Transactions of Materials Research 1 (2025) 100014

Contents lists available at ScienceDirect

Transactions of Materials Research MRS

ELSEVIER journal homepage: www.sciencedirect.com/journal/transactions-of-materials-research
Refined martensite and enhanced strength of selective laser melted ]
Ti6.5A12.5Zr1Mo1V matrix composites by minor nano TiBw addition ot

Qi An®®, Lihua Cui®, Delong Gong®, Han Cheng®, Ying Liu®, Rui Zhang®, Yang Bao°,
Lujun Huang*™”, Lin Geng ™"

# School of Materials Science and Engineering, Harbin Institute of Technology, Harbin, 150001, China
Y State Key Laboratory of Precision Welding & Joining of Materials and Structures, Harbin, 150001, China

ARTICLE INFO ABSTRACT

Keywords:

Titanium matrix composites
Selective laser melting
Minor TiBw

Microstructure evolution
Strengthening mechanisms

To achieve strength improvement while ensuring a certain degree of plasticity of titanium matrix composites
(TMCs) by selective laser melting (SLM), minor TiB, particles were used to fabricate in situ TiB whiskers (TiBw)
reinforced Ti6.5A12.5Zr1MolV composites in this work. It is found that pore defects in the as-printed TMCs
reduce with the decreasing energy density. The porosity of as-printed TMCs decreases to 0.0005% under an
optimized energy density of 61 J-mm™>. To establish the relationship between porosity and SLM parameters, a
systematic investigation of the influence of SLM parameters on the microstructure of TMCs is conducted, and the
microstructure evolution is clarified during complex thermal cycling. The nano TiBw effectively hinders the
coarsening of hierarchical martensite during the complex thermal cycles. As a result, the martensite plate
thickness is approximately 60% in comparison with the as-printed Ti6.5A12.5Zr1MolV alloy. A remarkable
strengthening effect is achieved with minor TiBw, resulting in an impressive tensile strength of 1432 MPa and

yield strength of 1320 MPa, while an elongation rate of 4.0% is maintained.

1. Introduction

Titanium matrix composites (TMCs) have extensive applications in
aerospace, automotive, military and marine industries, as interface as in
biomedical and other sectors owing to their exceptional specific strength,
specific modulus, high-temperature durability, and wear resistance
[1-8]. The in situ TiBw, one of the most popular reinforcements in TMCs,
has low density, high modulus of elasticity, high tensile strength, good
thermal stability and similar thermal expansion coefficient as those of
titanium and titanium alloys [9-12]. The interface between the in situ
TiBw and the matrix is well-bonded and free from reaction product [13],
which enhances the overall performance of TMCs due to high thermo-
dynamic stability.

Currently, due to the complex shape of important structural parts
such as the head shells of aerospace aircraft and air rudders [14-16], the
laser additive manufacturing technology has become an ideal method for
fabricating metallic components with complex shapes and structures
based on the near-net-shape-manufacturing capability. selective laser
melting (SLM), also known as laser powder bed fusion (LPBF), is an ad-
ditive manufacturing technology in the form of high energy laser beam as

an energy source and powder bed as raw material [17]. In particular,
SLM has the advantage of high forming accuracy due to the fine beam
diameter and fine powder. In addition, the extremely rapid melting and
solidification process of SLM also leads to the refinement of grains and
the in situ synthesis of nano scale reinforcements [18]. Jiang et al. [19]
prepared Ti6Al4V alloy and TiC/Ti6Al4V composite by SLM. They found
that a higher energy density was always required to prepare TiC/Ti6Al4V
than Ti6Al4V. A similar result was concluded by Fereiduni et al. [20] that
the relative density of TMCs raised initially and then decreased with the
increase of the input energy density during SLM. Liu et al. [21] prepared
in situ TiBw/Ti6Al4V composites by SLM, disclosing the TiBw could
significantly improve the strength of the material. However, the elon-
gation was reduced from 7.7% to 2.6% significantly. Li et al. [22]
fabricated TiC/Ti6A14V with 0 vol% to 50 vol% by laser melting depo-
sition (LMD) and observed that composites with more than 5% volume
fraction of the reinforcement (TiC) would have adverse effects on their
mechanical properties due to the incomplete dissolution and the brit-
tleness of TiC.

From the current research status, some basic research has been car-
ried out on the additive manufacturing of TMCs. Due to the incorporation
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of ceramic phases, the plasticity of TMCs is consistently diminished,
rendering TMCs is susceptible to cracking during the printing process.
Accordingly, pure titanium or Ti6Al4V with superior plasticity is
invariably employed as the matrix [23-25]. Few studies focus on near-o
titanium alloys as they are prone to cracking in the process of SLM, due to
low ductility induced by high Al equivalent. However, near-a type tita-
nium alloys have excellent high-temperature performance [26]. The
additive manufacturing of TMCs with near-a alloy matrix would have
more potential to be applied in aerospace fields with high-temperature
environments. In addition, the volume fraction of the TiBw enhance-
ment phase needs to be designed, since high content often results in low
ductility.

In this study, near-a Ti6.5A12Zr1Mo1V alloy powder and submicron
TiB, ceramic particles were selected as raw materials to prepare TiBw/
Ti6.5A12.5Zr1Mo1V composites by SLM. The crack-free and high-relative
density TMCs were achieved by optimizing the process parameters. As a
result, the tensile strength and yield strength of as-printed TMCs
exhibited a significant increase compared to those of the as-printed
Ti6.5A12.5Zr1MolV alloy. The detailed microstructure evolution dur-
ing SLM and the strengthening mechanisms of in situ nano-TiBw were
analyzed. The study possesses a certain reference value for the research
and application of additive manufacturing of TMCs.
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2. Experimental procedure
2.1. Fabrication of TiBw/Ti6.5A12.5Zr1Mo1V composites

In this work, Ti6.5A12.5Zr1Mo1V alloy powder (Fig. 1a) with a par-
ticle size range of 15-53 pm was sourced from ZTT SRIM Additive
Manufacturing Co., Ltd., while TiB; particles (Fig. 1b) with a particle size
range of 0.5-1 pm and a purity of 99% were obtained from FORSMAN
Co., Ltd. Firstly, the low-energy ball milling, with parameters defined as a
rotation speed of 220 rpm, a milling duration of 5 h, balls with a diameter
of 10 mm, and a ball-to-powder ratio of 2:1, was used to mix the two raw
materials under argon atmosphere. The model of ball mill equipment is
QM-2SP12. As shown in Fig. 1c and d, the small-sized TiB, particles were
evenly embedded on the surface of the large-size alloy powder, and the
alloy powder still maintained good sphericity after low-energy ball
milling. Secondly, the composite samples were fabricated using BLT S210
SLM equipment with a fixed layer thickness of 30 pm, a hatching spacing
of 90 pm, and a preheating temperature of 180 °C. The laser scanning
direction between adjacent layers was rotated 67° during the preparation
process. Fig. 1e shows the schematic illustration of the scanning strategy
and the detailed dimensions of the mechanical property specimen. In this
study, the laser power and scanning speed were varied. The influence of
SLM parameters can be comprehensively described by different volume
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Fig. 1. SEM images of powder: (a) Ti6.5A12.5Zr1Mo1V alloy powder (15-53 pm), (b) TiB, particles (0.5-1 pm), (c, d) ball-milled 0.5 wt% TiB,/Ti6.5A12.5Zr1Mo1V
powder at low and high magnification. (e) Schematic illustration of the scanning strategy. (f) Construction orientation of the stretched samples and the detailed

dimensions of mechanical properties specimen. (g) Samples prepared by SLM.
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energy densities (VED). The relationship between VED and SLM param-
eters can be expressed as [27].

VED = L, 1)
vXhxt

where VED is the volume laser energy density (J-mm™3), P is the laser
power (W), v is the scanning speed (mm/s), h is the scanning spacing
(mm), tis the powder layer thickness (mm). The specific SLM parameters
and corresponding VED are shown in Table S1 of the Supplementary
material. The as-printed samples without macroscopic cracking indicate
excellent formability (Fig. 1g).

The as-printed samples without cracks are shown in Fig. 1g. Ac-
cording to the relationship between the mass fraction of TiB; and the
volume fraction of TiBw expressed in the following, 0.5 wt% TiBy/
Ti6.5A12.5Zr1MolV can be transformed into 0.85 vol% TiBw/
Ti6.5A12.5Zr1Mo1V based on the chemical reaction of TiBy+Ti—2TiB.

1wt.%TiB, = 1.7vol.%TiB. 2)

2.2. Phase constitution and microstructure characterization

The morphology of Ti6.5A12.5Zr1Mo1V alloy, TiBy, and mixed TiBy/
Ti6.5A12.5Zr1MolV was observed with a Zeiss Gemini-300 scanning
electron microscope (SEM). The transverse (XOY) and longitudinal
(XOZ) cross-sections of the samples were obtained by wire-cutting elec-
trical discharge machining. Three different locations on each cross-
section were selected for porosity statistics through the software Image
J and the average value was taken as the porosity of the sample. A Xradia
520 Versa three-dimensional X-ray microscopy (3D-CT) with a step size
of 1 pm was used to further measure the porosity of the TMCs. The
sample for 3D-CT is the cylinder with a diameter of 1 mm and a height of
2 mm. The microstructures of the TMCs after etching were observed with
a JX-50M optical microscope (OM) and a Zeiss Gemini-300 SEM. The
acceleration voltage of SEM is 20 kV. The etching solution is a Kroll re-
agent (HF: HNOs: HO = 5:15:80). Moreover, X-ray diffraction (XRD)
was performed using Panalytical X’ Pert equipment and Cu K, radiation
to confirm the phase composition. The XRD analysis was performed
under an acceleration voltage of 40 kV, with a scanning range of 20-90°,
a scanning speed of 6°/min, and a step size of 0.016°. The electron
backscattered diffraction (EBSD) was also analyzed by Hitachi SU5000
SEM with a step size of 0.25 pm. The acceleration voltage of EBSD is 20
kV. The images were processed by AztecCrystal software. The micro-
structures and nano phases were further characterized by using a Talos
F200X transmission electron microscope (TEM) with an acceleration
voltage of 200 kV.

2.3. Mechanical properties

The tensile samples were evaluated along the build direction (Fig. 1f).
The mechanical properties of plate specimens (gauge area of 15 mm x 5
mm x 1.8 mm) (Fig. 1f) were tested at room temperature with a strain
rate of 8 x 10~*s™! on an AGX-plus universal testing machine. The strain
was measured using an electronic extensometer with a gauge of 10 mm.

3. Results
3.1. Porosity analysis and parameter optimization

To optimize the SLM printing parameters, the porosity of the as-
printed TMCs was investigated using an optical microscope. As shown
in Fig. S1, the pore defects of the TMC samples prepared with different
SLM parameters were characterized at low magnification. Fig. 1a shows
the variation trend of porosity with the increase of scanning speed laser
power. With the scanning speed increasing from 400 mm/s to 1000 mm/
s, the porosity of TMCs decreases with the decrease of VED. With the laser
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power increased from 180 to 330 W, the porosity of TMCs increases
accordingly with the increase of VED. Therefore, the formation of pores
in the TMCs is mainly related to inappropriate process parameters of
SLM. This phenomenon arose due to the instability of the molten pool at
high energy densities, which led to the formation of defects like keyholes.
This conclusion was also corroborated by microstructural analysis of the
TMCs, as detailed in Section 3.2. Consequently, it is suggested that a
reduction in VED is conducive to decreasing the porosity of TMCs in
terms of the process parameter range selected for the present study.
However, the VED should not be excessively low. As shown in Fig. S2 in
the Supplementary material, which illustrates the macroscopic
morphology of partial as-printed TMCs, the TMCs with P = 155 W and v
= 1100 mm/s (VED = 52 J-mm3) exhibited significant cracking. This
phenomenon can be attributed to inadequate interlayer bonding result-
ing from insufficient VED.

Based on preliminary research, the low laser power of 180 W was
selected, and the VED was reduced by increasing the scanning speed
appropriately. The pore defects in TMCs after parameter optimization are
illustrated in Fig. 2¢, d, e, f. Statistical analysis revealed that the porosity
of the TMCs was significantly reduced to below 0.02% with parameter
setting as P = 180 W and v = 1050-1200 mm/s. Fig. 2b is the 3D-CT
characterization result of the sample with SLM parameters of P = 180
W and v = 1100 mm/s. The porosity is only 0.0005%, indicating that a
fully dense composite is acquired by the optimization of process
parameters.

3.2. Microstructure characterization

The as-printed TMCs were subjected to XRD analysis to further
investigate the phase constituent, as shown in Fig. 3. It can be seen that
the TMCs prepared by SLM were mainly composed of o-Ti or o-Ti with
hexagonal close-packed structures. No TiB diffraction peak was observed
due to the low content and small size of TiBw. Compared to the
diffraction peaks of the original alloy powder, the TMCs fabricated
through SLM exhibited a shift to the right. The right shift of the
diffraction peaks indicates that the spacing between the crystal planes of
the as-printed TMCs decreased, which may be attributed to the residual
stress existing within the interior of TMCs [28,29]. A weak f-Ti diffrac-
tion peak was observed in the region from 39° to 42°at the VED of 136
J-mm ™3 but did not exist in the TMCs with lower VED.

To explore the influence of VED on the microstructures of the as-
printed TMCs, the microstructures were examined by OM and SEM.
Fig. 4a—c, e, and g show the OM images of the XOZ cross-section of the as-
printed TMCs with different VEDs. On the XOZ cross-section of the TMCs,
the overlapping layers of molten pools can be observed. The fish-scale
morphology of the molten pools exhibits a consistent Gaussian distri-
bution pattern, reflecting the energy profile of the laser beam [30]. The
molten pools exhibited deep and narrow characteristics with the distri-
bution of large holes at the VED of 188 J-mm™3 (P =305 W, v=600
mm/s), which is the typical keyhole pattern [31,32]. In addition, the
interior of the molten pools was composed of fine prior § grains, which
could be attributed to the tremendous temperature gradient at the high
energy density, resulting in high undercooling and consequently refining
the columnar grains. As the VED decreased, the molten pool morphology
underwent a transition from a sharp to a smooth configuration, accom-
panied by an increase in the aspect ratio from approximately 1 to above
1.5, along with a gradual reduction in both the number and size of pores.
Furthermore, the fine columnar grains in the molten pools were trans-
formed into large columnar grains (Fig. 4a—c, e, g). The corresponding
change was observed in the XOZ cross-section, where the small-sized
grains within molten pools were transformed into wide equiaxed grains
surrounded by narrow p grains at boundaries (Fig. S3). A similar phe-
nomenon was observed by Eskandar et al. [20].

Fig. 4b-d, £, and h show the SEM images of the as-printed TMCs with
different VEDs. The microstructures of the TMCs with VED >136 J-mm >
(Fig. 4b-d) were composed of lamellar o+ phases. However, when the
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Fig. 2. Schematic representation of porosity changes and images showing the micropores in TMCs prepared by optimized parameters: (a) Illustration of the trend of
porosity as the scanning speed and the laser power increased. (b) Three-dimensional CT pore detection result of TMC with SLM parameters of P = 180W, v = 1100
mm/s (¢c) P = 180W v = 950 mm/s, (d) P = 180W v = 1000 mm/s, (e) P = 180W v = 1050 mm/s, (f) P = 180W v = 1100 mm/s.

VED was reduced to 74 J-mm™3, the size of the p phases was significantly
reduced and its presence became less conspicuous (Fig. 4f). The micro-
structures of TMCs with the VED of 61 J-mm > (Fig. 4h) were different
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Fig. 3. XRD patterns of TMCs with different laser energy densities, as-printed
alloy, and original alloy powder.

and composed of staggered hierarchical o martensite. Only a few nano
point-like  phases precipitated in the middle and boundaries of
martensite. Moreover, the distributions of TiBw in different TMCs were
also different. A portion of the TiBw exhibited enrichment at the § grain
boundaries, while another portion was distributed within the grains, at a
high VED (>136 J~mm’3). A similar phenomenon can be observed in
TMCs with the VED of 74 J-mm™. No precipitation of TiBw at grain
boundaries was observed in TMCs with the VED of 61 J-mm>.

The microstructures of two cross-sections of the optimized porosity
sample were further characterized based on the analysis of phase type,
morphology, and energy density, as shown in Fig. 5. The XOZ and XOY
cross-sections of the internal microstructures of the columnar prior f
grains of TMCs are illustrated in Fig. 5a and d, respectively. The columnar
prior p grains in TMCs exhibited irregular shapes and various sizes due to
the scanning strategy that the scanning direction is differentiated by 67°
for adjacent layers [19]. The width of the wide columnar crystal is
approximately 80-90 pm, while the fine columnar crystal exhibited a
width ranging from 10 pm to 20 pm. The wide columnar prior f§ grains
were composed of hierarchical martensite. The primary martensite
exhibited a parallel or vertically elongated acicular morphology with a
length exceeding 10 pm. The secondary (5-10 pm), tertiary (2-5 pm),
and quartic (<2 pm) martensite were arranged in parallel and vertical
orientations between the primary martensite (Fig. 5b—e). The fine p
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Fig. 4. OM images and SEM images of TMCs with different VEDs: (a, b) 188 J mm’3, (c,d) 136J mm’a, (e, D74 J mm’3, (g,h)61J mm 2.

grains were mainly composed of acicular martensite parallel or at a
45°-70° angle to each other, as shown in Fig. 5c and f. Yang et al. [18]
proposed that during complex thermal cycling, a portion of o martensite
transformed into the unstable § phase, which can subsequently either
transform into quartic martensite or remain within the matrix directly.
The nano scale § phase and TiBw were further characterized with
TEM. Fig. 6 shows the TEM images of the as-printed TMCs (61 J-mm ~>).
The white box in Fig. 6a was selected for EDS analysis (Fig. 6b). EDS
results revealed the segregation of the Mo element at the martensite
boundary, which was the stable element of § phase. Consequently, it can
be deduced that a limited quantity of B phase precipitated at the
martensite boundary. The EDS analysis also revealed the presence of an
accumulation area of B element within this region, which was presumed
to be a TiBw here according to Ref. [33]. Fig. 6¢ shows the diffraction
pattern of the substrate, which corresponds to the o'/a-Ti phase with the

HCP structure. After calibrating the pattern obtained by Fourier trans-
form (Fig. 6d), it is confirmed that the whisker was the TiBw with a B27
structure [25]. Moreover, it can be seen from the FFT image that the
TiBw exhibited a significant abundance of stacking faults.

EBSD was employed to conduct a detailed investigation of the
martensite structure in TMCs and to analyze the orientation relationship
between the phases. The XOZ cross-section of the TMCs composite (61
J-mm~>) was ground and electrolytically polished for EBSD character-
ization (Fig. 7). The needle-like martensite can be observed in Fig. 7a
presenting a net-basket arrangement. From the pole map in Fig. 7b, it is
concluded that the {0001} direction and {1120} direction of the material
exhibited weak texture along the construction direction. The orientation
relationships between o'-Ti and original B-Ti can be expressed as
{0001}4//{110}, {1150}04//{111}13 [34]. When body-centered cubic
B-Ti was transformed into hexagonal close-packed o/o’-Ti, the
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Fig. 5. SEM images of the as-printed TMC (61 J mm~>) at XOZ cross-section: (a) macroscopic morphology at low magnification, (b) internal microstructures of large
columnar grains, (c) internal microstructures of fine columnar grain between large columnar grains. SEM of the as-printed TMC (61 J mm ) at XOY cross-section: (d)
macroscopic morphology at low magnification, (e) internal microstructure of equiaxed grains, (f) microstructure of fine § grains between equiaxed grains.

IR0
.o (1100)
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10 1/nm Z.A.=]0001] Z.A=[120]

Fig. 6. TEM of the as-printed TMC (61 J -mm3): (a) bright field image, (b) EDS,
(c) diffraction spot of the matrix, (d) FFT of the whisker.

close-packed plane {110} was parallel to the close-packed plane
{0001}/, and the close-packed direction <111> was parallel to the
close-packed direction < 1120 >,/,, which met Burgers orientation
relationship [35]. According to the Burgers orientation relationship, the
parent phases were reconstructed according to the obtained EBSD results
(Fig. 7c). It can be observed that the obvious large columnar grains were
along the building direction. In addition, the o martensite thickness of
TMCs and alloy was statistically analyzed to investigate the effect of nano
TiBw. The o/ martensite thickness of as-printed alloy and TMC are 1.5 +
0.5 pm and 0.9 + 0.3 pm in Fig. 7d, e, f, and g, respectively, which can be
attributed to TiBw serving as nucleation positions for o’-Ti [36] and
inhibiting the growth of o/-Ti [21]. The refinement of martensite is
conducive to the enhancement of strength.

3.3. Tensile properties

The mechanical properties of the as-printed TMCs were evaluated
both before and after parameter optimization. Fig. S4 illustrates the
tensile curves and statistical diagram of the mechanical properties and
porosity changes in the printed TMCs without parameter optimization. It
is evident that strength increases as porosity decreases. Consequently,
optimizing SLM parameters that minimize pore defects is the critical
factor in achieving higher strength.

The as-printed TMCs with low porosity (<0.02%) were selected for
tensile test at room temperature, while the as-printed alloy was also
tested for comparison. Fig. 8a presents the tensile curves for the TMCs
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Fig. 7. EBSD analysis for the as-printed TMC (61 J .mm~%): (a) IPF + BC, (b) pole map, (c) reconstructed IPF map of primary p, (d) IPF + BC map and (e) o’ martensite
plate thickness statistical map of the as-printed alloy, (f) IPF + BC map and (g) o martensite plate thickness statistical map of the as-printed TMCs.

and the corresponding results are summarized in Table 1. Fig. 8b illus-
trates a columnar statistical representation of the associated tensile
strength, yield strength, and elongation. When the laser power was 180
W and the scanning speed increased from 1050 mm/s to 1200 mm/s, the
strength, and plasticity of TMCs exhibited an increase trend from 63
J-mm~2 to 56 J-mm > and then decreased. The TMCs with SLM param-
eters of P = 180 W and v = 1100 mm/s (VED = 61 J-mm 2) with a
limited number of pore defects exhibited the highest strength and plas-
ticity and minor discrepancies indicating stable performance. The highest
tensile strength and yield strength of TMCs are 1432 MPa and 1320 MPa,
respectively, which are 17% (206 MPa) and 24% (252 MPa) higher than
those of the as-printed alloy (6, = 1226 MPa, 6, = 1068 MPa). The finer
martensite in the TMCs contributed to the strength improvement. The
presence of finer martensite also led to a slight reduction in ductility,
measured to be 4.0% lower than the value of 6.3% of the alloy. Compared
with the properties of as-printed TMCs reported, the TiBw/
Ti6.5A12.5Zr1MolV composite in this work shows a better strength-
ductility synergy (Fig. 8c). The incorporation of minor TiB induced the
detrimental impact of the brittle phase on the plasticity, thereby main-
taining a relatively high level of elongation in the as-printed TMCs.
Furthermore, owing to the presence of TiB and the substantial reduction
in defects through the optimization of SLM parameters, the strength re-

mains at a considerably high level. Therefore, the VED of 61 J-mm > was

considered to be close to the optimal laser energy density.

Fig. S5 illustrates the tensile fractures of the as-printed TMCs and
Ti6.5A12.5Zr1MolV alloy. The fracture surface of the as-printed TMCs
(Figs. S5a, b, c) revealed numerous cleavage surfaces and steps with a
significant presence of dimples distributed on the cleavage surfaces,
indicating micro-pore aggregation fractures and quasi-cleavage fractures
in certain regions. As illustrated in Figs. S5d, e, and f, the fracture surface
of the Ti6.5A12.5Zr1Mo1V alloy exhibited a rough texture characterized
by extensive dimples, with micropore aggregation identified as the pri-
mary fracture mechanism. It was observed that the dimple size and depth
of the as-printed TMCs were significantly smaller than those of the as-
printed alloy, indicating that the ductility of the TMCs is relatively
inferior, consistent with the results obtained from the tensile test.

4. Discussion
4.1. Microstructure evolution during SLM

When each layer of powder melts and solidifies, the solidified former
layer would be subsequently reheated and remelted. The reason for
columnar grain formation is that the prior § grains always grow parallel
to the maximum thermal gradient direction during SLM [41]. The di-
rection of heat flow within the molten pools is from the top to the bottom,
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Fig. 8. The tensile mechanical properties: (a) Tensile curves of the as-printed alloy and TMCs at room temperature. (b) Statistical diagram of mechanical properties of
the as-printed alloy and TMCs at room temperature. (c) The tensile strength of TMCs prepared by different processing routes with various reinforcement contents [5,

21,22,27,37-40].

while the grains grow along the construction direction, opposing the heat
flow. Due to the layer-by-layer manufacturing characteristic of SLM,
grains grow continuously through multiple molten pools, ultimately
forming columnar grains [42]. Furthermore, the laser scanning pathway
rotates 67° per layer during SLM resulting in the irregular shapes of the
columnar prior p grains. Temperature gradient G (°C/min) and solidifi-
cation rate R (m/s) determine the morphology and size of prior f§ grains
[43]. The G/R ratio indicates constitutional undercooling, influencing
grain characteristics. If G/R exceeds a critical threshold, prior § grains
grow in a columnar pattern. G-R represents the cooling rate and de-
termines the size of prior p grains. A high cooling rate limits the growth
and promotes the refinement of prior p grains, further promoting the
refinement of martensitic structure.

The interior of the prior p grains is mainly composed of a hierarchical
structure of martensite. The classification phenomenon of martensite was
mainly related to the complex thermal cycles in the SLM process [18].
The researchers attributed the thermal cycles undergone by the Nth layer
material to five distinct intervals.

(i) In the first thermal cycle, the temperature is sufficiently elevated
to induce the melting of martensite, which subsequently un-
dergoes solidification to generate primary martensite.

(ii) In the second thermal cycle, the temperature of the Nth layer rises
to a range between the solid and liquid phase, leading to the
following phase transition: o' —p+L—«'.

(iii) In the third thermal cycle, the temperature of the Nth layer could
only transform o into  phase, while some dislocations are
retained inside the B phase to form primary and secondary
martensite.

(iv) In the fourth thermal cycle, the temperature of the Nth layer is
between the martensite and the f transition temperature. The
previously generated martensite undergoes a transformation into

Table 1
The mechanical properties of the as-printed alloy and TMCs at room temperature.
Group VED (Jmm~%) o, (MPa) 6, (MPa) 5(%)
Ti6.5A12.5Zr1Mol1V - 1226 £ 5 1068 + 11 6.3+ 1.3
alloy
TMCs 63(180W 1379 £ 5 1252 + 30 3.1+0.5
1050 mm/s)
61(180W 1432 + 14 1320 £ 13 4.0+ 0.2
1100 mm/s)
56(180W 1344 + 18 1213 + 13 3.5+0.5
1200 mm/s)

the p phase, while the p phase is further transformed into the small
size and unstable o/ phase.

(v) In the fifth thermal cycle, the temperature is below the martensite
transition temperature, so the previously formed primary, sec-
ondary, and tertiary martensite experience slight coarsening.

During multiple thermal cycles, a part of o martensite decomposes
into a+p or f phases, with these p phases either retained in the material
or transformed into smaller-sized of martensite, which is the quaternary
martensite under the action of dislocations or twins. However, with
higher laser energy input, the heat-affected zone of the TMCs expands
and the already solidified part undergoes more thermal cycles. When
multiple thermal cycles occur below the martensite transition tempera-
ture, it can be thought of as a low-temperature heat treatment of TMCs,
resulting in a decomposition of martensite into a+p phase, as shown in
Fig. 4b and d. This further elucidates the observation of the f phase
diffraction peak at the high VED (136J-mm™3).

According to the above discussion, the microstructural evolution
mechanism of a single molten pool during the SLM process is summarized
in Fig. 9. The laser beam irradiates the powder, inducing powder melting
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Fig. 9. The microstructure evolution mechanism of a single molten pool during SLM.

and resulting in the formation of a molten pool (Fig. 9a and b). As the
temperature decreases during solidification, the temperature at the bot-
tom of the melt pool initially reaches the p transition temperature, fol-
lowed by the growth of prior p columnar grains along the direction of the
temperature gradient (Fig. 9c and d). Due to the Marangoni convection
[34] in the molten pool and the diffusion effect of B atoms, B atoms are
distributed throughout the molten pools. When the liquid phase and the
phase coexist, the B atom tends to be expelled by the  phase and enriches
at the solid-liquid interface due to its limited solubility in the p phase
(Fig. 9c1). During the cooling and solidification process, B atoms react
with the Ti matrix to precipitate TiBw. However, the solubility limit of B
atoms in the B phase is increased because of the extremely fast cooling
rate of SLM technology (104—106 K-s’l) [44]. Therefore, a part of the B
atoms dissolves in the f phase, leading to the precipitation of TiBw
distributed within the columnar grains. A higher energy density always
leads to a lower cooling rate which leads to enhancing the rejection of f§
phase towards B atoms (Fig. 9d1). Conversely, at low energy densities,
the concentration of B atoms at grain boundaries is less pronounced
attributed to the diminished rejection of p phase towards B atoms
resulting from the higher cooling rate (Fig. 9d2). Consequently, the
distribution of TiBw varies with changes in VED (Fig. 9el, e2), consistent
with the observations presented in Fig. 6. As the temperature further
decreases, martensitic transformation is induced (Fig. 9f). After several
thermal cycles, the hierarchical martensitic structure is established with
a diffuse distribution of nano TiBw (Fig. 9g).

4.2. Strengthening mechanism

The tensile test results show that the strength of the as-printed TMCs
alloy is significantly improved compared with that of alloy. The

strengthening mechanism of the TMCs was analyzed.

Due to the extremely fast cooling rate of SLM, the TMCs prepared by
SLM have finer grains than the material prepared by conventional
methods. According to Fig. 8, the martensite thickness of the TMCs is
finer than that of the alloy prepared by SLM due to the existence of TiB.
Grain refinement increases the volume fraction of grain boundaries,
which hinders the dislocation movement and thus improves the mate-
rial's strength [45]. The strengthening effect of grain refinement on the
strength of the composite can be estimated by the Hall-Petch formula
[46]:

owp =ky (d;*° —d;°%), 3)

where ky is the strengthening coefficient (0.91 MPa-m®® in DRTMCs)
[46], d; is the average thickness of acicular martensite in TMCs (m), d is
the average thickness of acicular martensite in alloy (m).

According to Eq. (4), the contribution of grain refinement strength-
ening to the yield strength of the TMCs is calculated to be about 216 MPa.

The TiBw plays a role in load transfer strengthening. According to the
statistics of Image J of Fig. 4h, the average aspect ratio of TiBw is about
8.23. The load transfer effect can be estimated using a modified shear-lag
model [38]:

1 lTiB
Aorr = VripOym——0, 4
oLt 3 TiB Oy dTiBCUo (©)]
where Vrip is the volume fraction of TiBw in the composite (0.85 vol%),
oym is the yield strength of the as-printed alloy, 2—‘; is the aspect ratio of

TiBw (I1ip and drip are the average length and the average diameter of
TiBw, respectively), o is orientation factor of TiBw.
According to Eq. (4), the contribution of whisker load transfer
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strengthening to the yield strength of the TMC is about 4.7 MPa.

When the size of the reinforcements is smaller than 1 pm, the re-
inforcements block the movement of dislocations on the matrix slip
surface in the way of dislocation loops during deformation. The corre-
sponding contribution of Orowan looping strengthening to the
improvement of material yield strength reads [47].

0.13Gwb . Drip
-  In——

A 2b "’ ©)

Ao, =
where G, is the shear modulus of the alloy, b is the Burgers vector of the
o-Ti matrix, Drip is the equivalent diameter of TiBw, and 4 is the inter-
particle spacing.

Gy could be expressed as [38].

E

Gm:2(1+y)’

(6)

where E is the elastic modulus of the as-printed alloy, and v (=0.39) is
Poisson's ratio of alloy.
Drip could be expressed as [45].

Drip = \3/ 1.5d% Iig, )
4 could be expressed as [48].
A~ Drig |:(2VTiB)7% - 1] . 8

According to Egs. (6)-(9), the contribution of Orowan looping
strengthening to the yield strength of the TMC is about 33.4 MPa.

Due to the low solubility of B atoms in the Ti matrix, the solid solution
strengthening effect can be neglected. In addition, the thermal expansion
coefficients of TiBw and alloy are close. Thus, the stress caused by
thermal mismatch strengthening can also be neglected.

Therefrom, the theoretical yield strength of TMC prepared by SLM
can be calculated by [51].

9

Using Egs. (4)-(10) and the data presented in Table 2, the theoretical
yield strength of the as-printed TMCs composite is calculated to be
1322.1 MPa, which is consistent with the experimental data (1320 + 13
MPa). Table 3 summarizes the contribution values of several strength-
ening mechanisms for yield strength improvement.

The effect of grain refinement strengthening is the most significant,
accounting for about 85.0% of the total strengthening strength. The
Orowan looping strengthening caused by nanoscale TiBw accounted for
13.1%. The strengthening effect of load transfer is only 1.9% due to the
small amount of TiBw added. In general, the grain refinement caused by
the addition of TiBw, the hindrance effect of nano TiBw on dislocation,
and the load transfer effect of TiBw itself effectively improve the strength
of as-printed TMC.

Oy = Oym + Aogp + AoLT + AGgr.

5. Conclusions

In this study, 0.85 vol%TiBw/Ti6.5A12.5ZrIMol1V composites with
almost fully dense microstructure have been prepared by SLM. The in-
fluence of nano TiBw on microstructure evolution and mechanical
properties is systematically explored. The main conclusions are as
follows.

(1) As the VED decreases from 282 J-mm ™ to 56 J -mm’e’, the energy
conduction mode of the molten pool undergoes a transition from
the keyhole mode to the conduction mode, resulting in a decrease
in the porosity of the TMCs. When the VED varies between 56 and
64 J-mm~>, the porosity of the as-printed TMCs has diminished to
below 0.02%. The optimized VED is around 61 J-mm ™ (P = 180

10
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Table 2

Properties and parameters in the calculation.
Properties and parameters Value Source
ky (MPa-m®®) 0.91 [46]
d; (pm) 0.9 +0.3 Measured and calculated
dy (pm) 1.5+ 05 Measured and calculated
wo 0.125 [49]
Ipig (nm) 298.71 Measured
dyig (nm) 36.28 Measured
Irip/dris 8.23 Measured and calculated
E (GPa) 118.33 £ 3.21 Measured and calculated
b (nm) 0.295 [50]
Drip (nm) 83.86 Calculated

Table 3

Properties and parameters in the calculation.

Strengthening mechanism Value (MPa) Proportion in the total Ao (%)

Aoyp 216.2 85.0
Aoy 4.7 1.9
Aboro 33.4 13.1
W, v = 1100 mm/s), where the porosity is only 0.0005 %,

achieving a fully dense state.

The as-printed TMCs exhibit significant irregularities in the form
of large columnar prior p grains along the building direction.
Within these prior p grains, a hierarchical o’ martensitic structure
is observed. The nano TiBw is dispersed throughout the matrix. As
the VED increases, the matrix microstructures transform
martensite to lamellar o+p, accompanied by the precipitation and
aggregation of TiBw at the prior p grain boundaries. During
thermal cycling, the nano TiBw is found to inhibit the coarsening
of the martensite.

The TMCs with the SLM parameter of P = 180 W and v = 1100
mm/s (VED = 61 J -mm’3) achieve a synergistic increase in
strength and elongation by adding minor TiBw. Specifically, the
tensile strength, yield strength, and elongation of the as-printed
TMCs are 1446 MPa, 1338 MPa, and 4.0%, respectively. The
enhancement in yield strength of these TMCs can be attributed to
grain refinement strengthening, load transfer strengthening, and
Orowan strengthening.
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