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TC4 titanium alloy and T2 copper were welded by vacuum diffusion with 
vanadium as an interlayer to explore the influence of temperature and time
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Abstract

TC4 titanium alloy (TC4) was vacuum diffusion 
welded to T2 copper (T2) with vanadium (V) foil as 
an interlayer. The influence of process parameters on 
elemental diffusion behavior, microstructure evolution, 
and shear performance of welded joints was explored. 
An obvious solid-solution diffusion zone appeared in 
the welded interface between TC4 and V, but no distinct 
diffusion zone formed in the joint interface of V/T2. The 
solid-solution phases of (Ti6, V)ss, (Ti3, V)ss, and (Ti, V7)ss 
appeared in the interface of TC4/V. The crystallographic 
orientations of (Ti6, V)ss, (Ti3, V)ss, and (Ti, V7)ss phases in 
high-resolution transmission electron microscope images 
were (002), (201), and (121), respectively. The lattice 
mismatch between (Ti6, V)ss and (Ti3, V)ss was calculated 
to be 11.9%. The activation energy to form a stable solid 
solution between titanium and vanadium was 226.6 
kJ/mol. The highest shear strength of the welded joint 
reached 160 MPa, obtained at 860°C (1580°F) for 60 min. 
The joint fractured along the interface of V/T2, illustrating 
that the solid-solution structure between Ti and V was 
stronger than the metallurgical bonding between V and 
Cu. The fracture surface of the welded joints revealed 
a river pattern and ladder topography, representing a 
cleavage fracture mode. FCC-Cu, BCC-V, and β-Ti were 
detected on both fracture surfaces of the TC4 titanium 
alloy and T2 pure copper sides. The influence of welding 
temperature on the diffusion of V in Ti was greater than on 
Ti in V, and Ti and Cu diffused faster than V in the joint.
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Introduction
More attention has been paid to joining dissimilar materials 

because it can make full use of the advantages of dissimilar 
materials to meet the requirements of structure and perfor-
mance (Refs. 1–5). The linear thermal expansion coefficient, 
thermal conductivity, atomic radius, and lattice constant 
between dissimilar materials are various (Refs. 6–8). There-
fore, it is extremely difficult to effectively join dissimilar 
materials using traditional fusion welding processes (Ref. 
9). Diffusion welding, a superior solid-state welding method, 
has been applied to weld most similar and dissimilar materials 
(Refs. 10–12). Plastic deformation and atomic diffusion occur 
during diffusion welding, then a diffusion layer forms at the 
joining interface that achieves a reliable connection. The key 
factors for diffusion welding include welding temperature, 
holding time, pressure, surface roughness, and interlayer 
composition (Refs. 13, 14).

However, if directly welded, dissimilar materials joints 
could produce many harmful brittle intermetallic compounds 
(IMCs) and residual stress, reducing their mechanical proper-
ties. Titanium and titanium alloys have been extensively used 
in the aerospace, electrical and electronics, and biomedical 
engineering fields because of their specific strength, low 
thermal elasticity, superior low-temperature performance, 
and corrosion resistance (Refs. 15–17). Copper and copper  
alloys are widely applied in the electrical appliances, shipping, 
and nuclear power fields due to their advantages, such as 
excellent electrical and thermal conductivity, high-oxidation 
resistance, and excellent cold and hot working performance 
(Refs. 18, 19). Especially, those remarkable comprehensive 
properties make it possible for hybrid structures of tita-
nium and copper to be substitutions for steel and copper. 
The coefficients of linear expansion for T2 copper (T2) and 
TC4 titanium alloy (TC4) are correspondingly 16.7 × 10–6 K–1 
and 8.3 × 10–6 K–1. According to Aydin et al. (Ref. 20), vari-
ous brittle TixCuy IMCs appeared at the welded interface of  
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electrolytic copper to TC4 titanium alloy, decreasing the shear 
properties of the welded joint. Based on the Ti-Cu binary 
phase diagram, these IMCs mainly include the Ti2Cu, TiCu, 
Ti2Cu3, Ti3Cu4, and TiCu2 phases at the temperature range 
of 700° ~ 900°C (1292° ~ 1652°F) (Ref. 21). Therefore, it is 
important to use a proper interlayer to reduce or eliminate 
these IMCs caused by the differences in the chemical and 
physical performances of dissimilar materials.

Nevertheless, vacuum diffusion welding between titanium 
and copper has had limited revelations in literature. Shen et 
al. (Refs. 22, 23) investigated diffusion welding of oxygen-free 
copper to TC4 titanium alloy with an 0Cr18Ni9 stainless steel 
interlayer and a pure Ag interlayer, respectively. Their results 
demonstrated that the interlayer could effectively prevent 
the appearance of harmful intermetallic compounds, and 
the tensile property of the welded joint was improved by 
more than 140 MPa. Zhao et al. (Ref. 24) reported diffusion 
welding between ZQSn10-10 alloy and TC4 titanium alloy 
using Ni/Cu multi-interlayers. The optimum tensile strength 

of the joint reached 155.8 MPa, which is equivalent to 65% 
of ZQSn10-10 alloy. Thus, a proper interlayer can improve 
the microstructure and properties for the resultant joints.

The element vanadium has many excellent physical and 
chemical properties, including excellent ductility, wear resis-
tance, and nonmagnetic and corrosion resistance. In addition, 
adding vanadium can refine the microstructure and improve 
the mechanical properties of alloys. Therefore, it is known as 
the vitamin in metals. Vanadium is a stabilizer of the β phase 
in titanium alloys (Ref. 25). Based on the Ti-V binary phase 
diagram, a stable infinite solid solution can form between 
titanium and vanadium. The liquidus temperature between 
vanadium and copper is high and the solubility is low based on 
the V-Cu binary phase diagram. Therefore, vanadium hardly 
reacts with copper, and metallurgical bonding occurs only 
through atomic diffusion. In this paper, TC4 and T2 were 
welded by vacuum diffusion with vanadium as an interlayer. 
The influence of temperature and time on the microstruc-
ture evolution and shear properties of the resultant joints 
was explored.

Experimental Methods
TC4 titanium alloy and T2 copper were welded by vacuum 

diffusion with 99.99% pure vanadium (V) foil as an inter-
layer. The chemical composition of the base materials and 
interlayer are listed in Table 1. The samples of TC4 and T2 
were cut into sizes of 10 × 10 × 5 mm3 and 20 × 10 × 5 mm3 
using a wire cutting machine. The thickness of vanadium 
foil is about 70 µm. Before vacuum diffusion welding, these 
samples to be welded were polished with up to 2400 grit 
sandpaper and then eliminated by ultrasonic equipment to 
wipe off the oxide film. The surface roughness of the welded 
samples was measured by laser confocal microscopy to be 
about 0.08 �m.

The specimens were assembled as displayed in Fig. 1A. 
This welding experiment proceeded in a ZTF2-10 vacuum 

Fig. 1 — A — Assembly morphology of the samples with V foil; B — image of diffusion welded joint and cutting 
samples; C — shear test of the welded joint.

Fig. 2 — Process parameter curve of diffusion 
welding between TC4 and T2 with a V interlayer.

A B C
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Table 1 — Elemental Composition of Raw Materials and V Foil (wt-%)

Materials Al V Fe O Si P S Ti Cu

TC4 6.18 3.87 0.02 0.14 — — — Bal. —

T2 — — — — ≤ 0.04 ≤ 0.02 ≤ 0.02 — Bal.

V foil — 99.99 — — — — — — —

Table 2 — Vacuum Diffusion Welding Process Parameters Applied in the Experiment

Welding Temperature (oC) Holding Time (min) Welding Pressure (MPa)

840 30 8

840 45 8

840 60 8

860 30 8

860 45 8

860 60 8

880 30 8

880 45 8

880 60 8
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diffusion welding furnace with a vacuum degree of 3 × 10–3 
Pa. The photos of the diffusion welded joint and shear sam-
ples are shown in Fig. 1B, and the shear test of the welded 
joint is displayed in Fig. 1C.

In general, the theoretical welding temperature scope 
of diffusion welding is 0.65Tm – 0.85Tm (Tm is the melting 
point for the materials to be welded) (Ref. 26). The melt-
ing points of T2 pure copper and TC4 titanium alloy are 
correspondingly 1080°C (1976°F) and 1667°C (3033°F). 
Therefore, the theoretical welding temperature scope is from 
660°C (1220°F) to 860°C (1580°F). In addition, the high- 

temperature yield performance of T2 pure copper is low: 
less than 10 MPa at 900°C. Therefore, the welding pressure 
was selected as 8 MPa to prevent a severe variant of T2. The 
temperatures of 840°C (1544°F), 860°C, and 880°C (1616°F) 
were selected during the vacuum diffusion welding of TC4 
to T2 with V foil as the interlayer. According to a preliminary 
study (Ref. 27), the welding process was mainly split into two 
stages when the samples were heated. The process param-
eter curve of diffusion welding between TC4 and T2 with a V 
interlayer is shown in Fig. 2.

Fig. 3 — Macromorphology of joints under different parameters: A — 840°C/30 min; B — 840°C/45 min; C — 
840°C/60 min; D — 860°C/30 min; E — 860°C/45 min; F — 860°C/60 min; G — 880°C/30 min; H — 880°C/45 min; 
I — 880°C/60 min.

A B C

D E F

G H I
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The welding temperature enlarged from 25°C (77°F) to 
760°C (1400°F) under the speed of 10°C/min (50°F/min) and 
then kept for 10 min, which could ensure the proper bearing 
contact of contact surfaces and wipe out the microscopic 
voids. Secondly, the samples were heated to the welding 
temperature and held for a period of time under 8 MPa of 
pressure. After welding was completed, the pressure was 
backout. Upon cooling, T2 seriously contracted due to the 
quick cooling rate, which easily led to the cracking of joints. 
Therefore, a process of slow heat treatment cooling was 
applied in this study. The vacuum diffusion welding param-
eters are shown in Table 2.

After diffusion welding was completed, the pressure shear 
experiment of the samples was examined by the DSN-200 
testing machine at a speed of 1 mm/min. Three same- 
compression shear specimens were tested to acquire the 
medial shear performance of welded joints (Fig. 1B). The com-
pression shear performance of the welded joint was obtained 
according to the following relation (Ref. 28):

𝜏𝜏 =
𝑃𝑃
𝑤𝑤𝑤𝑤	 

where P and � are the compression shear stress and  
compression-shear performance and w and l are, corre-
spondingly, the height and length of the welded joint. In this 

experiment, w and l were both 5 mm (0.2 in.) (Fig. 1B). After 
the shear test, the phase composition of the failed joint was 
measured through an x-ray diffractometer (XRD-Empyrean). 
The XRD experiment was operated using Cu radiation, and the 
voltage and current range were, correspondingly, 10–50 kV 
and 4–50 mA. A JSM-5600LV scanning electron microscope 
(SEM) equipped with an energy-dispersive spectrometer 
(EDS) was used to obtain the phase constituents. The voltage, 
resolution ratio, and spectral resolution for the JSM-5600LV 
SEM were, correspondingly, 15 kV, 3.4 nm and 132 ev. The 
macroscopic interfaces and fracture morphologies of the 
welded joints were examined by a laser confocal microscopy 
(OLS4000). The reaction phases were detected through a 
transmission electron microscope (TEM, JEOL JEM-2100F). 
The TEM sample was prepared by a focusing ion beam (FIB). 
The microstructure, quantitative point composition, and 
distribution of elements for the welded joint were analyzed 
through an electron probe microanalyzer (EPMA-1600).

Results and Discussion

Interfacial Microstructure

The macromorphology of joints under various parame-
ters is exhibited in Fig. 3. Unbonded defects existed in the 

(1)

Table 3 — Component Analysis Results of the Marked Points in Fig. 6 (at.-%)

Location Ti Cu Al V Possible Phase

A 81.61 — 4.83 13.48 (Ti6, V)ss

B 68.99 — 4.37 25.81 (Ti3, V)ss

C 12.78 — 0.31 86.29 (Ti, V7)ss

D — 86.08 — 13.17 FCC-Cu + BCC-V

E 82.46 — 4.02 13.68 (Ti6, V)ss

F 71.33 — 4.08 24.12 (Ti3, V)ss

G 13.13 — 0.59 86.27 (Ti, V7)ss

H — 86.12 — 13.88 FCC-Cu + BCC-V
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TC4/V and V/T2 interfaces obtained at 840°C for 30 min 
due to low welding temperature and short diffusion time. 
The unwelded defect vanished with the increase of welding 
temperature and holding time. An apparent reaction zone 
appeared in the welded interface of TC4/V, while atomic dif-
fusion occurred between V and T2, but no obvious diffusion 
zone appeared. The interfacial layer of TC4/V existed as a solid 
solution rather than an intermetallic compound due to similar 
chemical and physical performance. Moreover, the width of 
the diffusion zones between TC4 and V enlarged gradually 
with the increase of welding temperature and holding time 
(Fig. 3); however, this welding interface between V and T2 
had no noticeable variation. The width of the reaction zone 
between TC4 and V was inhomogeneous when the weld-
ing temperature and time were below 860°C and 45 min, 
respectively. This was mainly attributed to the insufficient 
diffusion of atoms in the welded interface.

Quantitative Analysis and Elemental 
Distribution

To further analyze the diffusion behavior of interface ele-
ments, map scanning of the welded joint was conducted by 
the EPMA. The mapping results of alloying elements in the 
diffusion layer between TC4 and V at 860°C for 60 min are 
listed in Fig. 4. Ti, V, and Al were uniformly distributed in the 
reaction zone, and the titanium concentration was higher 
than the vanadium concentration (Fig. 4). The concentration 
gradients of alloying elements were the driving force for the 
diffusion and diffusion welding. In addition, a small amount of 
the Al element was also distributed in the continuous solid- 
solution diffusion layer formed by the reaction between 
Ti and V. The concentration of the Al element in the solid 
solution near the TC4 side was higher than that near the T2 
side, which was mainly caused by the different coefficients of 
self-diffusion and interdiffusion between alloying elements. 
The diffusion rate of V in Al was several orders of magnitude 

Fig. 4 — Elemental mapping results for the diffusion layer between TC4 and V at 860°C for 60 min.
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faster than that of Al in V, as reported by Huang et al. (Ref. 
29). Interfacial element diffusion is related to element con-
centration and enthalpy of mixing. The enthalpy of mixing 
for Al and V with Ti are correspondingly –2 and –16 kJ/mol 
(Ref. 30). The mixing enthalpy of elements is more negative, 
the diffusion reaction is more likely to occur, and then the 
continuous solid-solution diffusion layer will easily form in 
the interface. Huang et al. (Ref. 29) pointed out that the Ti 
element diffuses faster than Al when the Al content is less 
than 25 at.-%, and Ti is always the faster diffuser when the 
diffusion couple is in a concentration range. Therefore, the 
continuous solid-solution layer was formed in the interface 
of TC4/V due to the low content of the Al element in TC4. 
However, the concentration of V and Cu did not change sig-
nificantly at the interface of V/T2. The distribution of V and Cu 
in the diffusion layer of V/T2 at 860°C for 60 min is displayed 
in Fig. 5. The interface of V/T2 had no obvious diffusion layer 
compared with the interface of TC4/V (Fig. 5). In addition, 
the welded interface of V/T2 was uneven, which was related 
to element diffusion between V and Cu. The mixing enthalpy 

of V and Cu is 5 kJ/mol (Ref. 30), illustrating that atomic 
diffusion occurs between V and Cu instead of the chemical 
reaction. Therefore, the joining between V and Cu belongs 
to metallurgical bonding.

The analysis of point composition was applied to speculate 
these phases in the interface. Figure 6 shows the microstruc-
ture of the reaction zone under 840°C/45 min and 880°C/60 
min. The EPMA quantitatively analytical data of the marked 
points in Figs. 6B, C, and F–H are listed in Table 3.

A distinct reaction zone formed at this interface of 
TC4/V, and there was a bright-white band and a couple of 
raised ridges near the V and TC4 sides, respectively (Figs. 
6B, F). According to the element content in Table 3, the 
raised ridge (Location A), diffusion layer (Location B), and 
bright-white band phase (Location C) correspondingly 
may be solid-solution phases of (Ti6, V)ss, (Ti3, V)ss, and (Ti,  
V7)ss, respectively. The solid solution existed in both matrix Ti 
and matrix V. In the Ti-V binary phase diagram (Fig. 7B), Ti and 
V can form continuous solid solutions, including BCC (β-Ti,  

Table 4 — Average Thickness and Diffusion Coefficient for the Diffusion Zone of the TC4/V Interface

Bonding Temperature
(oC)

Holding Time (min) Average Thickness (𝛍m)
Diffusion Coefficient  

(m2 · s–1)

840 30 — —

840 45 3.2 3.79 × 10–15

840 60 3.7 3.80 × 10–15

860 30 3.9 8.45 × 10–15

860 45 4.9 8.89 × 10–15

860 60 5.6 8.71 × 10–15

880 30 6.5 2.35 × 10–14

880 45 7.5 2.08 × 10–14

880 60 9.3 2.40 × 10–14
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V)ss and BCC (β-Ti, V)ss + HCP (�-Ti, V)ss. The V element rapidly 
reduced the transition temperature of �-Ti to β-Ti, and the 
region of solid solution became larger with the decrease of 
temperature. Therefore, different types of solid solutions 
formed at the TC4/V interface, while no IMCs generated in 
the V/T2 interface (Figs. 6C, G). The interfacial microstruc-
ture was composed of the FCC + BCC phases (Location D). 
According to the Cu-V binary phase diagram (Fig. 7A), it was 
characterized by the absence of compounds and a broad 
liquid and solid immiscible region. Therefore, a mixed layer of 
FCC + BCC formed at the interface of V/Cu. In addition, based 
on the data of line scanning on the V/T2 interface, the atomic 
migration distance of V and Cu was only 1 �m at 840°C for 45 
min (Fig. 7D) compared with 2 �m at 880°C for 60 min (Fig. 
7H). This phenomenon reflects that the diffusion of V and Cu 
atoms was little affected by welding temperature and time.

TEM Analysis of the Reaction Layer on the 
TC4/V Interface

It is worth noting that the solid-solution phases produced at 
the TC4/V interface could be seen by the EPMA. Nevertheless, 
the quantitative analysis was inadequate. Therefore, a TEM 
test was employed to further analyze the diffusion behavior 
of interfacial elements between the TC4 and V interlayer. The 
positions of the FIB sample for TEM characterization were 
marked in the diffusion zone of TC4/V. The elemental map 
scanning results in the reaction layer were detected by the 
EDS in the TEM — Fig. 8. According to the mapping results, par-
ticularly the dispersion of V, the diffusion interface between  
(Ti6, V)ss and (Ti3, V)ss, among the TEM specimen, was able to 
prove. From the dark-field image (DFI), it can be seen that 
the bright-white phase is (Ti6, V)ss, and the dark grey phase 
is (Ti3, V)ss. It should be emphasized that the TixVy phases 
were confirmed by the TEM analysis combined with an XRD 
phase card.

Fig. 5 — Elemental mapping results for the diffusion layer between V and T2 at 860°C for 60 min.
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To further analyze the crystal structure of different phases 
of solid solution appearing in the TC4/V interface, TEM images 
and the patterns of selected area electron diffraction (SAED) 
for the reaction layer between the TC4 and V interlayer are 
displayed in Fig. 9. Figures 9A–C show the bright-field image 
of the (Ti6, V)ss, (Ti3, V)ss, and (Ti, V7)ss reaction layers, respec-
tively. The SAED patterns of positions 1, 2, and 3 presented in 
Fig. 9 correspond to the phases of (Ti6, V)ss, (Ti3, V)ss, and (Ti, 
V7)ss, respectively. The pattern of SAED was analyzed down the 
zone axis of [020] for (Ti6, V)ss, and three homologous Miller 
indices — covering (101), (002), and (101) — were able to be 
calculated. In addition, the zone axes of (Ti3, V)ss are [112] and 
[214], corresponding to three Miller indices, including (110), 
(201), (111) and (201), (121), (120), respectively.

The TEM bright-field graphic of the (Ti6, V)ss/(Ti3, V)ss inter-
face is shown in Fig. 10A. The high-resolution TEM (HRTEM) 
graphic and patterns of fast Fourier transformation (FFT) 
between (Ti6, V)ss and (Ti3, V)ss are displayed in Figs. 10B and 
C. Based on the FFT patterns, HRTEM images of (Ti6, V)ss and 
(Ti3, V)ss could be acquired along the corresponding [020] 
and [112] zone axes. The crystallographic structures between 
the (Ti6, V)ss and (Ti3, V)ss phases in the HRTEM image were 
(002) and (201), respectively. In addition, the (002) and (201) 
interplanar spacing was d(002) = 0.311 nm and d(201) = 0.276 
nm. The interplanar spacing of (Ti6, V)ss and (Ti3, V)ss was very 
close, so the interfacial energy between the (Ti6, V)ss and (Ti3,  
V)ss was relatively low. This phenomenon illustrated that (Ti6, 
V)ss and (Ti3, V)ss phases were demanded with lower lattice 

Fig. 6 — Microstructure of the welded joint under 
different parameters: A — 840°C/45 min; B — TC4/V 
side; C — V/T2 side; D — result of line scanning on V/
T2 side; E — 880°C/60 min; F — TC4/V side; G — V/T2 
side; H — result of line scanning on V/T2 side.

A B

C D

E F

G H
Fig. 7 — Binary phase diagrams: A — Cu-V; B — Ti-V.

A

B
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mismatch, which could obtain high joint strength (Ref. 31). 
The lattice mismatch of the (Ti6, V)ss/(Ti3, V)ss welded interface 
was able to be obtained using the following function (Ref. 32):

 
F = 2(𝑑𝑑(""#) − 𝑑𝑑(#"%))/(𝑑𝑑(""#) + 𝑑𝑑(#"%)) 

 
 

where d(002) = 0.311 nm and d(201) = 0.276 nm are d-spacings 
for (Ti6, V)ss and (Ti3, V)ss, respectively, as displayed in Figs. 
10B and C. Therefore, the lattice mismatch of (Ti6, V)ss and 
(Ti3, V)ss was obtained to be 11.9%, which demonstrated that 
the (Ti6, V)ss/(Ti3, V)ss interface was approximately coherent 
with low strain energy. Meanwhile, a large number of dislo-
cations may form at the (Ti6, V)ss/(Ti3, V)ss interface, reducing 
the strain energy.

Diffusion Behavior and Kinetics

Based on the information of line scanning for Ti, V, and Al, 
the width of the diffusion zone was able to be acquired. The 
consequences of line scanning along the interface of TC4/V 
under different parameters were obtained — Fig. 11.

Ti and V distributed in the diffusion layer, but Al rarely dis-
tributed in the reaction layer. Furthermore, the width of the 

diffusion zone increased with increasing welding temperature 
and holding time. The minimum and maximum widths of the 
reaction zone near the TC4 side were 3.2 and 10 �m at 840°C 
for 45 min and 880°C for 60 min, respectively. Based on the 
data of line scanning, the reaction zone near the TC4 side 
was mainly a solid solution with matrix titanium, while the 
bright-white band near the V side was a solid solution with 
matrix vanadium due to the different diffusion coefficients 
between titanium and vanadium (Ref. 33).

To illustrate the influence of welding temperature on 
atomic movement behaviors of reaction zones, we discussed 
the fitted growth curve and obtained the reaction activation 
energy. The average thickness and constant coefficients 
for the diffusion layer of TC4/V with various parameters are 
listed in Table 4.

The data indicated that with the welding temperature and 
time enlarged, the average thickness of the diffusion zone 
also enlarged. The relation of the width for reaction zones 
to welding time was able to be obtained with the following 
function (Ref. 34):

𝑤𝑤! = 𝐷𝐷𝐷𝐷 

where w is the width of the diffusion zone (m), D is the coeffi-
cient of atomic migration (m2/s), and t is the holding time (s). 

(2)

(3)

Table 5 — Component Analysis Results (at.-%) of Marked Points in Fig. 16

Location Ti Cu Al V Possible Phases

1 0.44 88.60 0.14 10.83 FCC-Cu + BCC-V

2 1.30 0.44 0.76 97.5 BCC-V

3 0.75 98.65 0.13 0.47 FCC-Cu

4 1.16 15.96 0.05 82.83 BCC-V + FCC-Cu

5 0.39 86.63 0.18 12.80 FCC-Cu + BCC-V

6 0.17 97.84 1.05 0.94 FCC-Cu

7 1.02 60.59 0.19 38.21 FCC-Cu + BCC-V

8 0.88 97.17 1.12 0.83 FCC-Cu
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The relation of welded temperature and growth activation 
energy complied with the formula of Arrehenius (Ref. 35):

𝐷𝐷 = 𝐷𝐷!exp	(−𝑄𝑄/𝑅𝑅𝑅𝑅) 

where D0 is the growth constant coefficient (m2/s), Q is the 
growth activation energy (kJ/mol), R is the gas constant 
(8.314 J/K · mol), and T is the welding temperature (K). A 
new relation about function between the thickness of the 
reaction zone and the welding temperature was able to be 
described with the following by combining Equations 3 and 4:

Ln𝑤𝑤 = %
𝑄𝑄
2𝑅𝑅)%−

1
𝑇𝑇) +

1
2Ln(𝑡𝑡𝐷𝐷!) 

In the study, the reaction time was constant, while the 
welding temperature was variable. The relationship between 
the width of the same reaction zone and activation energy 
at different welding temperatures can be calculated and 
fitted. The fitting consequence of the growth behavior for 
the reaction layer between TC4 and V is listed in Fig. 12.

The width of the reaction zone grew in a parabolic rela-
tionship with an equation of welding temperature (Fig. 12A). 
It was calculated that the growth activation energy of the 
diffusion layer for the TC4/V interface was 226.6 kJ/mol 
at different temperatures for 60 min (Fig. 12B). Therefore, 
the diffusion activation energy to form a stable solid solu-
tion between titanium and vanadium was 226.6 kJ/mol. It 
is worth noting that the growth activation energy for prod-
ucts forming between titanium and vanadium has not been 
previously reported in literature. The atomic migration was 

(4)

(5)

Fig. 8 — Elemental mapping results in the reaction zone of the TC4/V interface analyzed by the TEM equipped 
with the EDS.
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achieved through the generation of thermal defects. Thus, 
reaction activation energy could be obtained to generate 
these thermal defects.

Joint Strength

The shear test was applied to explore the influence of V 
foil on the shear performance of the welded joints with dif-

ferent parameters. To measure the shear performance of the 
welded joints, a self-designed fixture for the shear experi-
ment was prepared, as displayed in Fig. 1C. The welded joints 
were put in this equipment, and the position of the welded 
interface was upright. The shear force was inflicted on TC4 
base material with an axial force until the welded joint failed. 
Welding temperature and time affected the atomic diffusion, 
interface reaction, and microstructure of the joint. The medial 

Fig. 9 — TEM graphics of the diffusion layer of the TC4/V interface at 860°C for 60 min; bright-field graphic of: 
A — (Ti6, V)ss reaction layer; B — (Ti3, V)ss reaction layer; and C — (Ti, V7)ss reaction layer. 1–3 — The SAED 
patterns of marked positions.

Table 6 — EDS Component Analysis Results (at.-%) of Marked Points in Fig. 17

Location Ti Cu Al V Possible Phases

1 0.29 0.85 0.20 98.66 BCC-V

2 0.16 63.59 1.05 35.20 FCC-Cu + BCC-V

3 1.44 0.50 0.56 97.50 BCC-V

4 0.15 98.17 0.05 0.83 FCC-Cu

A B C

1 2 3
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shear performance of welded joints under various process 
parameters is displayed in Fig. 13.

The shear performance increased gradually with the 
increase of welding temperature and time (Fig. 13A). It is 
important to emphasize that the shear performance of the 
joint enlarged first but then descended with the increase 
of welding temperature for 60 min. The highest shear per-
formance of the joint reached 160 MPa obtained at 860°C 
for 60 min, while the minimum shear performance of the 
welded joint was only 90 MPa under 840°C/30 min due to 

the interfacial defect. With the welding temperature and time 
increase, the atoms of elements diffused fully in the interface, 
resulting in high-joint shear performance. However, the shear 
performance of the welded joint obtained under 880°C/ 
60 min decreased slightly compared with that of the joint at 
860°C for 60 min, which was caused by a thick diffusion layer 
and coarse grain (Ref. 36). Figure 13B compares the work 
of other scholars on the performance of the welded joint of 
titanium to copper, including no interlayer, single interlayer, 
and multi-interlayers. Su et al. (Ref. 37) studied vacuum dif-
fusion welding of TC4/OFC, and the shear strength of joints 

Fig. 10 — A — TEM bright-field graphic of the (Ti6, V)ss/(Ti3, V)ss interface; B — HRTEM graphic and FFT patterns 
of (Ti6, V)ss; C — HRTEM graphic and FFT patterns of (Ti3, V)ss.

A

B C
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Fig. 11 — Consequences of line scanning along the diffusion zone of the TC4/V interface under various 
parameters: A — 840°C/45 min; B — 840°C/60 min; C — 860°C/30 min; D — 860°C/45 min; E — 860°C/60 min;  
F — 880°C/30 min; G — 880°C/45 min; H — 880°C/60 min.

A B

C D

E F

G H
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reached 48 MPa. Zhao et al. (Ref. 38) revealed the effect 
of transitional interlayers on the performances of diffusion 
welded joints of TC4 titanium alloy to ZQSn10-10 alloy. The 
maximum tensile performance of the welded joint was only 
156 MPa with Ni/Cu interlayers. It is worth mentioning that 
the shear performance of the TC4/T2 welded joint without 
an interlayer in our previous study reached 111 MPa (Ref. 
27). All the shear performance of the welded joint in other 
studies was much lower than that in the test. The tensile 
performance of the joints obtained between the Ti-6Al-4V 

and QAl10-3-1.5 alloys at 850°C for 60 min under 10 MPa 
(Ref. 39) was higher than that in this study. In addition, the 
tensile strength of the joint obtained between TC4 and OFC 
with the 0Cr18Ni9 and Ag interlayer was 140 and 150 MPa, 
respectively (Refs. 22, 23). Therefore, the tensile strength of 
the joint in Refs. 22, 23, and 38 demonstrated the advantage 
of a V interlayer on diffusion welding of TC4/T2. This result 
also revealed that the solid solution appeared in the TC4/V 
interface, and metallurgical bonding between V and Cu were 
superior to the IMCs formed between titanium and copper, 

Fig. 13 — Bonded joint strength: A — Medial shear performance of welded joints under various parameters;  
B — joint strength between this research and other research.

Fig. 12 — Thickness and reaction activation energy for the reaction layer of TC4/V under different temperatures:  
A — Thickness of diffusion layer; B — growth activation energy.

A B

A B
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which was also one of the reasons for improving the perfor-
mance of TC4 and T2 diffusion welded joints.

Fracture Analysis

Figures 14A and B show the intersecting surface morphol-
ogies of the fracture path for the joints welded at 840°C 
for 45 min and 860°C for 60 min, respectively. The welded 
joint fractured along the interface of V/T2, illustrating that 
the V/T2 interface was a weaker part compared with that of 

TC4/V. Moreover, the fracture interface of the welded joints 
obtained under 840°C/45 min was smooth and flat (Fig. 14A). 
The joints obtained at 860°C for 60 min also fractured along 
the interface of V/T2, but partially torn copper bound to the 
V side and some torn ladders appeared on the T2 side (Fig. 
14B). These torn ladders could absorb more shear energy 
(Ref. 2), which caused the shear strength of the joints to 
be higher than that of the joints without secondary cracks.

To confirm the phases on the failed joints, Fig. 15 exhib-
its the XRD patterns of both sides of the failed joints under 

Table 7 — Constant Factor and Growth Activation 
Energy of Ti, V, and Cu (Ref. 34)

Elements Constant Factor 
(D0)/m2/s

Growth  
Activation 

Energy (Q)/kJ/
mol

Ti 1.9 × 10–7 152.8

Cu 1.9 × 10–5 196.4

V 2.9 × 10–5 309.6

Ti in V 1.0 × 10–5 285.0

V in Ti 2.1 × 10–5 209.0

Cu in V 1.8 × 10–5 266.2

V in Cu 2.5 × 10–4 215.0

Fig. 14 — Intersecting surface morphologies of the 
fracture path for the failed joint under different 
parameters: A — 840°C/45 min; B — 860°C/60 min.

A

B
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840°C for 45 min and 860°C for 60 min, respectively. FCC-
Cu, BCC-V, and β-Ti microstructure were detected on both 
broken sides of the failed joint at 840°C/45 min. However, 
only the FCC-Cu phase was detected on the T2 side, but 
FCC-Cu, BCC-V, and β-Ti phases were found on the TC4 side 
as the welding temperature and time were correspondingly 
860°C and 60 min.

The fracture surfaces of the failed joints obtained under 
different diffusion parameters are displayed in Fig. 16. Figures 
16A and B present the morphology of the joints on the TC4 
and T2 sides under 840°C/45 min, respectively. In Fig. 16A, 
the fracture surface has some discontinuous ridge shape, 
belonging to a typical cleavage fracture mode. On the T2 
side, the fracture feature with a river pattern and dimples is 
found in Fig. 16B, which was characterized by a typical ductile 
and dissociative fracture. Relatively, the morphology of the 
joint obtained under 860°C/60 min was various from that 
obtained under 840°C for 45 min. Some dimples formed on 
the morphology of the failed joint on the TC4 side (Fig. 16C), 
indicating a ductile fracture. Nevertheless, the fracture fea-

ture of the failed joint was composed mainly of a river pattern 
and ladder topography, which was a cleavage fracture mode.

According to Cao et al. (Ref. 40), the cleavage fracture 
belonged to a sort of brittle transgranular fracture, which 
can happen in the special crystal planes under a small index. 
Thus, the welded joint acquired with 860°C/60 min was more 
ductile than that at 840°C/45 min, which presented the larger 
shear performance. To explore the formation of phase on the 
failed joints, the chemical composition of locations marked 
in Fig. 16 are shown in Table 5. On the TC4 and T2 sides, 
FCC-Cu + BCC-V (Locations 1, 5, and 7), BCC-V + FCC-Cu 
(Location 4), BCC-V (Location 2), and FCC-Cu (Locations 3, 
6, and 8) were detected, which possessed specific fracture 
features. The BCC-V + FCC-Cu and BCC-V phases mainly 
emerged the cleavage feature accompany some cleavage 
steps and facets. The FCC-Cu + BCC-V phase was character-
ized mainly by some tiny folds. The FCC-Cu phase displayed 
many smooth planes.

In addition, our research revealed a new finding for the 
fracture feature of joints. The special fracture feature of the 
welded joint at 880°C for 60 min is shown in Fig. 17. On the 

Fig. 15 — Phase composition of the fracture joint at 840°C for 45 min: A — T2 copper side; B — TC4 titanium 
alloy side. At 860°C for 60 min: C — T2 copper side; D — TC4 titanium alloy side.
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Fig. 16 — Fracture morphologies of the failed joints at 840°C for 45 min: A — TC4 titanium alloy side; B — T2 
copper side. At 860°C for 60 min: C — TC4 titanium alloy side; D — T2 copper side.
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Fig. 17 — Special fracture morphology of the welded joint at 880°C for 60 min: A — TC4 titanium alloy side;  
B — T2 copper side; A1 and B1 — corresponding high magnification views.

Fig. 18 — Function of elements diffusion coefficient to welding temperature: A — Auto-diffusion of Ti, V, and Cu; 
B — interdiffusion coefficient ratio of Ti-V and V-Cu.
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A B

JULY 2023 | 155-s



TC4 side, a basin fault zone appeared on the fracture surface, 
which was characterized mainly by rough cleavage steps and 
facets (Fig. 17A1), while a raised hill fault zone was displayed 
on the T2 side, which was a cleavage feature with a smooth 
river pattern and ladder topography. The EDS chemical com-
position of the locations are listed in Table 6. The basin and 
hill fault zones fractured along the vanadium layer based on 
the BCC-V phase detected at locations 1 and 3. This special 
fracture mode could absorb some energy when the specimen 
was sheared. Therefore, the shear strength of the welded 
joints could be further improved.

Diffusion Mechanism

The driving force of diffusion welding for Ti/V and V/Cu 
hinges on the coefficient of diffusion; concentration gradient; 
and crystal structure for Ti, V, and Cu. Among them, the dif-
fusion coefficient is decided through the reaction activation 
energy and welding temperature, which is a dynamic value 
that changes during the diffusion process (Ref. 41). Table 7 
displays the diffusion factor and reaction activation energy 
of Cu, V, and Ti.

Based on Equation 4, the auto-diffusion coefficient of Ti, 
V, and Cu and the function between the diffusion coefficient 

and welding temperature for interdiffusion of Ti, V, and Cu can 
be acquired. The relationship between diffusion coefficient 
and welding temperature is listed in Fig. 18. The self-diffusion 
coefficient of Ti, V, and Cu increased with the augmentation 
of welding temperature emerged as a form of exponent, and 
the diffusion coefficient of Ti, V, and Cu became sufficient 
(Fig. 18A). The auto-diffusion coefficient of Ti was close to 
that of Cu at the identical welding temperature, while the 
auto-diffusion coefficient of vanadium was several orders of 
magnitude smaller than that of titanium and copper. There-
fore, the diffusion velocity of titanium and copper was more 
rapid than that of V at the same temperature. In Fig. 18B, the 
diffusion coefficient of V in Ti is much larger than that of Ti in 
V, which has a difference of several orders of magnitude. The 
interdiffusion coefficient ratio of V in Ti and Ti in V decreased 
with the augmentation of temperature. Therefore, the effect 
of welding temperature on the atomic migration of V in the 
Ti matrix was greater than that of Ti in the V matrix when the 
temperature was below 1200°K (926.85°C/700.33°F), mean-
ing that the diffusion ability of V into Ti was greater than that 
of Ti into V. In addition, the diffusion coefficient of V in Cu was 
faster than Cu in V, illustrating that the diffusion capacity of 
the V element was stronger than that of the Cu element at 
the welded interface.

Fig. 19 — Process of microstructure evolution for the diffusion welded joint between titanium alloy and copper 
with V foil as the interlayer: A — Initial touch; B — motion of atoms; C — atomic diffusion reaction;  
D — formation of reaction product.
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The process of microstructure evolution for a diffusion 
welded joint between titanium alloy and copper with V foil as 
the interlayer is exhibited in Fig. 19. When the temperature 
reached the diffusion temperature, the atoms at the Ti/V 
and V/Cu interfaces diffused each other. Ti-V solid solution 
formed at the interface of TC4 and V with continuous diffusion 
reaction, while the V/T2 interface was a metallurgical bond-
ing with neither IMCs nor solid solutions. With the decrease 
of diffusion element concentration, different types of solid 
solutions formed at the TC4/V interface, including solid- 
solution phases of (Ti6, V)ss, (Ti3, V)ss, and (Ti, V7)ss. However, 
only FCC-Cu + BCC-V phases formed at the interface of 
V/T2 due to metallurgical bonding between V and Cu. The  
solid-solution structure between Ti and V was stronger than 
the metallurgical bonding between V and Cu according to 
the fracture morphology of the joint. Therefore, the solid- 
solution structure formed between dissimilar materials was 
able to obviously enhance the performance of the welded 
joint.

Conclusions
Vacuum diffusion welding of TC4/T2 with pure V foil as an 

interlayer under different parameters was discussed. The 
microstructure evolution, shear properties, and element 
diffusion behavior of the welded joint were revealed. The 
main results are drawn as follows:

1) Vanadium foil effectively prevented the direct diffu-
sion reaction of titanium and copper from producing IMCs. 
The solid-solution phases of (Ti6, V)ss, (Ti3, V)ss, and (Ti, V7)ss 
formed in the interface of TC4/V. The crystallographic orien-
tations of (Ti6, V)ss, (Ti3, V)ss, and (Ti, V7)ss phases in the HRTEM 
image were (002), (201), and (121), respectively. The lattice 
mismatch between (Ti6, V)ss and (Ti3, V)ss was calculated to 
be 11.9% with low strain energy.

2) The highest shear strength of the welded joint reached 
160 MPa, made at 860°C for 60 min, while the minimum 
shear strength of the welded joint was only 90 MPa under 
840°C/30 min due to insufficient diffusion and interfacial 
defects. The crack propagation path of all joints occurred 
along with the interface of V/T2. The fracture characteristics 
of the failed joints were mainly composed of the river pattern 
and ladder topography, which was a cleavage fracture mode. 
FCC-Cu, BCC-V, and β-Ti microstructure were detected on 
both broken sides of the failed joint. The interface of V/T2 
formed a metallurgical bonding with neither IMCs nor solid 
solutions.

3) The reaction activation energy of the reaction product 
generated at the TC4/V interface was 226.6 kJ/mol at differ-
ent welding temperatures for 60 min. The diffusion rate of 
titanium and copper was faster than that of vanadium at the 
same temperature, and the influence of welding temperature 
on the atomic diffusion of vanadium in titanium was greater 
than that of titanium in vanadium. The solid-solution structure 
formed between Ti and V was stronger than the metallurgical 
bonding between V and Cu.
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