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Abstract Ag and Ag-based pseudo-alloys were evaluated

in terms of application as metal brazes for the use in a

hybrid direct carbon fuel cell stack. This paper reports on a

series of wetting experiments on systems of pure Ag as

well as Ag–Cu–Ti and Ag–Cu–Ni pseudo-alloys in contact

with the widely used austenitic stainless steel SS316L, the

ferritic steels Crofer22APU and Croffer22H and with

polycrystalline partially stabilized zirconia (TZ-3Y) for the

determination of the interfacial properties of the above

systems. Pure Ag in air showed poor wettability (h[ 90�)
with all substrates. The Ag–Cu–Ti pseudo-alloy in vacuum

(P = 2.5 9 10-3 mbar) showed improved wettability,

with h & 40� for the steels and h & 50� for the TZ-3Y

substrates. The Ag–Cu–Ni pseudo-alloy in air showed

excellent wetting properties (h\ 10�) with all the sub-

strates, but its high liquidus temperature makes it unsuit-

able for use with the SS316L steel. In low vacuum

(P = 1.5 9 10-1 mbar), the contact angle was increased

(h & 65�) but the low oxygen concentration limits the

oxidation of the steel surface. Selected systems of the

pseudo-alloys in contact with steel and TZ-3Y substrates

were treated for 120 h in the operating conditions of a

hybrid direct carbon fuel cell, in order to evaluate the

thermal stability of the joints. Despite the reactions taking

place on the interface, the joints showed good stability and

no separation of the two phases occurred.

Introduction

A direct carbon fuel cell (DCFC) converts the chemical

energy stored in a carbon-rich material to electricity

through its direct electrochemical oxidation. Direct con-

version of coal to electricity offers significant increase in

efficiency with consequent reductions in CO2 emissions

[1]. A hybrid direct carbon fuel cell (HDCFC) combines

the advantages of a molten carbonate fuel cell (MCFC) and

a solid oxide fuel cell (SOFC) and uses a hybrid-state

(molten-solid) design, in order to increase the overall

performance of the cell [2]. Sealing materials play a crucial

role in the performance and long-term durability of a

DCFC stack, as they minimize gas leakage and ensure the

thermomechanical stability and the fuel purity.

Two different types of high-temperature sealing mate-

rials are widely used. Electronic conductive sealants, usu-

ally noble metals, for use in the interconnects and current

collectors interfaces and non-electronic conductive sea-

lants, normally silicate-based glass materials, in order to

electrical insulate the individual cells of the stack [3]. One

common problem of those glass sealants is the devitrifi-

cation that occurs during the long-term thermal treatment

of the glasses and affects their thermomechanical stability,

leading to more fragile structures [4, 5]. However, recent

studies showed that the employment of an electrical insu-

lation layer on the steel components makes possible the use

of a single metal braze sealant in all parts of the stack [6].

The joining of the stack components requires the for-

mation of strong bonds on the filler metal—stainless steel

and ceramic (insulating layer) interfaces. The rapid heating

rates and the high-operating temperatures (*1023 K) of

the DCFC can lead to increased stress on the joining and

sealing points of the stainless steel components of the stack

[7]. Also, the stainless steel body parts as well as the
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sealing and insulating materials must be resistant to cor-

rosion and to be able to cope with thermal cycles as well as

with long term operation in high temperatures. Ag is an

excellent candidate for filler metal because of its high

stability against oxidation in high temperature, high

mechanical strength, good electrical and thermal conduc-

tivity and its reasonable cost. Contact angle (h) is another

important factor in sealing. Low values of contact angles

are crucial in order to ensure good stability and strong

interfacial bond between the contacting phases. One dis-

advantage of using pure Ag is the poor wettability of liquid

Fig. 1 Schematic profile of a contact angle, h, in a solid–liquid–

vapour system, in equilibrium

Table 1 Chemical composition (%max) for SS316L, Crofer22APU

and Crofer22H

Steel Cr C Mn Si Cu Al S P

SS316L 18 0.03 2.00 0.75 0.03 0.045

Crofer22APU 24 0.03 0.80 0.50 0.50 0.50 0.020 0.05

Crofer22H 24 0.03 0.80 0.60 0.50 0.10 0.006 0.05

Steel Ti La N W Nb Ni Mo Fe

SS316L 0.10 14 3.00 bal

Crofer22APU 0.20 0.20

Crofer22H 0.20 0.20 0.03 3.0 1.0

Table 2 Temperature dependence of the contact angles, h (�), for the

systems of Ag in contact with steels and TZ-3Y in air

T (K) SS316L/

Ag

Crofer22APU/

Ag

Crofer22H/

Ag

TZ-3Y/

Ag

1253 92.7 92.6 110.9 107.7

1293 91.4 90.5 109.5 108.8

1333 90.0 89.8 108.1 109.1

1373 89.4 89.2 106.6 109.8

Fig. 2 Cross section SEM-

EDX line scanning analysis on

the interface of Crofer22H/

CuO/Ag (a) and SS316L/CuO/

Ag (b) samples after wetting

experiment at T = 1253 K, in

air

Fig. 3 Separation of the Ag drop from the SS316L/Cu substrate, after

wetting experiment in air. The Fe–O layer formed on the surface of

the steel can be found on the Ag drop
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Ag in contact with steel and ceramic substrates. Literature

data for wetting experiments on liquid Ag/ceramic oxides

systems show very bad wetting (h[ 120�) for low values

of oxygen partial pressure [8, 9]. Because of the high dif-

fusivity and solubility of oxygen in liquid Ag, the surface

energy of liquid Ag drops significantly in air. This causes a

parallel drop in the contact angles values of Ag in contact

with ceramic oxides, but the systems remain non-wetting

(h[ 90�) [10, 11]. In the case of the wetting of the

stainless steels, a Cr–O-rich protective layer is formed in

the surface of the steel and the liquid metal phase is in

contact with this ceramic phase, making the wetting

experiment a liquid Ag/ceramic oxide wetting.

In order to improve the wetting properties of pure Ag,

some Ag-based alloys have been developed. Two com-

monly used alloys are the (wt.%) Ag63Cu35.25Ti1.75 (Cusil-

ABA�) [12, 13] and the (wt.%) Ag56Cu42Ni2 (AMS4765)

[14]. In the present work, pseudo-alloys of the above

compositions were composed by powder mixing. The

wetting behaviour and the interfacial properties of those

alloys in contact with different stainless steel alloys and

with polycrystalline TZ-3Y were examined. As the surface

energy of molten Ag is strongly related to the oxygen

concentration, different atmospheric conditions were

applied during the wetting experiments. Finally, as the

long-term goal of this work is the implementation of those

materials in the fuel cell technology, ageing experiments of

the joints in the working conditions of a HDCFC were

performed.

Experimental procedure

Wetting properties and interfacial phenomena are the major

factors controlling the effectiveness of joining different

types of materials. An established method for studying the

interfacial phenomena is that of a sessile drop of a liquid

lying on the surface of a solid substrate (Fig. 1). In ther-

modynamic equilibrium the Young equation is valid:

csv ¼ csl þ clv cos h ð1Þ

where csv and clv are the surface energies of the solid

substrate and the liquid phase respectively, csl is the

interfacial energy of solid–liquid and h is the contact angle.

For a gas/liquid/solid system in equilibrium, the work of

adhesion, w, i.e. the work required to separate an interface

into two different free surfaces is given by the Dúpre

equation:

w ¼ csvþclv � csl ð2Þ

Combining Eqs. (1) and (2) results in the Young–Dúpre

equation:

w ¼ clv 1 þ cos hð Þ ð3Þ

From Eq. (3) it is possible to determine the work of

adhesion and so the strength of the bond between a liquid

phase of known surface energy and a solid substrate only

Fig. 4 Cross section SEM-EDX analysis on the interface of a

SS316L/Ti/CuO/Ag sample after wetting experiment at T = 1253 K,

in air

Fig. 5 Wetting experiment of SS316L substrate in contact with liquid Ag63Cu35.25Ti1.75 at 1053 K in Ar/5 %H2 (a) and with liquid Ag56Cu42Ni2
at 1313 K in vacuum (b)
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by measuring the contact angle of the system. Also, as

shown from Eq. (3), the work of adhesion is inversely

proportional to the contact angle value, meaning that a low

contact angle is essential for a sealing material.

For these reasons, the contact angle values of Ag and

Ag-based alloys in contact with different substrates were

measured. The wetting experiments were performed in a

horizontal SiC resistance tube furnace in air, in vacuum

and in flowing Ar/5 %H2 atmosphere (80 ml/min). Quartz

glass windows permitted the sideways in situ observation

of the experiment using a digital camera. The contact angle

value was measured by applying fitting of the Young–

Laplace equation to sideways images of the drop captured

by the digital camera, using the ImageJ image processing

software. The equilibrium contact angle, h, for every

temperature was established during the first minutes of the

experiments and remained constant afterthought. During

the wetting experiments, the temperature was monitored

using an IR pyrometer.

For the wetting experiments, pure Ag (Alfa Aesar—

purity 99.95 %) as well as Ag63Cu35.25Ti1.75 and Ag56

Cu42Ni2 pseudo-alloys were used as liquid phase. The

pseudo-alloys were composed by powder mixing metal

powders of Ag (Alfa Aesar—99.9 % purity), Cu (Strem

Chemicals—99.5 % purity), Ti (Alfa Aesar—99.5 % pur-

ity), and Ni (Sigma Aldrich—99 % purity). As substrates,

different stainless steel alloys were selected. Initially, the

austenitic stainless steel 316L which is a material that has

been used in the scaling up of the HDCFC technology [15],

mainly because of its low cost and high availability. Two

other stainless steels, with the technical names Crofer22-

APU and Crofer22H were also tested. Both these steels are

high-temperature ferritic stainless steels, developed jointly

from ThyssenKrupp Nirosta GmbH and Forschungszen-

trum Jülich specifically for use in SOFCs, with the Cro-

fer22H being an improved version of crofer22APU

offering better creep properties. The composition for all the

steels, according to their data sheets, is shown in Table 1.

All steels were cut into round or square shape with

1.5–2.0 mm thickness. Powder of partially stabilized zir-

conia (TZ-3Y—Tosoh—99.8 % purity) was cold pressed

into pellets of 10 mm diameters and *3 mm thickness.

The pellets were sintered for t = 20 h at 1773 K to a final

density 90 % of the theoretical. The Y2O3 partially stabi-

lized ZrO2 with tetragonal precipitates was selected as

insulation material for the good thermal shock resistance,

high fracture toughness as well as resistance to wear and

ageing it shows [16, 17] because of transformation tough-

ening phenomena, resulting from the tetragonal to

Fig. 6 Temperature dependence of wetting on the system TZ-3Y/Ag56Cu42Ni2 in air for T = 1198 K (a), T = 1223 K (b), T = 1258 K (c) and

T = 1263 K (d)

Fig. 7 Cross section SEM-

EDX analysis on the interface

of the system TZ-3Y/Ag56Cu42

Ni2 after wetting experiment at

T = 1263 K, in air
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monoclinic phase transformation [18]. All substrates were

polished to a final roughness of 1 lm.

Results and discussion

Pure Ag

Initially, wetting experiments in air with pure Ag in contact

with the three steels and with TZ-3Y were performed. As

shown in Table 2, all the systems are non-wetting with a

mean value of h = 90.9� ± 1.5�, h = 90.5� ± 1.4�,
h = 108.7� ± 1.8� for SS3316L, Crofer22APU and Cro-

fer22H, respectively, and h = 108.9� ± 0.9� for TZ-3Y. In

the case of the Ag/ferritic steels systems, the Ag drop is in

contact with the protective Cr2O3 protective layer that is

formed in the surface of the Crofer steels and so a Ag/

ceramic interface can be assumed. Because the melting

temperature of Ag is above the recommended working

temperature for continued use of the SS316L in oxidizing

conditions (1193 K), during the wetting experiments a Fe–

O rich layer is formed above the Cr2O3 protective layer of

Fig. 8 Cross section SEM-EDX mapping analysis on the interface of a Crofer22APU/Ag56Cu42Ni2 sample after wetting experiment at

T = 1263 K, in air
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the steel. Studies on austenitic steels with similar Cr con-

centration showed that the oxidation resistance of the steel

is strongly related to the temperature and the amount of

oxygen in the atmosphere. More specifically, in lower

temperatures there is no significant effect of the atmo-

sphere as the Cr2O3 layer is always created and the Fe

oxides are thermodynamically unstable. However, in

higher temperatures and in high oxygen partial pressures,

Cr2O3 and Fe oxides can exist simultaneously and the

growth of the oxides is controlled by kinetic factors. As the

interdiffusion coefficients of Cr in the ferritic steels is

about 10 times higher than in the austenitic steels, this Fe–

O layer is not formed in the Crofer steels [19]. During the

wetting experiment of SS316L by Ag, this very brittle Fe–

O layer is formed, and as the systems cool down it causes

the formation of cracks in the Ag-steel interface which

leads to the complete separation of the droplet from the

substrate.

The above systems in vacuum or in Ar/5 %H2 were not

tested thoroughly as literature data for the wetting of

ceramics by pure Ag in low oxygen concentrations repor-

ted very poor wettability (h[ 100�) [8–11]. This non-

wetting behaviour was confirmed after wetting experiments

on the system Ag/Crofer22APU in Ar/5 %H2 and vacuum

(P = 2.5 9 10-3 mbar) at T = 1253 J, with contact

angle values of h = 121� and h = 113� respectively.

One way to improve the wettability of a noble metal is by

adding an interface active compound which is also soluble in

the metal. For the case of Ag, a material that fulfils these

requirements is CuOx as it forms a pseudo-binary alloy in

solid state and is completely soluble in Ag in liquid state [20].

Addition of CuOx is very effective in reducing the contact

angle values. Wetting experiments found in the literature for

systems of Ag–CuO pseudo-alloys in contact with ceramic

and steel substrates showed very good wettability (h\ 20�)
[21–24]. A cost-effective way of introducing the CuOx in the

Ag is the deposition of a thin layer of Cu on the surface of the

substrate that is later oxidized to CuOx. During the wetting

experiment, the CuOx is dissolved in the liquid Ag that

results in a much lower contact angle compared to the pure

Ag [25]. For this study, a thin layer (&0.3 lm) of Cu was

deposited on the substrates using evaporation coating in

vacuum (3 9 10-5 mbar), and wetting experiments with

liquid Ag in air were performed. For the steel substrates and

for T = 1253 K, the contact angles values measured in this

case were h = 83.8� for the system SS316L/CuO/Ag,

h = 55.1� for the system Crofer22APU/CuO/Ag and

h = 58.3� for the system Crofer22H/CuO/Ag. For both the

ferritic steels, the contact angle in this case is significant

reduced compared with the experiments using only pure Ag.

For the system Crofer22APU/CuO/Ag, the measured contact

angles are in agreement with data found in the literature [25].

Cross section SEM images of the interface on the Crofer22H/

CuO/Ag system showed the existence on a thin (&2 lm)

reaction zone that penetrates in the silver. SEM-EDX anal-

ysis on the interface showed that this reaction zone is con-

sisted of Cr-rich oxides (Fig. 2a). Similar results were

obtained for the Crofer22APU/CuO/Ag system. In the case

of SS316L, the contact angle is slightly reduced. Also, as in

the case of pure Ag in contact with SS316L, a Fe–O brittle

layer (&8 lm) was formed on the interface (Fig. 2b) that

reduces the stability of the bond, as in some cases this Fe–O

layer is detached from the surface of the steel and can be

found on the Ag drop (Fig. 3). In order to deal with this

problem, on the surface of the SS316L samples, a thin

(&0.3 lm) layer of Ti was deposited and then the samples

were treated at 773 K for t = 5 h in air. In these conditions,

the Ti layer will oxidize and react with the Cr2O3 layer on the

surface of the steel to form Titanium-substituted chromium

oxides (CTO), with the general formulation Cr2–xTixO3? y

[26, 27], that will protect the surface of the steel from oxi-

dation. After that, a Cu layer was deposed as before and

wetting experiment with Ag was performed. The contact

angle in this case was slightly lower than before with a value

of h = 81.1�. Although the wettability did not change a lot,

cross section SEM-EDX analysis on the interface showed

that in this case the reaction zone and the Fe–O layer is

reduced from *8 to *3 lm (Fig. 4). Because of this, the

stability of the bond was increased and no separation of the

two phases occurred. In any case because, as mentioned

earlier, the melting point of pure Ag is above the recom-

mended working temperature for continued use of the

SS316L in oxidizing conditions, a sealing material with

lower melting point or with good wetting properties in pro-

tective atmosphere would be preferable for use with this

steel.

Fig. 9 SEM image of the surface of the drop for the system

Crofer22APU/Ag56Cu42Ni2 after wetting experiment at T = 1263 K,

in air
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Ag–Cu–Ti

The (wt.%) Ag63Cu35.25Ti1.75 pseudo-alloy was composed

by powder mixing the pure metal powders. A sealing alloy

with the same composition has been developed from

Morgan Advanced Materials with the commercial name

Cusil-ABA. In order to test the possible use of this pseudo-

alloy as sealing material, wetting experiments in contact

with steel and TZ-3Y substrates were performed. Because

of the presence of the Ti in the pseudo-alloy and its fast

oxidation (DG(TiO2)(900) = -732.128 kJ), the experiments

were performed only in flowing Ar/5 %H2 atmosphere

(80 ml/min) and in vacuum (2.5 9 10-3 mbar).

In reducing conditions, the surface of the steel will not

form this Fe–O layer at high temperatures, and moreover

the liquidus temperature for the pseudo-alloy (1023 K) is

much lower than the melting point of pure Ag (1235 K).

However, the pseudo-alloy showed very poor wettability

with all the substrates with h[ 110� (Fig. 5a). In reduc-

ing conditions Cu and Ti will not form the corresponding

oxides and so the three metals will mix into a ternary

liquid solution. The droplet showed no adhesion to the

Fig. 10 Cross section SEM-EDX mapping analysis on the interface of a SS316L/Ag56Cu42Ni2 system after wetting experiment at T = 1263 K,

in air
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substrates, and after the cool down it detached the

substrate.

Wetting experiments with steel and TZ-3Y substrates

were performed also in vacuum (P = 2.5 9 10-3 mbar).

At these conditions, the liquidus temperature of the alloy is

higher (1093 K) than in Ar/5 %H2 but again lower than the

melting point of pure Ag. The contact angles for all the

systems in this case were significantly lower than before,

with a mean value of h & 40� for the steels and h & 50�
for the polycrystalline TZ-3Y. The values for the steels are

higher than literature data for the wetting of SS316 sub-

strates by the Cusil-ABA alloy [28] but are in agreement

with data obtained for systems of ceramic substrates in

contact with liquid pseudo-alloys of similar compositions

[29, 30]. The improvement in the wettability caused by the

addition of the Ti compared to the Ag:CuOx system is due

to a two step modification of the interface. Initially the

interface active Ti migrates towards the liquid/solid inter-

face. Secondly, a thin Ti oxide layer is formed on the solid

side of the interface [31] and because of its very low sur-

face energy (csv(TiO2) = 0.800 - 0.167 9 10-3 T [32]) the

contact angle values reduced significantly.

Ag–Cu–Ni

A pseudo-alloy with the composition (wt.% Ag56Cu42Ni2)

was prepared. An alloy of this composition is typically

used for joining ferrous metals and steels. Initially, wetting

experiments with steel and TZ-3Y substrates in vacuum

(P = 2.5 9 10-3 mbar) showed very poor wettability with

contact angle values h & 140� for the SS316L (Fig. 5b),

h & 120� for the two Crofer steels and h & 135� for the

TZ-3Y. The liquidus temperature for this pseudo-alloy in

these conditions was T = 1153 K. Although this temper-

ature is very close to the highest recommended working

temperature of the SS316L, the absence of oxygen protects

the surface of the steel and no Fe–O layer is formed.

However, because of the very high contact angles, there is

almost no adhesion between the alloy and the substrates

and after the cool down the droplet detaches the substrate.

The reason for this non-wetting behaviour is that

the oxidation of Cu (DG(CuO)(900) = -51.822 kJ) and

Ni(DG(NiO)(900) = -133.576 kJ in air) is not possible in

this conditions and so, as in the case of the Ag63Cu35.25

Ti1.75 in Ar/5 %H2, the three metals will form a ternary

liquid solution. For the same reason, similar non-wetting

behaviour was observed in reducing conditions (Ar/

5 %H2). A layer that can be observed on the surface of the

drop is believed to be because of the diffusion of the Cr and

Fe from the surface of the steel into the liquid phase and

the formation of a Fe–Cr alloy [25].

In the wetting experiments carried out in air, the results

were completely different. The pseudo-alloy showed

excellent wetting with all the steels and with the TZ-3Y

substrates. As shown in Fig. 6, after the initial oxidation of

the pseudo-alloy, at temperatures above the liquidus tem-

perature (T = 1263 K) the alloy immediately spreads on

the surface of the ceramic (h\ 10�). SEM-EDX analysis

on the TZ-3Y/Ag56Cu42Ni2 interface did not show any

reaction zone, only a *10 lm Cu oxide layer is formed on

the interface (Fig. 7), as the CuOx is very interfacial active

and trends to migrate towards the interface. Wetting

experiments with steel substrates showed similar wetta-

bility (h\ 10�). The SEM-EDX analysis for experiments

with Crofer22APU substrate revealed the formation of a

Mn–Cr layer on the steel side of the interface (Fig. 8). The

grain boundary diffusion coefficients for the Mn, Cr and Fe

ions of the steel through the Cr2O3 layer are in the order

Dgb(Fe)\Dgb(Cr)\Dgb(Mn) [33] and so the faster dif-

fused Mn migrate towards the interface reacting with the

Cr. This Cr–Mn reaction zone acts as stabilizer to the Cr–O

protective layer of the steel and increases the oxidation

resistance of the steel [19]. Diffusion of Cr and Fe in the

liquid phase created inclusions of a Fe–Cr alloy that can be

found in the interface but also inside the droplet (Fig. 9).

Similar results were revealed for the Crofer22H substrate.

Fig. 11 Cross section SEM-EDX line scanning analysis on the

interface of a SS316L/Ag56Cu42Ni2 system after wetting experiment

at T = 1093 K, in low vacuum (P = 1.5 9 10-1 mbar)
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In both steels, despite the reactions happening in the

interface, the pseudo-alloy showed excellent adhesion with

the substrates, as no cracks or separation were observed.

Because the liquidus temperature of the pseudo-alloy in

very high, in the experiment with SS316L the pseudo-alloy

reacts with the brittle Fe–O rich layer that forms on the

surface of the steel. During the cooling down, this layer

will crack and completely detached from the steel

(Fig. 10).

As this pseudo-alloy shows better wettability with the

presence of oxygen but the surface of the SS316L is rapidly

oxidized in air, wetting experiments in low vacuum

(P = 1.5 9 10-1 mbar) were performed. In these condi-

tions the wettability of the steel by the pseudo-alloy was

improved compared with using higher vacuum, with

h & 65� at the liquidus temperature of the pseudo-alloy

(T = 1093 K). As detected with SEM-EDX analysis on the

interface (Fig. 11), in this case a Fe–Ni phase is formed in

the interface. The interface active Cu of the pseudo-alloy

migrates towards the interface and creates a thin layer over

the Fe–Ni phase. A layer of Fe–O follows on the steel

surface and although this layer is much thinner that the one

Fig. 12 Cross section SEM-EDX mapping analysis on the interface of a Crofer22APU/Ag56Cu42Ni2 system after wetting experiment at

T = 1263 K, in low vacuum (P = 1.5 9 10-1 mbar)
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created in air, during the cooling down, some cracks are

formed and the droplet in some cases separates from the

substrate. However, the possible use of the Ag56Cu42Ni2
pseudo-alloy as sealing material for SS316L in controlled

vacuum conditions can be investigated in the future. For

comparison reasons, the system Crofer22APU/Ag56Cu42

Ni2 was also examined. The contact angle in this case is

increased (h & 74�) but the SEM-EDX analysis showed

the absence of any reaction zone in the interface. The Ni

from the pseudo-alloy is found to migrate in the interface

and the diffusion of Cr and Fe in the droplet does not occur

in these conditions (Fig. 12).

Heat treatment of the pseudo-alloys

Selected systems that showed satisfactory results were

tested and aged in the working conditions of a HDCFC.

Specifically, samples with the pseudo-alloys Ag63Cu35.25

Ti1.75 in contact with SS316L and with Crofer22H in

vacuum (P = 2.5 9 10-3 mbar) at T = 1100 K as well as

a ‘‘sandwich’’ of Crofer22H/Ag56Cu42Ni2/TZ-3Y in air at

T = 1263 K were prepared. All these samples were later

treated for t = 120 h at T = 1023 K in CO2 atmosphere,

conditions similar to the working conditions of the

HDCFC, in order to evaluate the stability of the sealants

and the steels.

In the case of the system SS316L/Ag63Cu35.25Ti1.75 in

vacuum, SEM-EDX analysis showed that after 120 h in the

working temperature of a HDCFC a thick (&70 lm) Fe–O

layer was created on the free surface of the steel, followed

by a much thinner Cr2O3 layer and also that the surface of

the droplet is covered by a Ti oxide layer (Fig. 13a). In the

steel-sealant interface, although the Fe–O layer is signifi-

cantly reduced (&20 lm) it is found to be detached from

the steel with a thin Ti layer found on the steel side of the

interface and a Cu layer on the other side of the detached

Fe–O. Inside the droplet the rest of the Cu forms Cu-rich

agglomerates (Fig. 13b). For the system Crofer22H/Ag63

Cu35.25Ti1.75, SEM-EDX analysis revealed that although a

Fe-rich layer is not formed, a much thinner (\5 lm) Cr–Fe

layer is detached from the surface of the steel into the

droplet (Fig. 14). Ti concentration is high in both sides of

the detached layer and Cu agglomerates can be found

inside the droplet. The detachment of the surface of the

steel in both SS316L and Crofer22H substrate indicates

possible Fe–Cr–Ti reactions that have to be investigated in

the future.

In the case of Crofer22H in contact with Ag56Cu42Ni2,

the SEM-EDX analysis after the heat treatment showed the

formation of a very thick ([30 lm) reaction zone. As

shown before (Fig. 8), during the wetting experiment a Cu-

rich zone is formed in the interface. After the heat treat-

ment, this Cu zone reacts with the Cr and Fe ions that are

slowly diffused from the steel to the droplet, creating a Cu–

Fe–Cr–O layer on the interface, followed by a Cu–Fe–O

layer (Fig. 15a). This comes in agreement with literature

Fig. 13 Cross section SEM-

EDX mapping analysis on the

interface of a SS316L/

Ag63Cu35.25Ti1.75 system after

wetting experiment at

T = 1100 K, in vacuum

(P = 2.5 9 10-3 mbar) and

heat treatment for t = 120 h at

T = 1023 K in CO2 atmosphere
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data for Crofer22APU in contact with Ag–CuO pseudo-

alloys [25]. No cracks or detachment of this layer from the

surface of the steel were observed as in the case of steels in

contact with the Ag63Cu35.25Ti1.75. For the system TZ-3Y/

Ag56Cu42Ni2, the SEM-EDX analysis showed only the

presence of Ag in the interface, as the Cu has migrated

towards the Crofer22H/Ag56Cu42Ni2 of the sandwich

(Fig. 15b) and that no reactions occurred between the two

phases.

Conclusion

Ag as well as Ag–Cu–Ti and Ag–Cu–Ni pseudo-alloys

were examined as possible sealing materials for use in the

HDCFC technology. Wetting experiments of the above

materials in contact with austenitic and ferritic steels and

with polycrystalline TZ-3Y were performed in order to

evaluate the interfacial properties of the above systems in

different atmospheric conditions. Pure Ag showed poor

wettability with all the substrates. In order to lower the

contact angle values, the interfacial active CuOx was

introduced to the systems, by depositing a thin layer of Cu

in the surface of the substrate. This improved the wetta-

bility and so the adhesion between the two phases but in the

case of the austenitic steel SS316L the melting point of

pure Ag is higher than its recommended working temper-

ature and a brittle Fe oxide is formed on its surface. The

deposition of a Ti layer on the surface of the steel improved

its oxidation resistance but again the Fe oxide was formed,

reducing the stability of the joint. As the wetting properties

of pure Ag in low oxygen concentrations are very poor, two

Ag-based pseudo-alloys were tested. The Ag63Cu35.25Ti1.75

pseudo-alloy used in vacuum (P = 2.5 9 10-3 mbar)

showed improved wettability with all the substrates but

after heat treatment for 120 h in the operating conditions of

a HDCFC (T = 1023 K, CO2 atmosphere) SEM-EDX

analysis revealed the formation of a reaction zone that

detached from the surface of both the austenitic and ferritic

steel tested. The Ag56Cu42Ni2 pseudo-alloy was also tested

in air and in low vacuum (P = 1.5 9 10-1 mbar). In air it

showed excellent wettability with all the substrates

(h\ 10�) but its high liquidus temperature make it

unsuitable for use with SS316L. In low vacuum the contact

angles for the system SS316L/Ag56Cu42Ni2 were increased

but in these low oxygen concentrations the formation of the

Fe oxide on the surface of the steel was limited. After heat

treatment of an air brazed TZ-3Y/Ag56Cu42Ni2/Crofer22H

‘‘sandwich’’ in the above conditions, SEM-EDX analysis

showed the migration of the Cu towards the steel/Ag56

Cu42Ni2 interface and the formation of a thick Cu–Fe–Cr–

O reaction zone and also the absence of reactions on the

ceramic/Ag56Cu42Ni2 interface. In any case, for both the

pseudo-alloys after the heat treatment and despite the

reactions occurred on the steel/pseudo-alloy interfaces, the

two phases did not separate.

The austenitic SS316L showed limited resistance to

oxidation in high temperatures. A brittle Fe–O layer is

formed on the surface of the steel above the Cr–O pro-

tective layer. This not only affected the mechanical sta-

bility but also may reduce the electrical conductivity of the

steel, as the Fe–Ox is less conductive than the Cr–O. On the

other hand, both crofer22APU and crofer22H ferritic steel

shown good oxidation resistance in high temperatures in

air. The Mn found to migrate towards the surface and to

stabilize the Cr–O protective layer.

Fig. 14 Cross section SEM-EDX mapping analysis on the interface

of a Crofer22H/Ag63Cu35.25Ti1.75 system after wetting experiment at

T = 1100 K, in vacuum (P = 2.5 9 10-3 mbar) and heat treatment

for t = 120 h at T = 1023 K in CO2 atmosphere
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