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Final Report on the Cooperative Research and Development Agreement (CRADA) 
No. Y-1293 - 0211 between Ceramic Magnetics, Inc., and Martin Marietta Energy 

Systems (MMES) 

Ogbemi 0. Omatete, Principal Investigator, Martin Marietta Energy Systems 
G. Lawrence Van Dillen, Jr., Principal Investigator, Ceramic Magnetics, Inc. 

GELCASTING OF SOFT FERRITE PARTS 

ABSTRACT 

Soft ferrite parts utilized in areas such as high-energy physics have been successfully 
gelcast from powders supplied by the industrial partner. To achieve this, several 
modifications were necessary. First, the as-received ferrite powder was heated to 
300,500 or 800°C. X-ray analysis showed no changes in the crystal structure of the 
heat-treated powder even at 800"C, and particle size distribution and surface area 
analyses indicated that powders heat treated at 300 and 500°C had mean size and 
surface area similar to  those of the as-received powder. Second, to  prevent the parts 
from shattering during the combined binder burn-off and sintering cycle, the solids 
loading of the gelcasting slurry was adjusted from 42 vol % to at least 50 vol % and 
the sintering schedule was modified slightly. These modifications resulted in the 
production of fired gelcast soft ferrite parts (50 mm x 13 mm pucks, - 125 mm OD x 
100 mm ID x 25 mm rings) which sintered to  -98% of the theoretical density. The 
partner was satisfied with the parts it received and has discussed pursuing follow-up 
activities in order to  gelcast more complex shapes and large toroids. 

INTRODUCTION 

The primary obiective of this CRADA was to apply gelcasting, a ceramic forming 
process developed at the Oak Ridge National Laboratory, to the fabrication of sol3 
ferrite parts from the powders supplied by the partner. This primary objective was 
accomplished successfully. A second objective was to gelcast complex-shaped and 
large-toroidal parts. This second objective was not completed before the CRADA 
expired. 

Benefits to  DOE Programs The Department of Energy has a clear interest in high- 
energy particle accelerators, both for Defense Programs missions such as the 
production of special materials and for basic physics research. For some large 
accelerator projects there is currently no domestic source of ferrite rings of the needed 
dimensions. Gelcasting will allow a US manufacturer to  compete for this business 
without having to make a large capital investment. The impact on the economy and 
on national security is clearly positive. 
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At the same time, the gelcasting process under development at ORNL since 1985 
has until now been used only for structural ceramics. This project gave us valuable 
experience applying the technique to  electronic materials, thereby opening up other 
applications of interest to Defense Programs and for high value-added components. 

The CRADA activities were divided into three tasks: development and optimization 
of the gelcasting of soR ferrite powders, testing and evaluation of gelcast plates, and 
production of complex-shaped and large-toroidal soft ferrite components. The report 
will be presented following the task outline. 

TASK I: DEVELOPMENT AND OPTIMIZATION OF THE GELCASTING OF 
SOFT FERRITE POWDERS 

The process of developing and optimizing the gelcasting of the nickel zinc ferrite 
required several iterations. Three iterations were executed before sinterable gelcast 
ferrites were produced successfully. 

First Iteration 

Procedure: The partner sent the nickel zinc ferrite powder used in the CRADA. The 
as-received powder, CN20, dispersed poorly in the standard gelcasting premix 
solution, 15 wt % of monomers in water. This was attributed to the binders included 
in the powder in order to  facilitate dry pressing. Therefore, the powders were 
subjected to  additional treatments. The partners prepared two additional powders; 
XCN2O-1, where their usual binders were replaced with 1/4 wt % Darvan C based on 
the mass of the powder, and XCN20-2, which was milled in water only without any 
binders. MMES prepared the powder, CN20-D, by heating the as-received powder to  
800°C in air. Thus, four powders were available for the initial gelcasting tests. 

The particle size and surface area of these powders were measured using a Horiba 
Laser Scattering Particle Size Distribution Analyzer LA-700 and a Quantachrome 
BET surface instrument, respectively. The results are shown in Table 1 and in 
Figure 1. X-ray diffraction crystallography was performed on both the as-received 
powder, CN20, and on the heat-treated powder, CN20-D, to  determine if their crystal 
structures were altered during the heat treatment. The X-ray analyses are shown in 
Figure 2. 

For each powder, 300 g plus 0.53 ml of Darvan 821-A were dispersed by milling in an 
attritor mill with 81.8 g of 15 wt % solution of the two gelcasting compositions, either 
MAM/MBAM (6:l) or MAM/PEG (3:l). Samples that were well dispersed were 
initiated and gelcast as shown in Table 2. Some of parts that were cast in plastic 
cups flaked as the samples dried. Consequently, slips were then cast in molds made 
of either aluminum or Teflon, and the results are reported in Table 3. 

Results: The mean particle size (2.02 pm) of the CN20, the as-received powder with 
binders in it, and that (1.94 p) of the XCN20-2 (powder in water only) were nearly 
identical as shown in Table 1. Their particle size distributions were similar. The 
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mean particle size (1.63 pm) of XCN20-1, powder with l/4 wt % Darvan 821A, was 
slightly less than the previous two and the particle size distribution was narrower. 
Heat treatment seemed to  have agglomerated the powder, CN2O-D, which had a 
larger mean particle size (3.03 pn) and a wider and slightly skewed distribution. 
Surface area analysis c o h e d  these findings. The surface area of the heat-treated 
powder ( 1.70 mVg) was about half of that of the other three powders. 

X-ray diffraction analysis indicated that the heat treatment did not change the 
crystal structure of the ferrite. Figures 2A and 2B show the same peaks at the same 
angles indicating that the nickel-zinc-iron oxide structure is identical in both powders. 

As shown in Table 2, only the heat-treated powder CN20-D formed good gelled parts. 
Although, the XCN20-2 prepared in water only, formed a fairly well dispersed slurry, 
it did not gel on initiation. The slurries from the other two powders, CN20 and 
XCN20-1, were too thick to flow and were, therefore, not initiated. 

The initial gelation studies were carried out in plastic cups. These parts, on drymg, 
tended to  flake. The results in Table 3 show that no flaking occurred with the 
aluminum molds. Thus, molds made out of aluminum or other metals should be used 
in the gelcasting of the soR femtes. The dried non-flaking parts were sent to Ceramic 
Magnetics for sintering and initial evaluation (see Table 4). 

The powder, CN2O-D, which was heat-treated to 800°C 
to remove all the binders before it was processed, was best suited to  gelcasting. 
Although the calcination did cause the powder to  agglomerate, X-ray analysis 
indicated no change in the crystal structure. Consequently, only heat-treated 
powders will be utilized in future iterations, provided the parts formed with these 
powders meet the industrial partner’s specifications. 

Second Iteration 

Procedure: While parts gelcast from CN2O-D powders treated at 800°C met the 
specifications (See Task 11), the powders were agglomerated compared to  the as- 
received powders. To reduce the agglomeration, the powders were treated at a lower 
temperature. The as-received powder was pyrolized in a simultaneous DTA-TGA unit 
(TA Instruments) to determine the amount of organic materials present and the 
temperature at which they were burned off. Figure 3 shows the DTA- TGA results. 
The as-received powder contained only -0.25 w t  % organics which was all burned off 
at 300°C. 

The as-received powder was, therefore, heat-treated at 300°C to produce the powder, 
CN20-C. Additional powder, CN20-D, heat-treated at 800°C was also prepared. The 
particle size and specific surface area of these powders were measured. Table 5 and 
Figure 4 compare the particle sizes for powders heat-treated at various 
temperatures. Powder CN2O-C, was tested in gelcasting slurries and the four parts 
shown in Table 6 were cast with the powder. Two were rings (-150 ~~ll~l OD x 125 mm 
ID), made using molds of PVC tubes separated with a rubber spacer, and the other 
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two were plates formed in our standard aluminum molds (- 13 mm x 100 mm x 250 
mm). These parts were dried and sent to the industrial partner for evaluation. 
Results and Discussions Table 5 shows that the powder, CN2O-C, has a mean 
particle size and a specific surface area that are almost equal to those of the as- 
received powder. The distribution is bimodal as seen in Figure 4. The gelcasting 
slurry using CN2O-C powder was less fluid than that with CN20-D. Nevertheless, 
acceptable parts were made with CN2O-C and sent to  the industrial partner for 
evaluation. 

Third Iteration 

Procedure: In this task, because the gelcast parts shattered and cracked during firing 
(see TASK 11), the solids loading of the gelcasting slurry was increased from 42 to 50 
~ 0 1 % .  This increased the green density of the gelcast ferrites and thus, should reduce 
the sintering shrinkage and minimize cracking. In addition, the as-received powder 
was heat-treated at 500°C (CN20-B), between the initial 800°C and the 300°C used 
in the second iteration. This was done to  produce powder with decreased particle 
agglomeration compared to  that heat-treated at 800°C which should have reduced 
the viscosity of the slurry compared to  that of the powder treated at 300°C. The 
mean particle size, the size distribution, and the specific surface area of the CN20-B, 
heat-treated at 500"C, were measured and are included in Fig. 4 and Table 5. 

Several parts formed at 50 vol % solids loading are shown in Table 7. These parts 
were dried by the standard procedure. Some were fired at ORNL using the modified 
sintering schedule, while the rest were sent to the industrial partner to densify. 

Results and Discussions: Table 7 shows that only powders heat-treated at either 800 
or 500°C were used in forming test parts. This was because the viscosity of the 
slurries with powders heat-treated at 300°C became too high as the solids loading 
was increased toward 50 vol %. Table 5 and Figure 4 show that powder CN2O-B 
(500°C) has mean particle size and specific surface area that lie between those of the 
powders heat-treated at 300 and 8OO0C, respectively. However, its bimodality is 
more defined than that of the CN20-C (300°C) powder. 

The parts sintered at MMES did not crack and had a sintered density -98% of the 
theoretical value. Some of these parts were sent to the partner. 

TASK Ik TESTING AND EVALUATION OF GELCAST PLATES (PARTS) 

There were two iterations in this task in which the industrial partner sintered and 
evaluated gelcast parts. 

First Iteration 

Procedure: Fourteen samples, which were primarily pucks and are listed in Table 4 
were sent to  the industrial partner. The parts were sintered by the industrial 
partners following the standard combined binder burn-out and sintering schedule used 
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for their pressed parts. The sintered parts were evaluated by measuring their 
magnetic and physical properties with the results shown in Table 8. 

Results: Some of the parts cracked excessively during the firing cycle and as shown 
in Table 8 could not be evaluated. Also, because of cracking, the effect of the 
gelcasting premix, MAIWMl3A.M vs. MAMIPEG, of the accelerator ratios, and of the 
mold materials could not be evaluated. The heat-treated powder, CN20-D, which 
gelcast best, also gave satisfactory magnetic and physical properties. The initial 
permeabilities, pi, were all acceptable by the partner’s specification, 800 +/- 25%. The 
Q measurements were high enough to yield satisfactory, high pi x Q values. The bulk 
densities were slightly low, but firing cycle modifications may increase them. 

Figures 5A and 5B show the microstructure of CN20 gelcast ferrite samples. The 
average grain size distributions, shown in Figure 5 A, were very good for the CN20-D 
castings. The XCN20-1 castings (microstructure shown in Figure 5B) were not 
acceptable because they either showed a wide size distribution or were bimodal. 

Discussions: The result from the first samples fired and evaluated by the industrial 
partners show the following: 

The parts cracked excessively during the firing cycle. 
Only the powders that were heat-treated, CNZO-D, produced parts with 
acceptable magnetic and physical properties. 
Although the bulk density was low, it could be increased by sintering 
schedule modifications. 

The firing process should be studied in order to  minimize the cracking of the gelcast 
parts. Furthermore, only heat-treated powders will be used in all future 
investigations of the gelcasting of soft ferrites. 

1. 
2. 

3. 

The four large parts [two rings (-150 mm OD x 125 mm ID), 
made using molds of PVC tubes with rubber spacers and two plates cast in our 
standard aluminum molds (-13 mm x 100 mm x 250 mm) (Table 6)] formed with 
CN20-C powder (300°C) were sent to  the industrial partner. The partner fired the 
parts using their standard firing cycle. All of the four parts shattered during the 
firing. Consequently, the parts were not evaluated for their magnetic and physical 
properties. 

Discussions: Because gelcast parts were not successfully fired by the partner, 
MMES investigated their firing schedule, and modified it slightly based on the 
pyrolysis of the CN20 powder shown in Figure 3. Using the modified schedule, MMEX 
fired parts, but these too cracked very badly. The other probable cause of the 
sintering cracks was attributed to  excessive shrinkage. This led to  the third iteration 
in Task I in which the solids loading of the slurry was increased from 42 to  50 ~ 0 1 % .  
Parts made in the third iteration have been sintered successfully at MMES as 
discussed in Task 111 below. 
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TASKIII: PRODUCTION OF SOFT FERRITE PARTS (COMPLEX SHAPES 
AND LARGE TOROIDS) 

In this task, the knowledge acquired in the other tasks was to be applied to  making 
small parts. If these parts satisfactorily met the partner’s requirements, the partner 
would provide molds to produce complex shapes and large toroids to  be produced at 
MMES. 

1 

Parts were made at MMES as indicated in Table 7, some of which were fairly large. 
Some of these parts, five sintered and six green, were sent to the partner. Three fired 
parts: a large ring, a puck, and an “ORNL GELCAST logo disc, are shown in Figure 
6. However, because of the unexpected sintering problems, these parts were 
produced just as the CRADA was terminating. Consequently, the partner had no 
time to provide the molds for complex shapes and large toroids. Nevertheless, the 
partner was quite pleased with the parts that MMES produced. Because no domestic 
companies currently can produce these large, soft-magnet toroids used in high energy 
physics, the partner has indicated that it would pursue follow-up activities with us to 
make these parts. 

. 

INVENTIONS: No inventions were made or reported under this CRADA. However, 
the work demonstrated new applications for our existing patents (US Patents 
4,894,194, 5,028,362, and 5,145,908). 

CONCLUSIONS 

1. 

2. 

3. 

4. 

5.  

Nickel zinc ferrite powders provided by the partner have been successfully 
formed into soft ferrite magnetic parts by the ORNL gelcasting process. 
The gelcast parts had magnetic and physical properties that meet the 
partner’s specifications. 

It took several modifications of the powder and the processing steps to achieve 
this: 
a. The powder was heat-treated at three different temperatures: 800,300, 

and 500°C. 
b. The solids loa- of the powder in the gelcasting slurry was increased to 

at least 50 vol % before the parts survived sintering. Only powders 
heat-treated at 500 and 800°C produced fluid slurry at this solid loading 
and were used in gelcasting the successful parts. 

c. The partner‘s standard firing schedule was modified slightly to  minimize 
the tendency for the parts to  crack during sintering. 

Parts, as large as 125 mm OD x 100 mm ID x 25 mm rings, were fabricated 
and sintered to  -98% of the theoretical density. Both green and fired parts 
were sent to the partner. 
The CRADA expired before the partner could provide molds to  gelcast more 
complex shapes and large toroids. Nevertheless, the partner was pleased with 
the final parts delivered to it and has shown strong interest in negotiating 
follow-up activities to  make these other shapes. 
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Table 1: "he mean Darticle size and the surface area of the ferrite powders 

Powder Mean Particle Size (urn) Surface Area (m2M 

CN20 (as-received) 2.02 
CN20-D (SOOOC) 3.03 
XCN20-1 1.63 
XCN20-2 1.94 

3.65 
1.70 
3.77 
3.23 

Table 2: Dispersed Samples that were Gelcast 

Sample size: 100 g of Sluny. 

Sample # Initiator (ulYCatalvst Cull Result 

A. Powder: CN2O-D (heat-treated) Solution: MAM/MBAM (6:l) 

1 
2 
3 

100/10 
200/20 
300/30 

Gelled with some syneresis 
Good gel 
Good gel 

- B. Powder: CN20-D (heat-treated) Solution: MAM/PEG (3:l) 

4 
5 
6 

100/10 
200/20 
300/30 

Gelled with some syneresis 
Good gel 
Good gel 

A. Powder: XCN20-2 (water only) Solution: W B A M  (6:l) 

7 100/10 No gelation 
8 200/20 No gelation 
9 300/30 No gelation 
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Table 3: Effect of Mold Material on Gelcast Parts with CN20-D Powders 

Sample # Initiator (ul/e)/Catalvst Cui@ 

A. Solution: MAM/MBAM (61) 

1 
2 
3 

0.2/0.02 
0.2/0.02 
0.2/0.02 

- B. Solution: MAM/PEG (3:l) 

4 
5 
6 

0.2/0.02 
0.210.02 
0. 2/0. 02 

Mold 

Aluminum 
Aluminum 
Teflon 

Aluminum 
Aluminum 
Teflon 

Gelation Drying Result 

Gel 
Gel 
Gel 

Gel 
Gel 
Gel 

Good 
Good 
Flaking 

Good 
Good 
Flaking 

Table 4: Parts Gelcast from CN20-D (800) and XCNZO-1 Powders 

SamDle 

1 - XCN20-1 
2 - XCNZO-1 
3 - CN20-D 
4 - CN20-D 
5 - CN20-D 
6 - CN20-D 
7 - CN20-D 
8 - CNZO-D 
9 - CN20-D 
10 - CN20-D 
11 - CNBO-D 
12 - CN20-D 
13 - CN20-D 
14 - CN2O-D 

Svstem 

MAM/PEG 3:l 
MAM/PEG 3:l 
MAM/MBAM 6:l 
MAM/MBAM 6:l 
-AM 6:l 
MAMIPEG 3:l 
MAM/PEG 3:l 
MAM/PEG 3:l 
MAM/MBAM 6:l 
MAM/MBAM 6:l 
MAM/MBAM 6:l 
MAM/PEG 3:l 
MAMIPEG 3:l 
MAM/PEG 3:l 

Mold Material 

Polyethylene 
Polyethylene 
Polyethylene 
Polyethylene 
Polyethylene 
Polyethylene 
Polyethylene 
Polyethylene 
Aluminum 
Aluminum 
Teflon 
Aluminum 
Aluminum 
Teflon 

TEMED/APS/g Slip 

0.01 pl / 0.1 pl 
0.02 pl/ 0.2 pl 

0.02 p l /  0.2 pl 
0.01 p l /  0.1 p l  
0.02 pl / 0.2 pl 

0.01 pl / 0.1 pl 
0.02 pl / 0.2 pl 
0.02 pl / 0.2 pl 
0.02 pl / 0.2 pl 
0.02 pl/ 0.2 pl 
0.02 pl/ 0.2 pl 
0.02 pl / 0.2 pl 

0.03 pl / 0.3 pl 

0.03 p l  / 0.3 pl 
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Table 5: Particle Size and Surface Area of Heat-treated Fenites 

CN20 Powder Mean Particle Size (pm) Specific Surface Area (dm2) 

CN20 (&-received) 1.78 3.37 
CN20-D (800°C) 3.37 1.43 
CN20-C (300°C) 1.89 3.22 
CNBO-B (500°C) 2.10 2.72 

Table 6: Parts Gelcast from CNBO-C (heat-treated at 300°C) Powder 

Samwle Svstem Mold Material TEMED/APS/g Slip 

15 - Ring MAM/MBAM 6:l PVC + Rubber 0.03 1-11 / 0.3 pl 
16 - Ring MAM/PEG 3:l PVC + Rubber 0.03 pl / 0.3 pl 
17 - Plate MAM/PEG 3:l Aluminum 0.03 p l  / 0.3 pl 
18 - Plate MAM/MBAM 6:l Aluminum 0.03 pI/ 0.3 1-11 

Table 7: Parts Formed at 50 vol % Solids Loading 

Sample Svstem CN20 Powder 

A - Sintered Parts 
l-Large Ring MAM/MBAM 6:l CN20-D (800°C) 
2 - o m  logo MAM/MBAM 6:l CN20-D (800°C) 
3-Puck MAM/MBAM 6:l CNBO-B (500°C) 
4-Puck MAMIPEG 3:l CNBO-B (500°C) 
5-Puck MAMYMBAM 6:l CN20-B (5OO0C) 

B - Green Parts 
6-Large Ring MAM/MBAM 6:l CN20-B (500°C) 
7-Puck MAM/MBAM 6:l CN20-B (500°C) 
%Puck MAM/MBAM 6:l CN20-B (500°C) 
9-Large Ring MAM/PEG 3:l CNBO-B (500°C) 
10-Puck MAM/PEG 3:l CN2O-B (500°C) 
Il-Puck MAM/PEG 3:l CNBO-B (500°C) 
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Table 8: Magnetic and Physical Properties of CN20 Gelcast Ferrite Samples 

SAMPLE F I R E  
NUMBER NUMBER 

CHI Spec. 

i 

2 

3 

4 

5 

6 

7 

8 

9 -  

10 

11 

12 

13 

14 

635-3.3 

945-94 

835-94 

835-94 

945-94 

945-94 

945-94 

945-94 

835-94 

809-94 

945-94 

945-94 

ui 

800 
+/-25% 

720 

750 

910 

0 . 5  MHz 
ul x Q, 

e_ ~ 1 0 - 4  

4i 

44 

27 

2.8 nom 

3.0 

3.3 

2.5 

cracked, no toroids 

860 * 30 2.6 

DENSITY, GRAIN 
pm/cc Size, um 

5.21 nom 

5.23 

5.11 

5.15 

5.16 

5.18 

14 nom 

bimodal 

bimodal 

14 

12 

14 

32 

29 

2.5 5.12 12 
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Figure 1: Particle Size Distribution of Ferrite Powders. 
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Figure 2B: X-ray diffraction analyses of CN20-B calcined at 800°C 
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