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DIMENSIONAL CHANGES OF SELECT CERAMIC MATERIALS EXPOSED 

TO HCI, HN03, AND H2S04 ACID ENVIRONMENTS 

By J. P. Bennett 1 and M. A. Maginnis 1 

ABSTRACT 

The Bureau of Mines investigated the dimensional changes of ceramic 
materials exposed to acid environments to evaluate construction materi
als for emerging technology in chemical and metallurgical processes. 
Six commercial ceramic materials (two red shale, two fireclay, one sili
ca, and one silicon carbide (SiC» were exposed to H20, 20 and 30 wt pct 
HCl, 40 and 60 wt pct HN03, and 10 and 50 wt pct H2S04 at temperatures 
from 50° to 90° C for 300 days. Linear expansions ranged from a low of 
-0.02 pct for the silica to a high of 0.45 pct for the red shale. A 
general ranking of the volume expansion of the materials tested, (from 
high to low), is as follows: high-porosity red shale A and fireclay 
B » low-porosity red shale B and fireclay A > silicon carbide and sili
ca. A general ranking (largest to smallest) of the effect of exposure 
environments is HCl > H2S0 4 , HN0 3 > H20. 

An autoclave test method was evaluated. Data obtained from 8- to 24-h 
exposures were compared with data obtained from the 300-day exposures. 
The relative expansion trends were similar, indicating that this method 
could be used as an accelerated test. 

1Ceramic engineer, Tuscaloosa Research Center, Bureau of Mines, Tuscaloosa, AL. 
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INTRODUCTION 

New mi nera l processing techniques be ing 
inves t igated by the Bureau of Mines and 
others, s uch as processing at elevat e d 
temperat ures a nd pres sures, l eaching with 
a c i ds and bases , chloride leaching, and 
d issolution in f used-salt baths, require 
the use o f construction materia l s that 
have good cor r osion res i stance. One 
example is the construc ti on materia l 
needed t o li ne leaching vesse l s used in 
the e x t raction of a l umi na f rom c l ay using 
HC l , HN0 3 , or H2S0 4 , In t he HC l e xtrac
t i on p r ocesses studied by the Bureau, 
aci d concentrations range f rom 1 to 35 
p ct (1) 2 a nd t emperatures f rom 500 to 
900 0 C (~). 

Indust ri a l equ ipment designers, f ab
rica t o rs, and materia l suppli ers of acid 
proc es s ing sys tems fr e quent ly bas e r e com
me nda ti ons f o r cons truction ma t eria l s to 
be used in acid envi ronme nts upon exp e r i 
ence . Supp lie rs advis e t h a t materials be 
teste d in an environment simu l a ti ng ac t u
a l c ondi t ions of the i ndustria l process. 
In gene r al , suppliers only report that 
t heir ma t e ria l wou l d pass American Soci
e ty f or Test ing and Materials (ASTM) C279 
(l) specifi cations , which dea l wi th 
H2S0 4 • 

Pre vious Bu reau i nvest igations into the 
ef fe c t of various ac i ds on ceramic mat e 
r ia l s (i-~) s h owed tha t c e rt a in physica l 
p roper ty changes occurred, one of which 
was volu me expansion. I ncons is t encies in 
d ata trends , h oweve r, ind i cated tha t a 
c l os e r e xami nat ion of th is phenomenon was 
wa rran ted . It was ne ces s ary t o i de nti f y 
a t es t ing te chniq ue that wou ld r es ult in 
a ccurate and r e produci ble da ta . 

Long-term st udies (u p to 20 yr ) on the 
moi sture expansion of f loor t i le ( 0 to 
8 . 4 pct poros i t y) we r e conduc t ed by Slyh 
and c ompa r e d with au t oclave tre atmen t 
of s amp l es (~). Twent y t o twenty-fi ve 

2Unoerlined numbers in parentheses re 
fer to ite ms in the lis t of reference s at 
the end o f thi s r eport . 

percent of the 20-yr expansion occurred 
in the f i rst month, wi t h 75 t o 85 pct 
occurring i n 10 yr. Ti l e expansion a ft er 
a 20-yr outdoor atmosphere exposure was 
the same as an 1-h autoclave treatment a t 
200 psi and 195 0 C. Twe n t y-year e xpan
sions ranged from - 0.001 pct for l ow
poros i ty to a high of 0.05 7 pct for t he 
high-porosity tile. 

Actua l expansion that occurs in struc
tura l clay under indus t rial use condi
tions is normally less than predicted by 
labora t ory studies (lQ). Ritchie found 
au t oclave d bricks that were restrained 
(5 0 psi load) produced 4 to 24 pct less 
expansion than unre straine d samp les. 
Expansion, as sma l l as 0.02 pct in build
i ng brick, has been s hown t o be 
destruct ive (l!-li). 

Vo l ume expansion, als o k nown as i rre
vers i ble g rowth or swe l ling, caus es a 
dimensiona l increase in acidproof brick 
and i s generally thought to be s i mi lar to 
moisture expansion observed in structural 
clay products. Linear expansion of up t o 
0 .35 pet in acidproof bri ck has been 
documented (~), bu t no pu bli s hed tech n i 
cal informa t ion or standard test exists 
to measure expans i on or t h e i nfluence of 
such factors as temperature, p ressure, 
loa d, or e xposure environment. Expansion 
of structural uni t s in acid envi ronments 
is a cri ti ca l f a ctor in ves se l design. 
Improper design or construction may 
r esul t in t he bri ck face spa l ling , the 
brick l ini ng arch i ng or buck l ing away 
from the subs tra te, the i mpermeable me m
bra ne ruptu ring or tea r ing, or the trans
f e r of damaging s t ress loads i nto the 
substrate st ruct u re. 

Th i s r e por t discusses t h e resul ts on 
volume exp a ns ion of two red shale, two 
f irec l ay, a silica, and a SiC (c l ay 
bonded) b r ick exposed f or 300 day s to 
dif ferent t e mperature and acid concentra

t ions of HCI, HN03 , and H2S04 , a s wel l as 
s hort - t e rm aut oclave tests . 
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TE ;~' T EQUIPMENT AND PROCEDURES 

Chemical and physica l p r ope rt i es of the 
ce r amic mat e r ials tested a re lis ted in 
t able 1. Bu l k de nsity and pe rcent a ppar
ent poros i ty were determined f or each 
test spe cimen befor e e xpos ure , us ing ASTM 
test C20-80 (li) . The mai n che mical dif
f erenc e i n the red sha l e and f irec l ay 
samples is i n t heir alkal i , a lkali ne 
e ar t h, and i r on oxide c ont e nt s . Re d 
shale A and f ire c l a y B h a ve h i gh apparent 
p orosity and l ow-bulk dens ity compared t o 
r ed shale B and fi r eclay A. 

The celected ce r a mi.c ma te ria ls we re 
e xposed to va r i ous ac i d co ndit ions in the 
t est appara t us (fig . 1), wh i ch op era t es 
a t temperature s u p to 250 0 C. Heat was 
supplied to the 12-L spherica l Pyrex 3 

glassware reaction ve ssels by heating 
mantels . The temperatu r e was controlled 
by me a ns of a vari able p ower s our ce and 
monitored in the r eac t or by a type K 
the rmocouple . A peristaltic pump was 

3Re ference to specific 
not imply endorsement by 
Mines . 

products does 
thE" Bureau of 

used t o withdraw, add, or c i rcu lat e l iq
uid i n t h e s ystem. The bo t tom o f the 
ve ssel was f il le d with 6-mm Pyre x glass 
beads to provi d e a l evel surfa ce for 
placeme nt of the test s amp l es. 

Volume e xpansi on o f samp les was moni 
to r e d in 100- day increments over a 300-
day t i me pe r i od. The e xpos u r e condit ions 
i nve stigate d are l isted i n table 2 . Five 
samp les of t he h i gh- and l ow-porosit y r e d 
s hale a nd fire c lay , the silica , a nd the 
SiC mater i a l s we r e exposed as grou ps to a 
pa r t icu lar a cid envi ronme nt . Sa mples 
we re completely i mme rs e d i n the t est s o
lu t i on, whi c h was changed eve r y 100 da ys 
whe n the s amp le s we r e measu red . Samp le s 
with I -in di a m by 1. 5 in high were p r e 
pared f or l ength change mon i t or ing by 
di amo nd dri l li ng 0 . 0 8- in-diam h oles in 
the cente r of the 1-i n-diam su r f ace to a 
depth of 0 . 08 in. A bench mi crometer 
with 0 .2 in harde ne d steel bal l a tt a ch
ments ( fig . 2) was used to measure length 
changes t o 0 . 000 1 in. The 0 . 2- in steel 
bal l wa s cent e red i n t he 0 . 08-in h o le a nd 
the dimensional change wa s monito r ed . 

TABLE 1. - Chemical and physical p roper ties of comme rc i al c e r amic mater i a ls 

Prope rty Red sha le Fi re c lay SiC Silica 
A B A B 

Chemical co mp osit ion , wt pct: 
S i 0 2 •••••••• •.• • • • • •• • •••••••••••••••• 64 . 6 63 . 3 59. 4 68 .6 9.6 98 . 4 
A1203 · • .•. ••••••••.•....•••••••.••••• 20 . 6 20 . 7 31.7 22 . 9 0 . 76 0 . 51 

Fe203· ······························ . 6 .4 5 . 9 2 . 0 1.9 0.3 7 0 .1 2 
K 20 • ••••••••••••••••••••••••••••••••• 3. 6 4 . 6 3. 0 1.5 0 . 046 0 . 049 
Ti O2 ••••••••••••••••••••••••••••••••• 1.6 1. 6 1. 7 1.4 0 . 11 -: 0 . 05 
MgO • •••••••••••••••••••••••••••••• • •• 0 . 99 1.3 0 . 35 0 . 56 0 . 035 0 . 056 
Na 20 • • • •••••••••••••••••••••••• • ••••• 0 . 58 0 . 57 0 . 27 0 . 27 0 . 017 0.5 3 
CaD •••••••••••••••••••••••••••••••••• 0 . 39 0 . 05 0 . 03 0 . 06 0 . 22 0 . 12 
BaD ••••••••• • •••••••••••••••••••••••• NA NA NA NA NA NA 
C • • • •••••• •• •••••••••• • ••••••••• 0) ••• • NA NA NA NA NA NA 
S • ••••••••••• • ••• • ••••••••••••• •• •• • • NA NA NA NA NA NA 
Si C ••.• • •••••••••••••••••••••••••• ... NA NA NA NA 87 . 9 NA 

Apparent porosity ••••••••••••••••• pct •• 10 . 86 3 . 26 5.66 11. 6 10 . 89 11. 9 1 
Bulk density • ... ••• • ••• . 0 ••••• • • g/cm 3 •• 2.39 2.56 2 . 38 2 . 26 2.64 1. 90 
Cold crushing strength., ••••••••••• psi •• 18,800 20,300 9,800 9 , 700 14 , 400 4 , 100 
NA Not analyzed . 
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Condenser 

-----Thermocou pie 
....... .. t-----Solution inlet 

4-----Solution outlet 

Heating mantle --... 

Base 
heating mantle 

Test solution 

.,--~-++--I-in-diameter by 1.5-in specimen 

~"""""H---Glass beads 

FIGURE 1.-Construction detail of reaction vessel. 

Anvil pressure on the 0.2-in balls was 
adjusted for the lowest setting of 8 oz. 

Samples similar to those used in 300-
day volume expansion tests were auto
claved in a Teflon fluorocarbon polymer 
lined autoclave to evaluate autoclaving 
as an accelerated method of determining 
linear expansion. Samples were exposed 
to 20 wt pct HC1, 40 wt pct HN0 3 , and SO 
wt pct H2S0 4 at 220 psi for 8 h. Because 

TABLE 2. - Acid conditions evaluated 
during 300-day exposures, at three 
temperatures, weight percent 

Acid 50° C 70° C 90° 
1 H20 ••..•••••••••• NA NA 

HCl •••••••••..•••• NA 20, 30 
HNO 3 •••••••••••••• 60 NA 40, 
H2S0 4 , •••••••••••• NA NA 10, 
NA Not analyzed. 
lWater data included for comparison. 

C 
100 

20 
60 
SO 

of smaller expansions observed in water, 
longer exposure times (24 h) were used to 
obtain measurable results. The tempera
ture varied between 200° and 230° C for 
the different acid exposures in order to 
maintain a 220-psi exposure pressure. 
Exposure conditions are summarized in 
table 3. Samples were measured before 
and after autoclaving using the bench 
micrometer (fig. 2). 

TABLE 3. - Acid conditions evaluated 
during autoclaving at 220-psig 
pressure 

Acid Conc., Temperature, Time, 
wt pct °c 

1 H20 •••••• 100 200 24 
HC1 ••••••• 20 200 8 
HN03' ••••• 40 210 8 
H2 SO 4 ••••• SO 230 8 
1 Water data included for comparison. 

h 
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FIGURE 2.-Bench micrometer used to measure length changes. 

RESULTS AND DISCUSSION 

Linear expansion data of ceramic mate
rials after 100- and 300-day exposure to 
different acid environments are listed in 
table 4. Regardless of the exposure 
time, the high-porosity red shale A and 
fireclay B materials had statistically 
significant 4 larger expansions than the 
corresponding low-porosity red shale B 
and fireclay A materials. The highest 
expansion data for each of the individual 
materials tested occurred in 20 wt pct 
HCl at 90° C for 300 days, ranging from 
0.45 pct for the high-porosity red shale 
A to 0.08 pct for silica. All 300-day 
expansions for the silica and SiC materi
als were less than 0.09 pct. 

When the temperature was raised 
with reference to acid concentration (20 

4Statistic ally 
(Stude nt's t-test) 
intervals (17). 

signifi c ant changes 
at 95-pct-confidence 

wt pct HCl or 60 wt pct HN03 ), the amount 
of expansion increased. A continual in
crease or leveling off of volume expan
sion with time, over the 300-day period, 
did not show a clear trend. Typical 
examples are shown in figure 3, where the 
slope of the linear expansion curves 
indicate that dimensional changes may 
still be increasing (20 wt pct HCl at 
90° C) or have leveled off (60 wt pct 
HN0 3 at 90° C) by the 300th day. A trend 
for expansion may emerge by testing for 
longer time periods. 

A general ranking of the volume expan
sion of the materials tested, from high 
to low, is as follows: high-porosity red 
shale A and fireclay B» low-porosity 
red shale B and fireclay A > SiC and 
silica. A general ranking (largest to 
smallest) of the effect of exposure envi
ronments is HCl > H2S04 and HN0 3 > H20. 
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TABLE 4. - Linear expansion of ceramic materials after 100- and 300-day expos ures , pe r cent 

Exposure condition Red shale A Re d shal e B Fireclay A Fireclay B Silica SiS 
10O-day exposure: 

90° C, H20 •••••••••••• • •• • •••• • • • ••• 0.050±0.006 0.032±0.005 0.0 1B±0.005 0.049±0.0 17 p. 025±0.022 O. 015±0. 011 
70° C, 20 Hel . . ... .. ... .. .• ..•.... • . .045± .0 10 .030± .0 10 . 02 1± .009 .044± .005 .02B± .031 .020± .007 
90° C, 20 Hel .... ... .• •..• . .. .. . . • . . .OBO± .012 .050± . 014 .041± .009 .074± .009 . 050± .005 .026± .01 5 
70° C, 30 Hel • • • • • • •• •• ••• • • ••• •• • • • .041± .001 .032± .005 .025± . 010 .037± .005 . 032± .005 1 .009± .013 
90 ° C, 40 RNO 3 •••• •• •• ••••• • •• •••••• . 064± .01 B .034± . 00 1 . 01 B± .005 .055± .OOB . 025± .005 NA 
50° C, 60 RNO 3 •••• •• • ••• ••• • ••• • • • • • . 016± .005 .007± .001 .009± .005 . 01 6± .005 1 .009± .013 NA 
90 ° C, 60 HNO 3 • • •••••••• • •• • • • • •• ••• .0S7± .005 .039± .010 .030± .004 .050± .010 .02l± .017 NA 
90 ° C, 10 H2S0 4 •• •••• • • •• • .•••• •••• • .061± .015 .045± .010 .02B± .OOB .065± .013 1 .021± .023 .0 15± .013 
90 ° C, 50 H2S04 *··········· · · ··· ··· . .04B± .001 . 034± . 009 .02B± .001 .05B± . 006 .02 7± .OOB 1 .009± .011 

300-day exposure: 
1 1 90 ° C, H20 •• ••• •• ••••••• •• ••••• •• ••• . 123± . 029 .055± .026 . 02 2± . 010 .099± . 03 3 . Oll ± .039 .002± .048 

70 ° C, 20 Hel ... ..•. . •••••. . .•..•• . . NA NA . 060± . 024 .109± . 023 1 -.022± .054 . 069± .020 
90° C, 20 Hel • • •• ••••.•• .• ••••• • •••• . 449± .063 .142± . 052 .135± .036 .3 59± .087 .076± .024 .087± .06B 
70 ° C, 30 Hel •. .. ..•••••••••••• • •••• NA NA .037± .01B .065± . 013 .049± .036 . 042± .03B 
90 ° C, 40 Hf\~O 3 •••••• ••• •••• •• •••••• • . 220± . 051 .09B! .016 .065± .02B . 207± . 075 .Oll± .029 NA 
50° C, 60 HNO 3 • • • • • • •• •••••••••••••• .039± . 015 .02 7± .01 8 1 .006± .033 .024± . 014 .030± .022 NA 
90 ° C, 60 HNO 3 •••••••• • •• • • •• ••••• •• .1 51± .020 .on± . 025 . 064± .027 .135± .024 1.039± .043 NA 
90° C, 10 H2 S0 4 • •• ••••••••• •• •• • • •• • NA NA . 050± . 032 .lB4± . 049 1 . 045± .045 .05 2± . 045 
90 ° C, 50 H2_S04*······ · · · ····· · ···· . NA NA . 05B± .01B .2 31± . 044 1 .01 8± .028 1 .034± .055 
NA No t analyzed. 
lNot st a tis t ica lly s ignif icant ; other dat a a r e sta tistica l ly significant changes a t 95-pct - confi de nce l evel (Stu

dent ' s t- t est) . 

NOTE.--P1_us-minus (±) va l ues are at 95-pct-conf i dence inte rva ls . 
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The results of accelerated autoclave 
volume expansion tests in different envi
ronments is shown in table 50 Regardless 
of the exposure condition, the high
porosity red shale A and fireclay B sam
ples had greater expansion than the cor
responding low-porosity materials. This 
same trend was noted for 300-day volume 
expansion measurements, and is summarized 
in table 6 for comparison. 

Eight hours of autoclave exposure to 
50 wt pct H2S04 at 230 0 C resulted in the 
most expansion for all the ceramic mate
rials tested. The expansion ranged from 
0.094 pct for the high-porosity red shale 
A to -0.002 pct for silica. The ex
pansion observed in the silica and SiC 

materials was usually small or negative. 
Samples autoclaved in water for 24 h had 
expansions ranging from a high of 0.105 
pct for the high-porosity red shale A to 
a low of -0.029 pct for the silica brick. 
As mentioned previously, samples were 
autoclaved for 24 h in water because of 
the small expansions produced in 8 h. 
Compared to acid exposu r es of 8 h, wate r 
exposures resulted in much smaller expan
sions. The relative expansion trends 
between 300-day atmospheric exposures and 
autoclaved samples were comparable, sug
gesting autoclaving of samples as an 
accelerated method for comparing volume 
expansion of different ceramic materials 
exposed to acid environments. 

TABLE 5. - Linear expansion of ceramic materials after autoclaving at 220 psig, 
under four exposure conditions, percent 

Ceramic material H2O, 200 0 C 20 wt pct HCl, 40 wt pct HN0 3 , 50 wt pct H2 SO4, 
24 h 200 0 C, 8 h 210 0 C, 8 h 230 0 C, 8 h 

Red shale A •••••••••• 0.105±0.009 O. Onto. 023 O. 04l±0. 008 0.094±0.012 
Red shale B •••••••••• .049± .004 

1 
.006± .030 .017± .012 .032± .011 

Fireclay A ••••••••••• .023± .014 
1 

.0l3± . 026 
1 

.008± .017 .061± .017 
Fi reclay B ••••••••••• .103± .010 .054± .022 .024± .012 .088± .0l3 
Silica ..•...•...•...• - .029± .021 1 -.037± .048 -.019± .016 1 -.002± .007 
SiC •••••••••••••••••• .059± .040 -.064± .024 NA .o.065± .018 

NA Not analyzed. 
1Not statistically significant; other data are statistically significant changes 

95-pct-confidence level (Student's t-test). 

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

TABLE 6. - Comparison of 300-day1 and autoclave 2 dimensional changes of ceramic 
materials exposed to three different acid environments, percent 

Ceramic material 20 wt pct HC1 40 wt pct HN03 
300-day Autoclave 300-day Autoclave 

Red shale A •••••••••••••• 0.449 o.on 0.220 0.041 
Red shale B ••••••• ~ •••••• .142 .006 .098 .017 
Fireclay A ••••••••••••••• .135 .0l3 .065 .008 
Fireclay B ••••••••••••••• .359 .054 .207 .024 
Silica ..••••.•..••.•..... .076 -.037 .071 -.019 
SiC •••••••••••••••••••••• .087 -.064 NA NA 

NA Not analyzed. 
1300-day exposure = atmospheric pressure, 90 0 C. 
2Autoclave conditions = 8 h at 220 psi, temperature of HCl 

and H2S04 = 230 0 C. 

50 wt pct H2 SO 4 
300-day Autoclave 

NA 0.094 
NA 0 .032 

0.058 .061 
.231 .088 
.018 -.002 
.034 -.065 
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CONCLUSIONS 

Volume expansion was evaluated on sam
ples of two red shale, two fireclay, one 
silica, and one silicon carbide ceramic 
material exposed to water and acid con
ditions using a long-term and an accel
erated test. Results indicated the 
following: 

1. A general ranking of the volume 
expansion of materials tested at atmo
spheric pressure, from largest to small
est expansion, is high-porosity red shale 
A and fireclay B» low porosity red 
shale B and fireclay A > SiC and silica . 

2. A general ranking of the effect of 
acid environments on expansion during 

atmospheric exposure, from largest to 
smallest, is HCl > H2S04 , HN0 3 > H20. 

3. Increasing the temperature at a 
given acid concentration resulted in an 
increase in volume expansion during 300-
day atmospheric exposures, while changing 
acid concentration at a given temperature 
followed no specific trend. 

4. The relative expansion trends 
between 300-day atmosphe r ic exposures and 
autoclaved samples were comparable, sug
gesting auto~laving of samples as an 
accelerated method for comparing volume 
expansion of different ceramic materials 
exposed to acid environments. 
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