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ARTICLE INFO ABSTRACT

Keywords: In this study, Ti-xNb (x = 0-40 wt%) alloys produced by the powder metallurgy were borided with the aim of
T_i_Nl? alloys clarifying the effect of Nb on the structural and mechanical properties of the boride layer. After smearing the
Sintering paste prepared from nano boron powder on the surfaces of the alloys, boriding was conducted at three different
S;Q;fmg temperatures (900, 1000 and 1100 °C) for 8 h in a vacuum atmosphere. Unlike those formed at 900 °C, boriding

temperatures of 1000 and 1100 °C provided thicker and homogenous boride layers. However, the boriding
temperature of 1100 °C induced cracking within the boride layer of the Ti—40NDb alloy. For these reasons, the
optimum boriding temperature was determined as 1000 °C. Increase in the Nb content not only increased the
fraction of B-Ti phase in the microstructure of the sintered alloy at the expense of a-Ti, but also induced NbB; in
the structure of the boride layer along with TiBp. While Nb-poor a-Ti grains favoured the growth of TiBy,
TiB2-NbB, mixture preferentially developed over the Nb-rich p-Ti grains. As the result of this, the hardness of the
boride layer tended to decrease with increasing Nb content of the substrate. For example, the average hardness of
the boride layers formed on Nb-free Ti and Ti—40Nb alloy were measured as ~2674 HV( 25 and ~ 2460
HVy.025, respectively. But regardless from the hardness, the boride layers provided a good protection for the
underlying substrates against dry sliding contact and triggered abrasive wear on the contact surface of the
counterface (WC-Co ball). The presence of NbB; in the boride layer led to a reduction in abrasive wear of the
counterface. This finding revealed that in any wear-related application, where borided Ti alloys were intended to
be used, it is better to choose high Nb-containing Ti alloys instead of o-Ti to minimize the wear of the tribo-
couple via reducing the abrasion at the counter body.

1. Introduction

Titanium alloys, which are attractive engineering materials for
aerospace, biomedical, defence and chemical industries, are classified as
a, o + p and B alloys with respect to their room-temperature micro-
structure. In general, a alloys have good fracture toughness and corro-
sion resistance but limited mechanical properties, while a + p alloys
have higher strength, ductility and low cycle fatigue strength. On the
other hand, prominent properties of p alloys are low elastic modulus,
high fatigue and excellent corrosion resistances [1-10].

However, Ti alloys do not exhibit sufficient performance when they
are used in applications where high wear resistance is required. One of
the technological solutions to this deficiency is application of surface
treatment, among which boriding stands out [5,10-15]. As documented

* Corresponding author.

for many o and a + p alloys, boriding provides a remarkable enhance-
ment in surface hardness and wear resistance upon formation of an
external boride layer consisting of TiBy and/or TiB (Table 1). However,
studies on the boriding of p alloys are scarce to the best knowledge of the
authors. In a very limited number of studies conducted on p alloy (i.e.
Ti—45Nb alloy) mainly the kinetics of boriding that favoured a boride
layer composed of TiB; and NbB, (TiBy-NbB, mixture) has been inves-
tigated by Kara and Purcek [11,16], without making any extra attempt
to evaluate the effect of NbBy on the wear performance of the boride
layer. This motivated the authors to conduct a systematic study to reveal
the role of the phase structure of the boride layer on the wear resistance.
Considering the B stabilizing effect of Nb, boriding studies were con-
ducted on sintered Ti-xNb (x: 0-40 wt%) alloys, suggesting the possi-
bility of increasing the NbB; content in the boride layer.
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2. Materials and methods
2.1. Production of Ti-xNb alloys

This study has been conducted on Ti-xNb (x: 0-40 wt%) alloys pro-
duced by the powder metallurgy method. Spherical Ti and Nb powders
(Alfa Aesar, 99.5 % purity, < 45 pm) were used to prepare the alloys. Ti
powder mixed with Nb powder at different ratios was milled in a
planetary mill under an argon atmosphere for 1 h at a rotation speed of
350 rpm using 6 mm diameter balls at a 1:10 powder-to-weight ratio.
The jars and balls used in the process were made of zirconia and the
powder mixtures and balls were placed in the jar and sealed in a glove-
box (MBraun) before the process. The powders were compacted in a 13
mm diameter mould under pressure of 370 MPa by using a uniaxial press
(MSETM MP-0710). The green bodies were sintered in a tube furnace
(Protherm PTF 17/75/300) in an argon atmosphere at 1400 °C for 1 h
and then cooled to room temperature in the furnace.

2.2. Boriding process

Prior to paste boriding, the surfaces of the sintered samples were
grinded and polished with a solution of 1 pm alumina and 0.25 pm
colloidal silica (with 10 % H05) to achieve an average surface rough-
ness (Ry) of ~0.25 pm. The boriding paste was prepared by mixing the
nano boron powder (< 400 nm), obtained from Pavezyum Technical
Ceramics company, with pure water. After smearing the paste to the
surfaces, samples were immersed in boron powder and dried in an oven
at 110 °C for 1 h. These samples were then placed in heat-resistant glass
tubes and sealed in a vacuum (10”2 bar). The boriding process was
carried out at 900, 1000 and 1100 °C for 8 h and cooling was done in the

Table 1

Examples of studies published since 2007 on the boriding of a and a + f alloys.
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furnace (Protherm PLF 120/5).

2.3. Structural and mechanical characterisation

Structural characterisation of the samples was made via density
measurements, phase analysis and microstructural examinations. Den-
sity measurements were carried out by using an Archimedes kit attached
to precision balance (Precisa XB 320 M). Structural investigations were
conducted on the cross-sections of the samples after grinding, polishing
and etching with Kroll solution by using energy dispersive spectroscopy
(EDS) equipped scanning electron microscopes (SEM, Hitachi TM-1000
and Jeol Neoscope JCM-7000). Phase analysis was made via X-ray
diffraction (XRD) technique, where the samples were scanned in be-
tween 20 and 80° at 0.2° increments using a Cu-Ka tube with 28.5 mA
and 35 kV power values on an X-ray diffractometer (GBC MMA 027).

The mechanical properties of the samples were determined by
Vickers hardness (Wilson Tukon 1102), Rockwell-C adhesion (Zwick-
Roell ZHR) and wear (Tribotech Oscillating Tribotester) tests. Vickers
hardness measurements were carried out using 500 g of load on the
surfaces of sintered samples and 25 g of load on the cross-sections of
borided samples. The Rockwell-C adhesion tests were employed on the
borided samples to determine the mechanical durability of the boride
layers under a load of 150 kg. Circumferences of the Rockwell-C im-
prints were then examined with an optical microscope (OM, Nikon
Eclipse L150) to survey the cracks that could have been developed. The
wear tests of the samples were carried out at room temperature under
dry reciprocating sliding contact condition. The counterface was chosen
as 6 mm diameter WC-Co ball having hardness of ~1550 HV;. The
counterface ball’s amplitude and sliding speed were 5 mm and 15 mm/s,
respectively. While the wear tests of the sintered samples were made

Alloy Phase Boriding Method, Boriding Phase Structure and Thickness of Ref.
Structure Boron Source Temperature, boride Layer
Boriding Time (~pm)
CP-Ti « Powder Pack Boriding, 850-1050 °C TiBy + TiB 7]
(Grade 2) Amorphous Boron + Borax + Carbon 3-24h 23-54
Ti-6Al-4 V atp Pack Boriding, 1100 °C TiBy + TiB [2]
(Grade 23) Ekabor II 25h 10
CP-Ti « Powder Pack Boriding, 850-1050 °C TiBy + TiB [18]
(Grade 2) Amorphous Boron + Borax + Carbon 3-24h 14.5-54
CP-Ti Electrochemical Boriding, 900-1200 °C TiB, + TiB
(Grade 2) ¢ Sodium Carbonate + Borax 016-4h 1.4-38.7 el
50-700 mA/cm?*
Tc21 Powder Pack Boriding. 1000 °C TiB, + TiB
. s 2 .
;’Ebéglozgsélf) 2Zr-3Mo-1Cr- a+p Boron Carbide + Cerium Oxide 10h 43.4-44.7 [201
CP-Ti o Powder Pack Boriding, 850-1050 °C TiBy + TiB [21]
(Grade 2) Boron Powder + Sodium Carbonate + Charcoal Activated 1-5h 2.5-4.52
CP-Ti « Plasma Paste Boriding, 700-800 °C TiB, + TiB [22]
(Grade 2) Borax 3-7h 1.9-6.3
Ti-6Al-4 V at Plasma Paste Boriding, 700-800 °C TiB, + TiB [23]
(Grade 5) p Borax 3-7h 1.4-5.7
Ti-6AL4 V Pack Boriding, 950-1100 °C TiB, + TiB
o+ B Sodium Tetraborate + Boron Carbide + Potassium 2 [24]
(Grade 23) . .. 5-30 h 8-28
Chloride + Pure Aluminium
CP-Ti « TiB, + TiB
(Grade 2) Powder Pack Boriding, 850-1200 °C 39.3-23.8 [16]
Ti-6Al-4 V at Amorphous Boron + Borax + Carbon 24 h TiB, + TiB
(Grade 23) b 12.5-21.1
Ti-6Al-4 V Electrochemical Boriding, 950 °C TiBy
(Grade 5) atp Borax + Sodium Carbonate 05h 55 [25]
500 mA/cm?
CP-Ti « Dissolved Salt Impregnation Technique, 950-1150 °C TiB, + TiB [26]
(Grade 2) Aluminium + Borax 2h 17.4-64.9 ?
. Pack Boriding .
Ti-6Al-4 V . ’ . . 850 °C TiB,
2
(Grade 5) o+ B Sodium Tetraborate + Boron Carbide + Potassium 4-16 h 3.8.6.7 [27]

Chloride + Pure Aluminium
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Fig. 1. (a) XRD patterns and SEM images of the sintered samples:
(b) CP-Ti, (c) Ti—20Nb and (d) Ti—40Nb.

Table 2

Density, porosity, p-Ti fraction and hardness of the sintered alloys containing
different amount of Nb.

Properties CP-Ti Ti-10Nb Ti-20Nb Ti-30Nb Ti-40Nb
Density (g/cm®) 4.32 4,52 4.74 4.92 5.06
Porosity (vol%) 4.16 7.90 10.84 14.03 17.49
B-Ti (vol%) 0 20.1 48.8 62.0 91.7
Hardness (HVo s) 412.1 376.1 328.6 268.7 221.1
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Fig. 2. The effect of Nb on the volumetric wear loss of the sintered Ti-xNb
alloys. Wear tests were conducted under dry sliding contact condition by
applying 1 N to the counterface (6 mm diameter WC-Co ball) for total sliding
distance of 75 m.

under 1 N for a total sliding distance of 75 m, on the borided samples
wear tests were conducted at a higher load and longer total sliding
distance (i.e. 5 N and 225 m, respectively). After the wear tests, wear
tracks formed on the samples were examined by using EDS equipped
SEM (Thermo Scientific Axia ChemiSEM) and 2-D surface profilometer
(Veeco Dectac 6 M). Also, the contact surface of the counterface balls
were examined by OM.

3. Results and discussion

3.1. Structural characteristics and mechanical properties of the sintered
samples

In Fig. 1, XRD patterns and SEM images of the sintered alloys are
given for Nb-free, 20 and 40 wt% Nb containing alloys (hereafter will be
referred as CP-Ti, Ti—20Nb and Ti—40Nb, respectively). No peaks other
than hexagonal closed-packed (HCP) o-Ti were observed on the XRD
pattern of the CP-Ti, but body-centered cubic (BCC) p-Ti peaks tend to
appear gradually with the addition of Nb. While the intensities of o-Ti
and f-Ti peaks were almost in the same range for the Ti—20Nb alloy, the
peaks of B-Ti became more dominant for the Ti—40Nb alloy, at the
expense of a-Ti peaks (Fig. 1a). SEM examinations confirmed the results
of the XRD analysis so that according to Fig. 1 b-d, CP-Ti, Ti—20Nb and
Ti—40Nb alloys can be classified as o, « + p and f alloys, respectively.
While in the microstructure of CP-Ti and Ti—40Nb alloys, o-Ti and f-Ti
grains appeared in equiaxed morphology, in the microstructure of the
Ti—20Nb alloy, in addition to the network-like morphology surrounding
the p-Ti grains, a-Ti also appeared in p-Ti grains in acicular morphology.
It should be noted that in the microstructures of the examined alloys
certain amount of porosities were also detected.

Density, porosity fraction, 3-Ti fraction and hardness of the sintered
alloys are given in Table 2 with respect to their Nb content. Due to the
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CP-Ti
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Fig. 3. SEM images of the wear tracks formed on sintered alloys and the OM images of wear scars formed on the relevant counterface WC-Co balls.

higher density of Nb compared to Ti, the addition of Nb increased the
density of the sintered alloys along with an increase in porosity fraction,
which was previously attributed to the slower diffusion rate of Nb
compared to Ti during sintering [28,29]. Moreover, the addition of Nb
led to a higher fraction of $-Ti in the microstructure and a reduction in
hardness. Since BCC has higher slip systems than HCP, an increase in the
volume fraction of $-Ti phase (BCC) in the microstructure at the expense
of a-Ti (HCP) makes the Ti—Nb alloys more prone to plastic deforma-
tion, which results in a decrease in hardness [3].

The results of the sliding wear tests conducted on the sintered alloys
under the load of 1 N for total sliding distance of 75 m are presented in
Fig. 2 as a variation of the volumetric wear loss (calculated from the 2-D
wear track profiles) with respect to the Nb content of the alloy. In good
accordance with the domination of the p-Ti phase in the microstructure
and reduction in hardness, wear loss increased with increasing Nb
content of the alloy. In this regard, Ti—20Nb and Ti—4ONb alloys
exhibited ~2 and ~ 5 times higher volumetric wear loss than CP-Ti,
respectively.

SEM images of the wear tracks and OM images of the counterface ball
are given in Fig. 3. As a general trend, domination of the f-Ti phase in
the microstructure upon addition of Nb increased the severity of the
adhesive wear as evidenced by increased intensity of delamination on
the worn surface. Transfer of the material removed from the sintered
alloys induced dark-colored wear scars on the counterface balls. In
accordance with the widening of the wear track formed on sintered al-
loys, the wear scar of the counterface was enlarged when they got
contact with higher Nb-containing alloys.

3.2. Structural characteristics and mechanical properties of the borided
samples

In Fig. 4a, XRD patterns of the borided samples are presented. On the
XRD pattern of the CP-Ti borided at 900 °C, a-Ti, TiB and TiBy peaks
were detected. The increase of boriding temperature to 1000 and
1100 °C caused the disappearance of a-Ti and TiB peaks. On the XRD
pattern of the Nb containing alloys in addition to the peaks of TiB,, NbB,
peaks also appeared. The intensity of the NbB, peaks tended to increase

with increasing Nb content of the alloy and/or boriding temperature.
However, B-Ti and TiB peaks appeared on the XRD pattern of the
Ti—40Nb alloy borided at 1000 °C. It is worth noting that the detection
of peaks of the substrate (a-Ti and B-Ti) on the XRD pattern of the
borided alloys could be due to the penetration of X-rays beyond the
boride layer.

Since 20 of the most intense TiBy and NbBy peaks are very close to
each other (44.44° and 43.46° respectively), the XRD patterns given in
Fig. 4a are replotted in Fig. 4b for a narrower 20 range (between 43° and
46°). It was noticed that the TiB, peak shifted to lower 26 angles with
increasing Nb content of the substrate. According to standard JCPDS
database, while the 26 angle corresponding to the TiB; peak (44.44°,
JCPDS 35-0741) in CP-Ti is completely consistent, the TiB, peak of the
borided Ti—40ND alloy appeared at 26 angle of 44.07° by getting closer
to the 20 angle of NbB;, peak (43.46°, JCPDS 35-0742). The shifting of
the TiB, peak towards the NbB, peak with increasing Nb content of the
substrate can be associated with lattice distortion arising from the
replacement of Ti atoms with larger Nb atoms in the TiB crystal lattice.
Considering this fact, Kara and Purcek [11] defined the phase structure
of the boride layer formed over commercial § type Ti—45Nb alloy as
TiBy-NbB, mixture. After pack boriding of Ti-46.6Al, Ti-45.2A1-7.2Nb
and Ti-44.8A1-6.6Ta alloys, Popela and Vojtéch [30] detected similar
peak shift on the XRD pattern in the presence of Nb and Ta in Ti—Al
alloy. They also correlated this observation with formation of mixed
borides (TiBo'NbBy and TiBy-TaBy) within the boride layer, which
exposed to lattice expansion upon replacement of Ti by Nb and Ta.

High magnification SEM examination (Fig. 5) conducted on the
Ti—40Nb alloy borided at 1100 °C confirmed that TiB,-NbB, preferen-
tially forms over the bright-coloured Nb-rich p-Ti grains, while dark-
colored Nb-poor o-Ti grains favour the formation of TiB,. In Fig. 6 the
results of the EDS line scan analysis are depicted for Ti—20Nb alloy
borided at 1100 °C. Horizontal and vertical line scan EDS analysis (Line
1 and Line 2) revealed that higher concentration of Nb was detected at
the brighter regions, while darker region was rich in Ti. This observation
is in accordance with more intense presence of NbBy in brighter regions
of the boride layer.

Low-magnification cross-sectional SEM images of the CP-Ti,
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Fig. 4. XRD patterns of the borided CP-Ti, Ti—20Nb and Ti—40Nb alloys for wide and narrow scanning angles of (a) 20-80 and (b) 43-46, respectively.

TiB2 'NbBZ
Element |Atomic % | Weight %
B 60.00 22.78
Ti 33.72 56.72
Nb 6.28 20.50
TiB,
Element [ Atomic % | Weight %
o B 63.17 27.79
Ti 36.59 71.3
Nb 0.91 0.24

Fig. 5. Cross-sectional SEM images and point EDS results of the borides grown on «- and p-Ti grains. This image was taken from the Ti—40Nb alloy borided
at 1100 °C.
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Fig. 6. (a) Cross-sectional SEM image of the Ti—20Nb alloy borided at 1100 °C
and results of EDS line analysis showing distribution of Ti, Nb and B along
(b) Line 1 and (c¢) Line 2.

Ti—20Nb and Ti—40Nb alloys borided at three different temperatures
are shown in Fig. 7. Boriding at 900 °C produced a thin and discontin-
uous boride layer. Increasing the boriding temperature to 1000 °C
formed a distinct and continuous boride layer. The boriding temperature
of 1100 °C favoured a further increase in the thickness of the boride
layer. However, microcracks were detected within the boride layer of
Ti—40Nb alloy borided at 1100 °C. When the difference in the thermal
expansion coefficients of TiBy, NbB; and the underlying p-Ti phases

International Journal of Refractory Metals and Hard Materials 125 (2024) 106887

(~4.6 x 107%/°C [11], ~8 x 1076/°C [11] and ~ 27.9 x 107%/°C [31],
respectively) is taken into consideration, it is suggested that develop-
ment of large thermal stresses during boriding played a crucial role on
cracking of the boride layer (especially at higher boriding temperatures
and Nb content of the substrate).

The boride layer thicknesses of the examined Ti-xNb alloys are pre-
sented in Fig. 8 for different boriding temperatures. Boriding tempera-
tures of 1000 and 1100 °C, provided thicker boride layers. When the Nb
contents of the sintered alloys are taken into consideration, the thickness
of the boride layer tends to decrease after reaching a max value at a
certain Nb content. The maximum boride layer thicknesses were
measured as ~9.0 pm for the boriding temperature of 1000 °C and ~
13.5 pm for the boriding temperature of 1100 °C on the Ti—10Nb and
Ti—20Nb alloys, respectively. The initial increase in the boride layer
thickness with Nb content of the substrate can be explained by accel-
eration of boron diffusion with increasing the number of mixed boride
(TiBy'NbBy) interfaces [30]. Reduction in the boride layer thickness with
further increase in the Nb content is suggested to be arisen from the
thermal expansion coefficient mismatch (between TiBs, NbB, and sub-
strate) leading cracking induced local detachment from boride layer
(Fig. 7).

The results of the hardness measurements conducted on the cross-
sections of the boride layers are depicted in Fig. 9. As a general trend,
boride layer hardness decreased with increasing Nb content of the
substrate. After the Rockwell-C adhesion tests conducted on the borided
surfaces, no delamination or fragmentation was observed in the vicinity
of the Rockwell-C indents except from the cracks (Fig. 10). The severity
of boride layer cracking tended to decrease with increasing Nb content
of the substrate. Finally, it was determined that the boride layers formed
on the examined Ti-xNb alloys were in the HF1 category of the Daimler-
Benz Rockwell-C adhesion test chart [32].

Based on these findings, the decrease in the hardness (Fig. 9) and
cracking tendency (Fig. 10) of the boride layers with an increase in the
Nb content of the substrate can be attributed to the larger participation
of NbBy into the boride layer, having lower hardness but higher fracture
toughness compared to TiB,. In the literature, the hardness and the
fracture toughness of the TiB, and NbB, were reported as ~31.7 GPa,
~3.4 MPa-m'/? and ~ 20 GPa, ~3.8 MPa-ml/z, respectively [33,34].

As the examples of the dry sliding wear test results conducted on the
borided Ti-xNb alloys against WC-Co balls under 5 N load for the sliding
distance of 225 m, SEM images and EDS elemental mapping of the wear
tracks are presented for the CP-Ti and Ti—40Nb alloys in Fig. 11. In
general, the rubbing action of the counterface ball caused smoothening
of the boride layer and did not induce cracking and delamination.
Despite a decrease in the width of the wear track with increasing Nb
content of the substrate, the depths of the wear tracks were not
measurable by a profilometer. EDS elemental mapping revealed that the
white-coloured regions detected in the wear tracks were rich in W, C, Co
and O, while compositional elements of the boride layers (Ti, Nb and B)
were identified in other regions. It is worth noting that the intensity of
the white-coloured regions tended to decrease with increasing Nb con-
tent of the substrate. In accordance with this observation, evidences of
abrasive wear were identified on the contact surfaces of the counterface
WC-Co balls having a hardness (~1550 HV;) lower than those of the
boride layers (Fig. 9). Thus, sliding contact with the boride layers
induced grooves aligned in the sliding direction within the wear scars of
the counterface balls (Fig. 12). The decrease of the wear scar size of the
counterface ball and the narrowing of the wear track formed on the
boride layer with increasing Nb content of the substrate can be attrib-
uted to the reduction of the boride layer hardness (Fig. 9). This led a
decrease in the abrasive effect of the boride layer on the counterface. For
this reason, on the wear track of the borided Ti—40Nb alloy limited
amount of material transfer from the counterface WC-Co ball, as evi-
denced by low fraction of W, C, Co and O enriched white coloured re-
gion, was detected compared to the borided CP-Ti (Fig. 11). From the
perspective of minimizing the wear of the tribo-couple, it can
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confidently be expressed that the higher the Nb content of the substrate,
the longer will be service life of the boride layer/counterface contact.

4. Conclusions

In this study, Ti-xNb (x = 0-40 wt%) alloys sintered at 1400 °C were
borided by the paste boriding technique using nano boron powder at
temperatures of 900, 1000 and 1100 °C. The results of the structural
examination and mechanical test conducted on the as-sintered and
borided alloys are summarised below.

Sintered Alloys:

3000

2900
2800 1

2700

26001 =
2500 \
b

2400

23004

Boride Layer Hardness (HV )

2200

2100 5

2000 T T T T T
0 10 20 30 40

Nb Content of Ti-xNb Alloy (wt.%)

Fig. 9. The effect of Nb content of the Ti-xNb alloy on the boride
layer hardness.

e Compared to the sintered CP-Ti, having a microstructure composed
entirely of o-Ti, Nb addition favoured the formation of §-Ti in the
microstructure. In the microstructures of Ti—20Nb and Ti—40Nb
alloy, the volume fraction of the B-Ti were ~ 49 % and ~ 92 %,
respectively. The increase in Nb content of the alloy resulted in larger
porosity volume fraction up to ~18 %.

e Domination of f-Ti in the microstructure was accompanied by a
reduction in hardness. While the hardness of the CP-Ti was ~412
HV s, the hardnesses of Ti—20Nb and Ti—40Nb alloys measured as
~328 HVj 5 and ~ 221 HV, 5, respectively.
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Fig. 10. OM images of the indents and their vicinity formed on the boride
layers of (a) CP-Ti, (b) Ti—20Nb and (c) Ti—40ND alloys.
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e Under dry sliding contact, Ti-xNb alloys were worn by adhesive wear
mechanism, where the severity of adhesive wear increased with
increasing Nb content of the alloy. In this regard, Ti—20Nb and
Ti—40ND alloys exhibited ~2 and ~ 5 times higher wear rates than
CP-Ti, respectively.

Borided Alloys:

The paste prepared in this study by using nano boron powder suc-
cessfully borided the sintered Ti-xNb alloys at >1000 °C. However,
the boriding temperature of 1100 °C induced cracking in the boride
layer as the Nb content of the substrate increased (especially for the
Ti—40Nb alloy).

Boriding at 1000 °C produced a boride layer consisting of TiBy with a
thickness of ~6.82 pm on CP-Ti and the ~2.55 pm thick boride layer
consisting of TiB2-NbB, over the Ti—40Nb alloy. In Ti-xNb alloys,
TiB, grows on the Nb-poor «-Ti grains and TiBy-NbB, mixture grows
on Nb-rich p-Ti grains.

e The presence of NbB; in the boride layer, reduces the hardness.
While the hardness of the boride layer formed on the CP-Ti sample
was 2674 HV g25, the hardness of the boride layer of the Ti—40Nb
alloy was measured as 2460 HV( o25. Nevertheless, boride layers
formed on the examined Ti-xNb alloys were in the HF1 category of
the Daimler-Benz Rockwell-C adhesion test chart, increase in NbB, in
the boride layer restricted the formation of cracks around the
Rockwell-C indents as the indication of increase in toughness.

After the dry sliding wear tests performed under a 5 N load by using
6 mm diameter WC-Co balls, no significant wear loss was quantified
on the boride layers. During the test, the boride layers were subjected
to the polishing effect by the counter balls, while the counter balls
were worn by abrasion.

500 pm ——4

Fig. 11. SEM and elemental EDS mapping images taken from wear tracks of the borided (a) CP-Ti and (b) Ti—40Nb alloys worn under dry sliding contact conditions
by applying 5 N to the 6 mm diameter WC-Co ball for a total sliding distance of 225 m.
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Fig. 12. OM images of wear scars formed on counterface balls used in wear tests conducted on borided (a) CP-Ti, (b) Ti—20Nb and (c) Ti—40Nb alloys.

e The wear loss of the borided Ti-xNb alloy/WC-Co ball tribo-couple
decreased with increasing Nb content of the substrate, which
caused the counterface to expose less abrasion.
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