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Abstract: Ceramic-to-metal heterojunctions have been established to improve high-temperature
stability for applications in aerospace and harsh environments. In this work, we employed
low-temperature diffusion bonding to realize an alumina/Cu heterogeneous joint. Using a thin
layer of lanthanum-doped titanium (La-doped Ti) to metallize the alumina surface, we achieved
the bonding at a temperature range of 250-350 °C. We produced a uniform, thermally stable, and
high-strength alumina/Cu joint after a hot-press process in vacuum. Signals from X-ray diffraction
(XRD) suggested the successful diffusion of Ti and La into the alumina substrate, as Ti can easily
substitute Al in alumina, and La has a better oxygen affinity than that of AL. The transmission electron
microscopy and XRD results also showed the existence of Cu,Ti, O phases without Cu,Tiy or LaOy.
In addition, the bonding strength of alumina/copper hot-pressed at 250, 300, and 350 °C were 7.5, 9.8
and 15.0 MPa, respectively. The process developed in this study successfully lowered the bonding
temperature for the alumina/copper joint.

Keywords: alumina/copper heterojunction; low-temperature diffusion bonding; thin-film
pre-metallization

1. Introduction

Heterojunctions of ceramics and metals have received increased attention because of the
requirements of high-temperature-resistant composite parts in aerospace or military fields. There
are many welding techniques [1] of ceramics and metals that have been developed from traditional
active brazing, which wet the interface by melting active metals [2]. Among them, the techniques of
active soldering [3,4] and pre-metallization [5-7] attracted our attention, because of their low active
temperature and good bonding behavior. Direct bonding of copper to alumina has been developed
by an eutectic reaction of copper and cuprous oxide at 1050 °C [8]. Fu et al. used titanium with
Snp3Agp7Cu to bond copper and alumina at 620 °C [9]. The predictability and strength have been
enhanced, based on low active energy, to form a good junction, suppressed intermetallics [10,11],

Coatings 2018, 8, 401; d0i:10.3390/ coatings8110401 www.mdpi.com/journal/coatings


http://www.mdpi.com/journal/coatings
http://www.mdpi.com
http://www.mdpi.com/2079-6412/8/11/401?type=check_update&version=1
http://dx.doi.org/10.3390/coatings8110401
http://www.mdpi.com/journal/coatings

Coatings 2018, 8, 401 2 0of 10

and residual stress [12,13]. However, there are still the challenges of incomplete junctions due to the
formation of oxides that cause low diffusion bonding of ceramics and metals during the process [14].
The addition of rare-earth elements, such as cerium [15] and lanthanum [16], is a potential option
to decrease the possibility of oxide formation and to increase the effective substitution of atoms at
the interface. The high oxygen affinity of the solder significantly suppresses oxides or intermetallic
compounds, and optimizes the bonding qualities with a few amounts of rare-earth elements. In
addition, Lim et al. reported their study on the bonding mechanism of sputtered copper thin film
on an alumina substrate [17]. This study demonstrated that the adhesion strength of the sputtered
copper thin film on the alumina substrate was enhanced by their inter-diffusion. Thus, in this study;,
we improved the direct bonding of copper at a lower temperature range (250 to 350 °C) by combining
the pre-metallization with a rare-earth element, lanthanum, in order to investigate the chemical and
mechanical properties of the copper/alumina joint [18]. In general, the current method that combines a
few amounts of rare earth elements in the titanium solder [19], and the pre-metallization process, have
achieved the goal of lowering the temperature of diffusion bonding for the heterojunctions of ceramics
and metals, which also enhances their bonding strength [20]. Despite growing interest in the influence
of rare-earth elements on the microstructure and mechanical properties of bonds, the effects of La
on the diffusion bonding of alumina/copper are yet to be elucidated. In this study, we exploited the
affinity of La for oxygen, so as to decrease the temperature required to achieve diffusion bonding. Then,
we also investigated the resulting microstructure, in order to elucidate the mechanism underlying
the diffusion process and the mechanical properties of diffusion bonding. To summarize, the main
objective of this study was to further lower the diffusion bonding temperature for heterojunctions of
ceramics and metals, and to improve the bonding strength so as to achieve better properties.

2. Materials and Methods

2.1. Material and Diffusion Bonding Processes

Substrates of oxygen-free alumina ceramic and pure copper (10 x 10 x 0.5 mm3) were cleaned
using a solvent sequence of acetone, isopropanol, and ethanol, in order to remove the organic and
other contaminants. The samples were then dried in a furnace at 70 °C. Prior to the metallization of
the substrate, a Ti-0.5La (wt %) target was pre-sputtered using the sputtering parameters in Table 1,
for a period of 5 min, so as to exclude the oxides from the surface and to obtain a homogenous coating
on Alumina. Then, the copper/alumina joints were bonded using physical vapor deposition (PVD) to
coat a Ti-0.5La interlayer, at 250, 300, or 350 °C and 25 MPa for 120 min, under 5.5 x 1072 torr, in a
vacuum hot-press machine. Thereafter, we investigated the effects of processing temperature on the
microstructure and strength of the copper/alumina joints.

Table 1. The parameters of sputtering in present study.

Target Ti-0.5 La (wt %)
Power (W) 150
Sputtering time (min) 24
Ambient pressure (torr) 2x107°
Working pressure (torr) 55 x 1073
Working distance (cm) 9
Sputtering rate (nm min—1) 20.83

2.2. Microstructure Characterizations

The microstructure of the pre-metallized and bonded samples was examined using field-emission
scanning electron microscopy (FE-SEM; LEO 1530 Gemini FESEM, Carl Zeiss AG, Oberkochen,
Germany). The characteristic peaks were used to investigate the phase formation in the Ti solder
deposited on the alumina and copper substrates at 350 °C.
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A transmission electron microscope (FEI-TEM, Tecnai F20 G2, Philips, Amsterdam,
The Netherland) and qualitative elemental chemical mapping (EDS, X-Max, Oxford Instruments,
Abingdon, UK) were employed to investigate the interface of the Ti-0.5La layer at the
copper/alumina joint.

The X-ray diffraction (XRD) patterns of the as-deposited and annealed samples were obtained
using an X-ray diffractometer (M03-XHF, MAC Science, Tokyo, Japan), with Cu K« radiation
(A=1.54 A), and the diffractograms were collected at a scan rate of 2° min~! and a 26 range of
20° to 80°. The characteristic peaks were used to investigate the phase formation in the Ti solder
deposited on the alumina and copper substrates at 350 °C.

2.3. Mechanical Properties

2.3.1. Hardness Tests

The hardness properties of the diffusion bonding samples were examined using Vicker’s hardness
testing, in order to measure the hardness values. The hardness test was conducted in three areas,
alumina substrate, copper substrate, and reaction layer, with 50, 300, or 500 g force (gf), respectively,
over a duration of 10 s, in order to measure the hardness. Five measurement results were then averaged
so as to obtain a representative hardness value for the samples.

2.3.2. Adhesion Tensile Tests

In accordance with the ASTM-D4541 standards [21], we adopted adhesion tensile test (PosiTest
AT-A, DeFelsko, New York, NY, USA) samples with a test size of 20 x 10 mm?. Following the adhesion
tensile test, the fracture surface of the diffusion bonding sample was divided into two surfaces of
copper and alumina substrates, for further investigation. In addition, the fractured surfaces of the
samples were observed using FE-SEM with energy-dispersive X-ray spectroscopy (EDS). However, it
was also necessary to evaluate the underlying mechanism of fracture; hence, XRD (M03-XHE, MAC
Science, Tokyo, Japan) was used to characterize the crystal structure and possible phases. Three
measurement results were averaged to obtain a representative adhesion tensile value for the samples.

3. Results and Discussion

3.1. Microstructure Characterizations

The pre-metallization process resulted in the formation of uniform thin films of Ti-0.5La and pure
copper, showing a strong inter-diffusion of elements that promoted bonding with the alumina substrate.
To simulate the diffusion mechanisms between the Ti—0.5La interlayers and copper substrates, copper
thin films were coated on the Ti—0.5La surface in advance. Figure 1 presents the cross-section images
with insets of planar images and profiles of the EDS line-scan of pre-metallization Ti—0.5La thin
films fabricated at 250, 300, and 350 °C. As shown in Figure la—c, the thickness of each thin film
was approximately 400 nm. The top-view images, insets in Figure la—c, show that the grains in
the as-deposited thin films did not vary with the processing temperature. The results of the EDS
line-scan indicate the inter-diffusion of each element, resulting in a strong diffusion bonding between
the alumina ceramic substrate and pre-metallization thin films. Figure 1d shows that thin films of pure
copper were deposited uniformly over the Ti-0.5La thin films.

Figure 2 presents the XRD results of pre-metallization thin films deposited at 350 °C, indicating
the formation of a Cu, Tiy phase. Figure 2a presents the XRD results of Ti thin films deposited on an
alumina substrate, which indicates that Ti did not form AlTiy intermetallic compounds, i.e., only
TiOy and pure alumina were present. Figure 2b presents the XRD results of Ti thin films deposited
on a pure copper substrate, indicating the formation of CuTi, intermetallic phases as well as TiO and
pure copper.
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Figure 1. Cross-section images showing pre-metallization Ti-0.5La thin films on alumina substrates,

with line scans. Samples were fabricated at process temperatures of (a) 250; (b) 300; and (c) 350 °C;

(d) thin film of pure copper are deposited on the Ti-0.5La thin film.
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Figure 2. XRD analysis of Ti-0.5 La thin films deposited on (a) alumina and (b) copper substrates.
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Low-temperature bonding could be induced using multiple pre-metallization layers, followed
by the introduction of the rare-earth element, La. Firstly, a vacuum hot-pressing process was used to
bond the copper substrate to the pre-metallized alumina substrate at 250, 300, and 350 °C. Figure 3
presents the cross-sectional SEM images and the profiles of the EDS line-scan of the copper/alumina
joints processed at various temperatures. The black arrow in Figure 3 indicates the formation of a
diffusion bonding zone (interlayer region) between the alumina and copper substrates, extending
approximately 0.5 to 0.8 um, without any defects. The results of the EDS line-scan indicate that the
active elements (Ti and La) tend to aggregate on the alumina substrate, which is in accordance with
Chang’s report [22]. The roles of Ti and La in the diffusion bonding zone (interlayer region) have been
shown. The migration of these elements is a clear indication of bonding with oxygen from the alumina
substrate. Based on Howard et al. findings [23], the affinity of La for oxygen allows La to reduce the
active energy of Al, and thereby promote diffusion bonding. Ti oxides do not form as readily as La
oxides, because of their higher Gibbs energy; however, Ti retains the ability to wet the alumina surfaces
through the substitution of Al to form strong bonds [24].
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Figure 3. Cross-section images showing heterogeneous bonding of the alumina substrate and copper
substrate, and line scans for various process temperatures: (a) 250, (b) 300, and (c) 350 °C.

TEM and EDS were employed to confirm the results of the composition and phase formation
in the bonding layer formed at 350 °C. As shown in Figure 4, the bonding area can be divided into
four layers, A, B, C, and D. The EDS results reveal that layer A comprises only alumina, whereas
layer D comprises only the copper substrate. On the other hand, the EDS results of layers B and C
(interlayers) reveal diffused Ti and O. This is a clear demonstration that La tends to diffuse into the
alumina side rather than into the copper side. It shows that the TEM results are in agreement with the
SEM results (see Figure 3). As indicated by the TEM images with diffraction patterns, layers A and D
present a crystalline structure, whereas layers B and C present a poly-crystalline appearance. From
these results, it can be assumed that layers A and D contain alumina and Cu,O phases, respectively,
whereas interlayers B and C contain TiO, and Ti3Cu3O, respectively. It is well-known that La can form
oxides; however, this phase was not observed in the TEM images.
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Figure 4. TEM images and energy-dispersive X-ray spectroscopy (EDS) results showing the

heterogeneous bonding of alumina and copper substrates fabricated at a process temperature of 350 °C.
3.2. Mechanical Properties

The hardness was independent of the process temperature, but the adhesion strength was proportional
to the process temperature. The hardness and adhesion test results are presented in Figure 5. Firstly,
Figure 5a shows the hardness results of different areas for the three process temperatures of 250, 300, and
350 °C. It indicates that the hardness varies at different areas, but not for different process temperatures,
which suggests the difficulty in the formation of intermetallic compounds because of the low process
temperature [25]. The large difference in hardness between the C and B areas suggests that such high
differences in stiffness may influence the strength of the whole junction, and may result in rupture under
external force. However, from Figure 5b, the results of the adhesion test indicate that the tensile strength
was dependent on the process temperature, with average strengths of 7.5, 9.8, and 15.0 MPa after the 250,
300, and 350 °C processes, respectively. Therefore, the underlying mechanism may be ascribed to the
micro-added La, which increases the bonding strength and welding capacity by decreasing the activation
energy of element diffusion. The varying tensile strength of the diffusion bonding samples for the different
process temperatures may be ascribed to less formation of intermetallic compounds and high diffusion
bonding of Ti-0.5La (wt %), even with consistent hardness.
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Figure 5. The (a) hardness at different areas, and (b) the tensile strength of the heterogeneous diffusion

bondings of the alumina substrate and copper substrate for three different process temperatures, 250,
300, and 350 °C.
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The fracture surfaces of the alumina and copper substrate sides were then closely examined using
XRD, which is shown in Figure 6. The presence of alumina, TiO;, AlTiz, and Cu3Ti3O, according
to JCPDS, is clearly shown in the XRD results in Figure 6a, and it contributed to the high O affinity
of Ti, rather than Al. Therefore, from the literature [26], because of the high diffusion rate of O and
the high O affinity of Ti, TiO, firstly formed, and then the remaining Al with a lower diffusion rate
formed TixAly. On the other hand, among the electronegative elements, Ti has a higher difference in
electronegativity from O in the alumina than copper during the bonding process. Hence, O firstly
diffused to the Ti-0.5La (wt %) solder to combine with Ti. Figure 6b presents many phase formations,
including Cu, CupO, CuTis, Ti, TiO;, and CuzLaO;, according to JCPDS. This indicated that a part of
the Ti did not directly diffuse to the alumina substrate side, but diffused to the copper substrate side.
Furthermore, the CuzLaO, characteristic peak was found at 48 °C, and may have formed from Cu,O
and LayOs3 [27]. The underlying mechanism can be that La firstly formed oxides and then interacted
with the cuprous oxide to from this ternary phase.
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Figure 6. XRD analysis of fracture surface of alumina substrate side bonded at (a) 250 °C, (b) 300 °C,
and (c) 350 °C; fracture surfaces of copper side bonded at (d) 250 °C, (e) 300 °C, and (f) 350 °C processes.
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The morphologies of the fracture surfaces are shown in Figure 7, which presents each copper and
alumina substrate side for the three process temperatures corresponding with the detailed compositions
presented in Table 2. Based on the results in Figure 7 and Table 2, the surfaces of the alumina and copper
substrate side all contained both convex and concave areas (indicated by A and B marks), but with
differing compositions. Figure 7a—c shows that the fracture surfaces from the alumina substrate side all
have a similar Cu,Ti,O composition at area A. However, area B has the same alumina composition in
the 250 and 300 °C samples, but a CuTiO ternary phase in the 350 °C sample. In summary, the concave
area of B indicates that there is an interaction layer near the alumina substrate side; therefore, there are
some layers that broke and remained on it after the tensile test. On the other hand, Figure 7d—f shows
that the fracture surfaces from the copper substrate side all have similar TiO and CuO compositions in
areas A and B. The combined results of XRD, shown in Figure 2, and SEM indicate that the white areas
in Figure 7a—c may be the CuTiO phases.

Figure 7. SEM fracture surface of heterogeneous diffusion bonding on (a—c) alumina substrate side and
(d,e) copper substrate side under 250, 300, and 350°C hot vacuum process, respectively.

Table 2. EDS results of elemental compositions (at %) of area A and B in each fracture surface of the
alumina and copper substrate side under 250, 300, and 350 °C processes, respectively.

Samples Area O (at %) Al (at %) Ti (at %) Cu (at %)
a3 g% 3B T
wee 5 R w5
300 °C alumina g 647.?882 3()i.2(J61 gigg 808.'1588
ween 33y ew
W0“Calumina 55 am e silg
wca 5 M o me om

4. Conclusions

A low-temperature diffusion bonding process to create a heterogeneous joint between alumina
and copper was successfully demonstrated in this work. We successfully lowered the hot-press
temperature to 350 °C by doping a rare earth element in the pre-metallization layer of Ti. Based on
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the microstructural characterization, we realized that the hot-press temperature did not significantly
influence the grain size, and that hardness did not vary with the hot-press temperature. The hot-press
temperature influenced the tensile strength of the heterogeneous bonding, which depended on the
La doping. In addition, La and Ti diffusion into alumina improved the bonding strength, as Ti can
substitute Al in alumina, and La has a high oxygen affinity. Moreover, XRD indicated that the phases
formed in the copper substrate are more than those in the alumina substrate side. Ti has a higher
diffusion coefficient than O, a high O affinity, and has a direct diffusion path to alumina, all of which
make it conducive to making the low-temperature diffusion bonding of alumina and copper possible.
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