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Abstract: Titanium alloys used to be welded to gain good joint strength at 920 ◦C through diffusion
bonding. However, due to the heat preservation at high temperatures for a long time, we obtain joints
with great bond strength while the mechanical properties of the sheet are lost. In this paper, taking
Ti6Al4V alloy as an example, we studied the microstructure of the surface under the different times
of surface mechanical attrition treatment (SMAT). In addition, the microstructure and mechanical
properties after diffusion bonding at 800 ◦C-5 MPa-1 h were also conducted. The results show that
the shear strength of TC4 alloy welded joint after SMAT treatment is improved, and the maximum
shear strength can reach 797.7 MPa, up about 32.4%

Keywords: surface mechanical attrition treatment; nanostructure; low-temperature diffusion bonding

1. Introduction

Titanium alloy is one of the essential metals in the aerospace and military industry. It
has a series of advantages such as low density, relatively high specific strength, high specific
stiffness, good corrosion resistance, excellent high-temperature service performance, and
so on [1–3]. It is widely used in the aerospace field, and the usage amount reaches 70% [4].
In the past 50 years, the usage of titanium alloy in military and civil aircraft has been
increasing year by year with upgrading their respective products. TC4 titanium alloy is a
kind of α + β dual-phase titanium alloy, which is most widely used in the aerospace field,
accounting for about 95% of all titanium alloy parts [5–7].

However, the high deformation resistance and high heat accumulation of titanium
alloy make it difficult to be machined, which hinders the application and development of
titanium alloy. A superplastic forming (SPF) and diffusion bonding (DB) process have been
proven to be an effective way to fabricate a multilayer integrated structure incorporating
these alloys [8–11]. This method could also reduce the weight of these alloys and the
production costs. Han et al. [12] utilized gas pressure control to investigate the SPF/DB of
a TC4 alloy honeycomb structure. The study reported that the optimum parameters for
the SPF and DB process were 930 ◦C/0.6 MPa/1 h and 930 ◦C/10 MPa/0.5 h, respectively.
Tan et al. [13] developed a novel SPF/DB method to fabricate a three-layer lattice truss
sandwich structure from TC4 alloy at 900 ◦C/2 MPa/1 h. Zhang et al. [14] studied the
diffusion bonding rate and the impact toughness of TC4 alloy joints at different bonding
temperatures. The study shows that the 920 ◦C joints with a high bonding ratio (∼98%)
fractured at the base metal during the tensile test showed excellent strength of the joint.
However, the impact toughness was 14.99 J/cm2, which is much lower than the 27.3 J/cm2

of the base metal. TC4 titanium alloy can usually get joints with good mechanical properties
at more than 900 ◦C [15–18], which makes it have problems of a long cycle and high energy
consumption in the production and application of large-size parts. Moreover, due to its
long-term exposure to high temperatures, the mechanical properties are lost compared
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with those of the original. Based on satisfying the strength of the titanium alloy, reducing
the temperature of diffusion bonding of titanium alloy will significantly improve the
production efficiency of diffusion bonding of the titanium alloy.

Due to more grain boundaries, nanomaterials provide more short-range diffusion
channels for atomic diffusion, which can significantly improve the diffusion ability of atoms
at the interface and inside the material [19–25]. At present, studies have shown that better
diffusion joints can be obtained by shot peening of titanium alloy [26,27], stainless steel [28],
and other metals. Still, the traditional shot peening often brings surface damage and local
stress concentration in the surface nano process, adversely affecting parts’ subsequent
processing. After the nano-treated titanium alloy surface, the surface mechanical attrition
treatment has minor wear, roughness, and local stress concentration [29–31]. The influence
of surface mechanical lapping treatment on diffusion bonding of titanium alloy has not been
analyzed deeply. In this work, we conduct experiments on the impact of surface mechanical
lapping treatment time on diffusion bonding to determine the optimal SMAT time.

2. Materials and Methods

The original material used in this experiment is a Ti-6Al-4V rolled sheet with a thick-
ness of 2 mm produced by the Baoti Group (Baoji, China). Its main nominal components
are shown in Table 1. The sample size is 20 mm × 20 mm × 2 mm, made by electric spark
wire cutting, and grind in SiC paper with different P240, P400, P800, P1500, and P2000. The
sample had been ultrasonically cleaned in 5%HF +10%HNO3 + H2O solution for 5 min to
remove the dense TiO2 film before the SMAT.

Table 1. Chemical composition of TC4 titanium alloy (%, at.).

Element Al V Fe C N H O Ti

Atom fraction 5.5~6.8 3.5~4.5 ≤0.50 ≤0.10 ≤0.05 ≤0.015 ≤0.20 Bal.

SMAT was carried out in a jar with an argon atmosphere using an electromagnetic
vibration-assisted setup illustrated in Figure 1. Fix the sample on the upper surface of the
pot. The balls used in SMAT are hard alloy steel (YG8, main component is WC) 10 mm in
diameter. The frequency of the vibrating platform is 20 Hz, the amplitude of the vibrating
platform is 5 mm, and the distance between the specimens and the vibrating platform is
13 mm. The treatment time was 1 h, 2 h, 3 h, and 4 h, respectively. The diffusion connection
test was carried out on an electronics universal testing machine (Shimadzu, Kyoto, Japan)
equipped with a vacuum high-temperature furnace. The vacuum degree of the equipment
was 1.0 × 10−3, the diffusion connection temperature was 800 ◦C, the pressure of the
diffusion bonding was 5 MPa, and the time was 1 h.
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Figure 1. Schematic diagram of SMAT setup.

Some analytical tests were performed to further study the microstructure evaluation
at different SMAT times. We employed scanning electron microscopy (SEM, Zeiss Supra55,
Jena, Germany) microscopes to study the microstructures. X-ray diffraction (XRD) was
taken to test the crystalline phase of the particles using Cu-Kα radiation and 0.02◦/s
scanning rate on X’Pert Panalytical (Panalytical, Almelo, The Netherlands). We performed
Rietveld refinement using the GASA (general structure analysis system) program to obtain
the crystal structure parameters.
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We evaluated mechanical properties by a shear test performed with a constant com-
press move rate of 1.0 mm/min at room temperature on a universal testing machine
(Shimadzu AGX-Plus, Shimadzu, Kyoto, Japan). Figure 2 shows the specimen size for the
shear test.
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Figure 2. The specimen size for the shear test, unit: mm

3. Results and Discussion
3.1. XRD Analysis

XRD analysis, whose test angles ranged from 30◦ to 80◦, was performed on the sample
surface at different SMAT times, as shown in Figure 3a. The main content of the TC4 alloy
before the SMAT is α-Ti. In the XRD pattern of SMAT-2 h, a new peak can increase to close
to 31◦, and in the XRD pattern of SMAT-3 h, another peak can increase to close to 36◦, and
the analysis shows that the peaks represent WC, which is the main component of the steel
ball. Compared with the original sample (SMAT-0 h), several prominent peaks of α-Ti after
SMAT, such as (101), (002), (102), (103), and (100), all weakened significantly. WC appeared
on the sample’s surface after 2 h of SMAT-0 h, and its peak increased with time. Figure 3b
is a partial enlargement of Figure 3a from 34◦ to 42◦. It can be seen from the figure that the
peaks (101), (002), and (100) of α-Ti gradually widen with the extension of SMAT time.

Metals 2022, 12, x FOR PEER REVIEW 3 of 9 
 

 

was taken to test the crystalline phase of the particles using Cu-Kα radiation and 0.02°/s 
scanning rate on X’Pert Panalytical (Panalytical, Almelo, The Netherlands). We performed 
Rietveld refinement using the GASA (general structure analysis system) program to ob-
tain the crystal structure parameters. 

We evaluated mechanical properties by a shear test performed with a constant com-
press move rate of 1.0 mm/min at room temperature on a universal testing machine (Shi-
madzu AGX-Plus, Shimadzu, Kyoto, Japan). Figure 2 shows the specimen size for the 
shear test. 

 
Figure 2. The specimen size for the shear test, unit: mm 

3. Results and Discussion 
3.1. XRD Analysis 

XRD analysis, whose test angles ranged from 30° to 80°, was performed on the sam-
ple surface at different SMAT times, as shown in Figure 3a. The main content of the TC4 
alloy before the SMAT is α-Ti. In the XRD pattern of SMAT-2 h, a new peak can increase 
to close to 31°, and in the XRD pattern of SMAT-3 h, another peak can increase to close to 
36°, and the analysis shows that the peaks represent WC, which is the main component of 
the steel ball. Compared with the original sample (SMAT-0 h), several prominent peaks 
of α-Ti after SMAT, such as (101), (002), (102), (103), and (100), all weakened significantly. 
WC appeared on the sample’s surface after 2 h of SMAT-0 h, and its peak increased with 
time. Figure 3b is a partial enlargement of Figure 3a from 34° to 42°. It can be seen from 
the figure that the peaks (101), (002), and (100) of α-Ti gradually widen with the extension 
of SMAT time. 

 
Figure 3. (a) XRD patterns of the surface of TC4 alloy after different times of SMAT; (b) partial 
enlargement of (a). 

Figure 3. (a) XRD patterns of the surface of TC4 alloy after different times of SMAT; (b) partial
enlargement of (a).

We obtained the content changes on the surface of samples at different SMAT times
after Rietveld refinement, which is shown in Figure 4a. When SMAT was 1 h, WC content
on the sample surface was 0.46 wt.%, indicating that WC infiltrated into the surface of TC4
alloy during SMAT treatment. When SMAT time is 2 h, WC content on TC4 alloy surface
increases to 3.52 wt.% rapidly. When the SMAT treatment time reaches 3 h, the WC content
in the surface of TC4 alloy reaches a maximum of 4.72 wt.%. The content of WC decreased
after a prolonged treatment time, which may be related to the shedding of surface metal
after amorphous.
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Table 2 shows the Full Wave at Half Maximum (FWHM) of α-Ti (101) and its corre-
sponding peak position obtained by finishing the crystal face. We can use the Scherrer
Formula (1) to calculate the average grain size of the α-Ti surface layer of TC4 titanium
alloy after different SMAT times:

D =
Kλ

βcosθ
(1)

where β represents the diffraction peak broadening value (RAD) caused by grain refinement,
and K is the coefficient to be 0.9 when half-height width (FWHM) is used as β to be the
broadening; λ represents the incident wavelength of XRD (nm); D is the average grain size
(nm). Figure 4b shows the grain sizes corresponding to the half-height width (FWHM)
under (101), (002), (102), and (100) crystal planes at different times of SMAT. The average
grain size of varying crystal planes was calculated to obtain the average grain size under
the SMAT treatment time and was presented by broken lines. With the extension of SMAT
treatment time, the grain size of TC4 alloy surface decreases gradually, and the grain size
of SMAT treatment for 1 h and 2 h reduces compared with the original grain size. When
the SMAT time is 3 h, the average grain size is minimum. The grain size does not change
significantly when the time is extended, indicating that the grain is refined to the limit.

The dislocation density of the surface layer of TC4 titanium alloy under different
SMAT times can be calculated through the Dunn Formula (2). The dislocation density of
each crystal plane satisfies:

ρ = 1018× β2

b22πln2
(2)

where β represents the physical broadening value of diffraction peak (RAD), b represents
the Burgess vector (nm), which bTi = 0.289 nm. As shown in Figure 4c, the corresponding
dislocation density under (101), (002), (102), and (100) crystal planes at different times
of SMAT. The dislocation density on each crystal plane increases after SMAT-1 h and
SMAT-2 h, compared with that without SMAT treatment. When the SMAT time is 3 h, the
dislocation density of {1010} plane and {1011} plane increases obviously, which means that,
when the SMAT progresses to a certain extent, the proportion of prismatic <a> slip and the
first pyramidal <c + a> slip increases, and prismatic slip {1010} is dominant. Compared
with the SMAT treatment time of 4 h and 3 h, the dislocation density of the basal <a>
plane {0002} and crystal plane {1012} does not change significantly, but the dislocation
density of the prismatic plane {1010} and pyramidal plane {1011} decreases, which may be
related to the amorphous transition on the surface of TC4 alloy. The average dislocation
density of the SMAT treatment time was obtained employing the dislocation density of
different crystal surfaces and was drawn with broken lines. With the extension of SMAT
time, the dislocation density of the TC4 alloy surface increased significantly. Still, when the
time reached 4 h, the dislocation density decreased, which was attributed to the surface
amorphous transition.

Table 2. FWHM and its corresponding peak position of the (101) α-Ti plane.

(101) SMAT-0 h SMAT-1 h SMAT-2 h SMAT-3 h SMAT-4 h

TTH 40.6123 40.4855 40.4791 40.4402 40.4292

FWHM 0.0946 0.2377 0.2475 0.3221 0.3053
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3.2. Microstructure Analysis of Diffusion Bond

SEM analysis was conducted on the microstructure of diffusion bonds of SMAT
samples. It can be seen from Figure 5a that cavities can be seen on the interface of diffusion
joints without SMAT treatment, and nearly half of the welds are not combined in the area
shown. The interface observation of the diffusion joint of SMAT-1 h was shown in Figure 5b.
There were still holes on the welding interface, but their proportion was significantly
reduced, and the gaps became narrow and long. With the extension of SMAT time, there
are apparent heterogeneous components on the interface of the SMAT-2 h diffusion joint,
and no central cavity is observed on the welding interface. The welding rate is greatly
improved compared with that before treatment. As shown in Figure 5d, when the SMAT
time reaches 3 h, the amount of heterogeneous materials on the welding interface increases
compared with that at SMAT-2 h. No cavity is observed on the interface. No noticeable
difference was observed between SMAT-4 h and SMAT-3 h welding interfaces.
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The heterogeneous phase on the diffusion connection interface after SMAT-4 h treat-
ment is shown in Figure 6a. Points 1, 2, and 3 are selected for EDS analysis, and the
corresponding results are shown in Figure 6b–d. It can be seen from the figures that the
main component of the heterogeneous phase is Ti-Al-W-C-V, and the dominant element
is Ti. These heterogeneous phases are mainly due to the reaction between WC, which
infiltrated into the surface after SMAT, with TC4 alloy at a high temperature to generate
some new phases.
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3.3. Analysis of Mechanical Properties of Diffusion Bonds

The shear strength of welded joints can be obtained from compression shear analysis.
Figure 7a shows the shear stress–strain curves of diffusion bonds after different SMAT
times, and Figure 7b shows the corresponding shear strength of Figure 7a. The stress–strain
curve in Figure 7a shows that an apparent yield locus appears when the time of SMAT
reaches 3 h. When the joint strength is higher than the yield strength of the base metal
itself, the upper end of the shear sample reaches the yield strength, and compression occurs.
When the work hardening of the upper end makes the loading strength higher than the
shear strength, the joint shear fracture occurs. As shown in Figure 7b, the shear strength of
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the joint without SMAT treatment is 576.4 MPa after diffusion bonding of 800 ◦C-5 MPa-1 h.
After 1 h diffusion connection of the plate without SMAT treatment, the shear strength of
the welded joint increases to 593.8 MPa under the same diffusion connection parameters, an
increase of about 3.0%. After 2 h of SMAT treatment, the shear strength of the welded joint
is increased to 670.0 MPa with the same diffusion connection parameters by 16.2%. After
3 h of SMAT treatment, the shear strength of the welded joint is increased to 797.7 MPa with
the same diffusion connection parameters by 38.4%. Under the same diffusion bonding
parameters, the shear strength of the welded joint is 795.3 MPa, which is close to that of the
SMAT-3 h.
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Figure 8 shows the microstructure of the shear fracture of TC4 titanium alloy diffusion
joint under different SMAT treatment times. Figure 8a shows the microstructure of the
shear fracture of diffusion bonding of TC4 alloy without SMAT treatment. There is no
sign of diffusion bonding in some areas, and most measurements show sharp points left
after shear fracture, which is a typical brittle fracture. Figure 8b,c respectively show the
microstructure of the shear fracture of diffusion joints of TC4 alloy after SMAT-1 h and
SMAT-2 h. There are no evident heterogeneous phases on the fracture, which is consistent
with the microstructure analysis of the weld. There were many dimples in the rupture
of SMAT-2 h, without an apparent unwelded area. Figure 8d,e show the microstructure
of the shear fracture of the diffusion joints of TC4 alloy after SMAT-3 h and SMAT-4 h.
The fracture mainly presents a large area of dimples. From macroscopic observation, the
fracture occurs on the TC4 alloy instead of the welding joint, indicating that the shear
strength of the welded joint is higher than that of the base metal itself.
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4. Conclusions

In the present work, through the SMAT technique at room temperature, the samples
of TC4 alloy were diffusion bonded at 800 ◦C with high shear strength. The microstructure
evolution for the refinement process and the diffusion bonding have been discussed in
detail. The main conclusions can be drawn as follows:

1. The severe plastic deformation of SMAT can cause nano-crystallization and amor-
phous on the surface of TC4 alloy. The XRD calculation shows that the dislocation density
increases obviously; the maximum increase is 1008.2%.

2. After SMAT treatment, the strength of TC4 alloy improves after diffusion bonding
at 800 ◦C-5 MPa-1 h. The shear strength of the welding joints of the SMAT-2 h is 670.0 MPa,
and that of the SMAT-3 h is 797.7 MPa. Compared with those without SMAT, the shear
strength of welded joints increases by 16.2% and 32.4%, respectively.

3. The shear strength of welded joints treated by SMAT for 3 h is higher than the yield
strength of base metal TC4 alloy, and the shear fracture occurs on the base metal but not at
the weld joint.
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