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A pure Ti deposit with a porosity of merely 2.76% was fabricated
via C5AM technology, and the effects of annealing treatment
on the microstructure evolution, porosity reduction, and tensile
properties of the CSAM Ti were systematically investigated.
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old spraying additive manufacturing (CSAM) Ti exhibits
c minimal plasticity, posing a significant challenge to its

broader application. Heat treatment is recognized as a

potent strategy to enhance the mechanical properties
of additive manufacturing parts. However, prior investigations have
struggled to discern the genuine impact of heat treatment on CSAM
Ti due to the high porosity in initial deposits. This study addresses
this gap by fabricating CSAM Ti deposits with a low porosity of 2.76%.
The effects of annealing at varies temperature on the microstructure,
porosity, and mechanical properties of the deposits were studied. The
results show that annealing can promote recrystallization of CSAM
Ti and reduce the porosity of CSAM Ti to 0.77%. This increases the
strength of CSAM Ti to 780 MPa, which even exceeds that of wrought
pure Ti. Despite the low elongation of 4.67%, the CSAM Ti after suit-
able heat treatment can be used in fields in fields don’t require high
plasticity.

T1INTRODUCTION
Titanium (Ti) and its alloys possess unique mechanical and chemi-
cal properties, including high specific strength, excellent corrosion
resistance and biocompatibility, rendering them promising materials
in various fields such as medicine, chemical industry and so on [1,
2, 3|. However, the relatively high cost has been a primary obstacle
to broader adoption [4, 5]. Conventional manufacturing techniques,
such as casting [6], powder metallurgy [7], and mechanical processing
[8], entail substantial material and energy losses while struggling to
produce complex geometries, exemplified by orthopedic implants [9).
An effective method to overcome these challenges is fabricating Ti
components from powder directly via additive manufacturing such
as selective laser melting (SLM) [10], electron beam melting (EBM)
[11], cold spraying additive manufacturing (CSAM) [12], among others.
Cold spraying, in contrast to conventional thermal spraying —
such as arc spraying [13], flame spraying [14], plasma spraying [15],
HVOF [16], and HVAF [17] — offers distinct advantages. Notably, its
spraying temperature remains well below the melting point of the
feedstock powder, ensuring a purely solid-state deposition process.
This characteristic mitigates issues such as oxidation, phase trans-
formation, and uncontrolled grain growth in metallic powders dur-
ing spraying [18]. Additional benefits encompass: (i) high deposition
efficiency with low porosity [19]; (ii) induction of compressive residual
stress that inhibit coating fracture [20]; (iii) capability to readily pro-
duce substantial thicknesses, reaching up to 50 mm [21]. These advan-
tages make CSAM a promising development direction, especially for
reactive raw metals (such as Ti and its alloys). However, a primary
limitation lies in the near absence of ductility in as-sprayed depos-
its [22]. Therefore, for the components and parts prepared by CSAM,
post-treatment becomes imperative to enhance their plasticity [23].
Various post-treatments have been developed to repair the defects

and improve their mechanical properties of cold sprayed deposits.
Notable approaches, validated for their efficacy, encompass heat treat-
ment [24], rolling |25, 26, 27|, laser processing [28], friction stir process-
ing [23], hot isostatic pressing [29], and so on. Of these, heat treatment
stands out as the most straightforward and convenient, with negli-
gible impact on the deposit’s geometry, rendering it highly compat-
ible with the CSAM process. However, Huang et al. [30] reported heat
treatment did not significantly improve the properties of CSAM Ti
deposits, a finding seemingly contradictory to general heat-treatment
experiences. This discrepancy may be attributed to the high porosity
(14.20%) inherent in the Ti deposits examined. To clarify this issue,
this study employed Ti deposits with a substantially reduced porosity
of 2.76%, thereby minimizing the impact of porosity and aiming to
illuminate the genuine effects of heat treatment on the microstruc-
ture and mechanical properties of CSAM Ti deposits.

2 MATERIALS AND METHODS

2.1 Raw materials

Commercial pure Ti powder, sieved through a 325-mesh sieve, served
as the raw materials. Figure 1 shows morphology (a) and particle size
distribution (b) of the used commercial Ti powder in this work. The
Ti powder exhibits irregular morphology with a size ranging from
15 to 60 pm. Notably, the absence of satellite powder and agglomera-
tions contributes to enhanced deposition efficiency superior deposit
quality.

2.2 Fabrication of Ti deposits and heat treatment

A cold spraying system was employed to deposit Ti powder on a steel
substrate. The process parameters were as follows: Compressed nitro-
gen served as the acceleration gas with a pressure of 4.0 MPa and a
heating temperature of 800°C. A circular de Laval type nozzle, mea-
suring 130 mm in length, 2.0 mm in throat diameter, and 8.0 mm in
outlet diameter was used for the spraying process. The resulting Ti
deposit exhibited a thickness of 4.0 mm.

Following the cold spraying process, electrical discharge machin-
ing (EDM) was employed to cut metallographic samples (8.0 mm X 3.0
mm X 4.0 mm) and tensile test samples (12.5mm X 4.5mm X 2.0 mm,
with a gauge length of 5.0 mm and a cross-sectional area of 1.4 mm X
2.0 mm). A vacuum tube furnace protected by argon gas was used to
anneal the samples at different temperatures for 2 hours. The CSAM
Ti deposits and samples annealed at different temperature (600°C,
800°C, 1,000°C) were noted as CS-Ti, CS-Ti-600, CS-Ti-800, CS-Ti-1000.

2.3 Microstructural characterization

The samples were embedded in epoxy resin, ground with abrasive
paper (from 150 grit to 3,000 grit), and polished by diamond slurries
(2 pm and 0.5 pm). A field emission scanning electron microscope
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(SEM, ZEISS, ULTRA PLUS) equipped with an
EBSD system was used to study the micro-
structure of the samples. An optical metallur-
gical microscope (OM, ZEISS, Axio Observer
Z1) was used to analyze the microstructure
of the Ti deposits. The porosity of the deposits
was evaluated via image analysis.

2.4 Mechanical properties tests

Atensile test was carried out using an Instron
MicroTester 5848 machine at a strain rate of
1073/s. The dimensions of tensile test samples
are schematically shown in Figure 7. SEM
was used to analyze the fractures of CSAM
Ti samples at different condition after ten-
sile test.

3 RESULTS AND DISCUSSION

3.1 Microstructure

Figure 2 shows the metallographic structure
of CSAM Ti at various conditions. As it shown
in Figure 2a, tightly bonded Ti particles with
a wavy pattern are evident, a result of cumulative particle deforma-
tion during spraying. Numerous black pores at particle boundary
sites originate from inadequate particle deformation. The porosity
of CS-Ti is measured at 2.76% according to Figure 3. After the anneal-
ing treatment at 600°C, the metallograph of Figure 2a reveals cleaner
and more distinct particle boundary outlines, accompanied by the
disappearance of select micropores. Nonetheless, the deformed par-
ticle boundary features persist. Elevating the annealing temperature
to 800°C leads to the vanishment of these boundary characteristics,
as depicted in Figure 2c, where the emergence of equiaxed grains
signifies recrystallization. Meanwhile, the porosity further reduces
to 1.38%, leaving predominantly larger pores. Further increasing the
annealing temperature to 1,000°C induces substantial grain growth
and a porosity reduction to 0.77%. Notably, pores assume an elliptical
morphology, indicative of extensive solid-state diffusion facilitating
the healing of smaller pores and the transformation of larger ones
into quasi-spherical shapes to minimize surface energy.

Figure 4 presents the band contrast (BC) maps, inverse pole figure
(IPF) maps, and grain size distributions of cold sprayed Ti (CS-Ti) under
different conditions. Severe plastic deformation during the cold spray-
ing process induces significant residual stresses within the CS-Ti,
particularly at particle boundaries, resulting in a low resolution in
EBSD analysis. Despite this, the reconstructed BC map clearly shows
deformed Ti particles (Figure 4a). The IPF map reveals fine grains
around particle boundaries with a few larger grains corresponding
to undeformed particle cores (Figure 4e). The grain size distribution
indicates that approximately 90% of the grains are smaller than 7 pm
(Figure 4i). After annealed at 600°C, tiny grains form around the cores
of prior Ti particles, creating a satellite ring around the large cores’
grains (Figure 4b-f). Compared with CS-Ti, the average grain size
increased slightly from 6.78 pm to 7.55 pm (Figure 4i-g). Annealing at
800°Cresults in complete recrystallization, with all particles growing
uniformly (Figure 4c). The average grain size increased to 10.53 pm
(Figure 4k). However, core and boundary grains remain distinguish-
able. At 1,000°C, exceeding the -Ti transformation temperature, the
annealing process involves ¢-f and f->« phase transformations. The
structure of CS-Ti-1000 is completely reconstructed, eliminating the
cold spraying microstructure. The average grain size increased to
14.59 pm (Figure 41), indicating accelerated grain growth at 1,000°C,
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Figure 2: Metallograph of CSAM Ti at various conditions: (a) CS-Ti; (b) CS-Ti-600; (c) CS-Ti-800; (d)CS-Ti-
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Figure 3: Porosity of CSAM Ti at different conditions.

suggesting that further increasing the annealing temperature is not
advisable.

Figure 5a-d illustrate the phase maps of the samples at different
conditions. The 8-Ti contents for the four samples are 26.7%, 0.3%, 0,
and 0.2% respectively. In CS-Ti, the 5-Ti grains are small and arranged
in a ring formation around the prior Ti particles. The 3-Ti formation
may be attributed to the severe deformation and localized tempera-
ture elevation during the impact moment. Consequently, during
annealing at 600°C, most 5-Ti transforms into stable «-Ti. By the
time the annealing temperature reaches 800°C, 3-Ti has already
disappeared. The reappearance of a minor amount of 5-Ti in the
CS-Ti-1000 sample could be due to insufficiently slow cooling rate
during annealing. Figure 5e-h shows the (geometrically necessary dis-
location) GND maps of the samples. It is evident that the substantial
amount of GNDs introduced during spraying were largely eliminated
by 800°C annealing. As for the CS-Ti-1000, high-density GNDs spo-
radically distributed between grains correlate significantly with pore
defects and newly formed -Ti grains. Figure 6 shows the GND curves
of CSAM Ti, clearly indicating that, as the annealing temperature
gradually increases, the GND curve shifts toward lower values. The
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Figure 4: BC maps (band contrast), IPF (inverse polo figure) maps, and grain size distribution curves of
CSAM Ti at different conditions.

C5-Ti-1000

® : —
E..‘ | :.' I

1,

ih-..__-.—.._ ‘Z: -...-.u_ﬂ I.L.-—m ,--..-L-d

Figure 5: Phase maps, GND (geometrically necessary dislocation) maps and
disorientation angle distribution of CSAM Ti at different conditions.

average GND value decreases from 11.4 x 10m™ in CS-Ti to 1.64 x
10"*m?2 in CS-Ti-1000. The disorientation angle distribution in Figure
5i-1 reveals some microstructure of the samples at different condi-
tions. The high proportion of small angle disorientations in CS-Ti
indicates its internal structure predominantly consists of deformed
grains. As the annealing temperature rises, the proportion of low
angle disorientation significantly decreases. There are three peaks
in the misorientation angles (9.48° 60°, and 90°) of «-Ti-1000, which
result from the Burgers Orientation [31].

3.2 Mechanical properties

The engineering stress-strain curves of CSAM Ti at different condition
is shown in Figure 7. Initially, the CS-Ti has a tensile strength of only
346 MPa and a minimal elongation of only 0.25%. Annealing at 600°C
enhances the tensile strength to 512 MPa and the elongation to 0.92%.
Further annealing at 800°C raises the tensile strength to 661 MPa
and elongation to 2.53%, while annealing at 1,000°C results in a ten-
sile strength of 780 MPa and a significant elongation of 4.67%. These
results indicate annealing substantially improves both the strength
and ductility of CSAM-Ti, with tensile strength increasing by 125%
and elongation by a factor of 17.68 post-annealing. Comparatively,
commercial pure Ti plate prepared by traditional rolling possess a
tensile strength of 420 MPa and an elongation of 42% [30]. Although

= (1)

c 5-Ti-1 um
S CS-Ti annealed at 1,000°C surpasses pure Ti
in tensile strength, its elongation remains
considerably lower, primarily due to intrinsic
porosity within CSAM Ti. Despite the poros-
ity being reduced to less than 1% in CS-Ti-
1000, the presence of pores can still lead to
premature failure during deformation. As
depicted in Figure 8, there exists an inverse
correlation between porosity and both ten-
sile strength and elongation for CSAM Ti.
The elimination of porosity through meth-
ods such as hot isostatic pressing or addi-
tional rolling could potentially augment its
mechanical properties. Nonetheless, consid-
ering the economic viability and simplicity
of a single heat treatment, with its elevated
post-treatment strength, can feasibly sub-
stitute for wrought Ti in applications where
extreme toughness is not a primary concern.
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3.3 Fracture morphology

Figure 9 illustrates the fracture morpholo-
gies of CSAM Ti at different conditions after tensile test. A notable
presence of pores is evident on the fracture surface of CS-Ti, as high-
lighted by the white arrow in Figure 9a. In the higher magnification
fracture image, these pores can be seen more clearly as unbonded
areas during cold spraying process (Figure 9e). Since the bonding
mechanism of powder particles in cold spraying are primarily reli-
ant on cold deformation and mechanical interlocking, it allows for the
distinction of original titanium particle boundaries, outlined in yel-
low dotted lines in Figure 9e. Persistent porosity is observed across the
entire fracture surface of the CS-Ti-600 specimen. Nevertheless, an
increase in surface roughness compared to CS-Ti signifies enhanced
particle cohesion. While particle outlines remain discernible at sites
indicated by yellow dotted lines in Figure 9f, evidence of intergranu-
lar cleavage fracture emerges, contributing to the improved tensile
strength of this sample. In the overall fracture images of CS-Ti-800
and CS-Ti-1000 samples, some wavy tear marks are found, proving
the improvement of toughness of the samples. Specifically, CS-Ti-800
displays a mixed fracture mode characterized by shallow dimples
(yellow arrows) alongside brittle fracture features like tear ridges (red
ovals), suggesting a combination of ductile and brittle mechanisms.
Conversely, CS-Ti-1000 showcases a dense array of uniform dimples,
signifying superior plasticity among the tested samples. However,
compared with the fine and dense deep dimples in the forged pure
Ti, the dimples in CS-Ti-1000 are larger in size and shallower in depth,
indicating its toughness is far from reaching the level of wrought pure
Ti [32]. This is still a difficult problem that needs to be overcome in
CSAM Ti.

3.4 Discussion

Based on the earlier results, it can be inferred that the effects of heat
treatment on the microstructure of the CSAM Ti deposits can be
divided into three ranges: (i) low-temperature zone, which is below
the recrystallization temperature, primarily involves dislocation
recovery; (ii) medium-temperature zone, where recrystallization of
a-Ti occurs; and (iii) high-temperature zone, in which a-Ti» §-Ti»>
a-Titransformation takes place during heating, holding, and cooling
processes, completely reconstructing the microstructure of CSAM
Ti. It can be seen that high-temperature treatment is beneficial for
reducing porosity and increasing plasticity. However, the rapid grain
growth at high temperatures will reduce the strength, which is unde-
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sirable. In other words, sample heat treatment is difficult to obtain
CSAM Ti with both good strength and ductility. If the cost allows,
hot isostatic pressing (HIP) is undoubtedly the most effective way to
improve the performance of CSAM Ti. However, it’s unacceptable for
most industrial products. To overcome this contradiction, follow-up
studies will explore complex heat-treatment processes: first using
high-temperature treatment to minimize porosity as much as pos-
sible, followed by cyclic annealing in the two-phase region to refine
the grains, aiming to achieve a balance between strength, plasticity,
and cost.

4 CONCLUSIONS

In this study, a pure Ti deposit with a porosity of merely 2.76% was
fabricated via CSAM technology, and the effects of annealing treat-
ment on the microstructure evolution, porosity reduction, and tensile
properties of the CSAM Ti were systematically investigated.

The key findings include:

(1) Porosity reduction: The primary source of porosity in CSAM
Ti stems from inadequately deformed particles during the spraying
process. Annealing facilitates atomic diffusion and recrystallization,
leading to the disappearance of smaller pores and the elliptical trans-
formation of larger ones. Notably, annealing at 1,000°C for 2 hours
reduced the porosity to 0.77%.

(2) Microstructural evolution: Annealing at 600°C initiates recrys-
tallization at the peripheries of original Ti particles. As the tempera-
ture rises to 800°C, full recrystallization is observed, subsequently
giving way to grain growth. Following annealing at 1,000°C, the aver-
age grain size attains 14.59 pm.

(3) Mechanical properties enhancement: Annealing concurrently
enhances the tensile strength and ductility of CSAM Ti. Specifically,
post-annealing at 1,000°Cyields a tensile strength of 780 MPa, surpass-
ing that of wrought pure Ti, albeit with an elongation of merely 4.67%,
significantly trailing that of its wrought counterpart.

(4) Future directions: To reconcile the trade-off between porosity
elimination and unchecked grain growth, future research will explore
complex heat-treatment processes. These involve high-temperature
exposures for porosity mitigation, succeeded by cyclic annealing with-
in the two-phase domain to achieve grain refinement. §
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