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Abstract

The battery industry sees a need to improve the adhesion strength between porous nickel plagues and substrates in sintered nickel electro
in order to reduce the use of nickel and to achieve higher battery capacity. In this paper we report on the use of a thin buffer layer to enhanc
plaque/substrate adhesion. In particular, we have attempted to improve adhesion performance of conventional sintered plaques produced frc
filamentary Ni powders (INCO-255, particle size 2.2—2r8) through the introduction of a thin, intermediate layer made of finer Ni powders
(INCO Type 110 and INCO Type 210, particle size 0.8«idnband 0.5-1.Qum, respectively). The process consists of two steps. First, a buffer
layer was applied from a slurry containing the finer Ni powders. After drying, the substrate was coated again with a slurry containing standarc
Type 255 powder. A vertical coating apparatus with periodically contacting blades was designed to produce thin, uniform buffer layers with
low surface density (1-10 mg crf). For adhesion testing, a tensile strength test specimen holder was modified to ensure planar loading of
the interface. Significantly enhanced bonding between the plaque and substrate was observed due to the introduction of the buffer layer.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction tronics. In addition to its higher cost, the high nickel content
and the difficulty in completely filling the fine small pores
Porous nickel structures produced by sintering INCO Type with active material, sintered nickel electrodes usually ex-
255 filamentary nickel powder on nickel-plated perforated hibit lower specific battery capacity than foamed or pasted
steel sheets are called nickel plaques and are widely used irones. The battery industry is therefore seeking to reduce the
the fabrication of electrodes for nickel-based rechargeable cost of sinter electrodes while retaining their positive merits.
batteried1-4]. Although pasted or foam electrode technol- One possible approach is increasing the porosity of the sin-
ogy has been employed more recently by many nickel basedtered nickel plague into which Ni(OH)s chemically impreg-
battery manufacturers due to their shorter production cycle nated to form the final electrode. In a recent paper we have
and lower capital requirement, sintered nickel electrodes arereported an improved method for processing sintered plaques
still the choice of electrode technology for battery applica- that leads to increased porosity at a given strength [@dé!
tions demanding high power and reliability, along with long However, an additional issue is the weakened bonding of
cycle and calendar life, such as batteries for aerospace andhe porous nickel structure to the perforated substrate, which
railway applications, power tools, and some portable elec- could potentially cause problems in the electrode fabrica-
tion process and also jeopardize electrode service life. The
* Corresponding author. Tel.: +1 905 525 9140; fax: +1 905 528 9295. Ob]eqtlve of the present work is to explore methods of en-
E-mail addresswilkinso@mcmaster.ca (D.S. Wilkinson). hancing plague adhesive strength as a means to manufacture
! Deceased. high porosity sintered nickel plaques.

0378-7753/$ — see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.jpowsour.2004.11.021



V.1. Chani et al. / Journal of Power Sources 142 (2005) 370-381 371

The mechanical strength of the nickel plaque and its bond-
ing strength to the substrate are both critical to the reliability
of batteries in service as well as to the reduction of rejec-
tion rate during the electrode manufacturing process. First,
the Ni plaque has to survive severe chemical, thermal, and
mechanical cycles during the repeated chemical impregna-
tion process for filling of its pores with active mass. Any
breakage of the plaque or de-bonding from the substrate al
this stage leads to failure and rejection of the electrode. Bat-
tery electrodes are then subjected to a demanding chemica
environment (e.g. KOH), cyclic distortion associated with
charge/discharge processes and thermal fluctuations. Cur_
rently the porous plaques are pasted or coated onto nickel-
plated perforated steel sheets in order to enhance the laterel \

' ' |
strength. Thus the overall mechanical performance of the == : 3 m e’

/]
electrodes depends mostly on adhesion between the plaqu -

and the substrate. l% ‘ “'I
/ |

. L |
A conventional slurry-based process is widely used for the |

Dendrite-like
Nickel Particles

‘Cellulose + Airll

fabrication of tape-like porous nickel compacts (as is well L
described elsewhef@,5-11). Briefly, a slurry is prepared
by mixing filamentary Ni powder in an aqueous solution |
containing a binder such as hydroxypropyl methyl-cellulose |
(HPMC) (Fig. 1). The substrate is then coated on both sides
with the slurry and dried producing a green part. Finally the
green part is fired at 700 to 105G for up to one hour in
a reducing atmosphere to produce the final sintered plaqu¢——*———"+-—f——Ff&=————
ready for chemical Impregnat'on and electrode fabrication. Fig. 1. Three phases in the processing of porous nickel plaques: (a) a per-
Generally the as-sintered plagues have a volume about 0N@orated substrate is coated with a uniform (constant thickness) layer of fluid
third that of the starting slurry as illustrated schematically in slurry (high-viscosity paste) containing individual nickel particles in a so-
Fig. 1 Such a large compaction during drying and sintering lution of cellulose in water, (b) dried plaque (nickel particles are still not
builds in mechanical stresses thought to be tri-axial in na- chemicall)_/ bon(_ied to each other or to the substrate, instead temporary at-
ture. The structural gradients and stresses perpendicular téa_lchmennsacmeyed through bon_dlng to methyl cellulose moleculgs, and (c)
o o ~Sintered porous nickel plaque (nickel particles are bonded chemically and
the surface of the substrate are negligible because it is a thinform a continuous porous network bonded to the substrate).
(<1 mm) layer. However the stresses acting in the plane of the
substrate can result in bending, mechanical degradation and
cracking of the coatings even during drying and sintering, as We have attempted to improve plague adhesion by means of
well as in service. pre-coating the substrate with a slurry containing a finer Ni
Many technological parameters need to be under precisepowder (following the suggestion of Ettel [1997]). The hy-
control to achieve reasonable reproducibility of the structural, pothesis is that the finer Ni powder is easier to sinter and may
mechanical and electrical properties of the plaques. There-lead to greater contact density with the substrate, resulting in
fore, it is evident that the formation of a high quality inter- strengthened bonding between the substrate and the plaque.
face between the porous nickel and the substrate, resulting inWe also hypothesize that the bulk powder slurry that is then
sufficient adhesion, is a rather complicated task. Moreover, deposited over the pre-coated layer penetrates into it and of-
the stochastic nature of the contacts within the plaque and befers a strong bond at the interface between the pre-coating
tween plaque and substrate make this difficult to reproducelayer and functional porous plaque as well.
consistently.
In spite of the worldwide production and application of
rechargeable batteries there are very few redartd 1] of- 2. Tape casting
fering details of the fabrication process or characterization
of the adhesion properties of these materials. This is due in ~ An ordinary slurry based procedure widely used for the
large part to the proprietary nature of processing researchfabrication ofthetape—like porous nickel compactsinindustry
and the highly competitive market for batteries. This project Was selected for the study of the coating process and adhesive
therefore attempts to contribute to the development of the Properties of the resulting coupled (plaque/substrate) struc-
coating technology by offering a systematic approach to the tures. The slurries were produced from filamentary nickel
measurement of plaque-substrate adhesion and its applicapowders Table 1 supplied by INCO Ltd. (types 255, 110,
tion in developing strongly adhered coatings. In particular and 210) and partially described in Ref#$-8,11]
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Table 1 above). In this case cohesive co-bonding of layers pasted on

Nickel powders produced by chemical vapor decomposition opposite sides of the substrate through the orifices is also

Powder Average particle size Density (g cm®) responsible for overall adhesion of the plaque to the sub-
(Fisher sub-sieve sizej.(n) strate. In most cases the contribution of this cohesive bonding

110 0.8-15 0.90-2.30 is considerably greater than that due to any adhesive bond-

210 0.5-1.0 <0.5 ing formed between the porous nickel structure and the sub-

210H 0.2-0.5 <0.60 strate.

255 2.2-2.8 0.50-0.65

255-1 2.1-22 0.4

255-2 21-22 0.3 2.2. Slurry preparation

The slurries were prepared by rotary or manual mixing
2.1. Substrates of the corresponding Ni powdeiTdble ) with an aque-
ous solution containing 4.1wt.% hydroxypropyl methyl-

Commercially available (electrolytically) nickel-coated cellulose (HPMC). Thereafter, these slurries were degassed
perforated steel substrates aboutum® in total thickness  for 2—20 min using a laboratory compressor. We found that
were used to assemble the adhesive joints and to carry oupartial dehydration of the fluids also occurred at this stage
measurements of the adhesive properties. The perforationslue to the low-pressure environment and the corresponding
of the substrate were about 1 mm in diameter, ordered inincrease of water evaporation from the slurry surface. There-
a regular hexagonal networki@. 2). Perforated substrates fore some loss of weight and a decrease in temperature were
are generally used in the industrial production of the elec- detected after this treatment. The as-produced fluids were
trodes due to the enhanced mechanical linkage of the plagqueshen used for the tape casting, as described in following sub-
to the substrate they provid&2] as seen irFig. 2 (right, sections.

Front Views

| |
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Adhesive Only Adhesive + Cohesive

Fig. 2. View of a typical substrate (left, above) containing continuous solid and discontinuous perforated fields. Perforated substratedlyaresgénera
industrial tape casting. Right picture illustrates mechanical interlocking of the plaque via its penetration through the perforation. S¢likenptamoes
produced on different (perforated and non-perforated) substrates (left, below) demonstrates enhancement of effective (measurable)lspkegjarotite

to perforation of the substrate. This enhancement results when cohesive bonding between porous plaques pasted on opposite sides of thecndstrate is s
than adhesive bonding between the plaque and the substrate.
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Final dehydration of as-pasted plaques was achieved - —
through drying of the specimens at room temperature ( Axis/Drum
(24-25°C) for 24 h or at 70-150C for 20-40 min. In or-
der to decrease the number of variables in the study, the @
nickel/4.1%—-HPMC-solution weight ratio was fixed at 3:10 Belt
or 5:10 for the slurries used for the preparation of the final N i

plagues using INCO-255 powder or its low density fractions i
that are referred to as batch 255-1 and batch 255-2 below : ,

i Pulling-U
However the composition of the slurries used for pre-coating| Grip }_ i ___._-—-L—r ! ér;gl ’ I
with fine nickel powders was varied over a wide range in
order to enable optimization of the process.

®:Q®
. . . . Final Threaded
2.3. Pre-coating of substrates: vertical tape casting with Shaped J Rods I
periodically contacting blades Coating J- Z
Double-sided coating of the substrates with a relatively

thin layer of low-density powders was almost impossible us- [ 0 i
ing a conventional horizontal or vertical tape casting appa- [ Non-Shaped =
ratus and a flat Doctor Blade. Control of the slurry loading Coating J; 245 ;“m |

' 1

and thickness uniformity of the pre-coating layers was ex-

ceptionally difficult because of uncontrollable deformation I - — Slurry
Supplier

of the thin and therefore bendable substrate under the fluid a
slurry (Fig. 3). Using a narrow gap Doctor Blad&i§. 3 @77'
below), even negligible deformation of the substrate in the Mk ; —

vertical direction (from the point of view projectedhig. 3)
results in an easily detected non-uniformity of the thickness Fig. 4. Schematicillustration of the vertical tape casting apparatus with peri-
distribution or even some discontinuity of the coating. odically contacting blades. Pre-coating layers were produced via passage of

Instead, a simple laboratory scale apparatus was devel2 perf_orated substrgtt_einthrough two stages: 1) i_nlet a_nd qutlet ofthe_sl_urry

. . . . supplied bath (preliminary non-shaped coating with fluid nickel-containing
oped which en,abled_the production OT relat|ve_lyllarge, un,l' slurry), and (2) between a pair of threaded rods limiting upward mass transfer
form, double-sided nickel powder coatings. This is Shown in ang allowing uniform dispersion of the slurry along surface of the substrate
Figs. 4 and 5According to the procedure described here, the (see alsdig. 5for details).
substrate was first coated with a relatively thick and non-
uniform layer by immersion and then pulled from a bath These blades had a periodically oscillating surface that al-
filled with the slurry Fig. 4). Thereafter, the undesirable por- lowed support and protection of the substrate from uncon-
tion of the slurry was removed from the surface by passing trolled bending Fig. 5 and resulted in a uniform upward
the substrate through a die formed with two parallel blades. mass transfer of the slurry attached to the substrate. The
“blades” that controlled final thickness of the pre-coating
layers were made from identical fully threaded cylindrical
rods Fig. 5. The thickness and nickel loading of the final
layer (Figs. 4 and b were easily controllable by selection
of appropriate dimensions of the threads and inter-blade dis-
tance.

Generally the cross-sectional area of the space between the
rods and the substrate was constant through the full width of
the substrate leading to a uniform thickness distribution along
the horizontal axis. Moreover, equal loading on both sides of
the substrate with the slurry was established due to the sym-
metry of the set upKig. 5) and the symmetry of acting forces
responsible for re-distribution of the slurry. The slurry flow
was adjusted by appropriate selection of: (i) the difference
between major and minor diameters of the threaded rods; (ii)
Fig. 3. Effect of local displacement of the substrate (20x81) due to bend- the shape of the threads; and (iii) the distance from one peak
ing on the thickness uniformity of the slurry coating produced using Doctor of the thread to the next (“the pitch”). Displacement of the

Blade tape casting. (a) In the case of a thick layer (about 1®&@0the . . .
bending does not affect the uniformity very much (2-5%). (b) However, in substrate between the dle-formlng rods was achieved by a

the case of a thin layer (50-1@n) such a variation can lead to excessive Motor-operated driveHig. 4) and through wrapping of the
non-uniformity of film thickness. easily bendable polyethylene belt onto a rotating drum. The

I

a Doctor Blade

=
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P = The shape of the as-pasted slurry as it passed through the
hreads per Inch . . . .
)1 English/Imperial Systcmj die was far from uniform and was wave-like in fact on a scale
I I — related to the pitch of the threaded rdeld. 5. However it
was observed that on the macro-scale (with specimen widths

P up to 110 mm) the uniformity of the slurry thickness along
‘

the surface of the substrate was very high due to the precise
\NBSTIININN)

periodicity of the threads. In terms of the surface density
Fully Threaded Rod

SRR I

/:?W

AFW

(loading) discussed later the non-uniformity of the plaques
did not exceed 1-3%rT@ble 2.

Final smoothing of the surface was achieved sponta-
neously due to the effect of surface tension and fluidity of
the slurry Fig. 5), these being controlled by slurry composi-
tion (Fig. 6). The total length of substrate per pass was about
2m. This enabled the tape-casting of samples measuring up
to 110 mm in width and 700 mm in length. The largest spec-
imens discussed in this report were 20228 mm {Table 2.

o

m RANNNNNANN

4

Surface Arca

of Slurry/Air
Interface

2.4. Pre-coated layer: surface density

The pre-coated layer produced using fine nickel powders
may have lower porosity after sintering for two main rea-
sons. First, a finer powder, such as Type ZI&b{e 1) with
thinner filaments and lower density, sinters more readily and

W/////////////////////// to fuller density under conditions suitable for sintering the
Time | A main functional plaque formed from Type 255 powder. In
addition, some of the powders used, such as Type 110 (see
Fig. 5. Schematic top view of periodically contacting blades for vertical Table ), are spherical which enables them to pack to a higher
double-sided tape casting (above) and evolution of slurry coating (below). green density. Therefore the thickness and surface density
Immediately after coating the layers almost copy the shape of the threadedof the pre-coated layer should be minimized so as to main-
rods. Very shortly thereafter, the fluid coating is smoothed spontaneously tgin a high overall porosity. At the same time this pre-coated
due to surface tension. “puffer” layer should be thick enough to improve bonding be-
resulting linear casting speed was controlled by the rotation tween the substrate and the functional, highly porous nickel
rate of the drum and was varied from 25 to 100cmmin  plaque. Taking into consideration the design of the apparatus
which corresponds well to the speed range applied in the described abovegs. 4 and } the control of the thickness
battery industry. (and surface density) of the pre-coated layer can be easily

Table 2
Composition of selected slurries, dimensions of the substrates, and surface density of the coatings measured directly after drying the platp@<sot 1
15-20 min (Density-1) and those calculated by subtracting of corresponding amount of HPMC that could be burned out lately at sintering sta@¢ (Density

No. Ni Ni-110 (g) 4.1%-HPMC (g) Ni/4.1 wt. ratio Width (cm) Length (cm) Area &)m Density-1 Density-2
(mgent?)  (mgent?)
236 110 2605 45.03 0.5785 1Q 41 836.4 7.99 7.46
236A 110 2605 45.03 0.5785 6 41 533 7.88 7.36
239 110 25901 45.08 0.5548 1Q 41.1 838.4 7.24 6.74
239A 110 2501 45.08 0.5548 6 41.1 534.3 7.34 6.83
245 110 1101 44 0.2502 1@ 41.4 844.6 2.66 2.23
245A 110 1101 44 0.2502 [65) 41.5 539.5 2.61 2.3
246 110 12 44.03 0.2725 %)) 41.2 840.5 3.31 2.94
246A 110 12 44.03 0.2725 B 41.2 535.6 3.32 2.96
254 210 602 50.03 0.1203 1Q 41.4 844.6 2.46 1.84
254A 210 602 50.03 0.1203 6 41.4 538.2 2.53 1.88
255 210 01 50.08 0.1799 1Q 41.2 840.5 3.78 3.08
255A 210 901 50.08 0.1799 6 41.2 535.6 3.88 3.16
259 210 1661 55.03 0.3 12 42 856.8 5.32 4.68
259A 210 1651 55.03 0.3 (5} 42 546 5.37 472
260 210 1663 55.12 0.2999 1Q 42.2 860.9 5.96 5.24
260A 210 1653 55.12 0.2999 6 42.2 548.6 5.96 5.24
262 210 1805 54.01 0.3342 1Q 42.8 873.1 6.61 5.89

262A 210 1805 54.01 0.3342 6 42.8 556.4 6.58 5.86
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Fig. 6. Surface density vs. slurry composition for the as dried pre-coating plaques produced by vertical tape casting with periodically clantes g 5).

Bold circles represent the specimens liste@iable 2 Calculated data (referred as Density-Zable 2 were obtained by subtracting the weight of the cellulose
burned out during sintering. Ranges of slurry compositions suitable for preparation of high-quality continuous and uniform pre-coating daylans iz

the vertical dotted lines. Different ranges for two fine powders (referenced as 110 andl2bi) demonstrate the effect of particle structure on performance
of the slurry during plaque pasting.

achieved by adjustment of the gap between the threaded rodsanging from 1 to 10 mg cfé. Thus, quite accurate control
and/or modification of the slurry compositioRig. 6). of the surface density could be easily achieved using linear
After preliminary experiments and corresponding opti- dependencies similar to those showrFig. 6. The surface
mization 10-24 threaded steel rédsere chosen for the  density of pre-coating layers was measured using the surface
dies. Inthe experiments discussed here we used identical diegirea and weight of the pre-coating fine powder nickel layer
made with the minimum gap width (gap between protuber- without consideration of the weight of the cellulose binder
ances of the threads) that allowed passage of the substrategonstituent. This is indicated as the “measured datBigne.
(70-100um thick). The as pre-coated specimens were dried Thereafter more precise values of actual nickel loading were
at 65-110C for several hours. calculated by subtracting the weight of the cellulose (denoted
According to the results summarized Table 2for the as “calculated data” ifFig. 6), since the binder is burnt out
plagues produced using INCO-110 and INCO-210 fine pow- at the later stage of sintering.
ders as buffer layers even small variations of the slurry com-
position allowed fabrication of coatings with the densities 2.5 Tape-casting of functional porous plaque

1 10-size (nominal/major diameter, 4.826 mm), 24—number of threads per 1 N€ Main (thick) plaques were produced at a casting rate of
inch. about 100 cm min! using a conventional vertical tape cast-
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ing apparatus with a pair of parallel flat Doctor Blades. The

slurry was first pasted on the substrate (with or without a pre-
coating layer). Thereafter, the substrate was inserted betwee
two stainless steel Doctor Blades and pulled in an upward di-
rection. The uniform thickness of the as-pasted plagues was
controlled through the thickness of a pair of stainless steel
frames that were utilised to fix the position of the substrate

exactly in the middle of the gap formed by both blades. The

as-produced layers were then dried at 130-156or about

40 min and the thickness of the plaques was measured to e
timate slurry shrinkage (sé€g. 1for reference).

3 -
(PSS L [ S LSS TS A S
Inflexible Back
™ ~

3. Sintering

The as-coated pieces with both a pre-coating and bulk
layer (listed inTable 9 were typically placed in an oxygen-
free nitrogen atmosphere (gas flow of 2 | mi), sometimes
enriched with H, to achieve reducing conditions in a sealed
three-zone horizontal electric furnace. The structures were
first kept at a moderate temperature of about “XDGor
10 min for complete dehydration of the coatings and to avoid
additional thermal stresses that may result in damage of the
pre-coating/substrate and plaque/pre-coating interfaces dur-
ing heating. Thereafter the dried specimens were placed intoF. - . . .

; . ig. 7. Schematic illustration of the specimen assembly process using epoxy
the middle (hottest) part of the furnace and sintered at@0 e (A-C) and subsequent tensile adhesion test (D,E) using the Instron and
for 20min or at 1050C for 1 min in the same atmosphere. Sebastian-Five tester. The holder and back supporters were preliminarily
We presume that the final decomposition of the remaining coated with two part epoxy glue and kept for certain period of time to achieve
cellulose occurs at the beginning of this step. Samples Werepredetermined viscosity of the glue for.controllable penetration of the glue
cooled to about 100C and held for a further 10 min to re- ™© e Plaque atthe stage of assembling (8,C).

duce the effect of thermal shock. Porosity of the as sintered ) ) ] i )
plaques was 89.7-91.6. adhesives. Therefore, it was relatively difficult to control vis-

cosity, rate of penetration, and finally rate of curing of the
glue in the plaque.

4. Tensile strength adhesion tests Over-penetration of epoxy through the entire plague was
often observed visually when freshly mixed and highly fluid
4.1. Bonding of specimens with epoxy glue glue was applied. Such samples demonstrated extraordinary

high fracture resistance and their data were rejected. Also
In order to obtain the most correct data characterizing ad- Mechanical performance of several specimens produced at
hesion of the plaque to the substrate it is necessary to performf€ Same time was very different, and the results of the tests
tensile tests perpendicular to the plane of the substrate. OneVere not reproducible. o
of the main obstacles in such tests involving porous materi- AN additional disadvantage of the application of epoxy
als is related to the development of suitable specimen hold-S related to the complete curing and hardening of the glue.
ers and grips. After considerable experimentation, the set-up't was feared that curing may result in additional stressing

schematically illustrated iffig. 7was found to be appropri- of nickel filaments with unavoidable degradation of the me-
ate. chanical performance of the plaque as a whole.

As a first stage a sandwich structure similar to that shown
in Fig. 7 was produced at room temperature using two part 4.2. Bonding of specimens with hot melt adhesive
epoxy glues of different viscosity. Following this procedure
a set of these sandwiches (usually 6 to 12 nickel coated frag- In a later stage of the test developmefig( 8 commer-
ments with dimensions of 20 mm20 mm each, together cially available thermal glues (also called hot melt adhe-
with flat back supporters and front nail-like holders) was sives) were tested. It was felt that these temperature sensitive
placed into an electrically heated oven for complete curing adhesives would be more suitable for gluing porous nickel
of the epoxy. One of the main disadvantages of the applica- plaques to the specimen holders. The following advantages
tion of epoxy for assembling of the specimens according to were taken into consideration when modifying the procedure
Fig. 7was related to the time-dependent viscosity of epoxy (fromFigs. 7 and 8 (1) uncomplicated controllability of vis-
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Removal of the Glue
Excess with Threaded Rod

Self-dispersion
of Melted Glue

Hot Thermal
Glue in Excess

Assembling of the
Specimen through
Thermal Treatment

Plaque on
Substrate

Dispersion of the Glue on the
Surface of the Back Supporter
through Thermal Treatment

Fig. 8. Schematic illustration of the specimen assembly process using hot melt adhesive. The holder (A-D) and back supporters (E,F) werly priedhari

with hot melt adhesive and kept at 130 for about 60 min. A smooth and reproducible convex shape of the glue coating was achieved due to surface tension
and wetting. Thereafter the parts were cooled and the specimens were assembled at room temperature according to (G). The specimens wege finally treate
again at about 80C to control the softening and penetration of the glue into pores of the plaques (H).

cous properties by means of temperature; (2) reversibility of penetration thickness of glue into the specimen. Excessive
solidification; (3) superior elastic properties that decrease thetemperature and/or duration resulted in over penetration of
stress due to glue on the filaments and the whole specimenthe glue into the plaque resulting in bonding of the glue to
and (4) simple cleaning/removal of these glues via re-heating substrate. The hot melt adhesive specimens discussed in this
and therefore possible recycling of used parts of the specimenreport §ig. 8) were treated at 130 for 60 min for prelimi-

(e.g. metallic nail type holders and back supporters, shown nary coating of the holders and buck supporters and a€82

in Fig. 8). for 60 min for assembling of the specimen.

According to the modified processing route illustrated in Some of the plaques were tested using specimens pro-
Fig. 8 removal of excess glue from the nail type holders and duced using both epoxy and hot melt adhesive. Correlation
flat back supporters was performed using a threaded rod sim-of the average data obtained from both sets of measurements
ilar to the procedure described earlier for fabrication of the was reasonably acceptable. The difference between both did
pre-coating layers (In both cases application of threaded rodsnot exceed 30% of the average value. Considering the scatter
allowed fabrication of a uniform fluid layer, as follows froma in the results that will be illustrated in following subsections,
comparisorfrigs. 5and 8 Using this process apredetermined the data obtained by each technique seems to be acceptable.
thickness of the hot melt adhesive layer was easily achiev-
able leading to reproducible specimen behaviour. Aluminium 4.3. Pull-off test
discs of about 20 mm in diameter and 2 mm thick were used as
back supporters. The amount of hot melt glue on the holders  Typically tensile grips used for testing materials are fixed
and supporters was approximately 10 and 25-30 mg, respecto the rigid base of the pulling mechanism. Adhesion tests
tively (seeFig. 8). are very sensitive to any shear loading however. Moreover,

In optimizing this process it is important to select the op- the low strength of these porous structures makes it nearly
timal temperature and duration that enables only a moderateimpossible to achieve a degree of alignment sufficient to
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Fig. 9. Tensile stress vs. displacement data for the samples produced from standard 255 Powdblg(dewith fine powder buffer layers (Instron tester).

eliminate shear stresses that would result in peeling and/orperformed using an Instron and Sebastian-Five tensile appa-
acting of rotational forces on the specimens. Therefore, theratus, respectively.

specimens were designed so as to remove lateral forces as far It is evident that the spatial distribution of the stresses act-
as possible. The load/displacement data recordig. ©) ing on all parts of the pull-off specimen is not uniform. This
and one-step fracture strength measuremieigt. (L0 were distribution is quite complicated even for an ideal geometry
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Fig. 10. Adhesion test results for the plagues produced from 255-1 and 255-2 powdeFal{ed without and with 210 powder buffer layer (Sebastian
tester).
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Fig. 11. Fractography of the specimens produced on a plain substrate (above) and on a pre-coated (210 powder) substrate (below). The sebistrate surfac
clearly visible in specimens produced on plain substrates (above). On the other hand, a considerable amount of the powder is observed onutiadescture s
of the specimens pre-coated with fine nickel powder.

of tested material, pulling apparatus, and acting forces. Con-of mechanical performance of the plagques produced using
sidering specimens similar to those illustrateBigs. 7 and 8 different pasting routines (with and without fine-powder pre-
the stresses are minimum in the central part of the bonding coating).
interfacg13]. This non-uniform distribution leads to the gen- Instron tensile testing was used at the preliminary stage
eration of peeling forces acting on the peripheral part of the only. The purpose of these experiments was the step-by-step
nail-like specimen holdeiHgs. 7 and 8 Finally bending of visualization of loading and the history of the specimen re-
the specimens is often observed. sponse. Typical results obtained for the plaques with com-
Thus, the test results given here may not fully represent paratively high adhesion performance are showign 9.
the actual strength of the bond between the plague and the Later in the project the Sebastian-Five tester was chosen
substrate, and may not correspond well to similar data ob- as the most favourable test system due to its simplicity and
tained by other test technigues. However, the main purposewide application in the battery industry. The basis for this test
of this study was to demonstrate the positive relative effect of is shown schematically iRig. 7. Briefly, during the measure-
introducing pre-coating buffer layers on the adhesion perfor- ment the nail-like holder is pulled downwardsd. 7D) until
mance of the resulting plaques. All adhesion test specimensthe specimen fails. This is detected by a sharp decrease in
were prepared with the same dimensions and in identicalload. The maximum load during the test is detected digitally
conditions independently of the pasting procedure. There-from the load cell. The results for a series of tests are given
fore, the results reported here can be used for comparisonin Fig. 10
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4.4. Effect of Buffer layer on the adhesion of 255
powder plaques

Cellulose + Water

Dendrite-like
Nickel Particles

Hundreds of the layered specimens with and without a
pre-coating layer were tested using the Sebastian tester (se!sEig =gy 21 ' B AT = 7.5V
Fig. 10. The experimental data demonstrate a considerable - ..)g Ni
degree of scatter in the failure stress that makes interpre- CHBkRa

=R
tation of the results difficult. Optimization of both coating
procedures for pre-coating as well as for the bulk plaque

coating (and more careful reproduction of all steps and op-
erations at the stage of the specimen preparation according

to Figs. 7 and Bresulted in somewhat better reproducibility

of the measurement data. Nevertheless the results of some ,1‘
the measurements exceeded the average values very mucll
Particularly, this could be associated with over-penetration of |
the glue into porous plaques resulting in accidental bonding
of the glue to the substrate.

Fig. 10 offers a typical example of the results obtained :_ =
when adhesion properties were measured on the plaques prc]_ﬂ-
duced from low-density fractions of 255 Type powder. Two __
powders (Lots No. 255-1 and No. 255-2Tiable 1) with ap- ;
parent or bulk density of 0.4 and 0.3, respectively were tested |34
by means of pasting of the corresponding slurries onto plain
and pre-coated substrates. As can be seen kigmlQ the [
data obtained for both types of powder (255-1 and 255-2) |r -
were very similar from the point of view of the general effect —-—*———"+—*f——f&=——=——
of pre-coating 'a}’er O_n a_ldhesuon strength. . Fig. 12. Schematic illustration of microstructure development in plagues

The results given irFig. 10 show a clear and dramatic  produced with a fine powder buffer layer.
effect of the pre-coating layer on adhesion performance.

The adhesive strength for the plaques produced without a

pre-coating was consistently less than 0.2 MPa with an av- of 0.5MPa. Thus overall the use of the pre-coating layer

erage strength of about 0.1 MPa. On the other hand theincreases the adhesion strength by about a factor of 5, in-
substrates pre-coated with 210 powder had strengths thadlicating a very positive effect of pre-coating on adhesion

were always in excess of 0.3MPa with an average value strength.

£}

Fig. 13. Scanning electron microscope (SEM) view of the cross-section of the plaque produced on a pre-coated substrate. A higher densitgé&sldeis noti
on the vicinity of the surface of the substrate (white band running through the centre of the micrograph).
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4.5. Fracture interface substrate/plaque interface. This indicated that adhesion
was reproducibly improved and the bonding between the

Together with fracture strength data, fractography pro- plague and the substrate is no longer the weakest point.
vides additional proof of the beneficial effect of a buffer (5) Thus, a positive effect of this pre-coating procedure on

layer. The micrographs of the fracture interfacegy( 1) the final adhesive performance of the plaques has been

for samples produced on a plain substrate and on a 210 pow-  confirmed. The additional pre-coating process adds an
der pre-coated substrate, respectively illustrate quite different ~ additional step to existing production lines, thus increas-
mechanisms of fracture. Notably the diameter of the fracture ing costs. However, the technique may allow for devel-
interface was about 10 mm and varied slightlyl0%) de- opment and use of higher porosity plaques that lead to
pending on specimen. greater cost savings and benefits in terms of higher elec-
In the case of conventional plaque sintered on a plain sub-  trode capacity. In addition, this process may find appli-
strate, the fracture interface was found at the substrate sur-  cations where reliability of the device is exceptionally
face, as shown iRig. 11(above), i.e. this surface was visible important (e.g. aerospace equipment).
through all fracture interfaces. This illustrates that the bond-
ing between the nickel plaque and the substrate represents
the weakest link in the specimefig. 7C). Acknowledgements
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