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Abstract: By tailoring different microstructural features, this study verifies that the laser powder
bed fusion (LPBF)-fabricated Ti-6Al-4V titanium alloy with a fully /(3 lamellar structure exhibits
excellent ductility at liquid nitrogen temperature. HT-800 was obtained by holding at 800 °C for
two hours and then furnace-cooled, resulting in a microstructure consisting of residual martensitic
o phase, lamellar « phase, and particulate 3 phase. The HT-900 was obtained by holding at 900 °C
for two hours and then furnace-cooled, completely eliminating the multi-level martensitic o’ phase
generated during the LPBF process and resulting in an o/ lamellar structure. HT-900 achieved an
elongation of 11% at liquid nitrogen temperature, a 47% improvement over the HT-800. After low-
temperature strain fracture, the proportions of 61.38°<11-20> twin boundaries in the HT-800 and HT-
900 were 21.4% and 26.4%, respectively, indicating that a substantial amount of deformation twinning
is activated at liquid nitrogen temperature. Twinning induces the activation of slip systems by altering
the orientation of surrounding grains. The coordinated plastic deformation of twinning and slip
enhances the ductility of the HT-900 at 77 K. The results show that the LPBF-TC4 titanium alloy with
a fully o/ lamellar structure exhibits superior, coordinated plastic deformation capabilities at 77 K,
maintaining high strength while achieving greater ductility and fracture toughness.

Keywords: laser powder bed fusion; Ti-6Al-4V titanium alloy; liquid nitrogen temperature (77 K);
strength-ductility synergy

1. Introduction

Renowned for its high strength-to-weight ratio and excellent corrosion resistance,
Ti-6Al-4V (TC4) was most widely used in the aerospace and space industries, where appli-
cation temperature ranges from extremely low (77 K) to elevated temperature (873 K) [1,2].
However, due to the -phase content and equiaxed microstructure in as-cast TC4, its
ductility at cryogenic temperatures is currently inadequate to fully meet the stringent
requirements of space applications [3-6].

Currently, cryogenic titanium alloys in service are predominantly near-« titanium al-
loys, such as Ti-5A1-2.55n [7]. These a-phase alloys are preferred for cryogenic applications
due to the lower oxygen sensitivity of o-Ti compared to 3-Ti, which reduces embrittlement
risks at low temperatures [8]. As temperature decreases into the cryogenic range, the critical
resolved shear stress (CRSS) of titanium alloys increases significantly due to an increase in
lattice friction, resulting in a marked rise in yield strength [9]. Decreased from 298 K to 77 K,
slip activation in o-Ti, and especially in (3-Ti phases, becomes increasingly challenging
compared to twinning. This is primarily due to the substantial increase in CRSS for slip and
twinning, with the rate of increase for slip being notably higher than that for twinning [10].

Notably, the metastable 3-Ti alloy Ti-15Mo-2Al exhibits low elongation to failure (EI)
at cryogenic temperatures, with values recorded at approximately 4.5% [11]. In contrast, the
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lamellar-structured ELI (Extra-Low Interstitial) Ti-5Al-2.55n alloy demonstrates superior
elongation to failure at 77 K, highlighting its potential for high-performance applications in
extreme cryogenic environments [12].

It is well known that TC4 is a dual-phase (x+) titanium alloy. Tailoring the typical
oi+f3 microstructure into near « is a potential advantage. However, TC4 titanium alloys with
less than 5% {3 phase can be fabricated through LPBF [13,14]. Additionally, laser powder
bed fusion enables the precise shaping of complex components. The TC4 alloy fabricated
by LPBF features a hierarchical acicular martensitic o’ phase structure, resulting from the
extremely high cooling rate of the molten pool and the complex thermal cycles. Such a
unique microstructural configuration of LPBF-TC4, characterized by acicular martensitic
o phase and a minimal amount of 3 phase, provides a foundation for adjusting the
microstructural properties. This hierarchical acicular martensitic «” phase structure in
TA15 exhibits an elongation of only 5.2% =+ 0.1% at liquid nitrogen temperature [15]. Zang
et al. [16] pointed out that a fully lamellar microstructure can endow near-o titanium
alloys with excellent plasticity at low temperatures. Sheng et al. [17] found that higher heat
treatment temperatures facilitate the decomposition of the martensitic «’ phase and promote
the growth of the lamellar structure. The characteristic microstructure generated through
LPBF substantially influences the low-temperature performance of TC4 titanium alloy.

In this study, TC4 alloys with a hierarchical martensitic «” phase and less than 5% f3
phase content were produced using the LPBF technique. Heat treatment processes were
developed below the -phase transformation point temperature to create two distinct
microstructures: one consisting predominantly of residual martensitic " phase with a
minor fraction of &/ 3 lamellar structure and the other exhibiting a fully developed /3
lamellar structure. The plastic deformation behavior of these two microstructures at low
temperatures was systematically analyzed, providing valuable insights for future research
on the low-temperature plastic deformation mechanisms of LPBF-processed TC4 alloy.

2. Materials and Method

The LPBF manufacturing system, specifically the HBD 400 model produced by Han-
bang Co., Ltd. in Shenzhen, China, is equipped with two 500 W IPG fiber lasers. The
processing parameters for the LPBF were set as follows: a laser power of 360 W, a scanning
speed of 1200 mm/s, a line spacing of 0.12 mm, a layer rotation of 67°, and a layer thickness
of 30 um. The entire manufacturing process was conducted in an argon environment with
an oxygen content below 120 ppm. For the heat treatment process, the LPBF-TC4 was
held at 800 °C for 2 h and then cooled in the furnace, designated as HT-800. Similarly, the
LPBF-TC4 was held at 900 °C for 2 h and subsequently cooled in the furnace, designated
as HT-900.

The samples produced by LPBF were ground and polished, followed by etching with
Keller’s reagent (comprising 1.0% HF, 1.5% HCl, 2.5% HNO3, and 95.0% distilled water)
for observation under an optical microscope (OM) (OPTIKA IM 3 MET, Bergamo, Italy).
Additionally, a field emission scanning electron microscope (FESEM) (NOVA NanoSEM-
230, Sydney, NSW, Australia), along with an electron backscatter diffraction (EBSD) system
(OXFORD Symmetry-S3, London, UK), was utilized to inspect the microstructure of the
samples. Tensile tests were conducted on HT-800 and HT-900 at a liquid nitrogen tem-
perature of 77 K using an MTS CMT5150 low-temperature tensile testing machine with a
constant strain rate of 5 x 1074 s~1.

3. Results and Discussion

The XRD patterns of the HT-800, HT-900, and LPBF-TC4 are shown in Figure 1a, with
all specimens exhibiting diffraction peaks corresponding to the HCP phase. The HCP
phase consists of « and «” martensite, and despite their similar lattice parameters, slight
differences are observable in the XRD spectra [18]. This is attributed to rapid cooling
inhibiting solute diffusion and enriching the &’ martensite in V and Mo, leading to crystal
structure distortion and broadening of the diffraction peaks [19]. By combining Figure 1b,c,
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it can be observed that the HCP diffraction peaks in LPBF-TC4 are entirely «” martensite,
which forms due to the extremely high cooling rate and complex thermal cycles during
the LPBF process. This results in a hierarchical metastable phase (acicular martensite o)
with less than 5%  phase so that no diffraction peaks for the 3 phase are observed in the
XRD spectrum. The HCP diffraction peaks in the HT-800 consist of residual «” and a small
amount of « phase. For the HT-900, the HCP peaks are entirely o phase. Comparing the
heat treatment schemes of HT-800 and HT-900, a weak (3 phase diffraction peak can be
observed at the 42° position in both. In HT-800, there is a significant amount of residual o’
phase, lamellar & phase, and a small amount of dispersed 3 phase, whereas in HT-900, the
o phase has completely transformed into a fully «/ {3 lamellar structure. This is because
the decomposition rate of the martensite o’ phase accelerates with increasing temperature;
at the same holding time, higher temperatures yield larger dimensions of the lamellar
structure [17].
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Figure 1. (a) XRD patterns of the HT-800, HT-900, and LPBFed.; SEM micrograph of the microstructure
of the (b) HT-800, () HT-900.

Tensile tests were conducted at liquid nitrogen temperature (77 K) on samples sub-
jected to HT-800 and HT-900 heat treatment processes, with results presented in Figure 2a.
Under the HT-800 heat treatment conditions, the samples exhibited a tensile strength of
1599 MPa, a yield strength of 1565 MPa, and an elongation of 7.5%. For the HT-900 treated
samples, the tensile strength was 1489 MPa, the yield strength was 1473 MPa, and the
elongation reached 11%, representing a 47% increase compared to the HT-800. Figure 2b,c
show the microscopic morphology at the fracture surfaces. In the HT-800, large cleavage
steps, tear ridges, and smaller dimples are evident, with cracks propagating along the large
acicular martensitic «” phases until the final fracture. In contrast, the HT-900 shows almost
no cleavage steps but presents a greater number of larger dimples. Fracture morphology
analysis reveals that the HT-800 exhibits a mixed fracture mode, while the HT-900 demon-
strates a ductile fracture mode. The average dimple size for the HT-800 is 1.02 um, while
that for the HT-900 is 6.93 pm. The comparison of microscopic morphology at the fracture
surface and dimple size clearly indicates that the low-temperature toughness of the HT-900
is superior to that of the HT-800, which is consistent with the tensile test results. This also
confirms that the TC4 alloy with a fully «/f lamellar structure possesses better plastic
deformation capability at liquid nitrogen temperatures.
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Figure 2. (a) Liquid nitrogen temperature tensile test results and data summary of HT-800 and
HT-900.; fracture SEM morphology of the (b) HT-800 and (c) HT-900.

Figure 3a,b show the IMMA images of the HT-800 and HT-900 before deformation.
It can be observed that, prior to deformation, the HT-900 contains a higher number of
recrystallized grains. This suggests that the elevated heat treatment temperature not only
completely eliminates the martensitic " phase but also promotes dislocation recovery,
grain recrystallization, and partial grain sub-structuring [20]. These changes help retain the
material’s strength while enhancing its plastic deformation capacity. Observing the IMMA
images of the deformed in Figure 3c,d and the IMMA proportion distribution in Figure 3e,
the proportions of deformed grains in the HT-800 and HT-900 after deformation are 53% and
82.3%, respectively. The higher proportion of deformed grains in the HT-900 is attributed
to the more active dislocation motion in the recrystallized grains, where dislocations can
pass through the interfaces of the o/ lamellar structure [21], leading to a more uniform
stress distribution in the sample and enhancing its ability for coordinated deformation.

Figure 3f—i present the orientation difference distribution maps of the HT-800 and
HT-900 before and after deformation. It can be observed that the orientation difference
distribution of both samples is quite similar prior to deformation, with the HT-900 exhibit-
ing slightly lower proportions of low-angle grain boundaries (LAGBs). After deformation,
the proportions of LAGBs in the HT-800 and HT-900 are 15.2% and 24.2%, respectively.
Both samples show an increase in the proportion of LAGBs after deformation, but the
increase is more pronounced in the HT-900. This is primarily attributed to the activation of
more dislocations and twins within the «/ 3 lamellar structure during deformation [15],
resulting in a more uniform stress distribution in the HT-900 and a greater number of grains
participating in deformation, which is consistent with the IMMA results.

At room temperature, slip is the primary deformation mechanism during the plastic
deformation phase in titanium alloys. However, at low temperatures, twinning tends to
occur prior to slip due to differences in the critical resolved shear stress (CRSS) variation
with temperature for slip and twinning [15,21]. To determine the activated slip systems, we
compared the Schmid factor (SF) distribution across different slip systems in the HT-800
and HT-900 after strain fracture, as shown in Figure 4a-h, and calculated the average SF
values for each slip system, as depicted in Figure 4i. The Schmid factors for all slip systems
in the HT-900 are higher than those in the HT-800, indicating that at low temperatures, the
grains within the HT-900 are more likely to activate slip systems to facilitate coordinated
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deformation. The significant difference in SF between basal slip and <a> prismatic slip
suggests that these two slip systems are more easily activated in the «/3 lamellar structure
of TC4 at liquid nitrogen temperature.

At 77 K, twinning is expected to initiate preferentially due to its relatively low CRSS [2],
subsequently rotating nearby grains toward orientations more favorable for slip activation,
thereby enabling coordinated plastic deformation through twinning-slip synergy. As shown
in Figure 4j,k, the proportions of 61.38°<11-20> twin boundaries in the HT-800 and HT-900
after strain fracture are 21.4% and 26.4%, respectively. The acicular martensitic «’ phase
has narrower dislocation channels, which are unfavorable for the initiation of twinning
and slip, while the larger « lamellae are more conducive to both twinning and slip, with
twins capable of traversing o/ interfaces [16,21]. Consequently, the HT-900 with a fully
oo/ lamellar structure exhibits a higher proportion of twinning, leading to enhanced
twinning-slip coordinated plastic deformation. This manifests macroscopically as greater
elongation at liquid nitrogen temperature (77 K).
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Figure 3. (a-d) JAMA map and (e) JAMA proportional fraction diagram of HT-800 and HT-900,
Orientation difference distribution maps before and after deformation of (f,g) HT-800, (h,i) HT-900.
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individual slip systems of the deformed after straining to fracture at HT-800 and HT-900; and twin
boundary map after strain fracture at (j) HT-800 and (k) HT-900.

4. Conclusions

This study fabricated a TC4 titanium alloy using the laser powder bed fusion (LPBF)

technique. Two heat treatment regimes, HT-800 and HT-900, were designed below the
-phase transition point. The microstructure of the HT-800 consists of residual martensitic
o phase, lamellar « phase, and dispersed (3-phase particles, while the HT-900 features a
fully oo/ 3 lamellar structure.

1.

The tensile results at liquid nitrogen temperature indicate that the HT-800 exhibits
a tensile strength of 1599 MPa, a yield strength of 1565 MPa, and an elongation of
7.5%. In contrast, the HT-900 shows a tensile strength of 1489 MPa, a yield strength of
1473 MPa, and an elongation of 11%.

The elongation of the HT-900 at liquid nitrogen temperature surpasses that of the
HT-800 by 47%. This remarkable elongation is accompanied by high strength, demon-
strating that the fully o/ lamellar structure of TC4 is particularly advantageous for
applications in low-temperature environments.

After low-temperature strain fracture, the proportions of low-angle grain boundaries
(LAGBs) in the HT-800 and HT-900 are 15.2% and 24.2%, respectively, with deformed
grain counts of 53% and 82.3%. The proportions of 61.38°<11-20> twin boundaries in
the HT-800 and HT-900 are 21.4% and 26.4%, respectively.

At liquid nitrogen temperature, the critical resolved shear stress (CRSS) for twinning
is lower than that for slip, resulting in significant deformation twinning in the HT-900,
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which activates the slip systems. The Schmid factors for all slip systems in the HT-900
exceed those in the HT-800 due to the latter’s martensitic «” phase having fewer
dislocation pathways. In contrast, the « lamellar structure facilitates both dislocation
slip and twinning. The coordinated deformation of twinning and slip allows the
HT-900 to better resist plastic deformation at liquid nitrogen temperature, leading to
superior low-temperature elongation.
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