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Abstract: Joining Al,O3; ceramics to Cu heat pipes should be conducted at low
temperatures since Cu heat pipes may fail at the temperatures higher than 320°C. Due to
the poor wettability of low-temperature solder on AlO3 ceramics, it is essential to
metallize the Al2O;3 ceramics before joining AlO3 to Cu with a low-temperature solder.
Surface metallization of Al>O3 has been conducted using Ag-Cu-Ti active metal filler at
900°C. Microanalysis indicates that the interfacial reaction occurs between the active
metal filler and the Al>O3, leading to the formation of a Cu3Ti30 reaction layer. The metal

layer on the surface of Al,Os is primarily composed of Ag ss (solid solution), Cu ss and
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Ti2Cu. The polishing treatment of the surface metal layer in the metallized Al,Os3 results
in a reduction of the oxide content and contaminants, which contributes to the subsequent
low-temperature joining. Low-temperature joining of the metallized Al,O3 to Cu has been
carried out using Sn-Ag-Cu solder at 280°C. The joining area of the joint includes a
CusTi30 reaction layer, a metal layer and a solder layer. The solder layer mainly consists
of Sn ss, AgzSn and CusSns. The Al2O3/Cu joint fractures in the solder layer after shearing
test, indicating that the strength of the solder is relatively low. However, the interfacial
bonding between the metallized Al,O3, the solder layer and the Cu base material is
satisfactory.

Keywords: A. AlbOs3 ceramics; B. Metallization; C. Low temperature joining; D.

microstructure

1. Introduction

Joining of Al,O3 ceramics to Cu heat pipes is a fundamental aspect of the heat dissipation
of high-power devices in electronic applications [1]. Brazing is an effective technique for
joining Al20O3/Cu due to its relatively simple processing, low cost and high reliability [2-
10]. Yuan et al. [7] employed a brazing technique using Cu-Sn-Ti filler at a temperature
0f 930°C to join Al203 to Cu. The results demonstrated that the joining layer of the joint
mainly comprised of TiO, CusTi30 and Cu-Ti intermetallics. Fan et al. [8] employed a
brazing technique utilizing Ag-Cu-Ti + Zn composite filler at a temperature of 900°C for

the joining of Al20O3 to Cu. The findings demonstrated that the tensile strength of the joint



with composite filler was enhanced to 20.89 MPa, representing an increase of 67.6% in
comparison to the joint without the Zn foil. Jin et al. [9] conducted a study on Al,O3/Cu
brazing with Ag-Cu-Ti +W composite filler. The shear strength of the joint with
composite filler was observed to increase to 32.7 MPa, in comparison to that without the
W foil (24.9 MPa). Furthermore, Fu et al. [10] metallized Al,O3 by utilizing Sn-0.3Ag-
0.7Cu-6Ti metal powder at 900°C, after which the metallized Al,O3 was brazed to Cu
using Sn-0.3Ag-0.7Cu filler at 580°C ~660°C for 5 minutes. The highest joint shear
strength was found to be 32 MPa when brazing was conducted at 620°C.

Given that Cu heat pipes may undergo expansion and deformation with an increase in
temperature, potentially leading to failure at 320°C [11], brazing of Al,0O3 ceramics to Cu
heat pipes is not a suitable approach. This is because the brazing temperature typically
exceeds 500°C. Consequently, joining of AlbO3 ceramics to Cu heat pipes must be
conducted at a low temperature. In view of the poor wettability of the low-temperature
solder on the Al,O3 ceramics, it is recommended that surface metallization of the Al,Os3
ceramics be carried out prior to joining the A1>O3 to Cu at low temperatures with a solder.

In this study, surface metallization of Al2O3 ceramics was conducted using an active
Ag-Cu-Ti braze. In order to investigate the effect of surface treatment on the low-
temperature joining of metallized Al>O3 ceramics to Cu, the microstructure and element
distribution of the as-received and polished metal layer in the metallized Al2O3 ceramics
were characterized. Subsequently, the metallized A1>O3 was joined to Cu using Sn-Ag-

Cu solder at a low temperature. The joint microstructure and mechanical properties were
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explored.

2. Experimental
2.1 Materials

The ALLO; substrates, with a purity of 95.0 %, a density of 3.60 g/cm? and a size of 10x
10 x 6 mm?>, were procured from Shanghai Xinmao Precision Ceramics Technology Co.,
Ltd., China. The Cu substrates, with a purity of 99.9 %, a density of 8.90 g/cm® and a size
of 10 x 10x 10 mm?, were provided by Beijing Tiancheng Jida Metal Co., Ltd., China.
The Ag-Cu-Ti (Ag: 68.8 wt.%, Cu: 26.7 wt.%, Ti: 4.5 wt.%) paste? used for the surface
metallization of Al2O3 ceramics was procured from Changsha Tianjiu Metal Materials
Co., Ltd., China. The melting temperature of the Ag-Cu-Ti braze was found to be between
770°C and 810°C, while the metallization temperature was set at 900°C. The Sn-Ag-Cu
(Sn: 96.5 wt.%, Ag: 3.0 wt.%, Cu: 0.5 wt.%) solder used for low-temperature joining of
the metallized AlbO3 ceramics to Cu was purchased from Zhenjiang Pan-Ada Electronic
Technology Co., Ltd., China. The melting temperature of the Sn-Ag-Cu solder was 217°C.
The as-received Al2O3 and Cu substrates were polished with SiC sandpaper in order to
remove any impurities or contaminants. Subsequently, the polished samples were

subjected to ultrasonic cleaning in deionized water and in ethanol for 15 minutes each.

2.2 Surface metallization of Al,03

The surface metallization of Al2O3 was conducted with Ag-Cu-Ti filler under vacuum



conditions. The Ag-Cu-Ti paste was applied to the surface of the Al,O3 to be joined (as
illustrated in Fig. 1a), and subsequently, the Al,O3 coated with the paste was transferred
into a molybdenum wire furnace. The coated Al,O3; samples were heated from room
temperature to 500°C at a heating rate of 10°C/min, and maintained at 500°C for 30
minutes to evaporate the organic solvent in the paste. The temperature was then increased
to 750°C at a rate of 10°C/min and subsequently to 900°C at a rate of 5°C/min. Following
the surface metallization at 900°C for 10 minutes, the samples were cooled from 900°C

to 600°C at a cooling rate of 5°C/min and then to room temperature via furnace cooling.

a) b)
Ag-Cu-Ti paste

/Metal layer

\Sn-Ag-Cu paste
Cu

Fig. 1. Schematic of surface metallization of Al,O3 with Ag-Cu-Ti paste a) and low

temperature joining of metallized Al2O3 to Cu with Sn-Ag-Cu solder b).

2.3 Low-temperature joining process

The metal layer in the metallized Al,O3 ceramics was polished with 300 # SiC sandpaper
to remove an oxide layer of approximately 15 pm. Low-temperature joining of the
metallized Al,O3 ceramics to Cu was carried out using Sn-Ag-Cu solder. The Sn-Ag-Cu
solder was applied to the surface of the Cu substrate that was to be joined, and then the

Cu coated with solder was assembled with the metallized Al,O3; to form a sandwich



structure (as illustrated in Fig. 1b). Subsequently, the assembled joining couple was
placed on a hot plate. Given the excellent thermal conductivity of Cu, direct contact
between the Cu substrate and the hot plate was permitted. In addition, in order to facilitate
interfacial bonding between the solder and the substrates, a pressure of 4.7 kPa was
applied to the assembly. The low-temperature joining process was conducted at 280°C

for a period of 90 seconds.

2.4 Microstructural and mechanical characterizations
The morphology of the metal layer and interfacial region in the metallized Al2O3, the
interfacial region in the Al203/Cu joint and the fracture of the joint after shearing tests
were observed using GeminiSEM 300 Field Emission Scanning Electron Microscopy
(FESEM). The corresponding element compositions were characterized using the
attached Oxford Inca X-Act Energy Dispersive Spectroscopy (EDS). The Bruker D8
Advance X-ray Diffraction (XRD) instrument was employed to ascertain the phases
present in the metal layer of the metallized Al>O3 and in the interfacial region of the
Al>203/Cu joint. The acceleration voltage was set at 40 kV, the wavelength of the Cu target
ko was 0.15418 nm, the scanning range was 10°~90°, and the scanning speed was 4°/min.
Escalab 250Xi X-ray photoelectron spectroscopy (XPS) was employed to analyze the
elemental composition of the metal layer in the metallized Al>Os.

The HXD-1000TMC/LCD Vickers hardness indenter was employed to ascertain the

microhardness values of the A1>O3/Cu joint. Given the considerable variation in hardness



observed across the different components of the joint, the load applied during hardness
testing was set at 9.8 N for the Al,O3 substrate, 0.98 N for the metal layer and Cu substrate,
and 0.098 N for the solder layer. At least three analogous locations were evaluated to
ascertain the mean microhardness. The shear strength of the joints was determined using
the GP-TS2000s electronic universal testing machine, with a loading speed of 0.5
mm/min. At least three joints produced by the same joining parameters were measured in

order to calculate the average shear strength.

3. Results and Discussion

3.1 Surface metallization of Al12O3 using Ag-Cu-Ti filler

Fig. 2 illustrates the micro-morphology and elemental distributions of the interfacial
region in the metallized Al2O3 using Ag-Cu-Ti filler. As shown in Fig. 2a), favorable
interfacial bonding is achieved between the Al2O; and the metal layer. The elemental
distributions depicted in Fig. 2b-f) reveals that the metal layer primarily comprises of Ag,
Cu and Ti. The distribution of Ag is concentrated in the light grey region of the metal
layer, while Cu and Ti are predominantly present in the grey region. In addition, it can be
seen in Fig. 2f) that Ti enrichment occurs at the AlOs/metal layer interface
(approximately 2~5 um thick), indicating that a reaction region has been formed due to
the interfacial reaction of Ti in the filler with Al,O3 substrate. Ali et al. [12] also observed
the formation of a reactive region with a thickness of about 3~6 pum at the Al2O3 /brazing

layer interface during Al2O3/Al203 brazing with Ag-Cu-Ti filler.
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Fig. 2. Micro-morphology a), elemental distributions b-f) and XRD pattern g) of the

interfacial region in the metallized Al,O3 using Ag-Cu-Ti filler.

Table 1 presents the EDS results of the microregions marked in Fig. 2a). The
microregion A, situated within the reaction layer, is primarily composed of elements Cu,
Ti and O, which can be inferred as CusTi30. In a previous study, Li et al. [13] identified
the CusTis0 reaction region at the AlOs/filler layer interface for the Al203/304 stainless

steel joint brazed using Ag-Cu-Ti + BN composite filler. With regard to the grey



microregion B situated within the metal layer, the atomic ratio of Cu:Ti is found to be
approximately 1:2, which correlates well with the formation of Ti>Cu intermetallics. The
grey microregion C in the metal layer contains 70.21 at.% Cu and 27.34 at.% Ti, which
is presumed to be a mixture of a Cu ss (solid solution) and Ti-Cu intermetallics. The Ag
content in the light grey microregion D of the metal layer is markedly elevated (90.32
at.%), indicative of an Ag ss. The XRD pattern of the metal layer in the metalized Al2O3,
as shown in Fig. 2g), corroborates the presence of CuszTizO, Ag, Cu and TixCu, in
accordance with the EDS findings. In a separate study, Wen et al. [14] proposed that the
formation of Ag ss, Cu ss, Ti-Cu intermetallics and CusTi3O phase occurred in the brazing

area for the A12O3/Cu joint utilizing Ag-Cu-Ti filler.

Table 1. EDS results of microregions in Fig. 2a).

Compositions (at.%)

Microregions Possible phases
Ag Cu Ti 0] Al
A 1.87 24.78  35.16  33.88 4.31 CusTizO
B 1.77 35.05  63.18 - - Ti2Cu
C 2.45 70.21  27.34 - - Cuss, Ti-Cu
D 90.32 9.53 0.15 - - Agss

3.2 Surface treatment of the metallized Al>03
Low temperature joining of the metallized Al2Os3 to Cu has been carried out through the

utilization of Sn-Ag-Cu solder. Nevertheless, the joint strength is rather low(may be give



the approximate value), which may be attributed to the presence of an oxide layer on the
surface of the metal layer in the metallized Al,O3. The oxide layer may impede the wetting
and spreading of the liquid solder on the metallized Al,Os, resulting in an unsatisfactory
interfacial bonding between the metal layer in the metallized Al,O3 and the liquid solder.
Following the removal of a layer of about 15 um from the metal layer in the metallized
Al>03, low-temperature joining of the metallized Al2O3 to Cu was achieved using Sn-Ag-
Cu solder at 280°C. This suggests that the removal of the oxide layer in the metallized
Al,03 may facilitate low-temperature joining of the metallized Al2O3 to Cu. In order to
elucidate the elemental composition and chemical state of the metal layer, the as-received
and polished surface of the metal layers in the metallized Al2O3 have been subjected to
characterization.

Fig. 3 shows the morphology and elemental distributions of the as-received surface of
the metal layer in the metallized Al,Os. As illustrated in Fig. 3a), the as-received surface
of the metal layer is observed to exhibit a relatively uniform and even appearance. The
elemental distributions depicted in Fig. 3b-e) reveal that the as-received surface of the

metal layer predominantly contains Ag, Cu, Ti and O.
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Fig. 3. Morphology a) and elemental distributions b) of the as-received surface of the

metal layer in the metalized Al2Os.(may be revisit the figure numbers)

The elemental compositions displayed in Table 2 demonstrate that the as-received
surface of the metal layer contains 43.02 at.% O. This substantiates the hypothesis that
the metal layer in the metallized Al,O3 undergoes substantial oxidation in air, which may
lead to inadequate wetting of the solder on the surface of the metal layer, and consequently

result in a diminished joining strength of the Al>O3/Cu joint.

Table 2. Elemental compositions of the as-received and polished surface of the metal
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layer in the metallized Al>Os.

Element As-received surface (at.%) Polished surface (at.%)
Ag 24.24 54.19
Cu 25.74 35.55
Ti 7.00 1.98
O 43.02 8.28

Fig. 4 shows the morphology and elemental distributions of the polished surface of the
metal layer (removal of a layer of approximately 15 pm) in the metallized Al,O3. As can
be observed in Fig. 4a), the polished surface of the metal layer displays a regular pattern
of scratches. The presence of these scratches can facilitate increased contact between the

metal layer and the solder, which may enhance interfacial bonding in Al20O3/Cu soldering.
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Fig. 4. Morphology a) and elemental distributions b-e) of the polished surface of the

metal layer (removal of about 15 pm) in the metallized Al>Os.

The elemental distributions depicted in Fig. 4b-e) reveal that the polished surface of
the metal layer in the metallized Al,O3 mainly comprises of Ag, Cu, Ti and O, exhibiting
a similar composition to that observed in the as-received surface of the metal layer.
However, the oxygen content in the polished surface of the metal layer (Table 2) is
significantly reduced, reaching 8.28 at.% (in comparison, the oxygen content in the as-
received surface is 43.02 at.%). This suggests that the majority of the surface oxide in the
metal layer can be removed through polishing, which is advantageous for the wetting of

the liquid solder on the metallized Al>Os.
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Fig. 5 displays the XPS spectra of the as-received surface of the metal layer in the
metallized Al,Os. As illustrated in Fig. 5a), the as-received surface of the metal layer
exhibits the presence of Ag, Cu, Ti, O and C. It is noteworthy that the peak intensities of
Ag, Cu and Ti are comparatively weaker than those of C and O. This may be caused by
the presence of adsorbed O», H>O and hydrocarbon compounds in the surrounding
environment. Similarly, Saleh et al. [15] observed high peak intensities of C and O in XPS

patterns, which they attributed to exposure to air when studying the oxidation mechanism

of Mg alloy using XPS.
n
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Fig. 5. XPS spectra of the as-received surface of the metal layer in the metallized Al>Os.

a) full XPS spectrum, b) Ag 3d, ¢) Cu 2p and d) Ti 2p.
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The XPS result of Ag 3d (Fig. 5b) indicates that the double peaks at binding energies
of 368.2 eV and 374.2 eV correspond to Ag [16]. This suggests that no oxidation of the
Ag occurs on the surface of the as-received metal layer. Graedel [17] asserted that Ag
exhibited enhanced oxidation resistance in air at low temperatures. The XPS result of Cu
2p (Fig. 5¢) demonstrates the existence of Cu (corresponding to the binding energies of
932.5 eV and 952.1 eV) and CuO (corresponding to the binding energies of 934.0 eV and
954.0 eV) in the as-received surface of the metal layer [18,19]. The XPS result of Ti 2p
(Fig. 5d) indicates the formation of TiO> (corresponding to the binding energies of 458.3
eV and 464.1 eV) [20,21]. Ma et al. [22] proposed that a thin oxide layer was formed at
room temperature when investigating the surface oxidation mechanism of Ti alloy.

Fig. 6 illustrates the XPS spectra of the polished surface of the metal layer in the
metallized Al2O3. The full spectrum (Fig. 6a) reveals that the polished surface still
contains Ag, Cu, Ti, O, and C. However, in comparison to the XPS result of the as-
received metal layer, the peak intensities of O and C exhibit a notable decrease, while the
peak intensities of Ag and Cu demonstrate a significant increase. This suggests that most
of the oxides and contaminants on the surface of the metal layer have been removed after
polishing, which may prove advantageous for the subsequent low-temperature joining of

the metallized Al,Os to Cu.
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Fig. 6. XPS spectra of the polished surface of the metal layer in the metallized Al>Os.

a) full XPS spectrum, b) Ag 3d, ¢) Cu 2p and d) Ti 2p.

The XPS pattern of Ag 3d (Fig. 6b) confirms non-oxidation of Ag in the metal layer.
The XPS result of Cu 2p (Fig. 6¢) indicates that the characteristic peak intensities of Cu
(binding energies of 932.5 eV and 952.1 eV) are significantly higher than those of CuO.
This suggests a high content of Cu and a small amount of CuO in the polished surface of
the metal layer. A comparison of the XPS patterns of Cu 2p on the as-received surface of
the metal layer with those of the polished surface reveals a significant reduction in peak
intensities for CuO, indicating that the majority of this compound can be removed by

polishing. In addition, the XPS result of Ti 2p (Fig. 6d) indicates the presence of TiO>
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and trace Ti, which suggests that Ti is highly susceptible to oxidation.

The XPS results of the as-received and polished surface of the metal layer in the
metallized Al,O3 indicate the presence of a high content of CuO and the adsorption of C-
H and oxygen in the as-received metal layer. This may result in the unsatisfactory
interfacial bonding of the Sn-Ag-Cu solder with the metallized AI,O3 in low-temperature
joining, thereby leading to a low joining strength of joint. The polishing of the metal layer
may contribute to the formation of a larger contact area between the liquid solder and the
metal layer, as well as the reduction of oxide and contaminants, which are beneficial for
the subsequent low-temperature joining of the metallized Al,O3 to Cu. It is important to
note that TiO: still exists on the polished surface of the metal layer. As the Ti content in
the Ag-Cu-Ti filler is relatively low (4.5 wt.%) and most of the Ti is involved in the
reaction with Al>Os, the residual TiO; is unlikely to have a significant effect on the low-

temperature joining process.

3.3 Microstructure of Al1203 /Cu joint

Fig. 7 shows the microscopic morphology and elemental distributions of the Al,O3/Cu
joint using Sn-Ag-Cu solder. As displayed in Fig. 7a), the interfacial bonding between
the Al2Os, the metal layer, the solder layer and the Cu base material is deemed to be
satisfactory. The metal layer and the solder layer exhibit thicknesses of about 37 um and

180 pum, respectively.
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Fig. 7. Micro-morphology a) and elemental distributions b-g) of the Al2O3/Cu joint

using Sn-Ag-Cu solder.

A comparison of the elemental distributions in Fig. 7b-g) reveals that the metal layer
contains Ag, Cu and Ti, whereas the solder layer contains Sn, Ag and Cu. The
distributions of the elements in both the metal layer and solder layer are consistent with

the compositions of the Ag-Cu-Ti filler and the Sn-Ag-Cu solder. Notably, the solder layer
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displays a clear Cu enrichment, as indicated by the circles marked in Fig. 7e). Taking into
account the low content of Cu (0.5 wt.%) in the Sn-Ag-Cu solder, it can be postulated that
the Cu enrichment in the solder layer is a consequence of the dissolution and diffusion of
the Cu base material. Izuta et al. [23] asserted that the Cu base material could dissolve
into the liquid Sn-Ag-Cu solder at temperatures between 230°C and 300°C during the
soldering process.

Fig. 8 presents an enlarged view of the interfacial region in the Al2O3/Cu joint. The
element compositions of the microregions depicted in Fig. 8 are presented in Table 3.
The microregion A in the reaction region close to the Al2O3 side mainly contains Cu, Ti
and O, which is indicative of Cu3Ti30. The dark grey microregion B in the metal layer is
presumed to be Ti2Cu. The grey microregion C in the metal layer is composed of Cu ss
and Ti-Cu intermetallics. The light grey microregion D in the metal layer is identified as
Ag ss. The EDS results of the microregions in the metal layer demonstrate that the phase
components of the metal layer in the AlO3/Cu joint are highly consistent with those of
the metal layer in the metallized Al2Os. This indicates that the inter-diffusions and/or
reactions between the metal layer and liquid solder can be considered to be negligible

during the low-temperature joining of the metallized Al>O;3 to Cu using Sn-Ag-Cu solder.
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Fig. 8. Enlarged images of the interfacial region of Al2O3/Cu joint using Sn-Ag-Cu

solder.

a) AlbOs/metal layer/solder layer part; b) solder layer/Cu base material part.

Table 3. EDS results of the microregions in Fig. 8.

Compositions (at.%)

Microregion Possible phases
Ag Cu Ti Sn Al 0]

A 023 1548 36.82 - 462 4285 CusTizO

B 0.66 3475 64.59 - - - Ti2Cu

C 3.53 5721 39.26 - - - Cuss, Ti2Cu
D 95.78 3.60  0.62 - - - Agss

E 76.64 0.13  0.00 23.23 - - Ag3Sn

F 0.54 38.63 121 59.62 - - Sn ss, CueSns
G 1.48 0.00 - 98.52 - - Sn ss

H 0.61  49.33 - 50.06 - - CueSns

In the case of microregion E in the solder layer in close proximity to the metal layer,

20



the atomic ratio of Ag and Sn is approximately 3:1, which indicates the formation of
Ag3Sn in the light-grey region of the solder layer. In their investigation into the wettability
of Sn-Ag-Cu solder on a Cu base material, Yu et al. [24] identified the presence of Ag3Sn
in the solder layer. It can be postulated that the light-grey microregion F adjacent to the
metal layer is a mixture of Sn ss and CueSns. The grey microregion G in the solder layer
exhibits a high Sn content of 98.52 at.%, indicative of Sn ss. Furthermore, the light grey
microregion H in the solder layer near the Cu base material displays a Cu:Sn ratio of
about 6:5, indicative of the formation of CueSns. In a separate study, Kim et al. [25]
demonstrated that CusSns could be formed in the Sn-Ag-Cu alloy.

Fig. 9 depicts the XRD pattern of the joining area of the Al2O3 /Cu joint utilizing Sn-
Ag-Cu solder. The XRD analysis indicates the presence of various phases, including Sn,
Ag, Cu, Ti2Cu, Ag3Sn and CusSns, within the joining area. The EDS results reveal that
the metal layer in the joint comprises Ag ss, Cu ss and Ti2Cu, whereas the solder layer
contains Sn ss, AgzSn and CusSns. Consequently, the diffraction peaks of Ag, Cu and
Ti2Cu in the XRD pattern may be attributed to the metal layer, while the peaks of Sn,

Ag3Sn and CueSns may be indicative of the solder layer.
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Fig. 9. XRD pattern of the joint area of Al203/Cu joint using Sn-Ag-Cu solder.

3.4 Mechanical properties of A[,O3/Cu joint

Fig. 10 illustrates the microhardness of the Al,03/Cu joint using Sn-Ag-Cu solder. It is

noteworthy that the microhardness of the Cu3Ti30O reaction layer was not reported due to

the limited thickness (only 2~5 pum). As shown in Fig. 10, the microhardness values of

the Al2O3 are notably high, while those of the other areas of the joint are comparatively

low.
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Fig. 10. Microhardness distribution in the Al2O3/Cu joint.
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The microhardness of the Al>O3 in the joint exhibits regional variations. The hardness
in the region remote from the joining region is 1768 + 196 HV. Kar et al. [26] reported a
comparable microhardness of the Al,O3 (about 1900 HV) in the Al,O3/304 stainless steel
joint using Ag-Cu-Ti filler. However, the microhardness of Al>O3 in the region in close
proximity to the joining region increases to 2031 = 55 HV, which may be due to the
residual stress concentration resulting from the thermal mismatch between the Al,O3 and
Ag-Cu-Ti filler (AlO3: 7.0~8.3 x 10%/°C [27]; Ag-Cu-Ti: 19.0 x 10°°/°C [28]). As
illustrated by Carlsson and Larsson [29], there was a positive correlation between
microhardness and residual stress. Therefore, the microhardness of the Al>Os in the region
close to the joining region is observed to be higher than that of the Al,O; in regions further
from the joining region. Jin et al. [9] similarly observed that the microhardness of the
Al20s3 in the vicinity of the joining region was greater than that of the A1>O3 distant from
the joining region in the AloO3/Cu joint brazed with Ag-Cu-Ti filler and refractory metal
foil. The observed increase in hardness was attributed to the generation of significant
residual stress due to the thermal mismatch in the joint.

The microhardness of the metal layer in the Al2O3/Cu joint is 96 + 7 HV, which is
comparable to that of Ag-Cu-Ti filler layer (107 = 6 HV) as reported by Kang et al. [30]
in carbon/carbon and Ti-6Al-4V joining with Ag-Cu-Ti and Nb foils. The solder layer in
the joint exhibits a microhardness of 15 + 2 HV, similar to that reported by Fouzder et al.

[31] for Cu/Cu joining using Sn-Ag-Cu solder (15 HV). The microhardness of the Cu
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base metal in the joint is 106 + 2 HV, close to that of Cu (94 HV) as reported by Chang
etal. [32].

The shear strength of the Al2O3/Cu joint is 21.3 + 3.1 MPa, which is comparable to that
reported by Jin et al. [9] for the A1,O3/Cu joint brazed with Ag-Cu-Ti filler at 900°C (24.9
MPa). Fig. 11 presents the fracture analysis of the Al2O3/Cu joint following the shearing
test. The fracture is located in the joining region, as illustrated in Fig. 11a). In order to
clarify the precise location of the fracture, the fracture was characterized by FESEM and

EDS.

a)

Element
Ag
Cu
Ti
Sn

Fig. 11. Fracture analysis of Al2O3/Cu joint after shearing test.

a) fracture image, b) micro-morphology of the fracture area (containing the Al>O3

ceramics parent material part), c) EDS result of the fracture in b).
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The FESEM image of the fracture (Fig. 11b) demonstrates the existence of a
considerable number of tough fossae, indicating a ductile fracture. In addition, an
irregular band structure can be observed in the fracture, which may be caused by the
collision of the slip bands within the metal with the dendrites during the shearing test.
The EDS analysis of the fracture region reveals the presence of elements including Sn,
Ag, Cu and Ti. The concentration of Sn is relatively high (70.68 at.%), while the levels
of Ag, Cu and Ti are comparatively low. The microstructure analysis of the joint reveals
that the solder layer primarily contains Sn, along with a small amount of Ag and Cu, while
the metal layer contains Ag, Cu and Ti. Accordingly, the EDS analysis of the fracture
indicates that the fracture of the A1>O3/Cu joint is located in the solder layer instead of the
metal layer. Fu et al. [10] illustrated that the fracture of the Al,O3/Cu joint brazed with
Sn-Ag-Cu solder occurred within the solder layer, which is in accordance with the
findings of this study. The fracture analysis of the joint demonstrates that favorable
interfacial bonding can be achieved among the Al,O3, metal layer, solder layer and Cu
base metal in metallized Al,O3/Cu low-temperature joining using Sn-Ag-Cu solder. The
relatively low strength of Sn-Ag-Cu solder may result in relatively low shear strength of
the joint. However, the interfacial bonding among the metallized Al>Os3, the solder layer

and the Cu base metal is satisfactory.

4. Conclusions

1) Surface metallization of Al>O3 can be achieved using Ag-Cu-Ti active metal filler at a
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temperature of 900°C for a period of 10 minutes. The microanalysis indicates that the
interfacial reaction occurs between the active metal filler and the Al>,O3, resulting in the
formation of a CusTi3O reaction layer. The metal layer on the surface of Al,O3 mainly
consisted of Ag ss, Cu ss and Ti>Cu.

2) The microscopic analysis of the surface metal layer in the metallized Al,O3 shows that
the oxide content can be significantly reduced after polishing treatment, which is
beneficial for the subsequent low-temperature joining of the metallized Al>O; to Cu.

3) Low-temperature joining of the metallized Al>O; to Cu is achieved using Sn-Ag-Cu
solder at 280°C. The joining area of the joint includes the CusTi3O reaction layer, the
metal layer and the solder layer. The solder layer is primarily composed of Sn ss, Ag3Sn
and CueSns.

4) The shear strength of the Al,O3/Cu joint is 21.3 + 3.1 MPa. The Al,03/Cu joint fractures
in the solder layer after shearing test, indicating that the strength of the solder is relatively
low. However, the interfacial bonding among the metallized Al>Os3, the solder layer and

the Cu base metal is satisfactory.
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