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Abstract: The Ti−6Al−4V (TC4) alloy powder and forged solid were diffusion bonded by hot isostatic pressing (HIP) 
to fabricate a powder−solid part. The microstructure of the powder−solid part was observed by scanning electron 
microscope (SEM). The microhardness and tensile tests were conducted to investigate the mechanical properties. The 
results showed that the powder compact was near-fully dense, and the powder/solid interface was tight and complete. 
The microhardness of the interface was higher than that of the powder compact and solid. The fractures of all 
powder−solid tensile specimens were on the solid side rather than at the interface, which indicated that a good 
interfacial strength was obtained. The tensile strength and elongation of the powder compact were higher than those of 
the solid. It is concluded that the HIP process can successfully fabricate high-quality Ti−6Al−4V powder−solid parts, 
which provides a novel near net shape technology for titanium alloys. 
Key words: Ti−6Al−4V alloy; powder/solid interface; hot isostatic pressing; diffusion bonding; microstructure; 
mechanical properties 
                                                                                                             
 
 
1 Introduction 
 

Titanium alloys have been widely applied in 
the aerospace field due to their superior properties, 
including low density, high specific strength and 
stiffness, excellent corrosion resistance, and   
good creep resistance [1,2]. Ti−6Al−4V (TC4)    
is the most extensively used titanium alloy to 
manufacture aeronautical parts [3]. In recent years, 
the joining of titanium alloys to obtain hybrid 
structures with comprehensive properties has 
attracted much attention [4]. Welding technology is 
broadly employed to join titanium alloys, such as 
gas tungsten arc welding (GTAW) [5], electron 
beam welding (EBW) [6], laser beam welding 
(LBW) [7], friction welding [8], brazing [9], and 
diffusion bonding (DB) [10,11]. In recent years, 
diffusion bonding has been acknowledged as an 
attractive method to join titanium alloys [12]. There 

is no fusion zone, residual stress, or macroscopic 
deformation in the diffusion bonded joint [13].  

Powder metallurgy (PM) methods enable the 
fabrication of compound components by combining 
solid materials with powder materials [14]. An 
innovative PM method is the hot isostatic pressing 
(HIP) which can provide sufficient heat and 
pressure to fully densify powders and make a 
diffusion bonding between the base materials 
simultaneously. Moreover, the joints obtained by 
hot isostatic pressing-diffusion bonding (HIP-DB) 
are good and reliable [15]. On the other hand, the 
manufacture of titanium alloy parts with complex 
shapes still has difficulties in actual applications. At 
present, casting [16] and machining [17] are the 
commonly used methods. Nevertheless, the cast 
titanium alloys and machined titanium alloys have 
some disadvantages [18]. The powder−solid 
forming via HIP, which enables the powder 
consolidation and diffusion bonding simultaneously, 
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is put forward to realize the near net shape of 
titanium alloys. Due to the superior fluidity, 
spherical powders can facilitate assembly, obtain 
diverse diffusion bonding interfaces, and improve 
flexibility in the design of joints [19]. Titanium 
powders are also commonly used interlayers     
to join metals [20,21], composites [22,23], and 
ceramics [24]. As for the joining of the powder and 
solid, a two-step method has been put forward [25]. 
The powder is first consolidated by powder 
metallurgy methods, and then the obtained powder 
compact is diffusion bonded to the solid. Similarly, 
the two-step method can also be utilized to join 
dissimilar powders [26,27]. However, realizing 
powder consolidation and diffusion bonding 
simultaneously can save time and improve 
efficiency. For this purpose, the HIP diffusion 
bonding method to join powder and solid is 
proposed [28]. 

In this work, the Ti−6Al−4V powder and 
forged solid were diffusion bonded by the HIP 
process at 920 °C and 120 MPa for 2 h to fabricate 
the powder−solid part. The focus of this work was 
on the microstructure and mechanical properties of 
the obtained powder−solid part. The aim of this 
investigation is to explore a candidate near net 
shape technology for titanium alloys. 
 
2 Experimental 
 
2.1 Materials 

The Ti−6Al−4V powder used in this study was 
prepared by plasma rotation electrode process 
(PREP), and the chemical composition is presented 
in Table 1. The powder particles are highly 
spherical with smooth surfaces, as shown in Fig. 1, 
which facilitates the flow and filling of powder. The 
average particle size of the powder is 123.58 μm. 
The Ti−6Al−4V solid used in this study was 
prepared by the forging process and processed into 
a cuboid. The 304 stainless steel capsule was 
employed, and the capsule was also processed into 
a cuboid with a wall thickness of 2 mm, whereas 
the upper cover was not welded. A hole was 
machined on the upper cover of the capsule for 
subsequent filling of powder. 
 
Table 1 Chemical composition of Ti−6Al−4V powder 
(wt.%) 

Al V Fe C N H O Ti 
6.6 3.65 0.02 0.02 0.01 0.001 0.15 Bal.

 

 

Fig. 1 Morphology of Ti−6Al−4V powder 
 
2.2 Procedure 

The oxide film on the surfaces of the 
Ti−6Al−4V solid was first ground by SiC papers. 
Then, the ultrasonic cleaning machine removed the 
oil on the surfaces of the solid and capsule with 
acetone. After drying, the solid was assembled into 
the capsule (see Fig. 2), and the upper cover of the 
capsule was welded. The Ti−6Al−4V powder was 
filled into the capsule through the hole on the upper 
cover. A vibration system was used to make the 
apparent density of the powder reach 65%. 
Subsequently, the capsule was degassed through the 
hole on the upper cover to remove the air by an 
FJ−620 molecular pump until the vacuum degree 
was 1.0×10−4 Pa. Finally, the HIP was carried out to 
fabricate the Ti−6Al−4V powder−solid part. 
 

 
Fig. 2 Assembled samples 
 

The Ti−6Al−4V powder−solid part prepared 
by HIP technology was obtained by simultaneously 
realizing powder metallurgy and diffusion bonding. 
The HIP parameters, including temperature, 
pressure, and holding time, have a great effect on 



Yi XIAO, et al/Trans. Nonferrous Met. Soc. China 32(2022) 3587−3595 3589

the quality of powder metallurgy and diffusion 
bonding. Regarding the Ti−6Al−4V powder 
consolidation via HIP, detailed studies have been 
carried out previously [29], and the process 
parameters have been optimized [30]. In addition, 
CHEN et al [31] found that the compact prepared 
by HIP at 920 °C and 120 MPa for 2 h had the 
highest density and the best comprehensive 
mechanical properties. As for the Ti−6Al−4V 
diffusion bonding via HIP, ZHAO et al [32] studied 
the effects of process parameters on the micro- 
structure and mechanical properties. They 
concluded that the good interface and bonding 
strength could be obtained when the holding 
temperature reached 800 °C under holding pressure 
of 120 MPa for 2 h. Moreover, HE et al [33] studied 
the influence of the process parameters on the 
diffusion bonding quality and shear strength of 
Ti−6Al−4V titanium alloy joints using orthogonal 
tests. They concluded that the optimal bonding 
temperature for Ti−6Al−4V titanium alloy was 
920 °C. Therefore, in this study, the Ti−6Al−4V 
powder−solid part was fabricated under the HIP 
parameters of 920 °C, 120 MPa, and 2 h. Following 
HIP, the Ti−6Al−4V powder−solid part was 
obtained after removing the capsule. 
 
2.3 Methods 

The density of the Ti−6Al−4V hot isostatic 
pressed (HIPed) powder compact and solid was 
measured based on Archimedes’ principle using  
an electron density meter (MDJ−600A). The 
microstructure and fracture morphology of the 
Ti−6Al−4V powder−solid part were observed using 
a scanning electron microscope (SEM, JSM6010). 
The metallographic specimen was cut from the 
powder−solid part by a wire cutting machine. Then, 
the metallographic specimen was ground, polished, 
and etched with Kroll’s reagent (10 mL HF + 5 mL 
HNO3 + 85 mL H2O) before SEM observation. The 
Vickers hardness tester (FM800) was used to test 
the microhardness of the powder−solid part under a 
load of 1.96 N for 15 s. The tensile specimens were 
processed according to the GB/T 228.1—2010 
standard for metallic material tensile testing. The 
geometry of tensile test specimens is shown in 
Fig. 3, and the gauge length of tensile specimens is 
25 mm. The tensile tests were conducted on an 
electronic universal testing machine (CTM100G) 
with a speed of 2 mm/min at room temperature. 

 

 
Fig. 3 Schematic diagram of tensile specimens (Unit: 
mm) 
 
3 Results and discussion 
 
3.1 Microstructure 

The density was first measured, and five 
specimens were used to determine average density. 
The average densities of the Ti−6Al−4V HIPed 
powder compact and solid are 4.388 and 
4.417 g/cm3, respectively. Therefore, the relative 
density of the powder compact is 99.34%, which 
indicates that the powder compact is near-fully 
dense. Figure 4 shows the SEM micrographs of  
the Ti−6Al−4V powder−solid part. As shown in 
Fig. 4(a), no obvious internal voids or pores are 
observed in the powder compact region. The 
bonding between the powder particles is sound,  
and the prior particle boundary (PPB) is invisible. 
Therefore, the good metallurgical quality of the 
powder compact has been achieved by the HIP.  
The Ti−6Al−4V powder compact shows a duplex 
microstructure consisting of fine equiaxed grains 
and a lathlike structure. The equiaxed α phase is 
mainly distributed at the boundary of the prior 
powder particles. On the contrary, the lathlike α 
phase and the intercrystalline β phase are arranged 
alternately and mainly distributed in the interior of 
the prior powder particles. The reason is that the 
acicular martensite in the prior powder was 
transformed into the lathlike α phase and β phase  
at the HIP temperature. During the HIP process,  
the yield strength of the powder decreased at   
high temperatures, and the powder particles were 
extruded under high pressure. Hence, a large  
plastic deformation occurred at the boundary of  
the prior powder particles, which made the grains 
refined. In addition, a large amount of deformation 
energy was stored during the extrusion process.   
In the further heating and pressing process, 
dynamic recrystallization occurred, which led to the 
formation of equiaxed grains at the boundary of the 
prior powder particles. Unlike powder compact, the 
Ti−6Al−4V solid mainly shows a coarse lamellar 
structure, as illustrated in Fig. 4(b). 
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Fig. 4 SEM micrographs of powder−solid part: (a) Powder compact region; (b) Solid region; (c, d) Interface  
 

As seen from Figs. 4(c, d), the Ti−6Al−4V 
powder/solid interface is tight and complete. No 
metallurgical defects such as voids, pores, and 
cracks are observed at the interface under low and 
high magnification observations of SEM. It is also 
believed that the HIP process can eliminate the 
defects [34]. The sound interface indicates that the 
good bonding between the powder and solid has 
been obtained by HIP as well. Additionally, the 
interface is relatively straight and regular, which 
indicates that the oxide film on the solid face is 
negligible because the oxide film can prevent the 
element diffusion [35]. There is no visible diffusion 
layer or gap at the interface, but obvious difference 
in microstructure type and gain size between the 
powder compact and solid can be observed. The 
diffusion layer does not exist because similar 
materials are selected in this study, and the 
diffusion layer is the feature when joining different 
materials by diffusion bonding. It is noticeable that 
the finer equiaxed grains were formed at the 
interface near the powder compact. This can be 
attributed to the severe extrusion deformation 
between the powder particles and the rigid solid 
under external pressure. 

The HIP forming process of the Ti−6Al−4V 
powder−solid part included powder consolidation 
and powder−solid diffusion bonding. The 
mechanism of powder consolidation has been 
studied previously [36]. The mechanism of 

powder−solid diffusion bonding is analyzed in this 
work, as shown in Fig. 5. The formation of the 
powder/solid interface during the HIP process can 
be divided into the following stages. First, the 
powder particles were rearranged and approached 
the solid with the increase of pressure. Since the 
loose powder and the solid were in point contact, 
there were many voids between them at the 
interface. With the further increase of pressure,  
the normal stress on the powder surface increased. 
At the same time, the yield strength of the powder 
 

 
Fig. 5 Mechanism of powder−solid diffusion bonding:  
(a) Particle rearrangement; (b) Plastic deformation;    
(c) Element diffusion 
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decreased due to the increase in temperature. When 
the normal stress applied on the surface exceeded 
the yield strength of the powder, plastic 
deformation began to occur in the powder. In 
particular, the plastic deformation of the powder 
close to the large rigid solid was more severe. 
Therefore, the contact area between the powder and 
the solid increased. Moreover, the number and size 
of the voids at the interface decreased. When the 
powder was in close contact with the solid, the 
elements in the powder and the solid began to 
diffuse mutually. The diffusion distance and flux of 
the elements also increased when the temperature 
and holding time were further evaluated. Thus, the 
element diffusion between the powder and solid 
was sufficient, and the residual microvoids at the 
interface were eliminated. Furthermore, the creep of 
the powder also promoted the elimination of voids. 
Ultimately, a good powder/solid interface was 
formed, and the powder and solid were boned 
tightly. As described above, it can be concluded that 
the powder−solid diffusion bonding is realized by 
particle rearrangement, plastic deformation, and 
element diffusion under the effects of the HIP 
pressure, temperature, and holding time. 
 
3.2 Mechanical properties 

Microhardness and tensile strength are 
important indicators to evaluate mechanical 
properties. The microhardness of the Ti−6Al−4V 
powder compact, solid, and interface is given in 
Table 2. Five points for each position were 
measured to determine the average microhardness. 
It is presented that the interfacial microhardness is 
the highest, while the microhardness of the solid is 
the lowest. The reason for the microhardness 
variation is that the grains at the interface are the 
finest, while the grains in the solid are the coarsest. 
It is demonstrated that the powder−solid forming 
via HIP can improve the interfacial microhardness 
by grain refinement. 
 
Table 2 Microhardness (HV) of specimens 

Powder compact Solid Interface 

319 289 384 
 

The tensile specimens of the Ti−6Al−4V 
powder compact, solid, and powder−solid were 
prepared, as illustrated in Fig. 6. Three tensile 
specimens were tested to determine the average 

values of tensile properties. In particular, the 
interface was in the middle of the powder−solid 
tensile specimens, and the two sides of the interface 
are powder compact and solid, respectively. As 
presented in Fig. 6, the fracture surfaces of three 
kinds of specimens are all uneven with obvious 
necking, which indicates that the tensile fractures 
are ductile. An important phenomenon is that the 
fractures of all powder−solid tensile specimens are 
on the solid side rather than at the interface between 
the powder compact and solid. It is verified that the 
weakest area of the powder−solid tensile specimen 
is in the solid instead of at the powder/solid 
interface. Therefore, it is further implied that the 
powder/solid interface with high microhardness and 
strength can be obtained by the HIP process. In 
addition, the location of fractures also shows that 
the tensile strength of powder compact is higher 
than that of solid, which is related to the differences 
in microstructure between them. The type, content, 
distribution, and grain size of the phase have a 
significant effect on the properties of titanium 
alloys. The strength and plasticity of the equiaxed 
structure are better than those of the lamellar 
structure [37]. Moreover, the grain size of powder 
compact is finer than that of solid, and hence, the 
tensile strength is higher according to the fine-grain 
strengthening mechanism. 
 

 
Fig. 6 Photos of tensile specimens before and after 
tensile tests: (a) Powder compact; (b) Solid; (c) Powder− 
solid 
 

Table 3 presents the specific values of the 
tensile properties for three kinds of specimens. The 
tensile strength and elongation of the powder 
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compact specimens are 13% and 28% higher than 
those of the solid specimens, respectively. As 
expected, the tensile strength of the powder−solid 
specimens is similar to that of the solid specimens 
because the powder−solid tensile specimens fail on 
the solid side. However, the elongation of the 
powder−solid specimens is slightly lower than that 
of the solid specimens. The reason is that the other 
side of the powder−solid specimens is powder 
compact with higher tensile strength.  

 
Table 3 Tensile properties of specimens 

Specimen Tensile strength/MPa Elongation/%

Powder compact 939.1 20.1 

Solid 830.9 15.7 

Powder−solid 827.1 12.1 

 
3.3 Fractography 

The fracture surfaces of the tensile specimens 
were observed to further analyze the fracture 
mechanism. From Figs. 7(a, b), the fracture surface 
of the Ti−6Al−4V powder compact is uneven and 
fibrous. A mass of dimples and tearing ridges are 
found on the fracture surface, as shown in 
Figs. 7(c, d). The large and deep dimples show that 
the tensile fracture exhibits excellent ductility. The 
noticeable tearing ridges indicate that the plastic 

deformation is sufficient during the tensile process. 
These features are in good agreement with the 
tensile test results, which present the excellent 
strength and elongation of the powder compact. It is 
speculated that the fracture process of powder 
compact is the coalescence of microvoids and the 
formation and propagation of cracks. First, micro- 
voids occurred when the tensile stress increased. 
Then, the microvoids gradually coalesced to form 
cracks under large plastic deformation. Finally, the 
cracks propagated until the tensile specimens failed. 

The fracture surfaces of the Ti−6Al−4V solid 
are also uneven, as shown in Fig. 8(a). The dimples 
are observed on the fracture surface in Fig. 8(b), 
whereas the dimples are smaller and shallower than 
those of the powder compact. Moreover, there are 
some cleavage steps on the fracture surfaces in 
Fig. 8(c), which indicates that the brittle fracture 
also occurred. Therefore, although the tensile 
fracture of solid mainly exhibits ductility, it still has 
brittle characteristics. It is evident that the plasticity 
of the solid is not as good as that of the powder 
compact, which is in good accordance with the 
tensile test results. It is speculated from the 
cleavage facets (Fig. 8(d)) that the fracture process 
of solid is transgranular. The microvoids first 
occurred at the boundaries of lamellar grains, and 
then the microvoids grew and coalesced to form 

 

 

Fig. 7 SEM micrographs of tensile fracture for powder compact: (a) Morphology of overall fracture; (b) Magnified 
image of (b); (c) Morphology of dimples; (d) Magnified image of (c) 
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Fig. 8 SEM micrographs of tensile fracture for solid: (a) Morphology of overall fracture; (b) Morphology of dimples;  
(c) Morphology of cleavage characteristics; (d) Magnified image of (c) 
 
cracks. The cracks propagated along the direction of 
cleavage steps, thus resulting in transgranular 
fracture. As for the fracture surfaces of the 
powder−solid specimens, the observed morphology 
is consistent with the fracture surfaces of the solid 
as the fractures are on the solid side. 
 
4 Conclusions 
 

(1) The Ti−6Al−4V powder and forged solid 
were diffusion bonded successfully by HIP under 
the process parameters of 920 °C, 120 MPa, and 2 h, 
and a high-quality powder−solid part was obtained. 
The powder compact is near-fully dense with no 
obvious internal voids or pores. The microstructure 
of the powder compact is composed of the equiaxed 
α phase and lathlike α phase, whereas the 
microstructure of the solid is composed of the 
lamellar α phase. Particularly, the finer equiaxed 
grains are formed at the interface. 

(2) The powder/solid interface is tight, straight, 
and free of defects. The diffusion layer is invisible 
at the interface, but the powder compact and solid 
can be distinguished by different phases. It is 
analyzed that the good interface is obtained by 

particle rearrangement, plastic deformation, and 
element diffusion. 

(3) The average microhardness of the 
Ti−6Al−4V powder/solid interface is the highest 
due to the finest grains. The tensile strength and 
elongation of the powder compact are 13% and   
28% higher than those of the solid, respectively. All 
powder−solid tensile specimens fail on the solid 
side rather than at the interface, indicating that the 
tensile strength of the interface is higher than that of 
the solid. 

(4) The tensile fracture of the powder compact 
exhibits more excellent ductility than that of the 
solid. The dimples on the fracture surfaces of the 
powder compact are large and deep, and the tearing 
edges are obvious. On the contrary, there are some 
cleavage characteristics on the fracture surfaces of 
the solid. The fracture morphology of the 
powder−solid specimens is consistent with that of 
the solid since the fractures are on the solid side. 
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摘  要：通过热等静压(HIP)扩散连接 Ti−6Al−4V(TC4)合金粉末和锻件固体成形粉−固零件。利用扫描电镜(SEM)
观察粉−固零件的显微组织，并开展显微硬度和拉伸实验研究其力学性能。结果表明，粉−固零件中粉末压块接近

全致密，粉/固界面紧密且完整。界面的显微硬度高于粉末压块和固体的。粉−固拉伸试样都在固体一侧断裂而不

是在界面处，这表明获得良好的界面强度。粉末压块的抗拉强度和伸长率都高于固体的。由此得出，热等静压工

艺可以成功成形高质量的 Ti−6Al−4V 粉−固零件，这能为钛合金提供一种新型近净成形技术。 
关键词：Ti−6Al−4V 合金；粉/固界面；热等静压；扩散连接；显微组织；力学性能 
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