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1. Purpose

This document serves to verify PLSE-12 3.3.1.1.5. Although the verification method for the.
requirement is inspection, this document serves to document and clarify some of the details
pertaining to the payload’s compliance to this requirement.

For purposes of this verification, the GP-B payload is defined as the assembly comprised of the
science mission probe (Probe C), the flight dewar (SMD-01), and the Science Instrument
Assembly (SIA). The science mission probe and the flight dewar have been previously verified
to comply with this requirement, as documented in their individual Acceptance Data Packages
(ADPs). Therefore this document focuses on the compliance of the Science Instrument
Assembly (SIA) to the requirement.

2. Requirement

PLSE-12 # Title Requirement Method

3.3.1.1.5 |Dissimilar Metals |Dissimilar metal combinations shall not be used unless protected 1
against electrolytic corrosion. Metals are considered compatible if
they are in the same grouping as specified in MIL-STD-889.

For reference, a copy of MIL-STD-889B (the most current revision as of the writing of this
document) is included as Appendix A of this document.

3. Compliance
3.1 Corrosion and the Science Instrument Assembly

The purpose of MIL-STD-889 is to ensure that galvanic corrosion does not occur between two
joined metals. For a large number of metals, it lists which metals can be joined in particular
media without danger of corrosion, and recommends methods for providing protective coatings
for two metals which might otherwise be subject to galvanic corrosion.

The degree to which two metals will corrode in a particular media depends on the distance
between the two metals in the galvanic series for that media. MIL-STD-889B descnbes this in
the following way.

3.3 Galvanic Series. A galvanic series is a listing of metals and alloys based on
their order and tendency to corrode independently, in a particular electrolyte
solution or other environment. This tendency for dissolution or corrosion is
related to the electrical potential of the metal in conductive medium. Galvanic
corrosion is inherently affected by the relative position of the galvanic series of
the metals constituting the couple. Metals closely positioned in the series will
have electrical potentials nearer one another, whereas with greater divergence in
position, greater differences in potential will prevail. Galvanic effects, i.e.,
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corrosion of the anode will in the former condition be minimal, the latter

condition will exhibit more significant corrosive effects.
The SIA resides within the vacuum shell of Probe C. After initial integration, all air is evacuated
from the space surrounding the SIA and the SIA/Probe assembly is cooled to liquid Helium
temperatures (approximately 4 K). In this environment, no corrosion can occur. Paragraph
5.2(g) confirms that if the environment is properly controlled, corrosion will not occur.

In so called protective environments (usually referred to as humidity-controlled)
caution should be applied to dissimilar metal combination treatments. If the
assumption is made that no corrosion will occur because humidity control will be
maintained, the stringent requirements would be unnecessary. It must be
recognized that humidity and moisture controlled environments can be assured
only by hermetically sealed compartments or containers in which the moisture
vapor content has been adequately reduced, so as to preclude condensation of
‘water at the lowest temperature expected to be encountered in the actual surface
of the item. '

Prior to SIA/Probe integration, all SIA components were stored in a clean, humidity-controlled
environment. During the integration process itself, all components were carefully cleaned and
inspected for contamination, which would have indicated any cotrosion present on the
components.

- After SIA integration into the probe, the probe was evacuated and a complete functional

checkout was performed. From this moment on, no corrosion could occur because the SIA has
been kept either in a high vacuum or ultra-pure Helium gas environment. In addition to this, the
entire assembly has been cooled to 4 Kelvin, which further serves to prevent any chemical
reaction. The assembly will remain in an ultra-high vacuum 4 Kelvin environment through
launch and all on-orbit operations.

For these reasons, the functionality of the SIA is incredibly insensitive to corrosion problems.
The fact that it remains in a high vacuum at 4 Kelvin completely retards any future corrosive
process. |

3.2 SIA Compliance to MIL-STD-889B

As stated above, all parts used in the SIA were inspected for contamination (including corrosion)
prior to integration into the SIA/Probe assembly, and this assembly has been kept in a protected
vacuum (and cryogenic, for the vast majority of the time) ever since. This meets the conditions
of MIL-STD-889B Section 5.2g. '

In addition to this, all parts in the SIA were procured in accordance with the GP-B list of
authorized materials, which is contained in the Stanford University Document P0057 Magnetic
Control Plan.

Inspection of the above document and the SIA drawings indicates that there is one instance in
which two metals are joined that are not explicitly labeled as compatible in MIL-STD-889B.
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DEPARTMENT OF DEFENSE

Dissimilar Metals

MIL-STD-889

1. This Military Scandard has been approved by the Department of Defense

and is mandatory for use by all Departments and Agencies of the Department
of Defensa. ' ’

2. Recommended corrections, additions, or deletions should be addressed
to Air Force Materisls Laboratory, Attn: MXA, Wright-Patterson Air Force
Base, Ohlo 45433, ‘
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SUPERSEDING
MIL-STD~889A

25 September 1969

MILITARY STANDARD

DISSIMILAR METALS
1. SCOPE.
1.1 Purpose. This standard defines and classifies dissimilar metals,
and establishes requirements for protecting coupled dissimilar meta.s,
with attention directed to the anodic member of the couple, againsc

.corrosion.

1.1.1 Applicability. This standard is applicable to all milticary
equipment parts, components and assemblies.

2. REFERENCED DOCUMENTS.

2.1 1Issues of documents. The following documents of the issue in
effect on date of invitation for bids or request for proposal, form
a part of this standard to the extent specified herein.

SPECIFICATIONS
MILITARY
MIL-~$-8802 Sealing Compound, Temperature-Resistant,
Integral Fuel Tanks and Fuel Cell
Cavities, High Adhesion
(Coples of specifications, standards, drawings, and publications
required by contractors in connection with specific procurement

functions should be obtained from the procuring activity or as
directed by the contracting officer.)

FSC MFFP
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3. DEFINITIONS.

3.1 Dissimilar metals. This standard terms metals dissimilar when two
metal specimens are im comtact or otherwise electrically comnected to
each other in & conduetive solution and generate an electric current.

3.2 Galvanic corrosion. Galvanic corrosion manifests itself in the ac-
calerated corrosion caused to the more active metal (anode) of a dis- |
similar metal couple in an elecctolytg solution or medium, and decreased
corrosive effects on the less active metal (cathode), as compared to the
corvosion of the individual metals, when not connected, in the same
elactrolyte environment. )

3.3 Galvanic series. A galvanic series is a listing of metals and alloys
based on their order and tendency to corrode independently, in a parti-
cular electrolyte solution or other environment. This tendency for dis-
solution or corrosion is related to the electrical potential of the metal
in conductive medium. Galvanic corrosion is inherently affected by the
relative position of the galvanic series of the metals constituting the
couple. Metals closely positioned in the series will have electrical
potentials nearer one another, whereas with greater divergence in posi-
tion, greatar differences in potential will prevail. Galvanic effects,
i.e., corrosion of the anode will in the former conditioan be minimal,

the latter condition will exhibit wmore sipnificant corrosive effects.

A galvanic series for corrosion structural metals, for sea vater, is
shown in Table I1. A supplemental galvanic series is given in Table II.

4. CENERAL STATEMENTS. (Not Applicable)

S. DETAILED REQUIREMENTS. .

5.1 Minimizing dissimilar metal corrosion.

5.1.1 When dissimilar metals are used in intimate contact, suitable
protection against galvanic corrosion shall be spplied. In some environ-
mants particularly with metals such as magnesium, steel, zinc, aluminum,
in contact with copper, stainless steel, nickel, galvanic corrosion may

be appreciable. Conszequently, care should be taken to protect the

anodic member by proper electrical insulation of the joint or by excluding
the electrolyte 4if this is feasible. . .

(
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5.1.2 Table I and Table II list matal in the order of their relative
activity in sea water environment. The list begins with the more active
(anodic) metal and procedes down to the least active (cathodic) metal of
the galvanic series. A "galvanic series" applies to a particular elect-
rolyte solution; hence for each specific solution which is expected to
be encountered for actual use, a different order or series will ensue.
Galvanic series relationships are useful as a guide for selecting metals
to be joined, will help the selection of metals having minimal tendency
to interact galvanically, or will indicate the need or degree of pro-
tection to be applied to lessen the expected potential interactions.
Generally, the closer one metal is to another in the seriaes, the more
compatible they will be, 1i.e., the galvanic effects will be minimal;
conversely, the farther one metal is from another, the greater will be
the effect. In a galvanic couple, the metal higher in the series repre-
sents the anode, and will corrode praeferentially in the environmenct.

5.1.3 Metals widely separated in the galvanic series must be protected
if they are to be joined. Appropriate measure should be taken to avoid
contact. This can be accompliahed by applying to the cathodic member a
sacrificial metal coating having a potential similar co or near that of
the anodic member; by sealing to insure that the faying surfaces are
watér-tight; by painting or coating all surfaces to increase the resist-
ance of electrical circuit.

5.1.4 A emall anodic area relative to the cathodic area should be avolded.
The same metal or more noble (cathodic) metals should be utilized for small
tasteuers, and bolts. The larger is the relative anode area, the lower
the galvanic current density on the anode, the lesser the attack. The
galvanic corrosion eéffect wmay be consldered as inverse to the anode-~
cathode area ratio. v :

5.1.5 Metals exposed to sea water environments shall be corrosion and
stregs-corrosion reaistant or shall be processed to resist corrosion
and stresa-corrosion. Irrespective of the metals involved, all exposed
edges should be sealed with a suitable sealant material conforming to

MIL~-S-8802. When non-compatible materials are joined, an 1nterposing
material compatible uith each shall be used.

S.1.6 Materials other than true metals, i.e., non-metallic materials,
which must be joined to metals, should be considered as metallic mate-
rials. unless there is supporting evidence to the contrary. If these
materials are essentially free of corrosive agents (salts), free of

| 2
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TABIE 1I. Galvanic series of selected metals in seawater.

Active (Anodic)

Magnesium (Mg)

Mg Alloy AZ-31B

Mg Alloy HK-31A

Zinc (pl. hot-dip, die cast)
Beryllium (hot pressed)
Aluninum (Al) 7072 ¢l. on 7075
Al alloy 2014-73 ‘
Al alloy 1160-H1l4

Al alloy 7079-~T6

Cadmium (pl.)

Uranium (depl.)

Al alloy 218 (die casct)

Al alloy 5052-0

Al slloy 5052-H12

Al alloy 7151-T6

Al alloy 5456-0, H353

Al alloy 5052-H32

Al alloy 1100-0

Al alloy 3003-H25

Al alloy 6061-T6

Al zlloy 7071-T6 .

Al alloy A360 (die cast)
Al alloy 7075-Té6

Al alloy 1100-H14

Al alloy 6061-0

Indium

Al zlloy
Al alloy
Al alloy

2014-0
2024~-T4
5052-H16

At e Lt e e e e e

Tin (pl.) ,

Stainless steel 430 (active)
Lead

Steel 1010

Iron, cast

Stainless steel 410 (active)
Copper (pl.)

Nickel (pl.)

Chromium (pl.)

Tantalium

Stainless steel 350 (active)
Stainless steel 310 (active)
Stainless steel 301 (active)
Stainless steel 304 (active)
Stainless steel 430 (passiva)
Stainless steel 41C (rassive)
Stainless steel 17-7 pH (active)
Tungsten

Nicbium (Columbium) 1% Zr
Brass, yellow, 268

Uranium (depl.) 8% Mo.

Brass, Naval, 464

Yellow brass

Muntz metal 280

Brass (pl.)

Nérlkel-silver (181 Ag)
Staiuless steel 316L (active)
Bronze 220

Everdur 455

Copper 110

Red brass

Stainless steel 347 (active)
Molybdenum, Comm pure
Copper-Nickel 7151

Admiralty brass

Stainless steel 202 -(active) .
Bronze, phosphor 534 (B-1)
Stainless steel 202 (active)
Monel

Stainleas steel 201 (active)
Steel alloy Carpenter 20 (active)
Stainless steel 321 (active)
Stainleas steel 316 (active)
Stainleas steel 309 (passive)
Stainless steel 17-7 pH (passive)
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TABLE 1I (Continued)
Stainless steel 304 (passivae)

Stainless
Scainless
Stainless
Stainless
Stainless

steel 301 (passive)
stesl 321 (passive)
steel 201 (passive)
steel 286 (active)

steel 316L (passive)

Steel alloy AM355 (active)

Stainless

stesl 202 (active)

Scesl alloy, Carpenter 20 (passive)
Steel alloy AMISO0 (passive)

Steel alloy 286 (passive)

Titanium 5Al, 2.5 Sa.

Titenium 13V, 11Cr, JAl. (annealed)
Titanium 6Al1, 4V (h.t + aged)
Titanium 6 Al, 4V (annealed)
Titanium 8Mm.

Titanium 3 Al, 13V, 11Cr (h.t + aged)
Titanium 75A .

Stainless
Graphite

steel 350 (paéaivo)

Noble (Leas Active-Cathodic)

1S

A | MUNLIDAT NOAITY A reersrma
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acid or alkaline materials (neutral pH), and free of carbon or metallic
particles, not subject to biodeterioration or will not support fungal
growth, and do not absorb or wick water, then these may be considered
nou~metallics suitable for joining to metals. Many materials classed
non-metallic will initiate corrosion of metals to which they are joined,
e.8., cellulosic reinforced plastics, carbon or metal loaded resin
‘materials, asbestos-ceuent composites.

$5.1.7 Where magnesium is one of the metals involved in the dissimilar
metal combination or where stainless steel is used in contact with
itself, it is required that the edges of the joint be adequately sealed
to prevent excess galvanic or crevice attack. Where it is not required
that the material be electrically contacted, then a non—metallic An-
sulating gasketing material may be used.

5.1.8 1If the environment to which the couple 1is to be exposed 1is highlyv

aggressive, it is advisable to employ maximum protective measures, other- .

wise some compromise in the protective system could be allowed. In aay
event, maximum protective systems always should be employed when mag-
nesium i3 one of the metals involved, whether or not the combination

is to serve in an electrical .canducting system.

5.2 Precautions and methods for joining. Where it becomes neéessary
that relatively incompatible metals must be assembled, the following

precautions and joining methods are provided for alleviation of galvanic
corresion.

a. Select materials which are indicated to be more compatible in ac-
cordance with the galvanic series; design metal couples so that the
area of the cathode 1s smaller (appreciably) than the area of the anodic
metal. For example, bolts or screws of stainless steel for fastening
aluminum sheet, but not the teverse. Interpose a compatible metallic
gasket or washer between the dissimilar metals prior to fastening; or
plate the cathodic member with a metal compatible to the anode. These
are applicable to couples which are to serve as an electrical connection.

b. Interpose a non-absorbing, inert gasketing material or washer be-

tween the dissimilar materials prior to connecting them. This is
applicable to couples which are not to serve as electrical conductors.

16
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c¢. Seal all faying edges to preacludu the entrance of liquida.

d. Apply corrosion-inhibiting pastes or compounds under heads
of screws or bolts inserted into dissimilur metal surfaces whether
or not the fasteners had beea previously plated or otherwise treated.
In some instances, it may be feasible to apply an organic coating to
the faying surfaces prior to assembly. This would be applicable to
joints which are not required to be electrically conductive.

e. Where practicable or where it will not interfere with the
proposed use of the assembly, the external joint should be coated
externally with an effective paint system.

f. Walded or brazed dissimilar metal assemblies should be coated
with a peint system cor other suitable protective coatings to at least
1/3 inch beyond the heat affected zona.

2. In so called protective environmencs (usually referred to as
hunidity-controlled) caution should be applied to dissimilar metal
combinacion treatments. If the assumption is made that no corrosion
will occur because humidity comtrol will be maintained, the stringent
requirements would be unnecessary. It must be recognized that humidicy
and moisture controlled environments can be assured only. by hermetically
sealed compartments or containers in which the moisture vapor content —
has been adequately reduced, so as to preclude condensacion of water
at the lovest temperature expected to be encountered in the actual surface
of the item. If humidity and condensate control cannot be maintained or
is uncertain (frequently this 1s so) then dissimilar metal contacts

should be treated as 1f protection were required against the worst en-
vironment.

6. APPENDICES.

6.1 Appendix A. Lists priority protective treatments and systems for
each metal or 2lloy. This listing should be consulted for the selection
of systems to be applied in the joining of dissimilar metals. The sur-
face finishes provided in the sublistings under each metal give the
optimum firsc, and others in descending order of preference. Eaviron-
wental conditions to which the couple 1is expected to be subjected in
service must be taken into account. Assurance should be established that
lesger protective systems if selected, will fulfill the need. Consider=
acions aust be given to these factors: service conditions, electrical

8
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requirements, design requirements, minimization of maintenance and cost.
Costs should not compromise the level of protection desired. Specific
reviews of proposed protective systems for dissimilar metal couples
should be performed by the procuring agency, and authorization of the
agency for the use of the selected systems is required prior to their
introduction or adoption.

6.2 Appendix B. The principal factors that are involved in the pheno-
menon of galvanic corrosion are explained.

CUSTODIANS: PREPARING ACTIVITY:
Army - EL . Air Force - 11
Navy - AS
Air Force - 11
REVIEW ACTIVITIES: : PROJECT NUMBER: MFFP-Ql1l3
Arwy - MU '

Navy - EC, OS
Air Force - 13, 17,99

USER ACTIVITIES:
Army - MR )
Navy - None
Air Force - None
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APPENDIX A
RECOMMENDED TREATMENTS IN ORDER OF PROTECTIVE EFFECTIVENESS

10. GENERAL

10.1 Scope. This appendix lists protective systems for each metal or
alloy with optimum treatments listed first, and others in descending
order of preference.

10.2 Application. Each listing is presented ac a gulde ouly each
application must be reviewed considering service conditions, design
requirements and maintenance costs.

20. REFERENCE DOCUMENTS

SPECIFICATIONS
FEDERAL

QQ-P-416 Plating Cadmium (Electrodeposited)

TT-C-490 Cleaning Method And Pretreatment of
Ferrous Surfaces For Organic Coatings R

MILITARY

MIL-M-3171 Maguesium Alloy, Anodic Treatment of

MIL-C-5541 v Chemical Conversion Coatings On Aluminum
And Aluminum Alloys

MIL-C-8514 Coating Compound, tietal Pretreatment,

‘ Resin-acid (Asg)

MIL-A-8625 Anodic Cuatings, For Aluminum And
Aluminum Alloys

MIL-C-88137 . Coating, Cadmium (Vacuum Deposited)

MIL-P-15328 Primer (Vash), Pretreatment, Blue (Formula
No. 117-L For Metals)

MIL-P-16232 ' Phosphate Coating, Heavy, Manganese Or
Zinz Base (For Ferrous Metals)

MIL-C-17711 Coatings Chromate, For Zinc Alloy Castings
And Hot-dip Galvanized Surfaces

MIL-C-26074 Coating, Electroless Nickel, Requirements
For

10
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MILITARY (CON'T)
MIL-M~45202 Magnesium Alloy, Anodic Treatment of
MIL-C-81562 Coating, Cadmium And Zinc (Mechanically
Deposited)
MIL-A-81801 Anodic Coatings For Zinc And Zinc Alloys

30. Recommended Treatments in Order of Protective Effectiveness

Treatments specified herein represent a decreasing order of protective-
nesa for the metals to which they apply. Where a choice of treatment can
be exercised and long-range economics permit, the selection of treatmeénts
should be made accordingly. Specific enhancing effects can be accomp-
lished by selecting the treatments of higher level for each metal when
the metals are to be coupled and so used. Alternately, high-degree pro-
tection frequently is achieved where the optimum treatment is selected
for one metal, and a second or third option is taken for the second
metal. In atmospheric corrogion considerations, where costs must be
taken into account, it makes much sense to select a higher-level treat-
went for the more active metal, and an alternate treatment for the less
active metal. This choice takes into account the fact that the more
active mectal is likely to undergo nore corrosion initially, even under
mild conditions when galvanic effects would be minimal. Hence, cathodic
control of corrosion, frequently useful in electrolytic solutions,
virtually 18 inoperative under usual atmospheric exposure conditions.

30.1 Treatmeat for Magnesium

-a. Anodic coating (MIL-M=45.02) + alkali-resistant‘pain: system or
resin seal. '

b. Chromate conversion coating (MIL-M-3171) + alkali-resistant
paint or resin system. Alternate for general use in non-persistent wet
or marine atmosphere; or anodic couting without organic system.

c¢. Metallic coating, electroless nickel (MIL-C~26074B) + cadmium
overplating (QQ-P-416). For electrical, thermal conducting purposes,
in absence of wet, saline or acidic atnmospheric conditions.

11

2.0



SokoQ Rew —

MIL-STD-8898
7 July 1976 -~

d. Chromate treatment. Suitable for assured condensation and
acid-free condicions. ‘ '

Note: Bare magdesium shall not be used.

30.2 Treatment for Zinc and Zinc Coatings

a. Anodic coating (MIL-A-81801) + péint or resin coating system-
primarily for castings.

b. Chromate conversion coating (MIL-C-17711) + paint or resin
system; or anodic coating without organic system. For use in non-per=
sistent wet or marine atmosphere. For electrical, thermal conducting

purposes in mild atmospheres in absence of wet, saline or acidic condi-
tions.

e/ Chromate conversion coating without paint or resin coating
sysCem,

Note: Bare, plated zinc shall not be used in a marine environment.

30.3 Treatment for Cadmium or Beryllium

a. Chromate conversion coating (QQ-P-416, MIL-C-8837 or MIL-C-81562)
+ paint or resin coating system. ) -

b. Chromate conversion coating without organic system. For use in
non-persistent wet or marine atmosphere. For electrical, thermal con-
ducting purposes in mild atmospheres in absence of wet, saline or acidic
conditions. Recommended for beryllium in high temperature applications
to forestall catastrophic oxidation in oxygen containing atmosphere.

30.4 Treatment for Aluminum and Aluminum Alloys

a. Anodic coating (MIL-A-862S) + paint or resin coating system.

b. Chromate conversion coating (MIL-C-5541) + paint or resin
coating system; or anodic coating, sealed, with resin seal (when porous

castings are used, impregnated with resin prior to surface treating and
finishing). ,

€. Chromate conversion coating without paint or resin coating, for
electrical, thermal conducting purposes in mild atmospheres in absence
of saline, alkaline or acidic coudi:%ons.

2
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d. Bare aluminum ~ may be used when surface treating would interfere
with application, under conditions free of salinity or extended wetness,

or when high corrosion resistant alloys are used. Faying edges should be
sealed to prévent crevice corrosion.

30.5 Treatment for Carbon and Low Alloy Staeels

a. Metallic coating (e.g., sacrifical 2Zn, Cd + chromate treatment,
or anon-sacrificial Cu, Ni) + paint coating system. For steels of strengths
greater than 220 ksi wetallic coatings to be applied by non-electrolytic
methods; zinc or cadmium prohibited. For steels of atrengths up to 220 ksi
metallic coatings may be applied electrolycically, but the steel should be

stress relieved before plating and hydrogen embrittlement relieved after
.plating.

b. lMetallic coating, e.g5., sacrificial Zn or Cd, with supplemental
surface treatment, or non-sacrificial, e.g., Cu or Ni, without paint
coating system, for direct metallic contact or for achieving least poten-
. tial difference between joined metals. For metals of strengths greater

than 220 ksi, metallic coating, if required, to be applied by non-elect-
rolytic methods; zinc or cadmium prohibited.

¢. Zinc phosphate conversion coating (TT-C-490) + paint coéting
system. Caution, if phosphate.coating used on steels of strengths be-
“tween 150 to 220 kai, hydrogen relief required; scress relief requlired

prior to phosphating and hydrogen embrittlement required after phos-
phating.

d. Pretreatment primer (MIL-P-15328, MIL-C-8514) + paint coating
system.

e¢. Heavy phosphate conversion coating (MIL-P-16232) + supplemencal
treatment. Not for ateels of strengths greater than 220 ksi.

Note: Bare steel not recommended.

30.6 Treatment for Lead, Tin, Solders, and Indium

Coatings of these materials applied to other metals by hot-dipping,
fusing, or electroplating processes.

4. Coat with paint or resin coating system. Electroplated coatings
should be "flowed" prior to applying coating system.

13
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b. Electroplate with other metal to reduce the electropotential
difference of metals being joined, where direct contact of metals ra-
quired for elactrical purposes.

30.7 Treatment for Steels-Carbon, Lo Alloy, Martenaitic and Ferritic
Stainless

Steels with chromium contents in the region of 12 percent

will undergo considerable surface staining and limited rusting
in corrosive environments, but on the whole are appreciably
less corroded than carbon steels.

a. Paint or apply resin coating; zinc phosphate carbon steels prior
to application of paint or resin coating.

b. May be electroplated, or used bare for use in non~persistent wet
or marine atmosphere, and for electrical or tharmal conducting purposaes.
Faying edges to be sealed to praevent crevice corrosion.

30.8 Treatment for Chromium gglate); Molybdenum, Tungsten

a. Paint or apply resin coating to reduce corrosion at voids in
chromium plating, or staining of molybdenum or tungsten surfaces.

b. Normally may be used bare for electrical wear resistance, or thermal
conducting purposes. Seal faying edges to mitigate crevice attack of
metal to which joined.

30.9 Treatment for Steels Stainless-Austenitic, PH, Super Strength, Heat
Resistant, Braaa:&gaded, Bronze, Brass Bronze-Lo Copper,
and Copper High Nickel

a. Apply metallic coating as may be required to minimize electri-
cal potential difference between the wmetals to be joined and apply
paint or resin coating system, primarily to diminish ion contamination
from metals of this group onto more anodic metals to which they might
be joined, thereby diminishing potential damage to the more anodic metal.

b. Apply metallic coating (as "a" above), use without paint or

resin coating, for electrical or thermal conducting purposes. t'ay be
expedient to overcoat completed assembly with paint or resin.

¢. Apply paint or resin coating system and seal faying edges.

14
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d. Use bare and seal faying edges for electrical and thermal con-
ducting purposes, if wmore anodic metals are not directly joined or in
close proximicy to receive rundown of surface condensate.

e. Select galvanically compatible metals required to be coupled
for high temperature applications, where metallic coatings may not be
useful and paint or resin coatings are impractical.

30.10 Treatment for Titanium

a. Anodize, for anti-galling and wear resistance.

b. Apply metallic coating (Cd, Zn prohibited, Ag over N{i accepcable)
+ paint or resin coating.

c. Apply metallic coating'(Cd. Zn prchibited, Ag over Ni acceptable),
seal faying edges. For electrical or thermal conducting purposes.

d. May be used bare with faying edges sealed in contact with metals
other than magnesium, zinc or cadmium; for electrical or thermal conduc-
ting purposes.

30.11 Treatment for Silver

a. Silver or silver plated parts to be used as electrical, open-
close contact points, plugs and receptacles should be plated over with
rhodium, palladium or gold.

b. lay be used in statlonary components of electrical asssemblies,
¢.g., connectors, printed circuits, but should be enveloped by sulfur-
free conformal coatings.

. c. Apply chromate conversion coating + corrosion inhibiting fluid
film to parts of electrical plugs, receptacles, etc.

30.12 Treatment for Rhodium, Palladium, Gold, Platinum and Alloys

a. Use bare, with compound sealant at edges of disaimilar metal
Jjoint, or by enveloping dissimilar metal joint in conformal coating,
where feasible.

15
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30.13 Treatment for Graphite

a. Plate graphite to minimize electrical potential difference
between graphite and metal to be Joined to it, gSeal faying edges to
preclude corrosion at contacting surface of the metal member, if
service is electrical, or apply conformal coating.

{ .
b. May be used bare in electrical or thermal conducting
service, conditions permitting. Seal faying edges. :

16
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APFENDIX B
WHAT IS INVOLVED IN GALVANIC CORROSION
10. GENERAL

10.1 Scope. This appendix explains the principal factors that
are involved in the phenomenon of galvanic corrosion.

10.2 Application. This ippendix is tutorial only and is not
contractuslly binding. )

20. REFERENCED DOCUMENTS
Not Applicable.

30. GENERAL REQUIREMENTS

30.1 Factors influencing galvanic corrosion. Several factors can

influence the kinetics of galvanic corrosion. Among these are
the polarization behavior of the metals under the prevailing
conditions; the areas of the anode and cathode; the electrical
resistance and current; the type and concentration of the
electrolyte; the pH of the electrolyte medium; the degree of
aeration or motion of the c¢clectrolyte medium. Basic factors

- are the electrical potentials of the electrodes, current, and
resistances, expressed by

Ec - E, = IR, + IRq

where E. is the potential of the cathode (as polarized); Ep the
potential of the anode (as polarized); Re the resistance of the

electrolyte solution path in the galvanic circuit finternal
circuity; and Ry, the resistance of the electrodes (external
circuit). :

17
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solution path in the galvanic circuit (internal circuit); and Ry the
resistance of the 2lectrodes (extermal circuit).

30.2 Corrosive environment. In a liquid medium or elactrolyte solution,
of a given concentration of the electrolyte, and a spacific temperature of
the medium, each metal has a specific electrical potential, i.e., ability
to undergo dissoluticn - to form metal ions with the relsase of electrons.
In a very corrosive solutiom, having high conductivity and producing
readily soluble corrosion products of the metal, corrosion will centinue.
In a limited ‘volume of solution, where conditicns more probably will
develop to hamper corrosion, e.g., increase of concentration of metal
iona, the corrosion may diminigsh with time. On the other hand, the

same metal as the anode of a galvaanic couple, will tend to exhibit ac-
calerated corrosion, which can be related tc a flow of current ia the
circuit, if the cathode is unaffected by polarization. 1f the electrodes
polarize progressively, galvanic current flow and corrosion will subside
and may actually stop. Generally, the rate of corrosicn will decrezse
with higher concentrations of the electrolste, or with lower temperature.

Galvanic effects may change because of different pH conditions within
an electrolyte. A metal which {s the anode in a neutral or actdic solu-
tion may become the cathode if the solution i3 made basic.

Oxygen dissolved in the electrolyte can depolarize the cathode by
oxidizing atsorbed hydrogen. In some cases;, oxygen mz2y be necessary to
promote oxidation of the anode. Available oxygen and the rate of {its
diffusion therefore can increase galvanic attack.

lons which are generated at che electrode as corrosion proceeds con-
centrate at or near the electrode surfaces (polarization) and impede
-eurrent flow. For each of these cases, in static solutions, the cor-
rosion action 1is diffusion-dependent and is under diffusion-control.
Agitation of the solution qill'increage the reaction rate.

'30.3 Conduccivity of the galvanic circuit. Corrosion of a single metal {n
an electrolyte involves the flow of current from local anodic to local cat-
‘hodic areas on the metal surface. This is termed "local cell corrosion”
and is the situaticn of normal corrosion. Relatively small differences

{in potencials of local cells are the result of compositional dissimilari-
ties on the wmecal surface because of different metal phases or crystal
orientacion, crystal imperfections segregations, grain boundaries, and
other coanditicns. The more inhomogeneocus zhe surface, the more suscep-
tible {t s to general attack. Dissolution of the anode relates to the ‘
galvanic current according to Faraday's law,

18
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u=_lIte
-_-F-._- ,

where W is the weight or quantity of metal dissolved, in grams; I the
current in amperes; t the time of current flow, in seconds; e the equi-
valent of the anode metal (atomic weight divided by valence or charge
of ions produced); F the faraday (96,500 coulombs).

Galvanic corrosfon should not be confused with the corrosion of a
single metal resulting from current flow in an electrolyte solution-
caused by differences in oxygen coantent of the electrolyte solution at
different surfaces of the metal, or by differences in solute fon concen-
tration or differential aeration; and differential ion or concentration,
respectively.

30.4 Potential between the anode and cathode. Standard electrode potentials
of metals are of little value in establishing galvanic corrosion rela-
tionships in actual environments. The standard potential of a metal is
the potential in equilibrium with a molar concentration (unit activitcy)
of its ions. This condition is not encountered in situations of gal-
vanic corrogsion. A glavanic system is dynamic; therefore the potentials
of the metals are oot at equilibrium. The metals are not likely to be
found in solutions of their own ions, and the reaction is not controlled
solely by difference of potential. The teaction is controlled by polari-
zation of the anode, the cathode ur both, and by the resultant galvanic
current flow.

From the standard electrode potentials shown in Table IA, it is seen
that aluminum should behave anodically toward zinc and presumably would
retard the corrosion of zinc 4n a usual coupled gituation. That the
reverse 1s true is readily seen from the established galvanic series of
metals in sea water, Table II. It is of interest to note that in sea
‘water, the potential difference between copper and stainless steel
‘(passive) 1s small, from which one might conclude that galvanic couples
of aluminum with copper or aluminum with stainless steel in sea water
should result in approximately equal degree of attack on the aluminum.
But this does not occur; stainless steel which can undergo some passiva-
tion in the presence of oxygen will have less galvanic effect on the

aluminum, whereas copper which normally remains active will have more
effect.

A galvanic series can be derived for metals in any electrolyte solu-
tion. For specific practical informational needs, the solution condi~
tiong, i.e., electrolyte concentration, pH, flow, aeration, temperature,

19
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should be specified and maintained as closely as posseible.

TABLE IA

STANDARD ELECTRODE POTENTIALS - AQUEOUS SOLUTION,
IM-RESPECTIVE METAL ION, 259C, AT EQUILIBRIUM

iMetal (High purity) Standard Electrode Potential (v)
Magnesium?* ' =2.37
Aluminum3t ~1.67
Zincst ~0.76
Chromium3* : =0.74
‘Iroanst C O T0.44
Cadpium?t ~0.40
Tinl* » ~0.14
gLeadz* . ~0.13
‘Hydrogen 0.00
:Coppct2+ ‘ i ‘ +0.34 .
‘Silver* +0.80
:Mercury?*t *o0.85
‘Platinum2+ *+1.2
'Cold* +1.69

30.5 Polarization. The polarization of electrodes in an electrolyte
solution occurs because of a film of oxide or other compound or gas on the
electrode surfaces. These changes reduce the potential difference
relative to the open circuit potentials*? and lessen the corrosion rate.
Such changes increase the resistance of the extermal circuit and diminish
current flow; and intensify or diminish with galvaanic current, or with
applied current. Electrode polarization behavior is a means by which

the compatibility of coupled dissimilar metals in solution can be
established. Polartization measurements can provide information as to the
effects of relative areas of anode and cathode and effects of changes

in potential on the corrosion.

Polarization of galvanic electrodes is illustrated in Figure 1A,
When the anode, cathode, or both polarize, the control is anodic,

29
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cathodic, or mixed, respectively. Galvanic corrosion and current flow
are polarization and resistance controlled. When the electrodes do not
polarize, resistance of the circuit, the solution path (R,) and the
metallic portion (Rm) control the reactionm.

A an20S

CoCATHODE
A Al
ANIDC
CoOrTROL

CATHONIE
CON BIL

POTENTIAL. £
>
»

XED uwm.ngt
¢ COMTROL c CORIROLY.

FIGURE 1A. Types of polarization and control in galvanic corrosion.

30.6 Electrode areas. Under cathodic control, corrosion of the anode

is proportional to the area of the cathode. 1I1f the cathode area is two to
three times the area of the anode and if the polarization is negligible,

" the current is generally increased by the same factor. The same rela-

tiouship prevails if the anode ares is decreased relative to the cathode.

Dacreasing the area of the cathode, in effect increasing the area of the

anode, reduced the galvanic current density and diminishes corrosion of

the anode so that normal corrosion becomes dominant. The situation 1is

somevhat different in mixed control. An increase in the cathode area

can have some accelerating corrosion effect but this is generally less

than in the case of cathodic control, and the effect does not occur in

a proportional way. Normal corrosion becomes less pronounced. In anodic

control, the corrosion of the anode essentially is unaffected by the

cathode area; increasing the area of the anode decreases the galvanic
current.

21
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'30.7 Resistance and galvanic curreat. In a polarized galvanic circuie,
resistance is contributed by the portion of the electrolyte between the
énode and cathode (R,, internal path) and by the films of reaction pro-
ducts formed on the electrode surfaces (Rg, metallic path), which impeda
ion exchange and reduce current flow. Therefore, the total resistance,
R, of the circuit {s expressed as R = Rq + Ry. In the polarized systenm,
as the resistance increases, the potentials of the anode and cathode
approach each other until a steady state reaction is attained. The limi-
ting current corresponds with the intersection of the polarization curves.
This is the maximum current obtainable in the system if constant condi-
tions are maincained.

30.8 The electrolyte medium. In each liquid medium or solution (for a
given concentration of the electrolyte and temperature of the medium), a
metal has a specific electrical potential. 1In a very corrosive solution,
one having high conductivity and producing readily soluble compounds of
the ancde of a galvanic couple, the anode will corrode uniformly. If the
cathode does not polarize, the corrosion of the anode will be accelerated.
However, with polarization of the electrodes, galvanic current flow and
corrosion subgide. Generally, for a given electrolyte solution, the rate
of corrosion decreases with higher concentration of the electrolyte or
with lower temperature.

n ely

Inase ion containing fons thut can polarize the ancde, the cat-
hode, or both, pa

.
falvanic effects will be small.

Coupled dissimilar metals may exhibit different responses in the
electrolyte solution because of pH changes. A metal which is the anode
in a neutral or acidic solution may become the cathode if the solution
is made basic. This 45 {illustrated with magnesium-aluminum couples in
dilute, neutral, or slightly acidic sodium chloride selution. With
dissolucion of the magnesium anode, the solution becomes alkaline, and
then the aluminum {s rendered anodic, a reversal of polarity. In neutral
sodiuvm chloride solution, the anode irun of an iron-copper couple becomes
the cathode when the solution is altercd by the addition of ammonia.

30.9 Aeration, diffusion, and agitation of solution. Oxygen dissclved in
the electrolyte solution can act to depolarize the cathode by oxidizing
adsorbed hydrogen. 1In some cases, oxygen may be necessary for oxidation
of the anode. Available oxygen and the rate of its diffusion therefore
can i{ncrease galvanic curreat. lIons which are formed at the electrodes
during galvanic corrosion concentrate at or near the electrode surfaces
(polarization) and {mpede current flow. For each of these cases in

22
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still solutions, the galvanic action is duffusion~dependent and is under
diffusion control. . Agitation or movement of the solution will i{ncrease

the reaction rate. If che electrode areas are not large, little differ~
ence will ensua.

23
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Corrosion Properties of Beryllium-
Copper
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Corrosion Resistance of Beryllium Copper*

By JOHN T. RICHARDS

gV E ABILITY of beryllium copper to combine

o corrosion resistance with other desirable
r..;crli('ﬁ is frequently the reason for its s_e!ec.tion by
‘.-;mmncr.\'. Like other copper-bflse alloys, it is non-
.4._;51\ctic and offers good electrical and thermal con-

oqivity. Unlike other copper materials, however,
uL

.-an he heat treated to a high level of strength and

wardness. .
'_\‘lthough the term “beryllium copper” refers to a

symilv of alloys, this survey is mainly concerned with
( «tandard material containing nominally 1.9 per-
“ent heryllium. Unless otherwise stated, all data
.efer to this alloy. Typical properties and composi-
4ons for wrought and cast forms will be found in
Tables T and II. More complete property and proc-
~sing information appears elsewhere.?

The useful properties of beryllium copper result
from a two-step thermal treatment. The first or
silution-annealing step (1475-1500 F followed by a
water quench) softens the material. This operation is
generally handled by the mill prior to shipment. The
«ccond step or aging treatment (550-750 F followed
by cooling at any convenient rate) hardens the ma-
terial to the desired level. By altering the aging
time and temperature, it is possible to select various
combinations of strength, hardness, conductivity,
ductility and impact resistance. In view of the hard-
aess attained through heat treatment, it is customary
ta form or machine parts prior to age hardening.

In a manner similar to other high-copper products,
heryllium copper provides good resistance to fresh
or salt water, marine and industrial atmospheres,
many alkaline solutions and some acids. The state-
ment that the corrosion resistance of beryllium cop-
per is equivalent to that of copper®?® may be too
general for many specific cases. Accordingly, it is the
turpose of this survey to present available data to
permit a better evaluation of the corrosion resistance
o bervllium copper.

~Aqueous Media
Fresh and Salt Water

_ Beryllium copper offers good resistance to natural
resh and sea water, providing somewhat better re-
SiStance than copper. Table IIT indicates the effects
temper, age hardening, test temperature and beryl-
lium content upon corrosion by normal and artificial
*®a water. Corrosion rates are expressed in milli-
frams per square decimeter per day (mdd) and
'“Ch€§ Penetration per year (ipy). :

- S 1r}dicated in the table, corrosion decreases with
Nereasing beryllium content but increases slightly

With moderate temperatures. Although temper or

" . . .
?loglber Presented at the Ninth Annual Conference, National Associa-
ot Corrosion Engineers, Chicago, Ill., March 16-20, 1953, -
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JOHN T. RICHARDS—Chief Engineer for Penn
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in 1943 with a BS in mechanical engineering.
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Abstract

Available data are presented on the resistance offered
by beryllium copper to corrosion by various media
including fresh and salt water, acids, alkalies and
liquid metals, Attack by various atmospheres is con-
sidered and the resulting corrosion products are de-
scribed. The possible role of internal oxidation or sub-
scale formation is also discussed. Other forms covered
include galvanic corrosion, cavitation erosion, stress-
corrosion and corrosion fatigue. The effect of cor-
rosion on the processing of beryllium copper products
is noted, while typical applications where corrosion
may present a problem are briefly reviewed.

condition do not appear to affect corrosion rates, the
addition of copper chloride to artificial sea water has
a marked effect. There is no appreciable difference
between the effect of sea water and artificial sodium
chloride solutions. ’
Although it has not been possible to obtain his

TABLE I—Typical Properties of Wrought Beryllium Copper

[
i MMum .. 1.9
Nominal g:?nlt .. O.Zz:
Composition Copper .. balance
Condition and Heat treated
Heat treatment Heat treatable 2-3 hours at 600 F
’ Solution Solution
Annealed [Half Hard| Annealed |Half Hard
Temper A (4 H) (AT (34 HT)
Physical Properties:
Density, b percain........ 0.299 0.299 0.301 0.301
g(leltisg xianxe(.l F. PETSALEELE 1600-1800 | 1600-1800 | 1600-1800 | 1600-1800
ect: conductivity, ’ R
Percg:t IACS, 68 F,...... 17.19 15-17 22-30 22.30
Thermal conductivity,
btu/sq ft/in/hr °F, 68 F...[| 470-600 470-600 | 750-890 750-890

Average coefficient of linear
expansion:

Per deg. F, —100 to 470 F |j 0.0000090 | 0.0000090 | 0.0000090 | 0.0000090
Hard . 470 to +572 F | 0.0000094 | 0.0000094 | 0.0000094 | 0.0000004
ness:
Rockwell, B or C scale...... B45-78 B8s.96 C36-41 C39-44
Supefficial........ 30T46-67 | 30T74-79 | 30N56-61 | 30N59-65
‘Tensile properties:

Ultimate tensile strength, psi | 60-78,000 { 85,100,000 {165-190,000{185-230,000
Elongation in 2 in,, percent..|| 35-60 5-20 4-10 2-6
Proportional limit (0.002%

Yig.l dse‘t), psi,. ©39% oifsety. 15-20,000 | ‘50-70,000 |100-135,000{120-160,000
tren .. set),

peif. e xth ( fae .o. ....... 28-36,000 175,110,000 |140-175,000{160-220,000

Elastic modulus, psl........ 17,000,000 | 16,500,000 | 19,000,000 18,500,000

Izod impact strength, in-lb.....

Fatlsue strength at
100,000,000 cycles: - - y . : -

bending, psi..§. 30-85,000 { 32-38,000 | 35-40,000

100-110 3240 12-15 10-14

........

— = — o e = =7

Yo

,000 | 38-48,000. .
. .] 46-60,000 | 45-60,000
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"Figure 1—Weight loss of a 2,05 percent beryllium copper alloy (as

cast) continuously immersed for 24 hours at 68 F in various concentra-
tions of sulfuric’ acid. Terem.®

TABLE t——Typical Properties of Cast Beryllium Copper

i
: Beryilium .. 2.0
{ Nominal Cobalt .. 0.4%
i’ Composition Copper .. balance
| Heat Ileat Treated
{ Treatment Heat Treatable 2-3 hours at 650 F
! Cast and Cast and
Solution Solution
Condition Cast Annealed Cast Annealed
Physical Properties:
Density, tb per cuin. ... ... 0.290 0.290 0.292 0.292
Melting range, F.... . [ " 1585-1780 | 1585-1780 | 1585-1780 | 1585-1780
Electrical conductivity,
Percent IACS, 68 F.... . .. 17-22 14-18 19-24 20-25
Thermal conductivity,
Btu/sa fesin/he/oF, 68 0 o L 650-800
AVerage coefficient of linear
expansion:
Per deg F, 63 to 392 F.. .. .. 0.000009 | 0.000009 | 0.000009 0.000009
Hardness:
Rockwell, B or C scale. . . . .. B75-85 B65-75 BY0-100 C-38-45
Tensile properties:
Ultimate tensile strength, psi | 70-85.000 | 60-70,000 | 85-110.000 150-175,000
Elongation in 2 in., percent. . 15-30 30-45 10-25 1-4
Proportional hmit (0.0029, :
offset), psi 20-30.000 | 8-15,000 { 25.40,000 105-125,000
Yield streng
psi. ..ol L -1l 40-50.000 | 25-40,000 | 45-60,000 |115-155,000
Elastic modulus, psi. . ... .. 17,500,000 | 17,000,000 | 18,500,000 18,500,000
1zod impact strength, in-Ib.. . .. 653-80 90-110 50-60 5-12
Fatigue strength at
100,000,000 cycles:
Rotating beam. psi........ 0 ........ | . .. e 20-30,000

report, Bojkov! has determined certain corrosion
rates for various beryllium copper alloys. Some
specimens were subjected to continuous and intermit-
tent immersion in artificial sea water for 1380 hours.
Others were suspended over boiling sea water. Best
resistance was offered by an alloy containing 1.95%
beryllium, 4.35% aluminum, balance copper.

Acids -

In acids, beryllium copper compares favorably with
pure copper. While good resistance is offered to non-
oxidizing acids, oxidizing acids (including nitric and
chromic) as well as those containing certain metallic
salts may prove extremely corrosive. In general,
beryllium copper is not rapidly corroded by dilute
sulfuric, cold concentrated sulfuric, cold dilute hydro-
chloric and_many organic acids. However, corrosion
rates may increase, often to a high degree with tem-
perature, velocity, aeration and concentration,
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Figure 2—Weight loss of a 2.05 percent beryllium copper alley |

cast) continuously immersed for 24 hours qt 68 F in vari n
tions of nitric acid. Terem.® rarious “m"‘_
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Figure 3—Weight loss of a 2.05 percent beryllium copper alloy (@
cast) continuously immersed for 24 hours at 68 F in various concestrs:
tions of sodium hydroxide. Terem.®

As indicated in Tables IV and V, corrosion rates
in sulfuric acid vary widely and are apparently d¢
pendent upon beryllium content, concentration (se¢
Figure 1) and temperature. Although heat treat-:
ment has no marked effect, the addition of an oxidiz-
ing agent such as potassium dichromate increases
corrosion rates to a high degree. Variation among
the results of individual investigators is rather w:ds
and is probably due to differences in method. Terem’ .
alone has described test procedures in detail.

Generally, hydrochloric acid attacks beryllium cop- -
per at the same rate as sulfuric acid (see Tables
and VII). From the results presented, beryllium cof”.
per is equal to aluminum bronze but superior .
either copper or tin bronze in resisting hydrochlont.
acid. : ;

The influence of various concentrations of it
acid on alloys of different beryllium contents
given in Table VIII and Figure 2. Similar data f€
acetic acid are presented in Table IX. Although
rosion rates in nitric acid are excessive for
handling, beryllium copper provides sufficient r¢
tance to acetic acid to make it practical for f

applications.
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{ an extensive corrosion testing program
i

0 e ‘1 . the Tennessee Valley Authority, Yates®
“d, "1 considerable data on the corrosion of

- :f:-.'f;:I‘l":lls exposed to phosphoric acid under
't \ nd plant conditions. Part of t}lese results
,‘h.'—;»-r.l;l“.“ in Table X. Disk specimens were
. «f;""l“ apools and exposed from. 15 to 30 days
‘d“| pilot plant sumps, tanks, pipelines, etc.
L ”' fated 0 the last column of the 'table were
U plant vapor ducts that contained phos-
.l i~ mist and some fluorine, probably
s " i drogen fuoride. Although oxygen and

.. were also present, the principal constit-
4 . . .
. .lm- ons carrymng the mist was nitrogen. On
c ool the nature of these tests, close control

1 exercizable over concentration, temperature
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tions can be handled at room temperature, but am-
monium hydroxide rapidly attacks beryllium copper.
Data for sodium and ammonium hydroxide will be
found in Tables XI and XII. The effect of sodium
hydroxide concentration is illustrated in Figure 3.

Organic Media

Beryllium copper provides excellent resistance to
such organic chemicals as hydrocarbons, alcohols,
ketones, aldehydes and esters. Water-free organic
compounds are generally noncorrosive at ordinary
temperatures but increases in temperature and mois-
ture may accelerate corrosion rates. Good resistance
is also offered to fluorinated hydrocarbons.

e Atmospheric Attack
Like other copper-base alloys, beryllium copper
s . will stain and darken when exposed to humid or
o "} resuit> have been obtained with beryllium sulfur-bearing atmospheres. A black surface is pro-
T r m many cold concentrated and hot or cold duced in sulfide atmospheres, while a green film
e o ulkalies. Sodium and potassium hydroxide solu- results from salt deposited in marine or salt-spray
= exposures. The tarnish formed has
1ABLE ll—Corrosion Resistance of Beryllium Copper in Sea Water no apparent influence upon mechan-
. ical properties.
T Beryllium COI}KRAQI‘%ION Sal H H
nep | e Content. Condition and it alt spray tests indicate that
MY F | Specimen | Duration | Percent Heat Treatment mdd ipy berylhum copper becomes covered
T axq0 ESteréos.Ofo 10 mos. 0 P:\:]fggfrus deoxidized 56 | 0 with a green film, but that even
R x0625x | | ] cOPper........c.oaceen X .0009 . A
i { 8in. 20 | AT (quenched from, 1470 23 | 00004 after six weeks the green tarnish
ot : an & r a . . . .
; ; HT (3%ncrlx§% from 1470 00004 is still superficial.”#? The influence
; Shicat 525 8) of beryllium content upon resist-
0 Twie 96 hours o ~ 235 | 00013 ance to salt-spray corrosion is in-
091 | Notaged............... 46.5 : dicated in Flgure 410
— Stri 96 | 23.3 | 0.0037
) ; stip 8 hours 080 | Notaged....ooueeennn 194 00034 Tests also have been conducted
i 274 | Notaged........ooooe 39 | 0oote  under cpnditions.of cyclic humidity.
'.-- -t 0| Seip, 0030 | 7 weeks o Aaneaied 3 bt 1020 23 | 00wt The daily cycle includes 8 hours in
er .”Oy st . 2.0 A (quenched from 2 .0008 A 3
; concantry. | | 236 in. A e ached from 1510 | 34 | oooos @ warm dry atmosphere averaging
i F and aged 3 hr. at 660 F) 130 F and 65 percent humidity. This
: 25 | A (quenched from 1510 F)| 2.0 | 00003 it
: g AT (quenched from 15101 22 00004 s followed by 16 hours in damp-
5 i . A (quenched from 1510 F)| 2.2 | 0.0004 . 4 .
onl rates 35 | Af%etenched from 1510 | 23 | 00004 7SS (100 percent humidity W.lth
ntly de- F and aged 3 br. at 660 F) condensate) obtained by cooling
ion (¢ 113 | Strip, 0.039 | 3weeks | -~ © Annealed 34 hr.at 1020F [ 3.3 | 00005 . .
" uﬁat" . P18 x U5 | Afagenched from 15105 43 | 0.0008 to atmospheﬁnc temperature. Under
\ oxidis 2.36 in. AT (quenched Irom et )| - 0006 these conditions, beryllium copper
ed from 1510 F)| 3.6 | 0.0006 i . . .
1creases 20 g-r(“s‘::“,‘fngh;{‘}ﬁ‘,%églg) 38 | 0Gs exhibited only slight discoloration
amorg 2.5 Aague:ﬁeg gf}}: 15{%1%3 26 | 0005 OT tarnishing after 50 days.”® In
er wide A[:‘lax(m?:luae;ecc} 3 ﬂfff‘eclsglla) 2'8 _ 0'0005 cases where specimens were se-
Terem', - 35 A reed S hrat60®)| ) verely handled after chemical clean-
et o | Room | Strip, 0039 | 3 weeks 0 Anmealed 34 hr.at1020F| 1121 | o080 ing, finger prints quickly resulted
un ¢op- - <urated | x 118 x 15 | A (avenched from 1510 F)| 1188 | 0.0207 ficial staining. Und .-
A8 IRy 238 in. . AT (quenched from 1510 1073 | 0,018 in superficial staining. Under som
dles ¥ \ 20 | A (anenched from 1510 B| 1002 | 00175  what similar conditions, Cook and
AT (quenched from 1510 78.4 0.0137 - . ish
F and aged 3 hr. at 860 F) Merritt® observed a slight tarnis
2.5 | 4 (ayenched from 1510 ) 1507 | 0.0263 A e
- | AT (quenched from 1510 | 154.9 | 0.0270 after 15 days of cychc humldlt}"
F and aged 3 hr. at 660 F)
3.5 A (quenched from 1510 F)|  42.9 0.0075 }
i AT (%uenched from 1510 51.5 0.0090 :
e F and aged 3 hr. at 660 F) Gases :
Ftenat A ;
i waters | 68 Cast, 0304 | 15 days 0.9 30 | o002 Halogens
. x Q. X 00 - Y . J U
0.394 in. 205 300 Beryllium ¢opper is not corroded
G 9.96 4 | 00097 by fluorine, chlorine, bromine or
R - ; ! e
" vaterso| Room | Strip 10shours | O | Electralytic copper.. .- 169 1 000% iodine when perfectly dry at room
1A bed from 1480 )| 148 | 0.0025 , .
A'[gq‘(lil?:nched om 1450 | 162 | 00038 temperatures, but traces of mois-
Fandaged 3hr.at 570F)| - - ture increase the corrosiveness -of

L ]
Superi, =
. rior figures in tHis column refer to references at end of article.
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these gases. At slightly elevated
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temperatures the beryllium content is attacked selec-
tively and lost from the surface of this alloy, ap-
parently because of the high volatility of beryllium
halides.* Consequently, beryllium copper should be
used with caution where exhaust gas from bromine-
treated tetragthyl lead gasoline is present.

Good resistance to various organic refrigerants
(freon, etc.) has been observed in the absence of
moisture. As a result, beryllium copper is frequently

employed in refrigeration temperature control equip-

ment,

Other Gases

Although moist ammonia may prove corrosive,?
good results have been observed for beryllium cop-
per feather valves handling moist carbon dioxide.

Effect of Elevated Temperature

Oxidation and Scaling

As in the case of other copper alloys, the resistance
offered by beryllium copper to attack, when heated
in an oxidizing atmosphere is largely dependent upon
the type of resulting scale. In general, the scale which

TABLE IV—Effect of Immersion in Sulfuric Acid on 2% Beryllium Copper

Sowoq T, —
forms at elevated temperatures is Compog,
outer layer of black cupric oxide (CuQ) )
mediate layer of red cuprous oxide (Cu 6 ™
inner layer of gray-to-colorless bery]]"
(BeO). Although it is anticipated thgay b
oxide would confer added resistance to OXida
virtue of its stability, the improvement ov
copper is not impressive due to the P
refractory copper oxides.1s 1

As a result of a new derivation of Wagnes
pression, Thomas and Price?s predicted thy, '
with low electrical conductivities shoul( o
films with high oxidation resistance. Since itpi" '
erally agreed that the growth of copper oxidgs
occurs by the diffusion of copper ions Outwarq, ;
to be expected that scales preventing or fetarl“
this diffusion (films of low conductivity) will o
hance the resistance to oxidation. The electricy) OE
ductivities of several oxides are listed iy Tay
X111 637 ey

On the basis of this work by Price and 'I‘hmﬁ
the oxidation resistance of a number of copper
can be approximated. If sufficient beryllium is prej
ent in copper to cause the formation of a berylliug
oxide film, the rate of oxidation
be reduced approximately 8,000,00

. CORROSTON to 1. Froehlich,s however, foun
em- e -
rvpEor | B %?,:"utm Condte . RATE that the addition of 24 percey
y ntent, n lon an ———— e 1 W
TEST* F. Specimen | Duration | Percent Heat Treatment mdd ipy be{-y lll_um to copper reduced !&
Alternate 140 Strip, 0.050 | .., ... 0 Phosphorus deoxidized . ox1datxon rate by a faCtor of ﬂbol
immersion x 0.625 x CODPer. .. vuunnn,..... 3780 0.609 40 only. )
ml\lx(t){%n 8 in. 2.0 AI;I‘ ((huenc‘ljlgdhfrox?sl_’gg) 5115 0.892 AC hd di ¢ th th Lo
solution, and age r.a cordin ’
1% min. in HT (quenched from 1470 | 4880 0.852 g . 0 € eory ¥
solution F. cold rolled and aged vanced by Price and Thomas, tiy
and 14 2hr. at 525 F) film produced by Froehlich prob
min. in air
Interrupted | 140 | Strip 96 hours 0 1240 | 0190 ably was not pure beryllium oxid
;ntrer:enéign 1.89 Notaged............... 1148 0.198 but contained copper oxide in SOT‘-
otisinto tion, thereby increasing the eles:
antinuogs 68 Cast, 0.394 | 24 hours 2.05 Ascast................. 100 0.0174 tn?al qondUCt_IVIty and reducmgthf
;:ﬂ{lg%mn 5843?,:1 x oxidation resistance. *
solutions Qualitatively, Thomas 3“‘_
Continuous Room | Strip 24 hours 0 Electrolytic copper. . .... 30 0.0052 Price!® demonstrated that COﬂSldq“
immersion 2.12 H (cold rolled). . ........ 25 0.0044 . ishi .
in 5% ssldl;o AA 1((%uench§d edf;om 1142%% Il::) %; 8'%3 able resistance to tarnis ing can "
uric acid? quenc rom . . tdatt
and aged 3 hr. at 570 F) developed by selective oxxd?twq:
Continuous | Room | Strip 6 hours 21 | Apparently rolled, an- negli- | ... The treatment suggested fo'f'ﬂ °ﬁ
immersion . nealed and agy ible N H 113 1
in 109 :!3 24 hours 21 [ Same.............oe... ¥31 | o005+ ing a thin beryllium oxide Im of
solution” | the surface calls for 20 mm:lﬁ
5% sulfuric Room | Strip 6 hours 2.1 Same.................. 19,840 3.46 i 1 n atmosphere
acid+ 3%, 24 hours 21 | Samel[lllllIIIIIINII 18600 | 337  heating at 932 F in ana IP am.
potassium of "hydrogen containing 0. mm
dichromate . . tion
‘ water vapor. Since this operati®

* Superior figures in this column refer to references at end of article.

TABLE V——Influence of Beryllium Content in Varying Concentrations of Sulfuric Acid

would cause rapid overaging &
beryllium copper, treat‘menfs:
should be carried out below 600F
if possible. There is no availabk

(Lossin mdd) : evidence indicating that thi§
'3;%'512}.'3‘ CONCENTRATION method has been successful‘l'y aP,;,
TEST CONDITIONS** Porcent | 1% | 25% | 5% | 7.5% | 1% plied in practice. However, it 3
R ol e b | 04 it Pears to have sufficient merl
ened) 10 274 1244 warrant consideration.
' 299 U0 " Under normal conditiofs t
ST SREST T W B TR B | B[ B twe of ovide produced depm
' T 19 ~ upon the exposure temperd
9.96 20 5 5% 31* 14+ Hickman? found that both cuprt

* Increase in weight, mdd.

** Superior figures in this column refer to references at end of article.
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-and . cupric .oxide = are..form

temperatures up to 400 C wh
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ous oxide and beryllium oxide are current of air. As indicated in Figure 5, an increase
. ‘,W‘ nd peating to higher temperatures produces in beryllium content causes a marked improvement
A gm oxide. Cooling to room temperature in oxidation resistance.

-l ""‘"-‘:I.'?.r higher does not result in any change, Subsequently, Froehlich?® conducted an extensive
e "__‘_r\'lliu"‘ oxide remains. Similar observations  study of the scaling of pure and alloyed copper in an
s ‘ " rcported by other investigators,?-*? al- attempt to determine the direction of the process. In
(~:r¢~'5l"° may exert some influence,?*?%28 this investigation, Froehlich reaffirmed the increased

" 'L' :1.!1(1 Dahl?® were the first to investigate the sesistance to scaling with higher beryllium content
ottt C U beryllium copper. They determined (see Figure 6). From Froehlich’s data, it is also

s+ "% i heryilium content on the weight increase possible to estimate the influence of various additives

beryllium is the most effective in
this respect, as predicted by Price
and Thomas.*® Froehlich observed
a thin external black scale (cupric
oxide) which covered a very thin
white film (beryllium oxide). Re-
sistance to scaling is attained when
this inner film of the solute oxide
prevents further diffusion of cop-
per toward the cupric oxide.*
Terem®’ has carried the investiga-
tion of scaling further in include dif-
ferent exposure temperatures and
higher beryllium concentrations. The
effect of time and temperature upon
the oxidation of an alloy in both wire
and plate forms containing 2.05 per-
cent beryllium content, indicates that
optimum resistance to scaling is ob-
tained with 2 percent beryllium.
Terem also observed a whitish layer
of beryllium oxide and found that
this film afforded substantial protec-
tion against corrosion by nitric acid.
Most of the preceding investiga-
tion of scaling rate apply to elevated
temperatures — temperatures well
above the usual operating range for
bervilium copper. More recently,
Campbell and Thomas?® determined
oxidation curves at more moderate
temperatures. The data for beryllium
copper strip are reproduced in Figure
10, while Figure 11 presents a com-
parison of the effect of temperature

on the oxidation rate of several ma-’

terials. The low slope for beryllium
copper is in accord with theory, be-
cause beryllium will diffuse more
readily at higher temperatures, pro-
viding a larger proportion of the
highly protective beryllium oxide. The
role of the diffusion rate on the
protection offered by beryllium
oxide films also has been considered
by Smirnov.?®

In addition to external scaling,

"._internal_oxidation or subscale for-

* The effectiveness of beryllium additions in re-

ducing oxidation rates recently has been con-.

firmed further—see J. P. Dennison and A.

el N N
] o ¢ el : .
2t ™€ sy from heating for 36 hours at 752 F in a  on the oxidation rate of copper. Figure 7 shows that
: P
lp,nw 1ABLE vi—Effect of Immersion in Hydrochloric on 29, Beryllium Copper
s [
e ¢ rem- CORROSION
L eri- Beryllium - RATE
ard, » Ture. Content, Condition and
oty &‘ .1 ': “." F Specimen | Duration | Percent Heat Treatment mdd ipy
¢ 9
will o "5 Strip. 9050 ... 0 Phosphorus deoxidized 483 | 0.073
. b X X copper
ical g in. ° 2.0 AT (quenched from 1470 332 0.068
O F and aged 3 hr. at 570 F)
n Ty HT (quenched from 1470 | 332 | 0.058
. F, cold rolled, and aged
. T 2 hr. at 525 F)
Thony Teanri
| 40, Stri 96 hours (] 147 0.024
allyy § oot P 1.89 | Notaged............... 182 | 0031
13 M o mezvioft
i +we | Room | Strip, 0.039 | 7 days 0 Annealed............... 1079 | 0174
t(;;;: RS IR R i T 2.0 | Annealed... .. R 568 | 0.099
% - i 2.36 in.
. ol I 2 days 2.0 A (quenched from 1470 F) 629 0.110
v fousg AT (quenched from 1470] 707 | 0.123
) F and aged at 660 F)
Petcest :
ced & t 2.5 A (quenched from 1470 F) 400 0.070
! AT (quenched from 1470 | 449 | 0.078
of abege ! F and aged at 660 F)
T Room | Strip, 0.038 | 7 days 2.0 | A (quenched from 1470 F)| 402 | 0.070
ox 1,18 x AT (quenched from 1470 656 0.115
ry o . . i 2.36 in. F and aged at 660 F)
1as, the - : 2.5 | A (quenched from 1470 F)| 368 | 0.064
h ; AT (quenched from 1470 585 0.102

prob : F and aged at 660 F)

n oxik - 68 | Cast, 0394 | 24 hours 205 | Ascast. . -..iieoieein. 50 | 0.009

q,& t x 0.394 x
n ¢ ' 3.94in.
ie el :
ing i 63 | Cast, 0.394 | 24 hours 2.05 | Ascast..........c..oes g0 | 0.016

t x0394x
= : 3.94 in. -
13 and -

Aoy, ~teaous | Ryom  Strip 24 hours 0 Electrolytic copper. ..... 56 0.010
nsider : : 2.12 | H (cold rolled). - .. . rs 2 | ooor
can'lt i A (quenched from 1480 F)| 43 | 0.007

. AR ! AT (quenched from 1480 45 | 0.008
datios. e i | "Fand aged 3 hr. at 570 F)

- form: * “aperior figures in this column refer to references at end of article.
im s "
Hingfe ML Vil—influence of Beryllium Content in Varying Concentrations of Hydrochloric Acid
spw . (Loss in mdd)
L e CONGENTRATION
. 11§ . . mpo-
Tt e ONDITIONS sition* | 1% | 2.5% | 3% | 5% | 7.5% | 1%
ﬂ‘ g ‘:;‘::": immersion for 7 days at room | 100% Cu s ... | 1079
nents . 8 “atute on strip specimens. 0.039 x | 1.5% Be c | ) 68
E <<% 1n., in annealed condition?s | 2.0% Be . L. 568
G0F.. 2.5%, Be 325
3.0% Be
3.5% Be 404
10% Sn ... l11es
129 Sn 915
14%, Sn . . 974
6% Al . ... 425
T 8%, Al 586
IS immersion §
LI n for 24 hours at 68 F | 0.49% Be 100 50 60 90 40
* pecimens (not age hardened)s 1.00% Be 80 60 60 90 | 100
i - 2:05% Be - |- 50 40 . 50 | 110 | 90
Ve . . 5.05%, Be 70 | 160 1707 130 | 190
oot T ———— 9.96%, Be 30 50 60 80 | 100
{Pe S0 immersi -
~ 2 Arwn enorsion for 24 hours at 68 F | 100% Cu 100 70 90 100 140
3 g ( hecimens, 0.32 in. diam. x 0.60 | 2.3% Be 70 50 5 |. 90 120
not age hardened) * e 0| 10 6 | 70 | 90

*Ry
T eig WRCE COpper,

“Mperior . . .
figures in this column refer to references at end of article.

L
L

Preece, ‘‘High-Temperature Oxidation Charac-
teristics of 'a Group of Oxidation-Resistant

. Copper-Base_Alloys,”’ Journal -of the Institute
of Metals, Vol. 81, pp. 229-234 (1953).

T e ca

Jayans:

H
]

L.




0.0
8 8.0 -
=
. &0 - WIRE STRIP
0w
(2]
S

4.0 |- .
(=
I
v
w 2.0 |-
2

0 i 1 1 i 1
[0} 0.5 .o 1.5 2.0 2.5 3.0

BERYLLIUM CONTENT, %

Figure 4—Weight loss resulting from salt spray as affected by beryl-
lium content. Bassett.'
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BERYLLIUM CONTENT, %
Figure 5—The effect of beryllium content on oxidation rate of b.,,g

trip, 0.040 in. thick, il
copper strip, 0 ) in. thic heb:l;'e'tim?G hours ot 752 F, Masing ~

TABLE Vill——Influence of Beryilium Content in Varying Concentrations of Nitric Acid 1 :
(Loss in mdd) Oxygen diffuses Inward from 1
external surface of the metal tq thy |
i .
.’ . l CONCENTRATION subscale boundary (reaction frong) *
H mpo- : : . - . -
TEST CONDITIONS** [_sitlon* | 1% | 25% | 3% | 5% |6.3% | 7.6% | 10% (\;}&er ¢ it combines with beryliyg
Continuous immersion for 18 days iOO% é:u L. e gég . 'tl iSIS'g]"toutgvar(lil: On accouny o ]
at room temperature on strip ¥ e . 1ts s 1h 1
sbecimens, 0.039 x 118 x2.36 in., | 209 Be | .0 | (72 | 382 [ - : ! abtiity, beryllium oxide forp.
in annealed conditionss 23 Be [ [ %gg . in preference to cuprous oxide, fie. -
e P “ee e . .
35%Be | 1| 111 251 cause beryllium oxide probably hay
10%Sa | ... | .. 25 | rather limited solubility in copper,
agen | - | o it will precipitate within the zone_
6% Al 51 ) of internal oxidation. .
8% Al e | -ee | 226 o As a result of comprehensiye in:
Continuous immersion for 24 hours [ 0.49% Be| 170 120 cee 150 170 210 vesti 1 1 1 H o
at 68 F on cast specimens (notoage 1.00%? Be 90 90 PN 90 150 110 stigations covel"mg dllutc bm‘".? ;
hardened)s 2.05% Be| 200 | 150 | ... 80 150 | 120 alloys of beryllium and coppet,
5.05% Be | 6500 | 12.500| .0 | 24000 28500 | 31,500 Y i .
9.96% Be | 13,500 | 40000 | 1. | 51500 945001 94500  Rhines®*2 has established rates for.
Contisngu%us ilgmersioﬁ for24h8urs })0?3770 Cu 170 zo | . 1058 1%?8 1590 simple internal oxidation and for
at on drawn specimens, 0,32 | 2.- e B - 5 32 : .
in, diam. x 0.60 in. long (not age | 109°Al | 3410 8530 | .. |si70 11,580 | 11,050 cox:nbu;ed internal and external.
hardened) i _» oxidation. The beryllium contents -
Continuous immersion for 94 hours ran from 0.02 to 0.101 percent, '
at room temperature on strip N ¥
specimens as follows:50 . . while the te mperatures rang«i
Electrolytic copper............ 10% Cu 1695 | ... ... nt
Beryllium copper: | . from 1112 to 1832 F. Ternary al
H (cold rofled)... ... .. .. .. 2.129% Be 1681 . . ) I
A’I{q?encheld fdmfm 148'045‘0) e i’gg, ge }g% loys with zing, tin or aluminum -
A 0 ¥| 2] o . »
and aged 3 hr. at 390 oy o Be also were considered.
Figure 12 shows a typical zone -

* Balance copper. -
*¥ Superior figures in this column refer to references at end of article.

TABLE IX—Influence of Beryllium Content in Varying
Concentrations of Acetic Acid®
(Loss in mdd)

|
’ Beryilium| CONCENTRATION
Content, |—vu— "~ T~~~
TEST CONDITIONS ‘ Percent | 19 2.5% | 5.0% | 7.59% 109
Continuous immersion for 24 0.49 18 20 20 30 40
hours at 68 F on cast speci- 1.00 3 20 80 20 30
mens (not age hardened) | 2.05 8 20 30 30 40
’ 305 1. 5 30 |- 20 30 20
| 996 . 16 20 10 i 10

mation also may result when beryllim copper is
heated at relatively high temperatures in the presence
of oxygen. The subscale zone generally has a well-

defined boundary which moves inward from the metal -

surface with increasing time of oxidation. The zone
consists essentially of isolated particles of beryllium
oxide deposited in a matrix of almost pure copper.%

Diffusion appears to be the motivating force.

45

of internal oxidation (gray ar.ca}'

relatively heavy formations of beryllium oxide ap

pearing as black deposits along the grain boundarics..”
Figure 13 is similar except that it has been etched 0 -

show the base metal more clearly. In both instances,
there is a relatively sharp line of demarcation betwee!
subscale and unaffected metal.

Although Rhines® has called attention to the pos
sible role of internal oxidation in age hardening
beryllium copper, it is difficult to obtain this cor
dition. In practice, heating times are too short an!
temperatures too low to produce this effect.

Meijering and Druyvesteyn3+ 3536 have demoR
strated that precipitated beryllium oxide may cau,
_Q{ispe.rsion hardening, depending upon the SiZev-'Qf—,— :
particles. As a result, the subscale may be slightf3
harder than pure copper but substantially softer t
hardened beryllium copper with a tendency to

145

brittleness. Consequently, material having inteflig

oxidation could not be expected to withstand 5¢
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-etating conditions and would be exceedingly prone
~stemature failure under dynamic loading.
\though specific data is lacking, it is probable
sat beryllium copper offers slightly better resistance
“attack by sulfur and its gaseous compounds than
are copper. Sulfide or mixed sulfide and oxide scales
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Figure 8—The influence of time and temperature on the scaling of

beryllium copper wire and strip (2.05% Be). Terem.®"

result from exposure to atmospheres containing hy-
drogen sulfide or sulfur dioxide.*” Price and Thomas'®
have expressed the opinion that selective oxidation
of beryllium copper will prevent attack in oxidizing
atmospheres containing sulfur.

Hydrogen Embrittlement A

In further work with dilute solutions of beryllium
in copper, Rhines®® has observed hydrogen embrittle-
ment when specimens were alternately annealed
under oxidizing and reducing conditions. Since there
is no apparent weakening of the material as evi-
denced by the bend test data reported, it is probable
that structural changes have been observed during
metallographic studies.

The mechanism for hydrogen embrittlement pro-
posed by Rhines follows:

1. During the oxidizing cycle, oxygen diffuses into the
alloy producing a subscale composed of precipitated
beryllium oxide in a matrix of almost pure copper.

2. Subsequent annealing in hydrogen will reduce the
beryllium oxide of the subscale, producing water
vapor.

3. Since hydrogen diffuses faster through copper than
water vapor, sufficient pressure is built up to pro-
duce holes along the grain boundary within the
oxidized zone. -

TABLE X—Corrosion Rates in Phosphoric Acid and Vapor Containing Phosphorlé Acid"

“\TIRIALTESTED
e ————

Mo am Capper. .

hey

Liaa
2:0m Rrange
2t Al

]
| 70-809 HsPO4 85-959, HiPO4 Vapor
i (Dripping) éo pgxl‘ng) Containing
Containing ntaining a Small
3-149, HaPO« [70-80% H3PO4 Small Small 85-95 % HsPO« Quantity of
Containing Containing | Quantities of Quantities of | Containing a H:sPO¢as a
Small Small Fluorine Fluorine Smal Mist and
Quantity of | Quantity of Compounds Compounds Amount of Elemental Traces of
Corrosion| Fluorine Fluorine in a Mist of 75-80% in a Mist of Fluorine Phosphorus Fluorine
Rate Compounds { Compounds H3:PO4 HaPO4« HasPOu Compounds | . in Storage Compounds
Units At 150 F At 185-212 F | At 203-230 F At 167 F At 212-239 F | At 165-185 F | At 149-158 F | At 185-212 F
202 o, 0.0 N mdd v 12,6 50.2 3368 37.7 354 36.5 6.8 263
Seatlen URMUNES ipy 0.0022 0.0088 0.5900 0.0066 0.0620 0.0064 0.0012 0.0460
e oGl mdd 1.1 68.1 4950 40.8 693 52.0 6.8 538
o ipy 0.0018 0.0110 0.8000 0.0066 0.1120 0.0084 0.0011 0.0870
oary (‘) mdd 5.6 83.9 39 62.1 515 136.8 7.5 398
M ipy 0.0009 0.0135 0.6500 0.0100 0.0830 0.0220 0.0012 0.0640
..... mdd 1451 1709
i 0.2550 0.3000
25.9 142 578 106 802 118 4.1 318
0.0044 0.0240 0.980 0.0180 0.1360 0.0200 0.0007 0.0540
17.3 48.4 4378 148 272 43.2 5.6 272
0.0028 0.0080 0.7100 0.0240 0.0440 0.0070 0.0009 0.0440
20.7 41.6 416 32.1 262 32.7 7.1 190
0.0050 0.0070 0.0700 0.0054 0.0440 0.0055 0.0012 0.0320
17.2 369 et 148 461 86.1 4.9 274
0.0028 0.0600 ces 0.0240 0.0750 0.0140 0008 0.0445
170 Excessive . 18,720 . . 21.9 197
0.0310 Excessive . 4200 8.3100 X 0.0360
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In practice, hydrogen embrittlement has not been
observed in commercial beryllium copper alloys of
higher beryllium content (over 1 percent). The
absence of this phenomenon is perhaps due to the
difficulty in producing subscale during normal op-
erating procedures. In addition, it is doubtful whether
it is possible to reduce beryllium oxide with hy-
drogen even at temperatures as high as the melting
temperature of beryllium copper. Consequently, if
hydrogen embrittlement does occur, some other re-
action must be responsible.

Liquid or Molten Metals

In contact with liquid metals, the usefulness of
beryllium copper is determined by its resistance to
alloying (solid solution or intermetallic compound
formation), intergranular penetration, selective at-
tack of surface beryllium, and chemical compound
(oxide) formation. Kelman and co-workers®® have
reported good resistance to attack by mercury up to
200 F, with limited usefulness in the range 200-700 F.
Good resistance is also offered to sodium, potassium
and sodium-potassium alloys, at least to 1112 F.

On the basis of poor resistance provided by cop-
per,® it is anticipated that beryllium copper would
‘not be suitable in connection with gallium, lead, bis-
muth, eutectic bismnuth-lead, tin, thallium, indium,
cadmium, lithium or aluminum in their molten
states. -

From an application standpoint, beryllium copper
plunger tips are extensively used in aluminum die
casting, while pressure-cast bervllium copper dies

TABLE Xlll—Electrical Conductivity of S.v"." _'

VP LVUKKUDIUN ENGINEERS -1

S0Log R, —

Price and Thomas®

mh
Conductivity, 20
‘ oms3
OXIDE At 1000 C At 500 C
BeO........... 10-¢ very small
AlOs........., 107
SiOz.........., 10-¢ verl"O-sFaH
MgO.......... 10-8 10-8
TiOz.......... 104 . O ..
SnOz.......... J L
102 104
101 102 =
10-t 10-4
1(1)01 ......
10
+1
10 o

TABLE XIV—Galvanic Series Based Upon Potentiul Maea,

in Artificial Sea

Water at 77 F Against Calomel Hgy

METAL OR ALLOY

Zinc and alioys

Zinc plating on steel
Cadmium. ............
Aluminum and alloys. ..

Magnesium and allo;’s .

Carbon steel

Tin/lead solders...... ..
Brass

Copper

Bronze  f..........
Nickel siiver
Cupro-nickel
Beryllium copper
Silver.................
Gold

Iron }

TABLE Xl—influence of Beryllium Content in Varying Concentrations of Sodium Hydroxide

(Loss in mdd)
Beryllium CONCENTRATION
Content,
TEST CONDITIONS* Percent 1% 2.5% 49 5% 7.5% | 10%
Continuous immersion for 24 hours at 68 F 0.49 120 210 139 40 30
on cast specimens (not age hardened)s 1.00 60 200 130 61 21
2.05 70 188 121 78 30
5.05 90 210 139 100 21
9.96 80 118 20 30
Continuous immersion for 24 hours at
room - temperature on strip specimens
as fallows:50
Electrolytic copper..............,.. 0 9.4
Berylilium copper: .
H (cold rolled)................... 2.12 10.6
A (quenched from 1480 F) ......... 2.12 % Al TN
AT (quenched from 1480 F)
and aged 3 hr. at 5T0F)., ....... 2.12 11.6

* Superior figures in this column refer to references at end of article,

TABLE Xll—ijnfluence of Beryllium Content in Varying Concentrations of

Ammonium Hydroxide
(Loss in mdd)

Beryllium CONCENTRATION
Content,
TEST CONDITIONS* Percent 1% 2.5% | 3.5% 5% 7.5% | 109
Continuous immersion for 24 hours at 68 F 0.49 9210 830 660 720 710
on cast specimens (not age hardened)s 1.00 . 680 850 530 550 530
2.05 730 540 560 550 540
5.05 540 390 820 380 370
9.96 420 510 510 330 290
Continzous immersion for 24 hours at
room temperature on strip specimens as
follows:50
Electrolytic copper................. 0 88
Berylhum copper:
H (cold rolled)................... 2.12 60
A (quenched from 1480 F)......... 2.12 60
AT e(guenched from 1480 F and 2,12 62
aged 3 hr. at 570 F).

* Superior figures in this column refer to references at end of article.
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are sometimes employed in- &&
casting zinc. In the former appl
tion, attack is steady but is
rapid enough to prevent succe
use. In the latter case, the dies
eventually wash but have proves:
economical for short or moderatt
runs.

T

‘Galvanic Corrosion

In the absence of specific data
the galvanic corrosion of berylli
copper, it must be assumed thaf
will behave like pure copper in
respect. As a result, it may
safely coupled to other copper
loys. Tests conducted with be
lium copper in contact with cop
in a salt spray for one month, |
cate that the weight loss 18
greater than normally encoufit
with beryllium copper alone !
similar test conditions.*’

Table XIV lists the conta
tentials of various metals.” -
values, which are the potent! g
the individual metals immerseags
artificial sea water at 77 F T
ured against a normal calom
cell, should be used only-as




ployed in &
former applics: :
wdy but is
vent successsf
se, the diesw¥ |
it have proves
‘t or moderate

rrosion

ipecific data
n of berylli
ssumed that
copper in
t, it may ¥
1er copper ]

d with bergk:
:t with coppéf
e month, 1

5. .
e contact
etals.t
potenﬁ'
immers¢
. 77 F @€
calomel

ly as

40~

Rt L X 2 1IN
-~
L
o
1

WL 1525 F. |
§ 320~
; i
, H
160 =~

1 1310 F. J

L”f Lo 30 F d

° 2 4 6 8 10

BERYLLIUM CONTENT, %

- $_The cffect of beryllium content and temperature upon the

'::“..q. wate of beryllium copper exposed for 6 hours. Terem.®”
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. ‘et 10—Oxidation curves for beryllium copper half-hard strip, 0.005

. thick and nominally 29 Be. Compbell & Thomaos.®
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ew i the many variables usually present. For
"-ff‘-‘l"v, Tracy'? observed in a potential test in sea
‘r“ ! I{"m bervilium copper was anodic to phosphorus
mc“i,:md copper by §0 millivolts when both metals

mersed, but within 24 hours the potential was

‘"'f;"‘t';: and beryllium copper was cathodic by 50
Snvolts

W he
{-l:‘u,]n

M1t is necessary to connect beryllium copper
cder L"O‘:lrl) with zinc, aluminum or m-agnesigm
<ould by coswg conditions, some means of msula,t}on
4 these Iat<:nsxdered to prevent accele.rated corrosion
%y he deﬂ_errbmaterxals. Under .certam condltllons .1t
ie ‘"'"nmc:lml- le to ple}te beryllium copper with tin
Wi g, with alur.nmun} alloys or with zinc or

or Steerl use against zinc alloys. In the case of
tess. galv Where the potential difference would
' sdlvanic action would probably. only be en-
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Figure 11—Effect of temperature on the oxidation rates of severol
strip materials, 0.005-inch thick, exposed for one hour. Campbell &
Thomas.*™

countered in the case of relatively large areas of
beryllium copper.

Mechanical Factors

In the field, corrosion phenomena are frequently
complicated by mechanical factors. Since mechanical
action generally increases corrosion rates, often to a
high degree, its effect must be carefully considered.
Types discussed include stress-corrosion and cavita-
tion-erosion. Stress-corrosion can be further divided,
depending upon the nature of the stress, to give
stress-corrosion-cracking (static stress) and corro-
sion-fatigue (dynamic stress).

Stress Corrosion Cracking

In stress-corrosion-cracking, stresses may be either
induced (service loading) or internal (fabricating).
The term “season cracking” can be considered as a

TABLE XV-—~Characteristics of Beryllium Copper Alloys Subjected
to Stress Corrosion on Tests*
(See Figure 14)

ALLOY DESIGNATION
A B
Chemical composition:
Berylium........coovviiiiiiiiiiiiiiiia 1.37 0.71
. 1.45
1.56 e
0.15 e
96.92 97.84
‘Mechanical properties:
Tensile strength, psi. .. ............ ... ..., 87,800 53,800
Yield strength, psi... ..o 72,200 26,000
Elastic Bmit, D8l ...ooviveenininn e ieeananns 58,500 17,000 .
Elongation in 2 in., percent................... 14 25
Rockwell hardness.............. e B68-83
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Figure 14—Stress-rupture characteristics of berytlium co H 'i
. otmosphere (non-standard alloys, see Table XV).p pélterm
; : 'I:igure lZ——Internd:‘ oxida’tignF (gNruy area) resulting fro‘t’n prolongid g
eating in salt bath at 1450 F. Note distinct boundary between sub- : . . g
scale and normal material (light area). No etch (magnified 500 X). special type of stress-corrosion resultmg fl'Oln.‘.

ternal or residual stresses and is usually applieg P
brasses containing less than 85 percent copper, -a

It is probable that stress-corrosion-cracking eap}
produced in almost all metals and alloys under ¢
tain combinations of stress, time and corrosives, I
tailed data for beryllium copper are unavailabl
however, field reports indicate excellent'resisuuj
The only known published figures result fpq
Clenny* and cover non-standard casting alloys (s
Figure 14 and Table XV). In view of the if
tensile and hardness properties shown (apprag
mately 50-65% of anticipated), specimens may hfi
been tested in the “as cast” conditions, without &
usual solution and aging treatments. '

Corrosion-Fatigue

Corrosion-fatigue combines dynamic or ¢y
stresses with corrosion. Damage from this form’
Figure 13—Internal oxidation similar to Figure 12 but etched to show attac.k can be‘ especmll){ Severe, since tl}e rougheug

base metal. Ammonium persulfate etch (magnified 500 X). or pitted surface resulting from corrosion 1ncreasq
the rate of crack propagation da

: to dynamic loading. In many.

TABLE XVI—Summary of Corrosion Fatigue Data for Beryllium Copper the protective oxide films

Gough form on corrosion-resistant M
and rials are rendered useless by
withut Sopwith+? Stewart and Williams® of cyclic stressing.
Corrosive media. . ........... 3% salt in distilled water Brackish water (1/6-1/3 salinity of sea water) Among -al alloys bdg
Typetest...........coo.n... Rotzting beam, 2200 RPM Rotating beam, 1450 RPM . g & allabl,e Vo 3'
— lium copper provides unusud,:
Composition . . o TR
Beryllium 225 2.38 2.91 .31 0.53 sistance to corrosion-fatigue. ?
Cobait. cio | M| ¥s conducted in salt spray ol
Tron ..o " 010 0.02 010 013 | 032 indicate that the normal endu
agnestum. . ............. e S v 5 M v b
Copper. - ...\l 97,96 95.00 97.04 9791 | 96.16 of this material is not appl‘;ic
e condi
Form.......ooovviinieiennnn Rod Cut from cast test blocks, 2in, x 12 in.x 12 in. !I?\vered under COI‘I’OSIVCIC(::O
Solu- | Solu- | Solu- | Solu- | Sotu- | Solu- he r esults of several
tion tion tion tion tion tion fatlgue studies on berylllum
treated | treated | treated | treated | treated | treated . . . d -n'
Sof and and | and ane?l and agm(li in various forms are listed 1
u- ag age ag ag age age: . . -
Cold | tion |1hr.at{4hr.at|d4hr.at|dhr.at|2hr.at{2hr.at X VI, while Figure 15 ¢0
Condition .| drawn | treated| 680F | 660 F | 525F. | 575F | 750 F | 930 F - b
: - several materials on the D&
M’zrcmnlm1 e 93.600 | 72,100 | 182.000 | 107,800 | 150,000 | 119,600 | 32,100 | 49.000  thei lati istance ¥
engile strength, psi........ X ., 2. y L A 3 8 elr n W,
Proportional limit, psi. ... .. 30,700 | 12.100 | 53.800 | 40,000 | 51,500 | 83.500 | ...... 24000 relative resistance. °.
Rockwell hardness. ... ..... BS7 B6S ca2 Ca4 C40 |- C4a2 B97 Bo3 sion-fatigue. The comparati¥
Fatigctlle strength at 50.000,000 ‘ presented is based on’ y
cycles:
Inair, Psi...oevennnnenns.. 36,500 | 35800 | 43,500| 13,000 17.500 | 15500| 8000| 7,000 ; nuf
In salt water or spray, psl...| 39,000 | 30,500 | 35,600 | 12500 | 13500| 15500 7,700] 7.000 . Yalqe; obtained from a 1
: R . references.*** T
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-:! Erosion rosion needed in many marine, petroleum and l}
: AR . . . it
s | crosion may be defined as the damage of che.mlcal operations. Beryllium copper scraper blades,
Qyetatit ciated with the formation and collapse  Springs, shaft seals and a host of other components i
b assocld . . . v g e H H H M - i
,,,;:u..nl. - the liquid at a solid-liquid interface.48 find use in chemical processing equipment. Instru
| ities produce low-pressure areas, al- ment springs as well as bellows, diaphragms and
e TCR ;'()f vapor to form. The collapse of these bourdon tubes are exposed to atmospheres ranging ,
. deels G . . . . . » it
. i”ml\;.t,cl\-etS, due to abrupt flow or pressure  from polar to tropic and rural to industrial. Beryllium "
o 4 . . , .
©7 . uses high shock pressures in localized copper reed anq ﬂappex'- valves employed n outboard
a 4 roughened surface motors are subjected simultaneously to fatigue load-
saving e ) Lo .
. \l; rest methods have been devised to simulate
A;[-].L,l.,,\;,,n conditions. In addition to the cor- COPPER
: qigue ests conducted by Stewart and Wil-
100 ey "l tisted in Table XV, several of the same BERYLLIUM COPPER
it  copper alloys in cast form were exposed PHOSPHOR BRONZE
s . " v hydraulic cavitation tests in sea water CUPRO-NICKEL
. ’f:imr'ill“’rv conditions. Relative resistances for 70-30 BRASS
ey~ " Jjovs are shown in Table XVII. As in the MONEL
| [»"||\UI'.‘3 relative resistance is the ratio of ALUMINUM BRONZE
RTINS
* from ; Coss for i standard manganese bronz.e sample 18-8 STAINLESS .
3pplied. w10 the weight loss for the test material.* The NICKEL
pper. - . um C.m,[ul[is a}fé%rld a compatison with other 15 Cr STAINLESS
ing cangy § : cven in Table ’ 0.5 C STEEL
under g, . =
sives ct;: Conclusions SPRING. STEEL o 20 - 40 60 80 100
1available. -..m the corrosion data presented, it is Possxble to
resistan ~wier corrosion problems encountered in process- % RETENTION
. ' ) K ost importan r . . .
:sult ‘".l_ g scr\lCC: Perhaps t}}e m h p?f ant ffa}(;.to - Figure 15—Relative corrosion fatigue of several materials based upon
toys (s = 4 processing StandpomF 1s the eftect of heat retention in salt spray of normal endurance properties.“i*"
E the ko § -:ment upon surfflce condition.
(appr@‘ sty the solution treatment TABLE XVil—Relative Resistance of Beryllium C?’ppor Casting Alloys to
< 3 hours at 1475 F) would be Hydraulic Cavitation Tests
may s e wevere tham age hardening (UP (Vibration Time—120 Minutes)
ithout the i hours at 550-750 F). Unless — ,
< —emterd by controlled‘atmospheres, Strengeh, Relative Resistance to 3
s will occur dunng both op- ALLOY Composition Condition psi Cavitation Erosion l!
-+ & as In addition to heavier scal- Manganese Bronze | 41 Zn, 0.29 Mn, 1.1 Feldscast 320 100 i
or ydic | - laring solution treating, beryl-  Cu-Be....:l1lllll} 2001 Be' 9' ) dscast 1b'7:é66 183 i
is formd l " wide will also form at the tem- SR ASISORIIN 11 Heat Treared ! 500
g'bml ~taures involved, This oxide will
r(::crem -wat special problems in subse-
ration i <=t machining, pressworking, TABLE XVill—Corrosion Resistance of Beryllium Copper Summarized
H s sty or Joining—unless removed.
1any ¢ “milarly, beryllium oxide can be Approximate Service Ratings (see note) -
-mst":'l.f:' vected 1o present service prob- Good Limited Poor
Aant T & = For example, its low electri-  Acetic acid, 0.1% (RT) Acetic acid, 2.5-10% (RT) Aluminum, molten
)by v < aonductivy . Alcohols Bromine, moist (R’lq) Ammonia, moist
-~ ol ll(tl\’lty means hlgh con- Alum Chlorine, moist (RT) Ammonium hydroxide
! resisy e . Ammonia, dry Fluorine, moist (RT) Bismuth, molten |
stance. In addition, it may  stmosphere, rurat i—lﬂydrochlt();l&f%%. 1?)'5% (RT) Bismuth-lead eu(técrt.)c, molten
« I o : : i ercury romine, moist
e (|;r«.mature wear in mating Industrial Mine water o mraiz g | MM, molten
dees 113 Bori id oric acid, 3- - orine, mois!
o I“n the oth?r hand, beryllium  gorese %;.S‘lv)“‘;ﬁ,c,(f"fg ), 7_: Chromi scid .
ince 2y impart special re- &R . atomge 2 P i meter (£T) :
" 1o cer i 1-  Carbon dioxide, dry or moist ium hydroxide, 1- allium, molten
2mente tain corrosive envi ciing:: tég:z:ciellor{c)leor Sulfur dioxide, moist N Hydrochloric acid, 10% (140 F)
s or be the answer to  Chloride, dry Sulfuric acid, 0-10% (RT) Hydrochloric acid, over 5% (RT)
e wear D bl C Citric acid Zinc, molten }h&drogen sllllﬁde. moist
i roblems. onse-  Fluorine, dry ndium, molten
wently . . ) Lead, molten
«,,...,”13" all processing and service  hreon water Lithium, molten
reieme Gasoli itric aci
they o> should be carefully e, Sulfuric acid, 10% (140 F)
3y 0 determmmg whether  Hydrogen sulfide, dry Suéf_ugcacxctl, 53 + potassium
‘;';c?\”'lim loxide film is an asset. Moo (RT-200 F) gp;ﬁilf%??ng’uen"
Y to Oxalic acid - in, molten
e Mast f:niilperhaps _Tepresent Phosphorus (150 F)( o112 5
oy tassium, £ 2
"_\:hum co lar appllcatlon . ot s;’a &;&T(ﬁ‘i’- en tup to RT—room temperature ET-—elevated temperature
P PPer where corrosion  Sodium chloride Note: These ratings, based upon laboratory and field tests. are offered
%, N A problem In additi to Sodium, molten (up to 1112 F) only as a guide, since corrosion rates are affected by agitation, i1
v, MSDarking feature, these tools  saer basts T3 B ishoratory tess hasg the foromng gifances o0 T
Provide (15, coture, these tools ¢ fowen o to Racing = Rate of attack, ipy :
-. ¢ the resistance to cor- Sulfur dioxide, dry o e thon o001 .
Yua v Tanpnicadd e Limited 0.001 to 0.010 4
* o Yulue g ¥ P han 0.010 ¥
L Mereaneg Weig:ttelso;:\p:oved resistance Loor more than 0.01° 4
o T
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ing and salt water impingement. Many other equally
severe applications can be cited.

To combat certain types of corrosion, it may be
desirable to lacquer or plate beryllium copper com-
ponents. Many types of plating,
silver, tin,
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TABLE TI. Qalvanic series of selected metals in seawater.

Active (Anodic)

Magnesium (Mg)
Mg Alloy AZ-31B

Nickel (pl.)

Chromium (pl.)

Tantalium ‘
Stainless steel 350 (active)

Mg Alloy HK-31A
Zinc (pl. hot-dip, die cast)
Beryllium (hot pressed)

Stainless
Stainless
Stainless

steel 310 (active)
steel 301 (active)
steel 304 (active)

Aluminum (A1) 7072 cl. on 7075

Stainless steel 430 (passive)

Al alloy 2014-T3 Stainless steel 410 (passive)
Al alloy 1160-H14 Stainless steel 17-7 pH (active)
" Al alloy 7079-T6 Tungsten ’

Cadmium (pl.)
 Uranium (depl.)

Niobium (Columbium) 1% Zr
Brass, yellow, 268

Al alloy 218 (die cast) Uranium (depl.) 8% Mo.
Al alloy 5052-0 Brass, Naval, 464

Al alloy 5052-H12 Yellow brass

Al alloy 7151-T6 Muntz metal 280

Al alloy 5456-0, H353 Brass (pl.)

Al alloy 5052-H32 Nickel-silver (18% Ag)
Al alloy 1100-0 Stainless steel 316L (active)
Al alloy 3003-H25 Bronze 220

Al alloy 6061-T6 Everdur 655

Al alloy 7071-T6 Copper 110

Al alloy A360 (die cast) Red brass

Al alloy 7075-T6 Stainless steel 347 (active)
Al alloy 1100-H14 Molybdenum, Comm pure

Al alloy 6061-0 Copper-Nickel 7151

Indium Admiralty brass

Al alloy 2014-0 Stainless steel 202 (active)
Al alloy 2024-T4 Bronze, phosphor 534 (B-1)
Al alloy 5052-H16 Stainless steel 202 (active)
Tin (pl.) Monel '

Stainless steel 430 (active)

Lead

Steel 1010

~ Iromn, cast

Stainless steel 410 (active)
Copper (pl.)

SN

Stainless steel 201 (active)
Steel alloy Carpenter 20 (active)
Stainless steel 321 (active)
Stainless steel 316 (active)
Stainless steel 309 (passive)
Stainless steel 17-7 pH (passive)
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TABLE II (Continued)

Stainless steel 304 (passive)
Stainless steel 301 (passive) -
Stainless steel 321 (passive)
Stainless steel 201 (passive)
Stainless steel 286 (active)
Stainless steel 316L (passive)

Steel alloy AM355 (active)

Stainless steel 202 (active)

Steel alloy, Carpenter 20 (passive)
Steel alloy AM350 (passive)

Steel alloy 286 (passive)

Titanium 5A1, 2.5 Sn.

Titanium 13V, 11Cr, 3Al. (annealed)
Titanium 6Al1l, 4V (h.t + aged)
Titanium 6 Al, 4V (annealed)
Titanium 8Mm.

Titanium 3 Al, 13V, 11Cr (h.t + aged)
Titanium 75A

Stainless steel 350 (passive)
Graphite

Noble (Less Active-Cathodic)

- arem———
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