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Abstract
Additive manufacturing of β-type titanium alloy is expected to replace Ti–6Al–4V alloy in the field of orthopedic implan-
tation because of their low elastic modulus, excellent corrosion resistance, and biocompatibility. After briefly introducing 
the laser powder bed fusion (LPBF) process and physical phenomena, this paper reviews the recent progresses in LPBF-ed 
β-type Ti alloys. The strategies to strengthening and toughening β-type Ti alloys are critically reviewed. This is followed 
by the processing routes employed to achieve to low modulus for orthopedic applications, especially a new methodology 
for tailoring crystallographic orientation called multi-track coupled directional solidification. The effect of processing and 
compositions on performance metrics of β-type Ti alloys included corrosion behavior, and biocompatibility is reviewed. 
In the end, challenges in additive manufacturing of β-type Ti alloys in future are highlighted, with the aim to ensue clinical 
application of LPBF-ed β-type Ti alloys.
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1  Introduction

Currently, orthopedic implants have been rapidly devel-
oped with the advancement of human aging process and 
the strong demand for health consumption upgrading [1]. 
According to the Organisation for Economic Co-operation 

and Development (OECD), the utilization of hip implants 
continues to increase at a compound annual growth rate of 
1.2% and is expected to increase to 2.8 (2.6–2.9) million 
by the year 2050 (from 1.8 million per year in 2015) [2]. 
Ti–6Al–4V alloy has become one of most ideal implant 
materials due to their good biocompatibility and mechani-
cal properties, and are widely used in orthopedic screws, 
hip replacement implants, spinal fusion cages, dental 
implants, and other fields [3, 4]. However, Al may increase 
the risk of breast cancer and other neurological condi-
tions, such as Alzheimer’s disease. V and its compounds 
may result in carcinogenicity and various adverse effects 
on the respiratory system, blood parameters, liver, neuro-
logical system, and other organs [3, 5]. Besides, its elas-
tic modulus is much higher (110 GPa) than that of human 
bone (10–30 GPa) [3]. The elastic mismatch between the 
bone and implant reduces the load experienced by the bone, 
triggers stress shielding effects, finally causes reduction in 
bone density around the implant, and leads to loosening of 
the implant [6]. β-type Ti alloys have evolved to become 
most potential orthopedic implant materials due to low 
elastic modulus (40–80 GPa) and non-toxic [7–9]. At pre-
sent, the most widely studied β-type Ti alloys are included 
Ti–Nb-based, Ti–Mo-based, and Ti–Ta-based alloys, such 
as Ti–45Nb [10], Ti–13Nb–13Zr [11], Ti–35Nb–7Zr–5Ta 
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[12], Ti–35Nb–2Ta–3Zr [13], Ti–24Nb–4Zr–8Sn [14, 15], 
Ti–15Mo [16], and Ti–25Ta [17]. The development of β-type 
Ti alloys is focused on three considerations as follows: 
design of alloy composition, thermo-mechanical process-
ing, and performance evaluation. The approaches of alloy 
compositions design are mainly involved as molybdenum 
equivalent (Moeq) [1], d-electron method [18], and valence 
electron concentration [19]. Besides, β-type Ti alloys are 
thermo-mechanically processed to increase their strength 
while maintaining low modulus. However, the mechanical 
properties and elastic modulus of β-type Ti alloys prepared 
by traditional processing methods are difficult to achieve 
great breakthroughs to meet patients' pursuit of higher qual-
ity and healthy life.

Additive manufacturing (AM), as an intelligent manufac-
turing technology, allows parts to be designed and machined 
without being constrained by geometry [20–25]. Therefore, 
AM processes have pioneered optimum success in bone tis-
sue engineering such as enabling new model approaches and 
capability of precisely reproducing patient-specific implants. 
In other words, acceleration of healing and customized 
mechanical properties can be achieved through AM [9, 26]. 
Especially, combined with the processing characteristics of 
AM, the prepared Ti alloys often have better mechanical 
properties than the traditional process [27–29]. Among dif-
ferent AM technologies, laser powder bed fusion (LPBF) is 
the most widely used process for producing Ti implants due 
to the ability to enhance mechanical properties and feature 
complexity [26]. Up to now, most of the research focuses on 
the influence of LPBF process parameters on forming qual-
ity (involving the formation of pores and cracks) [30–32], 
microstructure and mechanical properties [33, 34]. It is grat-
ifying that researchers have made surprising achievements 
in the acknowledgement of processing principle of LPBF 
and the tailoring of microstructure and desired mechanical 
properties [35–38]. However, a detailed topical review on 
LPBF-ed β-type Ti alloys for orthopedic applications is not 
available despite the rapid advances in this field and serves 
as the theme of this article. Specifically, strengthening and 
toughening, strategies to Young’s modulus reduction, cor-
rosion resistance, and biocompatibility of LPBF-ed β-type 
Ti alloys are systematically reviewed here.

2 � Laser Powder Bed Fusion (LPBF)

Laser powder bed fusion (LPBF) is a micro-area rapid 
solidification process, which adopts layer-by-laser melting 
of the powder, using a high-energy laser beam(s) in an inert 
atmosphere, the melting sequence being in accordance with 
the CAD [8, 39–41]. The whole process involves fusing the 
initial powder layer onto the base substrate, initially lev-
eling it on the build platform, and then stacking subsequent 

powder layers on top of the curing layer in turn until the 
final part is complete [42, 43]. Part optimization in LPBF 
typically requires control of key process parameters, includ-
ing laser power, scanning speed, hatch spacing, and layer 
thickness which decides energy density, E (J/mm3). Due to 
the different thermal histories of the materials and the differ-
ent irradiation sources used to produce the parts, the energy 
density used for different materials and machines can also 
vary greatly. Therefore, it is generally necessary to explore 
the process parameters of alloys to determine the optimal 
process parameter window at initial LPBF process, espe-
cially for new materials.

Material solidification in the LPBF process differs from 
traditional cast, where the melt solidification depends largely 
on rapid temperature changes, gravity effects, and melt con-
vection without the application of external pressure. In the 
LPBF process, the laser power, scanning speed, scanning 
spacing, powder thickness, preheating temperature, and 
other process parameters will affect the melt pool size, tem-
perature gradient, and cooling rate [44]. Meanwhile, various 
physical phenomena and metallurgical reactions inside the 
melt pool are closely related to these process parameters 
[45]. When the powder bed is irradiated by the laser, the 
laser reflects on the surface of the powder for many times, 
making the laser penetrate continuously along the depth 
direction. The powder absorbs the photon energy and con-
verts it into heat energy. The absorbed heat energy distri-
bution depends on the apparent density and reflectivity of 
the powder in the top powder layer. The powder instantly 
reaches the melting point to form a melt pool, at which time 
a variety of physical phenomena will occur in and around 
the melt pool [45]. First of all, the powder melts to form a 
melt pool of several hundred microns or even millimeters, 
and the molten metal liquid inside the melt pool is convec-
tive under external forces such as viscosity, gravity, surface 
tension, capillary action, Marangoni convection, and evapo-
ration pressure [46, 47]. Depending on the process and mate-
rial, these forces can have different effects. The melt pool 
life is usually short, the viscosity is very low, and the effect 
of gravity is small compared to the effect of other forces 
[48]. The unstable melt pool will split under the action of 
Rayleigh–Taylor instability and form a single molten sphere 
under surface tension, that is, balling occurs [49–52]. The 
Marangoni force induces fluid movement away from the 
peak temperature of the melt pool center and accelerates 
heat transfer [53, 54]. Due to the high temperature of the 
melt pool, the material is easy to evaporate, and the result-
ing recoil pressure drives the fluid movement, while these 
pressures lead to the formation of so-called keyholes [30]. 
In addition, the recoil pressure also drives the powder near 
the molten pool, producing what is known as splashing and 
denudation [55]. Besides, selective evaporation of volatile 
elements changes the local and global material composition 
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[56]. After the material melts and consolidates, the tem-
perature decreases and the material solidifies. Material 
shrinkage during solidification will cause stress in the sur-
rounding material, which can be partially relaxed during the 
subsequent process [57]. It should be noted that the residual 
stress inside the component is the main cause of deforma-
tion [47, 58]. The above physical processes and metallurgi-
cal phenomena are completed in an instant, resulting in an 
extremely fast cooling rate (103–108 K/s) inside the melt 
pool. It can be seen that LPBF can be regarded as the rapid 
solidification of a small region. Complex physical phenom-
ena and metallurgical processes occur in and around the 
melt pool, which will directly affect the microstructure and 
mechanical properties of the alloy. Therefore, these phenom-
ena have to be considered in the alloy design and microstruc-
ture property regulation. Figure 1 shows the dynamic physi-
cal phenomena inside the molten pool during melting [45].

3 � Strengthening and Toughening of LPBF 
Biomedical β‑Type Titanium Alloy

The yield strength of alloys is closely related to their com-
position and microstructure. Traditional manufacturing 
routes such as forging, rolling, and heat treatment improve 
the strength through grain boundary strengthening, disloca-
tion strengthening, and precipitation strengthening. Simi-
larly, due to the characteristics of LPBF technology such as 
fast cooling rate, high thermal stress, and in situ cyclic heat 
treatment, the prepared alloys generally have smaller grain 
size, micro-/nanoparticle precipitation phase, and higher 
dislocation density, thereby high strength [27, 29, 59]. By 

optimizing process parameters, the distinct microstructures 
and improved strength can be achieved. For example, the 
LPBF-ed Ti–15Mo alloy using different energy densities 
has a strength improvement of nearly 200 MPa compared to 
traditional processing techniques such as rolling and forg-
ing [16]. This is due to the rapid temperature rise and drop 
during the LPBF process, which results in the alloy having 
smaller grain size and higher dislocation density. Likewise, 
Prashanth et al. utilized the rapid solidification of micro-
region to introduce high-density geometrically necessary 
dislocations in Ti–35Nb–7Zr–5Ta alloy, which increased 
its strength by approximately 137 MPa compared to spark 
plasma sintering [60]. In addition to utilizing the rapid cool-
ing, the in situ cyclic heat treatment during LPBF is easy 
to induce precipitates in β-type titanium alloys, eventually 
result in the high strength. For example, Fig. 2 illustrates 
the morphology and distribution of secondary phases of 
LPBF-ed Ti–12Mo–6Zr–2Fe alloy using transmission elec-
tron microscopy (TEM) [61]. The HAADF-STEM image 
(Fig. 2c-d) further reveals the distribution of α″ phase, with 
three variants, inside the matrix grains. EDX elemental maps 
(Fig. 2e–f) of a representative area containing α″ phase tri-
angle show that there is a pronounced composition differ-
ence between α″ and the β phase matrix. The high-density α″ 
phase could cause a strength of up to 1291 MPa but almost 
no plasticity. It is interesting that the use of checkerboard 
scanning strategy can change the peak temperature, cool-
ing rate and temperature oscillation area, so as to avoid the 
brittle ω phase precipitation and achieve high strength and 
high plasticity (σs = 1026 MPa, εf = 12.7%, Fig. 2i). Unlike 
in situ heat treatment with LPBF, the precipitation can also 
be achieved through post-treatment to achieve strengthening 

Fig. 1   Dominant physical phenomena during melting [45]
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in Ti–13Nb–13Zr alloy [62] or obtain superior functional 
properties in NiTi alloys [34]. For example, a stable and 
high tensile recovery strain was obtained in the heat-treated 
NiTi alloys owing to the formation of the Ni4Ti3 nanopre-
cipitate, which can induce the saturation of the dislocations 
formed at critical tensile cycles. Besides, combining with 
the differences in nucleation and grain growth in different 
regions of the melt pool can also obtain good mechanical 
properties. Typical heterogeneous structure consisting of a 
bimodal structure with fine grains wrapped in coarse grains 
can achieve a good combination of strength and plasticity 
because of the back stress [59, 63].

Not limited to grain boundary strengthening, disloca-
tion strengthening, precipitation strengthening, if com-
bined with LPBF forming principle, alloy system, and other 
unique characteristics, it is possible to obtain unexpected 
results. Generally, the deformation mode of the metastable 
β-type Ti alloys gradually changes from strain-induced α″ 
martensitic transformation, strain-induced ω phase trans-
formation, {332}⟨113⟩ twining, {112}⟨111⟩ twining, and 
dislocation slip with the increase of β phase stability, and 
the corresponding yield strength gradually increases [64]. 
By means of traditional plastic deformation, high-density 
dislocations, twinning, and martensite can be introduced to 
improve the yield strength, but inevitably reducing plastic-
ity. LPBF has the characteristics of rapid solidification, and 
high thermal stress is easy to induce twin, martensite, and 
high-density dislocation in metastable β-type Ti alloys such 
as Ti–35Nb–7Zr–Ta alloy. The superfine {112}⟨111⟩ twin 
with coherent ω phase interface can continuously prevent 
dislocation slip, and realize strain delocalization by assisting 

twin growth to release the stress concentration caused by 
dislocation plug at the front of phase interface, and finally 
obtain excellent mechanical properties (Fig. 3). This strat-
egy improving the mechanical properties of β-type Ti alloys 
by introducing crystalline defects (dislocations, twins, etc.) 
was defined as defect engineering in Ref. [28]. In order to 
obtain better mechanical properties, a new idea of tailor-
ing mechanical properties of Ti–35Nb–7Zr–Ta alloy based 
on metastable phase interception is proposed in Fig. 4. 
Figure 4a shows that a schematic diagram (Fig. 4a) of the 
microstructure evolution and corresponding globulariza-
tion mechanism with different heat treatment times. In the I 
stage, the continuous thin shell-shaped S1 phase to split into 
segments and getting discontinuous by termination migra-
tion. In the II stage, the S1 phase gradually dissolved and the 
Si atoms diffused form the S1 phases into β-Ti matrix, result-
ing in the transition of S1 → (Ti, Nb, Zr)2Si (S2) phases. 
In the last III stage, coarsening or dissolution of S2 phase 
with different sizes is mainly controlled by Ostwald ripen-
ing, causing a decrease in the number of the S2 phase at 
the grain boundaries. Figure 4b, c shows the evolution of 
silicide after heat treatment. Ultimately, exhibiting ultra-high 
yield strength of 978 MPa and large elongation of 10.4%, 
occupying an outstanding regime in the strength and duc-
tility space of Ti–Nb–Zr–Ta alloys in Fig. 4d. Simply put, 
non-equilibrium rapid solidification of LPBF trapped the 
continuously distributed ultra-fine S1 metastable phase at 
the grain boundaries and poor plasticity. After heat treat-
ment, the “termination migration” promoted the continu-
ous S1 phase transform into intermittent spherical particles 
and transforming S1 metastable phase into intermittent S2 

Fig. 2   a A schematic represents in situ heat treatment during the laser remelts; b a 3D morphology of LPBF-ed Ti–12Mo–6Zr–2Fe sample; c 
bright-field TEM image of a selected area containing α″ phase; d the SAED pattern along the [ 111]β zone axis collected from the black dotted 
circle in c showing the orientation relationship of [ 110]α″//[111]β; e–h EDX elemental maps of Ti, Mo, Zr, and Fe collected from c, respectively; 
i the engineering (solid lines) and true (dotted lines) stress–strain curves of as-fabricated simple-scanned (AF-SS), (chess-scanned) AF-CS, and 
(solution heat-treated chess-scanned) ST–CS Ti–12Mo–6Zr–2Fe alloys [61]
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Fig. 3   Lamellar mechanical twins in LPBF-ed Ti–35Nb–7Zr–5Ta alloy before a, b and after c, d deformation, e schematic illustration of interac-
tion mechanism between twin and dislocation during tensile deformation, f tensile yield strength vs elongation of the Ti–35Nb–7Zr–5Ta alloy 
samples and other representative β-Ti alloys fabricated by various materials processing methods [28]

Fig. 4   a Schematic diagram of microstructure evolution and globularization mechanism with different heat treatment times, TEM morphology of 
the LPBF-ed b and heat-treated c Ti–Nb–Zr–Ta–Si alloys, d yield strength and elongation to failure of Ti–Nb–Zr–Ta alloys and Ti–Nb–Zr–Ta–
Si alloys [65]
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stable phase and finally achieving the alloy strengthening 
and toughening [65]. In conclusion, taking full advantage 
of the capabilities offered by AM for simultaneous and syn-
ergistic advancement of both alloy and process together can 
unlock the full potential of alloy performance.

4 � Modulus Reduction of LPBF Biomedical 
β‑Type Titanium Alloy

The elastic modulus of medical implant materials is an 
important mechanical property index to evaluate whether 
it is suitable for long-term implantation. The currently 
widely used Ti–6Al–4V alloy causes “stress shielding” 
due to its high elastic modulus (110 GPa) [66]. At present, 
there are three methods to reduce the elastic modulus of 
alloys: alloy design, lattice structure, and texture control. 
For alloy design, commonly used alloy design methods 
include molybdenum equivalent (Moeq) [67], average elec-
tron-to-atom ratio (e/a) [68, 69], d-electron method ( Bo
–Md diagram) [18, 70, 71], and semiempirical approach 
[19]. The designed alloys include Ti–29Nb–13Ta–4.6Zr 
[72], Ti–29Nb–13Ta–4Mo [71], Ti–6Mo–4Zr [19], 
Ti–11Nb–38Zr [73], Ti–36Nb–2Ta–3Zr–0.3O [74], 
Ti–24Nb–4Zr–8Sn [75], etc. The elastic modulus of most 
β-type titanium alloys mentioned above is generally 40–80 
GPa. It can be seen that the minimum limit elastic modu-
lus of β-type titanium alloy designed by the composition 
design method is not less than 40 GPa, and there is a cer-
tain gap with the elastic modulus of human bone. Differ-
ent from the alloy design, additively manufactured lattice 
structures of titanium alloys are another strategy to reduce 

the elastic modulus [21]. For example, Jam produced regu-
lar cubic cells by LPBF and low elastic modulus of 1 GPa 
was obtained along the cube side direction [76]. Besides, 
some other strategies, like addition of composites or alloying 
element or forming α nanoprecipitates to reduce modulus 
in heat-treated fabricated beta-Ti alloy, were also reported 
[77–79]. Texture control is another very effective strategy 
for preparing alloys with low elastic modulus. The following 
mainly introduces the research work on the LPBF to achieve 
low elastic modulus. Since LPBF has the characteristics of 
rapid solidification in micro-areas and fast cooling rate, the 
prepared alloy often has a 〈001〉 preferred orientation par-
allel to the building direction [80–83]. The 〈001〉 orienta-
tion is the direction with the lowest elastic modulus in cubic 
alloys, so it is commonly used to prepare 〈001〉 preferred 
orientation to control the elastic modulus. For example, 
Takayoshi obtained {001}⟨100⟩ cubic textures in different 
directions through unidirectional and 90° scanning strate-
gies to achieve low elastic modulus [84]. Figure 5a, c shows 
the crystallographic textures in the three orthogonal cross-
sections in samples fabricated by scan strategies X and XY, 
respectively. The corresponding {001} and {011} pole figures 
measured in the y–z plane are shown in Fig. 5b, d. When 
scan strategy X was applied, strong 〈001〉 and 〈011〉 
alignments occurred along the scanning (x) and building (z) 
directions, respectively. On the contrary, scan strategy XY 
gave rise to a strong 〈001〉 alignments along the x, y, 
and z directions. As a result, causing the crystallographic 
orientation parallel to the building direction to change from 
〈110〉 is 〈001〉, the elastic modulus decreases from 
99.6 to 75.7 GPa. Different from changing the laser scanning 
strategy, when preparing Ti–Cr alloy by LPBF, changing the 

Fig. 5   a, c Inverse pole figure (IPF) images taken in the three orthogonal planes. b, d {001} and {011} pole figures of the products measured in 
the y–z plane [84]
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laser energy density can also obtain the 〈001〉 orienta-
tion paralleled to the building direction [85]. Coincidentally, 
Chen et al. found that the 〈001〉 preferred orientation can 
be controlled by changing the laser scanning spacing in the 
LPBF-ed Ti–37Nb–6Sn alloy [86]. Combining with the 
in situ heat treatment of LPBF to precipitate the α″ phase, 
the Ti–37Nb–6Sn alloy has a low elastic modulus (66 GPa) 
and high tensile strength (891 MPa). Similar research on 
obtaining the 〈001〉 preferred orientation parallel to the 
building direction by changing the scanning spacing has 
also been reported in Inconel 718 [87] and NiTi alloy [88]. 
In summary, by changing some LPBF parameters, such as 
laser power, scanning speed, scanning spacing, and scanning 
strategy, 〈001〉 orientation parallel to the building direc-
tion can be achieved.

However, it is a challenge to achieve 〈001〉 orienta-
tion along arbitrary three-dimensional direction to meet the 
requirements of precise and controllable low elastic modulus 
that adapts to the complex stress environment of the human 
body. Then a question arises from this, what is the nature 
of controlling preferred 〈001〉 orientation, and how to 
achieve accurate and controllable low elastic modulus? As 
we all know, LPBF can be regarded as micro-area rapid 
solidification. Therefore, the extremely large temperature 
gradient (G) inside the melt pool and the solidification rate 
(R) at the front edge of the solid–liquid interface determine 
the solidification mode of the liquid metal [89–91]. For most 
β-type Ti alloys contain growth restriction elements such 
as Nb and Zr [90], the large temperature gradient of LPBF 
can easily cause large G/R. Therefore, most β-type Ti alloys 
solidify and grow in the form of columnar crystals. In this 
case, the 〈001〉 preferred growth direction of columnar 
crystals is controlled by the temperature gradient direction 
determined by the curvature of the melt pool interface [92]. 
The temperature gradient direction is generally perpendicu-
lar to the solid–liquid interface of the melt pool. Therefore, 
all factors that affect the geometry of the melt pool will 
affect the growth direction of columnar crystals (〈001〉 
crystallographic orientation). Generally, the temperature 
gradient direction at the bottom of the melt pool is generally 
parallel to the building direction [93–95]. With the assis-
tance of epitaxial growth, the alloy prepared by LPBF easily 
forms a 〈001〉 crystallographic orientation parallel to the 
building direction. But at the broadside of the melt pool, the 
temperature gradient direction of the melt pool boundary 
is not parallel to the building direction. So there is orienta-
tion selection under the competition between the columnar 
growth direction and the temperature gradient direction. If 
the temperature gradient direction of the melt pool bound-
ary can be controlled, then the 〈001〉 crystallographic 
orientation can be customized, and ultimately the control 
of arbitrary 〈001〉 crystallographic orientation within 
the spatial range can be achieved. A new methodology for 

tailoring crystallographic orientation was established by 
fully considering the relationship between the melt pool 
geometry, temperature gradient, and the growth direction 
of columnar crystals, called multi-track coupled directional 
solidification (MTCDS) [96], as shown in Fig. 6. Figure 6a 
presents directional solidification along a specific growth 
direction of the columnar grain (GDCG) by precisely cou-
pling multi-track melt pools. The CD sector has an almost 
unchanged temperature gradient direction (TGD), ensuring 
constant growth direction of the columnar grains. Figure 6b, 
c shows the scanning electron microscopy (SEM) and elec-
tron backscatter diffraction (EBSD) images of the single 
track. The transverse cross-section of the single track has 
a specific domain that consists of multiple columnar grains 
growing epitaxially from preexisting polycrystals. By pre-
cisely coupling multi-track melt pools with a tailored tem-
perature gradient direction, 〈001〉 crystallographic ori-
entation along specific spatial direction and corresponding 
low elastic modulus can be achieved (Fig. 6d–l). In addition, 
the letters S, C, U, and T with different 〈001〉 crystallo-
graphic orientation can be produced by MTCDS (Fig. 6m). 
This means that the MTCDS methodology can be general-
ized to a wide range of applications where specific crystal-
lographic orientation at defined locations/region of a com-
ponent is needed, especially for medical load-bearing bone 
implants with microstructure-controlled and locally variable 
elastic modulus for optimal stress shielding reduction. In 
summary, taking full account of the relationship among melt 
pool geometry, temperature gradient and columnar crystal 
growth direction during LPBF, it is expected that program-
ming crystallographic orientation in additive-manufactured 
alloy to obtain the desired performance.

5 � Corrosion Resistance and Biocompatibility 
of SLM Medical β Titanium Alloy

5.1 � Corrosion Resistance

The complex fluid environment in the human body (Na+, 
Cl−, pH, and oxygen concentration) determines that the 
implant material must have good corrosion resistance 
to guarantee long service [5]. For most β-type Ti alloys 
including Nb and Ta, the formed stable Nb2O5, Ta2O5, 
and NbO2 oxides can protect the alloy well and prevent 
further corrosion. Compared with the influence of alloying 
elements, the effect of microstructure on corrosion resist-
ance is more important. Studies have shown that refining 
grain can reduce the passivation film with defects on the 
surface of titanium alloys, and improve the repair abil-
ity of passivation film [10, 97]. In addition, alloys with 
nanoscale grains are more likely to promote the forma-
tion of passivation films with better protection such as 
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Ti–25Nb–3Mo–3Zr–2Sn alloy [98]. This is due to the 
large number of grain boundaries that weaken the tendency 
of uneven distribution of alloy elements. Compared with 
β-type Ti alloys produced by traditional manufacturing 
methods, the LPBF-ed Ti alloys have smaller grain size, 
greater internal stress, and stronger texture distribution, so 
their corrosion resistance is different from that prepared by 
traditional manufacturing methods. For example, Ummeth-
ala et al. found that the LPBF-ed Ti–35Nb–7Zr–5Ta alloy 
has the highest polarization resistance and the lowest cor-
rosion current in the direction of 45° from the building 
direction, which is due to the smaller grain size in the 
direction of 45°, the higher degree of lattice distortion, 
and the 〈 110 〉 preferred orientation [99]. In addition to 
the influence of the microstructure, the corrosion is related 
to the concentration and state of the solution. For exam-
ple, compared with the oxide film formed in the dynamic 

condition, a slightly higher thickness and better corrosion 
resistance of the formed oxide film is formed in the static 
condition. The oxide film formed under the static con-
dition has also better quality than the one formed under 
the dynamic condition, as shown in Fig. 7 [100]. Specifi-
cally, samples in static condition has a slightly lower pas-
sive current density than of in dynamic condition [101]. 
Besides, Qin et al. compared the corrosion behavior of 
printed and forged Ti–24Nb–4Zr–8Sn alloy in NaCl solu-
tion and Hank's solution, and the results showed that the 
polarization resistance and corrosion potential of the two 
alloys were basically similar, which they believed was 
caused by the single β phase of the two alloys rather than 
the technological difference [100]. It can be seen that 
the microstructure, phase composition, and grain size of 
β-type Ti alloys prepared by LPBF are important factors 
affecting their corrosion properties.

Fig. 6   a Schematic of MTCDS technique. Points B and E are the intersections between the top and bottom layers. Points B and C are the inter-
sections between the left and right adjacent melt pools. The melt pool angle θ is the angle between line CD and the horizontal direction. The 
columnar grain angle α is the angle between the GDCG and the horizontal direction. The TGD is normal to the melt pool boundary and approxi-
mately normal to line CD. b, c SEM and EBSD images of single melt track. d–g Inverse pole figure and h–k 〈001〉 pole figure of 〈001〉 
dendrites with different spatial orientation. l The elastic modulus along the construction direction with the 〈001〉 crystallographic orientation. 
m Letters S, C, U, and T produced by scanning speeds of 600, 800, 1000, and 1400 mm/s, respectively, exhibiting different deviation angles rela-
tive to the building direction. The surrounding matrix is produced at the scanning speed of 1400 mm/s [96]
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5.2 � Biocompatibility

According to the ISO interpretation, biocompatibility is 
the compatibility between a substance and a tissue or organ 
without rejection, which requires that the reaction between 
the implant and the host (blood response, immune response, 
tissue response, etc.) is moderate. Therefore, implant materi-
als are first required that it does not contain toxic elements 
and will not cause any inflammation or allergic reaction in 
the human body after implantation [102]. For most of the 
medical β-type Ti alloys, it mainly contains Nb, Zr, Ta, Sn, 
and other bioactive elements, thereby good biocompatibil-
ity [103]. At present, the biocompatibility studies of LPBF-
ed β-type Ti alloys are mainly divided into two categories: 
The first is to study the biocompatibility of the composi-
tions inside the additive-manufactured alloys, that is, the 
use of mechanical processing to remove the surface print-
ing layer, and the biological characteristics of the implant 
material such as cytotoxicity, cell proliferation, cell paste, 
and genetic toxicity are characterized by in vitro cell exper-
iments and animal experiments. For example, Luo et al.
[104] found through in vitro cell experiments that LPBF-ed 
Ti–30Nb–5Ta–3Zr alloy had better cell proliferation abil-
ity than Ti–6Al–4V alloy. Similarly, other LPBF-ed β-type 
titanium alloys, such as Ti–25Nb [105], Ti–34Nb–13Ta–5Zr 
[106], and Ti–15Ta–10.5Zr [107], all show good biocompat-
ibility. The second category is to study the biocompatibil-
ity of LPBF-ed porous β-type titanium alloys. The surface 
of the alloy was not machined, or only a simple treatment 
was carried out to remove the excess powder on the sur-
face when conducting measurements. For example, Guo 
conducted in vitro osteogenesis and in vivo bone integra-
tion experiments of Ti–36Nb–2Zr–2Ta porous structure on 

human bone marrow mesenchymal stem cells and rabbit 
lateral femoral condyle, respectively [108]. They found that 
Ti–36Nb–2Zr–2Ta porous structure promoted bone regener-
ation and bone integration more effectively than Ti–6Al–4V. 
It is not difficult to see that the β-type titanium alloys have 
good biocompatibility, which is due to the inclusion of 
bioactive elements Nb, Zr, Ta, and so on. In addition, Sun 
et al. found in animal experiments that the introduction of 
Si into Ti–Nb–Zr–Ta alloy was conducive to enhancing cell 
adhesion, proliferation and differentiation, and accelerated 
bone formation [109]. In view of the effect of Si element 
on mechanical properties and biocompatibility of alloys, 
it is reported that the introduction of Si can refine grain, 
strengthen mechanical properties, and improve biocompat-
ibility in LPBF-ed Ti–Nb–Zr–Ta–Si alloys [7]. Therefore, 
it can be seen that Si as a bioactive element is beneficial to 
improve the biocompatibility of the alloy.

6 � Conclusions and Prospects

Although LPBF has great advantages and a series of pro-
gress in the manufacture of orthopedic implant β-type Ti 
alloys, there are still big challenges to be widely used in clin-
ical medicine like Ti-6AL-4V, mainly the following points:

1.	 Extreme high temperature gradients and rapid solidifica-
tion rates lead to uncontrollable non-equilibrium phases 
and microstructure. Various metallurgical processes 
make it difficult to control and predict the stability and 
heat transfer of melt pools. This often causes certain 
problems, such as layer separation, residual stress lead-
ing to warping and balling effect. Although the above 

Fig. 7   Corrosion behavior and characteristics of passive films of laser powder bed fusion produced Ti–6Al–4V in static and dynamic Hank’s 
solution [100]



26	 X. Luo et al.

problems can be avoided through the optimization of 
process parameters, the LPBF dynamic manufacturing 
process significantly affects the stability of the forming 
quality and the homogenization of the microstructure. In 
particular, pores can be largely eliminated by parameter 
optimization, but they are inevitably mixed with pores 
due to powder splashing and denudation. These are dif-
ficult to ensure the reliability and stability of parts in 
service.

2.	 At present, there are many kinds of LPBF-ed β-type Ti 
alloys, most of the research focuses on how to improve 
the strength and reduce the elastic modulus. Research 
on biocompatibility is still in the experimental stage. In 
order to ensure the long-term effective service of ortho-
pedic implants, it is important to improve their biocom-
patibility. Therefore, it is necessary to rapidly promote 
the various clinical medical verification and ethical 
review of LPBF-ed β-type Ti alloys, which is crucial 
to rapidly promote the clinical application of β-type Ti 
alloys for orthopedic implants.

3.	 The gas-atomized spherical metal powder used in LPBF 
is generally melted to prepare the bar, then the gas-atom-
ized powder, and finally the metal powder suitable for 
LPBF. This makes metal powder expensive. In order to 
solve this problem, the range of powder products such as 
metals should be increased and improved, thereby reduc-
ing costs. For example, more affordable hydrogenated–
dehydrogenerated and hydride–dehydride cp-Ti powders 
have been developed as alternatives to gas-atomized 
spherical powders to produce bone implants via LPBF. 
The outcomes of both showed improved mechanical 
strength and biocompatibility. Another reason for the 
high cost of LPBF is that the performance of the powder 
will be greatly deteriorated after repeated use, so that 
new powder has to be used to ensure the performance of 
the component. A discharge plasma modification (DPM) 
method to heal out-of-specification Ti powder recycled 
during LPBF has been proposed, which can be used to 
manufacture high-performance bulk Ti via LPBF [110]. 
This provides a new inspiration for powder reuse. In 
addition to considering the cost of the powder, the effect 
of the powder produced by hydride–dehydride technique 
on the required properties also needs to be considered. 
For example, the thermal oxidation could improve the 
wear and fatigue properties of TNT5Zr–0.2O alloys 
manufactured by LPBF [111]. Therefore, there are still 
challenges in balancing the cost of the powder with the 
performance of the component.
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