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Abstract: Ti-Ta impedance-graded coatings were prepared using cold spraying combined with
hot isostatic pressing. Compared to the general Ti-Ta binary diffusion couple, the interdiffusion
coefficient of as-sprayed Ti—Ta can be increased by approximately 25 times at 1100 °C due to grain
refinement at the interface of the cold-sprayed particles. By the control of interdiffusion, pure Ta and
pure Ti regions can remain in the materials after hot isostatic pressing at 900 °C. Hot isostatic pressing
with capsulate reduced the porosity of the material efficiently to less than 0.02%. The strength of
the as-sprayed Ti—Ta composite coating was significantly improved to 990.1 MPa, and the fracture
strain reached 11.5%. The strengthening mechanism of Ti-Ta composite coatings relies primarily on
the hindrance of dislocation slip by phase interfaces between « and (3. Moreover, the macroscopic
interfacial bonding strength of the graded material exceeds 881 MPa, which is comparable to that of
bulk materials.

Keywords: cold spraying; hot isostatic pressing; impedance-graded coatings; mechanical property

1. Introduction

The impedance-graded materials (IGMs) formed by the stacking of different homoge-
neous layers can attenuate stress waves effectively and have good potential for application
in lightweight protective structures [1-3]. In such IGMs, the stress waves can be attenuated
by the transmission and reflection at the macroscopic interfaces as well as by the energy
absorption by the plastic deformation of each layer [2,4,5]. When the layer of IGMs consists
of particle composite, the spreading, scattering, and dissipating by the complex micro-
scopic interface can further attenuate the stress wave [6,7]. Due to the large difference in the
densities of Ti and Ta, the impedance can be flexibly adjusted over a relatively large range
for the Ti-Ta composite layer. Meanwhile, the good plasticity of Ti and Ta is beneficial for
the tensile plasticity of the Ti-Ta composite, which can resist the tensile stress generated by
impedance mismatch at the interface of Ti-Ta IGMs.

Although laser additive manufacturing (LAM) is an attractive method to achieve
the specific-shape graded structure, the high temperature involved in LAM may lead to
the overreaction of components, phase transformation, and severe thermal stress [8,9].
As a low-temperature solid-state deposition technique, cold spraying (CS) can regulate
the composition of each layer flexibly and avoid the phase transformation and reactions
during deposition [10,11]. Nevertheless, the tensile strength and plasticity of the as-sprayed
coating is often insufficient due to the severe plastic deformation of the particles and the
physical-type interfacial bonding between particles [12-15]. Therefore, subsequent heat
treatment is often necessary to improve the tensile performance of the cold-sprayed coating
by the interfacial diffusion of particles [14,16,17].

For the post-annealing of the Ti—-Ta composite coatings, the diffusion occurs at the
Ti/Ta interface as well as at Ti/Ti and Ta/Ta interfaces. Although the interdiffusion
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at the Ti/Ta interface can promote the bonding property, excessive diffusion arises at
too-high temperatures and may lead to the formation of Kirkendall pores, which are
detrimental to the mechanical properties of the Ti-Ta coating. Xu et al. [18] proved that
the Kirkendall effect increased the porosity significantly during spark plasma sintering
(SPS) of Ti—Ta composite powder at 1400 °C. Furthermore, Tang et al. [19] indicated that
the large Kirkendall pores reduced the tensile strength of cold-sprayed Ti-Ta coatings
significantly after the annealing of 2 h at 1250 °C. Therefore, the adequate treatment
temperature is desirable to activate the effective diffusion and, at the same time, to avoid
excessive alloying. Up to now, most investigations of Ti-Ta interdiffusion behavior have
focused on temperatures much higher than the phase transition temperature of Ti [20-22].
Moreover, the high-speed impact of particles during cold spraying can result in a large
number of broken grains near the particle interface and increase the grain boundaries
significantly [23,24], which might influence the diffusion process. Unfortunately, few data
can be found for the influence of such microstructural characteristics on the diffusion
behavior of cold-sprayed Ti-Ta coatings.

Another goal of the post-heat treatment is the elimination of the pores in cold-sprayed
coatings. It has been proved that HIP is an effective method to eliminate most of the
closed pores in LAMed materials [25,26]. However, the weak physical bonding between
particles in cold-sprayed materials may affect the elimination process of pores during
HIP. It was found that the elimination of pores in cold-sprayed coatings results in quite
different densification characteristics from those of the LAMed materials [27-32]. Due
to the dramatically different melting points of Ti and Ta (1670 °C and 3020 °C) [19] and
the involvement of Ti/Ta interfacial interdiffusion, the situation of densification becomes
more complex.

In this study, cold-spraying accompanied with HIP was used to prepare Ti-Ta impedance-
graded coatings. The diffusion behavior of the cold-sprayed Ti-Ta couple was analyzed
systematically, and a reasonable diffusion temperature for the Ti-Ta coating was obtained.
The influence of unencapsulated and encapsulated HIP on the microstructure and mechanical
properties of cold-sprayed Ti-Ta graded coatings was investigated. The strengthening mecha-
nism of the Ti-Ta coating and the possible densification process of the pores during HIP were
also discussed.

2. Materials and Experimental Procedures
2.1. Preparation of Ti-Ta Couples and Ti—Ta Graded Coating

Figure 1 presents the size distribution and morphology of the spherical Ti and Ta
powders. The size distribution measured by laser particle-size analyzer (Hydro 2000 MU,
Malvern Panalytical, Malvern, UK) shows that the average sizes (D50) of Ti and Ta powders
are 37.2 um and 6.7 pm, respectively. The high-pressure cold-spraying system (PCS-100,
Plasma Giken Co., Ltd., Saitama, Japan) was used to deposit coatings. The working gas
for cold spraying was N; with a pressure and temperature of 5.0 MPa and 850~900 °C,
respectively. The lateral speed of the spray gun was 400 mm/s, and the spraying distance
was fixed at 30 mm.

The Ti-Ta diffusion couples were prepared by depositing a Ta coating with a thickness
of about 300 pm on a pre-polished pure Ti plate of 2.5 mm thick. Then, the as-deposited
Ti~Ta diffusion couples were sealed in a quartz tube filled with 2 x 10° Pa of argon gas for
the post-diffusion annealing.

As for Ti-Ta graded coating, the feedstock powder of cold spraying was obtained by
mechanically mixing Ti and Ta powders with mass ratios of 1:1.5, 1:1, and 1:0.6, respectively.
Then, the Ti-Ta composite coatings with a width of 50 x 50 mm? were deposited on
the Al substrate with a size of 60 x 50 x 20 mm?>. Before depositing the next layer, the
thickness of the previously deposited coating was processed to about 15 mm. The single
layer was labeled according to the mass ratio of the feedstock powder. Figure 2a shows
the schematic diagram of the prepared Ti-Ta graded coating, with the coatings labeled
as T—Ta; 5, Ti-Ta1, and Ti-Tag ¢ from bottom to top. After spraying, the substrate was
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removed, and the composite coating was cut into samples using wire cutting for the
subsequent treatment. The size of tensile sample is shown in Figure 2b.
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Figure 1. Characterization of original powders: (a) Ti; (b) Ta.
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Figure 2. Schematic diagram of (a) cold-sprayed Ti-Ta graded coating and cutting position of samples;
(b) size of the tensile samples.

2.2. Interdiffusion Behavior of Ti—Ta Couples

The cold-sprayed Ti-Ta diffusion couples were annealed at 850~1150 °C for 2 h.
Figure 3 is a schematic concentration distribution curve of Ta in the Ti-Ta binary diffusion

couple. The interdiffusion coefficient (15) between Ti and Ta can be calculated by the
Boltzmann-Matano method [33]:

1 fé:: (x — xp1)dC @
2t dc ’
(W)G

where t is the diffusion time, and Cj, and Cg are the Ta concentration on the left and right
sides of the initial interface at t = 0, respectively. The xj; is the position of the Matano
plane. According to the mass conservation, the integral areas on both sides of the Matano
plane are equal, which means the area of the yellow and green regions in Figure 3 are equal;
then, x)1 can be calculated. (dC/dx) . is the slope at an arbitrary concentration C* on the

concentration distribution curve, and | CCL xdC is the integral area (A*).

D=—
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Figure 3. Schematic diagram of the Boltzmann-Matano method for the Ti-Ta diffusion couple.

2.3. HIP Treatment and the Characterization

The cold-sprayed Ti-Ta graded coatings were subjected to 2 h of unencapsulated and
encapsulated HIP at a typical temperature of 900 °C. In the latter case, the sample was
enclosed in a 2 mm thick 304 stainless steel capsule and vacuumed to 2 x 1073 Pa before
HIP. Ar was used as a protective gas in the HIP furnace with a gas pressure of 140 MPa.

The mechanical properties of each layer of material and the bonding strength of the
macroscopic interface in the graded coatings were evaluated through quasi-static tensile test.
The cutting position of sample is shown in Figure 2 schematically. The Instron universal
testing machine was used for quasi-static tensile tests, with a strain rate of ~10~3.s~1. For
each case, at least three tests were performed to ensure the reproducibility of the results.

The microstructure of the prepared graded material was analyzed by field emission
scanning electron microscopy (SEM, FEI QUANTA 200 FEG, FEI, Hillsboro, OR, USA)
equipped with an energy dispersive spectrometer (EDS). The pores in Ti-Ta coatings were
analyzed by optical microscopy (OM, OLYMPUS BX51M, Olympus Corporation, Tokyo,
Japan), and the porosity was statistically analyzed using Image] 1.8.0 software (National
Institutes of Health, Bethesda, MD, USA). An electron backscatter diffraction instrument
(EBSD, JSM-7900F, JEOL, Tokyo, Japan) was used to observe the recrystallization of Ta
particles in Ti-Ta diffusion couple. During the EBSD process, the sample tilt angle was 70°
and the scanning step length was 100 nm.

3. Results and Discussion
3.1. Interdiffusion Behavior of Cold-Sprayed Ti—1In

From the concentration distribution in the Ti-Ta diffusion couple, the diffusion thick-
ness on the Ta (01;) and Ti (o) sides relative to the initial interface can be calculated.
Figure 4 summarizes the diffusion thickness in each diffusion couple after diffusion at
850 °C~1150 °C for 2 h. It is clear that all the diffusion thickness on the Ti side is greater
than that on the Ta side, and the growth rate of 513 with the increase of temperature is
higher than that of 5T,.
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Figure 4. Thickness of diffusion layer in Ti-Ta diffusion couple at different diffusion temperatures.

Figure 5 plots the concentration dependence of the calculated interdiffusion coefficient
D of the cold-sprayed Ti-Ta couple under different temperatures. At the range of 850 °C

to 950 °C, the concentration dependence of D is relatively weak (Figure 5a), which is
corresponding to the similar diffusion thicknesses on the Ta and Ti sides (Figure 4). It is
worth noting that the interdiffusion coefficient increased significantly by about 10 times
as the diffusion temperature increased from 850 °C to 900 °C. Since the « (hcp) — 3 (bcc)
phase transition of Ti can occur at around 882 °C [34], the bcc structure at 900 °C can lead
to lower diffusion activation energy for the Ti atoms. At the same time, a large number
of vacancies resulting from phase transformations from the hcp to bcc structure can also
promote the interdiffusion [35,36]. Therefore, it is suggested that this abrupt change in
the interdiffusion coefficient between 850 °C and 900 °C could be attributed to the phase
transition of Ti.
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Figure 5. The 5 of Ti-Ta at different diffusion temperatures: (a) 850~950 °C, (b) 1000~1150 °C.

At the diffusion temperature range of 1000 °C to 1150 °C, the interdiffusion coefficient
decreases monotonously with the increase in the Ta concentration (Figure 5b). Similar
behavior has been observed by Ansel et al. [21] and Wang et al. [22]. As a comparison,
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the D of Ti-Ta calculated by Ansel et al. [21] at 1100 °C is also provided in Figure 5b. It
is obvious that the Ansel’s curve deviates gradually as the concentration of Ta exceeds
50 wt.%. For instance, the interdiffusion coefficient measured for 85 wt.% Ta in this study
is about 25 times that of Ansel’s one.

It has been widely accepted that many broken crystals are generated in cold-sprayed
coatings due to the violent impact and severe plastic deformation of particles [24,37,38].
During post-heat treatment, e.g., HIP, such broken crystals may experience recrystallization
and size growing. Figure 6 shows the EBSD morphology of Ta crystals in the as-sprayed
and diffused couple. A large number of extremely fine crystals can be observed at the
particle interface in the as-sprayed Ta coating that arose from the severe shear deformation
of Ta particles (Figure 6a). After the diffusion at 900 °C, the recrystallization of the fine
crystals can be observed preferentially (Figure 6b). At 1000 °C, the flat-shaped grains at
the particle’s center begin to recrystallize and form the equiaxed grains with small sizes
(Figure 6¢). When the diffusion temperature increases to 1100 °C, all the grains exhibit
equiaxed crystals, and the average grain size is comparable to the size of feedstock Ta
powder. Considering the dependence of the growth of grains on diffusion time, the Ti-Ta
couple was also diffused at 900 °C for 0.5 h, and the results are shown in Figure 7. It can
be found that there is still a large number of small broken crystals in such case, and the
average grain size is much smaller than that for 2 h (Figure 6b). Therefore, it can be inferred
that at a diffusion temperature of 1100 °C, even the recrystallization and growth rate is
much higher; an initial stage must exist during which the grains might be relatively small.
Since the grain boundary is the important channel of diffusion [39], it can be supposed that

the grain boundary at the initial stage plays a major role in the higher value of D in the
Ta-rich region than Ansel’s value.

(o) (d)

Figure 6. EBSD grain morphology in Ta coating cold-sprayed and diffused at different temperatures
for 2 h: (a) as-sprayed; (b) 900 °C; (c) 1000 °C; (d) 1100 °C.
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Figure 7. EBSD of as-sprayed Ta coating diffused at 900 °C for 0.5 h: (a) image quality (IQ) map;
(b) grain size map.

According to the above results, it seems that the interdiffusion rate of Ti-Ta at 900 °C
(just above the phase transition temperature of Ti) is moderate, and the relatively small
grains of Ta are beneficial to the strength of coating. Considering that the common tem-
perature of about 800 °C~960 °C for the HIP of Ti and Ti alloys can achieve a good creep
diffusion of particles and densification of materials [40—42], the reasonable temperature
of 900 °C was selected as the HIP temperature for cold-sprayed Ti-Ta graded coatings
subsequently in this study.

3.2. Microstructure of Ti—Tn Graded Coatings

Figure 8 illustrates the microstructural morphology of as-sprayed, unencapsulated
and encapsulated HIPed Ti-Ta graded coatings. Compared to the distinct microscopic
interface between Ti and Ta particles in the as-sprayed coating, obvious diffusion zones
can be observed after HIP at 900 °C both with and without capsulation. Moreover, the
macroscopic interface also transformed into metallurgical bonding by means of diffusion.
The detailed microstructure of the interdiffusion zone is presented in Figure 9. The x-phase
zone around Ti and the 3-phase zone adjacent to Ta is separated by a layered distribution
of the (a+f3) biphasic zone, where the bright and light gray areas are 3- and x-phase,
respectively [19]. Unlike the Ti-Ta composite in reference [18,43,44], the HIPed Ti-Ta
coatings in this study retained some pure Ti and Ta regions. Meanwhile, no significant
Kirkendall voids could be found in the encapsulated HIPed samples. It could be expected
that such characteristic can enhance the wave attenuation performance [6,7].

Figure 8. SEM of Ti-Ta graded materials: (a) as-sprayed; (b) unencapsulated; and (c) encapsulated
HIP at 900 °C for 2 h.
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Figure 9. Typical microstructure morphology of encapsulated HIPed Ti-Ta coating.

Although the diffusion zones of unencapsulated and encapsulated HIP in Ti-Ta coating
are similar, the porosity is quite different in the two cases. Some observable pores still
exist in the unencapsulated HIPed coatings (Figure 8b), while the encapsulated HIPed
coatings are dense (Figure 8c). For instance, Figure 10 presents the morphologies of the
pores and the statistic porosity in the as-sprayed, unencapsulated and encapsulated HIP
Ti-Taj 5 coating. The pore size in the as-sprayed coating was 30~50 um and the porosity
was about 1.8%. After HIP, the porosity in the unencapsulated sample decreased to about
1% and the maximum pore size reduced to about 20 um, whereas the encapsulated one
was almost fully dense without any observable pores.
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Figure 10. OM images of Ti-Ta; 5 coatings: (a) as-sprayed; (b) unencapsulated HIPed; (c) encapsulated
HIPed; (d) porosity of different coatings.
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This difference in the pores may involve the different densification mechanisms of
unencapsulated and encapsulated HIP in cold-sprayed coatings. For laser additive man-
ufactured materials, it has been proved that the internal closed pores can be effectively
eliminated by unencapsulated HIP [25,26]. However, it was hard to eliminate the seemingly
“closed pores” inside the coating by unencapsulated HIP in this study. This implies that the
particle interface may act as the gas transfer channels for the working gas of HIP (Ar) and
hinder the evolution of pore closure. In other words, these seemingly “closed pores” in the
cold-sprayed coating were not actually closed.

As for encapsulated HIP, the capsulate can hinder the entrance of external Ar and
achieve densification effectively. Nevertheless, the densification mechanism may be differ-
ent from that of LMAed material. Before HIP of LMAed, the Ar remaining in the closed
pores is of large molecular size and low solubility. It was suggested that the argon pore
can be pressed to tiny one (<1 pm) with a pressure of ~100 MPa, which is equal to the
atmospheric pressure of HIP [45,46]. In this study, since the working gas of cold spray is
Ny, it is supposed that the pores in the as-sprayed coatings consist of N». According to
reference [47], N5 can react with Ti under 800 °C~1100 °C or dissolve in Ti. Therefore, the
tiny pores cannot be just considered as residual pores full of compressed gas, although a
similar size (<1 um) does remain in the encapsulated HIPed coatings. In contrast, under
the HIP temperature of 900 °C, the N, in Ti-Ta coatings may dissolve, react with Ti, or even
diffuse through a specific channel to the surface of the coatings. To what extent these three
modes contribute to the pore elimination in cold-sprayed Ti-Ta coatings needs to be further
confirmed later.

3.3. Mechanical Properties of Ti—Tn Graded Coatings

Figure 11 shows the quasi-static tensile properties of as-sprayed and HIPed Ti-Ta
coatings. The tensile strength and fracture strain of as-sprayed Ti-Ta; 5 are about 100 MPa
and less than 1%, exhibiting a typical brittle fracture similar to that of the cold-sprayed pure
Cu, Tj, stainless, and composite coatings [12-15]. After unencapsulated HIP, although the
tensile strengths of Ti-Ta; 5 were improved significantly to about 389.5 MPa, the fracture
strain (3.4%) was still far below that of the pure Ti or Ta. It is noteworthy that Ti-Ta; 5
exhibited excellent tensile properties after encapsulated HIP, with a tensile strength of
990.1 MPa, which is about eight times that of the as-sprayed sample. Meanwhile, the
fracture strain also increased from less than 1% to 11.5%, which is similar to the pure Ti.

16
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| Unencapsulated 14k Unencapsulated 14.1
Encapsulated ° Encapsulated
)
| 990.1 977.4 12+ 11.5 11.8
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Figure 11. Tensile strength and fracture strain of as-sprayed and HIPed Ti-Ta coatings: (a) tensile
strength; (b) fracture strain.

To understand the detailed fracture character, the fractured morphology of as-sprayed
and HIPed Ti-Ta; 5 coatings is shown in Figure 12. For the as-sprayed coating, the debond-
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ing of the particle interface can be observed clearly (Figure 12a). The fractured surface
displays a dominant brittle morphology despite the fact that a few dimples can be found
in the Ti-Ta diffusion zone for the unencapsulated HIPed sample. In the encapsulated
HIPed coating, the fracture mode is dominated by ductile fracture, while the pure Ti region
exhibits cleavage fracture. This can be attributed to the lack of effective slip planes in hcp
structures (Figure 12¢). Combined with the tensile test data, it can be determined that the
elimination of micropores during encapsulated HIP was responsible for the dramatically
improved tensile strength and plasticity.

Figure 12. Quasi-static tensile fracture morphology of Ti-Ta; 5: (a) as-sprayed; (b) unencapsulated
HIPed; (c) encapsulated HIPed.

Another interesting phenomenon is that the tensile strength of the encapsulated HIPed
Ti-Ta composite coatings was much higher than that of pure Ti and Ta. This strengthening
relates to the diffusion region in the Ti—Ta coatings. Figure 13 shows the cross-sectional
microstructures of the diffusion zone near the tensile fractured surface in the encapsulated
HIPed Ti-Ta; 5 coating. It can be observed that the precipitate phases in the diffusion zone
were bent under the tensile loading. The partially thin lath-like 3-phases were completely
cut off or formed obvious slip steps, while the thick, lath-like 3-phases with acicular-
like x-phases have less deformation and remain intact. Such a result indicates that the
phase interface can hinder the slip of dislocations, while thick 3-phases with fine acicular
o precipitates are more effective [48,49]. In addition, solid-solution strengthening and
fine-grain strengthening may also improve the strength to some extent [43,44].

"‘thickB laths (! | , t

41 \

UOT)IAIIP J[ISUI)

thin p/laths

N B B B L 1 T l‘ I T T T T
SU8220 10.0kV 13.3mm x10.0k SE(UL) 11/29/2023 10:12 5.00 um

(@) (b)

Figure 13. SEM of the tensile fracture cross-section of diffusion region in encapsulated HIPed Ti-Ta; 5
coating: (a) 5000x; (b) 10,000 x.
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Although the deformation mechanism of the diffusion zone during the stretching
process is similar to that of the Ti-Ta alloys in Wang's research [48], the Ti-Ta coating in
this study has better plasticity. This difference may be due to the coordinated deformation
between remaining pure Ti or Ta parts in the Ti-Ta coatings. Some sub-cracks perpendicular
to the stretching direction can be observed in pure Ti, as shown in Figure 14. In the
ununiform stress field at microscale, the pure Ta has better plasticity and more easily
coordinates deformation during tension. Consequently, the stress concentration in Ti may
lead to the premature crack initiation.

UOIIIIIP I[ISU)

SU8220 10.0kV

Figure 14. SEM of the tensile fracture cross-section of pure Ti in encapsulated HIPed Ti-Ta; 5 coating.

Regarding the graded structure, the macroscopic interfaces also play a role in the
stability of the overall mechanical properties as well as the performance of each single layer.
Therefore, the tensile property for the macroscopic interface is also of importance. Figure 15
shows the measured interfacial bonding strength of Ti-Ta; 5/Ti-Ta ¢ and Ti-Ta o/ Ti-Tag,
respectively. For the as-sprayed samples, the bonding strength (25 MPa) is far below the
strength of single layer, and the fracture at the macroscopic interface is flat (Figure 15b).
In HIPed samples, most of the fractured surfaces are located away from the macroscopic
interfaces, and all the fracture surfaces are unsmooth (Figure 15c). This bonding strength
is comparable to the strength of a single Ti-Ta layer, which can be attributed to the metal-
lurgical bond in the macroscopic interface. Especially in the samples which were HIPed
with capsules, the bonding strength (>881 MPa) reached about twice that of the sample
were HIPed without capsules. It can be inspected that the high bonding strength at the
macroscopic interface is beneficial to prevent potential cracks under the tensile stress wave
when it is used to attenuate the stress wave.

Ti-Ta, s/ Ti-Ta, Ti-Tay o/ Ti-Tay g

[ As-sprayed
Unencapsulated
B Encapsulated

23.6
—0

>436.4

>881.1

> 823.1

interface

>297.8

25.6 4|11
Ti-Ta, 5/ Ti-Ta, Ti-Ta, ,/ Ti-Tag 4 |00
I

it
(@) (c)

Figure 15. Bonding strength and fracture location of Ti-Ta graded coating: (a) bonding strength;
fracture location in (b) as-sprayed and (c) HIPed graded coatings.
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4. Conclusions

This work confirms that the special microstructure in cold-sprayed Ti-Ta couples
significantly enhances the interdiffusion coefficient. The HIP temperature was selected as
900 °C, which controlled the Ti-Ta graded coating with limited diffusion successfully. The
results shows that the encapsulated HIP can effectively reduce the porosity and pore size of
the cold-sprayed Ti-Ta coatings. In the diffusion zone of Ti-Ta coatings, the phase interface
can hinder the expansion of dislocations, which enhance the tensile strength to 990.1 MPa.
Meanwhile, the pure Ta with good plasticity improved the plasticity of Ti-Ta coatings,
resulting in a tensile fracture strain of 11.5%. In addition, the macroscopic interface in the
cold-sprayed Ti-Ta graded coating forms a tight metallurgical bond after HIP, making the
bonding strength comparable to that of each layer. It can be expected that the high bonding
strength at the macroscopic interface is beneficial for mitigating the cracking risk when the
graded coatings are subjected to the tensile stress wave.
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