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Abstract

In this study, alumina ceramics were joined by spark plasma sintering technology using zirconium and
titanium metals as interlayers. Bonding with Zr was achieved at 800 and 900°C with an applied force of 4.2 kN,
and then at 900°C with a force of 3 kN. It was found that Ti bonded to alumina at 700, 800, and 900°C with an
applied force of 3 kN. The influence of temperature and pressure on the bonding properties was measured for
both interlayers. Scanning Electron Microscope was used to examine the quality of the bonded ceramics and
Energy Dispersive X-Ray spectroscopy was used to gain insights into the bonding mechanism. The best joints
were obtained at 900°C for Zr and 800°C for Ti. Oxygen diffusion via the formation of oxygen defects/vacancies
and the formation of reaction products such as ZrO, (and some Ti-Al or TiO, reaction products) could underpin

the possible bonding mechanisms.
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1. Introduction

Alumina is known for its good thermal conductivity, high-temperature stability, and high strength, and
low material and fabrication costs. Therefore, it has many industrial applications in advanced and traditional
fields [1], [2].

Alumina ceramics are usually obtained by sintering alumina powders previously formed into a
desirable shape [3]. However, this limits its use, because manufacturing objects with large dimensions or
complicated shapes becomes difficult [4]. To increase the importance of ceramics in industrial applications, it is
necessary to search for new advances in production techniques to overcome the current difficulties. Joining
simple alumina components to make more complicated shapes is one of the relatively low-cost solutions [5].

Many ceramic based applications such as solid oxide fuel cells, sensors etc. with complex shapes and
composite materials require high performance joining, with properties such as high vacuum tightness, integrity
of the joint, chemical durability, stability of the joint at high operating temperatures etc. The popular joining
methods for such requirements are solid-state diffusion bonding, active brazing, transient liquid phase
bonding, and glass sealing. They are usually based on introducing additional interlayers between the ceramic
components [6]—[9]. The achievement of good joints depends not only on the method, but also on the material
used to facilitate the joint, i.e., the interlayer. If not chosen carefully, these joints may lead to the failure of the
overall ceramic component. Depending on the application, the choice of the interlayer may depend on
parameters such as joining temperature, operating temperature, mechanical properties, thermal properties
etc. Therefore, it is important to explore different interlayers and joining methods to be able to make robust
design choices for such applications.

For high-temperature applications, solid-state diffusion bonding is usually used to join alumina. In this
technique, the interlayer does not change its physical state during joining — the interlayer remains solid even at
the joining temperature. Furthermore, the mechanisms of joining are similar to the ones occurring during the
sintering process of the ceramic material and to interdiffusion [5], [10].

Additional pressure is usually applied during solid-state diffusion bonding to facilitate joining [10].
Also, the temperature is an important parameter, and it is said, to achieve a stable and strong bond, the
thermal treatment from the range 0.5 — 0.8 of the melting point of the ceramic component is required [11].

These two factors increase the initial contact between the joining parts, while voids are also created. The next



step of the bonding process is an increase in the contact area, which leads to a reduction of voids. Following
this, the diffusion and the reaction start to form the reaction layer [12].

In solid-state diffusion bonding of alumina, metallic interlayers are more commonly used due to
several reasons [13]-[16]. First, they can usually diffuse more easily, which can influence the speed of the
bonding process [5]. Besides, using a softer metal than the ceramic material can provide better contact
between layers due to the plastic deformation of the metallic layer [16]. Literature survey data regarding the
use of interlayers to join alumina are presented in Table 1. Among them, titanium is very often applied due to
its excellent wettability characteristics on alumina. Besides, it reacts with alumina, forming mostly an
intermetallic compound TizAl [17]. Moreover, the Coefficient of Thermal Expansion (CTE) of titanium is around
8.5:106 K1, while the CTE of alumina is around 7-10°¢ K'1. The small difference between the CTEs of these two
materials can decrease thermal stresses and hence crack formation during cooling, after thermal treatment of

bonded systems [18].

Table 1. Examples of systems for solid-state diffusion bonding alumina ceramics from the literature

Substrate Substrate Interlayer Temperature [°C]  Pressure [MPa] Reference
. . 700, 800, 900,
Alumina AISI 304 Ti 1000 15 [16]
Alumina AISI 304 Ti/Mo 800 15 [16]
Alumina AISI 304 Ti/Cu 800 15 [16]
Alumina Ti6Al4V Ag-Cu 750 3 [19]
Alumina AlIS| 304 AlH3/Mg(AlIH,), 400 20 [20]
Alumina Cu Ti-0.8La (wt.%) 350 from 22 to 28 [6]
Alumina Ti6Al4V Ti 950, 1000 [14]
Alumina  1Cr18Ni9Ti steel from 750 to 1200 7 [21]
Alumina Alumina Alumina nanopowder 1100 80 [22]
Alumina Kovar Al 540 75 [15]
Alumina TNZ alloy 1175 3 [23]
Alumina Alumina 1500 69 [24]
Alumina Ni 1390 4 [25]
Alumina Cu 1040 5 [13]
Alumina Pt 1200 1.8 [26]
Alumina Nb from 1500 to 1800 from 3 to 15.2 [27]

Besides conventional heating methods, an electric current can be applied to increase the temperature
in the system. An example of a method using electric current is Spark Plasma Sintering (SPS), which is gaining
more and more interest in ceramic materials treatment [28], [29]. Applying SPS allows to obtain fully-dense
ceramics and ceramic-based composites at lower temperatures and it limits the grain growth due to high

heating-rates [30]-[34]. SPS was also previously used for sintering alumina ceramics and preparing alumina-



based composites [35]-[38]. Although SPS has been used to join ceramic-based composites using different
interlayers, this method was rarely applied to join pure alumina ceramics [39], [40] . One example is the joining
of alumina ceramics with B,0; as the interlayer [41].

In this study, alumina ceramics with zirconium and titanium interlayers were joined using SPS. The
important properties required for solid-state diffusion bonding indicate that zirconium is a potential candidate
for bonding alumina ceramics. First, the wettability of zirconium on alumina is satisfactory [42]. Additionally, its
CTE is around 5.9x10¢ K1, which is close to that of alumina [43]. Previously, zirconium was only used as an
interlayer to join other ceramics, mostly for ZrC, treatment. It was not used to join alumina despite its good-
bonding qualities, while new bonding interlayers are intensively sought for more and more demanding
applications [39], [40]. Titanium was chosen since it is one of the more popular interlayer choices for joining
alumina as mentioned earlier. However, bonding with Ti interlayer is usually obtained at the temperature
between 900-1000°C [14], [16], [44], [45]. During the research, it was hypothesized that the temperature and
time of bonding process in the Al,05-Ti-Al,03 system might be decreased, in comparison to the traditional
joining methods, by applying the SPS treatment, To our knowledge, this is the first implementation of the SPS
technique to join alumina ceramics with metallic interlayers. Some applications have limitations in joining
temperatures and dwell times due to the assembly of ceramic based composites with other temperature
sensitive matrices. In such cases, SPS might be a possible solution to use appropriate interlayers at lower

joining temperatures and lower dwell times.

2. Experimental Methods

Bonding experiments were performed using alumina discs (purity 99.7%, density 99.5%) with a
diameter of 10 mm and a height of 1 mm. The linear coefficient of thermal expansion of the used material at
room temperature is equal to 7.2-:10% K. A titanium foil with a thickness of 0.1 mm and a purity of 99.6%
obtained from Sigma-Aldrich GmbH and a zirconium foil with a thickness of 0.3 mm and a purity of 99.2%
obtained from Goodfellow Cambridge Ltd were used as interlayers. Both zirconium and titanium were cut into
small discs with a diameter that matched the alumina samples — 10 mm.

The alumina discs were cleaned with acetone and ethanol in an ultrasonic bath for 15 minutes. Four
titanium discs and three zirconium discs were cleaned with acetone in an ultrasonic bath for 15 minutes. The
three zirconium discs were used in the experiment with higher applied pressure (see Table 2 for details). Three
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other zirconium discs were first polished to a surface roughness of < 1 um and then cleaned with acetone in an
ultrasonic bath. These polished discs were used in the experiments with the lower load (see Table 2).

A sandwich structure, where titanium or zirconium foil was placed in-between two alumina discs, was
used for each experiment. Graphite foil covered each side of the sandwich structure in order to achieve
sufficient electric conductivity through the sample. The samples were then placed between graphite punches in
a graphite die and the reaction system was placed in the SPS apparatus. SPS experiments were performed in an
FCT System GmbH with a Riedel Precision Cooling System and a Stange Electronik GmbH SE-607 process
controller. Graphite dies and punches from STEIMANN CARBON (CH) were used. Thermal treatments were
carried out with a pulse lasting 12 ms followed by a 6 ms pause. Experiments were performed under vacuum.
The experimental conditions are presented in Table 2. Samples were examined by light microscope (SteREO
Discovery.V20 from ZEISS) and Scanning Electron Microscope (SEM) with Energy-Dispersive X-ray (EDX)

spectroscopy (Tescan Vega 3 SEM microscope).

3. Results

SPS trials with the zirconium interlayer, under an applied force of 4.2 kN, gave satisfactory results.
Joints were obtained at all the tested temperatures. However, the samples cracked on the ceramic side after
the experiments, as shown in Figure 1. In the case of the system treated at 1000°C, a part of the ceramic
cracked further after a few hours. Among the experiments with the lower force of 3 kN, bonding occurred only
at 900°C. No cracks were visible initially. However, after a few hours, the ceramic disc attached to the
unpolished side of the zirconium foil fell off. The thermal treatment at 800°C resulted in bonding between
zirconium and alumina only on the polished side of the zirconium. The unpolished side did not bond, and the
ceramic cracked immediately after the experiment. At 1000°C, the zirconium foil did not bond with alumina
ceramic discs on both polished and unpolished sides.

The experiments with the zirconium interlayer gave durable bonds only at 800 and 900°C with an
applied force of 4.2 kN. For these samples, the cross-section analysis by SEM was performed (Fig. 2). The joint
obtained by sintering at 800°C has low integrity, as gaps between the alumina and the interlayer can be clearly
distinguished (Fig. 2a). The joint obtained at the higher temperature of 900°C seems to have a better quality.
Zirconium adheres to the ceramic without any visible holes or gaps (Fig. 2b). The unbonded systems and the
poorly bonded systems were also examined by SEM-EDX to gain further insights into the spatial distribution of
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chemical elements. The EDX analysis was performed for samples treated at 1000°C under both used forces
(Fig. 3 and Fig. 4). As it can be seen, traces of zirconium can be found on the alumina surface after both
experiments.

The titanium interlayer formed bonds to alumina at 700°C, 800°C and 900°C using the SPS method.
Only at 600°C, which is the lowest temperature studied, were non-satisfactory results obtained. Nevertheless,
the signs of reaction can be seen on the surface of the metal disc. Moreover, none of the bonded sandwich
structures cracked like in previous cases with zirconium as the interlayer. Additionally, the parts remained
bonded, and the ceramic did not fall off.

The cross-sections of the joints obtained with the use of titanium interlayer were examined by SEM
(Fig. 5). It is evident that treatment at 800°C produces bonding with the best quality and integrity (Fig 5b). Its
adherence to the ceramic component is very good as there are no visible gaps between surfaces. At lower and
higher temperatures, the quality of the bonding is poorer (Fig 5a, Fig. 5c¢). The adherence is not good, and the

resin used for sample preparation filled the space between the ceramic and the metal.

4. Discussion

During experiments with zirconium, the ceramic discs cracked (Fig. 1). This phenomenon can be
caused by different factors. The mismatch between CTE of alumina and zirconium can result in crack formation
during heating and cooling cycles. In addition, cracking can be caused by very high cooling rates (> 50°C min-t)
typical for the SPS method. Another factor could be the carbon diffusion through the system, as graphite dies,
and punches are used. Graphite could accumulate in the ceramic and initiate defects. Moreover, during the
joining process, an uneven distribution of the pulse current may occur [46]. The accumulation of energy in one
zone can also initiate cracking.

This investigation demonstrates that zirconium could join alumina ceramics. Even unpolished metal
can be successfully used for bonding alumina. However, the joints can be achieved only under the application
of a high load/pressure. The polished surface can be bonded to alumina under a relatively lower load. Under
atmospheric conditions, unpolished zirconium metal is covered by a passive oxide layer, and it is highly
possible, that it can influence the reactivity of the system [47]. The reason for this is the general lower

reactivity of metal oxides compared to pure metals.



In the experiment with zirconium as an interlayer, the best results were obtained at 900°C for both
forces applied (Fig. 2). This suggests that there is only a small range of temperatures in which zirconium bonds
with alumina. The previous study showed that the possible reaction route between alumina and Zr can lead to
ZrO,: Al,O3 + 3/2 Zr - 3/2 ZrO, + 2 Al. However, at 1100°C, and without additional pressure applied, this
reaction is not energetically favorable [48]. Using SPS apparatus makes the components more reactive by
applying additional pressure and having electrical current flow through the system. Pressure decreases
sintering temperature, while electrical current flow results in a high heating rate of the system due to the
occurrence of Joule heating [46]. Running experiments under vacuum can also facilitate bonding because of the
oxygen defects forming during the bonding processes [49], [50]. Besides, alumina in the presence of carbon can
be decomposed, which gives an additional source of O, [51]. The overall Gibbs energy may be reduced because
of the above-mentioned reasons and can result in ZrO, formation. The effect of ZrO, formation on the bonding
process is not clear. It may be possible that the formation of a ZrO, layer may prevent or slow-down the
diffusion of oxygen through the oxide layer. This can help explain why bonding between components is not
stable (Fig. 3 and Fig.4), and this is potentially due of the lack of reaction between Al,O; and Zr atoms.

The bonding of alumina ceramic with the use of the titanium interlayer was achieved for the first time
by using SPS. The best bond quality was achieved at 800°C. Like the zirconium interlayer, only a specific range
of experimental parameters leads to the most successful joining.

Furthermore, with SPS, Ti bonds with alumina at a temperature that is lower than the experiments
reported in the literature with more conventional joining methods. Usually, bonding is achieved at 900-1000°C,
with the lower pressure applied [14], [52], [53]. Both, higher pressure and the current flow, can decrease the
bonding temperature [46]. Moreover, comparing the Ti-Al,0; joint from 800°C (Fig. 5) to the other systems
including zirconium after heating at 900°C, it can be said that using titanium metal as an interlayer gives better
and more promising results than using zirconium.

The stability of joints is also much better since the systems did not crack apart after a few hours, as
was the case with some joints made with zirconium metal, even with the same force applied. Firstly, it can be a
result of the lower difference between the CTE of titanium and alumina than for zirconium and alumina.
Secondly, SEM images (Fig. 2 and Fig. 5) show that Ti bonds with alumina more strongly than Zr does. It results
in a higher free space area between Zr and ceramic specimens, where water vapor from the atmosphere can

adsorb at oxygen defect sites and facilitate the breaking of bonds. According to previous research works [48],



[52], [54], alumina can react with titanium as shown below, forming oxide and metallic reaction products such
as TiO,, TizAl, TiAl, and solid solution of oxygen into titanium.

1/3 ALO; + Ti > Ti0O + 2/3 Al

2/3 Al,O3 + Ti = TiO, + 4/3 Al

Al,O3 +6 Ti - 2 Ti3Al + 3 Oy

Al,O3 + 2 Ti - 2 TiAl + 3 Oy

5. Conclusion

Zirconium was applied as an interlayer to bond alumina ceramic by using spark plasma sintering.
Bonding was achieved, most likely due to the application of spark plasma sintering. The combination of the
electric current flow, high pressure, and the creation of oxygen vacancies or defects probably increased the
reactivity of the components. However, the process parameters need to be optimized and the method has
some disadvantages. First, unpolished metal can be successfully used for bonding alumina, but the applied
pressure must be high. Only then, can joining be successfully achieved. Using polished metal surfaces results in
joining under a lower load.

The bonding between components is not stable, and this is probably due to the lack of bonding
between Al and Zr atoms. Additionally, cracks occur during and after the thermal treatment, most probably
due to the mismatch between coefficients of thermal expansions and moisture accumulation in the gaps in
bonding.

Bonding achieved with the use of titanium interlayer has good integrity and stability. By applying the
spark plasma sintering process, joints were obtained at lower temperatures than usual, i.e. from 700°C. The
joining experiment at 600°C resulted just in the oxidation process of titanium without achieving any joining.
The cracks did not occur during these experiments. The CTE of alumina is closer to that of titanium metal than
zirconium.

The behavior of titanium and zirconium during the bonding process was similar. Both metals created
joints only in a specific range of temperature. For zirconium, the ideal bonding temperature was around 900°C,
while for titanium it was around 800°C.

In this study, the possibility of bonding alumina to zirconium using SPS was demonstrated, although

the joining parameters such as applied pressure and dwell times may be optimized to achieve more stable



joints. SPS is an interesting alternative to traditional joining methods that might expand the options for robust

interlayers for specific and challenging ceramic based components.
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Figure Captions

Figure 1. Light microscope images of alumina-zirconium systems after SPS experiments under a load of 4.2 kN
at a) 800°C, b) 900°C, c) 1000°C

Figure 2. SEM images of the cross-sections obtained from the zirconium-alumina system bonded by spark
plasma sintering method under a load of 4.2 kN at a) 800°C, b) 900°C

Figure 3. SEM-EDX mapping analysis of alumina surface after SPS with zirconium interlayer at 1000°C under a
load of 4.2 kN

Figure 4. SEM-EDX analysis of alumina surface after SPS at 1000°C with zirconium interlayer under a load of 3
kN

Figure 5. SEM images of the cross-sections obtained from the titanium-alumina system bonded by spark

plasma sintering method at a) 700°C, b) 800°C, c) 900°C

Table Captions
Table 2. Examples of systems for solid-state diffusion bonding alumina ceramics from the literature

Table 2. Experimental data of diffusion bonding performed by the spark plasma sintering method
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Table 3. Examples of systems for solid-state diffusion bonding alumina ceramics from the literature

Substrate Substrate Interlayer Temperature [°C]  Pressure [MPa] Reference
. . 700, 800, 900,
Alumina AISI 304 Ti 1000 15 [16]
Alumina AISI 304 Ti/Mo 800 15 [16]
Alumina AISI 304 Ti/Cu 800 15 [16]
Alumina Ti6Al4V Ag-Cu 750 3 [19]
Alumina AISI 304 AlH3/Mg(AlH,), 400 20 [20]
Alumina Cu Ti-0.8La (wt.%) 350 from 22 to 28 [6]
Alumina Ti6Al4V Ti 950, 1000 [14]
Alumina  1Cr18Ni9Ti steel from 750 to 1200 7 [21]
Alumina Alumina Alumina nanopowder 1100 80 [22]
Alumina Kovar Al 540 75 [15]
Alumina TNZ alloy 1175 3 [23]
Alumina Alumina 1500 69 [24]
Alumina Ni 1390 4 [25]
Alumina Cu 1040 5 [13]
Alumina Pt 1200 1.8 [26]
Alumina Nb from 1500 to 1800 from 3 to 15.2 [27]

Table 2. Experimental data of diffusion bonding performed by spark plasma sintering method

Interlayer Force [kN] Temperature [°C] Heating rate [°C/min] Dwell time [min]
Titanium 3.0 600 60 15
Titanium 3.0 700 60 15
Titanium 3.0 800 60 15
Titanium 3.0 900 60 15
Zirconium 3.0 800 60 15
Zirconium 3.0 900 60 15
Zirconium 3.0 1000 60 15
Zirconium 4.2 800 60 5
Zirconium 4.2 900 60 5
Zirconium 4.2 1000 60 5
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Zirconium

Figure 1. Light microscope images of alumina-zirconium systems after SPS experiments under a load of 4.2 kN
at a) 800°C, b) 900°C, c) 1000°C
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Figure 2. SEM images of the cross-sections obtained from the zirconium-alumina system bonded by spark
plasma sintering method under a load of 4.2 kN at a) 800°C, b) 900°C
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Figure 3. SEM-EDX mapping analysis of alumina surface after SPS with zirconium interlayer at 1000°C under a
load of 4.2 kN

10 pm

Al 10 pm 10 ym :- ‘ . 3
Figure 4. SEM-EDX analysis of alumina surface after SPS at 1000°C with zirconium interlayer under a load of 3
kN
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Figure 5. SEM images of the cross-sections obtained from the titanium-alumina system bonded by spark
plasma sintering method at a) 700°C, b) 800°C, c) 900°C
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e In this study, alumina ceramics were joined by Spark Plasma Sintering (SPS)

technology with titanium and zirconium metals applied as interlayers. In the

current state of art, titanium successfully joined alumina by SPS for the first time,

while bonding with zirconium was not previously mentioned in the literature.

e Titanium joined with alumina at 700, 800, and 900°C (force 3 kN), however, the

bond from 800°C stands out with the highest integrity and stability among others.

The formation of oxides and metallic compounds are the expected result of the SPS

treatment.

e Zirconium-alumina bonding was achieved at 800, and 900°C (force 4.2 kN). The

higher temperature resulted in the better quality of bonding, but worse than the

titanium systems. The ZrO, formation could decrease the stability in the joined

system.
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