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The effects of intermediate nickel layer on seal strength and chemical compatibility of seal

glass and interconnect materials for solid oxide fuel cells (SOFCs) were investigated. Two

types of samples (metal/glass/metal sandwiches and glass coated metals) were prepared

with the sheet of AISI 430 (nickel plated and uncoated) and slurry of compliant silicate

sealing glass (SCN-1). The joined and coated samples were heated at 850 �C for different

time durations (0.5e100 h). Tensile and impact tests were performed and SEM micrographs

were used to analyze the glass/metal interaction. The results indicate that nickel plated

AISI 430 shows higher adhesion strength at short durations of heating due to dendrite

development at the interface. For longer durations, intermediate nickel layer leads to rapid

loss of adhesion strength due to extension of unstable austenite zones but prevents the

accelerated weakening near the triple-phase boundaries metal/glass/air (TPB) by

compensating for absence of protective oxide layer (CreMn oxide).

Copyright © 2015, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights

reserved.
Introduction

Solid oxide fuel cells (SOFCs) are emerging technologies for

direct conversion of fuel to electricity. SOFCs are considered

as alternative systems for generating electric power due to

their interesting features such as high energy-conversion ef-

ficiency, fuel flexibility, environmental safety, low noise and

ability to recover exhaust heat [1e3]. One of the major chal-

lenges for commercializing SOFCs, especially planar-SOFCs,

concerns sealant materials. These sealants must prevent
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fueleoxidant mixing and provide electrical insulation of the

stack layers for long times (5000e40,000 h) at high tempera-

tures (between 600 �C and 1000 �C) [4,5]. Several approaches
have been used to seal SOFCs including compliant (viscous)

seal, compressive (soft) seal and rigidly bonded (semi-rigid)

seal [6e8]. Glasses and glass-ceramics (GCs), especially the

silica-based ones, have been extensively studied in all three

approaches due to achievable good properties such as low

electrical conductivity, compatible coefficient of thermal

expansion (CTE), good adhesion and limited reactivity with

SOFC components and atmospheres [6e11].
.
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A determining factor affecting the durability of SOFCs is

the interaction of glass with interconnects. Ferritic stainless

steel (FSS) is the most promising candidate for interconnect

applications due to its low cost, good CTE match with elec-

trolyte materials and high oxidation resistance [12]. Never-

theless, undesirable reactions between glass and FSS,

especially near the air-side, can potentially lead to deleterious

high expansion chromate formation, microstructure degra-

dation and electrical shorting [13,14]. Therefore, it seems that

further improvement in long-term stability is needed. On the

other hand, chemical interactions are necessary to achieve a

satisfactory glass/FSS adhesion during thermal cycling, espe-

cially below the glass transition temperature (Tg) when the

glass is not soft [15e18]. For these purposes, in addition to

modification of glass and FSS compositions [19e23], many

efforts have been made on the modification of FSS surface

including pre-oxidation [24,25], aluminizing [26e29] and

applying protective coating [30e37].

Recently, nickel has been investigated as protective coating

for AISI 430 and AISI 441 in order to reduce the rate of Cr

evaporation and prevent the growth of semi-conductive Cr2O3

scale under SOFC conditions [38e41]. Also, it has been re-

ported that Ni-oxide improves the adhesion and reduces the

metal/glass interactions [30]. Although effects of intermediate

nickel layer between steel and glass are very well-known in

porcelain enameling industry for many years [42e44], the

details of its behavior in SOFC conditions are not available.

The purpose of this study was to provide a better under-

standing of chemical interaction of glass/metal adhesive

joints with/without intermediate nickel layer. The impact test

was used to validate the low strain rate tensile test for SOFC

sealing applications. Also, SEM micrographs were analyzed

based on prior knowledge about the glass/metal interactions

(corrosion, enameling, glass coloring and …). SCN-1 as a non-

crystallizing compliant sealing glass allows us to focus on

interfacial interactions for seal strength investigation.
Experimental

Materials and sample preparation

Commercial alkali silicate glass (SCN-1, Par-e-tavous, Khor-

asan-e-razavi, Iran) was used. This silicate glass contains

alkaline earth elements, mainly in the form of BaO (8.23 mol

%) and CaO (3.34 mol%), alkalis of K2O (10.0 mol%) and Na2O

(7.3 mol%), Al2O3 (2.8 mol%), and some impurities (less than

1%) of Fe, Mg and Ti with the balance of SiO2. Tg, softening

point (Td), and CTE were about 470 �C, 550 �C and

11 � 10�6 �C�1, respectively. The details of glass composition

and its thermal behavior with AISI 441 are available in the

literature [17,28,33,45].

AISI 430 is a commercial ferritic stainless steel (Hardox,

Oxel€osund, Sweden) containing Cr (17.5 wt%), Ni (0.13 wt%), C

(0.05 wt%), Mn (0.25 wt%), Cu (0.13 wt%) and Si (0.15 wt%) with

the balance of Fe. In this study, AISI 430 sheets with a thick-

ness of 0.5 mm were used in two states of Ni-plated and un-

coated which are specified here by N and S, respectively. N

sheets were prepared as follows; AISI 430 was abraded with

#1200 grit abrasive paper, the surfaces were degreased with
acetone and activated in Woods nickel strike solution and

then nickel was electroplated using Watts solution until

obtaining a thickness of around 10 mm. Each stepwas followed

by water rinsing to remove chemical residues. The in-

teractions between SOFC atmospheres and FSS have an

important role in damage growth near the triple-phase

boundaries metal/glass/air (TPB). The coating with thickness

of 10 mm is chosen because it has been reported that FSS with

8e10 mm thick nickel coating performs better under SOFC at-

mospheres [38,41].

The glass was applied onto the AISI 430 surface by using a

slurry method. The slurry was a mixture of glass powder and

minor additives (borax, sodium nitrate, kaolin, and silica)

dispersed in deionized water. Two types of samples were

prepared: glass coated AISI 430 sheets with dimensions of

6 � 6 cm2, for impact tests and AISI 430/glass/AISI 430 sand-

wiches (joined samples) with dimensions of 1 � 1 cm2 for

tensile tests. The thickness of glass in type one and two after

joiningwas 0.4± 0.1mmand 0.5± 0.05mm, respectively. After

applying the slurry, the sampleswere dried at 70 �C for 15min.

The dried samples were then thermally treated at 850 �C for

different time durations (0.5e100 h) in air. The heating and

cooling rates were about 9 �C/min and 2 �C/min, respectively.

The code of the sampleswas based on the surface condition of

AISI 430 sheet and heat treatment duration; For example, N1

was assigned to a samplewithNi-plated sheet whichwas heat

treated for 1 h.

Mechanical testing and microstructural characterization

Impact test was performed in accordance with a modification

of EN 10209 Annex D method in ambient conditions [46]. In

this method, a punch with hemispherical tip hits glass coated

sheet and the adhesion strength is evaluated based on the

destroyed surface appearance. For quantifying the results, the

percent of bare areas which is inversely proportional to the

adhesion level was calculated with the aid of the ImageJ

software (version 1.46) [47]. For seal strength tests, the joined

samples were glued to two aluminum test fixtures by cyano-

acrylate (as shown in Fig. 1). The fixture had a self-alignment

joint to minimize bending or twisting during tensile testing.

Detailed information about test principles and equipment is

described in Refs. [24,48]. The assembly was then tested in

uniaxial tension with a cross-head speed of 0.5 mm min�1 in

ambient conditions. For each condition, 4 samples were

tested, the outlier was discarded, and the average strength

was determined. Some of the samples were also mounted in

epoxy and then sectioned and polished for interfacial char-

acterization using optical (Olympus BX51M) and scanning

electron microscopes (SEM VEGAyyTESCAN-XMU and FE-

SEM TESCAN MIRA3 LM).
Results and discussion

Seal strength

Fig. 2 shows the room temperature seal strengths of AISI 430/

glass/AISI 430 joined samples as a function of heating dura-

tion. Fracture surface analysis revealed that crack propagation

http://dx.doi.org/10.1016/j.ijhydene.2015.10.023
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Fig. 1 e A schematic drawing showing the tensile testing

assembly with a joined sample bonded to the grips with

glue (cyanoacrylate).

Fig. 3 e Percent of bare area on the samples after impact

testing as function of heating duration.
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mainly occurs along the glass/metal interface. It means that

adhesion of glass/metal controls the seal strength. Results of

impact tests are shown in Fig. 3. Although relativemechanical

behavior of some samples was different in the two tests,

general trend of relation between time duration and adhesion

strength was the same. At short durations, adhesion tends to

increase with an increase in the heating duration due to the

development of an interface transitional layer compatible

with both glass and metal, as reported earlier [7,44].

Fig. 4 shows that the interdiffusion distances at the inter-

face in N1 sample, which has the highest adhesion strength, is

about the same of those for S1 sample. These interdiffusion

distances can provide the same transition layer but there are

two reasons that explain why N samples have higher adhe-

sion strength than S samples, at short durations.
Fig. 2 e The room temperature seal strengths of AISI 430/

glass/AISI 430 joined samples as a function of heating

duration.
First of all, the main adhesion mechanism of glass to

chrome containing steels includes formation of an adherent

and continuous oxide layer (CreMn oxide) on these steels.

This oxide layer increases the wettability of the glass on the

AISI 430 and decreases the CTE mismatch between them

[7,21,25,49]. Exposure to the air causes the formation of aweak

Fe-rich oxide on the AISI 430 surface before glass softening

which delays the formation of a suitable oxide layer and thus

adhesion development. Secondly, as it is shown in Fig. 5(a)

and (b), SEM micrograph of N1 represents the formation of

some metal oxide-rich dendrites close to the interface which

are not observed in S1. In Fig. 5(a), label B indicates the valley

formation due to non-uniform dissolution of Ni-coating dur-

ing heating, and label A indicates dendrite formation as a

result of non-uniform precipitation of dissolved Ni during

cooling. This phenomenon is more obvious near TPB and will

be explained in Section chemical compatibility. The dendritic

structure improves the mechanical interlocking and also in-

creases the interface toughness.

At longer duration, adhesion strength decreases gradually.

In S samples, glass gradually infiltrates through the

CreFeeMn oxides rich layer [25] and results in the separation

of the adherent oxide layer (CreMn oxide) from the AISI 430

surface (Fig. 6). On the other hand, the traces of glass near the

edge of AISI 430 after tensile testing become lower with

increasing the duration from 1 h to 100 h. It means that the

interfaces near the TPB become significantly weaker with

increasing the duration. Seal strength is very sensitive to any

weak points but the weakness of TPB does not affect the re-

sults of impact test, because the impact affected surfaces are

away from these regions. Based on these arguments, Figs. 2

and 3 demonstrate that intermediate nickel layer prevents

the accelerated weakening near the TPB but leads to rapid loss

of adhesion strength away from these regions.

Fig. 7(a) shows the interdiffusion of elements near the

interface in N15. According to the amounts of Cr, Ni and Fe

elements in various areas, it is possible to introduce three

zones near the interface: zone 1 in which, the amount of Ni, as

an austenite stabilizer element, is high and the austenite

phase becomes stable to room temperature, zone 2 in which

Cr, as a ferrite stabilizer element, counteracts some effects of

Ni and the austenite phase becomes stable to a temperature

between Tg and room temperature, and zone 3 in which the
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Fig. 4 e EDS line scan profile across the interface of (a) N1 and (b) S1.

Fig. 5 e Cross-sectional backscattered electron microstructure of (a) N1 and (b) S1. A: Metal oxide-rich dendrite, B: Valley, C:

Rich in Ni, Cr and Fe, D: Bubbles.

Fig. 6 e Cross-sectional backscattered electron

microstructure of S100. A: CreMn oxide B: Cr-rich glass.
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amount of Ni is low and the austenite transforms to ferrite at

temperatures above Tg [38,40,50]. These zones are shown in

Fig. 7. The austenite to ferrite transformation is followed by a

significant volume expansion in a short temperature range. In

addition, an ejection of hydrogen is possible during the

transformation due to higher solubility of hydrogen in

austenite than ferrite [43,51]. The possible sources of

hydrogen include the absorption during the electroplating and

chemical reaction between the metal and the glass. The

ejected hydrogen atoms can diffuse into glass/metal interface,

and lead to increased gas pressure in the microcracks or gas

bubbles formation [9,43,51]. Accordingly, in N samples,

adhesion strength decreases with increasing the heating

duration due to extension of zone 2 and zone 3 and also

generation of inhomogeneous residual stresses at the inter-

face during cooling.
Chemical compatibility

Fig. 8 shows the diffusion distances of Fe, Cr and Ni ele-

ments into the glass. The diffusion distance was considered

http://dx.doi.org/10.1016/j.ijhydene.2015.10.023
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Fig. 7 e N15 sample; (a) EDS line scan profile across the interface, (b) Backscattered electron SEM micrograph, (c) Cross-

sectional optical micrograph after etching with marble reagent. Zone 1 has austenite phase, and zone 2&3 is a mixture of

ferrite (mustard) and austenite (bright white), and below them, there are the coarse grains of ferrite. Based on austenite

stability, zones 1 to 3 are schematically shown.

Fig. 8 e The diffusion distances of Fe, Cr and Ni elements

into the glass as a function of heating duration. Method of

measuring the diffusion distances is shown.
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as the distance between the glass/metal interface and the

point that the amount of element reaches about zero. After

complete dissolution of the surface oxides into the glass,

further progress of interaction depends on the oxygen ac-

tivity at the interface, as mentioned by others [44,52]. The
oxygen activity can be increased by reduction of the ther-

modynamically less stable components in the glass (and

releasing the O2� ions) or by diffusion of O2 through some

defects like cracks [44,53]. These two sources are not very

active in viscous glass due to low speed ion transportation

and self-healing behavior. Therefore, as it can be seen in

Fig. 8, the rate of interaction tends to decrease with

increasing the heating duration (note that log scale was used

for horizontal axis).

As it is clear from Fig. 8, there is a decrease in diffusion

distance curves in time range of 1e5 h for S samples. A large

volume of Cr-poor (Fe-rich) oxide layer is formed on the sur-

face of metal before glass softening. With decreasing the vis-

cosity of glass, this layer is quickly dissolved in the glass [44].

During the heating procedure, Cr andMn continuously diffuse

into the interface and absorb the O2� of the less stable oxides

due to lack of access to atmosphere. Fig. 9 illustrates these

competitive reactions; Cr pulls FexOy from the glass to the

interface in order to absorb the oxygen (by redox reactions)

but some of FexOy cannot recede. The knolls of residual Fe can

be seen at a certain distance from the interface in EDS line

scan across the interfaces of S5 and S15 samples (Fig. 9). The

redox-type interfacial reactions can also be used to explain

dendrite formation in N samples; Dissolved Ni-oxide can be

reduced by Fe which has been diffused into the interface;

ReducedNi participates in form of dendrite and is alloyedwith

Fe at the interface [42,44]. The mentioned two redox reactions

are shown in equations (1) and (2).

http://dx.doi.org/10.1016/j.ijhydene.2015.10.023
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Fig. 9 e (a) EDS line scan profile across the interface for S1, S5 and S15, respectively (from up to down). The red arrows show

the knolls of residual Fe. SEM micrographs of (b) S1, (c) S5 and (d) S15. (For interpretation of the references to color in this

figure legend, the reader is referred to the web version of this article.)

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 0 ( 2 0 1 5 ) 1 6 4 3 4e1 6 4 4 2 16439
n Cr þ m Fenþ ¼> n Crmþ þ m Fe (1)

k Fe þ n Nikþ ¼> k Fenþ þ n Ni (2)

where n, m and k are integers. This type of reaction is cause

of interaction between glass-metal in the absence of oxygen

(or metal oxides).

There is a second theory for dendrite formation which can

also be used for explaining the interaction at the TPB. Based on

this theory, dissolved metals in glass normally tend to crys-

talize during cooling through nucleation and growth proce-

dure. According to thermodynamic principle, the dendritic

solidification is a heterogeneous nucleation process and these

nucleuses usually occur on the interface which is the reason

why the dendrites exist as parts of metal substrate. More in-

formation in this regards is available in the literature [54,55].

The second theory is more appropriate because, based on first

theory, the dendrites should be alloys without oxygen, but

they are metal oxide-rich here.

The SEM micrograph of N100 and S100 samples (Fig. 10)

shows a large volume of nodules (F) and dendrites (C) ofmetal-

oxide near the TPB. Here, the activity of oxygen is high due to

more access to atmosphere, thus the competition for oxygen

is diminished. Nevertheless, the competitive reactions still

continue for formingmore stable structures [56,57]. Therefore,

a large volume of different metal oxides can be continuously

produced near the TPB and dissolved in glass. The metal ox-

ides are dissolved in the glass through acidebase reactions.
The acidic oxides such as silicate glasses can dissolve the

basic or amphoteric oxides such as Fe2O3. This type of reaction

is main cause of interaction between glass-metal in the

presence of oxygen (or metal oxides) [44].

According to the second theory, this large volume of dis-

solved metals leads to formation of large volume of nodules

and dendrites during cooling [29]. In addition, some reactions

produce insoluble phases such as chromate [53,58]. The

metal-rich oxides and the chromates have a high CTE that

leads to damage growth during thermal cycling [14,28] and

also electrical shorting in the cell stack [13,14,59].

Fig. 10 shows that damage growth in S100 sample near TPB

is significantlymore than in N100. In S samples, suitable oxide

layer (CreMn oxide) cannot form due to continuous oxidation

and dissolution of metal surface at TPB. Internal oxidation (E)

with the formation of chromia also leads to Cr depletion near

the AISI 430 surface (zone H) and a local volume increase of

chromia. This results in deterioration of corrosion resistance

performance and delamination cracking along the interface

between the glass and the AISI 430. Therefore, oxidation and

dissolution of metals are accelerated near the TPB of S sam-

ples. In N samples, there is a semi-adherent oxide (Ni-oxide)

on the surface of steel from the beginning that decelerates the

oxidation and is a good barrier for formation of internal

chromia and interfacial chromate [41]. In addition compared

to Fe and Cr, Ni has a lower tendency to be dissolved in glass

[60] due to lower tendency to absorb oxygen. Therefore, as it is

seen in Fig. 10, the intermediate nickel layer can reduce the

volume of damage zone at the interface to half.

http://dx.doi.org/10.1016/j.ijhydene.2015.10.023
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Fig. 10 e Backscattered electron SEM micrograph of TPB for (a) N100 and (b) S100. A: epoxy, B: Fe-rich glass, C: FeeNi oxide

rich dendrites, D: cavity, E: Cr-oxide rich, F: Fe-oxide, G: Fe-rich glass, H: FeeCr oxide. The white arrow indicates the

distance from the TPB.
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Ni-coating seems to have two antithetic effects; 1) on

damage growth near TPB, 2) on Low temperature adhesion

strength. Depending on sealant nature, one of these effects

can become negligible. For compliant or compressive seal-

ants with high chemical activity and high self-healing

capability at working temperature of SOFC, damage zone

grows rapidly at the TPB and Ni-coating can be helpful. This

damage zone reduces the effective interface for load

bearing, induces some local stresses, and can lead to elec-

trical shorting. In other words, the negative effect of Ni-

coating on low temperature adhesion strength is negli-

gible. But for rigidly bonded sealants with low chemical ac-

tivity and also low self-healing capability, Ni-coating is

harmful because the positive effect on damage zone growth

at the TPB is negligible.
Conclusions

In this study, nickel was electroplated on the AISI 430 alloy as

SOFC interconnect and the performance of the coating was

evaluated as an intermediate layer between interconnect

material and sealing glass at 850 �C for different time dura-

tions (0.5e100 h) in the air.

At short heating durations (less than 5 h), the uncoated

samples (S samples) show lower adhesion strength than

nickel plated samples (N samples). In the N samples, forma-

tion of a dendritic structure at the interface increases the

mechanical interlocking and interface toughness.

Results of impact and tensile tests illustrate that at longer

durations (5e100 h), the intermediate nickel layer leads to

rapid loss of adhesion strength but prevents the accelerated

weakening near the triple-phase boundaries metal/glass/air

(TPB). Ni layer leads to extension of unstable austenite zones

near the interface. The ferrite to austenite transformation

during cooling generates some residual stress at the interface

and thus reduces the adhesion strength. In the S samples,

suitable oxide layer (CreMn oxide) cannot form near TPB (due
to continuous oxidation and dissolution of metal surface). Ni

layer compensates the absence of CreMn oxide at the TPB and

decelerates damage growth.
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