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Laser-Directed Energy Deposition of Ti-Mo 
Biomaterials: Influencing Mechanisms of 
Molybdenum on Microstructure and Performance

Increasing or decreasing the amount of Mo affected formation and  
cohesive energies, grain refining efficiency, and other factors

BY D. SHU, L. ZHAO, D. WU, Y. GUO, Z. ZHANG, AND N. MA

Abstract

Ti-Mo alloys with variable molybdenum (Mo) 
contents were fabricated by the laser-directed 
energy deposition process. The in-depth influencing 
mechanisms of the Mo element on microstructure 
and performance were quantitatively analyzed 
by experiment and first-principal calculation. 
Increasing Mo content decreased the formation 
and cohesive energies and stabilized the 𝛽 phase. 
The grain refining efficiency was increased, and the 
relative grain size was decreased by increasing the 
Mo content. The MS temperature decreased, and 
the acicular martensite formed with increasing Mo 
content. Both the solid-solution hardening and fine 
grain strengthening effects had positive influences, 
while the 𝛽 phase softening effect had a negative 
influence on the hardness and wear performance 
with increasing Mo content.
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Introduction
Titanium alloys have been one of the most widely used 

implant materials owing to their high strength-to-weight 
ratio, high biocompatibility, and biocorrosion resistance 
(Ref. 1). However, the wear performance of conventional 
titanium alloys is relatively low, and their elastic modulus is 

much higher than that of human bone (~30 GPa) (Ref. 2). 
The elastic modulus mismatch could cause a “stress-shield-
ing” effect, thereby leading to bone resorption and implant 
failure (Ref. 3).

Ti-Mo alloys have been developed to decrease the elastic 
modulus. The Mo element is nontoxic and has significant 
influences on the phase morphology and performance of 
the Ti-Mo alloys. Cardoso et al. (Ref. 4) and the phase dia-
gram showed that the 𝛽 phase increased with increasing Mo 
content. Xie et al. (Ref. 5) suggested that the Ti-Mo alloys 
fabricated by selective laser sintering comprised dominant 
𝛼 and 𝛽 phases, and the Mo element stabilized the 𝛽 phase. 
As the elastic modulus and hardness of the Ti-Mo alloys are 
sensitive to the crystal structure and phase morphology, 
Zhang et al. (Ref. 6) and Cardoso et al. (Ref. 4) presented that 
Mo content affected the elastic modulus and hardness by 
changing the phase balance. Xu et al. (Ref. 7) also proposed 
that the compressive strength and bending strength of the 
Ti-Mo alloys decreased with increasing Mo content. However, 
the in-depth influencing mechanisms of the Mo element 
have not been fully considered to date.

Various manufacturing techniques have been employed to 
fabricate the Ti-Mo alloys, such as casting (Ref. 8), microwave 
sintering (Ref. 7), laser powder bed fusion processing (Ref. 
9), and laser-directed energy deposition (L-DED) (Ref. 10). 
L-DED is one type of additive manufacturing process where 
a laser beam is used to form a molten pool in a solid metal 
substrate, into which a stream of blown powder is injected 
(Ref. 11). Compared with the former processes, L-DED could 
reliably and efficiently produce Ti-Mo components at a low 
cost. In this study, L-DED was employed to fabricate the Ti-Mo 
alloys with variable Mo contents. The phase morphology, 
microstructure, hardness, elastic modulus, and wear perfor-
mance were investigated. A first-principal calculation of the 
Ti-Mo alloys was also carried out using density- functional 
theory (DFT). The influencing mechanisms of the Mo element 
on the microstructure and performance of the Ti-Mo alloys 
were revealed.
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Experiment Procedures
Fig. 1A shows a diagram of L-DED of Ti-Mo alloys. Pure Ti 

plates with a dimension of 100 mm (3.93 in.) × 100 mm × 
5 mm (0.197 in.) were used as the substrate. Gas-atomized 
pure Ti (purity > 99.4%) and Mo (purity > 99.6%) powders 
were adopted as the deposited materials, as shown in Figs. 
1B and C. The powders were mechanically mixed using a ball 
milling machine (MITR-YXQM-4L) for 6 h with Al2O3 balls at a 
rotation speed of 400 r/min. During the milling, the mill was 
filled with pure Ar gas. Before the experiment, the powders 
were dried in a vacuum oven to eliminate moisture, and the 
substrates were preheated to 150°C (302°F) to suppress 
crack formation.

The commercial laser machine IPG YLS-6000 with a 
wavelength of 1080 nm and a spot diameter of 2.0 mm was 
adopted as the laser source. The laser power was 1.5 kW, and 
the scanning speed was 0.3 m (0.079 in.)/min. To control the 
oxygen content to be below 100 ppm, the shielding chamber 
was filled with pure Ar gas (99.99% purity) before L-DED, 
and the Ar gas flow rate of the powder nozzle was 9.2 L/min 
during L-DED. The overlapping ratio of the deposited tracks 
was 50%. Five multitrack and multilayer Ti-xMo alloy samples 
(x = 10 wt-% [Case 1], 15 wt-% [Case 2], 20 wt-% [Case 3], 
25 wt-% [Case 4], 30 wt-% [Case 5] with average measured 
values of 9.5 wt-%, 15.6 wt-%, 19.0 wt-%, 25.4 wt-%, and 
30.3 wt-%, respectively, and a dimension of 50 mm [1.968 
in.] × 30 mm [1.181 in.] × 10 mm [0.394 in.]) were fabricated. 
The optical densities were obtained using the percentages of 
pores (e.g., 1-%pores), and the values were 99.58%, 99.63%, 
99.07%, 98.38%, and 96.87%, respectively.

After the L-DED, for each Ti-xMo alloy sample, one spec-
imen was obtained for microstructure analysis and three 
specimens were obtained for performance analyses. The 
metallographic specimens were prepared using the stan-
dard mechanical polishing method and etched with a Kroll 
solution (2.5% HNO3 + 1% HF + 1.5% HCl + 95% H2O) 
for 70 s. The phase compositions were identified by x-ray 
microdiffraction (XRD, Bruker D8 Advance), and the micro-
structural characterizations were investigated by scanning 
electron microscopy (SEM, EM30AXP). The hardnesses of 
the specimens were measured by a Vickers hardness tester 
(HV-1000Z) at a load of 300 g (0.661 lb) and a dwell time 
of 6 s. The average hardnesses of five measurements were 

presented. Nanoindentation tests were performed on the 
specimens using a Hysitron TriboIndenter system equipped 
with a Berkovich indenter. The indents were made using an 
applied load of 200 mN, a loading rate of 600 mN/min, and a 
dwell time of 5 s. Dry sliding wear tests were evaluated using 
a ball-on-disc-type wear tester (MRH-5000W) at a test load 
of 40 N, a sliding speed of 500 r/min, a friction radius of 6 
mm (0.236 in.), and a test time of 900 s. The coefficient of 
friction (COF) after reaching steady state was calculated by:

𝐶𝐶𝐶𝐶𝐶𝐶 = 𝐶𝐶/𝑁𝑁 
 

where F is the friction force and N is the normal force.

First Principal Model
The geometry optimization, elastic, and electronic prop-

erties of Ti-xMo alloys are predicted based on the density 
functional theory (Ref. 12). The projector-augmented wave 
method is utilized to deal with ion-electron interactions. The 
generalized gradient approximation is employed to describe 
exchange and correlation function (Ref. 13). A body-centered 
cubic (bcc) structure is used to model the bcc 𝛽-Ti phase. The 
metallurgical tendency to form a solid solution depends on 
the formation energy (Ef). The cohesive energy (Ec) is defined 
as the work that is needed when a crystal decomposes into 
single atoms. Ef  and Ex can be calculated by (Ref. 14):

𝐸𝐸! =
1

𝑁𝑁"#"$%
(𝐸𝐸"#"$% 

−	𝑁𝑁&'𝐸𝐸(#%')&' −𝑁𝑁*#𝐸𝐸+,-./*# ) 
 

𝐸𝐸! =
1

𝑁𝑁"#"$%
(𝐸𝐸"#"$% 

−	𝑁𝑁&'𝐸𝐸&'$"#( −𝑁𝑁)#𝐸𝐸*+$"#() 

where Ntotal, NTi, NMO are the numbers of total atoms, Ti atoms 
and Mo atoms, respectively, Etotal is the total energy of the 
cell, ETi

solid and EMo   are the energies of Ti and Mo atoms with 
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Fig. 1— A — Diagram of LMD of Ti-Mo alloys; B — surface morphology of pure Ti powders; C — surface 
morphology of pure Mo powders.
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equilibrium lattice parameters, respectively, and ETi          and Eatom
 

are the energies of isolated Ti and Mo atoms, respectively.
For a bcc lattice, there are three independent elastic con-

stants: C11, C12, C44. The bulk modulus B, shear modulus G, and 
Young’s modulus E can be calculated by the elastic constants 
based on the Voigt-Reuss-Hill method (Ref. 15):

𝐸𝐸 = 9𝐵𝐵𝐵𝐵/(3𝐵𝐵 + 𝐵𝐵) 

𝐵𝐵 = 1/2(𝐵𝐵! +𝐵𝐵") 

𝐺𝐺 = 1/2(𝐺𝐺! + 𝐺𝐺") 

 
where BV and GV are the bulk modulus and shear modulus, 
respectively, calculated by the Voigt approximation meth-
od, and BR and GR are the bulk modulus and shear modu-
lus, respectively, calculated by the Reuss approximation  
method.

The microhardness of isotropic solids is calculated by 
(Ref. 16):

𝐻𝐻! = (1 − 2𝜎𝜎)𝐸𝐸/[6(1 + 𝜎𝜎)] 

where 𝜎 is the Poisson’s ratio.

Results
The XRD patterns of the Ti-xMo alloys are shown in Fig. 2A. 

All the Ti-xMo alloys contained hcp 𝛼-Ti and bcc 𝛽-Ti phases. 
When the Mo content was 10 wt-%, the intensities of the 𝛼 
and 𝛽 peaks were comparable. With increasing Mo content, 
the intensity of the 𝛽 peak became stronger. The 𝛽 phase 
became the dominant phase when the Mo content increased 
to 20 wt-% or a higher value. Previous studies suggested that 
an average electron-atom ratio of 4.2 (Pauling valence) was 
required for stabilizing the 𝛽 phase in quenched titanium 
alloys (Ref. 17). The calculated valence electron concentra-
tions of the Ti-xMo alloys are presented in Fig. 2B, and all 
the values are equal to or higher than 4.2, showing the high 
stability of the 𝛽 phase.

As shown in Fig. 3A, the microstructure of the Ti-10 wt-% 
Mo alloy consisted of equiaxed matrix grains (prior 𝛽 phase) 
and lath martensites (M); the grain size was as high as 197.8 
μm. With increasing Mo content, the size of the equiaxed 
grains decreased. In addition, the coarse lath martensites 
changed to fine acicular martensites, as presented in Figs. 
3B-E. Acicular martensite exhibited a needle-like morphol-
ogy, forming elongated, interwoven structures within the 
matrix. In contrast, lath martensites tended to have a flat, 
layered appearance, often forming in grouped packets with 
distinct orientations (Ref. 18).

The measured hardnesses of the Ti-xMo alloys are shown 
in Fig. 3F. The average hardness increased with increasing 
Mo content, except for the Ti-30 wt-% Mo alloy. The peak 
hardness (481.3 HV) was observed for 25 wt-% Mo.

The COF values of the Ti-xMo alloys are shown in Fig. 
4A. The COF value decreased with increasing Mo content, 
except for the Ti-30 wt-% Mo alloy. The minimum COF value 
was observed for 25 wt-% Mo. As shown in Fig. 4B, debris 
was accumulated, and some peeling pits were observed on 
the worn surface of the Ti-10 wt-% Mo alloy, indicating the 

Mo
atom

(4)

(5)

(6)

(7)

Fig. 2 — A — XRD patterns of the Ti-xMo alloys; B — valence electron concentration.
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adhesive wear behavior was dominant. As shown in Figs. 
4C–F, when the Mo contents increased to 15 wt-%, 20 wt-%, 
and 30 wt-%, the debris became smaller, the peeling pits 
disappeared, and plowing grooves appeared, which were 
the characteristics of abrasive wear. When the Mo content 
was 25 wt-%, the debris disappeared and obvious plowing 
grooves were observed, indicating the wear mechanism was 
abrasive wear. The wear performances of the Ti-xMo alloys 
had a similar trend with the hardness results.

Discussion
Collings et al. (Ref. 19) showed that the ω phase formed 

at a high Mo content and a high cooling rate in Ti-Mo alloys. 
Duan et al. (Ref. 20) suggested that in laser powder bed fusion 
processing of Ti-Mo alloys, a low laser energy density pro-
moted a" phase formation. In this study, the laser power was 
high (1.5 kW), and the scanning speed was low (0.3 m [0.984 
ft]/min), so the cooling rate was relatively low. The volume 
fractions of the ω and a" phases were low and were hard to 
detect by XRD. The 𝛼 phase fraction decreased from 68.9% 
to 7.6% when the Mo content increased from 10 wt-% to 30 
wt-%, as shown in Fig. 5A. According to the Ti-Mo equilibrium 
phase diagram (Ref. 21), the solidification path of the Ti-Mo 
alloys can be summarized as follows: L ⇾ L + 𝛽 ⇾ 𝛽 ⇾ 𝛼 +
𝛽. With increasing Mo content, the formation and cohesive 
energies of the 𝛽 phase decreased, as presented in Fig. 5B. 
When the Mo content was 10 wt-%, the cohesive energy of 
the 𝛽 phase was –8.27 eV. The cohesive energies of the 𝛽 
phase decreased by 2.6%, 4.9%, 6.7%, and 8.1%, respectively, 
when the Mo contents increased to 15 wt-%, 20 wt-%, 25 
wt-%, and 30 wt-%. It can be concluded that the increasing 
Mo content enhances the stability of the 𝛽 phase and inhibits 
the 𝛽 ⇾ 𝛼 phase transformation.

During the solidification of the Ti-Mo alloys, segregation 
of the Mo element facilitates constitutional undercooling 
at the solid/liquid interface. Based on the interdependency 
theory for grain refinement, “secondary” nucleation within 
the constitutional undercooling zone can restrict the growth 
of the “primary” grain, resulting in grain refinement (Ref. 22). 
The grain-refining efficiency of solutes can be quantitatively 
expressed by the growth restriction factor Q, as calculated 
by (Ref. 23):

𝑄𝑄 = 	𝑚𝑚𝑐𝑐!(𝑘𝑘 − 1) 

 
where m is the gradient of the liquidus slope, c0 is the 
solute concentration in a binary alloy, and k is the partition 
coefficient.

For the Mo solute, the value of k is about 2.0 (Ref. 23). The 
average value of m is 6.5°C/wt-%. The calculated Q value 
increased with increasing Mo content, as did the grain refining 
efficiency. The maximum Q value was about 195 for Ti-30 
wt-% Mo alloy.

The relative grain size (RGS) for binary alloys can be cal-
culated by (Ref. 24):

𝑅𝑅𝑅𝑅𝑅𝑅 = 	1 − (
𝑚𝑚𝑐𝑐!

𝑚𝑚𝑐𝑐! − ∆𝑇𝑇"
-

#
#$%

 

where ∆Tn is the undercooling required for nucleation, and 
its value is about 12°C (54°F) for 𝛽 titanium alloys. 

(8)

(9)

Fig. 3 — SEM images of: A — Ti-10 wt-% Mo alloy; B — Ti-15 wt-% Mo alloy; C — Ti-20 wt-% Mo alloy; D — Ti-25 
wt-% Mo alloy; E — Ti-30 wt-% Mo alloy; F — hardnesses of the Ti-x Mo alloys.
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The RGS value shows the relative change in grain size 
with the solute concentration and potency of the nucleant 
particles. The undercooling remains constant at 12°C for all 
Ti-xMo alloys. As shown in Fig. 6A, the calculated RGS value 
decreased with increasing Mo content.

For steel and many other alloy systems, the change from 
a slipped to a twinned substructure appears to be related to 
the MS temperature (Ref. 21). Combining the non-equilibrium 

pathway with the specialized Ti-Mo binary phase diagram, 
which includes the MS temperature, provides a multidimen-
sional perspective on phase transformation in Ti-Mo alloys. 
Flower  et al. (Ref. 25) and Huang et al. (Ref. 26) reported the 
MS temperature of Ti-Mo alloys based on thermal analysis 
data. As shown in Fig. 6B, the MS temperature decreases 
with increasing Mo content. Based on previous studies (Refs. 
21, 27), it can be surmised that when the Mo content was 

Fig. 5 — A — 𝛼 phase fraction; B — calculated formation and cohesive energies of the 𝛽 phase.

A B

Fig. 4 — A — Average COF. Wear surface morphology of: B — Ti-10 wt-% Mo alloy; C — Ti-15 wt-% Mo alloy; D — Ti-
20 wt-% Mo alloy; E — Ti-25 wt-% Mo alloy; F — Ti-30 wt-% Mo alloy.
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10 wt-%, the MS temperature was high, and lath marten-
site formed when slip occurred in the prior 𝛽 phase. With 
increasing Mo content, the stability of the 𝛽 phase and solid 
solution strengthening effect enhanced, while the MS tem-
perature decreased. Twins essentially allowed the martensite 
to accommodate its shape deformation more coherently with 
the surrounding matrix, reducing the driving force needed 
for the transformation to proceed. As a result, the slip in the 
prior 𝛽 phase was suppressed and the twinning contributed 
to the lattice invariant shear, causing the acicular martensite 
formation. In summary, the presence of acicular martensite is 
a consequence of both the characteristics of the martensitic 
transformation and the specific influence of the Mo element.

As discussed above, increasing Mo content enhanced the 
grain refining efficiency and decreased the value of RGS, 
thereby refining the grain size, as shown in Fig. 6C. The 
increasing Mo content decreased the MS temperature and, 
thus, promoted the acicular martensite formation.

The atom radius of Mo (136 pm) is smaller than that of Ti 
(145 pm). As a substitution atom, the supersaturated Mo 
atom decreases the lattice constant and volume of the Ti 
matrix. The lattice constant (L) and volume of the Ti matrix 
almost decreased linearly with increasing Mo content, as 
shown in Fig. 7A. The solid-solution hardening effect (Δ𝜎SS) in 
binary alloys is due to the variation in the lattice coordinates 
with respect to ideal positions, which can be calculated by 
(Ref. 28):

Table 1 — Detailed Values of the Parameters

Parameter Z ξ c |δ| η K / MPa.
mm-1/2 Hα / GPa Hβ / GPa

Value 1/550 
(Ref. 31)

2.0  
(Ref. 28)

16 
(Ref. 28) 0.072 2.949 15.7 

(Ref. 29) 2.11 1.43

Fig. 6 — A — Calculated RGS value; B — Ti-Mo binary phase diagram; C — grain size.

A B C

Fig. 7 — A — Calculated lattice constant and volume; B — the contributions of three effects; C — comparisons of 
the experimental and calculated elastic modulus.

A B C
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∆𝜎𝜎!! = 𝐴𝐴𝑥𝑥"/$ 

 
where x is the solute concentration, and A can be simplified as:

 
𝐴𝐴 = 3𝜇𝜇𝜇𝜇&ξ(𝑐𝑐!|𝛿𝛿|! + 𝜂𝜂!)"/!/

$/%	

where 𝜇 is the shear modulus of the alloy, Z is a constant, ξ 
is a parameter related to the activated slip systems in the 
different crystal structures, c is a parameter considering 
the difference in the interaction forces between screw and 
edge dislocations and the solute atom, 𝛿 is the atomic size 
misfit, and 𝜂 is the elastic misfit. Values for the constants 
appear in Table 1.

The grain refinement strengthening effect (𝛥σHP) can be 
described by the Hall-Petch equation (Ref. 29):

∆𝜎𝜎!" = 𝜎𝜎# − 𝜎𝜎$ = 𝐾𝐾𝐷𝐷%&/( 

 
where 𝜎y is the yield strength, D is the grain size, and 𝜎0 and 
K are experimental constants

The indentation hardness of the 𝛼 phase is higher than 
that of the 𝛽 phase, and the contribution of each phase is 
evaluated by the product of the hardness of the phase and 
its fraction (Ref. 30). The hardnesses of the 𝛼 and 𝛽 phases 
were calculated by the first-principal model (Ref. 16), and 
the 𝛼 strengthening effect or 𝛽 phase softening effect (𝛥HPS) 
can be described by:

∆𝐻𝐻!" = 𝐻𝐻#∆𝑓𝑓# +𝐻𝐻$∆𝑓𝑓$ 

 
where H𝛼 and H𝛽 are the hardnesses of the 𝛼 and 𝛽 phases, 
respectively, and 𝛥f𝛼 and 𝛥f𝛽 are the fraction increments of 
the 𝛼 and 𝛽 phases, respectively. The unit of the hardness, 
Gpa, is converted to Hv (1Gpa = 102.04 Hv).

The values of the parameters for calculating 𝛥𝜎SS, 𝛥𝜎HP, and 
𝛥𝜎PS are summarized in Table 1. The hardness is approximately 
three times the yield strength. The hardness of the Ti-10 wt-% 
Mo alloy was adopted as a base value, and the solid-solution 
hardening effect, grain refinement strengthening effect, and 
𝛽 phase softening effect of other alloys were calculated, as 
summarized in Fig. 7B. The solid-solution hardening effect 
had a dominant influence on the hardness increment with 
increasing Mo content, while the grain refinement strength-
ening effect had a minor influence owing to the large grain 
size. When the Mo content increased to 30 wt-%, the 𝛽 phase 
softening effect became dominant and decreased the har-
ness. The calculated hardnesses showed a similar trend as 
the experimental results, except for the Ti-15 wt-% Mo alloy, 
whose hardness decreased, as summarized in Fig. 3F. The 

deviation between the calculated and experimental results 
may have been caused by the neglect of 𝛼 phase morphology 
in the calculation.

As shown in Fig. 7C, in both the experiment and calcula-
tion, the elastic modulus decreased first, then increased, and 
finally decreased with increasing Mo content. The minimum 
values of the experimental and calculated elastic modulus 
were 106.7 Gpa and 64.34 Gpa, respectively. As the 𝛼 phase 
had a higher elastic modulus than the 𝛽 phase and only the 𝛽 
phase was employed in the first-principal model, the exper-
imental values of the elastic modulus were higher than the 
calculated values.

Conclusions
The laser-directed energy deposition process was 

employed to fabricate the Ti-Mo alloys with variable Mo 
contents, and the microstructure and performance were 
investigated based on experiment and calculation. The fol-
lowing conclusions can be drawn:

1. Increasing Mo content decreases the formation and 
cohesive energies, thereby stabilizing the 𝛽 phase.

2. Increasing Mo content increases the grain refining effi-
ciency and decreases the RGS value, thereby refining the 
grain size. 

3. Increasing Mo content decreases the MS temperature 
and promotes the acicular martensite formation.

4. Both the solid-solution hardening and fine grain 
strengthening effects contribute to the increase of the hard-
ness and wear performance, while the 𝛽 phase softening 
effect decreases them with increasing Mo content.
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