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CENTRIFUGAL CASTING OF REFRACTORY CONCRETES
by

T. L. Marchewka'! and H. Heystek 2

ABSTRACT

As part of its program to conserve the Nation's natural resources by
developing improved performance materials, the Bureau of Mines, U.S. Depart-
ment of the Interior, in cooperation with the U.S. Department of Energy, has
conducted an investigation of materials of construction able to withstand the
high temperature and hostile environments encountered in coal gasification
units. Refractory pipe liners are required when extremely hot gases or abra-
sive solids are transported between processing units in the gasification
plants. One promising technique for producing refractory pipe (or refractory
pipe liners) is centrifugal casting. For this study, the effect of processing
variables such as workability, additives, reinforcement and spinning time,
and centrifugal force were evaluated using four commercial refractory con-
cretes. In addition, data on characteristics such as strength, density, abra-
sion, and spalling resistance of 5-inch-diam refractory pipe were developed.
Techniques for forming large-diameter (19-inch) refractory pipe also were
evaluated.

The test results indicated that all four refractory councretes could be
made into strong, homogeneous pipe, but that optimum casting parameters had to
be determined for each specific composition. The investigation revealed that
the major controlling factor in the production of the centrifugally cast pipe
was the workability of the refractory concrete.

INTRODUCTION

Coal gasification processes (6)® require refractory linings in the gasi-
fier unit, transfer lines between the preheaters and the gasifiers, and
exhaust lines leading to the gas scrubbers. The major portion of piping used
in coal gasification research development units is low-alloy grades of steel.

lCeramic engineer, Tuscaloosa Metallurgy Research Center, Bureau of Mines,
Tuscaloosa, Ala. (now with Ferro Corp., Buffalo, N.Y.)

2 Supervisory ceramic engineer, Tuscaloosa Metallurgy Research Center, Bureau
of Mines, Tuscaloosa, Ala.

SUnderlined numbers in parentheses refer to items in the list of references
at the end of this report.



However, because of the erosive and chemically corrosive environments that
occur in coal gasifiers, steel pipe can be expected to deteriorate after
extended periods of service (13).

As part of its program to conserve resources by devising improved perform=-
ance materials, the Bureau of Mines initiated in 1975 an investigation to
develop a self-supporting ceramic pipe using centrifugal casting techniques.
Subsequent to that year, the research was continued by the Bureau as part of
an interagency agreement with the U.S. Department of Energy.

Research by the Bureau of Mines focused on the centrifugal casting pro-
cess because slip casting techniques, which are generally used with finely
divided materials, could not be effectively employed with coarse, nonplastic,
refractory castables. The technique of centrifugal casting was first patented
for manufacturing iron pipe in 1809 (16). Since that time, reports have been
published on casting of molten metal (10) and basalt (15). Information also
has been published on the techniques to cast concrete pipe (9). Although a
novel technique called '"sling casting" has been developed for casting a refrac-
tory material (7), there has been little or no work published on centrifugal
casting of refractory concretes.

Review of the literature on centrifugal casting identified the following
important variables: (1) The raw materials must possess a controllable range
of viscosity; (2) the feed rate and method of introducing the feed to the
centrifugal mold is critical; (3) the rotational speed of the mold must be
optimized and controlled to insure uniform distribution of feed within the
mold and to densify the formed piece; and (4) a different rotational speed
very often is used for mold loading and for densification. Focusing on these
four process variables, research was conducted at the Bureau's Tuscaloosa
(Ala.) Metallurgy Research Center to determine the effect of a number of vari=-
ables such as water content, additives to increase workability, and spinning
force and time on the centrifugal forming of pipe from refractory castable
materials. This report presents the results of that work.
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CENTRIFUGAL CASTING EQUIPMENT

Several centrifugal casting units were used in the investigation. In one
unit (fig. 1), the rotational speed of the stainless steel mold was controlled
by a step pulley drive to yield peripheral speeds of 1,000, 1,500, 2,200, and
3,400 rev/min, creating densification forces of 57, 128, 275, and 657 G levels,
respectively. Pipe 5 inches in outside diameter and 5 inches long and having
a wall thickness of about one-fourth inch were cast in a balanced, tapered
mold. After casting a pipe section, the mold with pipe was removed and a new
mold bolted onto the drive mechanism to repeat the casting procedure. A waxed
paper liner was used to allow easy removal of the pipe samples from the molds
after curing and drying.



FIGURE 1. - Centrifugal casting unit with mold to produce 5-inch-0OD by 5-inch-long pipe
samples.

A modified unit was subsequently constructed utilizing a variable-speed
motor that produced forces of up to 150 G levels. 1In this design, an unta-
pered, removable, 5-inch-ID mold lining was inserted into an outer mold shell
that was driven by the variable-speed motor. A view of the mold section is
shown in figure 2. To facilitate mold release of the cast and cured pipe
from the untapered liners, a wax coating that softened at the drying tempera-
ture (120° C) was applied prior to the casting operation. The pipe produced
in this unit also was 5 inches in outside diameter and 5 inches long.



FIGURE 2. - Closeup of centrifugal casting mold with removable mold lining.

A large centrifugal casting unit also was constructed (fig. 3), in which
the galvanized steel mold rested on four rollers, one pair of which was driven
by a 1/2-hp, variable-speed motor. A pipe 36 inches long and 19 inches in
outside diameter was cast using this unit.

A sling casting technique of fabricating pipe also was tested. The appa-
ratus incorporated a vertical 22-inch-ID mold and a rotating, 12-inch-diam
inner disk. The disk, equipped with vanes, was attached to the shaft of a
variable-speed motor mounted on a platform of adjustable height. The refrac-
tory concrete was fed from the top of the unit onto the rotating disk. The
vanes deflected the material, which, in turn, impinged upon the inner surface
of the galvanized steel mold. As the material was deposited on the surface of
the mold, the motor with rotating disk was lowered so that a relatively uni-
form thickness of castable could be applied along the length of the pipe mold.



FIGURE 3. - Large centrifugal casting unit with 19-inch-diam mold.

RAW MATERIALS

The four commercial refractory concretes used in the investigation were

(1) a calcium aluminate~bonded, dense, high-alumina concrete (CAHA), (2) a
calcium aluminate-bonded silicon carbide concrete (CASC), (3) a phosphate-
bonded alumina castable (PHA), and (4) a calcium aluminate, light-weight,
insulating castable (CAL). The composition and particle-size distribution
of the four materials are given in table 1.



TABLE 1. - Chemical analysis and particle-size distribution
of refractory concretes

CONCYEEEC ao eevvvsorsosasnassnenses | CAHA CASC PHA CAL

Chemical analysis,' pct:
SI0, eevneveiacencracenenaneeas | 001 2.2 0.2 | 35.0
AL Ogevnnvnnnnn creraceeneanans | 9307 6.6 | 93.1 | 57.5
Til, eevvvnneneennns Ceei e - - .2 -
I O R .3 1.8 .1 .8
Calueervnnnsennennnonnsnsanans 5.6 5.6 .7 4.1
N O cenees . - - 5.6 -
SiCeeeivnvennosnrsrsncnssnonas - 82.7 - -
NajO¢.'vvnt e eri e - - .1 -

Particle-size distribution:
PlUus Buvivrnnnnnsseononennnnns 3.6 .5 0 0
Minus 6 plus ld..cieiveavesees | 27.6 24.5 11.6 13.9
Minus 14 plus 28.s.evueveeeens [13.2 | 21,4 | 15.8 | 18.1
Minus 28 plus 48..c00eieveee.. [ 10.2 6.7 10.1 12.5
Minus 48 plus 100............. [ 10.6 2.4 7.6 12.0
Minus 100 plus 200............ | 11.8 8.1 5.5 6.8
Minus 200...ceivieeenrannnneas 127.2 | 36.4 | 49.3 | 36.7

1 From manufacturer's data sheet

Two plasticizers were evaluated to determine the effect of the addition
of plasticizers on workability of a castable and the strength of the formed
pipe. The first was a 20-pct solution of polyvinyl alcohol (PVA) in water,
and the second, a commercially available product, Hycol.*

During the course of the research, stainless steel fibers approximately
three~quarters inch in length with an effective radius of 0.013 inch were used
to reinforce the cast pipe.

PREPARATION OF TEST SPECIMENS

Samples of the calcium aluminate-bonded concrete products were dried at
120° ¢ for 24 hours, packaged in moistureproof containers and allowed to cool
to room temperaturc. In preparation for casting, samples of the dry material
were mixed in a Hobart mixer for 30 seconds. A predetermined quantity of
water was then added, and the slurry was mixed for an additional 30 seconds.
The material below the mixer blades was turned with a spatula to insure com=-
plete blending, and the batch was mixed again for another 30 seconds. The
slurry was charged into a slowly spinning (3 G levels) mold using a vibrating
spatula. When charging was complete, the rotational speed was increased to
produce a predetermined G level. The G levels associated with mold speed for
specimens of 5- and 19-inch diameters are shown in figure 4. A final
smoothing of the inside wall of the pipe was achieved by using a spatula.
After casting, all calcium aluminate-bonded pipes were cured for 24 hours at
40° C in a cabinet maintained at 90 pct relative humidity, then dried for 24
hours at 120° C.

“Reference to specific brands or trade names is made for identification and
does not imply endorsement by the Bureau of Mines.
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Samples of the as~received PHA
mix were kept in hermetically sealed
containers until just before adding
water. The same mixing and charging
procedure as described above was used.
Pipe samples were heat-treated at
340° C for 6 hours as recommended by
the manufacturer to permit the phos=-
phate bond to develop.

When plasticizers were used to
improve workability of the concretes,
they were mixed in with the sample
prior to the addition of water. In
the casting of pipes with fiber addi=-
tions, the dry concrete mix and fibers
were blended before any water was
added to minimize "balling' of the
fibers (11).

For purposes of comparisom,
2-inch cubes and 1- by 1- by 7-inch
bars were made of each batch of mate~
rial. Crushing strengths of the bars
and cubes were determined and used as
standards when comparing the crushing
strengths of the various pipe composi~
tions. The cubes and bars were cast
in oiled metal molds that were vibrated
to remove air bubbles.

TEST PROCEDURES

All crushing strength tests were
made on the cast 5-inch-diameter pipes,
bars, and cubes at room temperature.
Before breaking, the thickness of the

pipe wall was measured and pipe crushing strength for all 5-inch-long pipe was
calculated according to equation 1 (14).

where

Y

Di

Y CS x

2

crushing strength (1b/in®),

(Di + t)

(1)

2t

X constant

internal pipe diameter (inch),



CS

crushing strength (lb/linear ft),

t = Pipe thickness (inch),
and Constant = 2.4, owing to a 5-inch (rather than l-foot) length of pipe
being tested.

In determining crushing strengths, the pipes were placed between three
rubber bearings and broken in a Tinius Olsen machine according to ASTM load-
crushing test C497-75 (4) for concrete pipe. The apparatus is shown in fig-
ure 5. The compressive strengths of the cubes were determined according to
ASTM test C133-72 (3).

The densities and erosion resistance of the cast pipes also were estab=-
lished. Densities of the pipes and cubes were determined according to ASTM
test C20-74 (2). The erosion test used was basically the same as that

FIGURE 5. - Crushing test of refractory concrete pipe. Pipe specimens were heated to
1,000° C and steel-fiber alinement can be clearly seen.



described in ASTM test C704-72 (1l). Because the pipes were thinner than the
ASTM standard test required, the test was modified somewhat. Less silicon
carbide, only 500 grams as compared with the recommended 1000-gram charge,
and a proportionately shorter abrasion time, only 4 minutes compared with the
recommended 8 minutes, were used. All erosion tests were made on the inside
surface of the pipe because this is the surface exposed to erosive particles
and corrosive gases when in service.

A test to establish the spalling resistance of the pipe also was con-
ducted. 1In the spalling test (5), pipes and cubes were heated for 10 minutes
in a furnace at 1,000° C and then removed and held at room temperature for
10 minutes. The cycle was repeated, and after each quenching period, in ambi=-
ent air, the test pieces were examined for cracks. If repeated cycling showed
no visual deterioration of the samples, their crushing strengths then were
determined to test for the presence of microcracks.

Where applicable, the Student's t-test (12) was used to determine whether
there was a statistically significant difference (at the 95-pct level of confi-
dence) in the average strength value measured for pipe prepared by different
methods or produced from different materials.

TEST RESULTS

Preliminary Tests

Preliminary tests to establish the effect of water content, spinning time
and speed, and the use of plasticizers on the centrifugal casting of pipe were
made using commercial CAHA.

The Effect of Water and Plasticizer Additions

The quantity of water used in preparing CAHA must be carefully controlled
(8). 1In this phase of the investigation, water additions of 10, 11, 12, and
14 pct were used. Additions of less than 10 pct or more than 14 pect water
caused uneven wall thickness and aggregate segregation during the casting
procedure. All pipe in these tests were formed at 1,000 rev/min (70 G levels)
for 1 minute to give approximately 1/3-inch wall thicknesses. The results of
these tests are given in table 2. Statistical analyses showed that there were
no statistically significant differences in the strength of pipe made using
10~, 12~, and l4-pct water additions, and that optimum workability for this
particular concrete was attained at 1l1- to 12-pct water content. The mix made
with 10-pct water was only marginally workable.
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TABLE 2. - Effect of water content and PVA additions on crushing strength
of 5-inch-diam CAHA pipe and cube samples

Water content, pct Crushing strength (v),* 1b/ir®
0 pct PVA | 1/4 pct PVA | 1/2 pct PVA
Pipe samples:
10ceeevnnnn tetecaieessnsssssseses | 1,200£210 975% 90 1,150£390
1l.ioievencocnnescososstsossscsaces 1,525%270 1,000£140 1,5252410
12 tieeeeneaanenncensansansonssss | 1,150% 90 950%100 975= 90
Teeveevasaneoionnnenonssnsnnsnss | 1,3254190 | 1,025%180 1,025 90
Cube samples:
1leeeoeoeoeeasocenonsasnaanensans | 4,850t360 | 3,000£350 2,300£280
120 cenneennnns Ceeaeseasesaesssas | 4,300%230 | 3,150%370 2,350+130

lAverage based on minimum of 5 samples; 95-pct confidence intervals shown.

To determine possible adverse effects of plasticizers added to increase
the workability of CAHA mix, crushing strength was measured for pipes and
cubes made with additions of 0.25 and 0.5 wt-pct polyvinyl alcohol (PVA).

The additions improved the workability so that pipe could be easily formed
from a mix containing as little as 10 pct water. Although the addition of

PVA did not affect setting time of the castable, it did influence the strength
of the pipes formed. As shown in table 2, strengths were significantly lower
with PVA additions than without, except in the case of 0.5 pct PVA additions
to pipe formed from 10- and ll-pct-water material.

Another series of tests was made using the commercial plasticizer, Hycol.
Additions of Hycol of up to 0.2 pct increased the workability to such a degree
that mix containing 11 pct water was too fluid to form pipe. The additive
also accelerated the setting time of CAHA. Setting time was reduced to a
point where it became difficult to even feed the material to the casting appa-
ratus. As a result, work with Hycol additions was terminated.

The Effect of Spinning Time and Force

Pipe having a wall thickness of one-third inch from CAHA with an ll-pct
water addition were evaluated at speeds that yielded forces of 4, 17, 33, 50,
and 77 G levels for periods of 1, 5, and 15 minutes. No plasticizer was used
in these tests. The results given in table 3 were statistically analyzed and
it was found that neither spinning time nor G level significantly affected
crushing strength. A spinning time of 1 minute was adequate. Optimum
strength for the CAHA developed at about 17 G levels (500 rpm for a 5~inch-
diam pipe).
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TABLE 3. - Average crushing strength' of 5-inch-diam CAHA pipe
produced using ll-pct-water mix, lb/irf

Densification force, Time of spinning
G levels 1 min 5 min 15 min
beeiininnnn, BN 1,260+180 | 1,000+130 970% 90
N 1,410+430 | 1,540+370 | 1,410%430
G 1 T 1,180+210 | 1,450+ 20 | 1,270% 30
50ciuvesasencanocsanaacssoons 1,410+160 | 1,150£220 | 1,400 60
77 et eeaessoneanssoacnsnsonna 1,350£360 [ 1,170£100 | 1,350+180

lAverage of 5 samples; 95-pct confidence intervals shown.

Other Castable Compositions

Two additional dense refractory concrete compositions were evaluated.
For these materials, the optimum water content for casting pipe was first
established. With CASC, good-quality pipes were consistently produced at
13-pct water content. For PHA, only 7 pct water content was required to
produce good-quality pipe.

Using the established water additions, tests were made to compare break-
ing strength, density, and erosion resistance of cured materials. All pipes
were cast at 4 G levels for 5 minutes. Above 4 G levels, the PHA pipe
displayed aggregate segregation. Strong, high-quality pipe of CAHA and CASC
also were formed at this speed, but additional spinning at 75 G levels for
30 seconds was required to remove excess water that caused "slumping' of the
concrete when the casting was completed. Three pipes having a wall thickness
of one-half inch were cast of each material. For comparative purposes, modu-
lus of rupture (MOR), density, and erosion determinations were made on
1- by 1- by 7-inch bars; crushing strength, density, and erosion measurements
were taken on 2-inch cubes cast from the same mixes. The results of these

tests are shown in table 4 (figures for zero wt~pct fiber additions). The
PHA pipe proved to have higher strength values and higher erosion resistance

than the other concrete pipes, but CAHA had significantly higher cube crushing
strength and bar MOR. CAHA and CASC appeared to have relatively similar
properties.
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TABLE 4. - Effect of fiber additions to concrete on strength and erosion

resistance of 5-inch-diam pipe, cube, and bar samples!

Fiber additions, Crushing strength, MOR , Erosion, cm® lost
wt=pct 1b/irf 1b/irf per gram grit yx 10°°
Pipe Cube Bar Pipe Bar
CASC:
Oieevnonnanssnnnenss 1,450%£140 | 4,025+290 | 1,250+150 12.9+5.1 [ 13.1+2.5
2iieriennsonas e 1,375+ 70 | 5,450%£200 | 1,050% 40 13.3+1.3 | 15.2+3.4
Sinievesarnns cenens 1,600+141 | 5,225%£400 | 1,200£290 15.2+8.5 [ 11.7£ .9
10, cieieineinnnnnnns 2,350%410 | 5,420 40 | 1,150+230 16.9£2.6 | 8.6+ .8
CAHA :
Devenenrasecnannnans .| 1,150+250 | 6,475%120 | 1,750+130 | 10.7+3.0 | 5.4+ .4
2.. Cessecanne eess | 1,300£410 | 7,025£130 | 1,600£160 10.7¥2.7 | 4.9%1.2
Siievesnsenns ceese 1,550+210 | 8,150+ 50 | 2,000+380 8.8t3.4 | 3.9% .8
10..... . eeess | 1,6755160 | 6,125%540 | 2,075£220 10.6%£3.6 | 4.7+ .8
PHA:
Osviecennss ceeersessa 2,725%£260 | 3,800%270 | 1,375%340 7.5+3.5 | 10.8%5.3
2 ittt 2,525+160 | 4,800%420 | 1,150%140 10.2%£3.5 | 10.2*1.6
Devevesssnveasssnaes | 2,4755130 1 4,550%130 | 1,250£160 9.5£3.4 | 5.2% .6
10.cce.. sessssesesees | 1,875 80 | 4,460%£220 950+ 70 8§.6x5.5 | 5.0 .7

1Average of 4 samples; 95-pct confidence intervals shown.

Fiber Reinforcement

To establish the effect of steel-fiber reinforcement on strength, pipes
were made using 2~, 5~-, and 10-wt-pct additions of a commercially available
steel fiber to CAHA, CASC, and PHA. Pipes were formed from mixes using the
water additions established previously. The pipes were cast using a force of
4 G levels and a spinning time of 5 minutes. To promote a more random arrange-
ment of the 1/2-inch-long steel fiber, the wall thickness was increased from
approximately one~third to one-half inch. Bars and cubes also were cast.
Visual observations indicated that the metal fibers were randomly alined in
the pipe, bar, and cube samples. The results of tests to determine crushing
strength and erosion resistance also are presented in table 4. The data indi-
cate that the pipe crushing strength increased as the percentage of metal
fibers increased for CAHA and CASC. Steel fiber additions significantly
decreased the pipe crushing strength of the PHA formulation. The data also
show that PHA pipe has higher crushing strengths than those of the other
concretes at lower levels of steel fiber addition.

In the cube~crushing test, CAHA was stronger than CASC or PHA. Two-,
5-, and 10-pct steel-fiber additions significantly increased the strength of
CASC and PHA cubes; CAHA was strengthened by additions of 2 and 5 pct but
weakened by a 10-pct addition of the metal fibers. The MOR values on the
bar shapes again show that CAHA was stronger than CASC or PHA. The MOR
strength of CASC was not affected by fiber additions, but fiber additions of
5 to 10 pct increased the strength of CAHA. A 10-pct addition decreased the
MOR strength of PHA.
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The pipe erosion tests showed that PHA had superior erosion resistance at
zero pct fiber addition than CAHA or CASC. Two- and 5-pct fiber additions
decreased the erosion resistance of PHA pipe; 10 pct fiber addition decreased
the erosion resistance of CASC. The erosion resistance of CAHA remained
unaffected by the 2~, 5~, and 10-pct fiber additions. In the bar form, CAHA
had a higher erosion resistance than any of the CASC formulations or PHA with
2-pct or lower fiber additions. Erosion resistance of CASC was improved by
large (LlO-pct) fiber additions. A 5- to 10-pct fiber addition was required
to show improved erosion resistance in PHA.

As can be seen from table 4, the mechanical properties of a concrete pipe
cannot always be accurately predicted by the properties of cubes and bars made
from the same material.

Spalling Resistance

To determine the spalling resistance of the various refractory concrete
pipe, samples were heated and cooled rapidly to induce thermal shock. Initi=-
ally, the fiber-free CAHA and CASC pipe were treated to 34 thermal shock
cycles. The samples showed no visual signs of deterioration. As a result,
pipe samples without fiber additions, as well as pipe having a 1/2-inch wall
thickness with 5 wt-pct steel~fiber additions, were prepared with CAHA, CASC,
and PHA for the spalling-resistance tests. 1In these tests, the pipe samples
were exposed to 10 thermal shock cycles before their crushing strength values
were determined. It was assumed that microcracks produced by the thermal
cycling would result in a decrease in crushing strength. The strengths of
these thermally cycled pipe were compared with those of pipe that were slowly
heated once to 1,000° C and slowly cooled. A view of a heated pipe showing
the fiber distribution (made visible by color changes of the fiber-concrete-
interface due to heating the pipe to 1,000° C) is given in figure 5.

The results of the tests (table 5) show that, when thermally cycled, all
three concretes (with and without steel-fiber additions) showed a decrease in
strength, with the possible exception of PHA with 5-pct fiber additions. The
data also show that the CAHA and CASC pipe samples with fibers added had lower
strength values than the samples without fiber addition after thermal shock
treatment.

When the strength determinations were made on all pipe samples, it was
visually apparent that the samples without fibers failed catastrophically,
whereas pipe containing fibers did not. From these observations, it may be
concluded that a pipe containing fibers may develop cracks through thermal
cycling, yet resist catastrophic failure to a greater extent than unreinforced

pipe.



TABLE 5. - Crushing strength for 5-inch-diam pipes of thermally

shocked and heated concretes,! 1lb/irP

Steel-fiber addition, Thermally shocked® | Heated concrete®
wt-pct concrete
CAHA:
Dioereeecannsasoncanne 1,050£136 1,925£175
L J 1,900% 66 1,825+£210
CASC:
[ 1,900£266 2,100+134
Seeteessessescscesssans 1,425%127 1,850£249
PHA :
0 2,100+£368 2,575%£495
Desessesoessscoassaness 2,725%£800 2,975+300

1Average of 3 samples; 95-pct confidence intervals given.
2Heated to 1,000° C and air-quenched 10 times.
SHeated once to 1,000° C and slow~coded.

Composite Pipe

Several composite pipe also were successfully produced using the centrifu-
gal casting technique, demonstrating that a total heat-containing unit (dense,
erosion-resistant inner layer contained in an insulating outer shell) could
feasibly be produced in the same mold. Figure 6 shows examples of three such
pipe. The figure shows two pipe having an outer layer of CAL. One of the
pipe has an inner layer of CASC (A); the other has an inner layer of CAHA (B).
The third pipe in figure 6 has an outer layer of CAHA with an inner lining of
CASC (C).

Large-Diameter Pipe

To determine whether any particular problems might occur in forming
larger shapes, several 19-inch~diam by 36-inch-long pipe of CAHA were cast.
A force of 20 G levels (270 rev/min) and a spinning time of 30 minutes were
used to cast a l-inch-thick pipe. The density of the cast pipe was 2.9 g/cm®,
which approximated that of the smaller diameter pipe. A view of two large-
diameter pipes is shown in figure 7.

Tests were also made using a slinger-type casting system, but satisfac-
tory pipe was not produced because a section of pipe having a smooth and even
wall thickness could not be made. When CAHA of very low water content was
used, a large percentage of material was lost as a result of rebound. When
a wetter mix was used, the material slumped from the mold surface.
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CONCLUSIONS

Batch laboratory tests demonstrated that refractory concrete could be
centrifugally cast to produce sound pipe. As a result of the research, the
following conclusions were drawn:

1. Processing parameters such as workability, spinning time and force,
and charging methods must be determined experimentally for each concrete
composition.

2. Long spinning times and high G levels do not increase strength proper-
ties of pipe.

3. Phosphate-bonded high-alumina concretes produce pipe of high strength
and excellent resistance to erosion and spalling.

4. The use of steel fibers improved the strength and spalling resistance
of only the phosphate~bonded concrete pipe. 1In all the tests, however, the
use of fibers prevented catastrophic failure of the pipe samples.

5. Scaling up of the centrifugal forming process from the laboratory to
produce large pipe from refractory concretes did not appear to present any dif-
ficulties, indicating that centrifugal casting equipment presently used in the
concrete pipe industry can be utilized to produce refractory pipe on a commer-
cial scale.

6. The process is versatile in that fiber reinforcements can be added
and composite pipe can be produced.
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