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Introduction

Titanium and its alloys exhibit a unique
combination of mechanical and physical
properties as well as corrosion resistance,
which make them desirable for several in-
dustrial sectors such as power generation,
chemical processing, aerospace, and med-
ical applications. On the other hand, steel
and steel alloys represent the most impor-
tant and widely used materials in industrial
applications. Gradually, composite struc-
tures of dissimilar metals were accepted in
national defense and civil industrial fields,
such as aeronautics and astronautics, and
energy and electric power industries.
Composite components of titanium alloy
and steel can take advantage of these two
materials simultaneously. A partial re-
placement of steel components with tita-
nium alloys will become an important way
to reduce the mass of spacecrafts (Refs.
1−3). 

Titanium belongs to a family of metals
called reactive metals that have a strong
affinity for oxygen. At room temperature,
titanium reacts with oxygen to form tita-
nium dioxide. This passive, impervious
coating resists further interactions with the
surrounding atmosphere, and gives tita-
nium its famous corrosion resistance. The

resultant layer has to be removed prior to
joining because it melts at a much higher
temperature than the base metal (Ref. 4).

Brazing is one of the most inexpensive
and convenient methods for joining tita-
nium and titanium to dissimilar metals.
Joining in a vacuum environment in-
creases the cost of production and also re-
duces the design flexibility (Refs. 5, 6).
Therefore, vacuum-free joining processes,
which are assisted by external mechanical
energy to disrupt the oxide layer in air,
have been developed and investigated. 

Ultrasonic waves have been applied for
soldering and brazing aluminum and tita-
nium in air (Refs. 10–12). Ultrasonic vi-
brations imposed on metal surfaces cause
a high cavitation intensity in the liquid
filler metal, which disrupts and flakes off
surface oxides, thereby allowing the filler
metal to wet the surfaces and form a met-
allurgical bond. When undermining phe-
nomena occurred during the interaction,

the oxide layer at the interaction interface
was first lifted up by the undermining
alloy, suspending in the liquid filler metal,
before being broken up by the ultrasonic
excitation (Ref. 10). In the case of nonul-
trasonic-assisted brazing of titanium, a sta-
ble oxide film grows on the surface of
titanium alloys when heated in air. The
oxide film presents a barrier for important
interactions during the brazing process
and resulted in incomplete wetting at the
titanium interface.

The filler metals mostly used for
brazed titanium are silver-based (Refs.
11–15), titanium-based (Refs. 16–18), and
aluminum-based filler metals (Refs.
19–21). Aluminum-based filler metals
have the potential to braze titanium with
sufficient properties. Their melting tem-
perature ranges substantially below the
beta transus, which make them a strong
competitor to other filler metals. Other
useful characteristics include lower densi-
ties and a good metallurgical compatibil-
ity with titanium alloys to be brazed,
particularly good wetting and flow in cap-
illary gaps. On the other hand, a lower
shear strength of titanium brazed joints
using aluminum filler metals can be gen-
erated by increasing the overlap area in
order to achieve a load-carrying capability
close to that of the base metal (Ref. 22).

The main purpose of this study is to ex-
plore and evaluate the preliminary exper-
iments related to brazing commercially
pure titanium (CP Ti) and Cp Ti to stain-
less steel by using an aluminum-based
filler metal (Al2.5Mg-0.3Cr) in open air
utilizing an ultrasonic-assisted induction
heating system. The focus is hereby on the
interfacial microstructure and strengths of
the joints.

Experimental Work

The base metals used in this work were
2-mm-thick commercially pure titanium
(CP Ti) Grade 2 and 2-mm-thick
austenitic stainless steel AISI 304. The
chemical compositions of the base metals
are presented in Table 1. The stainless
steel plate was cut into 25 × 25 mm chips,
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and the titanium plate was cut into 10 ×
10 mm chips, for shear strength testing
and microstructure analyses. Additionally,
the samples were first polished with SiC
papers up to 1000 grit and subsequently
cleaned by an ultrasonic bath using ace-
tone as a solvent, prior to the brazing
process. The filler metal used was a 50 μm
thick TiBrazeAl-665A (Al-2.5Mg-0.3Cr,
wt-%) designed for brazing thin-walled ti-
tanium articles and titanium matrix com-
posites. This filler metal has a liquidus of
650°C, which is significantly lower than the
beta transus temperature of CP Ti. The
brazing foils, cleaned in acetone before
brazing, were sandwiched between the
overlapping areas of the base metals.

The ultrasonic-assisted brazing appa-
ratus used in this study is schematically il-
lustrated in Fig. 1. A horn was installed in
the vertical direction, and the test pieces
were mounted into a steel holder. Initially,
the samples were heated up to a tempera-
ture 50 K below the solidus temperature
of the filler metal for a dwell time of 5 min,
using a high-frequency induction coil in
air. This step aimed at achieving the ther-
mal equilibrium of the couple. The induc-
tion heating system has an output power
of 15 kW and operating frequency of 13
KHz. The sample was then continuously
heated up to 670°C with a holding time at
this temperature of 3 min. The specimen
temperature was measured by a K-type
thermocouple, installed to touch a groove
in the sample as close as possible to the
joining interfaces. The horn was kept out-
side the heating region without preheating
till the temperature of the samples was
reached, and then it was moved manually
to touch the surface of the sample before
it started to work. Ultrasonic vibration
with 120-W power at a frequency of 25
kHz was applied for 6 s and propagated in
a direction perpendicular to brazing sur-
faces. This duration was recommended to
completely destroy the oxide layer (Ref.
10). The samples were subjected to an
equal pressure of nearly 0.2 MPa, which
was a result of the weight of the horn. The
average heating rate was 2.3 K/s, and the
samples were cooled in air to room tem-
perature after brazing.

Selected samples were cut, mounted,
polished, and etched for microscopic eval-
uation. A light optical microscope and
scanning electron microscope (SEM),
equipped with an energy-dispersive spec-
trometer (EDS), were used to character-
ize the joints. A metallographic
examination was carried out on the cross
section. Hardness measurements were
performed with the help of a Vickers hard-
ness testing machine with 25-g load and
25-s impressing time. Additionally, lap
shear tests were performed to evaluate the
bonding strength of the specimen as
schematically illustrated in Fig. 2. The test

was carried out at room temperature, and
the displacement speed was 0.1 mm/s.
Three samples were used to calculate the
average shear strength. After the shear
test, the fracture surfaces were analyzed by
SEM and EDS analyses. 

Results and Discussion

The characteristic microstructures of
the base metals are shown in Fig. 3. The
microstructure of the stainless steel is
composed of austenitic equiaxed grains
with annealing twins in the grain interiors.
Inclusions of the size of several microme-
ters can also be detected, while the mi-
crostructure of CP Ti possesses equiaxed
α-phase grains.

Brazing of Titanium/Al-2.5Mg-0.3Cr/
Titanium Joint

Figure 4A displays SEM microstruc-
ture features of the joint. Obviously a
sound joint was obtained since a homoge-
neous microstructure without voids or
cracks was observed along the joint. The
titanium showed no change in the mi-
crostructure since the brazing temperature
is much lower than the β-Ti transforma-
tion temperature. According to the Ti-Al
binary phase diagram (Ref. 23), the solu-
bility of Al in α Ti at the brazing tempera-
ture is about 8 wt-%. Therefore, the
titanium base metal was enriched by alu-
minum. The EDX analyses of the titanium
base metal, close to the interfacial-brazed
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Fig. 1 — Schematic illustration of the ultrasonic-
assisted brazing apparatus.

Fig. 2 — Schematic illustration of the lap shear test. 

Table 1 — Chemical Composition of Base Metals

Materials Wt-%

C Fe Ti Cr Ni Si P N H O

CP Ti 0.02 0.03 Bal. — — — — 0.03 0.01 0.25
AISI 304 0.06 Bal. — 17.88 8.52 0.31 0.009 — —

Table 2 — Chemical Analyses at Areas
Shown in Fig. 4

Area Average Chemical Analyses (at.-%)
Ti Al Mg Cr

1 98.76 1.24 — —
2 99.61 0.39 — —
3 0.37 97.35 2.17 0.11
4 74.60 21.99 2.41 —
5 61.46 36.58 1.87 0.09
6 68.70 30.12 1.18 —
7 68.63 29.96 1.30 0.11

Table 3 — Chemical Analyses at Areas
Shown in Fig. 7

Area Average Chemical Analyses (at.-%)
Ti Al Mg Cr

1 5.55 91.36 2.96 0.13
2 6.33 90.71 2.85 0.10
3 97.09 2.51 0.40 —
4 92.51 6.24 1.25 —
5 69.35 27.53 3.04 0.08
6 69.97 26.42 3.49 0.12
7 66.70 23.75 9.48 0.07
8 61.06 32.09 6.83 0.02
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area, contained a considerable amount of
titanium as shown in Fig. 4A, Areas 1 and
2. Table 2 lists the chemical analyses of all
phases at the brazed joint. The brazed
area mainly consists of a solid solution of
aluminum dissolving a few percentages of
magnesium, titanium, and chrome (Area
3). It is worth noting that there was no in-
dication of an oxide layer at the interfacial
area. Ultrasonic vibration disrupted and
flaked off the surface oxides as was ex-
plained in detail by Xu et al. (Ref. 10). 

The titanium/aluminum-based brazing
interface is planar in nature, and a thin in-
teraction layer was revealed at the inter-
face area as shown in Fig. 4B. The
stoichiometric ratio between Al and Ti of

the layer indicates that it is almost a Ti3Al
phase — Area 4. This layer has a maxi-
mum thickness of less than 2 μm and is
formed discontinuously at the interface.
Owing to the low ductility and toughness
of Ti3Al at room temperature, this phase is
continuously crushed during sample
preparations for metallographic investiga-
tions, and hence, scattered to the soft alu-
minum brazed area. The scattered phase
.can be easily detected in the brazed area
as clearly shown in Fig. 4A, Areas 5 and 6,
and the close-up view in Fig. 4B, Area 7.
Energy dispersive X-ray (EDX) analyses
of the scattered Ti3Al reflected more alu-
minum content since the phase is too thin,
and its aluminum background area was

measured as well. In spite of the formation
of the hard and brittle Ti3Al phase at the
interfacial brazed area, the presence of
this phase is preferred to as the TiAl phase
since Ti3Al has much better strength and
ductility than TiAl (Ref. 24). 

The hardness distribution in the joint is
shown in Fig. 5. The hardness of the
brazed area showed lower values than in
the titanium base metal. Additionally, the
hardness close to the interfacial area in the
titanium side was higher than in the base
metal far from the interface, owing to the
diffusion of aluminum into the base metal.
However, the hardness at the interfacial
area, which is expected to present the
highest values, could not be assessed due
to the very thin interfacial area.  

The fracture shear strength was calcu-
lated as the failure load, divided by the
overlap area. The achieved average shear
strength of the joints is 64 MPa with a
standard deviation of ±2.7 MPa. This re-
sult is comparable or a little lower than re-
sults from our previous work, related to
brazing titanium in a vacuum, using a sil-
ver-based alloy (Ref. 15). The strength of
the joint could be improved by optimizing
the brazing parameters such as the braz-
ing temperature, holding time, and ultra-
sonic time. Figure 6 shows that the joints
failed mainly at the titanium/aluminum-
based filler metal interface owing to the
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Fig. 3 — Microstructures of base metals. A — Stainless steel AISI 304; 
B — CP titanium.

Fig. 4 — SEM microstructure features of the titanium/titanium joint.
A — General view of the cross section; B — close-up view at the interfacial

area. 

Fig. 5 — Hardness distribution in the titanium/titanium joint. Fig. 6 — Fracture path of the titanium/titanium joint.

Table 4 — Chemical Analyses at Areas Shown in Fig. 8

Area Average Chemical Analyses (at-%)

Ti Al Mg Cr Fe Ni Si
1 70.19 22.93 6.00 0.36 0.43 0.09 —
2 20.19 73.98 3.58 0.67 0.32 0.06 1.20
3 73.72 19.28 3.85 1.15 0.82 0.08 1.10
4 1.94 83.91 4.91 1.31 7.17 0.76 —
5 30.19 63.98 3.58 0.67 0.32 0.06 1.20
6 0.19 86.73 — 5.51 5.26 2.31 —
7 0.99 80.31 0.65 3.19 13.58 1.28 —
8 99.53 0.47 — — — — —
9 0.17 2.71 0.20 19.20 68.73 7.77 1.22

A B

A B
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formation of the hard and brittle Ti3Al in-
termetallic compound. The fracture mor-
phology of the joints after the shear test is
presented in Fig. 7A. Chemical analyses of
the corresponding fracture area (Table 3)
showed a high probability of a Ti3Al phase
at the surface of the aluminum-based filler
metal — Areas 5 and 6 in Fig. 7B, and the
titanium base metal as well, Areas 7 and 8
in Fig. 7C. This implies that the Ti3Al in-
termetallic compound is the most harmful
phase in the joint. Aluminum-based filler
metal is shown in the fracture surface by
the Areas 1 and 2, while the titanium base
metal is presented by the Areas 3 and 4.
The fractography of these fracture sur-
faces basically showed cleavages in addi-
tion to tearing regions. The fracture
direction took the same direction as in the
shear test. 

Brazing of Titanium/Al-2.5Mg-0.3Cr/
Stainless Steel Joint

Figure 8A displays SEM microstruc-
ture features of the joint. It is clear that
the brazed filler metal wets the titanium
and stainless steel base metals well, and no
defects are observed at the interface. The
brazed area is mainly composed of three
zones. The first zone is the interfacial thin
reaction layer at the titanium/aluminum-
based filler metal. Energy-dispersive X-ray
analyses of this layer showed that it is the
Ti-Al intermetallic phase, either a Ti3Al or
an Al3Ti or a mix of them — Fig. 8B,
Areas 1–3. Table 4 lists the chemical analy-
ses of areas shown in Fig. 8. It is difficult to
exactly identify the content of this phase
since it is very thin and fragmented at the
interface. The second zone is close to the
previous interaction layer and basically
consists of aluminum-based matrix (Area
4) with fragments of Ti-Al intermetallic
phases (Area 5) separated from the inter-
facial area similar to the titanium/Al-
2.5Mg-0.3Cr/titanium joint. The third
zone is the one close to the stainless
steel/aluminum-based filler metal. In this
area, the solubility of iron into the alu-
minum is almost zero, which results in a
very early interfacial phase formation
when iron is dissolved into aluminum. Iron
and chromium diffusion from the stainless
steel side constitute several phases with
the aluminum-based filler metal. The
isothermal section in the Al-Fe-Cr ternary
phase diagram at 600°C and the partial
isothermal section at the aluminum-rich
corner (more than 75 at.-% Al) confirm
the existence of three-phase(1) υ +(2) θ +
(Al) and υ + (Al13Fe4) + (Al) (25–28) —

Fig. 9A and B, respectively. Energy-dis-
persive X-ray analyses at the interfacial
area suggest the presence of the three-
phase υ  + (Al13Fe4) + (Al) in spite of the
low accuracy of the analyses due to the
minute size of the phases. The three-phase
are shown in Fig. 8C, Area 6 (grey grains
of phase υ surrounded by black solid solu-
tion Al) and Area 7 (Al13Fe4 intermetallic
phase).

Similar to the titanium/titanium joint,
the diffusion of aluminum into the tita-
nium base metal in the titanium/stainless
steel joint was shown in Fig. 8, Area 8. On
the other side of the joints, the solubility
of Al in the austenitic matrix is on the
order of about 2 to 2.5 wt-% Al. There-
fore, EDX analyses detected a few per-
centages of aluminum in the stainless steel
side of the joint — Fig. 8, Area 9. 

It is to be noted that the size and dis-
tribution of intermetallic compounds were
different from the Ti/Ti joint to the
Ti/stainless steel joint. The solubility of Ti
in aluminum at brazing temperature is al-
most neglected (Ref. 23). Therefore, high

percentages of titanium caused the forma-
tion of Ti3Al phase only at the interface
since titanium has limited solubility in
molten aluminum. On the other hand,
iron has a high solubility in molten alu-
minum and is easily dissolved at the
molten stage (Refs. 29, 30). During cool-
ing, iron has a very low solubility in the
solid state and is therefore present mostly
as a coarse intermetallic phase in the
brazed zone. 

The hardness distribution in the joint is
shown in Fig. 10. In contrast to the tita-
nium/titanium joint, the hardness of the
brazed area showed the highest values.
The brazed area close to the stainless steel
side showed the peak hardness in respect
to other areas in the brazed zone. It was
also noted that the stainless steel showed a
higher average hardness than titanium. 

The average shear strength of the joints
achieved 46 MPa with a standard deviation
of ± 3.1 MPa. The strength was lower than
the titanium/titanium joint, since an Al-Fe
intermetallic compound was detected in
the brazed area in addition to Al-Ti. Addi-
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(1) The stoichiometric chemical composition of
this phase is Cr10.71 Fe8.68 Al80.61, and it is some-
times called H-CrFeAl.
(2) The stoichiometric chemical composition of
this phase is Cr2Al13 and sometimes called CrAl7
in the literature.

Fig. 7 — Fracture morphology of the titanium/titanium joint. A — General view of the fracture surface;
B — close-up view at the surface of aluminum-based filler; C — close-up view at the surface of titanium
base metal.

A

B C

Table 5 — Chemical Analyses at Areas Shown in Fig. 11

Area Average Chemical Analyses (at.-%)

Ti Al Mg Cr Ni Fe
1 5.98 85.69 6.16 0.79 0.25 1.13
2 7.58 84.52 3.30 0.59 0.31 3.70
3 11.52 75.57 6.91 0.82 0.52 4.66
4 22.52 56.55 18.45 0.53 — 1.95
5 26.77 53.49 16.77 0.78 — 2.19
6 31.32 61.01 7.55 0.12 — —

Elrefaey 5-13_Layout 1  4/16/13  3:07 PM  Page 151



tionally, extra internal stresses are ex-
pected in this joint compared with the sim-
ilar titanium joint. Surprisingly, Fig. 11
shows the joints failed mainly at the tita-
nium/aluminum-based filler metal inter-
face in spite of the thinner intermetallic
compound of this area, compared with the
area close to the stainless steel/aluminum-
based filler metal, which showed thick and
different intermetallic compounds. 

Fracture surface, corresponding to the
previous fracture pass, is shown in Fig.
12A and C for the stainless steel and tita-
nium sides, respectively. Chemical analy-
ses of different areas at the fracture
surface generally showed high aluminum
content in the stainless steel side (Table 5,
Areas 1–3). Meanwhile, at the titanium
side, the content of titanium increased sig-
nificantly (Areas 4–6). The stoichiometric
composition of different areas did not con-
firm the occurrence of any Al-Ti inter-
metallic compound at the fracture surface
in contrast to the titanium/titanium joint.

Figure 12B and D showed enlarged im-
ages of the stainless steel and titanium
sides, respectively. The microscope frac-
tography of these fracture surfaces basi-
cally showed cleavage morphologies in
both sides of the joint with more tearing
regions in the stainless steel side of the
fracture and more flat areas and shearing
directions in the titanium side. 

Conclusions

Ultrasonic-assisted brazing experi-
ments of CP titanium to itself and to AISI
304 stainless steel were conducted using
an aluminum-based filler metal. The joints
were successfully brazed without voids,
cracks, or surface oxides disturbing the
wetting of the joint. The relationship be-
tween the mechanical properties of the
joints and the microstructure of the brazed
layers was examined. The results obtained
can be summarized as follows:

1) For the titanium/titanium joint, the

brazed area mainly consisted of solid so-
lution aluminum with a Ti3Al intermetal-
lic compound at the interfacial area.
During shear tests, the crack pass propa-
gated at this intermetallic compound has
almost no ductility to withstand thermal
stresses. The average shear strength of
the joints was 64 MPa.

2) For the titanium/stainless steel
joint, Ti-Al intermetallic compounds
were formed at the titanium/aluminum-
based filler metal interfacial area. Mean-
while, three-phase υ + (Al13Fe4) + (Al)
were formed at the stainless steel/alu-
minum-based filler metal interfacial area.
In spite of the high hardness of this area
in respect to the titanium/aluminum-
based filler metal interfacial area, the
crack pass during shear tests was close to
the Ti-Al intermetallic compound. The
average shear strength of the joints was
46 MPa.
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Fig. 9 — A — Isothermal section in the Al-Fe-Cr ternary phase diagram at 600°C; B — the partial isother-
mal section at the aluminum-rich corner.
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Fig. 10 — Hardness distribution in the titanium/stainless steel joint. Fig. 11 — Fracture path of the titanium/stainless steel joint.

Fig. 12 — Fracture morphology of the titanium/stainless steel joint. A — General view of the fracture sur-
face at the stainless steel side; B — enlarged view at the fracture surface at the stainless steel side; C —
general view of the fracture surface at the titanium side; D — enlarged view at the fracture surface at the
titanium side.
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