MATEC Web of Conferences 417, 03013 (2025) https://doi.org/10.1051/matecconf/202541703013
2025 RAPDASA-RobMech-PRASA-AMI Conference

Effect of cooling mediums on mechanical
properties and wear behaviour of binary B-type
Ti-Mo alloy for bio-implant applications

Mubkhethwa Netshia'- 3", Maje Phasha?, Bongani Ngobe?, and Peter Olubambi?

"Pyrometallurgy Division, Mintek, Private Bag X 3015, Randburg 2125, South Africa,
MukhethwaN@mintek.co.za

2Advanced Materials Division, Mintek, Private Bag X 3015, Randburg 2125, South Africa,
MajeP@mintek.co.za, bonganing@mintek.co.za

3Centre for Nanoengineering and Advanced Materials, School of Mining, Metallurgy and Chemical
Engineering, University of Johannesburg, P.O. Box 17011, Doornfontein 2028, South Africa,
mukheathwa@gmail.com, polubambi(@uj.ac.za

Abstract. Orthopaedic implants are increasingly used to correct skeletal
dysfunctions by replacing or repairing damaged bone tissue with appropriate
biomaterials. This study investigates the effect of cooling medium on the
mechanical properties and wear behaviour of the solution heat-treated B-type
Ti-Mo alloy. Samples were solution heat-treated at 900°C and cooled in
different cooling media, such as water quenching, air, and furnace cooling.
The phases, morphology, and microstructural analyses were performed
using X-ray diffraction (XRD), optical microscope, and electron backscatter
diffraction (OM and EBSD). The mechanical and nanomechanical
properties of the alloys were analysed using Vickers hardness and
nanoindentation machines. The wear test analyses of the alloys were
conducted using a tribometer. XRD and microstructural characterization
showed the crystalline phase, and the microstructure of the alloys was
affected by the cooling medium. The furnace-cooled sample yielded high
micro-hardness (454 HV) due to the grain refinement attributed to the
presence of a phase.

Corresponding author: MukhethwaN@mintek.co.za, Mukheathwa@gmail.com

1 Introduction

The population of the elderly is rising in many countries worldwide, leading to an increased
demand for artificial implants due to the number of hard-tissue failures experienced. This
situation necessitates further research to find metals and alloys suitable for manufacturing
implant devices. Creating and investigating novel alloys that exhibit local and systemic
biocompatibility and suitable mechanical properties is essential. Alloys utilized as
biomaterials have recently undergone extensive review [1]. Due to their exceptional
corrosion resistance, biocompatibility, and great strength under static and dynamic loading
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situations, titanium alloys are the best material for large load-bearing implants [2]. Ti-6Al-
4V alloy is frequently used as an implantable material [3]. However, the unfavourable
features that limit the application are their possible hazards during long-term implantation
and high Young’s modulus [4].

In the early 1980s, large quantities of titanium (Ti), vanadium (V), and aluminium (Al)
black waste were identified in surrounding tissues under excessive wear, such as knee and
modular head components. Although no harmful consequences have been attributed to this
black debris, safety concerns concerning vanadium and aluminium have been highlighted in
the literature [5]. Several alloying elements are currently being explored to replace V and Al.
Among alloying elements currently under investigation, beta (B) stabilizing elements are
preferred alloys suitable for bioimplant applications [6]. The identified suitable B-stabilizers
are mainly comprised of refractory elements such as molybdenum (Mo), niobium (Nb),
tantalum (Ta), etc. Among these elements, Mo is considered one of the most effective -
stabilizing alloying elements compared to V, chromium (Cr), iron (Fe), copper (Cu), tantalum
(Ta), and niobium (Nb). Moreover. Mo is eight times less expensive than V [3, 7].

Various studies have been done on the Ti-Mo system. Among studies conducted on Ti-
Mo systems, numerous works have been devoted to Ti-4Mo, Ti-8Mo, Ti-10Mo, and Ti-15Mo
systems. However, these systems suffer from poor mechanical and wear properties.
Mechanical properties of titanium alloys can be markedly enhanced through heat treatment,
which induces considerable alterations in phase composition and microstructure, including
grain sizes, shapes, orientation distribution, and the morphology of phase constituents within
the grains, during the subsequent phase transformations a<«f. Significant work has been
devoted to devising novel methods for the thermal treatment of these materials, aiming to
achieve alternative microstructures that offer an improved balance of mechanical properties
[8]. This study investigates the effect of cooling rate on the newly developed binary Ti-14Mo
alloy.

2 Materials and methods

2.1 Material preparation

A 30g binary Ti-14Mo alloy ingot was produced using a state-of-the-art button arc melting
machine. During the melting process, commercially available high-purity titanium (Ti) and
molybdenum (Mo) metallic powders were considered. The arc melting machine was
equipped with a tungsten electrode and a water-cooled copper (Cu) hearth, operating under a
controlled argon (Ar) atmosphere to prevent oxidation. Before melting the Ti-14Mo alloy’s
ingot, pure titanium was melted to capture any excess oxygen within the chamber. To ensure
complete chemical homogeneity, the ingot was flipped and remelted three times. This
approach ensured uniform distribution of alloying elements throughout the ingot, achieving
the desired composition and properties.

2.2 Heat treatment experiment

Three representative samples were sectioned from the Ti-14Mo ingot and labeled according to
their respective heat treatment procedures, as represented in Table 1.
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Table 1. The investigated samples and their respective heat treatment procedures.

Sample ID Composition (Wt.%) Heat treatment Cooling medium

Sample A Ti-14Mo 900°C Water quench
Sample B Ti-14Mo 900°C Air cooling
Sample C  Ti-14Mo 900°C Furnace cooling

The experimental heat treatment was conducted using a Lento® muffle furnace under an argon
(Ar) controlled atmosphere to ensure oxidation is prohibited. The heat-treatment process was
carried out for 1 hour at temperatures set to 900°C for Samples A, B, and C, respectively.
Thereafter, the samples were rapidly quenched in water (WQ), air-cooled (AC), and furnace-
cooled (FC) to retain the microstructures attained at the respective heat treatment medium. The
heat-treated samples were then mounted and labeled, respectively, as shown in Table 1. Below
is the solution heat treatment graph (Fig. 1), illustrating how the samples were heat-treated.
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Fig. 1. Solution treatment procedure.

2.3 Microstructure and XRD characterization

The mounted samples were grinded with SiC papers to a 1200 grit surface finish and
mechanically polished to 1um surface finish. The polished surfaces were etched in a Kroll’s
reagent (2% HF + 6% HNO3 + 92% H20) to reveal the developed microstructures.
Microstructural analysis was performed using Olympus DSX510 optical microscope (OPM)
and a Zeiss Cross Beam 540 equipped with an Oxford Instrument Nordlys Max3 Electron
Backscatter Diffraction (EBSD) camera. To ensure accurate detection of phases present, a
Bruker D8® X-Ray Diffractometer (XRD) equipped with a Co-Ka source (A\=1.78897 A)
operating in Bragg-Brentano geometry was used and operating at room temperature.

2.4 Mechanical testing

A DuraVision micro-Vickers hardness tester was used to evaluate the hardness of the
samples. Random indentations were made on the prepared surfaces using a load of 3kg. The
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nano-mechanical properties, such as elastic modulus (E), yield stress (oy), and yield strain
(ey), were determined using a nanoindentation tester (Anton Paar Hit 300). The diamond
Berkovich tip with a radius curvature of 2um was used in the testing, with a loading force of
500 mN, loading and unloading rate of 6000 mN/min, and holding of 10s. To ensure
reliability and precision, more than four indentations were conducted for each sample.

2.5 Wear test

The wear behavior of the alloys was evaluated using a tribometer pin-on-disk (TRB? by Anton
Paar) friction module approach under dry conditions. An Alumina ceramic ball of 6 mm diameter
was used as a counterface material that slides against the samples. A contact force of 10 N and
a spindle speed of 2.17 cm/s were performed in ambient conditions. The wear test of the solution
heat-treated samples was analyzed as a function of sliding time, and the coefficient of friction
for each material was reported. The wear rates were determined using a profilometer. The
following equations were utilized to calculate the wear rate.

The wear rate (W) was calculated using Archard’s linear wear equation:
W = KFy Equation 1

Where K is the wear coefficient, and Fy is the applied load. K is calculated using the relation:
k=33 Equation 2
FnND
HV is the Vickers hardness of the softer body in contact, and D is the sliding distance.
Finally, the specific wear rate, k, was determined based on the Lancaster relationship, where V

is the volume loss:
K=— Equation 3
FnNXD

3 Results and discussion

3.1 Phase composition after solution heat treatment

XRD patterns of the solution heat-treated samples are shown in Fig. 2. The solution-treated
samples mainly consist of body-centered cubic (BCC), hexagonal close packed (HCP), and
martensitic orthorhombic (o) crystal structures. All samples were solution treated above the
B transus temperature. The P transus is the temperature range at which titanium alloys shift
from a microstructure mostly consisting of the a-phase to one that is mainly B-phase (BCC)
[9, 10]. For the considered alloy, the B transus temperature ranges between 700—1050°C.

It is evident from Fig. 2 that when Ti-14Mo alloy is subjected to WQ and AC from 900°C, it
results in B+a” phases. The presence of o martensitic phase is attributed to the diffusionless
martensitic transformation from f§ phase. However, when the alloy is allowed to undergo self-
cooling in the furnace, it is comprised of HCP and BCC (a+f) phases. Current results are
consistent with the literature, which states that when Mo content is >10 wt.%, the B-phase
becomes the dominant phase [11, 12]. Furthermore, in accordance with the Ti-Mo phase
diagram, when Cp-Ti is alloyed with 14 wt.% of Mo and heat treated at 900°C, the 3 phase
becomes stable. Although other studies reported the formation of athermal (®) phase, this
deleterious phase is not observed in the current study [12, 13]. The peak intensity of f phase
is much higher in the WQ sample than in the AC and FC samples, an indication of high 8
retention under this heat treatment procedure. Similar phases were also observed in Ti-12Mo
and Ti-18Mo alloys, whereby the transformation of o phases was observed upon water
quenching [14, 15]. It is worth noting that the intensity o’ phase is much higher in air cooled
sample compared to the WQ sample. It thus follows from these results that the precipitation



MATEC Web of Conferences 417, 03013 (2025) https://doi.org/10.1051/matecconf/202541703013
2025 RAPDASA-RobMech-PRASA-AMI Conference

of o phase is strongly influenced by the cooling medium. Slow cooling rates (furnace
cooling) favor the precipitation of the a phases from the  phase field. Similar phases were
also observed in Ti-12Mo and Ti-18Mo, where the precipitation of o phase was observed as
the alloys were cooled inside the furnace [14, 15]. The formation of the a phases is owed to
the eutectoid diffusion reaction [16, 17]. This results in finely dispersed alpha phases forming
in the retained beta phase [8].
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Fig. 2. XRD patterns of the solution heat-treated samples.
3.2 Microstructural properties after solution heat treatment

3.2.1 EBSD analysis

The grain and orientation mapping of the samples are shown in Fig. 3. All the samples are
characterized by equiaxed large and small grains. The WQ sample in Fig. 3 (a) is mainly
comprised of equiaxed large and small grains, while the AC sample in Fig. 3 (b) and the FC
samples in Fig. 3 (c) exhibit large and small longitudinal grains, respectively. Grains within
all the samples are uniformly distributed and have no preferred orientation. It has been
reported that it is very difficult to refine the initial large B-grain microstructure after the o—f3
transformation [18]. The retainment of large grains after water quenching in Fig. 3 (a)
confirms what has been reported upon the a—f transformation. However, grain growth and
refinement occurred as the alloy was AC in Fig. 3 (b). This observation is in agreement with
the reported view that once the large B-grain microstructure is established, it cannot be
diminished by further heat treatments [18]. During cooling, the alloy tends to transform from
B—o/a” depending on how fast the alloy is cooled. It is also evident that grain sizes became
larger upon air cooling compared to the WQ sample. It has been reported that recrystallization
and growth are expected to occur upon FC or normalizing heat treatment processes of Ti
alloys [19, 20]. However, as the alloy was slowly cooled inside the furnace, the grains became
smaller compared to WQ and AC. This grain refinement observed in Fig. 3 (c) is associated
with the B—a transformation.
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Fig. 3. Grains and orientation analysis of Ti-14Mo (a) water quenched, (b) air cooling, (c) furnace
cooling.

Fig. 4 shows the grain size distribution graph indicating how large and small grains are
distributed. The grain size distribution corroborates the results obtained in Fig. 3. The WQ
sample in Fig. 4 (a). The FC samples in Fig. 4 (c) have a similar distribution, whereby
medium and smaller grain sizes dominate. In contrast, the AC samples in Fig. 4 (c) have a

less medium and smaller grain size distribution than the other two.
a b c

Fig. 4. Grain size distribution graph (a) water quenched, (b) air cooling, (c) furnace cooling

3.2.2 Optical microscope analysis

The optical microstructures of the solution heat-treated samples are shown in Fig. 5. The
micrographs reveal the effect of heat treatment on the microstructures of the alloys. Small
grain boundaries were observed on all microstructures. Large equiaxed grains were observed
in Fig. 5 (b), where the sample was heat treated at 900°C and AC, while Fig. 5 (a & c) revealed
medium and small equiaxed grains where the samples were heat treated at 900°C followed
by WQ and AC. Similar grains to those in Fig. 5 (a & c) were also observed in past studies
[13, 19, 21]. The small and large grains observed in Fig. 5 corroborate those obtained in Fig.
3. Current studies indicate that the dissolution of the primary a-phase results in immediate
grain growth of B microstructure during solution treatment [18]. However, it was revealed in
Fig. 2 that during WQ, there was the transformation of B-phase to martensite (B—a),
resulting in grain size getting refined into smaller grains as the material gets hardened due to
the formation of martensite (o). The AC alloy in Fig. 5 (b) reveals micrographs with large,
elongated grain sizes and small grain boundaries. The large size of the grains can be ascribed
to the great driving force for grain growth at high temperatures [22]. According to the
literature, large-grain structures are expected to form during normalizing or AC [20].
However, small grain sizes were observed upon FC in Fig. 4 (c). The large grain sizes
observed in Fig. 5 (c¢) indicate grain refinement owed to eutectic formation of harder a phase.
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Fig. 5: Show eoptlca icoope images solution of heat-treated Ti-14Mo alloys at 900°C,
followed by (a) water quenched, (b) air cooling, and (c) furnace cooling.

3.3 Mechanical properties and wear performance

3.3.1 Micro-hardness and nanoindentation

Fig. 6 shows the Vickers hardness results of the heat-treated alloys. The hardness profile
shows a decrease in hardness during AC compared to the WQ sample and an increased
hardness for the FC sample. Increased hardness in the FC sample is attributed to f—a eutectic
transformation, in which the formation of harder o phase resulted in refined grains, as shown
in Fig. 2, Fig. 3 (c), and Fig. 5 (c). The larger the grain, the higher the grain boundary area,
inhibiting the dislocation movement, resulting in high hardness and good strength [23]. The
decrease in hardness during AC is associated with the grain growth observed in Fig. 3 (b)
and Fig. 5 (b). Large grains tend to promote the movement of dislocation and low grain
boundary areas, resulting in low or poor hardness. In titanium alloys, it is well known that
the o phase has the highest hardness value, followed by a, o, o, and B phases [24, 25]. As
the WQ sample is characterized by B and o phases observed in Fig. 2, the alloy is expected
to harden due to martensitic transformation (o). The precipitation of o in the quenched
sample didn’t affect the hardenability of the alloy compared to the FC sample.
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Fig. 6. Vickers hardness of the heat-treated sample

The nanomechanical properties of the heat-treated samples are presented in Table 2. The
WQ and FC samples have properties similar to those of the AC sample. The Young’s
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modulus, yield stress, and yield strain of the WQ and FC samples are lower than the AC
sample. The decrease in Young’s modulus, yield stress, and yield strain of the WQ and the
FC samples is attributed to the presence of the -phase, which is dominant in the WQ samples
and the presence of the orthorhombic o martensite in FC samples as observed in Fig. 2. The
increase in Young’s modulus, yield stress and yield strain during AC could be associated
with the precipitation of /o and o martensite and large equiaxed o/o + o grains as observed
in Fig. 2, Fig. 3, and Fig. 5. According to the literature, Young’s modulus of bone implants
should be closer to that of a human bone (10-40 GPa) [21, 26, 27]. Table 2 shows that the
water-quenched and the FC samples possess a lower Young’s modulus of 70 GPa, closer to
human bone. Studies indicate that commercially pure titanium Cp-Ti possesses a Young’s
modulus of 102.7 GPa and a yield stress of 275 MPa [28-30]. Adding 14 wt.% of Mo to Cp-
Tiand ST, the alloy within the B transus temperature lowered Young’s modulus and increased
the yield stress and strain. It has been reported that adding Mo to Ti will stabilize a beta phase
in Ti and decrease Young’s modulus [31-33]. The results in Table 2 confirm the results
obtained in Fig. 2 and Fig. 5.

Table 2: Nanomechanical properties of the heat-treated samples

Heat treatment (°C) and Young’s modulus Yield stress Yield strain
cooling medium (GPa) (MPa) (MPa)
900 WQ 70 419 0.01
900 AC 103 2261 0.02
900 FC 70 425 0.01

Fig. 7 displays the load-displacement curves of the ST samples. It was observed that all
the samples exhibited elastic-plastic behaviour. For elastic-plastic materials, the unloading
path does not follow the loading path as it would for a perfectly elastic material, and there is
an observable hysteresis denoted by the area between the loading and unloading path [34,
35]. The loading and unloading displacement of WQ and AC samples follows the same trend,
confirming the yield stress and strain obtained in Table 2. Depth penetration of the
indentation for the two samples (WQ and FC) is around ~2200 nm at a maximum load of 500
mN. The depth penetration similarity indicates that the two samples behave similarly
regarding elastic-plastic deformation behaviour. However, the loading and unloading
displacement of the FC differs from the rest. The unique behaviour of the AC sample is
associated with the high yield stress and yield strain obtained in Table 2. The depth
penetration of the indentation is around ~2000 nm at a maximum load of 500 mN, suggesting
that the material (AC sample) can deform much better than the rest of the samples. The
deformation behaviour illustrated in Fig. 7 confirms the nanomechanical properties of the
samples in Table 2. WQ and FC samples have better Young’s modulus than the AC sample
for bioimplant application.
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Fig. 7. Load-unload curves of heat-treated samples

3.3.2 Wear behaviour

Fig. 8 shows the friction coefficient concerning time graphs for all the samples obtained from
the tribometer at a load of 10 N under dry (atmospheric) conditions. The graphs reveal
fluctuation of COF for all the samples throughout the sliding time. This behaviour can be
attributed to localized material fractures and debris removal on the worn surface during dry
sliding [36]. It was observed that the FC and AC samples exhibit a high friction coefficient
and follow the same COF trend. The WQ sample shows a lower COF than the AC and FC
samples. According to the literature, it has been previously stated that high COF results in a
high wear rate, while low COF results in a low wear rate [37]. However, no one has
established a mathematical relation between the COF and wear rate, although this is widely
recognized [38].
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Fig. 8. Friction coefficient of the heat-treated samples

The results of the wear rate in Fig. 9 were determined using a profilometer. The

calculations were based on #/=A/TIN Equation 1A= - VXD
N

Equation 3. The wear
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rate of the three alloys was observed, ranging from 1.15-2.48x10*mm*N.m. As expected, the
FC sample exhibits a lower wear rate than the WQ and AC samples. The wear rate trend
confirms the Vickers hardness obtained in Fig. 3, which corroborates the grain size obtained
in Fig. 3 and Fig. 5. It has been reported that high hardness tends to result in a high wear rate
[39]. The small grains observed in Fig. 3 (c) and Fig. 5 (c) tend to inhibit the dislocation
movement and increase the grain boundary area, resulting in high hardness and a lower rate.
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Fig. 9. Wear rate of the heat-treated samples

3.3.3 Wear morphology

The heat-treated sample’s wear surfaces were characterized to elucidate the wear mechanism.
The characterization results are shown in Fig. 10. The wear morphologies of the ST samples
exhibited a relatively similar worn surface, including significant abrasion (marked with a
yellow arrow) and continuous abrasive furrows (white arrow). Notably, the furrows were
aligned parallel to the sliding direction, indicating a typical morphology of abrasive wear. It
is worth noting that the FC sample differs from the other two samples, with no clear furrows
and wear debris, suggesting less abrasive wear during the wear test than the other two
samples. The surface morphology in Fig. 10 (c) also confirms the results obtained in Fig. 9,
whereby a low wear rate was determined. Fig. 10 (b) reveals more abrasive wear morphology
than Fig. 10 (a). This confirms the results obtained in Fig. 9. Fig. 10 (b) encountered more
abrasive wear damage than Fig. 10 (a) and (c¢). The confirmation of results obtained in Fig. 9
indicates that the FC sample has a better wear behaviour compared to the rest of the samples.

Fig. 10. SEM icroghs llustrating the wear morphogy of the heat-treated samples at 900°C ()
water quench, (b) air cooling, and (c) furnace cooling

4 Conclusion

10
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The results detailed above lead to the following conclusions:

o The results presented in this paper conclude that the cooling medium influenced the
alloys’ mechanical properties and wear behaviour.

o XRD and microstructural characterization showed the crystalline phase, and the
microstructure of the alloys was affected by the cooling medium. A BCC matrix crystal
structure and precipitation of the HCP crystal structure within the matrix characterize
the alloys. A metastable B-titanium was captured during water quenching with the
presence of martensitic o phase. Similarly, diffusionless P—o martensitic
transformation was observed during furnace cooling, resulting in grain refinement.

o The furnace-cooled sample yielded high micro-hardness due to the grain refinement
attributed to the presence of the a phase.

o The wear rate and the wear behaviour of the furnace-cooled samples confirm the
martensitic transformation and grain refinement. The furnace-cooled sample’s wear rate
was low due to high hardness and large grains caused by a larger volume fraction of
harder a phase.

The authors would like to acknowledge the financial support of the National Research Foundation-South
Africa, Advanced Materials Division-Mintek, and Pyrometallurgy Division-Mintek.
Data availability: Data will be made available on request.
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