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Abstract: A novel magnetic-field-driving approach was proposed and used to efficiently enhance the mechanical properties of 

selective laser melting (SLM) Ti-6Al-4V. The microstructures of the as-built and the SLM specimens annealed at 400, 800 °C below 

the β transus, and 1200 °C above the β transus for 30 min in the high magnetic field of 7 T were comprehensively characterized in 

terms of X-ray diffraction, optical microscope, scanning electron microscope, and atomic force microscope. Lattice distortions 

induced by Al and V atoms were characterized by bonding charge density, providing an insight into the atomic and electronic basis 

for the solid solution strengthening mechanism and the martensitic transformation mechanism. Referring to the as-built specimens, 

the ultimate tensile strength and the elongation of annealed specimens at 400 and 1200 °C in 7 T high magnetic field increase due to 

the short annealing time. Based on the coupling effect of force field induced by the heat and magnetic, it is expected that the 

microstructures of SLM Ti-6Al-4V would be conventionally optimized through changing the phase transformation thermodynamics. 

The validation of this hypothesis will pave a path to develop a novel magnetic-field-driving approach efficiently enhancing the 

mechanical properties of additive manufactured materials. 
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Ti-6Al-4V alloy, a kind of α+β dual-phase titanium alloys, is 

widely used in the aerospace, sporting products, medical device 

and petrochemical industries due to its high strength-to-weight 

ratio, good corrosion resistance and biocompatibility

[1-5]

.  

Recently, together with the significant improvement in 

computational tools and computational materials science, 

additive manufacturing (AM) approaches can fabricate 

geometrically complex or multifunctional components in near 

net shape form with rapid transfer of 3D designs to final 

components, paving a way to a new era of digital fabrication

[6-11]

. 

Selective laser melting (SLM) is a powder bed fusion AM 

approach suitable for fabricating smaller, complex geometries, 

with hollow unsupported passages/structures while directed 

energy deposition (DED) better suits larger parts with coarser 

features requiring higher deposition rates

[5,12]

. For instance, the 

SLM Ti-6Al-4V cellular structures with open-cell size of 100 

µm have a high wear resistance, which is considerable for 

biomaterials

[13]

. Under extensive investigations of the AM 

Ti-6Al-4V

[2,12-21]

, it is found that the SLM Ti-6Al-4V could be 

stronger than its wrought counterparts, but the ductility is 

noticeably below the required minimum threshold for critical 

structural applications, being a major remaining challenge to be 

addressed

[5,16,19,21]

. 

Since SLM is characterized by high temperature gradients 

and short interaction time, the build-up thermal stresses and 

the rapid solidification occur, which lead to segregation 
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phenomena and the development of non-equilibrium 

phases

[17,22]

. The formation of martensitic phase reduces the 

ductility of AM Ti-6Al-4V

[5]

. For example, the lower 

toughness of the SLM Ti-6Al-4V than that of electron beam 

melting (EBM)-processed one is caused by the brittle fine 

acicular α′ martensitic microstructure, which also has a low 

capacity to endure crack initiation and propagation

[16,21,23]

. It is 

believed that a small amount of intermetallic compound Ti

3

Al 

could also precipitate in the local region rich in Al when the 

temperature reaches 500~600 °C

[22]

. In addition, both the SLM 

and the EBM Ti-6Al-4V present the mechanical anisotropy

[1,21]

 

and introduce the residual stress, which play a significant role 

in affecting the fatigue life and further applications

[24-27]

. 

Therefore, it is essential to reduce the residual stress and to 

optimize the microstructures of AM Ti-6Al-4V, which still call 

for more efforts to enhance the corresponding mechanical 

properties

[1,5,12,28,29]

. 

Although there are several well-defined standard heat 

treatments for Ti-6Al-4V, including the regular “mill anneal” 

(named treatment six) for cold deformed materials, the duplex 

anneal (named treatment seven), and the β anneal (named 

treatment eight)

[17]

, the SLM Ti-6Al-4V should endure an 

unique heat treatment paradigm due to their different microstru- 

ctures compared with those wrought ones

[18]

. As a result of 

reduced residual stress caused by the high temperature gradient 

and the rapid solidification during processing, the ductility of 

SLM Ti-6Al-4V can be improved through subsequent heat 

treatment or hot isostatic pressing (HIP) treatment

[4,5,17,29]

. 

It is understood that the heat treatment removes residual 

stresses and the HIP treatment reduces internal defects besides 

the microstructure optimizations

[16,17,30]

. The investigation of 

the microstructure evolution after different heat treatments 

was carried out to determine the microstructure in terms of 

applicability for the biomedical industry

[26]

. In particular, 

mechanical properties of the samples after stress relieving heat 

treatment at 650 °C for 3 h are complied with the international 

standard for Ti alloys for biomedical applications

[15]

. It is 

found that the post-SLM treatment at 850 °C for 2 h followed 

by furnace cooling enhances the ductility of SLM Ti-6Al-4V 

from (7.36±1.32)% of the as-built ones to (12.84±1.36)%

[17]

.  

Based on the β transus temperature, both the low-temperature 

and the high-temperature annealing strategies were 

investigated

[18]

. On the other hand, HIP treatment results in a 

lower maximum strength but higher ductility

[29]

, which can 

also significantly improve the fatigue strength, by closing of 

the pores

[4,31]

. For example, while SLM Ti-6Al-4V specimens 

annealed at 800 °C for 2 h in argon atmosphere presented a 

similar fatigue life referring to conventionally processed one, 

the HIP treated ones at 920 °C for 2 h in argon atmosphere 

showed an enhanced fatigue life

[32]

. It also revealed that only a 

decrease in size of α-phase cluster could further improve the 

fatigue performance of SLM Ti-6Al-4V

[32]

. It is worth 

mentioning that post-SLM heat treatment is necessary, which 

affects the effectiveness of the AM process

[16]

. 

In the present work, a novel magnetic-field-driving 

approach was proposed and used to efficiently enhance the 

mechanical properties of SLM Ti-6Al-4V. Based on the 

coupling effect of force field induced by the heat and magnetic, 

it is expected that the microstructures of SLM Ti-6Al-4V 

would be conventionally optimized through changing the 

phase transformation thermodynamics, which is one type of 

novel phenomena observed in high magnetic field

[33-35]

. The 

validation of this hypothesis will pave a path to develop a 

novel magnetic-field- driving approach efficiently enhancing 

the mechanical properties of additive manufactured materials. 

1  Experiment 

The gas atomized Ti-6Al-4V spherical powder with a size 

of 15~50 µm was used as the raw material to fabricate the 

SLM samples via EOS M290 device in an argon protective 

atmosphere

[3]

. According to a series of preliminary tests, the 

screened suitable processing parameters were determined, 

including the scan speed of 1200 mm/s, the laser power of 280 

W, the laser spot of 100 µm, the powder layer thickness of 30 

µm and the hatch spacing 80 µm, yielding the SLM Ti-6Al-4V 

parts/specimens with a relative density as high as 98.3%

[3]

. 

The 12 mm×12 mm×56 mm rectangular blocks were 

fabricated via a zig-zag scanning strategy, which were cut into 

the tensile specimens along the scanning direction, as shown 

in Fig.1. In order to reduce the residual stress and to opimize 

the microstructures, these samples were annealed at 400, 800 

°C below the β transus, and 1200 °C above the β transus for 

30 min in the high magnetic field of 7 T and subsequently 

cooled in the air. 

Under the guidance of the recommended national standard 

GB/T 3246.1-2000, those samples used for the microstructure 

characterizations were polished on SiC papers with a grid of 

400#, 600#, 800#, 1200#, and 2000#, followed by Buehler 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.1  Schematic diagram of SLM-processed Ti-6Al-4V samples: (a) 12 

mm×12 mm×56 mm blocks and (b) the tensile specimens 

along the scanning direction 
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diamond paste on polishing cloth. Subsequently, they were 

etched in an acid mixture consisting of HF, HNO

3

 and distilled 

water at the volumetric ratio of 1:2:5. Finally, they were rinsed 

with absolute ethyl alcohol to remove the dust on the surface. 

The X-ray diffractometer with Cu Kα radiation (DX-2700), the 

optical microscope (OLYMPUS), scanning electron microscope 

(ZEISS GemniSEM500), and atomic force microscopy were 

used to analyze the microstructures comprehensively. 

With the theoretical and experimental progress of material 

characterizations, the vivid atomic/molecule “Hollywood” 

would be constructed by atomic and electronic actors

[36-43]

.  

Bonding charge density (∆ρ)

[38,40-43]

 was derived through the 

charge density difference between the one from the self- 

consistent calculation and the one from the non-self-consistent 

calculation, revealing the electronic redistributions con- 

structing the chemical bond. Here, effects of Al and V on the 

∆ρ of α and β Ti were calculated by first-principles 

calculations via the Vienna ab initio simulation package 

(VASP). The supercell with 96 atoms was applied in the 

calculations of α-Ti, β-Ti, α-Ti

95

X, and β-Ti

95

X. The 

corresponding setting parameters and the lattice distortion 

analysis are as same as those in our previous works of α-Ti and 

α-Ti

95

X

[37,42]

. The visualization for electronic and structural 

analysis (VESTA) code

[44]

 was used to generate the contour 

and isosurface plots of ∆ρ. 

2  Results and Discussion 

2.1  Tensile property of annealed Ti-6Al-4V under high 

magnetic field 

Fig.2 presents the stress-displacement curves of the as built 

and the anealed SLM Ti-6Al-4V. The ductility/elongation of 

the annealed specimens are significantly enhanced when 

comparing with those of the as-built state, agreeing well with 

previous observations that the heat treatments improve the 

ductility of AM Ti-6Al-4V

[17,19,21]

. Besides the SLM-d 

specimen annealed at 800 °C, the ultimate tensile strength of 

SLM-a and SLM-e annealed specimens at 400 and 1200 °C 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.2  Stress-displacement curves of the as-built and the annealed 

specimens (the insert schematic diagram presents that the 

scanning direction of the SLM-processed specimen is parallel 

to the high magnetic field during annealing) 

were improved due to the short annealing time (30 min) when 

comparing with those of as-built ones. Although data scatter 

of tensile properties is also captured in our work, the purpose 

of the selected best results presented here is to highlight the 

variation tendency caused by the efficient magnetic-field- 

driving heat treatments. It is worth mentioning that the 

Aerospace Materials Specification SAE AMS4999A covers 

Titanium Alloy Direct Products Ti-6Al-4V Annealed, which 

suggests a post build annealed at 550 °C for the normal cases 

and in a temperature range of 899~954 °C together with stress 

no less than 100 MPa for 2 h followed by a slow cooling to 

below 427 °C during the HIP treatment

[5]

. In line with the 

ASM heat treatment handbook, annealing treatment in the 

temperature range of 705~790 °C for 1~4 h is recommended 

for Ti-6Al-4V in order to improve the ductility at room 

temperature, the fracture toughness, the creep resistance, and 

so on

[45]

. It has been reported that heat treatment at 500 °C for 

10 h could relieve only 50% of the residual stresses

[46]

. 

A residence time of approximately 8 h was required to achive 

50% globularization of the α phase at 955 °C

[17]

. Therefore, the 

present results indicate that magnetic-field-driving heat 

treatments could efficiently optimize the mechanical properties 

of SLM Ti-6Al-4V. 

2.2  Microstructures 

In order to address the aforementioned major remaining 

challenge in improving the required minimum threshold 

ductility for critical structural applications, the decomposition/ 

transformation of acicular α′ martensite plays a dominate role. 

The transformation of acicular α′ martensite into lamellar α+β 

is thermally activated and diffusion-controlled

[12,47,48]

, when 

the SLM specimens are annealed at 400, 800 °C below the β 

transus, and 1200 °C above the β transus for 30 min in the high 

magnetic field of 7 T. Fig.3 shows the X-ray diffraction patterns 

of the as-built and the annealed specimens. It is found that the 

characteristic peaks associated with the α, β, and Ti

3

Al phases 

agree well with previous observations

[16,19,45,49,50]

. The intensity 

of β phase peaks within the low angle range (<45°) seems to 

be increased after annealing at 1200 °C, indicating the 

associated α�β transformations. On the contrary, the 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.3  XRD patterns of the as-built and the annealed specimens at 

400, 800 and 1200 °C under 7 T high magnetic field for 30 min 
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intensity of these peaks (<40°) seems to be reduced after 

annealing at 400 and 800 °C, which should correspond to β�α 

transformations. It is understood that the grain refinement and the 

microdistortion contribute to the broadening of diffraction 

peaks

[50]

, the latter of which could be considered as an indicator 

characterizing the lattice distortion minimization. According to 

the thermodynamic assessment of Ti-Al-V at 500, 800 and 1200 

°C

[51]

, it can be seen that the Ti

3

Al phase formed during the 

processing with such a high temperature gradient can be removed 

by heat treatment. Moreover, there are also some abnormal peaks 

which haven’t been reported, such as these peaks within the 

40°~50° range. Since there is a long storage time for these 

specimens (several months), their surface could be rich in oxygen, 

which diffuse as the predominant phase along with a small 

amount of α and α/β peaks

[52]

. That is the reason why those peaks 

with low intensities are removed at high temperature. 

Fig.4 and Fig.5 display the morphologies of grains of the 

SLM Ti-6Al-4V samples on the XY and the YZ planes, 

respectively. The yellow arrow in Fig.4 highlights the 

scanning direction of SLM process. The microstructures of the 

as-built SLM Ti-6Al-4V consist of acicular α′ martensite and 

prior near-cellular β grains, matching well with the XRD 

results and previous observations

[3]

. It has been semi��

quantitatively predicted that the majority of β laths form as a 

result of decomposition of α′ martensite in a temperature 

range of 600~850 °C

[16]

. The transformation may be 

incomplete at insufficiently low temperature well below 500 

°C, which will be finished already at 700~800 °C after 30 min 

tempering

[26]

. At the furnace and air cooling, β phase transforms 

to the acicular α-Widmanstatten structure by diffusional 

mechanism, while water quenching yields the formation of 

metastable hexagonal (M

s

=800 °C) α martensite and some 

residual at grain boundaries

[26]

. Thus, the low-temperature (400 

and 800 °C) and the high-temperature (1200 °C) annealing 

strategies are used to optimize the amount of β phase via 

controlling α′ martensite of the SLM Ti-6Al-4V, shown in 

Fig.4b-1~4b-3, 4c-1~4c-3, and Fig.5b, 5c. The bright lines on 

the YZ planes correspond to the layer boundaries caused by the 

remelting during the SLM processing. It is noted that the width 

of these bright lines is about 100 µm, close to the size of the 

laser spot. Since the ultrafine lamellar α+β dual-phase structure 

in the SLM Ti-6Al-4V specimens results in not only a high 

yield strength but also a large elongation

[19]

, the fine lamellar 

dual-phase structure is expected to be obtained. It can be seen 

that dark bands consisting of β phase become more obvious 

when increasing the annealing temperature from 400 °C to 800 

°C, which are removed after a high temperature annealing. 

Fig.6 shows the scanning electronic microscope images of 

the annealed SLM Ti-6Al-4V at 400 and 800 °C. It is clearly 

presented that the decomposition of α′ martensite into α and β 

phases results in those fine lamellar features (~ 200 nm in 

thickness), which is similar to those images annealed at 400 

°C for 2 h by Xu et al

[19]

. After annealing at 800 °C for 30 min, 

the grain size is larger than that at 400 °C, resulting in the 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.4  Optical morphologies of the SLM Ti-6Al-4V samples on XY plane: (a-1~a-3) the as-built samples; the samples annealed 

at 400 °C (b-1~b-3), 800 °C (c-1~c-3) and 1200 °C (d-1~d-3) under 7 T high magnetic field for 30 min 
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Fig.5  Optical morphologies of the SLM Ti-6Al-4V samples on YZ plane: (a) the as-built sample; the sample annealed at 400 °C (b), 

800 °C (c) and 1200 °C (d) under 7 T high magnetic field for 30 min 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.6  SEM images of the SLM-processed Ti-6Al-4V samples on YZ plane annealed at 400 °C (a-1, a-2) and 800 °C (b-1, b-2) 

 

decreased tensile strength as shown in Fig.2. Moreover, the 

newly formed nano β particles could also disperse along the α 

boundaries

[19]

, which are characterized as those high isolated 

point zones on the etched surface as shown in Fig.7. It has been 

reported that the V-containing α Ti-6Al-4V forms ordered 

cluster faster than the Ti-7Al

[53]

. Being a β phase stabilizer, V 

atoms would prefer to partition to the β phase during the 

decomposition of α′ martensite, while Al atoms tend to 

segregate to the α phase, contributing to the formation of Ti

3

Al 

compound

[22]

. Accordingly, as shown in Fig.7, the α and the β 

phases are rich in Al and V, respectively

[19]

, yielding the 

difference in chemical potential and corrosion resistance 

responding to the acid etching and forming those stripes/ridges. 

Fig.8 highlights the pores (dash circles) and the unmelt 

powder particles (solid circles) in the SLM Ti-6Al-4V, which 

have not been removed by the annealing. Those non-processed 

particles could act as nuclei for cracks

[18]

. In general, the 

porosity of AM Ti-6Al-4V can be reduced from 0.29% to 
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Fig.7  AFM images of the etched surface of the SLM-processed Ti-6Al-4V samples used for SEM: (a) the as-built sample; 

the samples annealed at 400 °C (b), 800 °C (c) and 1200 °C (d) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.8  Optical morphologies of defects in the SLM Ti-6Al-4V 

samples on YZ plane annealed at 400 °C (a) and 800 °C (b) 

 

0.074% through reinterring some poorly bound particles during 

the annealing

[45]

. Although the post-annealing treatment can 

reduce porosity by as high as 75%, the remaining pores still 

play an important role in reducing the mechanical properties

[45]

, 

requiring a further treatment to modify/control those defects. 

2.3  Lattice distortion induced phase transformations 

Lattice distortion induced by Al and V atoms is charac- 

terized by bonding charge density, providing an insight into 

the atomic and electronic basis for the solid solution 

strengthening mechanism and the martensitic transformation 

mechanism, as shown in Fig.9. It can be seen that there are 

rod-type bonds in the α-Ti

95

X (X=Al, V, Mo), agreeing well 

with previous observations

[37,42,54]

. 

On the contrary, the chemical bond morphologies of the 

β-Ti

95

X are extremely complex, presenting wreath-type bonds. 

The enhanced bonding charge density indicates an improved 

bond strength

[54]

. On the one hand, the valence electron 

redistribution constructing these chemical bonds would not 

only reveal the solid solution strengthening mechanism but 

also provide an insight into the phase transformation path way. 

As shown in Fig.9, the bonding strength of Ti-Mo is 

significantly improved since there is a dense ∆ρ. That is the 

reason why the molybdenum equivalency ([Mo]

eq

)

[55]

 is 

always considered as a kind of principles/criteria designing 

the advanced titanium alloys, providing an insight into the 

solid solution mechanism. Since the Al atoms reduce the 

d-electron concentration by two and the V atoms increase it by 

one, the Al atoms have a larger effect on the phase 

transformation pathway, i.e., α�ω transformation

[56]

. Due to 

the different atomic sizes, the substitution of Ti by Al and V 

will cause a local lattice distortion, which further modifies the 

phase transformation pathway. For example, due to the lattice 

distortion induced by the solid solution hydrogen and hydrides, 

the formation of orthorhombic α″ martensite and β phase have 

been captured in the hydrogenated Ti-6Al-4V alloys during 

water quenching, which further yield internal stress to 

promote the formation of α″ martensite and twins inside

[57]

. 
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Fig.9  Effect of substitutional atoms on the bonding morphology of Ti characterized by bonding charge density isosurface and 

contour plots: (a) the α-Ti

95

X and (b) the β-Ti

95

X 

 

On the other hand, lattice distortion could result in anomalous 

ferromagnetism

[58]

. With the coupling effect of heat and high 

magnetic field, the phase transformation thermodynamics (i.e., 

driving force ∆G

Total

 =∆G

Chem

 + ∆G

mag

) would become one 

type of novel phenomena to be further investigated, which is 

also the foundation of the present magnetic-field-driving 

approach efficiently to improve the mechanical properties of 

selective laser melting Ti-6Al-4V. 

3  Conclusions 

1) The ultimate tensile strength and the elongation of 

annealed SLM-Ti-6Al-4V at 400 and 1200 °C in 7 T high 

magnetic field increase due to the short annealing time.  

2) The valence electron redistribution constructing these 

chemical bonds would not only reveal the solid solution 

strengthening mechanism but also provide an insight into the 

phase transformation path way. Since the Al atoms reduce the 

d-electron concentration by two and the V atoms increase it by 

one, the Al atoms have a larger effect on the phase 

transformation pathway. 

3) Lattice distortion could result in anomalous ferromag- 

netism. Based on the coupling effect of force field induced by 

the heat and magnetic, the phase transformation thermo- 

dynamics would become one type of new phenomena to be 

further investigated. The validation of our proposed approach 

paves a path to develop a novel magnetic-field-driving 

approach efficiently to enhance the mechanical properties of 

additive manufactured materials. 
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