articular
implants under loading. In the Ti-Si-B system, the two-phase
(Ti þ Ti6Si2B) or three-phase (Ti-Ti6Si2B þ TiB) alloys are pro-
duced by conventional techniques such as arc melting and me-
chanical alloying [7,8]. Previous works have reported that the Ti-
10Si-5B implants presented superior bone integration than
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conventional titanium implants beside its lower friction coefficient
and higher wear resistance [9,10].

In order to develop new multicomponent Ti6Si2B-based tita-
nium alloys different studies involving the alloying addition have
been reported [11e13]. In Ti-xMe-22Si-11B (Me¼ Zr, Nb, Mo, Ta)
alloys, the Ti6Si2B phase was formed in Ti-xZr-22Si-11B composi-
tions with x up to 7 at.-% Zr. In the quaternary alloys with addition
of Nb, Ta or Mo, the undesirable Ti5Si3 phase is preferentially
formed during sintering for compositions with alloying (Me e Nb,
Ta, Mo) higher than 2 at.-%.

Zinc is essential for bone healing and its increased amounts are
found at the sites of bone repair, and the low levels in the body have
been closely linked with osteoporosis [14]. According to the phase
diagram of the Ti-Zn system [15], the titanium dissolves close to
6 at.-% Zn and the following intermediate phases are reported:
Ti2Zn, TiZn, TiZn2, TiZn3, TiZn5, TiZn10, and TiZn16. Others studies
have indicated that zinc is immiscible for both the boron [16] and
silicon [17]. The present work aims to investigate on effect of zinc
addition on composition and milling time on microstructure and
Vickers hardness of mechanically alloyed and spark plasma sin-
tered (67-x)Ti-xZn-22Si-11B (x¼ 2 and 6 at.%) alloys.
2. Materials and methods

The following raw materials were used in this work for pre-
paring the Ti-2Zn-22Si-11B and Ti-6Zn-22Si-11B (at.-%) by high-
energy ball milling and subsequent spark plasma sintering: Ti
(99.9wt.-%, spherical, <150 mesh), Zn (min 99.8wt.-%), Si
(99.999wt.-%, irregular, <150 mesh), and B (99.5 wt.-%, angular,
Fig. 1. XRD patterns of (a) Ti-2Zn-22Si-11B and (b) Ti-6Zn-22Si-11B powders at different m
<150 mesh).
The Ti-Zn-Si-B powder mixtures were processed under argon

atmosphere in a planetary Fritsch P-5 ball mill using tungsten
carbide vial (225mL) and balls (10mm diameter), a ball-to-powder
ratio of 10:1, and rotatory speed of 300 rpm. Samples weremilled at
different times: 20, 60, 180 and 300min.

In the sequence, the as-milled Ti-Zn-Si-B powders were spark
plasma sintered (SPS) under vacuum (10�2mbar) in a Dr. Sinter e
fdc SPS division model sps-211lx sintering machine using heating
(~65 �C/min) up to 1100 �C for 12min, pressure of 20MPa and a
graphite matrix.

To remove the C-rich surface layer of spark plasma sintered Ti-
Zn-Si-B samples their metallographic preparation was made with
SiC papers until #4000 for further polishing with 0.3 mm Al2O3
suspension.

The as-milled Ti-Zn-Si-B powders and SPS samples were char-
acterized by X-Ray diffraction (XRD), scanning electron microscopy
(SEM), energy dispersive spectrometry (EDS), laser diffraction
particle size analysis, and Vickers hardness.

XRD experiments at room temperature were performed in a
Panalytical Empyrean equipment using Cu-Ka radiation
(Ka1¼1,540598 Å and Ka2¼1,544426 Å), voltage of 40 kV, current
of 30mA, diffraction angle (2q) varying between 20 and 80�,
angular pass of 0.02� and counting time per pass of 80s. The relative
amount of phases and their lattice parameters and interplanar
distancewere determined in X-ray experiments was determined by
Rietveld refinement [18], on the X'pert Hightscore software from
Phillips, adopting the peaks like pseudo-Voigt type shape.
Furthermore, the percentage of crystalline phases in a multiphase
illing times. Details on their major a-Ti peaks are illustrated in (c) and (d), respectively.



Fig. 2. Effect of composition and milling time on the (a, b) lattice parameters, (c) interplanar distance and (d) unit cell volume of a-Ti measured by Rietveld refinement.

Table 1
Effect of composition and milling time on the lattice parameters and unit cell volume of a-Ti, Si and Zn obtained by Rietveld refinement.

Milling time (min) Ti space group (194) Si space group (227) Zn space group (194) Rp Rwp Re c2

65Ti-2Zn-22Si-11B 20 a¼ 2,9512 Å a¼ 5.43135 Å
V¼ 160.2229Å3

a¼ 2.6654 Å 19.8 27.2 24.1 1.6
c¼ 4,6868 Å c¼ 4.9622 Å
V¼ 35.3539 Å3 V¼ 30.5198 Å3

60 a¼ 2.9521 Å a¼ 5.4312 Å
V¼ 160.2093Å3

a¼ 2.6626 Å 19.2 25.0 23.7 1.4
c¼ 4.6834 Å c¼ 4.9716 Å
V¼ 35.3494 Å3 V¼ 30.5253 Å3

180 a¼ 2.9510Å a¼ 5.42957 Å
V¼ 160.0648Å3

* 35.9 46.7 32.5 2
c¼ 4.6833 Å
V¼ 35.3221 Å3

300 a¼ 2.9504 Å a¼ 5.42894 Å
V¼ 160.009Å3

* 31.6 42.1 31.8 1.7
c¼ 4.6834 Å
V¼ 35.3074 Å3

62Ti-6Zn-22Si-11B 20 a¼ 2,9503 Å a¼ 5.42627 Å
V¼ 159.8133 Å3

a¼ 2.6629 Å 33.4 43.5 22.2 3.2
c¼ 4,6842 Å c¼ 4.9465 Å
V¼ 35.3107 Å3 V¼ 30.3769 Å3

60 a¼ 2.9498 Å a¼ 5.42539 Å
V¼ 159.6955 Å3

a¼ 2.6658 Å 20.88 34.5 27.7 2.8
c¼ 4.683 Å c¼ 4.9471 Å
V¼ 35.2942 Å3 V¼ 30.4474 Å3

180 a¼ 2.9501Å a¼ 5.42298 Å
V¼ 159.4825 Å3

a¼ 2.6653 Å 11.8 14.5 11.2 1.7
c¼ 4.6821Å c¼ 4.9621 Å
V¼ 35.2901 Å3 V¼ 30.5198 Å3

300 a¼ 2.9491 Å a¼ 5.42196 Å
V¼ 159.3927 Å3

* 32.6 42.7 30.5 1.9
c¼ 4.6786 Å
V¼ 35.2443 Å3
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Fig. 3. Effect of composition and milling time on (a, b) amount of amorphous phase
content in Ti-2Zn-22Si-11B and (b) Ti-6Zn-22Si-11B powders, and (c) the crystallite
sizes of a-Ti after different milling times.
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material was calculated as described by Hill and Howard [19].

WP ¼ SP :ðZ:M:VÞ
Pn

i¼1Si:ðZ:M:VÞ:100 (1)

Where:Wp¼ percentage of “p” phase (by weight) in the mixture of
“n” phases; S¼ Rietveld scale factor; Z¼ number of formulas per
unit cell; M¼mass of each formula; V¼ unit cell volume. After
removing the contribution of the k-alpha 2 to the obtained data, the
full widths at half maximum (FWHM) were calculated by the in-
tegral method. The crystallite sizes of a-Ti in Ti-Zn-Si-B samples
were estimated by the Scherrer equation disregarding the instru-
mental broadening of diffraction peaks [20]. Some agreement
indices are usually applied in the Rietveld refinement to quantita-
tively measure the quality of the refinement [21e23]. The Rwp

(Weighted Profile R-Factor) indice is a correlation of the observed
intensity for each phase, and the weighted fraction of each phase,
with the calculated intensities. The Rexp (Expected R-Factor) indice
is the ideal model for the collected data, the best possible Rwp the
data could be achieved. So, the term called c2 (Good of Fitness) is
the correlation between the Rwp and the Rexp and it describes how
good the simulated diffractogram fit in themeasured diffractogram,
by the formula c2¼ (Rwp/Rexp)2.

SEM images and EDS microanalysis of as-milled and SPS Ti-Zn-
Si-B samples were obtained in a Hitachi model TM3000 equipment
using back-scattered electrons detector and the EDSmeasurements
of phases presents in SPS samples were performed using inner
patterns in terms of Ti, Zr and Si.

The particle size distribution of Ti-Zn-Si-B powder mixtures
were measured by laser diffraction analysis in a Malvern model
Mastersizer 2000 equipment using the Fraunhofer method and
water as dispersant.

The Vickers hardness tests of spark plasma sintered Ti-Zn-Si-B
alloys were conducted in a Vickers microhardness tester model
TIME F100, in accordance with the ASTM C 1327-15 standard [24]
using a load of 9.81 N. Ten indentations were made in each sample
in order to evaluate its homogeneity: five indentations were made
along the horizontal section and another five along the vertical
section of the specimens.

3. Results

XRD patterns of Ti-2Zn-22Si-11B and Ti-6Zn-22Si-11B powder
mixtures milled for different times are presented in Fig. 1a and. 1b,
respectively. As expected, the Zn peaks were more intense in the
Zn-richer powder mixture. Similar behavior was found during
milling of Ti-Zn-Si-B powders, i.e., the Ti peaks were broadened and
had their intensities reduced for longer milling times. After milling
for 300min, it can be noted that the peaks of zinc disappeared
beside the Si traces only. No intermetallic peak was identified in
powders milled for 300min. In addition, the a-Ti peaks were
moved toward the higher diffraction angles in powders milled for
60 and 180min suggesting that elemental dissolution into the Ti
lattice was achieved (see Fig. 1c and d). Ti, Zn, Si and B exhibit
atomic (and covalent) radium of 140 (136), 134 (122), 111 (111) and
87 (62), respectively. Table 1 shows the lattice parameters and unit
cell volume of a-Ti, Si and Zn obtained by Rietveld refinement
whereas Fig. 2 is illustrating the effect of composition and milling
time on the lattice parameters, interplanar distance and unit cell
volume of a-Ti. It was noted that the interplanar distance of a-Ti
was continuously reduced up to 180min and furtherly increased
after milling for 300min (Fig. 2c). Coherently, its lattice parameters
and unit cell volume have reduced during ball milling indicating
that supersaturated solid solutions were formed in severely
deformed structures, which was more pronounced for the Ti-6Zn-
22Si-11B powders (Fig. 2a, b and 2d). Consequently, the amount
of amorphous phase was increased in these Zn-richer powders
(Fig. 3a). The crystallite sizes of Ti were reduced from 250 (240) nm
to 130 (110) nm in Ti-6Zn-22Si-11B (Ti-2Zn-22Si-11B) powders
milled for 300min as are illustrated in Fig. 3b.



Fig. 4. SEM images of Ti-2Zn-22Si-11B and Ti-6Zn-22Si-11B powders at different milling times.
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Fig. 5. Effect of composition and milling time on (a) particle size and (b) specific
surface area of Ti-2Zn-22Si-11B and Ti-6Zn-22Si-11B powders at different milling
times.

Fig. 6. XRD patterns of mechanically alloyed and spark plasma sintered Ti-2Zn-22Si-
11B and Ti-6Zn-22Si-11B alloys.
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SEM images of as-milled Ti-Zn-Si-B powders are illustrated in
Fig. 4. Due to the large amount of ductile particles in starting
powder mixtures, the particle sizes have increased during ball
milling of the Ti-Zn-Si-B powder mixtures owing the occurrence of
excessive cold welding mechanisms. Particles with flattened
morphology was also observed in samples milled up to 60min.
After milling for 300min, the particle sizes of rounded Ti-Zn-Si-B
powders reduced, indicating that the equilibrium between the
cold welding and fracture mechanisms was achieved. Fig. 5 shows
the effect of composition and milling time on the particle size and
specific surface area in Ti-2Zn-22Si-11B and Ti-6Zn-22Si-11B
powders. According to the laser diffraction analysis, the average
particle sizes (D50) of the Ti-2Zn-22Si-11B and Ti-6Zn-22Si-11B
powder mixtures increased during milling from 94 (20min) to
156 (300min) micrometers and from 101 (20min) to 136 (300min)
micrometers, respectively. Moreover, the powder particle sizes
distributions were changed from bimodal to modal. Coherently, the
average specific surface area of powder particles was continuously
reduced during milling.

XRD patterns of spark plasma sintered Ti-2Zn-22Si-11B and Ti-
6Zn-22Si-11B alloys previouslymilled at different times (20, 60,180
and 300min) are presented in Fig. 6a and b, respectively. Peaks of
Ti, Ti6Si2B, TiB and Ti5Si3 were identified in the SPS Ti-2Zn-22Si-11B
alloy while that the Ti6Si2B formation was inhibited in Zn-richer
alloy. The Ti2Zn peaks were also identified in XRD patterns of
spark plasma sintered Ti-6Zn-22Si-11B alloy. The relative amount
of crystalline phases in SPS samples is presented in Table 2. Owing
to the short times adopted in SPS process, the amount of Ti6Si2B has
increased in spark plasma sintered Ti-2Zn-22Si-11B samples with
the increased milling time because its formation depends on
occurrence of atomic diffusion mechanisms (Fig. 7a). It well known
that more homogeneous materials can be reached at longer milling
times as well as the diffusion path are also reduced in severely
deformed microstructures. The TiB amounts smaller than 3% was
measured in this quaternary alloy. In contrast, the spark plasma
sintered Ti-6Zn-22Si-11B samples previously produced at longer
milling times had increased the Ti2Zn and Ti5Si3 amounts in
detrimental to a-Ti (Fig. 7b).

Fig. 8 shows the SEM images of the spark plasma sintered Ti-
2Zn-22Si-11B and Ti-6Zn-22Si-11B alloys and previously milled at
different times (20, 60, 180 and 300min). The Ti, Zn and Si contents
measured by EDS analysis of phases formed in these alloys are



Table 2
Rietveld quantification of crystalline phases formed in the mechanically alloyed and spark plasma sintered Ti-2Zn-22Si-11B and Ti-6Zn-22Si-11B alloys.

Milling time
(min)

Ti5Si3; space group
(193)

Ti - a; space group
(194)

TiB; space group
(62)

Ti6Si2B; space group
(189)

Ti2Zn; space group
(139)

Rwp Rexp c2

65Ti-2Zn-22Si-
11B

20 59.8% 21.9% 2.7% 15.6% e 12.3 6.4 3.6
60 49.7% 17.8% 2.4% 30.1% e 12.4 7.1 3.0
180 48.8% 17.2% 2.8% 31.2% e 15.6 9.2 2.9
300 53.0% 13.7% 3.6% 29.7% e 12.1 7.0 3.0

62Ti-5Zn-22Si-
11B

20 71.8% 24.4% 3.8% 14.5 9.3 2.4
60 66.5% 22.7% 10.8% 16.9 8.7 3.8
180 85.4% 2.3% 12.3% 17.8 7.1 4.4
300 82.1% 2.0% 15.8% 17.4 9.6 3.3

Fig. 7. Effect of composition and milling time on amount of crystalline phases in spark
plasma sintered (a) Ti-2Zn-22Si-11B and (b) Ti-6Zn-22Si-11B alloys.
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illustrated in Table 3. In SPS Ti-2Zn-22Si-11B alloy previouslymilled
for 20min, the Tiss, TiB, Ti6Si2B and Ti5Si3 phases have presented
the Zn/Si contents of 3.1e4.3/2.6e3.8, 0.9e1.1/0.6e0.4, 1.0/27.1, and
1.5e1.2/36.1e32.7, respectively. TiSi2 with 66.2 at.-% Si and 0.2 at.-%
Zn was also detected in microstructure of this alloy owing to the
shortmilling and SPS times providing features like in diffusion pairs
from the elemental powder mixture. Such phases (except TiSi2)
dissolved higher Zn amounts in samples previously milled for
300min: 4.2e8.5, 3.3e2.7, 1. 0e1.8, and 0.8e1.5, respectively.
Similar results were found to a-Ti dissolving Zn contents close to
10 at.-% [25,26]. In spark plasma sintered Ti-6Zn-22Si-11B alloy, the
Ti6Si2B phase was found in samples previously milled for 20min
only, which has dissolved 1.3 at;-% Zn. TiB and Ti5Si3 dissolved Zn
contents between 0.5 and 3.9/1.1e3.6 and 2.5e3.2/3.2e4.8 in SPS
Ti-6Zn-22Si-11B alloys previously milled for 20/300min, respec-
tively. EDS results of spark plasma sintering Ti-6Zn-22Si-11B sam-
ples previously milled for 20 and 300min have also indicated the
existence of Ti3Zn in small regions dissolving up to 7 at.-% Si. Pre-
vious work has also suggested on its formation at low temperature
[27].

Fig. 9 presents the Vickers hardness values of mechanically
alloyed and spark plasma sintered Ti-2n-22Si-11B and Ti-6Zn-22Si-
11B alloys. Excepting for the samples previously milled for 60min,
the spark plasma sintered Ti-2Zn-22Si-1B alloy presented mean
values of Vickers hardness higher than 1050 HV, while that the
mean values of Zn-richer samples were between 950 and 1050 HV.
Results have indicated that the highest hardness were found in the
Ti6Si2B-based alloys.

The high Rwp indices in the refinement obtained in this work are
correlated with the contribution of the background, which wasn't
removed from the raw data [3]. Nevertheless, the expected profile
was close to that oneweighted and the correlation between the Rwp
and Rexp indices indicated a good fitness. For a matter of fact the c2

in most of the refined samples are smaller than 5 and that could be
considered as quite good for common X-ray laboratory data.
4. Conclusions

Long times are required during ball milling of elemental Ti-Zn-
Si-B powder mixtures in order to obtain the mechanical alloying
needed during the short times adopted in spark plasma sintering.

Ti6Si2B dissolving between 1 and 1.8 at.% Zn was formed in
microstructure of the Ti-2Zn-22Si-11B alloy only in which its
amount was proportionally increased with the milling time.

In contrary, the Ti5Si3 and Ti2Zn phases were preferentially
formed in the spark plasma sintered Ti-6Zn-22Si-11B samples
previously milled for 60e300min, which dissolved zinc between
2.5 and 4.8 at.-%. Small Ti3Zn amount was also identified in mi-
crostructures of these samples previously milled for 20 and
300min.

The Ti-2Zn-22Si-11B alloy containing Ti6Si2B presented the
Vickers hardness higher than 1050 HV while the Ti-6Zn-22Si-11B
alloy between 950 and 1050 HV.



Fig. 8. SEM images of the mechanically alloyed and spark plasma sintered (aed) Ti-2Zn-22Si-11B and (eeh) Ti-6Zn-22Si-11B alloys produced at different milling time: (a, e) 20min,
(b, f) 60min, (c, g) 180min, (d, h) 300min.
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Table 3
The Ti, Zn and Si contents measured by EDS analysis of phases formed in the mechanically alloyed and spark plasma sintered Ti-2Zn-22Si-11B and Ti-6Zn-22Si-11B alloys.

Milling time (min) Element a-Ti (at.-%) Ti5Si3 (at.-%) Ti6Si2B (at.-%) TiB (at.-%) Ti2Zn (at.-%) Ti3Zn (at.-%)

65Ti-2Zn-22Si-11B 20 Ti 94.3e91.9 62.4e66.1 71.9 98.2e98.0 e e

Zn 3.1e4.3 1.5e1.2 1.0 0.9e1.1 e e

Si 2.6e3.8 36.1e32.7 27.1 0.6e0.4 e e

180 Ti e 60.5e62.7 73.1 95.2e99.2 e e

Zn e 4.4e0.8 1.3 0.9e0.3 e e

Si e 35.1e36.5 25.7 3.9e0.6 e e

300 Ti 94.5e88.6 63.3e62.3 72.1e73.9 95.2e95.8 e e

Zn 4.2e8.5 0.8e1.5 1.0e1.8 3.3e2.7 e e

Si 1.4e2.9 35.9e36.2 26.9e24.3 1.5 e e

61Ti-6Zn-22Si-11B 20 Ti 88.0e95.3 64.8e65.1 76.2 98.6e94.8 e 81.5e78.8
Zn 9.9e4.7 2.5e3.2 1.3 0.9e1.4 e 16.0e18.8
Si 2.1e0 32.7e31.7 22.5 0.5e3.9 e 2.5e2.3

180 Ti e 62.1e62.9 e 98.3e97.8 73.1e66.1 e

Zn e 3.0e4.3 e 0.5e1.0 6.8e10.4 e

Si e 34.9e32.9 e 1.3e1.2 20.1e23.5 e

300 Ti e 62.9e61.2 e 97.1e95.1 66.1e69.4 73.8e73.5
Zn e 4.8e3.2 e 3.6e1.2 22.8e5.7 19.2e9.7
Si e 32.3e35.6 e 1.4e0.5 7.8e27.0 6.9e16.8

Fig. 9. Vickers hardness of mechanically alloyed and spark plasma sintered Ti-2n-22Si-11B and Ti-6Zn-22Si-11B alloys.
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