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'An Interferometer Procedure Applied to the Study of the
Chemical Durability of Silicates, Enamels, and Metals

Robert G. Pike and Donald Hubbard

The chemical durability of quartz, fused silica, obsidian, flint, opal, and glass were
determined by the interferometer method and the results interpreted in the light of the

Donnan theory of membrane equilibria.

the uneven distribution of migratable ions, as shown by the Ag+Br— titration.

A more sensitive test of the same phenomena is

The tests

used are sensitive enough to differentiate between the differc_nt‘types of silica and may be
applicable to the study of the chemical weathering characteristics of all natural silicates.
Results of preliminary experinients on enamels and metals show that these tests may serve
as indicators of the corrosive resistance of these materials under a wide range of conditions

1. Introduction

The results reported in earlier publications have
demonstrated the utility of the interferometer pro-
cedure for determining the chemical durability of
glasses, particularly in the study of the voltage
anomalies of the glass electrode [1, 2]. These results
suggested that the same procedure could be used to
determine the relative chemical durability of natural
minerals and thus throw some further light on the
probable mechanism and rate of chemical weathering
I nature.

Another investigation has also been described
which shows that there is an uneven distribution of
migratable ions at a glass-solution interface in accord-
ance with the dictates of the Donnan theory of
membrane equilibria [3]. In view of these findings
it seemed desirable to determine if the same principles
could be applied to some of the natural silicates.

With these objectives in mind, quartz, fused silica,
opal, obsidian, flint, and pitchstone were chosen for
study. The glasses, Pyrex brand chemical ware 7740
(hereafter referred to as Pyrex) and Corning 015, on
which many tests had previously been made, were
also included in the study as control and comparative
samples.

The results obtained in the first experiments
suggested that the interferometer procedure might
have even wider applicability. Therefore, the,
the method was extended to the study of porcelain
enamels and metals.

2. Experimental Procedure

2.1. Interferometer Method

When available, specimens about % by 3 in. were
ground flat on a cast-iron lap with fine alumina pow-
der and polished on a wax wheel with levigated alum-
ina. These specimens were treated for chemical
durability by the interferometer procedure [1, 2].
This consists of immersing the sample one-half its
depth in a solution of known pH covered with an oil
ayer to prevent evaporation of the water, and main-

! Figures in brackets indicate the literature references at the end of this paper.
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tained at a temperature of 80° C for definite periods
of time. Using the unexposed portion of the sample
as a reference plane, the attack on the exposed sur-
face is measured by determining the displacement of
the interference fringes with the conventional Pul-
frich viewing apparatus, using an unfiltered helium
lamp for illumination. Swelling of the surface is
plotted in all figures as negative attack. To make
the results comparable with previous publications
[1, 2, 3, 6] the exposures were made at 80°+£0.2° C
for 6 hr to Britton-Robinson universal buffer solu-
tions [4] (hereafter called Britton buffers) ranging
from pH 2 to pH 11.8, with some exceptions as
explained later in the text.

2.2. Hygroscopicity

Th: procedure for determining hygroscopicity was
that reported in previous publications [6, 2], which
consisted of weighing the water sorbed [5] upon ex-
posing about 1.5 g of powdered glass (passed through
a U. S. Standard Sieve No. 140) to the high humidity
(approximately 98 percent) maintained by a satur-
ated solution of CaS0O,2H,0. To insure speed in
obtaining equilibrium and uniformity throughout the
humidity chamber, the walls were lined with a blotter
wick, and the atmosphere of the closed system kept
circulating with a fan. The samples were exposed
for 1- and 2-hr periods at 25° C and the results re-
ported as milligrams of water sorbed per cubic centi-
meter of sample.

2.3. Uneven Distribution of Migratable Ions

For the experiments on the uneven distribution of
migratable ions between the outer solution and the
silica rich layer of the specimens, samples of approxi-
mately 10 g were prepared by being crushed and
passed through a No. 50 and retained on a No. 140
U. S. Standard Sieve. They were then leached for
various periods of time at pH 4.1 and 80° C with
occasional agitation. After rinsing and decanting
the samples twice, they were treated by agitation for
5 min in 50 ml of saturated Ag(NH;), Br solution [3].
The samples were then separated by decantation
from the liquid phase. The sample and liquid phases
were acidified with concentrated H,SO, and titrated



potentiometrically for excess Agt remaining in the
celatinous silica-rich surface and for the excess Br~
ions appearing in the outer solution [3].

2.4. Materials

Flint samples were cut from the black center
portion of a nodule from Travis County, Tex.
Pitchstone was from Georgetown, Colo. Obsidian
was a typical natural black glass. These three
materials were obtained through the courtesy of
Edward P. Henderson at the United States National
Museum. Quartz samples were cut from a near
optical grade crystal. Fused silica was commercial
optical grade. Opal from Nevada was obtained
through Wards Natural Science Establishment.
Pyrex was chemical glassware 7740. Enameled
metalware samples were regular commercial grade,:
furnished by the Enamel Metals Section of the
National Bureau of Standards. Metal specimens
were commercial samples.

3. Results and Discussion

3.1. Silicates

The extent of surface alteration (swelling or
attack) at various pH values has been demonstrated
with certain glasses [1, 2, 3]. The swelling has been
rationalized in terms of the Donnan theory of mem-
brane equilibria [3], and the attack in terms of rate
of solution of silicates. In the figures the amount
of swelling is plotted as negative attack. Quartz,
flint, obsidian, and fused silica show no detectable
swelling or attack at pH values below 9.5. Above
this value, the rate of attack increases to )% fringe
at pH 11.8 for fused silica. The difference between
the fused silica and crystalline quartz is easily
demonstrated (fig. 1 data given in table 1). The
fact that obsidian, a natural glass, falls between
the two in chemical durability is perhaps surprising
but may possibly be a result of a high-alumina con-
tent characteristic of obsidian glass. The attack on
flint and crystalline quartz was not detectable at
pH 11.8 after a 6-hr exposure. However, there is a
detectable attack after 24 hr.

A sample of the crystalline quartz was also given
an exposure of 2 weeks at 80° C in pH 4.1 and showed
a definite swelling at the contact of the solution oil
surface. Longer exposure times could be used if a
method could be found to prevent diffusion of the
water through the oil layer.

In order to show more clearly the relative resist-
ance to attack in strong alkalies, the samples were
also treated for 6 hr in 5 percent NaOH at 80° C and
the results listed in table 1. (Because of the very
low resistance of opal it was treated for only 15 min
and the results extrapolated to 6 hr.)

The Corning 015, a glass of poor chemical dura-
bility, is included as a means of comparison with
previous tests on optical glasses.

The results obtained on opal are the most inter-
esting of the group. Swelling of nearly 1 fringe is
obtained at the lower limit of the tests (pH 2) and
continues at that rate to about pH 8 and from there
to pH 11.8 the swelling rapidly changes to an attack
of 3% fringes. It was noted during the tests that the
swelling that took place in the solution disappeared
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Ficure 1. Relative chemical durabilities over the range pH 2
to pH 11.8 after exposure for 6 hours at 80° Cin Britton bu ffers.

TaBLE 1. Chemical durability, hygroscopicity, and interfacial uneven distribution of migratable tons for silicate materials
et b v
. NH3)z ions in surface of speci-
Surface alterations for exposures of 6 hr, 80° C at pH—  |Water sorbed in— Exc&sgrgglgachéﬁz at pH 4.1, 80° C inB-
Material T ‘ = ‘ |
2 4.1 6.0 i 8.2 10.2 | 118 N Nf;{gﬁ 1hr \l 2 hr 0 hr 6 hr 24 hr 72 hr ’ 144 hr
Fringes| Fringes| Fringes| Fringes| Fringes| Fringes| Fringes| mg/cm 3| mg/cm? M-eqlg M-eqlg M-eq/g M-eqlg ‘ M-eqlg
Quartz. o= - NDg“ N J NDa NDg ND(] N J NI 4.2 7.9 <b0.1X10~4 | —0.4X1074 ______ 0.6X10~* 1.0X10*
Flint___ ND ND ND ND ND ND 140 Ac 2 T L g ek g S e e B e T e
Fused SiOz ND ND ND ND Dd A| LA 1A 4.2 7.8 <051 0.9 1.0 1
Obsidian__ £ ND ND ND ND D,A |el4—A| 1A 8.6 14.2 < 26 0.9 1.5
Pitchstone_______ A2 SR e b 1Ak e L 1A SR 2L ol i o — Ao o5
Corning 015._... | 340—Sf] 340—S | 240—S | SC= 144-A | 2—A e 115 230 5.8 23 39.3 30.2
yrexSEin e i ND | 'ND | ND | D,A |%4—A |134A |236A | _ - | . .- e Mo i P e T
Opal(SiO2.nH30) .| b 34+8 18 18 18 16—S | 314 A | 24 A | 39 61 ‘ 52.3 3 57 S SO R T 166 167
|

= ND, not detectable.

b <, less than the smallest titrateable increment.
° A, attack.

d D, dectable, but not measurable.

e 14—, slightly less than 4.

t S, swelling. 3

£ SC, surface cut at the oil-buffer boundary.
b 34+, slightly more than 34.
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as the specimen was exposed to the air. Therefore,
additional tests were made, the results of which are
shown in figure 2 (data given in table 2), where
attack is plotted against the number of hours after
removal of the samples from the solution. It can be
seen that after a period of 5 hr the initial swelling
of more than 1% fringes has changed to an appreciable
attack, which leads to the conclusion that both solu-
tion and swelling had occurred during exposure. In
figure 1 it can be seen that swelling is more rapid

posed to the atmosphere for varying lengths of time.
From this curve it appears that after about 50 hr the
amount of swelling approaches a maximum. In
other words, the extent of attack is equal to or greater
than the extent of swelling. If the swelling as noted
in these curves is caused by the uneven distribution
of migratable ions, the osmotic pressure should be

TaBLE 3. Effect of time on the swelling of opal in Britton buffer
at pH 4.1 and 80° C, and the surface alteration after removal
from the buffer and exposure in avr

than attack for all values below pH 10.2. This is
ShOWIll ORI Strlklngly ol ﬁgu_re 3 (data glV(‘I} il [ Surface alteration after exposure in buffer for—
table 3), where surface alteration (attack, swelling) | |
is plotted against time of exposure at pH 4.1. Also } | e i 6hr | 12br | 24hr 48 hr
shown are the changes in the surface alterations of | | : :
the same specimens, taken from the buffer and ex- | | Fringes | Fringes | Fringes | Fringes | Fringes | Fringes
| 348 s 1- 8 1+ S 1%6—8 | 1%+ 8 134 S
! —
- . . Hours of
TAaBLE 2. Surface alteration of the two specimens of opal upon ‘ exposure Surface alteration after removal from buffer
exposure to air after immersion in Britton buffer at pH /.1 | inair
for 24 hours at 80° C o
— | 0 348 1-8 1+S 1%-S | 1448 134 S
| 2 | 148 e 15—8 +S | %8S 148
| Surface alteration in— i | 4 RIS e Yo S R LA
Sample |__ e | 6 | RSN ST, . 4o A
number | 8 | DA o A ‘ o2 | RN
0 hr 2hr | 6hr 9 hr ‘ 24 hr 48 hr ‘ | |
ARLEEE =0 UPIERE o 05 ¢ S {310 el B e
| | 12 ‘ % | 20 A .
Fringes Fringes Fringes | Fringes | Fringes Fringes | 20 DA et 28 2 (P S R R i S S
1 116 8a 34 8 1o A Vi—A | 444A Li+A ‘ i | %f0A | L+A ie
2 2—8 AR Lig A Li—A 1o—A ‘ BRG] s SO W 7Y R R
s Symbols explained in table 1.
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Ficure 2. Surface alteration of two specimens of opal in air,
after exposure to Britton buffer solution at pH 4.1 for 2/ hours
at 80° C.
o
£
& o
[+
Ea
£
-2 L 1 1 Il | 1 1 | 1 | 1 1 1 1 1 1 1 1 Il 1 d 1 1 1 | 1 1 1 1 1 1

TIME,

Ficure 3. Typical surface alterations of opal with time of exposure in Britton buffer solution at pH

HOURS

4.1 at 80° C followed by

exposure 1n air.

————— 0 —————, Surface alteration immediately after removal from the buffer solution.
, Surface alterations after removal from the buffer and exposure to air.
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Ficure 4. Typical reduction of swelling of opal and Corning
015 by increased concentration of electrolyte, exposed for 6
hours at 80° C.

TaBLE 4. Surface alteration of opal and Corning 015 glass in
sulfuric-acid solutions of various concentrations for 6 hours
at 80° C

Surface alteration
H3S04 2 - _
g orning
Opal 015
Percent Fringes Fringes
0.1 248 a 240—S
1.0 1% 8 240—S
10.0 115 S WUo—S
25.0 34 8 DS
50.0 ND, 8C ND
7540 ND, sC ND
98.0 ND, SC ND

a Symbols explained in table 1.

reduced by high concentrations of electrolytes in
accord with the Donnan equation for osmotic pres-
sure [7]. This effect is shown in figure 4 (data given
in table 4), where surface alteration of opal and
Corning 015 is plotted against concentration of
H,SO,. It can be seen that at 0.1 percent H,SO, a
swelling of greater than 2 fringes is obtained, and at
65-percent H,SO, the amount of swelling has been
reduced until it is no longer detectable. It is real-
ized that considering 65-percent H,SO, as a high
concentration of electrolyte in terms of the Donnan
theory of membrane equilibria is questionable and
that any one of a number of other explanations could
suffice [3].

The hygroscopicity of the samples is plotted in
.gure 5 (data given in table 1) as water sorbed in
mg/cm? against time in hours. Note that the relative
positions of Corning 015 and opal in this figure have
been reversed from that in figure 1, indicating that
the surface alteration (swelling) of the opal results
from some factor other than its hygroscopic property.
In other words, hygroscopicity is not a reliable
indicator of chemical durability.

In figure 6 (data given in table 1) the excess
Ag(NH;),* ions in milliequivalents per gram (here-
after designated as M-cq/g) appearing in the surface
is plotted against time of leaching at pH 4.1 at 80° C.
The relative positions of these curves are compatible
with those of surface alteration shown in figure 1.
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This uneven distribution of the migratable ions is
caused by the nonmigratable negative-charged sili-
cate ions acting as their own semipermeable mem-
brane, and thus causing a definite osmotic pressure
across the opal-solution interface.

It is well recognized that chemical attack plays a
considerable part in the weathering of rocks and
minerals. These tests strongly point out the fact,
not always realized, that the weaker acids and bases
or even neutral salts may sometimes be a much more
destructive force than concentrated solutions. These
studies also indicate that another phenomenon, os-
mosis, plays a very important and persistent role i~



the weathering of numerous rocks and minerals.
The interferometer procedure might we!l be used to
study the relative resistance of many of the rock-
forming minerals to acids and bases over a much
wider time and concentration range than was done
here.

3.2. Alkali Aggregate Reaction

High-alkali cements are known to react with cer-
tain aggregates, particularly opal, used in concrete
[8]. This reaction causes a swelling and subsequent
deterioration of the concrete structure. Hansen [9]
has postulated that the cement paste might act as a
semipermeable membrane, which would allow the
alkalies to migrate through the concrete and react
with the opal. The reaction product would not be
capable of diffusing through the hardened cement
paste. Thus osmotic pressures would be built up,
which could cause disintegration of the concrete. A
modification of this hypothesis as advanced by
Parsons and Insley [10] suggested that a reaction
takes place at the walls of the pores in the concrete
to form a membrane impermeable to further migra-
tion of alkali silicates. The authors have considered
the possibility that the opal grains might act as theit
own semipermeable membrane. However, the inter-
ferometer shows that expansion of the opal itself
occurs in the acid and not in the alkaline range. Any
expansion in the alkaline range must be because of
some reaction products or to osmotic pressures set
up through some membrane surrounding the irdivid-
ual opal grain rather than to any Donnan membrane
equilibria in the opal itself. Another interpretation
of this effect has been advanced by Vivian [11], who
believes that alkalies react with opal to form a gel
that absorbs water, causing swelling of the gel and
subsequent failure of the concrete.

3.3. Porcelain Enamels

In figure 7 (data given in table 5) is plotted the
chemical durability of three commercial porcelain
enamels, 8 class A acid resistant, a class D acid re-
sistant, and a hot-water tank enamel of a type used
in the manufacture of the so-called glass-lined tanks.
(Hereafter refeired to as glass-lined tank enamel.)
[12]. The difference in durability in both the acid
and alkaline range can be observed from these curves.

The hygroscopicity of these enamels is shown in
figure 8 (data given in table 6) and is seen to be
greater than that of Pyrex but much less than that
of Corning 015.
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6 hours at 80° C in Britton buffers.
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Ficure 8. Hygroscopicity (water sorbed) of three typical
porcelain enamels compared with two commercial glasses,
after exposure to a relative humidity of 98 percent.

TaBLE 5. Chemical durability of three types of porcelain enamel
Surface alteration at pH—
Enamel
2.0 3.0 4.1 6.0 7.0 8.2 9.0 10.2 11.0 11.8
Fringes | Fringes | Fringes | Fringes | Fringes | Fringes | Fringes | Fringes | Fringes | Fringes
AloifiresiStant; dlasgiAdasi s 2 Eoe il e U Sy CIIN B SRR TS Y ND INIDEE 2 ceiaghe 595 o ND ND ND 1% A 2A
Glassdinediianke A 551 s cl o e R b e T e 148 %+S ND NP et INDD s | ST LEE I E ND DA 4 A
Acldresiptantsclasg Ts.. < & 8 iR 07 s AT Y 144 8 36 S 1%+S ND ND TAQCA st 2o Ehoa Vot N &e| Tes spile 4 A

s Symbols explained table 1.



TaBLE 6. Comparison of the hygroscopicities for three types of
porcelarn enamels and two commercial glasses

| Watersorbed in— i

1 hr 2 hr

Specimen

mg/em?
Class A, acid resistant 18
Glass-lined tank_______ 21 27

|
Porcelain enamels:
|

|
Class D, acid resistant 24 39 1
Glasses: ‘
| Gorning 01 5t P R s S e 121 191
‘ i 2 b7 7 ) DI RS Y S S S S 8 14

The chemical durability of the class A enamel at
high concentration of acids is shown in figure 9
(data given in tables 5 and 7), and the repression of
swelling of the tank enamel at high concentration
of electrolytes is shown in figure 10 (data given in
table 8). The uneven distribution of the migratable
ions for the class D enamel gave the low value of
less than 0.2X10™* M-eq/g with no leach, and the
very high value of 415X1067* M-eq/g after 6 hr of
leaching at pH 4.1. This value is 46 times greater
than for the glass-lined tank enamel and is a very
striking example of the sensitivity of this test.

TasLe 7. Chemical durability of two commercial porcelain
_enamels in aqueous solutions of HSO4 and CH;COOH
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Ficure 10.  Comparison of the uneven distribution of migratable

ions at the enamel-solution interface with the chemical dura-
bility of a porcelain enamel used in glass-lined tanks, after
exposures for 6 hours at 80° C.

TaBLe 8. Uneven distribution of Ag(NHjz)%
solution interface after leaching in various
hours at 80°

at the emamel-
solutions for

| Surface alteration ‘

Solution
Class A, acid- Glass-lined
resistant tank
‘ SE. [ e o
i H2S04 CHaCOOH“ H2S04 ‘CHaCOOH‘{ H2S04 |CHsCOOH
| Percent pH pH Fringes‘ Fringes Fringes\ Fringes
| 0.1 1 237 a QD | ND ‘
as | am oz R o o
25.0 oo B e S ND |
50.0 | —1.49 1.3 ND | ND ND
75.0 —2.45 0.6 ND ND i ND
96.0 —8.1 | _______ ND ND Shimale
98.0 A=) SR N T

a Symbols explained in table 1.

b The iron backing of the glass-lined tank enamel was severely attacked at
0.1 to 25 percent H:SOs and CH3COOH, H: was evolved, which chipped and
shattered the enamel, thus destroying the specimen.
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Ficure 9. Chemical durability of class A acid-resistant

porcelain enamel over the range pH—8 to pH 12 after exposure
for 6 hours at 80°
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Excess
Enamel Treatment Ag(NHy)}
cols Solution M-eqlg
Bt 5 (1] 1 R o ST PRI B<0 2X10~4
{| —8.1 \ 96% HaSO4__
i 2.0 | Britton buffer__ 16
Glass-lined tank__________ ‘ 2.3 | CHsCOOH. . __ 20
4.1 | Britton buffer__ 9 |
11.8 ‘ ldo s = 4
- A et | None_____ <0.2
Class D acid resistant_ ___ \ 4.1 | Britton buffer. ... 415
|

= Symbols explained in table 1.

Because the composition of the enamels was not
known in detail, it is difficult to discuss the mecha-
nism or nature of the attack indicated by the inter-
ferometer data. The evidence, however, that por-
celain enamel is subject to alkaline attack correlates
well with field tests that have been made on enamel-
ware [13]. It appears that the nature of the attack
on the enamels is analagous to that on commercial
olasses. It would seem, then, that some of the
problems of the chemical durability of different
enamels could be advantageously studied by these
techniques.

3.4. Metals

A]though the interierometer has been used widely
in science and industry, the procedure for measuring
the chemical durability has not been applied to the
study of the corrosive resistance of metals and alloys
to acids and bases of all concentrations. The chemi-
cal durability of cold-rolled steel, aluminum, copper,
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TasrLe 9. Chemical durability of metals exposed to Britton
buffers for 6 hours at 80° C
pre— mra s s = == o o — S e ‘
’ Surface alteration at pH— [
|  Metal | — e e e
‘ 2.0 41 | 60 | 82 10.2 1.0 | 118
[ | Fringes |Fringes Fringes Fringes. Fringes |Fringes i‘riyges |
Cold-rolled | =360 A 30A | ND ND ND ST T D) |
steel_____ |
‘ Aluminum_| 13 A ND ND ND \ll)l Sk(‘, 36 A 390 A
| lac
Copper..._| 10 A 2A | ND ND ND 1+A
Brass ... | 4A 1A DS %210 S | ND E e 15 A
Silver.__.__| lio+A | ND ND ND ND | ---- ND

Platinam._| ND ND [ND | ND | ND ND
Symbols explained in table 1.

brass, silver, and platinum is shown in figure 11
(data given in table 9). Because of the rapid reac-
tion of some of the samples, exposures as short as
1 min were required, and the results were extra-
polated to 6 hr in order to put all the data on a
comparable basis. The swelling of brass and the
slight attack on silver might be more convincingly
demonstrated by increasing the exposure time to
24 hr or more. When aluminum was treated at
pH 10.2, a hard black almost nonreflecting coating
was formed, although no dimensional change could
be detected by the interferometer. In fact, in many
cases there was a color change in the treated area
but with no detectable dimensional change. Hass
[14] states that the oxide film on aluminum may be
as thin as 20 A. Because the lower limit of resolu-
tion of the interferometer is about 30 A, no swelling
could be observed. It is also interesting to note
that the points at which surface alteration becomes
detectable correspond very closely to the wvalues
determined by Wells [15], namely, pH 3.95 and
pH 10.94, where aluminum hydroxide becomes sol-

uble in the acid and alkaline regions. In several
samples where a slight attack or dull matt swollen
surface had resulted, repeated gentle polishing on
4/0 emery paper increased the observable attack in
the exposed area to a definite maximum. This in-
dicates that chemical attack had progressed to a
considerable depth below the surface. In all cases
the maximum attack noted after the emery-paper
treatment was reported as the chemical durability.

The results on all metals tested show good cor-
rosive resistance from pH 6 to pH 10. There is,
however, a very definite attack on all the metal
surfaces except platinum at pH values below this
range. Because of the sensitivity of the interfer-
ometer measurements, the method offers a means of
studying the corrosive resistance of metals and
alloys under very diverse conditions.

4. References

Donald Hubbard and Edgar H. Hamilton, Studies of the
chemical durability of glass by an interferometer
method, J. Research NBS 27, 143 (1941) RP1409.

Donald Hubbard, Mason H. Black, Sylvanus F. Holly,
and Gerald F. Rynders, Electrode function (pH
response) hygroscopicity and chemical durability of
soda-potash-silica glasses, J. Research NBS 46, 168
(1951) RP2189.

Donald Hubbard and Richard G. Goldman, Hetero-
geneous equilibria at the glass electrode-solution inter-
face, J. Research NBS 48, 428 (1952) RP2333.

[4] H. T. S. Britton, Hydrogen ions, I, 3d ed., p. 313 (D.

Van Nostrand Co., New York, N. Y., 1943).

[5] James W. MeBain, The mechanism of the adsorption
(sorption) of hydrogen on carbon, Phil. Mag. 18, 916
(1909); Z. Physik. Chem. 68, 471 (1909).

Donald Hubbard, Hygroscopicity of optical glasses as an
indicator of serviceability, J. Research NBS 36, 365
(1946) RP1706.,

Samuel Glasstone, Textbook of physical chemistry, 2d
ed., pp 1259-1262 (D. Van Nostrand Co., Inc., New
York, N. Y.)

[8] T. E. Stanton, Expansion of conecrete through reaction
between cement and aggregate, Proc., Am. Soc. Civil
Engrs. 66, 1781-1811 (1940).

W. C. Hansen, Studies relating to mechanism by which
alkali reaction produces expansion in concrete, J. Am.
Concrete Inst. Proceedings, 40, 213-227 (Jan. 1944)

Willard H. Parsons and H. Insley, Aggregate reaction

with cement alkalies, J. Am. Concrete Inst. 19,

625-631 (1948).

E. Vivian, Studies in cement aggregate reaction,
Part XV Commonwealth Scientifie and Industrial
Research Organization, Australia, Bul. No. 256, p. 78
(1950).

[12] Test for acid resistance of porcelain enamels, Part 1

(Flatware, Porcelain Enamel Institute, 1346 Conn.
Ave. NW, Wash. 6, D. C.)

[13] J. R. Crandall, J. C. Richmond, A. G. Eubanks, and
W. N. Harrison Progress report on the correlation of
service data with laboratory tests on poreelain enamels,
given at ACS meeting Apr. 1952 Pittsburgh, Pa.

[14] G. Hass, Growth and structure of thin oxide layers on
aluminum, Optik 1, 134-43 (1946).

Lansing Wells, Reaction of water on calcium aluminate,
BS J. Research 1, table 15 (1928) RP34.

[2

[3

e

[6

(7

[9

[10]

[

&
&

WasHiNGTON, October 10, 1952.



	jresv50n2p_87
	jresv50n2p_88
	jresv50n2p_89
	jresv50n2p_90
	jresv50n2p_91
	jresv50n2p_92
	jresv50n2p_93
	jresv50n2p_94

