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ABSTRACT

The properties of three refractory castables, desig-
nated as High, Intermediate, and Low Al,04, were investi-
gated after the castables had been exposed to steam-N, and
steam-CO atmospheres at 199°C and 450 psi for 6, 12, and
18 days. Four general chemical reactions were identified.
First, the residual unreacted calcium aluminate cement com-
pounds in the castables reacted with the steam to form ad-
ditional cementitous material. This reaction was consi-
dered primarily responsible for the observed increase in
mechanical strength of the castables. Second, a portion
of the cement bond in the castables was destroyed by the
CO, €Oy, and H0 in the test atmospheres, as evidenced by
the reaction of Ca0 to form CaCO- and Ca(HCO), ~ Third,
the free Al,0z in the castables hydrated to form boehmite.
A volume expansion accompanied this reaction. Fourth, a
portion of the free Si0O, was removed from the SiO,-contain-

ing castables by reacting with the steam.
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I. INTRODUCTION

Refractory castables have been used extensively in pe-
trochemical processing applications as protective and ther-
mal linings in reactors, regenerators, coolers, cyclones,

and catalyst feed 1ines.1

This extensive use 1is princi-
pally due to the lower permeability of castables, compared
to refractory brick of similar composition, which makes
them more resistant to penetration by liquids and gases,2
their generally lower thermal conductivity,3 and ease of
installation.

Limited information is available on the effect of high
temperature-pressure gases on refractories. At elevated
temperatures where CO and H, are present, disintegration
due to carbon deposition (CO disintegration) and Si0O, vola-

a.%:5:6,7:8 ynen high pressure

tilization have been reporte
steam is present, Si0O, is removed as a result of SiO2 hy-
dration.9 High pressure steam poses other problems in that
its percolating action can leach out important constituents
of refractory castables, such as CaO.10
This investigation was undertaken to determine the ef-
fect of steam-N; and steam-CO atmospheres at 199°C and 450
psi on three general types of commercial refractory cast-
ables. These conditions were chosen for two reasons.
First, they simulate those at the cold face of castable
linings in NHy plant transfer lines, where degradation of

11

the linings has been reported. Second, they are relevant

1




to the conditions found in coal gasification units, where
such castables are candidates for use.

The durability of each castable to the test conditions
was monitored by modulus of rupture (M.O.R.) measurements,
and weight and dimensional changes. Chemical reactions
were evaluated by x-ray diffraction, gas chromatography,

and atomic absorption.




II. EXPERIMENTAL PROCEDURE

A. Materials

Three refractory castables, designated as High, Inter-
mediate, and Low (insulating) Al,0., with the composition
and physical properties shown in Table I were examined.

Specimens were cast as 38.1 x 38.1 x 152.4 mm (1% x
1% x 6 in.) bars, cured for 24 hours in air, and dried at
104°C for 24 hours. Additional 12.70 x 12.70 x 31.75 mm
(3 x % x 1% in.) specimens were cut from randomly selected
large bars, cleaned and dried, and used for x-ray diffrac-
tion analysis. After drying, the weight and dimensions of
the large bars and small specimens were recorded.

The raw materials used in each castable were also
studied. A sample of each material, except the cements,
was placed in an aluminum metal container, dried, and
weighed. The cements were mixed with 21-23 wt.% distilled

water, cast as 12.70 x 12.70 x 31.75 mm bars, and weighed.

B, Test Conditions and Procedures

The refractory specimens were exposed to steam-N, and
steam-CO atmospheres in a reaction vessel constructed from
300# ASA carbon steel. Resistance heating elements on the
outer surface of the vessel heated the vessel and contents
to the desired temperature. Additional information con-
cerning the construction of the vessel is given in Appendix

1.




At the start of each test, excess distilled water was
placed in the vessel in sufficient quantities to insure
that saturated steam was present during testing. The spe-
cimens were positioned in the vessel above the water. The
experimental conditions and materials studied in each test
are summarized in Table II. The overall composition of the
test atmosphere was maintained by controlling the tempera-
ture of the vessel, so as to produce a specific steam pres-
sure, and then adding the necessary CO or N, (certified
standard grade) to produce the desired total pressure.
During testing, the test atmosphere was essentially static,
but small quantities of CO or N, were added periodically,

because of small leaks in the system.

C. Analysis Procedures

After exposure to the test atmosphere, the specimens
were removed, examined visually, dried af 104°C, weighed
and the dimensions measured. Samples were taken for photo-
graphic documentation, scanning electron microscope (SEM)
analysis, and x-ray diffraction analysis. The SEM and x-
ray diffraction analysis procedures are described in Appen-
dices 2 and 3, respectively. The M.O.R. was determined ac-
cording to ASTM C268-70, with the exception that the bars
were tested with a 101.6 mm (4 in.) span. The M.0O.R. re-
ported is the average for ten specimens.

At the completion of each test, the interior walls of

the vessel were closely inspected for atmosphere-metal




and/or refractory-atmosphere-metal reactions, and when fea-
sible, samples were taken for x-ray diffraction analysis.

The water remaining in the vessel at the completion of
each test was removed, its volume and pH measured, and any
particulate material removed by filtering through No. 40
filter paper. The solid residue was dried and the com-
pounds present determined by x-ray diffraction. In test 6,
the Ca content of the remaining water was determined by
atomic absorption spectroscopy (see Appendix 4 for the pro-
cedures used).

During the steam-CO tests, the atmosphere was sampled
periodically and analyzed by gas chromatography to deter-
mine any changes in its composition (see Appendix 5 for the

procedures used).

D. Compounds Present in the As-prepared Castables

The compounds, identified by x-ray diffraction, in the
untested (as-prepared) castables and the associated raw ma-
terials are presented in Tables III-V. The relative
amounts of each compound were estimated from the overall
peak intensities. Comparisons between diffraction patterns
were made using peak ratios.

An important difference between the castables is the
manner in which the Al,0- is present. In the High and Low
Al,0- castables, Al,0z is present both as free Al,0z (cor-
undum) and combined in the cement compounds. However, the

Intermediate Al,05 castable contains practically no free




AlZOS'

The manner in which the Si0, is present in the Inter-
mediate and Low Al,0; castables also differs significantly.
The majority of the $i0, in the Intermediate Al;03 castable
is present as mullite (3 Al,0z°2 Si0;) and C,AS, only a mi-
nor ameount being present as free Si0; (e-quartz). In the
Low Al,0z castable, free SiO, (e«-quartz) is the major phase

with all the remaining SiO; being present as CpAS and per-

lite.




III. RESULTS and DISCUSSION

Four general reactions, consisting of cement hydra-
tion, the dissolution of Ca0 from the cement bond phases,
boehmite formation, and Si0O, dissolution were identified
from x-ray diffraction analyses of the castables and the
associated raw materials exposed to the test conditions.
The extent and effect of these reactions upon physical pro-
perties differed among the castables, primarily because of
the different chemical and mineralogical composition of the
castables. A summary of the reactions and their overall

effects is given in Table VI.

A. Cement Hydration

The residual unreacted calcium aluminate compounds in
the castables, primarily CA and CA,, reacted with the steam
in both atmospheres to form additional CAH;,, a metastable
compound which has been termed the most common product of

normal hydration.lO

The amount of CAH,, formed in the
castables increased with increasing testing time. Accom-
panying this reaction was a weight increase, exhibited by
the neat cement samples exposed to the test conditions, and
more importantly, a strength increase, as shown in Figure
1. After 18 days in the steam-N, atmosphere, the N, being
inert, the strength of the High Al,0z castable increased by

a factor of two. Such results clearly show that the me-

chanical stability of a hydraulic castable can be enhanced




by hydrothermal conditions.
For additional information concerning the effect of
the test conditions on cement hydration, refer to Appendix

6.

B. Reaction of the Cement Bond Phases

Although mechanical strength increases accompanied ce-
ment hydration, the test atmospheres also adversely af-
fected the Ca0 in the cements.

As shown in Figure 1, the High A1,0x castable de-
creased in strength after 18 days in the steam-CO atmos-
phere. This decrease is attributed primarily to attack of
the cement bond phases by the CO. This attack consisted of
three simultaneous reactions. The CO reacted to form CO,,

probably as shown in equation (1).
COg) * 0y === CO2¢g) * Ha(y) (1)

This assumption was determined from gas chromatography ana-
lyses of the steam-CO atmospheres. The CO, content of the
steam-CO atmosphere as a function of time at 199°C and 450
psi is shown in Figure 2. CO, formation according to equa-
tion (2) is not believed to have occurred, since no carbon
or carbon compounds were detected in the refractories, in

the residues recovered from the water after testing, or on

the vessel interior.




The CO2 then reacted with the Ca0 in the cements to form
CaCOx, aragonite. In addition, the steam and CO reacted
with the Ca0 to form Ca(HCO,),, calcium formate. Calcium
carbonate formation is a commonly reported, well understood
reaction, but Ca(HCO,), formation has not previously been
reported in refractory literature.

The Ca(HCO,), formed probably as the result of the re-

action:

CaO(S) + 2 CO(g) + HZO(g)__“"* ~—~>1Ca(HCOz)2(S) (3)

Two arrows are shown in equation (3) because this reaction
may involve more than one step, but only the reactants and
subsequent product were identified. Similar formate reac-
ticns have been reported at pressures and temperatures a-

bove 100 psi and ZOOOC,12

which encompass the conditions
used in this study.

The Ca(HCO,), was observed as white fibrous and flaky
material only on the castable surfaces as shown in Figures
3(a) and (b), the top samples. The dark regions on the
lower samples are areas where FeSO4 and/or Fe,0z were de-
posited as a result of "iron-staining'" by rust-laden steam.
This rust resulted from the reaction of the steam in the
test atmospheres with the carbon steel vessel.

CaCOz, calcite, was also detected in the castables ex-
posed to the steam-N, atmosphere, but only in small amounts.

This CaCO3 is attributed to the reaction of the Cal with

trace CO, (air), apparently arising from inadequate purging

9
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of the vessel. The amount of CaCO3 detected on the surface
of the castables exposed to both test atmospheres decreased
with increasing testing time.

The greatest amounts of Ca(HCOZ)Z were observed on the
Intermediate A1203 castable. Generally, such large amounts
of Ca(HCOz)2 formed within 6 days on all of the castables
exposed to the steam-CO atmosphere, that it was difficult
to visually determine any change with increasing testing
time. Weight change data was obtained, but it was compli-
cated by other reactions. Dissolution and dissociation of
the calcium-containing compounds were verified, however, by
three factors.

The first was the change in pH of the water recovered
after testing, as shown in Table VII. In the steam-N, at-
mosphere, the water was basic, which is consistent with the
dissolution of Ca0. Ca0 and CaCOz are soluble in acidic

13 and éhe distilled water initially added was

liquids,
slightly acidic. Therefore, it is believed that Ca0 and
CaCOz were leached from the castables by the percolating
steam. In the steam-CO atmosphere, the water recovered af-
ter testing was acidic. Ca(HCOj); is soluble in water and
tends to dissociate under high temperature and pressure

conditions to form formic acid,lz’l3

according to the equa-
tion:

Ca(HCO,), + 2 HY =—= 2 H,C0, + ca?? (4)

If equilibrium conditions were achieved, the CO, (resulting




from the reaction shown in equation (1)) would also dis-
. . ., 1 .
solve in the water to form carbonic acid, 4 as shown in

equation (5).

m==== H _CO (5)

“2 T ") 2773 (1)

Such acid formation explains the acidic condition of the
water recovered from the steam-CO tests, and the dissolu-
tion of the Ca0 and CaCOgz.

Second, atomic absorption analysis of the water recov-
ered after testing showed that it contained >> 1000 ppm Ca.
The Ca content of the distilled water added before testing
was << 1 ppm Ca.

Third, the solid residues, filtered from the water re-
covered after testing, contained CaCOz and Ca(HCO,},, as
indicated by x-ray diffraction.

It could not be determined which cement compounds were
most readily attacked by the test atmospheres, nor were any
differences in cement compound reactivity noted between the
CA-25 and Refcon cements. However, the overall test re-
sults demonstrate the corrosiveness of CO, even on a high
purity castable, such as the High Al,0; castable, which
would be expected to exhibit excellent resistance to "'con-
ventional'™ CO disintegration.

Additional information concerning the reaction of the

Ca0 in the cement bond phases is given in Appendix 7.

11
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C. Boehmite Formation

In addition to reactions involving the cement bond
phases, the free Al,0- {corundum) in the castables reacted
with the steam in the test atmospheres to torm boehmite,
«~A1203-H20.

In the High Al,04 castable, the boehmite formed is at-
tributed to the hydration of the <><—A1203 in the CA-25 ce-
ment, since no boehmite was found on the T-61 Tabular Ale3
aggregate present in this castable. In the Intermediate
A1203 castable, the trace amount of boehmite detected 1is
attributed to the hydration of the trace o<—A1203 in the
Refcon cement. Both the trace o<—AlZO3 in the Refcon cement
and the calcined Alzos, introduced as refractory aggregate,
were responsible for boehmite formation in the Low AIZO3
castable. The Al,05 combined in the cement compounds might
also be expected to have reacted to form boehmite, especi-
ally under those conditions where the Ca0 was removed,
leaving a reactive, free AlZOS’ However, no evidence for
this was found.

The amount of boehmite detected in all three castables
increased with increasing testing time. In general, the
lower the bulk density (Table I), or the more permeable the
castable, the deeper the location at which boehmite was de-
tected, as shown by the data in Table VIII. It is also
evident that boehmite formed at greater depths in the steam

-CO atmosphere than in the steam-N, atmosphere. This data

was obtained from x-ray diffraction analyses of progressive




depth sections removed from the castables. If this re-
action proceeds to a sufficient degree, expansion cracks or
spalling might occur. This was occasionally observed when
boehmite formed in the interior of the castables, as shown
in Figures 4(a) and (b). Each photograph shows expansion
cracks on the left side of the center samples. The areas
adjacent to these cracks contained substantial amounts of
boehmite. The dimension change data in Table IX also ver-
ify the occurence of the*Al,04 - boehmite transformation.
The High and Low Al,0; castables, which on the basis of the
amount of boehmite formed, contain the most reactive free
Al1,04 (Table II1 - the CA-25 cement, Table V - the calcined
A1,0z, respectively) available for reaction, exhibited the
largest expansion. The Intermediate Al,0. castable, which
contains the least amount of reactive free Al,0; (Table
1V), had the lowest expansion. These data also suggest
that for the test atmospheres investigated, the CA-25 ce-
ment is more reactive than the Refcon cement, because of
the large amount of free Al1,0-; available to form boehmite.

16 shows boehmite as a

The Al1,0z - H,0 phase diagram
stable phase between 15-1500 psi and 150-300°C, so this may
be a difficult reaction to prevent, depending upon the
quantity and reactivity of the fine grained Al,0z in the
castable aggregate or the calcium aluminate cement.

Although volume expansions and cracking accompanied

bochmite formation, decreases in the mechanical strength of

tii2 castables could not be attributed solely to this

13
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reaction.

Appendix 8 contains additional information on boehmite

formation.

D. SiO2 Dissolution

The steam in the test atmospheres also reacted with
the Si0, in the Intermediate and Low A1203 castables, and
removed a portion of the Si0, from the castables. This re-
action was confined to only the free 5iO,, present as
wx-quartz. No decrease in the amount of C,AS in the Refcon
cement or the mullite in the Intermediate Al,0x castable
was detected.

The loss of Si0, from the specimens was indicated by

2
three facts. First, in addition to containing substantial
amounts of Fe,0., Fez0y, CaCOz, and Ca(HCO,),, the solid
residue, filtered from the water recovered after testing,
contained e-quartz. Second, the samples of the raw ma-
terials containing free Si0, (flint clay and silica sand -
Tables IV and V, respectively) showed a small weight loss
upon exposure to the test conditions. Third, the amount of
«-quartz detected in the Intermediate and Low Al,04 cast-
ables decreased with increasing testing time, as indicated
by x-ray diffraction.

The amount of Si0, lost from the Intermediate and Low
A1203castables was essentially identical for the steam-N,

and steam-CO atmospheres. This suggests that steam is

principally responsible for Si0O; removal.




Since SiO2 is a constituent of many refractory cast-
ables, its removal must be considered detrimental to the
long term stability of SiO,-containing castables. However,
the strength decreases observed in the Intermediate and Low
Al1,05 castables, shown in Figures 5 and 6, cannot be at-
tributed solely to this reaction, as will be discussed
later.

Additional information for the dissolution of the SiO2

from the castables is given in Appendix 9.

E. Mechanical Properties of the Low and Intermediate Al
Castables

0

2=3

Thus far, primarily the High Al,04 castable has been
used to illustrate the effects of the various reactions ob-
served in this study. However, as shown in Table VI, the
Intermediate and Low Al,0+ castables were also significant~
ly affected.

The mechanical strength data in Figure 5 show that the
Intermediate Al,0; castable was similarly affected by both
test atmospheres. The castable initially exhibited a
strength increase, which is attributed to cement hydration.
However, after 18 days, the strength of the specimens ex-
posed to the steam-N, atmosphere had decreased to its ori-
ginal value, and the castable exposed to the steam-CO at-
mosphere appears to be following the same pattern. The
strength decrease is believed to be due to the combined ef-
fects of boehmite formation, SiO2 dissolution, and dissol-

ution of the cement bond phases. Based upon the data in
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Table IV, which shows «—AIZO3 and «-quartz present in only
trace amounts, it can be concluded that the dissolution of
the cement bond phases is the principal reaction. The
trend of the strength data suggest that with increasing
testing time, the strength will continue to decrease.
Therefore, the long term stability of this class of cast-
ables to atmospheres containing steam and CO is question-
able.

The mechanical strength data in Figure 6 shows that
the Low Ale3 castable did not exhibit a strength increase,
even though cement hydration was considered a principal re-
action, as shown in Table VI. Instead, a strength decrease
occurred, and the trend of the data suggests that with in-
creasing exposure time, the mechanical strength will con-
tinue to decrease.

The deterioration of the Low Alzo3 castable is also
attributed to the combined effects of boehmite formation,
SiO2 dissolution, and dissolution of the cement bond
phases, since substantial amounts of all of the necessary
reactants, free «*AlZOS, free §i0,, and cement compounds,
are present in this castable, as shown in Table V.

| Examples of the type of visible deterioration observed
in the Low Al1,0; castable are shown in Figures 7 and 8. In
Figure 7(2),large cracks are evident in the center sample.
Upon moving the sample, it fell apart, as shown in Figure
7(b). The material adjacent to the crumbled areas con-

tained large amounts of boehmite and Ca(HCOZ)Z, and only




trace amounts of free SiO2 and cement bonding material.

The sample shown in Figure 8 was very ''spongy' when removed
from the steam~N2 atmosphere, and the ends of the sample
were somewhat bloated and decomposed. X-ray analysis of
these areas showed that they contained substantial amounts
of boehmite, and only trace amounts of cement bonding ma-
terial and free SiOz.

Even though the strength data for the Low Al,0, cast-
able do not show decreases in strength of the magnitude ob-
served in the High A1203 castable, the overall data for the
Low Al,04 castable does suggest that steam-CO atmospheres

are detrimental to the stability of this class of cast-

ables.

F. Additional Information

The weight change data for the castables verifies the
occurrence of all the chemical reactions. However, the
data is somewhat unclear, and explanation of it tends to
be complicated. Therefore, this data is in Appendix 10.

To aid in comparison of the results obtained in future
investigations, Appendix 11 contains the strength data used
in Figures 1, 5, and 6.

Investigations were also conducted at higher tempera-
tures and pressures, and under different atmospheres. A

discussion of these tests is presented in Appendix 12,

17
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IV. CONCLUSIONS

Four general chemical reactions were observed in
steam-N, and steam-CO atmospheres at 450 psi and 199°C.

First, the residual unreacted calcium aluminate cement
compounds in the castables reacted with the steam in the
test atmospheres to form additional cementitous material.
This reaction is considered to be responsible for the
higher mechanical strengths observed in the steam-N, atmos-
phere.

Second, the Ca0 in the cement bond phases reacted with
the CO, steam, and CO, (resulting from the reaction of the
CO znd HZO) to form CaCO4 and Ca(HCOZ)Z. This reaction is
believed to have the most significant effect on the struc-
tural integrity of the castables, since it indicates de-
struction of the cement bond phases.

Third, the free Al,0; in the castables hydrated to
form boehmite. Although associated with this reaction were
a volume expansion and cracks, decreases in the mechanical
strength could not be attributed solely to this reaction.

Fourth, the steam in the test atmospheres reacted with
the free SiO2 (x¢-quartz), and removed a portion of the Si0,
from the castables.

It could not be determined from the data obtained

which cement compounds were most readily attacked by the

test atmospheres, but the data does suggest that the CA-25

cement was more reactive than the Refcon cement, due to the




large amount of reactive free A1203 available to form boeh-

mite.
In general, the steam-CO atmosphere was the more cor-
rosive of the two atmospheres. In all cases, except for

the High AlZO castable exposed to the steam«N2 atmosphere,

3
the strength data suggest that with increasing exposure
time the mechanical stability of the castables will de-
crease.

The tests in this study were performed for only 18
days, a very short time compared to the expected service
life of commercial castables. Longer duration tests are

desirable to determine the eventual effect of the chemical

reactions observed on physical and mechanical properties.
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Table 1.

Composition (wt.%) and Physical Properties
of Refractory Castables¥®

High Intermediate Low

Al,03 Al,0+ Al,0z
SiO2 0.05- 0.15 38.0-41.0 51.0-54.0
Al,04 94.5 -95.0 44.0-47.0 33.0-36.0
Fe, 04 0.1 - 0.3 1.0- 3.0 0.6- 0.9
Cal 4.3 - 4.8 8.0- 9.5 8§.5-10.0
MgO Trace- 0.2 0.1- 0.6 0.1- 0.6
Tio,  =mmees 1.5- 2.5 0.5- 1.5
NaZO + KZO 0.2 - 0.4 0.5- 1.5 1.0- 2.0
or  eeeee- 0.5- 1.0 0.5- 1.0
Bulk Density (g/cc)*# 2.68-2.76 2.08-2.16 0.82-0.90
M.O.R. (psi)** 1200-1800 700-1000 70-100
Max. Service o
Temperature ( C) 1870 1425 1260

* As provided by the A.P. Green Refractories Company.

#% Trowelled or poured, cured, and then dried at 104°C.
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Table II.

Test Conditions

Atmosphere Composition Pressure Temperature Durarion
Test No. (vol. %) (psi) (°C) (days) Material Tested
1 45,7 HZO, 54.3 N2 450 199 6, 12, 18 * High A1203
2 " " " " * Intermediate A1,0-
] 1} t 13} %
3 ' Low A1203
1 (] [ LA E3 - &

4 45.7 HZO’ 54.3 CO High AlZO3

5 " " " " *% Intermediate /\1203

6 " " " " *% Low AlZO,
o)

* Ten 38.1 x 38.1 x 152.4 mm specimens and one 12.70 x 12.70 x 31.75 mm specimen were

used for each time period.

*% Ten 38.1 x 38.1 x 152.4 mm specimens, one 12.70 x 12.70 x 31.75 mm specimen, and a
sample of each of the raw materials present in the corresponding castables were used

for each time period.




Table III.

Compounds Identified in the Untested
High Alumina Refractory Castable

Raw Materials

TN
f,
Compounds Castable T-61 CA-25%,%% CA-25
Tabular Cement Cement

Al1,05  (hydrated) (unhydrated)

«-A1,0

(Corungum) M M M M (2)
| CA m (1)®  ----- m (1) M (1)

CA2 —————————— tr m

CipAy  mmmmm o mmmme o m

AHz (Gibbsite) tr 0 meee- tr 0 eeee-

C (Al m (2)  -e--- mo(2) e

CAHIO —————————— I O

Cslg 4, 7o T tro -eees

Abbreviation key: M = major, m = minor, tr = trace,
A= Ales, C = CaO, H = HzO, and S = SiOZ.

* Manufactured by the Aluminum Corporation of America.

#% Reacted with 21 wt.% distilled H,0.

The number in parentheses indicates the 'comparison”

intensity. For example, CA m (1), CSAHé m (2), indi-

cates that CA is the principal minor phase and CzAHg
is the secondary minor phase.
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Table IV.

Compounds Identified in the Untested
Intermediate Alumina Refractory Castable

Raw Materials

Compounds Castablefblint Refcon®,#%% Refcon
Clay Cement Cement
(hydrated) (unhydrated)

o~ Al50
(Corungum) tr 0 meee- tr tr

SiO2 (=-Quartz) tr i S

3 A1,04-2 Si0
(Syntheétic Mu%lite) M (1)% 1 S

CA T m (3) M (1)
CA, m (2)  ---e- m (2) M (2)
C12A7 """"""""""""""" tr

CZAS (Gehlenite) M (2)  ----- M M (1)
CT (Pervoskite) = ----- = =~----= tr tr

AH~ (Gibbsite) ty 0 eeee- tr 0 ee—--
C Al m (1) ----- m (1) e---
CAHyg T tr e
CzAHg_ 17 tr e tr  -ese-

Abbreviation key: M = major, m = minor, tr = trace, A =
AlZOS’ C = Ca0, H = HZO, S = SiOZ, and T = TiO;.

* Manufactured by Universal Atlas Cement.
*% Reacted with 23 wt.% distilled H,O0.
* The number in parentheses indicates the 'comparison"
intensity. For example, 3 Al O -2 810% M (1), C AS M
h

(2), indicates that 3 Al,0z-2 5102 is e pr1nc1pa1 ma-
jor phase and C,AS is the secondary major phase.
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Table V.

Compounds Identified in the Untested
Low Alumina Refractory Castable

Raw Materials

{, e
Compounds Cast- Cal- Silica Per- Refcon®*,** Refcon
able cined Sand lite Cement Cement
Al,0 (hydrated) (unhydrated)
%-Al70%
(Corundum) M(2)* M --- --- tr tr
B-A1,0z .- tr --- .- --- -
Si0
(«—auartz) M(1) --- M - --- ---
CA --- - --- - m{3) M(1)
CA, - - --- .- m{2) M(2)
Cle7 --- --- -~ - - tr
C,AS
(Behlenite) M(2) --- M M(1)
CT
(Pervoskite) tr --- tr tr
AHz (Gibbsite) tr --- tr -
CzAHg m(l) ~--- m(1) -
CAH10 tr <-- tr ---
CsAHg_lz m(Z) - t}f' -
CaC03
(Calcite) tr --- --- ---

Abbreviation key: M = major, m = minor, tr = trace, A =
AlZOS’ C = Ca0, H = Hy0, S = SiOZ, and T = TiO,.

* Manufactured by Universal Atlas Cement.

*#% Reacted with 23 wt.% distilied H,0.

The number in parentheses indicates the "comparison'

intensity. For example, SiO, M(1), ««-Al,04 M(2), indi-
cates that Si0O, is the principa] major p%ase and

«x-Al,0z is the secondary major phase.
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Table VI.

Summary of Chemical Reactions Observed in
Exposure to 45.7 vol. %
at 199°C and 450 psi

Ca0 Dissclution
Cement’CaCO3 M
Hydra- Forma- Ca(HCOz)

5i0

Boehmite Dis&o-

Steam and 54.3 vol.

the Castables
% N, or CO Atmospheres

Castable tion tion Formation Formation lution EE M.O.R. Wt. Dimen.
Steam-N, M¥* mo e---- L B I D=1  -----
High
AlZO3
Steam-CO0 tr M M eeee- A S1 I—=D I E
Interme- Steam-N2 M tr  e---- tr tr B I-D 3 )
diate
AlZO3
Steam-C0O M tr M tr tr A I>D D E
Steam-N2 m m = eem-- M m B D D e
Low
Steam-CO m tr M M m A 811 D—>1 E
Abbreviation key: M = major, m = minor, tr = trace, A = acidic, B = basic, I = in-
crease, D = decrease, S1 = slight, " —>»" = followed by, [ = expansion.

* The M, m, and tr designations indicate which reactions were most prominent.
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Table VII.

pH of Water Recovered After Testing

pH#
Test Duration High Intermed.
(days) Al,0 Al O
Steam«-N2 Atmosphere at 199°C and 450 psi
6 6.1/10.4 6.1/10.8
12 and 18 6.1/ 9.6 6.1/10.0

Steam-CO Atmosphere at 199°C and 450 psi

6 6.8/ 5.9 5.9/ 6.2

6.3/ 5.7

12 and 18 6.2/ 5.3

Low

6.5/9.5
6.2/7.4

5.8/5.4
6.2/4.5

* pH = x/y. x = pH before testing, y = pH after test-

ing.




Table VIII.

Depth at which Boehmite Formed After an
18 Day Exposure to the Atmosphere
Shown at 199°C and 450 psi

Depth (mm)
Castable Steam-N, Steam-CO
High Al,04 2-4 19%*
Intermediate Ale3 2-3 4-5
Low A1,0 19% 19*%

273

%* Detected at the center of the specimens.
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Table IX.

Average®* Expansion After Fxposure to
Steam-CO Atmosphere at 199°C and 450 psi

Test Duration High
(days) AL,0;

6 1.05

12 2.50

18 2.81

* Average of the length, width,

10 specimens.

#% Average of 7 specimens.

Expansion (%)

Intermed. Low
Aly0z _51293
0.10 1.57
0.50 1.51%%
0.17 1.14

and depth expansion for
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AQEendix 1
TEST SYSTEM CONSTRUCTION

The reaction vessel measured 203.2 mm 1.D. and 457.2
mm in depth (8 in. I.D. x 18 in. deep), and was capable of
1000 psi at 345°C. A detailed view of the construction of
the vessel is shown in Figure Al-1. The water concentra-
tion cone shown in Figure Al-1 was made from heavy gage a-
luminum foil and was used to direct the flow of water,
which condensed on the vessel 1id, directly onto the center
of the test samples. Thermocouples 1 through 5 were used
to monitor the temperature gradient throughout the vessel.
Thermocouple 1 was also used for temperature control. At
199°C and 450 psi, the temperature within the vessel varied
only *10°C from top to bottom and +5°C from side to side.

A schematic diagram of the test system is presented in
Figure Al1-2. Two precautions were taken to insure safe
operating conditions. First, the gas system was equipped
with an adjustable relief valve, which in case of excessive
pressure would open and automatically reduce the pressure
to within safe limits. Second, the temperature controller
was equipped with thermocouple break protection, so that
failure of the temperature controlling thermocouple would

cause the controller to reduce the power input.
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AEEendix 2
SEM ANALYSIS

Solid samples were carefully removed from the test
specimens and cemented to a mounting fixture using silver
paste. The mounted samples were then examined using a
JEOLCO JSM-2 scanning electron microscope. While still
mounted in the vacuum chamber, the elemental constituents
of the samples were determined using an Ortec Si (Li) ele-

mental analyzer.




AQEendix 3
X-RAY DIFFRACTION ANALYSIS

a. EXPERIMENTAL PROCEDURE

X-ray diffraction analyses were performed with a Gen-
eral Electric x-ray diffractometer, model XRD-700, using Cu
and Co K_ radiation. Three sample preparation methods were
utilized: bulk, powder, and vaseline-powder.

The 12.70 x 12.70 x 31.75.mm specimens and sections of
approximately the same dimensions, removed at different
depths from the 38.1 x 38.1 x 152.4 mm specimens, were pre-
pared by the bulk method. This method consisted of mount-
ing the specimens in an opening in a glass slide with mo-
deling clay, as shown in Figure A3-1(a). The exposed sur-
face of the sample was then analyzed. Progressive-depth
analyses were made by successively grinding and analyzing
the sample surface. Two problems were encountered with
this method. Since the sample was a polycrystalline aggre-
gate, there was no control over the distribution and/or o-
rientation of particles in the surface being x-rayed.
Therefore, the observed intensities were subject to an un-

controllable Varia’t‘cion.AS—1

Second, only a small portion
of the sample surface, approximately 2 x 8 mm ( 0.1 x 0.3
in.) was analyzed, and it could only be assumed that this

area was representative of the entire sample. Both of

these problems could have been minimized by rotating the
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sample. This would have randomized the orientations with-
in the sample plane and increased the area being analyzed,
but such a device was not available. Consequently, large

variations in peak intensities were observed, resulting in
much difficulty in compound identification and peak ratio

comparisons.

The powder method was used when a substantial amount
of sample was available. The material was ground to -100
mesh in a mortar and pestle and placed in an opening in a
glass slide. The material was pressed into position from
the back side, the excess material removed, and then cov-
ered with a piece of transparent tape (refer to Figure
A3-1(b)). The exposed surface of the sample was then x-
rayed. The advantage of this method was that preferred or-
ientation at the exposed surface was prevented.

The vaseline-powder method was used only when a small
amount of sample was available. The material was ground to
-100 mesh in a mortar and pestle and mixed with a very
small amount of vaseline. The vaseline-powder mixture was
then removed from the mortar and uniformly spread as a thin
film on a glass slide (refer to Figure A3-1(c)).

The Hanawalt method was used for compound identifica-

tion.AS"2

Comparisons between diffraction patterns were
made using peak ratios. Due to the large number of compo-
nents present in each castable and the resulting complex
absorption and scattering effects, quantitative analysis

and comparisons based upon integrated intensity data was

virtually impossible.
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Appendix 4
ATOMIC ABSORPTION SPECTROSCOPY

a. EXPERIMENTAL PROCEDURE

A Varian-Techtron AA-5 atomic absorption spectro-
meter,‘M'1 using a Ca light source and an acetylene-air
flame, was utilized to determine the Ca content of the re-
sidual water in the reaction vessel (test 6). The water
samples were prepared by filtering through No. 40 filter
paper to remove the particulate material. Both a sample of
the distilled water added before testing and a sample of

the water recovered after testing were checked for the pre-

sence of Ca.

b. REFERENCES

Ad-1 Varian - Techtron AA-5--Instruction Manual, sections
1, 3, 6, Varian Techtron, Park Ridge, Tllinois.
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Appendix 5
GAS CHROMATOGRAPHY

a. EXPERIMENTAL PROCEDURE

The test atmospheres were analyzed with a Victoreen

51 .t the conditions shown

4000 Series gas chromatographA
in Table A5-I. Prior to each analysis, standards, composed
of the gases in the test atmosphere, were analyzed to cali-
brate the retention times for the various gases (air, CO,
€0,, Hy, Hy0, and NoJ.

The liquid displacement method, shown in Figure A5-1,
was used to obtain a sample of the test atmosphere. The
reaction vessel "bleeder'" gas line was purged for 30-40 se-
conds to allow gas from within the vessel to flow through
the outlet valve. A gas sampling bottle, filled with dis-
tilled water, was then connected to the outlet valve and
the test atmosphere allowed to displace the water. Upon
complete displacement of the water, the outlet stopcock was
closed and the pressure in the bottle allowed to increase
slightly. The inlet stopcock was then closed and the sam-
pling bottle disconnected. A gas-tight syringe was used to

remove the test atmosphere from the sampling bottle for in-

jection into the gas chromatograph.
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b. REFERENCES

5~ . .
As-1 Victoreen 4000 Series Gas Chromatographs--Instruc-
tion and Maintenance Manual, The Victoreen Instrument Co.,
Cleveland, Ohio.

A5-2 Porapak, Gas Chromatography Column Packing Materials,
Bulletin PB-71-205, Waters Associates Inc., Framingham,
Massachusetts.

Table A5-I.

Gas Chromatography Analysis Conditions

COLUMN : 1524 mm long x 3.175 mm O0.D. (60 in. long

x 0.125 in. 0.D.), stainless steel

SUPPORT : Ethylvinylbenzene polymer beads (Porapak
Q),AS"2 100/120 mesh
(Packed column conditioned at 230°C for 1
hour)
CARRIER : Helium

Inlet pressure = 28 psi

Flow rate = 15 ml/min.

DETECTOR : Thermal conductivity cell

TEMPERATURES : Injection port = 190°C
Column = 30°C
Detector = 230°C




AQEendix 6
CEMENT HYDRATION

a. RESULTS and DISCUSSION

RobsonAﬁ'1

reported that during cement hydration,
metastable calcium aluminate hydrates appear readily, and
once formed are extremely persistent, except at higher tem-
peratures. Therefore, the metastable CAH;y, which resulted
from the reaction of the CA and CA, in the cements and the
steam in the test atmospheres, should have transformed to
the stable C3AH6. However, it did not, and it is believed
that the elevated pressure conditions in this study may
have helped suppress this metastable - stable transforma-
tion.

CipAq was detected only in the unhydrated castables,
which indicates it hydrates rapidly and completely.

The C,AS, which is present in only the Intermediate
and Low Al,0z castables (Refcon cement), proved to be unre-
active. This was expected, since it has been reported that
crystalline CZAS reacts extremely slowly, if at all, with
water,A0-1

The CT, pervoskite, present in only the Refcon cement,
was also unreactive. The occurrence of this compound in
the Refcon cement is due to the reaction of lime with small

amounts of TiO,, present in the bauxites used for the manu-

facture of high AlZO3 cements.
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b. REFERENCES

A6-1 T.D. Robson, High Alumina Cements and Concretes, pp.
36, 51, John Wiley and Sons, Inc., New York, 1st published
in 1962.




Appendix 7
REACTION OF THE CEMENT BOND PHASES

In the steam-N, atmosphere, the CaCO3 was observed
both as well delineated crystals and globules. An example
of both forms, present on the surface of a Low Al,04 sample
after a 12 day exposure to the test conditions (test 3}, is
shown in Figure A7-1(a).

An additional example of Ca(HCOZ)2 fibers observed in

the steam-CO atmosphere is given in Figure A7-1(b).
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(a).

(b).

Figure A7-1.

(a). CaCOz Crystals and Globules (1000x) on
the Surface of a Low Al;03 Castable After a
12 Day Exposure to the Steam-N, Atmosphere

at 199°C and 450 psi.

(b). Ca(HCO )2 Fibers (300x) on the Surface
of a Low Alzé Castable After a 6 Day Expo-
sure to the Steam-CO Atmosphere at 199°C and

450 psi.




Appendix 8
BOEHMITE FORMATION

a. RESULTS and DISCUSSION

In addition to the boehmite observed in the interior
of the castables, as explained in the text, boehmite also
occasionally formed on the exterior of the castables. 1In
these instances, it appeared as a deposit-like formation,
as shown in Figure A8-1. The area between the brackets was
identified as pure boehmite.

Although data in the literature indicate that boehmite
is a stable phase at the test conditions used in this
study, the kinetics of formation at such a low temperature
and pressure are very slow.Ag—1 Yanagida and YamaguchiAs'z
stated that spontaneous nucleation of boehmite cannot occur
below 300-400°C or 590-5990 psi. However, they also re-
ported that transformations in the system AlZO3 - H,0 can
be accelerated considerably by seed crystals of the product
phase. Therefore, two mechanisms are proposed for the for-
mation of boehmite in this study.

One mechanism is believed to be a two step process,
involving first the dehydration of gibbsite to form boeh-
mite, which serves as seed crystals for the subsequent hy-
dration of the free «-Al,0; to form additional boehmite.
This mechanism is plausible for two reasons. First, gibb-

site, present in trace amounts in the hydrated cements in
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each castable, spontaneously transforms to boehmite at tem-
peratures and pressures as low as 150°C and 90 psi.Ag‘2
Second, «-Al,0z has been reported to transform into boeh-
mite at temperatures below 300°C and pressures below 1100
psi, with the coexistence of boehmite grains.Ag“2 This
boehmite formation mechanism is also supported by the fact
that, in general, the amount of the gibbsite detected in
the castables decreased with increasing testing time, which
suggests that the gibbsite was transforming to boehmite.
The second mechanism is also believed to be a two step
process. It involves, first, the hydration of.8-A1,05 to
form gibbsite and/or boehmite, and then proceeds in the
same manner as the first mechanism. The key to this second
mechanism is the transformation of the/# -Al,0, which is
known to be very reactive,‘[\8'1 and which is present in
trace amounts in the calcined Alzo3 aggregate in the Low
Al,05 castable. This mechanism accounts for the formation

of boehmite in the calcined Al,04, even though no gibbsite

of boehmite were detected in the unexposed samples.

b. REFERENCES

A8-1
W.H. Gitzen, Alumina as a Ceramic Material, Pp.7-28,

American Ceramic Soc1ety, Columbus, Ohio, 1970.

A8-2 H. Yanagida and G. Yamaguchl, "A Discussion on the
Phase Diagram of the System Al - Hy0, Considering the
Transformation Mechanisms of tﬁe Polymorphs Appearing in
It,"” J. Ceram. Assoc. Japan, 74 (3) 94-9 (1966).
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Figure A8-1. Appearance of a High
Al,0, Castable After Ex-
poSufe to the Test Con-
ditions Shown.
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Appendix 9
510, DISSOLUTION

a. RESULTS and DISCUSSION

The mechanism considered responsible for the removal
of 8i0, from the Intermediate and Low Al,0- castables is a
5i0, dissolution process, involving the reaction of the
free SiO2 (%x-quartz) with the steam in the test atmospheres
to form a silica hydrate. A general form of this reaction

is:
n SiOZ(S) + m HZO(g) === n Si0,'m H,0(g) (A9-1)

The type of silica hydrate is unknown. However, BradyAg”l

suggested that equation (A9-2) is favored below 4410 psi.
2 8i0,(s) + 3 Hy0(g) === 5i,0(0H)¢(g) (A9-2)

Since the pressure in all the tests conducted in this study

was << 4410 psi, Si,0(0OH)¢ is a reasonable choice.

b. REFERENCES

A9-1 “ .
"E.L. Brady, '"Chemical Nature of Silica Carried by
Steam," J. of Phys. Chem., 57 (7) 706-10 (1953).




Apgendix 10
CASTABLE WEIGHT CHANGE DATA

The weight change data for each castable is presented
in Figures Al10-1 through 3 and Table Al0-1.

Figure Al10-1 shows that the High A1,0; samples exposed
to the steam~N2 atmosphere initially exhibited a 3.85%
weight loss, followed by an approximately linear weight
gain. The initial loss is attributed to the removal of
both "dust" (i.e., the loose castable material on the ex-
terior of the sample) and some Ca0 by the steam. The sub-
sequent weight gain is attributed to the hydration of the
free Al,04 and cement compounds, and the formation of some
CaCO;. The magnitude of the Ca(HCOZ)Z reaction is verified
by the weight increase exhibited by the High AlZO3 samples
exposed to the steam-CO atmosphere (shown in Figure Al0-1),
since the magnitude of the reactions observed in the steam-
N2 atmosphere were approximately the same in the steam-CO
atmosphere.

The Intermediate Al,0; samples exposed to the steam-N,
atmosphere continually lost weight, as shown in Figure
A10-2, This weight loss is attributed to dissolution of
the 510, and Ca0, and removal of some castable "dust" by

the steam. In the steam-CO atmosphere, Ca(HCOZ)Z formation

also occurred, resulting in a reduction in the weight loss.
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It should be recalled that cement hydration was considered
a major reaction in this castable. However, Figure A10-2
suggests that cement hydration had little effect on the
weight change of the Intermediate Al,0; castable.
Reference to Figure A10-3 shows that the Low A1203
samples exposed to the steam-N, atmospheres exhibited a
weilght decrease, which became relatively stable after 6
days. Apparently, the loss of Si0, and Ca0 was compensated
by a weight gain associated with alumina hydration, i.e,
boehmite formation. 1In the steam-CO atmosphere, the ini-
tial weight increase in Figure A10-3 is attributed tc for-
mation of Ca(HCOz)Z. As time increases, more Ca0 is re-
moved from the castable, resulting in some additional
Ca(HCOZ)2 and also easier SiOz removal. Therefore, the

weight change data shows a decrease with increasing time.
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Table A10-1I.

Average®* Weight Change After Exposure
to the Atmosphere Shown at 199°C and 450 psi

Weight Change (%)

Test Duration High Intermed. Low
(days) !_\_.1.29.3 A129.3___ &.293_
Steam-N, Atmosphere at 199°C and 450 psi
6 -3.85 -1.90 -1.38
12 -1.78 -2.14 -1.38
18 +0.11 -2.44 -1.52

Steam-CO Atmosphere at 199°C and 450 psi

6 +1.70 -0.17 +2.76
12 +2.03 -0.13 +1.55%%
18 +3.18 -0.20 -0.64

+
il

Weight gain

b
il

Weight loss

%

Average of 10 specimens.

#% Average of 7 specimens.
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Appendix 11
M.O.R. DATA

The mechanical strength data used in Figures 1,5, and

6 in the text, is given in Table ALl-I.

Table Ali-1I.

Mechanical Strength Data

M.O.R.* (psi) and Standard Deviation (o)

Test Duration High Al,04 Intermed. A1203 Low Al,04

(days) M.O.R. "o M.O.R. ¢ M.O.R. “o

0#* 1748 109 1034 33 112 30
Steam-N, Atmosphere at 199°C and 450 psi

6 3312 310 1286 336 101 38

12 3212 357 1245 292 108 40

18 3640 268 1090 113 63 14
Steam-CO Atmosphere at 199°C and 450 psi

6 2065 1123 1266 124 106 40

12 1362 484 1241 142 110" 36

18 1007 383 mmmm = 103 21

*# Average of 10 specimens.
%% Trowelled or poured, cured and then dried at 104°C.

* Average of 7 specimens.
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Appendix 12
ADDITIONAL INVESTIGATIONS

a. EXPERIMENTAL PROCEDURES

Additionél investigations were conducted at higher
temperatures and pressures, and with different atmospheres,
to determine what effect atmosphere composition, tempera-
ture, and pressure had on the various reactions. A summary
of these test conditions is presented in Table Al2-I.

All of the tests listed in Table AlZ-1I, except test 9,
were performed using a second reaction vessel, constructed
from AISI 316 stainless steel. This vessel measured 44.5
mm I.D. and 184.14 mm in depth (1.75 in. I.D. x 7.25 in.
deep) and was capable of 5400 psi at 345°C. The second
vessel was operated in the same manner as the first vessel.
However, the overall system differed in that the gas line
was equipped with a rupture disc instead of an adjustable
relief valve, and the temperature control system was not
equipped with thermocouple break protection or additional
thermocouples to monitor the temperature gradient.

The '"stained" samples, referred to in test 7 (Table
Al12-1), were iron stained by boiling the samples in satu-
rated ferrous sulfate (FeSO4-7 H,0) and ferric sulfate
(Fe2(804)3-n HZO) solutions for 16-24 hours. This method
produced a stain which penetrated 1-2 mm into the samples.

After staining, the samples were dried at 104°C for 24




hours.
The analysis procedures were the same as those used in

tests 1-6 (as described in the text).

b. RESULTS and DISCUSSION

(1). Refractory - Vessel - Atmosphere Interactions

The interior of both the carbon steel vessel and the
stainless steel vessel (the '"'second" vessel) reacted with
the test atmospheres to form Fe304 and FeZOS’ but the
greatest amount of oxidation occurred in the carbon steel
vessel.

In addition to metal oxidation differences, the
Ca(HCOZ)Z, detected in the steam-CO atmosphere, was ob-
served only in the carbon steel vessel. There are two pos-
sible explanations for this difference. First, perhaps
substantial amounts of FeSO4 or FeZO3 were necessary to
catalyze Ca(HCOZ)2 formation. However, this does not seem
likely, because the largest amounts of Ca(HCOz)Z formed on
"clean" or unstained areas on the castable surfaces, as
shown in Figures 3(a) and (b), the top samples (in the
text). The other explanation is that perhaps excess CO was
necessary for Ca(HCOZ)2 formation (equation (3) in the
text) to occur. This could very well be the case, since
the ratio of test gas volume to sample volume was approxi-

mately 3 times greater in the carbon steel vessel.

Therefore, it is believed that the reactions observed
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in the castables were not dependent upon the metal used in
reaction vessel construction, but rather were influenced by

the test gas volume available for reaction.

(2). Catalyzed Boehmite Formation

Deteriorated samples of castables removed from the

cold face of NH, plant transfer lines were usually iron

3
stained and often contained substantial amounts of boeh-
m:"Lte.Alzn1 Test 7 was conducted to determine if iron cata-

lyzed boehmite formation. The test results showed that
iron had no effect. Similar amounts of boehmite were de-

tected in the iron stained and unstained samples.

(3). Effects of Atmosphere Composition, Temperature, and
Pressure

The test atmosphere used in test 12 closely approxi-
mates that found in the secondary transfer line of an NH3
production plant. It was anticipated that the results ob-
tained in this study would more closely simulate those
which occur in an NH3 plant. From the chemical reaction
standpoint, the results proved to be the same as those ob-
served in the steam-CO atmosphere at 199°C and 450 psi.

Increasing the pressure affected only CaCO3 formation
in the steam-CO atmosphere (tests 9 and 10), which in-
creased in magnitude. This result was expected, since in-

creasing the pressure in the steam-CO atmosphere results in

an increase in the amount of CO available to form COZ‘ The

physical properties of the castables remained much the same,




as can be seen by comparing the data in Tables A12-II, III,
and IV to that in Tables IX (text), Al10-I (Appendix 10),
and A11-I (Appendix 11), respectively.

Increasing the temperature, with or without increasing
the pressure, appeared to have little effect on the reac-

tions.
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Table Al12-1.

Additional Investigations - Test Conditions

Atmosphere Composition Pressure Temperature Duration

Test No. (vol. %) (psi) (°C) (days) Materials Tested
7 66.6 H,0, 33.4 N, 1000 260 1, 8, 16 * High AlZOS
8 66.6 HZO, 33.4 N, 1000 260 6,12, 18 ** High, Intermediate,
and Low Al1,0
273
9 29.4 HZO’ 70.6 CO 700 199 6 + High, Intermediate,
and Low Al,0
273
10 20.6 HZO, 79.4 CO 1000 199 6,12, 18 ** High, Intermediate,
and Low Al,0
273
11 66.6 HZO, 33.4 CO 1000 260 6,12, 18 "
12 45,7 H,0, 37.1 HZ’ 450 199 6,12, 18, "
4.7 Cé, 5.9 COZ’ 24, 30, 40
6.6 CH4

* Three 12.70 x 12.70 x 31.75 mm specimens were used for each time trial. One bar was

unstained, the second bar was stained with ferrous sulfate, and the remaining bar was
stained with ferric sulfate.

*% One 12.70 x 12.70 x 31.75 mm specimen was used for cach time period,

+ Five 38.1 x 38.1 x 152.4 mm specimens and two 12.70 x 12.70 x 31.75 specimens
were used for each time period.




Table A12-1I1.

Average® Expansion After Exposure
to Steam-CO Atmosphere at 199°C and 700 psi (test 9)

Expansion (%)

Test Duration High Intermed. Low
(days) .}_\_];2_0_3 Alzg —— &_29_3
6 3.15 1.74 1.49

* Average of the length, width, and depth expansion for
5 specimens.

Table A12-1I1.

Average® Weight Change After Exposure
to Steam-CO Atmosphere at 199°C and 700 psi (test 9)

Weight Change (%)

Test Duration High Intermed. Low
(days) AL, ALOs ~ Al,0g
6 +2.76 +1.17 -0.61

+
fl

Weight gain

'
i1

Weight loss

%

Average of 5 specimens.
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Table Al12-1V.

Mechanical Strength Data After Exposure
to Steam-CO Atmosphere at 199°C and 700 psi (test 9)

M.O.R.* (psi) and Standard Deviation (c¢)

Test Duration High AlZO Intermed. Al,04 Low A1_0O
(days) M.0.R. %07 M.0.R. o M.0.R. 243
6 2197 480 1822 660 99 28

* Average of 5 specimens.

c. REFERENCES

Alz-1 5 g, Day, personal communication from the Bechtel
Corporation and the A.P. Green Refractories Company.
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