
iRI1885, 1 'R(lJ\ LIBRARY 
PLEASE 00 NOT REMOVE Z 7 

Bureau of Mines Report of Investigations/1984 

Corrosion Resistance of Selected 
Ceramic Materials to Nitric Acid 

By James P. Bennett 

UNITED STATES DEPARTMENT OF THE INTERIOR 



Report of Investigations 8851 

Corrosion Resistance of Selected 
Ceramic Materials t o Nitric Acid 

By James P. Bennett 

UNITED STATES DEPARTMENT OF THE INTERIOR 
William P. Clark, Secretary 

BUREAU OF MINES 
Robert C. Horton, Director 

Research at the Tuscaloosa Research Center IS carried out under a memorandum of agreement between the 
Bureau of Mines, U.S. Department of the Interi or , and the University of Alabama. 



Library of Congress Cataloging in Publication Data: 

Bennett, James P. (James Philip), 1951-
Corro sion resistance of selecred ce rami c mare rial s (0 nirric ac id. 

(Reporr of invesrigarions / Unired Srar es Deparrmenr of rhe Inrerior, 
Bureau of Mines; 8850 

Bibliography: p. ll-l2. 

Supr. of Docs. no. : I 28.23:8851. 

1. 
Series: 
8851. 

Ceramic marerials-Corrosion . 2. Nirric acid . I. Tirle. II. 
Reporr of invesrigarions (Unired Srares • . Bureau of Mines) ; 

TN 23. U43 [T A455.C43} 622s f620.1'404223] 83-600344 



CONTENTS 

Abstract .•••.••.•••.•.••.••••.••••.•..••••..•••••.•.•......••••••.••..••.•••.•. 1 
Int roduction. ...•• ..........•. . . .•.. . . .•. .• . . ....... ......•.••• ..•.. .•.. ..•..•. 2 
Test equipment and sample description........ . ............... . ................. 3 
Results and discussion......................................................... 4 

Acidp roof brick.............................................................. 4 
Acid-resistant brick.. . ..... .. .. . .. . . .... . ........ .. ...... . .. .. . . . ... . . ... ... 8 

Conclusions. • • • • • • . . . . . . . . • . . . • . . . . . • . • . . . • . . . . . . . . . . . . . . . . . . . . . . . . • • . . • . • . . . . . 11 
References •......•..•.....•.......•....•...•... a................................ 11 

l. 
2. 
3. 

l. 
2. 

3. 
4. 
5. 

ILLUSTRATIONS 

Construction detail of reaction vessel .................................... . 
Total ion leached from ceramic samples in 110 days of HNO} exposure •••••••• 
High-alumina brick after exposure to 60 wt pct HNO} at 900 C for 110 days •• 

TABLES 

Chemical and physical properties of commercial ceramic materials ••••••••••• 
Changes in volume and weight of acidproof brick exposed to HNO} for 110 

days •••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
Cold crushing strength of acidproof brick exposed to HNO} for 110 days ••••• 
Ions leached in 110 days from acidproof brick •••••••••••••••••••••••••••••• 
Changes in volume and weight of acid-resistant brick exposed to HNO} for 

110 days •••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
6. Cold crushing strength of acid-resistant brick exposed to HNO} for 110 

day s •••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
7. Ions leached in 110 days from acid-resistant brick ••••••••••••••••••••.•••• 

3 
J 

10 

4 

5 
5 
6 

8 

9 
9 



UNIT OF MEASURE ABBREVIATIONS USED IN THIS REPORT 

degree Celsius mIn millimeter 

gram per cubic centimeter \lm micrometer 

h hour percent 

in inch pound per square inch 

L liter wt pct 

min minute 



CORROSION RESISTANCE OF SELECTED CERAMIC MATERIALS TO NITRIC ACID 

By James P. Bennett 1 

ABSTRACT 

The Bureau of Mines is investigating the acid resistance of ceramic 
materials to identify construction materials for emerging technology in 
chemical and metallurgical processes. Eight commercial ceramic materi­
als, including two red shale, two fireclay, a silica, a silicon carbide, 
a carbon, and a high - alumina brick, were evaluated. Samples were ex­
posed to 40 wt pct HN03 at 70° and 90° C and 60 wt pct HN03 at 50°, 70°, 
and 90° C for time periods of 110 days. Statistically significant 
changes in cold crushing strength were generally small or not detected, 
except for a strength drop in the high-alumina brick, which decreased in 
strength when exposed to the chosen acid concentrations at 90° C. Vol­
ume and weight changes were also measured. The leach rates of Al, Ca, 
Fe, K, Mg, Na, Si, and Ti were monitored. Increasing temperature or a 
decrease in the acid concentration resulted in an increased ion leach 
rate. Of the conditions tested, the most severe corrosion occurred at 
90° C for a 40-wt-pct-HN03 solution. The silica brick had the best 
overall acid-resistant properties, followed by a red shale and a fire­
clay brick. The carbon and silicon carbide bricks are not recommended 
for service. 

'Ceramic engineer, Tuscaloosa Research Center, Bureau of Mines, University, AL. 



2 

INTRODUCTION 

New mineral processing techniques being 
investigated by the Bureau of Mines and 
others, such as processing at elevated 
temperatures, leaching with acids and 
bases, chloride leaching, and dissolution 
in fused salt baths, may require the use 
of construction materials that have good 
corrosion resistance. One example is the 
construction material needed to line 
leaching vessels used in the extraction 
of alumina from clay using hydrochloric 
acid (HCl), nitric acid (HN0 3 ), or sul­
furic acid (H2 S04 ). In the HN03 extrac­
tion process studied by the Bureau, acid 
concentrations range up to 50 pct and 
temperatures to 120° C (!).2 

Industrial equipment designers, fabri­
cators, and material suppliers of acid 
processing systems were surveyed for 
their recommendations on ceramic con­
struction materials to be used in HN03 
and other environments. Although the 
suppliers recommended acid brick, carbon 
brick, or dense firebrick, they advised 
that materials be tested in an environ­
ment simulating actual conditions because 
of limited experience with HN0 3 pro­
cessing and the uniqueness of each indus­
trial process. In general, the suppliers 
could say only that their brick would 
pass ASTM-C279 (2) specifications, which 
deal with H2 S04 rather than HN03 • 

A general listing compiled from the 
literature by Samsonov and Vinitskii (3) 
gives the resistance of several refrac­
tory compounds to acid and alkali attack 
at various times and solution concentra­
tions. An indication of the compound's 
acid resistance is given by the amount 
of insoluble residue remaining after 
acid exposure. The reaction behavior 
of refractory compounds in different 
chemical environments (including acid) 
is discussed by Samsonov (4) in a 
list collected from various literature 

2underlined numbers in parentheses re­
fer to items in the list of references at 
the end of this report. 

sources. No reference is made to acid 
concentrations. 

A general rating of the performance of 
17 ceramic materials subjected to differ­
ent acids was reported by Campbell and 
Sherwood (5) wir:h no reference to acid 
concentration or temperatures. A general 
ranking of the resistance of 10 ceramic 
materials to acid attack was made by Lay 
(6) in 1979 based on data from literature 
a~d commercial manufacturers, and on the 
weight loss of materials exposed to con­
centrated boiling acid for about 30 min. 
A study conducted by Clinton, Lay, and 
Morrell (7) evaluated the resistance of a 
reaction-bonded silicon carbide exposed 
to various acids, bases, and molten salts 
and metals at temperatures varying from 
room temperature to 1,100° C and at times 
from 0.5 to 168 h. The chemical resist­
ance was determined by visual appearance 
and specimen weight loss per unit surface 
area. 

A 1981 literature review by T. A. 
Clancy (8), on the corrosion of ceramic 
materials by various aqueous solutions of 
acids and bases, indicated that nearly 
all the data available refer to glass. 
Corrosion data on other industrial cer­
amic products were scarce and based pri­
marily upon supplier information, which 
often does not cover the specific condi­
tions of interest. This lack of defini­
tive data was partly due to the wide 
variation in industrial products and 
their applications. Therefore, funda­
mental engineering data on the corrosion 
resistance of candidate materials under a 
variety of conditions are necessary. 

This report presents the results of 
tests to evaluate the resistance of eight 
commercially available ceramic materials 
(two red shale, two fireclay, a carbon, a 
silica, a clay-bonded silicon carbide, 
and a high-alumina brick) exposed to 40 
wt pct HN03 at 70° and 90° C and 60 wt 
pct HN0 3 at 50°, 70°, and 90° C for 110 
days. 
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TEST EQUIPMENT AND SAMPLE DESCRIPTION 

A test reactor to expose the selected 
ceramic materials to various conditions 
was designed and constructed (~). The 
test unit, shown in figure 1, operates at 
temperatures up to 250 0 C. Heat was 
supplied to the spherical Pyrex3 heat­
resistant glass reaction vessel by heat­
ing mantles. The temperature was con­
trolled by means of a variable power 
source and monitored in the reactor by a 
type K thermocouple. A peristaltic pump 
was used to withdraw, add, or circulate 
liquid in the system. The system was 
continuously agitated by a variable-speed 
stirrer, while a condenser refluxed any 

JRe f erence to specific 
n o t imply endorseme nt b y 
Mines . 

products doe s 
the Burea u o f 

Conden.er 

vapor and maintained the system at atmos­
pheric pressure. Samples (1 in. in 
diameter by 2 in high) were placed on a 
3/8-in Teflon fluorocarbon polymer plat­
form and positione d vertically so half of 
the sample was immersed in the acid solu­
tion (liquid exposed) and half of the 
sample was exposed to the atmosphere 
above the acid solution (vapor exposed). 
Grooves cut in the upper surface of the 
platform allowed liquid to circulate 
under each test specimen. The platform 
was prevented from moving by embedding 
the supporting legs in layers of 6-mm 
glass be ads. Bulk density and percent 
apparent porosity were determined for 
each test specimen before e xposure, using 
ASTM test C20-80a (10). 

/1.------ Stirrer 

v 4 -------Thlrmocoup/e 
--·-----So/ution inlet 

,-- .. .------ Solution outlet 

~-/2-L flaak 

Heating mantle--.., 

~~L~~~~~~~f!e:~?Jl~/-:.~in~.-diameter by 2-in specimen 
"on platform and lupports 

Bose -.....,7fht£7H---HN03 solution 

heating mantle 
T7~~-- Gla ss beads 

FIGURE 1. - Construction detail of reaction vessel. 
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TABLE 1. - Chemical and physical properties of commercial ceramic materials 

Acidproof brick Acid-resistant brick 
Property Red shale Fire clay SiC High 

A B A B (clay Silica Carbon alumina 
bonded) 

Chemical composition, 
wt pct: 

8i02 .•.•...••.••....•.. 64.6 63.3 59.4 68.6 19.6 98.4 0.27 8.5 
A1 20 3 •••••••••••••••••• 20.6 20.7 31.7 22.9 0.76 0.51 0.10 85.6 

Fe 203 •••••••••••••••••• 6.4 5.9 2.0 1.9 0.37 0.12 0.047 0.31 
K20 •••••••••••••••••••• 3.6 4.6 3.0 1.5 0.046 0.049 0.0037 0.07 
Ti02 • •••••••••••••••••• 1.6 1.6 1.7 1.4 0.11 <0.05 0.0020 0.12 
MgO •••••••••••••••••••• 0.99 1.3 0.35 0.56 0.035 0.056 0.0083 3.1 
Na20 ••••••••••••••••••• 0.58 0.57 0.27 0.27 0.017 0.53 0.013 0.20 
CaD • ••••••••••••••••••• 0.39 0.05 0.03 0.06 0.22 0.12 0.01 1.1 
Carbon ••••••••••••••••• NA NA NA NA NA NA 96.3 NA 
Sulfur •........••...... NA NA NA NA NA NA 1.2 NA 
SiC ••••••••••••••••••.• NA NA NA NA 187.9 NA NA NA 

Apparent porosity ••• pct •• 10.86 3.26 5.66 11.06 10.89 11. 91 10.3 0.54 
Bulk density •••••• g/cm3 •• 2.39 2.56 2.38 2.26 2.64 1.90 1.61 3.70 
NA Not analyzed. 
1Chemical analysis supplied by manufacturer. 

Atomic absorption analysis was used to 
measure ion concentration in the acid 
leach solutions. An acid-filled vessel 
containing no test samples was used to 
provide a control solution for establish­
ing background ion concentration. 

Samples were examined optically before 
and after exposure, at a magnification of 
20, for any structural or mineralogical 
changes that might be occurring. X-ray 
crystallography, electron probe, and 
scanning electron microscopy were used to 
characterize the leaching effects in the 
samples. 

The properties of four types of brick 
commonly referred to in industry as acid­
proof are listed in table 1 as red shale 
A and B and fire clay A and B. The main 
chemical differences are in the content 
of alkali and alkaline earth metals and 
iron oxide. Red shale A and fireclay B 
brick have high apparent porosity and low 
bulk density. The chemical and physical 
properties of four ceramic brick classi­
fied as acid-resistant and labeled as 
high alumina, carbon, silica, and silicon 
carbide (SiC) brick are also listed in 
table 1. 

RESULTS AND DISCUSSION 

ACIDPROOF BRICK 

Volume changes occurring in the acid­
proof brick are listed in table 2. Sta­
tistically significant4 volume changes 
are generally small, occurring in an in­
consistent manner for all brick. No 
trends were observed with changes in acid 
concentration or temperature. 

4statistically significant changes 
(Student's t-test) at a 99-pct confidence 
level, compared with data for untreated 
specimens (11). 

Statistically significant weight 
changes occurring in the acidproof brick 
are also listed in table 2. The red 
shale brick B samples showed gains in 
sample weight with an increase in either 
temperature or acid concentration. Anal­
ysis of the brick phases by X-ray and 
optical microscopy did not reveal the 
cause of these weight gains. All the 
other acidproof ~rick samples had sta­
tistically significant weight losses that 
generally increased with increasing tem­
perature or decreasing acid concentra­
tion. Red shale A and fireclay B bricks, 



TABLE 2 •.. Changes in volume and weight of acidproof brick exposed to HN0 3 
for 110 days, percent 

Exposure conditions Red shale Fire clay 
Brick A Brick B Brick A Brick B 

VOLUME CHANGE 
70 0 C, 40 HN03 •••••••••• -0.01±0.02 +0. 01±0. 03 -0.02±0.02 -0.06±0.OS 
90 0 C, 40 HND3 •••••••••• *+.s9± .06 *+.39± .07 *+.30± .OS *+.33± .09 
50 0 C, 60 RN0 3 •••••••••• *-.10± .04 *+.08± .05 *-.2s± .03 *- . OS± .03 
70 0 C, 60 RN03 •••••••••• *+.08± .02 -.01± .02 *+.06± .02 *+.02± .01 
90 0 C, 60 HN03 •••••••••• *- .1s± .02 *-.17± .04 *-.20± .04 -.03± .03 

WEIGHT CHANGE 
700 C, 40 RND3 •••••••••• *-1.S7±0.13 *+0. 08±0. 04 *-0.27±0.OS *-1.08±0.07 
90 0 C, 40 RND3 •••••••••• *-3.77± .18 *+.10± .04 *-.47± .08 *-3.82± .27 
50 0 C, 60 RN0 3 •••••••••• *-.64± .OS +.16± .13 *+.29± .04 *-.07± .02 
70 0 C, 60 HND3 •••••••••• *-1. 3/± .14 *+.18± .11 *-.17± .04 *-.36± .05 
90 0 C, 60 HN03 •••••••••• *-1.97± .12 *+.2S± .03 -.10± .08 *-1.30± .08 

1 HN03 in we1ght percent. 
*Statistically signif i cant change at 99-pct confidence level, compared 

with data for untreated specimen (Student's t-test). 

NOTE.--Plus-minus (± ) values are at 9S-pct confidence intervals. 
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which have the highest apparent porosity 
of the acidproof bricks, have the highest 
weight losses of 3.77 and 3.82 wt pct, 
respectively, when exposed to 40 wt pct 
HN03 at 90 0 C. Under equivalent condi­
tions, fireclay brick A had the lowest 

weight losses, reaching a maximum loss of 
0.47 wt pct in 40 wt pct HN03 at 90 0 C. 

Cold crushing strengt h data for th~ 

acidproof brick are listed in table 3. 
There are only a few statistically 

TABLE 3. - Cold crushing strength of acidproof brick exposed to HN0 3 for 110 days, 
pound per square inch 

Exposure conditions 1 Red shale 
Brick A Brick B 

Unexposed ••••••••••••••••• 18, 800± 1, SOO 20,300±1,700 
Top: L 

70 0 C, 40 RND 3 •••••••••• 19,400±1,700 *27, 100± 1,900 
90 0 C, 40 HN03 •••••••••• 18,600±1,400 *24,300±1,200 
SOo C, 60 RN03 •••••••••• 19,300±1,400 *23,SOO±2,000 
70 0 C, 60 HN03 •••••••••• 20,000± 1,400 21,9 OO± 1, S 00 
90 0 C, 60 

Bottom: 3 

RND 3 •••••••••• 17,800±1,400 20,400±1,800 

70 0 C, 40 HN03 •••••••••• 18,000±1,400 *2S, 900± 1,200 
90 0 C, 40 RND3 •••••••••• *lS,900::l::1,300 *23,100±1,400 
SOo C, 60 RND 3 •••••••••• 17,600±1,400 *2.4, 600± 1,600 
70 0 C, 60 RND 3 •••••••••• 19, 400± 1,200 21,SOO±1,700 
90 0 C, 60 RND 3 •••••••••• *lS,800±1,300 19,100±1,600 
1 HN03 1n weight percent. 
2Top half of sample, exposed to gas phase. 
3Bottom half of sample, exposed to HN03 solution. 

Fire clay 
Brick A Brick B 

9,800±1,300 9,700± 700 

10,100±1,400 *12,200±1,100 
10, S OO± 1 , 200 *10,800± SOO 
10 ,600± 1,300 *11,700± 600 
8,700±1,200 10,SOO± 700 
9,8 OO± 1,700 10, SOO± 1,000 

8,800±1,300 *11 ,200±1 ,200 
10,000±1,400 9,900± 600 
lO, 900± 1,400 *11,700± 800 
8,600±1,200 *11,600± 800 

10,200±1,200 9,SOO± 900 

*Statistically significant change at 99-pct confidence level, compared with data 
for untreated specimen (Student '; s t-test). 

NOTE.--Plus-minus (± ) values are at 9S-pct confidence intervals. 
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significant strength changes recorded for 
red shale A and none for fireclay A 
brick, with no discernible trends in 
spite of the weight losses observed for 
these samples. Red shale brick Band 
fireclay brick B exhibited statistically 
significant strength increases in a 
majority of the exposure conditions. No 
significant differences exist between 
cold crushing strength values of the top 
(vapor exposed) and the bottom (liquid 
exposed) halves of the test samples. 

The weight percent of ions leached from 
the acidproof bricks are listed in table 
4. Although monitored, no silicon ion 
was detected as leached from the samples. 
Generally, the amount of ion leached from 
the samples increased with increasing 
temperature and decreasing acid concen­
tration, with the lowest rate of leaching 
occurring at the test condition of 50° C 
and 60 wt pct HN03 • This same trend of 

temperature and acid concentration was 
observed in the sample weight losses for 
all brick except red shale brick B. 

During the 110-day leaching period, the 
rate at which ions were leached from the 
samples at any given temperature and acid 
concentration tended to follow the gen­
eral second-order parabolic equation: 

y = al + a 2x + 2 a 3x , 

where y = ion concentration 
in solution, 

x = days, 

and al' a 2 ' a 3 constants. 

Of 138 ion leach determinations, 118 
yielded coefficients of correlation above 
0.95 for this equation. 

TABLE 4. - Ions leached in 110 days from acidproof brick, weight percent 

Brick and exposure Ion leached Total 
conditions l Al Ca Fe K Mg Na Ti ions 

leached 
Red shale A: 

70° C, 40 HN03 •••• 0.154 0.0098 0. II 0.035 0.033 0.0169 0.0145 0.97 
90° C, 40 HN03 •••• .770 .0126 1.65 .152 .122 .0513 .0356 2.79 
50° C, 60 HN03 •••• .025 .0095 .26 .007 .013 .0033 .0021 .32 
70° C, 60 HN03 •••• .100 .0080 .66 .020 .028 .0113 .0071 .84 
90° C, 60 HN03 •.•• .278 .0093 1.14 .045 .059 .0230 .0154 1. 57 

Red shale B: 
70° C, 40 HN03 •••• .0297 .0073 .082 .0127 .0073 .0034 .0029 .145 
90° C, 40 HN03 •••• .0572 .0093 .087 .0245 .0138 .0061 .0036 .202 
50° C, 60 HN03 •••• .0064 .0046 .017 .0021 .0020 .0008 .0003 .033 
70° C, 60 HN03 •••• .0287 .0078 .116 .0070 .0091 .0029 .0023 .174 
90° C, 60 HN03 •••• .0261 .00ll .068 .0089 .0066 .0027 .0026 .122 

Fire clay A: 
70° C, 40 HN03 •••• .050 .0002 .0945 .0041 .0014 .0015 .0051 .157 
90° C, 40 HN03 •••• .222 .0002 .0358 .0250 .0049 .0055 .0100 .303 
50° C, 60 HN03 •••• .002 ND .0021 .0006 .0001 .0001 ND .005 
70° C, 60 HN03 •••• .023 .0002 .0488 .0025 .0008 .0009 .0019 .078 
90° C, 60 HN03 •••• .099 .0004 .0313 .0132 .0032 .0035 .0061 .156 

Fire clay B: 
70° C, 40 HN03 •••• .33 .0019 .185 .028 .0080 .0132 .0370 .60 
90° C, 40 HN03 •••• 2.02 .0043 .387 .111 .0435 .0305 .0367 2.63 
50° C, 60 HN03 •••• .01 .0020 .014 .002 .0008 .0010 .0016 .03 
70° C, 60 HN03 •••• .06 00010 .052 . 007 . 0019 . 0036 . 0075 . 13 
90° C, 60 HN03 •••• .69 .0027 .224 .038 .0163 .0185 .0176 1.00 

ND Not detected. 
lHN03 in weight percent. 



The more porous bricks (red shale A and 
fire clay B) exhibited several times more 
total ions leached at all of the five 
test conditions than did the denser types 
(red shale B and fire clay A). For the 
red shale bricks, iron was consistently 
the most leachable ion followed by alu­
minum, with other ions being leached to a 
much lesser extent, In the fireclay 
bricks, aluminum was normally more easily 
leached than iron, again with other ions 
being leached to a much lesser extent. 

Figure 2 shows the total weight percent 
of ions removed from red shale A and B 
and fireclay A and B brick samples after 
110 days of exposure to 40 wt pct HN0 3 at 
70° and 90° C and 110 days of exposure to 
60 wt pct HN03 at 50°, 70°, and 90° C. 
Except at 70° C for the red shale brick 
B, the total weight percent ion leached 
in 40 wt pct HN03 was higher than the 
quantity leached in 60 wt pct HN0 3 • The 
quantity of ions leached from the red 

3 
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shale and fireclay brick increased with 
temperature for both 40 and 60 wt pct 
HN0 3 except for red shale brick B. These 
trends were noted for weight losses of 
red shale A and fireclay A and B bricks. 

As shown in figure 2, red shale brick A 
had the greatest total ion weight loss 
(2.8 wt pct) of any sample in a 40-
wt-pct-HN03 leach solution at 90° C, the 
most severe leach environment tested. 
Red shale brick B, in contrast, had the 
least total ion weight loss (0.2 wt pct) 
of any acidproof brick in this leach 
solution. As mentioned previously, those 
samples with the highest porosity had the 
highest rate of ion removal. 

In spite of the amount of ions leached 
from both the fireclay and red shale 
brick, no correlation exists between 
increased leaching and cold crushing 
strength values. As previously reported 
after a study of the effects of HCl on 

KEY 

D 40 .. I pol HNO, 

60 .. I pel HNOs 

FIRE CLAY B HIGH ALUMINA SILICA 

FIGURE 2. - Total ion leached from ceramic samples in 110 days of HN0 3 exposure. 
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ceramic materials (9), the lack of a cor­
relation between cold crushing strength 
and ion leach behavior may be due to the 
lack of silicon ion removal from any of 
the specimens, indicating that the 
silicate-rich bond phase of the red shale 
and fireclay brick was not weakened and 
Lhus the cold crushing strengths would 
not be expected to change significantly . 

It was observed that the colors of the 
acidproof brick samples were affected by 
exposure to the various HN0 3 environ­
ments. The red shale bricks changed in 
appearance from a red to a pink color and 
the fireclay brick from a buff to a 
light cream color when exposed to the 
most severe corrosion condition of 40 wt 
pct HN03 at 90° C. The color changes 
were caused primarily by the removal of 
iron from the samples, the major ion 
leached from these brick. Microscopic 
investigation indicated that hematite 
particles were removed from the micro­
structure of the leached samples. 
Excluding hematite removal, scanning 
electron microscopy, electron probe exam­
ination, and X-ray crystallographic exam­
ination of the acidproof brick indicated 
no phase changes. 

ACID-RESISTANT BRICK 

When HN03 leach testing of the four 
acid-resistant brick listed in table 1 
was initiated, NO x fumes developed in the 
test vessels with carbon and silicon car­
bide brick samples, and testing of these 
brick was discontinued. Test results 
discussed in this section therefore in­
clude only the high-alumina and silica 
brick. No trend was observed in the vol­
ume changes listed in table 5 with 
changes in temperature or acid concentra­
tion, and the reason for the variable 
results is not yet known. 

Statistically significant weight losses 
occurred in the high-alumina and silica 
brick at all test conditions as shown in 
table 5. However, the weight losses in 
the silica brick are the lowest values 
observed (0.26 to 0.40 wt pct) for the 
various ceramic materials tested. 

TABLE 5. - Changes in volume and weight 
of acid-resistant brick exposed to HN0 3 
for 110 days, percent 

Exposure 
conditions l 

High 
alumina 

VOLUME CHANGE 
70° C, 40 HN0 3 •• *-0.11±0.06 
90° C, 40 HN0 3 •• *+. 13± . 03 
50° C, 60 HN0 3 •• *+.19± .04 
70° C, 60 HN03 •• *+.13± .02 
90° C, 60 HN0:l" *-.33± .05 

WE IGHT CHANGE 
70° C, 40 HN0 3 •• *-0. 93± 0.03 
90° C, 40 HN0 3 •• *-.26± .04 
50° C, 60 HN0 3 •• *-.06± .01 
70° C, 60 HN0 3 •• *-.74± .03 
90° C, 60 HNO, •• *-.88± .10 

1 flN0 3 in weight percent. 

Silica 

*-0.09±0.02 
*+. 08± . 06 
*-.07± .03 
-.05± .08 

*-.43± .11 

*-0.40±0.03 
*-.29± .07 
*-.26± .03 
*-.36± .03 
*-.38± .04 

*Statistically significant change at 
99-pct confidence level, compared with 
data for untreated specimen (Student's 
t-test). 

NOTE.--Plus-minus (±) values are at 95-
pct confidence intervals. 

Cold crushing strength values for 
the acid-resistant brick are listed in 
table 6. Statistically significant 
strength decreases of about 27,000 psi 
for the high-alumina brick occurred when 
it was exposed to 40 and 60 wt pct HN0 3 
at 90° C. The reason for the strength 
increase when exposed to 60 wt pct HN03 
at 50° C is not known. The silica brick, 
in contrast, had small, inconsistent, 
statistically significant cold crushing 
strength changes. No significant differ­
ences were noted for strength values of 
the top and bottom halves of acid­
resistant brick test samples. 

The weight percent of ions removed from 
the high-alumina and silica brick exposed 
to HN0 3 for 110 days are listed in table 
7. During the 110-day leach, the ion 
removal rate from the two acid-resistant 
brick tended to fit the second-order par­
abolic equation described in the "Acid­
proof Brick" section, with 41 out of 66 
curves yielding coefficients of correla­
tion above 0.95. The largest quantity 
of a single ion was leached from the 



TABLE 6. - Cold crushing strength of 
acid-resistant brick exposed to HN03 
for 110 days, pound per square inch 

Exposure High Silica 
conditions 1 alumina 

Unexposed ••••••• 58,500±8,100 4,100±300 
Top:2 

70° C, 40 HN03 60, 700±7, 900 4,600±400 
90° C, 40 HN03, *31,800±7,400 *4,700±300 
50° C, 60 HN03 *72,1 OO± 5,100 *4,700±300 
70° C, 60 HN03 70,200±8,600 *3,600±300 
90° C, 60 HN03 *31,400±3,200 3,800±300 

Bottom: 3 
70° C, 40 HN03 60,800±6,800 *4,600±200 
90° C, 40 HN03 *32,300±8,200 *4,700±300 
50° C, 60 HN03 *76,300±7,500 4,200±300 
70° C, 60 HN03 68, 200±8, 700 *3,400±200 
90° C, 60 HN0:l *32,300±3,800 3,800±300 
1 HN03 in welght percent. 
2Top half of sample, exposed to gas. 
3Bottom half of sample, exposed to HN03 

solution. 
*Statistically significant change at 

99-pct confidence level, compared with 
data for untreated specimen (Student's 
t-test). 

NOTE.--Plus-minus (±) values are at 95-
pct confidence intervals. 
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high-alumina brick in 60 wt pct HN03 at 
90° C. Ion leach data for the silica 
brick in table 7 show less than 0.03 wt 
pct of any single ion removed at any test 
condition. 

The total ion leach data for the high­
alumina and silica bricks after 110 days 
of exposure to 40 and 60 wt pct HN0 3 are 
shown in figure 2. In 60 wt pct HN03 , 
the high-alumina brick showed an increase 
in total ions leached with increasing 
temperature. In 40 wt pct HN0 3 , however, 
the high-alumina brick had a decrease in 
the quantity of ions leached with a tem­
perature increase from 70° to 90° C. The 
total ion leach data are in good agree' 
ment with sample weight losses reported 
in table 5. 

As shown in figure 2, the silica brick 
had the lowest quantity of total ions 
leached from the sample of any acidproof 
or acid-resistant brick tested. Less 
than 0.07 wt pct of total ions was 
leached from the silica brick under the 
conditions studied, as shown in table 7. 

Scanning 
electron 

electron micrograph 
probe examination of 

and 
the 

TABLE 7. - Ions leached in 110 days from acid-resistant brick, weight percent 

Brick and exposure Ion leached Total 
conditions l Al Ca Fe K Mg Na Ti ions 

leached 
High alumina: 

70° C, 40 HN03 •••• 0.380 0.184 0.0013 0.0064 0.0054 0.0400 0.0004 0.618 
90° C, 40 HN03 •••• .138 .046 .0008 .0017 .0048 .0134 .0001 .205 
50° C, 60 HN03 •••• .020 .007 .0002 .0002 .0004 .0024 ND .030 
70° C, 60 HN03 •••• .240 .119 .0009 .0047 .0032 .0281 .0001 .396 
90° C, 60 HN03 •••• .509 .205 .0017 .0065 .0091 .0560 .0002 .788 

Silica: 
70° C, 40 HN03 •••• .0162 .0067 .0228 .0045 .0073 .0036 .0003 .0614 
90° C, 40 HN03 •••• .0123 .0041 .0113 .0042 .0039 .0026 ND .0414 
50° C, 60 HN03 ••• • .0044 .0019 .0083 .0011 .0019 .0002 ND .0178 
70° C, 60 HN03 •• •• .0167 .0049 .0300 .0033 .0064 .0010 .0002 .0625 
90° C, 60 HN03 •••• .0044 .0014 .0065 .0025 .0017 .0007 ND .0172 

ND Not detected. 
lHN03 in weight percent. 
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microstructure of the acid-resistant 
brick revealed no changes except in the 
high-alumina brick. Figure 3 shows 
microstructural changes that occurred 
after exposure to a 60-wt-pct-HN03 solu-­
tion for 110 days at 90° C. Micrograph 
A, a cross section of a corner of the 
high"'alumina brick, shows a leached outer 
zone, about 3 mm thick. The leached ex­
terior zone, shown in micrograph B, has a 
noticeable increase in small pores and 

o IPOO 
t I ...... 

grains in relief when compared with the 
sample interior, shown in micrograph C. 
Total ions leached from this sample 
amounted to 0.788 wt pct and consisted 
primarily of the three elements Al, Na, 
and Ca (table 7) . Removal of the AI, Ca, 
and Na ions from bond phase areas in the 
microstructure probably accounts for the 
significant decreases in cold crushing 
strength noted in table 6. 

o 10 
I I 
Scol. 

FIGURE 3. a High-alumina brick after exposure to 60 wt pct HN0 3 at 90 0 C for 110 days. 
A, Sample cross section; B, leached area; C, sample interior. 
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CONCLUSIONS 

A study of the effects of 40 wt pct 
HN03 at 70° and 90° C and 60 wt pct HN03 
at 50°, 70°, and 90° C on two red shale, 
two fireclay, a carbon, a silica, a sili­
con carbide, and a high-alumina brick 
after 110 days of exposure indicated the 
following: 

1. Silica brick had the best acid­
resistant properties, with a maximum 
total ion weight loss of 0.063 wt pct. 

2. Red shale B and fireclay A bricks 
had good acid-resistant properties, with 
a maximum total ion weight loss of 0.202 
and 0.303 wt pct, respectively. 

3. Carbon and silicon carbide brick 
caused the development of NOx gas and are 
not recommended for use in conditions 
similar to those evaluated. 

4. Statistically significant changes 
in cold crushing strength were generally 
small or not detected, except for the 
high-alumina brick, which had nearly a 
50-pct drop in strength after exposure to 
40 and 60 wt pct HN03 at 90° C. 

5. Silicon was not leached from any 
samples, indicating that the siliceous 
bond or silicate mineral phases were not 
affected. This may explain ~·]hy cold 
crushing changes were small or not ob­
served except for the high alumina brick, 
in which other materials in the bond 
phase were removed. 

6. In gentral, the Fe and Al ions had 
the highest ion removal rates, while Ca, 
Mg, Na, K, and Ti ion removal was minor. 

I. Increasing temperature generally 
increased ion leach rates and sample 
weight loss values. 

8. Ion leach rates and sample weight 
loss values were generally higher for the 
40-wt-pct than for the 60-wt-pct-HN03 
solutions. 

9. The total ion weight loss of the 
acidproof brick was directly related to 
the initial apparent porosity. 
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