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Economic Comparison of
Continuous and Batch
Sintering of Silicon Nitride

fm— (Continuous sintering has recently been investigated as a means for cost-effective
sintering of selected Si;N, compositions. Factors related to the cost of sintering
in both belt furnaces and batch Jurnaces of increasing capacity—to allow
sintering of the large number of parts required by the automotive industry—

have been considered.
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is generally agreed that Si;N,-based com-
positions can be produced with reliable
properties that are suitable for some auto-
motive components. The major barrier to
extensive application of Si;N, components is cost.
In a recent economic study concerning the cost
of producing Si;N, cam-roller followers and tur-
bocharger rotors,! the major costs were broken
down into the following components: materials,
energy, labor, capital, and other. In their study,
Das and Curlee! focused on the effect of low-
cost powders on the economic viability of Si,N,-
based compositions replacing metal components
in automotive applications. A conclusion
reached from their economic modeling was that
technological advances are required in all areas
of production for ceramic eorﬁponents to be
competitive with metals. LR
The major areas which are expected to
achieve technological advancement to make
low-cost components for the automotive indus-
try a reality are raw material (primarily the cost
of the Si,N, powder), powder processing, sinter-
ing, machining, and nondestructive evaluation.
Previously, Wittmer and Miller? and Wittmer,
Paulson, and Miller? showed that it is feasible to
sinter large Si;N, disks (100-150 g) to full den-
sity in a continuous furnace in flowing N,. A
comparison was made between continuous sin-
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tering in a commercial belt furnace and sinter-
ing in a conventional batch furnace, for the
same time and temperature. The composition
investigated was A4Y13-8i,N, (Si,N, containing
4 wt% Al,O, and 13 wt% Y,0, sintering aids)
with sintering occurring at about 1670°C for 90
min in flowing N,.

For the Si;N, sintered in the belt furnace, the
average four-point flexural strength was found
to be 969 * 45 MPa with a Weibull modulus of 21,
and the fracture toughness by modified indenta-
tion was 7.2 £ 0.5 MPa-m"*. For the batch fur-
nace, the average four-point flexural strength was
found to be only 718 + 132 MPa with a Weibull
modulus of 3.5, and the fracture toughness by
modified indentation was 5.9 = 1.0 MPa-m".
Since this work, additional formulations of
Si,N,, containing reduced amounts of sintering
aids, have been successfully sintered in the belt
furnace over the temperature range of 1625° to
1750°C for 30 to 90 min in flowing N,.

Fconomic Comparison of Contintous
and Batch Sintering

This section focuses on the sintering costs for
two sizes of Si;N, cam-roller followers. The
small roller follower is the same as referred to
by Das and Curlee,! whereas the large roller fol-
lower is the same as the narrow follower
referred to by Kalish.? The dimensions of the
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Table |. Furnace Hot-Zone Dimensions and Furnace
Capacities for Belt and Batch Furnaces

Furnace capacity Minimum
Furnace hot-zone Small roller Large roller  floor
Furnace dimensians (cm) No.of Total No.of Total space

type Width Height Depth rollers  load (kg) rollers load (kg) (m?)

g40BF 203 102 1032 1280 55 320 52 15
g80BF 203 10.2 206.4 2560 110 640 104 19
242436 61 61 g91.4 12288 516 3456 620 17
0479448 61 61 132.0 18432 773 4608 755 23

green form large roller follower are 47.9-mm OD, 1.9-
mm ID, and 17.5-mm width; its weight is 44 & The
dimensions of the green form small roller follower are
23.3-mm OD, 0.9-mm ID, and 17.1-mm width; its
weight is 12 g. These dimensions take into considera-
tion 18% shrinkage during sintering and removal of
0.625 mm from all sintered surfaces during finishing,

A simple spreadsheet program was used to calculate
only the costs relating to the sintering of a Si;N, for-
mulation that would densify for the conditions mod-
eled. The major components used for calculating
sintering cost were labor, capital (using 10-year
straight-line depreciation), energy, inert gas, water,
and other (furnace fixtures and replacement parts,
not including the labor to replace them). To make
direct comparisons of the costs related only to sinter-
ing, the following assumptions were made:

e The plant runs 3 shifts for 365 d/year.

e Labor includes only the time to run the mini-
mum number of furnaces required to meet capacity,
and does not include time to load and unload parts
from the boats or the effects of downtime for mainte-
nance and repair.

o Labor efficiency is based on the ability of one
furnace operator to manage a maximum of four fur-
naces at one time, but a minimum of 50% of an oper-
ator’s time is required to operate one furnace.

e Maximum furnace loading is based on using BN
boats or trays with lids and no packing powders.

Table Il. Costs for Small Cam-Roller Followers Sintered
in Graphite Furnaces as Functions of Furnace Production
and Yield il

For comparison, models 840BF and 880BF belt fur
naces and models 242436 and 242448 batch furnaces
were selected. Model 840BF has a hot zone 20.3 cm
wide % 10.2 em high x 103.2 cm long, and model
880BF has the same cross section but is 206.4 cm
long. Model 242436 is 61 cm wide x 61 cm high x
91.4 cm deep, and model 242448 has the same cross
section but is 132 cm deep. The hot-zone dimensions
for each furnace, with the loading capacities for both
sizes of the cam-roller followers, are given in Table L.

For each furnace, the costs related to using either
graphite or tungsten heating elements were consid-
ered. Sintering costs were calculated based on the
yield of within-specification parts being 90%, 80%, or
70% of the total furnace production. For the belt fur-
naces, a constant sintering cycle of 60 min at 1750°C
was selected, whereas for the batch furnaces, the cycle
time was dependent on the furnace size and type of
heating element. For instance, model 242436 with
graphite heating elements took about 2 h longer to
cool down than the same model with tungsten heating
elements, due to the additional carbon felt insulation
required. For all batch furnaces, the cycle consisted of
evacuation and purge (0.5 or 0.75 h), ramp up (8 h),
soak (4 h at 1750°C) and cool down (6 or 8 h).

The sintering costs determined for production
yields of 90%, 80%, and 70% for 5 million, 10 million,
or 15 million small cam-roller followers per year in
each of the furnaces are given in Tables II and III
while those for sintering the same quantities of the
larger cam-roller followers in the same furnaces are
given in Tables IV and V.

Belt Sintering More Cost Effective
The data generated (for the two roller followers con-
sidered) from this economic model indicate that sin-
tering in belt furnaces is more cost effective than
sintering in batch furnaces, regardless of the furnace
yield or type of hot zone. Figure 1(A) shows sintering
as a function of yield for producing 15 million small

Table Ill. Costs for Small Cam-Roller Followers Sintered

. in Tungsten Furnaces as Functions of Furnace Production

and Yield

5 million rollers 10 million rollers 15 million rollars 5 miflion rallers 10 million rollers 15 million rollers
Furnace Part No. of No. of No. of B Fumace Pan No. of No. of No. of

ype yield (%) fumaces $roller  fumaces Siroller  fumaces  Slroller type yield (%) furmaces S/roller  fumaces $hroller  fumaces  Sfraller

840 90 1 0.0314 1 0.0240 2 0.0283 840 80 1 0.0340 1 0.0252 2 0.0279

80 1 0.0334 2 0.0332 2 0.0283 80 1 0.0360 2 0.0358 2 0.0301

70 1 0.0360 2 0.0358 2 0.0308 70 1 0.0387 2 0.0385 2 0.0327

880 a0 1 0.0286 1 0.0192 1 0.0161 880 a0 1 0.0324 1 0.0212 1 0.0175

80 1 0.0296 1 0.0204 1 0.0173 80 1 0.0337 1 0.0225 1 0.0187

70 1 0.0313 1 0.0219 1 0.0188 70 1 0.0352 1 0.0240 1 0.0203

242436 90 2 0.0800 3 0.0611 4 0.0537 242436 890 2 0.0949 3 0.0728 4  0.0641

80 2 0.0839 3 0.0643 4 0.0563 80 2 0.0988 3 0.0761 4  0.0665

70 2 0.0894 3 0.0682 4  0.0597 70 2 0.1046 3 0.0801 4  0.0704

242448 90 1 0.0575 2 0.0573 3 0.0518 242448 90 1 0.0652 2 0.0649 3 0.0594
80 1 0.0608 2 0.0606 3  0.0544 BO 1 0.0685 2 0.0682 3  0.0620 °

70 1 0.0648 2 0.0646 3 0.0576 70 1 0.0727 2 0.0724 3 0.0653
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7 um-roller followers per year in different-sized
staphite belt and batch furnaces. Figure 1(A) shows
that the sintering cost for the 840 belt furnace is
about 50% of that for the 242436 batch furnace,
whereas for the 880 belt furnace sintering cost is
about 30% of that for the 242448 batch furnace. Also,
a reduction in yield produces a more pronounced
effect of increased cost for sintering in the batch fur-
naces, compared to sintering in the belt furnaces.

For the same production in furnaces with tungsten
heating elements, the behavior is quite similar, as
shown in Fig. 1(B).

A comparison of the results illustrated in Figs. 1(A)
and (B) shows that sintering in furnaces with
graphite heating elements appears to be slightly more
cost effective than sintering in furnaces with tungsten
heating elements. However, there is some question
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on the effect of the furnace environment on the sin-
tering behavior of some Si;N, compositions.
Recently, there has been evidence to suggest that the
use of graphite heating elements and furnace insula-
tion may require the use of setter powders which
would increase sintering costs and might affect sur-
face finish and overall yield.

The sintering costs for the production of 15 million
large cam-roller followers (Figs. 1(C) and (D)) appear
similar to those for the small cam-roller followers.
However, the effect of reduction in furnace yield
appears more pronounced, especially for the batch
furnaces. For the 242436 batch furnace, there is
about a 30% increase in cost for a furnace yield of
70% compared to 90%. The main reason for this
increase is the need for a larger number of furnaces
and the associated labor and replacement parts with
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g 1. Sintering cost as a function of yield for producing 15 million small rollers per year in different-sized (A) graphite belt and
batch furnaces and (B) tungsten belt and batch furnaces. Sintering cost as a function of yield for producing 15 million large rollers
per year in different-sized (C) graphite belt and batch furnaces and (D) tungsten belt and batch furnaces.
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Fig. 2. Cost per roller as a function of production volume of small rollers sintered in graphite and tungsten belt furnaces operating
at (A) 90% yield and (B) 70% yield. Cost per roller as a function of production volume of /arge rollers sintered in graphite and
tungsten belt furnaces operating at (C) 90% yield and (D) 70% yield. Cost per roller as a function of production volume of small
rollers sintered in graphite and tungsten batch furnaces operating at (E) 90% yield and (F) 70% yield. Cost per roller as a function of
production volume of large rollers sintered in graphite and tungsten batch furnaces operating at (G) 90% yield and (H) 70% yield.

Table IV. Costs for Large Cam-Roller Followers Sinteréd. '
in Graphite Furnaces as Functions of Furnace Production

Table V. Costs for Large Cam-Roller Followers Sintered

-in Tungsten Furnaces as Functions of Furnace Production

and Yield and Yield B
5 million rollers 10 million rollers 15 million rollers - 5 million rallers 10 million roflers 15 million rollers
Fumace  Part No. of No. of No. of Furnace  Par No. of No. of No. of

lype vyield (%) furnaces S/raller  furmaces  S/oller  furnaces  Siraller lype vyield (%) furnaces Sfroller  fumaces  Sioller  fumaces  Shroller
840 90 2 0.0948 4 0.0760 6 0.0757 840 90 2 0.0100 4 0.0782 6 0.0851
80 3 01012 5 0.0936 7 0.0866 80 3 0.1094 5 0.1069 7 0.0928
70 3 0.1095 6 0.1091 8 0.0948 70 3 0.1175 5] 0.1171 8 01020
7 880 90 1 0.0574 2 0.0572 3 0.0499 880 90 1 0.0617 2 0.0615 3 0.0542
80 2 0.0810 3 0.0634 4 0.0558 a0 2 0.0887 3 0.0694 4 0.0616

70 2 0.0870 3 0.0681 4  0.0602 70 2 0.0950 3 0.0746 4 0.0661
242436 90 4 0.1728 8 0.1721 11 0.1673 242436 90 4 0.2016 8 0.2006 11 0.1935
80 5 0.2316 g8 0.2081 13 0.1991 80 5 0.2665 9 0.2400 13 0.2297
70 5 0.2477 10 0.2268 14 0.2161 70 5 0.2831 10 0.2618 14 0.2495

242448 90 3 0.1717 6 0.1712 9 0.1712 242448 90 3 0.1949 6 0.1941 9 0.194.
B0 4 0.1991 7 0.1887 11 0.1912 80 4 0.2284 7 0.2156 11 0.218%
70 4 0.2100 8 0.2094 12 0.2087 70 4 0.2411 8 0.2400 12 0.2380
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reduced yield.

Figures 2(A) to (F) illustrate the cost per roller as a
function of production volume at fixed yield. Figure
2(A) shows that, for the four belt furnaces, at 90%
yield, at low production levels, the sintering cost per
small roller is about the same (near $0.03/roller), but,
as the production quantity increases, the larger belt
furnaces become more cost effective. At furnace
yields of 90%, there is little difference in the cost per
roller—at a production level of 15 million small
rollers per year—between the larger graphite and
tungsten belt furnaces; however, the smaller belt fur-
naces show increased cost with production quantity.
This is due to the need for additional furnaces, oper-
ating at much less that peak capacity (for production
>10 million rollers per year), which increases the cap-
ital costs. The same furnaces at 70% yield (Fig. 2(B))
<> w somewhat the same trends as at 90%, although,
. .xpected, the cost per roller is somewhat higher.
'}These differences are magnified for sintering the

-.drge cam-roller followers. Figures 2(C) and (D) show
that the sintering costs are much lower in the larger
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belt furnaces, compared to the smaller belt furnaces.
Also, a reduction in furnace yield from 90% to 70%
has a significant effect on sintering cost. In all cases,
it appears that the larger graphite belt furnace is the
most cost effective.

+ The results of comparing batch furnaces are not so

straight forward. At low production levels at 90%
yield for the small rollers (Fig. 2(E)), there is a wide

.variation in cost per roller, with the sintering cost in

the smaller tungsten furnace (242436) being nearly
double that of the larger graphite furnace (242448).
As the production level increases, the cost per roller
in the smaller graphite furnace approaches the cost
per roller in the larger graphite furnace. This is due
to the more efficient use of labor for a higher number
of the smaller furnaces and the higher fixture and
repair parts costs for the larger furnaces. As expect-
ed, reducing the furnace yield to 70% (Fig. 2(F))
increases the cost per roller, but has little effect on
the basic trends observed for 90% yield.

For the large cam-roller follower, the cost per roller,
as a function of production volume, for sintering in
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Fig. 3. Cost distribution for sintering large cam-roller followers in large graphite (A) belt and (B) batch furnaces. Cost distribution for
sintering small cam-roller followers in large graphite (C) belt and (D) batch furnaces.

naces. As with the small rollers, at high production
levels, the smaller graphite furnace is nearly as cost
effective as the larger graphite batch furnace, due to
more efficient use of labor and lower fixture and
repair parts costs,

As mentioned previously, the major components
used for determining cost are labor, capital, energy,
gas, water, and other (furnace fixtures and replace-
ment parts). Figures 3(A) and (B) represent typica’
cost breakdowns for sintering 15 million large cam= "
roller followers (90% yield) in graphite belt and batch

the batch furnaces, has a relatively flat behavior at
90% furnace yield (Fig. 2(G)). The cost per roller for
the graphite bateh furnaces is about the same with
little cost variation with increased production volume,
whereas the cost per roller is about 30% greater in the
tungsten bateh furnaces with little effect by furnace
size. Reducing the furnace yield to 70% (Fig. 2(H))
creates a greater separation in cost at the low produc-
tion level and shows more of a trend for reduced cost,
as a function of increased production for the smaller
batch furnaces, compared with the larger batch fur-
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rnaces, respectively. Figure 3(A) shows that, for the
-30 graphite belt furnace, labor (29.3%), energy
(25.8%), and other (25.6%) costs are nearly equiva-
lent, followed by capital (11.9%), gas (7.0%), and
water (0.4%) costs. In comparison (Fig. 3(B)), for the
242448 graphite batch furnace, other cost is by far
the most controlling category (43.2%), followed by
labor (26.9%), energy (20.7%), capital (8.9%), water
(1.2%), and gas (0.4%) costs. Similar cost breakdowns
are observed for the small cam-roller followers, as
shown in Figs. 3(C) and (D).

There are several reasons that sintering in belt fur-
naces is more cost effective than sintering in batch
furnaces. The eycle time and thermal load remain
constant through the belt furnace, whereas the cycle
time for batch furnaces increases with increasing
thermal load. To reduce thermal lag in a batch fur-
nace, the heating rate must be reduced to minimize
thermal gradients across the load cross section.
Larger thermal loads also take longer to cool in batch
furnaces, whereas the cooling rate for belt furnaces
depends on transport speed through the furnaces.

For this economic model, fan-assisted cooling was
used on the batch furnaces to minimize the cooling
step. Table I shows that the number of parts in the
furnace hot zone is almost a factor of 10 greater for
the batch furnaces, compared to the belt furnaces;
therefore, the fixturing costs are much greater for the

«ch furnaces. These quantities also indicate how
many parts would be lost in a bad sintering run or
during a furnace upset.

So far, comparisons have been made between sin-
tering in belt furnaces and sintering in batch furnaces
at the same furnace yields. It is well-known and
accepted that the larger the batch furnace, the lower
the expected furnace yield. The reduced yield is pri-
marily due to the large thermal lag that exists
between the parts and the furnace elements and the
large temperature gradient that exists in the load dur-
ing heating and cooling. To minimize temperature
gradients, the heating and cooling rates need to be
controlled, which adds to the sintering cycle time,
and may have significant effects on the microstrue-
ture, surface reaction layers, and properties of the
Si,N, parts.

In determining furnace needs for specific produc-
tion targets, there is also the question of furnace
downtime on the effective furnace yield. Furnace
downtime is for routine maintenance, bad furnace
runs, and unexpected furnace interrupts (loss of
power or gas and controller, thermocouple, or ele-
ment failure, ete.). The amount of product loss
includes the direct loss (parts in the furnace when it
failed) plus the indirect loss (production lost due to
the downtime). The direct loss is much more costly

n the indirect loss, since it includes the material
—.d processing costs that have been invested in the
part, up to and including the sintering.

VoLuME 72, No. 6, Junt 1993

In the belt furnaces, changes in operating condi-
tions and onset of furnace failure are more easily
detected and corrected than in batch furnaces. From
experience with furnace failures, there is less product
lost and less downtime to affect total production in
the case of furnace upsets in belt furnaces compared
with batch furnaces. When a problem is detected in a
belt furnace, the furnace can be purged of the parts
in the run, cooled, repaired, and brought back to
operation in less than 4-8 h. Direct and indirect
product losses can be kept to a minimum for the belt
furnace.

For example, using the information in Tables I and
IV and assuming an 8-h upset, an 880 graphite belt
furnace (operating at 90% yield), sintering the large
cam-roller followers, sustains a direct loss of the 320
rollers in the furnace plus an indirect loss of 4562
rollers, for a total loss of 4882 rollers for the event.
Assuming $2.049%/roller (including powder and pro-
cessing costs), the direct loss is £656, and the indi-
rect loss (production loss x sintering cost/roller x
percent of capital cost) is about $27 for a total of
about $683 for the upset.

For batch furnaces the downtime is much longer
(usually 24 h or longer) due to the greater thermal
load that requires longer cooling times (8 h), having
to unload and reload parts (2 h), time to make repairs
(4 h), and the time required to bring the furnace
back up to operating conditions (10 h). Also, there
are additional parts which require maintenance, such
as vacuum pumps and seals, and loading devices.

For example, in a typical 24-h upset, a 242448
graphite batch furnace (operating at 90% yield) sin-
tering the large cam-roller followers sustains a direct
loss of 4608 rollers in the furnace plus an indirect
loss of 4732 rollers, for a total loss of 9341 rollers lost
for the event.

Assuming 82.1712/roller (including powder and pro-
cessing cost), the direct loss is $10,005, and the indi-
rect loss is §728, for a total of $10,733 for the event,

From experience with sintering of Si;N, composi-
tions in both belt and batch furnaces, it is more real-
istic to compare yields of 90% from the belt furnaces

™ with 80%, 70%, or 60% yields from the batch furnaces,

depending on the furnace size and sintering condi-
tions. However, the above examples have made the

-" point that, for equivalent production yields, belt fur-

naces are much more cost effective with respect to
both sintering cost and costs related to upsets or
downtime. To make this scenario reality requires
that the Si,N, composition be sinterable in the belt
furnace and possess physical properties adequate for
the intended application.

Results from Continuous Sintering of Si,N,
The goal of recent work involving continious sin-
tering has been to determine the feasibility of sinter-
ing 5i3N, compositions containing reduced amounts
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tested are given in Table VI, Disks with high densir —

of sintering aids. Since the high-temperature proper-
ties of Si;N, are related to the amount and degree of
crystallization of the liquid-phase formers during sin-
tering, reducing the amounts of sintering aids should
improve the high-temperature performance. The
results presented here are meant only to summarize
some of the compositions and properties for formula-
tions that have been successfully sintered in the belt
furnace. A more detailed discussion of this work will
be presented in future publications.

Procedure

Commercially available Si;N, powders (LC10 and
LC12 grades, Hermann C. Starck, Berlin, Germany;
E10 grade, UBE Industries America, New York, and
ASN34 grade, Performance Ceramics, Peninsula,
OH), containing 24 wt% Al,O; (HPA-0.5 AF grade,
Ceralox Corp., Tuscon, AZ) in combination with
6-13 wt% Y,0, (high-purity grade, Hermann C.
Starck) or 6-8 wt% La,0, (high-purity grade,
Molycorp, Inc., White Plains, NY) were processed by
turbomilling® and pressure casting. This procedure
has been discussed in detail in previous work.5-8
After they were dried and isopressed, the disks
(approximately 9 em in diameter x 2 cm thick and
weighing 100-125 g) were sintered in a commercial
belt furnace (Model 6-BF, Centorr Furnaces/Vacuum
Industries, Nashua, NH) over the temperature range
1625°-1750°C for 30-90 min in flowing N,. These
disks were sintered between BN plates inside of
molybdenum boats, without the use of setter or pack-
ing powders. The heating rate, controlled by the belt
speed and temperature of the hot zone, was generally
in the range 100°-150°C/min from 250°C up to the
peak temperature.

After sintering, the density of the disks was deter-
mined by the Archimedes method. The best sintered
densities obtained for several of the compositions

Table VI. Sintered Densities of 5i,N, Compositions Sintere
in the Belt Furnace g

Percent of

Firing Firing tine thearelical
Composition® temperature {°C) {min) density
A4Y6-1.C10 1700 60 95.6
A4YB-LC12 1725 90 985 .-
A4Y6-E10 1700-1750 60-90 99.5
A2YB-LC10 1750 90 89.5
A2YB-E10 1750 90 100
AdL6-LC10 1675 60 93.4
A4LE6-LC12 1700 60 96.4
A4L6-E10 1750 a0 991
AZ2LB8-LC10 1750 90 92.9
A2ZLB-E10 1725-1750 90 991
A4Y13-LC10 16001650 90 98.1-99.5
A4Y13-E10 1625-1725 60-980 899.4-100
Ad4Y13-ASN-34 1675-1725 30-90 99.7-100
A4Y13-E10 1625—-1725 30-90 99.4-99.6

5% B-SiyN, seed

were machined into standard 3 mm x 4 mm x 45 mn.
test bars for four-point flexural strength and fracture
toughness measurements.

Discussion

The results given in Table VI indicate that several of
these compositions achieved densities >98% of theo-
retical, under sintering conditions (times and tem-
peratures) significantly less stringent than typically
required for such compositions. For compositions
containing 10% or less sintering aids, general sinter-
ing practice dictates the use of packing powders, N,
overpressure, temperatures in excess of 1800°C, and
times greater than 2 h.

Crosbie et al.? compared intermediate hold temper-
atures, heating rates of 100°C/h (1.67°C/min) and
600°C/h (10°C/min), and hold time at peak tempera-
ture (1 and 2 h) on the sintering behavior of 8i;N,
(E10), containing 2.26 wt% Al,O, and 10 wt% Y,0,
sintering aids. The 8i;N, was embedded in a packing
powder and sintered in a conventional tungsten-heat-
ed cold-wall batch furnace. The atmosphere was vac-
uum to 1100°C and then slight N, overpressure for
the rest of the run at the peak sintering temperature
of 1800°C. Crosbie et al. concluded that the higher
heating rate had the most significant effect on density
and associated properties, although longer times and
higher intermediate hold temperature also were pos}
tive factors.

The heating rate developed during continuous sin-
tering in the belt furnace is at least an order of mag-

" nitude greater than that of the maximum rate used

by Crosbie et al.? and more than double the rate pos-
sible in small laboratory-sized batch furnaces, It is
believed that the rate of liquid formation, due to the
high heating rate possible in the belt furnace,
enhances both the rearrangement and solution—pre-

cipitation mechanisms of liquid-phase sintering. This -

enhanced liquid-phase sintering is thought responsi-
ble for producing near theoretical density at reduced
times and temperatures. Also, the use of setter pow-

“ders is not required because densification proceeds
.rapidly to the point of closed porosity, thereby essen-
" tially reducing the overall surface area available for

decomposition. In support of this theory, weight loss
for nearly all compositions sintered in the belt fur-
nace have been <0.5 wt%, and the microstructures
contain uniformly distributed, well-rounded, fine
porosity (even for sintering times of only 30 min).

Properties
Typical room-temperature physical property results
for some of the compositions investigated are given in
Table VII. The techniques for measuring these prop-
erties is given elsewhere.® Where a single value i~

*Ais ALO,, Y is Y,0,, L is La,05; numeral following A, Y, and L is composition in
wi%. LC10, LC12, E10, and ASN34 are commercial SijN,.
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“The turbomill is a high-shear milling apparatus from Noble Technologies

Group, Gilmanton, NH.
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fatable VII. Sintering Conditions and Physical Property Also, the direct and indirect losses are much lower

\ ¢esults for Compositions Sintered in the Belt Furnace

Sintering
conditions Percent of Modulus
Temperalure Time theoretical of rupture K (MPa-m')
GComposition® {°C)  (min) density (MPa) Ref. 10 Ref. 11

A4Y6-E10 1700 60 99.9 B870-926 55 65

AdY6-LC10 1700 60 96 917-1021 7.8 6.7

AdYe-LC12 1725 80 08.8 778-938 57 6.2

A2YB-E10 1750 90 100 g26-1036 103 7.3

1700 90 99.0 1004-1118 9.6 7.1

30 944 B850-1051 7.1 6.2

1625 90 93.7 880 74 65

A2l B-E-10 1760 90 98.5 683-866 79 67

1725 90 99.0 896-995 B0 6.8

A4YBL7—-E10 1725 90 98.1 755-965 65 6.0

1700 90 99.0 962-982 8.3 6.9

1625 90 8.3 907-1041 80 6.6

A4Y13-LC10 1625 90 99.5 969 7.2 6.5

A4Y13-E10 1725 90 g9.8 784-1121 129 6.5

1700 30 g99.6 1016-1042 8.1 8.3

1625 90 99.6 B96-942 125 6.1

A4Y13-ASN34 1700 60 9.8 8791059 B81 65

1675 60 100 980-1166 7.2 5.8

A4Y13-E10 1725 90 99.5 870-954 133 6.4

5% PB-Si;N,seed 1700 30 99.3 870-1042 7.2 7.0
1675 80 99.7 894-1121

1625 90 99.3 B894-1017 127 6.5

*See Table VI footnote for definition of symbols.

siven, it represents a statistical average for that prop-
1 t;\'ty. Where a range of properties is given, there was
not enough data generated for a statistical treatment.
In general, four to six four-point flexural strength and
two or three fracture toughness measurements were
made for each composition represented.

The results from Table VII demonstrate that
strengths >1 GPa and fracture toughness values of
8-13 MPa-m"® are possible for several of the SizN,
compositions sintered in the belt furnace. These
properties are equivalent to or better than reported
for the same or similar compositions which have
been sintered at higher temperatures, longer times,
and above abient N, pressure. These properties are
well within the limits required for many automotive
applications. What may appear surprising are the
high values of flexural strength (>900 MPa) obtained
for some compositions where the densities were less
than 97% of theoretical. The microstructures for
these lower-density materials contain uniformly dis-
tributed, well-rounded porosity (generally 3-6 pm in
diameter). Because of their small size, the pores do
not act as fracture origins and, therefore, are not
strength limiting.

Potential for Automotive Applications
An economic comparison has been made between
continuous sintering in belt furnaces and convention-
f sintering in batch furnaces. For two sizes of Si;N,
“Eam-roller followers, belt sintering has been shown to
be much more cost effective than batch sintering.

for belt furnaces than for batch furnaces. In general,
at high production volumes, sintering in furnaces
with graphite hot zones is more cost effective than
sintering in furnaces with tungsten hot zones.

For this comparison to be valid, the 5i;N, composi-
tion must be sinterable under conditions attainable
in the belt furnace and have adequate properties for
the intended application. The physical property
results presented, for a wide range of Si;N, composi-
tions, show that high-strength, tough Si;N, with
potential for use in automotive applications can be
produced by continuous sintering in a belt furnace.
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