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ABSTRACT

Ti–6Al–4V and AISI 304 stainless steel were joined by diffusion brazing with a

Cu interlayer at 900 �C for different bonding times. The influence of the bonding

time on the joint width, microstructure, microhardness and shear strength was

studied. Interfacial characterizations and the identification of phases were done

by scanning electron microscopy and electron backscatter diffraction (EBSD).

The results revealed that by increasing the bonding time, the thickness of the

joint was first increased and then decreased. Microstructure examinations also

showed that the joints consisted of several intermetallics such as TiCu, Ti2Cu,

TiCu4, TiCu2, FeTi and Fe2Ti. On the other hand, EBSD results demonstrated

that the density of Cu–Ti intermetallics was reduced with the prolonged

bonding time of 80 min, thereby indicating the occurrence of isothermal solid-

ification. The microhardness profiles also showed a different behavior with

varying the bonding time due to the change in the mechanism of the joint

formation. The maximum shear strength obtained was 247 MPa, when the joint

was bonded for 80 min; this was approximately equal to the stainless steel

strength.

Introduction

Ti–6Al–4V alloy is one of the most renowned Ti-

based alloys categorized in the group of a/b alloys.

Suitable physical properties, high strength-to-weight

ratio and superior corrosion resistant behavior have

made this alloy a good candidate in areas such as

biomaterials, marine technologies and aerospace

[1, 2]. The 304 austenitic stainless steel is a conven-

tional alloy in the group of stainless steels with

applications in various industries because of its

corrosion resistance behavior in approximately all

environments [3, 4].

Nowadays, joining the Ti-based alloys to the 304

stainless steel has numerous applications in chemical,

military and aerospace industries due to their pre-

miere mechanical properties and corrosion resistance

[5, 6]. Fusion welding accompanied by melting can

result in the appearance of big b-phase grains, lead-

ing to some solidification cracking that deteriorates

the quality of the final product [7, 8]. Previously,

various solid-state methods have been applied for
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this purpose. Kumar et al. [9] reported the friction

welding of Ti–6Al–4V to 304 AISI austenite stainless

steel. Their study showed that utilization of copper as

the interlayer made a high strength, as compared to

the joints prepared without the interlayer. Electron

beam welding was successfully used for joining

titanium alloy to the stainless steel via the copper

interlayer by Tomashchuk et al. [10]. They concluded

that the addition of copper led to a reduction in the

formation of Ti–Fe and Ti–Cr brittle phases. Mousavi

et al. [11] studied the explosive welding of Cp–Ti to

the 304 stainless steel. The results revealed that

numerous intermetallic compounds such as Fe2Ti

and Fe2TiO4 were formed in the interface. Liu et al.

[12] also discussed the brazing of Ti–6Al–4V and the

304 AISI. Their study showed that at the Ti alloy/

interlayer interface, the brittle intermetallics tended

to form. Ozdemir et al. [13] reported the diffusion

bonding of Ti–6Al–4V to AISI 304 by inserting a Cu

interlayer (60 lm). The maximum shear strength of

118 MPa was obtained in the specimen joined at

870 �C.

Diffusion brazing is a solid-state joining process

suitable for the aforementioned alloys; it has, in fact,

the least influence on the microstructure of these

alloys in conjunction with applying a well-made

connection. Diffusion brazing is also named transient

liquid-phase (TLP) bonding [14]. TLP is a combina-

tion of diffusion bonding and the brazing process. To

perform a TLP bonding, an initial interlayer is placed

between two base materials, and all of the compo-

nents are subjected to heat at the joining temperature

for a specific time. This specific temperature is a few

degrees above the melting point of the interlayer.

Placement of this system at high temperature leads to

the cross-diffusion of each side into each other. Thus,

the melting point of the created alloying system is

increased, leading to the occurrence of isothermal

solidification and the decrement in joint width until

the completion of solidification. In this regard, TLP is

divided into three major groups including dissolu-

tion of the interlayer, homogenization of the liquid

and isothermal solidification [15]. Lately, researchers

have conducted some studies on the TLP of Ti-based

and stainless steels. Deng et al. [16] reported the TLP

bonding of Ti–6Al–4V using a pure copper interlayer

at 930 �C. It was revealed that the optimized joint was

achieved in 30 min; moreover, a maximum tensile

strength value of 944 MPa was recorded for the

bonds. Recently, the effect of the bonding tempera-

ture on the TLP bond of Ti–6Al–4V and SS 304 was

investigated by our group [17]. It was found that by

raising the bonding temperature, the amount of the

brittle compounds was reduced gradually and the

highest shear strength of 374 MPa was obtained at

960 �C.

The purpose of this research paper was to investi-

gate the effect of the bonding time on the diffusion

brazing of Ti–6Al–4V and the 304 stainless steel and

evaluate the microstructural and mechanical charac-

teristics. The innovation of this paper, as compared to

other similar studies, has been accurate identification

and distribution of various phases in the joint area by

using electron backscatter diffraction (EBSD).

Experimental

The materials used in this study were Ti–6Al–4V and

AISI 304 with the dimensions of

40 mm 9 10 mm 9 3 mm. Their compositions in

weight percent are given in Table 1. The bonding was

carried out using Cu (25 lm) as the interlayer. All

samples were ground using progressively finer SiC

paper through 1200 grit and then polished. The

specimens and the interlayer were subsequently

degreased in an ultrasonic bath. The process was

performed in a furnace under the vacuum of

3 9 10-3 Pa for the bonding time of 20, 40, 60 and

80 min at 900 �C. After bonding, interface

microstructures were characterized by optical

microscopy (OM) and scanning electron microscopy

(SEM). A Hitachi SU8230 field emission scanning

electron microscope (FE-SEM) was used for energy-

dispersive spectrometry (EDS) and electron

backscattered diffraction (EBSD) analysis of the

bonded zones for 40 and 80 min. The analysis of

EBSD maps and identification of intermetallic were

Table 1 Chemical

composition (wt%) of the base

metals

Materials Fe Ti Cr Al V Ni Si O C Mn Cu Other

304SS Base – 19.2 – 0.06 9.5 0.6 – 0.08 1.2 0.3 \0.2

Ti–6Al–4V 0.14 Base 0.01 5.8 3.9 0.01 0.04 – 0.01 0 – \0.2
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carried out by EBSD channel 5 software. The strength

of the joints was determined using a shear test fixture

with a crosshead speed of 1 mm/min. A shear test jig

was developed to hold the bonded samples during

shear testing, as presented schematically in Fig. 1. An

average of three samples was taken for each shear

strength reported. Microhardness was measured

across the bond interface using a load of 50 g.

Results and discussion

Microstructure characterization

Figure 2a–d represents the microstructure of the

specimens bonded at different holding times of 20,

40, 60 and 80 min. As shown in Fig. 2a, at the

bonding time of 20 min, the copper interlayer started

to dissolve, producing a large amount of the eutectic

liquid inside joint zone, according to the Cu–Ti phase

diagram. Since the temperature of the Cu–Ti eutectic

was about 870 �C, by elevating the bonding temper-

ature to 900 �C (above the eutectic point), base metals

dissolution began due to the diffusion of Cu from the

liquid into the solid substrate. Widening of the liquid

phase occurred with a prolonged bonding time from

20 to 40 min. The liquid zone continued to widen,

producing a maximum gap width during the process.

Increasing the bonding time from 40 to 60 min led to

changing the joint morphology. It could be due to

more diffusion of elements at the interface. This

phenomenon caused the shrinkage of the liquid

width via isothermal solidification. The reduction in

the joint thickness to 133 lm could be attributed to

onset isothermal solidification. Further increasing the

holding time to 80 min resulted in a slight decrease in

the joint width to 125 lm. As expected, it was

observed that the complexity of the phases and

intermetallics formed within the joint was decreased

with increasing the brazing time. However, this time

was not adequate for the complete isothermal solid-

ification. Generally, the completion of isothermal

solidification was controlled by the solid-state diffu-

sion of the elements interlayer into the base metals.

A typical micrograph of the Ti–6Al–4V/Cu/SS 304

brazed joint at 900 �C for 20 min is shown in Fig. 3. The

chemical composition of each region was determined

by EDS, as listed in Table 2. Intermetallic phases were

formed in the region zone. EDS analysis verified that

the phase marked 1 was TiCu, according to the Cu–Ti

phase diagram (Fig. 4). The region 2, which was adja-

cent to the AISI 304, detected a significant amount of

iron and titanium. This suggested that it was Fe2Ti.

Several studies have also reported the same observa-

tion [18, 19]. The higher magnificent figure of the joint

is presented in Fig. 3b. The chemical composition of

the point 3 showed that the weight ratio of Ti to Cu was

about 2:1, thereby confirming the possible formation of

Ti2Cu. The region 4 contained high Ti concentration,

which was predicted to be a-Ti.

Figure 3c illustrates the interfacial microstructure

joint brazed for 60 min. EDS compositional analysis

in zones 5 and 6 could lead to deducing TiCu2 and

TiCu4, respectively. It was demonstrated that the

presence of these phases could be due to the eutectic

reaction between Cu and Ti: L ? TiCu2 ? TiCu4;

similar results have also been obtained in the litera-

ture [17, 20]. The diffusion of Fe and Ti from the baseFigure 1 A schematic to show shear test.
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metals due to the concentration gradient resulted in

the formation of FeTi and Fe2Ti at the joint region

(marked as 7 and 8).

The microstructure and phase distribution of the

joint for 40 min are presented in Fig. 5a, b, respec-

tively. It could be seen that a number of compounds

Figure 3 SEM micrographs of the interface for bonds produced at a bonding time of: a 20 min, b magnified image of area A and

c 60 min.

Figure 2 Microstructure of the joints bonded at 900 �C for: a 20 min, b 40 min, c 60 min and d 80 min.
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consisting of Ti2Cu, TiCu, FeTi and Fe2Ti were

determined with different colors. It was found that a

mixture of Ti2Cu with a-Ti could be produced

through the eutectoid reaction (b-Ti ? a-Ti ? Ti2-

Cu), as also reported by other researchers [16, 17]. As

shown, the presence of Cu–Ti compounds was much

more than that of the Fe–Ti intermetallic at the joint

zone; this was due to the fact that the diffusion rate of

the Ti in Cu is so high [21]. Figure 5c shows the EBSD

orientation map of the joint, where the various colors

could reveal different orientations of the grains. The

legend for inverse pole figure (IPF) from the formed

phases is presented in Fig. 5d. The micrograph and

the EBSD phase distribution diagram of the brazed

joint at 80 min are shown in Fig. 6a, b. It could be

seen that TiCu, FeTi and Fe2Ti were produced at the

joint. The EDS point analysis of the Ti–6Al–4V/AISI

304 joint interface for the bonding times of 40 and

80 min is given in Table 3. It was observed that the

EDS analysis confirmed the presence of these com-

pounds in the bonded area. At the high temperature,

a significant amount of titanium could be dissolved

in a-Fe and the same thing could happen in b-Ti.

However, at the low temperature (under 400 �C), the

solubility between Fe and Ti was poor. Therefore, it

was responsible for the formation of intermetallic

compounds such as FeTi and Fe2Ti at the ambient

temperature. It was also noticed that the formation of

Cu–Ti phases was decreased significantly when

compared with samples bonded at the lower times.

This could be ascribed to the increment in isothermal

solidification rate by increasing the bonding time.

Table 2 EDS analysis results

for the different regions in

Fig. 3, wt%

Region Ti Cu Fe Al V Cr Ni Deduced phases

1 47.8 45.4 1.3 2.7 1.2 0.9 0.7 TiCu

2 30.7 4.8 54.2 0 0 5.9 4.4 Fe2Ti

3 68.7 22.4 2.3 1.2 0.8 1.7 2.9 Ti2Cu

4 78.3 15.1 2.1 0.8 0.4 1.1 2.2 a-Ti
5 30.4 66.9 0.4 1.1 0 1.2 0 TiCu2
6 20.3 72.4 0.8 1.5 0.8 3.1 1.1 TiCu4
7 29.4 3.8 58.4 0.8 0.3 4.6 2.7 FeTi

8 27.1 2.6 61.7 0 0 5.5 3.1 Fe2Ti

Figure 4 Ti–Cu binary alloy

phase diagram.
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Figure 6 EBSD-SEM micrographs of sample bonded for 80 min at 900 �C. a IQ map, b phase map, c IPF map and d legend of IPF map.

Figure 5 EBSD-SEM micrographs of sample bonded for 40 min at 900 �C. a IQ map, b phase map, c IPF map and d legend of IPF map.
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Evidently, with increasing the brazing time, the

quantity of intermetallic compounds was reduced. In

the present study, it was well demonstrated that

EBSD provided important information about the

accuracy of distribution phases in the joint zone.

Moreover, it was found that a narrower joint zone

was achieved in comparison to the previous similar

studies.

Mechanical properties of the joint

Figure 7 represents the microhardness profile for

different joints made at 900 �C. It could be seen that

the microhardness profile for the bond made at

20 min gave a hardness value of 296 VHN at the joint

center. Average hardness indicated that the couple

bonded at the bonding time of 40 min had the max-

imum value inside the joint zone with 342 VHN. It

could be attributed to the high density of inter-

metallics at the center joint. The hardness at the bond

center was increased with the bonding time owing to

the diffusion of titanium and iron into the joint center

and the diffusion away of copper from the center line,

leading to the formation of Ti–Fe compounds. In

other words, for a short bonding time, the joint center

was rich in Cu, resulting in lower hardness across the

joint zone. For a holding time of 60 min, at a distance

of 30 lm from the joint center and on the titanium

side, the profile showed the minimum hardness

value of 236 VHN across the joint region; on the other

hand, this was recorded to be 342 VHN at a distance

of 70 lm from the center line for a bonding time a

40 min. When the bonding time was increased to

80 min, the profile revealed uniform hardness across

both Ti–6Al–4V and AISI 304, as compared to prior

samples. The gradual homogenization of the joint

and the change in the formation of brittle compounds

at the interface could be responsible for the differ-

ences in microhardness profiles. Evidently, hardness

values were affected by grain size; the average grain

size of the base metals for different bonds is pre-

sented in Table 4. It was observed that raising the

Table 3 EDS analysis (wt%)

of selected regions for the

bonds shown in Figs. 5, 6

Region Ti Cu Fe Al V Cr Ni Suggested phases

A 45.2 40.1 7.1 1.5 1.4 2.6 2.1 TiCu

B 56.4 27.2 4.2 1.7 0.9 5.1 4.5 Ti2Cu

C 27.4 2.1 60.4 1.3 0.6 7.1 1.1 FeTi

D 25.3 1.3 61.8 0.6 0.2 8.4 2.4 Fe2Ti

E 41.7 34.9 19.1 1.1 0.6 1.8 0.8 TiCu

F 22.3 10.2 54.8 1.1 0.4 6.1 5.1 FeTi

G 16.1 2.8 63.7 0.7 0.4 9.6 6.7 Fe2Ti

Figure 7 Microhardness

profile across the joints made

at 900 �C for different bonding

times.
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bonding time led to a continuous reduction in the

hardness of the base metals due to the grain growth

that occurred, according to the Hall–Petch equation.

The interfacial bond strength of the joints was

performed by the single lap shear test with varying

bonding time. The results are displayed in Fig. 8. The

joint fabricated for 20 min recorded the shear

strength of 164 MPa. Increasing the bonding time

from 20 to 40 min resulted in the deterioration of

shear strength, reaching to 139 MPa, which was the

minimum value of the strength in the present work.

This could be due to the fact that the width of the

joint is increased with the rise of the holding time.

Prolonged bonding time led to widening the liquid at

the interface, as a result the deteriorated shear

strength. This observation is consistent with reports

in the literature [16, 19]. The strength was increased

with further increasing the bonding time from 40 to

60 min, reaching to 195 MPa. As discussed earlier,

the width of joint was reduced, leading to the better

joint strength. The maximum strength was 247 MPa

of the bond made for 80 min, which was approxi-

mately equal to the strength of the stainless steel. This

could be correlated with the lower density of Cu–Ti

phases inside the joint and an increment in the rate of

isothermal solidification, leading to the higher

mechanical properties. The metallurgical

combination and microstructure could remarkably

affect the shear strength of the joints. The consider-

able interdiffusion of Cu, Ti and Fe across joint zone

indicated that the formation of Cu–Ti and Fe–Ti was

inevitable at the interface. On the other hand, it has

been well demonstrated that Cu–Ti and Fe–Ti com-

pounds have a tendency to embrittle the bond

[16, 20, 22]. It was clear that the mechanical properties

could be improved by reduction in these phases

within the joint. In the present work, firstly, the

amount of eutectic and intermetallic phases was

increased and then decreased as the bonding time

was increased. Hence, it could be concluded that the

strength should be increased by elevating the bond-

ing time. The observed results for the shear strength

were in a good agreement with those mentioned

above.

Summary and conclusions

The effect of the bonding time on diffusion brazing of

Ti–6Al–4V/Cu/SS 304 was investigated. The major

findings and conclusions are drawn here:

(1) The interface characterization showed that by

elevating the bonding time, the joint width was

first increased and then continued to be

decreased, indicating the occurrence of the

isothermal solidification.

(2) The SEM–EDS and EBSD phase mapping

revealed that the interdiffusion of Ti, Fe and

Cu led to the formation of TiCu, Ti2Cu, TiCu4,

TiCu2, FeTi and Fe2Ti, producing a metallurgi-

cal bond at the interface.

Table 4 Average grain size (lm) of the base metals for different

brazing times

Bonding time (min) 20 40 60 80

304SS 23.1 26.1 28.4 30.2

Ti–6Al–4V 8.4 10.1 11.6 13.7

Figure 8 Shear strength as a

function of bonding time for

the joints fabricated at 900 �C.
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(3) EBSD-SEM also confirmed that the Cu–Ti

intermetallics density was reduced for a pro-

longed bonding time of 80 min, thereby imply-

ing the occurrence of the isothermal

solidification.

(4) The highest value of shear strength obtained

was 247 MPa, which was approximately equal

to the strength of AISI 304.
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