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Abstract

Unlike acicular martensite, comb

known to impart high ductility for Ti-6.5Al-2Zr-1Mo-1V (TA15). In this article, we

report innovative heat treatment aimed at optimizing the mechanical properties of

additively manufactured TA15. After the proposed heat treatment, a trimodal

obtained. The resulting tensile properties were equivalent to those of forged TA15

counterparts. This paper discusses in detail the microstructure evolution involved in

the heat treatment, as well as the microstructure mechanical property relationships.

The exceptional combination of strength and ductility obtained after the proposed heat

treatment can allow the full exploitation of the additive manufacturing advantages of

this excellent material.
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1. Introduction

Due to their high specific strength, excellent corrosion resistance, and superior

weldability, titanium alloys are widely used in the aerospace, marine, and offshore oil

and gas, automotive, medical, and chemical industries [1-3]. However, due to some

inherent characteristics of titanium alloys, such as high chemical activity, high

deformation resistance, poor workability, etc., the machining of titanium alloys is very

difficult, which has become a major problem in the forming of titanium alloy parts. It

is particularly prominent during the processing of complex structural parts [4]. The

emergence of additive manufacturing technology can effectively solve this problem.

Laser powder bed fusion (L-PBF) is a new type of additive manufacturing technology.

Recently, the laser powder bed fusion (L-PBF) additive manufacturing technique has

proved to be a promising approach for manufacturing titanium alloys [5, 6]. L-PBF

uses a focused high-energy laser to completely melt the metal powder and directly

form metal parts through discrete + stacked lamination manufacturing, which greatly

reduces production steps, reduces production cycles, and improves material utilization

[7, 8]. In addition, due to its layer-by-layer stacking and manufacturing

characteristics, it has the ability to produce net-shaped components with complex

geometries in an affordable and eco-friendly way [9, 10, 11].

Over the past decade, a significant body of research has provided valuable insights

into this manufacturing approach, with great emphasis placed on a particular titanium

alloy Ti-6Al-4V. This research has successfully demonstrated that, by optimizing

process parameters, it is possible to print Ti-6Al-4V components with near-full

density [12-14]. Due to the rapid cooling rate in the melted pool during the L-PBF

process, the as-built microstructures of L-PBF titanium alloys are usually composed

-18]. The high density of the lattice defects

embedded in the metastable phase results in the high strength and low ductility of as-

built L-PBF titanium alloys, limiting further application [18-21].
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In response to this phenomenon, post-process heat treatments are often suggested as a

powerful tool to tune the final microstructure and adjust the mechanical properties.

Appropriate heat treatment can produce more favorable lamellar

features, improving ductility to a certain extent and allowing an acceptable strength

ductility combination to be obtained. As pioneers in related research, Vrancken et al.

[6] examined traditional manufacturing processes and proposed heat treatment below

lamellar

microstructure within the original prior-

ductility. Recent research has demonstrated that, compared to conventional heat

treatment, heat treatment tailored for additively manufactured material has the ability

to further enhance the properties of L-PBF Ti-6Al-4V. Zou et al. [22] refined prior-

grains in L-PBF Ti-6Al-4V by rapid heat treatment. A significant increase in

elongation at the break point (16.6 ± 0.7 %) was observed, with satisfactory yield

stress (YS) a

grains using an innovative cyclic heat treatment strategy and obtained a bimodal

microstructure, which enhanced ductility and toughness while maintaining the

original high strength of the as-built material. Fan et al. [24] enhanced the tensile

properties of L-PBF Ti-6Al-4V alloy using solution and aging heat treatment to

finally obtain an improved combination of strength and ductility.

Compared to Ti-6Al-4V alloy, Ti-6.5Al-2Zr-1Mo-1V (TA15) alloy is an aluminum-

and excellent processing ductility [25]. It has a higher working temperature, better

fracture toughness, a higher fatigue limit, better corrosion resistance, and improved

welding performance compared to Ti-6Al-4V; therefore, it is widely used in the

aerospace industry to manufacture load-bearing parts with complex structures that are

expected to work in medium to high temperature conditions (up to 500 ), whereas

Ti-6Al-4V has a significantly reduced lifetime in such working environments [26]. It

is widely accepted that using L-PBF to manufacture TA15 products can help to

optimize the complex structure and improve the buy-to-fly ratio [27, 28], but due to
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this being an emerging research topic, related understanding is still limited. Jiang et

al. [4] obtained almost fully dense (99.98 %) L-PBF TA15 testing samples, and their

strength ductility combination was improved by heat treatment (800 °C/2 h/WC).

Nevertheless, the ductility was still worse than for forged counterparts. Wu et al. [15,

18] obtained a better combination of UTS and elongation with optimized process

parameters and heat treatment (750 °C/2 h/FC) of L-PBF TA15. Their research also

suggested that the microstructure evolution of TA15 under the conducted heat

treatment resembled that of Ti-6Al-4V. Wu et al. [29] further reported that both the

increasing soaking temperature, leading to improved ductility; however, a tradeoff

between ductility and strength was also observed.

At the time of writing, the current research on the post-process heat treatment of as-

built L-PBF TA15 still focuses on conventional single heat treatment. Although such

heat treatment can improve the ductility of as-built TA15, the tensile properties still

fail to meet the ideal standard (equivalent to forged counterparts); therefore, it can be

assumed that more sophisticated heat treatment will be required to maximize the

potential of as-built TA15. Following examination of the resulting tensile properties

and microstructure, this paper proposes double and triple heat treatment as a means to

achieve a superior combination of strength and ductility. It also discusses the

microstructure evolution involved in the process, as well as the microstructure

mechanical property relationships of the as-built and heat-treated L-PBF TA15.

2. Materials and Methods

2.1. Materials used in this study

This study used vacuum-melted and gas-atomized TA15 powder provided by Beijing

AMC Powder Metallurgy Technology Co., Ltd., China. The powder composition and

particle size distribution are shown in Table 1 and Figure S1, exhibiting a nearly

spherical morphology (Fig. S1a) and approximately normal distribution of the particle

S1b).
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Table 1

Chemical composition of the TA15 powder used in this study.

Element Ti Al V Zr Mo Si Fe Ni Nb

wt.% Balance 6.53 2.28 2.18 1.45 0.19 0.04 0.02 0.01

x 83 mm were printed vertically on the baseplate via EOS

transus temperature of the as-built TA15 material to be 995 ± 5 °C, as explained in

detail in section 3.1.

2.2. Heat treatment of the as-built material

In this study, multiple heat treatments were applied to the as-built TA15 cylinders, as

summarized in Table 2. Previous research has already suggested an optimized single

heat treatment process for L-PBF TA15, involving soaking at a temperature of 750 °C

to 800 °C for 2 h followed by air cooling (AC) [4, 15]; therefore, HT1 was conducted

to establish a baseline for the comparison. For the proposed dual and triple heat

treatment, 970 °C was selected as the soaking temperature for the primary annealing,

excessive phase development [6, 30]. To achieve a good balance of the strength and

ductility, the secondary annealing at 600-930 were applied to study the effect of the

secondary annealing temperature on the mechanical properties. Finally, an aging

treatment at 600 °C for 4 h was applied, which stabilized the microstructure and

ucted heat

treatments, a heating rate of 10 °C/min was applied. For cooling, samples were taken

out of the furnace and exposed to air. Single primary annealing (970 /1.5 h/AC) was

also conducted to facilitate the study of the microstructure evolution during the heat

treatments.

Table 2

The heat treatments conducted in this study.



6 | 2 5

No. Primary annealing Secondary annealing Tertiary annealing

HT1 800 /2 h/AC

HT2 970 /1.5 h/AC 600 /3 h/AC

HT3 970 /1.5 h/AC 750 /3 h/AC

HT4 970 /1.5 h/AC 850 /3 h/AC

HT5 970 /1.5 h/AC 930 /3 h/AC

HT6 970 /1.5 h/AC 930 /3 h/AC 600 /4 h/AC

2.3. Microstructure characterization and mechanical tests

The microstructural analyses in this study were conducted using an inverted optical

microscope (OM, Zeiss Axio Imager 2), a scanning electron microscope (SEM, Zeiss

GeminiSEM 500), and an electron-back-scattered diffraction technique (EBSD, JSM-

7900F). Phase identification was carried out using an X-ray diffractometer (XRD,

XRD-7000). The samples used for the microstructure characterization were polished

with standard metallographic techniques. The OM and SEM samples were further

3; H2O = 1:3:7) for 20 s to observe the

microstructure. Samples for XRD were ground down to a finish by 5000-P SiC

grinding paper. The working current and voltage were 35 KV and 40 mA respectively.

The test parameters were: the diffraction angle range was 30 90 °, and the scanning

speed was 8 °/min. To improve the calibration rate, EBSD specimens were

electrolytic-polished in a mixture of 8 % perchloric acid and 92 % ethanol solution at

20 and 27 V for 25 s. Image-Pro Plus 6.0 software was used for the quantification

of the microstructures, including the volume fractions, aspect ratios, widths, and

lengths of the phases.

Tensile testing was performed at room temperature on a tensile testing machine

(MTS, CMT5205). Strain rates of 0.00025 s-1 (before yielding) and 0.0067 s-1 (after

yielding) were applied up to the sample break point. The fracture morphology was

then observed using SEM (Zeiss GeminiSEM 500). The as-built and heat-treated

TA15 cylinders were machined into rod-shaped tensile specimens with a diameter of
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m and a gauge length of 25 mm, according to the ISO 6892-1:2009 standard.

3. Results

-PBF TA15 used in this study

According to JMatPro calculation, TA15 used in this study has a theoretical value of

. Using this temperature as a

reference, the as-built TA15 samples were held at 980 , 990 , and 1,000

respectively, for 15 minutes, and then water-quenched. The resulting microstructures

are shown in Figure S2. A strong resemblance was noticed, as shown in Figures S2a

enching at 1,000 (Fig. S2c),

indicating that the as-

1,000 °C. Such observations suggested that the phase transus temperature of the

material used in the study should be 990 1,000 , corresponding to the theoretical

.

3.2. Microstructures of L-PBF TA15 subjected to different heat treatments

3.2.1 Phase constituents of the as-built and heat-treated L-PBF TA15

The X-ray diffraction patterns of the as-built and heat-treated TA15 samples are

pattern, as indicated by the round dots.

hexagonal close-packed (HCP) lattice structures, which led to similar diffraction

patterns. However,

stabilizer was unable to diffuse sufficiently during the cooling, resulting

in a much higher amount

crystal structure, resulting in broadening of its XRD diffraction peaks [4, 31]. The

half-

calculated, as reported in Table 3. The half-
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untreated as-built TA15 sample were significantly higher than those of the heat-

treated samples, suggesting that the corresponding diffraction peaks of the as-built

-built

sample, while the heat-

indicated by the diamond dots.

martensite phase in the as-built sample recovered to an equilibrium

Figure 1. XRD spectra obtained from L-PBF TA15 subjected to different treatments. Round dots

Table 3

The half- -PBF TA15 under different conditions.

Sample Miller indices (100) (002) (101)

As-built
35.33 38.47 40.39

FWHM 0.356 0.279 0.358

HT1
35.34 38.45 40.40

FWHM 0.231 0.200 0.249

970 /1.5 h/AC
35.36 38.44 40.39

FWHM 0.258 0.236 0.298

35.35 38.44 40.41
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HT2 FWHM 0.212 0.205 0.225

HT3
35.35 38.44 40.40

FWHM 0.206 0.177 0.220

HT4
35.26 38.37 40.30

FWHM 0.236 0.223 0.266

HT5
35.31 38.39 40.34

FWHM 0.309 0.282 0.338

HT6
35.27 38.28 40.30

FWHM 0.289 0.215 0.313

Figure 2 presents microscopy images that demonstrate the typical microstructure of

the as-built L-PBF TA15. No visible defects or pores were observed in the

micrographs. Numerous columnar prior-

were observed in the XOZ plane, with widths of about 100

columnar grains were attributed to the fact that when the laser scanned the top layer of

powder, its heat vertically penetrated several previously deposited layers, forming a

temperature gradient parallel to the building direction and resulting in the directional

growth of the prior-

phases with variable lengths were observed in the columnar prior-

rapid cooling rate inside the melted pool during the printing process [18]. On the XOZ

plane, these acicular structures were mainly distributed at an angle of ± 45° to the

prior- -grain boundaries, as shown in Figure 2b. This distribution corresponded to the

ers orientation relationship (BOR)

It was also noticed that the martensite in the as-built microstructure had an obvious

size difference [34], as shown in Figure 2b, which was believed to be the result of

multiple thermal cycles in the L-PBF process [34]. Based on the length of the acicular

needles, these martensites could be categorized as primary, secondary, tertiary, and
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b.

Figure 2. Typical microstructure of as-built TA15: (a) optical microscopy image of the XOZ plane,

(b) SEM micrograph showing the size difference of the as-

deformation twins, annealing twins, and dislocations [34]. It is known that such a

metastable phase, following equilibrium heating to a temperature above the martensite

s

shown in Figure 3a; therefore, after HT1, a basket-

was observed in the microstructure.

During the laser melting process, due to the extremely rapid cooling rate, limited

gradually diffused during the equilibrium heat treatment, leading to the nucleation of

-weave morphology after

HT1 (Fig. 3a) was therefore related to the as- b.

The microstructures obtained after other heat treatments are shown in Figures 3b g.

To provide a reference microstructure after the primary annealing, the as-built

material was heat treated at 970 °C for 1.5 h and air cooled. Its microstructure, as

presented in Figure 3b, consisted of short rod-shaped

-shaped (or equiaxed)
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The average width of the short rod-shaped

(or equiaxed)

Figures 3c f show the microstructures obtained by HT2 to HT5, respectively, whereas

Table 4 summarizes the grain sizes and aspect ratios of the short rod-shaped (or

found between the final microstructure and the reference microstructure (Fig. 3b),

short rod-

shaped ± 1.81

whereas the aspect ratio decreased to 5.34 ± 3.32. As the secondary annealing

temperature increased from 600 °C (HT2, Fig. 3c) to 930 °C (HT5, Fig. 3f), the

short rod-shaped (or

ased from 4.28 ± 1.81 µm to 6.18 ± 2.62 µm, and the

aspect ratio also decreased from 5.34 ± 3.32 to 2.71 ± 1.30. A notable globularization

appearing, as indicated by the red arrows in Figure 3f. Meanwhile, the secondary

Figure 3g demonstrates the microstructure obtained after HT6 (the triple heat

treatment). Compared with the double heat treatment of HT5 (Fig. 3f), the additional

tertiary heat treatment did not significantly alter the microstructure. The average

width of the obtained short rod-shaped ± 2.02 µm,

and the aspect ratio was 2.39 ± 1.17. The relatively low soaking temperature for the

tertiary heat treatment (600 °C) made it act like a final aging process, which helped to

fully diffuse the alloying elements, resulting in a more stable microstructure [37]. The

achieved trimodal microstructure consisted of ~2 ~40 % lamellar (or

as presented in detail in Fig. S3). According

to research on traditional manufactured Ti alloys, the observed trimodal

microstructure was highly likely to achieve a superior combination of high strength

and high ductility [38-40].
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Figure 3. SEM images at a magnification of 1,000 showing the typical microstructures of L-PBF

TA15 after various heat treatments: (a) HT1, (b) 970 /1.5 h/AC, (c) HT2, (d) HT3, (e) HT4, (f)

HT5, and (g) HT6.

Table 4

Grain sizes of short rod-shaped (or equiaxed)

various heat treatments.

Heat treatment Aspect ratio

970 /1.5 h/AC 23.97 ± 13.865 3.84 ± 2.429 6.47 ± 1.878

HT2 22.85 ± 16.262 4.28 ± 1.814 5.34 ± 3.321

HT3 18.99 ± 12.099 4.54 ± 2.968 4.19 ± 2.144

HT4 16.69 ± 6.003 4.86 ± 1.730 3.66 ± 1.205

HT5 16.72 ± 6.544 6.18 ± 2.617 2.71 ± 1.304

HT6 16.55 ± 6.377 6.92 ± 2.024 2.39 ± 1.173

3.2.3 Crystallographic texture of L-PBF TA15 subjected to different heat treatments
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Figure 4 presents the EBSD orientation maps and pole figures (PFs) on the XOZ

plane under several typical conditions (as-built, HT1, HT5, and HT6). No visible

changes were noticed on the prior- e; similar columnar morphologies with

average widths of approximately 100 150 µm were observed under different

conditions, marked by the black dotted line (the plotted prior-

observed, as shown in Figures 6a, c, e, and g, corresponding to the findings of the

microscopy images reported in section 3.2.2. Due to the rapid cooling rate and

complex thermal history, the as- th an

average grain size of 1.887 ± 1.272

3.773 ±

4.293

-built sample, as shown in Figure 4e, exhibited a weak HCP texture

(maximum texture index of 5.575). Due to the BOR and the potential variant selection

during the solidification in L- ariants (typically 5 to 7

types) were derived from a single prior-

HCP texture of the as-built sample. After the proposed heat treatments, the HCP

texture was significantly enhanced, as shown in Figures 4d, f, and h, indicating that

- -grain

orientation during the equilibrium heating. Under the three conditions, the triple

texture, with a maximum texture index of 16.092.
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Figure 4. PFs: (a, b) as-built

TA15; (c, d) HT1; (e, f) HT5; and (g, h) HT6 samples.

Table 5
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L-PBF HT1 HT5 HT6

Average 1.887 ± 1.272 1.889 ± 1.452 3.661 ± 2.475 4.293

3.3. Mechanical properties of L-PBF TA15 subjected to different heat treatments

3.3.1 Tensile properties

-PBF TA15 under different

conditions suggested that the specimens may have behaved differently during the

tensile testing. The stress-strain curves for all the conducted tensile tests are displayed

in Figure 5, and the test results are reported and compared in Table 6.

The as-built specimen exhibited typical high strength (YS and UTS) and low ductility,

whereas HT1 (single annealing) enhanced the ductility of the samples significantly,

with elongations exceeding 14 %; however, a typical strength deficiency was

observed. The dual heat treatments further improved the ductility, with a favorable

secondary annealing temperature of 750 °C that enabled a ductility of ~16.68 % to be

achieved; however, a similar decrease in strength was observed, which was associated

with an increase in ductility. Of the conducted heat treatments, HT6 (the proposed

triple heat treatment) provided the most favorable combination of strength and

ductility, with an elongation of ~16.33 % obtained at the break point, a YS of ~934

Mpa, and a UTS of ~1,019 Mpa. Such tensile properties are equivalent to those of

forged TA15 counterparts, which have a typical ductility of ~14 % to ~23 %, a YS of

~860 MPa to ~920 MPa, and a UTS of ~940 MPa to ~1,000 MPa [37, 38, 40, 43].
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Figure 5. Stress-strain curves of L-PBF TA15 under different conditions.

Table 6

Measured mechanical properties of L-PBF TA15 under different conditions.

Samples
Ultimate tensile strength

u (MPa)

Yield strength

y (MPa)

Elongation

L-PBF 1,281 1,123 8.14

HT1 1,077 993 14.37

HT2 1,012 917 15.70

HT3 964 868 16.68

HT4 981 834 16.06

HT5 1,001 838 13.99

HT6 1,019 934 16.33

3.3.2 Fracture morphology

To further understand the differences in the tensile behaviors of the L-PBF TA15, the

tensile fracture behavior was analyzed, and the fracture morphology was observed, as

shown in Figure 6 (further details have been provided in Figure S4). Figure 6a shows
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the fracture morphology of the as-built TA15. The cleavage step, cleavage surface,

and tear edge covered a significant portion of the fracture surface, whereas only a

limited number of small dimples were found, suggesting that the material was brittle

[44], consistent with the poor ductility (~8.14 %) of the as-built TA15. Figure 6b

presents the fracture morphology of the TA15 sample after the single heat treatment

(HT1). Compared with the as-built material, a significant increase in the dimples was

noticed, accompanied by fewer brittle features, which reflected a typical ductile

fracture, corresponding to the increase in ductility (~14.37 %) after HT1. Figures 6c

and d show the fracture morphologies of the TA15 after the dual (HT5) and triple heat

treatment (HT6), respectively. Similarities were observed across different fracture

surfaces; increases in the sizes and depths of the dimples were observed, along with

the appearance of many small dimples distributed around the large dimples, compared

to the facture surface of the HT1 sample. This suggested more stable and reliable

fracture behavior after dual and triple heat treatment [25].

Figure 6. Fracture morphologies of L-PBF TA15 under different conditions: (a) as-built, (b) HT1,

(c) HT5, and (d) HT6.

4. Discussion
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The microstructure of the as-built L-PBF TA15 alloy mainly consisted of acicular

martensite. After the proposed heat treatment, the as-built microstructure decomposed

to an approximate trimodal microstructure, consisting of

tr . During the process, coarsening, and globularization of the

. A phenomenon normally reported in thermal-

mechanical processed Ti alloys, this is considered to be a key factor leading to the

superior mechanical properties of thermal-mechanical processed materials [38, 45].

This section discusses the possible mechanism resulting in the observed

globularization.

Due to the rapid cooling rate during the laser melting process, the as-built martensitic

very dense lattice defects, typically expressed by the large dislocation

densities found after L-PBF in the core and at the boundary of the martensitic as-built

microstructure [4, 18]. At an elevated temperature, these retained dislocations were

activated, and their movement tended to reduce the Gibbs energy of the lattice system.

grains. Ultimately, this progressed to the formation of the sub-grain boundary, as

observed and reported in Zhao [30]. The

phase at that location [22, 30].

Consequently, the ori

at high

temperatures could further undermine the

Due to the combined influence of the aforementioned factors, it could be assumed that

holding L-PBF TA15 at an elevated temperature for a sufficiently long time would

effectively split one original

ratios. Furthermore, because the heating was uniform during the conducted heat

nuclei resulted in the observed microstructure after the proposed
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heat treatment.

hugely affected by temperature [30, 45], it could be deduced that altering the soaking

temperature during the secondary annealing would effectively affect the volume

fraction of the

conducted dual heat treatments (HT2 to HT5), this study showed that a higher

secondary annealing temperature led to

grains. Finally, after soaking at 930 °C for 3 h during the secondary annealing, an

approximate trimodal microstructure containing ~ ~

~ as obtained. For the triple heat

treatment (HT6), because the soaking temperature of the tertiary annealing was

600 °C the final heat treatment only acted as

an aging process, which did not significantly alter the resulting microstructure. The

influence of such an aging process will be discussed in detail in section 4.2.

4.2. Microstructure mechanical properties relationships

It is widely accepted that there is a direct link between the microstructures and

mechanical properties of Ti alloys [46]; therefore, by tuning the achieved

microstructure, heat treatment can effectively alter the final mechanical properties, as

demonstrated by this study.

The as-built TA15 exhibited high-strength, low-plasticity performance, like other

additively manufactured Ti alloys [23, 35, 47, 48]. The underlying mechanism for the

observed tensile properties in the L-PBF TA15 alloy can be explained by the

following strengthening mechanisms. The high density of lattice defects (dislocations,

annealing twins, and deformation twins) is a typical feature of the acicular martensite

structure. Since the material is already saturated with existing dislocations, newly

developed dislocation will be prevented from nucleating. Such resistance to

dislocation formation will be expressed as a resistance to plastic deformation during

loading, resulting in the observed high strength [49]. As a type of crystal plane defect,
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the nano-sized twin grain boundary can hinder the movement of dislocations and has

the ability to accommodate dislocations [18]; therefore, the use of nano-sized twin

grain boundaries can promote material strengthening [4, 15, 29]. Also, the thin

-

XRD). The dif

[50]. Finally, refining grains has always been an effective way to strengthen

polycrystalline materials [51]. As shown in Figures 2 and 4a, the microstructure of the

L-PBF TA15 alloy L-PBF had extremely fine grains, with an average grain size of

compared with equiaxed, lamellar, and short rod-

large aspect ratio, which was slender and needle-like, and thus more conducive to

increasing strength [52].

In this study, the prior-

treatments. The latest in situ observation has suggested that, for heat treatments below

-

was reasonable to assume that the differences in the mechanical properties after

structures.

After HT1, the ductility significantly improved, while the strength was only slightly

reduced, corresponding to the fracture topography change shown in Figures 6a and b.

This was

(HCP), resulting in improved plasticity after HT1 [4]. Additionally, the obvious

reduction of crystal defects in the microstructure and the elimination of residual stress

also resulted in decreased strength and improved plasticity. Finally, after HT1, the

stress caused
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kept the material at a high strength.

After the proposed dual or triple heat treatment (HT2 HT6), a trimodal structure was

basket-

ure

contribute differently to the mechanical properties. The equiaxed grains play a

coordinated role in deformation. When TA15 titanium alloy fractures, it has greater

deformation and exhibits high plasticity, and its content is mainly affected by the heat

treatment temperature [38, 53]. Lamellar grains are conducive to increasing the

number of phase interfaces, leading to the improved strength and creep resistance of

TA15 titanium alloy, and its content is determined by the temperature difference

between the two heat-treatment steps [38]. The transformed basket-

can cause the crack propagation of TA15 alloy to change in the direction of the

lamellas and colonies during fracture, resulting in more crack branches and complex

paths, increasing strength and toughness [23, 30, 40]. The combined effect of the three

morphological structures affects the mechanical properties. The content of the three

morphological structures can be adjusted by using different heat treatment parameters

to control the strength and plasticity of the material. To obtain a better strength

plasticity combination, research on conventional manufactured Ti alloys has broadly

recognized that a morphology close to, or even achieving, the perfect trimodal

structure (consisting of ~15

lamellar grains were relatively slender. The trimodal structures obtained after HT2 6

obviously coarser. According to the Hall Petch relation, a fine-grained microstructure

facilitates superior strength [18]. Combining the influence of the mechanical

properties of the three morphological structures mentioned above, the improvement of

the plasticity of the trimodal structure could be attributed to the coarsening of grains,

the appearance of equiaxed grains reaching a certain proportion, and the reduction of
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ensure considerable strength, combining the merits of the basket-weave and bimodal

microstructures and producing both high strength and high plasticity [38, 40].

Also, the latest research on the triple-heat-treatment additive manufacturing of

titanium alloys has discovered the strengthening influence of a nano-scale

submicroscopic structure on strength and plasticity [30]. During the stretching

and cell walls effectively hindered the movement of dislocations, resulting in high

tensile strength. Moreover, the channel structures and the interiors of the dislocation

cells provided a certain distance of glide for the mobile dislocation, which effectively

blunted localized plasticity, thereby enhancing it. As stretching progressed, dislocation

walls and dislocation cell walls were broken, and shear bands formed, which further

enhanced plasticity. Moreover, a good shear band compensated for the strength

reduction caused by dislocation walls and cell wall breakage. In summary, the

appearance of the above phenomena in the stretching process further increased the

strength and plasticity.

For the four types of conducted dual heat treatments (HT2 HT5), the microstructures

remained lamellar structures after primary annealing at 970

tended to transform into short rod shapes. Secondary annealing produced primary

process resulted in different sizes and volume fractions of the structures.

The coarsening of the primary gth, which

could be loosely explained by the Hall Petch effect [51], whereas the increase in the

short rod-

increase in plasticity [37]. Moreover, the mechanical properties of the samples after

double heat treatment clearly showed a trade-off between TA15 alloy strength and

plasticity.
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Finally, and notably, the triple heat treatment (HT6), with additional aging,

successfully improved both the yield strength and ductility compared to HT5.

Although such a difference cannot be attributed to any detectable difference in the

microstructure, it is possible that the aging of Ti alloys can lead to the precipitation of

nanometer-sized intermetallic particles. During the HT5 heat treatment process, the

boundaries, resulting in decreased strength. Due to the high Al content, typical aging

procedures (600 /4 h/AC) resulted in the formation of nanometer-sized intermetallic

particles through Ti3 2), which increased the strength [54, 55].

Greater external stress was needed to make dislocation slip past the strengthening

phase particles and continue to slip, hindering the dislocation slippage to a certain

extent and providing additional precipitation strengthening. Simultaneously, aging can

promote slip planarity, which is beneficial for improving plasticity [48, 54, 56] a

factor that is considered conducive to the mechanical behaviors of Ti alloys with

trimodal structures.

5. Conclusion

The results presented in this article provide new insights into innovative heat

treatments aimed at optimizing the mechanical properties of L-PBF TA15. After the

proposed dual or triple heat treatment, trimodal microstructures consisting of

microstructures lead to tensile properties equivalent to those of forged TA15

counterparts, which conventional heat treatment of L-PBF has failed to achieve.

1. The interpretation of tensile data with a detailed microstructural investigation led

to the following conclusions: The as-built L-PBF TA15 consisted of acicular

2. Specimens to which a conventional heat treatment (HT1) was applied had

trade-off between strength and ductility.
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3. The proposed dual and triple heat treatment effectively resulted in trimodal

microstructures, with improved strength and ductility. This was attributable to the

formation of -

4.

e following nondirectional phase development.

5. Aging benefitted the heat-treated specimens, suggesting the plausible influence of

precipitation strengthening and element partitioning on the trimodal

microstructures.
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