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Abstract

The production of biocompatible ceramic—metal brazed joints is a subject of great interest. The development of new methods
for obtaining biocompatible brazed joints will allow the production of new and more complex metal-ceramic implants with
increased reliability and service life. At the same time, the titanium-zirconium-cobalt system is the most promising for the
production of active rapid-quenched filler metals due to its low cost and low toxic effect on the human body. In this work, a
ZTA-Ti joints manufacturing with various configurations using novel Zr-30Ti-20Co filler metal has been carried out. The
filler metal contact angle on ZTA ceramic and titanium has been 78—-80° and 53.2—-33.0° in the 900-1000 °C interval. The
XRD and EDS study revealed that the brazed joint consists of a-(Ti, Zr) and (Zr, Ti),Co phases. Subsequent corrosion test
according to the ASTM F 2129 standard showed that the brazed joint meets the biocompatibility criteria. However, there
has been detected the (Zr, Ti),Co phase pitting corrosion. At the same time, the content of cobalt ions in the Ringer-Locke
solution after corrosion tests does not exceed the maximum safe limit. Mechanical shear strength tests have revealed that the
joint fracture is brittle and the strength varies from 21.5 +2.5 up to 46.9 +19.2 MPa, depending on the joint configuration.

Keywords Brazing - ZTA ceramic - Titanium - Microstructure - Corrosion - Contact angle - Shear strength

1 Introduction

To improve the reliability and durability of medical implants,
great efforts have been made worldwide in recent decades
[1]. Aluminum and zirconium oxide—based ceramics are suc-
cessfully used for the manufacturing of wear-resistant fric-
tion pairs of modern hip replacements and in other fields of
medicine [2]. However, the implants with ceramic elements
exploitation are limited due to the presence of two problems.
The first problem is related to the low crack resistance. As a
result, the endoprosthesis head may split under shock loads
[3]. The second problem is related to the fretting corrosion
of the titanium stem when moving inside the conical hole
of the ceramic head (ceramics have a higher hardness). This
leads to metal particles released into the surrounding tissues
[4-7]. A new modular head design with an integrated liner is
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proposed to decrease stresses in the endoprosthesis ceramic
head and reduce wear degree of stem [8]. This design has
been described back in 1991 (patent no. EP0320332A1).
However, it has not found practical implementation due to
the data lack of various filler metal effect on the organs and
tissues. Therefore, the development of metal and ceramic
joining methods for implant manufacturing is an important
task.

There are numerous approaches to ceramics and metals
joining. They can be divided into the following: mechanical
connection (bolted, screw thread, and hot fit) and approaches
based on chemical interaction between solid or liquid
phases. Mechanical methods are usually not recommended
for operation under cyclic loads. Hole drilling and threads
in ceramics are expensive. The diamond treatment is neces-
sary to eliminate tool critical surface defects. In addition, it
is not recommended to manufacture a detachable joint in an
implant due to the inability to maintain it. Ultrasonic weld-
ing, pulsed electric discharge welding, and diffusion weld-
ing are expensive and difficult joining methods since mating
element surface preparation and high temperatures and pres-
sures are required [9]. Also, their application do not pro-
vide a strong connection of dissimilar materials and require
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the usage of intermediate layers to reduce residual stresses
[10]. Friction stir vibration brazing is a good way for met-
als and ceramic joining (for example, joining of Ti-6Al-4 V
alloy and silicon carbide) [11, 12]. However, this method
requires careful selection of the joining mode, including the
frequency of vibrations and the correct choice of the filler
metal. Also, there is a problem of uniform filler metal dis-
tribution in the joint during brazing process and dependence
of joint mechanical characteristics from roughness of base
materials [13]. There are traditional conventional approaches
to ceramic brazing using metallic coatings [14], but they
are multi-stage and therefore the method of active brazing
remains preferable.

The active brazing is the most promising method for
metal-ceramic joint producing, due to its reliability and
simplicity. The active brazing in particular is widely used
for ceramic joining. The chemical elements from molten
filler metal actively interact with base materials in active
brazing. The filler metal for active brazing usually contains
titanium and other metals of groups IV and V of the peri-
odic table, such as Hf, Zr, and V. The most commonly used
filler metals for active brazing are alloys based on Cu and
Ag—Cu systems with Ti additives [15]. Fundamental stud-
ies have been published about these filler metals, in which
the role of Ti in wetting and spreading has been discussed
from a theoretical and thermodynamic point of view. It is
possible to obtain strong ceramic-titanium joint with a shear
strength of 50-120 MPa with usage of such filler metals
[16]. These filler metals are well-proven for joining of vari-
ous ceramic materials (aluminum oxide, zirconium dioxide,
silicon nitride, aluminum nitride, carbide silicon, and many
others) with metals. Due to their ability of plastic deforma-
tion, the level of residual stresses is reduced in a joint. One
of the main disadvantages of the Ag alloys is the toxicity.
Silver is a good antibacterial agent; however, it can be harm-
ful for health [17, 18]. The use of pure gold as filler metal
should be considered for manufacturing of biocompatible
brazed joints. Gold has been used to connect both aluminum
oxide and zirconium oxide with titanium [19, 20]. However,
its widespread usage is limited due to high cost of gold and
high brazing temperature (1150 °C), which can cause tita-
nium recrystallization and accumulation of large residual
thermal stresses in the brazed joint after cooling. Therefore,
Ti-Zr—based filler metals are a good alternative, due to low
cost and low melting temperatures. In addition, titanium and
zirconium are biologically compatible materials. Thus, to
obtain a biocompatible brazed joint, the development of a
new filler metals is an urgent task.

It is proposed to use Ti-Zr-based filler metals, alloyed
with cobalt, in order to reduce the brazing temperature. The
minimum melting point is observed in Ti-Zr system at a
zirconium concentration of ~40 at. %. This melting point is
too high for brazing metals with ceramics since the residual
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thermal stresses in the joint depend on the brazing tempera-
ture. Therefore, it is necessary to add elements for melting
temperature decrease. It is known that cobalt alloys can be
used for medical implant manufacturing [21]. Therefore, Ti-
Zr-X-based alloys (where X is Co, Ni, or Cu) are a good
alternative due to low cost and melting temperature. For
example, it is known that Ti-(20-80)Zr-(10-30)Co (at. %)
alloys have a melting point of no more than 900 °C [22].
However, the exact form of the liquidus curve in this sys-
tem has not been studied. The minimum melting point is
related to alloy with concentration interval of Ti-(26-38)
Zr-(20-26)Co (at. %), which was found in the research [23].
A detailed study of alloy melting interval, wetting ability,
biological compatibility, and spreading over ceramic mate-
rials has not been carried out in this research. In terms of
obtaining biocompatible brazed joints, Ti-Zr-X-based alloys
are poorly studied and are of great interest for the purposes
of this study.

The study of Ti-Zr-Co filler metals will allow produc-
ing a biocompatible ceramic-titanium brazed joint. Rapidly
quenched filler metals have been proven to be effective in
critical structures brazing (aerospace, medical, and nuclear
technology) [24-27]. They show unique results in materi-
als surface wetting and allow obtaining high-strength joints.
It is possible to carry out precision brazing with rapidly
quenched filler metals usage (the thickness of tapes varies in
the range of 30-70 microns). Therefore, their usage will sig-
nificantly reduce the volume of the filler metal components
in the seam, which will increase the biocompatibility of
the joint. The aim of this research is to investigate Zr-30Ti-
20Co filler metal wetting properties, evaluate brazed joint
biocompatibility and mechanical properties, and study its
microstructure.

2 Materials and methods

Sintered ZTA grade ceramic (80% Al,O; and 20% ZrO,)
with a purity of at least 99% (manufactured by JSC “Elemet”,
Elektrogorsk) and pure titanium of VT1-0 grade have been
used for brazing. Ceramic and titanium samples have been
sanded on P120-P2500 abrasive paper before brazing and
then polished with 3 pm diamond paste. Then, samples have
been purified with ethanol in an ultrasonic bath. Filler metal
ingots with Zr-30Ti-20Co (wt.%) composition have been
melted in the argon arc furnace Mephi-9. The filler metal
in the form of a tape has been obtained by rapid quenching
at the Crystall-702 installation. The average tape thickness
was in the range of 50+ 10 pm.

ZTA grade ceramic surface has been polished and used as
a substrate for contact angle measurement. The filler metal
droplet with volume of ~ 64 mm? is recommended for wet-
ting and spreading experiments in accordance with GOST
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23904-79 standard. To obtain this volume, samples with a
mass of 0.35 g have been cut from the filler metal tape and
joined by point welding. The samples were heated in the
EP-IRIS (electric furnace for wetting and spreading study)
vacuum furnace in a vacuum~ 1 x 10~ Pa with a heating
mode shown in Fig. 1b. The contact angle was measured
in situ using molten filler metal drop cross-sectional images
on ZTA ceramic and titanium substrate as shown in Fig. 1a.
The sample was observed from side during heating using
a High Cloud digital video camera. The contact angle was
measured using Geometry Tools software.

Brazing of two types of samples (flat surface ceramic and
ceramic with notches with a depth of 100 pm and 500 pm
interval) was carried out in a vacuum electric furnace
SSHVE-1.25/25. One layer of filler metal tape was used for
a flat sample brazing, whereas in the case of a sample with
notches, two layers of filler metal tape were used. During
brazing, a load of ~2,7 N (275 g of load) was applied to
the sample to prevent it from shifting. The brazing mode is
shown in Fig. 1b. The heating up to 550 °C was carried out
with a speed of 20 °C/min. After the exposure of 550 °C for
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30 min, subsequent heating with a speed of 20 °C/min (sam-
ple brazing) or 5 °C/min (contact angle measurement) was
carried out. Brazing was performed with 20 s exposure at
900 °C with subsequent 5 °C/min cooling. The samples were
cut for corrosion and microstructure study after the brazing.

The microstructure study was carried out with scanning
electron microscopy (SEM) and X-ray spectra analysis
(XRD). The microstructure images with EDX data were
obtained on Carl Zeiss EVO 50 SEM with INCA X-Act
microprobe. Phase analysis of the brazed joints was carried
out with powder diffraction patterns, obtained at the X-ray
structural analysis (XSA) beamline of the Kurchatov syn-
chrotron radiation source [28] with wavelength A =0.074 nm
at the National Research Center “Kurchatov Institute.” A
scheme of the X-ray structural analysis is shown in Fig. 2a.

The corrosion study has been carried out according to
ASTM F 2129 standard. Cyclic potentiodynamic tests were
used to assess the propensity of brazed joints to pitting and
crevice corrosion (Fig. 2b). A brazed joint with a length
of 8 mm was used as a working electrode. A potentiostat
was connected to three electrodes—silver chloride reference
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Fig.2 Schematic view of the X-ray structural analysis beamline (XSA) measuring zone (a) and corrosion study scheme (b)
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electrode, working electrode (brazed joint), and platinum
counterelectrode. The voltage of the working electrode
relative to the reference electrode was scanned towards the
positive voltage range and then in the opposite direction.
The resulting current between the working electrode and
counterelectrode was recorded. The voltage and current then
were displayed on a semi-logarithmic graph, which allows to
analyze the corrosion process in brazed joint. Ringer-Locke
saline solution with a volume 200 ml was selected as an
electrolyte during testing. Initially, electrolyte solution was
purged with nitrogen for at least 30 min. Then, test samples
were immersed in a solution at a temperature of 37 +1 °C.
After 1 h of open circuit balancing, a potentiodynamic scan
was initiated at a scan rate of 1 mV/s. At a maximum voltage
of about 1.2 V or current density (caused by breakdown), the
scan was carried out in reverse direction. Corrosion test was
terminated when the current density during reverse scanning
falls below the measured in the passive state value (repas-
sivation) or when the initial voltage is reached. The analysis
of Ringer-Locke solution was carried out with inductively
coupled plasma mass Spectrometer Agilent 7700x (ISO
17294-2:2003 standard).

The brazed joint shear strength has been determined by
compression tests in special assembly. The test scheme was
similar to the one used in the previous study [29, 30]. The
tests were carried out on the Quasar 50 installation with a
traverse speed of 1 mm/min. The experiment was carried
out until the delamination of the brazed joint and/or ZTA
ceramic element. The force direction was chosen perpendic-
ular to the notches in case of type 1 sample. A fractographic

study was carried out after the test on the Carl Zeiss EVO
50 SEM.

3 Results and discussion
3.1 Wetting and microstructure study

The measurement results of filler metal contact angle on
ZTA grade ceramic and titanium substrate are shown in
Fig. 3.

Filler metal starts to melt at 860 °C and completely melts
at 900 °C in both experiments. As can be seen, the initial
contact angle on titanium substrate at 900 °C is 53.2°, and
with an increase in temperature to 1000 °C, the contact angle
tends to decrease to 33.0°. Contact angle for Zr-30Ti-20Co
filler metal on ZTA grade ceramic remains in the range of
78-80°. These results may indicate about weak interaction of
filler metal with ZTA grade ceramic. Despite improvements
in wetting with increasing temperature, brazing was carried
out at 900 °C in order to reduce residual stress in joint. The
microstructure of joints with EDX map for both joint con-
figuration is shown in Fig. 4.

Heterogeneous structure has formed in brazed joint,
which consists of several structural components. The
type 1 and type 2 joint structures differ. There is a zone
strongly enriched with cobalt in the notch center (type 1
joint). Moreover, eutectoid structure as well as formation of
cobalt-enriched phase has been found in that zone—Fig. Sc,
d, Table 1 (point A). A phase with cobalt content of about
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Fig.3 Contact angle versus temperature for Zr-30Ti-20Co filler metal on ZTA grade ceramic and titanium
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Fig.4 EDX map of ZTA-Ti brazed joints: (a) ZTA with notches—type 1 joint and (b) flat ZTA ceramic—type 2 joint
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Fig.5 Microstructure of ZTA-Ti brazed joint: (a, ¢, d) — type 1 joint, (b, €) — type 2 joint

32.5 at. % forms in the central zone of the notch according to
EDX data. This may indicate about chemical compound (Ti,
Zr),Co formation according to Ti-Zr-Co phase diagram [28].
An eutectoid structure has been found in that zone (Fig. 5c).
Eutectoid consists of o-Ti lamellar crystals and probably the
intermetallic compound (Ti, Zr),Co (Fig. 5d, area B and C)
according to EDX data.

Cobalt-enriched zones alternate with zones in which
only titanium is present (Fig. 5b and e) in type 2 joint.
The formation of two structural components has been
found—Ilamellae of «-Ti and a structure with a cobalt con-
tent greater than the maximum solubility of Co in «-Ti
(Fig. Se, area E). It was revealed at a higher magnification,
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Table 1 Results of EDX analysis from Fig. 5 (at. %)

Analysis area  Ti Co Zr Possible phase/structural com-
ponent

A 40.8 325 267 (TiZr),Co

B 783 8.0 13.7 Ti-Zrs. solution+ (Ti,Zr),Co
(eutectoid)

C 98.8 - 12 Ti

D 535 182 28.3 Ti-Zrs. solution+(Ti,Zr),Co
(eutectoid)

E 74.6 135 119 Ti-Zrs. solution+ (Ti,Zr),Co
(eutectoid)

F 88.5 1.4 10.1 Ti-Zrs. solution

this structural component is a mixture of two phases and
apparently represents a finely dispersed eutectoid (Fig. 5e).

The X-ray spectrum analysis revealed that two phases
formed in the seam. A presence of a solid solution of a-(Ti,
Zr) and intermetallic compound (Ti, Zr),Co in brazed joint
was confirmed—Fig. 6.

Brazed joint formation mechanism can be explained
based on previous research [31]. Cobalt is an eutectoid-
forming element in the Ti-Co and Zr-Co system. The
interaction in the three-component Ti-Zr-Co system can
be schematically represented using the polythermal section
shown in Fig. 7e. When heated to brazing temperature, the
filler metal melts, which corresponds to point O in the dia-
gram. Filler metal reacts with ZTA ceramic and Ti, with
formation of oxide layer from ceramic side during brazing

exposition. However, this oxide layer was not detected in
brazed joint microstructure images. At the same time,
titanium dissolves in the filler metal melt, and titanium
concentration in the liquid is increasing. The composition
of the liquid becomes equilibrium at a given temperature,
which corresponds to point 1 in the diagram (Fig. 7¢). The
joint structure corresponds to Fig. 7a—stage 1. Further,
the isothermal crystallization of B-Ti occurs during expo-
sure due to diffusion of cobalt into the base material and
titanium diffusion into the filler metal (Fig. 7e, exposure
from point 1 to point 2). The change in structure is shown
in Fig. 7b—stage 2. The B-Ti phase composition corre-
sponds to point 2 at the liquid—solid boundary in Fig. 7e.
The diffusion of cobalt into the base material leads to a
change in the composition of the $-Ti phase from point 2
to point 3 (Fig. 7e). In step 2, type 1 brazed joint consists
of a reaction layer at the ceramic boundary, a liquid phase
of point 1 composition (Fig. 7) and a B-Ti phase of vari-
able composition from point 2 to point 3. The structure of
type 2 brazed joint consists of a reaction layer at ceramic
boundary and a §-Ti phase of variable composition.
Thus, the type 2 joint crystallization is isothermal, since
the cobalt content in the brazed joint decreases below the
maximum solubility of Co in B-Ti (point 2 in Fig. 7e). In
case of the joint with notches (type 1), crystallization is
partially isothermal and partially athermal (upon cooling)
with the eutectic structure formation by reaction no. 1.
The filler metal initial amount is greater, and an excessive
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Fig.6 X-ray spectra of ZTA-Ti type 1 brazed joint
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Fig.7 Schematic representation of brazed ZTA-Ti joint formation

amount of eutectic remains in the middle of the seam at
the brazing temperature.

Upon type 1 brazed joint cooling (Fig. 7c—stage 3), the
liquid crystallizes into a eutectic structure (point 5) consist-
ing of a B-phase and an intermetallic compound. Further,
the layer of p-Ti phase saturates with titanium when cooled
from point 3 to point 4. Upon cooling from point 4 to point
6, alpha-phase lamellae crystallizes, as shown in Fig. 7c.
The same transformation occurs in type 2 joint, except the
liquid transformation into eutectic. At point 6, the eutectoid
decomposition of the f-Ti phase occurs by reaction no. 2.
Finally, the structure shown in Fig. 7d formed after joint
cooling to a room temperature.
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3.2 Study of corrosion and mechanical properties
of ZTA-Ti brazed joints

Figure 8 shows the polarization curves of brazed ZTA-
titanium joints in the anode region. It was found that no
sample has a passivation region, which indicates either
the absence of a passive film or brazed joint uniform dis-
solution. Fractures in the polarization curves are observed
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Fig.8 Polarization curves and open circuit voltage for a ZTA-Ti brazed joint of type 1 (a) and type 2 (b)
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Fig. 9 Microstructure of type 1 (a) and type 2 (b) ZTA-Ti brazed joint after corrosion test

Table 2 Results of EDX

- > Analysis area Ti Co Zr (0] Possible phase/structural component
analysis from Fig. 9 (at. %)
A 54.5 13.8 31.7 Ti-Zr s. solution + (Ti,Zr)O,
B 82.9 11.5 5.6 - Ti-Zr s. solution+ (Ti, Zr),Co
C 98.5 1.5 - Ti

due to the heterogeneity of the surface. At the same time,
the open circuit voltage of type 2 joint is predominantly
increasing, which indicates passivation. Open circuit volt-
age of type 1 brazed joint decreases—accordingly, the
seam structural components dissolve more intensively.
The voltage complex behavior indicates the presence of
competing dissolving and passivating phases while equi-
librium state establishing. However, all samples passed the
bioavailability ASTM F 2129 standard, since no passive
film breakdown was observed up to the voltage + 800 mV.

Figure 9 shows the change in joint microstructure after
corrosion test.

The intermetallic phase (Ti, Zr),Co dissolution was
found at the border with ZTA ceramic (Fig. 9). Moreover,
the dissolution of intermetallic compounds occurs only in
eutectoid structural component in both joint type. Table 2
shows the joint zone EDX results. It has been revealed that
a titanium-zirconium oxide layer was formed at interme-
tallic compound zone. The absence of cobalt in the EDX
data (zone A) indicates its intensive dissolution and tran-
sition into solution in the form of ions. The presence of
oxygen in this zone indicates an oxidation of titanium and
zirconium and an oxide film formation, which leads to pas-
sivation of brazed joint area. Based on the results of the
microstructure study and hysteresis presence on polariza-
tion curves, it can be concluded about pitting corrosion in
the brazed joints. Table 3 shows the content of titanium,
zirconium, and cobalt ions in Ringer-Locke solution before
and after the experiments.

@ Springer

Table 3 Ringer-Locke solution

lvsi Solution Ton content,
analysis results mke/l
Ti Zr Co
Initial <2 <1 <01
Type 1 joint <2 <1 2
Type 2 joint <2 <1 0.2

It has been found that cobalt ion concentration in the test
solution does not exceed the established norms for the con-
centration of cobalt in plasma in case of flat brazed joint. In
case of type 1 joint (with notches), cobalt ion content turns
out to be slightly higher than the recommended values [32].
The concentrations of titanium and zirconium ions were less
than the detection level in solution in both cases. Therefore,
brazed joint of type 2 can be marked as the most corro-
sion resistant to pitting and crevice corrosion. However, the
actual size of brazed joint and its configuration may differ
for real medical devices. Therefore, additional studies are
necessary to assess the safety of proposed brazing method
for implant manufacturing.

Shear strength tests have shown that all sample fail-
ure occurs with brazed joint delamination. Sample fail-
ure takes place instantly when a certain critical force
reached, and the load drops instantly to zero. The results
of shear strength tests showed that type 2 brazed joint
has an average shear strength of 21.5 +£2.5 MPa, while
the type 1 brazed joint has a strength of 46.9 +19.2 MPa.
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Type 2 brazed joint did not demonstrate a high degree of
strength value dispersion, whereas samples with notches
had a high degree of dispersion.

The brazed joint fractographic images are shown in
Fig. 10. The images demonstrate no presence of viscous
damage such as the formation of dimple colonies. The
filler metal pieces was found on ZTA ceramic, and appar-
ently, the failure of joints was fragile along the boundary
between phases. It was revealed that delamination takes
place between ZTA ceramic and brazed joint phases, so
the failure has intergranular (interphase) nature. It is pos-
sible that a brittle oxide layer (for example, from titanium
oxides) formed at the boundary with ZTA ceramics, along
which delamination occurred.

Such an oxide layer was found, for example, in case
of zirconium oxide brazing with usage of titanium filler
metal [33]. The short brazing time in this study, appar-
ently made this layer very thin to observe. Nevertheless,
the notches in the ceramic allow to improve the mechani-
cal characteristics of brazed joint, increasing its shear
strength by more than two times. These results are com-
parable with shear strength of brazed joints manufactured
with usage of silver-based filler metals [34, 35]. However,
silver filler metals cannot be used for implant brazing,
since silver has a sufficiently high toxicity. So, Ti-Zr-Co
filler metals are a good and inexpensive alternative.

Fig. 10 Fractographic images of
the ZTA-Ti brazed joints

View on ZTA
sample

View on Ti
sample

4 Conclusions

ZTA ceramic and titanium brazing has been carried out
using novel rapidly quenched Zr-30Ti-20Co filler metal.
The Ringer-Locke solution corrosion resistant, high-strength
brazed joints have been obtained. The study main results are
as follows:

1) Zr-30Ti-20Co filler metal has a melting interval of 860—
900 °C. The filler metal contact angle on ZTA ceramic
and titanium has been 78-80° and 53.2-33.0°, respec-
tively, in the range of 900-1000 °C.

2) The structure of the brazed joints is represented by a
solid solution of Ti-Zr and an intermetallic compound
(Ti, Zr),Co. An eutectoid in the flat (type 2) joint has
been founded, whereas the structure of the joint with
notches (type 1) consists of eutectic and eutectoid
structural components. The mechanism of brazed joint
formation has been described. It consists of flat joint
fully isothermal crystallization mechanism and partially
isothermal and athermal crystallization of joint with
notches.

3) At the corrosion test conducted according to ASTM F
2129 standard, the intermetallic compounds (Ti, Zr),Co
pitting corrosion has been revealed. Corrosion mainly
occurs in the eutectoid structural component at the
ZTA ceramic boundary. The joint with notches corro-
sion effect has turned out to be much than in the case
of a flat joint. The quantity of cobalt ions released into

View on ZTA
sample

View on Ti
sample

Ti -
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4)

the Ringer-Locke solution does not exceed 2 mkg/l for
a joint with notches and 0.2 mkg/I for a flat joint. Nev-
ertheless, this concentration of cobalt ions in the test
solution does not exceed the maximum safe content.
The shear strength of the brazed joints has turned out
to be equal to 21.5+2.5 MPa for the flat joint and
46.9+19.2 MPa for the joint with notches. The brazed
joint failure has a brittle character mechanism. The
brazed joint delamination has been found out along the
ZTA ceramic and brazing seam boundary.
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