EVALUATION OF TI15MO ALLOY MANUFACTURED BY DMLS FROM ELEMENTAL POWDERS

T. Dzogbewu'"

'* Department of Mechanical and Mechatronic Engineering
Central University of Technology, Bloemfontein, South Africa
(Corresponding author: thydzo@yahoo.fr)

ABSTRACT

The paper presents a study of in-situ alloying Ti15wt%Mo powder mixture by Direct Metal Laser Sintering (DMLS)
process. Titanium and molybdenum powders of similar particle size distributions were mixed, and the powder
mixture was used to create DMLS samples using two different scanning strategies. Rescanning was also investigated
as a means of ensuring homogeneity of the microstructure. The DMLS built materials were evaluated in terms of
optical microscopy, SEM, Vickers microhardness and tensile testing. It was found that, in all cases, partially melted
Mo particles remained in the microstructure. This causes variance in hardness and tensile properties, as can be
expected from an inhomogeneous microstructure.
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1. INTRODUCTION

Ti6Al4V has being used extensively for biomedical applications due to its outstanding biological response.
However, it is well documented in the literature that its Elastic modulus (80-120 GPa) is far above that of human
bone tissues (10-30 GPa) [1] which has limit its use as a structural biomedical material. For replacing a critical
damage load bearing structure such as the femur, the implant must have a good combination of low Elastic
modulus and high ductility [2-4]. These limitations of Ti6Al4V has triggered a search for a more preferable
biomaterial.

B-type titanium alloys have been the focus of interest probably due to the fact that bone tissues respond better
in B-type Ti alloys than in (a+B)-type Ti alloys [4-5]. A host of researchers have used the conventional methods to
produce B-type Ti alloys such as Ti15Mo and reported that the mechanical properties of the Ti15Mo are more
suitable for structural biomedical applications than Ti6Al4V [3-7]; due to its high ductility, good mechanical
properties, excellent corrosion resistance, and well characterized biological response. Very recently a profound
revelation was made by Disegi et al. [4] of the Ti15Mo alloy and the results were incorporated into ASTM F 2066
implant material standard.

Xie et al. [8] produced Ti-xMo (x=4, 6, 8 and 10 wt. %) alloys using the selective laser sintering method. It was
found that the mechanical properties of the Ti-xMo porous structures do not only depends on the pore properties
but also on the microstructure. Collins et al. [9] carried out detailed studies of microhardness and microstructural
evolution of Ti-xMo alloys by laser engineered net-shaping (LENS) process. It was concluded that the alloy is very
sensitive to the Mo compositions. Recently Vrancken et al. [10] conducted in-situ alloying with mixture of Ti6Al4V
and Mo (10 wt.%) powders and focused on the solidification mechanism, microstructure, mechanical properties
and response to heat treatment of the novel alloy and compared the results to Ti6Al4V. Elastic modulus of 73 GPa
and remarkable elongation to 20% was reported as compared to 7.3% for Ti6Al4V alloy.

It is therefore of prime importance to further unearth its promising biomechanical properties with relatively newer
technology (DMLS) to harness the full potential of the alloy for biomedical application. The importance of
producing structural bearing B-titanium alloys by DMLS, the increasing research interest in the subject matter
and the huge unexploited potential of B-titanium alloys is the driving force behind the current research.

2. METHODOLOGY AND RESULTS

2.1 METHODOLOGY

The experiments were conducted with pure Ti (Cp Ti, grade 2) and Mo powders procured from TLS Technik. The
powders were spherical argon-atomized powders. The Ti powder has the following chemical composition in wt.%:
Ti (bal.), O (0.17), Fe (0.062), C (0.006), H (0.002), N (0.012). The 10th, 50th and 90th percentiles of equivalent
diameter (weighted by volume) of the powder Ti particles were d10=11.6 pm, d50=24.6 pm and d90=38.4 pm, for
Mo powder they were d10=10.9 pm, d50=22.4 pm and d90=31.9 pm. 85 wt.% of the Cp Ti powder was mechanically
mixed with 15 wt.% of the Mo. The mixture was dried in an oven for about 15 hours at the temperature of 85°C.
The powder mixture was stirred for 30 minutes to ensure the heating is evenly done to enhance free flowing of
the powder.

EOS M 280 DMLS machine was used for in situ alloying the elemental powders (Ti15Mo). A preliminary analysis was
conducted to determine the optimum process parameters for the selected alloy (85wt% of pure Ti + 15wt% of Mo)
by forming and studying single tracks and single layers according to well-known procedures described in the
literature [11-13] and published [14]. The optimum process parameters in the previous studies (laser power of 150
W and 350 W with corresponding scanning speeds of 1.0 m/s and 2.4 m/s respectively) were used to produce as-
built samples for microstructural and mechanical properties investigation.

Cubes of dimension 10 mm x 10 mm x7 mm (length x width x thickness) were produced for microstructure and
microhardness analysis. For the microstructural studies, the samples were removed from the build plate via wire
Electrical Discharge Machining and section/cross-section into smaller unit for mounting. Struers CitoPress- 1
machine was used for mounting the samples in MultiFast non-conductive resin. The mounted samples were grinded
and polished with Struers Tegramin-25 according to the protocol suggested by Struers for Ti-based alloys and
subsequently etched with Kroll's reagent. The microstructural examinations were conducted by an optical
microscope (OM). The distribution of Mo in Cp Ti was done with Scanning Electron Microscope (SEM). Microhardness
of the samples was measured at 200 g loading with FM-700 Digital Vickers Microhardness Tester in polished cross-
sections cut perpendicular to the building direction (40 measurements for each cross-section).

Mini-tensile test samples were produced from the Ti15Mo powder mixture with the EOS M 280 machine. The
samples were rectangular in shape with 10 mm gauge length, 2 mm width and 1 mm thickness [15]. The samples
were prepared according to E8/E8M ASTM standard. The tensile tests were carried out using MTS Criterion Model
43 Electromechanical Universal Test System machine at room temperature with a strain rate of
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0.5 mm/min. The surface roughness of the mini samples was measured with Surftest SJ-210 portable surface
roughness tester from Mitutoyo Corporation.

2.2 RESULTS AND DISCUSSIONS

2.2.1 Microstructure

Due to the layerwise (step-by-step) building process used by the DMLS technology the microstructure of a DMLS
build parts are different when viewed from different planes (Figure 1). A commonly used coordinate system is
the scanning plane x-y and the built direction z. During the DMLS process, the individual scan tracks propagate in
the scanning direction [12, 16] due to the directional heat flux and the large thermal gradient [17]. The
directional variation in the microstructure of DMLS built parts is due to the very high rate of heating and

cooling (10%10° K/s) [18, 19] simultaneously cum the solidification mechanisms [17]. It is also worth
mentioning that other scholars are of the view that the rate of heating and cooling during DMLS is still a matter
of research [20].

The microstructures obtained in the current experiment generally consists of three distinct phases. With optical
microscope photos it can be seen partially melted Mo particles, the gray and dark varying-contrast areas (Figure
1a-b). From the SEM analysis, the gray and dark varying contract sections represent the dissolved Mo in the Ti
alloy matrix (Figures 1c-d). The white contrasting areas at BSE mode by SEM were found as partially melted Mo
particles. The concentration of Mo in grey areas (similar to the point A in Fig. 1d) was 7.5-16 wt%. Bright grey
areas had higher concentration of Mo, it was 24.7wt% in the point B in Figure 1d, for example. In whole, observed
average concentrations of Mo in the alloy correspond well to the bi-modal a+f microstructures.

The constituted microstructure demonstrates overlapping of subsequent scan tracks as a result of the optimum
hatch distance and the selected scanning strategy employed. The overlapping edges are of curve shape
(approximately parabolic - red curves, Figure 1b) from the side view which signify the welding of each layer onto
the layers that surround it.

Dark field micrograph reveals the presence of needles (fine acicular martensite) inside the prior B grains of Ti
alloy (Figure 2a-b) due to the high cooling rates during the DMLS process [21-22]. Regions of beta cubic phase
also were formed as cellular dendritic structure during solidification (Figure 2c). Cellular dendritic structures
were associated with Mo particles; it was confirmed by higher concentration of Mo in these regions [14].

Building direction
z- axis
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(c) (d)
Figure 1: Ti15Mo microstructure produce at laser power of 150 W at speed of 1.0 m/s: (a) top view
(unmelted Mo particles - red arrows) (b) side view (parabolic shape - red curves)
SEM image in BSE mode of top cross-section (c, d)

Generally, from all the views (Figure 1-2) there were partially melted Mo particles distributed randomly in the
alloy matrix. The distribution and mixing of the particles in the solidified melt pool could be related to convective
flow in the liquid melt pool [23]. The Mo was not able to melt completely due to the thermo- physical difference
between the two materials. Mo has a melting point of 2623°C [24] while Ti has a melting point in the range of
1650-1670°C [25]. Secondly, the laser reflectance of Mo is higher than that of Ti [26]. Ti would absorb more laser
radiation than Mo. These thermophysical differences induce the partial melting of the Mo leading to the formation
of Mo particle - Ti alloy matrix microstructure.

A rescanning strategy was employed, whereby after each layer is built before a new powder deposition the
previously solidified layer was rescanned. This strategy was expected to melt any unmelted Mo particle before a
new powder deposition; as presented in the earlier publication [14]. The rescanning strategy did not have any
significant effect on the unmelted Mo particles (Figure 3).

The microstructure of samples produces at 350 W with a corresponding scanning speed of 2.4 m/s (Figure 4) were
similar to those of 150 W at a scanning speed of 1.0 m/s. However, there seem to be more unmelted Mo particle
at laser power of 350 W than 150 W. This is due to the fact that at a high scanning speed, the dwelling time of
the laser at a particular spot on the powder bed reduces [27]. The relative high laser scanning speed of 2.4 m/s
at 350 W implies that not sufficient time to melt the Mo particles before the propagation of the laser beam to
the next spot. As a result of the short stay at a specific point, fewer Mo particles were melted at the laser
power of 350 W with the relatively high scanning speed of 2.4 m/s as compared to laser power of 150 W with the
slower scanning speed of 1.0 m/s. Becker et al. [28] noted that the high scan speed minimises heat transfer.
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(c)
Figure 2: Microstructure in dark field by optical microscope at laser power of 150W (a) SEM micrograph

showing needles at laser power of 150 W (b) SEM micrograph showing cellular dendrite at laser power of
150 W (c)
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Figure 3: Microstructure of Ti15Mo samples rescan at a laser power of 150 W at speed of 1.0 m/s: (a) top
view (b) representing both side and front views.

Figure 4: Microstructure of Ti15Mo samples scan at laser power of 350 W at speed of 2.4 m/s: (a) top view
(b) representing side and front views.

From the current results it could be speculated that reducing the laser scanning speed could trigger complete
melting of the Mo particles. But as pointed out by Yadroitsev et al. [16] the DMLS process parameters are not
linearly related, rather only a careful combination of the laser power and scanning speed that could yield optimum
results.

2.2.2 Porosity

For all the different sets of samples at the two process parameters (laser power of 150 W and 350 W at scanning
speeds of 1.0 m/s and 2.4 m/s respectively), there were found some pores in-between the solidified layers (x-y
plane) (Figure 5). The location of the pores justified the assumption that the pores occur due to in- homogenous
powder delivery. During DMLS process when the surface of the previously solidified layer is uneven with deep
valleys and peaks the next powder distribution would be uneven. The uneven powder deposition would lead to
pore formation in-between the solidified layers known as interlayer porosity [29-31]. The uneven powder
deposition is currently assumed to occur due to the agglomeration of the mixed powder. The experimental
powders were mixed mechanically which might have provoked the agglomeration of the powder during the DMLS
process. The interlayer pores are a detrimental feature in DMLS built parts as far as the mechanical properties
and fatigue life of biomedical objects are concerned since it compromises structural integrity and contributes
strongly to premature and unexpected structural failure of the parts [31].
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The interlayer pores were slightly bigger for the rescan samples at both process parameters. As mentioned earlier
laser absorption increase with increasing surface roughness [32-33]. The irregular solidified layers after the single
scan would certainly increase the laser energy absorption during the rescanning process which would lead to a
higher temperature and more prominent flow of the molten pool. The high speed lateral liquid metal during the
rescanning process is more susceptible of trapping gas bubbles [22] and therefore forming bigger interlayer pores
at the bottom of the track. Yadroitsev, et al. [12] also noted that since rescanning process does not involve new
powder deposition, the interaction of the laser beams with the solid material (thermal conductivity, heat
transfer, laser absorptivity and reflectivity) is completely different. These thermophysical differences can lead
to higher energy input during the rescanning process. “Higher energy input can cause high temperatures,
overheating, boiling and evaporation of material in the laser interaction zone and irregular track formation”
which could be the reason for the slightly bigger interlayer pores for the rescanned samples.

2.2.3 Mechanical Properties Investigations

2.2.3.1 Microhardness Test

The microhardness of the front and side views of the as built Ti15Mo samples were investigated in order to study
the anisotropic behavior typically of DMLS build parts [21,22, 34, 35]. The Vickers’s hardness numbers (VHN)
presented in Table 2.1 attest to the fact that DMLS build parts are not holistically homogenous throughout the
bulk material. This is generally link to the layer-wise building process and the direction of heat conduction.
However, for the current experiment, the random distribution of partially melted Mo particles also contributed
significantly to the varied microhardness values in the Ti15Mo material matrix.

Table 2.1 Microhardness values of the Ti15Mo alloy at the optimum process parameters

Process parameters Samples Front (HV) Side (HV)
150 W, 1.0 m/s Single scan 426 +27 441+40
Rescan 439132 443145
350 W, 2.4 m/s Singe scan 436124 436+28
Rescan 443119 441126

It could be observed that the microhardness values varied which could be attributed to the random distribution
of the Mo particles in the Ti15Mo material. Nonetheless, taking the mean of the scan and rescan results the
microhardness of the two process parameters are almost the same; 438 + 36 for 150 W at a scanning speed of
1.0 m/s and 439 + 24 for the 350 W at a scanning speed of 2.4 m/s. These values correlate with the result of
Collins et al. [9]. They produced a compositionally graded structure of Ti-xMo (x= 0-25at.%) by laser engineered
net-shaping (LENS™) and reported the highest microhardness value of 450 HVN at 10wt.% Mo concentration and
noted that the microhardness value of the samples reduces with increasing Mo content. Therefore, obtaining
microhardness value of ~ 440 HV indicate a reduction in VHN with increase in Mo centration. The microhardness
value recorded for the unmelted Mo particles randomly dispersed in the Ti15Mo alloy at the two optimum process
parameters were almost the same (Figure 6).
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Figure 6: Microhardness of the base Cp Ti plate, and DMLS Mo and Ti15Mo alloy

2.2.3.2 Fracture analysis

The fracture surface and geometry of the fracture of a metal is dependent on the microstructure of the metal
[36]. Generally, after a metal undergoes a tensile test the fracture surface is rough and irregular as in the case
of Ti15Mo samples (Figure 6a). SEM analysis reveals the occurrence of complex ductile/brittle fracture (Figure
6b) with brittle fracture predominance. The interior of Figure 6a reveals the predominance of brittle fracture.
At a higher magnification (Figure 6b) there was evidence of areas of ductile tearing (quasi-cleavage fracture).
This type of fracture is due to the occurrence of both ductile (dimples) and brittle fracture together on a single
fracture surface (mixed mode). van Zyl et al. (2016) examined the fracture surface of Ti6Al4V mini sample
produced by DMLS and observed ductile-brittle fracture with ductile predominance contrary to the brittle
predominance observed for the Ti15Mo samples.

SEl  15kV WD10mm SS54 200pm  S—

Figure 6: SEM micrograph of fracture surface - total view (a) and fracture surface at higher magnification
showing predominant ductile fracture with some cleavage features at fracture surface (b).

2.2.3.3 Tensile test

Based on the above-detailed analysis samples were produced at a laser power of 150 W at a scanning speed of
1.0 m/s for tensile test analysis. As generally demonstrated and accepted in literature, the stress is determined
as the ratio between the applied load and the nominal cross-section of the samples while the strain is taking as
the ratio between the normal height and the increased height after the tensile test.

Five mini samples were pulled for the tensile test investigation. The average ultimate tensile strength value
obtained for the five Ti15Mo mini sample was lower than that of Ti6Al4V mini sample reported by van Zyl et al.
[15]. The average elongation at break for the five Ti15Mo samples was also lower than that of Ti6Al4V alloy mini
sample (Table 2.2). Though the DMLS process has a great freedom of design which makes it a prime choice for
biomedical applications the fast rate of heating and cooling which lead to martensitic formation
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reduces the ductility of the material greatly, as in DMLS Ti6Al4V alloy. In present experiments, partially melted
Mo particles were randomly distributed in Ti alloy. Inhomogeneity in sintered material and residual stress can
decrease ductility.

Table 2.2 Comparison of the average tensile properties values of Ti15Mo and Ti6Al4V Mini samples

Sample UTS (MPa) Elongation (%) | Microhardness (HV) Roughness Ref.
Ra Rz

Ti15Mo 894124 2.8+1.7 44112 21.27+0.6 | 123.50+3.94

Ti6Al4V 1243149 6.6+0.4 389+14.8 21.7+4.37 | 125.2+20.49 [15]

3. CONCLUSION

The DMLS process successfully demonstrated its potency of sintering elemental powders (in-situ alloying). As
demonstrated using DMLS to process powder mixtures of different materials would certainly broaden the material
database of additive manufacturing. It would also permit the material scientist to mix different elemental powders
for specific applications.

In DMLS pure Ti and Mo powders mixture with similar particle size distribution, resulted DMLS material had low
level of porosity, but was nonhomogeneous. Other approach, with smaller Mo particles has to be introduced for
full melting at higher fusion temperature Mo component.

Also inherent high rate of heating and cooling simultaneously introduce significant amount of martensitic phase
into the mini-sample which lead to substantial reduction in the ductility of the samples.

The ultimate aim of producing biomedical objects of high ductility for structural bearing implants in a single step
by the DMLS process could not be achieved. However, post processing strategies such as heat treatment could still
be employed to achieve this aim. Producing implants with high ductility would greatly reduce implants failures
associated with stress shielding effect which would translate to improve life for implant patients.
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