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a  b  s  t  r  a  c  t

The  microstructures  and  formation  mechanism  of the  interface  between  pure  aluminum  and  graphite
were  studied  when  performed  the  active  brazing  in  atmospheric  conditions  using  assistive  ultrasonic
vibration.  At  the  C/solder  interface,  the  active  component  (Ti)  in  the  Sn5Ag5Ti  active  solder  can  reduce
the  surface  tension  on  the  surface  of  graphite  through  the interface  reaction  between  Ti  and  C atoms,
which  is the  dominant  driving  force  during  wetting  process  on the  surface  of  graphite;  at the  Al/solder
interface,  Ag  and  Al atoms  can  form  a type  of  substitutional  solid  solution  due to  occupy  the  positions  of
diffused  Al  atoms  and  affect  the  diffusion  path between  Al and  Ti atoms  under  the  brazing  temperature,
luminum
nteraction
ctive solder
razing
ltrasonic vibration

which  can  reduce  the surface  tension,  lowering  the energy  of whole  system  and  improving  the  wetting
behavior  of the  liquid  solder  on the aluminum  surface.  The  application  of ultrasonic  vibration  can  remove
the  surface  oxidation  films  of  the base  metals  and  molten  solders;  hence,  ultrasonic  vibration  can  enhance
the wettability  of liquid  solder  on  the surface  of  the  base  metals  and  accelerate  the element  diffusion
rates  of  interfacial  reactions.
. Introduction

The main challenges in brazing carbon materials to metal lie
n their metallurgical incompatibility and the mismatch of their
hysical properties. Graphite has a covalently bonded structure
ith extreme physical and chemical stability. This makes it very
ifficult for metallic solders, which contain metallic bonds, to wet
raphite surfaces. Because of the large difference in the thermal
xpansion coefficients and the melting point of metallic materi-
ls compared to graphite, the fusion-welding method can rarely
rovide a high-quality welding joint. Instead, a large stress gradient
nd thermal residual stress will be produced in the heat-affected
rea of the welding joint. Active brazing is one of the most effective
ays for brazing graphite with metallic solder because the active
omponents in the filler metal can react with the graphite, form-
ng a stable gradient layer to connect the two materials by Hao
t al. (1995) and Zhong et al. (2009). However, the active compo-

Abbreviations: EDS, energy dispersive X-ray spectroscopy; EN, electronegativity;
EM, scanning electron microscopy; TEM, transmission electron microscopy; XRD,
-ray diffraction; IMC, intermetallic compound.
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nents can be oxidized quickly and will, therefore, lose activity in
atmospheric conditions. The oxide films of solder formed in air
will block the spreading and wetting process of the liquid filler
metal on the solid surface of base metals. Therefore, most active
brazing operations are performed under vacuum or in an atmo-
sphere of protective gases at a high temperature (at least 1000K
or higher).

However, it is necessary to find an efficient way to address the
problems of oxidization and wetting of the filler metal on the base
metal where performed the active brazing in atmospheric condi-
tions. One promising option for solving this problem is ultrasonic
assisted brazing technology, which has been shown to be superior
to traditional brazing technology, investigated by Saxty (1999) and
Ishikawa et al. (1980). Besides, Xu et al. (2005) and Zhang et al.
(2010) also believed that the ultrasonic brazing technology could
effectively improve the wettability of liquid solder; therefore, it is
very suitable and reliable for brazing materials with poor wettabil-
ity, such as graphite, especially when the materials are dissimilar
and have large differences in the melting points and expansion
coefficients

In this study, ultrasonic waves were used with tin-based active
brazing technology to braze graphite to aluminum in atmospheric

conditions at 773 K. This low-temperature wetting activity of sol-
ders and the interface formation mechanism between solders to
base metals under ultrasonic waves were studied, and the function
of the ultrasonic waves in the brazing process was also analyzed.

dx.doi.org/10.1016/j.jmatprotec.2015.02.028
http://www.sciencedirect.com/science/journal/09240136
http://www.elsevier.com/locate/jmatprotec
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jmatprotec.2015.02.028&domain=pdf
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Fig. 2. The XRD pattern of the Sn–Ag–Ti ternary alloy.

the active component that has selective positive segregation (in this
case, Ti) plays a crucial role in the solid–liquid interface to form a
reaction layer, which affects the wettability of the liquid solder on
the graphite in this brazing process.

Table 1
EDS point analysis results of the interface at the four points indicated in Fig.5.

Elements wt%

1 2 3 4
Fig. 1. Schematic diagram of the brazing process with ultrasonic waves.

he scientific basis of this brazing process will be provided to
nhance the wide range of applications of brazing technology for
etal/carbon materials and to provide theoretical guidance for this

rocess.

. Experiment materials and methods

Pure aluminum Plate 1060 and graphite were used as
he base metals to be joined, the sizes of the graphite
nd aluminum alloy specimens were 20 mm × 20 mm × 5 mm
nd 100 mm × 20 mm × 2 mm,  respectively. The filler metal was
n5Ag5Ti active solder. The active filler metal was smelted in a vac-
um high-frequency induction furnace using a tin bar, silver grains,
nd titanium foil, each with purity of 99.99%. The brazing proce-
ure is shown in Fig. 1 in atmospheric conditions. The frequency
nd amplitude of the applied ultrasonic waves were 20 kHz and
–50 �m,  respectively. The brazing temperature was 773 K. Prior
o brazing, the surfaces of the two base metals and the filler metal
oil were polished mechanically and then cleaned thoroughly with
cetone. The active solder was rolled into the shape of a foil to
ll the space between the graphite and pure aluminum. First, the
raphite must be heated to 773 K by resistance-heated furnace in
ir, and then the ultrasonic vibration is activated for 5 s. After that,
he whole brazed joint will remain in the furnace as it cools to
oom temperature. The ultrasonic horn must be imposed on the
luminum surface of the lap joint to acquire a stable and reliable
razed joint as the porosity of graphite can absorb most of the ultra-
onic energy. The interfacial microstructures of the brazed joints
ere imaged using scanning electron microscopy (SEM, QUANA-

EG450) and transmission electron microscopy (TEM, FEI-TECNAI
2-TF20), and the phases of the interfacial reaction products were
nalyzed using X-ray diffraction (XRD). Energy dispersive X-ray
pectroscopy (EDS) was also used to detect the element diffusion
nd distribution in the transverse sections.

. Results and discussion

.1. Microstructures of brazing joint

The XRD results and the microscopic structure of filler metal
re shown in Figs. 2 and 3, respectively. The filler metal primarily
onsisted of alloys in the Sn–Ag eutectic phase, including Sn3Ti2,
n3Ti5, and Sn5Ti6, and the intermetallic compounds of Sn–Ti pre-
ented needle-shaped or spotty distribution on the bases of the
-Sn and Ag3Sn eutectic structure materials. When the active sol-
er was melted in air at the brazing temperature (773 K) in the
bsence of ultrasonic waves, the liquid solder was rapidly encapsu-
ated by its own oxidation films. These oxide films will prevent the
iquid solder from properly wetting the surface of the base metals.
y applying ultrasonic waves, it was possible to break through the

xidation film barrier and allow the active solder to properly wet
he surface of the base metals. The elemental line scan of the brazing
oint is shown in Fig. 4. Mutual diffusions of the elements between
he two base metals and the Sn–5Ag–5Ti active solder are evident
Fig. 3. Microstructure of the filler metal.

where the Ag and Al atoms are enriched at the boundary of alu-
minum, and where Ti and C are concentrated at the boundary of
graphite. Additionally, certain carbon contents could be detected
inside the aluminum and filler metals.

The elemental mapping of the graphite/solder interface is shown
in Fig. 5, and the chemical compositions of the four feature points
indicated in Fig. 5 are listed in Table 1. According to the EDS data,
the content of the Ti element at the interface (point 1) is consid-
erably larger than the initial content in the Sn–5Ag–5Ti alloy. This
increase is due to the positive absorption of the active element (Ti)
at the boundary of graphite, and the epiphase concentration of Ti
is much higher than its bulk-phase concentration, which occurs
because Ti has a tendency to accumulate at the graphite side. Thus,
Sn 21.3 8.2 53.3 94.7
Ag  48.1 0.9 0.7 1.4
Ti  18.2 34.8 43.6 0.0
C  12.5 30.2 2.4 3.9
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Fig. 4. The SEM micrograph of the soldered joint with overlaid elemental line scans
for  Ag, C, Al, Sn, and Ti.

Table 2
The EDS point analysis results of the interface at the three points indicated in Fig.6.

Elements wt%

A B C

Sn 66.0 4.2 0.2
Ag  4.8 55.2 0.0
Ti 0.0 0.1 0.0
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C  25.3 11.9 13.8
Al  3.8 28.5 86.0

The elemental mapping of the aluminum/solder interface is
hown in Fig. 6, and the chemical compositions of the three feature
oints indicated in Fig. 6 are listed in Table 2. Along this interface,

 substitutional solid solution with intensive segregation of Ag and
l atoms had been formed. Additionally, C atoms have homoge-
eously diffused into the aluminum body. From the XRD patterns
f the brazed joint transverse section (Fig. 7), some new Al–Ti com-
ounds are evident inside the brazed joint, and insufficient initial
n–Ti intermetallic phases of the solder are present in the joint. The
EM bright field images in Fig. 8 show that Sn–Ag–Ti active solders
ith a fine grain size reacted with the graphite to generate com-
on  grains, and that C atoms were also detected in the aluminum

ody.
When a given component can reduce the surface tension of the

ystem, that component will be adsorbed onto the interface in Fang
nd Feng (2005)’s book. The active element in the solder can impact
he wetting behavior of liquid solder to the surface of base metals,
hich is the dominant driving force in the wetting process, accord-

ng to the studies of Naidich et al. (2008) and Xian (1991). Moreover,
he selective segregation of the active element (Ti) is related to

he surface states of the base metals, which means that adsorption
henomenon will occur under a stable planar solid–liquid inter-
ace (such as the interface of graphite to liquid solder) and that the
Fig. 5. The SEM image of the graphite/solder interface and corresponding C, Ag, Sn,
and Ti EDS maps.

surface of solid base metal will not be significantly dissolved by the
liquid solder under the brazing temperature.

However, in this work, the inactive element (Ag) occupied the
positions of aluminum atoms that had been consumed by diffusions
and reactions, which mean that the Ag atoms were absorbed along
the aluminum interface, reducing the surface tension and lower-
ing the energy of the system. Besides, when two different elements
have a large difference in electronegativity (EN), they will have a
strong chemical affinity for one another. Thus, Ag atoms can slow
down the diffusion rate of Al to Ti, as the chemical affinities between
Ag (EN: 1.93) and Al (EN: 1.61) and between Ag and Ti (EN: 1.54) are
both strong, which evaluated in Roy Morrison (1977)’s book. Based
on the similar atomic radii, Ag (0.144 nm)  and Al (0.143 nm) can
form a kind of substitutional solid solution, which leads to appre-
ciable solid solution strengthening by lattice distortion. Moreover,

the solid solubility of C element in Al at the brazing temperature is
extremely lower, the dark dots in the brazed joint shown in Fig. 8
are formed by the diffusion of C atoms from the base metal, which
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3.2. Formation mechanism of brazed joint
ig. 6. The SEM image of the aluminum/solder interface and corresponding Ag, Sn,
l,  C, and Ti EDS maps.

recipitated with graphitic morphology once the brazed joint
ooled to room temperature as described in Лякишeв (2008)’s book.

During the brazing process, the Sn–Ag eutectic phases were
elted as a liquid channel to accelerate the diffusion and reaction

ates of other elements. The solubility of Sn in the two base metals
s very low, and Sn can decrease the melting point of the Sn–Ag–Ti
ernary alloy. Therefore, the activity coefficient of Ti in the solution
an be increased by incremental variation of the Ag content. More-
ver, a certain solubility of Ti in Sn at the brazing temperature can

rovide a large number of active Ti atoms to react with base metals
uring the brazing process that obtained in Tang and Li (2012)’s
aper.

Fig. 8. The TEM bright field images of the interfa
Fig. 7. The XRD patterns of the brazed joint transverse section.

As the free energy of formation of TiC is higher than that of
Sn–Ti intermetallic compounds, C atoms can bond with Ti atoms
from Sn–Ti intermetallic compounds in interfacial reactions to gen-
erate TiC phases. The liquid solder acting as the solvent of the
protective body contains Ti elements as the solute to ensure the
low-temperature activity of Ti elements in this process. As shown
in Figure 9, the dominant driving force of the uphill diffusion of Ag
and Ti atoms is the transformation of the chemical potential in the
alloy solution, and the differences in the chemical potential con-
centration drive the downhill diffusion process from the two base
metals to the solder.

The addition of ultrasonic vibration energy to the brazing pro-
cess can promote interfacial reactions because the alloy solutions
absorb propagating ultrasonic waves and convert them to heat.
Additionally, both capillary action and the fillability of the liquid
solder are intensified under ultrasonic vibration, especially at the
surface of graphite, which can lead to further infiltration of the sol-
der into the base metal. In this brazing method, the active element
plays a crucial role in affecting the surface tension and wettability of
the liquid solder on the base metals through its significant positive
absorption in the solid–liquid interface. As a result, the brazed joint
produced in this study is composed of AlTi, Al2Ti, and TiC phases,
which are produced by interfacial reactions at the brazing temper-
ature, along with other original solder structural compounds. The
average shear strength of this brazed joint is 13 MPa, which is high
than the graphite (Fig. 10).
After the brazing process, Sn3Ti2, Sn3Ti5, and Sn5Ti6 in the orig-
inal solder disappeared from the brazed joint in whole or in part.

cial microstructures of the soldered joint.
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Fig. 9. Schematic diagram of the concentration and diffusion direction of atoms in
the brazed joint system.

Table 3
Temperature dependence of free energy of formation of the C/Ti interface reaction.

Reaction equations Free energy of formation, �Gf (J/mol)

(1) −183,142.62 + 10.0873T

M
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w
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Fig. 11. Free energy of formation of Eqs. (1)–(4) and different Al–Ti compounds as
a  function of temperature.

Table 4
Temperature dependence of the free energy of formation of different Al–Ti
compounds.

Compounds Free energy of formation, �Gf (J/mol)

AlTi −37,445.1 + 16.79376T
Al2Ti −43,858.4 + 11.02077T
(2) −94,056.58 − 407.60691T
(3) −485,459.34 − 510.50988T
(4) −473,755.85 − 78058095T

oreover, AlTi and Al2Ti were produced at the boundary of alu-
inum, while TiC was produced at the boundary of graphite. The

DS data show that C and Ti are enriched at the boundary of
raphite, and Al and Ag are enriched at the boundary of aluminum.
rom this, we believe that the following replacement reactions,
hich are based on calculations using data from Dalun and Jianhua

2002), Barin and Knacke (1997) and Liu et al. (2005), may  have
ccurred at the boundary of graphite (Table 3):

�-Ti] + C(s) = TiC(s) + �H (1)

Sn3Ti2] + 2C(s) → 2TiC(s) + 3Sn(l) (2)

Sn3Ti5] + 5C(s) → 5TiC(s) + 3Sn(l) (3)

Sn5Ti6] + 6C(s) → 6TiC(s) + 5Sn(l) (4)

Similarly, based on calculations using data in Dalun and Jianhua
2002), Peng et al. (2005), Yang and Weatherly (1996) and Sujata
t al. (1997), the following reactions may  have occurred at the

oundary of aluminum.

[˛-Ti] + Al3Ti = 3AlTi(l) + �H (5)

lTi(s) + [Al] = Al2Ti(l) + �H (6)

Fig. 10. Schematic diagram of the structu
Al3Ti −40,349.6 + 10.36525T
Al5Ti2 −40,495.4 + 9.52964T

In theory, Al2Ti phases are initially formed at the Ti/Al interface.
During this time, the Al atoms can continually diffuse through the
Al/Al2Ti zones to react with Ti atoms, which have been verified by
Sun et al. (2013) and Mirjalili et al. (2013), hence the Al2Ti and AlTi
phases can nucleate along the Ti/Al interface in succession. At the
same time, a large number of Ag atoms, which decomposed from
the Ag3Sn phase, diffused and occupied the positions of reacted Al
atoms, decelerating the diffusion rate between Al and Ti atoms and
reducing the whole system to its lowest energy during the cool-
ing process. Though the Al3Ti and Al5Ti2were not observed in the
brazed joint, it is considered to be too few to be detected (Table 4
and Fig. 11).

As the temperature gradually decreases during the brazing pro-
cess, the solubility of Ti in Sn also decreases, which means that
some free Ti cannot form new compounds (like TiC, AlTi or Al2Ti),
but exists as solid elemental Ti in the brazed joint. The Sn–Ti alloys

are hard and brittle intermetallic compounds, which can increase
the melting point of the active solder and decrease its usability.
In this brazing technology, the brazed joint was  generated after
the liquid solder had wetted the base metals, throughing mutual

ral components of the brazed joint.
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iffusion between the base metals and the active solder, producing
iC and Al–Ti intermetallic compounds as reaction products.

. Conclusions

Applying ultrasonic waves during the brazing of aluminum to
raphite using Sn–Ag–Ti active solder in air can produce a stable
nd reliable brazed joint. The selective positive segregation of Ti and
g atoms to the C and Al base metals, respectively, is the dominant
riving force in reducing the surface tension during the wetting
rocess. A stable and reliable brazed joint is formed when the active
lement and the base metals interact favorably. Ultrasonic vibra-
ion can remove surface oxidation films on both the base metals and
n the solder itself, thereby improving the wetting and spreading
ehavior of the liquid solder and reducing the energy required to

nitiate interfacial reactions.
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