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The Defense Metals Information Center was establfshed at Battelle Memorial Institute at
the request of the Office of the Director of Defense Rescarch and Engineering to provide Govern=
ment cBntractors and their suppliers technical assistance and information on titanium, beryllium,
magnesium, aluminum, high-strength steels, refractory metals, high-strength alloys for high-
temperature service, and corrosion~ and oxidation-resistant coatings. Its functions, under the
direction of the Office of the Director of Defense Research and Engineering, are as follows:

1. To collect, store, and disseminate techrical information on the current
status of research and development of the above materials,

2. To supplement established Service activities in prcoviding technicai ad-
visory services to producers, melters, and fabricators of the above
materiats, and to designers aud fabricators of military equipment con-
taining these materials,

3. To assist the Covernment agencies and their contractors in developing

technical data required for preparation of specifications for the nbove
materials,

4. On assignment, to conduct surveys, or laboratory research investiga~
tions, mainly of a short-range nature, as required, to ascertain causes
of troubles encountered by fabricators, or to fill minor gaps in estab~
iished reseirch programs,

Contract No. AF 33(615)~3403
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Notices

When Government drawings, specifications, or other data are used for any purpose other than in
connection with a delinitely related Government procurement operation, the United States Government
thereby incurs no responsibility nor any obligatiun whatsoever; and the fact that the Government may
have formulated, furnished, or in any way supplied the said drawings, specifications, or other data, is
not to be regarded by implication or otherwise as in any manner licensing the holder or any other person

or corporation, or conveying any rights or permission to manufacture, use, or sell any patented inven=
tion that may in any way be related thereto,

Qualified requesters may obtain copies of this report from the Defense Documentation Center (DDC),
Cameron Station, Bldg. 5, 5010 Duke Street, Alexandria, Virginia, 22314, The distribution of this re~
port is limited because the report contains technology identifiable with items on the strategic embargo

lists excluded from export or re-export under U, S, Export Control Act of 1949 (63 STAT. 7), as amended
(50 U,S,C, App. 2020.2031), as implemented by AFR 400~10,

Copies of this report should not be returned to the Research and Technology Division, Wright-

Patterson Air Force Base, Ohio, unless return is riquired by security considerations, contractual ob~
ligations, or notice on a specific document.
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CORROSION OF BERYLLIUM

P, D. Miller and W. K. Bovd*

SUMMARY

Beryllium is sufficiently corrosion resistant
to be oi great usefulness in many engineering ap-
plications. Its resistance to most environments
is similar to but somewhat less than that of alu-
minum, which certainly is being widely used.
Tkis report indicates areas in which corrosion
may be anticipated. In general, the response of
beryllium to acidic and aikaline solutions is much
like that of aluminum. It is more sensitive than
aluminum to impurities such as chlorides, sul-
fates, and fluorides in water, so all handling and
cleaning must be carefully done. Fox example,
oo ntact with tap water should be avoided in most
instances. The resistance to high-purity water,
however, is quite good. Extensive pitting occurs
in seawater.

Organic solvents such as methyl alcohol or
methyl ethyl ketone in combination with water,
Freon, or perchlorethylene react quickly with

beryllium. Hydrocarbon solvents are probably
to be preferred.

*Fellow and Chief, respectively, Corrosion
Resea ch Division, Battelle Memorial Institute,
Columbus, Ohio 43201

The chemical resistance of beryllium, like
that of aluminum and titanium, is due to a tightly
adhering oxide film., This oxide coating is pro-
tective and stable in air at temperatures up to
about 1200 F. The protection is lost at kigher
temperatures and the oxidation becomes catas-
trophic.

Beryllium is fairly resistant to most liquid
metals except aluminum and poseibly calcium.,
Temperature levels and metal purity, however,
are of great importance here. It is quite resis~
tant to molten sulfur.

No failures from stress-corrosion cracking
have been reported for beryllium. However, most
studies in this area have been made in salt solu-
tions in which excessive pitting occurred so that
the exact cause of rupture could not be clearly
established.

Beryllium is anodic in most galvanic couples,
and bimetallic systems wet with conducting solu-
tions should be avoided. !

Ancdic and chemical conversion coatings
are very beneficial in improving the corrosion re-
sistance of beryllium in both aqueous and gaseous

environments, Metallic coatings have also proven
valuable.
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INTRODUCTION

The interest of the U. S. Air Force, NASA,
and the U. S. Navy in structural applications of
beryllium metal has spawned a fairly extensive
technology. Research has centered on areas that
will help exploit the unique properties of the met-
al. For example, it is relatively light and has
an extremely high modulus of elasticity, good
mechanical strength, and high heat capacity with
good thermal conductivity.

The corrosion resistance of structural
materials is of great importance in all engineering
developments. This report draws together the
data summarizing the general corrosion behavior
ot beryllium and its alloys in various gases, salt
solutions, mineral acids, organic compounds,
and liquid metals,

The report supplements other data on
beryllium as set forth in reports from the Defense
Metals Information Center as follows:

DMIC Report 168, Beryllium for Structural
Applications, 1958-1960, May 18, 1962,
(AD 278723).

DMIC Memorandum 198, Surface Damage
in Machined Beryllium, January 4, 1965,
{AD 610709).

DMIC Memorandum 197, Electrodeposited,
Electroless, and Anodized Coatings on
Beryllium, September 1, 1964, (AD 609132).

DMIC M >morandum 183, The Curvent Status
and 1970 Potential for Selected Defense
Metals, October 31, 1963 (AD 425604).

DMIC Memorandum 138, Review of Recent

Developments in the Technology of Beryl-
lium, November 16, 1961 (AD 267079).

DMIC Memorandum 123, Review of Recent
Developments in the Technology of Beryl-
lium, August 18, 1961 (AD 262497).

DMIC Memorandum 105, Review of Recent
Developments in the Metallurgy of Beryl-
lium, May 10, 1961 (AD 256206).

DMIC Memorandum 37, Procedures for the
Metallographic Preparation of Beryllium,
Titanium, and Refractory Metais, October
26, 1959, (PB 161187).

DMIC Memorandum 36, Heat Capacity of
Beryllium, October 19, 1959 (PB 161186).

DMIC Memorandium 21, Machining of
Beryllium, June 5, 1959 (PB 161171).

DMIC Memorandum 13, Joining of Beryl-
lium, March 30, 1959 (PB 161163)

DMIC Memorandum 2, Some fNotes on Safe
Handling Practices for Ber¢llium, Septem-
ber 22, 1958 (PB 161153).

Useful information on beryllium can also be
found in DMIC Reviews of Recent Developments
on Beryllium for June 2, 1967; September 23,
1967; March 1, 1967; December 30, 1966; Febru-~
ary 4, 1966; November 5, 1965; August 11, 1965;
May 21, 1965; February 26, 1965; November 6,
1964; and May 8, 1964.

CORROSION RESULTS

General Nature of B.ryllium

Beryllium is the only alkaline carth metal
for which the oxide has a volume ratio of oxygen
to metal that is greater than unity, i.e., 1. 68.
Thus, the oxide can be protective and in this res-
pect beryllium resembles metals more to the
right and lower in the periodic table, i.e., alu-
minum, titanium, zirconium, etc. In general,
the corrosion resistance of beryllium is similar
to that of aluminum in many environments. It
combines readily with oxygen and nitrogen, and
these reactions are discussed in detail in later
sectione of this report,

Effect of Impuritics

Reported corrosion results for beryllium
often do not seem to be consistent or reproduc=
ible. There are indications that these variations
are at least in part caused by differences in me-
tal purity. As pointed out by Bunshah, commer-
cial beryllium contains many impurities. (1) some
of these are in solid solution and others are as
dispersed phases. Impurities in normal commer-
cial grades vary from 1 to 4. 5 percent. The
major impurities are 02, C, Fe, Cr, Ni, Si, Al,
and Cu. The amounts of these impurities found
in various grades of beryllium are listed in Table
1, which is a composite from Reference (1). Com-
mon commercial material containsa maximum of
2,0 percent BeQ. The Beryllium Corporation of
America refers to beryllium of this grade as HP20,
the Brush Beryllium Company as $-200, and Gea-
eral Astrometals Corpcratiuvn as GB~2.
Instrument-grade material 1-4C0 assays only 92
percent beryllium.

As pointed out by Stonehouse, beryllium
carbide, Be,C, is present in all commercial
metal in amounts in the range 1000 to 1500 ppm. (2
This carbide reacts with moisture,and is slowly
converted to berylliurm oxide and methane. Thus,
any large carbide inclusions could cause difficul-
ties in corrosion-behavior characteristics of
beryllium. It is also pointed out that aluminum
and silicon, as well as other impurities,can ad-
versely affect the resistance of beryllium to
aqueous corrosion,

-
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TABLE ),

PURITY AND PRINCIPAL IMPURITIES IN VARIOUS FORKM3 OF BERYLLIUM
{Beryllium in percent, impurities in parts per million) (Reference 1)

A S e s ot s i it e e o o e e e o bt T e e e

2

Vacuum-~Distilled
Hot- Vacuum- Electro- 113
Mg~ Presscd Electro- Melted lytic Flake, Nuclear
Pechiney Reduced Powder lytic Flake Ingot Super-Pure Metals,
Element Filake Pebble {QMV) (Comm. Grads) (BeO Crucible) (SR Grade) Inc. USSR
Be 99.5 98.5-98,8 98.9 99. 4 ~99. 4 ~99. 9 ~99.99 99.98
(not count-
ing O, and C)

0O, 2,300 4,000 9,700 4,000 2,000 300 100 100~200
C 300 450 900 300 400 300 N.D. (2) 100
Ny - 100 100 50 100 N.D.f2}  nN.D.(a) N.D.f{a)
Fe 300 700 1,220 300 1,500 <20 3 10
Cl 1,000 50 - 1,100 ~- 400 .- --
Cr 20 90 140 25 300 <100 1 30
My 60 30 90 100 130 60 5 10
Ni 150 80 100 200 300 <20 2 1
Si 75 550. 300 300 250 90 12 20
Al <200 500 500 300 500 <50 20 20
Mg 50 6,000 80 50 150 5 -- 10
Cu —e 27 150 100 30 <20 5 5

{a} Not detected.

Because of the progressive improven ents
in the quality of beryliium available, this re-
port emphasizes the more recent corrosion liter-
ature on the assumption that these results re-
present more accurately the true status at this
time.

Environmental Compatibility

Cold Water

Beryllium has excellent corrosion resis-
tance in low-temperature, high-purity water.
For example, Stonehouse and Beaver report that
corrosion has not been a problem during 10 years
of operation of a nuclear test reactor using de~
mineralized water at a pH of 5.5 to 6. 5. In
addition, 2ccelerated corrosion of beryllium was
not observed in thiz environment,even when the
beryllium was coupled to stainless steel or alu-~
minum. In general, the corrosion rates in good-
quality water are less than 1 mpy (mils per
year).

Berylliura, however, is much less attrac-
tive for use in water containing ionic impurities,
particularly chloride and sulfate ions. For
example, it is often corroded by tap water. The
attack usually takes place by pi. <. Thus, any
expression of an overall corrosion rate in units
such as mils per year must be correlated with
observations of the pit depth. Details on the
status of aqueous corrosion up to about 15 years
ago are given by White and B\(ﬂ(e(“ and up to
1960 by Darwin and Buddery.

Some estimate of the chemical resistance
of beryllium to electrolytes c¢an be obtained from
the equilibrium potential - pH diagram developed
by Pourbaix{®) and reproduced in Figure l. It
must be rememkb:red, however, that this diagram
represents standard state conditions and ionic
concentrations of 10™6, A solution is assumed
to be corrosive or not, according to whether the
quantity of metal it tends to dissolve is more or
less than 10™° gram-atom per lisar,

Humid Air

An extensive corrosion study in water vapor
was reported by Gilpin and Mackay. 0 They used
specimens made from hot-pressed blocks con-
taining about 3 percent BeO. Polished, bare cou-
pons,along with coupons coated by various materi-
als,were exposed for 30 days to 95 percent rela-
tive humidity at 100 F. Neither mic “oscopic
examinations nor weight-gain measurements in-
dicated corrosion on any of the pieces. Further
details of their study are given in later sections
of this report.

Hot Water

At the present time, the corrosion behavior
of beryllium in high~temperature water and in
steam up to 752 F and 1500 psi is variable, and
depends on a number of tacters including metal
purity, surface preparation, and environmental
conditions. Knepnel found that high~purity beryl-
lium prepared by distillation and/or zone refining,
and commercial high-purity beryllium corruce
catastrogghically within aboat 2 days in water at
650 F. {
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Corrosion Passivation Corrosion

Of Bett Be(OH), 8 Be,0,*

Potential, volts (Hydrogen Scale)
1
]

\

Immunity
Be \

pH
FIGURE 1. EQUILIBRIUM POTENTIAL - pH

FOR THE SYSTEM BERYLLIUM -
WATER AT 77 F(6)

Alloy additions of nickel or combinations
of nickel and iron (4000 ppm Ni, 2000 ppm Ni-
2000 ppm Fe, or 5000 ppm Ni-5000 ppm Fe}
greatly improved the corrosion resistance of
high-purity ber,llium. For example, specimens
made from alloyed Pechiney CR-grade powder
showed no signs of attack for times up to 43 days
in water at 650 F. The beneficial effect from
nickel was not confirmed by Stonehouse and
associates. (2)

Additional research will be required to
clarify the cause of the unpredictable behavior
of beryllium. There is some indication that it
is related to the presence of small amounts of
copper contamination in the water. General
results can be summarized as follows:

(1) Speciimens with acid etched surfaces
were less corrosion resistant than
those not etched.

(2) Mechanical removal of more than 12-14
mils of the outer surface also rendersd
the specimens less corrosion resistant.

(3) Localized boiling on specimen surfaces
increased the corrosion rate.

ST Sar R Bt

Beryllium specimens exposed to steam at
752 F at 1500 psi were attacked in much the same
manner as those in water at 650 F. The localized
attack in stearn was somewhat more severe.

Salt Solutions

As was mentioned in an earlier section,
beryllium is subject to pitting attack in aqueous
environments containing chloride ion. Inter-
mittent immersion tests conducted by Prochko
and associates(?s10) at ambient temperatures
(zbout 60 F) and 30 days of exposure indicated
overall corrosion rates and penetrations listed
in Table 2. Corrosion-test specimens were pre-
pared from cross-rolled, surface-ground, flash-
pickled (HF-ENO3) sheet. The 60-mil beryllium
sheey of commercial purity assayed 98. 3 percent
Be, ! 63 percent BeO, and 0. 113 percent carbon.

Figure 2 shows the weight losses and pene-
trations for the specimens in the five test solu-
tions after intermittent exposures.

(24
. 5019 Dsmled Water. 1.5 =
N E
o o o Na -
& 40[~am Synthetic seawater] 2 §
=4 © Notural seawaterd s
€ 30 o9 £
8 Vs g
S 20 06 a
z s
L
2 10 03 g
@ ©
= >
0 Dl «
0 10 20 30
Time, days

FIGURE 2, CORROSION OF PICKLED BERYL-
LIUM SHEET IN FIVE ENVIRONMENTS
{Intermittent total immersion testing
was conducted using these selected chlor-
ide solutions at 60 F. (Reference 9)

Exposures at 60 F and 95 F showed that
the corrosion rate increased as the temperature
was raised. For example, after 14 days of inter~
mittent total immersion in natural seawa‘er the
rates for the above temperatures were 17.1 and
25. 9 mpy, respectively. By comparison, the
corrosion rate for anodized beryllium was only
0. 3 mpy after 40 days in seawater.

The corrosion rates decreased with time
of expogure for samples exposed continuously at
60 F in natural seawater. Results are summari-
zed in Table 3,

A later report from the same laboratory
indicates that the corrosion rate of beryllium in
synthetic seawa’sr decreases from about 21. 2 mpy
at s da?'s exposure to about 3. 0 mpy at 150
days Figure 3 illustrates these results.
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TABLE 2, CORRCSION OF BERYLLIUM IN SALT
SOLUTIONS AT 60 F (Reference 9)

Overall

Corrosion

Ratel3), Max Pit Depth,
Environment mpy mils
Distilled water 0.8 0. 8(b)
Synthetic seawater 13.7 4.6
Natural seawater 18. 4 4. 6
3% NaCl solution 21. 5 --
3.5 NaCl solution  33.4 6. 8{c)
(a} 30 days.
{b} 18 days.
{c) 8 daye.

TABLE 3. CORROSION IN NATURAL SEAWATER

AT ABOUT 60 F

Continuous total immersion. (Reference 9)

Corrosion Max Pit

Time, rate, Depth, Percent of Surface
days mpy mils Pitted
2 - 1.5 Negligible
5 -- 16 1
20 13.0 3.9 5
30 10, 5 3.0 12
40 9.0 2.5 15
60 6. 3.0 20
182(3) 2.4 -- --

{a) Extrapolated value,

It should be pointed out that the maximum
pit depth also increased in a similar manner
from about 1. 6 to 3. 2 mils as the exposure time
increased from 5 to 150 days. A summary of
the results concerning pitting is given in Figure
4. It can be noted that the percentage of the sur-
faces pitted increased linearly from about 2 to
45 percent as the exposure period increased
from 5 to 150 days.

In work at Battelle, a very low general rate
of attack was found for beryllium in seawater,
but evidence of possibie pitting was also observed.
The beryllium was exposed in aerated seawater
{except for a period of about 6 hours a day, for 5
days a week, waen it was suspended above the
water). After 2 weeks' exposure, the corrosion
rate was equivalent to 3. 6 mpy. The surface
appeared to be coated with a white powder, pro-
bably BeO, and had small-size clear hydroscopic
bubbles on its surface. Underneath these bubbles
some pitting was found.
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FIGURE 3. CORROSION OF UNSTRESSED,
PICKLED BERYLLIUM SHEET MATERI-
AL EXPOSED TO SYNTHETIC SEAWATER
AT1TF
(Continuous total immersion testing.
Reference 11).
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FIGURE 4. PITTING ATTACK OF UNSTRESSED,
PICKLED BERYLLIUM SHEET MATERI-
AL EXPOSED TO SYNTHETIC SEAWATER
AT 77 F
Continucus total immersion testing,
(Reference 11),

Workers at Astropower exposed bare beryl-
lium (nominal 2 percent BeO content) specimens
alternately to a 5 percent salt solution at 100 F for
16 hours,followed by air exposure at elevated tem-
peratures up to 800 F for 8 hours, (7} Tests were
continued for a votal of 14 cycles. The specimens
were first attacked at localized areas {pitting).
The maximum corrosion resistance was found at
600 F and was attributed to the formation of a
protective oxide film.

i ke v s et s s i ©

iy W

g . S— o,

———

- —————— - g —— o ——r o —— o

T A e

N g i gyt ©

Py




It is pointed out, however, that corrosion
rates in such service are higher than can be
tolerated,so that additional protection is re-
quired for satisfactory service life.

Salt Fog

Bare beryllium specimens (nominal 2
percent BeO content) were exposed to a 5 per-
cent salt-fog spray at 100 F for 30 days at the
Astropower Laboratory. Localized pitting
occurred on the bare pieces after only 1 day of
exposure. The attack increased with exposure
time. The specimens were rinsed in distilled
water after 30 days and then were weighed. The
weight loss at several time intervals is given in
Table 4. The values ir the last column (actual)
were obtained by dissolving the corrosion product
in 49 percent HNO3 and 1 percent HF and ad-
Jjusting for the bare metal dissolved. The cor-
rosion rate corresponding to weight losses in
the range shown is 2. 2 mpy. Pit depths of 15
to 25 mils were measured on the coupons.

TABLE 4. WEIGHT LOSSES OF FORGED 1x2-IN. IN 5 PERCENT

SALT-FOG SPRAY AT 100 ¥
(Reference 7)

Weight Loss at
Indicated Exposure Times, mg
] 2 4 7 14 21 30 30
Specimen Day Days Days Days Days Days Days Daylji\cluiu(a’

3-4  0.33 0.50 0.90 1.6 3.8 5.6 7.3 231
5.4 0.42 0.7 0.89 1.2 2.3 2.7 3.1 272
56  0.40 0.7 0.91 L1 2.0 2.4 2.9 17.6
<1 -- 0.5 0.71 0.9 1.9 26 3.5 225

(a) (Actual) values indicate weight losses of specimens after
corrosion products were stripped from coupons,and sre
equivalent to about 2. 2 mpy.

In another study at the same laboratory,
coupons were alternately exposed to a 5 percent
salt fog at 100 F for 16 hours, and then immedi-
ately placed in an oven for 8 hours at 200, 400,
600, or 800 F.

The following observations were reported
for polished beryllium when exposed to alternate
cycles of salt-fog spray and elevated temper-
atures.

(1) Chemical attack was observed on polish-
ed bare beryllium following the initial
cycle at all of the above temperatures.

(2) At 200 F the pitting observed after the
first initial cycle increased with each
subsequent cycle as evidenced by the
increase in the number and size of the
pits. The behavior at this coudition is
very similar to the results oktained for
the 30-day, 5 percent salt-fog spray.

{3) At 400, 500, and 800 F, tbe cyclic
effect of temperature and salt
contamination was found to proceed

by two independent mechanisma.

initially; a r..ight loss was observed,
due to chemical attack by the salt
environment. After the first few
cycles, a thin oxide coating was form-
ed,due to oxidation in air at the ele-
vated temperature.

(4) At 800 F, very small whire oxide
patches started to appear at about
about the tenth cycle. At this stage
the coupons started to show small
weight increases. The appearance
of the white oxide is indicative o the
onset of the catastrophic oxidation,
which is discussed later in this report.

Acids

Beryllium reacts wich the halogen ucids in
all concentrations at room temperature. It reacts
with dilute sulfuric azid readily and with concen-
trated sulfuric acid slowly. It is attacked by
dilute nitric and acetic acids, but not glacial acetic
acid or concentrated nitric acid at roomn temper-
ature. With concentrated nitric acid, reaction
occurs and becomes violent as the temperature is
increased above room temperature.

Straumanis and Mathis report studies with
premium-grade vacuum-cast metal (assaymg
99. 0 percent Be) in HF, HCl, and H,504. (12)
The metal is removed uniformly in HF and H3S04.
The reaction with HC] is more localized, and a
black deposit forms which has been identitied as
fine needles of metallic beryllium. The black de-
posit was not found when concentrations greater
than 0. 5N HCl were used.

The reaction mechanisms werc checked by
measuring the volume of hydrogen evolved from
weight samples. It was concluded that the re-
actions with acids are:

Be + 2HF ~ BeF, + H,
Be + 2HC1 = BeCl;3 + Hp
Be + H2504 g 56504 + Hz

Rapid attack and the formation of a black
deposit were observed in HClO4 and HBr,

It is interesting that a similar blach deposit,
consisting mainly of fine beryllium needles,is
formed on beryllium anodes when the metal is
electrolytically disolved in a 0. 5N HC1 solution. (13)

Alkalies
Beryllium is vigorously attacked by aqueous

alkaline solutions. Molten alkalics may react
explosively with the metal.
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Gases

Oxygen and Aiz. The thin oxide film formed
on beryllium in air at ambient temperatures is
quit' protective, and the metal can be stored at
room temperature for years without the occurance
of any noticeable change in appearance. The met-
al'in most cases can be heated to about 1100 F in
air before significant corrosion occurs. (14) At
temperatures above about 1400 F the film be-~
comes nonprotective and the metal can be con-
verted in time to an oxide powder.

Studies made in England of the oxidation
of Pechiney flake beryllium {<0. 3 percent BeO}
in dry oxygen showed that at temperatures up to
and.including 1200 F the oxide film is quite pro-
tective. (15) Actually, at temperatures below
1200 F the corrosion rate decreased continuously
with time. A value of 0. 013-0. 026 mpy was
reached at about 930 F after 300 hours, At
about 1382 F the oxidation became rapid and
went through two stages. This transition,in
which the rate first decreased and then increased
with time,is illustrated by Curves (1) and (2) in
Figure 5. Most investigators in this field call
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FIGURE 5. CALCULATED PENETRATION OF
BERYLLIUM AT 1382 F BASED ON OXI-
DATION DATA (Reference 15)

Dry oxygen atmosphere and weight-
gain values.

the transition from protective to nonprotective
oxidation a “"breakaway'' point.

Curve 3 in Figure 5 does not show this
transition, and indicates a constant corrosion rate.
It is included to illustrate the variability in re-~
sults. The penetrations shown in Figure 5 were
calculated from weight-gain values,and assume
no localized attack. Since some cracking and
healing of the f{ilm is reported, the penetration
at some areas is probably greater than those
given in Figure 5,

Ervin and Mackay studied the oxidation
in dry oxygen over the temperature range
932-1652 . {18) They found that for a short
time the filn was protective and the corrosion
rate curve was parabolic. The duration of the

initial parabolic period, however, decreased with
increasing temperature. The type of beryllium
used was also of importance. Vacuum-~cast ma-
terial was somewhat more resistant than the
other grades. The times at which an accelerating
oxidation rate began for various temperatures
with different lots of beryllium are given in

Table 5.

TABLE 5. TRANSITION FROM A PARABOLIC RATE 7O AN AC-
CELERATING RATE

{Times in hours) (Reference 16)

Small Sivgle

Temper- Crystals, Powder Polished Specimens
ature, Vacuum

F Distilled S-200 Vacuum Cast S 200 Vacuum Cast
1292-1382 7 0 100 150 150
1382-1472 6 25 25-100
1472~1562 3 3 5 40 70
1562-1652 3 2 20
1652-1742 1 0 40 30

During the protective period it appears that
the diffusion of beryllium-ion vacancies in the
oxide film lattice controls the oxidation rate.
Pitting develops in the metal beneath the protec-
tive layer and ultimately weakens and undermines
both the metal surface and outer film until frac-
ture occurs. Ervin and Mackay believe that pitting
is related to dislocations and slip steps in the me-
tal. Pits are believed to initiate at the points of
emergence of dislocation lines at the metal sur-
face. The outer layer appears to fracture as a

result of stresses set up by the growing oxide
film.

On the other hand, Williams and Jones be-
lieve it is possible that emergence sites of dis-
locations may be areas where pits imtiate, but
that it is very unlikely that there is a one-to-one
correspondence between pits and dislocations, at
least for thermal etch pits. (17

The oxidation rates and the type of oxidation
curves described by Alymore and Associates and
by Ervin and Mackay are not in agreement \vg'th
those reported by Stonehouse and Beaver,(Z 18)
which are shown in Figure 6. The penetrations
shown in this figure are about 160 times greater
than those in Figure 5. The reason for the poor
agreement is not apparent.

Bennett and Associates found that irradiation
of the beryllium produced helium which caused
swelling of the metal (Pechiney and Brush materi-
al) specimens. (19) An increased rate of oxidation
was observed because of the swelling and was ex-
plained on the basis of the increased area avail-
able for reaction.

The corrosion of QMV beryllium in air at
pressures to 15 psi over the temperature range
1705-2360 F was studied by Bradshaw and
Wright. (20) They found that the corrosion rate
is essentially linear after a short induction period
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FIGURE 6. CALCULATED PENETRATION OF
BERYLLIUM AT ELEVATED TEMPER-
ATURES BASED ON OXIDATION DATA
(References 2 and 18)

Dry oxygen at 1 atmosphere pressure.

and that the oxide is not protective. These in-
vestigators conclude that the reaction rate does
not become extreme, assuming short-term ap-
plication, until temperatures above 2190 F are
reached,

An oxidizing pretreatment in phosphoric/
sulfuric acid leng*thens the induction period.
Spherical blisters form on anodized beryllium
when heated in air. Such anodic coatings are dis-
cussed in more detail in another section of this
report.

For some applications there is interest in
the behavior of beryllium in oxygen or air at
temperatures up to the melting point, 2340 ¥, and
beyond. This point was extensively studied at
TRW Systems(zz) using QMV-grade beryllium
containing 1. 67 percent BeO. They found
catastrophic oxidation to occur at temperatures
above 1920 F, which is somewhat higher than
that suggested by research described in some
earlier sections of this report. The fRW group
found that the reaction rate between 1920 and
2335 F was characterized by a linear oxidation

mechanizm and had nearly a first-order depen~
dence on oxygen pressure. At tempsratures
above the melting point the oxygen~-pressure de-
pendence was nearly half order. A specimen
originally 3/16 inch in diamecter snd 1/2 inch long
was more than 50 percent oxidized iz 15 minules
at 2732 F at 1 atmosphere pressure of oxvgen.

Water Vapor and Moist Oxygen. The cor~
rosion of electroiytic flake beryllium in water
vapor is about the same as in moist oxygen in
the temperature range 930-1380 F according to
Alymore and Associates. (23} Figures 7 and 8
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FIGURE 7. CALCULATED PENETRATION OF
BERYLLIUM BASED ON OXIDATION IN
WATER VAFPOR AT A PRESSURE OF
1. 2 CM (Reference 23)
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FIGURE 8. CALCULATEﬁ PENETRATION OF

BERYLLIUM BASED ON OXIDATION IN
MOIST OXYGEN AT A TOTAIL PRESSURE
OF 10 CM WITH 1. 2 CM PARTIAL PRES-
SURE OF WATER

{Reference 23)

show the comparison. The coating is protective
up to and including 1112 F', It is intoresting that
the weight gains in this temperature region are
in many ways similar to those in dry oxygen.

Rapid oxidation was experienced in water
vapor and moist oxygen at temperatures above
1200 F. The attack takes the form of localized
intergranular penetration of the metal.
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Carbon Dioxide and Carbon Monoxide.
There has been considerable interest in the dur~
ability of beryllium in atmospheres containing
CO; and CO from the standpoint of nuclear-
reactor technology. Gregg and Associates have
studied the reaction of Pechiney flake beryllium
with COj and CO at temperatures in the range
930-1380 F using a radioactive-tracer techni-
qus, (24,25) 1t was concluded that the following
reactions -occur:

Be + COp —> BeO + CO
2Be + COp —& 2BeO+C
Be + CO «~» BeO +C
2Be + C —+ Be,C

In carbon dioxide, at temperatures up to
1292 F, the rate of oxidation decreased as ex-
posure time increased (See Figure 9). At 1292 F
the weight gain was 0. 00013 mg/cm&/hr (equiva-
lent to a corrosion rate of 0. 08 mpy). Phennah
and Associates confirm that the coating is pro-
tective in this temperature range.

Initially, at 1382 F the rate followed a
similar pattern but is reported to show "break-
away', If such a condition existe it is not clearly
shown in Figure 9.

2.0

Time, hours

FIGURE 9. CALCULATED PENETRATION OF
BERYLLIUM BASED ON OXIDATION IN
CARBON DIOXIDE AT 10 CM PRES-
SURE
(Reference 25)

In carbon monoxide, the coating is non-
protective above 1022 F and the attack is greater
than in carbon dioxide. Figure 10 illustrates
this more rapid attack.

There is some reason to believe that the
carbpide inclusions in beryllinm may be related
to the corrosion resistance of the materials.
Studies by Jepson and Associates using iso-
topically labelled carbon (Cl14) showed that the
carbide inclusions are attacked in water vapor
and in oxygen atmospheres at 1292 F, but that

160.0

1382F, 202F , |
= ) 1202F
Ereoc}— ] -
o 0 e A lll.’
§ soof244 = s -
£ . a 1022 F
2 400 et
o , 932 F
% 50 100 150 200 250

Time, hours

FIGURE 10. CALCULATED PENETRATION OF
BERYLLIUM BASED ON OXIDATION IN
CARBON MONOXIDE
The initial pressure was 10 cm and the

runs terminated before the pressure
had decreased to 5 cm. (Reference 25)

little attack occurs in carbon dioxide. (27) They
found that rapid attack occurs preferentially
along grain boundaries and, thus, may be related
to carbides.

More recent autoradiograplic studies by
McCoy confirm that the reaction products with
CO, are BeO and Be,C. (28) He used specimens
made by compaction and hot extrusion of high-
purity Pe chiney flake.

Moist Carbon Dioxide and Moist Carbon
Monoxide. The oxidation of electrolytic flake
beryllium was four times greater from the water-
vapor component than from the carbon dioxide
portion in the temperature range 932-1382 F
according to Gregg and Associates. (29) The oxi-
dation was protective up to 1112 F and nonprotec-
tive at 1202 F and beyond. The reaction with the
water-vapor component contributed 97 percent of
the total weight gain in the moist carbon monoxide
system. The accelerating rates are associated
with severe intergranular oxidation under blis-
ters. (27)

A later paper by Jepson and Associates
discusses further the action of moist carkon
dioxide on Pechiney beryllium. (30) 1t was shown
that at 1292 F numerous blisters develop on the
oxide surface. The evidence suggests that crack-
ing of these blisters exposes fresh surface and
enhances rapid oxidation.

The importance of beryllium analysis and
of the effect of method of fabrication on the cor-
rosion resistance in carbon dioxide was discussed
in some detail by Menzies, He found that
extruded materials in disk form had greater re-
sistance to oxidation than sheet materials. Par-
ticular attention was given to reactions at 1112~
1292 F.

The addition of at least 0. 15 percent calcium
to beryllium improves the corrosion resistance
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of beryllium in CO, containin moisture,accord-
ing to Raine and Robinson. (32 They showed, for
example, that good resistance was furnished in
CO; at 1292 F at 20. 5 atmospheres whereas the
upper temperature with unalloyed beryllium was
1112 F.

It was also reported by Scott and Ranzetta
that the addition of 0. 7 percent calcium reduced
the extent of the intergranular oxidation of
beryllium in moist CO2 plus 2 percent CO at
1202 F and 300 psi. (33) It was also shown that
calcium improved oxidation resistance in air.

Moist Helium. In helium containing 4 per-
cent HpO at 1112 F corrosion rates were similar
to those found in carbon dioxide.

Reactions With Combustion Gases. Workers

at TRW Systems studied the reactions of beryl-
lium with seven combustion gas species (O, Np,
H,0, Hfi N2, NO, CO, and CO;) at high temper-
atures, (22) Their primary interest was to deter-
mine the possibility of the release of airborne beryl-
lium compounds at a launch-pad accident. They
used QMV-grade beryllium containing 1. 67 per=
cent BeO, A comparison of the reactivity as
measured by the amount of gas reacted is given

in Figure 11 for all the above gases except water

600 1] T L !
O 0, at 480 to 228 mm Hg pressure
500 O N, at 387 to 306 mm Hg pressure __|
NE 4 CO, at 660 to 632 mm Hg prassure
L 400 | & CO at 454 10 409 mm Hg pressure __|
g’ © NO ot 358 to 330 mm Hg pressure
B 200 | 0 H, at 500 mm Hg prlessure
[8]
5, [ Weight gained, I71
" 200 mg/cme at 66 —
8 ? minutes )A
100
o e
0 10 20 30 40 50 60

Time, minutes

FIGURE 11. COMPARISON OF O,, N2, CO,
H,, CO,, and NO reactions with Be at
2732 F(32)

vapor. Actually, they found that wuter vapor
was more reactive than any of the other gases at
temperatures below the beryllium meiting point.

In general, beryllium reacts with nitrogen
in much the same manner as with oxygen, except
at a lower rate. The nitride film that is formed
is insoluble in the metal and is protective and
stable below 1600 F. (14)

As can he seen in Figure l1l,no noticeable
reaction was detected between beryllium and
hydrogen at temperatures up to 2732 F.

-

Experiments at TRW indicated very little
reaction of nitric oxide with beryllium below the
melting point aud only a small reaction at 2732 ¥
(Figure 11).

Hydrogen Sulfidé. Beryllium evinced no
corrosion in a mixture of air with 50 percent H3S
and relative humidity of 50 percent at 68 F. {35)
The specimens which were prepared by vacuum
condensation of beryllium onto brass bases were
exposed for 30 days.

Nitrogen Tetroxide and Aerozine 50. Studies
in connection with the Apollo program indicated
that beryllium was only slightly attacked by dry
N204. (36) When 5 percent by weight of water was
added to the Ny0Oy4,corrosion rates increased. Dry
Aerozine~50 (50 percent NpHy - 50 percent unsym-
metrical dimethylhydrazine) did not attack beryl-
lium,while material containing added water caused
a slight attack.

A companion study showed that anodized
beryllium is compatible with both dry and water-
contaminated (5 percent) Aerozine-50, (37} The
anodic coating was attacked by N,04.

High-strength forged beryllium specimens
were exposed at ambient temperatures to nitrogen
tetroxide and monomethylhydrazine for a period of
7 months. As reported by Soffa and Basl there
was no evidence of corrosion, grain-boundary
attack, or weight loss on the beryllium speci-
mens.

Halogens. From the review made by Caban-
iss and Williamson beryllium appears to be as
resistant to fluorine as is nickel at temperatures
below 600 F. (39 Thiz behavior is related to the
formation of a stable fluoride film. At temper-
atures in excess of 600 F nickel is more resistant,

Corrosion studies in liquid C1F3 were
carried out by Jackson using good-quality cross-
rolled sheet that contained about 2. 8 percent
BeO. {40) After a 3-day exposure at temperatures
ranging between 30 to 50 F', the corrosion rate
was 0. 37 mpy. In a second exposure of 17 days
at 70-76 F, a rate of 0. 17 mpy was obtained, It
is believed that the higher rate in the short-term
exposure was the result of HF produced from
moisture contamination.

Organic Liquids

Solvents. Some organic cleaning solvents
are detrimental to beryllium. Methyl alcohol in
combination with water, Freon, or perchlor-
ethylene reacts quickly. Methyl ethyl ketone in
combination with Freon or water also reacts. {41,14)
Trichloroethylene and . aumber of other common
solvents have been used to degrease beryllium,
with no observed corrosive attack, A summary
of the fluid reaction rates of varjous cleaning solu~
tions with beryllium is given in Table § as taken
from Steele,(41)
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TABLE 6. FLUID REACTION RATE WITH

BERYLLIUM
{Reference 41)

Methyl alcohol and
water (distilled)
Methyl alcohol and

Freon
Methyl alcohol and
perchlorethylene
Methy! ethyl ketone
and Freon

Methyl ethyl ketone and

water (distilled)
Perchlorethylens
Freon (TF)
Varsol
Methyl alcohol
Ethyl alcohol
Acetone
Water {distilled)

Perchlorethylene and

water (distilled)

Freon and water
(distilled)

Acetone and water
(distilled)

Varsol and Freon

Varsol and acetone

Varsol and per-
chlorethylene

Varsol and methyl
alcohol

Varsol and water
(distilled)

Methyl ethyl
ketone

Methyl ethyl ketone
and Varsol

Methyl ethyl ketone
and acetone

Methyl ethyl ketone and

methyl alcohol
QOakite No. 61
Oakite No. 61 and
acetone
Oakite No. 61 and
water {distilled)

Immediate chemiczal
reaction

Strong chemical reaction

Chemical reaction

Chemical reaction in 3

minutes

Reaction starts immedi-

ately
No reaction
No reaction

No reaction
No reaction
No reaction
No reaction
No reaction
No reaction
No reaction
No reaction
No reaction
No reaction
No reaction
No reaction
No reaction
No reaction
No reaction
No reaction

No reaction

No reaction
No reaction

No reaction

Terphenyls. Beryllium (Pechiney with
0. 9 percent BeO) has good resistance to pure
terphenyls according to Schleicher. (42) Ex-

posures of 300 hours at 842 F produced slight

weight gains from Terphenyl OM2, both dry

(10 ppm water) and wet {500 ppm water).

specimens were discolored but not attacked.

Hydraulic Fluids.

The corrosion resistance

of QMV beryllium in hydraulic fluids, G. E.

Versilube 81644, Oronite 8200, and MIL-L-7808C

was good to temperatures in the range 450~

650 F. (43)

The

Molten Materials

Sulfur. Beryllium has been exposed to
meclten sulfer at temperatures from 1100 F to
1500 F by AiResearch personnel. (44) some
gshallow pitting wus observed at 1300 F in 2] hours
and heavy piiting was found at 1500 F in about 2
hours. When compared to materials such as stain-
leas steels and superalloys, beryllium was superi-
or.

Metals. The subject of corrosion by liquid
metals up to about 5 to 10 years ago was reviewed
by White and Burke(4) and Darwin and Buddery. (5)
The following paragraphs present more recent re-
ports of research in this area along with data in
the above references.

The oxygen content of the system is of great
importance in the corrosion of beryllium in liquid
metals. Beryllium reacts with and reduces most
oxides, nitrides, sulfides, and carbides. For
example, the actual corrosion of beryllium by
sodium or sodium potassium alloy (NaK) is very
low,but the beryllium metal reduces any sodium
oxide in the system to form BeO, which can
accumulate as a nonadherent powder.

It should be mentioned, however, that
according to Darwin a number of refractory oxides
have given satisfactory service in containing mol-
ten beryllium. (5) Beryllia is favored as a crucible
material.

Alkali Metals, Corrosion results for beryl-
lium in molten lithium are summarized in DMIC
Report 169 dated May 28, 1962, (45) 1t was pointed
out that,based on a 6-day exposure test,beryllium
exhibited very good resistance to lithium at
1100 F. (46) An intermetallic compound, NiBe,
was formed on the surface of the beryllium due
to the presence of nickel in the lithium.

Hoffman found 2 and 3 mils of intergranular
attack on beryllium after 100 hours in lithium at
1500 F and 1832 F, respectively, (47)

Cunningham reported severe intergranular
penetration of extruded beryllium at 1832 F. (48
The penetrations were about 4, 15, and 22 mils at
4, 40, and 400 hours of exposure, respectively.

Beryllium is very resistant to molten
sodium(49) or sedium-potassium eutectic alloy
{NaK),provided oxygen is excluded from the sys-
tem. Beryllia (BeO) is formed when oxygen is
present, and penetration rates of 12 to 60 mpy
were rfg)orted in oxygen-containing NaK at
970 F. The amount of oxygen present was not
stated for the above work but must have been
greater than 0. 003 to 0. 0] percent since Williams
and Eyre report negligible attack at such oxygen
levels at 932 F. (50)
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Some success has been achieved in
scavenging the oxygen in sodium systems by
additions of calcium, which is quite soluble and
is more reactive with oxygen than is beryllium.
However, there are reports that calcium can be
a source of nitrogen so that beryllium in the
system becomes coated with a thin {ilm of
Be3N2. (51,52} Since this film is hard and ad-
herent, it may not be particalarly harmfal.

Excellent resistance is found in distilled
sodium under an argon cover gas,whereas under
a nitrogen blanket corrosion occurred because
beryllium nitride was formed. The rates,
however, were only 3 mpy at 1100 F.

Beryllium is fairly resistant to attack by
rubidium. Capsules made from 1/2-inch-
diameter tubing of beryllium (98. 36 ; ercent
Be-1. 63Be0) were evaluated in rubidium at
temperatures from 1000-2000 F in 1000-hr
tests. {(53) No corrosion was detected in either
the liquid or vapor at temperatures up to 1400 F.
At this temperature some surface roughening and
scale formation was noted. On the basis of these
studies it was concluded that beryllium would be
adequate for holding rubidium at 1000 F. Further
studies at 1400 F were recommended before
qualifying beryllium at this higher temperature.

In another study, beryllium rod specimens
{1. 47 BeO) were exposed to rubidium in Type
316 stainless steel capsules at Battelle~
Columbus for 500 hours at 900, 1200, and
1400 F. (54} Beryllium was mildly attacked by the
rubidium at 900 and 1200 F', but marked surface
pitting was found at 1400 F. The general depth
of the pits was 0. 6 mil.

Alkaline Earth Metals. Beryllium is quite
resistant to magnesium and is unattacked after
prolonged heating in boiling magnesium under an
argon atmocphere. (3) It has also resisted mol-
ten magnesium alloys at temperatures up to
1112 F. (55)

According to Darwin,a beryllium container
holding boiling calcium was soon coated with a
layer of CaBe)3. (3) 1t was not stated as to
whether this layer was protective to progressive
penetration.

Zinc and Mercury. No attack was found
from mercury at 600 F after 330 hours in the
absence of air. Since the zinc completely
boiled away during an attempt to forin a beryllium-
zinc alloy by melting, it may be concluded that
zinc does not form a compound with beryllium, (4)

Aluminum, Gallium, and Indium. Beryl-
lium has poor resistance to molten aluminum as
would be suggested by the solubility relation-
ships. (5

It is reported that the corroeion resistance
to gallium is good to 932 F, limited at 1110 F,
and poor at 1470 F. (5,55

Indium and thaliium are very likely less
corrosive than galliuni, according to Darwin. 5

Antimony, Bismuth, and Lead. Straka
reports that beryllium resisted molten antimony,
lead, and bismuth at temgeratures up to 1292 F
in a 24-hour ecxposure. (55) tn another study, a
5-hour expousre of beryllium to antimony at the
above temperature showed no wetting of the beryl-
lium and no apparent attack.

Commercial-grade beryllium {99, 3 percent
Be) was found by Seifert and Lowe to be Iairl'y rti-
sistant to molten bismuth under flow conditions, {56)
Results obtained for specimens run in tilting
capsules are summarized in Table 7, It

TABLE 7. TILTING CAPSULE TESTS OF AS-RECEIVED
BERYLLIUM!3) IN MOLTEN BISMUTE (REFERENCE

56)
Test  Average Penetration,
Specimen  Time, mpy
Test Preparation hours 975 F 750 F Remarks

1 Acreceived 1000 0.153  0.313(®) No visible attack
2 Asreceived 1000 0.504(b} 0.322(b) No visible attack
3 Asreccived 1000 Lost 0.990(¢) No visible attack
4 Asreccived 1000 0.683P) 0,045 No visible attack

(a) Test solution: Bi+ 1150 ppm U, 350 ppm Mg, 175 ppm Zr.

(b) Small particle. of apecimen adlered to specimen holder upon
removal.

(c} Part of specimen broke off during cleaning.

will be noted that corrosion rates are less than 1
mpy at 750 F and 975 F., Studies in a dynamic loop
at 910 F at 4 and 8 feet per second indicated no
significant effect attributable to velocity. The
corrosion rates were close to 1 mpy.

A penetration of 3 to 5 mils was reported
after 24 hours for beryllium in contact with
bismuth at 1830 F. (4)

Exposure of beryllium at ORNL in a thermal
loop containing molten lead at 1472 F in the hot
section and at 932 F in the cooler section revealed
a considerable accumulation of beryllium in the
cold leg after 456 hours. {57) This mass-transfer
effect indicates that dissolation of beryllium ..ad
occurred in the hot portions of the loop. It was
noted that berylliam reduced SiO, from the walls
of the loop during the operation.

At 1830 F the resistance to lead was con-
sidered to be only fair after 40 hours of expos-
uwre,

Solid Materials

There is some information available con-
cerning the interactions, such as diffusion,
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betwsen beryllium and solid materials in
intimate contact with it.

Knapton and West measured the diffusion
between beryllium and the metals iron, nickel,
stainless steel, and uranium as well as uraaium
dioxide. {52) Specimens of beryllium in cc~tact
with.the solid matexials in evacuated capsules
were heated to temperatures from 932 to 1472 F
for times up to 224 days.
thickness (in microns) was measured and re-

corded as in Table 8.

TABLE 8.

The reaction-layer

REACTION-RATE STUDIES OF

BERYLLIUM WITH OTHER SOLID

MATERIALS (REFERENCE 52)

o

Time, Reaction-Layer Thickness, ¥

Material days 932 F 1112 F 1292 F

Beryllium« 7 None 10 48
iron ohserved

14 8 10 80

28 12 30 228

56 24 40 240

112 24 80 312

Beryllium- 7 64 44 256

nickel 14 120 60 350

28 206 84 802

56 210 124 1120

112 180 280 1260

Beryllium- 7 None 12 70
stainless observed

steel 14 14 35 90

28 21 50 140

56 30 66 184

112 56 92 288

Beryllium- 14 -- 5 12

uranium 28 4 10 --

56 2 10 32

112 4 14 40

224 -- -- 60

254 -- 20 --

1112 F 1292 F 1472 F

Beryllium- 14 None 4 20
UOZ(a) observed

28 2 8 20

56 2 10 80

112 None 80 90
observed

224 36 110 140

(a) Also 7 days, 1832 F; 160

Other studies showed that beryllium does
not react or reacts only slightly with Ta, W,
Cr plate, Cb, Mo, Ti, or Zr-0. 5Mo in vacuum
or CO; atmospheres with <10-ppm water at 1022

12

to 1112 F. (58) 1t does react with alumel, chromel,
Cu, Ni, Nimonic 75, stainless steel, steel, U,
and Zr.

Interlayers of Cr plate; Al203, 2r0O2, SiC,
and WC prevented reaction between beryllium
and stainless steel at 1112 F. Nitrided steel
reacted with beryllium.

The above results must be compared with
those of Baird and Associates who studied the
compatibility of coupons of about 15 metals when
clamped to coupons of beryllium for extended
periods at elevated temperatures in highly
evacuated capsules. (59)P Results are summarized
in Table 9. Tungsten showed no diffusion up to
1292 F. Metals that appeared to be completely
compatible, at least up to temperatures of liquid
formation, are aluminum, antimony, and magnesi-
um.

Metal to metal layers of beryllium with
chromium, titanium, uranium, and molybdenum
were nonreactive or formed films less than 5y
in thickness after exposure at 932 F for periods
up to 1 month. No reaction was observed with
beryllium sheet in contact with carbon. Molten
beryllium does react with carbon. (5)

Incompatible metals at 932 F included cop-
per, iron, nickel, columbium, tantalum, urani-
um, and zirconium.

As can be seen in Table 10,the presence of
oxide films did not provide protection to most of
the interlayers evaluated.

Vickers indicates some reactivity of beryl-
lium with oxides at 1112 F in vacuum. (58) The
reactivity of four oxides in increasing order is
Al,03, Z2r02, Si0, and MgO.

Special Topics

Stress-Corrosion Cracking

The tendency for beryllium to fail by stress-
corrosion cracking has not been studied under very
many conditions to date. Experience with other
metals and alloys would suggest that there are
environments in which cracking will occur, but
these are not defined at this time.

Most of the stress studies with beryllium
have been conducted in salt water or seawater,
and these investigations have not indicated sus-
ceptibility to stress-corrosion cracking. A sum-
mary of results is given in the following para-
graphs.

No failures were found with specimens cut
from QMYV block and from QMYV hot-rolled sheet
at Lockheed. (60) Both bare and anodized speci-
mens were stressed to 90 percent uf the yield
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TABLE 9. REACTION OF BERYLLIUM WITH VARIOUS MATERIALS (Reference 59)

Temperature, Time, Thickness of
Material F days Reaction Product Remarks
Aluminum 1112 8.5 No reaction Compatible
Antimony 1292 5 hr No reaction Compatible
Carbon 932 18.5 No reaction Compatible
1112 8.5 No reaction Compatible
Chromium 932 28 No reaction Compatible
1112 14 No reaction Compatible
Copper 932 29 18 Incorapatible
Iron 932 29 8y, Incompatible
Magnesium 932 8.5 No reaction Compatible
Nickel 932 31 40, Incompatible
1112 30 170y Incompatible
Columbium 932 31 5y (irregular) Incompatible
Tantalum 932 31 8, (irregular) Incompatible
Titaniwm 932 31 No reaction Compatible
1112 30 3u Incompatible
Uranium 932 28 4y (irregular) Incompatible
with cast beryllium 1112 28 10 Incompatible
Uranium 932 28 No reaction Compatible (?)
932 56 Very occasional Compatible (?)
2y spots Compatible (?)
1112 14 5y Incompatible
1112 56 6, with 10y spots Incompatible
1292 14 12, Incompatible
Uranium/UC Cermet 1 1112 14 3 Incompatible
0. 251% carbon 1292 14 33, Incompatible
Uranium/UC Cermet 2 1112 14 n Incompatible
0. 5% carbon 1292 14 33, Incompatible
Uranium/UC Cermet 3 1292 14 16y Incompatible
1. 0% carbon
UC Cermet 4 1112 14 3y (irregular) Incompatible
4. 71% carbon 1292 14 43, Incompatible
Zirconium 932 31 30,4 Incompatible
Zircaloy 932 29 34y Incompatible

strength and exposed to 3 percent salt spray at

90 percent relative humidity and 95 F for 100
hours. The tensile strength for the block materi-
al was defined as 36,000 psi and for the sheet
material as 69,000 psi. The maximum depth

of corrosive attack was 2 mils on the sheet
specimens and 3 mils on the block coupons.

in furnishing information as to the general cor-
rosive attack of various solutions on beryllium.
It will be noted that many of them induced pitting
rapidly.

Logan and Hessing exposed stressed, ex-
truded, and pressed and sintered keryllium speci-
mens to a circulating 0. 002 to 0. 006 molar hydro-
gen peroxide solution at 185 F to 193 F. (61) The
pH of the water was about 6.3. These specimens
were stressed to between 90 and 95 percent of
their yield strength and were exposed for at least
785 hours. There was no evidence of stress-
corrosion cracking. Some pitting was reported.

The same investigators exposed bare
specimens stressed to 90 percent of the yield
strength to various solutions chosen because
they induce cracking in other metals. The
solutions and results are shown in Table 11.

No stress-corrosion cracking was detected. The
results are difficult to interpret because the
electrode potentials were varied by impressing

a potential between the specimen and a graphite as described by English, included the exposure
electrode. Since the open-circuit electrode po- of stressed beryllium to a static aqueous, 0. 005

tentials are not defined, it is not known if the molar solution of hydrogen peroxide at 194 to k
specimens were moved in the anodic or cathodic 203 F, There was no cevidence of intergranu- o
direction. The true stress-corrosion effect could lar attack. ’
thus have been masked by the technique used,
The results in the table are of value, however,

—

Corrosion studies made by L. P. Bornwasser,
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TABLE 16. REACTION OF BERYLLIUM WITH VARIOUS MATERIALS IN THE PRESENCE OF OXIDE
OR OTHER INTERLAYERS (Reference 59)

Temper-
ature, Time, Thickness of
Material F days Reaction Product Remarks
Beryllium-iron |
{beryllium oxidized 2 hr in oxygen at 1472 F) 1112 14 6y Incompatible
1292 14 10 Incompatible
Beryllium=~18/8 stainless steel 1112 14 12p Incompatible )
(beryllium oxidized as in beryllium-iron) 1292 14 70 Incompatible
Berylium-nickel 1112 14 24y Incompatible z
{berylilum oxidized as in beryllium-iron) 1292 14 130, Incompatible ;
Beryllium~uranium 932 28 No reaction Compatible ?
{boryllium oxidized as in beryllium-iron) 1112 14 2p Incompatible v
1292 14 b Incompatible
Beryllium~uranium 1112 28 8u Incompatible :
‘(natural oxide film cn beryllium) |
Beryllium-uranium 1112 28 8y Incompatible }s
{natural oxide film on uranium) .!
I
Beryllium-uranium 1112 14 QOccasional large spots Incompatible *
{uranium oxidized for 2-1/2 hr in wet argon) 6 to 12, thick i
1
Beryllium-uranium 932 14 None Compatible f
{uranium oxidized for 1 hr at 1202 F in poor 1112 14 Traces Incompatible !
vacuum) 1292 14 14, i
Beryllium 1112 14 Occasional spot 2 Incompatible '
{oxidized as in berylliurn-iron and uranium) thick 1
{oxidized in wet argon) 1292 14 16y Incompatible !
{
Bezyllium-uranium 112 14 3to 4, Incompatible !
{in presence of Aquadag layer) 1292 14 20 to 30, Incompatible

—

No failure was observed for stressed failed in about 50 hours because of this pitting

specimens (60 percent of yield) after a 30~day
exposure at room temperature or at 120 F in

85 percent relative-humidity atmosphere. (86)
Two specimens, one etched and the other un-

etched before anodizing, were evaluated.

An extensive study of stress-corrosion
cracking was recently reported by Gilpin and
Mackay using forged rods of beryllium (about
3 percent oxide) machined into tensile speci-
mens. The specimens stressed to 80 per-
cent of the yield strength (about 85,000 psi) were
exposed to a 5 percent NaCl solution for 10 min-
utes. The solution was then drained for 50 min-
utes while the specimens dried. The cycle was
repeated to 500 hours. Results for bare and
coated specimens are summarized in Table
12. (Coating procedures are discussed in
another section of this report.) Pitting occur-
red on most of the specimeas and the bare pieces

rather than because of stress-corrosion cracking.
The coated specimens survived 500 hours,

The same investigators held bare, anodized,
SermeTel W coated and aluminized tensile rods
of beryllium at 80 percent of the yield strength for
500 hours at 200, 400, and 600 F after the speci-
mens were coated with a thin layer of salt. No
chemical attack due to the presence of salt was
observed on any specimen and none failed during
the 500-hr exposure.

At Battelle=Columbus seven specimens each
of beryllium and of 62 Be-38 Al alloy were evalu-
ated for susceptibility to stress-corrosion cracking
by immersion in 3-1/2 percent sodium chloride
at room temperature. Four=~point loading
was used and specimens were stressed to 80 per-
cent of the tensile yield strength., No specimens
had cracked after 1000 hours of exposure. The
beryllium specimens were badly pitted, however,
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TABLE 11. RESULTS OF EXPOSURE OF STRESSED BERYLLIUM COUPONS TO VARIOUS
CORROSIVES (Reference 60)

Stress level 90 percent of the tensile yield strength

Electrode
Potential,
Solution Composition pH(a) v Cracking Remarks
20 g/1 potassium chromate 8.4 0.75 No General attack immediately
35 g/1 scdium chloride Pitting in 120 hours
20 g/1 potassium chromate 2.0 0.75 No General attack accelerated
35 g/1 sodium chloride Pitting in 48 hours
20 g/1 potassium chromate 16.5 0.75 No Rate of general attack decreased
35 g/1 sodium chloride Less than 1 cm2 in 24 hours
20 g/1 potassium chromate 8.4 1. 26 No Immediate general attack and
35 g/1 sodium chloride pitting
20 g/1 potassium chromate 8.4 0. 36 No Immediate general attack and
35 g/1 sodium chloride pitting
57 g/1 sodium chloride 5.3 0.73 No Immediate general surface attack
3 g/1 hydrogen peroxide Deep pits in 1 week
57 g/1 sodium chloride 5.3 1. 16 No General surface attack acceierated
3 g/1 hydrogen peroxide
57 g/1 sodium chloride 5.3 0. 51 No Lower rate of attack
3 g/1 hydrogen peroxide No pitting
53 g/1 sodium chloride 2.0 0.73 No Immediate general surface attack
50 g/1 sodium chromate Pitting after 200 hours
53 g/1 sodium chloride 11.0 0.73 No No corrosion in ! month
50 g/1 sodium chromate
53 g/1 sodium chloride 5.6 0.73 No Slight corrosion after 1 month
50 g/1 sodium chromate Two l-mm?2 areas
8 53 g/1 sodium chloride 5.6 L 11 No No corrosion
Y 50 g/1 sodium chromate
“ 53 g/1 sodium chloride 5.6 0.36 No No corrosion
- 50 g/1 sodium chromate
36 g/1 chromic acid 1.0 -~ No Severe pitting iromediately
3 g/1 sodium chloride Any cracking would be masked
1( 30 g/1 potassium dichromate
s
o 10 g/1 potassium fluoride 5.5 0. 81 No Immediate general surface attack
' 10 g/1 potassium fluoride 8.0 0. 81 No Immediate general surface attack
. % 10 g/1 potassium fluoride 1.0 0. 81 No Rate of general attack decreased
- ; Slight attack
i
3
¢
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TABLE 11 (CONTINUED)

Electrode
Potential,
Solution Composition pﬁ(a) vl Cracking Remarks
10 g/1 potassium fluoride 8.0 0.16 No No corrosion in 24 hours
10 g/1 potassium fluoride 8.0 0. 51 No Immediate general attack
1% sulfuric acid 1.0 -- No General surface attack which
subsided after 24 hours
100 g/1 fexrric chloride 2.0 -- No Immediate reaction - severe
general corrosion
Iron deposited on beryllium
100 g/1 cupric sulfate 4.0 -- No Immediate reaction - general
corrosion
Copper deposited on beryllium
100 g/1 magnesium chloride 4.3 0. 86 No Imrnediate general corrosion
100 g/1 magnesium chloride 4.3 0. 56 No Generail attack accelerated
100 g/1 magnesium chloride 4.3 1. 16 No No corrosion in 24 hours
100 g/1 sodium metasilicate 11.5 -0.4 No No corrosion in 7 days
100 g/1 sodiurmn metasilicate 11.5 0. 46 No No corrosion in 7 days
100 g/1 sodium metasilicate 11.5 -6.19 No No corrosion in 7 days

(a) pH adjusted by addition of acid or base without introduction of different ions.
{b) Steady-state electrode potential referenced against a saturated calomel half cell.

TABLE 12, RESULTS OF ALTERNATE IMMERSION TESTS ON
STRESSED SPECIMENS IN 5 PERCENT NaCl (Reference 7)

Time in
Teat,

Specimen _ Coating hrs Remarks

Al Bare ki) Falled during test by corrosion pitting
19-4 Bare 53 Falled during test by corrosion pitting
23-3 Bare 57 Falled during test by corrosion pitting
13-5 Anodlze 500 Pitted but no pailure
13-5 Anodice £00 Pitted but no failure
5-3 SermeTel W 500 Thiead fallure
64 SermeTel W 569 Pitted but no failure

According to Lindgren and Associates,
stressed beryllium exposed to 3 percent salt spray
and solutions of potassium chromate, sodium
chloride, potassium fluoride, or magnesium
chloride for 100 hours showed no evidence of
stress-corrosion cracking. Both anodized
and bare specimens were evaluated. Some minor
corrosion was noted. Pitting was experienced in
dilute hydrogen peroxide solutions.

The only indications of harmful effects {rom
stress on beryllium corrosion were reported by
Prochko and Associates. (%) They report that
both bare pickled beryllium und anodized beryl-
lium failed prematurely at applied stresses well

below the yield strength when exposed to sea~
water at ambient temperatures {59 F).

The average time to failure for pickled
beryllium was 490 hours at 20,000 psi and 305
hours at 30,000 psi. The yield strength of thiz
material was about 55,000 psi. The average
time to failure of anodized specimens was about
360 hours for both stresses.

Studies made by the same investigators in
synthetic seawater showed that the average time
to failure decreased from about 2350 to 40 hours
as the applied stress was increased from 1220 to
40,000 psi, respectively (Figure 12). (10) The
specimens were prepared from 0. 060-inch-thick
commercial-purity beryllium (98. 3 percent Be
containing 1. 63 percent BeO) sheet material. The
sheet was cross rolled, surface ground, and flash
pickled. The yield strength was about 64,000 psi.
The specimens (run in quadruplicate) were totally
immersed in the solution, which was changed
every 48 hours. Failure in all cases was ina
direction normal to the applied stress and was
transgranular.

It was concluded that the failure was not
due to stress-corrosion cracking but rather to
stress-accelerated corrosion and was closely
associated with random pitting attack. There was
no greater incidence in the pit density observed
but the effect rather was that certain pits or
possibly one pit only became active and penetrated
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FIGURE 12. EFFECT OF APPLIED STRESS ON

THE TIME TO FAILURE FOR STRESSED,
PICKLED BERYLLIUM SHEET MATERI-
AL TOTALLY IMMERSED IN SYNTHE-
TIC SEAWATER AT 77 F

the metal very rapidly. (65) The final failure was
attributed to onc or both of the following:

(1) Increased stress concentration at pu.s.
(2) Decreased cross-sectional area.

The fractured surface was bright over one region
and dark over the area where the localized at-
tack had occurred.

More recent results from the same labor-
atory revealed that small cathodic current den-
sities eliminated stress-accelerated corrosion
and that anodic currents reduced the time to
failure (Figure 13). (65) Specimens were stressed
at 30,000 psi in aerated synthetic seawater. The
higher the anodic current density, the shorter the
time to failure. It should be noted that cathodic
tests were not run beyond 200 hours. The in-
vestigators concluded that the s’'ress-corrosion
mechanism is clectromechanical «nd is not
associated with embrittlement by hydrogen.

Harlow and Glessner studied the effect of
stress during exposure of Lockalloy (62Be-38Al)
to N2O04 containing €. 09 percent O at 120 F. (66)
Three specimens were stressed by four-point
loading at 50 percent of the ultimate {about
50,000 psi transverse and about 54,500 psi
longitudinal). No failure occurred duriag a 30-
day exposure. A slight permanent set was ob-
served in the specimens after the test. An
average weight loss of 0. 00! g resulted from the
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FIGURE 13. EFFECT OF IMPRESSED CUR-
RENTS ON STRESS FAILURE OF BERYL-
LIUM
(Reference 65)
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exposure of the 0.5 x 3 x 0. 032-inch specimens.
The specimens weighed zbout 1. 2 gram.

Galvanic Effects

Beryllium is an electropositive (active)
metal and would be expected to corrode in many
galvanic cells.

Accelerated corrosion of beryl'ium has been
reported for beryllium coupled to aluminum and its
alloys or to Type 347 stainless steel. White and
Burke summarized results from the Oak Ridge
National Laboratory which showed enhanced pitting
at 185 F of beryllium coupled to pure aluminum
and Type 356 aluminum in water containing enough
H,0; to adjust the pH to about 6. (4) Pits 4 to 6
mils deep were produced in about 60 days. Simi-
lar results weve obtained with Type 347 stainless
steel. Pits less than 5 mils deep and ranging from
a density of 5 to 20 pits per square centimeter
were encountered in the beryllium. In genera),
corrosion rates for beryllium were raised about
five times by coupling to aluminum or stainless
steel.

Protective Coatings and Surface Treatments

The status of protective coatings for beryl-
lium was summarized several years ago by Beach
and somewhat more recently by Stonehouse.(67) (2)

A era—— 2>
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Coatings have been applied by anodizing, pack
cementztion, enameling, chemical conversion,
and ccating with a beryliium slurry followed by

fusion, electroglating s or electrolesas plating
{Van Thyne).(68}

Pretreatments

The importance of surtace preparation,
cleanliness, and pretreatment on the corrosion
resistance of beryllium is quite great. (2,18)

Machining procedures must be considered
because microcracks can be produced. The
eracks are potential trouble spots from the cor-
rosion standpoint since contaminants can readily
be retained in them. Etchants can be used to
remove the outer surface and eliminate the
cracks. Typical solutions used for such a pur-
pose are given in Table 13. Etchants for other
purpoges are also included.

It should be emphasized that cleaning a
fabricated part followed by adequate rinsing
and drying will improve the corrosion resis-
tance. Contact with tap water or water containing
chlurides and swfates should be avoided.

A fairly extensive discussion of surface-
treatment techniques develcped for use in the
fabrication of beryllium aerospace vehicle
atru_(.tu{ggs was presented by Williaras and
Ingels. } They conclude that surfaces should
be wiped with lint-free cloth or paper tissue wet
with methyl ethyl ketone. This treatment re-~
moves lubricants, layout dyes, and other super-
ficial contaminants. Oxide films and deeply

TABLE 13,

18

wtched Yingerprints may be removed by wet grind-
ing (180-mesh aluminum oxide) followed by light
Ztching. Etchants suggested are sulfuric acid,
nitric~hydrofluoric acid, or ammonium bifluoride
solutions. Details of handling, bonding, and
plating are also included in the above report.

A typical surface preparation used for pre-

paring machined round specimens from forged rods

at Astropower was to take a series of finishing
cuts such as 0. 020 inch, 0. 010 inch, 0. 005 inch,
0. 003 inch, and 0. 001 inch. ) After machining,
0. 001 inch was removed by polishing longitudi-
nally at 1500 rpm with 240-, 400-, and 600-grit
papers. As a firal operation 0. 002 inch was re-
moved by etching in 30 percent HNO3, 0. 5 percent
HF in deionized water. Etching was conducted at
75 ¥, which produced an etch rate of about 0. 001
inch in 10 minutes. Rinsing was done in deicnized
running water for a minimum of 2 minutes at am-
bient temperature. Specimens were blown dry
with clean air.

Chemical~Conversion Coatings

Useful coatings have been produced on beryl-
lium by chemical reactions between the metal sur-
face and a properly formulated solution.

Chromate Coatings. An earlier section of
this report indicated rapid oxidation of beryllium
in air at tewnperatures near 1652 F. Pearlstein
and Associates found that chromate conversion
coatings applied to beryllium prevented oxidation
for 24 hours at 1652 F in air containing water
vapor. 70) The coating was produced by 30-
minute immersion at 77 F in a proprietary

COMMON ETCHANTS FOR BERYLLIUM (Reference 18)

Nomenclature Composition

Characteristic Finish

Application

Chemical polish 26. 5 ml con. HpSO4
450 ml con. H3PO4
53 g CrO4y

Bright polish which re-
mains for long times.
Osrange-peel texture may

Standard etch -
Tensile bars and
general pickling

Use from 110 to 250 F  be developed. Very fast of surface.
removal rate.

HF-HNO3 20 ml HF
500 ml HNO;
480 ml H20
Generally used near
reom temperature.
Ammonium 5 - 10 g NH4F' HF
bifluoride 100 ml HC
Electropolish 100 ml H3PO,4

30 ml H2504
30 ml glycerel
30 ml abaolute ethanol

Smooth matte {inish,
Moderate removal rate.

Smooth matte finish.
Moderate removal rate.

Bright polished surface,

Attack raay not be
uniform,resulting in
nits.

Use to clean metal
prior to welding or
electroplating.

General etching.

Used principally
for metallography.
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chromating eolution normally used for aluminum
{U.S. Patent 2796371). The specimens were
1.3 cm in diameter by 1. 3 cm long. The metal
was hot pressed, extruded, machined, and then
coated. Figure 14 shows the details of the oxi-
dation results and includes 2 comparison of bare
and chromated beryllium. It will be noted, how-
ever, that the oxidation of chromated beryllium
is accelerating after about 50 hours of exposure.

6.0 ot

Bare Beryllium

AN

3.0
2.0
1.0 Chromated Beryllium
/
O« >
0 20 40 60 80

Exposure Time, hours

FIGURE 14. OXIDATION OF BARE AND
CHROMATED BERYLLIUM IN MOIST
AlIR AT 1652 F
(Reference 70)

Fluoride Coatings. A recent report by
O'Donnell indicates that a fluoride film on
beryllium will provide corrosion protection, (1)
The film is produced by treating beryllium in
fluorine above 970 F. A rhombic tridymite type
structure is produced that has a glassy appearance
and is insoluble in water in contrast to other
modifications which are extremely soluble.

Figure 15 shows the improved corrosion re-
sistance for specimens (sample size not given)
coated in fluorine at 1150 F and 200 torr. These
specimens along with uncoated pieces were ex-
posed to distilled water and to tap water for ex-
tended periods. It is pointed out that the fluorin-
ated sample in distilled water remained essentially
unchanged for about 3000 hours whereas the bare
piece gained considerable weight.

40F0 Ba +12000K BeF», distilied Hg0
D Be, no coating, cﬂsﬂlied H,0

201 5 o N
o . ;

-20 [ B 1 L

o Be+12000 A BeF,, tap H,0
O Se, no coeting, tap H0

Welght Change, mg
(22
o

40t .
20 - ——) *1
e Kt —0
0
-20 1 | ] | { 1 I
0 2000 4000 6000 8000

Exposure Tima, hr

FIGURE 15. STATIC TEST WEIGHT CHANGE
(Reference 71)

Metallic Coatings

Metallic coatings are applied to beryllium
to facilitate joining by soldering or by pressure
bonding at moderately low temperatures. Such
coatings also are used to improve the wear resis~
tance and corrosion resistance of beryllium. A
fairly detailed report ¢n procedures for coating
beryllium was prepared several years ago by
Beach as DMIC Memorandum 197. {(67) The follow-
ing paragraphs on metallic coatings contain infor-
mation from that memorandum and it should be
noted that muck of the content comes {rom an
earlier paper. (72)

Since the majority of applications for beryl-
lium have involved temperatures up to 1500 F, the
metallurgy of the coated, composite system is im-
portant in the design of beryllium parts. Inter-
diffusion of a multimetal system will result in
continually changing interfacial layers. Thus, the
ultimate operational characteristics of the com-
posite system will be affected by the properties
of the various alloys that are formed.

Nickel, iron, chromium, and silver offer
promise as preferred metallic coatings on beryl-
lium for elevated-temperature applications.
Nickel-coated beryllium shows no undesirable
interfacial alloying after 30 days at 600 F. How-~
ever, the diffusion between the nickel and beryllium
that occurs in 30 days at 932 F results in brittle,
low-strength, interfacial alloy layers. Iron-
coated beryllium shows alloying characteristics
similar to those of nickel-coated beryllium but
with slightly lower rates of diffusion.

Electrodeposited Coatings., Adhereat me-
tallic deposits can be obtained on beryllium if
careful attention is given to the procedures used.
Greases and oils are best removed by organic-
solvent degreasing (vapox or contact). Residual
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dirt is removed by cathodic cleaning in alkaline
detergent solutions. Proprietary cleaning solu-
tions containing caustic, carbonate, and/er
wetting agent, such as those devised for aluminum,
copper, magnesium, etc. , can be used satis-
factorily. -

Beach points out that, if necded, the sur-
face can be descaled by pickling in a hydrofluoric~

nitric acid solution (2 vol percent of 43 percent
EF, 50 vol percent of 70 percent HNO3, and 48

vol percent of water at room temperature),

After precleaning and water rinsing,the
beryllium is often prepared for electrq}alating
by use of a zinc-immersion coating. (67,72) Tpe
clean beryllium part is immersed in the following
solution at 185 %5 F for about 5 minutes to pro-
duce the thin, uniform zinc displacement film
on the surface:

Sodium tetropyrophosphate - NagP;07 -~
120 g/1

Zinc sulfate -~ ZnSO4 7TH,0 - 40 g/1
Sedium fluoride - NaF ~ 7.5 g/1
' >tassium carbonate - K2CO3 - 5 g/!

pH 7.5-8.0 with sulfuric and/or phosphoric
acid.

The adherent zinc film is a basis for sub-~
sequent electroplating with copper and/or other
metals from solutions designed for plating on zinc.
An alternative grocedure for plating on beryllium
is as follows, (67,73)

(a) Anodic pickle

Phosphoric acid (85% H3POy4), 10%
(by volume)

Hydrochloric acid (38% HC1), 2% (by
volume)

Temperature, 80 £10 F
Current density, 15 #5 amp/sq ft
Time, 1 min

(b) Chemical pickle (without rinsing)

Concentrated nitric acid (70% HNO,)
Temperature, 80 £10 F
Time, 2 min

{¢) Water ringe

{d) Acid dip
Ammonium sulfate - NH,(SO4),, 100 g/1
Sulfuric acid - HpSO4, 10 g/1
Temperature, 80 210 F
Time, 1/2 to 1 min

(e} Water rinse

{f) Electroplate
Metals that have been electroplated on
beryllium include copper, tin, silver, chromium,
aluminum, iron, nickel, and zinc.
Another direct-plating method has been
described by Missel as follaws:(73)
{a) Abrasive clean
Wet 400-grit emery paper
(b} Water rinse
{¢) Anodic clean
5 minutes with current density of 50
amp/sq £t in a mild brass-type cleaner
at 130 F
(d) Water rinse
{e) Acid etch
Nitric acid (70% HNO3) - 5 vol percent
Hydrofluoric acid (48% HF) - 1 vol
percent
Water - 94 vol percent at room temper-
ature, 30-second immersion
(f) Water rinse
{g) Acid activate
Sulfuric acid - 3. 6N H,504 at room
temperature; 30 to 60-second immer-
sion
(h) Water rinse

(i) Nickel plate

Proprietary all-sulfamate bath pH
3.0to 3.5

Temperature, 130 F
Current density, 50 amp/sq ft

(j} Water rinse and dry
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It was reported that coatings 7 mils thick 2. Zincate treat with zinc chioride
produced on beryllium by the above procedure solution for 1/2 to 1 minute and
have withstood a solar-furnace test in which the water rinse.
underlying beryllium could be heated to its
melting point (2341 F) in about 9 seconds. (¢} Black platinizing

Electroless Coatings. 1. Treat with chloroplatinic acid solu~

tion for about 2'minutes and water

Electroless Nickel.(67) Electroless nickel rinse.
on beryllium is being considered for variou ap-
plications because it is a hard ar.d wear-resistant 2. Alcohol rinse and dry.

coating. *'*?
All solutions are at ambient temperature.

The coating, a nickel-phosphorus alloy Drying after Steps (a2), (bl), or {b2) apparently
containing 6 to 8 percent phosphorus in solid is not detrimental. The zincate solution (b2) con-
solution, is nonmagnetic until heated at 750 F tains 100 g/1 of ZnCl, in water adjusted to a pH
and above. The alloy has a coefficient of ther- of 4.9 £0. 1 with acetic acid. The platinizing
mal expansion of 7.2 x 1076 in, /in. /F, which solution contains 10 g/1 of chloroplatinic acid in
compares favorably with that of beryllium, water.

6.3 x 10" in. /in. /F.
Miscellaneous Coatingse

Camera mirrors are electroless~nickel

coated, polished, and flash-aluminum coated A beryllium-silicon fused metallic coating
for aerospace needs. The electroless-nickel has been developed for high-temperature oxi-
coating, "Kanigen",* polishes like glass, and dation resistance. {68) The process includes the
the thin, vacuum-deposited aluminum provides application of a lacquer-suspended slurry (35 to
the needed tarnish resistance. (76) 70 weight percent silicon) followed by fusing at
temperatures in the range 2100 to 2150 F. Ceat-~
Pretreatment of beryllium for electroless- ings containing 50 percent silicon were still pro-
nickel plating involves precleanin% and appli- tective after 1300 hour at 1550 F (+6 F dew point),
cation of an immersion zinc film. (77) Kanigen whereas coatings anodized in 20 and 40 percent
plating is accomplished without any intermediate chromic acid failed after 1204 hours.
coating. 6) Reported data on electroless-nickel-
coated beryllium are very limited. SermeTel (Type W) is a ceramically bonded
aluminum coating manufactured by Teleflex, Inc.,
According to Gilpin electroless nickel used by Gilpin and MacKay. {7} The specimens
did not protect beryllium in a 5 percent salt fog were lightly dry grit blasted with 200-mesh SiO,
spray at 100 F for 30 days.(" and cleaned with a dry-air blast. The SermeTel W
wag immediately applied with an air brush. After
Electroless Platinum. Platinum-black the specimen was coated, it was dried at 175 F
coatings on beryllium were investigated by Missel for 15 minutes and cured at 650 F for 15 minutes.
and Greear to consistently provide a reliable Two separate coatings giving a total thickness of
high, total, infrared emittance surface (>0. 8) 1. 5 mils were applied. Specimens covered with
for large parts. (78) The following processing this coating along with some coated with vacuum-
steps were developed and adapted to the coating deposited aluminum were alternately exposed to
of hemispherical parts of beryllium using spray- 5 percent salt fog at 180 F for 16 hours and tem-
coating techniques: peratures ranging up to 800 F for 8 hours.
{2} Precleaning Only very slight corrosicn could be detected
by visual observation and by weight-gain measure-
I 1. Abrade with wet emery paper or ments on all of the SermeTel W coated beryllium.
" cloth of 180 mesh or finer. The small weight increases were probably the
result of oxidation of the SermeTel W coating.
g 2. Alkaline clean and water rinse. At 800 F small pits were detected at approxi-
¥ mately the sixth cycle. The pits increased in
‘\.* (b) Activation size, but not in number,during subsequent cycles
[ 1 1. Acid treat with 3. 6N H;S04 for 2 to Vacuum-deposited aluminum coatings were
\ 3 minutes and water rinse. blistered rapidly at 200, 400, and 600 F. Most
d of the aluminum disappeared during the first few
. cycles.

=
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*Trade I me of General American Transpor-
tation Corporation.
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Anodized Coatings

Anodic coatings have been shown to im-~
prove the coryosicn resistance and air-oxidation
registance of beryllium. The coatings are pro-
duced by treating the metal ia aqueous solutions
by anodizing with ac or dc. The bath composi-
tions in Table 14 were used in studies reported

TABLE 14, TYPICAL ANODIZING BATHS
{Reference. 68)

Tempeor-
ature,
Bath . Comiposition F
1 5,20,40 percent CrCy 41,120
2 10 percent N22Cr,0, 75
3 10 percent NazCrOy4 75
4 5N HNO;3 95
& 10 percent NaOH 105
6 20 percent CrOj3 plus 5 percent 75
Al2K>(S04)4+ 24H20
7 20 perceat CrOj plus 5 percent 75
Al3(SO4)s- 18H0
20 percent CrOj plus 20 percent 75
NaCr,07 .
9 10 percent CrO3 plus 10 percent 75
NazCrO4
10 10 percent CrOj plus 75

10 percent NaCr 0,
11 10 percent HNOj plus 200 grams --
per liter-CrO3

by Van Thyne(68) and Kerr. (79) Most of this
anodizing was done with dc.

Packer surveyed many procedures and
concluded that more uniform, adherent coatings
were obtained using either of the following:

(1) Solution of 50 percent HNOj at
20 amp/ft2, 5 minutes

{2) Soluticn of 7. 5 percent NaOH at
10 amp/{t2, 20 minutes.

A fairly extensive study of the polarization
response of beryllium in various electrolytes was
reported by Levy. {80) Chromates and phosphates,
particularly in neutral pH sclution, induced
considerable ancdic polarization. Beryllium
oxide coatings are anodically formed with
chromate, nitrate, aluminate, and hydroxide
solutions. The beryllium was attacked anodi-
cally in fluoride, chloride, chlorate, and sul-
fate solutions. Cathodic polarization was less
pronounced than anodic. Hydrogen-evolution
characteristics were similar in all solutions.

Chromic acid anodizing of beryllium pro-
duces an adherent, glossy-black film of BeO
ahout 0. 1 mil in thickness. (81,82} Various

proceseei are described by Stonehouse and co-
workers, 2,18,83) The anodic coatings (nitric-
chromic acid solutions) increased in thickness
linmarly with applied voltage. (719 The coating
does not form a dielectric film. Other studies
showed that the anodized layers are crystalline
and grew as platelets with 2 mean diameter of
about 60 A and a mean thicknzss of about 20 A. (84)

Coating Uses. Anodic coatings produced at
Brush protected beryllium completely in a humidity~
cabinet test for over 100 cycles (2400 hours). (2)

No pitting or attack of any nature was found on
similar specimens exposed to deionized water
or tap water for 3 months at 100 F. Anodized
beryllium showed no failure in standard ASTM
salt-spray tests for 2000 hours and possibly longer.

The same investigators found that anodized
coatings protected beryllium from oxidation at
high temperatures. (2518) The normal behavior
was discussed earlier using Figure 6, These re-
sults for bare beryllium should be compared to
those in Figure 16, which gives penetration data

48 T
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FIGURE 16. CALCULATED PENETRATION OF
BERYLLIUM PROTECTED BY AN ANODIC
FILM AT ELEVATED TEMPERATURE.
(Reference 2)
Values are based on weight-gain data.

versus time for anodized beryllium specimens
exposed at 1 atmosphere pressure of dry oxygen,
at 1290, 1500, and 1890 F. The weight gains
were reduced about 100 times by the anodic treat-
ment.

No attack occurred on coated samples ex~
posed to air with 1 percent moisture at 1470 F,
for over 1000 hours.

Successful use of anodic coatings to prevent
oxidation in components of SNAP 8 e%ui ment was

described by Nakae and Associates. (85 5
1
Five anodized specimens (transverse orien- k‘
tation) were exposed to a 5 percent salt spray at H 3%
C 4
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room temgerature at Southwest Research In~
stitute. (80) One specimen showed noticeable
attack in 240 hours. Five similar specimens
exposed at 120 F were noticeably corroded in
24 hours,

Anodic ceatings approximately 0. 0002 inch
thick were evaluated at Astropower. {7) The
coatings were formed at 25 amp/ftZ in 1 percent
chromic acid and sealed by boiling in distilled
water for 15 minutes. No corrosion was ob-
served on specimens exposed to 5 percent salt
fog spray at 100 F for 30 days. The corroeion
specimens were also alternately exposed to 5
percent salt fog at 100 F for 16 hours and tem-
peratures ranging up to 800 F for 8 hours.

The anodized coatings resisted chemical
attack very well in the cyclic test at 200 F and
400 F. No deterioration of the coating could be
detected by visual or microscopic observation.

In the cyclic test at 600 F, a few white patches
and a small amount of chipping were observed

at the edges of thz coupons after 14 cycles. All
of the anodized coatings were severely attacked
during cyclic tests at 800 F. High weight loszes
were observed with considerable color changes of
the coatings. The beryllium coupons were rinsed
in distilled water, and a spectrographic analysis
of the distilled water showed traces of beryllium.
Apparently, porous anodized coatings on beryl-
lium are unstable when exposed to salt contamin-~
ation and elevated temperature of 800 F, These
tests showed that anodized coatings resist chemi~
cal attack due to salt contamination very well up
to 600 F. At about 600 F, the anodized coatings
become unstable when exposed to alternate

salt contamination and elevated temperatures.

The effect of anodizing conditions on the
protective properties of anodic coatin?s is sum-
marized in Table 15 from Van Thyne. {68) The
time for failure of bare beryllium is not given
but it is stated that a 1/8~inch-thick specimen
may oxidize completely in a few days at 1550 F
in air at a dew point of 32 F. The conclusion
from the studies reported in Table 15 was that
chromic acid anodizing should be emphasized.

Work at Armour(87) indicated that anodic
coatings as produced by Brush Beryllium were
of value in protecting beryllium against 100 ppm
of oxygen in helium at 1300~1410 F. It was
estimated by extropolation of data that a service
life of 3000 hours at 1300 F might be cxpected.

Anodized beryllium was investigated to
prevent or retard the interaction of beryllium

with UO, and corrosion bg moist CO, at tem~
peratures above 2192 F. {88) Better results
were observed with chromic acid anodizing than
with nitric-chromic acid anodizing. Reaction
with UQ; was avoided. Corrosion in moist COp
was reduced, but not consistently.

TABLE 15, ANODIZING CONDITIONS AND TIME
TO FAILURE OF BERYLLIUM SPECIMENS
EXPOSED AT 1450 F IN AIR(a)

{Reference 68)

Failure
Anodizing Variabies Time,
Temp. Bath hr

95 F 5N HNO3 260
Room 40%Cr0O3 279
41 F 40%CrO3 456
Room 10%Na2Cr 207 260
Room 10%NaCrOy4 360
105 F 10%NaOH 260
41 F 20%Cr0O3 456
Room 20%CrO3 528
Room 10%Nz2Cr 307 312

(a} Specimens were anodized at 100 amperes per
square foot for 60 min. Dew point during
exposure varied from +2 to +12 F.

As was mentioned e)sewhere in this re-
port anodized beryllium is compatible with
dry and water-contaminated (5 percenat) Aerozine-
50.(37) The anodic coating was attacked by N204,

Sealing. There is some evidence that seal-
ing processes are effective in improving the cor- A
rosion resistance of anodized coatings. Gilpin
reported on a few tests conducted to show the ef-
fect of composition and sealing in boiling sodium 3
silicate solution on the protection of forged bervl-
lium when exposed to a 5 percent salt-fog spray at
100 F and elevated temperature of 600 F. (7) The
current density was kept constant and bath com-~ ¢
positions of 1,3, and 6 percent Cr03 were used.
The anodizing temperature was 77 F and the
sealing time in boiling water and sodium silicate
solution was 15 minutes. Table 16 shows the 1
results of these tests, Increasing the composi- 5
tion of the bath from 1 percent to 3 percent re~ ;
duced the voltage to maintain a constant current
density. This appeared to make an improvement
on stability of porous anodized coatings. Sealing .
in boiling sodium silicate also showed beneficial W
effecta. ‘

F

TR

Coeeatan




R e PR

‘Yyour /1 X Z X | 213m suswroaedg (e)

Iajem
$0 *0+ €2 "0+ 22 0+ 9 2 8 ¥ s P21IuIsSIa
a3eoI[Is
20 0+ L0 “0+ €2°0+ 9% "0+ L2 0+ € (4 9°s s¢ wmipog
EEFL-TR
20 °0- <t o+ 61 "0+ 61 "0+ € 4 9°s 52 PatINIsIQ
L]
N ajesIIs
S0 0+ S0 "0+ 1€ "0+ €% 0+ 82 °0+ S0 °0+ 1 4 8 T4 umipog
aajem
g€ 2~ 90 2- 68 °1- €9 I~ ¥ *0- 81 °1I- T (4 4 T4 PeTINISta
€1 21 3 8 9 S ¥ € 4 1 juaszad Iy ‘auwr], SIOA 33 bs/duwe ‘Ajrsuay Iaivag
Haut ‘o19&D 4q aBueyDy 3YSioMm €01 Burzipouy wdIIND
¢uorjrsoduron)
(L @ousaa3oy) (e)d 009 JO IYNIVITIINIL EILVATTI NV ANV I 001 LV AVHAIS DOJI-ILTIVES LNIDYI4 § IO
SATOAD FLVNYALTIV O AISOdXd WAITTANIAL AIZIACNYV JO ADNVISISTY NOISOYHOD NO ONITVIS 40 1LOIIJT ‘91 ATLVL

e

) . Y —~
T T T U T VT T | T St O )



25

‘REFERENCES

(1) Bunshah, Rointan F., "Future Trends in (13)

(2)

(3)

(4)

(5)

(6)

(7)

(8)

(9)

(10}

(11)

(12)

Beryllium Metallurgy Redearch”, Beryllium:
Its Metallurgy and Properties, Hausner,
Editor, University of California Press, 1965,
P 279.

Stonehouse, A. J., and Beaver, W. W., (14)
"Beryllium Corrosion and How to Prevent
It", Materials Protection, 4, January, 1965,
pp 24-28.
(15)
Wanklyn, J. N., and Jones, P. J., "The
Aqueous Corrosion of Reactor Metals',
J. Nuclear Materials, 6, No, 3 (1962),
pp 291-329.

White, D. W., Jr., and Burke, J. E., The (16)
Metal Beryllium, American Society For
Metals, Cleveland, 1955, pp 533~548.

Darwin, G. E,, and Buddery, J. H., Beryl- (17)
lium, Academic Press Inc. , New York, 1960,

Pourbaix, Marcel, Atlas of Electrochemical
Equilibria, Ganthier-Villars, London, Paris (18)
and Pergamon Press, 1963.

Gilpin, C, B., and Mackay, ""Corrosion Re~
search Studies on Forged Beryllium", AFML-
TR-66~294, January 1967,

(19)
Kneppel, D, S., "Beryllium Corrosion",
Nuclear Metals, Inc, , Report NM=1911,
March 24, 1963, Contract AT(30~1)-3012.

Prochko, R. J., Myers, J. R., and Saxer, {20)
R. K., "Corrosion of Beryllium by Salt

Water", Materials Protection, 5, December,

1966, pp 39-42.

Prochko, R. J., Myers, J. R., and Saxer, {21)
R. XK., "Corrosion of Beryllium Sheet Materi-

al by Chloride~Containing Aqueous Environ-

ments', Air Force Materials Laboratory Re~

port Number AFML~TR~65-29, Wright Pat-

terson AFB, Ohio, May, 1965, pp 461-473.

Miller, R. A., Myers, J. R,, and Saxer, {22)
R, K., "Stress Corrosion of Beryllium in

Synthetic Sea Water'", Corrosion 23, Janu~

ary, 1967, pp 11-14,

Straumanis, M, E,, and Mathis, D, ., "The (23)
Dissolution Reaction and Attack of Beryllium

by HF, HCl, and H3504", J. Electrochem.

Soc. 109, May, 1962, pp 434-436, AEC

Contract, AT(11-1)-1047.

James, William J. , Straumanis, M, E,,
and Johnson, J. W., “Anodic Diesolution

of Metals Undergoing Electrolysis in Aqueous
Salt Solutions’, Corrosion, 23, January,
1967, pp 15-23.

Steele, John R. , "Beryllium Corrosion',
Materials Protection, 1, July, 1962,
pp 59-62.

Alymore, D, W., Gregg, S. J., and Jepson,
W. B.,."The High Temperature Oxidation

of Beryllium =~ Part L. In Dry Oxygen", J.
Nuclear Materials, 2, No. 2, pp 169-175
(1960).

Ervin, G. Jr., and Mackay, T. L., "Catas~
trophic Oxidation of Beryllium Metal", J, Nu-
clear Materials, 12 No. 1, pp 30~39 (1964)

Williams, J. , and Jones, J. W. S., "Ther~
mal Etching of Beryllium", J. Nuclear Ma-
terials, 4, No, 2, 1961, pp 234-235.

Beaver, W, W., and Stonehouse, A. J.,
1Beryllium: Surface Treatment and Coatings',
Univ. California Short Course on, "Beryl-
lium, Jts Properties and Applications",

Los Angeles, March 4-8, 1963.

Bennett, M. J., Crick, N. W., Blythe,

P. C., and Antill, J. E., "The Oxidation
of Irradiated Beryllium in Carbon Dioxide",
J. Nuclear Materials, 17, pp 60-72, {1965).

Bradahaw, w. 2 and Wright, E. S. F) "High
Temperature Corrosion of Beryllium in
Air", Lockheed Missiles and Space Division
LMSD-895073, January, 1961.

Bradshaw, Wanda, G., and Wright, E, S.,
"Reaction Kinetics of High~Temperature
Corrosion of Beryllium in Air", Institute
of Metals Conference cn Metallurgy of
Beryllium, Royal Commonwealth Society,
London, October, 1961,

TRW Systems, "An Experimental Investigation
of the Behavior of Beryllium Metal in Simu-
lated Launch Pad Abort Environments!, Re~
port SC-DC-65-1637, July, 1965,

Alymore, D. W., Gregg, S. J., and Jepson,
W. B., "The High Temperature Oxidation of
Beryllium - Part IV - In Water Vapor and
Moist Oxygen", J. Nuclear Materials, 3,
No. 2, pp 190-200 {1961).




(24)

(25)

(26)

(27)

(28)

(29)

(30)

(31)

(32)

(33)

(34)

Gregg, S. J. , Hussey, R. J., and Jepoon,
W. B., "The High Tempezature Oxidation
of Beryllium ~ Part II, The Reaction With
Carbon Dioxide and With Carbon Monoxide',
J. Nuclear Metals, 2, No. 3, pp 225-233
{1960).

Gregg, S. J. , Hussey, R. J., and jepscn,
V. B., "The High Temperature Oxidation
of Beryllium", - Part.III In Carbon Dioxide,
Carbon Monoxids, and Carbon Monoxide ~
Carbon Dioxide Mixtures', J. Nuclear
Materiala, 3, No., 2, pp 175-189 (1961)

pbemb-’ P, 1. ? Daviea, M. W, ? and
Woodfine, B. C., "The Oxidation of Beryl~
lum in Carbon Dioxide!, Inst. Metals

Conference on Beryllium, London, Cctoher
1961,

Jepson, W. B., Warburton, J. B., and
Myatt, B. L., "The High Temperature
Oxidation of Beryllium and the Fate of
‘Beryllium Carbide Inclusions, J. Nuclear
Mﬁtals, _l_g’ No. Z, 1963’ pp 127-1330

McCoy, Jr. , H. E., "Oxidation of Beryllium
in CO7 by Autoradiographic Techniques',

J. Nuclear Materials, 15, No. 4, pp 249-
262 (1965).

Gregg, S. J., Hussey, R, J., and Jepson,
W, B, , "The High Temperature Oxidation
of Beryllium -~ Part V - In Moist Carbon
Dioxide and Moist Carbon Monoxide", J.
Nuclear Materials, 4, No. 1 pp 46-58
{1961).

Jepson, W. B., Myatt, B. L., Warburton,
J. B., Antill, J, E., "Socme Topographical
Obsexrvation on the Oxidation of Beryllium",
J. Nuclear Materials, 10, No. 3, pp
224-232 (1963),

Menzies, I, A., "Observations on the Oxi-
dation of Beryllium in Carbon Dioxide at

600-700 C." Corrosion Science, 3, January-
MarCh, 1963, PP 35-49,

Raine, T., and Robinson, J. A., "The Cor-

rosion of Beryllium and Alloys of Beryllium

with Calcium in Carbon Dioxide", J. Nuclear
Materials, 5, No. 3, 1962, pp 341-343.

Scott, V. D., and Ranzetta, G, V. T.,
"Electron Metallography of the Corrosion

of Beryllium and Beryllium Calcium Ali~ys",
J. Nuclear Materials, 9, No. 3, 1963, pp
277-289.

Werner, W. J., and Inouye, H. , "The
Reactions of Boryllium With Wet Carbon
Dioxide', Oak Ridge National Laboratory,
Paper at Institute of Metals Conference on
Metallurgy of Beryllium, London, October
16'18' 19610

(38)

(36)

(37)

(38)

(39)

(40)

(41)

(42)

(43)

(44)

(45)

Polatnik, L, S., and Gorban, N, D, , "Cor-
rosion of Condensed Metal Films in a Mix-
ture of Air and Hydrogen Sulfide', Physics
of Metals and Metallography, 18, No. 2,
1964, pp 61-66,

Spence, H. B,, "Compatibility of Nickel~
Plated Beryllium With N204 and A-50",
Acrojet General Report DVR~64-115,
January 14, 1964,

Roper, R. S., and Chung, J. W,, "Com-~
patibility of Anodized Beryllium With Aero-
zine 50 and Nitrogen Tetroxide', Aerojet
General Report, DVR~64~272, May 4, 1964,

Soffa, L. L., and Basl, G. J., "High-
Strength Forged Beryllium For Structural
Applications', Rocketdyne Report REK.

D, H, -005, October 15, 1964. Also Inter-
national Symposium Beryllium Metallurgy,
Franklin Institute, Philadelphia, October,
1964.

Cabaniss, J. H., and Williamson, J. G.,
"A Literature Survey of the Corrosion of

Metal Alloys in Liquid and Gaseous Fluorine",

George C. Marshall Space Flight Center Re~
port MTP~-P~-UE~M~63-21, December 31,
1963, p 20,

Jackson, J. D,, Private Communication,
Battelle-Columbus.

Steele, John R. , "General Problems in The
Corrosion of Beryllium", National Associa-
tion of Corrosion Engineers Conference, New
York, November 2, 1961,

Schleicher, H. W., "Corrosion Studies in
Organic Coolants for Nuclear Reactors*,
Proc. Second International Congress on
Metallic Corrosion, New York, March 11-15,
1963, pp 432-441, National Association of
Corrosion Engineers Publication,

Lampert, Harold, M., and Sturra, J. R,,
"Corrosion Resistance and Wear Characteris~
tics of Beryllium'", Brush Beryllium Com-
pany, Metallurgical Test Report No. 36.

AiResearch Manufacturing Company, "Pre-
liminary Corrosion Investigation of High-
Temperature Sulfur, Rubidium, and Alu~-
minum Bromide", Wright Air Development
Division WADD Technical Report 60-514,
July; 1960,

Amateau, M. F., ""The Effect of Molten
Alkall Metals on Containment Metals and
Alloys at High Temperatures', DMIC Re~
port 169, May 28, 1962,

wd

A s o

P

S ks a4

. i

PEPIPURERERR L
R




ey

- P

s e

27

(46) Wilkinson, W, D., and Yagee, F, L.,

(47)

(48)

(49)

(50)

(51)

{52)

(53)

(54)

(55)

(56)

(57)

"Attack on Metals by Lithium', ANL~-4490,
October 13, 1956.

Hoffman, E, E,, "Corrosion of Materials

by Lithium at Elevated Temperatures'",
ORNL~2924, October 27, 1960.

Cunningham, J. E, , "Resistance of Metallic
Materials to Corrosion Attack by High Tem-
perature Lithium", CF-51-7-135 (Del)

July 23, 1951,

Adamson, G. M, , Hoffman, E. E., and
Brooka, C. R., "Compatibility of Beryl-
lium, Sodium, Inconel System", ANP Ma-
terials Meeting, November 16~18, 1954,
ORNL~2685 (March 26, 1¥59).

Williams, L. R., and Eyre, P, B., "The
Metallurgy of Beryllium", Nuclear En-
gineering, 3, 9-18 (January, 1958),

Kendall, W. W., "Corrosion of Beryllium
in Flowing Sodium', GEAP=-3333, (January
15, 1960).

Knapton, A. G., and West, K. B, C., "The
Compatibility of Beryllium and Uranium
Dioxide", J. Nuclear Materials, 3, No. 2,
pp 239-240 (1961).

Aerojet~General Nucleonics, ''Liquid-Metal
Corrosion Capsule Questionnaire", NASA-
SP-41, NASA-AEC Liquid Metals Corrosion
Meeting Vol 1, Cleveland, Ohio, October
2-3, 1963, p 174, USAEC Contract AT
{04-3)-368.

Wagner, H., Ludwigson, D., Stang, J. H.,
and Simon, E. M., "Static Corrosion Tests
of Five Materials in Rubidium to 1400 F",
Report to AiResearch Manufacturing Com~
pany, October 29, 1959, included in WADD
Technical Report 60-514, July, 1960,

Straka, K., "Beryllium and Its Alloys in
Avia Industry", Zpravody Vziu Konference
O Vyrobe Lopatek, Vyzkummy a Zkusebni
Letcky Ustav. {Checkoslovakian), No. 5,
1963, pp 39-45. FTD~TT=64~1027/1+2,
June 9, 1965.

Seifert, J. W., and Lowe, A, L. Jr.,
"Evaluation of Tantalum, Molybdenum,
and Beryllium for Liquid Bismuth Ser-
vice", Corrosion 17, October, 1961,
pp 97-100,

Cathcart, J. V., and Manly, W. D., "Mass
Transfer Properties of Various Metals and
Alloys in Liquid Lead", Corrosion 12, pp
87t=-91t (February, 1956).

(58)

(59)

(60)

(61)

(62)

(63)

(64)

(65)

(66)

(67)

(68)

Vickers, W., "Compatibility cf Beryllium
With Various Reactor Materials", Paper,
Institute of Metals, Conference on the Metal~
lurgy of Beryllium, London, England, Octo~
ber 16~-18, 1961,

Baird, J. D, , Geach, G. A., Knapton, H.
G., and West, K.B. G. , "Compatibility of
Beryllium With Other Metals Used in Re-
actors', Proc, Second United Nations Con-
ference on the Peaceful Uses of Atomic
Energy, Geneva, Switzerland, 5, pp 328~330
{1958).

Packer, C. M., "Stress Corrosion Cracking
of Beryllium", Lockheed Report LMSD~
288140, "General Research in Materials and
Propulsion", January, 1960, Section 6, Also
LMSD-49735,

Logan, Hugh L., and Hessing, Harold,

Summarizing Report on Stress Corrosion of
Beryllium, NBS-6, Mational Bureau of Stan-
dards, Washington, D. C. , December, 1955,

English, J, L., The Corrosion of Beryllium
in Simulated Cooling Water for the Proposed
Development Reactoz, covering interim re~
port period September, 1946 to December,
1948, ORNL~298, Oak Ridge National Labor-~
atory, Tennessee, 17 March, 1949, de~
classified 7 February, 1957,

Beau’ L' Go rs Jrn 2 and Hyler, Wo S. ?
""Mechanical Property Evaluations of Newly
Developed Structured Materials", AFML-TR~
66-155, April, 1966, Also Mechanical Pro-
perty Data, March 1967, and Mechanical-
Property Data 62Be~38A1 Alloy, Mazrch,

1967,

Lindgren, E., Yames, R. L., Fager, J. A,,
and Carlson, R. E., "A Theoretical Design
Study Applying Beryllium to Storable Liguid
Propellant Rocket Tankage", AFFTC-TR~
60~67, March, 1961.

Myers, J. R., Private Communication,
to P. D, Miller, May 19, 1967,

Harlow, R. A,, and Glessner, C. M.,
Marquardt Corporation, Private Communi-
cation to J. N, Jackson, April, 1967.

Beach, J. G., "Electrodeposited, Electro-
less, and Anodized Coatings on Beryllium",
DMIC Memorandum 197, September 1, 1964,

Van Thyne, Ray, J. , Rausch, John J.,
Miller, Jack M., and Netter, Williarn S, ,
"Oxidation Protection of Berylliun at High
Temperatures Beryllium Technolegy Vol I,
Proc. Second Interuational Conference,
Philadelphia, Octaber 15-17, 1964, Gordon
and Breach Science Publishsr Inc,

e e et e e



AT VYA
pidiingersion

ok

R SN
T

LW IR
A s Ve s R v e L W

s

L

~
p

R

et

re

NS

7

28

(69) Williams, R, F., and Ingels, S, E., "Fab-

(70)

(71)

(72)

(73)

(74)

(75)

(76)

("N

(78)

{79)

(80)

rication of Beryllium Vol IV - Surface
Treatments for Beryllium Alloys", NASA
Technical Memorandum X~53453, July,
1966.

Pearlstein, Fred, Wick, Reyburn W,,
and Gallaccio, Anthony, "Protection of
Beryllium Against High Temperature Oxi-
dation', Frankford Arsenal Report A 66-6,
January, 1966.

O'Donnell, Patricia M, , "Beryllium Fluoride
Coating as a Corrosion Retardant for Beryl~-
lium", Proposed letter to Editor, Corrosion
Science, December 19, 1966, Also dis-
cussed a paper Elcctrochemical Society
Meeting, Philadelphia, Pa, 1966,

Beach, J. G., and Faust, C, L., "Electro-
plating cn Beryllium", J. Electrochem Soc.,
100 (6), pp 276"279 (June, 1953)o

Missel, L, , "Thermal Shock Resistant
Plating on Beryllium", Metal Finishing,
58, (3), pp 53-57 (March, 1960).

Beaver, W. W., and Stonehouse, A. J.,
"Beryllivm, Surface Treatments and
Coatings", BBC~TR~329, The Brush Beryl-
lium Company, Cleveland, Ohio, August,
1963, paper presented at "A Short Course

on Beryllium, Its Properties and Applica~
tion", University of California, Los Angeles,
California, March 4~8, 1963.

O'Boyle, D., "A Guide to Specifying Surface
Coatings for Beryllium Parts', Machine
Design, 33, (26}, pp 147-150 (December
21, 1961).

Personal communication, Wm. H, Crehan,
General Manager, Kanigan Division, Gener-
al American Transportation Corporation
{May, 1964).

Enthone, Inc. Euplate Plating Cycle No,
18A-~ for Electroless Nickel Plating on
Beryllium (March 22, 1963),

Missel, L., and Greear, G. R., "Platinum
Black Coating of Beryllium', Metal Finish~
ing, 61 (8), pp 46-48, 54 (August, 1963).

Kerr, 1. S., and Welllman, H., "The
Structure and Growth of Oxide Layers
Formed on Beryllium", J. Institute
Metals {London), 84, pp 379-385 (1955),

Levy, D. J., "The Electrolytic Polarization
of Beryllium", Lockheed Missiles and Space
Division Report LMSC-6-90-61~75, Novern~
ber, 1961,

e e e e e ot & el e W . o et i e .

(81)

(82)

Whitby, L., Gowen, E., and Levy, D. J.,
"'Chromic Acid Anodizing of Beryl¥*» m: Pro-~
cess Parameter', Technical Proce. dings,

American Electroplaters' Society, pj 106-
108 (1961).

Missel, L., "Chromic Acid Anodizirg of
Beryllium——Process Development, Technical
Processings, American Electroplaters’
Society, pp 109~111 (1961).

(83) Stonehouse, A. J., and Beaver, W. W.,

(84) Levin, M. L,, "The Formation of Crystalline

(85)

(86)

(87)

(88)

"Corrosion and Protection of Beryllium
Metal", Brush Beryllium Paper, BBC-TR~
335, December, 1963. Paper at Aerospace
Metals Symposium, Chicago, Maxch 9-13,
1963,

Anodic Oxide Films on Beryllium", Trans.
Faraday Society, 54, pp 935-940 (1958).

Nakae, T. S., Ervin, G., Rausch, J. J.,
and Stonehouse, A. J., "Anodized Films
as Oxidation Protection for Beryllium Met~
al", Paper at 12th Annual AEC Corrosion
Symposium, May 20-22, 1963.

Canpagna, F. E,, "Properties of Beryllium
for Rocket Engine Design", AFRPL~-TR-66-
251-R~6718, November, 1966,

Armour Research Foundation, "High Tem-
perature Beryllium Corrosion Protection,
Coating Development and Evaluation Phase',
Report No, ARF~B229-17, March 20, 1963,

Vachon, L. J., "Protecticn of Beryllium
Metal by Anodic Films", J. Nuclear Materi-~
als, 6 (1), pp 139-141 (1962).

A i P o o e




LIST OF DMIC TECHNICAL REPORTS ISSUED {
DEFENSE METALS INFORMATION CENTER |
Battelle Memcrial Institute
Columbus, Ohio 43201

Copies of the technical reports listed below may be obtained, while the supply lasts, from DMIC
at no cost by Government agencies, and by Government contractors, subcontractors, and their suppliers.
Qualified requestors may also order copies of these reports from the Defense Documentation Center
(DDC), Cameron Station, Building 5, 5010 Duke Street, Alexandria, Virginia 22314. A complete listing
of previously issued DMIC reports may be obtained by writing DMIC.

DMIC t
Number Title

215 Thin-Sheet Rolling, Report of an Informal Symposium of the Metalworking Processes and
Equipment Program (MPEP), May 17, 1965 (AD 465246)

216 Corrosion of Materials by Ethylene Glycol- Water, May 19, 1965 (AD 466284)

217 Physical Metallurgy of Alloy 718, June 1, 1965 (AD 466476)

218 Third Status Report of the U. S. Government Metalworking Processes and Equipment Pro-
gram, June 16, 1965 (AD 468246)

219 Hydrogen Movement in Steel - Entry, Diffusion, and Elimination, June 30, 1965 (AD 474578)

220 Comparison of Chemical Analyses of Refractory Alloys - A Survey Conducted by the Materi-
als Advisory Board as Part of the Refractory Metals Sheet Rolling Program (RMSRP),
September 10, 1965 (AD 473980)

221 Fourth Status Report of the U.S. Government Metalworking Processes and Equipment
Program, Oecember 7, 1965 (AD 476783)

222 High-Purity Metals, January 3, 1966 (AD 480455)

223 New Developments in High-~Strength Stainless Steels, January 3, 1966 (AD 481725)

224 Ignition of Metals in Oxygen, February 1, 1966 (AD 482073)

225 Fifth Status Report of the U. 8. Government Metalworking Processes and Equipment Program,
June 10, 1966 (AD 487293)

226 Metal Deformation Processing, Volume II, A Survey Conducted as Part of the Metalworking
Processes and Equipment Program (MPEP), July 7, 1966 (AD 488644)

227 Compatibility of Liquid and Vapor Alkali Metals With Construction Materials, April 15,
1966 (AD 487718)

228 Stress-Corrosion Cracking of Aluminum Alloys, July 1, 1966 (AD 488486)

229 Welding High-Strength Steels, July 15, 1966 (AD 488837)

230 Physical Metallurgy of Beryllium, June 24, 1966 (AD 487626)

231 Summary of Contractor Reports in Support of the Refractory Metals Sheet Rolling Program,
December 1, 1966 {AD 815260)

232 Stress-Corrosion Cracking and Hydrogen-Stress Cracking of High-Strength Steel, July 29,
1966 {AD 801282)

233 Sixth Status Report of the U. S. Government Metalworking Processes and Equipment Program,
November 21, 1966 (AD 810494)

234 Chromium and Chromium Alloys, October 1, 1966 {AD 810530}

235 A Primer on Soviet Superalloys, December 20, 1966 (AD 811338)

236 Welding of Aluminum and Aluminum Alloys, April 1, 1967 (AD 815691)

237 Seventh Status Report of the U.S. Government Metalworking Processes and Equipment
Program, June 1, 1967

238 Forming of Titanium and Titanium Alloys, September 1, 1967

239 Powder Metallurgy of Beryllium, October 15, 1967

240 Joining of Titanium, November 25, 1967

241 Fiber-Reinforced Metal~Matrix Composites: Government-Sponsored Research,

1964-1966, September 1, 1967




EFAT

R T

e

AN e Lo LAt T
\

R RS S

LIST CF DMIC MEMORANDA ISSUED
DEFENSE METALS INFURMATION CERT!
Battelle Memyrial Institute
Columbus, Chio 43201

Coplies of the memoranda listed below may be obtained, while the supply lasts, from DKIC at no cost by
Government agencies, and by Government contractors, subcontractors, and their suppliers. Quaiified reques-
tors may also order copies of these memoranda from the Detnse Documentation Cernter (DDC), Cameron Station,

Building 5, 5010 Duke Street, Alexandria, Virginia 22314, A complete listing of previously issued DMIC
memoranda may be obtained by writing DMIC.

DMIC
Number Title
203 Recent Information on Long-Time Creep Data for Columbium Alloys, April 26, 1965 (AD 464715)
204 Summary of the Tenth Meeti , of the Refractory Composites Working Group, May 5, 1965 (AD 465260)
205 Corrosion Protection of Magnesium and Magnesium Alloys, June 1, 1965 {AD 469506)
206 Beryllium Ingot Sheet, August 10, 1965 (AD 470551)
207 Mechanical and Physical Properties of Invar and Invar-Type Alloys, August 31, 1965 (AD 474255)
208 New Developments in Welding Steels With Yield Strengths Greater Than 150,000 psi, September 28,
1965 (AD 473484)
209 Materials for Space-Power Liquid Metals Service, October 5, 1965 (AD 473754)
2l Metallurgy and Properties of Thori.-Strengthened Nickel, October 1, 1965 (AD 474854)
211 Recent Developments in Welding Thick Titanium Plate, November 24, 1965 (AD 477403}
212 Summary of the Eleveth Meeting of the Refractory Composites Working Group, April 1, 1966
(AD 481620)
213 Review of Dimensional Instability in Metals, June 23, 1966 (AD 487419)
214 Surface Welding in the Space Environment, June 9, 1966 (AD 488246)
215 Tizanium - 1966 (Lectures Given at a Norair Symposium, March 28-29, 1966), September 1, 1966
AD 801280)
216 Weldability of High~Strength Aluminum Alloys, August 22, 1966 (AD 801281)
217 A Survey of the Feasibility of an Analytical Approach to Die Design in Closed-Die Forging,
june 1, 1966 (AD 803745)
2:8 Corrosion of Titanium, September 1, 1966 (AD 803701)
219 Vacuum-Degassed Steels From the Consumer's Viewpoint, September 15, 1966 (AD 803703)
220 The 9Ni-4Co Steels, October 1, 1966 (AD 801977)
221 First National Symposium of The Center for High-Energy~Rate Forming, November 1, 1966
(AD 807453)
222 Summary of the Twelfth Meeting of the Refractory Comprsites Working Group, April 1, 1967
(AD 813036)
223 Designations of Alloys for the Aerospace Industry, April 12, 1967 (AD 815372)
224 Review of Alloys and Fabricating Methods Used for Tactical Missile Motor Cases, August 15, 1967
225 Explosive Bonding, September 15, 1967
226 Current and Future Trends in the Jtilization of Titanium, October 27, 1967
2 q 5i Working G + September 1, 1957
%Eg XgégfgiggﬁdMgigéﬂ’piggggg%23% g? %??ggiiéegy ﬁ§§ﬁ2301f°ﬁ§1o§pﬁ§%§d ﬁyd}o%arbons, 3nd Other
Solutions, {To b2 issuad)
229 Melting and Casting Reviow, November 15, 1967

i

RN

Yoty S
EAT -

e



Unclassified
Sacurdty Classification

DOCUMENT CONTROL DATA - R&D

(Securlty clenalfication of title, body of ebstract end Indexing ennotation mue  » entsred when the ovorall report ig chazsilied)

1. ORIGINATING ACTIVITY {Corp rato author) 28. RCPORNT SECURITY CLASSIFICATION
Battelle Memorial Institute Unclassified ,
Defense Metals Information Center 25 GRouP :
505 King Avenue, Columbus, Chio 43201 !
3. REPORY TITLE »
Corrosion of Beryllium 4

4. DESCRIPTIVE NOTES (Typo of report end Inclusivo datos)
DMIC Report

5 AUTHOR(S) (Last name, firat name, initial)

Miller, P. D., and Boyd, W. K.

6. REPORT DATE 7a. TOTAL NO. OF PAGES 7b. MO. OF REFS3
December 11, 1967 29 88
86. CONTRACY OR GRANT NO. 9a8. ORIGINATOR'S REPORT HUMAIER(S)
AF 33(615)-3408
b. PROJECT NO. DMIC Report 242
. 95. OTHER I:JPORT NO(S) (Any other nunbders that may be aeslgried
thia repo
d.

10. AVAIL ABILITY/LIMITATION NOTicES Coplies of this report may be obtained, while th: sup-

ply lasts, from DMIC at no cost by U.S. Government agencies, contract v, .uk-
contractors, and their suppliers. Qualified requestors may also obtain cop. .s

from the Defense Documentation Center {DDC), Alexandria, Virginia 22314,
11. SUPPL EMENTARY NOTES 12. SPONSORING MILITARY ACTIVITY

U.S. Air Force Materials Laboratory

Research and Technology Division
Wright~-Patterson Air Force Base, Ohio |

13. ABSTRACT

//"‘ TS report summarizes the corrosion behavior of beryllium,
The effects on beryllium of the following environments are considered:
moisture, salt solutions, acids, alkalis, gases, organic liquids,
molten materials, and solid materials. Stress-corrosion cracking
and galvanic effects are also discussed, A final section of the
report reviews various types of coatings for protection of beryllium
e, from corrosion by a variety of environments,

\
i\
/

e Bucamie vgure AR IR i

LY
i ety e o

~-ogee

.

- DD oM, 1473 Unclassified

Securlty Classification

SENE

|
1
}

P S M e



Unclassified

14

Security Clazsification

KEY %¥QROS

LINK A LINK D LINK G

ROLT wY AJLE wWT ROLE wr

Corrosion
Stress-corrosion
Protective ccatings
Surface treatmments

INSTRUCT'IONS

1. ORIGINATING ACTIVITY: Enier the neme cud address
of the contractor, subcontractor, grantee, Departreent of De-
t:ngse ectivity or other organization (corporate author) issuing
ths report.

2s. REPORT SECURITY CLASSIFICATION: Enter the over
all security clansification of the report. Indicete whether
“*Restricted Date” is included karking is to be in accord-
#ace with sppropriate security regulstions.

26, GROUP: Automstic downgrading is specified in DoD Di-
roctive 5200, 10 and Armed Forces Industrial Manual. Eater
tha group number. Alsc, whan applicable, show that optionsl
;sw%c‘inp have been used for Group 3 and CGroup 4 as authore
2o
3. REPORT TITLE: Enter the conplete report title in all
capliel jettora, Titles in afl cases should be unclassified.
It o meaningful title cannot be selected without classificea-
tion, show title claseification in all capitals in parenthesis
immediately following the title,

4, DESCRIPTIVE NOTES: If eppropriete, enter the type of
zeport, ., interim, progress, summary, ennual, or final.
Give n‘; inclusive dates when & specific reporting period is
cover

S, AUTHOR(S: Enter the name(s) of authoi(s) as shown on
ot In the report.  Enter last name, firet name, middle initial,
I ilitary, show rank ead branch of setvices The name of
the principal author iv an absolute minimum requitement,

6 REPCRT DATE: Enter the date of the report as day,
wmonth, yesr; or month, yean If more than ono date appears
on the repert, use dats of pudiication.

78. TOTAL NUMBER OF PAGES: The total page count
should follow normai pagination proceduras, L e, enter the
mumhor of pazes contalning information,

76, NUMBER OF REFERENCES Eater ©°  lotal number of
referonces cited in the report.

82. CONTRACT OR GRANT RUMBER: If eppropriate, enter
the spplicable number of the contrect or grant under which
the report was writton.

80, &, & 8d. PROJECT NUMBER: Enter the appropriate
wilitary depastment identification, such as project number,
subdroject nunber, system numbeors, task number, etc,

On. ORICINATOR'S REPORT NUKBER(3): Eater the offi-
cial report number by which the document will be identified
and controlled by the originating activity, This number must
be unique to this reports

95, OTHER REPORT NUKBER(S): If the report has beet
assigned any other report nusbers (either by the originator

or by the sponacs), alan enter thio numbor(s),

10, AVAILABILITY/LUATATION NOTICES: Eater any lime
itaticns on fusther dissemination of the soport, othar than those

imposed by security classificetion, using standard statements
such as:

(1) ‘*Qualified requesters may obtain copies of this
report from DDC.*’

(2) “Foreign announcement and dissemination of this
report by DDC is not autharized.”’
(3) *‘U. 8 Government agencies may obtain copies of

thia report directly from DDC, Other qualified DDC
users ghall request through

"
.

(4) *U. S. military agencies may obtain copies of this
report directly from DDC. Other qualified usera
shall request through

(5) ‘Al distribution of this report is controlled. Qual-
ified DDC users shall request through

.”

If the repoit has boen furnished to the Office of Technical
Services, Department of Commerce, for sale to the public, indi-
cote this fact and gnter the price, if known

11 SUPPLEMENTARY NOTES: Use for additional explana-
tory notes.

12, SPONSORING MILITARY ACTIVITY: Enter the name of
the departmental project office or 1zbozatory sponsoring (pay-
ing for) the research and development, Inciude address,

13. ABSTRACT: Enter en abstract giving a brief and factual
summary of the deccument indicative of the report, even though
it may also appear elzewhere in the body of the technical re-
port. If additional space is required, a continuation sheet shall
be attached.

It iz highly desireble that the sbstract of classified reports
be unclassified. Each paragraph of the abstract shall ead with
#n indication of the military security classification of the in-
formation in the paragraph, represented as (7S), (5), (C), or (U).

There iz no limitation on the length of the abstract. How-
over, the suggested longth iz from 150 to 225 words.

14. KEY WORDS: Key words are technically meaningful terms
or short phrases that cheracterize a report and may be used as
indax entries for cataloging the report. Xey words must be
selected so that no sceurity classification is required. ldentl-
fiers, such as equipment model designation, trade name, militacy
project code name, geograghic focation, may be used as key
words but will be followed by an indication of technical con-
text. The asaignment of links, rules, and weights is optional.

Unclacsified

Security Cloasification

[y PR



