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HIGHLIGHTS

GRAPHICAL ABSTRACT

* A novel strategy utilizing carbon nano-
tubes was put forward to synthesize in
situ TiC/Mo-based composites via laser
powder bed fusion.

Carbon nanotubes were well mixed with
MoTiAl powders under electrostatic at-
traction during heteroagglomeration
process.

In situ TiC, possessing two unique struc-
tures, namely spherical and dendritic
TiC, was uniformly dispersed in the ma-
trix.

The MoTiAl matrix underwent a morpho-
logical change from nearly columnar to
fine equiaxed grains after incorporating
TiC.
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A strategy utilizing carbon nanotubes (CNTs) was put forward to synthesize in situ TiC/Mo-based composites via
laser powder bed fusion (laser PBF). The functionalized CNTs were dispersed with MoTiAl powders under elec-
trostatic attraction by heteroagglomeration. During laser PBF, individual CNTs reacted with Ti elements and
were completely transformed into monocrystalline TiC. Those TiC reinforcements were homogeneously dis-

persed and intimately contacted the matrix, giving rise to the morphological evolution of a MoTiAl matrix
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resistant materials.

from the nearly columnar to fine equiaxed grains as well as improved mechanical performance. Our finding offers
significant guidance for designing and producing advanced Mo-based composites in the application of heat-

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

The increasing demand for new ultra-high-temperature materials
beyond the realm of Ni-based superalloys has generated significant in-
terest in refractory intermetallics [1,2]. Owing to the high melting
point and superior stiffness, Mo alloys possess promising potential in

* Corresponding authors.
E-mail addresses: nnomura@material.tohoku.ac.jp (N. Nomura),
kawasaki@material.tohoku.ac,jp (A. Kawasaki).

https://doi.org/10.1016/j.matdes.2018.03.001
0264-1275/© 2018 Elsevier Ltd. All rights reserved.

the fields of aeronautics and astronautics [3]. Unfortunately, the applica-
tion reliability of Mo alloys is seriously hindered by their insufficient
elevated-temperature strength [2]. In this regard, stiff and fine ceramic
particles were utilized to strengthen Mo alloys by impeding the disloca-
tion movement [4,5]. Among various ceramic reinforcements, TiC is par-
ticularly attractive for its excellent properties, such as low density
(~4.93 g/cm?), high melting point (~3430 K), high Young's modulus
(~440 GPa), and good thermal stability [6,7]. Yoshimi et al. [5,8] re-
ported that incorporating TiC into a ternary MoSiB alloy resulted in
higher mechanical strength and creep resistance at elevated
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Table 1
Characteristics of acid-treated CNTs and MoTiAl and 1.2 wt% CNT/MoTiAl powders.

Powders Composition Particle size Zeta potential Laser absorptivity (N = 1070 nm)
CNTs Fe < 0.3 wt%, Diameter: 20-110 nm, length: 2-15 pm —51.3 mV 89.8%
C: Bal.
MoTiAl Ti ~ 33 wt.%, Dio ~ 5.1 pm, Positive, weak 71.6%
Al ~ 13 wt¥%, Dsp ~ 12.8 pum,
Mo: Bal. Dgo ~ 24.9 pm
1.2 wt% CNT/MoTiAl - Dig ~ 5.3 pm, - 77.9%
Dsg ~ 13.0 pm,
Doo ~ 24.2 pm

temperatures via traditional casting. However, such traditional
manufacturing techniques usually have some drawbacks, e.g., the insuf-
ficient densification rate and the aggregation and irregular microstruc-
ture of reinforcements, as well as the occurrence of interfacial
cracking, being harmful for the mechanical performance of composites
[8-10]. Furthermore, the traditional approaches involve highly time-,
energy-, and material-consuming processing steps to achieve the final
products [11]. Particularly, Mo alloys with poor ambient-temperature
ductility are challenging to machine for complex structures.

Laser powder bed fusing (Laser PBF) is newly capable of fabricating
three-dimensional products with almost uninhibited freedom of design
[12]. The product is directly built using a high-energy laser beam to fuse
and consolidate the loose powders selectively according to the corre-
sponding computer-aided design models in a layer-by-layer manner
[12,13]. Due to its flexibility in materials and processing, laser PBF offers
new technological opportunities for producing high-performance metal
matrix composites (MMCs) with tailored structures. In recent years, the
laser-PBF processing of MMCs, including Al- [14-19], Ti- [20-24], Ni-
[10,25-27], and Fe-based alloys [28-30], has been documented. In
most cases, the reinforcements were directly added to the metallic
powders by mechanical milling/blending, followed by laser PBF to
create an ex situ composite. However, the poor wettability and interfa-
cial strength between the reinforcements and metal usually cause
microcracks and even premature failure of the composites [9]. In con-
trast, the in situ reinforcements synthesized by chemical reactions are
extremely effective for composite strengthening, since they are fine
and thermodynamically stable, having clean and compatible interfaces
with the matrix [7,9]. AIMangour et al. [7] prepared in situ TiC/316L
stainless steel composites with enhanced mechanical properties
through the laser-PBF processing of 316L-Ti-graphite powder mixtures.
Li et al. [22] found that the in situ TiB, reinforcement dramatically en-
hanced the nanohardness of TiB,/TiAl composites via laser PBF. Unfortu-
nately, to the best of our knowledge, the fabrication of in situ Mo-based
composites by laser PBF has never been reported.

CNTs are considered to be ideal reinforcements for MMCs due to
their low density, large aspect ratios, and excellent mechanical proper-
ties [31,32]. Recently, Chen et al. [33] synthesized high-strength Al,Cs/
Al composites via the in situ reaction of CNTs with Al during spark
plasma sintering. Herein, an idea is put forward to develop high-
performance Mo-based composites by transforming CNTs into TiC rein-
forcements during laser PBF, based on the following considerations:
(i) after a surface modification, individual CNTs could wrap on the sur-
face of metallic powders easily under electrostatic attraction without se-
vere fabrication processing [34]; (ii) CNTs still possess excellent load-
bearing capability in MMCs, even though the reaction is incomplete,
e.g., Wang et al. [27] reported that incorporation of CNTs enhanced
the mechanical properties of PBF-produced Inconel 625 parts; and (iii)
compared with using large graphite sheets [7,35], using CNTs may
allow the formation of fine TiC structures for enhanced strengthening.
In this work, a TiC reinforcement was synthesized in situ via laser PBF;
its microstructural characteristics and effect on the morphology and
mechanical properties of Mo alloy were investigated.

2. Experimental
2.1. Raw materials

A simple Mo-33wt%Ti-13wt%Al solid solution was chosen as one ex-
ample of Mo alloys in this work [36]. The starting MoTiAl powders hav-
ing an irregular shape (Fig. S1 of Supporting information), were
fabricated via a combination of arc melting, mechanical milling and
sieving, and their size distribution of D;g, Dsg and Dgg were 5.1 pum,
12.8 um and 24.9 pm, respectively (Table 1). Pristine CNTs having a di-
ameter of 20-110 nm and a length of 2-15 um were provided by
Hodogaya Chemical Co., Ltd., Japan. The high-purity ethanol, sulfuric
acid (H,SOg4, 97 wt%) and nitric acid (HNOs, 61 wt%) were obtained
from Wako Industries, Japan.

(1) Acid treatment

<K ultrasonication

\.: Raw CNT

(2) Powder mixing (in ethanol)

mechanical stirrer

: Acid treated CNT

(3) Laser PBF process

Build

Platform Substrate

Fig. 1. Schematic illustration of the fabrication processes for Mo-based composites.
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Fig. 2. (a-c) TEM images of the acid-treated CNT; (d) Raman spectra of pristine CNT, acid-treated CNT, and the PBF-produced TiC/MoTiAl composite.

2.2. Fabrication of CNT/MoTiAl composite powders

A schematic illustration of our processing strategy is shown in Fig. 1.
Firstly, the surface of pristine CNTs was sufficiently functionalized by a
mild acid treatment to break the strong agglomerates of CNTs. As re-
ported elsewhere [37], the pristine CNTs were initially purified by
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Fig. 3. XRD patterns of acid-treated CNTs, CNT/MoTiAl powders, and the PBF-produced
TiC/MoTiAl composite.

HNOs for 12 h, and then treated in an acidic mixture of H,SO4/HNO3
(3:1, v/v) under mechanical stirring and ultrasonication at 323 K for
6 h. After that, 0.036 g CNTs and 2.964 g MoTiAl powders were sepa-
rately dispersed into 100 ml and 300 ml of ethanol for 2 h. Subsequently,
the MoTiAl slurry was added slowly into a CNT colloid under mechanical
blending. After filtration and drying at 343 K in a vacuum environment,
the 1.2 wt% CNT/MoTiAl composite powders were obtained.

2.3. Laser PBF process

An in-house-developed laser-PBF machine (see Fig. 1), equipped
with a Yb: YAG fiber laser source (Raycus Fiber Laser Technologies Co.,
Ltd., China), was used to produce bulk specimens. The laser beam has
a wavelength of 1070 nm, spot diameter of 45 pum, and maximum
power of 22 W in continuous mode. The building process was
performed under protective Ar atmosphere with a low oxygen
content (<0.1%). The fabricated specimens had a rectangular shape of
4 mm x 4 mm x 1.4 mm on a Ti substrate. Both pure MoTiAl and
CNT/MoTiAl composite powders were processed by using the optimized
parameters of laser PBF (i.e., laser power: 20.6 W; scanning speed:
25 mm s~ '; hatch distance: 100 um; layer thickness: 25 um; X-Y alter-
nately scanning strategy).

24. Characterization

The zeta potential of powders was measured in ethanol using a zeta
meter (Malvern Instruments Ltd., UK). The laser absorptivity measure-
ments were performed on a V-670 UV-VIS-NIR spectrophotometer
(JASCO, Japan). The X-ray diffraction (XRD) was conducted using a
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Fig. 4. FESEM images of the 1.2 wt% CNT/MoTiAl composite powders. (b) is taken from the position of white square in (a). The inset in (b) shows the energy dispersive spectroscope

analysis taken from the blue spot.

Rigaku Smartlab 9 kW diffractometer with Cu Ko radiation. The surface
of PBF builds was mechanically grinded by sandpapers from 180* to
4000*, followed by a final polishing using the standard colloidal silica
suspension (OP-S, Struers); subsequently, the polished surface was an-
alyzed by micro-Raman spectrum (SOLAR TII Nanofinder, Tokyo Instru-
ments Co. Ltd.) with 532 nm wavelength incident laser light and 5 pm
spot size for at least ten times. The morphologies of powders or PBF
bulks were observed via field-emission scanning electron microscope
(FESEM) (JEOL JSM-6500F), electron back-scattered diffraction (EBSD)
(OIM ver. 6, TSL Solutions, Japan), electron probe micro-analysis
(EPMA) (JEOL JXA-8530F, Japan), transmission electron microscopy
(TEM) (Hitachi HF-2000EDX, Japan), and annular-dark-field scanning
transmission electron microscopy (STEM) (JEOL JEM-ARM200F, Japan)
equipped with an energy dispersive spectroscope at 200 KeV. TEM
bulk specimens were prepared using a focused ion beam (JEOL JIB-
4600F) system. Vickers hardness measurements were performed
using a digital hardness tester (HM-200, Mitutoyo, Japan) at room tem-
perature, according to ISO standard 14577-1:2015. The indenter was
continuously loaded to the peak load of 0.6 N in 10 s and unloaded
after a holding time of 10 's.

3. Results and discussion

Structural features of the acid-treated CNTs are displayed in Fig. 2.
The CNTs are relatively straight, showing a high aspect ratio (Fig. 2a).
Fig. 2b reveals that certain nanodefects ~5 nm deep and ~15 nm wide
were induced on the sidewalls of CNTs by acid treatment. Furthermore,
the outer walls of CNTs were partially unzipped for producing graphene
sheets (Fig. 2c). Micro-Raman spectroscopy is a powerful tool to charac-
terize sp? carbonaceous materials and evaluate defects in their struc-
tures. Two prominent features in the first-order Raman spectroscopy
are a G-band at about 1580 cm ™' as the graphite mode, and a D-band
atabout 1350 cm™! as the defect mode. Due to the introduced structural
disorders, the Ip/Ig ratio of pristine CNTs increased from 0.10 to 0.35
after acid treatment (Fig. 2d). However, the acid-treated CNT still
remained a typical hollow structure, as well as the continuous and par-
allel inner walls along the axial direction showed high crystallinity (see
Fig. 2b). This result is further confirmed by the XRD analysis in Fig. 3,
since the characteristic diffraction peaks of CNTs were observed clearly.
It is known that the perfect CNT is chemically stable; no reaction occurs,
even in contact with molten metal [38]. The produced nanodefects and
graphene sheets involve many dangling bonds of carbon atoms; they
are deemed to be the preferential reaction sites with the MoTiAl matrix.

Thanks to abundant oxygen-containing surface groups [37], the
CNTs were hydrophilic and exhibited a significantly negative charge of
—51.3 mV (Table 1), making them attach to the positively charged
MoTiAl powders by electrostatic attraction during powder mixing. Mor-
phologies of the 1.2 wt% CNT/MoTiAl powders are displayed in Fig. 4. In-
dividual CNTs were well dispersed on the surface of MoTiAl powders.
Few CNT clusters (see black arrows in Fig. 4a) were detected at this con-
centration of 1.2 wt%; this is mainly attributed to the large particle size
but weak surface charge of MoTiAl powders.

In addition to good dispersion of nano-reinforcements, the compos-
ite powders fabricated by our heteroagglomeration process could re-
main similar in shape, particle size, and distribution to starting
metallic particles for laser PBF, compared with commonly used high-
energy ball milling. Furthermore, the laser absorptivity of MoTiAl pow-
ders increased from 71.6% to 77.9% with CNT addition of 1.2 wt%
(Table 1), which may improve the laser-PBF processability of Mo alloys.

Typical microstructures of a PBF-produced composite are displayed
in Figs. 5-8. Neither unmelted MoTiAl particles nor visible pores were
present in this composite. However, some microcracks were detected
(see black arrow in Fig. 8a), which were mainly attributed to the brittle
nature of Mo alloys, as well as severe thermal and residual stresses aris-
ing from the high thermal gradient or inhomogeneous plastic deforma-
tion at rapid cooling (1073-1078 Ks~1) [15,39]. As revealed by FESEM-
backscattered electron observations in Fig. 5a and b, many secondary
particulates (i.e., the dark phases) were incorporated and dispersed uni-
formly throughout the composite. The EPMA mappings proved that
those particulates mainly consist of elemental Ti and C (Fig. 5¢), corre-
sponding to TiC. This result is consistent with XRD analysis; the strong
and sharp diffraction peaks of TiC crystals were identified after laser
PBF (Fig. 3).

Further microstructural analysis was performed by annular-dark-
field STEM. Fig. 6b and c illustrate the selected-area electron diffraction
patterns of TiC (yellow spot) along the [111] zone axe and MoTiAl ma-
trix (blue spot) along the [—110] zone axe of Fig. 6a. As revealed by
high-resolution STEM (Fig. 6d), this TiC is highly crystalline and free of
dislocation lines and atomic disorders, suggesting a sufficient release
of internal stress during its formation. Obviously, the in situ TiC has
two typical morphologies distinctly different from the initial CNT, as
shown in Fig. 5a and b. The dominant one is a fine, nearly spherical par-
ticle (see yellow arrows) 0.1-2 pm in diameter. The average distance be-
tween two adjacent TiC particles was ~1 um (Fig. 6d). The other is a
dendritic TiC (see green arrows), which has a dendrite trunk length of
5-20 um and an arm length of 0.1-5 pm. Fig. 7 shows typical example
of a dendric TiC by STEM. The corresponding selected-area electron
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Fig. 5. (a, b) FESEM-backscattered electron images and (c) EPMA mappings of the PBF-produced TiC/MoTiAl composite in the transversal cross section.

diffraction patterns demonstrated that both nearly spherical and
dendric TiC structures are monocrystalline with a face-centered cubic
structure (see Figs. 6 and 7). In addition, no residual CNTs were detected
in this composite via careful STEM observations. The characteristic fea-
tures of CNTs were not identified by micro-Raman spectroscopy as
well (see Fig. 2d). It suggests that CNTs were completely transformed
to TiC during laser PBF.

In an Al-Ti-C system, TiC was generated at temperatures of over
1191 K [40]. During laser PBF, CNTs with higher laser absorptivity
would be heated to a higher temperature than their surrounding
molten MoTiAl (>2073 K [36]), facilitating the possibility of a chem-
ical reaction: C + Ti — TiC. This reaction is an exothermic, self-
sustaining, and rapid process driven by the large negative enthalpy
of TiC formation (—184.5 kJ/mol) [40,41]. Since the in situ TiC did
not retain the tube shape of the CNT, it is thought that nano-TiC

was preferentially formed between dangling carbon atoms and Ti el-
ements, followed by growth through an inter-diffusion process [6].

When the CNT/MoTiAl composite powders involve small amount of
CNTs (e.g., <0.5 wt%), the dendrite TiC was barely observed after laser
PBF [34]; in contrast, a large quantity of dendrite TiC was formed with
increasing the CNT content (Fig. S2, Supporting information). Accord-
ingly, the nearly spherical TiC should stem from individual CNTs,
while the CNT clusters contain rich C atoms beneficial to the successive
growth of dendrite TiC. Due to the thermal stresses induced plastic flow
during laser PBF, the TiC crystals were rearranged and distributed
homogenously in the matrix [35,42].

Fig. 6d illustrates a clear TiC/MoTiAl interface. Notably, this interface
is extremely tight and clean, absent of interfacial impurities or
nanocracks. This is mainly attributed to the similar coefficients
of thermal expansion between TiC (~5.9 x 107 K~! [43]) and Mo
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Fig. 6. (a) Annular-dark-field STEM image of TiC/MoTiAl composite in the transversal cross section; selected-area electron diffraction patterns of (b) TiC and(c) MoTiAl taken from the
yellow and blue spots in (a), respectively; (d) high-resolution STEM image taken from the position of the red square in (a).

(~4.8 x 107K~ [44]), as well as their interfacial wettability enhanced
by in situ reaction.

The influence of in situ TiC on the crystallization behavior of the
MoTiAl matrix was investigated via EBSD analysis. Fig. 8a shows pure
MoTiAl having nearly columnar grains. That is mainly owing to the
high thermal gradient arise from rastering of a direct laser energy
source in an arbitrary geometric pattern, as well as an insufficient
undercooling during the solidification of molten pools [45]. Strikingly,
those columnar MoTiAl grains were transformed into a uniform
equiaxed structure after incorporating TiC (Fig. 8b). Meanwhile, the
mean grain size decreased from 14.2 um to 3.3 pm (Fig. 8d). The EBSD
phase mappings determined that the quantity of TiC formation in this
composite was approximately 11.1 vol% (Fig. 8c), which is similar to
the expected value assuming that CNTs were completely reacted to
TiC structures during laser PBF. Such a high density of TiC was expected
to reduce the critical amount of undercooling required for equiaxed
grains by providing low-energy-barrier heterogeneous nucleation sites
ahead of the solidification front, as well as to hinder MoTiAl grain
growth by the pinning effects of TiC dispersions. Our result is well
consistent with the study of Martin et al. [46] that introducing nanopar-
ticles of nucleants contributed to producing crack-free MMCs with
equiaxed, fine-grained microstructures. Compared with the coarse

columnar grains, the fine equiaxed structures could more effectively ac-
commodate strains and prevent crack initiation and propagation under
loading. Our processing strategy may provide an effective approach to
control solidification microstructure of Mo alloys, thus giving rise to
an enhanced mechanical performance.

Fig. 9 displays the Vickers hardnesses of PBF-processed MoTiAl and
the TiC/MoTiAl composite. The Vickers hardnesses of pure MoTiAl
were measured to be 478.6 + 31.2 and 465.2 4+ 35.4 in the transversal
and longitudinal cross sections, respectively. The Vickers hardnesses of
the TiC/MoTiAl were 626.9 + 37.8 and 618.3 4+ 30.5 in the transversal
and longitudinal cross sections, respectively. Hall [47] proposed that
the hardness, H, dependence on grain size, d, might follow from the
Hall-Petch relation, thus the hardness-grain size relation is described by

H = Ho +Kyd™"?, (1)

where Hy, Ky; are constants associated with the hardness measurement.
In this work, Ky was determined as 227.8 um~'/? (see Table S1 and
Fig. S3). According to Eq. (1), the Vickers hardness of TiC/MoTiAl com-
posite in the transversal cross section was assumed to be 543.6, which
is much lower the experimental value. This indicates that the dispersion
strengthening of in situ synthesized TiC should be mainly attributed to
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Fig. 7. (a) Annular-dark-field STEM image of a typical dendric TiC; (b) the corresponding energy dispersive spectroscope mappings of elemental Mo, Ti, Al, C taken from the position of
yellow square in (a). The insets in (a) show the selected-area electron diffraction patterns of TiC and MoTiAl matrix taken from the blue and red spots, respectively.
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Fig. 8. Inverse pole figures of (a) PBF-produced MoTiAl and (b) a TiC/MoTiAl composite in the transversal cross sections; (¢) phase mapping of the TiC/MoTiAl composite from (b);
(d) grain-size distribution of MoTiAl and the TiC/MoTiAl composite in the transversal cross sections.
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Fig. 9. Vickers hardnesses of PBF-produced pure MoTiAl and TiC/MoTiAl composite in the
transversal and longitudinal cross sections.

the hardness improvement of the composite. The influence of TiC for-
mation (e.g., morphology and quantity) on the microstructural evolu-
tion and elevated-temperature properties of Mo alloys will be
systematically investigated in future work.

4. Conclusions

In summary, we have fabricated an in situ TiC/MoTiAl composite
by utilizing CNTs during laser PBF. The functionalized CNTs
were mixed with MoTiAl powders under electrostatic attraction by
heteroagglomeration. During laser PBF, CNTs reacted with Ti atoms
and were completely transformed into TiC. The in situ TiC exhibited
two unique structures, namely fine, nearly spherical and dendritic TiC,
different from the initial CNTs. Meanwhile, the TiC reinforcements
were monocrystalline and uniformly dispersed, showing an intimate
contact with the matrix. Furthermore, the MoTiAl matrix underwent
an interesting morphological change from nearly columnar to fine
equiaxed grains, simultaneously showing a dramatic improvement in
Vickers hardness after incorporating TiC. This finding will be a valuable
reference for fabricating advanced Mo-based composites with con-
trolled microstructures and enhanced mechanical properties via laser
PBF.
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