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Abstract: In this study, C-plane (0001) sapphire was successfully brazed to titanium using AuSn20
filler metal, following metallization on the surface of the sapphire with Sn-3Ti (wt.%). At 1000 ◦C,
Sn-3Ti had good wettability on the surface of the sapphire, with the lowest equilibrium contact angle
of 57◦. The reaction phases in the joints were identified, and the typical interfacial microstructure of
the brazed joint brazed at 550 ◦C for 30 min was titanium substrate/Au-Sn-Ti layer/Ti6Sn5 + AuSn2 +
AuSn4 + massive Au-Sn-Ti/TiO phase/sapphire. The shear test was utilized to evaluate the bonding
strength of the titanium/sapphire joints. The highest shear strength reached 18.7 MPa when brazed
at 550 ◦C for 35 min. The crack was initiated at the sapphire/brazing seam interface and propagated
into the Au-Sn-Ti reaction layer.

Keywords: brazing; titanium; sapphire; metallization; microstructure; mechanical properties

1. Introduction

Sapphire exhibits excellent properties, such as good optical performance, high stiffness,
superior thermal stability, good biocompatibility, and good corrosion resistance [1]. It
has been used in medical and chemical equipment and the aerospace industries [2–6].
Titanium possesses significant potential for the aerospace area, medical equipment, and
other industrial fields [7–9] due to its perfect performance in such areas as oxidation
resistance and its outstanding mechanical properties. The biocompatible metal–ceramic
joints used for biomedical applications such as implantable pacemakers and retinal implants
have received remarkable attention [10]. In addition, some implantable devices, such as
retinal implants, work by optical signals. In order to ensure the good biocompatibility and
optical performance of the components, it is of great significance to investigate the joining
behavior between sapphire and titanium.

Currently, various joining techniques are being applied to achieve the reliable joining
of ceramics to themselves or metals (alloys) [11]. Brazing, with good repeatability and
relatively small thermal effect, is the main method used in the field of dissimilar material
bonding [12–14]. However, the different types of chemical bonds cause problems such
as poor wettability and poor metallurgical bonding. Currently, one of effective solutions
is to metalize the ceramics by coating the surface with a metallization layer [15–19], and
the proper choice of material for metallizing is pivotal to realize metallurgical bonding at
the interface of the ceramics. Sn-based filler metal was widely used to provide a reliable
connection for ceramics and metal at the low temperatures. Song et al. [20] studied the
brazeability of Sn0.3Ag0.7Cu-3 wt.% Ti on SiC ceramics, and the average shear strength
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of the SiC joints reached 15.6 MPa. Kang et al. [21] studied the wettability of SnAgCu-
Ti alloys on alumina. The minimum contact angle of 14.4 deg was reached when the
droplet contained 3 wt.% Ti. Alumina/alumina joints without pores were obtained and
the maximum strength of 28.6 MPa was achieved using SnAgCu-2Ti. However, the heavy
use of Ag and Cu can be harmful to the human body. Fu et al. [22] studied the interfacial
behavior of Sn-Ti alloys on zirconia. When 4Ti (at.%) was added, the lowest contact angle
of 22 deg was obtained, owing to the replacement of Ti2O3 by the Ti11.31Sn3O10 layer at the
interface. Considering the wettability and biocompatibility, Sn-3Ti (wt.%) was used for the
metallization on the surface of sapphire.

Another difficulty is the large residual stress due to high temperature and the differ-
ence in the coefficients of thermal expansion between ceramics and metal [23–26]. Thus,
a low brazing temperature has vital importance. Adding low-melting-point elements (In,
Sn, Ga, Bi) [27,28] to the solder alloy to reduce the connection temperature can be used
to relieve residual stress. AuSn20 (wt.%) eutectic filler is widely used in the electronic
packaging and medical device industry due to its good biocompatibility, low melting tem-
perature (278 ◦C), high thermal conductivity, excellent corrosion resistance, and many other
advantages [29–35]. Therefore, AuSn20 solder was used to braze to ensure the mechanical
property and biocompatibility of the brazed joints.

Firstly, in this study, the wettability of the Sn-3Ti alloy on the C-plane sapphire surface
was studied. The variation of contact angles in the continuous-heating process was studied
to better instruct the following joining processes, and the cross-sectional microstructure
of Sn-3Ti/sapphire system was characterized. Then, the surface of the C-plane sapphire
was metallized with Sn-3Ti at 1000 ◦C for 30 min, and AuSn20 solder was used to braze the
joint between the titanium and the C-plane sapphire. The interfacial microstructure and
mechanical properties of the joints were investigated in detail.

2. Materials and Experimental Procedure

Commercial sapphire, with the dimensions of 5 × 5 × 5 mm3 and 10 × 10 × 1 mm3,
was supplied by Guizhou Haotian Optoelectronics Technology Co., Ltd., Guizhou, China.
The dimensions of the pure titanium used herein was 5 × 10 × 5 mm3. The Sn-3Ti was
arc-melted and remelted more than three times, and the microstructure of the Sn-3Ti alloy
is shown in Figure 1a. It revealed that the Ti6Sn5 phase was distributed homogeneously in
the β-Sn matrix. AuSn20 alloy (Bolin electronic packaging materials Co., Ltd., Guangdong,
China) was used as a brazing filler metal, with the dimensions of 5 mm × 5 mm × 50 µm.
Figure 1b shows that the AuSn20 brazing alloy mainly consisted of a Au5Sn phase and a
AuSn phase.

Wetting experiments were performed using the sessile drop method. The Sn-3Ti
alloy (0.25 g) was pre-placed on the surface of the sapphire (10 × 10 × 1 mm3) by the
method described in Refs. [36,37]. A digital camera was used to record the outline of the
droplet in the wetting process at the speed of 1 frame/6s. Subsequently, the Sn-3Ti foil
(150 µm) was placed on the surface (with an area of 5 × 5 mm2) of the sapphire to realize
the metallization process, and then, the brazing experiments were performed. To ensure
the optimum planarity and an intimate contact, each specimen was polished using silicon
carbide paper with the grit size of 800# and was ultrasonically cleaned in acetone before
brazing. The assembly diagram is shown in Figure 1c,d. The experimental parameters of
wetting, metallization, and brazing are listed in Table 1.

Table 1. Experimental parameters.

Process Temperature Time Vacuum

Wetting 1050 ◦C -
3.0 × 10−3 PaMetallization 1000 ◦C 10 min

Brazing 450 ◦C to 650 ◦C 20 min to 35 min



Crystals 2022, 12, 1687 3 of 11Crystals 2022, 12, x FOR PEER REVIEW 3 of 11 
 

 

 
Figure 1. Microstructure of (a) Sn-3Ti and (b) AuSn20 and schematic diagram of (c) surface metalli-
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each experimental parameter. The fracture of the joints was characterized by SEM. 

Figure 1. Microstructure of (a) Sn-3Ti and (b) AuSn20 and schematic diagram of (c) surface metalliza-
tion test, (d) brazing assembly, and (e) shear test.

Cross-sections of the brazing joints were characterized by scanning electron mi-
croscopy (SEM) equipped with an energy dispersive X-ray spectroscopy (EDS). The reaction
phase formed on the sapphire side was investigated by transmission electron microscope
(TEM). The joining properties of the brazed joints at room temperature were characterized
using a universal testing machine (INSTRON, 5967) with a constant speed of 0.5 mm/min.
The diagram of the shear test is shown in Figure 1e. At least five samples were tested for
each experimental parameter. The fracture of the joints was characterized by SEM.

3. Results and Discussion
3.1. The Wetting Phenomena of Sn-3Ti/Sapphire

Figure 2 shows the variation of contact angles of the Sn-3Ti droplet on the surface of
the sapphire with the increasing temperature. The wetting angle changes could be parted
into three stages: (I) Sn-3Ti melted completely until 700 ◦C with the contact angle of 107◦;
(II) at 700 ◦C < T < 1000 ◦C, the contact angle decreased and kept a fast wetting speed; and
(III) at T > 1000 ◦C, the contact angles decreased slowly with a final contact angle of 57◦.
Figure 3a,b show the cross-sectional microstructure of the Sn-3Ti/sapphire system. The
corresponding EDS analysis (Table 2) revealed that the matrix was β-Sn (marked as A), and
the dark phases in the droplets were Ti6Sn5 (marked as B).

Table 2. EDS chemical analysis of the regions marked in Figure 3b (at.%).

Spot Sn Ti Possible Phases

A 100.00 0 β-Sn
B 41.22 58.78 Ti6Sn5
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Figure 3. (a) Interfacial microstructure of Sn-3Ti/sapphire system; (b) high-magnification details of
(a); (c) TEM micrographs of TiO grain from the interface; and (d) the SAED patterns corresponding to
the zone indicated in (c).

To verify the reaction phase on the sapphire side, TEM characterization was conducted.
Figure 3c shows that a new phase was formed at the interface between the sapphire and
the droplet. The corresponding selected area electron diffraction (SAED) certified that the
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phase was TiO, as shown in Figure 3d. TiO could serve as a “bridge” to join the filler metal
to the ceramic substrate strongly, which coincided with the results reported in Refs. [38–45].

3.2. Typical Interfacial Microstructure of the Titanium/AuSn20/Sn-3Ti/Sapphire Joint

Figure 4 displays the microstructure and the energy-dispersive spectrometer composi-
tional maps of the titanium/AuSn20/Sn-3Ti/sapphire joint brazed at 550 ◦C for 30 min. In
Figure 4a, a sound joint without any crack or void can be seen, indicating a close contact
between the titanium and the sapphire. According to Figure 4c–e, the elements Au, Sn, and
Ti are mainly distributed in the Sn-Ti, Au-Sn, and Au-Sn-Ti intermetallic compounds. As
shown in Figure 4f,g, the element O and Al were mainly distributed in the sapphire, and
the enrichment of O was found at the interface of the brazing seam/sapphire.
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(a) typical interfacial microstructure; (b) the high-magnification image of the brazing seam; and
(c–g) element map distributions of Au, Sn, Ti, O, and Al.

To investigate the microstructure characteristics of the titanium/AuSn20/Sn-3Ti/sapphire
joint in detail, all the phases were marked by A–F, and the corresponding EDS results for
the typical joint are listed in Table 3. Combined with the chemical compositions in Table 3,
the dark phase marked by A was confirmed as TiO. Both the B and the D phases were
Au-Sn-Ti. The regions of C, E, and F were Ti6Sn5, AuSn2, and AuSn4, respectively. To
sum up, the final interfacial microstructure of the titanium/AuSn20/Sn-3Ti/sapphire joint
brazed at 550 ◦C for 30 min was titanium substrate/Au-Sn-Ti layer/Ti6Sn5 + AuSn2 +
AuSn4 + massive Au-Sn-Ti/TiO phase/sapphire.

Table 3. EDS chemical analysis of the regions marked in Figure 4a,b (at.%).

Spot Au Sn Ti Al O Possible Phases

A 2.00 1.40 40.30 1.60 54.70 TiO
B 25.11 40.41 29.11 0 0 Au-Sn-Ti
C 0 40.58 56.81 0 0 Ti6Sn5
D 27.33 42.04 30.63 0 0 Au-Sn-Ti
E 33.53 58.29 0.30 0.30 7.58 AuSn2
F 23.10 76.90 0 0 0 AuSn4

3.3. Effects of Processing Parameters on the Microstructure of the
Titanium/AuSn20/Sn-3Ti/Sapphire Joint

Figures 4a and 5 show the microstructure evolution of the joint brazed at 450 ◦C,
500 ◦C, 550 ◦C, 600 ◦C, and 650 ◦C for 30 min. At a low brazing temperature (450 ◦C), as
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shown in Figure 5a, a discontinuous Au-Sn-Ti reaction layer was formed. Subsequently,
the thickness of the Au-Sn-Ti adjacent to the titanium increased as the brazing temperature
increased. This phenomenon could be interpreted by the accelerated dissolution of Ti
atoms into the interlayer. It is worth noting that the morphology of the brazing seam also
underwent significant changes. With increasing temperature, the volumes of the Ti6Sn5
phase and the AuSn2 phase became gradually smaller. With the further increasing of the
brazing temperature to 650 ◦C, the Ti6Sn5 phase disappeared, and the entire region was
almost occupied with the Au-Sn-Ti phase and the AuSn4 phase, as shown in Figure 5d.
Microcracks were induced on the sapphire side, which indicated that the residual stress of
the joints increased due to high temperature.
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Figures 4a and 6 show the microstructure of the joints brazed at 550 ◦C for different
holding times. With the extension of the holding time, the inter-diffusion of atoms between
the brazing filler metal and the base metal was enhanced. The volumes of the Ti6Sn5 phase
and the AuSn2 phase became gradually smaller. Additionally, the Au-Sn-Ti layer next to
the sapphire did not change significantly.

To conclude, the microstructure of the titanium/AuSn20/Sn-3Ti/sapphire joints could
be controlled by the dissolution and diffusion of the active atoms at different brazing tem-
peratures. According to the observation of the cross-sectional parts above, a schematic was
established to show the forming process. According to the Sn-Ti binary phase diagram [36],
the melting point of Ti6Sn5 was 1490 ◦C and the melting point of β-Sn was 231.9 ◦C. When
heated to 231.9 ◦C and 278 ◦C, the β-Sn in the metallization layer and the AuSn20 filler
metal commenced to melt and liquid formed, respectively. The Ti6Sn5 phase and the TiO
phase which formed during the metallization process consequently remained solid, as
illustrated in Figure 7a. Subsequently, an amount of Ti from the titanium substrate diffused
into the molten AuSn20 filler metal caused by the concentration gradient and reacted with
Au and Sn to form a Au-Sn-Ti reaction layer when brazed at 550 ◦C. Meanwhile, the Au
diffused into the metallization layer and reacted with the Ti6Sn5 to form Au-Sn-Ti. During
the cooling process, some of the AuSn4 and AuSn2 phases precipitated from the liquid
phase. Eventually, the titanium/AuSn20/Sn-3Ti/sapphire joints were obtained, as shown
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in Figure 7b. When the brazing temperature increased, the Ti6Sn5 phase disappeared, and
the volume of the AuSn2 became small due to the adequate reaction between the Ti6Sn5
and the AuSn2. Correspondingly, the brazing seam was almost occupied with Au-Sn-Ti
and AuSn4. The thickness of Au-Sn-Ti layer adjacent to the titanium substrate increased, as
shown in Figure 7c.
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Figure 7. Schematic diagram of the microstructure evolution of titanium/AuSn20/Sn-3Ti/sapphire
joint: (a) atomic diffusion; (b) formation of reaction products at 550 ◦C; and (c) interfacial structure of
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3.4. Mechanical Properties and Fracture Morphology of the
Titanium/AuSn20/Sn-3Ti/Sapphire Joint

Figure 8a illustrates that the shear strength of the titanium/AuSn20/Sn-3Ti/sapphire
joints increased from 4.0 MPa to 12.9 MPa, with the brazing temperature increasing from
450 ◦C to 550 ◦C and then dropping to 10.2 MPa when brazed at 650 ◦C. The obtained
maximum strength was 12.9 MPa at 550 ◦C, which was about three times that of the joints
brazed at 450 ◦C. Under a different holding time, the maximum shear strength reached
18.7 MPa when holding for 35 min, as shown in Figure 8b.

In order to further analyze the causes of the different failure modes, the fracture
cross-section of the joints was observed by SEM and EDS, and the fracture modes were
summarized, as shown in Figure 9. As the metallurgical bonding of the ceramic side was
achieved through the formation of the TiO phase in the metallization stage, the brazing
temperature affected the fracture of the joints mainly by the phase formation in the other
areas of the brazing seam and the residual stress in the joint. When brazed at 450 ◦C,
a straight crack path was observed (Figure 9a,b). The joints failed on the titanium side,
owing to the discontinuous Au-Sn-Ti reaction phase adjacent to the titanium, as depicted in
Figure 5a. When the brazing temperature rose to 550 ◦C, the residual stress in the sapphire
accumulated gradually; so, the crack was initiated at the sapphire and propagated along
the brazing seam during the shear test (Figure 9d). Meanwhile, the Au-Sn-Ti reaction layer
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with a certain thickness was formed on the titanium side so that the crack propagated into
this brittle reactive layer (Figure 9e). When brazed at 650 ◦C, the joints fractured along
the brazing seam/sapphire interface (Figure 9g,h). The high modulus of elasticity and
hardness of the sapphire made it show a low plastic deformation ability, which resulted in
large residual stress in the joint.
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4. Conclusions

Reliable brazing of the titanium and sapphire was achieved by using AuSn20 under
the premise of pre-metallization on the surface of the sapphire. The wettability of Sn-3Ti on
sapphire was studied. The microstructure and mechanical properties of the brazed joints
were investigated. The details of the conclusion are as follows:

1. The lowest equilibrium contact angle of Sn-3Ti on the sapphire substrate in the wetting
experiment was 57◦. In the Sn-3Ti/sapphire system, the Ti6Sn5 phase was formed in
the solidified melt, which distributed in the Sn matrix. Meanwhile, TiO was formed
at the interface between the sapphire and the droplet.

2. The typical interfacial microstructure of the titanium/AuSn20/Sn-3Ti/sapphire brazed
joints was titanium substrate/Au-Sn-Ti layer/Ti6Sn5 + AuSn2 + AuSn4 + massive
Au-Sn-Ti/TiO phase/sapphire.

3. The shear strength of the titanium/AuSn20/Sn-3Ti/sapphire joints first increased and
then declined as the temperature increased or the time was prolonged. The highest
average strength of 18.7 MPa was obtained for the sample processed at 550 ◦C for
35 min. The crack started at the sapphire/brazing seam and propagated into the
Au-Sn-Ti brittle reactive layer.
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