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Abstract

TC4 titanium alloy was vacuum-brazed to 316L stainless steel (SS) with Ti-Zr-Cu amorphous filler metal. The effect of brazing
time and temperature on the interfacial microstructure and mechanical properties of joints was investigated. Electron probe
micro-analyzer (EPMA) and scanning electron microscopy (SEM) equipped with energy dispersive spectroscopy (EDS) were
used to study the joint microstructure; meanwhile, the reaction phases on fracture surfaces were identified by X-ray diffraction
(XRD). The results show that all joints had similar interfacial microstructure of TC4 titanium substrate/Widmanstétten/(3-Ti +
Ti,Cu/(x-Ti + A-Cu,TiZr) + Ti,Cu/Ti-Fe-Cu/TiFe/(Fe, Cr),Ti/o-phase + Fe,/316L stainless steel substrate. Three reaction layers
TiFe/(Fe, Cr),Ti/c-phase + Fey formed close to 316L stainless steel substrate and could benefit the mechanical properties of
joints. The maximum shear strength of 65 MPa was obtained at 950 °C for 10 min. During shear test, cracks initiated at the
interface of Ti-Cu-Fe layer/TiFe layer and propagated along the brazed seam/316L interface with a large amount of cleavage
facets existing on the fracture surface.

Keywords Vacuum brazing - Ti-Zr-Cu amorphous filler metal - Interfacial microstructure - Intermetallic compound (IMC) - Shear

strength

1 Introduction

With excellent specific strength and exceptional corrosion re-
sistance, titannum alloys are widely used in aerospace and
chemical engineering industries [1, 2]. For the purpose of
weight reduction, cost saving, and mechanical structural func-
tions, joining titanium (alloy)/stainless steel is becoming more
and more attractive. Joining of titanium (alloy)/stainless steel
is mainly performed with friction welding [3-5], diffusion
welding [6-9], explosive welding [10-12], laser welding
[13, 14], and electron beam welding [15, 16] processes.
However, compared with brazing process, the above welding
processes have disadvantages, such as high cost and process
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inflexibility. Ag-based and Ti(Zr)-based filler metals are most-
ly used in brazing titanium (alloy)/stainless steel. The joints
brazed with Ti-based filler metals have excellent corroion re-
sistance and elevated temperature resistance [17]. With the
significant development of rapid cooling technology, most of
Ti-based filler metals can be fabricated into amorphous foils
which are more flexible for brazing. Compared with crystal-
line filler metals, amorphous filler metals are more homoge-
neous and have much narrower melting range. While brazing
Ti (Gr. 2)/UNSS 31254 using 41.2Zr-13.8Ti-10.0Ni-12.5Cu-
22.5Be (at%) amorphous filler metal [18], cracks initiated in
brittle IMCs (Ti-Ni, Ti-Fe) and propagated along the boundary
between the IMCs and matrix. Continuous brittle NiTi, and o-
phase were observed at the interface of brazed seam/UNSS
31254 at 900 °C. Cui et al. [19] used Zr-Ti-Ni-Cu amorphous
filler metal with different constituents to braze TA2 tianium
alloy/Q235 steel. TiC, TiFe, and TiFe, phases were found on
the fracture surfaces with the highest shear strength of
139 MPa. In our previous research, Ti-22Ni-10Cu-8Zr [20]
and Cu-Ti-Ni-Zr-V [21] filler metals were used to braze tita-
nium alloy/steel. With addition of V, the shear strength of
joints significantly increased from 30 MPa to more than
100 MPa. However, a large amount of Ti-based IMCs (Ti-
Al, Ti-Fe-Cu, and Ti-Ni) formed in the brazed seam.
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According to Ref. [6], V has good compatibility with most
elements of the base metals and filler metals. Thus, the forma-
tion of intermetallic compounds would be reduced, which is
benificial for promoting the mechanical properties of joints.
However, the research on the brazing of titanium alloy/
stainless steel with Ti (Zr)-based filler metal is still
insufficient.

In this paper, Ti-25Zr-50Cu (wt%) amorphous filler metal
was fabricated to braze TC4 titanium alloy to 316L stainless
steel. The effect of brazing time and temperature on shear
strength and evolution of microstructure was investigated.
The typical reaction phases were characterized and the frac-
ture mechanism of TC4/Ti-25Zr-50Cu/316L joints was
analyzed.

2 Experimental procedure
2.1 Materials

TC4 (Ti-6Al-4V) titanium alloy and SUS 316L stainless steel
sheets with thickness of 2 mm were used as base metals. Their
chemical composition is listed in Table 1, and the
microstucture of the matrix is displayed in Fig. 1. It can be
seen that 316L stainless steel consists of blocky y-Fe phase,
while TC4 titanium alloy is composed of blocky «-Ti phase
surrounded with (3-Ti phase. The brazed specimens were ma-
chined into dimensions of 60 mm x 15 mm x 2 mm with elec-
trical discharge machining.

Prior to fabricating filler metal, Ti-25Zr-50Cu (wt%) alloy
ingot was prepared by arc remelting and the filler metal was
fabricated by melt spinning under 5 x 10> Pa vacuum atmo-
sphere. The produced filler foil is 4-5 mm in width and 90—
100 pwm in thickness.

2.2 Brazing

Before brazing, the specimens were ground with 600# grit SiC
paper, then ultrasonicly cleaned in acetone bath for 15 min,
rinsed with deionized water, and finally dried by air blowing.
As the assembly of brazed samples shown in Fig. 2, the over-
lap width was 5 mm. A pressure of 20 kPa was employed with
a graphite block to ensure the tight contact of the faying sur-
faces. The brazing of TC4 titanium alloy/Ti-25Zr-50Cu/316L
stainless steel was carried out in a vacuum brazing furnace
with the vacuum of ~5 x 10> Pa. The time-temperature

heating curve is shown in Fig. 3. In the first stage of brazing
process, the specimens were heated to 800 °C at a faster
heating rate of 10 °C/min and then held for 5 min.
Subsequently, the specimens were heated to the brazing tem-
perature at a smaller rate of 5 °C/min to keep the temperature
of the brazed samples uniform. The brazed samples were held
for the brazing duration time after reaching the target temper-
ature. Finally, the couples were cooled down to room temper-
ature in the furnace. The brazing temperature varied from 890
to 950 °C with an interval of 20 °C. Brazing process depends
on the reactive wetting between filler metal and base metal.
Once the filler metal begins to melt, chemical reaction within
the joint would occur. To prevent the excessive growth of
intermetallic compounds, which might deteriorate the joint
properties, the holding time for each brazing temperature
was 5, 10, and 15 min. After vacuum brazing, the metallo-
graphic samples were gradually ground with up to 2000# SiC
paper and then polished with 1.5 wum diamond polishing paste.
To examine the microstructure of base metals, TC4 titanium
alloy was etched with Kroll reagent (2 mL HF + 4 mL HNO;
+ 94 mL H,0, vol%) and 316L stainless steel was etched by
electrolytic etching with dipping in the electrolyte (10 g oxalic
acid + 100 mL H,O) for 20 s under the voltage of 6 V.

2.3 Characterization

X-ray diffraction (XRD, Empyrean) with Co-Ko radiation
and electron probe micro-analyzer (EPMA-1600, Shimadzu,
Japan) were used to characterize the microstructure of the
filler foil. The thermal behavior of filler metal was examined
using a differential thermal analysis device (DTA, TA Q600)
with a heating rate of 20 °C/min. After vacuum brazing, the
shear test of brazed joints was conducted by a DNS-100 uni-
versal tensile testing machine at a crosshead speed of 0.5 mm/
min. Three identical shear samples were employed to obtain
the average shear strength for each brazing parameter. The
microstructure of base metals was examined by LEICA
MEF4A optical microscope (OM). ZEISS-SUPRASS field
emission scanning electron microscope (SEM) equipped with
energy dispersive spectroscopy (EDS) was used to investigate
the microstructure and fracture surfaces of brazed joints.
Phase observation and composition analysis (elemental quan-
titative analysis, line scanning, and map scanning) of the
brazed seams were performed by EPMA and SEM.
Moreover, XRD was used to examine phase constituents and
structure on the fracture surfaces.

Table 1 Chemical composition

of base metals (wt%) Base metals Cr Ni Mo Mn Al v Other elements Ti Fe
316L 16.5 10.2 2.0 1.3 - - <1.0 - Bal.
TC4 - - - - 5.9 3.6 <02 Bal. -
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Fig. 1 Microstructure of base
metals a 316L stainless steel; b
TC4 titanium alloy

3 Results and discussion
3.1 Ti-25Zr-50Cu amorphous filler metal

Figure 4a shows the X-ray diffraction pattern of the filler
metal. It can be seen that no sharp diffraction peaks corre-
sponding to crystalline phases are observed, indicating that
the filler metal is with amorphous structure. In addition, the
backscattered electron image in Fig. 4b further shows that the
filler metal is homogeneous. The phase transition temperature
is obtained by calculating the inflection point of baseline of
DTA curve. As shown in Fig. 5, the glass transformation tem-
perature (7,) of the amorphous filler metal was determined to
be about 370 °C and the crystallization temperature (7) to be
about 412 °C. When the brazing temperature reached 7,
amorphous filler metal began to transform into crystallization
with structural relaxation, and this transformation finished at
T. As similar as T, and T, the melting temperature (7,,,) (also
called solidus temperature, 7;) and liquidus temperature (7}) of
the amorphous filler metal were calculated to be 837 and
860 °C, respectively.

3.2 Effect of brazing time on the interfacial
microstructure and mechanical property of joint

3.2.1 Microstructure
Figure 6 illustrates the interfacial morphology of TC4 titanium

alloy/316L stainless steel joints brazed at 910 °C for different
brazing time. The brazed seams primarily consisted of three
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Fig. 2 Assembly of brazed samples

distinctive regions (marked as 1, 2, and 3) and had similar
interfacial morphology under different brazing time.
Generally speaking, high temperatures are favorable for rapid
diffusion of solutes between filler metal and base metals dur-
ing brazing process. Consequently, the thickness of brazed
seams increased slightly from 64 to 76 um with the increase
of brazing time. Especially, the thickness of region 1 increased
with the increase of brazing time.

The typical joint brazed at 910 °C/10 min was mainly
examined by EPMA to analyze the constituent of different
regions, and the results are listed in Table 2. Region 1 was
a diffusion layer with the constituents of about 73% Ti, 7%
Cu, 4% Fe, and 10% Al in atom percent (location A).
According to Ti-Cu [22] and Ti-Cu-Fe [23] phase dia-
grams, the phase at location A was confirmed to be 3-Ti.
During brazing, under the concentration gradient, Ti atoms
diffused into the molten filler metal from TC4 titaniun
substrate with a dilution of Ti in 3-Ti region. Meanwhile,
a few Cu and Fe atoms diffused into this region. As 3-Ti
stabilizers, V, Cu, and Fe could promote the formation of
[3-Ti phase. Needle-like Widmanstétten microstructure
formed adjacent to TC4 titanium substrate in region 1.
The Widmanstitten is essentially (x+[3)-Ti phase trans-
formed from high-temperature (3-Ti, which was also ob-
served in the research of brazing TC4 titanium alloy with
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= . °
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= 800°C
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o §
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D
~ 100°C
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Fig. 3 Schematic of the heating curve during brazing process
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Fig. 4 a X-ray diffraction pattern (@)
and b backscattered electron im-
age of the filler metal 3z
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the same Ti-based filler metal [24]. Increasing the brazing
time could promote the Widmanstitten transformation
[25]; consequently, the amount of Widmanstétten micro-
structure increased. In addition, two distinctive reaction
phases formed at location E, in which the Cu content was
higher than that in (3-Ti. Based on the EPMA quantitative
analysis results, the phases at location E were composed of
[3-Ti and an acicular microstructure as marked by arrow in
Fig. 6d, which was Ti,Cu according to Ti-Cu-Fe ternary
phase diagram. In our previous research [26], TC4 alloy/
316L stainless steel was brazed with Ti-43.75Cu-6.25Zr-
6.25Ni-6.25 V (at%) amorphous filler metal, which had
more Ti and less Cu compared with Ti-25Zr-50Cu filler
metal in this paper. However, more Ti,Cu phase precipitat-
ed in the front of -Ti region, particularly at 900 °C/
15 min, indicating the restriction of Cu diffusion from filler
metal to TC4 substrate in this research.

White gray phase (location B) and eutectic microstruc-
ture were formed in region 2, and the eutectic microstruc-
ture was also detected in other literatures [15, 24]. Higher
mignification image of eutectic microstructure is shown in
Fig. 6d (location F). Accoring to Table 2, Ti, Zr, and Cu
were the major elements at location B with the constituent
of 38% Ti + 25% Cu + 16% Zr in atom percent. Due to
the mutual diffusion between molten filler metal and base
metals, Ti content at location B was lower than that of the
initial filler metal. According to Cu-Ti-Zr ternary phase
diagram [27], the white gray phase (location B) was con-
cluded to be «-Ti + A-Cu,TiZr. The ratio of the

Ribbon, Heating rate: 20°C/min
T ml
Tg T T Tx l T
L
E
L
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o
=
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Temperature/(°C)
Fig. 5 DTA curve of Ti-25Zr-50Cu amorphous filler metal
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stoichiometric coefficients of Ti and Cu of the phase at
location F was approximatly 2:1; therefore, this phase was
possibly Ti,Cu. In addition, the region 2 mainly consisted
of Ti, Zr, and Cu, which was likely because the region 2
is retained from the molten filler metal.

In region 3, according to EPMA quantitative analysis
results, the phase at location C was a kind of Ti-Cu-Fe
phase composed of complicated Ti-Cu and Ti-Fe interme-
tallic compounds. In Fig. 7, it could be seen that Ti con-
tent in region 3 was higher than that in region 2, which
was mainly attributed to the strong reactivity between Ti
and Fe. This continuous Ti-Cu-Fe reaction layer was also
detected in the joints brazed with Ag-based filler metal
[28]. It could be seen from Fig. 6f that Ti content de-
creased gradually from TC4 titanium substrate side to
the eutectic structure in region 2, forming a trough in this
region, then increased in region 3. The formation of Ti,Cu
consumed large Ti atoms in region 2; thus, Ti trough
presented in white gray phase. The variation of Ti content
displayed in line scanning results was consistent with the
mapping analysis results in Fig. 7. In addition, more eu-
tectic microstructure and Ti-Cu-Fe phase formed in our
previous study [26], which indicated that the metallurgical
reaction within the joint accelerated likely because of the
higher mixing enthalpy with the addition of V and Ni in
filler metal.

It was noteworthy that a thin reaction layer generated
close to 316L stainless steel substrate with the segregation
of a large amount of Cr as pointed out by the arrow in
Fig. 6f. The trace of Cr segregation was demonstrated by
the mapping distribution of Cr in Fig. 7. The reaction
layer of Cr segregation with thickness of about 5 um
could be easily etched by Kroll reagent, as shown by
dotted lines in Fig. 6e. According to the elemental com-
position in Table 2 (location D), this reaction layer was
suggested to be the mixture of Fe solid solution (Feg) and
o-phase.

3.2.2 Mechanical property

The variation of brazing time will lead to changes in micro-
structure, which would eventually affect the mechanical
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Fig. 6 Backscattered electron
images (BEI) of brazed joints at
910 °C for different brazing time:
a5 min, b 10 min, ¢ 15 min; d
high magnification image of the
square area in b; e secondary
electron image (SED); f line scan-
ning results of the joint brazed at
910 °C/10 min

properties of the brazed joints. Figure 8 shows the average
shear strength and typical tensile-shear displacement-strain
curves of the joints brazed for different brazing time at
910 °C. The shear strength of the joints first increased and
then decreased with the increase of brazing time, and the peak
value 0f 47 MPa (Fig. 8a) was obtained under the brazing time

—Cu
W —Zr
—Fe
—Al
—V
—Cr
— Ni
0

Distance/(um)

of 10 min within the 910 °C group. It is well known that the
displacement of the brazed joints can represent the elongation
qualitatively. The variation of the joint elongation was consis-
tent with that of the joint shear strength. Thus the optimized
brazing time was determined to be 10 min within the 910 °C
group. The reason of change for mechanical properties of

Table 2 EPMA quantitative

analysis results of the locations in Location Percent of elements (at%) Possible phases
Fig. 6
Ti Cu Fe Zr Al A% Ni Cr

A 734 6.8 4.4 0.9 8.7 1.1 0.5 1.5 B-Ti

B 379 245 8.1 16.3 7.5 0.7 1.3 22 o-Ti + A-Cu, TiZr

C 50.1 24.1 16.2 2.8 2.1 0.5 0.7 2.1 Ti-Cu-Fe

D 6.0 0.6 61.7 — 0.3 - - 30.7 o-phase + Feg

E 67.8 12.0 6.8 3.6 4.6 0.5 1.0 1.9 Ti,Cu + B3-Ti

F 61.6 29.8 1.8 3.0 1.0 1.4 1.2 0.2 Ti,Cu
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Fig. 7 EPMA mapping analysis results of joint brazed at 910 °C/10 min

joints is likely because of the variation of interface microstruc-
ture, which would be discussed in following section.

3.3 Effect of brazing temperature on the interfacial
microstructure and mechanical properties of joint

3.3.1 Microstructure

The interfacial morphology of joints brazed at different
temperatures is shown in Fig. 9. It could be seen that the
microstructure of brazed joints at different brazing temper-
atures was similar to that for different brazing time. The
thickness of brazed seam (~ 70 wm) had no obvious change
from 890 to 930 °C; however, it reached 86 um at 950 °C,
which was mainly attributed to the transformation of large

@ Springer
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amount of acicular (x+f3)-Ti phases (Widmanstitten). The
distribution and morphology of reaction phases in region 2
changed significantly at different brazing temperatures.
Particularly, the formation of eutectic Ti,Cu phase was
restrained, and the Ti-Cu-Fe phase, close to 316L sub-
strate, increased due to the accelerated interdiffusion. The
variation of region 2 also resulted in widening of region 1
due to the Cu diffusion from filler metal to this region;
thus, the formation of 3-Ti phase was promoted.

From the line scanning result marked by arrow in Fig.
9e and the distribution of Cr in Fig. 10, the segregation of
Cr was also detected close to 316L stainless steel sub-
strate, indicating the formation of o-phase. The formation
of o-phase could be observed in all joints at different
brazing temperatures, particularly at 950 °C, as shown in
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Fig. 8 a Average shear strength
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Fig. 9d. The reaction layer of o-phase contained 58 at%
Fe and 31 at% Cr at 950 °C. Generally, when Cr content
ranges from about 45 to 50 (at%), o-phase would be pre-
cipitated in Cr-Fe alloy according to Cr-Fe binary diagram
[29]. However, due to the effect of elemental segregation,
the o-phase could be precipitated at lower Cr content

Fig. 9 Backscattered electron
images of joints brazed for 10 min
at different brazing temperatures:
a 890 °C, b 910 °C, ¢ 930°C,d
950 °C; e line scanning results of
the joint brazed at 950 °C/10 min;
f high magnification image of the
square area in d

within austenitic stainless steels [30] as well as the for-
mation of Fe solid solution (Feg). Virtually, o-phase is an
intermetallic phase and prone to precipitate along the
grain and cell boundaries [31]. The formation of o-phase
would not only deteriorate the mechanical properties by
causing local embrittlement, but also reduce the corrosion

—Ti
—Cu
—Zr
—Fe
— Al
—V B
1—2Cr
- Ni

20 40 60 80 100 120
Distance/(um)
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Fig. 10 EPMA mapping analysis results of the joint brazed at 950 °C/10 min

resistance of stainless steel. In Fig. 6e, the corrosion be-
havior of o-phase was mainly caused by the chromium
depletion due to the precipitation of chromium carbide
at grain boundaries [32]. The formation of o-phase was
also detected in the research of Ti (Gr.2)/UNS S31254
with Ti-Zr-Ni-Cu-Be amorphous filler alloy, and the joints
fractured along the reaction layer of o-phase [18].
Therefore, in this research, the site where o-phase formed
was believed to be the weak part of brazed joints.
According to above analysis, it was essential to inves-
tigate the site where o-phase formed. The high magnifi-
cation image of the o-phase + Feg, layer was further ob-
tained as shown in Fig. 9f, and three distinctive reaction
layers (layers 1, 2, and 3) were exhibited adjacent to 316L
stainless steel substrate. Among the three layers, layer 1

@ Springer

was o-phase + Feg with a large amount of Cr segregation
here, which could be demonstrated by the elemental dis-
tribution (Fig. 9¢ and Fig. 10). Whereas the total thickness
(<2 pm) of layer 2 and layer 3 was too small to be
detected by EPMA and SEM. However, according to
ref. [28], layer 2 and layer 3 were suggested to be Ti-Fe
or Ti-Fe-Cr phase. Moreover, considering the elemental
line scanning results around the interface of brazed
seam/316L stainless steel substrate, layer 2 was Ti-Fe-Cr
phase and layer 3 was Ti-Fe phase. Ti-Cu-Fe phase in
region 3 was generated from solidification, while the mu-
tual diffusion contributed to the formation of Ti-Fe phase,
i.e., the formation of Ti-Fe phase was a solid state trans-
formation. So the interface of Ti-Cu-Fe phase/Ti-Fe phase
was an essential interface of solid/liquid during
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solidification. It was believed that stress concentration
easily formed along this interface, which would be the
main factor to fail the brazed joints. So the interface of
Ti-Cu-Fe layer/Ti-Fe layer was regarded as the weakest
part of joints.

3.3.2 Mechanical property

As shown in Fig. 11a, with the increase of brazing temper-
ature, the average shear strength of the joints increased
gradually. The maximum shear strength of 65 MPa was
obtained at 950 °C for 10 min. As mentioned previously,
the higher brazing temperature could accelerate the diffu-
sion of molten filler metal, so the thickness of region 2
(residual filler metal) gradually reduced. It seems that the
shear strength of joints increased with the decrease of
thickness of region 2, while the change of thickness of
the entire joint could not affect the shear strength directly,
which was already proved in above. In Fig. 11b, it could
also be seen that the displacement and elongation of joints
first increased and then decreased with increasing the braz-
ing temperature. The elongation reached the peak value at
930 °C. In terms of the comprehensive mechanical proper-
ties, the optimized brazing temperature was between 930
and 950 °C. In our previous research [26], the maximum
shear strength of the joints brazed at different brazing tem-
peratures (900-990 °C) reached 65 MPa, same to that in
this research. Nevertheless, the variation range of brazing
temperature was smaller in this research, which was mean-
ingful for brazing of TC4 alloy/316L stainless steel. In
addition, compared with the brazing time, the brazing tem-
perature had greater effect on the mechanical properties of
joints.

3.4 Fracture analysis

In this research, all joints had similar fracture path and
morphology. Figure 12 illustrates the typical fracture mor-
phology and path of the joints brazed at 910 °C/10 min and
950 °C/10 min after shear test. The corresponding EDS

analysis results of fracture surfaces are listed in Table 3
and Table 4. The joints fractured at the interface of brazed
seam/316L stainless steel substrate. Meanwhile, a large
amount of secondary cracks spread throughout the cross
section of the brazed joint, as pointed out by the arrows
in Fig. 12a, d. In Fig. 12b, c, the abruption could be clearly
seen on both TC4 titanium alloy and 316L stainless steel
sides marked by the yellow dotted line. The abruption was
mainly caused by the natural brittleness and incoherent
crystal structure between the reaction phases (locations
El and F1, Table 3). After shear test, a large amount of
cleavage facets, marked by the dotted rectangle in Fig. 12b,
¢, were found with transgranular fracture feature. Various
reaction phases were observed, including (Fe, Cr),Ti, TiFe,
Ti-Cu-Fe, «-Ti + A-Cu,TiZr, and o-phase + Fey;. Among
them, (Fe, Cr),Ti was a kind of Laves phase with the com-
position of AB, [33]. The abruption and cleavage facets
were also found on the fracture surface of the joint brazed
at 950 °C/10 min. In addition, the similar reaction phases
(Table 4) with 910 °C/10 min were detected. It was note-
worthy that the cellular surfaces (Fig. 12f) presented on
316L side of fracture surfaces, indicating the intergranular
fracture feature. Based on above analysis and interfacial
microstructure of joints, it was further confirmed that, dur-
ing shear test, the cracks initiated at the interface of Ti-Cu-
Fe layer/TiFe layer with both transgranular and intergran-
ular fracture feature. Subsequently, the cracks spread along
the interface of brazed seam/316L stainless steel substrate
with the formation of a large amount of cleavage facets on
the fracture surfaces.

In order to further investigate the reaction phases, XRD
test of the fracture surfaces was carried out, and the typical
XRD patterns are illustrated in Fig. 13. Besides the major
316L matrix (austenite, Cr-Ni-Fe-C phase), o-phase (Fe-
Cr) and Ti-Fe-Cu (Cug gFeq,Ti) were detected on 316L
stainless steel side. Moreover, additional Cri3Fe;sNi;Ti7
(Ti-Fe-Cr) phase was also identified, which was not detect-
ed previously possibly due to its small amount.
Furthermore, a large amount of Ti-based intermetallic
compounds were detected on TC4 substrate side, including

Fig. 11 a Average shear strength 70

70

=

of joints; b typical tensile-shear 60k (@) 5_9_1_11 6> iI_ 601 (b)

displacement-strain curves of = 47+4 o~

joints brazed at different brazing & 50F 46+l _I_ & 50

temperatures for 10 min é ] \E_/
= 40t = 40+
£ 30} £ 30f
5 I ——890°C/10min
5 20¢ 2 20¢ ——910°C/10min
] Y ——930°C/10min
@ 101 % 10 ——950°C/10min

0800 — 910 930 950 0020406 08 10 12 14 156

Brazing temperature/(°C)

Displacement/(mm)
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Fig. 12 a Fracture path and the ):

morphology of the fracture Y‘
surface of b TC4 titanium alloy g
side and ¢ 316L stainless steel / &'
side at 910 °C/10 min; d fracture Secon(lary ﬁu

path and the morphology of the

oL cracks i
fracture surface of e TC4 titanium »
alloy side and f 316L stainless 2

A

steel side at 950 °C/10 min

Secondary /

cracks

Fe,Ti, Ti-Fe-Cu (Cug gFeg »Ti), and Ti,Cu phases. Among 3.5 Interface of brazed seam/316L stainless steel
them, Ti-Fe-Cu phase was the major reaction phase on TC4

titanium alloy side. The detection of Ti-Fe-Cu phases, o-  Since the joints failed at the interface of brazed seam/316L
phase, TiFe, and Cr;3Fe;sNizTi; was consistent with the stainless steel substrate, the transition zone between brazed
above analysis. seam and 316L stainless steel substrate was further

Table 3 EDS analysis results of

the locations in Fig. 12 (910 °C/ Location Percent of elements (at%) Possible phases
10 min)
Ti Cu Fe Zr Al \Y Ni Cr

A 321 1.5 49.6 2.0 43 0.9 2.7 11.0 (Fe, Cr),Ti

B, 43.4 34 40.2 1.7 1.5 0.7 33 6.9 TiFe

C, 474 235 17.3 2.7 39 0.7 2.1 23 Ti-Cu-Fe

D, 339 24.6 8.9 17.8 8.5 1.7 2.0 2.6 o-Ti + A-Cu, TiZr

E, 34.1 25.8 8.6 17.2 8.1 1.8 2.1 24 o-Ti + A-Cu, TiZr

F, 423 245 20.6 23 3.0 0.8 4.2 24 Ti-Cu-Fe

G, 32 0.5 65.0 0.6 0.9 0.8 3.6 254 o-phase + Feg
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Table 4 EDS analysis results of the locations in Fig. 12 (950 °C/
10 min)

Location Percent of elements (at%) Possible phases

Ti Cu Fe Zr Al V Ni Cr

A, 9.5 04 598 04 04 0.6 34 254 o-phase+ Feg
B> 295 02 530 1.3 0.7 05 51 9.8 (Fe, Cr),Ti
C, 343 2.6 468 2.1 13 05 45 79 TiFe

D, 458 21.0 195 1.8 5.0 1.1 32 2.7 Ti-Cu-Fe

E, 36.8 324 186 2.1 3.7 0.6 2.1 43 Ti-Cu-Fe

F, 1.1 04 663 0.1 03 0.6 3.3 28.0 o-phase+ Feg

investigated. Figure 14 illustrates the evolution of this tran-
sition zone at different brazing time and temperature. And
the transition zone was composed of TiFe, (Fe, Cr),Ti, and
o-phase + Feg. The layer numbers in Fig. 14f were corre-
sponding to those in Fig. 9f. It could be seen in Fig. 14 that
the morphology of transition zone almost had no change
with the increase of brazing time, indicating its insensitiv-
ity to the brazing time, which was similar to the results in
our previous research [26]. Consequently, the brazing time
had little effect on the variation of mechanical properties of
brazed joints. And the trace of o-phase + Feg could be
found in the area close to 316L stainless steel substrate.
However, increasing brazing temperature had promoted
the growth of o-phase + Fey layer. This reaction layer
could not be seen at 890 °C, but the distribution of o-
phase + Feg layer changed from discontinuous to contin-
uous feature with the increase of brazing temperature. In
addition, the total thickness of TiFe and (Fe, Cr),Ti layers
also increased. Generally, the thickness of IMC layers less
than 3—5 pm was considered appropriate [34, 35]. Thicker
IMC layers indicated the sufficient mutual diffusion be-
tween filler metal and base metals. So wider interface
would benefit the shear strength of joints. However, the
excessive growth of transition zone might deteriorate the
ductility and reduce the elongation of joints. This was con-
sistent with the above analysis on the variation of joint
mechanical properties.

According to the EDS results (Tables 3 and 4), the B,
and A; phases were possibly Ti-Fe-Cr phase ((Fe, Cr),Ti);
meanwhile, TiFe phase was also detected (locations B; and
C,) on the fracture surfaces. The Ti-Fe-Cr and Ti-Fe reac-
tion phases could not be detected in the brazed seam due to
their tiny dimension. However, after shear test, a larger
fracture surface containing these two reaction phases was
present, thus the reaction phases could be easily identified.
A large amount of Ti atoms were driven to diffuse from
molten filler metal and TC4 titanium substrate toward
316L stainless steel substrate under the concentration gra-
dient of Ti. The consumption of filler metal contributed to
the growth of TiFe and (Fe, Cr),Ti reaction layers. Higher
brazing temperature promoted the atomic diffusion and led
to a larger thickness of TiFe and (Fe, Cr),Ti layers.
Subsequently, these two reaction layers would prevent the
components of 316L substrate from diffusing into the
brazed seam, thus a large amount of chromium atoms seg-
regated here. So higher temperature also promoted the
growth of o-phase + Fey layer. According to the above
analysis, the interfacial microstructure of TC4 titanium al-
loy/Ti-25Zr-50Cu/316L stainless steel joint was further
confirmed to be TC4 titanium substrate/Widmanstatten/[3-
Ti + Ti,Cu/(x-Ti + A-Cu,TiZr) + Ti,Cu/Ti-Fe-Cu/TiFe/
(Fe, Cr),Ti/o-phase + Fey/316L stainless steel substrate.

3.6 Microstructure evolution mechanism

A schematic diagram in Fig. 15 was proposed to evaluate
the microstructure evolution and phase formation mecha-
nism of the joints. The sample assembly is exhibited in
Fig. 15a. When the brazing temperature reached the melt-
ing temperature (7;,) of amorphous filler metal, the filler
metal began to melt. While the brazing temperature
reached the liquids temperature (7;) of filler metal, the fill-
er metal melted completely. Meanwhile, two base metals
had dissolved by some amount, which led to the formation
of two solid/liquid interfaces, i.c., the interfaces of TC4
titanium substrate/molten filler metal and molten filler
metal/316L stainless steel substrate. Atomic mutual

: 800 ) . 900
Fig. 13 XRD patterns of fracture (a) ¢ Cr-Ni-Fe-C (Austenite) (by & ® Fezn
surfaces at 950 °C/10 min on a 760} v Fe-Cr (c-phase) 800 v Fe,Ti
316L stainless steel side and b R e ¢ CrysFessNisTiy - _. 700 ¢ CuggFegTi
TC4 titanium alloy side £ 600} m CugsFeoTi 2 w0l ® CugTi
S °® 3
é 500 i\% 500
2 2
g 400 g 400
£ £ 300
300 200
200 100
30 40 50 60 70 80 90 100 110 120 30 40 50 60 70 80 90 100 110 120
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Fig. 14 Microstructure
morphology of the brazed seam/
316L interface (TiFe/(Fe, Cr),Ti/
o-phase + Fey) at different braz-
ing parameters: a 910 °C/5 min, b
910 °C/10 min, ¢ 910 °C/15 min,
d 890 °C/10 min, e 930 °C/

10 min, f 950 °C/10 min

diffusion between filler metal and base metals occurred
during brazing. Figure 15b shows that different atoms dif-
fuse toward different orientations, which was mainly dom-
inated by the concentration gradient and reaction capacity
of different atoms in the joint. A large amount of Cr atoms
segregated in the brazed seam adjacent to 316L stainless
steel. At elevated temperature in Fig. 15¢, different reac-
tion phases would be first formed in other regions except
for the region of residual filler metal where eutectic reac-
tion occurred during solidification. TiFe and (Fe, Cr),Ti
phases generated close to 316L stainless steel substrate,
which resulted from the atomic diffusion with the presen-
tation of smooth interface of (Fe, Cr),Ti layer/TiFe layer.
In fact, the interface of solid/liquid was proved to be that of
Ti-Cu-Fe layer/TiFe layer. Moreover, discontious o-phase
+ Fegs formed adjacent to 316L stainless steel substrate. On
TC4 titanium alloy side, the diffusion layer of (3-Ti formed
under the influence of (3-Ti stabilizers; subsequently,
Widmanstitten structure precipitated from elevated-

@ Springer

temperature (3-Ti. With the temperature decreasing during
solidification, as shown in Fig. 15d, the amount of
Widmanstitten became larger due to its sufficient growth.
During brazing, a few amount of Cu atoms diffused into f3-
Ti region, and then Ti,Cu precipitated in front of (3-Ti
region toward the residual filler metal region, which was
attributed to the saturation concentration of Cu in 3-Ti. In
the region of residual filler metal, Ti,Cu was first generat-
ed with eutectic reaction and consumption of some amount
of Ti atoms, and then the residual filler metal transformed
into &-Ti + Cu,TiZr in the middle part of joint. In addition,
it was notable that the reaction layer of o-phase + Feg
becomes continuous. In this case, the formation of TiFe
and (Fe, Cr),Ti reaction layers would prevent the Cr atoms
from diffusing into brazed seam; thus, a large amount of Cr
atoms segregated at the interface of brazed seam/316L, i.e.,
the interface of (Fe, Cr),Ti layer/316L stainless steel, and
the layer of o-phase + Fegs would become thicker during
solidification.
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Fig. 15 Microstructure evolution:
a sample assembly; b dissolution
of base metals and atomic
diffusion; ¢ interfacial
microstructure at elevated
temperature; d terminal interfacial
microstructure after solidification

4 Conclusions

TC4 titanium alloy was successfully brazed to 316L stain-
less steel with Ti-25Zr-50Cu amorphous filler metal. The
effect of brazing time and temperature on the interfacial
microstructure and mechanical properties of brazed joints
was investigated and the main conclusions are drawn as
follows.

().

Q).

The brazed seam consisted of three distinctive regions,
and the typical interfacial microstructure of brazed joint
was TC4 titanium substrate/Widmanstétten/3-Ti +
Ti,Cu/(o-Ti + A-Cu,TiZr) + Ti,Cu/Ti-Fe-Cu/TiFe/(Fe,
Cr),Ti/o-phase + Fey/316L stainless steel substrate.

Three thin reaction layers, i.e., TiFe/(Fe, Cr),Ti/o-phase
+ Feg,, formed in the brazed joint close to 316L stainless
steel substrate. These reaction phases were essentially
brittle intermetallic compounds and determinative to
the mechnical properties of joints. Increasing brazing
time had no obvious effect on the morphology of these

3).

(4).

reaction layers. And with the increase of brazing tem-
perature, the total thickness of the layers increased and
reached its maximum at 950 °C.

The shear strength of brazed joints first increased and
then decreased with the increase of brazing time, where-
as increasing brazing temperature could gradually im-
prove shear strength of joints. The optimized brazing
time was 10 min at brazing temperature of 930—
950 °C. The maximum shear strength 65 MPa was ob-
tained at 950 °C/10 min.

During shear test, the cracks initiated at the interface
of Ti-Cu-Fe phase/TiFe phase, and propagated along
the interface of brazed seam/316L (TiFe/(Fe, Cr),Ti/
o-phase + Feg) with the secondary cracks spreading
throughout the entire joints. The brittle fracture dom-
inated the failure of joints with the presentation of a
large amount of cleavage facets on the fracture sur-
faces. In addition, the mixed fracture modes of inter-
granular and transgranular existed on the fracture
surfaces.
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