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EVALUATION OF REFRACTORIES FOR ALUMINUM
RECYCLING FURNACES

By E. G. Davis'

ABSTRACT

Under a memorandum of agreement with Reynolds Metals Co., Richmond,
VA, the Bureau of Mines studied the problem of corundum formation on re-
fractory linings in aluminum recycling furnaces. A laboratory test was
developed for evaluating refractories 1in contact with molten recycled
aluminum and identifying the mechanism of corundum formation. A test
apparatus was designed and constructed to evaluate the performance of
refractory samples. Corundum mechanism formation studies indicated that
corundum formed on refractories when there is metal penetration. Once
corundum forms, it acts as a wick allowing the molten aluminum to move
to the surface where it is oxidized, thus causing further growth of the
corundum. Phosphoric acid treatment or a spinel mortar coating pre-
vented corundum formation on the 70— and 90-pct-Al,03 refractories.

1Metallurgist, Tuscaloosa Research Center, Bureau of Mines, Tuscaloosa, AL.



INTRODUCTION

One objective of Bureau of Mines re-
search is to reduce the need for critical
minerals in high-performance refractories
and extend the Nation's reserves of do-
mestic raw materials for refractories.
As part of this objective, the Bureau,
under a memorandum of agreement with Rey-
nolds Metals Co., evaluated refractories
in contact with recycled molten aluminum.

The increase in aluminum can scrap
recycling by the aluminum industry has
placed severe demands on refractories
used by the industry. The recycling of
aluminum requires the remelting of prod-
ucts containing oils, coatings, oxide
layers, and other contaminants. Melting
aluminum containing these types of con-
taminants requires larger quantities of
salt flux to absorb impurities and pro-
tect the aluminum. Because of these con-
taminants and the increased production
rates at aluminum recycling plants, more
wear and corrosion of the refractories
has resulted.

The recycle furnaces are about 20 by
30 ft holding the molten metal at a depth

of 4 ft. Along one side of the furnace,
there are two large doors where the dross
is skimmed off when it gets too thick.
When the doors are opened for skimming,
outside air enters the furnace. This
air, plus the slight oxidizing atmos-—
phere from the burners over a long peri-
od, causes another problem, which is the
formation of corundum growths on the fur-—
nace walls. These corundum formations,
when they are small, can sometimes be
removed by the skimmers; however, the
corundum that forms next to the doors
or in the corners cannot be removed so
easily and over a period of time gets
quite large. These large corundum for-—
mations adhere tightly to the walls and
when removed, take part of the walls with
them.

This report describes the design of a
laboratory furnace to evaluate refrac-
tories for wuse in recycling furnaces,
and a study of the mechanism of corundum
formation.

MATERIALS ANL+ EQUIPHENT

A test apparatus was designed and con-
structed by the Bureau. It consisted of
an electrically heated bottom loading
type furnace with a 12 by 12- by 9-in
stainless steel shell in which wup to 16
refractory samples could be cemented in
place to form a refractory-lined cavity
(fig. 1). 1In this cavity, wup to 30 1lb
of molten aluminum alloy was maintained
at a temperature of 1,550° F. The bottom
of the cavity, made of a castable refrac-
tory, had a taphole for discharging the
molten metal at the end of an experimen-
tal run. The refractories wused in this
study were all commercially available and
are listed 1in table l. Some of the sam-
ples were soaked 1in a ZrO0Cl; solution——a
technique based on a Bureau patent that
resulted 1in improved high-temperature

2Petty, A, Vo, Jr. Soluble Additives
To Improve High-Temperature Properties
of Alumina Refractories. U.S. Pat.
4,568,652, Feb. 4, 1986.

strength properties of alumina refractor-—
ies.? Some samples of the 70- and 90-
pct—-Al1,03 refractories were coated with
a spinel mortar or treated with concen-—
trated phosphoric acid prior to testing.

FIGURE 1.-A 12- by 12- by 9-in stainless steel shell
with 16 test samples forming refractory lining.




TABLE 1.

Lo

- Source and classification of refractories used in study

Refractory classification

Manufacturer's name

Manufacturer

Alumina:

99-pct-Al203 bricksess.
99-pct-A1203 brickes.eos
S4-pct-Al703 brickes...
90-pct-Al 703 bricke.os.
90-pct-A1903 brickeeoeo.
82-pct phosphate bond,

burned.

82-pct phosphate bond..
70-pct phosphate bond..

SR 99-..0..--..0oooc.toaolcocclc

TAYCOR 99 envunwvunseswnsssssssse
GREENAL 94, isucsssoasecsscscnsss
Nafeal 90s vsnnsosvnieoeesnasessssns
SR 900 a0 0100 w00 16 100 01 00 9000 s 009 @ 0 @ 600

Coral BP.I.I-I.l....."..!.ll-.l

Babcock & Wilcox (B&W).

Didier-Taylor.

AP Green.

North American.

Babcock & Wilcox (B&W).

Harbison & Walker (H&W).

Coral P.......l..l.’..........‘. Do.
Coral, P7Seeseseseeessssssssssses Do.

70-pct castableeceeeeoes | Plibrico AL-TUFF 3100 Special... | Plibrico.
Spinel: '

CA 25 bond cactablees.. | Magnafraxeeceoecoscocscoscssceces | Carborundum.

Fused cast brickeeeesss | Magnacasteeesescesocsscecscsoscs Do.

Dow Chemical spinel None, experimental.ceccecccccccs Do.

bonded brick.

Zircon:2? Castable.......| TAYLOR ZIRCON 451 HYDROCAST..... Didier-Taylor.
70 pct A1,05 and 30 pet MgO.  2zrSiO,.
The aluminum metal wused in these tests cans) and pure aluminum supplied by Rey-
was recycled metal (remelted aluminum nolds Metals Co.
TEST PROCEDURE

Six 30-day exposures were made using problem observed in the 30-day tests
the testing apparatus. The test samples where extensive development of corundum
that lined the cavity holding the molten on a sample resulted in the corundum
metal were exposed to the molten metal on formation, in some cases, migrating to

one side, simulating conditions in the
commercial furnace. In all tests, the
molten metal was stirred and the oxidized
aluminum that formed on the top was re-
moved periodically. At the end of each
test run, the molten metal was tapped,
and the samples were allowed to cool to
room temperature and removed for evalua-
tion. The samples were sectioned to ob-
serve the extent of metal penetration.
Table 2 lists refractories used in each

test. Recycled aluminum alloy was used
in all of these tests.

Based on the results of the 30-day
tests it appeared that a period of 14

adequate to satisfactorily
samples; so l4-day tests

In these tests, samples
were suspended from a steel rod spanning
the molten metal (fig. 2). This arrange-
ment allowed the samples to be exposed to
molten aluminum without being in contact
with each other. This eliminated the

days would be
evaluate the
were conducted.

adjacent samples. The submerged part of
the samples were exposed on all four
sides to the molten aluminum.

FIGURE 2.—Refractory samples suspended from steel rods.



TABLE 2. - Results of 30-day tests

Refractory classification Corundum foimation | Metal penetration
Degree | Exposures | Degree | Exposures
Alumina:
99-pct~Al 903 brickeeseeeeeceeesasssseceascss | None.. 1 None. . 1
Minor. 1 Minor. 1
90-pct-Al203 brickeseecssoecsosccccssasscnssas | Majors 2 Major. 1
Minor. 1 eedO.. 1
90-pct-Al1703 brick, ZrOCls treatedeesseesess | Major. 1 None. . 2
82-pct-Al203 brick, phosphate bond, burned.. | None.. 4 Minor. 2
82-pct-Al1203 brick, phosphate bond, burned, Minor. 2 eedo.. Z
Zr0Cl, treated.
70-pct-Al 703 castableceseecceccscsccsssseosces | 0odOee 4 eodOes 4
70-pct-Al 203 castable, ZrOCl, treated.ses... | None.. 2 None. 1
Minor. 3 Minor. 5
Major. 1
Spinel:1
Castable, CA 25 bONdecsesscecssssssssesssscses | None.. 1 None.. 1
Major. 3 Major. 1
Castable, CA 25 bond, ZrOCl)y treatedecccess. | None.. 4 None. . 4
Major. 2 Major. 1
Minor. 1
Brick, Dow spinel bond.ccececececcsssescoseas | None.. 3 None. . 3
Zircon:? Castableeeeeeeseeesccooscessnessssss | None.. 1 None. . 1

170 pct MgO and 30 pct Al03. 27r$105.

NOTE.—The minor-major are based on wvisual observations and not distinct
measurements.

RESULTS AND DISCUSSION

The results of the 30-day tests show extended over to these samples. The spi-
that corundum developes on some of the nel bonded brick and zircon castable sam—
refractories above the metal line similar ples never showed any corundum growth.
to the corundum formation observed in
commercial recycling aluminum furnaces
(fig. 3). Further, where there was co-
rundum growth, there was metal penetra-—
tion of the refractory (fig. 4).

Table 2 lists the results of the six
30-day tests. The 90-pct-Al703 refrac-
tory always showed corundum development
and extensive metal penetration. The 99-
and 82-pct-Al203 brick, the 70-pct-Al,03
castable, and the CA 25 bonded spinel
castable samples formed corundum during
some exposures, but not in others, and
metal penetration was never more than
about 1/8 in. In some test runs, the
82-pct-Al,03, ZrOCl, treated, and CA 25
bonded spinel castable samples showed
some corundum growth. In these cases,
however, a major development of corun- FIGURE 3.—Corundum formation on some refractory
dum on an adjacent 90-pct-Al,03 sample samples after 30-day exposure

i e e T8
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FIGURE 4.—Cross section of refractory sample showing
metal penetration and corundum growth.

-

FIGURE 5.-Set of samples after exposure in 14-day test.

The l4-day test results confirmed the
observations of the 30-day tests; i.e.,
corundum formed on some refractories and
when metal penetration of the refractory
occurred, corundum was formed. Table 3
shows the results of four 1l4-day tests
where the refractories were exposed to
recycled aluminum melts. Figure 5 shows

a set of samples after one of the l4-day
tests. The 90— and 94-pct-Al1203 brick
samples always developed corundum and had
extensive metal penetration when exposed
to the alloy melts. The 99- and 70-pct
A1,03 samples developed some corundum
and showed slight metal penetration. The
phosphate—bonded 70- and 82-pct-Al 03 re-
fractories, the zircon, and the spinel
refractories all showed no corundum for-
mation. The 70- and 90-pct-Al 03 refrac-—
tories that were treated with phosphoric
aclid or coated with spinel mortar and
fired to 1,000° F showed no corundum de-
velopment or metal penetration. Table 4
lists the results of exposures of refrac-—
tory samples to a high-purity aluminum
melt, a recycling alloy melt (0.6 to 1.0
Mg), and a high-magnesium (2.5 to 3.0 pct
Mg) aluminum melt. No major differences
in corundum formation or metal penetra-
tion were noted. Visual observations in-
dicated, however, more metal penetration

of samples by the high-purity aluminum
melt. Also, when corundum developed on
samples it appeared to develop faster

when magnesium was present in the melts.

In summary, when corundum growths ap-—
peared, there was metal penetration of
the refractory, but the formation of the
corundum material on certain refractories
in the 30-day tests occurred because
these refractories were next to ones that
developed major corundum growths. This
problem was eliminated in the l4-day
tests by having the samples separated.
The results of these tests showed con-
clusively that corundum formed only when
there was metal penetration of the
sample.

The test i1esults suggest that the mol-

ten metal penetrates the porous refrac-
tory, migrates wupward &above the metal
line to the refractory surface, then is

oxidizing atmosphere where
corundum develops. This is dramatically
demonstrated in a high-density 99-pct-
Al1,03 sample where a thermal crack in the
sample extended from below the metal
line to above it. As shown in figure 6,
corundum did form on this sample at the
point where the crack exposed the molten
aluminum to the furnace atmosphere. The
presence of magnesium in the recycled

exposed to an



TABLE 3. - Results of i4-day tests in recycled metal

Refractory classification Corundum formation | Metal penetration
Degree Exposures | Degree | Exposures
Alumina:
99-pct-Al03 brick, B&Weeeeeeoesseecsseseass | Majore 2 Major. 2
99-pct-Al1,03 brick, Didier Taylore«eeeeeeess | None.. 1 None.. 1
94-pct-Al,03 brick, AP Greenceseesesecaeess. | Major. 1 Major. 1
90-pct—-Al703 brick, North Americaneeeeeeeees | .odo.. 1 eedo.. 1
90-pct-Al,03 brick, B&Weeeereeeeoosooeseeees | +odo.e 2 «edo.. 2
90-pct-Al1,03 brick, HzPO4 treated, dried, None.. 1 None.. 1
B&W.
90-pct-Al,03 brick, HzPO4 treated, fired at | None.. 2 None.. 2
1,000° F, B&W.
90-pct-Al,05 brick, HzPO4 treated, fired at | None.. 2 None. . 2
1,000° F, North American.
82-pct-Al,03 brick, phosphate bond, burned, None. . 1 Minor. 1
H&W.
82-pct-A1,03 brick, phosphate bond, H&W..... | None.. 1 R Lo T 1
70-pct-Al1,03 brick, phosphate bond, burned, None.. 1 ..do.. 1
H&W.
70-pct-A1703 brick, phosphate bond, H&W..... | None.. 1 ..do.. 1
70-pct-Al1703 castable, PlibricOoecececesesesss | Majore. 1 eedos. 1
70-pct-Al1,03 castable, conc. HzPO4 treated, None.. 3 None.. 3
fired at 1,000° F, Plibrico.
70-pct-Al1,03 castable, spinel coated, fired | None.. 3 None.. 3
at 1,000° F Plibrico.
Spinel:1
Castable, CA 25 bond, Carborundumes.ccecscsoe | None.. 1 None. . 1
Brick, fused cast, Carborundume..cecscescsses | Nones. 1 None. .« 1
Brick, Dow spinel bond, Carborundume........ | None.. 1 None. . 1
Zircon:? Castable, Didier-Tayloreseseceesecsss | None.. 1 None.. 1

170 pct MgO and 30 pct Al,0s.  2ZrSiO,.

NOTE.——-The minor-major are based on wvisual observations and not distinct
measurements.

alloy metal seems to affect the rate of
corundum growth after the growth starts.
This agrees with results reported by the
Lanxide Corp., Newark, DE in the forma-
tion of its "Lanxide" ceramics.3

Corundum did not develop on the phos-
phate-bonded alumina or spinel refrac-
tories. This was also the case when the
70— and 90-pct-Al1203 refractories were
treated with a phosphoric acid solution
or coated with a thin layer of spinel
mortar (figs. 7-8). This may be due to

3Newkirk, M. S., A. W. Urquhart, H. R.
Zwicker, and E. Breval. Formation of
Lanxide Ceramic Composite Materials. J.

Mater. Res., v. 1, No. 1, Jan.-Feb. 1986, FIGURE 6.—Corundum formation on dense 99-pct-alum-
pp. 81-89. inum sample at location of thermal crack.




TABLE 4. - Results of l4-day tests using high-purity, recycled,
and high-magnesium metal

Refractory classification Corundum formation | Metal penetration
Degree | Exposures | Degree |Exposures
PURE METAL
Alumina:
99-pct-Al703 brick, B&Weececcooosooosssecsesss | Major. 2 Major. 2
99-pct-Al150z brick, Didier Tayloreeceecseeses | Minor. 1 Minor. 1
94-pct-Al703 brick, AP Greencecsscsscccssssss | Major. 1 Major. 1
90-pct-Al,03 brick, North Americancesesecceecs [ sedoe. 1 «edo.. 1
90-pct-Al 703 brick, B&Weeesoesoosoveeccocees | oedoee 2 vedOe e 2
82-pct-Al 703 brick, phosphate bond, burned, None. . 1 Minor. 1
H&W.
70-pct-A1203 castable, PlibricOecccscccsseee | Noneos 1 eedoO.e 1
Spinel:
Castable, CA 25 bond, Carborundumesccecsoss. | None.. 1 eedOes 1
Brick, fused cast, Carborundume.ccccescoosce | NDaiuwse ND NDssss ND
Brick, Dow spinel bond, Carborundumscscscss. | None.. 1 None. . 1
Zircon:é Castable, Didier-Taylorfesececoceccess | NONes. 1 None. . 1
RECYCLED METAL
Alumina:
99—-pct -A1703 brick, B&Weceoosoeoscecssoccosss | Major. 1 Major. 1
Y9-pct-Al1,03 brick, Didier Tayloreecseccecoss | None.. 1 None. o 1
94-pct-Al703 brick, AP Greencceeccoceccesccse | Majore 1 Major. 1
90-pct—Al17035 brick, North Americaneecsececce | oodoe. 1 «edo.. 1
90-pct—A1703 brick, B&Weeeeeooooootsvsescecee | oodo.s 1 eedoe. 1
82-pct-Al1,03 brick, phosphate bond, burned, None. . 1 Minor. 1
H&W.
70-pct-Al1 703 castable, PlibricoOecececsessases | Major, 1 «odoe i
Spinel:'
Castable, CA 25 bond, Carborundumecescesssecee | NOne.. 1 None. - 1
Brick, fused cast, Carborundumecececseceecsss. | None.. 1 None. . 1
Brick, Dow spinel bond, Carborundumese...... | None.. 1 None.. 1
Zircon:é Castable, Didier-Taylor...eeeeeeee.. | None.. 1 None. . 1
HIGH-MAGNESIUM METAL
Alumina:
99-pet-Aly03 brick, B&Weeesoooosoocesoscsces | NDeweo ND NDis o o » ND
99-pct-Ai 03 brick, Didier Tayloreceosees.... | None.. 1 None. . 1
94-pct-Al1203 brick, AP GreenNescossececoscsass | NDeoau ND NDis s o5 ND
90-pct—Al1,03 brick, North Americanc.eeevess. NDowwo ND ND.... ND
90-pct-A1203 brick, B&W..ovvseeecnesvesne-as | Major. 1 Major. 1
82-pct-Al703 brick, phosphate boand, burned, None.. 1 Minor. 1
H&W.
70-pct-A17203 castable, PlibricOesceseccccecss | None.. 1 eedo.. 1
Spinel:1
Castable, CA 25 bond, Carborundumeececescesss | Nonees 1 None. . 1
Brick, fused cast, Carborundumeececcecesceasse | NDeuosw ND NDecwo ND
Brick, Dow spinel bond, Carborundumscecece.... | None.. 1 None. . 1
Zircon:? Castable, Didier-Tayloreceseoscessses | NONEos 1 None. . 1
ND Not determined. 170 pct MgO and 30 pct Al,03. 2ZrSiOg.

NOTE.--The minor-major are based on visual observations and not distinct
measurements.



FIGURE 7.-Samples and cross sections of samples
showing, from left to right, untreated, phosphoric acid
treated, and spinel mortar coated 70-pct-Al;0O4 refractory.

the refractory surface becoming less wet-—
table. It appears that a monolithic re-
fractory furnace 1lining may need only a
surface treatment or "wash" of phosphoric
acid or spinel mortar in areas where

FIGURE 8.-Samples and cross sections of samples
showing, from left to right, untreated, phosphoric acid
treated, and spinel mortar coated 90-pct-Al,O4 refractory.

corundum formation is a problem, i.e., in
the corners of the furnace or around the
loading ports. This treatment should be
evaluated under industrial conditions in
recycling furnaces.

CONCLUSIONS

Based on the study of corundum forma-
tion on refractories exposed to recycled
aluminum melts the following conclusions
can be made:

l. A procedure was developed that du-—
plicated the corundum formation in com—
mercial aluminum recycling furnaces.
This allowed the -evaluation of refrac-
tories for use in these furnaces.

2. Whenever corundum formed, there was
some metal penetration of the refractory.
The molten metal migrated through the
refractory up above the metal line to
the refractory surface where the melt

U.S. GOVERNMENT PRINTING OFFICE: 1988 — 547-000/80,050

oxidized and corundum formed. After the
initial development of corundum, aluminum
metal continues to be brought to its sur-—
face, through a wicking action, and addi-
tional corundum forms.

3. Corundum always formed on the 90-
to 94-pct-Al1,03 refractories evaluated in
this study.

4. Corundum did not develop on com—
mercial phosphate-bonded 70- and 82-pct-
Al1,03, zircon, or spinel refractories.

5. Phosphoric acid treatment or a
spinel mortar coating prevented corun-
dum formation on 70— or 90-pct-Al,0%
refractories.
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