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Abstract

The TiAl alloy and ZrB>-SiC ceramic are promising materials used at high
temperatures. One route to extend their unique applications under extreme conditions
relies on successful brazing them together with proper fillers. In this work, brazing
temperature influences on microstructural, mechanical, and fractural properties were
systemically studied for brazed joints after brazing the TiAl to the ZrB>-SiC with
amorphous CuTiZrNi fillers. An optimized brazing was found at 1183 K for 1200 s,
yielding a high shear strength of 187 MPa. The joints were mainly consisted of
AICuTi, Ti2Al, (Ti,Zr)2(Cu,Ni), TiB,TiBz, TiCu TisSi3, and TiC phases. Brazing
temperature substantially changed joint composites. It is found that lower temperature
lead to insufficient reaction and remained filler and higher ones to large
stress-induced microcracks. Based on element diffusion, a formation mechanism of
brazed joint was also proposed.
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Introduction

As promising substitutes to nickel alloys, the TiAl alloys are endowed with
specifically high strength, excellent mechanical behaviors, and durable creep and
corrosion resistance at high temperatures [1-3]. Joining the TiAl alloys to other high
temperature materials, e.g. ceramics, become necessary and attractive to extend alloy
applications. The yielded metal-ceramic complexed are endowed with advantage
properties of both joint counterparts.

So far, the TiAl alloys have been welded via several methods, such as fusion
joining [4, 5], diffusion bonding [6-8] and brazing [9-12]. Among them, brazing is
considered as an effective and superior method thanks to its convenience, low cost
and high-quality brazed joints in the metal-ceramic connection technologies. The
AgCu eutectic alloy was employed in the brazing of the metalized porous SisNs
ceramic to the TiAl alloy. Significant improvements of the mechanical properties
were reached for the SisN4/TiAl joint were reached due to the laser-induced
metallization process [13]. Yang et al. reported a joining of the TiAl alloy to Al2Os
ceramic with a W-doped AgCuTi alloy filler. The addition of W particles on the filler
could releases residual stress formation during cooling [14]. The weldability of
Ti6Al4V/ZrO, joints was studied by using the Ag-Cu metallic filler, and a high shear
strength of 52 MPa was yielded [15]. Furthermore, in order to get sound joints, some
amorphous filler are also used to braze metals-ceramic. Li et al brazed a TiAl alloy
with amorphous and crystalline TiZrCuNiCoMo filler alloys. Compared with
crystalline counterparts, the amorphous alloys brought better brazeability on the

surface of the Ti-47Al-2Nb-2Cr-0.15B alloy, and higher tensile strengths of the joints



[16]. Cao et al used NiCrSiB amorphous filler foils to braze Ti alloy and ZrO>
ceramic. A high value of 284.6 MPa shear strength was obtained [17].

As joining candidates to the TiAl side, ZrB,-SiC (ZS) ceramics are well-known
for their high temperature structural applications in aerospace and spacecraft
components. This stems from the featured materials properties of excellent oxidation
and thermal shock resistances, superior chemical stabilities in addition to the high
melting temperatures [18,19]. The brazeability of these ceramics with themselves,
metals or other materials has been reported during the last decades [20-25]. Valenza et
al. formed Ti6AIl4V/ZrB»-SiC joints with a composite filler consisted of an Ag-based
alloy with the Cu interlayer. The addition of cooper contributed to formations of
intermetallic compounds which improves the joint strength [20]. Besides the Cu fillers,
the Ni powders were also employed to braze the ZS and lead to a maximum shear
strength of 60 MPa at the joint [23]. Wang et al. loaded the TiCuZrNi fillers on the
Cu foam in brazing and obtained an optimum shear strength of 435 MPa at the joint
[26]. The above analysis shows that the Ag-, Cu-, Ti- and Ni-based fillers benefit the
overall strength of the joints when brazing ZS alloys.

In this work, TiAl alloy and ZS ceramic were brazed with amorphous CuTiZrNi
fillers at different temperatures. Influences of brazing temperature on microstructure
and mechanical properties of the TIAI/ZS joint were systematically investigated.
Besides identifying an optimized brazing temperature, the formation mechanism was

proposed based on element diffusion schemes.
Experimental

Prepared via arc melting, the TiAl alloy used in the present work has a formula of



Ti-48Al-2Nb-2Cr alloy (at. %). The high purity Ti, Al, Cr metals, and an Nb-Al
intermediate alloy were employed as precursors. The detailed preparation process and
microstructure were reported in a previous work [27]. The ZrB2 (80 vol% ) and
SiC(20 vol %) powder mixtures were hot pressed at 2223 K for 3600 s under vacuum
and a pressure of 30 MPa. The single roller-spinning technique was used to prepare
the Cus1.83Ti30.21Zr19.76Nig 10 (at. %) amorphous filler. It has a thickness of 30 um, and
well characterized structures [28].

The raw Ti-48AIl-2Nb-2Cr alloy and ZS were cut into 4 mm X 4 mm x 4 mm and
10 mm x 10 mm x 4 mm for microstructure observation and shear strength testing.
Surfaces of the TiAl alloy and ZS ceramic were carefully polished beforehand, and
then ultrasonically cleaned for 600 s. Parts to be brazed were heated up to designed
temperatures at +0.167 K/s. The brazings were performed at 1153 K, 1183 K, 1213 K
and 1243 K for 1200 s, respectively. After brazing, samples were first cooled at a rate
of -0.083 K/s to reach 573 K, and then cooled in the furnace. The whole brazing
process was carried out under vacuum with pressure < 1 x 1072 Pa.

The samples were characterized via scanning electron microscopy (SEM) on a
SU-8010 SEM. It is equipped with energy-dispersive X-ray spectrometer (EDS) for
element quantifications. An X-ray diffractometer (XRD, Bede D1) and a transmission
electron microscope (TEM, Tecnai G2 F30) were employed for microstructural and
microscopic determinations. For the XRD analysis of phase in the brazed joints, the
method of ‘layer-by-layer polishing’ was used. Shear strength testing was performed

using an Instron 5500 testing machine. An average value was obtained from three



samples for each brazing parameter.

Results and discussion

Fig.1 depicts the microstructures and corresponding EDS results from the joint of
the ZS/TC4 brazed at 1213 K for 1200 s. ZS ceramic and TiAl alloy are well bonded,
and obvious reaction layers are detected in both ZS ceramic and TiAl alloy interfaces,
as indicated in Fig.1a. Element distributions in the brazed joint are shown in Fig.1b to
Fig.li. The Ti, Cu, Zr and Ni are well identified at the brazed joint (Fig.1b, and Fig.1d
to Fig.1f), but the Al element is mainly found at the TiAl alloy side of the brazed joint,
as shown in Fig. 1c. B, C, and the Si at the ZS ceramic side after migration from the
ZS ceramic, as shown in Figs. 1g, 1h and 1i. From the above results, it is proved that
the strong atomic diffusion occurred in the brazed joint.

A typical joint microstructure is shown for the ZS/CuTiZrNi/TiAl brazed at 1213
K for 1200 s in Fig.2A. A defect-free brazed joint with 40 um width was obtained. In
the figure, zone I and I11 respectively stand for reaction layers formed at ZS and TC4
sides. The average width of zone | is about 10 um. Zone 11 was the center zone of the
joint. Figures 2b and 2c are the zoomed images of zones | and I11. Based on contrast,
zone | mainly consists of two lamellar-like phases, marked by A and B. Zone Il is a
region mixed by three phases, as marked by C, D and E. For zone Ill, there are many
needle-like phases, marked as F. Table 1 tabulates chemical compositions of phases
A-H in the brazed joint.
We analyzed the element distributions according to the EDS results. The Al, Cu,

and Ti stay in the gray phase (A) with an approximate ratio of 1:1:1. According to the



Al-Cu-Ti ternary alloy phase diagram, a boundary curve exists between the AICuTi
and TiAl. As a result, the AICuTi can be directly contiguous to the TiAl phase of the
base material [29]. Moreover, the AICuTi phase was also found at the brazed joints of
Al>O3/AgCuTi/ TiAl alloy and TiAI/BAg-8/TiAl alloy [30]. Following the result, spot
A is assigned to the AICuTi. Similarly, the main elements in the black phase B are Ti
and Al with an approximate ratio of 2:1, and thus compose the Ti>Al phase. The Ti2Al
also acts an intermediate phase during the phase transformation between the TizAl and
TiAl phases [31, 32]. Besides, a reaction of Ti + TiAl —Ti2Al can also lead to the
TiAl formation during the hot press sintering [33]. The Zr, Ti, Cu, and Ni are the
main elements at the spot C in zone Il. A careful look at the element abundance shows
that the Cu + Ni is around 1/2 compared to the Ti + Zr. Indeed, the element paris of
Ti+Zr and Cu+Ni are chemically compatible, and physically soluble to each other.
Consequentially, the (Ti,Zr)2(Cu,Ni) is formed and can be considered as a generalized
phase of Ti.Cu, Zr,Cu, Ti2Ni and Zr2Ni. This claim is supported by previous works
[34-37]. The black spot D is mainly formed by the B and Ti, and ascribed to a mixture
of TiB and TiB2subjected to reactions of Ti+ZrB>—TiB>+Zr and Ti+TiB,—TiB. For
spot E, it is mainly composed of Ti and Cu at an approximate ratio of 1:1. According
to the Ti-Cu binary diagram, spot E is consider as TiCu phase, as a result from an
eutectic reaction of L —TiCu + Ti,Cu. Spot F is mainly consisted of Si, C and Ti
elements. The amount of Si is consistent with the result from Fig.1h. During the
brazing process, Ti easily reacts with SiC, resulting in the formation of TisSiz and TiC

phases (Ti + SiC—TisSis + TiC). The element analysis through EDS agrees with the



XRD result as shown in Figure 3 for the sample brazed at 1213 K for 1200 s. All
proposed phases are well indexed in the XRD patterns. Based on the aforementioned
results in Table 1, XRD and phase diagrams, the AICuTi, Ti2Al, (Ti,Zr)2(Cu,Ni),

TiB+TiB2, TiCu and TisSiz+TiC are assigned to phases A-F.

Table 1 Chemical composition and possible phase of each spot marked in Figure 2 (at. %)

Position  Elements Possible phase
Ti Zr Cu Ni Al B Si Nb  Cr C
A 3850 0.58 2530 3.84 30.50 - - 051 0.77 - AICuUTi
B 60.30 3.39 149 347 29.20 - - 1.19 0.95 - TizAl
C 4110 8.60 1590 809 1172 305 092 1.76 150 7.36 (TiZr)2(Cu,Ni)
D 50.30 1.74 110 0.28 1.61 36.80 0.07 - - 8.10 TiB+TiB;
E 26.10 8.67 30.10 4.63 1050 420 056 123 094 13.07 TiCu
F 29.11 1493 930 255 194 110 1952 - - 1165  TisSis+TiC

From the above analysis, the TiAl/ZS brazed joint undergoes a formation
mechanism which is visualized in Fig.4 and explicated as follows.
1) During the heat process, firstly, the filler was plastically deformed and tightly
contact with the TiAl alloy and ZS ceramics, as shown in Fig. 4a. At a higher
temperature above the filler’s melting point, the surface of the base materials was
wetted by the molten filler. Meanwhile, the bases were also partially dissolved into
the molten alloy. Main elements (Ti, Al, Cu, Zr, Ni, B, C and Si) started to diffuse, as
shown in Fig. 4b.
2) Continuous increases of brazing temperature gradually ruin the y-TiAl and oo-TisAl
phases in the Ti-48Al-2Nb-2Cr base materials by decreasing the Ti and Al contents
due to element diffusion. And the contents eventually fell below the formation

threshold [38]. Chemical reactions turned out as TiAl —Al + Ti2Al and TisAl — Ti +



Ti2Al. Thus, the Ti2Al was formed. For ZS ceramic side, a reaction of Ti + SiC —
TisSiz + TiC occurred as a result of Ti’s strong affinities to Si and its lowest Gibbs
free energy among the wielding peers [39]. Compared to other Ti-Cu products, the
TiCu owns the lowest Gibbs free energy [40] and can be formed via the reaction Ti +
Cu — TiCu in the middle of joint. Meanwhile, an eutectic reaction L — Ti +
(Ti,Zr)2(Cu,Ni) took place following the Cu-Ni-Ti(Zr) ternary phase diagram analysis,
as shown in Fig. 4c.
3) When the temperature further increased to the brazing temperature and holding,
AICuTi phase appeared by the reaction L + TiAl + TisAl—>AlCuTi in TiAl alloy side
[41]. For ZS ceramic side, the Ti could react with the B. It exists both at the filler and
TiAl alloy sides. The TiB and TiB; can be yielded from Ti + B — TiBz and Ti +
TiBo— TiB. At the same time, (Ti,Zr)2(Cu, Ni), TiCu, TisSiz and TiC phases grew
and aggregated together (see Fig. 4d).
4) At the cooling stage, more and more (Ti,Zr)2(Cu, Ni) phase was formed due to the
reaction of -Ti— a-Ti + (Ti,Zr)2(Cu, Ni). However, a-Ti and g-Ti were not detected,
which is different from the previous report [24, 27]. The interfacial reaction layer
contains AICuTi and Ti2Al. its thickness increased at the TiAl alloy side, as shown in
Fig. 4e.

Figure 5 shows the shear strength of TiAl/ZS brazed joint for 1200 s at different
brazing temperature. A rather small shear strength of 45 MPa was yielded at 1153 K.
This is mainly caused by the insufficient atomic diffusion and reaction between base

alloy and filler metal. At a 1183 K brazing temperature, the strength reached the peak



value of 187 MPa. At 1213 K, the shear strength was 177 MPa, a slightly lower than
the maximum value. At al243 K of the brazing temperature, the resulted shear
strength dropped to 125 MPa.

The temperature dependent brazing results were further studied. Figure 6
demonstrates the microstructure of TiAIl/ZS brazed joint at different brazing
temperature for 1200 s. Overall, three characteristic zones, which is similar for the
condition of 1213 K for 1200 s, can be obviously found in all joints obtained by
different brazing temperature, as shown in Figs.6a, 6d, 6g and 6j. However, certain
changes turn out at each zone following the temperature increase. In the middle of
joints, the amount and size of TiCu, TiB and TiB: phases increased with the brazing
temperature. It is worth noting that some white block phases were formed at 1153 K
and 1183 K. Moreover, the size and amount of white block phases drastically
decreased, as shown in Figs. 6¢ and 6f. The chemical composition of white phases
was detected, as shown in Table 2. The results indicated that the chemical
composition of white phases is similar to the original filler, especially the Ti, Cu, Zr
and Ni elements. It is reported that the melting point of Cua1.83Tiz0.21Zr19.76Nis.19 filler
is 1133 K, slightly lower than the brazing temperature of 1153 K [42]. Thus, the white
block phase is inferred as residual filler due to inadequate dissolution and element
diffusions from the filler. Theses insufficient behaviors are not conducive to the joint
strength, leading to the minimum value of shear strength, as shown in Fig.1. The
thickness of reaction layer in TiAl alloy side increased from 5 um to 10 um. The

quantity of the Ti>Al phase increased with the brazing temperature while the AICuTi



phase decreased, as shown in Figs.6b, 6e, 6h and 6k. Due to the limited solubility of
Cu in the TiAl alloy [43] and the formation of continuous layer of Ti2Al phase, the
atomic diffusion between TiAl alloy and filler can be hindered, leading to the slow
growth of AICuTi phase at the TiAl side. Some micro-cracks were observed in the
brazed joint at 1243 K, as shown in Fig.6k. The formation of micro-cracks can be
explained as follows. During the cooling process, yielded residual stresses turned out
in the brazed joint because of thermal expansion coefficient mismatches and Young’s
modulus differences between the TiAl alloy and the filler. The existence of these
micro-cracks is harmful to the mechanical properties of joint, resulting in the decrease
of shear strength, as shown in Fig.1. In ZS side, the amount and size of TisSiz and TiC
increased with the brazing temperature, as shown in Figs. 6c, 6f, 6i and 6l. Reaction
layer became thicker, from 2 um to 10 um. From the results of Fig.1, good joints were
obtained at 1183 K and 1213 K. The phenomenon can be deduced from the
microstructural analysis as follows. In general, an optimized thickness is normally
required for the reaction layer at the brazed joints. The thickness is regulated by
brazing parameters [44]. The thickness of reaction layer affects the shear strength of
joints. Under a lower brazing temperature, a smaller quantity of diffused atoms leads
to insufficient reaction but filler residuals between the filler and base materials, as
shown in Figs.6a, 6b and 6¢. At a higher brazing temperature, a larger amount of
diffused atoms lead to formation of thicker reaction layers. The thicker reaction layers
yielded residual stress in the joint, and lead to the formation of micro-crack, as shown

in Figs.6j and 6k. In addition, the intrinsic brittleness of TisSizand TiC in the layers



deteriorates mechanical properties of joints [45]. Thus, in the present work, the
thickness of reaction layers about 5-8um obtained at 1183 and 1213 K for 1200 s are
the optimum value.

Fig. 7 shows the morphology of the fracture surface of the TiAl/ZS joint brazed
at 1183 K for 1200 s. From Fig. 7a, it can be concluded that, during the brazing
process, the filler was well spread and the interface reaction is relatively full. No
residual filler is observed in the fracture surface. Table 3 demonstrates the EDS
results of fracture surface of brazed joint from Fig.7b. The compositions of fracture
surface were mainly consisted of Zr and B elements. Thus, fracture occurred at the ZS
side while the joint was unaffected. The strong joint feature was obtained under

optimized parameters and in consistent with the results from Fig. 5.

Table 2 Chemical composition and possible phase of each spot marked in Figure 6 (at. %)

Position Elements Possible phase

Ti Zr Cu Ni Al B Si Nb  Cr C
01 2691 15.07 39.00 887 138 381 071 104 0.76 2.44  residual filler
02 1394 11.04 3751 9.05 169 1054 131 142 0.94 1258 residual filler

Table 3 EDS results of fracture surface of brazed joint at 1183 K for 1200 s

Position Elements Phase
Ti Zr Cu Ni Si C B
1 0.02 15.64 0.13 0.19 2.15 - 81.87 ZS
0.36 12.03 1.09 1.01 1.93 - 83.59 ZS
0.56 15.12 0.75 0.49 2.01 - 81.97 ZS

Conclusion

In the present work, TiAl alloy and ZrB.-SiC ceramic were tightly and strongly
brazed with CuTiZrNi amorphous fillers. The reaction products of AICuTi, Ti2Al,

(Ti,Zr)2(Cu,Ni), TiB,TiB, TiCu TisSis, and TiC phase were detected in the brazed



joint. The mechanical properties testing results show that the shear strength is
influenced by the brazing temperature which affects the thickness of reaction layers
and brittleness of the intermetallic compounds in the joints. At 1183 K for 1200 s, an
optimum thickness of reaction layers of 5-8 um is achieved, leading to a maximum
shear strength of 187 MPa. For other brazing temperature, either insufficient reaction
or micro-crack takes place. As materials used in high temperature, TiAI/ZS are
successfully brazed at an optimized temperature. Besides materials development, the
present work is hoped to serve a promising route for future fabrications of high
strength ceramics-metal complexes to be used under high temperatures.
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Figure Captions

Figure 1 a) Interfacial microstructure and elemental distribution of TiAI/ZS brazed
joint b)Ti, c)Al, d)Cu, e) Ni, f)Zr, g)B, h)C, 1)Si at 1213 K for 1200 s

Figure 2 SEM images of typical TiAl/ZS brazed joint at 1213 K for 1200 s

Figure 3 X-ray diffraction (XRD) pattern of fractured surface of brazed jointat 1213 K
for 1200 s

Figure 4 Microstructural evolution of TiAl/ZS brazed joint a) and b) the interaction
between filler and base materials; c), d) and €) the phase formation in the joint

Figure 5 Shear strengths of the brazed joint as a function of brazing temperature

Figure 6 Microstructure of TiAl/ZS brazed joints with different brazing parameters: a),
b), ¢) 1153 K, 1200 s; d), e), f) 1183 K, 1200 s; g), h), i) 1213 K, 1200 s and j), k), I)
1243 K, 1200 s

Figure 7 Morphology of fracture surface of brazed joint at 1183 K for 1200 s
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