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Abstract 9 

 This study measured the tensile, compression, and fatigue behavior of additively 10 

manufactured Ti3Al2V as a function of build orientation. Ti3Al2V alloy was prepared by mixing 11 

commercially pure titanium (CpTi) and Ti6Al4V in 1:1 wt. ratio. Laser powder bed fusion (L-12 

PBF) based additive manufacturing (AM) technique was used to fabricate the samples. Tensile 13 

tests resulted in an ultimate strength of 989 ± 8 MPa for Ti3Al2V. Ti6Al4V 90o orientation 14 

samples showed a compressive yield strength of 1178 ± 33 MPa, and that for Ti3Al2V 90o 15 

orientation was 968 ± 24 MPa. Varying the build orientation to account for anisotropy, Ti32-45o 16 

and Ti32-0o displayed similar compressive yield strength values of 1071 ± 16 and 1051± 18 17 

MPa, respectively, higher than Ti32-90o. Fatigue loading revealed an endurance limit (10 million 18 

cycles) of 250 MPa for Ti6Al4V and 219 MPa for Ti3Al2V built at 90° orientations. The effect 19 

of the build orientation was significant under fatigue loading; Ti3Al2V built at 45° displayed an 20 

endurance limit of 387.5 MPa, and 0° showed 512 MPa; more than two-fold increment in 21 

endurance limit was observed. Our results show the potential of Ti3Al2V alloy for orthopedic 22 

devices, replacing Ti6Al4V alloy, particularly in load-bearing applications. 23 
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1. Introduction 5 

The critical factors in metallic biomaterial selection include mechanical properties, 6 

cytotoxicity, corrosion resistance, and biocompatibility. Titanium (Ti) alloys are the most popular 7 

choice for load-bearing implant applications among metallic biomaterials [1], [2]. Commercially 8 

pure titanium (CpTi) shows no cytotoxicity and excellent corrosion resistance, popularizing it for 9 

over six decades as a first-generation Ti-based biomaterial [3]. Implant devices for hard tissue 10 

replacement at load-bearing sites demand high strength and excellent fatigue resistance. CpTi 11 

exhibits poor fatigue performance. The ideal replacement was found in aerospace materials: an 12 

alloy Ti6Al4V designed by the Army Research Laboratory in the 1950s to achieve high-13 

temperature oxidation resistance for jet engines [4]–[6]. Ti6Al4V shows high strength and 14 

excellent fatigue resistance compared to CpTi. Despite Ti6Al4V demonstrating lower 15 

biocompatibility than CpTi [7], [8], Ti6Al4V alloy has been employed as the ultimate orthopedic 16 

implant material of choice over the past six decades [5], [9]–[12]. 17 

Along with promising mechanical performance, biocompatibility also plays a vital role in 18 

the implant's stability and longevity [13]. Improper implant fixation is one of the major issues 19 

causing the need for revision surgery procedures. Delayed tissue growth, implant surface 20 

integration, and host bone attachment are attributed to the material biocompatibility [14]. Since 21 

Ti6Al4V does not aid in accelerated bone healing [13], elderly patients with compromised bone 22 

health often face the issue of implant loosening. Revision surgery procedures on such patients 23 

severely affect their health and may ultimately reduce their life expectancy. To account for the 24 
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poor biocompatibility of α+ phase Ti6Al4V, the design and development of various high-1 

strength-low-modulus -Ti alloys with a relatively higher fraction of a variety of biocompatible β 2 

stabilizers such as Mo, Nb, Ta, Fe, Cr, Zr, have been reported [3], [15], [16]. Although these -Ti 3 

alloys exhibited superior biological performance, they lacked fatigue strength compared to 4 

Ti6Al4V, making them less than ideal for most load-bearing applications [17]–[19]. Lin et al. 5 

demonstrated the fatigue strength of commercial Ti-13Nb-13Zr [20] and Ti-7.5Mo [21] −Ti 6 

alloys to be poorer than both Ti6Al4V and CpTi [17]. The search for a suitable Ti-alloy with 7 

enhanced biocompatibility and adequate mechanical performance, especially fatigue strength, 8 

persists. 9 

An implant surgically placed in vivo at a load-bearing site is constantly under cyclic 10 

loading conditions. Fatigue being the dominant means of mechanical failure [22], fatigue 11 

resistance is one of the critical parameters determining the implant's longevity [23]. Since -Ti 12 

alloys show poorer fatigue performance [3], a different approach to alloy design must be 13 

implemented. Instead of exploring the -Ti alloy development, we decided to dive into the roots 14 

of Ti6Al4V alloy development and stay in the α+-Ti phase domain. The Al and V alloying 15 

elements result in high strength and excellent fatigue resistance in Ti6Al4V. This alloy was not 16 

explicitly designed for orthopedic applications but borrowed from the aerospace sector. As 17 

discussed, CpTi shows better biocompatibility than Ti6Al4V. A question arises: do we need 6 and 18 

4 wt.% of Al and V in Ti6Al4V for orthopedic applications? 19 

This study employs a novel approach to alloy design: an alloy Ti3Al2V with reduced Al 20 

and V contents. An intermediate alloy between CpTi and Ti6Al4V is expected to enhance the 21 

biocompatibility without significant degradation in strength. This study is focused on exploring 22 

the mechanical performance of this Ti3Al2V alloy, especially the fatigue behavior. This alloy 23 
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was designed by mixing CpTi and Ti6Al4V in 1:1 weight ratio. This composition was processed 1 

via laser powder bed fusion (L-PBF) based additive manufacturing (AM) technique. AM offers 2 

higher degrees of processing freedom over conventional methods and the flexibility of designing 3 

novel alloys in complex shapes and sizes [24]–[26]. AM aids in mimicking the patient's bone 4 

into the implant to be surgically placed, significantly reducing post-operative complications [27], 5 

[28]. Since AM is a layer-wise process, the anisotropy parameter is crucial for the mechanical 6 

performance of AM parts under fatigue loading [10]. In this study, Ti3Al2V was fabricated in 7 

three orientations, 45- and 90˚, to the build surface for compressive and fatigue characterization. 8 

 9 

2. Materials and Methods 10 

2.1 Fabrication via laser powder bed fusion (L-PBF) 11 

Samples were designed on 3DXpert CAD Software (3D Systems, Rock Hill, SC). 12 

Compression and fatigue samples were designed and processed with 0, 45, and 90˚ orientations 13 

to the build direction, as shown in Fig. 1. Fabrication was carried out using L-PBF-based AM 14 

technique on a powder bed fusion (PBF) system (3D Systems ProX® DMP 200, Rock Hill, SC) 15 

consisting of a fiber laser (300 W) and wavelength λ=1070nm. Commercially pure Ti (CpTi) and 16 

Ti6Al4V (Ti64) powders were procured from AP&C (GE Additive, Cincinnati, Ohio, USA) and 17 

GKN Hoeganaes (Cinnaminson, NJ), respectively. Ti3Al2V (Ti32) composition was prepared by 18 

mixing CpTi and Ti64 in 1:1 weight ratio. All powders were spherically shaped and sieved to 19 

obtain a particle size < 63µm. The powders were loaded in the PBF system supply chamber and 20 

purged with argon atmosphere to obtain an O2 < 500 ppm. A CpTi build plate of 2.5 cm thickness 21 

was secured on the build platform. The printing operation was carried out with a layer thickness 22 

of 30 μm, laser power of 180 W, and scan speed of 1600 mm/s. 23 
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 1 

Fig. 1. (a) Dimensions of the fatigue samples designed and printed via L-PBF-based AM 2 

technique, and (b) a schematic of different orientations - 0˚, 45˚, and 90˚ to the build plate used 3 

for printing and testing the fatigue samples. (c) Dimensions of the tensile test coupons designed 4 

and printed via L-PBF. (d) The photo of the build plate post-printing process completion shows 5 

fatigue specimen at 0˚ and 45˚ orientations to the build plate and tensile specimens. 6 

 7 

2.2. Post-Processing – Fatigue specimens 8 

Fatigue samples were subjected to identical post-processing steps to ensure consistent 9 

and reproducible results during subsequent analyses. These steps included turning, heat treating, 10 

and sanding the samples before fatigue testing. Ti32 0˚ and 45˚ samples processed via PBF were 11 

printed with support layers positioned beneath the cylindrical surfaces, unlike their 90-degree 12 

counterparts. Prior to performing surface smoothing actions, it was necessary to eliminate the 13 

support structures. This task was accomplished using pliers and a vice grip to pry the supports 14 

off. This procedure and the prints themselves gave rise to minor deformation in the samples, 15 
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which resulted in non-concentric samples. Tormach 770MX (Tormach Inc., Monona, WI) CNC 1 

machine with a rapid turn feature was utilized to remove sufficient material from the samples 2 

until they were concentric and free of any deformation to address this issue. A pilot hole was 3 

drilled in the other end of the sample and fit with a live center to improve rigidity when turning.   4 

The initial steps were to achieve a smooth surface finish on the 0˚ and 45˚ samples, which 5 

involved Autodesk Fusion 360 and the Tormach 770MX. The sample would then be gripped by 6 

one end in the chuck while the other is supported concentrically using a center point tool in the 7 

tailstock. This step is necessary for all the 0- and 45-degree samples to ensure concentric 8 

rotation. Using the CNC machine, the carbide insert tool removed 0.1 mm radius from the 9 

sample during each pass. Multiple passes would be made gradually until the surface of the 10 

fatigue sample was visually smooth. For all Ti32 0-, 45-, and 90-degree samples, this same 11 

Tormach surface smoothing process was followed. Once the samples were turned and processed, 12 

the next step was to remove the overhanging metal initially secured in the chuck of the CNC 13 

machine. When turning the fatigue samples, part of the metal must be secured in the chuck to 14 

ensure a strong grip is held on the part. This extra piece of metal was removed using a bandsaw. 15 

Once removed, the sample was placed in a Thermolyne 48000 furnace at 400˚ C for one hour. 16 

The sample would then be furnace-cooled for 12 h. Finally, once heat treated, the sample is 17 

placed in a drill press, and the gauge and stems are sanded down using 400 – 600 grit emery 18 

cloth until all visual defects are nonexistent. 19 

 20 

2.3. Microstructural characterization 21 

 The top surface of the fatigue specimens was cut and mounted in a phenolic resin. The 22 

samples were ground through 80-1200 SiC grit-size grinding papers and polished using alumina 23 

dispersed in deionized water with particle size gradually reducing from 1-0.05 µm. The samples 24 
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were etched in Kroll's reagent, and the microstructure was acquired on a Keyance digital 1 

microscope (Model VHX-7000, Itasca, IL).  2 

 3 

2.4. Tensile and compression tests 4 

Dog-bone-shaped samples were mounted using manual non-shift wedge grips in a 5 

Shimadzu AG-1S Precision Universal Tensile Tester (Shimadzu, Columbia, Maryland). The 6 

samples were tested till failure using a constant crosshead displacement rate of 0.75 mm/min 7 

displacement, and the raw load vs. displacement data was recorded. All samples used were made 8 

following ASTM 52909 [29, p. 52] guidelines for the sizing of the sample, leading to a designed 9 

size of a 6 mm gauge length and a cross-sectional area of 4 mm by 1.5 mm. For the heat 10 

treatment of the samples, they were placed in a furnace at 400˚ C for 1 h, and then furnace 11 

cooled. The fracture surface of the tensile specimens was observed under a field emission 12 

Scanning Electron Microscope (FESEM, FRI-SIRION, Portland, OR). Dense samples fabricated 13 

via L-PBF with a diameter of 7 mm and ~15 mm height were used for compression tests. Ti64 14 

samples used were built at a 90˚ orientation. For Ti32, the samples tested were built in 0, 45, and 15 

90˚ orientations to the build plate. The samples were tested on an Instron servohydraulic system 16 

(600DXS, Grove City, Pennsylvania) following ASTM E9-19 [30]. A 1.3 mm/min crosshead 17 

displacement rate was used, and the raw load vs. displacement data was recorded. Compressive 18 

yield strength was evaluated from the raw data using the 0.2% strain offset method. Each 19 

composition and orientation had at least 3 replicates tested. 20 

 21 

2.5. Fatigue test 22 

The post-processed samples were subjected to cyclic loading on an ADMET (Norwood, 23 

MA) Rotating Beam Fatigue Test System (4-point loading) fitted with Tormach (Madison, 24 
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Wisconsin) 6mm ER32 collets, in accordance with ISO 1143 [31]. The gauge length of the test 1 

specimens was cleaned with ethanol. The system applies a load calculated from the stress 2 

amplitude and measured gauge diameter. The stress amplitude used was calculated as, 3 

 𝑆 = 𝐹
32𝐿

𝜋𝑑3
  4 

where F is the bending force applied, L is the force arm length, and d is the gauge diameter. The 5 

loads selected were presented as the ratio of the bending load applied and their respective 6 

compressive yield strength, Table 3. Once the set load is applied, the sample is rotated at 3000 7 

rpm until fracture or reaches 10 million cycles without fracture at a stress amplitude of S and a 8 

stress ratio of R = -1 for pure reverse stress-controlled loading. The endurance limit was the 9 

lowest bending stress at which samples reached 10 million cycles without fracture. Post fracture, 10 

the fracture surfaces were observed under a Keyance digital microscope (Model VHX-7000, 11 

Itasca, IL). 12 

 13 

3. Results 14 

 Ti6Al4V alloy is widely used for orthopedic implants owing to its excellent strength and 15 

fatigue performance. It exhibits poorer biological performance than CpTi, which lacks strength 16 

requirements. The enhanced strength in Ti6Al4V alloy is because of the alloying elements Al and 17 

V, the primary purpose was to achieve high-temperature oxidation for aerospace applications. 18 

Since high-temperature oxidation is not a requirement for orthopedic implants, a novel alloy, 19 

Ti3Al2V, with reduced Al and V in Ti6Al4V, has been designed and developed specifically for 20 

orthopedic applications. We hypothesize that Ti32 alloy will demonstrate comparable fatigue 21 

resistance and strength performance to Ti64. 22 

 23 
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3.1. Microstructure and build orientation 1 

 Fig. 2 reports the microstructures for Ti64-90 and Ti32 at 0-45-90° build orientations. All 2 

samples show typical metastable α' martensitic needle-like morphology on the surface, typically 3 

observed in additively manufactured Ti64. Ti32-90 displays residual pores on the surface, 4 

indicating interlayer lack of fusion; the top surface where the microstructure is observed is 5 

perpendicular to the build direction. These residual pores are minimal in Ti32-45 and Ti32-0 6 

since the top surface lies at an angle to the build direction. The effect of this interlayer lack of 7 

fusion pores can be observed later in their respective fatigue performance. 8 

 9 

3.2. Static mechanical performance - Tensile and compression behavior 10 

Fatigue deformation primarily consists of alternating tensile and compression loading. It 11 

is essential to understand the behavior of Ti32 under static tensile and compression loading 12 

before fatigue tests. Extensive studies have been carried out to evaluate the tensile performance 13 

of Ti64 alloy (Table 1). In this study, Ti32 alloy was subjected to tensile tests to evaluate the 14 

stress at failure, Table 2. As-printed non-heat-treated tensile specimens displayed a tensile elastic 15 

modulus of 106.8 ± 4.8 GPa, close to that of Ti6Al4V. Since Ti32 was designed with CpTi and 16 

Ti64 concoction in 1:1 weight ratio, and both CpTi and Ti64 display an elastic modulus of 110-17 

114 GPa, the tensile modulus of Ti32 was observed within a similar range. The ultimate tensile 18 

strength of non-heat treated Ti32 test specimens was 989 ± 8 MPa, which is quite similar to that 19 

of Ti64 900-1200 MPa from various studies, as shown in Table 1. AM-processed structures show 20 

high strains due to their fast heating and cooling nature. Heat treatment was carried out to relieve 21 

the AM process-induced residual stresses.  22 
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 1 

Fig. 2. Microstructures of Ti64-90 and Ti32-90, Ti32-45, and Ti32-0 samples observed on their 2 

top surface. α' martensitic needle-like morphology is observed in all specimens. The top surface 3 

of the Ti32-90 perpendicular to the build direction exhibits large residual pores. Ti32-45 and 4 

Ti32-0 show comparatively lower residual pores. 5 
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The tensile elastic modulus of the heat-treated Ti32 specimens was 107.6 8 ± 5.8 GPa, similar to 1 

that of non-heat-treated specimens. The ultimate tensile strength was found to be 989 ± 4 MPa 2 

and similar to that of the non-heat-treated specimens, suggesting no effect of the heat treatment 3 

on the tensile behavior. ISO 5823-3 (implants for surgery metallic materials) dictates the tensile 4 

strength requirement for Ti64 to be at least 860 MPa [32]. The tensile strength of Ti32 specimens 5 

exceeds this minimum strength requirement. Fig. 3. reports the microstructure of the fractured 6 

surfaces from tensile tests for Ti32. Micrographs reveal dimple ridges suggesting ductile 7 

behavior in conjunction with the elongation of the specimen being 8 ± 2% after failure. All 8 

samples fractured at 45°to the loading direction. No effect of heat treatment was observed. 9 

 10 

  11 
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Table 1. The tensile modulus and ultimate tensile strength of Ti6Al4V were processed via 1 

directed energy deposition (DED), electron beam melting (EBM), and laser powder bed fusion 2 

(L-PBF) based AM techniques from various studies. 3 

AM technique 
Post-

processing 

Tensile modulus 

(GPa) 

Ultimate tensile 

strength (MPa) 
Reference 

DED 

Machined - 1041-1087 [33] 

Annealed at 

600˚C for 2 h 
95.1 907 [34] 

As printed - 761-821 [35] 

Machined - 1163 [36] 

 

EBM 

Machined - 1073 [37] 

Machined - 972 [38] 

As printed - 851 [39] 

Machined 119 1045 [40] 

 

L-PBF 

Annealed at 

950˚C for 30 

mins, machined 

118 1042 [41] 

Machined 110 1095 [42] 

Machined - 1246 [38] 

Annealed at 

730˚C for 2 h, 

machined 

101 1046 [43] 

Annealed at 

640˚C for 4 h, 

machined 

127 1032 [40] 

 4 

 5 
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Table 2. Tensile test results for heat-treated and non-heat-treated specimens, and compressive 1 

yield strength for Ti64 and Ti32 with different build orientations. 2 

TENSILE 

 Elastic modulus (GPa) Ultimate tensile strength (MPa) 

Non-Heat-treated Ti32 106.8 ± 4.8 989 ± 8 

Heat-treated Ti32 107.6 ± 5.8 989 ± 4 

COMPRESSION 

Nomenclature Build orientation Compressive yield strength (MPa) 

Ti6Al4V 

Ti64-90 90° 1178 ± 33 

Ti3Al2V 

Ti32-90 90° 968 ± 24 

Ti32-45 45° 1071 ± 16 

Ti32-0 0° 1051 ± 18 

 3 

 4 

Fig. 3. Fracture surfaces of Ti32 tensile test specimens for non-heat-treated and heat-treated 5 

conditions. 6 
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Anisotropy is an essential consideration while evaluating the mechanical properties of 1 

AM-processed structures. Compression tests were carried out for Ti64 built at 90˚ to the build 2 

plate and Ti32 built in three orientations: 0, 45, and 90˚, and the respective compressive yield 3 

strengths are presented in Table 2. Compositional variation from Ti64 to Ti32 displayed a 4 

reduction in compressive yield strength due to lower Al and V alloying elements in Ti32. Ti64-90 5 

showed a compressive yield strength of 1178 ± 33 MPa, and that for Ti32-90 was 968 ± 24 MPa. 6 

An effect of the build orientation was observed in the compressive yield strength; compressive 7 

yield strength was observed to increase with the reduction in built angle. Ti32-45 and Ti32-0 8 

displayed similar compressive yield strength values of 1071 ± 16 and 1051± 18 MPa, 9 

respectively, higher than Ti32-90. 10 

 11 

3.3. Dynamic mechanical loading – rotating-bending fatigue 12 

The fatigue performance is expected to deteriorate with a reduction in the Al and V 13 

contents in Ti64 to make Ti32. The standard dictates at least 10 million cycles before failure for a 14 

composition to qualify as an orthopedic device material. In this study, the endurance limit was 15 

considered the bending stress at which the fatigue specimens reached 10 million cycles without 16 

failure. Table 3 reports the cycles till failure for Ti64 and Ti32, and Fig. 4 reports the plot for the 17 

same, along with the fracture surface morphology. With a compressive yield strength of 1178 18 

MPa for Ti64, its high cycle fatigue reached 10 million cycles at 250 MPa at a stress ratio of 0.21 19 

for additively manufactured Ti64-90 specimens. Comparatively, for Ti32-90 with lower Al and V 20 

contents, the 10 million cycle mark was achieved at a lower stress of 219 MPa; however, it is to 21 

be noted that the stress ratio was 0.22, similar to that of 0.21 for Ti64-90. 22 

Additive manufacturing is a layer-wise process that results in anisotropy, leading to 23 

variation in the mechanical performance depending on the build orientation. Along with the 24 
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compressive strength, the fatigue performance exhibits the effect of the build orientation. For 1 

Ti32-45, 10 million cycles are reached at a stress ratio of 0.36 (bending stress 387.5), higher than 2 

that for both Ti64-90 and Ti32-90 test specimens. With a further decrease in the build orientation, 3 

Ti32-0 displays 10 million cycles for an even higher stress ratio of 0.48 (bending stress 512.5 4 

MPa). Thus, with a change in build orientation from 90° to 0°, Ti32 shows better fatigue 5 

performance than Ti64, compensating for the reduced amounts of Al and V in the former. Fig. 4b 6 

shows the fracture surface morphologies for Ti64-90 and Ti32-90/45 specimens. The fracture 7 

initiates at the surface of the specimens under fatigue loading, which can be observed in the 8 

images and propagates throughout the specimen, leading to ultimate failure. This suggests that 9 

the surface properties greatly influence their fatigue performance. 10 

 11 

 12 

 13 

 14 

 15 

 16 
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Table 3. Fatigue results for Ti64 and Ti32 compositions built at different orientations. 1 

Compositio

n 
Orientation Nomenclature 

Compressive yield 

stress (MPa) 

Stress 

Amplitud

e (MPa) 

Stress ratio (Stress 

Amplitude/Compressi

ve yield strength) 

Cycles 

Ti64 90° Ti64-90 1178 

387.5 0.33 19,275 

300 0.25 
25,039 

87,147 

250 0.21 
10 

million* 

       

Ti32 

90° Ti32-90 968 

387.5 0.40 
2,385 

1,930 

339.94 0.35 
10,355 

1,352 

219.318 0.23 
10 

million* 

      

45° Ti32-45 1071 

512.5 0.48 

3,993,10

8 

4,907,59

8 

450 0.42 

10 

million* 

6,263,22

5 

387.5 0.36 
10 

million* 

      

0° Ti32-0 1051 

512.5 0.49 

10 

million* 

10 

million* 

450 0.43 
10 

million* 

387.5 0.37 
10 

million* 

 2 
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Fig. 4. (a) High cycle fatigue plot for Ti64-90 and Ti32-90/45/0 specimens at various loads. The 1 

y-axis is represented as the ratio of the bending stress applied to their respective compressive 2 

yield strengths. The endurance limit has been marked and considered as the loads for which 10 3 

million cycles were achieved prior to failure. (b) Optical images of the fracture surfaces for Ti64-4 

90, Ti32-90, and Ti32-45 specimens. The arrows indicate the onset of failure and crack 5 

propagation through the specimens at failure.  6 

4. Discussion 7 

 This study implemented a novel alloy design to enhance biocompatibility for orthopedic 8 

implants to replace Ti6Al4V. The designed alloy, Ti3Al2V, with reduced amounts of Al and V 9 

contents in Ti6Al4V is expected to demonstrate good mechanical performance without 10 

significant reduction from Ti6Al4V. Implants at load-bearing sites are under a multiaxial loading 11 

condition in vivo. It is essential to investigate the mechanical strength assessment of such alloys, 12 

particularly under cyclic fatigue loading, to avoid fractures and implant failures in vivo. 13 

 Fracture initiation of specimens under cyclic loading starts at the surface of the gauge 14 

length, suggesting that higher surface roughness of the test specimens leads to early fractures. 15 

Another critical parameter is the presence of residual pores, which contributes to faster crack 16 

propagation and early failure [40]. AM-processed parts are known to possess surface roughness 17 

and the presence of residual pores in each layer due to the layer-wise nature of the process [44]–18 

[46]. Fatigue life and endurance limit of AM-processed Ti6Al4V have been studied extensively 19 

and shown in Table 4. It depicts low endurance limits from various studies for L-PBF-processed 20 

Ti6Al4V. With surface roughness introduced by the L-PBF process, machining is often 21 

implemented to reduce that. In this study, L-PBF-manufactured and machined Ti6Al4V built at 22 
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90˚ orientations displayed an endurance limit of 250 MPa, similar to that observed in various 1 

studies reported in Table 4. 2 

 3 

Table 4. Endurance limit for L-PBF processed Ti6Al4V with post-processing treatments from 4 

various studies. 5 

 6 

 Surface roughness is critical in preventing crack propagation and enhancing fatigue life 7 

[51], [52]. A study by Vayssette et al. investigated the fatigue performance of as-printed and 8 

machined L-PBF-built Ti6Al4V and observed the strength to reach 0.2 million cycles was 223 9 

MPa for as-printed specimens, whereas that for machined samples was 513 MPa [53]. High cycle 10 

fatigue values for Ti6Al4V presented in Table 3 were evaluated for test specimens machined at 11 

1200 rpm on a CNC machine. To observe if machining parameters had any significant effect on 12 

the surface roughness and subsequently on the fatigue performance, Ti64-90 specimens were 13 

also machined at 600 rpm and tested for fatigue failure. The lowered machining rpm showed a 14 

significant effect on the fatigue life. The endurance limit for Ti64-90 increased from 250 MPa 15 

AM technique 
Post-

processing 

Stress amplitude 

ratio (R) 

Endurance limit 

(MPa) 
Reference 

 

L-PBF 

As-printed, 

machined 
-1 220 [47] 

As-printed 0.1 350 [48] 

Heat-treated, 

machined 
0.1 400 [49] 

As-printed -0.2 210 [50] 

As-printed, 

polished 
-1 250 [40] 
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(1200 rpm) to 300 MPa (600 rpm), with 4 million cycles observed at 500 MPa for Ti64-90 (600 1 

rpm). Fig. 5 represents the microscopic features on the periphery of the specimens machined at 2 

1200 and 600 rpms. High magnification images observed at the periphery of the top surface of 3 

the fatigue specimen, Fig. 5a, show defects on the specimen's surface, contributing to its early 4 

failure under fatigue loading. However, the specimen machined at 600 rpm shows a clean surface 5 

with minimal to no defects present at the surface. Fig.5b represents high-magnification images 6 

and surface depth profiling at the gauge region. A lower degree of roughness can be observed for 7 

the specimen machined at 600 rpm, with surface depth profiling showing a more homogeneous 8 

depth distribution than at 1200 rpm. As discussed, the lower surface roughness for the 600 rpm 9 

machined Ti64-90 specimen resulted in a higher endurance limit. This indicates that machining 10 

parameters can affect surface defects and roughness, influencing fatigue performance. 11 

 12 
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 1 

Fig. 5. Effect of machining rpm on the surface of Ti46-90 fatigue specimens; (a) reports high 2 

magnification images of the top surface of the fatigue specimens with machined surfaces at 1200 3 

and 600 rpm. Defects are observed on the periphery of the surface of samples machined at 1200 4 
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rpm, while those machined at 600 rpm show a clean outer surface. (b) reports high magnification 1 

images of the gauge region of the fatigue specimens post-machining and depth profiling 2 

representing the surface roughness. Fatigue specimens machined at 1200 rpm display rugged 3 

surfaces with depth profiling indicating large variation in depths at the gauge region, indicating 4 

higher surface roughness. Specimen machined at a lower speed of 600 rpm exhibit lower 5 

ruggedness at the gauge area, with surface depth profiling indicating a more uniform pattern and 6 

a lower surface roughness than that for 1200 rpm specimen. 7 

 8 

The excellent fatigue resistance of Ti6Al4V is due to the presence of the alloying 9 

elements Al and V. The endurance limit is expected to reduce with a reduced amount of alloying 10 

elements. The fatigue limit was observed to be lowered to 219 MPa for Ti3Al2V specimens built 11 

at 90˚ orientation. It is to be noted that the ratio of the compressive yield strength and endurance 12 

limit of these compositions is the same (0.21 for Ti64-90 vs. 0.23 for Ti32-90), suggesting the 13 

only factor contributing towards reduced endurance limit is the reduction in the alloying 14 

elements. With a reduction in the build orientation, the number of layers in processing the 15 

specimens is reduced, which reduces the residual porosities introduced between subsequent 16 

layers as can be seen from microstructural images, Fig. 2; Ti32-90 shows interlayer lack of 17 

fusion pores, which contribute toward their lower endurance limit than Ti32-45 and Ti32-0. For 18 

Ti32-45, the endurance limit was 387.5 MPa, which exceeds that of Ti64-90. With further 19 

reduction in build orientation, Ti32-0 displayed the highest endurance limit of 512.5 MPa, more 20 

than twice that for Ti64-90. This endurance limit of 512.5 MPa for Ti32-0 was similar to that of 21 

wrought-heat-treated Ti6Al4V of ~500 MPa in a study by Janeček et al. [54]. The heat treatment 22 

conducted in this study at 400˚ C was to relieve stresses with retainment of fine α' grains. Heat 23 

treatments of Ti6Al4V above its β transus temperature (995˚ C) have been shown to enhance 24 

about:blank
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further the fatigue performance due to the transformation of martensitic α' to homogeneously 1 

distributed α+β microstructure [37]. Although the compressive yield strength did not show a 2 

significant effect of build orientation for Ti3Al2V alloy, the effect on the fatigue performance 3 

was apparent. The reduced Al and V chemistry in Ti3Al2V did not result in significant 4 

differences in fatigue behavior and can potentially be used in orthopedic implants. 5 

 6 

5. Conclusions 7 

 Commercially pure titanium (CpTi) exhibits better biocompatibility over Ti6Al4V but 8 

lacks strength and fatigue resistance. A novel alloy design is implemented in this study by 9 

reducing the Al and V contents in Ti6Al4V to design Ti3Al2V, an intermediate alloy between 10 

CpTi and Ti6Al4V. This alloy was designed specifically for orthopedic applications and is 11 

expected to exhibit no significant reduction in mechanical performance compared to Ti6Al4V. 12 

Additive manufacturing was implemented to process Ti6Al4V and Ti3Al2V compositions.  13 

• Tensile tests revealed an ultimate tensile strength of 989 MPa for Ti3Al2V, which is 14 

closer to that for Ti6Al4V (1000-1100 MPa) from various studies.  15 

• Compressive yield strength reduction of 18% was observed in Ti3Al2V (968 ± 24 MPa) 16 

compared to Ti6Al4V (1178 ± 33 MPa) built at 90° orientation to the build plate.  17 

• To observe the effects of build direction accounting for anisotropy, Ti3Al2V specimens 18 

built at 45° and 0° displayed an increase in compressive yield strength; however, no 19 

significant difference was observed between the 45° (1071 ± 16 MPa) and 0° (1051 ± 18 20 

MPa) Ti3Al2V.  21 

• Fatigue specimens built at 90° orientation exhibited an endurance limit of 250 MPa for 22 

Ti6Al4V and 219 MPa for Ti3Al2V, reaching 10 million cycles without failure, with the 23 
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ratios of bending stress applied to their respective compressive yield strengths being 1 

similar (0.21 vs. 0.23, respectively).  2 

• The effect of build orientation for Ti3Al2V specimens on the fatigue behavior was 3 

noticeable; the endurance limit increased more than 2-fold for specimens built at 0° for 4 

Ti3Al2V (512 MPa). 5 

Our results show the potential of Ti3Al2V alloy for orthopedic device applications with high 6 

strength and excellent fatigue performance despite a reduced amount of the Al and V than in 7 

Ti6Al4V. 8 
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