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FOREWORD

This report was compiied by the Aeronautical Systems Branch,
Systems Support Division, Air Force Materials Laboratory, Wright- .
Patterson AFB, Ohio. It was initiated under Project 7381, "Materials
Applications,"” Task 738107, "Corrosion Control and Failure Analysis,"
with Mr. Fred H. Meyer, Jr. as the Project Engineer. The 1974
Triservice Conference is a follow-up to three similar conferences held
in 1967, 1968, and 1972,

The report includes all available papers from the 1974 Triservice
Corrosion of Military Equipment Conference.

This technical report was submitted by the author in February 1975.

Proceedings of prior conferences are available in AFML Technical
Report TR-67-328 (1967) and in Metals and Ceramics Information Center
Report MCIC 73-19.

The purpose of the 1974 Conference was to continue interservice
coordination in the areas of corrosion research and corrosion prevention
and control. Specifically, the objectives were tc make Department of
Defense personnel, contractors and interested individuals aware of the
important corrosion problems in military equipment, to present the status
of significant corrosion research projects currently pursued by the
military services and to provide a general forum for exchange of
corrosion preventicn and control information.
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SVALUATING STRESS CORROSION CRACK PROPAGATION RATES IN HIGH
STRENGTH ALUMINUM ALLOYS WITH BOLT LOADED PRECRACKED DOUBLE
CANTILEVER BEAM SPECIMENS

by
D. 0. Sprowls, J. W. Coursen and J. D. Walsh

N T A

ABSTRACT

Rl <. i Pl ot e A L e s Gl

i
I Propagation rates for stress-corrosion cracking (SCC) of high

% strength aluminum alloys determined with mechanically precracked
g double cantilever beam (DCB) specimens provide a quantitative

& means of comparing the resistance to SCC of alloys and tempers.
B The determination of precise propagatlon rates for relatively

resistant materials, however, can be markedly influenced by

test conditions and interpretation of the crack growth data.

P This paper describes a relatively simple, accelerated testing

% method for determining SCC "plateau velocities" that rank the

i SCC behavior of aiuminum alloys in the same order as SCC propa-
A - gation rates in a seacoast or industrial atmosphere. Rankings
% 1 of alloys with the "plateau velocities" also are boradly similar
3

SR S R

& to rankings with "threshold stresses" estimated from tests of
% % smooth specimens. Practical difficulties assoclated with this
o & test method, however, warrant further evaluation to justify

s G this as a primary method of testing.

K %
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" INTRODUCTION:

The primary objective In performing a stress corrosion test with
fracture mechanics type precracked specimens is to determine the
threshold stress-Iintensilty below which stress-corrosion cracking
(8cC) will not occur for a specific wmaterial and test orientation
in a speciflc environment (l%. Another objective is to determine
the rate of SCC propegaetion, da/di, as & function of the mechanical
crack driving force, Ky, under controlled test conditions (2).

It 1s generally agreed Ehat in order to fully characterize the
resistance to SCC by this test method, it is preferable to obtailn
the complete curve of Ky vs da/dt.

A conventent type of specimen for determining SCC propagation rates
1s a double cantilever heam (DCB) loaded by constant displacement

to a stress-intensity at or just below the critical stress-intensity
required for mechanlcal fracture. With such extremely high stress-
intensity 3CC willl start quickly in highly susceptible materials

anc proceed for a time at a falrly constant rate bhefore it slows
down to approach sn arrest as the crack len%thens and K7 decreases.
When (and if) the crack growth comes to an "arrest", the stress-
intensity can be sald to be at the threshold for SCC (KIscc). A
typlcal SCC creck growth curve and the relationship of the SCC
propagation rate with the decreasing stress-intensity 1s shown for
a relatively susceptible material in Figure 1. (Note that the graphs
are plotted 1n a rather unorthodox manner in order to relate the
performance with the crack growth shown in the specimen.) The purpose
of the present paper is to consider the use -of SCC "plateau velo-
citles", as illustrated in Figure 1, for comparing the resistance to
SCC of aluminum alloys and to describe a simple test procedure for
obtainin% such data. The significance of the "plateau velocity"

is that 1t 1s the highest SCC propagation rate that a material will
susgiég for an anpreciable crack extension under the controlled test
con ons.

Procedure Used for Determining SCC Plateau Veloclties

The speclmen configuration shown in Figure 2 was used for most or
the experiments described below. The specimen orientation (S—Lz
was such that atress was applied in the short transverse direction
to the graln structure and the SCC growth was in the longltudinal
direction. The precrack was produced by loading with either one

or two bolts until fracture (pop-in) occurred and the crack was
advanced until 1t was about O.l-inch long on the sides of the
specimen. A few drops of 3.5% NaCl solution (reagent grade NaCl
and deionized water) were added to the notch during pop-in. ILoaded
specimens were placed in a vertical position with the notched aend
up, and a few drops of 3.5% NaCl solution were added to the notch
three times dally (once daily on weekends). Crack lengths were
measured every one or two days Lo the nearest 0.0l inch on both
sldes of the specimen and the measurements averaged. Upon termina-
tion of exposure after thirty or forty days, the specimens were
broken open to examine the fracture surfaces; in some cases specimens
were sawed in half lengthwise so that one-half could be broken open
and the other half sectioned for metallographic examination of the

crack tip,
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SCC propagation rates, like the threshold stress or stress-intensity,
depend upon the condltions of test. The effect of the corrosive
environment is illustrated by the test results shown in Figures 3

: and 4 for specimens of alloy 7079-T651 exposed to the atmosphere

I under various conditlons. The 3CC growth curves in Figire > show
1 that the crack growth was relatively rapid at first; but in the
laboratory and the outdoor industrial atmosphere, the crack growth
increased only very slightly after about 250 days. Although these
curves were plotted only to 365 days, the exposures were continued
for at least another year and the extended curves were used for

the derivations of Ky and da/dt in Figure 4. Wide variations hoth

in the plateau velocities and the apparent Kiscec values were observed,
depending upon the atmospheric conditions. Corrosion of the crack
faces wilth the formation of wedges of corrosion product prevented
crack arrest and the estimation of Kygec values for the seacoast
atmosphere and the 3.5% NaCl solution %ests. It 1s noteworthy,

also, that in the dry air in the desiccator no SCC growth occurred

in a period of 39 months; thls was conflrmed for the interior of

the specimen by breaking the specimen open and examining the fracture
surface.
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It is easy to determine plateau velocities for materials with a ‘
relatively low resistance to SCC, such as TO79-T051 alloy plate p

: when stressed in the short transverse directlon; however, the pro-

: cedure 1s not so easy for resistant materials which develop only

: small amounts of crack growth. The Ilnltial SCC crack growth for
the more resistant materials is likely to be erratic because the
extremely high local stress concentration at the crack tip may cause -
a sudden small initial burst of cracking, or conversely locallzed ;
plastic deformation can have a crack-blunting effect that will delay
the initiation of SCC. Consequently, estimates of the initial crack {
veloclity can be misleading.

axamples of the variation encountered in the environmental crack
growth curves of materials with relatively high resistance to SCC
are shown in Figuire 5. Varilous approaches were tried for determining
reallistic plateau velocities, and it was concluded that the simplest
procedure that 1s subject to the least error in interpretation is

to divide the total crack growth by the total exposure time for

some arbitrary period. The period should be long enough to ensure
an opportunity for SCC to initiate and to include the initial sus-
tained crack growth, yet not long enough to include excessive crack
growth caused by corrosion product wedﬁin%. This method will not
only identify the materials with relatlvely low resistance to SCC
(such as the TO75~T651) but will also provide a useful measure for
the highly resistant materials that mey not develop a Kp vs da/dt
curve with a definite plateau,

UM, b e bl e L A e
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A comparison of plateau velocities calculated by this method (c)
with two other procedures (a and b) is shown below (the more real-
istic estimates of the plateau velocity are marked with an *):
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Plateau Velocities, in./hr. x 10°5
a8 ) pLrs oW Average Growt
Alloy : growth Peaks 8 20 _Days

7975~-T651 160* - 110% 20
7050-T76511 9O* - 60* 40
2124-7851 100 LO* O* O*
7075~T7X51 20 1o% g* T*
7050-773% gl 60 - 20 10%
TO75-T735 10 6 3% 6

(a) Average slope of the initial portion of the crack growth curve
beginning at the time when growth starts and extending until
the curve starts to bend over. -

(b) Slope of a strai%hb line drawn tangent to the crack growth
curve at successlve growth peaks exemplified by the curve for

T075-TT7X51.

(c) Slope of straight line from zero time to the amount of growth
at 15 or 30 days.

The propagation rate calculated from the slope of the first growth
(Procedure (a)) appears to be meaningful for the alloys having lower
resistance to SCC but are exaggoerated for the allogs with higher
resistance. Procedure (bg is not applicable to all growth curves.

The 15-day average rates determined by Procedure gc) are the most
generally applicable and the procedure is not subject to fterpretation.

Effect of Variations in Test Procedure

A series of experiments was performed to determine whether the SCC
growth would be affected by several wvarlations that would simplify

or incresse the flexibility of the test procedure. For example,

it would be advazntageous to be able to compare the results from
tests of DCB.specimens of different heights becsuse of the necessity
of testing S~L orilentation specimens from materials of various thici-
nesses, Therefore, tests were performed on speclmens with beam
belights of 0.5, 1.6 and 2.0 inches, A couparison also was made of a
stratght notch vs the chevron notch in the 1.0-inch high specimen
because consideradble data in the literature have beon obtained with
the streight noteh (3,4). The chevron notch and higher (stiffer
peams have the advantage of causing less plastic deformation during
tne precracking of specimens of tougher alloys and tempers. In an
effort to minimize plasticity effects during tension precracking,

a deeper notch (1.5 inch vs 0.625 inch) was tested also wita the

1.0 inch nigh specimen. One other esperiment was carried out in
wvhich drops of the 3.5% NaCl solution were added to the test specimens
only once a day instead of three times. For all of the above ex-
periments, tests were made on single specimens of each of three tempers
of 7075 alloy plate artificlally aged to provide different SCC per-
formances (Table I).

Gt o S RN .20 L bR 5 SR e i ST R e M N




i io p iR A e Sl < Urc it e sl TRE e T TR 1,‘,-—1,~m.-.,_,,7,.\,.,..,.._,,._.',.,““

+ LAt
Al
. N
y LS,

B T . Mmoot e L ST o T TN I AT ey

The platean velocities based on 15-day exposures are summarized

in Table II, and certain comparisons are illustrated graphically

in Figures b-8, Varying the beam height did not aggreciably affect
the average SCC plateau velocities for any of the three tempers.
However, the other variations in specimen configuration (straight
notch or increased notch depth) and the reduced frequency of wettlng
with 3.5% NaCl solution did reduce the SCC propasgation rates for
TCT5-TTX51 and T7351--although not for the T651 temper. The relative
extent of 3CC crack growth in the three different tempers is shown
in the photograph of fracture surfaces in Figure 9.

SCC plateau Velocities in Natursel Environments

Plateau velocities in the 3.5% NaCl test for a variety of alloys
and tempers are compared in Table III with similarly obtained
maximum sustained veloclties observed in the seacoast atmosphere

at Point Judith, Rhode Island, and in an inland industrial atmos-
phere at New Kensington, Peunsylvania é%). It is significant that
a ranking of these materials by the 3.5% NaCl test places them in
the same general categories as SCC propagation rates in outdoor ”
atmospherlic exposures. The veloclities in the accelerated test were =
about five to ten times greater than the veloclties in the atmosphere ;
depending on the alloy and temper, and velocitles tended to be equal i
or about twice as great in the seacoast atmosphere as in industrial :
atmosphere. The more corrosive conditions at the seacoast also
caused more rapld mechanical fracturing of the highly resistant
2XXX alloys as a result of corrosion product wedging.

SCC Ranking with Precracked vs Smooth Specimens

It eppears from tests conducted on a variety of aluminum alloy products E
(3,4,5,6) that general trends derived from DCE specimen data agree y
with’established trends derived from smooth specimen threshold data.

Data from both typea of tests provide a clear-cut distinction between
alloys and tempers with high or low resistance to SCC. HO 5
NEWLY DEVELOPED MATE%V WITH CONTROLLED RANGES OF INTI TATE

RESTSTANCE TO _ScC PROVIDE A CHALIENGE TO BOTH TYPES OF TESTING.

Data for groups of 2XXX-T8 and 7TXXX-T7 materials are arranged in
Table IV in the order of increasing SCC plateau velocities so that
rankings can be compared for the two test methods (materials with )
higher plateau velocitles would be expected to have lower threshold ,@
stress values). For materials with plateau velocitles of 30 x 10-5 B
in./hr. and above the rankings are similar for the two methods, but *
for plateau velocities rangin%efrom % to 30 x 10°5 in./hr. they -%
are not, and comparisons can confusing. For example, in the Aé
B ¢

case of the 2XXX~T§ alloys, four plates had plateau velocities ranging
from 8 to 22 x 1072 in./hr. that are meaningless because no SCC

could be detected in any instance; yet SCC resulted in failure of
smooth specimens from two of the items at applied stresses of 46~48
kei (75% Y.S.). Thus, the smooth specimen tests could rank the
four materials into two categories but the DCB tests could rank

L., vl e st S s e St e g B B g e S BT S S, T L e i
X cril il 3

R T VNI LI PR




e - - —— ey

o L 3

L R

e eeihgle L -

!
§
{
i
g

B S LU | B

them only as heing not susceptible to SCC or the test must be con-
sidered as indeterminate under the test conditions. 1In the case '
of the TXXX~T7 alloys, the situation was different._ There are listed
four items with platesu velocities of 3 or 20 x 1075 in./hr., and
there 1s no similarity with the rankings indicated by the test results
from the smooth specimens. Probably the confusion in the rankings

of thess TXXX~T7 materials can be attributed to the mixtures of

alloys and products involved.

Thus, plateau gelooities in the 3.5% NeCl test ranging from 3 to
about 25 x 1072 in./hr. do not, in themselves, provide information
about the resistance to 3CC uniess it 13 veriried that crack growth
is really SCC and not mechanical fracture. Also, 1t appears that
plateau velocities can be used to best advantage for ranking a series
of materials of the same alloy and product, as for example, the

three tempers of 2.5-inch 7075 alloy plate listed in Table IV.

Complete Kl,' da/dt Curves

For DCB specimens of this type, the stress intenslity can be expressed
in terms of V, the crack opening displacement at the load line, .
crack length a, beam height (2h), and the modulus of elasticity E
according to the following relationsnip (3):

KT = VEh(3h(a + 0.6 h)? + nJ)1/2
4( (2 + 0.6 h)J + h° a)

For the tougher alloys a significant amount of plastic deformation
at the crack tip or in the arms of the specimen occurs during the

tension precracking, and the total value of V 1s so large that the
calculated K} 1s greater than the Ky, value. Thus, all subsequent
K{ values calculated after various {ncrements of SCC growth also

will be toc large. However, 1f only the elastlc part of V and the
crack length measured on the fracture are used in the calculations,
adjusted Ky values can be obtalned that are consistently close to

KIc values, as shown in the following examples selected from Table V.

Alloy and K values in ksi-/In,
Temper Klce Nominal K14

AdJusted K1i

7075~T651 15.7 20.4 14,5
TO75-T7X51 19.9 28.6 18.7
7075-T7351 19.2 30.9 18.7

Adjusted Ky4 values close to Kyc also were cbtained with the varia-
tions 1in bgém height (0.5 inch, 1.0 inch and 2.0 inch) for which
data are given in Table V and for the various other t{pes of aluminum
alloys tested (4). Thus, it appears that the use of the elactic
portion of Vv and the crack length measured on the fracture will
provide meaningful K levels to drive the environmental orack propa~
gation. Although the plastic behavior obtained during tension pre-
crack technically may Invalidate the calculations of stress-
intensity, 1t appears for aluminum alloys that the SCC propagation

rate is not appreciably affected (4).

A LU SRR e D Rl S BRI

At P

s+ 2 e i S b iy it e = e g

TR, Feabicaig, L .. L




-W-vrww:mwwmzw&wwu-mmm@w- B SR e T T R i e B I = S 2 T

B L e A a TN

rrgn 4 ne

spramin, s

[T PP T N FYAN 1]

s 42

PRI T IR DT IMEV N RTT QOTN 0T e s r s s s ey

In conducting the SCC test, it is not advisable to unload and reload
the test specimen. Therefore, 1f it is desired to calculate stress-
intensities, 1t Js proposed that a pop~in test as described in the
footnotes in Table V be performed on & duplicate specimen to estl-
mate the elastic component of V to be used in the calculations of
KT for the SCC test speclmen. Also, the SCC test specimen should
be broken open at the end of the test to obtain a more realistic
measurement of the total crack length. This procedure was used

for the Ky - da/dt curves in Figure 4.

SUMMARY

The method described above for estimat "plateau” or meximum sus-
tained SCC velocities at stress-intensities at or just below the
critical stress~intensity has several advantages for screening tests
of alloys and tempers. The test is falrly rapid; it 1s sensitive
to various degrees of susceptibllity to SCC; 1t does not require
determination of stress-intensities, and it simplifies the inter-
pretation of the crack growth curves. It is essential, however,
for materials that show only small amounts of environmental crack
%rowth, especially in the case of 2XXX alloys, to establish that

he crack growth 1s really SCC and not simply mechanlcal fracture
caused by corrosion product wedging. The mode of cracking can be
readily determined either by fractographic examination or metal-
lographic examination of the crack tip (Figure 10).

Although SCC plateau velocities obtalned by this method are not

directly applicable in the dGesign of structures, knowledge of rela-

tive SCC propagation rates can useful in specilal siltuations for

iggraising the hazard of SCC and determining sultable inspection
ervals.

Practical difficulties involved in measuring small amounts of 3CC
growth, however, warrant further evaluation to justify this as a
primary method of testing.
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‘Table I
) CHARACTERISTICS gF 2. 5—IN. THICK 7075 AlggY

Electrical’ Lm%-'rransverse _Short~-Tr Orse
Conductivity .3, S. Y.8. .

Temper % IAC3 ksl ksl ksl ksi % in 4D ks Icin.
T651 33.5 80.2 T1.7 8.0 T4.8 66.6 2.0 . 15.7*
T7X51 38.7 73.9 63.3 10.0 70.4 60.8 4,0 19.9
T7551 k1.0 68.0 56.6 9.5 65.0 54.4 b0 19.2

_Chemical nggosition - Per cent (Remelt msu)

emper  _S1__Te Mo Mg Zn o Cr ML TL Be
Té51, T7351 0.08 0,31 1.80 0.02 2.38 6.02 0.19 0.00 0.03 0.002
™X51 0.10 0.24 1.80 0.03 2.4 5,87 0.18 0,00 0.04 0.002
*Value meaningful, although not technically valid according to ASTM
criteria.
9
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EFFECT OF VARTATIONS IN TEST PROCEDURE ON SCC PROPAGATION
RATES IN DCB SPECIMENS OF 7075 AILOY IN VARIOUS TEMPERS

F‘requency of Average Plateau Veloclt
Beam ____ Notch 3.5% Na in,/br. x 10-5 1
Hg%éht (2h) _Iype Agglication "X _

KR
5,
iy
i
v 3

0.5 Chevron O. 625 3 times/day 110 1% . 6 !
1.0 Chevron 0.625 3 times/day 110 20 3 d
2.0 Chevron 0.625 3 times/day 170 14
g 1.0 Straight 0.625 3 times/day 125 8 ¢3(2)
1.0 Chevron 1.500 3 times/day 100 8 3(2)

1.0 Chevron 0.625 1 time/day 110 6 ¢3(2)

Ll e

.!'
%
!
H

Notes: (1) Based on an exposure period of 15 days.
(2) No SCC growth until 16 to 32 days. |

g |
|
o
B
ki
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¢

ié' Table IIT

COMPARISON OF MAXIMUM SCC PROPAGATION RATES IN THE 3.5% NaCl

ACCELERATED TEST AND IN QUTDOOR ATMOSPHERES (1)
ﬁ Alloy
¥ and Averace Plateau Veloeity in./hr. x 1075
Temper (Ih days)] Seacoast (6 mo.) Industr@l (b mo.)

7079~T651 320 35 25

7059-T6 51 220 ? 25

§ 5456-3ens . 210 ;o 2

2019~737 210 20

201.4-T651 120 15 10
2024-T351 100 - 20 10

: 7075~T651 100 20 10

i 2021-~181 30(2) (2 2 é’c‘

‘. 2219-787 20 2; 42 1(2
2024-1851 20(2 a(2 0.5(2)

| g6~m17 6é23 0.2 0.2

b 0B1-T651 6(2 0.2 0.2

| 7075-T7351 3 0.2 0.k

I Notes: (1) %esgs ﬁ? 1-in. high, straight notch DCB specimens

; Ref. 4).

(2) Mechanical fracture rather than SCC.
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SCHEMATIC ILLUSTRATION OF SCC GROWTH AND THE
RELATIONSHIP BETWEEN THE SCC PROPAGATION
RATE AND THE DECREASING STRESS INTENSITY

IN A BOLT LOADED DCB SPECIMEN

Fig. 1
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SCC PROPAGATION RATE-in./hr

LR Ilill
L

DESICCATOR
(<01% RH, 80°F)

T

i 1 1 - 1 1

4 8 12 16 20 24
STRESS INTENSITY-ksivin.

EFFECT OF CORROSIVE ENVIRONMENT ON SCC PROPAGATION
RATE IN 7079-T651 ALLOY PLATE (2.5-in. THICK)

Fig. 4
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HYDROGEN CONCENTRATIONS IN 7075 ALUMINUM ALLOY SURFACES
AFTER STRESS CORROSION EXPOSURE

t
P. N. Adler,f G. M. Padawer,i and E. A. Kamykowski

Research Department
Grumman Aerospace Corporation
Bethpage, New York 11714

ABSTRACT

We have used a recently developed method of nuclear microanaly-
sis, the lithium nuclear microprobe (LNM), to measure hydrogen con-
centrations within the first few microns of the surfaces of selected
metals. he technique utilizes the resonant nuclear reaction
14.7L1i,v)%Be, which is initiated by fast /Li ions delivered to
the target sample by a Van de Graaff accelerator. The yield of
gamma rays is proportional to the hydrogen concentration at a depth
at which the bombarding 7Li ions have been slowed to 3.075 MeV,
the resonance energy. By raising the bombarding energy above this
threshold level, deeper lying regions in the host material can be
successively assayed. The depth resolution of the LNM technique
for aluminum is typically 0.2 ym. The sensitivity, established on
the basis of interfering background levels and concentration cali-
bration standards, is better than 5 ppm (weight).

We will describe this technique and report on measurements ob-
tained in 7075 aluminum alloy. Both higher strength, T651, and
overaged, T7351, tempers of 7075 aluminum alloy were exposed to a
3.5 percent aqueous chloride solution at pH = 2 and at stress
levels of 0, 25, and 50 ksi. We find that very high hydrogen -
concentrations are introduced as a result of environmental ex-
posure. In overaged material, which is not susceptible to stress
corrosion attack, the observed hydrogen concentrations are found
to depend on the applied stress levels during exposure; a lesser
dependence is observed for the higher strength temper. As demon-
strated by this work, the LNM offers a sensitive technique for in-
vestigating hydrogen-related corrosion phenomena. This work was
partially supported by Navy Contract N00019-72-C~0404.

TMaterials and Structural Mechanics

3
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Introduction

The importance of hydrogen to stress corrosion attack in 7000
serles high strength aluminum alloys has long been a point of con~
troversy. A good deal of recent evidence suggests that stress
corrosion of these alloys is a form of hydrogen embrittlement.
Montgrain and Swann (Ref. 1) have reported evolution of molecular
hydrogen during deformation and intergranular fracture of an
Al - 7% Zn - 3% Mg alloy exposed to a saturated water vapor en~
vironment. In addition, they observed the embrittling effect of
unstressed pre~exposure in this environment. Speidel (Ref. 2) has
reviewed the possibility of hydrogen embrittlement of aluminum al~
loys and suggested that stress corrosion cracking of aluminum al-
loys in gases containing water vapor can be attributed to hydrogen
embrittlement and that stress corrosion of these alloys in aqueous
solutions could be due to hydrogen embrittlement.

Localized hydrogen measurements of the concentrations in the
critical region preceding a stress corrosion crack or in the grain
boundary region where attack takes place would be of great value
in resolving the influence of hydrogen. An attempt to determine
whether hydrogen concentrates at grain boundaries in a cathodically
charged pure Al =~ 4% Zn - 3% Mg alloy was made using an auto-
radiographic technique with a tritium tracer (Ref. 3). Although
some indication of tritium segregation at grain boundaries was ob~-
gerved in stressed as opposed to unstressed samples, the results

were not conclusive.

The present work reports on an exploratory investigation that
was conducted as part of a broader program concerning the develop=-
ment of the lithium nuclear microprobe (LNM) for localized, in situ,
hydrogen measurements in surfaces (Ref. 4). The work represents
the first stage of an effort to evaluate the role of hydrogen in
the stress corrosion attack of high strength aluminum alloys. Spe~
cifically, the hydrogen concentration in surfaces of both suscepti-
ble and nonsusceptible tempers of 7075 aluminum alloy exposed to
stress corrosion environments is evaluated.

Experimental

"Dog~bone" type flat specimens of both highly susceptible T651
and nonsusceptible overaged T7351 tempers of 7075 aluminum alloy
were prepared from a commercial rolled bar, 3 in. x 6 in. x 12 ft.
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Slices of 0,150 in. thickness were cut from the bar, and five
tengile specimens were machined from each slice maintaining the
short transverse direction of the bar in the eventual uniaxial
loading direction. The specimens had a reduced center section of
1.500 in, length x 0.500 in., width x 0.050 in. thickness. The
T7351 temper was obtained from the '"as~received" T651 material by
heat treatment at 175°C for 9 hours. ‘

~ Samples of both tempers were exposed to a 3.5 percent aqueous
chloride environment at pH 2.0 for approximately 2700 min at
stresses of 0, 25, or 50 ksi. These stresses are approximately
0, 35, and 70 percent of the average yield strength of these
tempers. For the stressed specimens, the exposure was sufficient
to initiate and propagate stress corrosion eracking on specimens
that were originally smooth surfaced. For all cases, only one of
the two flat surfaces was exposed to the chloride solution; the
other surface acted as a control for stress exposure, Details of
surface preparation and stress corrosion testing have been re~
ported (Ref. 5).

The basic features of the LNM for localized hydrogen analysis
have been described previously (Refs. 4, 6, 7, and 8) aud are illus~
trated in Fig. 1. Essentlally, /Li 4ons at a kinetic energy of
3.075 MeV react with hydrogen nuclei in the surface to form the
fifth excited state of SBe, which decays promptly by emitting
either a - 17.64 or 14.74 MeV gamma ray. The number of gamma
rays emitted is directly proportional to the number of hydrogen
nuclei at the par;icular depth probed. By control of the energy
of the incident ‘Li beam, the probed depth can be varied. This
depth can be determined accurately by knowing the incident beam
energy and the stopping power property of the target material,
Measurements can be made to several microns depth with an approxi-
mate 0.2 uym resolution. Since only a small percentage of the
existing hydrogen nuclei react and the structure of the host is
not significantly affected by the incident 7Li . ions, the tech~
nique can be considered nondestructive. Hydrogen concentration
calibration was attained over a composition range from 32 ppm
(0.0032 wt % H) to 2.64 wt % H with a +8% estimated uncer-
tainty. Three NBS hydrogen~in-titanium standards (NBS 352, 353,
and 354) and Kapton, a polyimide f£ilm, were used for the calibra-
tion. Detalls of calibration have been fully described (Ref. 4).

Hydrogen concentrations were measured approximat?ly 8ix months
after stress corrosion exposure., A $~in., diameter 'Li beam im-
pinged normal to the 0,420 in., x 0.560 in. surface area of dog~bone
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. ”“53 specimens that were exposed to the aqueous. chloride environment. - . :
Measurements at specific depths of 1.2 ym and 2.6 uym were nade e

i uging beam energiles of 3.7 and 4.4 MeV, respectively. For 3
B concentration~depth profile measurement, beam energies from 3.05 , Ry
_,1 to 4.80 MeV were utilized. Beam currents were gemerally 1 uA- ;
T for the measurements at constant depth and 0.050 pnA for the ' j
s depth profile; these currents resulted in power densities of ap=~ p
proximately 0.8 and 0.04 watts/in. respectively. :

1. Results

. The nature of surface attack for the two tempers examined in
the 3.5 percent aqueous chloride environment is illustrated in
Fig., 2. A localized type of grain boundary attack, characteristic
of stress corrosion cracking, is evident for the highest strength
stress corrosion susceptible T651 temper in Fig. 2a, whereas a
general type of pitting erosion, characteristic of corrosion, is
evident for the overaged, nonsusceptible T7351 temper in Fig. 2b.
Within each temper, the mode of attack was found to be independent

of the applied stress.
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: Hydrogen concentrations in the unexposed surfaces of T651 and

j T7351 that had been stressed at 25 and O ksi, respectively,
were found to be less than 5 ppm. On the other band, very high

. concentrations were found in exposed surfaces, as evidenced by the

: ' concentration-depth profile illustrated in Fig. 3 for the T651 tem-
per after exposure at 50 ksi, Surface concentrations of 8000 ppm
were observed, decreasing to 2000 ppm at a depth of 3 pwm. I

.

_ The effect of stress on hydrogen concentration in the exposed ‘
" T651 at a specific depth of 1.2 pm 1is shown in Fig, 4. Hydrogen !
: concentration at this depth as a function of deposited beam energy - ;

3 is illustrated. This representation shows the change in concen-

'?' ' tration that accompanies sample heating by the lithium beam. A K
3 time-dependent concentration decrease, related to hydrogen diffu- ‘
b ; sion during sample heating, was generally observed at the 0.8 watt/ i
R X in.2 power density used for the constant depth measurements. The

b : concentrations after exposure of the T651 temper at 0 and 50 ksi

e are quite similar. In contrast, results for the T7351 temper,

shown in Fig. 5, indicate that applied stress levels of 25 and
50 ksi lead to much higher hydrogen concentrations than that of
0 ksi 1loading. In fact, the intermediate stress exposure at

25 ksl led to the highest surface hydrogen concentration.
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The effect of beam heating on subsequent probes is illus-
trated in Fig. 6 for T7351 samples exposed at 25 ksi. After
an ‘initial probe at 1.2 um, a second probe was made at a 2.6 um
depth. Beam-induced heating did not affect the concentration
during the 2.6 ym probe. However, the concentration of an ini-
tial probe at the 2.6 um depth on a duplicate sample was af~
fected by beam-induced heating. After beam heating effects were
stabilized, both samples had identical concentrations at the
2.6 ym depth. Because higher concentrations were measured at
the 1.2 ym depth, a concentration gradient, similar to that
shown in Fig. 3, is indicated for this exposure.

Concentrations measured during probes at a 2.6 um depth,
subsequent to initial 1.2 ym probes, are shown in the table.
These measurements were generally independent of beam-induced
heating effects, as illustrated by the second probe shown in
Fig. 6. For one case, T651 exposed at a 25 ksl stress, the
2.6 ym depth was probed initially, but no beam-induced heating
effect was observed. The results shown in the table indicate that
higher surface hydrogen concentrations exist in T7351 than in T651
after exposure, and that the concentration of hydrogen for both
tempers does not increase monotonically with applied stress.

HYDROGEN CONCENTRATIONS* IN 7075 ALUMINUM ALLOY
AFTER STRESS CORROSION EXPOSURE

Applied Stress (ksi
Condition i) 55 55

ximum Strength (223 + 18 ppm | 1789 + 135 ppm’ | 611 + 48 ppm
T651

Overaged T7351  |446 + 37 ppm’ | 2018 + 153 ppm | 1377 # 105 ppm

*At 2.6 um depth subsequent to measurements at 1.2 um

*Initial probe at 2.6 pm (independent of beam~induced heating)

$Beam-induced‘heating effect
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The preceding LNM results indicate three significant faetors-

1. Very high hydrogen concentrations are.present to
‘a depth of at least. 3.5 um in the surface of
7075 aluminum alloy exposed to an aguecns chloride
-solution environment.

S 2. Higher.hydrogen.concentrations are presemt in the
stress corrosion exposed surfaces of the nonsus~
ceptible T7351 temper than in the susceptible T651

temper.

3. The hydrogen concentration is at a maximum for
samples exposed at- the intermediate applied stress

of 25 ksi.

The bydrogen concentrations measured are of the order of
4000 ppm by weight or approximately 10 atomie percent. Since
the solid solubility of hydrogen in aluminum -is approximately
3 ppb by weight at 400°C (Ref. 9), these exceedingly high values
must be indicative of something other than hydrogen in sclution.
We suggest that these high hydrogen concentrations are related to
the corrosion product on the exposed sample surface. A white resi-
due was observed in the sample surface expcsed tc the solution. We
attempted to identify this corrosion product using X-ray diffrac-
tion, but the results were not conclusive. This product could be a
hydrated form of AlCl3 or Al(OH) but because of the acidic
environment, the former is more likely (Ref. 10). The measured
hydrogen concentration would then relate to the hydrogen constit-
uency of the corrosion product and the amount of corrosiom product

present.

The amount and/or hydrogen constituency of this corrosion pro-
duct appears to be enhanced by stress to a greiter degree in the
T7351 temper than in the T651 temper as shown in Figs. 4 and 5 and
in the table. Considering the basic difference in attack mode be~
tween these tempers (see Fig. 2) it appears likely that the general
erosion mode of attack in the T7351 temper results in a greater
coverage of the surface by the corrosion product than in the more
localized attack mode of the T651 temper. This, in turnm, could
lead to the greater sensitivity to stress exhibited by the corro-
sion product of the T7351 temper. Additional study would be re-

quired to clarify the significance of these measurements; nonetheless
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the applicability of the LNM technique to evaluating corrosion
characteristics is evident.

Finally, the maximum in hydrogen concentration observed for
the intermediate 25 ksi exposure, as shown in Fig. 4 for the T7351
temper and in the table for both tempers, suggests an interesting
stress dependent corrosion phenomenon. Stress appears to enhance
corrosion product formation if loading on the specimen is essen~
tially elastic. Whereas 50 ksi is below the 0.2 percent off-
set yleld strength of both tempers, a good deal of microstrain
would be anticipated. Plastic deformation may be acting as a de-
terrent to corrosion product formation. Additional studies should
be performed to evaluate this speculation since it relates directly
to the stress assisted corrosion of high strength aluminum alloys.

Conc lusions

1. Very high hydrogen concentrations are introduced into
the surface of 7075 aluminum alloy as a result of ex~
posure to an acidic aqueous chloride environment;
these high concentrations appear to be related to
formation of a corrosion product.

2. Application of stress during exposure increases the
hydrogen concentration in the corrosion product of
the T7351 temper to a greater extent than in the
corrosion product of the T651 temper.

3. A hydrogen concentration maximum is observed in both
tempers for samples exposed at an intermediate stress
level.

4. Direct measurement of hydrogen in exposed surfaces may
be of significance in understanding corrosion product
formation as well as in evaluating relative corrosion
susceptibility.
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~ PROTECTIVE SYSTEM FOR FASTENER AREAS
. OF CARRIER-BASED NAVAL AIRCRAFT

by
Robert M. Miller

Gwen G . Sesliger
Wilbum A. Boggs

Lockheed-Geongia Company
© Maristto, Georgla. .

Abstract

Results are presented for a three-year progrom fo develop a full tempemiture range {~-65 to
325°F) protective system for the fastener areos of carrier-based Navy aireraft. In the
laboratory phase of the program a selacted group of primers and: fopcoats were subjected to
scroening tests which included themmal sbbility-gt 350°F, scribe tests, moisture perme-
ebility, tensile and elongation properties at ~65°F, and bend and impact tests of coated
penels at ~65°F . Aluminum ponels, coated with the candidate systems, were exposed to
sun ond solt spray for six months ot o Florida sea coost site, . :

The primers and topcoats which passed the scrosning tests were applied to aluminum and
titonium fatigue specimens which had a typicol aircrft joint with eight fasteners. After
five cycles of a simulated flight spectrum, e specimens were chacked for coating defects,
corrosion, gloss retention, and coating adhesion. Representative specimens were'stripped,
disassembled and examined for evidence of exfoliation and general corrosion.,

The results of the faboratory evaluation indicate the best coating combinations fo be three-
loyer systems. These were composed.of an inhibised polysulfide or MIL-P~23377 epoxy-
polyomide primer, an aliphatic linear polyumethane topcoat, and intermediate coats of
elastomeric polyurethane, inhibited polysulfide, or fluproelastomer. These ‘were applied
in August 1973 to test craas on the upper cenber wing Mavy C-130 Aircroft No. 149787
stationed ot Barber's Point, Oahu. They were also applied to five A~5 carrier~based

Navy agircraft in the fall of 1974, .. - ' x

introduction .

Corrierbosed Noval airciaft, because they must withstand ocean spray, stack gases from
the alrcroft carrier, and temperatures ranging from -65 to 3259, pose an unusually severe
maintenance problem, When the wings are flexed at the subzero temperatyres of high
altitude flight, the cooting systems in current use crack in the fostener areos. Upon its
return fo the flight deck, the aircraft is exposed to sec water mist which penetrates the
cracks adiacsnt 1o the fastensrs ond initiates corrosion reactions,
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For the past two years the Lockheed-Georgia Company, under @ Naval Air S ystems
Command contract, has been developing o protective system for the fastener areas of
carrier-based Naval aircraft. Mr. T. A. Johnston of NASC s the Project Monitor. It
is the objective of this program to develop and test a protective system for airéraft
fastener areas which will:

(@) prevent the entry of corrosive media associated
with a morine envlronment,

(b) not degrade sigmficunfly around stressed fasteners
under cyclic flight loads anticipated during three
years of aircraft operation with repeated exposures
to the extremes of the temperature ranige -65 to
325°F,

(¢) be compatible with a chemicai pretreatment (over
aluminum and titanium) and a subsequently applied
white aliphatic polyurethane topcoat, MIL-L-
‘81773A,

(d) not be readily damaged in service but; if damaged,
will be readily repairable at the orgonizatmnul
maintenance level, and -

(e) be 5 mils or less in thickness with minimum weight
consistent with desired performance, -

Selection of Materials

Some of the coatings which were used in this program were selected on the basis of their -
performance in previous laboratory tests. Others were modified by the manufacturer to
obtain balance of flexibility and toughness in the primers, and f|exibilify ond gloss refen-
tion in the topcoats.

The primers and intermediate coats included epoxy-polyamides, modified epoxy~polyure-
thanes, elastomeric polyurethanes, polysulfides, and a fluoroelastomer. Tedlar and
aluminum foil tapes were also evaluated as potential intermediate coats for fastener
patterns. The topcoats were aliphatic linear polyurethanes produced by a variety of
manufacturers. The metal substrates used-in this study were: 7075-T6 olummum, 2024—-0 ‘
aluminum, and 6Al-4V tifunium. : n
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Screening Tests

. --Thermal Sﬁb_‘_'"y Test

The -cdﬁdtdqfe”codﬂngs were first subjected to a battery of screening tests which inclyded
thermal stability at 350°F, and =65°F tensile elongation, bend, ond impact tests.

The thermal stability tests were conducted on a Mettler Thermogravimetric Analyzer shown
in Figure 1. A sample of each material was heated to 350°F ahd held there for two hours.
During the test, simultaneous plots were made of temperature ond sample weight. Table |
lists the percent weight losses of some of the candidate coatings at the conclusion of the

4-hour test period.
i TABLE |
SUMMARY OF THERMAL STABILITY
i o Tedlar Fitm 2.7 Shrank In size
8 B Aliphatic PU, Bostik-Finch 5.7 Some loss of fiexibility, discolored
i Elastomeric PU, 3M 1.9 Soft and tacky
A B Elastomeric PU, Hughson 13.3 .Soft and pliable
§ % Elastomeric PU, LTV 35.2 Soft and pliabie
g B Elastomeric PU, PRC 1.9 Darker ori one side
§ & Aliphatic PU, Andrew Brown 29.7 Loss of flexibility, discolored
§ *Polyurethane ‘
‘ R,
1 & All coatings which embrittied during the heating cycle or which sustained weight losses of
[ more than 15%, were considered unacceptable.

o -..x‘.:té

Tensile and Elongation Tests

Free films for the tensile and elongttion tests were made by

the average tensile and elongation dota.

applying the coatings to a non-

adhering surface to give a 20 mil thickness. The cuatings were fully cured and dumbbell-
shaped: tensile specimens were. stumped from the film. The specimens were 1/4" wide in the
test section. Three specimens of each coating were tested at -65°F. Table 1l summarizes

The Hughson elastomeric polyurethane and the PRC polysulfide have the best low temperature
elasticity of the primers and intermediate coats. The DeSoto topcoat, w(!;ich is a MIL-C-
83284 aliphatic-linear polyurethane, had an elongation of 18.9% at -65 F, This Is more
than double the elongation of dny of the other topcoats which were evaluated, All the
polyurethanes have high tensile strengths - 5,450 to 14,000 psi.
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METTLER THERMO GRAVIMETRIC UNIT WHICH WAS USED TO DETERMINE THERMAL STABILITY




TABLE 1l
TENSILE STRENGTH AND ELONGATION RESULTS AT -65°F

ot R A R )

IR

s - Coating Tensile Sirengih Percent (%)
2 e (Lbs/In2) Elongation
"Aliphatic PU*, Bostlk-Finch 9,470 10.7
Elasfomeric PU, 3M - 545 62.8
Fblysi.ilfide, PRC 296 100.0
Elastomeric PU, Hughson ' 5,433 - 100.0

& Elastomeric PU, LTV 5,630 75,1

i -Elastomeric PU, PRC 6,180 . 36.7
b Aliphatic PU Topcoat, DeSoto ' 14,100 18,9
" Aliphatic PU Topcoat, Andrew Brown 9,866 : 9.9

g *Polyurethane - ‘

Impact Flexibility

The impact flexibility test specimens, 3" wide by 6" long by .030" thick, were made of
2024-0 aluminum with a chromate conversion coahng. Each panel was coated with a com-
bination of primer, intermediate, and topcoat to give a total coating thickness of 4 + 1 mils,
Specimens were cooled to -65%F, Individual specimens were removed from the low fempera-
ture environment and the impact flexibility was determined by allowing a 2 pound weight,

1 inch in diameter, to fall upon the panel from a helghf of 20 inches. The test was ton-

Figure 24 is an example of a coahng sysfem which had enough flexibility to withstand the
-65°F impact- test without cracking. Figure 2b illustrates a brittle coating sysfem. g

flend Tests

The specimens used for the impact fiexibllity test were again cooled to -65%F . Individual
specimens wére. removed from the low temperature environment and within 3 seconds the
specimeris wére bent 180° over a mandrel 1/4" in diameter. The fest was conducted by the
procedute outlined in Federal Test Method 141, Method 6221, In general, the cwfings
which petformed best on the impact flexibility test also performed well on the bend test.
Examples of the better systems dre: .

(1) DeSoto polyurethane topcoat over PRC poly:u|fide intermediate coat
~ and Andrew Brown epéxy=polyamide primer (Figure 3a),

(2) DeSoto topcoat over Hughson elastomeric polyurethane mfermediqte
coat dnd Andrew Brown epoxy-polyamide primer.

Figure 3B is an example of a brittle system.

7 SRR TR I B e ke

o F R
o i i Aﬁ‘ BEEELAT R NS

ducted in uccordance with the procedure outlined in Federal Test Method 141, Metha-! 6226.
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Florida Exposure Specimens

Seacoast exposure tests were conducted on three sets of 2024-0 aluminum panels, 6" x 12" x
032" which were anodized, dichromate sealed, and coated with the candidate protective
system. The back of each panel was coated with a clear polyurethane to assure that corro-
sion would not initiate on the back side. Gloss measurements were made for each specimen.
They were then sent to Miami Marine Research Laboratories at Miami Bedch, Florida for
marine atmospheric exposure tests and mounted on a raft in Biscayne Bay facing the south

for maximum exposure to sunlight.. This exposure to intense ultraviolet radiation and salt
spray serves as a test of gloss retention. One set of specimens was returned after 6 months
and checked for gloss retention. All specimens were in excellent oondnion and the gloss
reaclings were only a few poinfs below the original reodmgs.

Coated Fatigue Specimens for Simulated Flight Spectrum

e

Specimen Preparation

Fatigue specimens made of aluminum and titanium, illustrated in Figure 4, were prepared

for the environmental cycling tests, Half of the specimens were made from 7075-T6 aluminum
and the other half made from 6Al-4V titanium. Each specimen had a pattem of eight
fasteners, Prior to assembly a MIL-C~5541 conversion coating was applied to the aluminum
specimens and a phosphate conversion coating was applied to the titanium specimens.

During the first year of the program the fasteners were not wet installed in the fastener holes
and a large number of exfoliation defects were noted when the specimens were stripped after
the environmental cycling tests. All fasteners were wet installed with inhibitive sealant in
specimens prepared-during the remainder of the program. The specimens were coated to a
thickness of 4~5 mils with combinations of the primers, intermediate coetings and topcoats
which performed best in the screening tests.

Environmental Cycling

The specimens were subjected to the simulated flight spectrum diagrammed in Figure 5.
At the conclusion of the environmental cycling the specimens were carefully examined for
cracks, blisters, and evidence of substrate corrosion. Intercoat adhesion and adhesion of
primer to substrate were checked by the wet tape test. The fasteners were removed from
representative specimens and the fastener holes were checked for corrosion.

Results of Environmental Cycling Tests - During the first heating cycle, most of the speci-
mens with the aluminum and Tedlar tapes blistered in the taped areas due to the vaporization g
of residual solvents in the polysulfide bonding layer (Figure 6). In addition, one of the ¥
elastomeric polyurethane coating systems wrinkled severely. Both groups of specimens were 4
removed from the test program. At the conclusion of the five environmental cycles, the !
most prevalent defects were fine cracks in the cooting around fasteners on some of the

titanium specimens, as illustrated in Figure 7. In comparison with the results of tests



mu_. TopveE. e . A e

K ST & [ SR -
: i , e
P >

i

L Sm e s e e e e o e

i

L B

BT IO

wxDmOm_.Xm GNY UZ_O<OJ INIOAT 4,69~ 304 NOUVINDIINOD NIWIDI4S INOUV4

“y UNOI

L winiuDyij WALUD ] Ap-|V9
....,_oxm_@.soanu‘_. _mo_u.&ziﬁ.ﬂﬁ_

a(Euh{E 4IN3LSV4 IVIYILVW N3WID3dS

J_ .ﬁ.mﬁ.o .. ﬁ. GZ1°0

AT

A -
D

S
|
'I:'
i
i
|

g

|

e e €0 " 0" - o “'_l°,"' -4
R el el

|

i

l

'. .
3
(&)

-

00" 1 ul : . 00°¢ .

e L T X PN o




[ HUMIDI HAMBER e R.H. F) | ,
1 WEEK

W METER EXPOSUR '

1 WEEK

¥
VACUUM
CORRESPONDING TO 35,000 FT. ELEV.,
2 HOUR | ' *

H‘T‘io SOAK ] - RECYCLE 5 TIMES
100° TO 325°F IN 2 HOURS

L g

¥
1 '. TYCLIC LOADING
4 £ 250 CYCLES AT ~65°F

Y W
ER Ktlb‘um‘?"g“r D SALTSPRAY |

- 1 WEEK >

[ EXAMINATION OF SPECIMENS |

FIGURE 5. SIMULATED FLIGHT SPECTRUM DIAGRAM

v

.~ : “ :.“‘




Y i b S v R At SRR Lt oy XY tShanid ) AN LMo B s a2 T T T e g Tt -
> '
3 !
v 3
il 4
ik 9
o B
g W
[ 8 . , *
,2 - B L Y e . b
B . 3 .
8 : i
o } {
i : {
;) ; ]
- , i' 8
: k i
< ' Y
: H N
) L
: 3

3

|

. ; )

i oA

: ; 3

! o

T 0 de o o

g ERA R R R L I T s S @k *,‘,,_ i %
8 Rty i B e 2 N ) hEs Nk :
,i, YRt AR 3 A N % "’:}‘\ f ;
" . . :

A

NNERPAI

L
DR 2

FIGURE 7. FINE CRACKS AROUND FASTEMNERS

L

Rih

§

. B .
AR e i

AND ALUMINUM TAPE (RIGHT)

FIGURE 6. BLISTERS UNDER TEDLAR (LEFT)




T T O U e s e e ”

conducted in 1972, there was a very low incidenice of exfoliation corrosion around fasteners.
This is attributed to the fact that the fasteners were wet installed with Inhibited polysulflde

seclant .

None of the two-component systems, composed of a primer and topcoat, met nll the turget
requirements. Except as noted, almost all of the fatigue specimens with the three-component
coating systems were in excellent condition at the end of the five environmental cycles. :
Flgure 8 shows two oF the specimens after the envlronmentul éxposure tests, .

The concept of a three-component coating system for fastener areas is quite compotlble with
the current procedures for painting carrier-based Naval aircraft. The entire aircraftis = .
given a MIL-P=23377 primer coat, a flexible coating is applied over the fastener paﬂerns
only,, and a topcoat is applied over the total surface. A

The wet tape tests which were made at the conclusion of the envlronmenfa,l'cyclltjg'reveéled'
that the elastomeric polyurethanes had poor adhesion when they were applied clu‘ectly Yo
aluminum or titanium substrates but had good adhesion over a MlL-P-23377 prlmer.. There-
fore, the presence of a primer base coat is essential. ,

Application of Test Coatings to C-130 Aircraft

e T o iR TNB - Mgy MY

B

The coating systems which gave the best performance in all the laboratory tests conducted "]
on this program during 1972 and 1973 were applied to test areas on the upper center wing :
of Navy C-130, No. 149787, on 24 August 1973. The center wing is one of the more
highly stressed structural components of the aircraft and is made of anodized 7075-T73
aluminum extrusions. Figure 9 is a photograph of the aircraft in the paint hanger.
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The MiL~P-23377, epoxy-polyamide primer performed well in most of the laboratory tests

and is also already in use as a primer on military aircraft. For these reasons, itwas =
selected as the primer for use on the C-130 field service test. The MIL-P-23377C epoxy- -
polyamide primer and the MIL-C-83286 aliphatic linear polyurethane topcoat were used :
on all test areas, with intermediate cocts of elastomeric polyurethane, inhibited polysuifide, ;
and fluoroelastomer. On two additional test areas, 5% stiontium chromate inhibitor was
blended with the elastomeric polyurethane intermediate coats.
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Figures 10 and 11 are views of one of the test areas before and after painting. The test
C-130 was flown back to Barber's Point on the island of Oahu in September 1973, There. .
it is being exposed to solar radiation, rain, and salt spray in-a semi-tropical .-env.ifonment».
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The alrcraft is being inspected at intervals of approximately six months for evidence of
coating deterioration on the test areas. The test aircraft was inspected in February and
September of 1974. All test areas were in excellent condition, At the conclusion of the
three~yedr test period, the test areas will be stripped, lnspected und recouted wllh the
standard coating system.




FIGURE 8. FATIGUE SPECIMENS WITH THREE-COMPONENT COATINGS AFTER
ENVIRONMENTAL EXPOSURE TESTS
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FIGURE 11. TEST AREAS AFTER PAINTING

FIGURE 12. TEST AREAS BEFORE PAINTING
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Application of Test Coatings to A-5 Alrcraft

For a final Iong-terﬁ fleld service evaluatlén, the most promising coating systems, plus two

. additional systems, were applied to five. carrier~based A~5 supersonic alrcraft in the fall of

1974, Factors which were considered in o final selection were: performance in laboratory
tests, application properties cost, and availability, . One of the additional systems utilizes
an epoxy-polyurethane primer and intermediate coating material developed.by the Naval
Air Development Center at Warminster, Pennsylvania. In another system, a corrosion=
inhibitive polysulfide material is used as the primer and intermediate couting. This system
‘was developed by Lockheed-Georgla and has been dpplied to séveral Air Force C~130's,
C=141's, F-104's, and B-52's. Table Il describes the five coating systems used in the field
service evaluation. The starboard and port side of five.aircraft wilt be painted with a dif-
ferent system. Each system will be applied to the port side of one aircraft and the starboard
side of-another.

All five of the A-5 aircraft will utilize the Lodkheed-Georgia walkway coating system on

the upper fuselage. This system is composed of 3 mils of inhibitive polysulfide primer, 3 mils
of aluminized inhibitive polysulfide, and a polysulfide topcoat which contains asbestos fibers.
This coating system protects the upper wing of Air Force C-130's.

After their return to the aircraft carriers, the A~5's will be inspected at six-month intervals
for a three~year period, The results of the rigorous laboratory evaluations, plus the perfect
condition of the C~130 test coatings at the end of six months, indicate that most of the
coating systems will meet the target requirements.

Conclusions

1. The only topcoat which meets ihe low temperature flexibility requirements of this
program is DeSoto MIL~C-83286, aliphatic linear polyurethane.

2. Wet sealing of fasteners during installation is essential to the prevention of countersink
corrosion and reduction of cracking or blistering of the coatings in the fastener areas.

3. Protective coating systems composed of a linear polyurethane topcoat, an elastomeric
polyurethane .or- inhibited polysulfide intermediate coat, and an epoxy-polyamide or
inhibited polysulfide primer, provided excellent protection for both the aluminum and
tianium specimens during the environmenta! cycling tests.

4. Tedlar or aluminum foil tapes are unsuitable for use as an intermediate coating on
fastener patterns because, due to solvents or air pockets beneath the tape, they would
tend to blister at elevated temperatures.

5. Three-layer coating systems which were applied to Navy C~130 aircraft No. 149787,
composed of a MIL-C-83286 polyurethane topcoat, an eldstomeric intermediate coat,
and a MIL-P-23377C epoxy-polyamide primer, are in excellent condition after one

- yedr of service and should provide good protection for the fastener areas of carrier-
" based aircraft for three years,
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TABLE 111
A COATlNG SYSTEMS APPLIED TO FIVE AIRCRAFT
~ AIRCRAFT NO - PORT SIDE A STARBOARD SIDE
1 "~ . Primer: (Andrew Brown) - " Primer: '(NADC) '
. S © MIL-P~23377, - ; 90-50M,
;. - Epoxy~Polyamide .~ Epoxy=-Polyurethone
) - Sealant: (PRC) - . . . Sealant: (NADC)
' - PR-1436G,. - - . oo - 90-50M, .
‘ Lo Polysulfide: - S . prxy-Po'lyumhane
- 2 . Primer: (NADC) . Primer: -(Andrew Brown)
| | 90-50M, S MIL-P-23377,
3 L ~ Epoxy=Polyurethane | S Epoxy-Polyamide
7 Sealant: (NADC) | “Sealant: (Hughson)
90-50M, M413/M200,
- o .+ . Epoxy=~Polyurethane -~ -Elastomeric Poly-
- : vrethane
ts 3 Primer: (Andrew Brown) Primer: (Andrew Brown)
- MiL-P-23377, ~ MiL-P-23377,
- Epoxy~Polyamide : Epoxy~Polyamide
- | Sealant: (PRC) Sealant: (PRC)
# - RW-1025-83, | PR-1436G,
Elastomeric Polyurethane Polysulfide
4 Primer: (Andrew Brown) *Primer: (PRC)
: MIL-P-23377, : PR-1432GP,
" Epoxy~Polyamide Polysulfide
. Sealant: (Hughson) Sealant: (PRC)
i - =  M413/M200, - PR-1432GP,
i ' Elastomeric Polyurethane Polysulfide ‘ N
5 *Primer. (PRC) " Primer: " (Andrew Brown)
- PR-1432GP, - MIL-P-23377,
Polysulfide ' ~'Epoxy~Polyamide
Sealant: (PRC) Sealant: (PRC)
PR-1432GP, : RW-1025-83,
Polysulfide Elastomeric Poly-
uréthano
NOTE: TOPCOAT: All aircraft shall be topcoufed with the _
DeSoto MIL-C-83286 (grey) and the  Andrew Brown

MIL-C-81773 (insignia white)
* The (PRC) polysulﬁda, PR-1436G, shall be used in high temperature areas as primer and
sealant .,
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CORROSION AND CATHODIC PROTECTION OF WIRE ROPES IN SEAWATER

T J. Lennox, Jr., M, H, Peterson
_ ‘and R. E., Groover (Retired)
_-Naval Research Laboratory, Washington, D.C.

ABSTRACT.

. Eleven different alloys were exposed as unstressed wire
ropes in seawater., Ropes were exposed totally immersed with .
and without cathodic protection and partially immersed with: the.
ropes extending through the tidal zone. Rope congtruction was
of three types; independent wire rope core (IWRC), wire strand
core (WSC), and fiber strand core (FSC). -

» - The corrosion characteristics and response to cathodic
protection 4dre reported. Recommendations are made for selection
of wire rope for up to 2 years service in seawater with or
without cathodic protection,

- INTRODUCTION

. There are many Naval applications which require the use
of wire rope or armored electrical cable in a submerged or
partially submerged condition, Wire rcpes are an essential
component of most deep ocean mooring systems, Deep oceéan moors
range from large complex systems to relatively simple single
point moors used for oceanographic instrument packages,
meterological data buoys, or underwater weapons,

. There has been a definite need for engineering data on the
corrosion characteristies of wire ropes and on the response of
wire rope to cathodic protection. To obtain data of this type
wire ropes of 11 different materials were studied in 790-day
experiments at the NRL Marine Corrosion Research Laboratory,
Key West, Florida.

EXPERIMENTAL PROCEDURES

Some of the wire ropes were fabricated from a single metal
or alloy; in others the wires were coated with a second metal
or alloy such as aluminum, zinc, or copper~nickel., It was not
possible to obtain all of the wire ropes with an independent
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wire rope core (IWRC) construction; some of the ropes had a

" wire strand core (WSC) and others a fiber strand core (FSC).

" The ropes’ were generally selected so that the minimum diameters
"of the individual wires were similar but this was impossible
for the smaller diameter wire ropes,.

The construction, rope diameter, wire diameter, and
coating thickness, where applicable, are shown in Table 1.
Three specimens of each material, except for one of the cobalt
alloys with limited availability, were studied in an unstressed
condition. Two specimens were 4 feet long and were used for

"the total immersion phase of the study; one with cathodic

protection from a zinc anode and the second unprotected. The
third specimen: was 10 feet long and was exposed partially-
immersad

All of the specimens were suspended beneath a piler in
clean, quiescent seawater with a resistivity of 19 + 2 ohm-cm,
a pH of 8,3 £ 0.2, and a temperature range of 62° to 90 °F,
More detailed information on the preparation of the sSpecimens

and on the seawater characteristics is available in Reference 1.

At the conclusion of the exposure period, the specimens
were cleaned according to ASTM procedures (2). Each strand of
the chemically cleaned rope was examined at 20X magnification
under a stereo microscope. In some instances the strands were
intentionally unraveled and individual wires were also examined
under the microscope. . '

At the completion of the microscopic examination it was
evident that a comparison of the initial and final diameters
of the individual wires would not produce meaningful data
because of the highly localized nature of the corrosion on some
of the materials and that a qualitative evaluation of the
specimens would be adequate to characterize the corrosion and
the effectiveness of cathodic protection,

Complete details of the specimen preparation and mounting

procedures, specimen cleaning procedures, photomacrographs of
corroded areas and potential-~time data for some of the ropes
may be found in Reference 1.

ANALYSIS OF CORROSION

The deg1 e and type of corrosion and other observations on

each wire rope material under the various exposure conditions
are shown in Table 2. To assist in the selection of wire rope
for marine service a qualitative estimate of the degree of
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corrosion on each material has been plotted as a function of
exposure zone with respect to mean low water (MLW) and mean

~high water (MHW) on Figures 1-9. The estimations of the

severity of corrosion were based on the most severe corrosion
observed under each exposure condition.

PhOSphor BronzeA

Phosphor bronze, Figure 1, was one of the least covrosion

-resistant rope materials studied The most severe corrosion

occurred at the tidal zone of the partially immersed specimen
but severe corrosion was observed on the unprotected ropes
under. all exposure conditions. The cathodically protected
specimen was only slightly corroded, but the alkali generated
in the cathodic protection procesq resulted in unacceptable
deterioration of the FSC.

Visual examination of the rope at 183 days indicated that
appreciable corrosion had occurred prior to the inspection.
Noticeable localized reduction in the diameters of the individual
wires was observed in the totally immersed specimen at this time,
There was an accumulation of green corrosion products on the
partially immersed specimen both in the immersed zone and in the
zones abhove MHW, At a 325~day inspection multiple broken wires
were found in the tidal zone of the partially immersed specimen
and a heavy accumulation of green corrosion products was

. observed on the totally immersed unprotected specimen.

Galvanized Steel

The IWRC (Source 2) galvanized rope was less severely
corroded than the hemp FSC rope (Source 1) except in the splash
zone and above where severe corrosion occurred on both materials,
Figure 2., This difference in behavior was first noted at the
183-day inspection when corrosion in the form of rust was
observed on both the partially immersed and totally immersed
unprotected specimen of the rope with the FSC. Rust on the IWRC

~rope was limited to the splash zone of the partially immersed

specimen at the 183-day inspection,

This difference in corrosion bhehavior cannét be fully
explained but the more severe corrosion on the Source 1 material
ig believed to be associated with the FSC construction, From
Table 1 it is evident that the thickness of the zinc coating on
the two ropes were essentially equal. It is therefore doubtful
that this factor contributed to the difference in behavior.
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The possibility that the slightly larger individual wire
dianmeters on the IWRC rope contributed to its superior
corrosion resistance cannot be completely discounted.'

Galvanizing (up to 0.6 mil Zn) protected the IWRC rope
for slightly more than one year except for the splash zone
where the coating failed in less than 6 months. The

. galvanizing (up to 0.9 mil Zn) on the FSC rope failed in less

than 6 months on both the totally immersed. and partially
immersed specimeuns,

Cathodic protection from a zinc anode extended the life
of the galvanized wire ropes to over 2 years but caused severe

- deterioration of the hemp FSC of the Source 1 rope.

"Aluminized Steel

In the totally immersed condition, aluminized-steel wire
rope was one of the most corrogsion resistant materials studied, .
Figure 3. As for the galvanized ropes, however, the hemp FSC
aluminum rope showed less inherent corrosion resistance than
the IWRC rope.. This difference was particularly evident in
the tidal and splash zones where severe to very sSevere corrosion
was noted on the FSC rope a8 compared to the slight to moderate
corrosion found on the IWRC rope. Both ropes showed excellent
corrosion resistance in the totally immersed condition with
only slight to moderate corrosion after 790 days.

The hemp FSC is believed to be the major factor in the

reduced corrosion resigtance although differences in the initial

individual wire diameters may also have been a contributing

factor., In this regard, it should be noted that the FSC of the -

partially immersed rope was severely deteriorated, but only in
the tidal zone,

The aluminized-steel wire ropes responded well to cathodic
protection. Zinc anodes extended the rope life to well over
2 years, After 790 days the ropes were essentially free of
corrosion with much of the aluminum coating still intact.
The hemp ¥FSC, however, was severely deteriorated in the
cathodically protected rope.
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‘Type 304L. Stainless Steel -
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o Discuasion of these ropes have been grouped because of
_;their similar behavior. The 90-10 copper-nickel clad
stainless steels (Figures 4 and B), the Type 304L stainless
steel (Figure 6), and the Type 216 stainless steel (Figure 7)
. were among the least corrosion resistant. 6f the materials :
“#tudied., The primary type of corrosion on the stainless
‘steel ropes, both clad and unclad, was localized crevice
corrogion and tunneling with resultant individual wire
N - .. - breakage. ' Both unprotected specimens of the Type 216 stain-
o .7 L less sSteel rope were completely severed by crevice corrosion
] 7. T 4in the immersed 2one, .-

External visual examination of stainless steel wire ropes
can lead to serious misjudgement on the extent of the corrosion,
In some instances individual wires which appeared to be in
~excellent condition were found to be completely hollow and
were readily perforated by moderate pressure with a needle
‘probe. Such hollow wires obviously retain only a small fraction
of their original breaking strength. . .

: : The copper-nickel clad wire ropes were no more corrosion
resistant in quiescent seawater than unclad 304L stainless steel
rope which showed inherently poor corrosion resistance.

The pertormance of these ropes as a group was much improved
by cathodic protection from a zinc anode, but localized corrosion
was completely eliminated only on the Type 2186 stainless, and
the copper-nickel clad Type 304L stainless steel ropes. All of
the other ropes in the group showed some evidence of crevice

: corrosion.

E‘g;gg*l ang obalt Based AllAys

R Wire ropes constructed from some of the materials previously
discussed have been in use for many years and their mechanical
and engineering properties have been well established. Ropes
congtructed from 'super-alloys' have been available for only a

few years and then ounly as special order items, Thus the total
engineering experience with ropes constructed from thase materials
is extrenely 1imited.
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All of these alloys show outstanding resistance to
corrodion in seawater and the following evaluation of corrosion
resistance is intended to apply between alloys of this class
with the understanding that the group as a whole has corrosion
resistance at least an order of magnitude better than the
alloys previously discussed.

62N1~-22Cr-9Mo-2Fe~3,75CbtTa

This nickel based alloy exhibited excellent corrosion
resistance under all marine exposure conditions (Figure 8,
Table 2). Crevice corrosion was limited from slight to moéderate
localized corrosion under an area at the lower end of the
specimen wrapped with polyvinyl chloride tape. Even this
glight corrosion was virtually eliminated by cathodic protection
from a 7inc anode,

It should be noted that wires drawn from this alloy may
become extremely brittle if the alloy is heated. 2Zinc socketing
should not be used for ropes constructed from this alloy as the
embrittlement phenomenonh can occur below red heat.

40Co~20Cr-15Ni-7Mo~2Mn~-Ren, Fe

This alloy was also resistant to corrosion in seawater;
the corrosion observed was confined to a general surface etch
on the wires with slight crevice corrosion under the polyvinyl
tape on the completely immersed specimen (Figure 9, Table 2).
Wire embrittlement was found on individual wires even though
they had not been heated after receipt of the rope. The
embrittled areas were under the polyvinyl chloride tape and
were found on wires both with and without cathodic protection.
For this alloy the embrittlement phenomenon does not appear to
be associated with a heat affected zone as efforts to embrittle
wires by heating to red heat and cooling were unsuccessful.

The data for this alloy is consistent with a mechanism of
embrittlement by hydrogen generated either by the corrosion
process in the crevice or by the cathodic polarization process.
Ropes constructed from this alloy should be used with caution
until the conditions leading to embrittlement are more fully
investigated

3500~35Ni—20Cr—10M0

Because of the limited amount of rope available, this alloy
was exposed in only two conditions, i.e., totally immersed in
seawater with and without cathodic protection, Corrosion was

S S B AR IO
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confined to slight crevice corrosion (etching) which occurred
both between individual wires and under the polyvinyl chloride
tape. Crevice corrosion was reduced somewhat but not eliminated
by cathodic¢ protection from a zinec anode. '

Individual wires were embrittled in the heat affected
zone when heated and allowed to cool in air to room temperature
but no embrittled wires were found in the rope sections which
had been exposed to seawater with or without cathodic protection
and not given a post exposure hce: vreatment. Zinc socketing
should not be used for ropes - -nsiricied. from this alloy.

73Ti-13V-11Cr-3Al

stcse

7 LR

The titanium alloy wir:e vorne ad v+ y good inherxenct corrosion
resistance (Table 2), Corror!on on the monvotected ¢ jecime
was limited to occasional microscopic »'tti1g and etching.
Because of the excellent cr:rosinr resistance of the alloy, a
plot of the degree of corrosion as a funrtion of exposure
condition has not been shown. Sucn o plce would show a vertical
straight line located at tne ""non2" poziiion on the abscissa,

Despite the excellent rorrosion re-isteuce, the utility
of titanium wire rope in seawater would ke limited to non-working
ropes because of reported excessive wear of titanium ropes run
over sheaves.

SUMMARY

A summaryv of the corrosion characteristics and response to
cathodic proitection of non-working wire ropes in seawater is
shown in Table 3. There is no wire rope alloy now available
which can be unreservedly recommended for long term use in the
marine environment, If only corrosion characteristics are
considered aluminized steel, the ''super-alloys', and titanium
alloy ropes are suitable for 2-year service. Longer life would
be expected in the case of titanium, the '"super-alloy'" ropes or
larger diameter aluminized steel ropes with an IWRC or WSC.
However, the utility of the "super-alloy'" ropes is limited both
by high initial cost and the incompletely resolved problems with
embrittlement. The utility of the titanium alloy rope is
severely limited by cost and by the very poor wear properties
of the rope,

Most of the alloys studied are suitable for service for
2 or more years in IWRC or WSC construction if adequate cathodic
protection can be applied to the rope. However, the application
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of cathodic protection to long lengths (over 200 feet) of
wire rope often leads to unacceptable restrictions on the

design and emplacement of wire rope structures,
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Table 1
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: w1ro-R6pe Ccnsmruptibn Details

Construction Details

|

Metallic~-Coating

Rope Individual Wire | Number of
. Diameter Diameter Wires per Thickness -
Material (in,) (Mils) Strand (Mils)
Phosphor Bronze 5/16 18 -~ 24 19 None
6 x 19F¥SC
Warrington
Galvanized Steel 1/2 16 -~ 25 . 41 0.1 -0.9
Source 1 6 x 37FSC core:40 zinc
Warrington-
Seale
Galvanized Steel 1/2 19 - 40 19 0.1- 0.6
Source 2 6 x 19(IWRC) core:48 . zinc
Aluminized Steel 1/2 19 - 26 37 0~ 0.7
Source 1 6 x 37FSC aluminum
Aluminized Steecl 1/2 20 - 40 19 0.1~ 0.9
Source 2 6 x 19(IWRC) core:48 aluminum
90/10 Cu-Ni 1/2 20 - 40 19 1.0 - 2.8
Clad Type 304L~SS| 6 x 19(IWRC) core:47 90/10 Cu~-Ni
90/10 Cu-Ni 1/2 20 - 40 19 1.0 - 2,6
Clad Type 205-SS | 6 x 19(IWRC) core: 47 80/10 Cu~Ni
Type 304L~8S 1/2 19 - 40 19 None
6 x 19(IWRC) core:47
216 Stainless 1/4 17 19 None
Steel 7 x 19 core:l9
62Ni~22Cy-9Mo~ 1/4 16 - 18 19 None
2Fe~3,75Ch+Ta 7 x 19 core: 19+
40Co-20Cxr~15Ni~ 1/8 8 19 None
TMo-2Mn-Rem, Fe 7 x 19 core:9
35Co-35N1~-20Cr~ 1/8 8 19 None
10Mo 7 x 19 core:9
73T7i-13v-11Cr- 1/8 8 - 11 19 None
3A1 7 x 19

1
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Table 3

1 Type ‘01 Uorroxion on Wire Rope Specimanue
MU Days i Huawnlu® ut Koy Weet, Flurida

SRR AN il

R

Totnl Imacrsion

Partial Irnersion « No Cathodle Pentection

i ey iy ARG Ewed
Watorial Cathadic brotee l(wu Iumursod Zone | Kear sivtace Tidsl Zone spiash Zons Above Bplash Zane
- . Erotoction Zine Andud - Zohe .
Phuwphur Erunsu Yury nuvure core Hlgmht Intermite Buvery general] Wivow bagly All wirgm Quite wovore to Laminav, gon-
rosion; wiros tont svidunce and pitiing thioned} - wevoarels torw G above mvan eralized corronfor
brokon arovioe covrasion | eorrosion; Novare wawd AR Ligh water .
neckod down nttting - {nronen
Yiber core Could not be Could bn broken Could not bo Gould not o i’ - Could ‘ot be Could nét be
broken by hand by h broken by broken by broken oy broken by
. hand hand hand hand
Galvanived $teel | Yory woverp core Slight rusv and Yery suvern Vory nwvere § Wiros broken Badly vhiskeved Vory severs
Source 1 rosinn; wiros rouchonod corvanion; ¢irrosion; and reducod wire corrosion
btokun ‘suriace broken wires hroken wires dismeter

Hustp fiber core

Cotla not o

Could bo broken

Could not be

Could not be

Could not. be

Could not be

brokun by hund by hane brakun by broken by broken by broken by
hand hand Jhand hand
Gelvanlrod Blvel |l duhilstemmodurule ) No corrosion Muduralusin~ Conyldurable | Sudcrato-to- Yul'y swuvorely Severe gonegal
Source 2 corvosion and novore genoyal uevere corrvodod coryosion;
pltting corrosion sorroeion corrosion broken wires
JERC Ennontially no Wo carrosion Relatively Wiros Modovato-to- Very moverely severe uenégu
corrouton saall amount thinned scvere ¢ore corroded and local
corrosion rosion; some eorrosion

braken wires

Aluninized Steol

Runt xtalned;

Hmall amoutl of

om0 scate

8Sumo supor-

Top 3" = quite

Very sovore cot-

1 No rust: 30-80%

Source 1t exyentially no suporficial torad ruat ficial rust severe rustiag rosion to 8 bright alusinun
heduht wlumitum rusting! nroug above mean high present
rumpinnd . eatey
femp fiber zore | Could not bo Could be broken Could not bo Could net te| Could be Could not be Could not bs
B broken by hand by hand broken by broken by broken by broken by hand broken by hard
hand hobd hand
Alusinizod Stowl [ Scattored rust 94% bright alusi~ | Scattered Scattered Scattored super~ Ruxt stains ecat~ | Localized flaking
Source 2 arcan aum remaining, flaking and rurt~stainod ) ficinl rusting: tered arcas; 507 and corrosion
sxoopt under tape | corrosion araag <40% bright bright sluminum
. aluminum
1Re Roattored rust 5L bright alumi~ } Sontterod Benttored Scattored super- | fust staing scat= | Localired flaking
ar num romaining, tiaking and rust-stained | fiocinl rustiag; tered are and corromion
. excopt undar tage corrosion arcas eunentially no tripht lulinun
bright sluninus prement
/10 Lu—‘u Clad | Ierupular No corrosion and ‘funneling Crivice Sovere , Mochanical Corrosion cor=
Tyne 304L corrosion somn mechanical corrosion tunnclieg t deformation rosion an
aum)eun Steel doformation bitstering
1880 Cruvice corroiion | ¥e corrosxion and Tunneling sovers Bevere Yory severs Very sovere
snd tunneling; some mechanical tunneling tunneling tunneling tunneling
Cu-N1_prusent datormation
*"/10 Cu-\l Clad | Cruvicu corvovion | Discalorvd and Crevice Crovice Romo crevice Sovrre Yory sevove cor-
'l‘g ans and pitting somo mechanical corrosion oorrosion aorroxion and tunneling rosion tunneling
nmle-s Steol dotormation pitting to 3" sbove afan
N high water
IwRC Very sovers some eravice Severe Very severs | Vory savers Yery wevers Vory scvere cors
tunnbling caorrayion tunneling tunneling tunneling tunneling roxion tunneling
to 3" above mean
. high sater
Typr 2304L Savoro crovice S1iuhtly atchod 8ovore ore— Rustiog, Connfdorable Sevrre crevive {revtce corrosien
Stainlown Stuel { corromion undor ahd somre cvhallow vict curyre- etchod and crevice core- corronion end and pltting
tape pitting saion ang - pitting rosjion and pitting
tun-atting pitting
IN8C Yory nuvoroe rtchod and slight Dadly thianod Tuansling Somu local i Crovice corrosfon, | Crovice gorrosion
tunneling arevice corrosion by creviie corrosion ’ pitting and and pitting
corrosion funneling
Type 238 Conpletely No evidonce Completoly Rust stain- Rust staining Rust staining snd Sane rust
Stxinlens Stecl | nevered by croe crovice corrosion | kovered by tng and some| and somy cro~ womo tpavice wtaining
vicu corrosion crovive crevios vice corroxion corrosion
at tape corronion carronion
GINL-22CT Do~ 81ight crevice S1ight erevice Cravice core Intermittont ) Intermittent and | Intormittont and Internittent and
2¥e-2.75004Ts ocorrosion with corrosion snd rosion and and slight slizht qrovice s1ight crovice slignt erevice
uechanical mioroscopio pitting; orovioe oorronian and corrosion coarrosion
doluninution pitting necked down oorrosion microncupio
upder tope pitting
vse Slight-to-nodorate| No corrosion Crevice cor- ¥tohod Evidence slight Xo corrosion No corrosion
erevioe corronion rosion pit- yonural corro-
under tane with ting; nooked sion snd mizro-
-oohnnk down undor scopie pitting
tapo
40Co-20Cr=1£%4+ | S1ight etcn nn vory slight otch Slight cteh Siight etoh | Blight eteh all 81ight eten 81 Sliubr etch 311
Téo-2Mn-REM, Lo suirfaces, goue all surfagost all surfaces all aurfncos | surfacos of ¢ nurfacun of !-uruu.'s of wires
crovive corvoxtent of wiyes of wircs wiprus {®lres
35C0-I5R1-20Cr~ | Crevice otahed) Only slightly e Tnitial langth of wiro ropo did not purmit including this type of specingen semwas
10le wome reddinh botior than
arcavt unprotoctud
spocimont
7311-13v-11Cr- Etched; occnsional] Bright and core Etchied Biched; Etched; ocoa~ Etched; oncasional {Etchad
34t microycoplo ronjon fyoot eccanional rMMonal miaro~ Bigrox-apie
patting microscopia ucopic pltting pitting
piiting
¥sC Etohed; occastonnl} Bedght and Etahed Etchody Etclied, occae Ftchnd, occanjonal [Etched
micrevcopla corraxion oceasional ajonal micro- migrovcopio
pitting treet nicrosgopte scoplc pitting pitting
dtting

efEsaninced st 20X magnifiomticn

toronrn soction

¢Endritticd (hoat and/or cold) somotimos nuxocinted with tepe orevice
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Table 3

Summary of Corrosion Characteristics and Response to Cathodic
Protection of Nonworking Wire Ropes Suitable

for Long-Term Use in Seawater

Service Condition

Materials Judped
Suitable for Long-Term
(e.g., 2~yr) Service

Remarks

P
b

Partial immersion:

rope extends from well
“below the tidal zone
to above the splash
zone

Totally iwmmersed;
no cathodic protection

Totally immersed;
cathodic protection
from Zn anode

Aluminized Stoel

62N1-22Cr-9o~2Fa=-
3.75Co+Ta .

40C0~20Cr-18Ni~7No-2Mn~
Ren, Fe

73Ti~13V-11Cr-3A1

Aluminized Steel

62Ni~22Cr-9Mo-2¥e~
3.75Cb+Ta

40Co~-20Cr~15N1i~7Mo~2Mn~
Rem. Fe

35Co~35N1~20Cr-10Mo

73T1-13V-11Cr-3A1

Phosphor Bronze, Galvan-
ized Steel, and
Aluminized Steel

$0/190 Cu-Ni Clad
Tyve 304L Stainless Steel

Type 304L Stainless Steel
Type 218 Stainlesa Steel

B%Ns—22cr-9uo—2Fe-3.75Cb+
0

40Co~-20Cr~156Ni~7Mo~2Mn~
Renm. Fe

35Co~-35N1-200r-10Mo

73Ti~13V-11Cr-3A1

Avoid hemp ¥SC; worst
corrosion in splash
zone

8light-to-moderate
corrosion under the
tape in the immersed
zone; avoid Zn socket-
ing (embrittles)

Etched surfacos

working over sheaves
may ocause rapid
deterioration

FSC or IWRC; both
suitable

Slight-to-moderate
corrosion seen under
the tape; avoid Zn
socketing (embrittles)

Slight etch crevice
corrosion; embrittled
under tape without
heat

Etched in crevice; some
reddish areas: embrit-
tled with heat. (Avoid
Zn gocketing)

Working over sheaves mayl
cause rapid deteriora-
tion

Avoid hemp FSC

Pitting not eliminated

v

Avoid Zn socketing
(embrittles)

Additional studies
required to determine
sus%ept. to, embrittie-
men

Additional studies
required to determine
suscept. to embrittle-
mnent

Working over sheaves

may cause rapid
deterioration
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EVALUATION OF- OBJECTS
EXPOSED TO_D“EF OCEAN, ENVIRONWEN1S

By
"James F. Jenkins

ABSTRACT .

The Navy's Civil Engineering Laboratory, Port Hueneme, California has partici-
pated in the inspection and evaluation of many objects recovered from the ocean
depths. The purpose of these evaluations was to gather information:on the deterior-
ation of materials in deep ocean environments for the design of future equipment as
well as for an assessment of the probable lifetimes of similar  in-service equipment.
An attempt has been made to develop standard wcthods for the inspection, documenta-
tion and evalution of such objects to permit: better correlat1on between 1nspect10ns
performed by different. personnel.

The condition of several objects after retr1eval as well as the various methods
of inspection, documentation and evalution of the objects arc discussed.

, Civil Engineering Laboratory
Naval Construction Battalion Center
Port Hueneme, California 93043

Preceding Page Blank
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INTRODUCTION

As man ventures inco the sea, the aggressiveness of the marine snvirvonment
becomes a costly fact of life. In order to combat this hostile adversary man must
use his most powerful tool -- knowledge. One of the most succassfil and thevefore
widely used methods of acquiring knowledge soout the performance of materials and
structures in wariune environments is to draw on past experience. Almost all of the
designs of ships, docks and other structures exposed to nesr-surface environments
are based primarily upon past experience with similar structures ir. similar environ-
ments.

As man, or more often his mechanical eyes and hands, ventures irto the ocean
depths he is confronted with an almost total lack of cxperience in which to base his
designs. The difference in environment between the surface of rhe ocean and its
depths makes the use of experience in surface waters of questionubie velue.

Wailc man has been exposing materials to the ocean depths, oftem inadvertently,
for as long as he has ventured to sea, only in the past decades has he been rble to
recover these objects, analyze their condition, and add the knowledge gained fron
their analysis to the body of experience which he can use to better fit ocean equip-
ment to the rigors of this hostils environment. This paper is a discussion of the
analysis of several objects recovered from the ocean, the objectives of the
analyses, the methods used, a.d the results which were obtained.

OBJECTIVES

The primary aim of the evaluation of objects recovered from the deep occan is
to document the behavior of materials and systems when exposed to marine environments
at depth. The information thus obtained can be utilized for several purposes.
Firstly, gemerally applicable iaformation on the behavicr of the materials can be
used in the design of other ocean equipment. The application of this information
must be made with care. The exposure of the material in the new design must be
similar to that encountered in the object which was analyzed. Factors such as
oceanographic parameters, galvanic coupling, protective coatings, and stress (both
static and dynamic) must be considered along with the specific performance require-
ments in the new design. A good example of the performance requiroments of a
design is found in the use of aluminum alloys in free-flooding framework structures
versus their use in pressure resistant housings. iIn free-flooding structures the
pitting which normally occurs on these alloys is relatively innocuous; however, in
a pressure resistant housing, a single pit can result in a leak which renders the
entire housing useless.

Secondly, the information obtoined frem the analyses can be used to identify
common design weaknusses which can be rectified in future designs. These design
weaknesses are often encountered in widely used “stardard" equipment, often of the
type sold for marine uze. A common example of such a design weakness is the use of
stainless stsel wire rope. Such rope is commonly used as above-water rigging with
satistfactory performance: however, when used as a submerged member, aspecially in
deep ocean, such rnpes are susceptible to rapid failure, usually due to crevice
corrosion.

A third objective of these analyses is the identification of deficiences in the
ability of deep ocean corrosicn technology to prv 1ct the behavior ot ocean
structures. Corrosion technology can normally explain any phenomenoun; however, its
ahility co reliably predict failure is often limited. If a specific pnevomenon is
found to be a commcn mede of failurc and is, using oresent knowledge, unpredictahle,
thea the phenomenon is 4 potential topic for future research.
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The information obtained from the inspection of objects recovered from the
deep ocean also often has certain specific immediate applications which make the
information extremely useful. If the object is one of several identical or very
similar objects which are exposed to the samc 3¢ similar environments, then the
condition of one object can be used to infe+ the condition of the others. Thus the
remaining lifetime of both the inspected un. w :nspered car be determined. This
knowledge can be used for many purposcs. “or ¢ -ample, the on_ect retrieved may be
in sufficiently good condition to be vepiaced arter minor repairs; or potential
failures of other similar objects can be predicted in advance, tuous identifying the
need for repair before faiiure. When the necessity for repair of the object
retrieved or of similar objects is discovered during insnection, the cause of the
damage can often be aetermined and repair methods can be identified which often
improve upon the original design and extend ti'e object's useful life.

INSPECTION METHODS

The evaluation of an object after exposure to the deep ocean can be divided
into three phases: In-situ inspection, visual observations upon retrieval, and
laboratory analyses. The evaluation often consists of only one or two of these
phases.

In-situ inspection can be performed by manned submersible or remotely operated
uuderwater systems such as the CURV (Cable-controlled Underwater Research Vehicle).
The inspectic> is usually limited to visual observations and photography, although
samples can sometrimas be retrieved. Underwater observation and photography are
limited, using prwsent techniques, in their ability to determine the actual condition
of an object. Gross deterloration such gs missing or broken components can of
course be identified. However, the condition of components which are covered with
corrosion products or fouling is coften misinterpreted. The ability to remove these
depesits could vastly improve the usefulness of these ir-situ inspections. If the
vehicles are equipped with manipulator arms, the remrval of samples of the structure
is possible Lut is usually impractical. One problem encountered in these inspections
is the quality of the underwater photographs. They are normally Jacking in depth
perception and in color reproduction. These deficiences can be overcome by the use
of stereo cameras or oblique lighting, and the inclusion of a known color scale in
the photograph at the same distance as the subject. In general, the results of
inspections made from manned submersibles or from remotely cperated vehicles are
subject tu a wide range of interpretations. Improvements in underwater inspe. ion
techniques are needed to improve the quality of the information obtained.

Inspection of underwater objects by divers is now lim.red to rather shallow
depths. The limitations on photography are similar to that encountered with
submersible vehicles. The diver has several important advantages, however. He can
normally approach the ouject to a much closer range than the submersible and can
easily touch the object, thus determining surface texture, adherence of deposits,
etc. This intimate contuct with the object vastly improves the quality of informa-
tion obtained by a well-trained diver over that obtained using an underwater vehicle.
The maximum deptn for working divers is constantly increasing as new gas mix.ures
and decompression techniques are Jeveloped. Inspection of objects in the Jeep ocean
by divers may become practical in the near future.

The most widely used type of iucpection is made aftex rvetrieval of the object
into the air. This environment allows a vast improvement in th: inspecter's ability
to properly observe and document the condition of the object and to remuve samples
for further analysis. The most important tool {or Inspection of any object is the
humaa eye. The most important tcchnique for recording the condition of objects
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" object immediately upon retrieval as the characteristics of the corrosion products

recovered. from the deep ocean is photography. By carefully noting and recording the
location, distribution, amount, texture and tenacity of corrosion products on the
object a great deal of information is obtained. It is important to inspect the

will often change rap'dly upon contact with the air. The initial stage of inspec-
tion is therefore, by necessity, a rapid and fairly cursory one. Further inspection
of the underlying material will usually reveal the type and extent of detarioration
which has occurred. Disassembly of the object is often necessary to reveal hiddun
deterioration such as crevice corrosion.

Samples are routinely removed from objects retrievad from the . vcaxn. However,
without proper documentation as to their original location and condit’ s and without
proper preservation, they are often of limited value. Preservation oi samples from
objects retrieved from the deep ocean refers only to the preserva:ion of the infor-
mation available from the sample., It is not necessary, and is usually impossible,
to maintain the sample in an "e¢» recovered" condition. Biological samples are
normally prescrved in formalin. <Corrosion samples are usually placed in plastic
bags oy vials. Metallic material samples should be rinsed in fresh water, then
either dried in air ur preserved in normal butyl alcohol. The condition of non-
metailic meteridls is often dependent on their content of water which was absorbed
under "igh pressure and is Jifficult to preserve. These materials are normally
wodpped i moistened packing neterial and stored in plastic bags. Preservation
techniques othes thsn chose noted above are often successfully applied. The uunly
prerequi “ite fur vhe selection (f a preservation technique is thr. it retains as
mucn of tr- infomazii orivi-ally contained in the sample as is pos<ible and that
any changes "n the owWi i.1 of the sample are such that the original condition can
be inferred fium ¢tex alalyses.

rASE HISTORTES (F EVALUATION OF OBJECTS EXPOSED TO DEEP OCEAN ENVIRONMENTS
1. SNAP 7-- Acoustic Beacon

Date of Smplacement - July 1964
Date of ‘ecovery - November 1969
Length oy Exposure - 64 months
ocation - South of Sermuda
water Depth - 2,650 ftms. (15,900 ft.)
Seawater Characteristics -

Salinity - 34.6 ppt

Oxygen Content - 4.3 ml/L

Temperature - 2.4°C

pH - 7.4 (50" off bottom)
Seafioor Soil Characteristics -

Type - sandy-silty clay
Analvsis -~ 53% CaCO3, 31% Silicates
pH of interstitial water - 9.8

Description of Structure -

As shown in Figure 1, this installation consisted of 9 miles of bottom-laid
grapnel rope and ground tackle with the SNAP 7-E Radioisotope Power Generator (RPG)
locatcd in its support structure in approrimately the center of the array. From the
generator support structure an electromechanical csble extended upwaids to an
acoustic beacon supported in midwater by a liquid filled float. The beacon and
midwater float were lost prior to retrieval.

Objectives of Evaluation -
Document condition of RPG and its support structur..
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Determine cause of system failure and recommend alternate designs.
Determine condition of other array components.

Results of Evaluation -
Condition of RPG and Support Structure -

Visual observations immediately after recovery showed that the
generator capsule was virtually unattacked, as shown in Figure 2. The only deter-
ioration noted was the lifting of a ”Underwater Sound Laboratory'" decal. No other
visible deterioration of the capsule or its paint coating was noted. The dark area
at the center of the generator capsule was the result of a penetrating spray
lubricant applied in an attempt to limit atmospheric deterioration of the 0~ring
seal flanges of the generator halves until subsequent disassembly.

The generator and generator support structure were partially dis-
assembled approximately 4 days after recovery. At this time the generator capsuie
wds separated at the central flange for removal of the power converter and inspection
of the generator inner housing. The O-ring seal flange between the two capsule
halves had corroded slightly, as shown in Figure 3. The maximum penetration near the
0-ring seal was less than 0.001-inch. It is not known whether this attack cccurred
before or after recovery, although the application of a rust-inhibiting penetrating
spray lubricant to the seal arca immediately after recovery was intended to minimize
attack after recovery. No leakage of the primary O-ring was noted and the area
between the primary and secondary O-ring grooves was unattacked. There was no
evidence of any effect of the zinc anodes adjacent to the flanges in either reducing
or accelerating corrosion within the flange.

The electrical penetrator on the top section of the gemerator capsule
was removed for inspection. The O-ring flange on the capsule was covered with a
very light film of red rust, as shown in Figure 4. The underlying surface was
unattacked. The penetrator flange was more severely rusted, as shown in Figure 5,
but showed no attack greater than 0.001-inch.

The support structure was tabricated from mild steel and had been
painted. Zinc anocdes had been installed at several points on the structure before
emplacement. The paint coating was missing from approximately 30% of the structure.
In sme areas, particularly on the vertical supports surrounding the generator
capsule, the paint coating had been lifted from the underlying metal, as shown in
Figure 6. This can be attributed to the generation of hydrogen on the steel under
the paint coating due to overprotection from zinc anodes which were attached to the
structure by the bolts visible at the top of supports in Figure 6. Zinc anodes
normally do not cause the lifting of paint ccatings on steel; however, the environ-
ment near the bottom scdiment in this location causcd lifting to occur. The single
environmental parameter which can best explain such lifting is the pH of the seawater.
The pH of the seawater near a marl bottom is higher than that for bulk surface sea-
water. Zinc is known to be more active and iron less active in solutions of high pH
than in more neutral solutions. Thus the criteria used for the design of cathodic
protection systems for steel using zinc anodes in or near highly basic mar! boctoms
should be different than the usual criteria bascd on experience in less basic surface
waters.

The portion of the penerator embedded in the bottom sediments was
nearly indistinguishablc from the portion exposed to the seawater except for the
greater deterioration of the paint coating ¢n the portion of the generator support
structure immediately below the mudline. DTue to the combination of protection by
zinc anodes and paint coatings combined with the high pH, low temperature environment
to which it was exposed, the steel portions of the generator support structure were
uncorroded upon retrieval. However, after less than one hour of exposure on deck,
despite fresh water washdowns, the generator support structure showed significaunt
rust staining on the bare steel surfaces.
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Cause of System Failure -

. The cause of the system failure was loss of the acoustic beacon and float.
The' sie.*romechanical cable used to attach the acoustic beacon to the power genera-
tor had parted at or near the acoustic beacon. The condition of the cable at the
br¢ak i« stown in Figure 7. Inspection of the cabile near the break showed that five
of The six stainless steel mechanical strength members had corroded nearly through
in a ¢oms~al pattern. The fifth wire was only partially attacked and showed a
similar annular pattern of attack. The fifth wire had parted due to overload. The
copper conductor wires had broken with a cup and cone fracture and the surfaces at
the fracture showed a significant amount of uniform corrosion, although the surfaces
were not covered with corrosion products. It was surmised that the stainless steel
wires had corroded due to either crevice corrosion, galvanic corrosion, or both,
and that failure had occurred at a time well before recovery as indicated by the
corrosion of the conductor wires at the fractured surfaces.

The electromechanical cable termination at the generator was similar to
that which had failed at or near the acoustic beacon. This termination was dis-
assembled four days after retrieval. The cap over the termination of the mechanical
portion of the electromechanical cable showed considerable red rust. Underneath the
cap the terminations of the strength members of the cable were found to be intact,
as shown in Figure 8. However, the stainless steel wires at the termination had
nearly corroded through where they passed through the slotted steel termination
plate adjacent to the copper alloy pressed fittings. This corrosion of the wires
was due to a combination of galvanic and crevice corrosion. The parting of these
stainless steel wires at the upper termination of the acoustic beacon can be
attributed to a similar combination of deleterious effects.

Condition of Other Array Components -

The bottom-laid 9x5 manila jacketed galvanized steel core grapnel rope was
virtually unaffected by exposure. Tensile tests indicated that there was no appre-
ciable loss in tensile strength.

All steel components which were in contact with the bottom sediments
showed no significant corrosion.

2. F6F-3 Aircraft

Date of Exposure - January 1944
Date of Recovery - March 1970
Length of Exposure - 26 years 2 months

Location - Southwest of San Diego, California
Water Depth - 560 ftms. (3,350 ft.)
Seawater Characteristics -
Salinity -~ 34.5 ppt
Oxygen Content - 0.5 ml/L
Temperature - 3.29C
pH - 7.8
Seafloor Soil Characteristics -
Type - sandy grien cohesive mud
pH of interstitial water - 7.2
Description of Aircraft -
This aircraft was forced to ditch shortly after takeoff from the Naval Air
Station, North Island, San Diego, California. After loss of pcwer the aircraft was
landed on a calm sea. The pilot was rescued by a nearby ship before the aircraft
sank. The aircraft was essentially intact upon sinking. The structure of this air-
craft is typical of combat aircraft of World War II.
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Objectives of Evaluation -

Initial newspaper accounts of the recovery of the aircraft indicated that
there was practically no deterjoration evident after the 26 year exposure. The
objective of this inspection was to verify and explain the lack of deterioration of
the aircraft. ' ‘

Results of Evaluation -
. Detailed comprehensive visual observations of the aircraft showed that the
information published in newspaper accounts of the condition of the aircraft were in
serious error. While the aircraft was virtually intact and had sufficient remaining
strength to allow recovery, there was considerable deterioration of the aircraft.

The extent of attack on many materials is given in Table 1. The Magnesium
alloy components of the aircraft such as the engine crankcase, (Figure 9), wheels
(Figure 10) and electrical junction boxes (Figure 11) were more or less completely
destroyed by corrosion. The corrosion products of these components were highly i
basic when mixed with sea water. A saturated solution of the products in sea water
had a pH of 10.3. This led to the attack of adjacent alumninum components such as
the engine cowling and the wings just above the main landing gear as shown in
Figures 12 & 13, C(orrosion of these areas was determined to be from the inside out
and points out an important fact:  the character of sea water in confined areas may
be significantly different from its bulk character.

The corrosion of the magnesium parts of the aircraft gave considerable
cathodic protection to the rest of the aircraft. This coupled with the protection
afforded the aluminum (mainly 24S or 2024) skin of the aircraft by anodizing,
chromate priming and top coting, led to the excellent general appearance of the
alrcraft. However, these protective measures did not eliminate crevice corrosion of
f the aluminum components of the aircraft. This crevice attack was espscially evident
- along the main wing spar as shown in Figure 14. Such attack was found at all unsealed
’ crevices and had led to some very severe attack. The most insidious feature of such i
crevice attack is that it generally remains hidden until exposed by failure - a
rather unpleasant way to discover a problem.

Crevice corrosion had, in fact lead to the loss of the propeller blades,
wing tips (528 or 5052 alloy) and supercharger access hatches (245 or 2024 alloy).
Inside the fuselage, several aluminum junction box covers were located which had
corroded at much different rates from one another. All were found to be illoy 38 in
the 1/2 i1 condition (or 3003-H14). One cover was almost completely dctersorated,
another was moderately attacked and a third was nearly unattacked. This Jdifference
cannot be fully explained at this time but was probably due to differences in the
condition of the paint coating on the covers prior to exposure.

S Both the magnesium and eluminum components were anrcdic to the low alloy

C and carbon steel components of the aircraft. The light film of rust on these steel
o components as exemplified by the canopy frame shown in Figure 15 was formed upon
exposure to the atmosphere after recovery. This can be shown by comparison with the o
view of the canopy shown in Figure 16 taken immediavely before the recovery of the ;
aircrafi. This effect <ho.s the importance of inspecting objects recovered fron the ‘
deep ocean as soon as possible after recovery in order to obtain precise information gA;
on corrosion attack.

The stainless steel components of the aircraft such as the pitot tube tip
and machine gun ammunition ramps were protected by the magnesium, aluminum and steel
conponents. There was however, considerable crevice attack visible on most of the
stainless steel compone . ts, In fact, a pit over 3/16'" deep wus found on sn 18-8
stainless steel (AISI Type 304) transmittor hold down clamp. This shows aguain the
inadequacy of cathodic protection in preventing crevics corrosion.
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VTable 1.

" Material
-Magnesium alloy
Magnesium alloy

Magnesium alloy

Magnesium élloy

Aluminum alloy sheet (528)

Aluminum alloy sheet (248)

Aluminum alloy sheet (248)

Aluminum alloy sheet (24S)
(severely deformed in
manufacture) ’

Mild steel

Alloy steel (4130)

Galvanized steel

Stainless steel (304)

Stainless steel (304)

"
v

Corrosion of various materials of construction on F6F-3.

Component
Engine casting
Landing wheels

Electrical junction boxes
in wing tips

"Blectrical junction boxes
in fuselage
Enginge cowling

Supercharger compartment
access cowling

Fuselage skin
Wing tips

Canopy frame
Engine mount

Control wire ropes

Pitot tube tip

Ammunition ramps

‘Nearly complete destruction

Description of Attack

Nearly complete destruction

Nearly complete destruction

Siight crevice attack on
one box, others nearly
completely destroyed

Many pits to perforation

Lost due to crevice corro- .
sion at attachment

Uncorroded except for ;
crevice corrosion at faying
surfaces

Lost due to crevice corro-
sion at faying surfaces i
Light rusting
Light rusting

Light rust, some broken
wires

No surface attack, crevice
attack at faying surfaces

No surface attack, light

crevice corrosion at faying
surfaces
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wrhatiad it e didabl it ot

B S N




Many other miscellaneous alloys were found on the aircraft. 70-30 brass
turnbuckle nuts were only lightly dezincified outside but were heavily dezincified
inside. Galvanized steel control cables were oniy lightly attacked outside but
crevice corrosion of the inside wires had reduced their strength by half. A type
431 stainless steel spring from the magneto conductors was only lightly attacked
except where crevice attack was severe under a deposit of potting compound.

These and other components. generally foliow the same pattern of cathodic
protection and proteutive coatings reduC1ng general attack but not preventing
crevice corrosion. ‘

3. Barking Sands Test Range Hydrophone
Date of Emplacement - June 1967

Date of Retrieval -~ Uctober 1971
Length of Exposure - 52)% months
Location - South of Kauai, Hawaii

Water Depth - 880 ftms. (5,280 ft.)
Seawater Characteristics -

Salinity - 34.6 ppt
Oxygen Content - 2 ml/L
Temperature - 39C
pH - 7.9
Seafloor Soil Characteristics -
Type - sandy silt
Analysis - 36% CaCOs, 58% Silicates

Description of Structure -

The hydrophone support structure is approximately 15 feet hlgh and 12 feet
in diameter at its base. A sketch of the structure is shown in Figure 17. The
structure was constructed from aluminum ailoy bar, plate, channel and extruded
tubing, and from PVC, steel, and Ni-Cu alloy 400. Spectrochemical analyses of the
aluminum components showed that they were Aluminum-Magnesium alloy 5086 which
contains nominally 4% Magnesium. Microstructural analysis of polished component
sections showed the plate and tube to be in the strain hardened and stabilized condi-
tinn (H-32) while the channel and bar were in the as extruded condition (H-111).
Welds on the aluminum structure were also analyzed and found to conform to the
chemical specifications for alloy 5086. Weld deposits of this composition can be
obtained by using the filler wire alloy 5356 as specified. Chemical spot tests
confirmed that all fasteners were made from Nickel-Copper alloy 400 (67% Ni-33% Cu)

Objectives of Evaluation -

Document condition of the hydrophone support structure.

Determine probable remaining lifetime of other identical support structures
in the test range.

Recommend design changes for future simil~r structures in the test range.

Results of Evaluation -

Condition of the Hydrcphone Suppurt Scructure -

Virtually no fonling was found on the structure immediately upoa
recovery., The only fouling noted was a s.attered covering of hydroids These
common dwcp ocean animals have not besa shown to affect the correosion of underlying
materials. Tracas of these organi:ms remained on the structure after drying.

Three basic tvocs of corrosion were found on the structure; galvaric
corrosion, pitting corrosicu and crevice corrosion. Of these, gaivanic corrosion
caused the most severe uamage, pitting attack caused somewhat less severe damage and
crevice corrosion. while even less severe from a structural standpoint, caused the
most widespveas attack.
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' “The most prominent area where galvanic corrosion had occurred was on

“the. counterwelght support pan located at the base of the mast. PVC insulators had
been used to electrically isolate the painted steel counterweights from the pan,
However, this isolation was not complete and there was, as evidenced -by the severe

Ny galvanic corrosion shown in Figure 18, an electrical connection between the counter-
weight support, the Ni-Cu fasteners and the painted steel counterweights. This
electrical .connection was indicated not only by the condition of the support pan but
by the lack of significant attack on the counterweights, even at the areas of paint
damage. This.attack had resulted in complete penetration of the ,250" thick pan in
over 25 separate places. Some areas of penetration were up to 1/2 sguare inch in
area. This penetration was usually at areas where either crevice or galvanic attack
had caused corrosion of the weight pan. Metallographic inspection of sections cut
from the counterweight pan showed intergranular attack typical of that found in

: strain-hardened and stabilized (H-32) 5086 aluminum alloy. The uncorroded material

* showed a continuous precipitate of Mg,Alz adjacent to the grain boundaries. This

" precipate is anodic to the surrounding material and its micro-galvanic corrosion

leads to intergranular attack of 5000 series aluminum alloys. Such intergranular

" attack is undesirable from two aspects. First, components subject to intergranular

i ‘ attack usually corrode faster than those subject only to transgranular attack.

{ Second, due to the difficulty in measuring the depth and extent of attack, such

E measurements are likely to result in conservative evaluation of corrosion damage.

2 The severity of the attack noted on the bottom of the counterweight support pan can

also be partially attributed to the exposure of the pan to the bottom sediments

which are normally more aggressive to 5086 aluminum alloy than the seawater above.

The other areas of galvanic corrosion on the structure were of a more
subtle nature. They were a result of welding. Although the galvanic potential of
the weld bead deposited using 5356 welding wire is closely matched with the potential
of the 5086 parent material the match ic not exact. Also, welding of 5000 series
aluminum alloys can result in an area on the parent material adjacent to the weld
bead which is anodic to both the weld bead and the unaffected parent material. On
this structure, attack of the weld beads and of the adjacent heat-affected zones was
noted at all welded joints. The severity of this attack varied from nearly complete
deterioration of the welds to etching of the welds with slight deterioration of the
adjacent heat affected zones. Figure 1Y shows the severe weld attack noted at the
yoke pivot. The weld used to attach the boss to the pivet nlate 1s necrly corroded
away. Typical weld attack with accelerated attack in the heat affected zone
adjacent to the weld bead is shown in Figure 20. Metallographic examinations of
JOlnt sections showed that the corrosion of the weld beads was 1ntergranu1ar

There was a continuous precipitave of MgyAlg at ithe grain boundaries
of the weld bead. 'In the heat affected zone adjacent to the weld bead there was a
thin layer where Mg;Alz had precipitated adjacent to the grain boundaries to form
a continuous network. Intergranular corrosion was noted in this zone. Attack in
the heat affected zone of some joints wns up to .U86" deep.

Pitting attack on boldly exposed arcas of some components of the
structure resulted in structurally severe damage. The most scverely pitted compo-
nents were the base ring braces and the yoke. Pitting of the base ring braces, as
shown in Figure 21, initiated at the cdges of the members and had progressed up to
1" into them at several areas. Metsallographic inspection of the basc ring brace
channel and bar did not show any continuous pracipitate at the grain boundaries.

The corrosion was transgranular. The clips at the ends of the braces where the base
ring wes attached were also severely corroded as shown in Figure 20. This attack
also initiated at the edges of the c¢lips. Metallographic inspection of sections of
these clips revealed a continuous network of Mg,Alz precipitated at the grain
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" boundaries and the usual attendant intergranual attack. The severity of the attack

on the base ring braces can be partially attributed to the exposure of the braces
to the bottom sediments. ,
S In several areas on the yoke, pitting attack had caused penetration

of the .125" thick tube wall. The pits initiated primarily on the outside -of the

‘tube but several internal pits were noted. . Metallographic inspection of sections

from the pitted areas showed intergranular precipitation of Mg,Alg and the usual

attendant intexgranular corrosion,

At all points on the structure where there were crevices, crevice
In most areas the attack was not severe. . However, in other
areas the attack was significant. The area most adversely affected by crevice
corrosion was the point where the base ring braces were attached to the mast,
though the crevices at this. joint were sealed with room temperature vulcanizing
silicone wubber compound some seawater entered the crevices. This resulted in
attack such as shown in Figure 22, In this ares the attacl. was up to .095" deep.
Metallographic inspection of sections from this area showed that the channel
sections at the base-ring~brace to mast joints had corroded transgranularly. The
microstructure of the uncorroded material was typical of as extruded (H-111) 5086

aluminum alloy.

Even

Another area where crevice corrosion had resulted in significant
damage was under the compound used to cover the welds on the structure. This
compound was applied in an attempt to minimize attack at these areas. However, as
shown in Figure 20, attack urider the compound was more severe than at adjacent areas.

The Nickel-Cépper alloy 400 fasteners used to assemble the structure
were not significantly attacked. The only attack noted other than a slight tarnish

'was slight crevice attack under the heads and on the threads of a few fasteners.
This attack was structurally insignificant. The PVC base ring and couplings as well
as the various non-metallic insulating sleeves and washers used on the structure
were not significantly affected by their exposure at depth. Damage to the base ring
was mechanical, as was evidenced hy the lack of fouling on the damage-exposed
surfaces, and probably occurred during recovery.

Probable Remaining Lifetime of Other ldentical Support Structures in the

Test Range -

The most significantly attacked components were the counterweight
support pan and the base-ring braces. The counterweight support pan was penetrated
in many places by intergranular galvanic corrosion due to an electrical connection
between the steel counterweights and the support pan. The severity of this attack
can be expected to at least double in an additional 4 years exposure. Failure of
the pan in from 2 to 4 years was predicted. The base-ring braces were also signifi-
cantly corroded. The 1" penetration of the braces was due to transgranular pitting
and was predicted to sever the members in an additional 5 to 7 years exposure. The
intergranular pitting on the base ring attachment clips was predicted to sever these
connections in from 5 to 7 years. Thus the additional lifetime to be expected from
the remaining structures in the array depends primarily upon the overturning moment
applied to the structure. Tf this moment is small, an additional lifetime in excess
of 5 years was predicted. However, if this moment is largc, the structures were
predicte® to be subject to overturning in as little as 2 years additional exposure.

These predictions were based primarily on the results of deep ocean
corrosion tests performed by CEL. These tests showed that 5086 alloy corrodes
differently in the low oxygen environments found at intermediate depths in the
Pacific Ocean than it does when eiposed to highly oxygenated surface waters. Not
only are the corrosion races higher at depth but they increase with time. The bottom
sediments were found to be more aggressive than the seawater just above them.
Specimens showing intergranular precipitation and corrosion corroded at a faster rate

than those which corroded transgranularly.
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Racbmmended besign-changes for Future Similar Stfucturésrin the Test
Range -

: ' The lifetimes of similar structures could be increased by several
modxfxcations to the existing design.

T Complete isolation of dissimilar metals must be achieved.

Inspection of assembled structures to assure isolation was recommended.
2. Elimination of contact between the bottom sediments and any

aluminum structural members was recommended,
. 3. Ellmination, by design, of any unnecessary crevices was recom-

mended.
4. The continued use of 5086 aluminum alloy as one of the most
corrosive resistant aluminum alloys was recommended. However, 5086 alloy in the as
extrudad (H-111) condition is preferred to other conditions where intergranular
precipitation and its associated accelerated attack is possible.
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SNAP 7-E generator capsule
structure upon retrieval.
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Figure 3. Capsule O-ring seal and flange upon disassembly.
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Figure 4. Elcctrical penetrator O-iing seal seat on capsule.
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Figure 5. Electrical penetrator O-ring seal flange.
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Figure 6. Detail of lifted paint on generator support structure.
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Figare 7. Electromechanical cable at break.
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Figure 8. Electromechanical cable termination
at generator structure.




Figure 9.

Main landing wheel
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Figure 11. Electrical junction box at wing tip.

Figure 12. Engine cowling.
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Figure 13. Wing over main landing gear.

Figure 14. Crevice corrosion at main wing spar.




Figure 15. Canopy after retrieval.

Figure 16. Canopy before retrieval,
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Figure 17. Sketch of hydrophone support structure.
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Figure 18. Galvanic corrosion of counterweight support pan.
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Figure 19. Weld attack at yoke pivot. ;

Figure 20. Weld attack at base ring clip.
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ELECTROCOATING OF ALUMINUM COMPONENTS
FOR THE NAVY HARPOON TURBOJET SUSTAINEX ENGINE

by

JOHN PRATI
TELEDYNE CAE
TOLEDO, OHIO

ABSTRACT

To provide increased corrosion protectlon to the aluminum components of the
HARPOON turboJet missile engine, an evaluation was made of three électrocoat sys-
tems and two anodize systems using a sulfur dioxide (SOg) salt spray technique to
accelerate testlng. - : :

Date is presented whlch shows the - superlor corrcsion resistance of a poly--
ester electrocoat based on:the SO salt spray tests. Also presented are results
of the polyester electroccated aluminum components after the engine was exposed to
seven months aboard a destroyer and twelve months under an aircraft wing.

INTRODUCTION

The sustainer engine, Teledyne CAE Moﬁel Jh02 CA—hOO for the HARPOON mis~
sile systems was designed to be a low cost, short life, expendable turbojet,
Figure 1. (1) (2)* 1In addition, one of the mejor design objectives was that the
engine have a five-year storage life in humid and marine environments. To meet
this design objective, Teledyne CAE selected materisis with inherent corrosion
resistance, rather then less resistant materisls with protective coatings. One
exception was the use of investment cast C355 aluminum on the air inlet duct and
stator housing, because of the resulting weight advantage and the component com-
plexity, Figure 2.: Although the aluminum castings have some corrosion resistance,
these components ere given the added protection of electrocoat polyester cosating
to enhance the five years' storage life which is:the subject of this paper..

PROGRAM BACKGROUND

Inltlally, a sulfuric acid anodize, dichromate sealed, protectlve coating
was selected for the aluminum castings. But early in the engine development
program, it was discovered that the residue from the two cartridges used to start
the engine was extremely corrosive. Multiple firings of the cartridge during
sngine starting cycle development severely pitted and corroded all ancdize sur-
faces exposed to the cartridge residue, T gure 3. The residue's corrosive nature
was accelerated by high humidities. The corirosive agent in the residue was sus-~
pected to be sodium oxide which, when combined with the humidity in the air,
formed sodium hydroxide. Since engine acceptance .est, which is performed prior

* Numbers in parentheses designate references at the end of the paper.
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to storing the missile, contractually required the use of starter cartridges,
the corrosive nature of the cartridge residue imposed an additional environmental
requirement on the five-year storage goal.

As an alternate approach, spray palinting of the castings was evaluated as
to its ability to provide protection from both the marine environment and the
starter cartridge residue. Achieving a uniform coating .y conventional and/or
electrostatic spray painting of the stator housing and vanes, Figure 4, was found
to be extremely difficult because of the back-to-back position of the two rows of
stator vanes which are only separated by approximately 0.060 inch.

When the electrostatic spray process was tested, the deep recessed corners
did not coat because of the "Faraday" effect.® A uniform and controlled coating
thickness on the vanes is necessary to prevent changes in airfoil shepe. A
thickness in excess of 0.001 inch tends to choke the engine; for example, & 0,002
inch coating on both sides of L4 vanes represents s 0.176 inch (0.002 inch x two
sides x 44 vanes) restriction to the annular flowpath and is equivalent to adding
an additional vane. These requirements of a uniform coating and a 0.001 inch
maximum thickness build-up on an intricately shaped part led to the evaluation of
electrrocoatings. Electrocoating has been used in high volume applications in the
sutomobile and appliance industries for many yezars. Currently, the process is
also being used on unique applications requiring a uniform thickness on compli-~
cated shapes. :

DESCRIPTION OF COATING SYSTEMS

Five protective treatment systems were evaluated for use on the aluminum
components and are described in the following sectioms.

ELECTROCOATING SYSTEM

Electrocoating is similar to plating. The part to be coated is immersed
in an electrically charged, water poluable paint bath. The bath, or solution,
consists of 5 to 20 percent paint solids in the form of paint resin and paint
pigment and 80 to 95 percent de-ionized water with small amounts of solvent and
solubilizer. The electric current causes the organic paint resin to deposit on
the part., As the resin builds up to a critical thickness, that area becomes
insulated, preventing further build-up. Thus, as the exposed surface becomes
insulated, resin is deposited on the corners and deep recesses of the part, pro-
ducing the required uniform coating. Deposition of the resin coating on the part
is the result of four distinct reactions which occur simultaneously. They are
electrophoresis, electrolysis, electro-osmosis, and polarization,

Briefly, electrophoresis is the movement of colloidal materials dispersed
in & liquid medium under the influence of voltage. Electrolysis is the dis~
association and movement of ions, in this case the movement of paint solids suse
pended in the bath. EKlectro-osmosis, which is the reverse of electrophoresis,

% A charged particle will take the shortest path to an oppositely charged surface.
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48 the movement of the liquid phase under the influence of voltage. Electro-

osmosis is the process that forces water from the deposited film coating. The
peint film exiting from the bath is betweén 85 and 95 percent solids.

Polarization is the ability of the deposited film to exhibit electrical
resistance. The polarization reaction is the force which makes the film self-
insulating, and thus limits the coating sction at a certain level to give an
exact uniform covering and precise thickrness control.

A typical flow chart for the electroccating of an aluminum part is shown
in Figure 5. The first step i1s a cleaning procedure that removes general dirt
and machining oils. The second step is a deoxidize and desmut procedure that
chemically cleans the surface of the aluminum part. The third step is a deilonized
water rinse that reduces carry over of contaminates to the electrocoat bath. The
fourth step is the electrocoating, which generally requires one to two minutes to
completely coat all wetted surfaces. The part isg then rinsed to remove the ex-
cess paint clinging to the surface after coating. This may or maey not be followed
by air drying, depending on the specific paint formula. The final step is a 300
to LOO®F cure bake that polyerizes the organic resin.

The normal thickness range for electrocoating is n,0005 inch to 0.002 inch
with most coatings about 0,001 inch thick. Under high magnification, the uncured
electrodeposited paint has a spongy appearance. Durin% ghe cure cycle, the coat-
ing flows and coalesces to produce the surface gloss. This flow causes the
coating to draw away from the edges causing local reduction in film thickness to
0,003 ineh at sharp edges,

In addition to providing a reasonably uniform coating, the anodic electro-
coating of aluminum results in the simultaneous anodizing and painting of the
work because of the applied electric field. This anodize c?BXersion coating is
one of the factors that provide good corrosion protection. Addditional advan-
tages are that the process reduces labor costs, and vhen compared to conventional
spray processes, reduces required operator skill. Being a& low solvent, water
base system, electrocoating eliminates most environmental pollution problems.
Some of the limitations of electrocoating, as well as a summary of its major
advantages and disadvantages, are given in Table I.

The electrocoat paint manufacturers were contacted for assistance in
selecting a coating which would meet the following requirements:

a. Resistant to sea water and humidity (5-year corrosion resistance life).
b. Capable of surface build-up to approximately 0. OOl inch.

¢. Hardness for erosion and chip resistance,

d. Operational in -60°F to 165°F environment.

e. Corrosion resistent to highly basic starter cartridge residue.

Three electrocoat coatings were evalusted: a polyester produced by E. I,
duPont; an epoxy produced by PPC Industries; and an enamel produced by Standard T.
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ANODIZE SYSTEMS

Two anodize systems were evaluated: & standard dichromate sealed sulfuric
, acid anodize per AMS 2UT1l; and a new duplex seal anodize developed by Lockheed.
! Testing on AATOT5 and 2024k aluminum panels by Lockheed has shown that the duplex
' seal anodize is capable of providing 2,100 to 14,000 hours' life in a 5 percent
salt spray. This salt spray life represents a significant increase in corrosion
protection when compared to the standard dichromate sealed sulfuric acid anodize.

TEST PROCEDURE

; A new sulfur dioxide (802) salt spray technique was used to evaluate and

: gelect the final aluminum protective finishing system. This new technique was

¢ developed by the Naval Air Development Center, Naval experience on land and

i shipboard has revealed that sulfur in the form of oxides, created by ship propul-

: sion systems and by industrial air pollution, causes an increased corrosion of
aluminum in marine environments. To simulate this environment. SO2 gas is in-
cluded in a normal 5 percent salt spray test. The schedule for the introduction
of 802 is one hour for each six hours of testing, at a rate of 25 ce/min. Some
of the S0o combines with water to form sulfurous and/or sulfuric acid, thereby
accelerating the testing. Although severe, the procedure accelerated testing
while simulating the environmental exposure, 7)" At the present time, a corre-
lation between the 802 salt spray technique and & standard 5 percent salt spray

test hus not beern established. o

To be representative of actual engine hardware, test panels were made from
C355-T-61 cast aluminum air inlet ducts from the HARPOON engine. The outer dia-
meter of the duct was cut into quarters, Fifteen panels were cleaned and then
three of each were treated with one of the five protective finishes. Each panel ;
was then scribed with an "X" through the coating to bare metal. All fifteen P
panels were then submitted to the Naval Air Development Center, Warminster, ;
Pennsylvanis, for SOz salt spray testing for 30 to 45 days.

TEST RESULTS ' ,
s /

The following is a description of the result~ obtained after 30 days test-
ing. Since four of five coatings evaluated failed after 30 days testing, further

802 salt spray testing was not conducted.

POLYESTER COATING

The E. I. duPont "370-010 Line" polyester coating provided the best protec-

% o tion of the five finishes evaluated. Iigure 6 shows the condition of a coated :j
S . panel after 7, 14, 21 and 30 days testing. For clarity, a montage photograph of L
: only one of the three panels is shown for all five systems. Considering the L;
severity of the tests, the polyester coating provided excellent corrosion protec- gﬁ

tion., In general, the only areas showing coating deterioration were at the tg

scribed lines and at the sharp edges of the panels. The deterioration in the i%

form of small and scattered blisters was present after 7 days. The blisters in- tgg

creased in size and number as the testing progressed toc the 30th day as shown in ﬁg

the last view. i
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Based on its superior corrosion resistance, the electrocoast polyester coat-
ing was selected for use on the HARPOON YJ402 and JL02 engines.

EPOXY COATING

The PPG Industries "Cationic Power Prime ANEEP322" is an epoxy system in
vhich the coating occurs on the cathode side of asn electric cell., In a normal
elactrocoat set-up, the part is the anode. The condition of one coated panel
after 7, 14, 21 and 30 deys is shown in Figure 7. After the first 7 days of
testing, one of the three panels, not shown in Figure T, developed localized
areas of heavy blistering. As the testing progressed, all of the panels developed
heavy blisters., It is possible that modifications to the pre-cleaning procedure
would eliminate the blistering; however, due to the excellent results obtained
with the polyester coating, no further development was planned for this system.

ENAMEL COATING

Figure 8 shows the condition of the Standard T Chemicel Company "217-98k4
Flectrolox Black Enamel" after 7, 14 and 21 days testing. The coating provided
protection for T days' testing, although some undercutting along the scribe line
and vibropeened identification marks were evident. After 1k days' testing, the
panels had developed a wrinkled condition, similer to the condition produced by
& brush paint stripper. Because of the poor condition of the enamel, testing
was terminated after 21 days.

DICHROMATE SEALED SULFURIC ACID ANODIZE AND DUPLEX SEALED ANCDIZE

Figures 9 and 10 show the condition of the sulfuric acid anodize {per
AMS 24T1) and the Lockheed developed duplex sealed anodize punels after T, 1L, 21
and 30 days testing. Both anodize systems developed a few shallow pits after
three days of testing. As the testing progressed, the panels showed more and
larger pits. Although pitting did occur, both anodize systems provided protec-
tion until they failed between the 21lst and 30th day of testing. The duplex sesal
anodize system appeared to provide slightly more protection than sulfurie acid
anodize after 30 dayrs' exposure. However, che duplex seal anodize did not pro-
vide the corrosion protection obtained with the electrocoat polyester coating,

Figure 6.
EVALUATION OF SEA AND ATR TRIAL STORAGE ENGINES

As a preliminary evaluation of the corrosion resistance in a real world
environment, development engines were tested by storing for six to twelve months
in a simulated missile case, The case, Figure 11, was essentislly a closed metal
tube with a hole in the bottom to simulate the openings that would be present on
an sctual missile case. Aerodynamic fairings were added to the alrecraft contain-
er. BStorage tests vere conducted on aircraft and shipboard installations. These
tests were not to be considered as proof or as qualification tests, but rather as
diagnostic type tests to provide engineering dats on the corrosicn susceptibility.
To gain some data on the long term effects of the starter cartridge residue, the
engine scheduled for twelve month testing was started using a full set of car-
tridgee during initial acceptance test.
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_to installation of the cartridge.
The final area of deterioration was a small spot on the fuii/;égﬁydaunting
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The stator housing and alr inlet duct on storage engines were protected
with the polyester electrocoat. The following observations were made on the
gtorage engines after exposure to the environments described.

SEVEN MONTH SHIPROARD EXPOSURE

Although the initial test plan was scheduled for a six-month test, this
engine was subjected to sevoa months' exposure onboard the destroyer U.S.S.
Reasoner based at Subic Bay in the Philippines. Initially, the engine was
stored in a simulated missile container which was contained in a storage box
mounted on the destroyer deck, A few days into the voyage, while enroute from
San Diego to Hawaii, the storage box was damaged by high seas. In Hawaii, the
storage box was discarded and the simulated missile container was mounted
directly to the destroyer rear deck, where it remained for the duration of the
exposure test period. During the exposure period, the destroyer was bssed pri-
marily at Subie Bay with visits to ports in Taiwan, Singapore, Hong King,
Ceylon, Austrailia, New Zealand and Tahiti.

After sevea months, the polyester electrocoated stator and air inlet duct
were Iin good condition with no deterioration occurring on airflow surfaces,
Figure 12. Some minor deterioration had occurred in four exterior locations,

Figure 13.

First, some creepage (undercutting) and pitting had occurred around the
five mounting pin holes. Corrosion had also occurred on the mounting pins and
in the mounting pin holes, which were not coated because of strict tolerance
control. Since the holes cannot be painted, it has been recommended that a
sealant be used during the installetion of the mounting pins to prevent this

type of deverioration.

Second, & 3/4 inch diameter spot of coating under the flexible fuel line
had failed, The damage was initiated by a mechanical abrading of the coating by
the braid wire on the fuel line. It was discovered that the flexible seciion of
all fuel lines had been manufactured one-half inch shorter than designed. Cor-
rection of this error has eliminated the wear spot.

The third srea of deterioration occurred under the starter cartridge
gasket., Analysis revealed thet the gasket was not making a complete seal be-

cauge of insufficient clamping force and incomplete machining of the case boss.

To provide proper sealing, RTV silicon rubber is now applied to the Joint prior

boss., To prevent this type deterioration, all fasteners are now beipg”sprayed
with a corrosion preventative compound, MIL-C-81309, after acceptsute testing.

TWELVE MONTH AIRCRAFT EXPOSURE
The second engine was stored under the wing of a P-3B aircraft for 12

months, The aireraft accumulated 390 hours, including 175 landings and 16 touch-
and-goes. The aireraft, initially based at Key West, Florida, was re-assigned to
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Naval Air Station at Patuxent River, Maryland.

The stator housing was in excellent condition from a corrosion standpoint,
but had been damaged by the lockwashers and by the short flexible fuel line cut~
ting into the aluminum, Figure 1h. The lockwashers have now been replaced by
flat waghers, A light rub on the axial compressor shroud, which occurred during
the initial teat, had been touched up with an epoxy paint and was in excellent

condition,

The inlet duct was also in like-new condition, except some deterioration
had occurred under the alternator strut gasket, Figure 15. This alternator strut
has been elimirated from the production engine,

This engine was certridge started during engine scceptance testing., Al-
though no deterioration was observed on the electrocoated stator housing which
wes exposed to the cartridge residue, the cast 1T7-I Precipitation Hardening
Stainless Steel (PHSS) radial compressor rotor was severely corroded. This cor-
rosion was attributed solely to the cartridge residue, since the cast 17-U PHSS
axial compressor, which was not exposed to the residue, was not corroded.
Efforts are being made to eliminate the contractual requirement on the use of

cartridges for acceptance test.

SUMMARY

The use of E, I. duPont polyeater electrocoating is an effective process
for providing uniform corrosion protection ireatment to complex shaped parts,

The S02 Salt Spray testing technique was an effective accelerated method
of evaluating corrosion protective treatments. This testing established that
the polyester electrocoating provided better corrosion protection than both the
duplex sealed and dichromete sealed, sulfuric acid anocdize systems,

The evaluation of the storage engine after seven and twelve month exposure
has shown that the polyester coating selected for use on the aluminum HARPOON
components provided corrogion protection in marine and tropical environments,
Some minor material deterioration was observed on exterior surfaces but modifica-
tions have been implemented to correct these problems, The storage evaluation
hes also shown that the residue from the starter cartridge used during engine
acceptance testing is corrosive to the 17-4 PH radial compressor but not to the

electrocoated aluminum components.
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SUMMARY OF THE ADVANTAGES AND DISADVANTAGES OF ELECTROCOATING ALUMINUM*

ADVANTAGES
Good Corrosien Resistance

Uniform Thickness on Complex Parts

Complete Coverage of all Paint Wetted

Surfaces

Process Simultaneously Anodiwes and

Paints (Anodic Process)
Eliminates Runs, Sags and Tears

Reduces Labor Costs

Reduces Required Operator Skill Com-

pared to Spray Process

Eliminstes Most Environmental Pollu-

ticn Problems

Applicable to High Volume Production

Good Paint Utilization

* References (3), (4), (5) and (6) R

DISADVANTAGES -

Work must be Electrically Conduc-
tive :

Requires Capital Equipment
Requires 300 to LOO°F Cure Cycle

Normally Rednires the Use of Large
Paint Volume

Color Change Difficult

Application of a Second Coat by
Mectrocoat Process Very Difficult

"Deplates" Surface Dirt to Paint
Surface Causing Staining of Light
Colors ’
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Corrosion of a Stator Housing Caused by Starter Cartridge Residue.
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] INTRODUCTION

The aluminum-magnesium alloys, 5086, 5083, and 5456, are
attractive materials for naval construction because of their
marine corrosion resistance, high strength-to-weight ratio, and
weldability. The alloys have been used by the Navy for light-
weight superstructures and as the primary structural metal for

i high-speed, high—performance ships and craft. The most desirable
: combination of properties in sheet and plate was achieved in a

; mildly cold-worked temper (quarter-hard) designated as 5086-H32,
5083-H321, and 5456-H321. However, under certain conditions,
exfoliation corrosion problems were experienced with the standard
temper. Exfoliation or lamellar corrosion is a type of inter-
granular corrosion causing delamination in thin plate material.

To solve the exfoliation problem, the aluminum industry
developed rolling procedures for tempers meeting the mechanical
property requirements specified for the H32 and H321 tempers and
having a metallurgical structure resistant to exfoliation-type
corrosion.''®? These tempers for sheet and plate high-Mg, 5000~
series alloys are designated H116, developed by Reynolds Metals
Company, and H117, developed by Alcoa. These exfoliation-
resistant tempers are included in Interim Federal Specifications
QQ-A-00250/19 and QQ-A-00250/20 for 5086 and 5456 alloys,
respectively.

(AT A AR gt ol

T T S

The purpose of this investigation was to study the corrosion
behavior of the three high-strength,Al-Mg alloys, 5086, 5083, and
5456, in the exfoliation-resistant tempers when exposed to three
marine environments. This report summarizes the results for
exposure durations of 6 months, 1 year, and 2 years.

e L R
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METHOD OF INVESTIGATION

oA L

Panels were cut from plates of 5086-H116, 5086-H117, 5083-
H1l1l6, 5456-H116, and 5456-H117 alloys. The test panel size,
thickness, and source are listed in table 1. Specimen panels
were exposed with the as-rolled surface finish and with saw-cut
or sheared edges.

.

Panels were tested in two conditions, viz, as-rolled and
sensitized. The sensitizing treatment, 1 week at 100° C* in a
laboratory oven, is an accelerated aging process to simulate the
) worst possible condition of the alloy microstructure after long-
o term service. Such a condition might occur in deck and super-
structure applications where exposure to the sun and tropical
temperatures are experienced.

*Superscripts refer to similarly numbered entries in the Techni-
cal References at the end of the text.

*Abbreviations used in this text are from the GPO Style Manual,
1973, unless otherwise noted.
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o " TABLE 1 .
MATERIALS UNDER INVESTIGATION

- ALloy ~ Plate | NSRDC*| ‘rest o
ar Te% or|Thickness| Code |Panel Size| Source
- HEMPET]. inch. |Letters inch

5086-H116 | ~ 1/4 EST
5086~H116 | = 3/4 | Es8X
5086~H117 | 174 . | ETJ
g083+H116. | 174 | B¢
5083-H116 | 172 | EID
5456-H116 | ~ 1/4 ESY
'5456-g116 | 172 | ESz
5456-H117 1/4 ETK
5456-H117 1/2 ETF

Reynolds Metals Company
Reynolds Metals Company
Alcoa :

Reynolds Metals.  Company
Reynolds Metals Company
Reynolds Metals Company
1Reynolds Metals Company
Alcoa ,

Alcoa

X% KN KKK KN
WwwiwwWwwww

#NSRDC - Naval Ship Research and Development Center

~ Ppanels in both conditions were exposed to three different
marine environments at the Francis L. LaQue Corrosion Laboratory,
Wrightsville Beach, North Carolina. The three environments were;:

° Completely submerged in a trough of slowing flowing
sea water (2 to 3 ft/s).

e Exposure in a "splash and spray" zone which is the
level of wave breaking.

v ® Exposure to a marine atmosphere 80 feet from the
shore.
Where sufficient material was available, duplicate specimens were
tested for every exposure condition. A total of 282 specimens
was included in the program. Specimens were removed after expo-
sures of 6 months, 1 year, and 2 years. Note that specimens were
not cleaned, inspected, and reexposed; rather, each exposure was
for the total duration, and specimens were left undisturbed during
the entire period of the specific test.

RESULTS AND DISCUSSION
MICROSTRUCTURES ‘

Exfoliation or lamellar corrosion is a specific type of
intergranular corrosion attack which can occur along grain
boundaries parallel to the metal surface of aluminum products
having an elongated grain structure, such as light gage plate or
extruded shapes. The generation of corrosion products forces the




uncorroded layers apart and causes the metal to swell and delami-
nate or flake apart. ¥For those Al-My alloys containing greater
than 3% Mg, susceptibility to e§foliatmon ig dependent on the
amount of cold work introduced. Plate and sheet having been
severely rolled show a striated grain structure with precipitate
in the grain boundaries as a continuous line (figure 1). The -

_ precipitate (Mg2Ali) is anodic to the solid solution in the grain:

bodies and corrodes preferentially.® It is the continuity of the !

- ‘precipitate which makes the structure liable to exfoliation

attack.

The H32 and H321 tempers apply to products which are strain’
hardened and then stabilized by a 1ow—temperature heat treatment
to slightly lower the strength and to increase ductllity and
stress-corrosion resistance. This process can result in a micro-.
structure in which the precipitate is present in a continuous line.
Microstructures of as-received 5456-H321 plate and the same
material sensitized (1 week at 100° C) are shown in figure 1.

With heavy lamellar precipitate already present in the as-received
microstructure, sen51tlzlng had little effect in furthering the
precipitation.

The new tempers, H11l6 and H1l17, appiy to products which are
strain hardened less than quarter-hard and do not undergo a
stabilizing heat treatment. The objective cof these tempers is to
provide material having a metallurgical structure with a discon-
tinuous network of precipitate. Such a structure should not be
susceptible to exfoliation. Figures 2 through 10 show the micro-
structures of the new tempers for the alloys and plate thicknesses
under the present investigation in both as-received and sensitized
conditions. Note the discontinuous network of the prec1p1tate in
the as-received plates.

Interim Federal Specifications QQ-A-00250/19 (Navy-Ships)

for 5086 plate and sheet and QQ-A~-00250/20 (Navy-Ships) for 5456
plate and sheet in the H116 and H1l7 tempers require, as part of
the material gqualification procedure, that samples of production
lots be examined metallographically. The examination must show a
microstructure predominantly free of a continuous grain boundary
network of Al-Mg precipitate. The as-received microstructures of
plates of all alloys and thicknesses for the H1l6 and H1l7 tempers
in this study meet the requirement (figures 2 through 10).

The H116 and H1l7 tempers represent two different approaches
for providing a discontinuous precipitate network. In the H116
temper, the precipitate is dispersed throughout the metal in dis~
connected paths, while the H117 process prevents the formation of
paths of precipitate along the grain boundaries. It was observed
that in the as-received condition, the alloys in H11l7 temper
(figures 4, 9, and 10) had a sparse population of precipitates in
comparison to those in H116 temper. However, after the sensitiz-
ing treatment, the H11l7 tempers show heavy, continuous "stringers"
of precipitate, whereas the alloys in the H1l6 temper show only a
slight increase in precipitate density and continuity. It seems,




therefore, that inherent in the H11l6 tempering procedure is a
stabilizing process which inhibits further growth of precipitate.
The H1ll7 tempers appear to hold much Mg in solution. Conse-~
quently, this less stable condition is more responsive to the
sensitizing treatment.

The sensitization treatment may be more severe than natural
aging. Sensitization treatments may be considered a means of
obtaining a conservative evaluation of long-~term corrosion per-
formance when long-term data are not available, and the long
delay involved in complete evaluation under conditions of natural
aging and exposure is unreasonable. ~

CORROSION

The results of exposure to the three environments are summa-
rized in table 2 for panels exposed to marine atmosphere, in
table 3 for panels exposed to splash and spray, and in table 4
for the fully submerged panels. The results are given in terms
of corrosion rates in mils per year, based on weight loss and
exposed surface area. In general, the calculated rates for any
exposure and condition were less than 1 mil/yr and decreased with
time, i.e., the initial attack is highest.

The panels exposed to marine atmosphere and to splash and
spray showed a scattered light pitting on surfaces, with a
slightly greater intensity in the latter exposure. The pitting
can best be described as "pinpoint" and of insignificant depth.
The one exception to this general behavior was that of the sensi-
tized, 1l/4~inch-~thick 5456-H117 panels. In both environments,
the attack on these panels appeared as a minor scattered surface
blistering. The attack was first noted after 1 year of exposure,
being the only instance of increased corrosion rate at that time;
however, the rates after 2 years of exposure show the attack to
have virtually ceased.

Surface attack on the as-received and the sensitized 5456~
H11l7 1/4~inch panels after 2 years of exposure to splash and
spray and marine atmosphere is compared in figure 11, White
corrosion product was present under the blisters, and an area
about 1/2 x 1/8 inch near the edge of the sensitized panel
exposed to splash and spray showed evidence of delamination
(figure 12). Corrosion rates based on weight losses of the 1/4~
inch panels ranged from nil to 0.10 mil/yr in both the splash and
spray exposure and marine atmosphere.

SN ST



- o TABLE 2
- CORROSION TEST RESULTS FOR ALUMINUM ALLOY¥S IN
MARINE ATMOSPHERE 80 FEET FROM QCRAN

Corrosion Rate
Alloy and Thgéigzss mil/yx Corrosion Description
Tempex inch 6 1 5 After 2 Years
. Months |Year |Years
As-Rolled Condition
5086~H116 1/4 0.10 ]0.09} wNil
5086~H117 1/4 0.10 [0.13] Nil
5083~H116 1/4 Nil 0.11] Nil
5456-H116 1/4 0.10 10.11| Nil . S
5456-H117| 174 0.10 |0.13| 0.10| Scattered light pitting
5083~H116 1/2 0.30 {0.13] G.1l0
5456-H116 1/2 0.35°]0.13} 0.05
5086-H116 3/4 0.50 (0.12l1 0.10
Sensitized Condition
5086-~H116 1/4 Nil 0.17] Nil | Scattered light pitting
5086-H117 1/4 0.20 10,17 wil Scattered light pitting
5083-H116 1/4 Nil 0.33] Wil Scattered light pitting
5456-H117 1/4 0.30 |0.65] Nil |[Moderate light blistering
5083-H116 1/2 0.40 {0.31] 0.05} Scattered light pitting
5456-H116 1/2 0.40 ]0.23} 0.10| Scattered light pitting
5086-H116 3/4 0.50 10.26] 0.10f{ Scattered light pitting
TABLE 3

CORROSION TEST RESULTS FOR ALUMINUM ALLOYS IN
SPLASH AND SPRAY ZONE

Corrogion Rate
alloy and Thiéiﬁzss mil/yr Corrosion Description
Temper ineh 6 1 5 After 2 Years

Months|Year |Years

As~-Rolled Condition

5086-H116 1/4 0.10 f0.11] Nil
5086-H117 1/4 0.10 |0.09] Nil
5083-H116 1;4 Nil 0.07| Nil
5456-H11¢€ 1/4 0.10 }0.09| 0,10
5456-H117| 1/4 0.20 |0.13| o.10| Scattered light pitting
5083~H116 1/2 0.35 {0.08) 0.08
5456-H116 1/2 0.35% ]0.13}F 0.10
5086~-H116 3/4 0.30 {0.12] 0.10

Sensitized Condition
5086~H116 /4 0.15 |0.14] Nii Scattered light pitting
5086~H117 1/4 0.10 j0.13] Nil Scattered light pitting
5083-H116 1/4 0.25 {0.17] Nil | Scattered light pitting
5456-H117 1/4 0.10 j0.26] Nil |Moderate light blistering
5083~H116 1/2 0.30 §0.13| 0.10| Scattered light pitting
5456-H116 172 0.35 {0.21] 0.05] Scattered light pitting
5086-H116 374 0.40 |0.14}] 0.10}] Scattered light pitting
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: | TABLE 4 .
CORROSION TEST RESULTS FOR ALUMINUM ALLOYS
FULLY SUBMERGED IN FLOWING SEA WATER

Corrosion Rate

Alloy and Thiéi§:ss mil/yr Corrogion Description Edge Attack
After 2 Years After 2 Years

Tempex inch 6 1 2
-+ |Months]Year !Years

-

As-~Rolled Condition

5086~H116 1/4 0.80 10.53] 0.45{Light uniform attack, Moderate
i moderate slight pitting
5086~H117 1/4 0,90 10.52] 0.40|Light uniform attack, None
no pitting
5083~H116 1/4 0,75 {0.47| 0.40}(Light uniform attack, Very slight and local
: minor incipient pitting
5456-H116 1/4 0.80 {0.48| 0.40}Light uniform attack, None &
. jno pitting . &
5456-H117 1/4 0.70 |0.48| 0.30|Light uniform attack, |None 4
no pitting 4
5083-H116 1/2 0.85 {0.47| 0.50|Light uniform attack, |Moderate and local E
minor ineipient pitting 2
5456~H115 1/2 0.70 [0.50} 0.45|Light uniform attack, |Moderate and local E
minor incipient pitting :
5456~H117 /2 0.60 {0.50 - |Light uniform attack, None* A
b - no pitting* :
o1 5086~H116 3/4 1.00 {0.43] 0.30|Light uniform attack, |Slight and local #
] no pitting N
#
: Sensitized Condition i
it 5086~H116| 1/4 0.70 |0.57| 0.40|Light uniform attack, |Slight H
;f no pitting o
% 5086~H117 1/4 0.80 ]0.52] 0.40]Light uniform attack, None
no pitting
5083~H116 1/4 0.70 [0.51] 0.80]Light uniform attack, Severe
severe shallow pitting
5456~H117 1/4 0.70 |0.56] 0,50{Light uniform attack, None
no pitting
5083~H1lé 1/2 1,15 10.56| 0.40|Light uniform attack, Moderate
. minor shallow pitting
$456~H116 i/2 1.85 {1.02} 1.15jLight uniform attack, Severe
minor incipient pitting
5456-H117 1/2 0.80 [0.85 - |Light uniform attack, Severe¥
no pitting*
5086-H116 3/4 1.10 |0.55] 0.40jLight uniform attack, Joderate
no pitting

*After 1 year in test,
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The highest corrosion rates resulted from the fully sub-
merged exposure where the surface generally showed a light,
uniform corrosion with minor pitting in some cases. Severe edge
attack occurred in most alloys and thicknesses in both the
as-received and sensitized conditions. Based on weight loss, the
average corrosion rate for the 1l/4~inch-thick panels which
experienced no edge attack (5086-H1l17, 5456~H116, and 5456-~H117)
was 0.80 mil/yr in the first 6 months (i.e., 0.40 mil of metal
loss in 6 months). The average corrosion rate after the first
year was 0.52 mil/yr (0.52 mil of metal loss) and 0.39 mil/yr
after the second year (0.78 mil of total metal loss). Thus, the
actual corrosion rate in the second 6 months was 0.24 mil/yr (or
0.12 mil of metal loss in the second 6 months) and 0.26 mil/yr
in the second year (or 0.26 mil of metal loss in the second year).
This analysis indicates that the general corrosion rate reduces
to a low, uniform rate after the initial attack of the first 6
months.

The pitting attack on the fully immersed panel surfaces was
minor and shallow in the alloys of H116 temper; alloys of the
H11l7 temper experienced no significant local surface attack.
Severe shallow pitting was experienced, however, in the sensi~
tized 5083-H116, l/4-inch plate, as shown in figure 13.

Edge attack generally occurred in the same panels that
exhibited some form of pitting attack. Attack was most severe in
the sensitized 5083-H116, l/4-inch plate and sensitized 5456-H116,
1/2~inch plate. Figures 14 and 15 show the attack in these speci-~
mens compared to the as-received condition and different thick~ : ;
nesses. Although the attack occurred in some of the as-received { -
plates, sensitized specimens showed the more severe attack. The 1
alloys in the H11l7 temper did not exhibit edge corrosion except
for the sensitized 1/2-inch-thick 5456-~-H117. Both the massive
pitting and the severe edge attack were found to be conventional
intergranular corrosion. By this process, corrosion of the grain
boundaries tends to spread out in all directions, removing whole
grains, and causing an area of intense local attack.

The slight pitting and edge attack in the as-received plates
were insignificant and would probably be prevented in service by
paint; however, buttering of exposed edyes with weld metal below
the waterline is suggested for complete immunity to edge attack.
Although alloys in a sensitized condition showed an increased
severity of pitting and edge attack, none of the ocbservations
indicates a corrosion problem beyond routine maintenance in the
long-term usage of these alloys in marine applications.

In a previous investigation,4 the same alloys in several
sheet gages in standard tempers (0, ~Hl4, ~H34, and -H32l) were
partially immersed in sea water for exposurxe times up to 7 years.
General corrosion damage was mild, characterized by shallow
pitting. The present study confirms the excellent marine corro-
sion resistance of the commercial 5000-~series alloys in the new
H11l6 and H11l7 tempers.
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CONCLUSIONS

The results of the 1nvest1gatlon reported herexn may be
summarized as follows-

® Metallographic analy31s of as-~received plates of
Al-Mg alloys 5086, 5083, and 5456 in H11l6 and H1ll7 -tempers in
thicknesses from 1/4 to 3/4 inch showed structures with discon-
tinuous. or randomly dispersed precipitate network necessary for
exfoliation resistance.

o The alloys in H11l7 temper showed continuous precipi-
tate network after a gsensitizing treatment. -The same alloys in
H116 temper realized only a slight increase in precipitate
density and continuity, suggesting that the H116 temper produces
material less susceptible to natural aging.

e The results cf 2 years of exposure to marine environ-
ments (marine atmosphere, splash and gpray, and fully submerged
in sea water) indicate that alloys 5086, 5083, and 5456 in the
H116 and H1l7 tempers have good corrosion resistance. No exfoli-~
ation attack was evident on any test panel.
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Figure 2
Microstructure of 5086~H116
1/4-1Inch Plate (500X)
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(Sensitized Condition Not Tested)

Sensitized 1 Week at 100°

As Received

Figure 8
e "Microstructure of 5456-H1l6
: "1/2«Inch Plate (500Xx)
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Figure 9
Microstructure of 5456-H117 ,
. 1/4~Inch Plate (500X) !
' i

As Received Sensitized 1 Week at 100° C

Figure 10
Microstructure of 5456-H117
1/2-Inch Plate (500X)
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Figure 11
 Comparison of Surface Attack on As-Received
and Sensitized 5456-~H117 1/4-Inch Plate Exposed
to Splash and Spray and Marine Atmosphere
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Figure 12
Delamination Under Blistering on
Sensitized 5456-H117 1/4-Inch Plate
After Splash and Spray Exposure
(250X)
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Figure 13
Wide, Shallow Pitting in
Sensitized 5083-H116
1/4-Inch Plate After Fully
Inmersed Exposure ’
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A - 1/4-Inch Plate, As Received
B -~ 1/4-Inch Plate, Sensitized
C - 1/2-Inch Plate, As Received
D - 1/2-Inch Plate, Sensitized
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CAVITATION CHARACTERISTICS OF SEA VATER PLPE SYSTEH_COMPONENTS
Authors: Y Bocecadoro and B Angell

* Southampton University, Department of Mechanical Engineering

# Admiralty Materials Laboratory, Holton Heath, Poole, UK

SYNOPSIS

Yhrough-1:fe costs of sea waier systems in HM Ships could be greatly improved
if rapid erosion of valves and other pressure reducing devices could be avoided.
This can only be achieved if designers and operators are provided with adequate
design criteria. To establish such criteria is the aim of a current research
programme undertaken jointly by AML and Southampton University.

The orifice plate, being the simplest pressure reducer was first studied in some
detail. Flow visualisation techniques, using fresh water, were supplemented ty
long term experiments in which full-scale systems carrying sea water were built to
resemble construction and operating conditions. Diaphragm valves were also
invegtigated thoroughkly, since little data seemed to be available in the literature.
The results were used, together with a theoretical estimate of the pressure losses,
to produce simple and practical data, which may be used with valves and other
pressure reducers, It is concluded that the proposed design criterion is adequate
to minimise risk of cavitation erosion in piping systems.
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INTRODUCTION

The piping systems which ciroulate sea water around a ship to satisfy fire
fightivy and cooling requirements are expensive to wild and maintain. This is B
i © parti-alarly true in warships where sophisticated materials may be used tec ensure ;'
| relirnbility, It follows that every effort should be made to preserve their 2 ﬁ%

integrity during-the life of the vessel. The object of research at AML i
(Admiralty Materials Laboratory) in this field is to minimise through-life costs %
o while taking advantage of developments in new materials. It ia well known that I i%
A sea water is a particularly corvosive fluid which, even when static, may cause e
-~ deterioration of metallic materials in which it is contained by a mumber of

o corrosion procesges. Vhen the sea water is flowing the situation is altered by
! the decreasing severity of some mechanisms but others are introduced which are
’ influenced by the hydrodynamic characteristics of the piping system. These are
impingement corrosion and cavitation erosion and are often desoriptively coupled
together in the term "corrosion/erosion",

While this paper is concerned principally with cavitation and its prevention it
is important that the relationship between these two effects should be emphasised.
Cavitation erosion is mechanical in nature and does not require a corrosive
medium. Impingement corrosion requires mechanical energy resulting from hydro-
dynamic forces to establish and maintain areas of differing potentisl so that the
predominantly electrochemical wastage process may take place. It is easy to

\ appreciate, therefore, that in a piping system carrying sea water at, typleally,

Y 3 metres/second the presence of a source of cavitation may result in the

deterioration of component materials by these effects wither singly or in com-
bination. Impingement corrosion severely limited design velocities in copper
sea water systems and resulted in the development of a series of alloys, described
later, which possessed increasing resistance to this phenomenon and where these
materials are properly used failures are rare, However this situation may be
radically changed if a component is forced into cavitation. Considerable
exporimental and service experience has shown that cavitation must be prevented
if high maintenance costs are to be avoided.

As a result of studying the hydrodynamic characteristics of some commonly used
- S pipework components it was concluded that, in an othorwise well designed and

i = constructed system, pressure and velocity conditions suitable for the inception .
S of cavitation were only found in devices which dissipate energy in order to R
: control flow. Pressure reducing orifice plates and control valves fall within g
this category. It was confirmed that, in service, this was an area vhere 1ittle
guidance was available to designers and operators on the permissible operating
by limits of these devices whilst avoiding serious corrosion/erosion of valve com- ;
T ponents and downstream pipework. The lack of dats frequently led desigmers into i
| assuming that when sizing valves in flow control Lerms, materials problems could ! ;,ﬁa
X be avoided by ensuring that local velooities dld not exceed values at which U
significant corrogion occurred, It was of some concern to AML to find from a o
literature survey that what data did exist was not directly relevant to the LR
diaphragm valves which had been gemerally adopted for use in controlling sea 7
water flow in surface ships. It should perhaps be emphagised that in most systems o
vhere pump performance matohes the loss choracteristics there will be no , o
requirement to reduce pressure to the extent where any component is forced into it
cavitation., Invariably the problem is confined to subsidiary cooling systems BRI J
which are coupled to the fire main either for comvenience or by necessity. As 2

=
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a result pressure must be reduced-from values in excess of 7 bar (100 psig) to
perhaps 1~2 bar to achieve the desired flow rate. In this paper it is proposed
that several devices are used in cascade under controlled non-cavitating
conditions rather than a single valve o» orifice plate, For this purpose a
sultable parameter hay been evolved for use with orifice plates and diaphragm
valvea which should winimise the risk of cavitation.

NOTATION ¢
P, ¥, Pressure and velocity measured 5 diametera
upstream
A=Ay : Upstream and downstream pipe section area
Ppo Vi Ap Pressure and velocity and area measured at
! Vena contracta, (and valve 'throatt)
Py Vs Pressure and velocity measured 10-12 diameters ~
? downstrean
1 Saturated vapour pressure of fluid
n Area ratio at Vena countracts
Mo Area ratio of orifice plate
B Diameter ratio of orifice plate !
Cq Contraction coefficient (= ﬁ'- )
o
p1 -Pp
¢ loss coefficient (= ~—-1‘ 2)
T V1
o
Cavitation parameters
X4
o Density of fiuld

ERIALS

Copper alloys are now used almost exclusively in the construction of sea vater
gystems for EM Ships and, sinoce their use offers groater reliability in apite of
M egher initial oost compared to ferrous systems, they are increasingly found in
commercial vessels, 4s mentiloned earlier the piping materials in use loday were
developed to provide good resistance to impingement corrosion. These are the
cupre~nickel alloys covered by BS 2871 Seotlon 2 ON 102 and CN 107 and aluminium
vrass (€2 110)s For naval applications CN 102 (90/10 cupro-nickel) has been used
in surface ships since the mid sixtles with composition limits wmodified slightly
to0 conform with Ministry of Defence specificationa.
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Cast components, such as valve bodies, are usually made from lead containing
gumetals although aluminium bronse, Monel and phosphor bronze may alsc be used.
Thase materials generally have good corrosion resistance in sea water but with
the exceptior. of aluminiwm bronze and Monei their cavitation erosion resistance
is relatively low, With the rising price of copper alloys diaphragm valves
with cast iron bodies caupletely protected intermally by a lining material are
becoming popular. ILinings may be chosen to suit many fluids and several poly-
merie and thermoplastic materials offered have better cavitation resistance
than gummetal. However considersble confidence in a lining materisl is required
gince in & copper alloy see water system perforation would lead to rapid
corrosion of the ferrous component,

THE RESBARCH PROGRANME

The content of this paper describes a part of a collaboretive project between
Southampton Univerasity and AML to study the hydrodynsmic factors which affect
cavitation erosion and impingement corrosion. Having emphasised earlier the
relationship between these phenomena cavitation alone will be considered here
since the hydrodynamic conditions which promote impingement corrosion and the
extent of interaction are still under investigation.

The need for hydrodynamic measurements using flow visualisation and acoustioc
technlqueas supported by practical experiments in simulated ahipboard aystems
conveniently divided the work between the facilities awailable at the University
and resesroh establishment, A simple recirculatory system of 50 mm nominal bore
wag constructed at Southampton in whiclh Towns water could be pumped through the
components of interest under a variety of velocity and pressure conditions,
Lengths of transparent acrylic plpe permitited flow visualisation and facilities
were available for photography and detection of sound emitted from collapsing
cavities. At AML the sea water test facilities provided practical data from
fullescale, long duration (5000 hour) experiments with recirculated and 'once=
through! sea water. Six identical 50 mm bore plye systems similar in con-
figuration to that at Southampton comtained orifice plates and partially closed
diaphragm valves to study cavitation effects at velvcities in the range 2.5 -~

6 metre/second. In addition cther test systems were used to obtain supporting
evidence for the proposed design parameter by including diaphragm valves set at
known cavitation levels.

Initial literaturs surveys of cavitation in piping systems by Southampton Univer-
sity revesled that some data were available on the cavitation charscteristics of
orifice plates and several valves but not the diaphragm type. To use & asys—
tematic approach a study was made of the orifice plate using several orifice
ratios. The parameters obtained from the consideration of this relatively asimple
hydrodynamic ca<> were applied to the diaphragm valve using a number of bagic
agsumptions, The loss coefficient characteristios of & 50 mu valve were
dotermined for variocus degrees of closure leading to the inception of cavitation
and finally the choking condition, In & similar independent exexcise a 38 mm
valve was characterised in & sed water system at AML, The metliods of cavitation
detection varied between the two sets of expariments. At Southampton visual end
sural observations were combined with sound level measurements with a Brusll and
Kjner sound meter fitted with microphone and operating in the 16 kHz octave band.
Aural fetection aided by a piezoelectric crystal pribe device uander development,

were used at AML,
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L DERIVATION O CRITERION TO AVOID CAVITATION

The initial assumption made in deriving the design criterion was that the
geometyy of & valve is the same as an orifice plate, Since the non-~cavitating
loss coeffiocient provided an ideal basls on which to formulate the criterion -
this was derived in terms of the physical properties of the orifice plate
(Appendix A). Equations (1) and ?1 3" wore compared with the experimental
results of Numachi, Ball and Lienhard (Refs 1,2,%) as shown in Figure 1. It was
found that the curve derived from equation (15 also oorresponded to data
Published in British Standard 1042 (Ref 4). The ihree cavitation numbers most
widely used in the literature are:-

”

l O'T - 'PT"";’I - . (2)
tovy

Py = P
. 3 hy . '
. 63 p1~P3 ' (3)

ot Ps = Py

==

(4)
2 .l
p1 + "va} hnd p3

¥
¢ is in nature slightly different from the others because it gives the difference
getween the average minimum pressure in the system and the vapour pressure when
cavitation starts,

The reason for considering the other cavitation parameters is that On is not
eagily obtainable when valves are studied instead of orifice plates, since the
location of the minimum pressure is not known and wight even very with the

-

degree of opening. Numachi investigated the variations of a slightly different

g coefficient Kg = 9p/Co° and found that it was independent of both area ratio and
i g § flow condifiong, Since for values of 3 as high ag 0.7 Cqy can be considered
i; ? constant this means that Ypopitical 18 2lso independent of area ratio auu flow
5 g conditions. This waa confirmed at Southampton University by;S B &u (Ref 5) and
%: (ﬁ Y Boccadoro (Ref 6). Using this result together with an es’cqma'be of the losses .
AR b%tggrdg's equation an apmroximation for the critical velue f 03 or O'z was
4 Q nede . ‘

R . S Btk

3 7 Py=P5 P -DPy

. i

2n 9n
o
3 = - + (5)
{ -n (4 - m)2
\ t .
The same proceas may be repeated with ¢ 33 however 0'3 is very simply related to
g, by i
3 Oy j
1
05 = @ e ] (8
3 .

80 that only 03 is considered here.
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The introduction of Op essentially avoids the agsumption that the pressure in
the secotion of minimum area is equal ¢ vapour pressure at cavitation inception,
This would correspond to %p =.0, However equation (5) is atill aiffioult to
use because wlth vilves neither Mo nor M are generaliy known. The pressure léss
betwaen locations 1 and 3 is ususlly easy to measure. By eliminaiing m bdetween
equations (1) ana (5)¢ S -

LA 2 (1 + %) .+?_’;_ ‘ (7)

3
e

Bquation (7) is therefore mroposed as a demign crditerion.to aveid cavitation
damage. Y Boccadoro (Ref 6) showed that the optimum value of ¢Uqp for orifice
plates was 0.8 based on more than 100 data points for 0.3 €8€0.7,.

'1 To use this oriterion with valves it was first assumed that oq is effectively -

ok independent of opening and flow conditions; although this would be difficuli-#o

. check the assumption seemed reasonable Viscous loasses, particularly from changbu. .
N in the direction of flow, were considered; and it was concluded that they only ‘\‘"5--\
o affect the estimate of 93 at very low loss coefficients, so that in practice )

‘ they can be ignored (Ref 6).

LOCATION AND INTENSITY OF DAMAGE BEHIND A
CGAVITATING ORIFICE PLATE

3 B Au of Southampton University (Ref 4) studied visually the location of impin~ )
gement of the small bubblea released by a oavitating orifice plate. The resulbs .
were qualitatively quite interesting and helped to confirm that the ercsion -
exporianced in piping systems could indeed be caused by cavitation. However no
iuformation on damage could be obtained from a visual study because-it did not
teke irnto uccount the variation in the energy of the impinging bubbles. Far more
enlightening was the study made by Lobo Guerrvero (Ref 7). The potential damage
resulting from a cavitating step in a two dimenasional chamnel (anslagous to the
orifice plate situation) was mssessed by counting the number of pits per second
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of running, on a thin metallic foil located downstream of the step. Of course ﬁ%
the aoctual damage would depend on the material but this method can be used to ! ?
compare soccurately the potential damage under different condifions. For a glven ‘\"
velocity the influence of the cavitation number may be desoribed as follows: ‘f%

(a) neax incipience, bubbles begin to appéar in the shear layer tut no demsge
can be- observed. '

(b) For lower Op a cloud of small bubbles develops and initial demage is
oxporienced, sbterting from behind the dead water region (Fig 2b).

(¢) Lowering the cavitation number results in increased cavity length; this
displaces the/ location of mazximum attack downstream and increases its
intensity. The cavity also begina to pulsate backwards and forwards and
this causes minor erosion right up to the bottom of the atep, as shown in

I“ig 2(0)0 /

(d) The pulsations reach their maximum strength and amplitude resulting in
maximum eyosion, Substantial attqg\k can be experienced Just behind the

step (Pig 2d).

"
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(e) Towering Ym then tends to reduce the intensity of the pulsations, The
cavity langth is even more unatable and the erosion is far less localised
\(vith dnsm.niahing intensity,  Zome (a) is filled with very large bubbles,
Fig 2e).

(f) Finally when choking is reached the erosion is distributed as in Fig 2(¥).
The zome of attack 1is centred around the end of the cavity which grows
longer a8 0p is lowered even further., Zone (a) then becomes filled with
vapour 50 that no attack is experienced just behind the step,

The dlstances domnstiream were expressed in- terms of the step height, Obviously
a true similarity should take into account both the step height H and the seotion
dismetar D, However for 28 of the order of 0,5 it is sonsiderved that X is the
most relevant paramnter, D vyhen the cavitation numher was held constant and the
velocity varie. 4% ae: found thet the erosion inteusivy suoveased as V¢ wheve

(2 €@ €5}, The intersity, but sot the distrilution of erosion, was found to be
affeoted by veloolty »v that a comparison with - i:o vlooity ineresasing/cavitation
number decreasiag situation, as in the AML experimants, was still velid accepting
the diffeveuces iy wagnitude,

The distrivution of erosion established by Lobo Guerrerc was generally confirmed
i {ke experiments at AML but the results were not sufficient to support any
theory satisfactorily since the operating cavitation numbers did not cover

‘wdequately the values of interest., Damage to 90/10 cupro-nickel pipes downstream

o identical orifice plates withg = 0,6 was observed after a 5000 hour test,
#ith the range of velocities stated earlier cavitation numbers of ¢ 5 540, Loy
0,38, 0,36 were obtained, The presence of cavitation was not detec od at O‘T
5,0 and 1.k and only scattered impingement corrosion pitting was found, However
at "T = 0,38 and below general erosion wastage to an average depth of 0,2 mm
oaourred bvetween 1 and 3 dlameters downstrean,

By corrslating the available experimentsl data it is considered that the potential
damsge resulting from cavitating orifioce plates may be summarized as follows:=

v o > 0,8 possible bubbles in ‘the shear layer « no
or negligible attack,

0.8 » Op > Ooli , light to moderate cavitation - some possibvle
demage concentrated within i and 3 D down=

stroam,

Ok > Op > 0,2 moderate to heavy cavitation = inoreased
potential damage in the same gsone with some
gttack possibly immediately behind the plate.

0e2 Ip > 0 potential damage very high spread out over e
. larger area with mpaximum attack. i‘urther dwn-

stream (4=5 diameters),

T choking ia reached- high potential damage
: : over 5 or more diamsters located where the
oavity oollapsed, In this condition the
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remainder of the system dovmstream mey be .
exposed to corrosion/ercsion effects,

It is oconsldered that the summary above should be e usef’ul guide to the
designers of sea water piping systems, Having chosen ¢ m corresponding to the
degree of attack that can be tolerated ¢ 3 oan be computed using equation (77,
When possible a value of “m? 1 should be“chosen to ensure that the risk of
erosion damage is minimiseg. : o .

LOCATION AND IN'EN‘SITY OF ATTACK ASSOGIATED LTH
DIAPHRAGM VALVES o

In attempting to characterise the diaphragm valve (shown in section in F:l.g 3) .
in oavitafion 4erms the following steps must be takense

(9.) Recognise when the valve is cavitating and determine the oondi'bions under
whioch maximum damage to the valve interior will ocour,

(b) Tdentify the conditions which will produce damage to downstroan piping,

In ordsr to use the cavitation criterion derived from work on orifice plates the .

non~cavitating loss coef'floient of the 50 mm diaphragm valve was weasured for
various degrees of closure (Fig 4). The behaviour of the loss socefficient was
quite complex and after a thorough investigation it was comvluded that it could
not ve used with any degree of acouracy to determine ocavitation ineipience, I%
could however, be used to indicate the choling condition whieh is the state when
maximum flow for a given upstream pressure is reached, Cavitation inception and
desinence were then recorded for aix different positions of the 50 mm valve '
(17%, 2%, 31%, 3%, 54% and 100% open), and a wide range of pressure end
veloelty. Noise measurements were used as desuribed earlier but the signal
obtained was not always reliable paritloularly et low upstresm pressures and large
valve openings, which could explain the scatter in the deta. In a similar manner.
the choking condn.tion was identified in each ocase, The experimental values of
‘73 for cavitation desinence and choking were cnmpared with loss ceefficient and
curves derived from values of Om = 1,0 and 0.2 were superdmposed (Fig 5), It
was found €that Op = 1.0 is a fair estimate of cavitation inoegtion vhile choking
is represanted by 07 = 0,2 and not zero which would indicate breakdown“ by the
formation .of a clear cavity at vapour pressure,.

This result was in egreement with the daia obtained by Liobo Guerrere and
indicated that the maximum damage to the valve interior would be expected just
prior tp the choking condition, Lowering o still further would tend to bring
ths cavity outside the valve into the downs%ream pipe therefore displaoing the’
locetion of maximum atback {related to the end of the cavity). High speed
photography confirmed that only a few soattered bubbles were ssen downstream of
the velve vhen choking was reached. When the cavitation number was lowered
further the cavity was clearly seen several diameters downstream, However Tullis
observed that the length of the cavity was highly dependent on the genersl
‘envirenment downstream (Ref 8), Due to the variety of conditions fourd in ahipw
‘board systems & detamled survey of the: cavﬂ.ﬁy looation was not considered
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neoessary. Based on the study of the 50 mm valve, equatlon (7) with Op = 0,2
is probably a falr estimate of when the pipe downstream would be damaged by
cavitation erosion, the rate of attack depending on the material used,

Having determined the cavitatlon parsmeters for a 50 mm valve 4t was felt that
their reliability might be demonstrated if agreement ocould be obtained when
applied to another of different nominsl bore, As an exsmple the 38 mm valve
vsed for independent cavitation studles et AML has a loss coeffioient of 70
at 20% open, Therefore at cavitation inception represented by ¢ =140, P35 =

1.5 from equation (7).

Now pi-»zv . Py =D, ‘.Pl“zj - ..(9‘3-*1)‘.' =175
%‘I’"vl R hov, - :

Curves of oritical upstream pressure versus velosity for cavitation inception
for four valve positions, were compared with the AML experimental data (Fig 6),
The correlation was good over the effective operating range (20-40% open) and
although the valves did not differ greatly in size some confidence wes drawn

from the result,

4 total of ten gunmetal diaphragm valves were examined after 5000 hour tests

in ses water plping systems, Seven were throttled to give loss coeffioients

in the range 50-100, Of the latter, two operated at ¢, ® 1.6, and the valve
interiors of these sufferad noderate cavitation erosio% downstream of the seats,
The seats were only slightly attacked. ¥Five velves were operated at ¢z = 0,5
and at the lower cavitation number both seats and downstream areas of "ghe
botles were severely eroded., The remaining three valves vperated at values of
%z between 2,0 and 4,0 with loss coefflcients in the range 20-8 and nc erosion
of the interior was noted. Significant erosion wastage of 90/10 cupro-nickel
piping downstream of valves ocourred at ¢ g = 0,5 which supported results
expressed earlier, A% greater values of Yz corrosion/erosion effects were more

dependent on veloolty than cavitation number,

REGOMMENDATIONS FOR DESIGN

The results of studles on diaphragm valves ‘have confirmed that squation (7;)‘
with 0p = 1,0 can be used conveniently to aveid any major cavitation damage

in pressure redusing devices, This ylelds

R e (e)
Py = P3 ° ¢ §
“Jd eritical

or for ¢ >10 a simplified foym is dezived
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It is considered that if o 3 is kept larger than a3 eritical defined by -
equation (8) or (9) little or no cavitation erosidn of ‘either the fitting or
‘the downstream pipe ghould be experienced, However if it is important ‘that
cavitetion should be avoided completely a more conservative velue of O must
“ be used and a value of 1,2 to 1.5 1s suggested, '

The present criterion has the great advantage of simplicity since it only
involves knowing the upstream or downstream pressure, the pressure drop and
the velooity. However the cavitation number ¢z does not depend directly on
velocity, It was emphasized earlier that at constant cavitation nmumber the
demage was an exponentisl funotion of velocity, The situation is further comp-
licated by the pisk of impingsment covrosion at favoursble local turbulence
conditions which are also depemdent on velocity. Therefore when applied to
copper alloy sea water syst-ms it is suggested that equation (8) be used only
for velocities less than 5 m/s, This satisfies the requirements of sea water
systems as defined by BS MA18 'Salt Water Piping Systems in Ships'. Since the
cavitation parameters were dewrived mainly using Town's water the recommens
dations obviously apply to plping systems carrying this fluid and may be used
with more coufidence since the risk of impingement corrosion will be absent,

An example in the use of the design criterion may clarify its use, Assume that
a permanent drop in pressure is required from 760 X/u2 absolute to 200 Ki/w
with e flow rate corresponding to an average veloolty of 3 m/s, The use of only
one orifice plate would result in & cavitation number of approximately 0,36 and
severe erosion of the dowmstream pipe would oocur, Applying the proposed
oriterion three orifice plates would be required which would drop the pressure
successively whilst maintaining values of 03 greater than 9Uz,nit. Such an
arrangement should be free of corrosion/erosion effects, If a measure of
oontrel is required the last orifice plate may be replaced by a dimphragm valve
provided that its operation falls within the limits specified earlier. '

CONCLUBIONS ‘ -
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A design criterion to avoid mejor damage resulting from cavitatlon in pressure.-
reducing devices has been developed., A single curve expresses the critical
cavitation number v versus loss coefficient, This was supported by e thorough
investigation of thé cavitation characteristlcs of orifice plates and diaphregm
valves including long term experiments using sea water. Recommendations for
its use in sea woter systems have acknowledged the influence of velocliy and
impingement corrosion on damage to the component and its assoclated pipework,

The dependence of the criterion upon knowledge of the non~cavitatlon loss
coefficient of the pressure reducing device emphasised the need for acourats
date on valves which should be provided by the menufacturer, Such data on
orifice plates is already avnilable in British 3tandard 1042, Although the data

A
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now reported is intended primerily for the system designer its effeotiveneas
should be checked by the operator. In shorht, it ia considered that greater
-emphasis should be placed on the provision of means for monitoring pressiure

. and velooity in installed systems if the long term economio adventagss offered
by the use of the deaign crdterion ars to be realised.
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Derdvation of loss coefficient in terms of orifice plate paremeters, -

P1 .'p'r o p3
| .

vy -

It is assumed that the velosity distribution is uniform in each section,
Applying Bernoulli's equation between location 1 and T assuming negligible
losses: ' S e : R R

TREE

v
b
Vip
. ! 2 .
pl - pT = %pV:L °
Using Borda's equation
P}"pT""z(%PVT)m(i"m)
. = m 2
P3 = Pp 2 '1"“5{""'_ o (Fo Y4 )
and By P53 =
defining the.loss coeffiolent ,
' . 2
. al i \.‘P - . N - . - .
§ = Bl (=2 S ¢
0 vy : |
However in the use of orifice plates it is Pp which is of'ten measured and
not ip_z,..-' Hence for comparison with eXperimental data one s}mu_ld»uae
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FEASIRILITY STUDIES OF CORROSION MONITORING IN SHEAWATER
' SYSTEMS ‘

st .

by
J ¢ Rowlands

Admiralty Materials Laboratory, Holton Heath, Poole, UK,

SUMMARY

Pogsible techniques for detection of the ococurrence of cavitation eroslon and
impingement attack in ships' seawater systems have been investigated. If these
Torms of corrosion can be monitored, remedial actior can be taken thereby achieving
improved reliability and ship availability. Development of prototype
instrumentation for ship trials of a cavitation monitoring system are under way

aud instrucentation for research on the mechanism of impingement attack is

proposed,

'Copyright (C) Controller HMSO -~ London 1974
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LTTRODU GTION

Considerable success has been obtained using ha yorrcsion meter dsveloped
for the measurement of corrosive environments\i»2), its yrincipal Naval
application being the control of inbibit?r injeotlon to ¢ombuat polluted estuarine
water dorrosion during ship constructiont 3 ) and one UK s ipbuilder has used

the aa%e procedure for giant tanker and Atlantic container ship construction.
Interr st has also been expressed Ly the German and Royal{Netherlands Navies for
almiﬁéx'applicationso Unfortunately, the polarisation rz31stance measurement
utilised with this instrument only determlnes the corrosfon rate on test
e"/gtrodes and not elsewhere in the systom.

H
Current research is aimed at developing corrosion monitdring instruments for
improving the relisbility of ships' ssawater systems. tn such -systems the two
prinoipal failure mechanisms are impingement attack and cavitetion e¢rosion., In
order to develop instrumentation, it is firat ngcessaxy to es':ablish the
mechanisus of deterioration in order to define a parameter churacteristic of
the fallure wode which is cdpable of physigal measuremwnt, 1t is also desirable
to determine whew and where the attack is occurring in the ;y; em, while it is
actually happening rather than how deep or extensive 1tl%sgy'pu t-mortem
examination ufter it has occurred as with conventionsl nﬂgﬁdestruotiVe testing
methods, With the availability of appropriate corrosion :ionitoring
instrumentatlon it would te possible to use ex1bting maturjals more ef ectlvely

would improve the availability and reliability of shjps end reduced maintensnce
coat by preveuting costly and inconvenient failure:s

PATLURE Ji~CHANISMS IN uunABEL SYSTEMS

The effect of both cavitution erosion .und impin ement attack in seawater systems

is the wastage of metal, which in 4ne case of seawater aystems is of copper

based alloys.and predominantly cupro~nickels., Consequently, tke results of

these corrosion mechanisms is the dissolution of a copper-based alloy giving

rise to an =xcess of the corroding metal ion species in the system, and one
approach to corrosion monitoring would bo the chemical detection of meteal ions

at selected positions in the seawat :r system using physicel analytical

techniques., For other approuches it is necessary to consider the mechanisms of the
corrosion processes involved, o

Cavitation involves the formation of vapour bubbles caused by a local reduction in
pressure below the saturated vapour pressure in a liquid system, These bubbles
grow vapidly, and when they move into an area of higher pressure rapid collapse
occurs in which energy is released, If this occurs wedjacent to a 80l1id surface,
the energy may be sui'ficient to ocuuse mechanical damage possibly by & mechanism
similar to fatigue, und may occur both on metals el non-metals, Lower energy
levels of bubble col.apse, while insuf'ficlent to cause mechanical damage, may
create areas of local high turbulence at the metal surface and result in
cavivation corrosion, which is attributed to an nl=actrocherlcel mechanism akin
to implngement attuck, YThe cnergy release of the buuhle ocoliapse causes the
metal component to vibrate, transmitting sound or ultrusonic waves, wnich it

was considered could be a paranreter wihich would be measurable as a cavitation

———gy et e




‘monitoring techniqua, It is the ocavitation corroslon mechanism whioh is
responsible for the rapid deterioration of ships' components, such as pipes
downatream of orifice plates, valve seats.-and bodies, pump impellers and seals,

Inpingement attack is acoelerated corrosion due to rsmoval of protective corrosion
product £ilms and/or access of reactants by turbulent water flow, thereby )
continually exposing an active metal surface, which forms the anode site, The
rate of attr.k is controlled by the hydrodynamics and geometry of the systen,
which determines the area of the anode of impingement site and the surrounding.
cathode, the greet?st rate of atiack belng when the anode is small and the

cathode is large &, Thus, the rate of attack is determined by the anode

ourrent density, and the detection of this current ocould be & means of determining
the ocourrence of impingement attack in 8 practical system. Alternatively, in
conjunction with hydrodynamic studies on seawater systems, ourrently being
investigated there is promise that it will be possible to define the situations

in a seawater system where attack is likely to ovour and it would be possible

to simulate the worst conditions likely to occur and design electrode

assemblies capable of deteoting the conditions for impingement asttack to arise.
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! CORROSTON MONTTORING THCHNIQUES
& Ghemical Monitoring
%% Consideration has'been given to the use of analytical techniques for the é
B determination of metal ion concentrations in !seawater systems for the detection k.
%% of localised corrosion, 8&ince seawatsr systems are constructed of copper-based ’ﬁ
g@ alloys, the major metal ion conocentration reaulting from corrosion would be ;%
;?% ooppers The feasibility of using copper estimations was examined on a 'oncee ~ﬁ
éﬁ through' experimental seawater facility. The amount of corrosion in an ke
i experimental 5" diameter pipe system shown diagrammatically in Fig, 1 was 3
[ determined after a 5,000 hour run, with water velocity 4.5 m/s. This pipe i
o systen was 15 metres in length and had twelve cavitation corroslon or impingement 7
EE attack sites., The extent of the corrosion at each site is given in Table 1. From 3t
. %@ . this survey, the copper ion concentration in the seawater, assuming that all the a
;@ﬁ copper is retained in solution as copper ions, would be of the order 0s13 ug/le E
b In & ship's seawater system this concentrution of copper ions would be required &
to be determined on & background concentration of up to 100 pg/l meinly arising F

from cuvitation erosion in the seawater pumps and generel corrcsion of the
seavater systen components, and the variable natural copper content of seawater,
In the particular system exemined the copper ion concentration at the inlet

of the test section was 36 pg/l. At the ‘present time it is not thought
preciical to determine such small copper lon congentration differences,
Additionally, as a compliocating factor, it would be necessary to allow for changes
of the general ocorrosion of the pipe gsystem components with age. 4n ides of the -
change in general corrosion rate with time can be seen in Table 2, where the
change of corrosion rate of copper in s?awater with time is given,
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It has also been assumed that all the copper mmove\d n'\,\'-i crosion and the
selective corrosion prooessss is lost into solution) dp ol b}per ions, whereas in
practice the processes involved in corrosion are extreméJ\w sompiex, one of the
- suggested sequences of ree,c?ions following the diaaeluﬂ(ﬁs of 00pper in o
seawater being as follows\d I

SR

P N
?-;Lns - CuCl ‘ Cu(.‘:l3

V

+ P 5
Cu uv——-—“-—’ou +€-—-———---—-?hu+ + €

reduction reduction
of oxygen of oxygen

v

' basic cupric OH™ and
- carbonate Wee—e—ecmmm HCOB" ions -
In view of the practical difficulties of acourate chemical monitoring on beard ship,
it is oonsidered that chemioal analytioal techniques are not feasible at present
for the detection of localised corrosion in ships'seawater systems.

Gavitation Monitoring

The faot that cavitating components vibrate ia a well~known phenomenon., In

the first instance the noise emitted by a cavituting diephragm vaive was
determined by oclamping & biceramic transducer to a flat area prepared on the
underside of the valve body as shown in Fig. 2. On displaying the output signal
from the transducer on an ascilloscope it was observed thut when the valve was
cavitating, as determined by a loss in valve throttling efficlency, there was

a significant high frequendty ocomponent.

The frequency spectrum of a variety of components inoluding a Saunders
diaphragm valve, pipework downstreem of a Sainders valve, a G & K gate valve,
and a Worthington Simpson pump, were determined under hoth cavitating and none
cavitating conditions. The transducer probe used for these experiments had a
resonant frequency of 2,5 MHz and an impedance of 2 k ohms over the frequency
range 5=100 kHze A high resonant frequency probe was ochosen to give a linear
frequency response over the range 100 Hz to 100 kHz, The signal from this
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probe was fed into & .Waverley Eleotronics. selective deteotor type SD466/4

which had an input impedance of 41 M ohm. The seleotive detector had a

switched ¥ ottave bandpass filter with better than 50 dB/ootave roll off,

The results of the frequency spectrum analyses on the various components are

shown in Flgs, 3=6, The signifioant difference in the systems between the cavitating
and non-cavitating conditions is in the 6 kHze30 kﬁz ragion, where there is a

high output response :us to the cavitation,

It was questionable whether the high frequency response dua to cavitation was

u function of bubble coliapse resonant frequency or the resonant f{requeng

of components in the senwater system, To elucidate these factors a transducer
was attached to a length of weter-filied pipe und fed with a variable fixed

. frequency signal from a signal generator. Using & matching trunsducer as s

) plokup, fed into an oscilloscope, 1t wes intended to sweap the appropriate

L \ frequency spectrum end deterwmine the resonant fremency of the pipe systems In
L : practice, as the traansmitting transducer was effectively a point source, nodes
LR and anti~nodes of the longitudinal and transverse waves in the pipe, and the

’ waturbome transmissions were Jetected, and consequently the resultunt signal-
was very depenient on the particula position of the rsceiving probe. In the
practical situztion of a cavitating component this difficulty is not so obvious
as the cavitation occurs over an area in the system and over a banl of frequency
emissions, which has the effect of fl.ttening out tie nodes and anti-nodes.

For a cavitation monitor to be used on board ship it would be necessary to
detect which component in the system was cavitating, and if signals wers
transmitted extensively through tihe system, this would not be possible. Using
cavituting valves as the signal source, it was found thet with the conventional
flange in pipelines of 1%"=6" bore there was an. attenuation due to the flange of
3 L~6 38, This attenu&tion can be further increused to 9 48 by inserting a

| Perspex coupling piece 1" thick between the mating {large surfaces. Long lengths
A of 90/10 cupro-nickel pipe, eith'r in the straight condition or with bends

1 showed no significant attenuution of signal along the length., This gives rise.
‘to problems of probe positioning in & practical ship's system, but it is
considered thit as the likely cavituting components are easily recognised, 1%
would be simple tu insert appropriate coupling attenuators between cavitating
gcomporients, :

The optimum positioning of the transducer »rcbes in' a practical seawater
system has been considered., For ease of ojeration the most convenient position
would be on a flange face. The signal attenu.tion on the flange was variable -
according to tle f{lunge size um the materiul, but :3 a general observation it :
was found that there was 2 6 dB fall off on the flunge bolt heads, a 4 dB fall

off on the rim of the {lange, but or = 1 4B [all off on the flange back face.
From these results it would sprear . it might be vory convenient to attach

the transducer to the back face of a flunge coupling to seawater pipe

components likely to cavitate, Various coupling flulds between the trunsducer

~nd component under test were investigated but no significant. imprOVGment on’

the mechanicul air coupling was found. ‘
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Having assessed the problems of cavit .tion monitoring using cavitation fyequency
apissions, it rdmained to develop sultable instrumentation for practical ship
applications., It appeared thot the requirement wus for a ceramic transducer
operating at around 10 Kz, preferably resonant at thut frequency, with a low
response to lower frequency transmission. For this purpose a piezcslecotrio
transducer was preferred to the resistance type in order to avoid the
reguirement for bridge balencing in the electronic instrumentations The
development of & sultable probe for this purpose is being undertaken by the
Electroceramios Section at all, and will be reported sviarately. Considerable
success has besn achieved with prototype probss which  +e besn fed into a '
prototype instrument comprising of a narrow band ampli®' r operating at 10 kHaz
with 3 @8 oubt off pointa «t 7 kHz and 20 kHz, and & minigum of 12 dB/octave roll
off. The circuit dlagram of this instrument is shown in Fig. 7. Depending upon
the characterigtios of the final deslgn of proba the input stage of the narrow
band amplifier may require to be altersd to achieve mutchings

The Hall Probe

VWhen impingement attack occurs on the wall of a seavater pipe gyatem the pitted

or attack site is acting as the snode and the surrounding area behoves as

the cathode. 'The current flowing between the anode and cathode sites is the
parameter which determines the rate of attack. The magnitude of this curcent .
oan be estimated using Faraday's Law and if u rote of impingement attack

of 2.5 un/year is assumed this gives u current. density of 1-2 mi/mmZ, according

to whether it is assumed the copper 1s ionised as the cuprous or cupric ion,

This ordeyr of magnitude is in agreement with that detqryined in electrochemical
investigotions of the mechanism of impingsment attacklb .

The Hall probe is a semiconductor device which, when placed in a magnetic field
and excited with a constant current at right ungles, produces 2 Hall voltage in
the thind plane,RagBillustr&tcd in Pig. 8. The Hall veoltage is given by the
equation Vy = -J%%- where Vi = Hall voltage, Ry = Hall coefficient of semi~-
conductoy used, d = thickness of semiconductor, i = current and B = magnetro
industion, Commercial guusmeters are available with o senaitivity

of 10~5 T FSD, One such instrument uses & carrier square wave at 5 kiiz
excitation current and indium arsenide (InAs) probes. 7This instrument has
three cascade stages of 46 dB amplification with about 40 dB of negative
feedback, which results in a stable gain overall of approximately 80,000, The
amplifier uses very narrow bandwidth and phase lock techniques by taking the square
vave from the probe's supply oscillator and phas» witching each amplifier
blocks, The square wave 1s used to switeh a synchronous Jemodulator to snable
fields of either polarity to be detected. The electronics used are
sophisticated and, although not sensitive enough for the present purpose, it
nay be used as the basis of a more sensitive system. Uaing this irstrument

and ..odels of a corrvoding system, such as the current flowing in the long
straight oconductor, or the vurrent flowing in a circular plate from a central
contact to the circumference, it has been established thust the field strength falls
off inversely as the distanse squared of the probe from the conductor, and is
in inverse proportion to the distance from the anode point simulated at the
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epntre of the clroular plate conductoxrs The instrument was insufficiently
sensitive to wse in oconjunction with impingemest attack on a specimen subjeot
to jet impingement attaock in_seawater.

By the use of ferrite wollectors made as two quarter segments of a circle

with the Hall probe at the centre, the segment being 40 me in diameter, the
gensitivity of the probe could be increased by a faotor of 10. Attempts were
made to use indium antimonide (InSb) which has a sensitivity of 1.5 volta/Wb
fleld, which is an ordexr of magnitude above that for Inis, in conjunction with
a speclally made high gain low noise amplifier. However, this was not
satisfactory, due to the high temperature coefficient (145%/°C) of the InSb
material and the inherent noise of the device at low output. The amplifier
used was tuned to & frequency of 76 Hz as 4 minimum harmonie of mains
froquencys - ' '

It would appear that the most promising course for future work would be the
bullding of a preamplifier with a further 40 &8 of amplification and a
correlator luoked to the internal 5 Kiz square wave of the gausmeters

Zero Replstance Ammegey‘

S8ince impingement attack is a corrosion reaction it involves a current flow
between the ancde which is the impingement site and the surrounding cathode,

If the impingement site can be separasted electrically from the surrounding area
apd & zero resistance ammeter (ZRA) inserted in the external circuit, the
curreﬁt reading given by the ZRA is proportional to the rate of impingement
attack. ’ - ’

A posgfble design of zero resistance ammeter has been published by Henry and
Wild\®/, This basic circuit has been modified to utilise non-proprietaxy
components which are readily available in the UK, and the circuit diagram is
shown in Fig, 9, The instrument is capable of measurement of currents from

4 uA to 10 mA with an acouracy better than 1% to the limits of & 1 wA., To
compensate for thermal drift on the microamplifier occasional checking of the
off'set zero is required, particularly during the instrument warm~up stage, The
final read-out 1s conveniently displayed on a digital voltmeter. The
theoretiocal considerations of using a high gain °P$§?ti°nal amplifier for this
purpose have been published by Lauer and Mansfield\//,

It is now intended to use this instrument in conjunction with research on the
mechanism of impihgement attack, in which it is hoped to relate laminar sub-
layer thickness for turbulent seawater flow in a pipe to the rate of impinge~
ment attack, From this investigation and theoretical considerations of the
hydrodynamics of weter flow in seawater systems it is proposed that an
eleoctrode assenbly be installed in a ship's seawater system to relate the
worst operating oonditions to the onset of risk of impingement attacke




Avising from the investigations of possible corrosiop monitoring techniquu, a
the following conclusions ani resomwsndations are made:

(a) The use of analytical techniques to dotemine corroding ions in
solution would not appear s practical proposition for use in seawater
systems, as even if the required sensitivity could be cbtained the
signal to noise ratio would be too low,

(b) The aeasumont of noise arising from cavitating systems as a
sonitoring techuique sppears very promising, and no difficulties are
anticipated in the development of equipment for this purpose., It is
suggested that in the near future it will be appropriste for ship
trials to be organised, In the first instance it is desirable for
equipment to be built for a short trial in which possible error sources
such as sonar transmissions and worn ball and roller bearings can be -
investigated, 8ubject to this trial being satisfactory, a further
more prolon@d trial would be required in which the co~operation

of ship's staff would be required to set up a nom-cavitating ship
seawater system, Subject to satiofactory completion of these trials,
production equipwent could be developed in the form of either a mobile
hand monitoring instrusment, or an instrumented control system possidly
with read-out in the engine control room.

(c) Por detection of impingement attack, the Hall probe teclmique
would have the advantage of ease of operation under ship conditions,
At the present stage of development difficulties are foreseen in
producing the required level of sensitivity for this particular
application, However, the technique has other applications,
particularly as a corrosion research tool and it is recommended that
the present investigations to obtain the maximum sensitivity on
commercially available Hall probe devices should be pursued,

(d) A satisfactory zero resistance ammeter has been developed, and
it now remains to pursue the electrochemical aspects of using this
instrument to produce an impingement monitoring technique, The
next development stage 18 to use the zerc resistance ammeter for
research on mechanism of impingement attack before offering the device
as a practical ship technique, The zero resistance amweter has,
however, other applications, and at present it is proposed to uae the - -
AKL instrument for studies of bimetallic corrosion problems, ©
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Stress Corresion Cracking of High
Hardness Steel Armour

D.B. Dawson, M. Levy and D.W. Seitz Jr
U.S. Army Materials and Mechanics Research Center

SYNOPS!IS

A stress corrosion cracking test has been developed for use with armor alloys. It is seif-loaded,
and it can be used to test armor plate of any thickness, Kjscc values can be determined with a single
specimen of the crack arrest, decreasing K type. High hardness XAR-30 plate from two sources has
been tested and found to be very susceptible to stress corrosion cracking if a sharp crack is present: ‘
Kigoe values ranged from 11 to 19 ksiv/inch, despite good fracture toughness performance. Thevs

. were no sigaificant differences in stress corrosion susceptibility between plate from different mau- ¥
facturers, or different specimen orientations. Distilled water is observed to be as aggressive as sca- ;

water in Ky§cC determinations.
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INTRODUCTION |

High-strength materials are frequently found to have poor resistance to stress corrosion
cracking (SCC). In particular, high-strength steels (yield strength over 200 ksi) which contain a
crack or a sharp notch are often susceptible to SCC in water, or even in humid air(1). Several

failuses of high-hardness armour plate in Army weapons systems izave recently been attributed 10
siress corrosion(2).

be used to evaiuate armour plate of varying thicknesses, and to provide engineering data on the
SCC resistance of high-hardness XAR-30 steel armour obtained from several producets.

BACKGROUND

There is no universally acceptable test methogd for susceptibility to stress corrosion cracking.
Until the recent development of SCC specimens designed using fracture mechanics principles, the
niost common types of SCC tests used smooth, uncracked specimens (e.g., tensile, U-bend, and
bent beam specimens). However, in certain alloy systenis, tests using unnotched specimens are
not sufficiently discriminating. For instance, some high-strength steels in humid air ~r water
environments(1), and some titanium alloys in aqueous chlorides(3), are susceptible to SCC if a
sharp ciack is present, but are not susceptible in the absence of such a crack.

The Charpy test has traditionally been used to evaluate the toughness of materials, but it
has certain limitations when applied to the high-strength materials which have been developed in
recent years. For these materials, fracture-toughness tests provide a much better measure of
resistance to flaw strength in noncorrosive environments, buf the resultant values of Ky are still
not an adequate measure of resistance to SCC. For example, in a recent study for the Army Tank
Automotive Command, Mostovoy and Ripling(2) have studied the SCC behaviour of several plates
of high-hardness armour steel. Of the four plates studied, two had cracked in service, one had
cracked in storage, and one was procured direct from the producer (having been picked as
representative of “good” material). The three failures had all occusred in circumstances indicative
of stress corrosion cracking, even though measured values of fracture toughness were considered
adequate in all three cases. However, stress corrosion tests of aii four plates, using precracked
specimens, showed that the good plate had a threshold SCC stress intensity (Kygoc) of approximately
40 ksi Vinch, wheseas the three failed plates exhibited Kygoe vatues of 10 ksi d’?nc or less(2). Itis -
evident that fracture toughness tests alone are not a good measure of resistance to SCC for high-hard- K
ness armout alloys, and the results of the present investigation confirm this view.
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In summary, it may be concluded that SCC resistance of high-strength armour alloys cannot 7
be adequately measured by mechanical properties tests such as impact toughness or fracture iy

toughness tests, or by the traditional SCC tests using smooth specimens, Stress comrosion testing
should be condieted with precracked fracture mechanics-type specimens in a coragive atrnosphere
representative of actual service environments (such as moist air or aqueous solutiows). The threshold
stress intensity below which a crack will not propagate in a corrosive environment is commonty

veferred to as Kggoe. 1t is this value which should be of primary interest when considering the SCC
behaviour of armour alioys.
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SPECIMEN DESIGN
Desigis Considerations

In designing 2 fracture mechanics-type test foy imww alloys, there ave several factors of
primary importanice aswell as several secondary considetations, The following were considered to be

primary factors:» ,

' ) XAR-30 high-hasdness stee! armour and dual-hasdness steel armour

: ave difficult to machine by conventional techniques. Therefore, SCC
specimens of these materials must be capable of beisig produced using
elecitic discharge machining (EDM) and grinding.

()  Asmour is used in 2 wide vange of thicknesses. Either a single SCC
specimen configuration must be found which is applicable to any
thickness, or several tests may be used, each useful Sor a particular
range of plats thicknesses. For obvious reasons- a single test is

preferable. K

Secondaty factors, which are nonetheless important, include: »%
() The specimen should be selfdoaded. Self-loading enables  large f

b

nuber of specimens to be loaded and placed in corrosive environ- ih
mentis, without requiting the continuous use of loading equipment -
(particularly such items as tensile and/or fatigue test machines) duting
the course of a test. Only the self-loading fixtures are in continuous
use,

{i)  The specimen should be of the crack-arrest type. As described in
the following section, in a crack-atrest specimen, the crack opening
displacement at the load line is held constant. As the crack propagates,
the load (and hience the stress intensity) decreases, and the crack will
stop when the stress infensity decreases to Kygee, ThusKygog can
be determined from a single specimen, whereas other methods tequire
nusmerous specimens (5). A

Stvess Carvosion Cracking Specimen Designe

Two fracture mechanics specimens have been used extensively for SCC testing, and several
others have seen more limited applications. Brown(5) was the first to propose use of fracture
mschasies in siress corrosion festing, and his cantilever beam specimen has been used to generate
2 large proportion of the Kigo( data available today. For anmour applications, however, it bas
two drawbacks, Pirst, it is 4 constant load rather than a-constant displacement (crack-arrest) speci-
menr. More important, it i not applicable to thin plate.

e e

Novak and Rolfe(4) proposed a modification of the WOL-T crackdine-Joaded specimen
geosmetry for SCC testing. 1 is a self-loaded specimen (bolt loaded) of the crack-artest type. The
bolt loading metkod has two serious drawbacks for ous application, in that the necessity for pro-
ducing the bolt hole requires a thickness of one inch or more, as well as drilling and tapping the
hole. However, despite the difficulties inherent in the loading method, the basic principles of e
selfdoaded crack-atrest specimen put forward by Novak and Rolfe have been utilized in the specimen
configuration selected for anmour SOC testing.

The WOL-T geometry befongs to a large class of fracture specimens, frequently refessed to
as “crack-linedoaded” (CLL) or “double cantilever beam’ (BCB) specimens. They are distinguished
chiefly by (1) their metiiod of loading, ang (2) their H/W is o geometrical factor relating H, the haif-
height of the specimen, and W, the distance from the load line to the cnd of the specimen (see Figure
1 for an explanation of Row these dinensions relate to the WOL-T geornetsy, where H/W = 0.486),
Por a given H/W ratio, the compliance of a specimen should be unchangad regardless of the choice
of the actual H and W dimensions(6).
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The specimen geometries belonging to the CLL or DCB class include:-

(i)  Wedge-Open Loading, WOL-T (H/W = 0.486). Thisisthe
.. geometry used by Novak and Rolfe for their crack-artest specimen(4),
Scaling the H and W dimensions by a factor of two, this geometry was
used for the initial armour SCC specimens reported here. This specimen
is referred to as a WOL-2T geometry, despite the fact that a true
WOL-2T has a thickness of 2 inches.

(iiy  Compact Tension, CT (H/W = 0.60), Inits pin~loaded varlation,

' the compact tension geometry is widely used today for the measurs-
ment of fracture toughness. Because of crack curvature problems
with the WOL-T geomeiry, the CT geometry has now been adopted
for armour SCC testing,

- (iif)  Contoured DCB or Ripling Specimen (H/W = variabie). The
tapered test section of the contoured DCB keeps the stress
intensity at the crack tip constant(7). It is useful for measuring
stress corrosion crack velocities as a function ol stress intensity,
but it is not applicable to K{g¢¢ measurements of the crack-arrest
type.

(iv)  Small H/W specimens. Several investigators have reported SCC
tests using CLL specimens where H/W is quite low. Mostovoy and
Ripling(2) report the use of a specimen where H/W is approximately
0.2, and Hyatt(8) uses a specimen where H/W is approximately 0.1.
The advantages and disadvantages of using a low H/W specimen are
discussed below.

The choice of a specimen with a given H/W ratio entails several considerations. In a crack-
arrest specimen, where stress intensity at the crack tip decreases with crack growth, the stress
intensity which is reached as the crack grows completely through the specimen will depend on the
initial stress intensity (which is a function of the initial crack opening displacement) and the
specimen geometry. For a given initial stress intensity Kjp, this minimum, measurable stress
intensity will decrease with decreasing H/W ratio. On this basis, a low H/W (long, thin) specimen
wouid be preferable, since a greater range of stress intensities can be evaluated with a single
specimen.

However, the low HfW geometry has an inherent disadvantage. As the crack propagates
through the specimen, the stress at the crack tip has an increasing tendency to deviate from the
specimen mid-plane, making Kjgce measurervents impossible if the deviation is sufficiently
pronounced. In a low H/W specimen, this deviation will ococur unless there is some external force -
keeping the crack on or near the specimen mid-plane, Mostovoy and Ripling(2) used face notching
for their specimen, while Hyatt(8) made use of the fact that the dtiving force for SC of aluminium
is much greater for stressing normal to the short transverse direction.

In choosing the WOL-T and CT geometries for the armour SCC program, it was felt that the
Jossible advantages to be gained by choosing a low H/W specimen were outweighed by the disadvam-
ages of face grooving specimens, and it is unlikely that there would be any possibility of using Hyatt’s
techaique (e.g., anisutropic SCC susceptibility) to keep the cracks on the mid-plane. 1t should be
noted that the WOL-T geometry is borderiine with regard to supprussion of crack deviation®. As
will be discussed, it is for this reason that it has been found necessary to switch to the CT geometry.

Wedge-Loading of Crack-Line-Leaded Specimens

The specimen design chosen for initial SCC trials was the WOL-2T geometry (Figure 1), As
noted, the compact tension (CT2) geometry has now been aric.nted. The only difference between.
the CT2, and the WOL-2T shown in Figure 1, ic the W dimension as shown in Tabie 1.

* McCABE, T.E., private communication.
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o . The disadvantages inherent in Novak and Rolfe’s bolt-loaded WOL-T specimen were over-
come by using the wedge-loading system devised by Heyer and McCabe(9),(10). This system, which
is dpplicable to both the WOL T and CT geometries was originally devised for plane-stress testing of

-thin sheet materiala(9). However, it is also applicable to stress corrosion testing, where it posseses
several distinct advantages over other SCC test methods. It is a seif-loaded crack-arrest-type speci =
men, which can be applied to any thickness of armour plate, fiom thin sheet to thick plate. And
it is capable of being produced using only EDM and grinding. '

s

i

Instead of pin-loading or bolt-loading the specimen at the load line, the specimen is loaded
by forcing a wedge between two semicircular segments, which have been insetted in a 1.5-inch-
diameter hole (see Figures 1, 2, and 3). Figure 2 is a photograph of the loading set-up, and Figure
3 shows a section through the loading set-up located at the load line. The essential features of the
foading process are shown in Figure 3, Both the wedge and the split scgments have matching 3°
tapers. The wedge is driven hetween the segments by the descending head of a Wiedemann-Baldwin
tensile test machine, and the segments in tur force the crack iv the specimen open. Because of the
stick-slip nature of the motion of the wodge between the segments, it is essential that some form of
displacement controf rather thas load control be employed on the machine being used to load the
wedge: L . :

oo

AN
CRTEAT

e

The specimen rests on a loading block or fixture, with & thin Tellon sheet between them
" to allow frée opening of the crack as the wedge is inserted. To prevent the segiments from being
pushed through the hole during insertion of the wedge, there are two support blocks which rest
in a channel in the loading block. Their only purpose is to position the segments, and they are
free to slide if pashed sideways by the descending wedge. Several hold-down clamps are provided
to keep the specimen in place during loading. Theit necessity is doubtful during loading of 1/2- :
inch-plate specimens as reported here, but they become increasingly important as specimen thickness ,
decreases, since buckling of the specimen becomes more likely.
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A loaded specimen is shown in Figure 4, with wedge and segments in place. Once the
specimen is loaded, friction holds the wedge and segments in pluce, and the assembly may be placed ;

in a corrosive bath to propagate a stress corrosion crack, “ (
"

Prior to loading, the spezimen is notched to a distance 1.5 inches from the load line, and a ‘Q‘

fatigue crack is grown from the end of the notch for another 1/4 inch, for a total initial crack length ; :gg
(ap) of approximately 1.75 inches. In the plane-stsess specimen designed by Heyer and McCabe(9), o

it was possible to produce fatigue cracks in the thin sheet by loading split inserts which were placed
in the 1.5-inch hole. For armour specimens, this was rot possible because of the greater specimen
width and greater loads required. Because of geometrical considerations, it was not possible to
design similar fixtures which would not have suffered fatigue frasture after very few stress cycles.
For this reason, two 0.625-inch~diameter holes were added to the specimen for the specific purpuse
of fatigue precracking the stress corrosion specimens. Since the location of the holes does not
correspond to the load line of any standard specimen geometry, it was necessary to estimate loads
for desired fatigue crack growth rates, based on the data in the Srawley and Gross paper(6) for
a.bitrary H/W ratios. This was necessary only for the first attempt i fatigue precracking, since
iater efforts could be based on the actual crack growth rates in the first specimen,

The proceduse for determining the loading conditions, and measuving stress intensities, is
reported by Novak and Rolfg(4). The stress intensity may be given by«

I s v (&
Ky = ﬁﬁ; C3 ) (b
where P is the load along the load line

B is the thickness of the specimen
. a is the crack lengih (measured froin the load tine)

© Ca(z/w) is a function of afw based on the specimen geometry.
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Compiliance calibrations are usually plotted as (K]BW )/(Pal/ 2) versus (a/w), and are available
for both the WOL-T and compact tension geometries. Equation 1’ for Kpis merely a rearrangement
R .- of this relationship; however, note that for a wedge-loaded systemn the load, P, is not known. P must

- . bo found from a second relationship, which is based on measuremiesnts of thc load necessary to pro--
~-duce a given crack opening | dxsplacement (COD) ata given value of a/w Novak and Rolfe express
tlns in the \mrm o , Ll

(2)

'P EBV/C6(a/W) :

’ w'here‘ S -Vis the ‘COD at the load line. . A .
' -Cgla/w) is another function of ‘afw based on the speciinen geometry.

In practice, determination of the initial COD necessaw* to prod\uce a'given initial stress
. mtensity, K10 is made as follows:--

SR ¢ I 'Knowmg ag (the initial crack length), and hence C3(a/w),
 -calculate Pg for the desired Kyg from Equation 1.

- (). - Usingthis value of Pg, and knowing Cg(a/w) for the initial -
Co crack length ag, calculate the required COD (V) from
Equation 2.

Once the crack starts to grow, the procedure is reversed. Vg is fixed, and crack length, a, is
measured. Knowing C3(a/w) and Cg(a/w), P can be calculated from Equation 2. Using this value of
P, Kj can be calculated from Equation 1. Combination of Equations 1.and 2 gives the expression:-

3
~ EVo C3 3
KI. Ta Co 2 3)
w

Since Cg(a/w) increases faster than C3(a/w) with increasing crack length(4), it can be seen
that the stress intensity at the crack tip will drop as the crack grows. When the stress intensity
decreases to the threshold stress intensity K{gcc, the driving force for crack growth will diappear,
and the crack will stop. A possible complication can oceur in systems where the stress corrosion
crack velocity decreases gradually as the stress intensity approaches K¢, 2s opposed to a
discontinuous drop in crack velocity. With a gradual decrease in crack velocity, the time for the
stress intensity to fail to KISCC may be quite long. Stress corrosion cracking of steel alloys
including armour steels, is typical of this type of behaviour.

For this program, values of C3(a/w) and Cg(a/w) for the WOL-T geometry were taken from
Novak and Rolfe(4), while for the compact tension geometry, Cg(a/w) values were obtained from a
paper by Brawn(11), and C‘3(a/w) from ASTM E399-70T(12). It should be noted that, for Equation
2 1o be independent of specimen size, the crack opening displacenient Vy must be measured at the
load line. Since Vy cannot be measured directly, it must be measured at sonie other point and a
linear correction apphed (see Novak and Rolfe(4), Figure 7). The same linear correction must
then be applied to Cgla/w) values which are based on Vy. This must be done whenever there is
a change in the position at which V is. measured. In the case of the WOL-2T armour specimen,
this meant extrapolation of Cg(a/w) values from Novak and Rolfe, Tablz V in Reference 4, back to
Vy, and thet extrapolation from Vy, to the edge of our specimen, 1.5 inches from the load line.
Brown’s data{11) for the compact tension specimen already applies to load line Vy position.

EXPERIMENTAL
Materials

The 0.500 inch thick XAR-30 high-hardncss steel armour tested in this program was obtained
fiom two different manufacturers. The two plates for which data is presented here are identified as
J13 and Gil. Stress corrosion specimens were obtainesd from 2 ft by 2 ft plates which had been cut
from the 4 1t by 8 i piates supplied by the manufacturers, Other 2 x 2 plates were used simultan-
cously to obtain ballistic and mechanical property data in companion programs. The chemical
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analysis of these two plates is given in Table'Tl. Mechanical properties and plane strain fracture
toughness values, which were obtained in another program (Reference 13), are listed in Tables (I
and1v. 7 T PR

¥,
1

Test Procedure

For each material source, specimens were obtained for both the WR and RW orientations
(crack growing in the rolling difection and width direction, respectively). All specimens from J13
were WOL-2T geometry, while specimens from G11 were CT type. Crack opening displacement was
measured initially by micrometer, and later by clip gauge. Both 3.5% NaCl solution and distilled
water were used as test environments, but the addition of NaC1l was not found to cause any
discernable lowering of the already-poor Kjgc values obtained in distilied water. Crack lengths
were measured with a Gaertner travelling microscope after removing the specimens from the
environment. Crack length measurements were made at irregular intervals: usually daily at first,
then with decreasing frequency as crack growth slowed. . :

Specimen Performance

The performance of the wedge-loaded crack airest specimens was generally satisfactorily,
atthough several minor problems were encountered. The most immediate problem was that of
crack deviation from the specimen mid-plane in the WOL-2T specimens cut from plate J13.

Since the stress corrosion characteristics of this material were ot known, the first specimen 4
(J13-1WR) was loaded to an initial stress intensity (Kyg) ot 49 ksi,/Tnch. As shown in Figure 5, i :
the crack grew fairly straight. However, because of the low SCC threshold of this material, the
crack grew beyond the point where a valid stress intensity could be calculated. At this point ¥
(Figure 5, point A), the stress intensity was about 23 ksi Jinch. Subsequent specimens were loaded i
to Kyg values between 23 and 27 ksi }]i-nch to obtain crack arrest within the valid range (crack length
less than 80% of width, W). Despite the fairly straight path of the crack in J13-1WR, subsequent .
specimens from J 13 showed aa increased tendency or crack deviation from the specimen mid-plane. 2
J-13-2WR showed a moderate degree of crack curvatuse, but crack length measurements are still : §
believed to give good Kigce values. However, the crack curvature exhibited by J13-4WR (Figure
6) and -3WR was so pronounced that valid stress intensities could not be calculated. Crack
curvature was much less pronounced in the four RW-orientation specitnens, indicating a certain 1

degree of anisotropy in the preferred direction of stress corrosion crack propagation. §
Because of the crack curvature problem in WOL-2T specimens, a decision was made to switch 3 A
to the compact tension CT2 geometry, which has inherently higher resistance to crack deviation from
the mid-plane. As a result, the specimens obtained from plate G11 showed substantially less crack §‘ x
curvature in both WK and KW orientations, and all specimens were considered to give valid K{sce
values, : N
}

A second problem which is not so easily resolved is the fact that the stress coirosion cracks
never did arrest completely, even for exposures over 4000 hours. The problem of slow crack growth '
near Kygcc for steels has already been noied by Novak and Rolfe (Reference 4), and is not restricted oA
to crack arrest-type SCC specimens. The comparable problem in Kygoe determination using the -y
cantilever beam specimen is knowing whether or not crack growth is occurring for stress intensities o
close to the expected threshold. The closer the initial Kygog in a cantilever beam specimen, the
longer the time necessary to observe detectable stross corrosion crack growth or the lack of same.
For crack arrest specimens, an exposure time of 1000 hours has been recommended (Reference 4)
as necessary to ¢btain a good value of Kigce, even though sume further crack growth will oceur
beyond this time. The data from this program bear out this contention, although it can be seen from
Figures 7 and 8 that a fair estimate of Kygcc could be obtained in times as short as 300 to 600
hours,

In a previous SCC study of high-hardness steel armour by Mostovoy and Ripling (Reference
2), the auathors propose that an approximate indication of stress corrosion susceptibility can be
obtained by observation of the rate of crack propagation in the first few days of the test. However,
it would seem that this would not be a useful test method in most cases, because of the existance of
an incubation period prior 10 initial crack growth (Reference 14, 15). From the data presented by
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Wei et al (Reference -1.5');”&' would appear that the differences it initial crack growth o;.bsé;_rved by

* envirenmental factors (Reference 14), and could vary considerably depending on.such factors as

'4 complicating factor, it appears necessary to wait at least 600 to 1000 hours far the crack arrest

" about the higher Kygoe for J13:2WR compared with RW specimens should be tempe- 2d by the fact

Mostovoy and Ripling for their “good™ and “bad™ material wete at least partially dwe-to differences
in incubation time. Incubation time is related to the ratio Kjo/Kjsce (Reference 1.3), as well as

methods of loading and exposure to the environment, and initial applied stress intensity. In the
armour SCC program reported here, incubation times ranged from less than one hour for Kjg = 49
ksi ﬁnch; o between one and three days for Ky in the range 20 to 27 ksi vinch. Recause of this

specimen to reach some relatively stable crack growth pattern before attempting to estimate Kygee.
An aftempt to-.obtain anything more than very rough rankings of SCC susceptibility before this time
runs the risk of heing influenced by factors having at best a second-order effect on the stress
corrosion thresuald, Kygoe. The conclusion of Wei et al (Reference 15) is that the crack arrest. - -

sufficient time is available to deterinine crack arrest,

- type specimen may have the best chance for circumventing these secondary factors, so k_mg as

Armour Stress Corrosion Cracking Data

The results of SCC testing of high-hardness steel armour plates G1'1 and J13 are presented
in Table V. From these resuits, it can be seen that most of the variables tested had little or no
effect on the measured stress corrosion threshold, Kigoe. Distilled water is observed to be as b
aggressive as 3,5% NaCl solution in causing SCC, ag evidenced by the fact that specimens A
G11-4WR and -4RW do not show any lowering of Kygee when tested in salt solution. Specimen 3
orientation appears to have no significant effect on susceptibility for plate G11. Any speculation

that it was the only WR specimen for which valid results were obtaingd, and the app..ent Kys C
is not appreciably higher; it is in fact comparable to the upper limit values for both RW and W
specimens from G11. Furthermore, there appears to be no difference in 8CC behaviour between
plates G11 and J13, which come from two different manufacturers and have different chemistries
(Table 1) and mechanical properties (Tables [II and 1V). ' :

Nearly all valid stress corrosion test results fall in the Kjgo range from 14 to 19 ksi Vinch.
The one exception is specimen G11-3WR, which for unexplained reasons exhibited a greater degreo
of susceptibility. Kygee values in this range represent poor resistance to stress corrosion, which
could pose severe limitations on service behaviour of this material in wet or haumid environments. A
This is particularly important when comparison is made to the excellent fracture toughness data
for these plates as tabulated in Table IV. Depending on orientation, fracture toughness for plate
G11 averaged from 78 to 89 ksi/inch, and for plate J13 averaged from 94 to 104 ksiVinch. Since
the stress corrosion threshold is only of the order of 15% of the fracture toughness, designing to
the fracture toughness with a factor of safety of even two or three would still result in the
possibility of stress intensities being substantially above K{gcc for this material. Since the necessary
corrosive environment, water, is cextain to be encountered in neatly all potential armour applications,
the possibility of catastrophic stress corrosion cracking failure of this materigl in service is a very
real possibility. Because of the poor stress corrosion resistance of high-hardness steel armour, load-
bearing applications wowd appear to be precluded; indeed, even stress corrosion tailure due to
regidual processing stresses would seem to be a distinet possibility, as has already been demonstrated
(Reference 2). : '

CONCLUSIONS

At this point in the armous stress corrosion cracking program, the following conclusions
can be made: '
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(i  The wedge-loaded crack arrest specimen appears to be the best
choice for stress corrosion testing of armour steels.

i) Where face grooving is not desired, the compact tension specimen
geomefry should be used to prevens crack deviation. Where face
grooving is used to suppress crack deviation, lower H/W ratio specic
mens can be used 10 extend the range of stress ‘ntensitics obtained
with a givon specimen,
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(iii)

(iv)

)
(v

. (vii)

Specimen
Type

H/W

A goad measure of Kygoe can be obtained in 600 to 1000 hours,

despite some very slow crack growth beyond this time. Attempts
to shorten this time do not appear fruitful at the present time, because
of certain kinetic features of stress corrosion crack growth in steels,

XAR-30 high-hardness armour plate from two manufacturers was
tested using crack arrest SCC techniques. Kigcc values were nearly
all in the range 14 to 19 ksiinch, indicating very poor SCC behaviour,

. There were no significant differences in SCC behaviour of plates

from different sources, nor was specimen orientation significant.
Distilled water prodiced stress corrosion threshold levels at least
as low as aqueous 3.5% NaC1i (seawater concentration).

Plane strain fracture toughness measurements will not provide
useful information about SCC susceptibility, as evidenced by

a compatison of KjC and K{sC( results obtained here for high-
hardness steel armour,

TABLE I

Dimensions of Crack-Line-Loaded Specimens

Wedge-Open- Compact
(WOL-2T) (CT2) o 3%

0.486 0.600

248" 2.48”"

5.10” 4.13”

thickness (thickness of armour plate)
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Figure 1. MODIFIED WOL-2T STRESS CORROSION SPECIMEN :

;85




AATAA

T o R )
1
1
{
i
1
'
:
o .
A\
i

S

R
“y
o ;
W v
o '
|
" i
i
i
.
]
i
}
4
}

L
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ALUMINUM ASSOCIATION TASK GROUP EXFOLIATION AND

STRESS CORROSION TESTING OF ALUMINUM ALLOYS FOR.BOAT STOCK

»

By

T. J. . Summerson

INTRODUCTION

In March, 1968, the Aluminum Association organiéed an
Ad Hoc Committee which appointed a task group to answer the
U. 8. Navy's requést for a test to detect susceptibility to
exfol{gtiom corrosion. This request came after exfoliation
corrosion was encountered in the bilge areas of aluminum hulled

(5456~H321) patrol boats used in Vietnam. (See Figures 1 and 2)

‘his task group consisted of representatives of Alcoa,
Kaiser, and Reynolds. A test program was conducted in which
metals supplied by the three producer members, as well as
corroded hull plates from boats which had been in service,
were evaluated by each of the three producers' laboratories.
In this evaluation program, two acidified salt spray tests were
compared. Results indicated that the 2 hour cycle acetic acid-
salt spray test (SWAAT) most effectively detected exfoliation
corrosion of the type which had occurred on service boats.
This evaluation also clearly revealed that exfoliation sus-
ceptibility in 5456-H321 was related primarily to an elongated
grain structure with relatively continuous precipitation of an

Al - Mg phase along these grain boundaries. (See Figure 3)
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‘The U. 8. Navy incorporated the SWAAT Test into Federal Spe-~

cifications QQ-A-00250/19s820 dated December 31, 1968. While

_the problem was related strictly to 5456 ~-H321, the Navy decided

that a similar test should be required for the lower alloyed

5086 plate, even though this material had not exfoliated. 1In

addition, the Navy included a second corrosion test, recommended

to the Navy by Alcoa, for weldments which had not been evaluated

by the Task Group. Finally, metallographic evidence was re-

gquired to characterize resistant material.

Meanwhile, the aluminum producers developed new exfolia~
tion resistance tempers for both 5456 and 5086 alloy boat hﬁll
plate materials. The temper designations are referred to as
-H11l6 and -H1l7. Examination of typical photomicrographs of
these tempers reveal that the highly directional grain struc~
ture with continued grain boundary precipitation has been

eliminated. (See Figures 4 and 5)

Further round robin tests were initiated in late 1968
in order to test weldments, which the Navy had unilaterally
added to the specifications, and to evaluate the two new ex-
foliation resistance tempers by the new test methods. The
membership in the Task Group was expanded to include Alcan,
Amax, Dow, Martin-Marietta, Olin and Revere. Commercially pro-
duced samples of the -H11l6 and -H11l7 tempers of 5086 and 5456
plate, as well as control samples, were supplied. Results of

these round robin tests verified earlier tests indicating that
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:the SWAAT (2 hour cyclic acetic acid salt-spray) test could
.clearly detect exfoliation susceptible material. The new -H11l6
and -H1l17 Tempers. were shown to be resistant:to exfoliation cor-
rosion. In addition, a continuous immersion test, ASSET, ap-
peared to require supplemental metallographic examination be-

cause of pit-blistering encountered.

A nitric acid weight loss test was proposed in June, 1970.

It and a modified ASSET test were also studied by Round Robin,

The ASSET test was preferred over the SWAAT (as a result
of these Round Robin tests) because ASSET gave mere rapid results.
The commercially produced plates in each of the -H1l6 and ~H117
tempers were found luwwne to interyranulau: corresion as well as
exfoliation corrosion. Finally, it was determined that the weld-
ments and the associlated heat affected zones were not susceptible
to exfoliation corrosion. The 24-hour nitric acid weigbt loss
test showed promise as a means of detecting susceptibility to
both intergranular corrosion and exfoliation corrosion. On the
basis of these tests, the Task Group recommended that the ASSET
test replace the SWAAT test in Federal Specification QQ-A~00250/19
and 20. In addition, it was recommended that testing of weldments
be deleted because it was clearly obvious that neither the weld
metal nor the heat affected zone was susceptible to exfoliation

corrosion. The ASSET test is described in Appendix A.

These conclusions and recommendations were reported to

the Navy. 1In early 1974, the Navy advised the Aluminum Association
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that these recommendations were accepted and would be incorporated e

into specifications.

Meanwhile, in the spring of 1972, a second corrosion
problem arose in the Navy. This problem pertained to aluminum
bulkhead and deck plate weldments. In April of 1972, the Naval
‘Research Laboratory reported this to be stress corrosion suscep-
tibility in thin sheet~plate material, and recommended a wedge
type test specimen to detect stress corrosion cracking suscep-
tibility. Erickson at the U. S. Navy's Mare Island Laboratory
carried out more extensive work on the LST bulkheads and struc-
tures. He confirmed stress corrosion cracking had occurred in
the 5456 -H32l--~thin bulkhead and deck plate. He recommended
the Navy switch from the -H321 temper té the -H1ll6 or -H1ll7
tempers and suggested that the NRL developed wedge sample be
used to test stress corrosion susceptibility in the -H321 temper.

{His tests with wedge samples showed that the ~H116 and -H1l1l7

tempers were not susceptible.)

Two months later, in July, the Naval Engineering Center,
Sec. 6101D, asked the Aluminum Association Task Group for advice
and recommendations on the cause and preventative measures A
relative to cracking of these welded 5456-H321 deck plates and
bulkhead sheets. 1In addition, the Navy asked for a pre-produc- ;
tion stress corrosion test to assure that aluminum alloys pos- j
sess adequat: stress corrosion resistance and, finally, they

asked for documentation from producers that currently produced
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an explanation for

From earlier work on exfoliation tests,
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stress corrosion cracking was guite obvious. For example, one

s

R
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3 of the hull plate samples tested in 1968 showed intergranular

corrosion in an eguiaxial, recrystallized grain structure. To
the naked eye this appears to be a pitting, but as the Figure 6

p shows, this is intergranular corrosion.

Figure 7 shows a typical crack in a welded bulkhead

) structure. Samples of the cracked 5456 -H321 decking and bulk-~

head plates were provided from the Navy for control purposes.

The Task Group and various producer members provided samples of A

their current production on 5086, 5083 and 5456 in appropriate

PSR e

tempers for an evaluation. A round robin test program was bhe-

gun in late 1973 with sets of test plates sent to 8 different

laboratories. The materials being tested are described in

Table I. The test methods are described in Takle II. The

eight laboratories included two of the Navy testing facilities--

(3ee Table III)

Mare Island and the Naval Research Laboratories.

Stress corrosion resistance and intergranular corrosion

susceptibility of each material was evaluated, with exception

of the control material, in four conditions: 1) as receilved,

2) heated one week at 212°F, 3) heated 6 days at 300°F, and

4) heated one hour at 450°F.
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The sheared sample test involved samples that were 2"
wide and 4" long. In some laboratories, two of the edges were
sheared before thermal treatment and two edges were sheared after
the desired thermal treatment. (Some laboratories sheared all
edges after thermal treatment.) The shearing was done at room
temperature. Each laboratory was to advise the amount of offset
between blade and table, since the amount of cold work or defor-
mation would be dependent upon that offset. {(The sheared edges
contain residual tensile stresses in a short transverse direc-

tion and this enables determining susceptibility to SC cracking.)

From our past work, we founrnd that intergranular corrosion
susceptibility, a requirement for stress corrosion cracking in
aluminum alloys, could be determined by the 24-~hour immersion
(NAWLT) in concentrated nitric acid, providing immersion tem-
perature is controlled. Samples were carefully weighed before
and after immersion in the nitric acid. The weight loss is in-
dicative of the degree of intergranular susceptibility; i.e.
high weight losses indicate IG susceptible, low weight losses
are not susceptible. The standard specimen measures a 1/4"
width of 2" of length in rolling direction and full thickness

of sheet or plate. The NAWLT is described in Appendix B.

A third test used was the preform test. 'This involves
machining specimens from sheet or plate surface, cold bending
them to a 90° permanent set, and then springing each sample

into fixture having a 2-1/2" span. (See Figure 8) These were
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then subjected to a 3,.5% NaCl continuous immersion test for a

30~day period,

At tihe Navy's request, further attempts were made to
evaluate these materials by the NRL wedge test specimen. The
NRL specimen is 1" square by full thickness. ‘The sample is

notched or saw slotted and then a wedge driven in to initiate

a mechanical crack. Specimens were to be tested in 3.5% salt
solution for at least one day before being examined to see 1if

the crack had propogated.

SUMMARY

All of the producer-provided 5086, 5083, and 5456 plates
in the as-received condition exhibited good resistance to stress

corrosion cracking and showed a low susceptibility to intergranular

RS

~H321 control materials

corrosion, As expected, the 5456 (Navy

Ssample 245A) stress corrosion cracked in the shear crecking

.

TPEDAR
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BHEANIES

tast, as well as in the preform test. This confirms service

TR

2y '.r'

performance. Figure 11 illustrates the sheared edges of 5456

,.
RN

~H116 material in the four conditions after ASSET. Sensitizing

T

treatments at 212°F and 300°F caused intergranular corrusion and
strese norrosion cracking.. The 6-day/300°F treatment was more
severe than ths 7~day/212°F treatment, causing sensitization in
The other

all alloys. The 212°F sensitized only the 5450 alloy.

thermal treatment, 1 hour at 450°F, did not "sensitize" any
material except 5456 -H117 and one of the two samples of 5456 ~H1l6.

(See Figure 9 and Figure 10)
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In the shear crack-ASSET test, cracking was narkedly
reduced by the thermal stress relieving resulting from shearing
two edges before the thermal treatment as opposed to shearing

after thermal treatment.

The preform stress test in 3.5% salt continuous immer-
sion proved less severe than the shear crack-ASSET test. How-
ever, good correlation between the preform test and 2 months'

marine atmospheric exposure has been observed.

The nitric acid weight loss (NAWLT) continues to provide
a good means of detecting intergranular corrosion and stress
corrosion susceptibility. However, some care must be taken to

maintain constant temperature control, otherwise results may

not be reproducible becalise weight loss increases as the heat

of the reaction causes the temperature to rise.

Atmospheric tests were started on shear crack specimens

and preform sheet specimens at the marine test site near Daytona

Beach, Florida, in January 1974. (See Figure 1ll) (Sheared

samples are planned to be treated at a marine atmospheric site,

Point Judith, Rhode Island.) In the Daytona Beach atmospheric

tests, the preform sheet samples of 5456 ~H321l controls failed

in less than one month as received, while the 5456 ~H1ll7 sam~

ples, which had been sensitized in one week at 300°F, failed in

less than 2 months. All the other preform sheets continue to

perform satisfactorily with no cracks. Moreover, there has been

no cracking reported on any of the sheared edge specimens,




RECOMMENDAT IONS

Although these results ‘are of an interim nature, a recom~
nended practice should be prepared for the nitric acid weight
loss test method (NAWLT), which is suitable for detecting inter-
granular corrosion, as well as exfoliliation corrosion aﬁd stress
corrosion susceptibility in the 5000 Series alloy. (In 1968 and

1970 tests, this task group evaluated the NAWLT exfoliation tests.

Recommended practicaes should be prepared for the shear
crack~ASSET test and for the preform stress test in 3.5% salt

continuous immersion.

Considerable difficulty was encountered by members of

the Task Group in trying to crack NRL's wedge specimens in the

3

st

~H116 and =-H1ll7 resistant tempers. (Wedges would slip and the

S

material was difficult to crack.) This bears out Erickson's

SR ot

5

S

earlier work at Mare Island when he reported that it wasg diffi-

X

cult to pop in cracks in these resistant tempers. More study
is needed before this method could be suggestéd as a means of

evaluating stress corrosion resistance.

The Aluminum Association Task Group members wish to
express thelr appreciation for cooperation received from various.
Navy agencies in providing materials and background information.

They believe that this cooperative spirit has been most helpful

in establishing reliable and meaningful standard corrosion test

methods for these alloys.
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METHOD OF TEST FOR VISUAL ASSESSMENT OF EXFOLIATION
- GORROSION SUSCEPTIBILITY OF 5XXX ALUMINUM ALLOYS
© WITH 2.0-5.5% Mg,

ASSET
(Ammonium-Salt Solution Exfoliation Test)

1. SCOPE
1.1 This method describes a procedure for constant immersion
exfoliation* corrosion testing of aluminum-magnesium alloys
with 2.0-5. 5% Mg.

1.2 This method applies only to wrought products such as sheet,
plate and extrusions.

2. SUMMARY OF ASSET IMMERSION TEST METHOD

2.1 This test involves continuous immersion of the specimens
~for 24 hours at 150°F ‘_-tZOF (66°C) in a corrosion solution
containing 1.0 molar Ammonium Chloride, 0.25 molar
Ammnionium Nitrate, 0.0l molar Amrnonium Tartrate, and
3 g/1 Hydrogen Peroxide (10 ml of 30% stock solution per
lite-r.) The solution has a pH of 5.2 to 5. 4.

i ‘ 3. SIGNIFICANCE :
i 4 3.1 Use of this method provides a reliable prediction of the
% i

- o exfoliation corrosion behavior of alloys 5086 and 5456 for

all types of marine environment service.

4. APPARATUS

4.1 Any suitable glasé or plastic container can be used to con-

tain the solution and specimens during the test period. De-

pending upon the shape and size of the specimens, roda or

racks of glass, plastic, or other inert substance shall be

used to support the specimens above the battom of the con-

#The term cxfoliation is used to describe that form of corrosion which pro-

ceeds laterally from the sites of initiation along planes, generally grain bound-

ar.es, parallel to the surface. The resulting corrosion products force the

metal upwards giving rise to a layered appcarance to the surface.
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CORROSION SOLUTION
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tainer, The container should be fitted with & removable cover:

to reduce evaporation,

T VG

5.
5.1

b

‘

N 5.2

e

5.3

5.4

5.5

DURATION OF TESTS

All chemicals shall be of reagent grade and the distilled or de-

ionized water shall conform to the latest issue of ASTM D
1193-70 - Type 1l reagent water,

The corrosive solution shall be prepared by dissolving in dis~
tilled or deionized water, chemicals in the following concentra-
tions: A ' -

1.0 M ammonium chloride

0.25 M ammonmum nitrate

0.01 M ammonium tartrate

3 g/1 hydrogen peroxide (10 ml of 30% stock
solution per liter)

The solution has a pH of about 5.2 to 5.4,

Note; If a stock solution of the above chemicals is to be stored,
the hydrogen peroxide should not be added until the solu-
tion is actually used for the test. :

Solution shall be used in sufficient quantity so as to provide a

minimum volume to exposed specimen surface area ratio of 50

ml/sq. in.

The temperature of the solution shall be maintained at 150°F *
2°F (66°C).

Method of exposing specimens
5.5.1Specimens shall be exposed in the vertical position
with the top edge of the specimens being at least one

inch below the surface of the golution,

6.1

7.

7.1

SAMPLING

The specimens shall be immersed continuously for 24 hours except
for permissible momentary interruptions for visuel inspections.
There shall be no removal of the corrosion products or other dis-
turbance to the metal surface during the test. The solution shall

not be changed or additions made during the test.

Base metal specimens 1-1/2" by 4' by gauge shall be tested with
the rolling direction in the 1-1/2" dimension. The specimens should

he sawed or machined to minimize introducing residual stresses




during preparation of the specimons. . - . o L s

7.2 Preparation of specimen )
7.2.1 The samples shall be degreased with a auitablo
solvent. After degreasing, they shall be given .
the following preparation :
Etch 1 minute in 5% by weight sodium
hydroxide at 180°F (BZOC). rinse in
water, desmut 30 seconds in concen-
trated nitric acid at room temperature,
rinse with distilled or deionized water,
air dry. If specimens are not to be im-
mersed in the test solution immediately,
they should be stored in a desiccator

maintained at less than 1% relative

humidity.

_f : 8. CLEANING OF EXPOSED SPECIMENS

5 R 8,1 Immediately upon removal {from the solution, the specimens

?; - .‘ shall be rinsed in running tap water, then soaked in concen-

f- o trated nitric acid at room temperalure until clean. They will

% - , then be rinsed in water and air dried. '

‘ "9, INTERPRETATION OF RFSULTS

: f 9.1 The following codes and classifications shall be used for re~

'. S porting the visual examination of corroded specimens.

(I Code Classification
N No appreciable attack '
P , Pitting !
E Exfoliation ) . L 3

9.2 Description of the various classifications, which are illustrated A o
Tin Fxgures Bl and B2, are as follows: ‘
9.2.1 N - No appreciable attack: Surface may be’

etched or discolored,
9.2.2 P - Pitting: Includes discrete pitting or pit-
blistering. In the latter case, attack re-

R BT

sults in a slight undercutting of the sur-
face. With this test such attack, pitting,
or pit-blistering, is to be expected on this
type of material. This type of attack can , _ ‘ - Y
occur in varying degrees of severity, as . ¥

R R
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‘shown in Figure 1, and should not be con-
strued as exfoliation,

9.2.3 E ~ Exfoliation: Visible lifting of the surface
‘A range of exfoliation can occur in varying

‘degrees of severity, as shown in Figure 2.

10, REPORT

10,1 The report shuuld contain the following essential information;

10.1.1 Alloy Identification -

10.1.2 Product and temper of material tested, including
reference to applicable product specification.

10.1.3- Sampling preccedure if other than that specified in

- referenced product specification,

10.1.4 A rating of the test specimens using the '"Code'!
and ""Classifications' given in paragraph 9.

10.1.5 Notatign of any deviation in test procedure from

that set forth in preceding paragraphs.

10.2 Where specifically required. the following additional information
shall e reported:
10.2.1 Size, type, and number of replicate specimens;
method of edge preparation.

10.2.2 Volume to surface ratio.
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» ' Y APPENDIX B

| o ‘ PROCEDURE FOR CONDUCTING
g - NITRIC ACID WEIGHT-LOSS TEST

18 1. Prepare specimens measuring 2.000" x , 250" x thickness with the 2'!
> s dimension parallel to the rolling direction., If the thickness exceeds 1", reduce

"o the thickness by 1/2 or to 1", whichever is less, while retaining one original

surface. Machine all sawn surfaces.

2. Smooth all edges wit a fine file or fine emery cloth.

3, Measure all three dimensions to the nearest . 001" with a micrometer.

Calculate the total surface area.

e A

e e

4. Immerse the specimen in 5% NaOH solution at 180°F for one minute ; '

followed by a distilled water rinse, a 30-second immersion in concentrated,

reagent- grade nitric acid, and a distilled water rinse,

5. Allow the specimen to air dry completely., Do not wipe dry with a

rag or paper towel. From this point on, in the procedure, handle the specimens

with tongs or tweezers,

6. Weigh the specimens to the nearest .1 milligram.

7. Fully immerse each specimen in 80 ml. of concentrated nitric acid(l) .

contained in a 100 ml beaker.(z) It is suggested that beakers without spouts

B A B T Sy T A YT a3

be used with watch glasses as covers. Place the beaker in water bath con-

trolled to 30% 0.1°C, ' o
fz

8. After 24 hours, remove the specimens, rinse in distilled water and

A

brush with a stiff nylon bristle toothbrush to remove loosely adhering particles,

then allow to dry.

9, Weigh the specimens and determine the weight losses.
10. Determine the weight loss per unit area and express it in terms of

Mg/'mz.

(1) Reagent Grade, 70% by weight. Fresh acid should be used for each test,
(2) Beaker, Brezelius (Corning #1040),
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Exfcliation Corrosion - 5456-H321
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Figure 4 (M 52379)

Exfoliation Resistant 5456-H116 Hull Plate
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Figure 6 (74-2848)
Intergranular Corrosion in 5456-H321 Hull Plate
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Figure 7 (74-2048)

Stress Corrosion Cracks in 5456-H321 Bulkhead Sheet
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ALUMINUM ASSOCIATION
5456-H321 (control S/N 345A & 346A)

'ROUND ROBIN STRESS CORROSION TESTS 5XXX ALLOYS

Table I (74-2272)

eH117 (Alcoa)
5083-H321 (Alcan)
-H117 (Alcoa)

-H343‘(A1c0a)

5086-H116 (Alcan, Kaiser, Martin Marietta, Reynolds)
5456-H116 (Alcan, Reynolds)
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7 days at 212°F,

Figure 9 (73-2052)
'5456~H116 After 1 Day Shear - ASSET
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Figure 10 (73-2053)

5456-H117 After 1 Day Shear - ASSET

d, 2) Heated 7 days at 212°F,

vs at 300°F, 4) Heated 1 hour at 450°F

Top to Bottom - 1) As Receive

3) Heated 6 A4a
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AN AUTOMATED METHOD FOR EVALUATING RESISTANCE TO STRESS-~
"CORROSION CRACKING WITH RING LOADED PRECRACKED SPECIMENS

-J. G. Kaufman, J. W. Coursen and D. O. Sprowls .

ABSTRACT

This. paper describes a ring-loading method for evalua-
ting stress-corrosion resistance wlth precracked compact tension
specimens and presents representative data for some high strength
aluminum alloys. The ring can be designed to produce different
test conditions. In the tests presented, however, the deflection
of the ring was large relative to that of the specimen, simulating
dead weight loading. This method provides several advantages over
techniques previously used. Unlike the constant dlsplacement type
loading, the load and crack length and thus the stress intensity
are known accurately throughout the life of each test, and. the
initiation and growth of stress-corrosion cracking provides a
definitive end point (failure). Also, the effects of corrosion
product wedging are minimal. The ring loading system 1is more
compact than most dead welght sysfems, and because 1t 1s readily
automated, more data can be collected with the expendliture of few

man-hours.
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INTRGDUCTION AND OBJECT

Fracture mechanics principles and precracked specimens
have been used to advantage in recent years in evaluating the
gtregs~-corrosion resistance of metallic alloys{il. Although the.
presence of the mechanical precrack deces not necessarily elimin-

‘ate the incubation perlod as first thought, the fracture mecha-

nlcs approach does provide some additional screening and design

- tools such as orack growth rate (da/dt) data and threshold stress

intensity (KTgh) values.

The specimens uged by varlous lnvestigators have ine

‘cluded compactwtension, cantlilever beam, double cantilever beam

and center slot. The principal methods of loading have been
constant displacement and constant load (dead weight). Constant
displacement loading provided by boltr or wedge loading 1s useful
for screenling tests in elther accelerated or atmospheric environ-
ments. Systems employling this technique are compact and self-
contained and, theoretically at least, each specimen can provide
an arrest or threshold stress intensity value 1n additlion to
crack growth rate (da/dt) data. However, with this method the
applied load and stress intensity are inferred and are not known
precisely even at arrest. An additional problem is the wedglng
effect caused by corrosion products which can prevent arrvest{2].
The dead welght loading systems are usually bulky and better
sulted to accelerated environmental testing, and several tests
are required to establish thresghold values. However, the applied
loads, and therefore stress intensities, are known more precisely
and corrosion product wedging 1s not a significant problem.

The ring-loading method described in this paper provides
a bridge between the extremes of dead weight and constant displace-
ment loadings. For instance, with proper degign of the specimen
and ring, a constant stress intensity test can be conducted. Or,
as was the case in this investilgation, the spring constant of the
ring can be made large in comparison with that of the compact-~
tension specimens, thus simulating a dead welght loading. The
ring-loading system, however, ls much more compact than most dead
weight loading systems, and wlth the ability for dlrect recording
of both load (from ring stress) and crack openi?g displacement (COD),
offers advantages over all of the other systems'd/). It is the pur-
pose of thls paper to describe this automated method of evaluating
resistance to stress- corrosion cracking (SCC) utilizing the ring-
load method.

() Some ring-loading-type tests were made by E. P, Dahlberg
in the ARPA Coupling Program on Stregs-Corrosilon Cracking
(Ref. 1), but without the automated features described in
this paper.

o
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MATERTAL

All of the samples for whlch data are presented were
2.0 or 2,5~in. thick aluminum alloy plate. The alloys and
chemical compositions are shown in Table I, The tensile pro-
perties, determined in the long-trangverse and short-transverse
directions in accordance with ASTM Methods E8[ 3] and B557[4],
are shown in Table 1!. Both fhe compositions and tensile pro-
pertles were wlthin the applicable limits for these alloys.

: Ambient fracture toughness tests were conducted with :
0,75 or 1,0-1in. thick short-transverse (S-L) compact-tension - g
specimens in accordance with ASTM Method E399[5]. The results 3
of these tests are also shown iIn Table I,

EQUIPMENT AND PROCEDURE

Load-deflection calibration data were obtained for the
compact-tension specimens over a crack length-to-specimen width
(a/W) range of 0.45 to 0.80, so that the crack lengths could be
monitored throughout the ring load tests. Thls was accomplished
by making successively longer saw cuts in the specimens, and
with each length, loading the specimen in a testling machine
utilizing a clip gage in the crack opening at the edge of the
speclmen to measure displacement. Using a least squares analy-
sls, a seriles of polynomial equations were fit tc the load-
displacement-crack length data. The equation providing the best
fit 1s as follows:

2 o \3
a=W [0.18728+8,0737x1073 YEB -u.8716x10‘5(Y%E) +1.u10x10-7(i%§) t
- h :
~1.5267%10 1O(Y%§) ] (1)
Where: a crack length, in.

specimen width, in.

crack opening displacement (COD), in.
modulus of elastlclity, psi

gpecimen thickness, in.

load, 1lbs.

<
[ LI R L | I

All of the tests were conducted with short-transverse
(8-L) compact-tension specimens. The specimens were elther
0.7% or 1.0 in. thick and were precracked in fatigue at a stress
intensity of about 12 ksivin. pricr to testing. The crack length
after precracking was estimated from measurements made on ‘the C
sides of the specimens. The loads required to provide the de- S
sired initlal stress intensity levels were calculated using the .
equation for the compact specimen shown in ASTM Method E399(51].

A typical ring-load setup is shown in Fig. 1. The
rings and tensilon bolts are constructed from high-strength
aluminum alloys. The nuts on the ends of the tension bolts are
spherically seated to provide self-alignment. The clip gage is
a single plece keyhole-shape construction. Both the load rings
and the clip gages are instrumented with straln gages, and the
readings are monitored with the multi-channel digital strain
indicator.

223
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59% : In the loading procedure, the clip gage is mounted on

‘ the speclmen and the load is applied by tightening one of the
spherically seated nuts. The applied load is read from the
meter on the multichannel strain indicator, and the specimens

- are immedlately immersed in the corrodent. The corrodent used
was a corrosion inhibilted and buffered 3.5% NaCl solution of
the formula: 0.6M(3 1/2%) NaCl + 0.02M NapCrp07 + 0,07M NaCpH30p
to a pH of 4. This solution was found to be more effective in
developing SCC than the standard 3.5% NaCl solution[2].

Load and COD readings from up to 15 tests can be logged
simultaneously wlth the equipment shown 1in Fig. 2. The lcad and
COD readings are taken automatically every 8 hours (the reading
intertal can be varied), and these readings are printed on a
teletype and punched on paper tape for subsequent computer analy-

sis. .

1
f ; Computer programs were developed to sort the data by
| test, plot the load and COD data against time, and fit polynomial
' equations to these data. A typilcal plot of the data and best fit
-:% curves is shown in Fig. 3. Using these best fit equations, equa-
i
1

Fcips

i

tion 1, and the equation for K for the compact-tension specimens[5],
the crack lengths and stress intensities were evaluated at selec-
ted time intervals throughout the life of each test. The crack
growth rate was also determined by differentiating the equation
developed for crack length versus time. A typical computer print.-
out of these data 1s shown in Table TIII.

"RESULTS AND DISCUSSION

The results of the ring-load stress corrosion tests
are summarized in Table IV, The applied loads were calculated
based on the target stress intensity values and the crack lenglus
measured on the sides of the specimens. When the loads were
applied, the crack lengths calculated from the load and COD
measurements often differed from those measured on the sides of
the specimens. Thus, the calculated initial stress intensities
differed somewhat from the target values, The initilal crack
lengths caiculabed lroim load and COD measurements provide an
integrated average crack length as opposed to an estimated value
based on slde measurements and were found to be more accurate,
General corrosion of the crack faces usually destroys the defini-
tion of the end of the fatigue crack but in the few instances
where the precrack lengths could be discerned after fracture, the
initlal crack lengths were very close to the calculated values.
The crack lengbhs at fracture, which would normally be the end
of environmental crack growth, were also reasonably close to the
calculated values in most instances.

R PO
" " i E AR
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A decided advantage of the ring-load test is that the
initlal load and crack length, and thus stress intensity, are
known accurately. The load can be adjusted to provide the
deslired initlial stress intensity, as was done in two of these
tests, but in most iIinstances it seemed sufficient to know the
initlal values without makling minor load adjustments. The stress
intensity at fracture (Krf) was usually equal to or greater than

the amblent KQ value.
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Many of the tests demonstrated a period of incubation
before the initiation of environmental crack growth. As might
be expected, the length of the Incubzation time generally increased
with decreasing initial stress lntensity. Also, some of the 2000
series alloys, particularly alloy 2219-~T37, demonstrated tempor-
ary arrest durling the test. Thils 1s 1llustrated by the data for
one of the specimens of 2219-T37 shown in Fig. 4. The specimen
experienced a short incubation period, followed by rapld crack
growth and then an arrest of about 100 hours duration before
accelerated crack growth to failure(b

S ik T T

Metallographlc examlinations reveal that the probable
cause of these ftemporary arrests is crack branching, which may
delay the forward progress of the crack on its final path to
fallure. Evidence of such branching is shown in the photomi-
crograph of a fractured specimen of 2219-T37 shown in Fig. 5.

DATA ANALYSIS

One method of analyzing these data and comparing differ-
ent alloys is by plotting crack growth rates (da/dt) as a function
of instantaneous stress intensity. A plot of such data for 7075-
T651 1is shown in Fig. 6. A close look at the data indicates that
because of the incubation periods and slow development of crack
growth at the beginning of these tests, a family of curves may be
developed showing low da/dt rates at the initial stress intensity
level (regardless of what that level 1s) but with a tendency for
the da/dt rates to converge somewhat at stress intensity levels
approaching Kyo[6]. Also, 1t may be observed that two of the
individual tests demonstrate an intermedlate period of constant
crack growth rate (or plateau value) and one test demonstrates a
steadily Iincreasing crack growth rate,

1‘:4‘.:& i :;'-'. ‘o . PRt S e
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These ldlosyncrasies, plus the intermediate arrests
previously mentioned, make da/dt data difficult to analyze;
nevertheless, some information can be gained by observing the
upper limit of maximum crack growth rates developed by all of
the tests of a gilven alloy as shown by the line in Fig. 6.

The upper boundary lines for several alloys are shown in Fig. 7.
Thls comparison of crack growth rates indicates that alloys
7075-T651 and 7039-T6351 are clearly the most susceptible to

RSP CE S RC B SAT SRR

(o) Flg. 4 also illustrates that the load readings can be used
a8 a secondary indication or check on crack growth. The
clip gage readings were more sensitive to temperature
effects and sometimes evidenced long term drift; however,

the load readings were extremely stahle and a decrease in

load of only 1 or 2 per cent is indicative of an event.




stress-corrosion cracking and alloys 2021-T81l, 2219-T87 and
7075-T7351 are very reslstant to stress-corrosion cracking.

*Alloys of low and intermedlate resistance to SCC develop a
“"plateau veloclity" which has often been observed in constant

displacement (bolt load) type tests. Alloys of relatively
high resistance to SCC, such as 2024-T851 and 2021-781, '
experlence crack growth only at Ky levels close to thelr
Kre valyes and do not demonstrate a clearly defined plateau
value(c), : : S

: Data for alloys 2219-T87 and 7075-T7351 are shown
as points on axes of Pig. 7. Two specimens of 2219-T87
falled, but at levels above the ambient Ky, value, and met-
allographic examination indicated that the fractures were of
a tenslle nature and not SCC. Creep may be responsible for
the fallure of these specimens. Some slight crack growth
was detected for a specimen of 7075-T7351, but 1t was so
small that the growth rate is below the limits of Flg. 7,
and the fact that SCC growth occurred had to be confirmed

by metallographlic examination.

As Pilg. 7 demonstrates, crack growth rate data may
be used to compare the relative resistance of various alloys
and, theoretically, these data can be extrapolated to a very
low rate to establish a threshold stress intensgity factor
(KIth). However, a more straightfcrward method of determining
threshold values with ring load test data 1s to plot initial
or applied stress intensity versus time to failure as shown
in Figs. 8 and 9. Tor both high and low resistance alloys, a
near threshold level was reached within 1000 hours of exposure
in this accelerated test environment. An exposure of about
2000 hours, coupled with no significant indication of c¢crack
growth or drop in load, was considered sufficient to establish
threshold values. Metallographic examinations of the "run-
out" speclmens showed no evidence of stress-corrosion cracking
except in those of 7075-T651 and T7351.

The data in Figs. 8 and 9, tempered by the metal-
lographic evidence, were used to establish the following
threshold stress intensity levels:

ESTIMATED THRESHOLD STRESS INTENSITY FACTORS

Resistant Alloys Susceptible Alloys

Alloy & Temper Kitn Alloy & Temper Kith
ksivin., ZK1e — ksiv/in., %Ko
2219~-T87 >20 100 2024-T351 11 50
2021-T81 17 85 2219-T37 12 45
7075=-TT7351 18 85 7039-T6351 6 30
2024-T851 13 80 7075-T651 4 20

() Reference[l], page 9
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Another alloy comparison ls shown in Filg. 10 where
the Kyth values (1n the salt-dlchromate-acetate solution) are
shown as a percentage of thelr respective amblent XKje values
along with the percentage of yleld strength data determined
with smooth tensile specimens in a 3.5% NaCl solution, alter-
nate lmmersion test. Although the percentages are sometimes
quite different, the data from both types of tests rate these
alloys in the same order with respect to resistance to SCC.

- Although the data for precracked and smooth specimens
are usually in agreement with respect to alloy ratings, a ques-
tion arises as to how thes¢ data can be used for deslign pur-
poses. If the applied stress and the silze of an existing flaw
are known, then the stress intensity level can be calculated
and compared with the threshold stress intensity for the
material to predict whether or not SCC will occur. On the
other hand, we know thac smooth specimens contalning no inttial
flaws (in which case the stress intensity is zero) faill under
relatively low stresses Iif thé allecy is susceptible to SCC.

B s et B . T — - _
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S
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This has led to a proposall2] which considers both
threshold stress and threshold stress intensity values for
determining the design stresses, as illustrated in Fig. 11.

The "safe" region (no SCC expected) is below the threshold
stress llne and to the left of the threshold stress intensilty
line. For alloy T075-T6b51l, a stress of 10 ksl would apply

in the absence of flaws. If flaw sizes larger than that
occurring at the intersection of the threshold lines (50.04 in.
for 7075~T651) are expected, then the design would be goverened
by fracture mechanlcs concepts and the grogs-section design
stress would have to be reduced in proportion to the flaw size.
Obviously, resistant alloys, such as 2219-T87, would have safe
regions encompassing higher stresses than susceptable alloys,
such as T075~-T651.
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SUMMARY

The ring~loading method used in conjunction with
automatic data logging equlpment has proven to be a reliable
method of determining stress-corrosion resistance using a
fracture mechanics approach. Alloy rankings developed with
ring-load data are about the same as those developed with
smooth tensile specimen data and a propcsal has been made
for combining these two types of data for deslign purposes.

The ring-loading method has the followling advantages
over other techniques used for tests of precracked specimens:

1. Tre applied load, initial crack length and the applied
stress intensity are known more accurately than in the
constant displacement type test.
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The progress of the test is monitored automatically with

the data logging equipment and 1ls in a form amenable to

computer analysls. Thus more data can be collected wilth
the expenditure of fewer man-hours. Thils facillitates the
determination of incubation perilods and temporary arrests

and can indicate instances 1n which metallographlc examl-

nation may provide more information.’

Because the stress intensity lncreases 1f crack growth
developes, the test has a definite end point (fracture),
and since the crack 1s opening, there are no apparent
problems with corrosion product wedging effects.

The ring load system is more compact and less cumbersome
to operate than most dead weight systems.,
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" ELECTROCHEMICAL TESTING OF GALVANIC CORROSION ~ =

by
‘Florian Mansfeld and J..V. Kenkel

Science Center, Rockwell International
Thousand Oaks, California 91360

ABSTRACT

In a systematic study of galvanic corrosion of Al alloys the effects .

of the dissimilar metal, the solution composition and area ratio have

‘been studied using galvanic current and weight loss measurements. In

3.5% NaCl, galvanic corrosion rates of the Al alloys 1100, 2024, 2219,

6061 and 7075 decrease with the nature of the dissimilar metal in the
order Ag>Cu>4130 steel > stainless steel® Ni> Inconel 718> Ti-6A1-4V

=~ Haynes 188Sn>Cd. Coupling to zinc did not Yead to cathodic protection

'

of the Al alloys as shown by weight loss data although the Al alloys

N 7 s s el TR N

- were the cathode in the A1/Cu couple. The potential difference of

o2

uncoupled dissimilar metals has been found to be a poor indicator of °

RPN

galvanic corrosion rates. Dissolution rates of Al alloys coupled to a

s e

Ptz

given dissimilar material are higher in 3.5% NaCl than in tapwater and

distilled water where they are found to be comparable. The effect of

area ratio ﬁ%- has been studied in 3.5% NaCl for area ratios of 0.1,

ke

S . -
i e

P S IR R AN -

1.0 or 10. The galvanic current was found to be independent of the

area of the anode, but directly proportional to the area of the cathode.

The galvanic current density ig with respect to the anode has been found

v ¢
to be directly proportional to the area ratio (ig = ,k] ﬁx-), while

the dissolution rate A of the anode was related to area ratio by

¢
rp =k (0 A’). The results obtained have been explained based

o AR LA TS s WL

AA
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“on mixed potential, theory. It is’ shown.that both the relative and. the

Jlkabsolute increase of the dissolutjon rate of the anode due to coupling

- can be c]aculated from the sqme; electrochenical: measurement. thus

,f,ieliminating the.- need for.weight Ipss data'iif,rif;,ﬂ_\ o - :> \
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' INTRODUCTION
Acceleruted corrosion of dissimilar metals which are electrically -
-coubléd‘and‘exposed to a corrosive én§1ronment is,one'bf the most common
and most severe forms of corrosion. Although the danger'ofﬁgalvanic R
.cor§oéion haé been récognized Qeneraﬂ1y.'very Tittle work has been done
o quantftatively meaéure the extent of corrosion of variods galvanic :
goup]es and use such measurements as a basis for.a ranking. of galvanic '
. "“couples. Usually uncoupIed meta1s and a110ys, instead of actua] galvanic
coup1es are ranked in & galvanic series according to the1r corrosion
potentials in a given environment; e.g., seawater (1). .while this type
of classification of metals and alloys might be quite useful as an |
indication of general trends in galvanic corrosion, it cannot give an
indication of the actual extent of galvanic corrosion whan dissimilar.
metals are coupled. As pointed out recently:(2,3), the magnitude of -
galvanic corrosion depends not only on the potential difference of
dissimilar metals, but also on kinetic parameters such as corrosion rates -

or exchange current densities of the uncoupled materials and Tafel

slopes, and on area ratios.

i

In 1ight of the rather compiicated interaction of reduction and

oxidation reactions on coupled metals, it is important to measure directly

. et 2R e

the extent of .galvanic corrosion of those materials which may come in

electrical contact in.various structures rather. than rely on measurements. .

of only one of the parameters involved; e.g.,ipotentialudifferehces;-5

Various methods for measurements of .galvanic current have been discussed:.

recently (12). The authors have been using the :zero impedance ammeter

‘described by Lauer and Mansfeld (4) and have developed an electrochemical:

test which has been used to evaluate inorganic conversion coatings ...' -

on Al alloys (5) and to study the effect of metallic coatings on PH13 Mo

on galvanic corrosion of Al allogs in NaCl (6)




:saturated 3.54% NaC1 (7) Also included are resu1ts of galvanic corrosion

This paper summarizes reaulto of & systemat1c 1nvestigation of

»1ga1van1c corrosion in which the ga1vanic 1nteraction ot 20 meta]s and al]oya

fhave been measured 1n order to establish a ga1van1c serias based on

quantitative. measurements of disso1ut1on rates of the metals ina ga]vanic

‘couple. Results for the 95 ga1van1c coup]es in which an Al a11oy is one.

of the two dissim11ar metals are summarized here for immersion in, air-

[

tests in +apwater and dist11led water for some selected couples (8),

,and of studies of the effect of area ratio {9),

'EXPERIMENTAL

Materials and Test Methods RIS v Y

Table I 1ists the materials studied. The test specimens were flat -
coupons (1" x 3" x variable thickness). They were degreased for 5 min. -
in boiling benzene, cleaned by conventional chemical methods, if necessary,

and weighed to 0.1 mg. The test specimens to be coupled were then placed'f

into a lucite holder with a 1/2" x 1/2" x 1/8" lucite spacer'between the

2 of each specimen

specimens as-described earlier (ref. 5,6). About.20 cm
were exposed “to the electrolyte.* After assembly, the holder containing
the specimens was placed in a solution of afr-saturated 3.5% NaCl and

the corrosion potential of the two uncoupled materials followed for 15

| min. “immediately after immersion (all potentials refer to the saturated -
' “calomel ‘electrode (SCE)). The specimens were. then connected to the ‘zero

" impedance ammeter.(4) (Fig. 1). The output of this instrument, which is:

proportional-to the galvanic current I _, was connected to a two-pen

g
9

strip-chart recorder. The potential ¢

of the couple was also recorded

continuously far 24 hours. From plots of galvanic current I vs time £,

g

*In studies of the-effect of ;area ratio, this holder was not used.




7 the average ga]Van1c current density (c,d.) 1 = 1 g/A+ where A is the .

nifarea of the A1 alloy tested, was ca1cu1ated by graphical integnat1on. ftt?2:~"

”Tabie'x List of Materials Studied ‘ -
* ag (99, %) o ssaoe Ti-6A1-4V

. Cu (OFKE) ""'1f' S s »,;fAi'wwOo-o

MO L UPHIS 8o - *.“"  © TR 2026- T851 £

- sn (99.9999%) - s T Mg2te-Ter

cd(ee.0e) © 4130Steel . Al 60GI-TeS] .
- In (99.9%) o -  Haynes 188 Al 7075-T76
ss301 "7 Inoriel 718 |

After the 2d4-hour test, the Al alloys were deoxidized using a commercial
cleaneri(AMCHEM), washed, dried, and weighed again. The weight loss o |
caused By the deoxidizing treatment was also measured using separate
‘uncorroded-Al specimens,.and.this correction was applied to the weight
"1655 of the corroded specimen. If necessary, the:other materials were
';freed«of corrosion .products using:standard ‘techniques -(NACE Standard |
- TM-01-69). The corrected weight loss, the duration of the test and the
:;specimen-area_were.used'tOncalcu]ate the dissolution rate r of the test
"fspecimen=inimdd-(mgtdmgfday);~'Eurther-deta$ls cgncetning~therexpefimentalﬁx

al%pnéggduﬁegcan_beeﬁqundgﬁnwsefmx(SgJO)ﬁ .

CRESULTS
L fThe-Effect of the Dissimilar Metal (Ref. 7)

HVA Corros1on Parameters of Uncoupled AI AIloys

All galvanic couples studied include one Al aitoy.» In order o

"';f‘tc relate gaivanic coup1e data to corroswon parameters of A1 alloys, f




s %\M :

the corrasion rates of uncoup1ad Al alloys were. determined 1n 24 houn

1mmersion tests.f Table 11 showsncprrosion uotent1als o (aVerage of

~Gorr
19 tests, 15 m1n. exposure) and corrosion rates s (aVerage of 3 tests,

24hmmw

S -:Iable'll; Corrosion Potentia1s and Corrosion Rates of ﬁn»oup\ed AT

Anoys 3.5% NaGl, 22 * 1% | | |
(mV vs SCE) v, (mdd) .

A] Alloy corr

1000 L6 3e 0.24
go6-Test 13344 - o Bas
2219-787 7246 - 4.62
6061-~T651 756 + 28 ' ~ 0.56
7075-176" L gl4+18 ©0.95

" B, Galvaric Current Data

Typical galvanic current'défa are shown in Fig. 2 and 3.

Fig. 2:shows that the galvanic current Ig is appreciably higher when Al
7075 s coupled to Cu than when it is coupled to stainless steel type 304
| or Ti-6A1-4V. When coupled to Zn, the galvanic current is ﬁegative with

respect to Al, because Zn was the anode in the galvanic couple. After

'angiﬂﬁtia]ﬂperiodfof"zrhours, the-galvanic-curren£~stayedimore.or-1essé
- constant except for thg couple involving Cd, where the-current increased

constantly. - | ,

Despite the appreciable initial potential differences between the

‘A1 alloy and Cu, SS304 or Ti-6-4, respectively, the galvanic potentials

of tha corresponding couples with Al 7075 have Qimilar Qalues which are
on]y sl1ght1y more nob]e than the corroswon potential of the uncoupled '
Al alloy (Ref 7) This is probably due to the fact that the pitting o




' i" botehtfa1 is'a1so5bn1y's1ightly more noble than the corrosion potehtial

RIS A

‘A'vh of'the Al alloys and the fact that the AT: alloys cannot be polar1zed

s et 2
o

e wcllafmore nob1e ‘than to- the pitting potential

i@' ‘? ' Fag, 3>4hqws that similar resu%;s are cbtained when the five Al

fég ) fﬁ:éfloys afe‘coupTéd to thé same, more'ndbié matéria? 4130 steel. A

fﬁ  ‘]1;compar1son of the curves. in Fig. 3.with those in Fig. 2 shows that

%% | "liicoup11ng of Al a11oys to Cu 1eads to higher galvan1c currents than

‘”E k - coupling to 413C steel wh1ch in turn, produces Higﬁer galvanic currents .

2oant,

’ than the stainless steel and the T a11oy

a0

Based on the galvan1c current I - time ¢t traces the ga]van1c current

density 1g with respect to the Al alon in a galvanic couple has been

. calculated. Tables haVe been prepared (7) for each of the Al alloys

‘studied 1n which the galvan1c couples have heen ranked according %o the

value of 1 Table I1I1 is an example for such a galvanic series;-

g‘
in this case Al 6061 has been coupled to 19 dissimilar metals and alloys.

‘Also listed in Table III are the corrosion potential differences a¢> of

the two uncoupled metals before the start of the galvanic current test

and the dissolution rates A based on weight loss data (see below). The

overall ranking in the last column of Table IIl is obtained by a ranking

of all 95 couples studied (for details see Ref. 7).

€. - Weight Loss Data

The dissolution rate ra of the Al alloy in the galvanic

couples as calculated from weight loss data has also been Tisted in
Table III. |
) Only very small weight changes were recorded for Ag, Cu, Ni, the
" stainless steels, Ti-6A1-4V, Haynes 188 and Inconel 718. The 4130

steel was covered with rust after galvanic tests; after removal of

corrosion product, weight gains or weight losses were found (-7 to

2




© TABLE III.' Galvanic Series for A16061-T651 fn 3.5% NaCl, r_ = 0.56 mdd

N

“ﬁ#;'

:,beUP]éd #““.‘
B SR

(uA/em

. o

iy

2)'-

AfrA'
(mdd)

=‘AA§-f
(nv)

$

S
(\

1

. Overall - ..

No.

el

— —t
—

b 12
. 13
s 14
_ 15
¥ 16
;% 1 17
l% 18

19

Q 0 [3.] ~ (2] (3] H W N

vAg‘,;r_.u.
tu

N
PH13-8Mo
286
§5347
55301
$S034L,

~Inco 718
Ti-6-4
Haynes 188
A12219
A12024
Sn
A11100
cd
A17075
Zn

54.5
243

A I
T T

16.0

w7
4

12.4
11.3

8.1

5.2
5.0
3.1

'1.95

1.59
0.66

0.28
~0.66
"1‘55]

5.6
47.7
27.0

29.7
19.8
18.7
21.2
17.3
16.1
7.0
8.3
7.7
-0.5"
+0
5.9
3.7
4.0
-1.47
6.6

721
-507

-205

- .481
-664

-704

-653
-672

-679
~556
-510
-543
. 99
- 6
-183
- 68
- 95
+ 36
+298

ﬁj § ' *Negative~va1ues of A correspond to weight gain.




+8 mdd). The dissolution rates for Zn ranged between 0 and 5 mdd, those
“for Cd between's and 22 mdd and those for Zn betweén 90 and.175 mdd
depending on the type of A a11ﬁy these materials had been coupled to.

D. Corretation Between Galvanic Curraent and Weight Loss Data

In the study reported here, galvanic current and weight loss
data have been co}1&cted for all galvanic couples in order to find a
" gorrelation betwesnt the electrochemical measurements and the dissolution
_rate of the anode i: a galvanic couple. As discuséed in more'detaii N
earlier (2,3) the measured galvanic current Ig for the case of diffusion
control of the cathodic reaction is equal'to the cathodic current Ig
‘at the cathode -and the difference between the anodic metal dissolution.
current Ig and the cathodic reduction current'Ig at the anode at the

potential ¢g of the galvanic couple:

¢ A A
Ig(og) = Iy (ag) - Ig (o))

Equation 1 can be written in terms of current densities (c.d.) and

areas AP and Ac,of anode and cathode, respectively:

A =
g

A o C A A A A
A i A g A - 1 N

a

Considering that due to diffusion control:

where 1OL is the limiting diffusion c.d. for oxygen reduction. Eq. 2
can be written as:

A

i =

g9




- Since also due to diffusion control:

YR

¥

!
. Where 1 ..

berewl"ittenas:, T R CLt e

is. the_corrosion ¢.d. of. ghe.uncoupled anode, Eq. 4 can

19> ) i_a..i.i.goﬂ' o | | o _. . (6)

Equatfonf6 show;.tﬁat.the,me@sured value of the galvanic c.d. ig

equal to the difference between the dissolution rates of the-anode when

xis

coupled (1?).and uncoupled'(iﬁorr).- Galvanic current measurements,-
therefore, can be used to calculate the increase of dissolution rates due
to coupling. Equation 6 can be converted to dissolution rates v of .

the anode using Faraday's law:

ig =k (ry - ) | | | (7)

Figure 4 shows a plot of the average galvanic*c.d.-ig

to the Al alloy against the difference of dissolution rates A= Ty for

with respect

coupled (rA) and uncoupled (ro) Al alloys determined from weight loss
data for the 95 galvanic couples studied in 3.5% NaCl (7). 'Each data
point represents a different galvanic couple. The solid line represents
Faraday's law for pure Al (1uA/cm2 % 0.81 mdd). Most.data points fall on
a straight Tine which has a lower slope (IuA/cm2 ~ 1,2 mdd). The reason
for this systematic deviation might be seen in the fact that Al alloys ”
containing Cu, In and other elements were tested. A correction for Al-Cu
:or A1-Zn alloys would move the theoretical 1ine in the direction observed
| experimentally. Since five different Al alloys have been tested, no |

attempts for such a correction have been made.
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Since a very good correlation between electrochemical measurements

to determine:weight lass data, which eliminates the problem of removal of
corrosion products, etc. The electrochemical data have also the advantage

that they provide "instantaneous" corrosion rate data and allow to follow

the corrosion process as a function of Lis.s whict usielly is not possible
R _ A AR p

with weight loss data. Any changes 'n'cwfr~<‘“ﬁnh;haviow will be immediately

recognized in corresponding changes Jf *he wa’vanic ¢mvent.

II. The Effect of Area Ratio (Ref. 9)

A1l measurements during the study o* th- efie.t of the nature
of the dissimilar metals (7) have been Lade for an avea rauig AC/AA = 1.
It will be shown, however, in the following that dissolution rates of
the anode in a galvanic couple can be calculated for any value of AC/AA
if they have been measured for one area ratio; e.g. of one. ]
A general discussion of area relationship in galvanic corrosion has
been presented elsewhere (2,9). The relationship between the galvanic
c.d. iA and the area ratio AC/AA can be found from £q. 2 considering Eq. 3

g
and Eq. 5 as:

C C C ‘
A= LA"A A_..uA
i i92 ;K' = Teorr A kl;ﬁ" - ~1(B)
According Eq. 8, the galvanic c.d. iA

g is directly proportional to the

area ratio AC/AR. The dissolution c.d. i?

2 of the anode can be caldulated

by combining £q. 4 and Eq. 8 to give:

C
A L C,Ay . A
iy =i°2(1f«A/A) _ Ky (1+;\~A—)

(ig) and weight loss data (rA ’,"o) has been observed, it is not necessary .
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Equation 9 1s iﬁe so~céI1ed'ﬁcat¢hment orinciple” according to which

'i_the*&fssolutioﬁ’Yaﬁé-df the anode in a galvaniz couple 1§'proportional S

to the area ratio. 'For large avea ratics it follows from Eq. 9 using

Faraday's law:

, AC- D | .
.rA f kZ ;K~: L - .A . . . D N (10)

The constants k1,and,k2 are,charactefistic for a given metal/electrolyte
system. o A

| In order tu test the relationships in Eq. 8 and 9, the Al alloys
2024-T851 and 7075-T76 wera coupled to Cu, stainless steel 304L, 4130

steel, Ti-6A1-4V, Cd or Zn in air-saturated 3.5% NaCl at 22 + 1°C.

Flat test specimens ware prepared so that an area of about 2 or 20 cm2

was gxposed to the electrolyte. Area ratios used were approximately 0.1,
1.0, or.10. Weight loss data for the materials in a given couple were

used to calculate dissolution rates of anode and cathode as a function of
A
19
to the Al alloys as a function of area ratio for Al 2024/Cu. The galvanic
A

9
increased by a factor of 10 as predicted in Eq. 8. It 1s important to

area ratio. Figure 5 shows a plot of the galvanic c.d. with respect

c.d. i} increases by about a factor of 10 when the area ratio ACY/aM {s
note that in order to evaluate the effect of area ratio galvanic current
densities rather than currents have to be considered (9) since according
to Eq. 1, the galvanic current is proportional to the area of the cathode,

but independent of the area of the anode.

L ,C L
= i A¥ = Kk,AY, (M)
g c c 02 1

and therefore not a measure of area ratio effects.

A plot of log 131 vs 1oy Ac/AA according to Eq. 8 results in a
strajght Tine with a slope of one for both Al 2024 and Al 7075 (Fig. 6).
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The data for Al 2024/Cd, Al 2024/Zn, and Al 7075/Zn have been omitted from
Fig. 6 since in these couples the Al alloys were the cathodes, The
different values of ig] at a constant value ofAAC/AA are assumed to .result
from the fact that contrary to the normal ‘assumption, that the limiting
diffusion c.d. ioz is independent of cathode material (Eq. 3), axperimental
values of 1OL are found to be dependent on the nature.of the cathode.
Mansfeld and Parvy (5) have shown, based on potentiostatic poiarization
curves, that in 2.5% NaCl 10; is larger for $S304 than for Ti-6A1-4V.

The decrease of the galvanic c.d. ig at a given area ratio in the order
Cu>4130>SS304L>Ti-6A1-4V>Cd 1s then related to a corresponding decrease
of 10;. Based on experimental evidence, Eq. 3 is not exactly fulfilled
and Eq. 8 has to be rewritten as:

. | |
AL s LC A (8a)

g = o,
where 1O;’C is the material-dependent 1imiting c¢.d. for oxygen diffusion,
The dissolution rates calculated from the weight 1055 data for the Al
alloys in galvanic couples have been plotted vs 1 + AC/AA in Tog-log plots
in Fig 7 for Al 7C75. The approximately straight 1ine relationship with
a slope of one confirms Eq. 9 since the dissolution c.d. 1§ is related to
the dissolution rate A by Faraday's law. The dependence of dissolution
rates on cathode material at a constant area ratio has to be explained

L,C

as above. For material-dependent cathodic c.d. 102 ,» the catchment

principle has to be expressed as:

¢
A LA L,C A '
1, =1, + i7" —¢ 9%a)
a 0, O2 AA

Based on these relationships which are confirmed by the eiperimental resul.

presented here, the dissclution rate of an anode in a galvanic couple

can be calculated for any area ratio if it has been measured for one area

ratio; e.g., of one.
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‘I11. The Effect of Corrosive Environment (Ref. 8)

Having studied the effect of the dissimilar metal, it seamed also
of ‘interest to investigate the effect of the corrosive environment (8).
From the many possibie electrolytes, tapwater and distilled water were
chosen due to the obvious practical -applications involving galvanic
couples.  Distilled water was of additional interest since only dissolved .
oxygen and ‘the water molecule can-at Jeast initially-react on the surface
of the dissimilar metals forming the galvanic couple. The very low
conductivity of distilled water did not lead to experimental problems;
_due to the :characteristics of the zero impedance ammeter (4) used,
the potential difference of coupled dissimilar metals was less than 0.1 mV,
even in distilled water. From the many experiments conducted and raported
elsewhere (8,10), Fig. 8a shows a comparison of galvanic current data in
3.5% NaCl, tapwater, and distilled water for A12024/ 130 steel. It is
interesting to note that the steel is the anode in distilled water
and tapwater, while the Al alloy is the anode in 3.5% NaCl. Weight loss
data showed (10) that the steel was cathodically protected in NaCl, but
showed increased corrosion rate due to coupling to the Al alloy in the
other media. For the Al 2024/Cu couple, no reversals of the sign of the
galvanic curreni were obsarved (Fig. 8b). The average galvanic c.d._%g
is much higher in 3.5% NaCl than in tapwater and distilled water. In
the latter two solutions, the average galvanic c.d. values of ;g are
comparable. Note the different time behavior of the galvanic current
in tapwater and distilled water.

The average galvanic c.d. ; with respect to the Al alloy as determined

g9
from graphical integration of the 1g-t1me curves and the initial potential

difference 40> betwean the two dissimilar metals before coupling have been




L

Tisted in tables for the f1VG Al Mlu&@itested in tapwater and distilled

- “water in Ref. 8

In assessing galvanic. corrosﬂ%~fﬂ;~9sxor of a given Al a)1oy a« a
AN "’

function of environment, ~one has:to CO\ ﬁqer the effect of the dﬁssﬁmi1ar

.meta1 - the disso1uticn rate of Al 606) tas been found for example. to
, be higher in tapwater with Cu as: cathodé than in 3. 5% Na with $5304 L.
or. Ti 6A1-4V as cathode (8).. 5 i
‘The main difference between the effect of NaCl, tapwater, and distilled
water on galvanic corrosion of Al a]loys seems to be the'fact that due to

the high chloride content in 3.5% MaCl the pitting potential of Ai'a110ys:\'

ML T S ilrwieay:

is ohTy slightly more noble than the corrosion potential.' Potentiostatic

3

polarization studies with IR-drop compensation in tapwater (11) have shown

that the pitting potential in tapwater is much more noble than in 3.5%

ST
e AR i

NaCl while in distilled water pitting does not occur. The Al alloys, can

therefore, not be polarized more noble than their pitting potential in
3.5% MNaCl and consequently dissolve with high rates due to pitting. In
tapwater and distilled water polarization to more noble potentials is
possible, and changes in polarity of the dissimilar metals in a galvanic
couple are also possible as seen for Al ailoy/4130 steel couples (8).
DISCUSSION

I. Yhe Effect of Potential Difference Between Dissimilar Metals

AIt is often assumed that the rate of galvénic corrosion can be
judged based on the difference of the corrosion potential of uncoupled
dissimilar metals. Fdr a diffusion controlled cathodic process the
dissolution rate of the anode in a galvanic couple should, however, he
independent of the nature of the cathode and, therefore, also independent

of the potential difference between anode and cathode. As pointed out

above, the diffusion c.d. 10L has been found to be material dependent to -
2
some extent, most Tikely due to the formation of surface films which

- 257 -
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| ”3.}ch¢nge'the ratio'DIG of diffusion coefficient D for oxygen and diffusion
_alayer thiuknass 8. - Due to this fact, a.material dependence of the rate
of galvanic corros1on could be experimenta11y observed which 1n turn _
| .could be 1nterpreted incorrectly as be1ng due to the difference of corrosion
”‘;potentials A¢ of the uncouplad d1ssim11ar metals. In order to eva1uate
:ihe possib1s effect of potential difference of uncoupled dissim11ar meta1s
- on the disso1ution rate of the coup1ed materia]s, the experimantal
galvan1c current data obta1ned 1n 3.5% NaCI for 95 ga1van1c coup1es
1nvolv1ng Al alloys have been plotted as a function of potent1a1 difference
A¢ = ¢§lrr - ggorr, 12 represent;

the absolute increase o? the dissolution rate of the anode due to'coup1ingw

According to Eq. 7, the galvanic c.d.

On the ather hand, the relative increase of disso?ution rates can be
calcu1ated using the same galvanic c. d iA value as:
iA

-r ' . o -
"A  0 = P ¢

corr

The experimental datarof Part I of this study (7) have been viotted

A Al C

g Vs, A¢ ¢corr deory for the 95 galvanic coupies studied

in Fig. 9 as i

in 3.5% NaCl. 1In Fig. 10 the relative increase of disso?utidn rates TA " Y0

r
due -to coupling has been plotted vs. S using weight loss date. :

Fig. 9, which represents the absqiute increase of disso]uticn{rates
rp Ty due to coupling and Fig. 10 which represents the relative increase

of dissolution rates "A " "o with res;.t to the corrosion rate of the

Yo

uncoupled Al alloy, show that the initial potential diFfference A¢5 of -

uncoupled mgtals cannot be used as a reljable indicator of the extent of -

galvanic corrosion. While one can distinguish two groups of data in

Fig. 9 which show a general increase of the galvanic ¢.d. with increasing

potential difference A¢5, a measurement of Ag§ alone cannot give jbfghmatjon
258 . -
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about the,raggvof‘9a¥vanig corrosion ta be exP“Ctedﬁfbrfa-givenJgalyanip--:A\fgt"”‘
couple. - Figure 10 shows that for a¢* va\ues,betweeﬁ 4600 ‘and 700 MV - s
‘the velative increase of dissolution rates can be between 3 and S'for

;3312219 and 2024, but between 60 and 230 for Al 1100. One can a]so'fjnd

‘a relative increase of about 46 at A¢ = -200 mV and a relative increase

of dissalution rates of only 10 at 265 = ~550 mV for Al 6061 Galvanic :

series based on corrosion potentials of uncoupled materials have, therefore,

to be considered as only very qualitative guidelines.

The effect of the dissimilar metals is shown clearly if-galvanic
currant data, which represent the absolute increase of the dissolution
rate of the Al alloy over the corrosion rate of the uncoupled alloy, are
considered. The large effect of Ag, Cu and 4130 steel can be recogniged
in Fig. 9, where the five Al alloys studied appear in clusters at
s> = <630 to -720 mV (Ag), at A¢° = -500 to ~570 mV (Cu) and 8¢° = ~90
to -340 nV (steél 4130). ‘A sgcond group of galvanic couples ranges from
couples invo1v§ng 2inc and Al alloys of different composition, where
galvanic currents are negative with respect to the Al alloys, to coupTes‘
invelving the stainless steels and Ni (6> = -600 to -800 mV). Couples
involving Ti-6A1-4V, Haynes 188, Inconel 718, tin, and cadmium fall
between these two extremes.

II. Ranking of Galvanic Couples

The results obtained have shown that reliable classification of
galvanic couples can only be achieved if kinetic data such as galvanic
current measurements are collected for the couples of interest. The
galvanic couples can then be ranked according to the absolute increase of
dissolution rates (?A) (sea Ref. 7) or the relative increase of dissolution
rates (rA -‘ro/ro s i /1 }. The continuous monitoring of galvanic

g’ ‘corr
currents has the advantage over weight loss data that dissolution rates
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A

,:-ﬁfcan be fq11owed as ‘a function of twme with great accuracy (fractions of

:";uA to many mA can be accurate%y measured) ProbTems of removal of corvosion

 fproducts before re- weighing after the test are avomded

;i.;III Genera1 C\assificat1on

15}?’ If the ganera1 compat1b111ty of an A] alloy with other materiais 1s
Jof 1nterest, then the relative 1ncreases of ' disso1ut1on rates should be
congidered In Table IV compat1b111ty of the five Al a]loys With the 15
*<otherjmater1als is indicated by placing the dissimiTar materials in 3 ”
classes according fo‘reiative increéses?of disso1utioﬁ ratesﬁrA - o/t
T g g / 1corr
15 (c1ass 111). |
Tab1é IV shows that under this classification A1 1100 is compatible
- only with Cd,'A1 6061 on1y with the A1 alloys 7075, 2219, and 2024, while
A1'7o7§‘1s conpatible only with zinc and the other Al alloys tested. The

below & (C]ass I) between 5 and 15 (Class II), and above

Al alloys 2024 and 2219 are compatible with most materials tested,
_ borderline cases involve 4130 stee1 Cu and Ag (and Ni and Zn for Al 2219)s
no combinations have been found to be 1ncompat1b1e based on the present

criteria. These criteria have been arb1trar11y selected and mwght have

© - to be mod1f1ed for special appTicat1ons.
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TABLE 1V. Compatibility'of Al Alloys and Dissimilar Materials

Class AL 1100 Al 2024 M 2219 AT 606 AT 7075

S - o - - - o — L v

1. ¢d - €d,7075,1100 Cd,2024,6061  7075,2219 "‘f'f"'noo 6061,

Sn, Haynes, ' -:1100, Haynes .. 2024 . ... -~ -2024,.7In,
2219, Ti-6- 4. 7075,Zn,PH13~ .9 -
6061, Zn, --..8Mo 55301,, ST

Inco 718, " §5304,A286,

PH13-8Mo . 1Inco 718 Ti-

$8347,A286, 6~4,SSB47

§5304,N1,55301 '

11 2024,6061  4130,CuAg N ,Zn;4130, 1100,6d,5n  Cd,Haynes,

"~ 2n,Haynes, Inco 718
Ti-6-4

Il Sn, 7075, ‘ | 55§304,5S301, $5304,58347,

Haynes,Ti- A286 ,PH13- - §S347,PH13-
" 6-4,Zn, , o , ~ 8Mo,S$S347, 8Mo ,SS301,
Inco 718, ) 4130,N1,Cu, ‘A286,N1,
$5304, . : o o
PH13-8Mo,

58301,

4130,Cu,Ag
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.-f.g:au‘,rz,e caPTIONS
jEZero 1mpedance ameter (4) ?;Af““" o
g fov AI 075 coupTed to. Cu,

. . Tifte ‘bahavior of galvanic. cuprant 1o
':ﬁSta1n1ess steel 304L, Ti- 6A1~4v Cu or Zn.

fTime behavior of galvanic current lg for Al a11qys coupled to
4130 stee}.," .

'Corre1at10n between the average ga]vanic c. d ig and the increase of

- fd1ssolution rates. r = Ty due to coupling.

-~ Galvanie c.d. 13’ for‘Al 2024/Cu 1n 3.5% NaCl as a function of

“-_'M"ea ratio.

Dependence of galvanic c.d. 121 on area ratio AC/AA for Al 7075 in

3.5% NaCl.
Dependence of dissolution rates rp On area ratio AC/AA fokwA1 7075
in 3.5% NaCl.
'Gaivanic current data in 3.5% NaCl, tapwater, and distilled water.
A1 2024/4130 stee! ’
.\m heajcu
9:\ Xwerage galv«nic ¢.d. 1 as a function of difference 4¢° of corrosion

g
‘potehti&ls of uncoupled matarials.

Q Reiativ@ 1ncrease "A - ro/to of dissolution rates of Al alloys
(waﬁght 10&3 data) as a-function of a¢®.
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