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Summary

Attempts were made to fabricate full-size anodes with advanced, or grooved, design using
isostatic pressing and slip casting. Anode material was also made using injection molding. Of the
three approaches, isostatic pressing produced an anode with dimensions nearest to the target specifica-
tions and without serious macroscopic flaws. For this reason, this approach is considered the most
promising as a near-term solution for making advanced anodes for aluminum smelting. If this
approach is selected, however, significant work still remains to optimize the physical properties and
microstructure of the anode, both of which were found to be significantly different from that of

- anodes previously made at the Pacific Northwest Laboratory (PNL) (a) and Alcoa Laboratories. lt is
strongly recommended that these disAmilarities be remedied before conducting any large-scale
reduction cell testing of the material.

Injection molding and slip casting yielded anode materials with serious deficiencies, including
cracks and holes. While these problems might be corrected with additional development work, it
seems unlikely that workable solutions could be found in the short run.

Interestingly, the injection molding approach gave cermet material with the best intrinsic micro-
structure, i.e., the microstructure of the material between macroscopic flaws was very similar to that

of anodes previously made at PNL. The reason for the similarity is not certain but may have to do
with the amount of residual binder in the material prior to sintering.

(a) Operated for the U.S° Department of Energy by Battelle Memorial Institute under Contract
DE-AC06-76RLO 1830.
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1.0 Introdlction

Cermet anodes have been under development at the Pacific Northwest Laboratory (PNL) for use
as a nonconsumable alternative to carbon anodes in the electrolytic production of aluminum metal.
The research at PNL has been funded by the Office of Industrial Processes (OIP) of the U.S. Depart-
ment of Energy (DOE) since the mid-1980s. In the early 1980s, DOE-OIP funded a similar program
at Alcoa Laboratories (Alcoa Center, Pennsylvania). Alcoa first identified a cermet of the type NiO-
NiFe,204-Cu as a promising material for a nonconsumable anode and obtained wear (a) rates of about
1.8 cm.yr 1 in laboratory reduction cells (Weyand et al. 1986). (b) PNL also obtained good results
in laboratory testing on this material with wear rates as low as 0.6 cm'yr l (Strachan et al. 1989).
Despite the promising laboratory results, however, it was found that the performance of the cermet
material was also strongly influenced by cell conditions, especially alumina concentration in the bath
(Weyand et al. 1986; Strachan et al. 1988). When alumina concentration dropped significantly below
saturation, (c)wear rates increased. The precise mechanism for the excessive wear at low alumina
concentrations is not completely understood but appears to involve dissolution of the oxide phases
under these conditions. (d) Periodic excursions in alumina concentration were also believed to be

partly responsible for the less-than-optimal performance of the first pilot-scale demonstration of the
NiO-NiFe204-Cu material in August 1991 (Windisch et al. 1992a).

A strategy for maintaining alumina concentration as close to saturation as possible is required if
the cermet anodes are to be used successfully. One such strategy was proposed by M. J. McMonigle,
DOE-OIP, and supported by the modeling studies by Evans (1990a; 1990b). The basic idea in this
approach is that alumina concentration may be controlled uear saturation by using a particular anode

(a) "Wear" is the common term u_ed for degradation of the anode and has been primarily associated

with dimensional loss. By convention, its units are cm.yr -1. However, since wear has also
been quantified by measurements of anode components that report to the AI metal pad, a more
comprehensive definition would seem to require considering ali oxidation/dissolution processes
occurring at the anode, both within the interior of the cermet and at its surface. This issue is
complex and is not discussed further in the text. Refer to previous PNL publications for a more
thorough description of anode wear (Strachan et al. 1989; Windisch and Stice 1991; Windisch
et al. 1992a). lt is also important to note that the wear rates given in the text are extrapolated
from short-term tests, assuming linearity.

(b) T, e wear rates in this report were calculated from the amount of Cu lost from the anode.
Losses for Fe and Ni give even lower wear rates.

(c) The lower limit for alumina concentration that gives acceptable wear rates has not been precisely
determined for numerous reasons (Strachan et al. 1989; Windisch et al. 1992b). Consequently,

the goal of ali testing beyond the bench scale has been to maintain alumina concentration as
close as possible to saturation in the bath.

(d) The metallic phase is also affected. Anodes polarized under conditions of varied alumina
concentration in the bath showed reaction layers of significant thickness characterized by
oxidation of the metallic phase (Tarcy 1986; Strachan et al. 1988; Strachan et al. 1989; Strachan
et al. 1990).

1.1
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shape and reduction cell design. The new electrode configuration would promote the channelling of
bubble flow (from oxygen gas produced at the nonconsumable anodes) in such a way as to facilitate
the dissolution of the alumina that is added periodically to the bath. The anode shape that was pre-
dieted to give the most effective channeling of the gas had "grooves" on its bottom. Anodes with this

shape have been referred to alternately, as "grooved anodes" and "anodes with advanced design" or, in
some cases, as simply "advanced anodes." Details on how various aspects of the grooved shape
would affect bubble flow were the outcome of the studies performed by Evans (1990a; 1990b). A
schematic of grooved anodes clustered in a two-dimensional array and an illustration of how this array
would be deployed in a reduction cell are shown in Figures 1.1 and 1.2, respectively. (a) The
anodes would be completely submerged in the bath and oriented with a sl ight tilt (or with baffles to
accomplish the same purpose as discussed below). The mechanical support would be the electrical
connector rods, which would be protected from corrosion by the bath with sleeves of ceramic

Fused AI203 Brick

1I NiF.2o4cu 11
I [ I

I

! !

" t
Carbon Cathode Insulation

Figure 1.1. Conceptual Design of a Reduction Cell with Two-Dimensional Array of Grooved
Anodes (Side View)

(a) The anodes in an advanced reduction cell were conceived to be a two-dimensional array of
interlocked modules, each with the design that was evaluated in this study. The modular
approach would facilitate handling of the comparatively dense material and, at the same time,
afford the advantages of a large anode when assembled in the cell.
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Fused AI203 Brick

Insulatlon

Figure 1.2. Conceptual Design of a Reduction Cell with Two-Dimensional Array of Grooved
Anodes (Top View)

material. During operation, the oxygen gas bubbles generated at the anodes would be channeled by
the grooves across the tilted bottom surface and up one of the sides of the array. This would create
forced currents of bath in the direction of the bubble flow, up the same side of the array and over its

top. Alumina that was added to the bath would be forced across the top surface of the array by the
bath currents and eventually down into the bulk of the electrolyte and back under the anodes, lt was

predicted that this type of bath flow would maintain alumina saturation very effectively in the grooved
region of the anodes where electrolysis would take piace. The flow of bath would also be controlled

by the positioning of the TiB,, cathodes that are being developed in conjunction with the cermet
anodes. The successful "matTriage" of the cermet anodes and TiB2 cathodes has long been regarded as

an important step in the evolution of aluminum smelting technology (Billehaug and Oye 1981).

The fabrication of anodes with the advanced design involves numerous challenges in addition to

those encountered in scaling up the fabrication of more primitively shaped pieces such as those used

in the pilot cell test (Windisch et al. 1992a). An important issue concerning an anode with a com-
plex, grooved, shape is that, to make the fabrication economically attractive, it would have to be
manufactured commercially without much machining. The NiO-NiFe,204-Cu anodes produced at PNL
and Alcoa laboratories were made primarily by isostatic pressing. Since the fabrication of large
ceramic bodies with complex shapes without machining is more easily accomplished using other

methods (Segal 1989), it was considered worthwhile to investigate alternative fabrication approaches
concurrent with the initial efforts to fabricate advanced anodes. The only drawback to this approach

was that many of these alternative methods (none under scaled-up conditions) had never been tried on

1.3

I



the cermet composition before, so that unqualified success in this first set of fabrication attempts was
considered remote. Nevertheless, in a meeting between personnel from DOE-HQ, PNL, and the
ferrite industry, held in Fairfield, New Jersey, on June 21, 1991, it was decided to investigate alterna-
tive fabrication methods in conjunction with making the first large, grooved anode, lt was decided at
this meeting that three fabrication approaches should be investigated: 1) isostatic pressing; 2) injec-
tion molding; and 3) slip casting. The main objective of the initial study would be _o make the best,
first attempt to fabricate a large, grooved cermet anode using these three approaches. Any of the
approaches could be abandoned, at any stage of development, if shown to be infeasible or unlikely to
succeed wi,_hthe time and resources available. The specified deliverable was one anode made by the
method deemed most successful. After fabrication, the anode would be analyzed by PNL staff to
determine how close it was to the. intended design and, in composition and properties, to cermet
anodes previously made at PNL. If more than one anode could be made using more than one of the
approaches, those anodes would be subjected to analysis at PNL as weil. Following this analysis,
recommendations would be made concerning future development of the grooved cermet anodes. In
particular, the most promising of the three approaches would be identified and steps for future
development would be recommended.

On December 21, 1991, Ceramic Magnetics, Inc. (CMl) was selected as the vendor to fabricate
one cermet anode by any of the three candidate approaches, with an additional anode to be fabricated
by another approach if time and resources were available. The method actually chosen for the one
anode would be left to the manufacturer, to be decided after preliminary testing of the candidate

approaches. However, it was specifically stated that no machining be employed. The work was to
be viewed as developmental in nature with manufacturing proceeding on a best-effort basis. Other
conditions in the statement of work were that the manufacturer would first submit a detailed engineer-
ing drawing of the grooved anode and that this drawing would conform to preliminary sketches
provided by PNL staff. Key features of the engineering drawing received from CMl are shown in
Figure 1.3 and important dimensions of the anode are summarized in Table 1.1. The powder starting
material for the grooved anode was to be provided by PNL via a purchase order to a ferrite powder
manufacturer. As it turned out, CMl was the company that manufactured the powder for the pilot
cell anodes (Windisch et al. 1992a), so CMl was selected as the vendor to fabricate the powder for
the grooved anodes as weil. Five-hundred pounds of ceramic powder were prepared by CMI for the
advanced design anodes using the same procedure that was used to make the powder for the pilot cell

Table 1.1. Target Dimensions of the Advanced Design Anode

Description Symbol Nominal Measurement, in.

Top Surface (Square) TS 8x8

Total Height TH 4.4

Groove-to-Lip GL 1.25

Groove Height (or Depth) GH 1.5

Groove Separation GS 1.5

Groove Radius (Outside) GR 0.5

Overhanging Lip Thickness LT 0.75

1,4
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Connect
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(b) _ TS >
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Figure 1.3. Key Featuresof theAdvancedDesign Anode: a) Top View; and b) Side View. Symbols
are given for imporantdimensions. Values for these dimensionsare given in the text.
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anodes (Windischet al. 1992a). Briefly, this procedure called for blendingthe raw materials Fe203
(48.3 w/o)ta_and NiO (51.7 w/o), calcining them, and then milling the resultingmixture. Spray
drying was also performedexcept in the cases that are noted later in this report. This second batchof
powder was not analyzed extensively, lt was assumed that its propertieswere similar to those of the
first (pilot cell) batch that was characterizedpreviously. As in the previouspreparations,the ceramic
powder was blended with Cu powder (17 w/o) before furtherprocessing.

After fabricatingthe anodes, CMl was to ship them to PNL for analysis. The analysis per-
formed at PNL was to include: 1) characterizationof appearance, includingthe overall shape as
compared to the target shape, the dimensionsof the anode, and the p_esenceand nature of any flaws;
2) measurementof densirj; and3) characterizationof rtri_rostructureand the compositionof phases
within the anodes. The results of these analyses are discussed in this report. Other informationin
this reportincludes variousobservationsand commentsregardingfabricationproceduresby CMl
staff.

Four anodes or parts of anodes fabricatedby various approacheswere received from CMl.
These anodes are identified in Table 1.2. The first anode received, CM-I, was madeby isostatic
pressing; receipt of this anode satisfiedthe principalrequirementof the purchaseagreement, i.e., the
delivery of one anode with advanceddesign. Anode CM-II was the resultof an early isostatic
pressing run. The other two anodes, CM-lII andCM-IV, were preliminaryatteml:*Sat using
approachesthat had never been tried on this cermetmaterial. They were providednot as proto-
typical anodes butfor informationpurposesonly. As it turnedout, these pieces providedsome very
interestinginformationconcerning the two alternativeapproachesthat shouldbe consideredin
planning any future developmentwork on advanced design anodes.

In this report, each of the three fabricationapproachesis discussed in a separate section. In
each section, the approachis first described, commentson the fabricationproceduresand any
difficulties encountered are discussed, and the resultof the post-fabricationanalyses are given.
Finally, afterall of the approachesare discussed, conclusions regarding the three approaches and
recommendationsfor future developmentwork are given.

Table 1.2. Advanced Design Anodes Fabricated by CMI

Anode FabricationProcedure Date Received at PNL

CM-I Isostatic Pressing 9/30/1992

CM-II Isostatic Pressing 10/15/1992

CM-III InjectionMolding 10/15/1992

CM-IV Slip Casting 11/16/1992

(a) w/o = weight percent.
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2.0 Isostatic Pressing

2.1 Description of Fabrication Approach

The procedure used for isostatic pressing of the advanced design anodes was similar to that used
for the pilot cell anodes (Windisch et al. 1992a). In isostatic pressing, a mold is filled with powder
and then subjected to high pressure transmitted through liquid in a pressure vessel. The mold
deforms to compress the powder and regains its original shape when the pressure is released. At
CMI, the loose, dry cermet powder was poured into a rubber "bag" with wall thickness of
approximately 0.125 in. and inside dimensions approximately 35 % larger than the desired anode size.
The rubber container was restrained on the outside by a perforated metal container that fit loosely on
the out_ide of the bag and kept the rubber from distorting by the weight of the powder. While filling,
the assembly and powder were vibrated to eliminate any air pockets and powder bridging. The fill
opening was then "corked" and the assembly pressurized while immersed in a fluid. Pressurization
achieved about half of the shrinkage from bag size to sintered size. Sintering achieved the rest of the
shrinkage.

This procedure is usually limited to simple shapes (bars, rods, cones, disks, etc.) becav_sethe
pressed piece has to be removed from inside the bag/container. The c,atside dimensions are also
usually somewhat irregular due to the relative freedom of movement of the powder within the bag
before pressing. Stiff rubber or plastic bags that could be formed to the anode shape are not useful to
form parts as they do not transmit enough of the hydraulic pressure to the powder and no useful
compacting occurs.

To approach the isopressing of the anode contours, aluminum pieces were made to the same
shape as the casting molds; various rubber inserts formed the lap-joint and electrode recess surfaces.
The entire assemblage was inserted in a square surrounding rubber case and plug. The total combina-
tion was isopressed in several trials of pre-packing and, subsequently, removal of lap-joint and
electrode contours. None were successful; most exhibited over- or under-pressed areas tied to cross-
section variations and ali cracked in the middle of the grooved sections.

The final approach taken to address the above problem appeared to work weil. Keeping the
same contoured aluminum parts, the outer rubber case was removed and a large, thin-walled, balloon
was placed, instead, inside the metal parts. The balloon was filled with powder and then evacuated.
This allowed the metal parts to move and shape the powder with atmospheric pressure. This created
a compact strong enough to remove the metal parts and move the shaped piece in the balloon into the
hydraulic press. Without the restraining metal the piece could move sufficiently for final compaction
and "spring back" when removed from the press.

Similar to the pilot cell anodes, the consolidation pressure was 13 ksi. Sintering conditions were
the same for ali of the fabrication approaches and closely followed the earlier pilot cell anode runs
(Windiseh et al. 1992a). Briefly, the temperature was ramped up to 1200°C using a 88-h schedule
under a controlled atmosphere containing 100-200 ppm 02.

2.1



2.2 Observations During Fabrication

The isostatic pre_sing of the anode proceeded reasonably weil. This success was partly due to
the experience gained at PNL over previous years of fabricating smaller anode pieces by this method
and also to the experience gained by CMl during fabrication of the anodes for the pilot cell test
(Windisch et al. 1992a). Nevertheless, the size and complexity of the advanced design anodes
contributed to additional challenges in fabrication (Section 2.1).

The complexity of the shape of the anodes necessitated that a few simplifications be made in this
first series of fabrication attempts. These simplifications concerned the top side of the anode
(Figure 1.3a). In particular, the hole for the connector rod was not pressed into the piece, but
machined instead. In addition, no ridges were made on the top side for the purpose of protecting the
electrical connection. These two simplifications facilitated fabrication of the mold, which was already
quite complex due to the grooved bottom. A significant amount of tooling was required in this
approach. At $3,000 to $4,000 per tool modification and 50 to 60 lbs. of ceramic powder per
attempt, it was considered more profitable to focus on the overall shape and the accuracy of the
grooved side rather than on other details of the design that could be addressed more carefully at a
later time.

The isostatically pressed anode was massive, 62 lbs., after sintering. Linear shrinkage during
firing was about 20%; volume shrinkage was about 73 % (both based on fired size). In general, there
was significant displacement of material during firing. To allow this movement of material without
tearing during sintering, the anode was placed in a thick cushion of alumina sand. The alumina acted
as little rollers between the piece and the supporting refractory tile. This appeared to give the
required "lubrication" but created additional problems as discussed below. The piece was fired with
the grooved side pointing upward to allow the most fragile st_rface the maximum freedom to shrink.

A significant amount of metal (that was mostly Cu in content as discussed in Section 2.3) was
lost from the anode as "bleed-out" during sintering. One of the important problems this created (in
addition to loss of metal phase from the anode) was that a crust formed on the surfaces of the anode
that were in contact with the alumina powder. As discussed in Section 2.3, it is believed that this
crust formed as a result of a reaction between the exuded Cu and the alumina powder.

As discussed in Section 2.3, the Cu bleed-out may be due to the relatively small amount of
binder in the ceramic powder. The CMl ceramic powder contained 2 w/o binder compared to about
4 w/o for ceramic powder previously used by PNL and manufactured by Staekpole, Inc. (Pittsburgh,
Pennsylvania). Additional binder posed its own problem in the fabrication however. Some large
pieces were also fabricated using Stackpole powder, and ali of them cracked during even the most
gentle of burn-out cycles. This was because of the large mass coupled with the very poor heat
conductivity of the green pieces. Apparently, the outside pores of these pieces closed up before the
inside reached temperatures high enough to vaporize the binder. Binder trapped inside the anode
eventually vaporized and burst the anode.

The effect of binder burn-out is a common problem in fabricating large ceramic parts using any
forming process, but is generally minimized in isostatic pressing. The approaches for solution are
also generally known in theory, but are somewhat "cut-and-try" in application. Multiple binder
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combinations with graded vaporization temperatures are the principle. They usually have to be
worked out on a piece with a mass and surface area similar to the desired product. Sufficient
resources were not available to optimize the binder burn-out conditions during this preliminary study.
Such an effort should be part of any follow up study if isostatic pressing becomes the method of
choice for making the advanced design anodes.

2.3 Post-Fabrication Analysis

This section covers the results of analyses performed at PNL on the advanced design anode,
CM-I, fabricated by CMI using isostatic pressing. Limited analysis of another isostatically pressed
cermet piece, CM-II, was also performed and is reported here.

2.3.1 Appearance

The shape of CM-I, shown in Figure 2.1, was very close to the target shape (Figure 1.3). The
anode had a grooved surface on one side, ledges for interlocking on two of the other sides and a flat
surface on top. The top also had a hole in it for connection of an electrical connector rod. There
were two notable exceptions to the similarity between CM-I and the targeted design: 1) the top
surface was flat and had no ridges as planned to facilitate joining of the connector rod and provide
protection during operation (Figure 1.3); and 2) the hole in the top of CM-I was machined into the
piece rather than molded. As indicated in Section 2.2, these changes were made to facilitate fabrica-
tion in this first series of attempts. Key dimensions of CM-I are given in Table 2.1 along with the
target dimensions. In ali cases, except for the lip thickness which was affected by the way in which
the top surface was molded, the measured values were very close to the target values.

CM-I exhibited no serious flaws such as cracks or fissures on any surface when scrutinized

visually. Significant bleed-out of metal was observed on some faces of the anode and is shown in
Figure 2. lb. (Actually, metal bleed-out occurred on ali surfaces but was cleaned off the top and the
grooved side by CMl for display purposes.) The exuded metal was reddish-colored indicating that it
was mostly Cu. Cut surfaces of CM-I were also redder in appearance than anodes made previously at

Table 2.1. Key Dimensions of CM-I

Description Symbol CM-I, in, Target, in.

Top Surface (Square) TS 8x8 8x8

Total Height TH 4.6 4.5

Grove-to-Lip GL 1.26 1.25

Groove Height (or Depth) GH 1.5 1.5

Groove Separation GS 1.5 1.5

Overhanging Lip Thickness LT 1.75 0.75
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(b)

(a)

(c) (d)

Figure 2.1. Views of CM-I" a) Bottom View Showing Grooves; b) Side View Showing Grooves;
c) Side View; and d) Top View Showing Hole for Connector Rod

PNL suggesting a more Cu-rich metallic phase. According to CM-I, the metal that bled out on the
top side reacted with the alumina powder that was used to support the anode in the furnace during
sintering. This reaction produced a crust, as shown on CM-II in Figure 2.2, that was manually
cleaned from CM-I. The crust formed from an apparent reaction between the exuded metal, which
was mostly Cu as discussed below, and the alumina support, lt is believed to be, at least partly,
composed of copper aluminate based on previous studies (Strachan et al. 1988).

Ultrasonic testing was performed on CM-I to try to find any defects within the material prior to
obtaining core samples. This nondestructive method had been applied very successfully to the cermet
anodes used in the pilot cell test and details of the approach were discussed previously (Windisch et
al. 1992a). Ultrasonic scans were obtained on CM-I for various orientations. Figure 2.3 shows a
scan from the top, flat surface of the anode. Reflections of the probe signal are indicated by the
appearance of white and light gray regions in this black-and-white photograph. These reflections can
be due to variations in the anode dimensional structure (i.e., at the top of a groove or at a ledge) and
to flaws within the anode material. The gray circle in the center is from the bottom of the connector
rod hole; the gray band on one side of the square is due to the ledge on that side of the anode; and
the parallel gray and white bands are partly due to the grooves on the bottom of the anode. The more
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Figure 2.2. Anode CM-II Showing Crust on "Fop Surface

Figure 2.3. Ultrasonic Scan from Top Surface of CM-I
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randomly distributed gray and white patterns are due to reflections from what was first believed to be
flaws. Further analyses, as discussed below, indicated that they were probably not due to flaws, but
more likely due to compositional variations.

Figure 2.4 shows an ultrasonic scan from one of the sides of the anode. The approximately
1-long reflection in the center is the bottom of the electrical connector hole. Between this reflection
and the top of the anode (light gray band) are a series of roughly parallel planes of reflection. These
reflection planes were believed to arise from the same source as the unidentified reflections in
Figure 2.3.

2.3.2 Density

Densities were measured on seven samples from cylindrical core sections removed from CM-I.
The mean density was 5.75 + 0.06 g_m "3. This density is significantly lower than the density
measured on anodes previously made at PNL (6.05 - 6.10 g_:m3). The lower density resulted, at
least partly, from the lower consolidation pressure used by CMl for the grooved anodes. A similar
result was observed for the pilot cell anodes that were also consolidated at the lower pressure
(Windisch et al. 1992a). The lower density for CM-I may 'also have been partly due to the fact that

Figure 2.4. Ultrasonic Scan from Side Surface '_f CM-I



less reaction involving residual binder occurred during sintering. As reported in Section 2.2, effort
was made to burn out as much of the binder as possible before sintering to avoid cracking due to
trapped gases. The presence of some binder during sintering, however, may also afford some densifi-
cation via reactions that contribute to alloying and alterations of microstructure (Section 2.3.3).

2.3.3 Microstructure and Composition

Two, l-inch-diameter, core sections were removed from CM-I. Five, approximately 1-inch-

tall, samples were then cut from each of these core sections to study microstructure and to identify
the source of the reflections in the ultrasonic scans (Section 2.3.1). The density measurements
reported in Section 2.3.2 were performed on seven of these samples. The core sections, labelled A
and B, were drilled out of CM-I from the top of the anode and down through it, including regions
that had strong reflections in the ultrasonic data (Figure 2.3). Core section A was taken from a
region with stronger reflections than from where B was removed.

The two core sections, A and B, showed no apparent flaws from the outside. However, ultra-
sonic traces on the core sections themselves showed reflections that correspond to those obtained on
the whole anode (Figures 2.3 and 2.4). As expected, the reflections were more intense for core
section A than for core section B.

Optical microscopy and scanning electron microscopy (SEM) on four of the samples revealed a
number of interesting features of the microstructure of CM-I, some of which differed significantly
from that of anodes previously made at PNL and CMl. As shown in Figure 2.5, CM-I exhibited a

Figure 2.5. Optical Micrograph of Sample from CM-1
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very unusual distribution of the metal phase. The alloy appeared to wind around in a "stringy"
fashion, leaving alloy-poor regions in the spaces between the strings. In the regions where there was
less alloy phase, the material also appeared to be more porous (Figure 2.6). Energy dispersive x-ray

spectrosc%.y (EDS) analysis of the metal phase indicated that it vjas over 95 a/o(a) Cu, which is
more Cu-rich than in any anode previously made at PNL or CMl (generally 75 - 85 a/o Cu). This
analysis was also consistent with the red color of the exuded metal. As shown in the SEM images in
Figure 2.7, the microstructure was also "granular" in appearance, i.e. with phases that looked less
consolidated and seemed to have sharp boundaries, unlike anodes made previously at PNL which

showed a more "liquid-like mixing" of the phases. Another important difference was that the alloy
phase in CM-I was bordered by both of the oxide phases (NiO and ferrite), whereas the alloy phase in
anodes made at PNL was usually just bordered by the ferrite phase (dark gray phase in Figure 2.7).

Other than those features reported above, no distinguishing microstructural characteristics of any
of the CMl samples were found that could be correlated with the reflections in the ultrasonic data
reported above. In particular, no cracks or fissures could be found at positions near where the ultra-
sonic reflections occurred. As shown in Figure 2.4, some sort of flaw was expected at about 1 inch

from the top surface; but no obvious source of the reflection was found. The conclusion, at this
point, is that the reflections arose from more subtle microstructural or, alternatively, compositional

Figure 2.6. Optical Micrograph of Sample from CM-I Showing Porous Region Between
Alloy "Strings"

(a) a/o = atom percent.
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Figure 2.7. SEM Micrographs of: a) Sample from CM-I; and b) Sample from PNI_ Anode

variations (such as tile distribution of the metal phase as seen from another perspective or the compo-
sition of the metal phase itself) that somehow escap_ detection, lt is doubtful that the ultrasonic data
were in error because of the success of the technique in the past on the cermet material (Windisch et
ai. 1992a). Admittedly, the technique's sensitivity to ali of the possible variations in the cermet
material has not been determined, which contributed to our current inability to identify the source of
the reflections in CM-I.

2.4 Conclusiolls

The microstructural results for CM-I appear to be consistent with the measured physical proper-
ties and fabrication procedures. A combination of the lower consolidation pressure and lower
concentration of binder during sintering probably resulted in the lower material density. The binder
burn-out prior to sintering was probably responsible for regions of higher porosity within the anode
and, indirectly, on the unusual distribution of the alloy phase, although the specific reason for
"stringy" appearance is unclear. Additionally, the lower concentration of binder during sintering
probably resulted in lt lower amount of alloying of Ni (via reduction of some Ni-containing oxide)
with the Cu. A more Cu-rich phase would be more likely to melt and flow during sintering, which
would explain the higher amount of metal bleed-out during this step. Also related to the presence of
some binder during sintering appears to be the "affinit.,'" of ferrite tbr the alloy phase as observed in
the SEM images. CM-I, with its lower binder content, gave no evidence for this affinity.

From a fabrication standpoint, isostatic pressing appears to be relatively close to achieving an
advanced anode with the desired shape, i:urthermore, while the microstructure and phase composi-

tion of CM-I were significantly different from previous anodes made at PNl., it appears that with
further development work the desired nlicrostructures and compositions could be achieved. To

accomplish this result, the following refinements to the procedures would seem to be in order:

• The consolidation pressure should be higher (about 25 ksi) to match the conditions previously
implemented at PNl,.
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• A more effective use of binder needs to be investigated, perhaps with a graded design as
discussed in Section 2.2. The concentration and burn-out conditions should be adjusted to

minimize the formation of pores without leading to cracks during sintering. Conditions
necessa_3, for minimizing metal bleed-out and attaining a less "granular" microstructure in the

final product also need to be determined; although these problems may be corrected by
optimizing the use of binder as indicated above.

• Additional tooling and procedures need to be developed to introduce the specified features (e.g.
electrical connector hole) in the top of the anode during processing. Contoured balloons that
match the outer metal pieces need to be used to reduce wrinkles in the molded cermet surface
and optimize the dimensions of the lap-joint edges.

• A better strategy for eliminating the formation of the crust during sintering should be identified;
this problem may be corrected by reducing metal bleed-out through the more efficient use of
binder as indicated above.
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3.0 Injection Molding

3.1 Description of Fabrication Approach

The injection molding process is described by Segal (1989) as follows:

"Injection molding is a plastic forming technique in which ceramic powder is added as a filler to
an organic polymer, usually a thermoplastic, to form a plastically deformable mixture that is injected,
using a combination of heat and pressure, by a plunger into the mold. The viscosity before injection
is an important parameter for controlling even filling of the mold and avoiding air bubbles in finished

components. Large amounts of polymer are used, typically up to 30 v/o, (a) although solid content
in the mixture can be maximized by optimization of the particle size, but binder removal is a difficult
step as it can produce cracking and voids. Injection molding is used extensively in the plastics
industry and has the potential for production of components with complex shapes such as turbine
blades."

An excellent review of injection molding is also given by Edirisinghe and Evans (1986). This
approach was adapted to the cermet material and attempted by Certech, Inc. (Wood Ridge, New
Jersey) under the direction of CMl and with approval of PNL and DOE-HQ. Certech, Inc. '_sa world
leader in injection molding of ceramics, and they manufacture their entire product line by this
method.

The feed mate :ial for this process was not spray dried. The dried mill cake was pulverized and
the copper powder admixed by tumbling in a dry blender. The latter operation was the same as
performed on spray-dried powder.

The cermet was then combined with a proprietary binder, primarily a multi-component thermo-
plastic, in a high shear mixer. The binder was preheated and additional heat was generated by the
shear energy from mixing to a temperature of about 45 °C. Solid/binder ratio was 70/30 by volume.

After mixing and cooling, the resulting cake was loaded into the chamber of a low-pressure,
ram-type injection molding machine of capacity suitable for the mold used. The mix was heated to
30°C and injected at 1000 psi or slightly higher. All subsequent work was performed with this low-

pressure system. Low-pressure formulation was chosen to keep mold clamping pressure requirements
for the large anode within reasonable levels. The anode was to be the largest ceramic piece ever
injected.

(a) v/o = volume percent.
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3.2 Observations During Fabrieati3n

Early work involved small test bars and was quickly moved to larger molds from the Certech,
Inc. inventory. CM-III was the largest piece fabricated by this method; but even CM-III was

.,_ significantly smaller than the target spec'_fications for the advanced design anode. Early trials on
small specimens were promising. For i,'a'ger specJrr,m SUChas CM-III, however, two serious
difficulties were encountered, lt was concluded that bcth of these difficulties would need to be

remedied prior to recommending the method fo: making cermet anodes.

The first problem concerns the tendeucy for larger pieces, _.ncluding CM-III, to develop cracks
or fissures during the molding process. The molding material did nut appear to "wet itself"
sufficiently as it went into the mold. Surfaces didn't rejoin and fissures (and flow lines or seams)
were, consequently, introduced. Clearly, if this fabrication approach were to be pursued further,z

significant deveiopment work would need to be done on the binder composition to impart the required
physical properties to the molding material.

The second difficultly concerns the hinder removal prior to sintering. As the size of the piece
was increased, the di_culty in removing binder also increased. In addition, the binder burn-out had
to be performed under nitrogen bec_,:sc: when air was used, excessive oxidation of the cermet
occurred. Unfortunately, for most materials, experience shows that binder burn-out is usually more

- efficient in air. The best burn-out procedure for the cermet appeared to be an extended heating cycle
at 200 to 350°C in flowing nitrogen, with the piece embedded in fine alumina powder which served
as a wick to drain out the molten binder and to retain to while being vaporized by the nitrogen. The
difficulty, in removing binder was also aggravated by the proportionally large quantity of binder used
in this approach. In ali likelihood, a significani, amount of binder was left in the material when

" sintering was initiated, compared to the other fabrication methods evaluated in this study. This
residual binder is believed to be partly responsible for the different microstructure and phase
compositions observed for CM-III (Sectioa 3.3.3).

From a fabrication standpoii_t, it is believed that this approach would be difficult to implement
without significant work to develop a successful binder for the cermet material. This binder must
impart the required "flow" characteristics to the cermet material during molding and, at the same

: time, lend itself to a reliable burn-out procedure prior to sintering. Experience with the cermet
anodes suggests that _ome burn-out of the binder is necessary (a proportionally large fraction for an
injection molded piece) but that a small amount should be left behind to induce the desired micro-
structure and phase compositions (Section 3.3.3). Clearly, a successful resolution of these problems
would entail significant trial-and-error evaluations of a variety of materials and processing conditions.
If successful, however, this approach would seem to have the best potential for achieving the detaik
of the desired shape.

3.3 Post-Fabrication Am'Jysis

This section covers the results of analyses performed at PNL on the cermet piece CM-III
" fabricated by CMl using injection molding.
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3.3.1 Appearance

As shown in Figure 3.1, the CM-III was a 10-lb., 14 cm x 14 cm x 4 cm block with a checker-
board appearance on one of the large faces. The other large face was finished off to reveal the
fissures inside the piece. The fissures were introduced during the molding process as discussed in
Section 3.2. A few small beads of metal were also observed on the outside surface of CM-III. These
beads were far fewer in number than observed on CM-I and were also more silver-colored. Cut

surfaces on CM-III were also silvery in appearance, in contrast to CM-I which was more Cu-
colored. This is consistent with the higher Ni-content of the alloy phase in CM-III as discussed in
Section 3.3.3.

Since CM-III was purposefully not made to dimensional specification, unlike CM-I and CM-IV,
no further discussion on the shape of CM-III is given in this section.

3.3.2 Density

A single, l-in.-diameter core section was removed from CM-III and subsequently cut into
cylindrical samples. Density measurements on two of these samples were sensibly identical at
5.95 g_m "3. This was the highest value for the three grooved anodes made by CMl and was closest
to the specification range of 6.05 - 6.10 g_:m3. Furthermore, the "intrinsic" density of CM-III may
have been even higher than that measured because there were numerous fissures in the anode and it
was hard to be certain that the pieces measured were completely free from these defects. The higher
density of CM-III is also consistent with its microstructure (Section 3.3.3), which was more similar
than the other grooved anodes to anode materials previously made at PNL.

Figure 3.1. Views of CM-III: a) bottom Surface Showing Checkerboard; b) Top Surface
after Finishing
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3.3.3 Microstructure and Composition

As shown in Figure 3.2, the microstructure of CM-III was similar to that of anodes previously
made at PNL (except for the larger fissures discussed earlier). In particular, the material was low in
porosity and showed a more intimate mixing of the phases, i.e. less "granular" than CM-I and CM-
IV. Also similar to PNL anodes, the alloy phase was usually bordered by only ferrite (dark gray
phase in Figure 3.2). Analysis of the alloy indicated that it was about 66 a/o Cu and 32 a/o Ni. This
is much richer in Ni than the alloy phases in CM-I, CM-IV, and even the PNL anodes (15 - 25 a/o
Ni).

Figure 3.3 shows one of the fissures in CM-III. The fissures varied in width and sometimes
contained metal phase which appeared to have flowed into it. Consistent with the observations made
in Section 3.2, the fissures appeared to have formed during molding and the metal partially filled
them during sintering. The composition of the metal in the fissures was similar to the alloy in the
bulk of the material.

3.4 Conclusions
q

The microstructural results for CM-III are consistent with the physical properties of the material
and the fabrication conditions, and appear to explain the differences between this piece and the other
CMI anodes, as well as some similarities to the PNL anodes. In particular, the higher density of
CM-III is at least partly due to its "tighter" microstructure which was very similar to PNL anodes. It
appears that reduction of residual binder during sintering was responsible for the development of this
microstructure in CM-III..As indicated in Section 3.1, significantly more binder was present in the

injection molding process. Even though steps were taken to burn out the binder carefully, with the
high loading level employed it is likely that significant residuals remained. Presence of binder during

Figure 3.2. SEM Micrographs of: a) Sample from CM-III; and b) Sample from PNL Anode
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Figure 3.3. Optical Micrograph of Sample from CM-Ill Showing Fissures

sintering is believed to favor the reduction of some of the Ni-containing oxides resulting in Ni-
alloying of the metal phase. The fact that the alloy phase in CM-III contained more Ni than any of
the other anode materials suggests this process was especially important in developing the final
composition and microstructure of CM-III. The proximity of the ferrite and alloy phases in the
microstructure of CM-lll may also be related to the reactions of the binder, but insufficient data were
available to confirm or explain this.

A lower amount of metal bleed-out in CM-III compared to CM-I might be explained by the

higher melting temperature of the Cu-Ni alloy (in CM-III) relative to essentially pure Cu (in CM-I).
Some melting of the metal phase in CM-III did occur during sintering, however, as evidenced by the
filling of the fissures formed in the molding step. The effect on corrosion properties of slightly

higher Ni contents in the alloy phase, compared to standard PNL anodes, is probably not significant
because other high-Ni versions of the anode material were tested successfully in PNL laboratory cells.
However, at significantly higher Ni contents, more corrosion will occur as evidenced by the work of
Alcoa Laboratories (Weyand et al. 1986). Due to the difficulty in controlling the composition of the
alloy phase precisely, the variation of corrosion properties with its composition has not been fully
determined.

The fissures that formed during the molding process were due to the insufficiency of the

organics to wet the material properly during molding. Clearly, this is the main limitation of using
injection molding and it is doubtful that a satisfactory resolution could be obtained without significant
further research. Engineering the anode to consist of smaller pieces might be a solution since

injection molding with the common binder ingredients appeared to work best when the molded object
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was not so massive, however it is not certain how smaller anodes could be deployed in a commercial
cell without other problems arising. Alternatively, a new binder system would have to be developed
for the cermet material, lt is anticipated that identifying a suitable binder for the cermet would
require significant further development work.
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4.0 Slip Casting

4.1 Description of Fabrication Approach

The slip casting process is describedby Segal (1989) as follows:

"Slips are suspensionsof one or more ceramic materialsin a liquid, usually water, with a
particlesize around 1 #m and may be consideredas colloidal systems. The slip casting technique
involves pouringa slip into a porous mold often made from plasterof Paris or gypsumwhich absorbs
liquid anddeposits solid materialat the mold walls. Excess slip is drainedoff after which the cast is
removedand then fired. Slip casting is a very versatile techniqueand has been used for manufacture
of tableware, sanitaryware,crucibles, tubes, thermocouplesheaths, andgasturbinestators. However,
three factorsaffect the quality of a cast. First, particles mustremain in suspension so that deposition
occurs evenly on the mold walls. Secondly, high solid contents (ca. 70 w/o) improvethe drainage
rateand thirdly, low viscosity is requiredin orderto prevent incorporationof air bubbles into the
ceramic and to ease filling of the mold.

"As for other colloid dispersions, the stability of slips is controlled by interaction forces between
particles. Strong ceramics can be obtained in the absence of particle aggregates, which are avoided
by using deflocculating agents in the slip. These materials, normally surface-active agents, probably
act by adsorption at the solid-liquid interface, for both oxide and non-oxide ceramics, which modifies
the interaction energy between particles. However, particle size, pH, and ionic strength affect slip
stability and rheological properties of these systems, which are important for controlling liquid
drainage from the dispersions."

The primary work in this approach was performed at the RutgersUniversity Center for Ceramic
Manufacturing Methods Development (New Brunswick, New Jersey) under the direction of CMl and
with approval of PNL and DOE-HQ.

Initially, the trials were run in a water-based system as is used throughout the ceramic industry.
The premixed material, which was not spray dried and contained no binder, was milled into the liquid
by a brief, 4-6 h, milling step using a steel ball with steel media. This is normal practice and is used
to slip cast small simple shapes in nickel-zinc ferrites, lt became apparent quickly that there was a
chemical reaction between the Cu/water and the material of the mold (CaSO4"2H90 or gypsum),
such that large excesses of water were required to maintain fluidity; and, when poured into the mold,
the slip flocculated and would not cast freely. No dispersing agent was found which relieved this
problem. The reaction was evidenced also by a blue-green color created in the plaster behind the
casting surface.

lt was also noted that the very fine particle size, large surface area, of the feed powder required
much higher water ratios than normal for general ceramic casting. (Cast ferrites are normally made
from coarser powders also.) However, high water ratios are normally avoided to reduce casting
shrinkage and to aim for higher green density, better handling strength, less sintering shrinkage, and
better microstructure. Unfortunately, coarsening the cermet powders was not a viable option at this
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point because the aim of the work was to obtain anodes with a microstructure similar to earlier
anodes, and use of a coarse powder would certainly have changed the microstructure.

Low-temperature heating of the mixed powders under Ar was evaluated as a way to reduce the
activity of the Cu, but the best solution involved substituting an organic liquid for water. The liquid
selected was toluol, mixed with an oil as a dispersing agent to achieve high solids content and poly-
vinyl butyrate (PVB) for green strength. The oil and PVB were both added at 1 w/o or less. The
substitution of the organic medium eliminated the Cu/water/mold reaction problems. Small, cast test
pieces were readily poured and sintered to reasonable densities. No Cu loss from the cast surface was
found. Total shrinkage was determined and models made for preparation of the full size molds.

4.2 Observations During Fabrication

Attempts to make the full-size anode resulted in many problems, ali size and shape related. The
two most important problems in making CM-IV were: 1) failure of the material to "knit" well during
molding; and 2) the formation of cracks during drying.

The first problem occurred during filling of the mold. The material seemed to dry and shrink in
some parts of the mold, especially the grooved region, while other parts were still receiving material
and well before the main body had approached a solid condition. With the casting "locked" in these
quick-to-dry regions, uniform shrinkage could not occur and the overall cast invariably cracked in the
center. Because the center had not solidified, the mold could not be removed to allow movement.

Variations in solids content in the slip was investigated but did not correct the problem. High-
solids-content slip for reduced shrinkage (the shrinkage problem is discussed below) would imme-
diately solidify in the fins of the grooved face and choke off the flow required for filling the back of
the mold. Low-solids-content slip worked better but resulted in problems during drying as discussed
below.

Multiple variations of the mold designs to eliminate the problem were also attempted but none
were totally successful. The best design was the last, a seven-part mold with imbedded air channels
whereby the channels could be pressurized and the cast piece released from the mold by pressure
transmitted through the porous plaster. A summary of the five major steps taken in the development
of this approach is given in Table 4.1.

The freezing problem observed during filling of the mold might be completely resolved with a
change in mold design. However, given the complexity of the mold as it stands (seven pieces), it is
doubtful any more features could be added without compromising the ability to keep the mold closed
against the hydrostatic pressure applied during casting.

Similar to injection molding, slip casting also had the problem of the material not "knitting."
During drying, the shrinkage caused cracks before the piece was removed from the mold. Low-
solids-content slips were the worst, with so much shrinkage that the grooves would break off before
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Table 4.1. CMl Casting Attempts

Attempt System. W/Q (a) ResuI_ Re_0mmendations

Prototype 82 w/o Swelled. Cracked to Add fill hose. Eliminate flow
pieces, lines.

1 82 w/0 Many 0.25-in. cracks. Lower viscosity by w/o.
Pullouts. Extend demold time.

2 80 w/0. No PVB. Less apparent shrink New mold. Same system.
4825 cp, 12 h. cracks. More demolding

cracking.

3 13 h. New mold. Cracked into three Configure upright for better
pieces. Due to handling and flow.
demolding and at flow
lines.

4 Upright. 5psi head. Sealed over fill giving Old configuration. Lower
hollow. Two narrow shrinkage.
main cracks.

5 Porous release CM-IV. Excellent Less shrinkage.

tubing, release. One shrinkage
crack in center. Hollow
cast due to leak.

(a) Weight percent of solids, balance toluol.

the mass was dry enough to remove from the mold. However, even high-solids-content slips were
problematic and cracked before removal, lt is unclear how this problem could be remedied other than
through the development of new molding materials with better consolidating efficiency. Unfortu-
nately, identification of such materials is not straightforward.

Due to the above problems, CM-IV was completely cracked when it was removed from the mold
prior to sintering. Despite this failure, the anode was still fired, albeit in two pieces, to see what a
final sintered piece looked like, Clearly, additional development work is required to make, not only a
suitable fired anode, but also an acceptable green piece separate from the effects of sintering. Accor-
ding to the Rutgers Center, the piece had very low chances of casting successfully because of the
large differences of cross-section, i.e., the dimensions of the grooves relative to the rest of the piece.

4.3 Post-Fabrication Analysis

This section covers the results of analyses performed at PNL on the advanced design anode
CM-IV fabricated by CMl using slip casting.
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4.3.1 Appearance

As shown in Figure 4. I, the overall shape of anode CM-IV was similar to the target
specifications. In particular, the grooves were close to the required length and width. Slight
overall differences were due to errors in shrinkage estimation that could easily be corrected in
subsequent attempts. "I_e top of the piece, however, had a l-in.-deep and 4-in.-diameter depression
(Figure 4. lc) that was not in the original drawing. Also, similar to CM-I, no ridges and hole were
molded in the top surface for the electrical connector rod. The reason for the differences is similar to
the rationale regarding CM-I that was discussed in Section 2.2. The desired shape was very complex,
so certain shortcuts were taken in the processing to obtain the "best" piece in this first series of
attempts. A summary of the pertinent dimensions of CM-IV and how they compared with the target
specifications is given in Table 4.2.

Anode CM-IV was 32 Ibs. lt was lighter than CM-I because of its smaller overall height and
because of the large recess in the center of the top of the piece.

Anode CM-IV suffered from a number of flaws. First, it was cracked in two pieces. As
indicated in Section 4.2, the cracking occurred during the molding process. In addition to the large
crack, there were also numerous smaller cracks throughout the anode (Figure 4. Icl). Some of these

appeared to be aligned in planes roughly parallel to the top surface, lt is believed that these cracks
formed during molding similar to tile large crack, although their final appearance may have been
modified during sintering. The shape of CM-IV was also slightly distorted in some places and
appeared to he "dirtier" than the other CMl grooved anodes, i.e., it left more residue when rubbed
against another surface.

Unlike CM-I, CM-IV showed virtually no metal bleed-out. Only two metal beads were found
on the surface and these w_re silver colored. The anode also had a more silver appearance on cut
surfaces, unlike CM-I which was more Cu-colored. In these respects, CM-IV was more like CM-III
and the PNL anodes. This suggests that the metal phase in CM-IV contained more Ni than in CM-I,
and this was corroborated by EDS analysis as indicated below.

Table 4.2. Key Dimensions of CM-IV

Description ........ Symbol CM-IV, in. Target. in.

Top Surface (Square) TS 7.88 x 7.75 8x8

Total Height TH 3.5 4.5

Groove-to-Lip GL 3 1.25

Groove Height or (Depth) GH 1.5 1.5

Groove Separation GS 1.5 1.5

Overhanging Lip Thickness LT 2.4 0.75
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(b)

(a)

i

(c) (d)

Figure 4.1. Views of CM-IV: a) Bottom Surface Showing Grooves; b) Side View Showing Grooves;
c) Top View Showing Depression; and d) Close-Up Side View Showing Cracks

4.3.2 Density

The averagedensity of three samples removed from CM-IV was 5.87 + 0.10 g_:m-3. This
density is between that measured for CM-I (lower) and CM-III (higher). Based on the arguments
given in Sections 2.0 and 3.0, this would suggest that, relative to the other two anodematerials, CM-
IV containsan intermediate amountof porosity and/or has a metal phase with an intermediateNi-
content. As indicatedin Section 4.3.3, both of these situationsappearto be the case for CM-IV.

4.3.3 Microstructure and Composition

Similarto CM-I, two, l-in.-diameter core sections were removed from CM-IV. These core
sections were subsequentlycut into a total of eight samples, three of which (the perfectcylinders)
were used for the density measurements. One of the remaining pieces was used for microscopic and
compositional analysis.

As shown in Figure 4.2, the microstructure of CM-IV appeared to be more evenly distributed
than in CM-I, but also appeared to show a significant amount of fine porosity (about 4-#m-diameter
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lqp.,ure 4.2. ()ptica! Micrograph of Sample I ronl ('M-IV Showing Typical Micr¢_structure

p¢_resg. The material also had some large "holes" (about 0.5-mm diameter)as shown in l:igure 4.3.

lt is believed that the small pores formed due to incomplete sintering, while the large holes restnlted

from gas trapped in tile slip during molding. The former problem could be corrected by more

COml_lete sintering while tile latter should be alleviated by more thorough degassing of the slip.

Snmtlar to ('M-I, and unlike ('M-Ill and tile PNl. anodes, the alloy phase in ('M-IV was

I_ordered by both oxide pllases (Figure 4.4). lt also had the more "granular" appear of the
microstructure of ('M-I as compared to that of ('M-Ill and the PNL anodes. The alloy phase in ('M-

IV was about 84 a/o ('u and 13 a/o Ni which is richer in Ni than CM-I, but poorer in Ni than ('M-ill

(significantly poorer) and the PNl+ anodes (slightly poorer). These results are consistent with the

density xneasurements. ('M-IV appears to be "intermediate" in microstructure, composititm, and
properties between C'M-! and ('M-Ill. The lower level of alloying of the metal phase with Ni

probably restnlted from the smaller amount of residual binder in ('M-IV during sintering. The binder

level was sufficient to alloy the metal phase slightly but not enough to result in the desired

microstructure and density. Since the PNl. anodes exhibited a range of alloy phase compositions with

t_nly slightly higher amounts of Ni (15 .-25 a/o), it may be that only slightly more alloying in ('M-IV

may have resulted in a more favorable microstructure. However, since the high isostatic pressures

used in tile fabrication of tile t'NI_ anodes was also believed to have an important impact on the

composition ;.llld microstructure, this conclusion is made with some reservation. Additi_nal

experimentatit_n is clearly needed to identify the best route for optimizing the microstructure of the

slip casted anodes.
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Figure 4,3. Optical Micrograph of Sample from CM-IV Showing Hole

4.4 Conclusions

The results for (?M-IV indicate that this anode is somewhat intermediate between CM-! and CM-

IV in its physical and microstructural properties. The amount of binder left in the material prior to
sintering must have been significant, although not as great as with CM-lll or typically with the PNL
anodes, to reduce some of the Ni-containing oxides and thus alloy the Cu metal with Ni. This
reduction occurred despite attempts to remove much of the binder before sintering, lt is likely that
the culprit was the oily component which, almost certainly, had a higher vaporization temperature
than the toluol. As it turns out, the presence of some residual binder appears to be favorable for
developing the desired microstruct, tre. Consequently, some strategy for keeping more organic in the
piece prior to sintering might be in order, although too much organ_ic would inevitably cause cracking
as it vaporized. One possibility is that slightly more of a "heavier" organic (i.e. oily component)
could be used, although this change in procedure could have side effects that would, in turn, have to
be addressed.

The small amount of metal bleed-out for CM-IV is also consistent with the greater amount of Ni

alloying with the Ctt metal. However, the microstructure was still "granular" as in CM-I. lt appears
that somewhat more Ni in the metal phase was required to attain precisely the same microstructure as
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in CM-III and the PNL anodes. One way to achieve this microstructure may have been through the
presence of more residual binder. This conclusion is not exclusive, however, since the high consoli-
dation pressure in the case of the PNL anodes was also a factor in attaining the desired micro-
structure.

!
!

Figure 4.4. SEM Micrographs of: a) Sample from CM-IV; and b) Sample from PNL Anode
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5.0 Conclusions

5.1 Overall Comparison of the Approaches

Of the three approachesused to make the advanceddesign anodes, isostatic pressing gave an
anode with the best dimensionalcharacteristics, lt was also the most straightforwardapproachto use,
despite considerablecomplexities in mold design. Success with this approachwas, of course,
facilitatedby the experiencegained by PNL over the course of the InertElectrodesProgramand the
know-hew of CMl gained partly from makingthe pilot cell anodes. The other two approaches,
injectionmolding andslip casting, showed severe shortcomingsin this preliminarywork; but,
admittedly, were not evaluated on the same basis as isostaticpressing. This preliminarystudy was, in
fact, the first known applicationof these latter two approachesto the cermet material.

One of the interestingresultsof this work was that, if one overlooks the occurrenceof major
flaws such as cracks and holes, the anode material with an "intrinsic" microstructuremost similar to
that of anodes made previouslyat PNL was made using injection molding. Surprisingly, isostatic
pressingdid not yield an optimalmicrostructurein this study. The reasonfor this may be fortuitous
and have to do with the binder residuals in the material duringsintering, and will certainlybe affected
by higher consolidationpressureswhich are recommendedfor any futurefabricationwork using
isostatic pressing. Nevertheless, the similarity between the injectionmolded microstructureand that
of PNL anodes was striking(Figure 3.2), as was the similarity between the compositionof its phases.
A summaryof the comparison of the compositionof the three phases of the cermet material madeby
each of the three methods, along with data from a previously-madePNL anode and a pilot cell anode
(Windischet al. 1992a), is given in Figure 5.1. With the exception of a slight surplusof Ni in the
metalphase, the injection moldedmaterial is very similar in compositionto that of the PNL anode.

_,,,iiiiiiiiiiiiii!iiiiiiiiiiiiiiiiiiii!ili!,,-.ii_iiiii_iii_i_iiii!_iiiiiiiiiiiiiiiiiiii!ii_,,,._iiiiiiiiiiii_iliiiiiii_i_!_i_ili_i_ii
,,,.,_.,,'_ ,,,.,o.,,::i_iii_iiiii_iiiiiiiii_iiiii_iilli_iii!i!iii_iiiii_ij,,-,_.,,.ilili!iliiiiiiiiiiiiiiiiiiiiii!ii|

o--"__ I o..,,_,i!ilili!i!ili!iiiiiliiiii!iii!i!iiiiiiiiiii!ii!iiiii__ °--,_i!_!_i_i_i_i_i_iii!_!i!i_i_il
_.-,,_ili!iii!iiiiiii!iiiiiiiiiiiiiiiiiiiiiii!i!iliiiiii_o..,,._i:_:_i_:!_ii:i:i_i_ii_i!_i::::::::::::::::::::::::. o..,,o. :
o--, °--,.iiiiiiiiiiii!iiiiii!iiiiiiiiiiiiii!ii!iiiiiiiiiiiiiii!iii!i!!iiii_o-.,.
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N_Cu In Alloy Pheee NI/Fs In Ferrite Phles Fs/NI In NIO Phase

Figure 5.1. Comparison of Compositionsof the Three Phases in the Cermet Materialfrom Various
Anode Sources
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5.2 Recommendations

The overall conclusions and recommendations from this preliminary work to evaluate three
methods for the fabrication of large cermet anodes with the advanced design for aluminum smelting
are as follows"

* Isostatic pressing is the approach that seems closest to implementation for making cermet
anodes. The dimensions of the anode made by this method were reasonably close to the target
specifications. However, addit,onal development work is still required before the approach can
be used reliably. Most importantly, it needs to produce large anodes with composition and
microstructure more similar to anodes made previously at PNL. How 2o achieve this
microstructure in large pieces is not trivial and is a separate issue from making the anodes with
the d_ired, i.e., grooved, shape. Solution to this problem may be as simple as using higher
consolidation pressure, or as complicated as controlling binder residuals and rates of binder
burn-out. In any case, this issue needs t:3 be addressed prior to any future reduction cell testing
of the material to avoid ambiguities in the interpretation of the results such as those encountered
in previous pilot cell testing (Windisch et al. 1992a). Other problems that need to be solved are
the elimination of the crust that forms on the anodes during sintering and the redesign of the
mold to give the desired structur,',to the top of the anode for the electrical connector.

* Injection molding in not immediately appropriate for making cermet anodes because of problems
associated with the large amount of binder in this process. Making this approach work for the
cermet anodes would seem to involve either redesigning the anode so that smaller piece_ could
be made or developing a more suitable binder for the cermet material. The first alternative is
unlikely given other concerns about reduction cell operation; while the second possibility would,
alh'.ost certainly, involve extensive additional research and development. While not infeasible,
the likelihood of success using this approach is considered low in the short run.

• Slip casting was used to make a l_ge grooved anode, but there were serious deficiencies in the
material. Most of these seemed to arise from the molding step, and, similar to the injection
molding approach, involve the vehicle for making the slip. Consequently, this approach cannot
be recommended in the short run either. Significant research and development to understand the
role of the binder and optimize its composition is still required.

• Significant work still remains to be done on the electrical connection scheme regardless of the
fabrication approach used. The best approach in previous work at PNL involved using a
"graded" core in the cermet anode (Strachan et al. 1989), although attempts to employ this core
in large (pilnt cell) anodes were not successful (Windisch et al. 1992a). Cracks tended to form
near the core material during sintering. Consequently, it is anticipated that, even if the grooved
anodes are made to specification, additional work will be required to resolve the electrical
coanection problems.
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• lt is strongly recommended that no additional large-scale reduction cell testing be performedon
the cermet anodes until the anodes can be made with properties and microstructure essentially
identical to anodes tested previously at PNL and Alcoa Laboratories. The purpose of these
large-scale tests will probably be to evaluate the cermet anode material as it was originally
developed. Experience from the pilot cell test (Windisch et al. 1992a) indicates that
dissimilarities between the material being tested and that developed previously make the
interpretation of true performance very difficult.
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