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ABSTRACT
This study introduced a novel magnetic-field regulation method in metallic additive manufacturing
to achieve the refined grain structure and enhanced mechanical properties without post-treatment
and composition changes. As a showcase material, the Ti6Al4V alloy was fabricated using direct
energy deposition under the static magnetic field (SMF). It is found that the transverse SMF of 0.55 T
can effectively regulate the microstructure with twisted prior-β grains (strong < 001> orientation
to weak < 110> orientation) and discontinuous α grain boundaries. The tensile test shows a sig-
nificant improvement of tensile elongation (εf) in both longitudinal and transverse directions with a
slight strength decrease.

IMPACT STATEMENT
A magnetic field assisting laser additive manufacturing approach was developed to modulate
the microstructure for Ti-6Al-4V alloy. The resulting refined β grains and discontinuous α grain
boundaries (GBs) improve the εf significantly.
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1. Introduction

Laser additive manufacturing (LAM) has been devel-
oped rapidly in recent years because of its design flex-
ibility, high degree of freedom, low material waste, and
excellent forming accuracy. Due to the localized heat
input and short interaction time, the LAM is character-
ized by large temperature gradient (105 Km−1) and high
cooling rate (103–105 K s−1) in a micro-sized molten
pool [1–3]. Thus, the columnar grain along the build-
ing direction (BD) becomes a typical feature in most
LAM metallic materials, leading to property anisotropy.
Aiming at highly comprehensive mechanical properties,
a large number of studies focused on governing the
solidification process and microstructure evolution of
LAM components. As the optimization of processing

CONTACT Chaoyue Chen cchen1@shu.edu.cn; Jiang Wang jiangwang@i.shu.edu.cn State Key Laboratory of Advanced Special Steels, School of
Materials Science and Engineering, Shanghai University, Shanghai 200444, People’s Republic of China

parameters is limited, various efforts have been con-
ducted including post-processing [4–6], alloy composi-
tion re-design [7,8], ultrasound treatment [9], or rolling
treatment [10,11]. However, shortcomings like decreased
strength, brittle inclusions, porosity, and economic issues
are inevitable despite the improvements in microstruc-
ture andmechanical properties. Therefore, it is beneficial
to propose a new non-contact regulation method for
crystallography orientation of the β phase grains inmetal
additive manufacturing.

Magnetic field is used to align the crystallography
orientations for ferromagnetic and non-ferromagnetic
metals, based on the difference in magnetizing entropy
between crystal directions [12–14]. The electromagnetic
field can directly affect a metals’ solidification process
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via the changes in phase change point, inter-dendritic
flow, and solute distribution, resulting from thermoelec-
tric magnetic (TEM) force and convection in the mushy
zone. Therefore, based on high-temperature gradients,
the addition of a static magnetic field (SMF) will gen-
erate an appreciable TEM force in the molten pool and
mushy zone, respectively. However, the influence of the
magnetic field on themicrostructure and performance of
the LAMprocess, especially the Ti6Al4V (Ti64) alloy, has
been rarely reported.

2. Materials andmethods

Based on our previous studies [6,15–17], SMF was
employed to the laser-direct energy deposition (L-
DED) of Ti64 alloy. The gas atomized Ti64 powders of
80–120 μm in diameter were used for an L-DED system
with a 6 kW diode laser beam. The processing parame-
ters were selected based on previous study to fabricate
dense single-beadwall samples [18]. The SMF systemwas
located on both sides of the laser beam (see Figure 1(a,b)).
The transverse magnetic intensity distribution around
the substrate is shown in Figure 1(b). As demonstrated
by the dash line, a maximum SMF of 0.55 T was imposed
near the substrate. Therefore, themicrostructure analysis
and mechanical property test were focused on the Ti64
parts near the substrate.

Themorphology was examined by optical microscopy
(OM, DM6000, Leica). The microstructure and micro-
texture were characterized by scanning electron micro-
scopy (SEM, QUENTA 450, FEI) and electron back-
scattered diffraction (EBSD). The macro-texture was
measured using an X-ray diffractometer (XRD, D8 Dis-
cover, Bruker) with a Cu Kα1 on the y-z plane. The anal-
ysis of texture for EBSD and XRD were both obtained
using Matlab toolbox-MTEX [19]. The transmission
electron microscopy (TEM, FEI Talos F200X G2) was
employed to characterize the dislocations structures for
as-built and after-breaking samples, respectively.

Ti64 samples were cut into flat tensile specimens along
y-axis (longitudinal direction test) and z-axis (transverse
direction) with a gauge length of 15mm, a width of
2.5mm, and a thickness of 1.5mm. According to ASTM
E8A, tensile testing was performed on three specimens
at room temperature using a universal testing machine
(Criterion 44, MTS) equipped with a contact extensome-
ter with a gauge length of 12mm on an initial strain rate
of 1mmmin−1.

3. Results and discussion

Microstructural analysis reveals a substantial difference
between the Ti64 samples without (Figure 1(d,e)) and

with SMF (Figure 1(g,h)). The sample without SMF dis-
plays coarse columnar prior-β grains of several millime-
ters in length and ∼0.91mm in width (Figure 1(e)). In
contrast, the sample with SMF displays refined columnar
prior-β grains with ∼0.57mm in width (Figure 1(h)).

This work aims to draw a complete picture of the tex-
ture evolution in different scales of the LAM Ti64 alloy
under a SMF. XRD characterization was conducted to
explore the influence of SMF on the β grains’ macro-
texture. As shown in Figure 2, in the sample without SMF,
the β phase exhibits strong 001 <001> crystallographic
orientation texture (Figure 2(a,c,g)) withmaximummul-
tiples of uniform distribution (MUD) value of 11 in (110)
PFs. As shown in Figure 2(g), the <001> orientation
of the sample without SMF is tilted by ∼13° about the
BD, caused by the moving laser spot [20]. In contrast, the
maximumMUD value of 110 PFs is reduced to 8.2 in the
presence of SMF, which indicates the decreased number
of common <110> pole. The strong <001> texture
is replaced by a weak <110> . The <001> orientation
is tilted by ∼45° around the BD, and the <110> ori-
entation tends to parallel the SMF direction. Therefore,
SMF makes the macro-texture <001> orientation of β
grains irrelevant to the moving laser beam.

As shown in Figure 3, SEM observation shows a
basketweave-like dual-phase structure inside the β grains
in the both samples (Figure 3(a,e)). In samples without
SMF, continuous α GBs are found in the β GBs. There
are ‘butterfly’ structures on both sides of the β GBs along
the BD. As shown in Figure 3(a,b), it is the typical Wid-
manstätten α grain growing into adjacent β grains and
also sharing the same crystal orientation with the α GBs.
On the contrary, the sample with SMF exhibits discontin-
uous α GBs (Figure 3(e,f)). Meanwhile, TEM-DF (dark
field) images show the typical inherent dislocation lines
in the sample without SMF (Figure 3(d)), which is due to
the localization of the thermal input during L-DED [5].
However, the sample with SMF exhibited planar disloca-
tion arrays and tends to form the sub-GBs, as shown in
Figure 3(h) [21].

As summarized in Figure 3, the crystallographic
texture of the α phase was analyzed using EBSD.
Without SMF, the α phase exhibits a clear crystallo-
graphic orientation with a maximum intensity of 38
(Figure 3(c)). Because of the solid-state transition of Ti64
alloy obeying Burges Orientation Relationships (BOR)
(110β //0002α , <1-11>β //<2-1-10>α), the ‘butterfly’
structures share the same crystal orientations to grow
into the neighbor β grains. With SMF, the maximum
intensity is reduced from 38 to 25 (Figure 3(g)), which
induced the weakened texture of α phase. As shown in
Figure 3(g), the number of poles increased in the sample
with SMF as the nucleation number of α phase increased
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Figure 1. (a) Schematic showing the solidification process of L-DED under a 0.55 T transverse SMF, where (c) the thermoelectric current
and thermoelectric magnetic force are illustrated in the solidification front. (b) Distribution of magnetic field intensity. (d) and (g) OM
images; (e) and (h) β grains microscopy images; (f ) and (i) Histograms of β grain size.

on β GBs. Furthermore, the <0002>α of α phase is
nearly parallel to the direction of SMF.

The strain–stress curves (Figure 4(a)) show an
increased tensile elongation (εf) under SMF (as listed
in Table 1). The effect of SMF achieves a signifi-
cant improvement in εf for longitudinal tensile tests,
which was improved from 3.4± 0.7% to 10.8± 2.8%.
Additionally, the εf value was slightly enhanced from
11.2± 1.1% to 12.6± 1.7% by SMF in the transverse
direction. Although the UTS of samples with SMF
showed a decreasing trend in both directions, the
mechanical anisotropy of L-DED Ti64 was effectively

avoided (Table 1). Furthermore, as for the samplewithout
SMF, the fracture surface displays typical quasi-cleavage
fracture behavior (Figure 4(c)) on the longitudinal direc-
tion, with the fracture path along the GB α and the cracks
spreading into colony α as well as transverse direction
(Figure 4(d)). In contrast, the sample with SMF reveals
a clear dimpled structure (Figure 4(g,h)) in both direc-
tions, as the strain–stress curves display an obvious neck-
ing of the SMF sample (Figure 4(a)). Figure 4(f,j) presents
the dislocation structure for both fractured samples. The
dislocation arrays were blocked inside the β grains on
sample without SMF, which cannot glide through the
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Figure 2. (a) and (b) XRD 001 pole figures (PFs) of the β phase in
samples without (a) and with (b) SMF. (c) and (d) XRD 110 PFs of
the β phase in samples without (c) and with (d) SMF. (e) and (f )
Standard poles of < 100> and < 110> in 001 PFs (e) and 110
PFs (f ). (g) Volume percent of preferred orientations of samples
without and with SMF along (001) < 100> fiber texture.

interface of α/β phases, as shown in Figure 4(e,f). In
contrast, the sample with SMF presents a structure of dis-
location cells and dislocation walls (Figure 4(i,j)). Addi-
tionally, the cell interior can provide a glide for the
existing mobile dislocations, which can effectively blunt
localized plasticity and provide a large uniform tensile

elongation[5]. Therefore, the SMF has changed the size
of colony α and crystallographic orientations of L-DED
Ti64 alloy and resulted in higher εf.

Figure 4(b) shows a mechanical property comparison
of the single-bead wall and bulk samples fabricated by
various Ti64 samples [9]. Generally, it can be seen that
the LAM single-bead wall samples present lower UTS
than bulk samples, which can be attributed to the larger
β grains (exceeding 1mm) based on the Hall–Petch rela-
tion caused bymore significant heat accumulation during
thin-wall building process [28]. As for as-built LAMsam-
ples (in the orange area), the parameter optimization
exhibits evident limitations in improving the mechanical
performance. Meanwhile, the anisotropy of LAM Ti64 is
also very clearly expressed. The methods like additional
elements and ultrasonic treatment can only improve the
strength, whereas the post-heat-treatment can improve
the εf independently. In this work, the sample of SMF
achieved a balanced mechanical performance of strength
and εf meeting the ASTM B381-13 (indicated by the
orange dotted line) in the longitudinal direction and the
UTS is slightly lower than the standard value on the trans-
verse direction. The εf of the specimen with SMF for
longitudinal direction can even be comparable with the
transverse direction in Figure 4(b). By deploying SMF, a
significant increase in εf is achieved for the as-fabricated
samples in the longitudinal direction test andmechanical
isotropic is effectively optimized.

The results show that the size of β grains decreased
and the α grains’ crystal orientations changed by rotat-
ing β grains under the SMF. It can be attributed to the
formation of TEM force in the mushy zone during L-
DED under an SMF [29]. The thermoelectric potential
difference (�E) (Figure 1) will be activated by the Thom-
son–Seebeck effect during the solidification process of
a metallic material, as Equation (1) [30]. Therefore, the
thermal current (TE, jTE) can be calculated by Ohm’s
law (Equation (2)). When a transverse magnetic field B
is applied, a unidirectional Lorentz force jTE × B (TEM
force) will be produced in the vicinity of liquid/solid
interface and the TEM force will act on the cellular
dendrite.

�E = (Ss − SL)∇T (1)

jTE =
(

σsσL

σs + σL

)
�E =

(
σsσL

σs + σL

)
S∇T (2)

FTEM = jTE × B ≈ σSσL

σS + σL
(SS − SL)∇T × B (3)

where σ L, ∇T, B, and SL denote the electrical conduc-
tivity, temperature gradient, magnetic field intensity, and
absolute thermoelectric power of the liquid phase.σ L and
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Figure 3. Multi-scale microstructure characterizations of Ti64 sample without (a–d) and with (e–h) SMF: (a, e) SEM-BSE; (b, f ) EBSD
inverse pole figures (IPFs); (c, g) (0002) α PFs of α phase to corresponding (b) and (f ); (d, h) TEM-DF observations.

Figure 4. (a) Stress-strain curves of the samples without and with SMF performed on transverse (V∗) and longitudinal (H∗) directions,
respectively. (b) Comparison of UTS vs. εf of Ti64 with related studies [6,9,22–27]. (c, d and g, h) Fracturemorphology of samples without
and with SMF; (e, f and i, j) TEM-DF observations of the fractured longitudinal samples without (e, f ) and with (i, j) SMF, which is located
1 mm below the fracture.

SL are the electric conductivity and absolute thermoelec-
tric power of the solid phase. According to Equation (3),
the temperature gradient and magnetic field are the key

factors for TEM force. However, the laser-based LAM
process can provide a much higher temperature gradient
(104–106 Km−1) in the liquid/solid interface, producing
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Table 1. Tensile behavior of L-DED Ti64 without or with SMF.

Conditions YS (MPa) UTS (MPa) εf (%)

V∗ Without SMF 782.3± 18.2 869.6± 23.3 11.2± 1.1
With SMF 775.0± 0.8 864.4± 13.6 12.6± 1.7

H∗ Without SMF 913.1± 63.0 1030.0± 73.5 3.4± 0.7
With SMF 788.5± 31.5 920.6± 25.4 10.8± 2.8

Table 2. Physical parameters of Ti-6Al-4V.

Parameters Value Unit

Operational temperature, T 1968 K
Electrical conductivity in solid-state, σ S 0.73× 106 �−1·m−1

Electrical conductivity in liquid-state, σ L 0.66× 106 �−1·m−1

Seebeck coefficient in solid, SS∗ −0.1 μV/K
Seebeck coefficient in solid, SL∗ −2 μV/K
Intensity of magnetic field, B 0.55 T
Temperature gradient,∇T 1× 105 K/m

∗Due to the high melting point of Ti-alloy, the Seebeck coefficient is not only
unmeasurable but has never been reported. Therefore, the parameters of Al-
alloy areused toestimate theTEM force [32],whichareparamagneticmaterials
as well as Ti-alloys.

considerable TEM force under a weakmagnetic field. For
this case of the L-DED process, the TEM force acting on
the solid part is as high as the order of 107 Nm−3 accord-
ing to Equation (3) and the parameters calculated by
JMatPro at 1968K [31] as listed in Table 2. Therefore, the
unidirectional TEM force acting on the cellular dendrites
is strong enough to twist columnar grains in the mushy
zone during the deposition process, which leads to the
crystallographic orientation of the β grain changing from
<001> to <110> . According to the authors’ knowl-
edge, there are no reports about the thermoelectric force
in LAM of Ti64. For the additive manufacturing process,
some researchers estimated the thermoelectric force for
Al-alloy and Ni-based alloy by simulation [32–34]. Ti64
is a titanium alloy that solutes 6 wt.% of Al and 4 wt.%
of V [20]. Since the related thermoelectric properties are
lack for Ti, Al-alloys are used for the estimation of TEM
force in LAM process under magnetic field. Due to the
relatively higher electrical conductivity of Al-alloy, the
order of TEM force is 105Nm−3 [32,34]. As for the Ni-
based alloys with similar electrical conductivity to Ti, the
TEM force is at the order of 107Nm−3 [33], which is
consistent with the result of our calculation. TEM force-
driven convection generates a stirring flow towards the
liquid/solid interface, then plays the role of refining the β

grains (Figure 1). Moreover, the TEM force directly acts
on dendrite tips and promotes their fragmentation [15].

According to Equation (3), the TEM force in the
mushy zone is directly controlled by the local tempera-
ture gradient and the magnetic intensity. In our case, a
transverse SMF was applied to produce a unidirectional
force in the front of solidification to twist the β grains.
As TEM force is the production between the magnetic
field intensity and the temperature gradient. The consid-
erable TEM force can only be achieved as the temperature

gradient is large enough for the LAM, whereas the SMF
is only 0.55 T. For the traditional casting process, a high
magnetic field of about 10 T is used to induce significant
changes in microstructure. Thus, for the LAM process,
the weak SMF can also result in large enough TEM forces
to modify the microstructure of metal. However, SMF
can also influence the solid-state phase transition [35–37]
and the element diffusion [38,39], whereas the related
studies will be conducted in future work.

According to the BOR, the crystallographic orienta-
tion varies of β grain is bound to affect the subsequent
phase transition of β→α. The formation of discontin-
uous α GBs is closely related to the texture changing of
β grains. As for the reconstructed β grain of the sam-
ple without SMF, the PFs respond well with the XRD
macro-texture results. These adjacent grains share a com-
mon <110>β direction (black square in Figure 5(e)).
Hence only one α variant is produced at the β GB (black
square in Figure 5(g)), and c-axis of α phase is parallel
to the common <110> β direction, respectively, which
resulted in continuous α GBs formed and low misorien-
tation α colonies across the β GBs. In contrast, as the β

grains of the sample with SMF were tilted ∼45° around
the BD by TEM force, there were no α colonies across
the β GBs (Figure 5(c)). Three variants form on the adja-
cent β GBs (Figure 5(f)) because the β grains do not have
a common <110>β direction (Figure 5(h)) [40]. More
α variants can occur on the β GBs, and the discontinu-
ous α GBs are formed in the Ti64 sample with SMF. As
reported in various studies on α variants of Ti alloys, the
transformed α texture is controlled by the β texture, and
the common <110>β poles can cause the formation
of larger and coarse α colonies during the β→α trans-
formation [40,41]. As the β grains are twisted during
the solidification process by TEM force, and the num-
ber of common <110>β pole is reduced, leading to the
discontinuous α GBs formed and more α variants.

The LAM Ti64 normally has high tensile strength but
low εf [7,24,27,42]. In our case, tensile loads perpendic-
ular to the β GBs to separate adjacent β grains. However,
the low εf due to the parallel lamellae α or the coarsened
α colonies, especially the α colonies grow along the β

GBs, which leads to the damage accumulation for early
crack nucleation not only happened in LAM, but also in
conventional processed Ti64 [43–45]. Besides, the dis-
continuous α GBs can provide an improvement of 1.5
times on εf, which was also reported by Liu [46]. During
the tensile test, the dislocations will be trapped around
the continuous α GBs and difficult for the transition, as
shown in Figure 4(e,f), leading to stress concentration
along the GBs, resulting in early crack initiation and low
εf as the samplewithout SMF. In contrast, the dislocations
can pass through the discontinuous α GBs to adjacent β
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Figure 5. (a) and (c) EBSD IPFs of GBs α. (b) and (d) Reconstructed EBSD IPFs of β in samples. (e) and (f ) 0002 PFs of the GBs α

corresponding to (a) and (c). (g) and (h): 110 PFs of the reconstructed β phase corresponding to (b) and (d).

grain, reducing stress concentration. Additionally, in the
SMF sample, there are three α variants formed at the GBs
that provide multiple activated slip systems, as shown in
Figure 4(i,j) [4]. Hence, the addition of SMF to the L-
DED process effectively improves the structure of α and
β phases, and thus the tensile properties of L-DED Ti64
alloy were improved.

4. Conclusion

To conclude, the transverse SMF is used to address
a long-standing problem in metal LAM, namely the

microstructure and texture governing of the micro-
molten pool under a short interaction time. Herein, the
application of SMF during the L-DED of Ti64 enables
the remarkable TEM force, which induces the texture and
grains size changing of the β phase and more profound
impact on the formation of discontinuous α GBs. This
work highlights the important role of discontinuous α

GB in the εf of L-DED Ti64. Assessment of the mag-
netic field conditions reveals that the electromagnetic
field with stronger intensity can be an important practical
consideration for structural governing of large-volume
LAM-fabricated components.
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