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Abstract

Porous nickel structures are in high demand for battery, catalyst and filter materials applications. Traditionally such structures are made
by sintering fine filamentary nickel powders. However, the strength of such structures is rather low, when compared, for example, with
Ni foams of similar density. In this research we have applied colloidal processing technigues to improve the powder particle distribution
and, hence the strength of the final sintered structure. By dispersing Ni powder in water prior to introducing a binder, better separation of
particles and break-up of conglomerates is achieved. The addition of dispersants further improves the particle distribution. The new method
also enhances control of the slurry viscosity and the green density of the nickel porous body. The structure of battery plaque prepared
according to the new technique is therefore more uniform than the structure of the conventional plague. Moreover, the tensile strength of
a plaque prepared by the new method is increased by 50—70%.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction onto a perforated substrate. Though detailed information on
the technical aspects of this process is limited due its pro-
Nickel powders having a highly irregular filamentary prietary nature, it is known that electrode plaque production
shape can be fabricated and sintered to produce highlyprocess based on the use of the Inco Type 255 filamentary
porous structures, which are in high demand for battery, nickel powder involves several main stgg$:
catalyst and filter materials applications. In addition to high ) o ] )
porosity these materials offer excellent corrosion resistance® Preparation of a slurry by mixing the nickel powder in an

and good electrical conductivity. One of the most important ~ 2du€ous cellulose solution, _
requirements for these types of structures is the combination® €0ating of a perforated metal substrate (typically made of

of high strength while maintaining a level of high poros- nickgl-coated steel)_ with the slurry using a vertical tape
ity, especially for the case of rechargeable batteries. The cast[ng process (twin doctor blades are used to control the
charge-carrying capacity of batteries is strongly dependent C0&ting thickness),

on the amount of active mass impregnated in the porous® drying the slurry in an oven at temperatures below 100
plaque while battery lifetime is sensitive to the strength of a_nd o _

the porous structure. This must be sufficient to withstand ® Sintering in a reducing atmosphere at a temperature of
repeated swelling and shrinking during battery charging about 1000C.

and recharging cycles without failufe]. An example of the sintered nickel plaque produced by
The traditional approach to the manufacture of such struc- ., 5 process is given ffig. 1 The plague was produced

tures' is by sintering of'fine filamen_tary nickel _povyders. The by a commercial vendor and is thought to be typical of those
dominant technology in commercial production involves a gmpjoved in industrial practice. A very similar microstruc-

highly automated and economical slurry coating process yre js observed in plaques produced in our laboratory by
the process just described.

* Corresponding author. The structure of this plaque includes large voids (up to
T Deceased. about 10Qum in diameter). There are several disadvantages
E-mail address: azaitsev@inco.com (A.Y. Zaitsev). in producing such a non-uniform structure, including:
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Fig. 2. Conventional method of plaque preparation.

Fig. 1. Microstructure of a sintered industrial plaquel@5). In the first step nickel powder is mixed directly with the
cellulose—water solution. Cellulose in this application plays
the role of a binder between particles. The addition of cel-
lulose is necessary in order to produce slurry of sufficient
viscosity to enable the vertical tape casting process to pro-
ceed. Due to the filamentary structure of these nickel pow-
ders and relatively high viscosity of the cellulose solution
Hence, the performance of a battery (or filter) prepared us- the particles may be never well dispersed. Moreover, while
ing this procedure may be significantly degraded comparedintensive mixing can help disperse particles reasonably well,
to its full potential. high shear stress may cause a filament breakage. The break-
age of the filaments leads to the reduction of the sintered
material porosity. In the process of the study it was found
2. Improving plague microstructure that the simple addition of dispersant agents into the solu-
tion during mixing does not lead to improvements in the

An answer to the problem indicated above is proposed in Structure, probably due to the competitive absorption of the
th|s paper' The Solution involves improvements in partic|e cellulose contained in the Starting solution. Thus, the diSper-
distribution that provide a more even and hence, Strongersant is unable to become attached to the surface and deVelOp
structure, without sacrificing the desired overall porosity of repulsive forces between particles. Such phenomenon is a
about 80%. Altering the details of the sintering process (e.g. Well known in the ceramic processirij].
temperature, duration, sintering atmosphere) was found to We have therefore developed a new processing sequence
have insignificant impact on the homogeneity of the final (Fig. 3 ensuring that the powder is well dispersed and the
microstructure. We have thereforE, focused on deve|0ping adispel’sant is attached to the particle surface before the binder
new approach to S|urry preparation using an adaptation Of phase iS added. Moreover, in the new pI’OCGSS, the |n|t|a|
colloidal processing techniques to promote a uniform, dis- Mixing operation can be performed using high-speed stirring
persed powder distribution. In colloidal processing one uses Without filaments breakage due to the large excess of water
surface-active chemicals as dispersant agents in an appropriPresent.
ate solvent (in this case all processing was aqueous-based) The proposed method of slurry preparation should not
along with efficient mixing. Dispersants become attached ©nly allow good contact between dispersant and powder but
to the surface of the particles leading to the emergence of@lso should enable control of the slurry rheological proper-
repulsive forces between them. A suggested approach toties over a wide range of densities by adjusting both the con-
processing is Often used in Ceramics for Wh|Ch the averagecentration Of Ce”ulose in the Solution as We” as the amount
particle size is about a micron or lefg]. It was not clear ~ Of water used.
how well such an approach might work for filamentary
nickel powders for which the dispersant must overcome the
higher material density, large particle size (typical particle 3. Experimental
length is about 3(um), and irregular shape. Despite these
misgivings it was felt that this approach offered the poten- A wide range of chemicals exists that might be suitable
tial of significant improvement in strength and homogeneity for use as dispersing agents to improve nickel powder dis-
of sintered nickel electrodes. persion. The efficiency of some of these was determined by

A flow chart for the initial stages of the conventional measuring the Z-potential of Inco Type 255 nickel powder
electrode plague preparation process is giveRign 2 in agueous media. The concentrations of dispersants were

o decreased battery efficiency due to difficulty in discharg-
ing and recharging the active mass far from the conduct-
ing phase, and

e decreased strength due to uneven stress concentrations.
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. . Table 1
Water in Nickel Slurry composition (per 100 g)
excess + powder
dispersant Component Ni (g) HO (g) Cellulose (g)
* ¢ Original process
— Ni 425
Mixing Cellulose solution (3.7%) 55.4 2.1
v Total 425 55.4 2.1
Settling of New process
the powder Ni 42.5
H.0 39.7
¢ Cellulose solution (11.8%) 15.7 21
Decantation of Cellulose Total 425 55.4 2.1
excessive water Solution
Mixin made by this process using the original process were found
s to have a similar microstructure and density to the commer-
v cial made by casting onto a substrate (&g 1). We are
Degassing therefore reasonably confident that horizontal tape casting
of slurry does not alter the properties of the material to any significant
v extent and therefore offers a viable method for studying the
Plaque effect of process modifications on the plaque strength.
formation Images of the sample surface were obtained using an Elec-
troScan 2020 environmental SEM. The images of the frac-

Fig. 3. Improved method of plague preparation.

varied from 0 to 1% (by weight) based on the amount of
nickel.

Dispersants used in this study were chosen from those
commonly used in the ceramics and paint industry. These
included several from the Darvan series (Darvan C, Darvan
821A, Darvan 811, provided by R.T. Vanderbitt Company)
and the Polacryl series (A40-43N, A70-40N and B55-50 N,
provided by Polacryl company). All of these are water-based
and contain different forms of polyacrylate ammonium salts.

Nickel plagues were prepared according to the flow charts
illustrated inFigs. 2 and 3In the latter case, dispersant

concentrations selected on the basis of the Z-potential mea-

surements were used. Nickel powder was gradually mixed
with water containing a known concentration of dispersant,
in order to obtain good contact between the molecules of
dispersant and nickel particles. The quantity of water was
two to three times that which was necessary to produce final
slurry of the required viscosity. After stirring, the powder

was allowed to settle and the excess water was decanted to

achieve the desired slurry composition, to which the cellu-
lose solution was addedable 1shows the compositions of
slurries used in these experiments (dispersant not included)
While commercial battery plaques always contain a metal
substrate, we wished to manufacture plaques without sub-

strates so that the strength of the sintered nickel bodies could

be measured directly. Therefore, the slurry was cast into a

green tape without a substrate using horizontal tape casting

machine. After tape casting samples were dried at room tem-
perature and sintered between 750 and £@@r 10 min
in a reducing atmosphere of 15% ldnd 85% N. Plaques

ture surface for quantitative analysis of fracture points were
obtained using Philips 515 SEM. Tensile strength measure-
ments were conducted using an Instron 4411 load frame with
loads up to 50 N. X-ray photoelectron spectroscopy analysis
of sintered plaques was performed using a PHI 5500 ESCA
system.

4. Results and discussion

The results of Z-potential measurements are shown in
Fig. 4 The Z-potential increases rapidly with increasing
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Fig. 4. The influence of different dispersants on the Z-potential of nickel
powder.
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Fig. 5. The effect of dispersants on the plaque appearance. (a) Darvan C, (b) Darvan 821A, (c) Polacrlyl A40-43N.

concentration and then levels off or even decreases. Opti-cess as well as the surface morphology of the nickel had
mum benefits can be achieved with as little as 0.1% disper-been adversely affected by the addition of these dispersants.
sant concentration. Darvan 821A and Darvan C, based onFig. 6ashows that the fracture surface of the nickel fila-
ammonium polyacrylate, appeared to be the most effective ment exhibits brittle deformatiorkig. 6bindicates clearly
dispersant of those studied. that sintering did not occur properly as boundaries between

The microstructures of plaques prepared with various dis- grains are quite visible and the surface of the structure is
persants are shown Irig. 5 There is a clear improvement rough. The most probable cause of such behavior was con-
in the microstructure in terms of better uniformity, as com- tamination of the powder surface by the dispersants as their
pared to the plaque depicted filg. 1 Similar results were  presence was the only difference between conventional and
observed with other dispersants. new composition of sintered plaques.

Despite the observed improvement in microstructure the  To determine the nature of the contamination, X-ray pho-
tensile strength exhibited by all of the plaques made us- toelectron spectroscopy (XPS) of the surface of the powder
ing the Darvan dispersants was very low up to four times sintered with and without dispersants was performed. The
lower than that of the plagues prepared without dispersantsresults are presented kig. 7.

(1.2 MPa versus 3-5MPa). Moreover, these plaques were The lower graph was obtained from a sample that con-
quite brittle. tained the dispersant Darvan 821A, while the upper graph

Detailed SEM imagesHig. 6) suggested that the neck was typical of a sample processed without a dispersant.
growth between nickel particles during the sintering pro- The lower graph shows the presence of sulfur in the form

(b)

Fig. 6. Surfaces of sintered nickel powder particles. (a) With the use of Darvan C, (b) with the use of Darvan 821A.
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Fig. 7. The XPS data for sintered nickel powder in the range of 158-178eV.

of sulphites (right peak) and sulphides (left peak). The influence of sulfur on the strength of porous nickel materi-
sulfur-containing peaks are the only differences between als, even at very low concentrations. Thus, in order to pre-
samples in the entire range of binding energies. Thus, thepare a strong structure by sintering of nickel powder, sulfur
most probable cause of the decreased material strength wasontamination should be avoided.
the presence of sulfur that was introduced to the slurry with  To eliminate the influence of sulfur on the strength of
the dispersant. Bulk sulfur analysis of the dispersant Darvana sintered nickel body, a number of sulfur-free dispersants
821A showed that it contained about 1.3% sulfur. Sulfur is were selected for further study. The procedure for plaque
commonly used to terminate the reaction and control the preparation remained as shownhig. 3. The dispersants
molecular weight in the production of many dispersants, used were Polacryl A40-43N, A70-40N and B55-50N with
including some of those (i.e. all of the Darvan variants) concentrations from 0.05 to 2% based on the weight of
used in this study. nickel. The tensile strength and porosity of sintered plaques
The tensile strength of sintered plaques that were pre-is presented irFig. 9, for plaques made both by the con-
pared using sulfur-containing dispersants can be plotted asventional process and for those made using the A40-43N
the function of the sulfur content. The results for Darvan dispersant with the modified mixing sequence. A range of
821 are shown ifrig. 8 Specific strength plotted by-axis porosity levels was achieved for each case by altering the
was defined as the measured tensile strength normalized bysintering temperature. The results for other sulfur-free dis-
the relative density of the plaques. In all cases we found a persants were similar. Results obtained by implementing the
strong correlation, which clearly demonstrates a significant new mixing sequence, but without the use of any dispersant,
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Fig. 8. Influence of sulfur on the strength of sintered nickel powder. Percentages refer to the dispersant/nickel ratio in the slurry.
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Fig. 9. Strength, porosity dependence of sintered nickel plagues. The temperatures referred to those at which the plaques were fired.

also showed considerable increase in strength in comparisorsignificant increase in strength over the plaques produced
to the conventional method, though slightly lower than the by the original process (for which the nickel ligaments also
strength obtained using dispersants. produced ductile failures). The most probable cause of this

As can be seen, the relative increase in the strength ofimprovement is due to changes at the macroscopic level in
the plague prepared using the new mixing sequence andthe homogeneity of the particle distribution in the sintered
sulfur-free dispersant accounts for 50-70% over the entire plaque.

range of porosities studied. In order to more quantitatively understand how changes
A typical example of a fractured ligament is presented in in the procedure of slurry preparation affect the structure of
Fig. 10 the sintered nickel plaque and its correlation to strength in-

In contrast tdig. 6the image presented Fig. 10shows creases, the fracture surfaces of several plaques were studied
a highly ductile fracture process, as one would expect for in detail using SEM. For each material studied about 80 im-
pure nickel. It can be noticed that during application of ten- ages (6Gum x 60 um each) were taken of randomly chosen
sile force the neck of the filament was deformed and becameareas across each fracture surface. The total areas of these
thinner before the failure occurred. While this explains images accounted for about 7.5% of the entire fracture sur-
the strength differences observed between the plaques proface. These images were processed using imaging analysis
duced with sulfur-free dispersants and those produced usingsoftware and the total area and number of actual fracture
sulfur-contaminated dispersants, it does not explain theligaments was determined for each image. The results of
measurements and calculations are showrTeinle 2

The increase in the measured strength of the plaque pre-
pared with the new method can be understood from the
higher total area of fracture ligaments (line 3) and the in-
creased number of fractures (line 4). This data suggests that
the new plaques form a more interconnected structure, which
requires that more ligaments be broken as the plaque fails.
Another informative number derived from the data is the
area of fracture surface per fracture ligament (line 5) This
number is about 1.5 times lower in the plaque prepared with
the new method. It means that with the new method more
ligaments resist the tensile force. From the results above
and previously established tensile strengths of samples, the
strength of nickel ligaments was also calculated. This ap-
peared to be equal to 402 and 388 MPa for the conventional
and modified plaque, respectively. Derived numbers corre-

late well with the tensile strength of pure nickel in the liter-

Fig. 10. The example of a fracture point. ature that is close to 400 MH&].
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Table 2
Fractographic analysis
S. no. Measured and calculated data Conventional method New method
1 Strength of the sample (MPa) 3.08 477
2 Area studiedy, with SEM (wm?) 2.17 x 10° 1.96 x 10°
3 Percentage of the area occupied by fracture ligaments 0.766 1.23
4 Number of fractureny, ligaments per mi 2860 4800
5 Fracture surface area per ligameptr) 350 208
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Fig. 11. Cumulative distribution of fracture points.

Another important factor in the development of the im- process. The higher ligament density follows as a direct
proved strength is the distribution of fracture ligaments consequence of removing the large pores.
through the area of fracture. One indication of the improved The improved uniformity leads to an increase of the
distribution is given inFig. 9, where the porosity achieved plaque strength by 50-70% at the same porosity level. A
by the new process is somewhat less for a given temper-strength increase of this magnitude can only occur if the in-
ature than for the conventional process. The increase interconnectivity of the particles in the plague has increased.
homogeneity shown ifrig. 5suggests that nickel ligaments However, even this increased strength is around 10 times
have filled in the large pores. To further understand the less than the strength that one would calculate based on the
change in ligaments distribution, the number of fracture theory of uniform foamg6]. These sintered plaques there-
ligaments was obtained for each sample out of about 80fore do not form a continuous, regular cellular structure.
images 6Qum x 60um. A frequency distribution based Indeed many of the particles remain unconnected over most
on these numbers was derived for the area of images thatof their length to other particles. From a mechanical per-
contained a given number of fracture ligaments. The results spective these ligaments are of no value. However, they still
are expressed in the form of a cumulative distribution plot contribute electrical conductivity to the electrode; nickel
as shown irFig. 11 filaments serve as conducting probes into the impregnated
As seen from the graph, the distribution of fracture loci active mass. A processing method that would result in the
in the plaque prepared by the modified technique is closer strength to porosity ratio for these materials comparable to
to the classic Gauss distribution and it is shifted towards what one can achieve in nickel foams appears to be unlikely.
a larger average value. The higher median value indicatesHowever, this ratio has been demonstrated to be improved
that the new processing technique results in more fracturedsubstantially through process control.
ligaments per unit area, while the shape of the distribution
is an indicator of plaque uniformity. Moreover the graph
indicates a large reduction in the number of regions that 5. Conclusions
contain a small density of ligaments. Indeed, the minimum
ligament density is around 3000 ligaments per 4rior the A new approach to slurry preparation has been developed
new process, as compared to less than 1000 for the originalin the manufacture of porous nickel plagues from filamen-
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