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Abstract 

In this paper an effect of capsule-free hot isostatic pressing (HIP) on the porosity and 

mechanical properties of different cold spray deposits was experimentally evaluated. The HIP 

post-treatment significantly decreased (more than 2 times) the porosity of 316L and pure 

titanium deposits. The densification effect of HIP on the porous Ti6Al4V deposit was 

significantly less pronounced. Mechanical properties of the deposits after HIP were also 

improved. In particular, the tensile strength of the stainless steel, pure titanium and Ti6AL4V 

increased from 30 MPa, 70 MPa and 20 MPa to 211 MPa, 480 MPA and 560 MPa 

correspondingly. Compressive strength of the Al-Mg-Sc-Zr alloy samples after HIP was also 

increased ~25%. Improvement of mechanical properties is explained by material diffusion and 

microstructure changes during HIP cycle.  
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Introduction 

Cold gas dynamic spray is a solid-state process used for metal coating deposition as well 

as for additive manufacturing [1-6]. In this process, the particles of deposited material are 

accelerated and heated by supersonic gas flow in converging-diverging nozzle. If the particle 

impact velocity exceeds certain critical value, the particle deformation at impact leads to 

formation of metal jets at the particle / substrate interface. Jet formation provokes the rupture 

of thin oxide films on the substrate and particle surfaces that allows establishing close contact 

between two chemically active metal surfaces. As a consequence strong bonding between two 

materials could be achieved. [1, 7-10].  

© 2020 published by Elsevier. This manuscript is made available under the CC BY NC user license
https://creativecommons.org/licenses/by-nc/4.0/

Version of Record: https://www.sciencedirect.com/science/article/pii/S0257897220314067
Manuscript_13c0a940afd0e2f5c2fda71d3e731b61

https://creativecommons.org/licenses/by-nc/4.0/
https://www.sciencedirect.com/science/article/pii/S0257897220314067


2 

 

2 

 

In general, the mechanical properties of cold spray deposits are lower than the reference 

values obtained for bulk materials. In particular, it is known that the cold spray coatings and 

spray formed 3D objects have low ductility [5, 10-14]. The ultimate tensile strength of the 

deposits strongly depending on the powder properties and spraying parameters may vary from 

5% to 100% relatively the reference values of UTS [5, 10].  Low ductility and significant 

variation of UTS is explained by the specific structure of the deposits. The cold spray deposit 

consist of severely deformed metal particles (splats). The TEM and SEM observations of the 

splat cross-section revealed very fine microstructure [10]. Such grain refinement is explained 

by intensive plastic deformation during impact. As a consequence, the ductility of splat is 

limited whereas the hardness is elevated. The second and the most important factor determining 

the brittle behavior of cold spray deposits is the quality of the contact between splats. As it was 

reported in many articles, the main mechanism of the coating failure generally observed during 

tensile test is the fragile rupture at the splat interface [11, 13-16]. Poor material bonding at the 

splat interface is generally explained by insufficient material diffusion between two connected 

surfaces. Third factor diminishing the mechanical performance of cold spray deposits is the 

coating porosity. The previous studies showed that two types of the cold spray coating porosity 

could be introduced [17, 18]. Porosity of the first type depends on the efficiency of the particle 

deformation at impact. In case of insufficient deformation the particle material is not capable 

to fill the asperities on the impacted surface. These gaps located at the splat interfaces and 

limiting the intersplat contact area represent the porosity of the first type. The pores of second 

type are located at the interfaces between connected coating lines and superposed coating 

layers. In this case the pores are formed due to unfavorable particle impact angle at the slopes 

of the coating lines. The porosity of the second type could be controlled by proper selection of 

the nozzle displacement strategy in order to avoid the formation of thick coating lines with high 

slope angle.  

Ductility and UTS of cold spray deposits can be increased by application of heat-

treatment after spraying [13]. Heat treatment intensifies the material diffusion between the 

splats and leads to material recrystallization at the splat interface. As a result, the joint grains 

between the splats could be formed [11-14, 19]. Also, the heat treatment contributes to the grain 

growth inside the splats that increases material ductility [10]. At the same time, the heat 

treatment has limited effect on the coating porosity. As a consequence, even recrystallized 

coatings could have low UTS and ductility due to elevated residual porosity [13].  

In this regard, the hot isostatic pressing (HIP) of cold-sprayed deposits could be 

considered as a promising post-treatment method providing combined effect: material 
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recrystallization and material densification. In this process, the high pressure caused by hot 

pressurized gas around the part affects the stress around a single pore, inducing pore 

shrinkage and accelerating the diffusion of material [20, 21]. Nowadays two types of HIP are 

used: pressing within deformable metal capsules and capsule-free pressing (Figure 1) [20, 

21].  

 

  
a b 

Figure 1: Schematic illustration of capsule-free (a) and encapsulated (b) hot isostatic pressing (HIP) 

 

In capsule-free HIP the part is placed in direct contact with the hot pressurized inert gas 

inside the HIP chamber. The hot and dense gaseous environment inside the chamber induces 

gas absorption by the pore walls inside the treated part, followed by pore shrinkage. However, 

in case of high open porosity, the capsule-free HIP cannot provide material densification owing 

to gas transfer between connected pores and the surface of the part. In this case, hot isostatic 

pressing within deformable capsules (encapsulated HIP treatment) can be applied. During 

encapsulated HIP, the part is closed in sealed metal capsule. The gas inside the capsule is 

removed by a vacuum pump before the capsule is placed inside the HIP chamber. The gas 

trapped inside the open pores is also removed during capsule vacuuming. The gas pressure 

causes capsule wall shrinkage during HIP [20, 21]. 

In powder-bed additive manufacturing the capsule-free HIP is applied for densification 

of manufactured parts [22-25]. The application of encapsulated HIP is significantly less 

common due to expensive procedure of part encapsulation and vacuuming. In contrast to 

powder bed additive manufacturing methods, only few papers devoted to the application of HIP 

for improvement of cold spray coating or 3D part structure could be find in the literature [26-

30]. HIP treatment of cold-sprayed titanium alloys was first reported by Blose et al. [26]. 

Unfortunately, the authors did not specify which type of HIP treatment was applied 

(encapsulated or capsule-free). Detailed description of HIP parameters was not provided. 

However, the authors reported significant improvement of the coating density after hot isostatic 
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pressing. In recent work Chen et al. performed a comprehensive study of the effects of capsule-

free HIP on the properties of nitrogen-sprayed and helium-sprayed Ti6Al4V cold-sprayed 

deposits [27]. The HIP allowed to increase the UTS of nitrogen-sprayed and helium-sprayed 

samples from ~100 to ~650 MPa and from ~380 to 950 MPa, respectively. Chen et al. concluded 

that capsule-free HIP cannot increase the UTS of nitrogen-sprayed samples to those of bulk 

material owing to poor pore elimination. Yin at al. [28] reported significant improvement of 

stainless steel coating porosity after capsule-free HIP. Although the deposit porosity was 

significantly reduced after HIP treatment, the mechanical properties did not surpass the 

vacuum-annealed samples. Authors considered that it may be caused by the original oxide 

films retained at the particle surfaces in the original inter-particle pore areas, effectively 

hindering the intimate metallurgical inter-particle bonding even after the pores collapse in HIP 

[28]. 

In contrast to vacuum heat treatment or heat treatment in neutral gas environment, the 

application of HIP as post-processing procedure of cold spray deposits is a relatively new 

approach capable of improvement the material density and the mechanical properties.  It is 

important to note, that at present no recommendations for the optimal HIP treatment parameters 

of cold spray deposits are presented in the literature. In this paper the first results of several 

feasibility studies devoted to the application of capsule-free HIP for improvement of the 

mechanical properties and density of different cold spray deposits are presented.  

 

Materials and methods 

 

  
a b 
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Figure 2 : SEM images of powers: (a) – titanium, (b) - Ti6Al4V alloy, (c) - 316L stainless steel,  (d) 

- Al-Mg-Sc-Zr  alloy 

 

Four powders were used in this study: commercially available 316L austenitic stainless 

steel (Sandvik Osprey), commercially available pure titanium (Stark, Amperit 155.054), 

Ti6Al4V produced at MISIS University (Moscow, Russia) by gas-atomization and 

commercially available Al-Mg-Sc-Zr (Rusal, RS-553, UC). The SEM mages of the powders 

are presented in Figure 2. The particle size distributions measured by Occhio ALPAGA 500 

optical granulomorphometer are presented in Table 1. 

Table 1: Particle size distribution of powder used in experiments. 

Material D10, µm D50, µm D90, µm 

Titanium 15 20 46 

Ti6Al4V 11 52 95 

SS 316L 5 27 35 

Al-Mg-Sc-Zr 10 33 52 

The samples were produced using commercial cold spray equipment Impact 5/8 (Impact 

Innovations, Germany) with the OUT-1 nozzle [40]. The spraying gun was fixed during 

deposition and the substrate was displaced by a six-axis robot (KUKA, Germany). Nitrogen 

was applied as the working gas and powder carrier gas. In all cases the spraying was performed 

on aluminum plates sandblasted using mesh 120 alumina grains. Spraying parameters are 

specified in Table 2. In all cases the substrate displacement velocity was adjusted in order to 

obtain the coating line with the thickness near 0.4 - 0.5 mm per pass. The hatch distance between 

coating lines was 3 mm. The final deposits with approximate dimensions 60 × 60 mm and the 

thickness ~40 mm (ten coating layers) were produced. Two batches of samples were 

manufactured for each powder. The deposits were separated from the substrate by electrical 

discharge machining. The samples in the first batch underwent capsule-free HIP, whereas those 

in the second batch were analyzed in the as-sprayed condition. 
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Table 2: Spraying parameters 

Material Gas pressure, bars Gas temperature, °C Substrate displacement speed, mm/s 

Titanium 40 800 50 

Ti6Al4V 40 800 50 

SS 316L 40 650 50 

Al-Mg-Sc-Zr 40 350 25 

The capsule-free hot isostatic pressing of the samples was conducted in argon atmosphere 

using the HIRP70/150-200-1300 equipment produced by ABRAAG (Switzerland). The HIP 

parameters are provided in Table 3. Taking into account the absence of available data about the 

optimal HIP parameters of cold spray deposits, the standard HIP parameters typically used for 

HIP treatment of powder-bed laser fusion 3D parts were used.  

Table 3: HIP parameters used for sample treatment 

Material Pressure Temperature Time 

Titanium 150 MPa 900 °C 3h 

Ti6Al4V 150 MPa 910 °C 2h 

SS 316L 150 MPa 1050 °C 2h 

Al-Mg-Sc-Zr 160 MPa 300°C + 360°C 3h+4h 

Both batches of samples were subjected to metallographic preparation procedure. The 

sample microstructure was analyzed using an optical microscope (Olympus BX51, Olympus, 

Japan) and a scanning electron microscope (Vega 3LMH, Tescan, Czechia). Porosity 

measurements of all samples were performed using optical images obtained by Carl Zeiss 

Axiovert 200M MAT (Carl Zeiss, Germany) optical microscope. The images were treated by 

AxioVision 4.5 software developed for porosity measurement. The porosity of Ti6Al4V and 

316L coatings were also measured using X-ray tomographic scanner XT H 225 ST Nikon 

Metrology with the open-type micro-focus X-ray tube with the maximum power of 225 kW, 

rated power of 225 W and the focal spot size of 3 μm. 

Tensile tests were performed for pure titanium, Ti6Al4V and 316L stainless steel in 

accordance with the ASTM E-8 standard. The tensile samples were cut by electrical discharge 

machining. The dimensions of samples are presented in Figure 3. The strain direction during 

tensile testing was parallel to the nozzle pass direction. Twelve tensile samples were produced 

for each material: six for the as-sprayed coating and six for the coating after HIP treatment. 

Compression tests were carried out with the Al-Mg-Sc-Zr samples. Compression tests as well as 

the tensile tests were performed using Zwick Z250 (ZwickRoell, Germany) universal testing 

machine.  The compression test were performed on the cylindrical samples 1.2 mm in diameter 

and 2.5 mm in height with deformation rate of 4 mm/min. The axis of the cylinders were 
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perpendicular to the substrate. Cut pattern of the tensile and compression test samples is 

presented in Figure 3. 

 

 

 

Figure 3: Cut pattern of the tensile and compression test samples 

 

Results and discussion 

 

Structure and porosity 

The SEM images of coating cross-sections in as-sprayed conditions are presented in 

Figures 4-7. No macro-defects or cracks were detected. All coatings had typical splat structure. 

The boundaries between splats are well visible on the images.  Higher magnification images 

revealed the zones with close contact between the splats boundaries as well as the zones with 

the defects and poorly bonded splats. The pores located at the splat interfaces are well visible 

on the images. The pores were uniformly distributed in the coatings.  No particular porosity 

increase was detected at the boundaries between superposed coating lines and coating layers. 

Thus, it is possible to conclude that the porosity in obtained coatings corresponded to the 

porosity of the first type (intersplat porosity). Low thickness of the coating line per pass allowed 

to avoid formation of porosity of the second type. 
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Figure 4 : SEM images of 316L coating microstructure in as-sprayed (a, b) and HIP-treated  (c, d) 

conditions 
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Figure 5 : SEM images of titanium coating microstructure in as-sprayed (a, b) and HIP-treated  (c, 

d) conditions 
 

  
a b 
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Figure 6 : SEM images of Ti6Al4V coating microstructure in as-sprayed (a, b) and HIP-treated  (c, 

d) conditions 
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c d 

Figure 7 : SEM images of Al-Mg-Sc-Zr coating microstructure in as-sprayed (a, b) and HIP-treated  

(c, d) conditions 

 

Results of porosity measurements are summarized in Figure 8. On can see that the highest 

porosity value in as-sprayed conditions were measured for Ti6Al4V coating whereas the Al-
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Mg-Sc-Zr had the lowest one. As it was mentioned above, the porosity of the first type strongly 

depends on the particle deformation pattern. In general, this porosity could be reduced by 

increase of the particle impact velocity and temperature.  In order to characterize the particle 

impact conditions Assadi et al. [10] introduced ɳ parameter equal to the ratio between the 

particle impact velocity and the particle critical velocity. Authors stated that in order to 

maximize the cohesion between splats and the coating density, the value of ɳ parameter should 

be near 1.5 [9]. Taking into account the pressure and temperature used in experiments and the 

data provided in [10], it is possible to estimate that the ɳ values for 30 µm particles were equal 

to ~1.25 for Al-Mg-Sc-Zr alloy, ~1.15 for pure titanium, ~1.1 for 316L stainless steel and 0.85 

for Ti6Al4V. One can see that the coating porosity in this study correlates with the ɳ values. 

Al-Mg-Sc-Zr deposited with the highest ɳ had the lowest porosity. The 316L and pure titanium 

were sprayed at ɳ close to 1.1 that allowed formation of deposit with moderate porosity. The 

Ti6Al4 coating sprayed with the lowest ɳ had the highest porosity value. It is important to note 

that the Ti6Al4 powder contained high number of the particles larger than 30 µm. It is known 

that under the same spraying parameters the particles larger than 30 µm have smaller impact 

velocity that diminishes their ɳ value [10]. Taking into account the particle size distribution of 

Ti6Al4, it is possible to conclude that the significant amount of Ti6Al4 particles impact the 

surface with ɳ value even lower than 0.85 that leaded to poor splat-splat contact and high 

intersplat porosity. 

The cold spray coating porosity values reported in previous studies of different research 

groups are also presented in Figure 8. In general, the difference between the results obtained in 

this study and the literature data could be explained by the spray parameters applied for the 

coating deposition.  For example, higher porosity value of 316L coating (~10%) reported by 

Adachi and Ueda [32] is explained by lower gas stagnation temperature and pressure.  Wang et 

al [33] performed cold spraying of 316L powder using nitrogen at 1000 °C (versus 650 °C in 

this study) that allowed producing the coating with the porosity value near 1.8-2.4%.  Vo et al. 

[11] obtained the nitrogen–sprayed Ti6Al4 coatings with porosity near ~8% using similar 

spraying parameters, but with the finer Ti6Al4 powder.  Finally, the pure titanium coatings 

deposited by Wong et al. [31] using angular titanium powder and the same spray parameters 

had the porosity near 3.5 %.  Increase of the nitrogen temperature up to 1000 °C allowed to 

produce the pure titanium deposits with the porosity near 1 % [34]. In general, the porosity of 

as-sprayed deposits obtained in this study was in the range of typical values previously reported 

for 316L, titanium and Ti6Al4 powders deposited using nitrogen.  
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Figure 8 : Results of porosity measurement in as-sprayed and HIP-treated deposits in comparison 

with typical values available in  literature 

 

The cross-section images of the deposits after HIP are also presented in Figures 4-7. SEM 

observation confirmed that high temperature during HIP process promoted the material 

diffusion through the splat boundaries. In all HIPed samples the splat boundaries are 

significantly less distinguishable than in case of as-sprayed samples. Significant grain growth 

was also observed in the pure titanium and the Ti6Al4V coatings. Same effect was previously 

reported for titanium cold spray coatings at the similar heat treatment temperatures [11, 13]. 

The effect of HIP treatment on the porosity of the deposits is summarized in Figure 8. 

The measurements revealed that the porosities of pure titanium and stainless steel were 

significantly decreased by capsule-free hot isostatic pressing. However, some residual pores are 

well detectable by tomography and visible on the coating cross-section on the SEM images. 

The influence of HIP on initially dense Al-Mg-Sc-Zr samples was not significant due to low 

initial porosity of the sample at as-sprayed conditions.  At the same time the porosity of 

Ti6Al4V sample after HIP was only 20% lower than for the as-sprayed one. One can conclude, 

that the densification efficiency of capsule-free HIP treatment applied to the different cold spray 

coatings significantly depends on the coating material and initial coating porosity. It is known 

that capsule-free HIP treatment cannot significantly diminish the material porosity if the pores 

are open (connected with the surface by inside channels) or if the pores are too large.  In case 

of open porosity the pressure increase in the HIP chamber leads to gas pressure increase in the 

open pores that blocks the process of pore shrinkage. In case of large close pores, significant 
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amount of residual gas in the pores cannot be absorbed by the metal wall during material 

shrinkage. During HIP treatment of cold spray deposits both scenarios are possible. For 

example, the large-scale pores in Ti6Al4V coating containing high amount of residual gas could 

be also connected with the sample surface. As a consequence, the efficiency of the Ti6Al4V 

densification by pressurized gas is not high. In case of smaller pores (316L coating) the 

densification of material by HIP is significantly more efficient.  

It important to note that the HIP parameters applied in this study could be not optimal for 

densification of cold spray deposit. Probably, the increase of the treatment temperature and 

duration could improve the densification effect. Comparison with the results available in the 

literature [27, 29] allowed to establish that the densification efficiency of capsule-free HIP was 

lower than the previously reported ones. For example, Yin et al. [29] succeeded to diminish 

316L coating porosity from 3.2% to less than 1%. This difference could be explained by higher 

HIP parameters applied by Yin et al. in their study. In particular, the treatment was performed 

at 1000°C during 4 hours at 150 MPa, whereas the treatment duration applied in this study was 

2 hours with the similar temperature and pressure. The data reported by Chen et al. [27] for 

Ti6Al4V coatings could not be used for the proper comparison with the values obtained in this 

study due to significantly smaller particle size distribution of the powder used for the coating 

deposition. As a result, the porosity of the coating in as-sprayed conditions obtained by Chen 

et al. was significantly lower than for the coatings obtained in this study. 

 

Mechanical tests 

The values of the tensile strength and strain at failure for as-sprayed and HIP-treated Ti, 

Ti6Al4V and 316L samples are presented in Figure 9.  
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a 

 

b 
Figure 9: Results of tensile strength tests of as-sprayed and HIP-treated cold spray deposits; (a) – 

ultimate tensile strength, (b) – elongation at break. 

 

All as-sprayed samples exhibited brittle failure with almost no plastic deformation which is 

typical tensile behavior of cold spray deposits. The best results were obtained with the pure 

titanium samples where the mean tensile strength and elongation were equal to 90-110 MPa 

and 2-3 % correspondingly. However these values are significantly lower than for reference 

bulk titanium (250-400 MPa, 35-55%). The fragile failure of 316L and Ti6Al4V samples 

occurred at stress near 50 MPa with almost zero elongation that is explained by high sample 

porosity and low cohesive strength between splats. The obtained results are in good correlation 
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with the data available in literature. Yin et al [29] also reported almost zero elongation at break 

with the UTS near 80 MPa for the as-sprayed 316 L deposits sprayed using nitrogen at 1000°C.  

One can conclude that the deposition at higher temperature (1000°C vs. 650°C in this study) 

resulting in higher value of ɳ parameter did not allow increasing the UTS of as-sprayed deposits. 

Similar conclusion could be made for the UTS and elongation at break of Ti6Al4V deposits. 

Vo et al. [11] performed the deposition at higher gas temperature using finer powder. However, 

the reported UTS value was close to one obtained in this study.  

HIP treatment significantly improved the tensile behavior of all samples. The mean value 

of tensile strength of titanium samples was equal to 480 MPa that is almost four times higher 

than the tensile strength of as-sprayed sample. Elongation at break of the samples after HIP 

raised from 2-3% to 8% that could be explained by material recrystallization and partial porosity 

elimination. At the same time despite significant improvement of tensile strength the ductility 

remained significantly lower than the reference value for bulk titanium (~8% vs. 15-20%).  

In case of 316L sample the effect of HIP treatment was also clearly seen. Increase of the 

UTS from ~30 MPa to more than 200 MPa was confirmed with all tensile samples. However 

in contrast to pure titanium, the improvement of the elongation at break was almost negligible. 

Comparison with the values provided by Yin et al [29] for the 316L samples after HIP shows 

that in this study the improvement of UTS and elongation at break by HIP was significantly 

less efficient than in work of Yin et al. However, as it was mentioned in previous section, the 

densification efficiency of HIP in the study of Yin et al. was also higher (0.5% of residual 

porosity vs. 1.5%). Thus, higher sample porosity could explain lower tensile properties 

measured in this study. It is important to note that Yin et al. reported that the best tensile strength 

and elongation at break was obtained for the samples annealed in vacuum [29].  Author explain 

this finding by the influence of the oxide film at the splat interface. This film retained at the 

particle surfaces in the original inter-particle pore areas, effectively hindering the intimate 

metallurgical inter-particle bonding even after the pores collapse in HIP [29].   The highest 

increase of tensile strength was measured within the Ti6Al4V. The UTS value raised more than 

10 times (from ~20 MPa to 540 MPa). However the elongation at break was almost the same 

as for as-sprayed samples. The improvement of the UTS of the samples by hot isostatic pressing 

could be explained again by the improvement of bonding strength between the splats due to 

accelerated material diffusion and recrystallization. However, the improved UTS values were 

lower than the reference values of bulk material due to high residual porosity. Low elongation 

at break of HIPed samples could also be explained by insufficient material densification.  
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The tensile properties of the Al-Mg-Sc-Zr after HIP were not evaluated. However, the 

compressive tests with this coating were performed.  The results of the tests are presented in 

Table 4. All the samples in as-sprayed conditions had cohesive failure during compression. This 

observation confirmed that the bonding strength between splats is the critical factor determining 

the mechanical properties of the cold spray deposits in as-sprayed conditions.  The HIP 

treatment allowed to improve the compressive strength. In particular the failure in the samples 

observed at compressive stress 30% higher than in case of as-sprayed deposit at the strain 27% 

(15% for as-sprayed deposit). The increase of compressive strength in the samples HIP also can 

be explained by improvement of the splat bonding due to high temperature and pressure during 

treatment. However, both as-sprayed and HIP batches of samples had cohesive failure during 

compression, which indicates on the limited ductility.  

 

Table 4: Compressive properties of AlMgScZr deposits before and after HIP 

Condition Yield strength σ0.2, 

MPa 

Ultimate compressive 

strength, σUCS, MPa 

Compressive strain 

at failure, φ% 

As-sprayed 370 ± 8 505 ± 25 15 ± 3.5 

After HIP 405 ± 5 645 ± 20 27 ± 3.5 

 

Mechanical test revealed that in general, HIP treatment improved the ultimate tensile 

strength and the elongation at break of the cold spray deposits. However, the obtained values 

are significantly smaller than the standard values obtained for bulk materials. It is important to 

note that this difference could be explained not only by residual porosity in the HIPed deposits 

but also by the possible formation of brittle phases during material densification. The air trapped 

inside the closed pores have to absorb by the pore walls during pore shrinkage induced by high 

pressure. In this case formation of new oxides or other phases could be initiated due to reaction 

between trapped air and the metallic material of coating. As a result, the increase of the tensile 

properties due improvement of the contact between splats could be accompanied by 

embrittlement of the deposits due to ne oxide phase formation. In this regard, the initial porosity 

of as-sprayed deposit should be considered as important factor, influencing not only the residual 

porosity after HIP, but also the quantity of new phases formed during pore shrinkage. However, 

this suggestion should be verified in future studies.  
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Conclusion 

 

Application of capsule-free hot isostatic pressing for post-treatment of stainless steel, 

titanium, Ti6Al4V and Al-Mg-Sc-Zr improved the density and mechanical properties of cold- 

spray deposits. The results of this feasibility study are summarized as follows. 

1. The porosity of as-sprayed deposits was significantly different for different 

materials. The Al-Mg-Sc-Zr deposits had the lowest porosity, whereas the highest 

porosity was observed for Ti6Al4V coating. These difference could be explained by 

the spraying parameters applied in this study. In case of deposition of 316L, pure 

titanium and Ti6Al4V coatings, the spray parameters applied in this study were not 

capable to provide the particle impact velocity and temperature sufficient for 

formation of low-porous deposit.  

2. In all cases the application of capsule-free HIP for post-treatment of deposits 

allowed to densify the coating material. However, the residual porosity in HIPed 

316L, pure titanium and Ti6Al4V remained elevated.  High residual porosity could 

be explained significant initial porosity of as-sprayed deposits. Also, the applied 

HIP parameters could be non-optimal for densification of cold spray deposits.  

3. HIP treatment enhanced the tensile strength of 316L, pure titanium and Ti6Al4V 

deposits. The improvement of compression strength was also observed for Al-Mg-

Sc-Zr deposit. However, the fragile behavior of all coating were observed during 

tensile or compressive tests in as-sprayed and HIPed conditions. 

4. The detailed study devoted to the optimization of HIP parameters, such as pressure, 

temperature and duration should be carried out for each given coating material.  
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