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Abstract: Hot isostatic pressure diffusion bonding experiments were conducted on the dissimilar alloys of TC4 titanium alloy and

Al6061 aluminum alloy. The interface characteristics, formation mechanism, and mechanical properties of the TC4/A16061 joint were

investigated, and the relevant experiment phenomena were explained by thermodynamic analysis. Results show that obvious mutual

diffusion of elements occurs on both sides of base material after hot isostatic pressure diffusion bonding and subsequent annealing

treatment. The chemical potential driving force leads to the enrichment of Si and Mg elements in the diffusion transition zone and Al

side interface, respectively. The intermetallic compounds, including TiAl,, TiAl, and Ti,Al, are formed through metallurgical reactions

at the joint interface. The calculation results through effective heat formation model indicate the preferential formation of TiAl, phase.

The hardness test indicates that the Ti-Al intermetallic compounds formed at the interface exhibit higher hardness. The tensile test

reveals that the maximum tensile strength of joint reaches 144 MPa.
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Heterogeneous metal joining components attract much
attention due to their combined advantages of two metals,
which can usually satisfy the requirements with low cost.
Titanium and its alloys have high specific strength and good
corrosion resistance, and thereby are widely used in the
aerospace and transportation industries. However, the high
production  cost further application' .
Aluminum and its alloys have good electrical and thermal

restricts  their

conductivity, low density, and corrosion resistance, and are
widely used in the manufacture of new energy vehicles and

*4_ Titanium/aluminum composite possesses

aircraft parts'
combined advantages of both alloys, which can simul-
taneously satisfy the requirements of high strength and
lightweight and greatly reduce cost, therefore presenting great
potential in application. However, the preparation of such
metallurgically well-bonded composite faces many challenges.

Recently, the titanium/aluminum hetero-metallic joining has
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been widely researched. However, there is a huge difference
in the physical properties between titanium and aluminum.
The melting point of titanium is 1668 °C, which is higher than
that of aluminum (1008 °C). The linear expansion coefficient
of aluminum is nearly three times larger than that of titanium.
The thermal conductivity difference of titanium and aluminum
alloys is nearly 204.8 W-m'-K™'. Besides, metallurgical
reactions are prone to occur during the titanium/aluminum
joining process, resulting in the formation of brittle Ti-Al
intermetallic compounds which cause uneven distribution and
aggregation at the joint, and therefore leading to the

B Direct fusion welding of

degradation of joint performance
titanium/aluminum hetero-metals can easily produce defects,
such as cracks and pores, in the welding heat-affected zone,
which reduces the joining performance of joint®*. It is found
that the pressure welding method can achieve good
metallurgical

bonding for titanium/aluminum hetero-

Corresponding author: Cao Rui, Ph. D., Professor, State Key Laboratory of Advanced Processing and Recycling of Nonferrous Metals, Lanzhou University of

Technology, Lanzhou 730050, P. R. China, E-mail: caorui@lut.edu.cn

Copyright © 2024, Northwest Institute for Nonferrous Metal Research. Published by Science Press. All rights reserved.



Ma Xianglong et al. / Rare Metal Materials and Engineering, 2024, 53(4):1002-1010 1003

metals®""!. Liu et al'” joined AA6063 alloy with Ti6Al4V
alloy by isothermal compression diffusion and found that the
interface is well formed and a diffusion layer with certain
thickness is formed at the joint interface. The diffusion layer is
mainly composed of TiAl, phase and titanium-aluminum solid
solution. Kar et al'"” joined AI20204 and Ti6Al4V alloys by
friction stir welding and reported that the continuous plastic
deformation without defects occurs at the joint interface. Fine
Ti particles are formed at the Ti side, and more dynamic
recrystallization grains are produced at the Al side. The
maximum tensile strength of the joint reaches 277 MPa. Guo
et all'!
welding and found that titanium and aluminum elements
undergo mutual diffusion, the interface bonding performance

prepared Ti/Al/Ti composite materials by explosive

is excellent, and a diffusion reaction layer including TiAl, and
Ti,Aly phases is formed at the interface. These results show
that the pressure welding with low heat input can avoid
defects, such as cracks, in the fusion welding heat-affected
zone, the formed, and high-quality
metallurgical bonding of titanium/aluminum can be achieved.

interface is well

Hot isostatic pressing (HIP) technique, namely diffusion
welding, involves the pressure and heating treatments onto the
components in a protective atmosphere for a certain period,
and then the components are joined through plastic
deformation and diffusion reactions. HIP diffusion-bonded
components have the characteristics of high density and good
metallurgical bonding, especially for the joints containing
heterogeneous components with many welding
positions. HIP technique can be conducted at special positions

metal

where traditional welding methods cannot. It can also join
multiple heterogeneous metal components at the same time,
and the quality of the joining interface is superb, which
greatly improves the production efficiency"*'®. Currently, HIP
diffusion bonding is a feasible and commonly used technique
for manufacture of new composite materials in the field of
heterogeneous metal joints. The joints of titanium/aluminum
dissimilar metal components are mostly special-shaped parts
in practical applications. In the joining processes of special-
shaped parts, high-quality all-position welded joints can
hardly be obtained by the traditional pressure welding method.
The joining of special-shaped parts with stable joining quality
can be achieved by HIP diffusion joining. However, HIP
diffusion bonding for titanium/aluminum hetero-metals is
rarely researched, and the microstructure, mechanical
properties, and formation mechanism of HIP diffusion-bonded
interface of titanium and aluminum hetero-metals are still
obscure.

Therefore, in this research, the feasibility of HIP diffusion
bonding to join TC4 titanium alloy and Al6061 aluminum
alloy was mechanism,

investigated. The formation

microstructure, and mechanical properties of the joints were
studied. The formation order of intermetallic compounds at
the interface was predicted by effective thermal model and
verified by experiment results. This research provided
theoretical and experimental basis for the development of HIP
diffusion bonding of TC4 titanium alloy and Al6061
aluminum alloy, which was conducive to the high-strength
and high-efficiency connection between titanium/aluminum
hetero-metals.

1 Experiment

The chemical composition of TC4 titanium alloy and
Al16061 aluminum alloy used in the experiments is shown in
Table 1. The phase composition was analyzed by micro-area
X-ray diffraction (XRD). Fig.1 shows the microstructures and
XRD patterns of the base materials. TC4 titanium alloy was
annealed for analysis. According to XRD pattern in Fig. lc,
TC4 base material has fine and uniform microstructure and it
is mainly composed of equiaxed o -Ti phase and gray-white
[-Ti phase. As shown in Fig.1b and 1d, the A16061 aluminum
alloy is mainly composed of flaky Mg,Si phase and Al-based
solid solution.

Several specimens of TC4 titanium alloy and Al6061
aluminum alloy with diameter of 20 mm and height of 35 mm
were prepared for experiments. To achieve better diffusion
bonding, A16068 aluminum alloy tube with inner diameter of
20 mm, outer diameter of 25 mm, and height of 75 mm was
used as the metal can. Before HIP diffusion bonding, the
joining surfaces of all specimens were sequentially polished
by 300# — 2000# sandpaper to achieve smooth and flat
interface. The specimens were then ultrasonically cleaned in
acetone solution for 5 min to remove oil stains and wiped by
alcohol using non-woven cloth. HIP diffusion bonding was
conducted by the HIPEX400 HIP diffusion bonding furnace.
Based on the commonly used temperature range for diffusion
welding, such as 0.67,—0.87 (T, is the lowest melting point
of base material), and combined with experiment results, the
experiment parameters of HIP diffusion bonding process were
set as follows: temperature of 530—540 °C, pressure of 140
MPa, and holding time of 3 h. To eliminate the influence of
residual stress, the specimens were subjected to post-weld
heat treatment (PWHT) at 500 ° C for 24 h"". The
temperature variation of HIP diffusion bonding and PWHT
processes is shown in Fig.2.

After stress-release annealing of the joints after HIP
diffusion bonding, the specimens were sampled and
mechanically polished by 300#—2000# sandpaper. The TC4
titanium alloy side was corroded by the solution of 2vol% HF+
4vol% HNO3+94vol% H,0, and the Al6061 aluminum alloy
side was corroded by Weck reagent (100 mL water+4 g

Table 1 Chemical composition of base materials (wt%)

Material Si Mg Fe Cr v Ti Al
TC4 - - 0.30 - 3.5-45 Bal. 5.5-6.75
Al6061 0.4-0.8 0.8-1.2 <0.7 0.04-0.35 - <0.15 Bal.




1004

Ma Xianglong et al. / Rare Metal Materials and Engineering, 2024, 53(4):1002-1010

45

40} ma-Ti ¢ 12 A Al d
%350 AB w | ©Mgsi
530 g10
o =
Ezs % 8 A
220 Z6
%15 § 4 A
EIO = 5 é "

5 A A A A e

0 h AI. l{ Iy . 0 fl I

20
20/(°)

Fig.1

30 40 50 60 70 80 90

HIP: 530-540 °C, 130 MPa, 3 h

20 30 40 50 60 70
20/(°)

80 90

Microstructures (a—b) and XRD patterns (c—d) of annealed TC4 alloy (a, ¢) and Al6061 alloy (b, d)

D20 mm

Temperature

50 °C /

0\
i

Annealing: 500 °C, 24 h

2
%
%o
B
%
“Q

Time

Fig.2 Temperature variation of HIP diffusion bonding and PWHT processes

potassium permanganate+l g sodium hydroxide). The
microstructure of the joint interface was observed by Zeiss
Axio Observer optical microscope (OM) and JEOL JSM
7200F scanning electron microscope (SEM). The Oxford X-
Max energy dispersive spectrometer (EDS) was used to
analyze the diffusion behavior of interface elements on the
joint interface area. The hardness test was performed by
VH1102-01-0087 Vickers hardness tester. The area near the
joint boundary of 500 pmx700 um was selected and divided
into small grids with dimension of 100 umx100 um, column
spacing of 0.15 mm, and row spacing of 0.2 mm. The load
was 0.98 N and the hardness distribution cloud map of the
joint was obtained. The room temperature tensile test was
performed by Instron 5582 dual-column electronic universal
testing machine. The fracture surface of the specimens was
observed by SEM and the phase was characterized by XRD.
Thermodynamic analysis of binary alloy systems was used
to analyze the diffusion behavior of elements by calculating
the formation enthalpy, Gibbs free energy, and chemical

potential of the system using the Miedema model"”. The
actual heat of formation reaction can be calculated by the
effective heat formation (EHF) model to predict the formation
order of compound phases in the binary systems®”. Currently,
the Miedema model and EHF model are widely used in the
welding field®" >,

2 Results and Discussion

2.1 TC4/Al6061 interface characteristics of joints pre-
pared by HIP diffusion bonding

Fig. 3 shows OM and SEM backscattered images of the
TC4/A16061 joints prepared by HIP diffusion bonding. No
obvious cracks or voids can be observed at the bonding
interface in Fig.3a. Fig.3b shows the formation of the reaction
layer with a certain thickness, which further demonstrates the
good metallurgical bonding of the joint.

Fig. 4 shows the microstructures and EDS element
distributions of the TC4/A16061 joint prepared by HIP
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Al6061

Fig.3 OM image (a) and SEM backscattered image (b) of TC4/
Al6061 joint prepared by HIP diffusion bonding

diffusion bonding. Fig.4a shows that the diffusion transition
zone exists in the middle area of TC4/Al6061 joint. The
joining interface between TC4 substrate and diffusion
transition zone is almost straight, whereas that between
Al6061 substrate and diffusion transition zone is wavy. This
phenomenon is attributed to the plastic deformation difference
caused by the hardness difference between the two substrates
during the diffusion bonding process. Compared with the TC4
substrate, the Al6061 substrate is softer and has a greater
degree of plastic deformation. Fig.4b is the magnified image

of Fig.4a, and the thickness of the diffusion transition zone is

1
Line scanning !

Al6061

Si segregation

e
\.

about 2 um. Fig.4c—4f show the EDS surface scanning results
of the TC4/A16061 joint in Fig.3b. It can be seen that obvious
Si segregation exists in the diffusion transition zone, and the
Mg segregation occurs at the interface of Al6061 side. This
phenomenon is similar to the results in Ref.[12,24]. Addition-
ally, the interface consists of TiAl, phase (0.2 pm), TiAl phase
(2 pwm), and Ti,Al phase (0.5 pm). The reasons for the
segregation of Si and Mg elements are as follows. (1) During
the diffusion bonding process, Al, Si, and Mg atoms on the
Al6061 substrate side diffuse to the TC4 substrate side.
Because the atomic radii of Al (0.117 nm) and Si (0.143 nm)
elements are smaller than that of Mg (0.162 nm), the
activation energy for the diffusion of Si and Al atoms is lower
than that for Mg atoms, therefore resulting in easier diffusion
of Si and Al atoms. (2) The chemical formation enthalpies of
Si and Ti are negative, indicating that they can spontaneously
generate strong chemical interactions, which provide driving
force for the Si diffusion. The Si and Al atoms diffusing to the
TC4 substrate side occupy most diffusion channels, and thus
the diffusion of Mg atoms is relatively inhibited. In addition,
the Al6061 substrate side provides a large number of
vacancies for the remaining Mg atoms'”. (3) The chemical
potential of Si in the diffusion transition zone is decreased
with increasing the Ti atoms, and the chemical potential
gradient of Si is large.

Fig.5 shows EDS line scanning results of the TC4/A16061
joint in Fig.4a. Table 2 shows EDS point scanning results at
different positions of the TC4/Al6061 joint in Fig. 4b.
Obviously, mutual diffusion occurs on both substrate sides
and the Ti-Al
thicknesses are formed at the joint interface by metallurgical
reactions. Based on the point scanning results in Table 2 and
XRD patterns in Fig. 6, it can be determined that the joint is
composed of the Ti;Al, TiAl, and TiAl, phases. The Ti,Al

intermetallic compounds with different

Mg segregation

Fig.4 Microstructure of TC4/A16061 joint prepared by HIP diffusion bonding (a); magnified image of Fig.4a (b); EDS element distributions of

Fig.3b: (c) Al element, (d) Ti element, (e) Si element, and (f) Mg element
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Fig.5 EDS line scanning results of TC4/A16061 joint in Fig.4a

Table 2 EDS point scanning results at different positions of TC4/

Al6061 joint in Fig.4b
Point Content/wt% Possible

Al Ti Si Mg Fe phase
1 1.5 97.8 0.31 - 0.39 TC4
2 26.24 69.58 3.97 020  0.01 Ti,Al
3 44.14 47.01 8.85 - - TiAl
4 48.41 42.39 9.02 0.18 - TiAl
5 44.10 49.59 597 0.35 - TiAl
6 49.13 43.83 6.10 038  0.56 TiAl
7 57.87 34.38 6.31 083  0.61 TiAl,
8 66.79 27.94 3.23 1.46  0.58 TiAlL
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Fig.6 XRD patterns of tensile fracture surfaces of TC4/A16061 joint
at A16061 substrate side (a) and at TC4 substrate side (b)

phase (about 0.2 um in thickness) is located at the interface of
Ti substrate side, the TiAl phase (about 2 pm in thickness) is
located in the diffusion transition zone, and the TiAl, phase

(about 0.5 um in thickness) is located at the interface of

Al6061 substrate side. These results are consistent with those

in Ref.[22-23].

2.2 Thermodynamic analysis of TC4/Al6061 joint pre-
pared by HIP diffusion bonding

The diffusion behavior of elements is often influenced by
the chemical potential gradient. Driven by the chemical
potential gradient, elements always diffuse from the region
with high chemical potential to the region with low chemical
potential® >, The chemical potential of substance is also the
partial molar free energy, which can be calculated by Eq.(1),
as follows:

0G
Au, =22
= o,

@)
where g, is the chemical potential of component i; G is the
free energy of system; x,, is the mole fraction of component
i0rj.

According to the Miedema model, the calculation equations
of free energy of system G are as follows:

G=G+G" )
G'=x,G,+ x,G,+ RT (x,Inx, + x;Inx,) 3)
E _ — L + L
GF = M, (1= T (4 )/14] )
xi[Ttux (o) 1 x,[1+px,(9,—9.) ]
AHU:ﬁj J J J J (5)

X[VAM [1 +/‘[x/(¢f¢j)]+x/V/2/3 [1 +/“/x;(§0/7§0i)]
_ 2pVVPLalp(Ang ) — (Ap) —a(rip) ]
i (Anl/g)gl +(Anm -1

ws ws Jj

(6)

where x is the mole fraction of component; R is the gas
constant as 8.324 J/(mol'K) '; T is the thermodynamic
temperature; 7, is the melting point of component; ¢ is the
electronegativity of component; ¥ is the molar volume of the
component; n__ is the electron density of component; g, 7 4,
and a are empirical constants.

Based on the Miedema model and relevant thermodynamic
parameters®™ ), the relationship between the Ti and Si
contents and the Si chemical potential at 530 —540 ° C is
calculated according to Eq.(1-6), and the results are shown in
Fig.7. It can be seen that at 530—540 °C, when x,,<0.5mol%,
the chemical potential of Si is decreased with increasing the Ti
content. When x,;>0.5mol%, the chemical potential of Si is
increased with increasing the Ti content. According to EDS
point scanning results of the joint at different positions in
Table 2, the Ti content in the diffusion transition zone is less
than 0.5mol%. Therefore, during HIP diffusion bonding of the
TC4/A16061 dissimilar metals, the chemical potential of Si is
decreased with increasing the Ti content, which causes the Si
atoms on the Al side to continuously accumulate towards the
diffusion transition zone and finally results in the Si
segregation phenomenon.

Based on EDS point scanning result in Table 2 and XRD
results of the fracture surfaces in Fig. 6, Ti-Al intermetallic
compounds are formed at the interface of TC4/Al6061 joint
prepared by HIP diffusion bonding. The formation of these
intermetallic compounds has an important influence on the
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Fig.7 Relationship between Ti and Si contents and chemical

potential of Ti-Si binary system at 530-540 °C

joint properties. Therefore, the formation sequence of Ti-Al
intermetallic compounds in the Ti-Al binary system should be
predicted. Based on the relevant thermodynamic data of the
alloy system, Pretorius et al***”' proposed an EHF model and
successfully applied it to the formation sequence of Cr-Si
binary compounds. Laik et al®” also predicted the compound
formation sequence in the Zr-Al binary system by this model.
According to EHF model, for the Ti-Al binary system, the
eutectic composition with the lowest eutectic temperature
(660.45 °C) in the Ti-Al binary phase diagram is selected as
the effective composition, namely 98.0A1-2.0Ti (at% ) alloy,
with Ti as the control element”". EHF of Ti-Al intermetallic
compounds at different temperatures can be expressed, as
follows:

C
AGNU(T) = fAGf(T) @)
0
AG,(TiAl,)=(~40349.6+ 10.365 25T ) x 10 ®)
AG,(TiAl)=(-37 445.1+16.793 76T ) x 10" )
AG,(Ti,Al)=(-29 633.6 +6.708 017 ) x 10° (10)

where AG{(T) is the effective heat of formation energy at
different temperatures 7 with unit of kJ-(mol-at%)™"; AG.(T)
is the standard heat of formation
at different temperatures 7 with unit of kJ- (mol-at% ) ™"; ¢

molar reaction

is the effective concentration of Ti with unit of at% ; ¢,
is the concentration of Ti in the Ti-Al compound with unit
of at%.

The molar reaction standard heats of formation AG(T) of
TiAl,, TiAl, and Ti,Al intermetallic compounds at different
temperatures 7 can be calculated by Eq.(8—10)"", respectively.
Therefore, the effective heats of formation energy of Ti-Al
intermetallic compounds at 427 — 627 °C are calculated, as
shown in Fig.8.

As shown in Fig.8, it can be seen that TiAl, has the lowest
effective heat of formation energy at 530—540 °C, and it is
firstly generated at the interface, followed by the TiAl and
Ti,Al phases. These results are consistent with the experiment
results. This prediction result is also consistent with the results
in Ref.[28,32].
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Fig.8 Effective heats of formation energy of Ti-Al intermetallic
compounds at 427-627 °C

2.3 Formation mechanism of TC4/Al6061 joint prepared
by HIP diffusion bonding

Fig.9 shows the formation mechanism of the TC4/A16061
joint prepared by HIP diffusion bonding, which can be divided
into three stages.

In the first stage, the yield strength of TC4 and Al6061
alloys is decreased with increasing the temperature. At the
interface between TC4 and Al6061 alloys, the isostatic
pressure causes plastic deformation, promoting the complete
physical contact between TC4 and A16061 alloys, as shown in
Fig.9a. Subsequently, during HIP diffusion bonding process,
due to the concentration gradient of elements in TC4 and
Al6061 alloys, Ti atoms in TC4 mainly diffuse towards the
Al6061 side, whereas Al, Si, and Mg atoms in Al6061 alloy
mainly diffuse towards the TC4 side. The increase in
temperature and pressure promotes the element diffusion.
Based on the thermodynamic analysis, TiAl, has the lowest
effective heat of formation energy. Therefore, Ti and Al atoms
firstly undergo metallurgical reactions to form the TiAl, phase,
as shown in Fig.9b. In the third stage, due to the asymmetric
diffusion of Ti and Al atoms, at the same temperature, the
diffusion of Ti atoms towards the Al side is stronger than that
of Al atoms towards the Ti side below the melting point of
AI®¥. Therefore, the TiAl, phase grows on the TiAL/Al side,
and Si and Mg atoms are enriched in the diffusion transition
zone and Al side interface, respectively, which is driven by the
chemical potential gradient, as shown in Fig. 9c. After long-
term PWHT annealing, metallurgical reactions (Ti+3AI=TiAlL,
2Ti+TiAL,=3TiAl, 3Ti+Al>Ti,Al) occur in the joint™,
forming Ti,Al, TiAl, and TiAl, layers with a certain thickness,
as shown in Fig.9d.

2.4 Mechanical properties of TC4/Al6061 joint prepared

by HIP diffusion bonding

Fig. 10 shows the hardness distribution of the TC4/A16061
joint prepared by HIP diffusion bonding. It can be seen that on
the TC4 titanium alloy interface side, the average hardness
value (HV,,) near the interface is the highest of 1920.8 MPa.
The average hardness value slightly decreases to 17844.4 MPa
away from the joint interface. On the Al6061 aluminum alloy
side, the average hardness value near the interface is the
highest, reaching 1127.0 MPa. The average hardness value
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Fig.10 Hardness distribution of TC4/A16061 joint prepared by HIP
diffusion bonding

rapidly decreases and finally reaches a stable average hardness
value of 470.4 MPa away from the joint interface, which
decreases by 58.26%, compared with that of the joint interface
at Al6061 aluminum alloy side. The change in the joint
hardness is related to the diffusion layer at the interface,
where Ti-Al intermetallic compounds are formed due to
atomic diffusion and metallurgical reactions. Therefore, the
hardness of formed intermetallic compounds is higher than
that of the substrate materials!>*". The further the distance
away from the diffusion layer, the less intense the atomic
diffusion in the two substrate materials. Thus, less Ti-Al
intermetallic compounds are formed, which results in the
decrease in the average hardness.

The stress-strain curves of TC4/A16061 joint during the
tension tests are shown in Fig. 11. The brittle fracture is the
dominant fracture type of tensile fracture surface. The
maximum tensile strength of the joint reaches 144 MPa,
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B e
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Fig.11 Stress-strain curves of TC4/A16061 joints during tensile tests
which is higher than that of other diffusion-bonded Ti/Al
joints®?*. The thin Ti-Al intermetallic compound layer is
well bonded to the substrates, indicating that the TC4/A16061
joint prepared by HIP diffusion bonding has good
metallurgical bonding effect. XRD patterns of the tensile
fracture surfaces are shown in Fig. 6, indicating that Ti, Al,
TiAl, TiAl,, and Ti,Al phases exist in the TC4 substrate side.
Only Al diffraction peaks exist in the fracture surface at
Al6061 substrate side. Therefore, it can be concluded that the
TC4/A16061 joint fractures in the diffusion layer at the
Al6061 substrate side or in the interior of the A16061 substrate
side. The tensile fracture morphologies are shown in Fig. 12.
Cleavage fracture with a lot of river patterns appears on the
fracture surface of TC4 substrate side. Fig. 12c shows the
magnified image of the rectangular area in Fig.12a. It can be
seen that many small particle-like phases appear at the edge of
the river pattern, which is identified as the TiAl, phase by
EDS analysis results, as shown in Table 3. Wei et al®
reported that the particle-like TiAl, phase has weak bonding
effect with the Al6061 substrate, resulting in the lower joint
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Fig. 12  Tensile fracture morphologies of TC4/Al16061 joint prepared by HIP diffusion bonding at Al6061 substrate side (a—b) and at TC4
substrate side (d); magnified images of area A in Fig.12a (c), area B (e), and area C (f) in Fig.12d

Table 3 EDS analysis results of point 1 in Fig.12¢

Element wt%
Al 66.45
Ti 23.57
Si 7.49
Mg 2.49

strength. A lot of cleavage steps (Fig. 12d) appear in the
fracture surface of Al6061 substrate side. Fig. 12e—12f show
the magnified images of the rectangular areas in Fig.12d. Both
ductile and brittle fracture characteristics can be observed,
such as dimples and tearing edges in Fig. 12¢ and 12f,
respectively. According to XRD analysis of the fracture
surface on the Al6061 substrate side, the fracture surface is
primarily composed of Al phase, which possesses excellent
plasticity and exhibits tough fracture characteristics. The
existence of Ti-Al intermetallic compounds leads to the
overall brittle fracture of the tensile fracture surface.

3 Conclusions

1) The TC4/Al6061 joint with no obvious macroscopic
defects can be prepared by HIP diffusion bonding. The
elements of the two substrates undergo mutual diffusion and
metallurgical reactions, generating Ti-Al intermetallic
compounds with different thicknesses. The interface consists
of TiAl, phase (0.2 pm), TiAl phase (2 um), and Ti,Al phase
(0.5 um). Under the driving force of chemical potential, Si
atoms are segregated in the diffusion transition zone of the
interface. Mg atoms are segregated in the interface zone near
Al6061 substrate side.

2) TiAl, phase has the lowest effective heat of formation
energy through EHF model, which is formed firstly during the

metallurgical reaction. With increasing the Ti content in the

diffusion transition zone, the chemical potential of Si atoms is
decreased, leading to the Si segregation in the diffusion
transition zone.

3) The Ti-Al intermetallic compounds with higher hardness
are formed at the TC4/Al6061 joint interface. The TC4/
Al6061 joint has the maximum tensile strength of 144 MPa,
and the brittle fracture is the dominant fracture mode. The
TC4/A16061 joint fractures at the diffusion layer on the
Al6061 substrate side or at the interior of Al6061 substrate
side.
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TC43KE & 5 Al6061 558 £ AFEEY FUEIRIE LN A EIFHER T1F MR

BRARIE', #O&, #E O, EERE HER!
(1. ZJNHR TR Addtd &R LS HAHE R E A0, il 221 730050)
Q. BRFERMARAFR, Jb5 100081)

7 E: N TCARA & AI6061 555 411 57 Fh & B AEAT T S R HOEHESEIG, W 9T T TCA/AI6061 EEHEHE K I FLIRHE . T AL
M ENERE, HOBL RS A IIRRAI G SEIRI R . A FRW, GRS BOEE MR RIB KA S, FINEIM i KA TR Y
B, Mo Siv Mg ae R TEA 2B IKEN S 1 FT R 43 5w AR T4 WOk X A0 AL T . B Sk FRTI R AR iR 4 ROSVAE B TIAL . TiALL Ti,Al% 4
JERIAMEEYD, 8IS A R BB T S B TIAL M A e 58 S0 3 B S T 2E A Ti-AL6 i (A G ) B B R B o A sy
RS KPR R LI B T 144 MPa.
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