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Section 1
INTRODUCTION

Over the past several years a considerable number of studies have been

conducted wit.hin the Air Force and at the National Bureau of Standards

regarding the total cost of corrosion prevention and control for aircraft.

The inescapable conclusion is that total corrosion costs in terms of

life-cycle management and mainltenance of aircraft represent an Intolerable

burden to the Air Force in maintaining force effectiveness at a reasonable

cost to the taxpayer. In a 1978 NBS report the total corrosion coat was

calculated to be 70 billion dollars nationally. For the Air Force tho,

direct cost of corrosion maintenance in the field and at che depot level

has been estimated to be 750 million dollars. and the total corrosion cost

including facilities is estimated to be in wxcess of one billion dollars.

During the 1975 and 1977 AFOSR-A1'M'La Corrosion Workshops, improved acceler-

ated tests were cited as being a major area of need requiring further

research.2' One of the major problems in effectively reducing aircraft-

corrosion maintenance costs has been the inability of the research

community to develop realistic corrosion tests which give meaningful

results in a reasonable length of time. There are no accurate methods

for accelerated testing for corrosion which yield reliable results for

predicting the service life of aircraft components and materials whichp degrade or fail due to environmental attack. Current alternatives
involve the use of gross tests such as salt-water iummersion which yield

relative corrosivity values that have no quantitative relation to service

* life or outdoor atmospheric exposure tests which require experiments of

three to five years or longer and are specific to one local environment.

It is extremely difficult to discuss accelerated corrosion testing in a

general sense because the type of test will depend upon the type of

corrosion and its cause and operating mechanisms. Stress-corrosion

cracking, corrosion fatigue, and atmospheric weathering have become

a major prcblem af the aircraft industry. Because convealtional corrosion

testing requires a long testing time, is expensive, and does not

171



accurately simulate realistic environments,'the first step toward

achieving the cost-reduction goal in the area of corrosion is to develop

realistic accelerated testing methods which are applicable to aerospace

materials in service environments and which, therefore, meet Air Force

needs.

This report describes a comprehensive experimental and analytical research

program whose primary objective was the determination of the feasibility

of developing an accelerated-corrosion testing technique for high-strength

aerospace materials. The accelerated-corrosion testing technique in

this study is generally understood to be a testing method which will

reduce the routine testing time from months to days and will be sufficiently

realistic to predict long-iinge corrosion behavior (such as stress-

corrosion cracking, corrosion fatigue, and atmospheric weathering) of

materials in service environments. It would have been az. insurmountable

task to study the quantitative details of the effect of a realistic

environment upon the corrosion process. At the same time it was almost

impossible to simulate accurately a service environment in the laboratory;

even a serious attempt to achieve close simulation would have been

prohibitively expensive. Fortunately, most of the ingredients prekent in

the environment have negligible effects upon the corrosion process.

Hence, the main aggressive components of an industrial atmosphere--such

as SO 2 , NO2 , and surface salt in the presence of air at several humidity

levels--were used to simulate the environment. Concentration of the gas

and the level of humidity were monitored and controlled within a specially

designed environmental chamber.

The state-of-the-art in accelerated-corrosion testing methods as described

in the ASTH Book of Standards and approved by the National Association of

Corrosion Engineers involve the aforementioned use of gross tests such

as salt fog and alternate salt-immersion tests with their lack of quanti-

tative values for corrosivity or relative corrososivity with respect to

service experience. Atmospheric outdoor tests where panels are exposed

to various environments require a time scale which precludes rapid



materials-selection decisions or paint-protection-measures evaluations.

These testa are specific to limited environments and seldom take into

account stress factors whicb may accelerate the localized corrosion and

enhance crack growth leading to premature failure. Cyclic loading is,

of course, also precluded. Establishing realistic test environments

requires, at a min:'mum, a reasonable selection of atmospheric environ-

mental variables coupled with stress factors which aerospace components

are expected to experience. The selection of appropriate air-quality

standards is difficult and should be based upon knowledge of ambient-air

pollutant levels ani experimental work to determine the relative importance

of these pollutantr. The effects of SO2 and N02 for high-strength steels

and aluminum alloys must be related to the interaction of these gases

with water vapor, surface salt, and airborne particulates and to casual

factors.

The first set of tests involved slow-strain-rate measurements to determine
1-7

the susceptibility of a material to stress-corrosion cracking. In

this study several corrosion testing methods such as slow strain rate,

risi ,g load, and corrosion fatigue were investigated for their adaptability

as universal accelerated corrosion tests. The slow-strain-rate testing

technique is used to determine the susceptibility of a material to stress-

corrosion cracking (SCC). 14 Over the past decade this technique has

found wide-spread application due to the reproducibility of the data and

relatively short period of testing time involved. The technique has been

used mainly to optimize the simulated environment which results in
15

accelerated crack growth and failure by SCC.

16
McIntyre, et al., irtroduced the idea of exploring the rising-load

method as an accelet. ced test to determine the threshold stress intensity

for SCC (KIscc). In fact, they demonstrated that the testing time could

be reduced from many hours to even a few minutes in some cases. This

method is currently being used quite extensively for rapid determination
17,18

of approximate values of K

ItCC

3



Static SCC tests rank poorly in reproducibility due to the wide scatter

in the data, apart from the long testing time involved. The counterpart

dynamic crack-growth experiments, i.e., the low-cycle corrosion-fatigue

tests, have no such drawbacks, and these tests can be tailored to generate

7tnformation which is similar to that obtained from static SCC tests. Several* . 19-21
investigators have attempted to predict SCC behavior from corrosion-

fatigue tests. The present study deals extensively with the feasibility

of determining K through an accelerated testing technique for 4340
ISCC

steels and Al Y075-T6 in simulated industrial environments.

General-corrosion field-exposure tests were conducted to obtain data for

correlation with that obtained from laboratory tests conducted in a simulated

environment, as well as to provide justification for the use of simulated

environments for other tests.

44
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Section 2

"TECHNICAL BACKGROUND

A state-of-the art survey was conducted on techr.p:cs showing potential

as accelerated-corrosion tests. The survey was limited in scope to

(1) localized corrosion including stress corrosion cracking (SCC) and

corrosion fatigue (CF) and (2) general corrosion. These failure modes

were selected because general corrosion and crack growth due to SCC and

CF are major causes of corrosion damage to Air Force vehicles. As a

first step the pertinent information available in the literature

relative to this investigation was reviewed, some of which will be

discussed here.

CRACK-GROWTH-RATE MEASUREMENT

Since structural failure results from some type of environmentally

assisted crack initiation and propagation, crack-growth behavior should

be investigated under controlled environmental conditions in order to

develop quantitative models which can be extrapolated to predict material

behavior in field environments. This section will discuss crack-growth

behavior and the techniques commonly used for accelerated-corrosion

testing.

Environmentally enhanced cracking is a difficult corrosion problem

to test accurately in the laboratory. Traditionally, static weight-

loaded tests are conducted over periods of 200 to 1000 hr to determine

the SCC behavior. The data are then extrapolated to structures which

must have a useful lifetime of many thousands of hours.

Generally, the time to failure is plotted as a function of applied

stress (Fig. 1), and an attempt is often made to define a "threshold"

stress below which no SCC will occur. In many cases, however, crack

initiation is the controlling factor in these tests, and the data are

often widely scattered and irreproducible. In order to avoid the inherent
22

lack of reproducibility, several experimental techniques have been

5
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suggested as alternatives to the standard static SCC test. Experiments

utilizing fracture chanics22, 23 principles have been developed to

monitor crack-growth rates as a function of stress concentration where

a stress-intensity factor Is defined as

K o/

a ap•lied stresR
am crack length

The schematic representation of such crack-growth data yields a curve

having three distinct regions 2 4 aa 3hown In. 'ig. 2. Thz crack-growth

rate in Regions I and I1I of this curve is strongly stress-intensity

dependent, while in Region II where a plateau is exhibited,the crack-

growth rate is virtually independent of stress intensity. Often

Regions I or III are not observed. For example, Region I is often
25

absent in titanium alloys tested in neutral aqueous-halide solutions.

In the same environment, most commercial high-strength aluminum alloys

and magnesium alloys exhibit Regions I atid II but not Region I11.26,27

For many high-strength aluminum alloys, it has been impossible to establish

a threshold stress intensity (KIscc) below which stress-corrosion cracks

will not propagate. 2 6' 27 KISCC is a useful parameter for engineering-
design purposes, but its routine determination is a long drawn-out pro-

cedure because the crack must be propagated very slowly in order to define

Regicn I.

As in the case of SCC, the use of fracture-mechanics techniques has also

been applied, and similar three-region behavior is obtained on the

AK-vs-da/dN curve for corrosion fatigue. For example, Fig. 3 is a plot

of crack velocity (da!dN) as a function of AK for three cases.

The crack-growth rate in Region I at low AK values is extremely stress-

intensity dependent, and the da/dN-vs,-AK curve becomes almost parallel

to the crack-growth-rate axis. The corresponding stress intensity appears

to be an environment-dependent; threshold which is denoted by AKIcF,

ICF1
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KIscc CRACK-TIP STRESS INTENSITY

Figure 2. Schematic Representation of the Influence of Stress
Intensity upon Stress-Corrosion-Cracking Velocity.
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in analogy to KIScc2 8  In Region II the corrosion-fatigue crack-growth

rate often depends strongly upon the envirorment, but its stress dependence

is considerably reduced. Indeed, in same instances (e.g.. a titanium

alloy exposed to sea water), 2 9 a plateau in Region II has been reported.

Inert environments such as dry argon or vacuum produce fatigue-crack-

growth rates in Region II which are always stress dependent. In this

region, the functional relationship between the crack-growth rate and

the crack-tip stress-intensity range AK can often be approximated by a

fourth-power law30

da/dN - const (WK) 4

On the basis of data gathered over the past 20 years, the steady-rate

response of fatigue-crack growth to environments may be groujied into

three basic types and will be discussed in relation to K as inISCC3
Fig. 4. Type-A behavior is typified by the Al-water system. Environ-

mental effects result from the interaction of fatigue and environmental

attack. Type-B behavior is represented by the hydrogenated system.3233

Environmental crack growth can be directly related to sustained-load

crack growth, with no interaction effects. Type-C represents the

behavior of most alloy-environment systems. Above KISCC, the behavior

tends toward Type A, with the associated interaction eftects. The transi-

tion between Type B and C behavior is not always sharply defined. While

these data (stress corrosion and corrosion fatigue) are highly useful,

it should be realized that they are dependent upon many variables, e.g.,

mechanical, environmental, metallurgical, and geometrical. Some of these

variables are listed bElow.

Mechanical Variables

Maximum-stress or stress-intensity factor

Cyclic-stress or stress-intensity-factor range

Stress ratio or load ratio, R

Cyclic frequency

10
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Mechanical Variables Cout'd

Cyclic waveform

Load interaction in tariable-amplitude loading

Residual stress

Environmental Variables
Types of environment

Concentration of damaging species In the environments
Temperature

Pressure

Electrochemlcal potential
pH

Electrolyte viscosity

Velocity of the environment

Metallurgical Variables

Alloy composition

Distribution of alloying elements and impurities

Microstracture and crystal structure

Orientation of grain and grain boundaries

Geometrical Variables

Crack geoeetry

Crack size in ralarion to component dimensions

Component geometry AýJining crack

Stress ccncentration associated with design

Some of these variables interact, e.g., some loading variables may interact

with the environment (many of the observed effects of irreproducibility

can be traced directly to environmental interactions). 4 2 4 6  The large

number of variables make the reduction of laboratory-obtained data to

practice a highly complex problem. Only very careful control of these

parameters along with practical experience will yield successful

predictability.

12
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Lynch, et 4.749 in an attempt to develop an inhibitor for crack

inhibition of high-strength steels for aerospace applicatiori, found

corrosion-fatigue crack-growth experiments to be far better than static

"stress-corrosion tests with respect to reproducibility. The static SCC

tests rank poorly In reproducibility due to wide scatter In the data.

For example, for 4340 steels tested in 0.1K NaCi solution, Lynch48 found

the crack-growth-rate data at the plateau portion ranging from 0.21 to

0.42 in./hr to be such more widely scattered than the data obtained from

corrosion-fatigue tests of 2.4 to 3.4 x 10-4 in./cycle fu& the s&me

material in the same environment.

Detailed data as presented in Table 1 have been retabulated from Lynch's
47work. Good reproducibility was found for Al.-alloys also when the crack-

growth data were obtained from corrosion-fatigue tests;49 the static

test results, on the other handshowed considerable scatter.

50Russian investigators have used corrosion-fatigue experiments as an

alternative to SCC tests in predicting stress-corrosion cracking of casing
51steeals in 3% NaCi solution. Japanese investigators have also used the

corrosion-fatigue technique as an accelerated screening test for inter-

granular corrosion failures.

Because of wide scatter in the data and the long testing time required for

astatic stress-corrosion test, the search for an alternative test has
S. 19-21

continued. Currently suggestions are being made for predicting

stress-corrosion-cracking behavior from crack-growth studies in corrosion
fatigue. However, a very careful approach is needed in this direction.

"As mentioned earlier, corrosion-fatigue experiments, in general, are

very complex due to the numerous independent parameters. The crack-

growth rate in a corrosion-fatigue experiment is affected by frequency,

stress ratio, mean stress, waveform, and nature of the aggressiveness

of the environment; in addition, the geometry of the specimen itself

could complicate the situation. But the environment and the geometry

13

L"



.4

,%4,

TABLE 1
COKVA•180 OF DATA SCAT'UZUn FMO 4340 STL I

STRISS-COSIONS( CIACKDIG AxD CoR0osiCI VATUGUR

hviroment: 0. 1NaCl Aqueous Solution

Crack-Growth Ratel Plateau

Sitress-Corrosion Cracking Corrosion Fatigue

Specimen Rate (in./hr) Specimen Rate (in./cycle)

AT1 0.24 AT5 2.4 k 1074

AT7 0.21 AT6 2.4 x 10-4

AT8 0.25 BIA 3.4 x 10-4

AT9 0.22

BL3 0.38

BL8 0.42

- .,14



of the specimen could be made common for the two conditions-stress

corrosion and corrosion fatigue--and the stress range could be manipulated

somewhat to obtain the data required for correlation.

19Gallagher and Wei suggested a linear hypothesis to predict the crack-

growth rate in corrosion fatigue from static stress corrosion results.
52Based upon this Parkins and Greenwall found i good correlation between

their corrosion-fatigue and stress-corrosion-cracking results (based upon

their superposition model) for Mg alloys in carbonate solution. The

model 1 9 presents a very simple relation

da/dNI. d./dNienvironment + da/dNIr

where da/dNIc is t:he corrosion-fatigue crack-growth rate, da/dNlenvironment

is the environment: attributed to crack-growth rate, and da/dNjr is the

cycle-dependent fntigue-crack-gruwth rate measured in an inert atmosphere.

Wei and Landes 5 3 modified the environmental component, and Gallagher 1 9

later introduced a frequency term to generalize the simple linear-

sumation model described earlier. Reasonable correlations have been
54obtained with several systems above KISCC under very specific conditions.

The main drawback of the model seems to be the absence of any interaction

term, which could be difficult to handle; additional experimental work

is deftnitely required in this direction.

After extensive investigation of crack-growth phenomena and fracture

analysis of iron, aluminum, and titanium, Schwalbe55-57 suggested that

crack propagation under both monotonic and cyclic loading conditions may

be governed by essentially the same micromechanism and may be described

by similar fracture laws. Although no direct correlation was suggested,

there is good evidence of some possible extrapolations of crack-growth

rates under monotonic loading conditions from the cyclic-load situation

using the normalied da/dN-vs-AK curve.

15



Unfortunately, most of the tests iu these investigations were conducted

in an inert atmosphere or in laboratory air and did not extend to more-

realistic and severe environmental situations. The environmental enhance-

ment of crack growth is expected to be sore dominant in aggressive

environments. The stress-corrosion contribution in corrosion-fatigue

experiments could be maximized by manipulating the stress ratio R and

frequency which will provide a better opportunity for extrapolation of

is;cC from such a test.

SLOW-STRAIN-RATE TEST

Hany of the disadvantages of the traditional form of SCC susceptibility

testing are eliminated by testing smooth specimens at a constant strain
58

rate rather than under conditions of constant load or constant strain.

The constant-strain-rate test is a form of simple tensile testing in which

a smooth specimen is pulled in tension in the environment of interest at

a constant strain rate until failure occurs. The constant-slow-strain-

rate test44 59-66 for stress-corrosion cracking has been extensively

applied in the corrosion-research community during the last few years.

This technique developed by Parkins 8 ' 9 provides a rapid and positive

laboratory method for determining the SCC susceptibility of a material in

a specific environment in which other tests do not detect SCC.

For a comparison of the severity of the SCC of materials in a fixed

environment or of the aggressiveness of an environment, the commonly

used parameters are time to failure, reduction of specimen area, and

elongation of the specimen. However, only metallographic examination of

the fractured surface can provide definite identification of the presence

of SCC. The number of secondary stress-corrosion cracks and the length

of the cracks are other parameters often used for quantitative comparison.

It seems probable that other SCC paramemters such as threshold stress,

incubation time, and crack-growth rate may also be obtained by the slow-

strain-rate test which would greatly enhance the usefulness of this

technique.

16
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The constant-slow-strain rate test should be developed as an effective

accelerated testing technique initially for SCC-susceptibility detection

and later, in a modified form, for rapid determination of KISCC.

RISING-LOAD TESTS

Currently two methods67-68 are used for determining the KISCC value of

a material: 1)the constant-load cantilever-beam test and 2) the

constant-displacement or "bolt-loaded" compact-specimen test. The required

test time for obtaining meaningful Kiscc data often ranges from hundreds

to thousands of hours. However, the testing time may be shcrtried by

using, if feasible, 1) an approximation of KISCC from corrosion-fatigue

test data obtained by crack-growth-rate tests and 2) the rising-load

KISCC test described below.

The rising-load K test was initially proposed in 1972 by MclnLyre,
16 IC

et al.; KISCC values were determined for a series of high-strength steels

(200-400 ksi yield strength) exposed to sea water, hydrogen gas, and

hydrogen-sulfide gas environments. These tests showed that the time

required for KISCC determination can be reduced from many hours to even a
17

few minutes in some cases. In 1975 Clark, et al., reported the results

of their work at Westinghouse Research to further evaluate the technique

and establish its limitations. In Clark's report, KISCC data obtained

from the long-time "dead-bolt" test and from the rising-load test were

evaluated and compared. In Figs. 5 and 6 the specimens used in these

tests are shown. Vor the rising-load KISCC test, the testing procedure

is essentially the same as for the K test described in ASTM E399-72
C69

for plane-strain fracture-toughness measurements, except that a slower

loading rate is used (20-5,000 lb/miin vs 4,500-22,500 lb/mn.) and the

specimen is exposed to the environment while being loaded. Figure 7

is a schematic of the rising-load KISCC test, and Fig. 8 demonstrates the

effect of environment upon load-displacement behavior.

17
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The effect of the rising-load rate, K, upon the apparent •SCC 'a

dependent upon the specific material-environment combination which Is

clearly shown in Vigs. 9 and 10. However, the apparent $ approaaches

the KISCC obtained from the long-time test data as the loading rate

decreases. Table 2 is a further comparison of KISCC data obtained by

the two test methods.

The main advantage of the rising-load test for KtSCC is rapid data

collection. Because of the absence of a significant prior-history effect

upon the apparent KISCC the test time may be further reduced by pre-

liminary rapid loading of the test specimen to about 802 of the Kiscc

if the long-time KISCC can be estimated. Slow-rising-load rates can then

be applied to the test specimen in order to obtain the long-time KISMC

For example, if the long-time K SCC is assumed to be - 80 ksi/i-., the

test specimen can first be rapidly loaded to 60 ksi /rn. at a rate of

K - 10 ksxv/in./min. and then at a low rate such as K - 0.1 ksiiin./min

forassessing the long-time test K value. Naturally, the loading-ratefor ssesingthe ongISCC
reduction will not be required if the long-time K ISM is only slightly
dependent upon loading rate. Another advantage of the rising-load K
test is that a single specimen can be used to generate several data points.

An apparent Kiscc-Vs-loading-rate curve such as that presented in Fig. 9

may be obtained using only one specimen. Finally, crack-growth rate may

also be obtained by measuring the crack-extension rate while maintaining

the load at a constant value. Likewise, a complete crack-growth-rate-

vs-stress-intensity curve can also be obtained with a single specimen by

maintaining the load at different K values as shown in Fig. 11.

Two limitations with the rising-load test were reported by Clark: 1) an

incubation period of several days or more may exist in certain material-
environment systems and 2) the test must be conducted at a loading rate

which is sufficiently slow to allow the detection of crack growth before

the load increases a significant amount beyond the onset of crack

initiation. The faster the rate of crack growth associated with a given

material-environment system, the less effect the loading rate will have

22
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upon the apparent KISCC measured. Therefore, the riing•-load technique

is best suited for a material-envirorment systm having a short SCC

induction time but fast crack-growth rate.

It is clear that the risanrload test may be used as a valuable method

for rapid evaluation of KiSCC, although care should be taken to overcome

certain limitations isposed by the technique. This technique was utilized

to generato KSC data in the gaseous environments used in this investiga-

tion.

GENERAL CORROSION

An accelerated-general-corrosion test for aircraft materials, especially

for the aircraft skin materials, would be essentially the same as that

for accelerated atmoshperic corrosion because most military aircraft

remain on the ground at various Air Force bases most of the time. The

need for accelerated laboratory testing procedures for predicting atmos-
phrc etern asbe 70

pheric weathering has been widely discussed and reported. Atmospheric-

corrosion studies have been conducted over a period of more than 30
71

years, however, these studies mainly concern the corrosion behavior of

materials in broadly classified atmospheres such as industrial, marine,

urban, and rural. The main purpose of these studies has been the develop-
72ment of weathering-resistanc alloys rather than the investigation of

environmental effects.

73
Capp is said to be the first to publish a procedure for carrying out

an accelerated test intended to simulate atmospheric exposure. Vernor 7 -7 7

described the importance of the critical-humidity concept in atmospheric

corrosion. From this point on, much work was done in an attempt to

improve the correlation between accelerated test results and atmospheric-

exposure data. The techniques utilized have involved the use of humidity
78

cabinets, cyclic or alternate dry-condensation conditions in a cabi-

net,79-82 and spray and fogs. 83-8 It was found35 that the data obtained

in accelerated laboratory testing of metals in the presence of SO2 gas

27
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and high-humidity conditions can be correlated to some degree with actual

corrosion behavior in an industrial environment.I12, 86-89 However, no

reliable and predictive equation relating environmental factors and

corrosion rates has been established based upon these results.

90-92
A recent work by LeGault, Lt . 99., on prediction of the atmospheric

corrosion of steel in induscrial and marine environments is of interest.
They developed a correlation between the time periods during which a

specimen is exposed in the laboratory and in the field based upon oxide

Um reduction time, e.g., one day of lab exposure is equal to one month of

field exposure. Whether this relationship exists in other metal-

"environment systems has not been investigated thoroughly and deserves

further exploration.

In this work it appears that it was not possible to develop good correlation
91

between environmental factors and corrosion rates of metals. LeGault,
93

attempted to utilize Pourbaix's concept of measuring open-circuit

potential instead of weight lose; however, he was unable to arrive at any

useful "time-equivalency" relationship such as the one he had obtained

using the oxide-reduction-time measurement. Thiu could be due to the fact

that Pourbaix's technique is effective only in specific metal-environment

systems.

In the last decade, as a result of advances made in gaseous-pollutant

monitoring and sampling instruments, it has become known that the urban

atmosphere consists of several corrosive components such as SO2, NO2, 03,

hydrocarbons, nitrates, other salts, and particulates. Thus, it is feasible to

Investigate the correlation between atmospheric corrosive agents and the

atmospheric corrosion of metals. Several early studies showed the

effects of SO2 content and relative humidity in the atmosphere upon the

corrosion of Zn and Fe. However, until recently, very few attempts have

been made to simulate realistic weathering conditions in the laboratory

and to correlate these with atmospheric corrosion obtained from outdoor

exposure.

?8



Mansfield 101 conducted an extensive investigation on atmospheric weathering

for the purpose of predicting metal corrosion in the.urban atmosphere.
102-106"This study was supported by the work of Ray4e1 at the EPA who designed

a. special chamber to simulate atmospheric weathering in an attempt to

predict atmospheric corrosion frou laboratory test results. These attempts

resulted in a predictive equation which requires further consideration.

107
More recently, Pourbaix conducted some experimental work on the corrosion

behavior of weathering steels in Western Europe. He simulated outdoor

exposure in the laboratory by alternately iimersing steel specimens in

salt solutions and polluted atmospheres. In this way he found that the weight

loss of these steels consistently follows the general rate law of

aw a kt N, where AW and t are weight loss and test duration of the specimens

and k and N are experimentally determined constants. The values of

k and N are different for the same steel exposed in different simulated

atmospheric environments. His observations are intaresting, but the

predictability of his iquations remains to be seen.

The most efficient method for developing accelerated-corrosion tests appears

to involve statistically designed experiments in an enviroumental chamber

with provisions for simulating day and night situations as well as environ-

mental conditions. Corrosion-coupon exposure and aggressive gases such as

SO2 NO2, and 03 as well as particulates of known concentrations should be

introduced into the chamber and their effects determined by weight-loss

measurements or oxide-reduction time on the test coupons. These results

should then be compared with outdoor exposure data. The acceleration

effect can be achieved by the introduction of higher-concentration gases

and the manipulat.,on of temperature and humidity. Statistical design and

regression analysis can be used as mathematical tcols to formulate a model

for correlating laboratory and outdoor exposure results.

L4
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k. SALT SPRAY

The salt-spray test involves exposure of standard specimens to a fine spray

or mist of a solution of sodium chloride at a specified temperature for

a specified period of time. The fog particles settle on the surfaces of the

cest specimen and thereby constantly replenish the film of solution on

the surface. The quality of the metal can then be assessed through measurement

of the extent and nature of corrosion of the metal surface after a specified

exposure. Salt spray has been extensively used in the metal industry as

an acceptance test. Initially the purpose of the test was the assessment

of the quality of a protective coating such as galvanized steel in ASTM
108

B117. Currently the salt test is being applied to all metallic parts-

bare or coated. The basic test requires a salt solution in the range of 3-5%

which is generally used to simulate marine-atmosphere exposure. Numerous

variations of salt concentration, cabinet design, test duration, pH, and
109-118

emersion time have been employed. In order to accelerate the
119

corrosion process, many variations in the chemistry of the solutiun
120-122

other than salt c omposition have been used. Salt spray has been
123

extensively used in some cases for exfoliation tests, even though

this test is very time cnsunming--requiring six months to one year or

longer. However, recently some modified accelerated-salt-spray tests have

been developed mainly as exfoliation tests a124125 The main application

of the salt-spray test is in quality control or evaluation of the relative

corrosion resistance of materials in a high-huidity mara..e environment.

This test cannot be used to predict long-range corrosion behavior or

corrosion characteristics in urban or industrial atmospheric environments.

The salt-spray test does not appear to have a potential as a good

accelerated-corrosion test for aerospace materials in realistic environments.

It could not be shown that the results of salt-spray tests (using a very

specific type of salt at specific concentrations, etc.--factors which must

be specifically developed) could be correlated with the service performance

)f aerospace materials; hence, it was not pursued for aconelerated testing.

30
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ALTERNATE IMM0ERSION

The alternate-immersion test simulates the effects of the rise and fall of

tidaland other waters and the movements of corrosive liquids in chemical
plants. It also pr~vides a relatively rapid test for the corrosive effect

of aqueous solution upon metals and alloys. The test is most commonly used

as a means of comparing the corrosion resistance of materials in a wide

variety of corrosive media. It is also used as a control test for checking

the quality of successive lots of certain alloys in commercial production.

Although common test procedures have been described in the literature 1 2 6- 1 2 8

129
and at one time a tentative procedure was formulated by ASTM committee B-4,

this procedure is no longer recommended as an ASTM standard method. One

reason for discontinuation of this test might be the complexity involved

in testing and in simulating service environments in the laboratory.

Some unsatisfactory attempts have been made to correlate the corrosion test

results obtained from alternate-i-,ersion testirg with those obtained from

atmospheric tests. For example, Rawdon1 3 0 has f.iown for Al alloys that

some general conclusion can be drawn from altert..te-i--ersion tests in the

laboratory and from atmospheric field tests; hoi •ver, he made no attempt

at a quantitative correlation between laborator- and field tests. InI 131

addition, Jacob, et al., 131 in a recent repurt on stress-corrosion-cracking

methods, concluded that alternate-immersion and salt-spray tests are more

severe than industrial atmospheric tests. Since it lacks specificity

with respect to environment, it is mainly used as an acceptance test, and

no definite correlation has been made with routine, static stress-corrosion

tests.

Alternate immersion might have potential as an accelerated corrosion testing

method if the service environment were similar to the rise and fall of

tidal waters. Of course, this is not the case for the actual service
132-133

environment of aerospace materials. In specific cases, some degree

of success has been achieved by formulating specific media for a specific

system. However, a realistic environment is still not represented, and

the test results are not reproducible. The selection of an aqueous

31



solution which would represent field conditions is a very difficult problem.

which might be overcome after a great amount of effort and time has been
expended. However, the effort to accomplish this and the uncertainty of

the results do not appear to be worth the time and expense required.

ALTERNATE-POLARIZATION TEST

134
Recently, Rosenfeld, et al., used an alternating anodic and cathodic

polarization technique for rapid detection of the tendency of steel alloys

to undergo stress-corrosion cracking. They found the optimum condition to

be initial anodic polarization of samples in 3% NaCl for 30. mn. and

subsequent cathodic polarization up to the appearance of cracking. This

is an accelerated test for SCC susceptibility which is applicable to
steels in NaCl solution regardless of the probable mechanism. This
technique may also be applicable to other metal-electrolyte systems,

and it appears worthy of further exploration.

OTHER ACCELERATED-C(CRROSION TESTING TECHNIQUES

Numerous less common accelerated testing techniques exist other than the

crack-growth:, constant-slow-strain-rate, rising-load KtSCC, salt-spray,

alternate-immersion,and other techniques described for general corrosion
earlier in this report. Most of these were developed tor spec6iZ.,

purposes where all parameters were strictly defined. The majority of them,
L13513namely, the imersion-emersion test, the Suzuki method, 1 3 6 and the

137
Corrodkote technique, are alternatives to the techniques previously
described.

ENVIRONMENTAL CHAMBER FOR REALISTIC-TEST-CONDITION SIMULATION

Haynie, 1 3 8 in his material-testing work, developed an elaborate

environmental chamber system. Figure 12 is a simplified flow diagram

of the test system. Ambient air, after being filtered to remove
particulates and gaseous pollutants, was cooled and dehumidified. The
conditioned air then flowed into ducts for reconditioning to the desired

32
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1 emperature and relative humidity. From each duct the air enterec. a

mixing box where SO2 , NO2 , and 03 were added before the air reached

the test chamber. Finally, the air left the chamber and was decontaminated

and exhausted to the atmosphere.

The accelerated-corrosion effect upon the test specimens was generated

by a day/night cycle provided by a built-in xenon lamp and chilling

"rack. The temperature and relative humidity of the air flowing to the

chambers were maintained at desired levels. However, the temperature

of the specimens varied continually during the day/night cycle, thus

changing the local relative humidity. Moisture condensed on the

specimens when the temperature was below the dew point. This mode of

exposure allowed the surfaces of the test materials to adsorb the

gaseous pollutants and to increase the pollutant concentration as

in real environments. The cost of a series of chambers such as those

described above and the associated pollutant-gas-dispensing and -monitoring

devices would be quite high. However, a simplified version with certain

modifications could be designed which would reduce cost somewhat.

Since most of the time aircraft are on the ground at various Air Force

bases, it appears reasonable to investigate the effect of corrosion

upon aerospace materials due to base ground environments. In other
words, the effect of corrosion due to the polluted atmosphere at

various bases upon aerospace materials should be investigated. Simulation

of such a realistic service environment could be achieved by carrying

out tests in an environmental chamber such as the one described.

Certain modifications should be made such as incornoration of the

chamber into the MTS test frame in ,,rder to permit dynamic measurements

of such parameters as Lrack-growth rates and slow strain rates, in addition to

coupon weight loss. It will be easier to correlate data thus obtained

with environmental factors, to develop predictive equations, and to

compare these data with field tests and service records simply because

test environments are more realistic.

3
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REMARKS

Corro:3ion-fJtigue crack-growth measurment has been used generally for

mechanical (fatigue) and environmental interaction of the material.

The technique has great potential due to the good reproducibility of

the test data. Recently it has been used as a screening test (accelerated-

testing technique). With the lnofrmation on a possible correlation to use

between SCC and corrosion fatigue, this technique must be explored exten-

sively in order to develop this correlation. The constant-slow-strain-rate

test is the most widely used technique for determining the susceptibility

of *a material to SCC. In general,& smooth or notched tensile specimen

is used for testing, but a compact-tension specimen may also be used.

Thc introduction of a compact-tension fracture-toughness specimen

int:o a constant slow-strain-rate test lends tremendous poteitial. The

rising-load Kisc test is an extremely rapid method for evaluation of

material. Much success has been achieved in predicting the development

of a corrosive-rate equation using an environmental chamber and statistical

methods. Further exploration is needed to verify the applicability of

% ,this test to commonly known aerospace materials. Several interesting

investigations have been conducted in order to predict atmospheric

weathering from simulated laboratory tests. Results are encouraging,

but prediction attempts still fall short of the main goal. Further

effort in this area hopefully will result in the formulation of a

predictive model.
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Section 3

EXPERI•E ATAL INVESTIGATIONS

PROGRAM OVERVIEW

The investigation was carried out in four phases to permit a systematic

approach to this complex problem. Phase I of the program mainly involved

the selection of material, determination of the nature of environmental

simulation, specimen preparation, preliminary crack-growth tests in the

environmental chamber, and initiation of general-corrosion field tests.

During Phase II design and fabrication of both the slow-strain-rate test

machine and the environmental chamber were completed and the equipment put

into operation. The crack-growth-rate experiments in simulated environ-

ments were also conducted in this phase. Rising-load tests on precracked

compact-tension specimens and slow-strain-rate tests on smooth tensile

specimens in a controlled environment wera conducted during Phase III.

The crack-growth-rate tests at specific stress ratios and frequencies were

also carried out during this period. These tests were continued through

Phase IV. In Phase IV rising-load, slow-strain-rate, corrosion-fatigue

tests were continued in a controlled environment and general-corrosion field

ard laboratory exposure tests (in a controlled environment) were carried out.

Fractographi:- analyses were performed in Phases II - IV. Crack-growth
and other experimental data were analyzed in Phases III and IV. The results

indicated that KISCC can be predicted from corrosion-fatigue tests, as

described in detail in the section on crack growth.

PHASE I

Material Selection

Since the main objective of this program was the development of a realistic

accelerated-corrosion test technique for aerospace structural materials,

the alloys were selected from those used tvpically in aircraft such as
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high-strength steals (AISI 4340, AP 1410, M6AC, etc) and high-strength

aluminum alloys 'Al 7075-T6, Al 7079-T6, Al 7061-T4, Al 2024-T3). Following

a careful literature survey, AISI 4340 and Al 7075-T6 were primarily

selected as being representative of the high-strength steels and Al alloys

* for this investigation.

Environment Simulation

Stress-corrosion cracking, corrosion fatigue, and general corrosion are more

pronounced in an industrial atmosphere than in a rural atmosphere. It

would have been enormously expensive to simulate the true industrial

environment due to the large number of gases present in different concen-

trations. Fortunately, mast of the ingredients present have negligible

effects upon the corrosion process.' Hence, the primary aggressive

ingredients such as SO2,NO , and surface salt along with relative humidity

in varying concentrations were selected as the main constituents of the

simulated environment. No 2 in the presence of humidity is known to

accelerate the corrosion process in both steel and aluminum alloys. The

corrosion is expected to be more severe in the presence of surface salt;

therefore, SO2 and NO2 in the range 10 - 1000 ppm, along with 5% surface
* salt and varying amounts of humidity (50-95%),were used for testing. The

required combination of gases was obtained through a special setup, and

the controlled environment was maintained in a specially designed environ-

Specimen Preparation

* Initially 45 compact-tension plane-strain fracture-toughness specimens

of AISI 4340 steel with yield strength of z180 ksi were fabricated per

ASTM specifications. The specimen design is shown in Fig. 13. These

specimens were mainly used to investigate the effect of humidity upon the

low-cycle corrosion-fatigue behavior of high-strength 4340 steel. A

batch of five more specimens of 4340 steel with a higher yield strength
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of - 210 ksi were fabricated later. They were tested to determine the

degree of embrittlement due to an aggressive gas such as SO2 and relative

humidity.

Another set of 30 wedge-open-loaded (WOL) plane-strain fracture-toughness

specimens of 4340 steel with a heat of - 210 ksi was later fabricated to

obtain a broader spectrum of crack-growth data. The design of the WOL

* specimen is shown in Fig. 14.

Compact-tension specimens of high-strength Al 7075-T6 in the short-

transverse orientation were also fabricated, per ASTM specifications

(see Fig. 13).

More than 30 tensile specimens each of 4340 steel and Al 7075-T6 to be

stressed in the short-transvt:se orientation were fabricated for slow-

strain-rate tests. The specimen design is shown in Fig. 15.

Crack-Growth Studies

The crack-growth experiments were initiated during this phase and will be

described in detail in the Experimental Results Section.

General-Corrosion Outdoor-Field-Exposure Tests

Due to the lack of easy accessibility and adequate funding, only two sites

were selected for the investigation of general corrosion. Wright-Patterson

Air Force Base (WPAFB) was selected to represent the urban site, while

Cape Kennedy represented the typical high-chloride sea-coast environment.

The outdoor-field-exposure panels (specimens) at the test site at WPAFB

were set up on December 13, 1979. A total of 30 steel and 30 aluminum

panels were placed on the test rack. All specimens were cleaned, weighed,

and identified according to ASTM specifications prior to field exposure.

The steel samples measured 5 x 5 5/8 x 1/16 in.
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The samples at Cape Kennedy were set on test racks for exposure on November

13, 1979. A total of 35 steel and 30 aluminum panels are exposed at this

site. The field-exposure data &re not comnplete; hence no serious effort

was made to develop a predictive model. Four batches of specimens (panels)

have been removed to date-the first batch after nearly six months, the

second after one year, the third after eighteen months, and the fourth

after exposure for two years. Approximately one-half of the panels remain

for additional exposure. Initial plans were to provide sufficient panels

for a five-year field-exposure study. The corrosion data on the specimens

removed after each six-month period have been reported previously in the

interim reports.1 3

PHASE II

Ftivironmental Chamber

Initially a plastic (acrylic) environmental chamber was designed and

fabricated for the purpose of conducting crack-growth tests in controlled

humidity. The chamber has provisions for a gas inlet, a gas outlet, and

controls for gas-concentration and humidity levels. A BMA, Inc., wet-

and dry-bulb humidity controller has also been installed on this chamber

for controlling the relative humidity inside the chamber. This chamber was.

incorporated into the MTS machine for conducting corrosion-fatigue tests

in controlled humidity. A close-up view of this chamber is shown in Fig.

16. This chamber has now been replaced by a stainless-steel environmental

4 chamber, and the plastic chamber has been set up in the constant-slow-

strain-rate machine.

While the stainless-steel chamber -was being designed and fabricated, tests

4 in controlled environment were conducted in the plastic chamber. The

stainless-steel chamber 10was designed for larger volume, more flexibility.

and provisions of controls for aggressive gases and temperature. The

complete setup is shown in Fig. 17.
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Figure 16. Close-up Photograph Showing Detailed Setup of Plastic
Environmental Chamber.
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Gastec-Tube Calibration

Envircnments such as a mixture of SO2 , air, and relative humidity or a

mixture of NO2 , air, and relative humidity were simulated in the test

chamber. The average crack-growth experiment generally required five

days. Premixed gases of known concentration were introduced into the

test chamber, and concantrations were maintained at the desired level by

means of control devices. Samples of the mixed gases were drawn out

during the test at different intervals for accurate analysis to insure the

consistency of the gas mixture in the test chamber. A Bendix Gas Detector

System was selected for routine checking of the SO2 or NO2 concentration

in the test gas. The tube was calibrated to insure the accuracy of

results. Three randomly selected SM SO2 tubes with a measuring range of

100 - 1800 ppm were calibrated at four points using three different known

concentrations of the S0 2 /air mixture. A standard wet-chemical titration

method was used in determining the SO2 concentration.

Figure 18 is a typical calibration curve obtained from the chemical analysis.

The calibration curve indicates higher accuracy at low concentrations of

So2 . This was encouraging because most of the crack-growth experiments

were conducted at the lower end of the calibration curve. The general

accuracy of the tubes was found to be well within 10% of the standard

concentration which was adequate for routine gas-concentration control.

The calibration tube was frequently used to monitor the concentration of

gases in the chamber. Generally one sample in the morning and one in the
evening at an interval of six to eight hours was taken for analysis during

tests in the environmental chamber.

Slow-Strain-Rate (SSR) Machine

The SSR machinr is a type of tensile-test machine, its main feature being
-4

its ability to produce very slow strain rates on the order of 10 to
-8

10 in./sec., usually not possible with commercial tensile machines.
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This requirement differentiates it from a simple tensile-test machine,

necessitating a special design. An SSR machine was designed and fabricated

in our laboratory for this investigation. The performace of the machine was

tested, and experimental tests were conducted. Details of the components

of the machine are given below for purposes of familiarizing the reader

nith the operation of the machine. The main objective was to keep the

design simple and inexpensive, yet allow maximum versatility in the testing.

Machine Properties

a) Strain Rate

The machine is designed to provide a slow strain rate in the range of
-4 -810 to 10 in./sec. The optimum strain rate for testing stress-corrosion-

cracking susceptibility depends mainly upon the metal-environmental system.

This wide range of strain rate covers most of the metal/environment systems

encountered in practice.

b) Capacity

The capacity of the machine is governed by the ultimate strength of the

material and the geometry of the specimen to be tested. Generally, the

specimens used for stress-corrosion-cracking susceptibility are hour-glass-

type specimens with a gage diameter of up to 0.625 cm. Based upon this

assumption, a machine with a capacity of - 1500ON should be adequate for

most materials. Since it was planned to test high-strength steels and to

conduct crack-propagation-rate tests with specimens having different

geometries and requiring thicker sections, the machine was designed to have

a capacity of 20,000 lbs. (88964N).

c) Major Components

The SSR machine is relatively simple because the main function of this

4 device is to pull the specimen at a predetermined rate. The principal
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components of the machine are the drive-train assembly which consists of

a) a gearhead motor, b) a motor speed controller, c) a screw Jack, and

d) gearboxes--variable and fixed type, and the load cell, universal joints,

and machine frame.

Gearboxes. The most important aspect of the SSR machine is provision of a
-4 -8wide strain-rate range (10 to 10- in./sec.). The total reduction needed in

order to obtain a crosshead speed of 10 in./sec. is several decades. This

necessitates the use of several gearboxes--obviously, at least two. In order

to meet the requirement for flexibility in the selection of the desired strain

-4 -8rate over four orders of magnitude (10 to 10 in./sec.), a combination of

variables and fixed gearbo..4s was used. The variable gearbox Apcor Model 2813,

having ratios of 1, 2, 4...512, was obtained from Geartronic Corporation;

while Boston Gear Model LW21, having a gear ratio of 135:1, was selected as the

fixed gearbox. The gearboxes, motors, and screw jacks were coupled using timing

belts and pulleys.

Screw jack. The screw jack is one of the most important components of the

machine. A worm-gear screw jack was used to convert the rotary motion into

"vertical lift. The screw jack was obtained from Templeton Kinly Co. and has a

rating of 6-in. stroke and 36 turns per inch of travel. This rating provides a

simultaneous reduction in speed also. The 6-in. vertical travel of the screw

is sufficient for most of the testing anticipated.

Universal joints. A universal joint is used to correct any small misalignment

Ug due to slight mismatch of the specimen fixture and pull-rod assembly. The

universal joint is placed between the pull rod and the specimen holder.

Load cell. A load cell is the simplest load-indicating device in such a testing

machine. A load cell--Model 3157-20K, low profile of 20,000 lb.--was obtained

from Lebero-Associates, Inc., of Troy, Michigan, and obviously is sealed and

temperature compensated.

Ue
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Machine frame. A very rigid frame having four steel poits 2-in. in diam. and

two top and bottom frames made of 2 1/2-in.-thick steel plate was designed and

fabricated for the machine. The dimensions of the frame were also guided by

the requirement of installation of an environmental chamber. The machine frame

can be seen in Fig. 19. The load-train components are mounted to one side

of the upper steel plate of the mach.irne, as shown in Fig. 20.

d) Environmental Chamber

An environmental chamber was designed and fabricated for conducting

slow-strain-rate tests in a controlled atmosphere. The environmental chamber,

along with the gas-train assembly incorporated into the SSR machine, is shown

in Fig. 16. The chamber is made from an 8-in.-diam., 3/8-in.-thick acrylic pipe

and has provisions for gas inlet, gas outlet, and controls for gas-concentration

and humidity levels. A BMA, Inc., wet- and dry-bulb humidity controller is

used to control the relative humidity inside the chamber. The gas-train139
assembly is very similar to that described in a previous report.

EXPERIMENTAL RESULTS

Most of the details of the slow-strain-rate testing conducted during

Phases III and IV are given in the paper included as Appendix A.

PHASES III AND IV - RISING-LOAD K ISCC TEST AND CRACK-GROWTH TEST

Rising-Load K Test
15CC

The apparent threshold for sustained-load stress-corrosion cracking, Kiscci
r4 in humid air and in different mixtures of humid air and SO2 was estimated

16using the accelerated rising-load procedure. The testing technique

utilized is essentially identical to the procedure used for KiC fracture-

toughness testing (ASTM Test for Plane-Strain Fracture Toughness of

4 Metallic Materials E399-72), except that a slower rate of loading is
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0 Figure 19. Close-up View of SSR ictilne.
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involved. Normally the specimen is exposed to the environment during

loading. These tests were conducted with standard compact-tension 4340

steel specimens. The specimen 'were precracked to a crack length 0.0254 Min

at stress intensities below 15 MPa./m (R - 0.1 and f - 0.1 Hz). The environ-
mental chamber was used to maintain and control the constituents of the

specific environment required for the test. One specimen was loaded in

air, which produced the Kic value. The others were loaded in mixtures of

1000 ppm SO2 + 80% RH, 1000 ppm S02 + 100% RH, 100 ppm S02 + 802 R11 +

5% surface salt, 100 ppm NO2 + 80% RH, 100 ppm NO2 + 80% RH + 5Z surface

salt, etc. at different loading rates corresponding to 0.2-0.06 MPa/m-ec.
The K values were estimated from the load-displacement record using aISCC
five percent secant offset procedure similar to that used for KIC testing

(ASTM method E399-72). Some of the results are listed in Table 1 of the

paper included as Appendix A.

In the case of Al 7075-T6, the specimens were precracked to a length of

0.0254 mm at stress intensities below 7 MPaFm (R - 0.1 and f - 0.1 Hz).

In this case the KISCC values were also estimated by an independent step-

by-step loading practice. Initially the load was applied at 20 lb./min.

up to 70% of the load level of the estimated KISCC value obtained from

the previous rising-load test and was held for an extended period (24-50

hr.) to detect the onset of crack propagation (see the idealized case shown

in Fig. 21). If no growth developed after a reasonable period (24-50 hr.),

the load was incremented to a new level (80%) Pt a lower loading rate of
5 lb./min. for an additional hold period. The step loading was repeated

until the onset of crack growth was clearly identified. The results are

shown in Table 11 of the paper included as an Appeadix A.

In some of the later tests, the slower loading rate (the lowest rate avail-

able in the machine) of 0.6 lb./min. was used to determine the influence of

loading rate upon the approximation of KIS CC. The results of some of the

rising-load tests conducted on high-strength 4340 steel and 7075-T6 aluminum

alloy in environments of a combination of NO2 , RH, and surface salt are

given in Table 3.
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Figure 21. Schematic Diagram of Step Loading in Rising-Load Test.
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CORROSION-FATIGUE TEST IN CONTROLLED ENVIRONMENT

A series of tests on high-strength steel 4340 and Al 7075-T6 has been

conducted, whereas initially only the effect of various levels of humidity

was investigated. These were followed up by tests where the environment

was a mixture of 1000-10 ppm SO2 and 80-902 RH, 100-ppm NO2 + 80-952 RH, and

5% surface salt along with either mixture , i.e., SO2 + RH or NO2 + RH.

In the case of both materials, the effect of R and frequency has also been

studied. R was varied from 0.5 to 0.8, while most of the tests were

conducted at a frequency of 0.1 Hz. A series of tests was also conducted

at 0.25, 0.5, and 1 Hz. The concentration of SO2 and NO2 was lowered

* to 10-1 ppm, and some tests were conducted at a higher level of RH (i.e.,

90-95%) also, along with SO2 , NO2 , and surface salt (as indicated earlier).

One of the most representative results of the crack-growth experiments in

a mixture of 80% RH + 100 ppm SO2 for a 4340 steel specimen is shown in

Fig. 22. The da/dN-vs-AK data shown have been manipulated from the crack-

length-vs-number-of cycles data. The da/dN-vs-AK behavior is typical of140
the crack-growth behavior already reported. This figure shows a plateau

intermediate region, followed by a maximum in the da/dN-vs-AK plot.

This difference in the nature of the plot (or appearance of a plateau

followed by a maximum) is expected when the level exceeds the KISCC value

for the metal-environment system. The extrapolation from this slope change

to the abscissa of the plot produces a KISCC value similar to that shown

in Fig. 23. Accordingly, the KISCC value obtained from the extrapolation

is - 40 ksi A obtained for this steel in an environment of 80% RH +

1000 ppm S02. The increase in the value of KTSCC could simply be due to

the reduced level of SO2 , which makes the environment less aggressive.

Figures 24-26 show the crack-growth behavior of high-strength 4340 steel

tested in an atmosphere of 90% RH + 1000 ppm SO2 . These tests were

conducted at frequencies of 0.1, 0.25, and 1.0 Hz. The K values have

been extrapolated as shown in Figs. 24-26, and they vary from 27 to
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Figure 22. Plot of da/dN vs AK in 80% RH + 100 ppm SO2 .
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Figure 24. Plot of da/dN vs A&K in 90% RH + 1000 ppm SO2 at
R =0.6 and =0. 1 Hz.
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Figure 25. Plot of da/dN vs AK in 90% RH + 1000 ppm S02 at
R = 0.6 and F = 0.25 Hz.
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- 30 ksi vin. The crack-growth behavior at all these frequencies (0.1 -

1.0 Hz) has been plotted in Fig. 27 to permit a better extrapolation of

the KISCC value, which gives a graphical average of the independent values.

The values of KIS C extrapolated from the da/dN-vs-AK plots at different

frequencies are within experimental error. More pronounced behavior was

obtained when the R ratio was changed from 0.6 to 0.8. The extrapolated

value of KISCC is shown in Fig. 28. The value of KISCC thus obtained is

nearly 31 ksi ihn., which differs by only 3% from the extrapolated KISCC

value obtained at a stress ratio of 0.6. These values are quite consistent.

The crack-growth behavior of Al 7075-T6 was also investigated In controlled

environments in various combinations of SO2 and RH. The test parameters

were very similar to those employed for 4340 steel, except that lower loads

were used due to the lower otrength (nearly 28 ksi) of Al 7075-T6 as compared

to 4340 steel (210 ksi). Most of the results, along with tests conducted
139

on 4340 steel, are discussed in a previcus report and in Appendix B.

In a second set of experiments, tests were conducted both on high-strength

4340 steel and Al 7075-T6 where SO 2 was replaced by NO2 . However, the

maximum concentration of NO, used was only 100 ppm, and the lowest level
L

investigated was 1 ppm NO2 . In later experiments, 5% surface salt was

introduced into the mixture of NO2 and RH.

These tests were conducted at stress ratios of 0.6 (R = 0.6) and 0.8

(R 0.8) and a frequency of 0.1 Hz. Crack-growth results for an Al 7075-T6

A specimen tested in 100 ppm NO2 and 80% RH at R = 0.6 and a frequency of

0.1 Hz are shown in Fig. 29. Figure 30 (a, b) is the da/dN-vs-AK plot for

two Al 7075-T6 specimens tested in an environment of 100 ppm NO2 + 80% RH

and 5% surface salt at R = 0.6, while the da/dN-vs-AK plots for R = 0.8

are shown in Fig. 31 (a, b). The curves appear to be very similar, and

a plateau region followed by a maximum in the da/dN-vs-AK curves is

indicated. Similar behavior is obtained in an environment of 100 ppm NO2

+ 80% RH, but it is nuit so distinct as in the plots of Figs. 30 and 31
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Figure 29. Plot of da/dN vs AK in 100 ppm NO2 + 80% RH.
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Figure 30. Plot of da/dN vs IK in 100 ppm N02 + 80% RH + 5%
NaCI at R - 0.6 and F 0.1 Hz (a) for 7075-T6
Specimen STA48.
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Figure 30. Plot of da/dN vs AK in 100 ppm NO2 + 80% RH + 5%
NaCI at R - 0.6 and F - 0.1 Hz (b) for 7075-T6
Specimen STA45.
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Figure 31. Plot of da/dN vs aK in 100 ppm NO27 + 80% RH + 5%
INaC at R -0.8 and F 0.1 Hz (a) for 7075-T6

Specimen STA46.
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Figure 31. Plot of da/dN vs AK in 100 ppm N02 + 80% RH + 5%
NaCi at R - 0.8 and F 0.1 Hz (b) for 7075-T6
Specimen STA47.
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obtained from tests in an environment of 100 ppm NO2 + 80% RH and 52

surface salt. The values of lIscC obtained from extrapolation of Al 7075-T6

in an environment of 100 ppm NO2 + 80% RR + 52 surface salt are between 13
and 14 ket i/-n. These values are in good agreement with the value 12 kaiiin.

obtained from rising-load tests as indicated in Table 3. Attempts were

made to verify the accuracy of these 3stimates by fractographic observations.

Some problem was encountered due to the reaction taking place on the surface,

after specimen failure. In general, the chamber was flushed of all

aggressive gases for 12-16 hr. after specimen failure before the fractured

pieces were removed.

Figure 32 is one of the fractographs taken from the surface of Al 7075-T6,

Specimen STA45 tested in 100 ppm NO2 + 80% RH + 5% NaCl. Severe secondary

cracking and brittle failure mode are indicated as well as limited

ductility. This particular fractograph was taken at a K level of

- 13 ksi/Tin.

Figure 33 (a, b) shows the surface features obtained from another'specimen

tested in the same environment and under similar conditions, except that

a higher stress ratio of 0.8 (as compared to 0.6) was used. Figure 33(b)

is a higher-magnification of Fig. 33(a) showing the stress cracking more

clearly. Here also there is some evidence of void coalesence. This

fractograph was taken at a K level of - 12 ksi/•n. Another set of fracto-

graphs was taken at high K values. Figure 34 is a fractograph taken from

the same specimen at a K value of - 16 ksiY-in. The features are predomi-

nately brittle, and there is clear evidence of stress cracking. In general,

the surfaces (fractograph) showed evidence of stress cracking at higher

K values until fast fracture. Figure 35 is another fractograph taken from

a different specimen tested in 100 ppm N02 + 8C0 RH + 5% surface salt.
SAlthough there is some evidence of quasi-cleavage, the fracture appears

to be mainly brittle. This fractograph was taken at a stress-intensity

level of - 14 ksii/hn. The fracture features at higher K levels generally

showed clear evidence of SCC. These fractographic analyses indicate a

KISCC value of - 14 ksiVr¶. for Al 7075-T6 in an environment of 100 ppm

NO2 + 80% RH + 5% surface salt. The K SCC value for an extrapolation of
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Figure 32. Fracture Surface of Al 7075-T6 Specimen
STA45, Tested in 100 ppm N02 + 80% RH+5%
NaCI at R 0.6 and F = 0.1 Hz.
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Figure 34. Fracture Surface Showing Severe Secondary
Cracking and Brittle Mode of Failure.
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the da/dN-vs-AK curves obtained by means of 'corrosion-fatigue tests is also

- 14 ksiv/fin. These two K values obtained through the use of two different

techniques are in good agreement with the KISCC value calculated from

rising-load tests. Hence, there is sufficient evidence to postulate the

determination of the K value from corrosion-fatigue tests (under

controlled environment and test parameters).

The crack-growth behavior of high-strength 4340 steel in environments of

mixture of NO2 + RH and NO2 + RH + surface salt was also investigated.

Figure 36 is a da/dN-vs-AK plot for a 4340 steel specimen tested in

10 ppm NO2 + 80% RH. The crack-growth behavior shows a near-plateau

region followed by a maximum in the curve. An extrapolation of the KISCC

value from this curve results in a value of - 40 ksi/in. Remember that this

value is lower than the value (z 44 ksivin.) obtained for 4340 steel tested

in an environment of 1000 ppm SO2 + 80% RH. This suggests that NO2 in

the presence of RH is more damaging to 4340 steel (as far as the SCC

property is concerned) than SO2 in the presence of RH. The value of KISCC

obtained here could not be verified by means of rising-load tests due to

the lack of specimens as well as shortage of time. Attempts were made to

analyze the fracture surface. Figure 37 is a representative fractograph

from a specimen tested in 10 ppm NO2 + 80% RH. There is clear evidence

of severe secondary cracking; and the failure mode, in general, appears to

be brittle. A quantitative determination of KISC based upon the fracture

surface was difficult due to the severe localized attack on the fractured

surface (most of which may have occurred during the time when the chamber

vias flushed) after specimen failure.

Some problems were encountered when surface salt was introduced to only

80% RH air or a mixture of 100 ppm NO2 and 5% surface salt. The results

are shown in Figs. 38-39. The da/dN-vs-AK behavior does not follow the

normal trend and exhibits some abnormality. This abnormality is mainly

due to the discontinuous addition of 5% surface salt which was introduced

at - 24-hr. intervals. This assumption is supported by results of
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Figure 36. Plot of da/dN-vs-AK for 4340 Steel Tested in 100 ppm
NO2 + 80% RH.
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Figure 37. Fractograph Taken from 4340 Steel Specimen

Tested in 10 ppm NO2 + 80% RH.
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Figure 38. Plot of da/dN-vs-AK for 4340 Steel Tested in 80%
RH + 5% NaCl.
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a-vs-N plots obtained on specimens tested in such an environment.

Figures 40-41 are a-vs-N plots showing discontinuity when salt was intro-

duced into the environment. Figure.40 shows a sudden increase in crack

length near 8000 cycles with the introduction of salt to the environment.

A similar increase is evident at - 15000 and 22000 cycles, which eventually

leads to specimen failure. A similar trend is evident from Fig. 41.

P The corresponding da/dN-vs-AK curves are shown in Figs. 42-43.

GENERAL CORROSION

Some tests were conducted in the laboratory in environments made up of

various combinations of SO 2 , NO, RH, and surface salts. The objective

was to compare data from these tests with that obtained from field-exposure

tests at Cape Kennedy and Wright-Patterson. Unfortunately, there is

insufficient data to permit such correlation. One reason for this lack of

data can be attributed partially to a problem which arose at the Cape

Kennedy Site, rendering the data inconclusive. In one instance at this

* site all of the test coupons which had been subjected to exposure~ for %nearly

one and one-half years were removed from the rack and stacked in the field

by a local corrosion engineer, without our knowledge. This constituted a

devastating blow to our research efforts. Most of the data obtained on

general corrosion have been reported in an interim report.13
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Section 4

CONCLUSIONS

The presence of water vapor and small amounts of pollutants such as SO2.

NO2 , and surface salt in the atmosphere accelerates the crack-growth

rates of high-strength steels and aluminum alloys. Certain combinations

of these ingredients ar. more damaging to the high-strength steels than to

the aluminum alloys, and vice versa.

The level of RH in environments of various mixtures of SO2 + RK and

NO2 + RH was found to play a quite dominant role in crack-growth accelera-
tion.

A mixture of 10 ppm.SO2 + 95% RH and a mixture of higher levels of SO2

such as 1000 ppm SO2 and lower amounts of RH such as 80% had a similar

effect upon crack-growth behavior. Similar results were obtained for NO2.

High-strength 4340 steel was found to be susceptibie to SCC in environments

made up of different combinations of SO2 + RH, NO2 + RH, SO2 + RH + surface

salt, and NO2 + RH + surface salt. Al 7075-T6, on the other hand, showed

significant susceptibility to SCC in environments made up of combinations

of NO2 + RH + surface salt only. Other snvironments studied in this

investigation had very minimal effects.

The value of K can be extrapolated from the corrosion-fatigue curve,
ISCC

providing the conditions of frequency, R ratio, and the environment-
material system are optimized. The results of rising-load tests and extrapo-

lation from corrosion-fatigue data are in excellent agreement for both

high-strength steel and aluminum alloys. These values were further verified

by quantitative fractography. Thus, a rapid determination of Kiscc is

provided for susceptible alloy-environment systems.
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Section 5

RECOMMENDATIONS

This investigation has demonstrated clearly that the value of KISCC

can be obtained for high-strength 4340 steel through extrapolation of data

obtained from a corrosion-fatigue test conducted under specific conditions.

The value of KISCC for Al 7075-T6 has also been obtained from such test

data. More data should be obtained for other metal-environment systems.

The question to be answered is why does the uniqueness of certain environ-

ments such as NO2 + RH + 5% surface salt in the case of Al 7075-T6

exhibit a crack-growth behavior which permits extrapolation of KiSCC

from the corrosion-fatigue data. On the other hand, why is it not possible

to predict K values for 4340 stoel in a 3.5% salt solution when the
15CC

environment is known to cause SCC. Solutiona to these problems will lead

to the development of accelerated-corrosion-testing techniques having

wider applicability. Since the investigation deals with stress corrosion

aud corrosion fatigue, with their mechanisms poorly understood, it is

highly advisable to study the mechanisms also in light of these

new interesting results. The next step in this direction is to modify

and adapt these testing techniques for field application.

The slow-strain-rate test has great potential. This work should be

extended to notched and precracked specimens. There is a good possibility

that KISCC can be calculated from data obtained during slow-strain-rate

tests conducted on precracked compact-tension specimens.

The main limitation of the rising-load test is the incubation period.

This could be minimized or eliminated by programmed loading (a small,

high cyclic load combined with the rising load), which would provide an

avenue for the development of an accelerated corrosion test.

The general-corrosion study should be pursued to obtain a good correlation

between field-exposure and laboratory test data.
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ABSTRACT: The stress-corrosion-cracking susceptibility of Al 7075-T6

alloys has been studied in a controlled-atmosphere chamber utilizing

the slow-strain-rate technique. The effects of realistic atmospheres

such as high-humidity air with small additions of sulfur dioxide, nitrogen

dioxide, and surface salts in different combinations have been investigated.

The slow-strain-rate technique has been used to optimize the simulated

environments which result in accelerated crack growth and failure by

stress-corrosion cracking in high-strength aerospace structural materials.

These controlled environmental tests are necessary to provide initial

data on environmental susceptibility needed for the development of

realistic accelerated-corrosion testing methods. The design of the

slow-strain-rate apparatus and the environmental chamber for providing

controlled atmospheres will be discussed and initial experimental results

presented. Most tests were conducted at 80 - 90% relative humidity.

The sulfur-dioxide concentration was varied from 10 to 1000 ppm,

while NO2 was used in the range 10 to 100 ppm. Small amounts of surface

salts were obtained by rapid immersion in aqueous salt solutions. The

susceptibility of the alloys shows significant differences which are

dependent upon the specific environmental contaminants. These differences

can be quantified and related to the observed service behavior of the

materials. Synergistic effects in several environments were found to

maximize the environmental effects upon crack growth in stress corrosion.

These effects were subsequently demonstrated in corrosion-fatigue experi-

ments under similar conditions. The qualitative estimates of embrittle-

ment in the fracture surfaces were consistent with slow-strain-rate

V results. The data provide the basis for the development of accelerated

corrosion tests-in realistic atmospheres.

Research supported in part by USAF Contract F33615-79-C-5109.

101



KEY WORDS:

Slow-Strain-Rate Testing; Controlled Atmospheres; Stress-Corrosion Cracking;

Quasi-Cleavage; Intergranular Separation; Embrittlement.
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INTRODUCTION

Several methods have been used to determine the susceptibility of

materials to stress-corrosioa crackin6 (SCC) (1-51. Over the past

five years, the slow-strain-rate technique has found wide-spread appli-

cation due to the reproducibility of the data and relatively short

period of testing time involved. Mainly, the technique has been used to

reveal the SCC tendencies of metallic materials in specific environments

and is readily being accepted as an accelerated "sorting test." In the

present investigation this method haa been used to optimize the simulated

environments which result in accelerated crack growth and failure by SCC

in high-strength aerospace structural materials.

The influence of a combination of environments--consisting of 80 to 95%

relative humidity (RH), 10 to 1000 ppmSO2 , 10 to 100 ppmNO2 , and nearly 5%

surface salt--in producing the SCC for Al 7075-T6 was studied. The

main objective of the present research was to determine the most aggressive

combinations of environmental constituents which would result in maximum

susceptibility of Al 7075-T6 to SCC.

EXPERIMENTAL PROCEDURES

The slow-strain-rate tests for Al 7075-T6 were conducted with simple

tensile specimens. The specimen geometry and dimensions are shown in

Fig. 1. The high-strengh Al 7075-T6 alloy having a yield strength of

440 MPa was obtained from Rockwell International. The specimens were

prepared from a 76.2-m-thick plate with loading axis in the
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short transverse (ST) direction. Research-grade S0 2 ,N0 2 , and breathing

air were employed in the tests.

A slow-strain-rate machine having a capacity of 20,000 lb. (88964 N) was

designed and built in our laboratory. Figure 2 is a front view of the

machine with the environmental chamber In place. The strain-rate

capability of the machine ranges from 10 to 10-/s.

The tests were conducted in controlled atmospheres, obtained within an

environimental chamber. The chamber and gas-train assembly are shown in

Fig. 3. The chamber is made from a 8-in.-diam., 3/8-in.-thick acrylic

pipe, having a special water-resistant clear coating on the inside.

The test atmospheres are supplied through the gas train which consists of

a gas-mixing and delivery system. High-purity bottled gases (SO2, NO2 ,

and dry air) are metered by Matheson flow metars and then mixed in the

S•mixing tube. The concentration of SO2 and NO2 gases in the chamber is

routinely measured by calibrated Gastec analyzer tubes. Special

gas-sanpling outlets are provided in the chamber. The RH

inside the chamber is controlled by means of a BMA dry- and wet-bulb

hygrometer. The water vapor is added in the form of steam by boiling

distilled water in a flask maintained at a constant temperature. The

steam flow is controlled by the output voltage of the BMA controller

which monitors the opening and closing of the selenoid valve on the steam

line. The steam is injected into the gas mixture prior to entry into the

chamber in order to obtain the required mixture of SO2 , NO2 , and RH air.
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Gas pressures used In all tests have been slightly above atmoupheric to

provide positive flow through the environmental chamber. The gas inlet

and outlet are positioned specifically to minimize the channeling effect.

The gas is circulated inside the chamber by means of a circulating fan

(placed inside the charber) to maintain a uniform environment throughout

the chamber. Negligible condensation occurred during these tests, except

in the case of 1002 RH.

Initially, several tests were conducted in air, different levels of

RH, and a mixture of surface salts iand RH. These tests were

followed by experiments in aggressive gaseous environments.

Several combinations of S02 (ranging from 10 to 1000 ppm), NO2 (10 to

100 ppm), RH (80 to 95%), and 5Z surface salt were studied. The surface

salt deposit was obtained by dipping the sample in or squirting it

uniformly with 5% NaC1 solution, followed by drying. Strain rates used

-4 -9varied from 10 to 10 /s and* were obtained by manipulating the gear

ratios.

RESULTS AND DISCUSSION

The aggressiveness of a combination of environments composed of a mixture

of SO2 , NO2 , RH, and surface salt in producing SCC in high-strength

Al 7075-T6 was determined by conducting slow-strain-rate tests on tensile

specimens. The specimens were tested at various rates in several combina-

tions of the environments described earlier. The results of these tests

are given in Table 1. Figure 4 shows the percent elongation versus strain
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rate plots of specimens tested in ambient air, 51 surface salt, 1000 ppm

So2 + 801 RH, 1000 ppm S02 + 902 RB, and a mixture of 1000 ppm S02 + 51

surface salt + 801 RH. The air run and 51 surface salt plot appear to

be very similar. The percent elongation does not change appreciably with

strain rate. The fracture surfaces also appear to be very similar. This

suggests that the 51 surface salt has very little effect. A mininmi in

percent elongation can be noted for a mixture of 1000 ppm SO2 + 801 RE.

This minimum occurs at a strain rate of 2.27 x 10I7/s. More noticeable

is the minimum in percent elongation occuring for other environments

around the same strain rate of 2 x 10 /s. This may be due to the fact

that this material is susceptible to $CC near this rate. On the other hand,

K more tests must be conducted in order to define the discrete minimum

levels for each environment. Since the difference in percent elongationp. is very small and the situation becomes more couplicated in the case of

K- results obtained for 1000 ppm S02 + 902 RH mixture, additional support

is required to determine (or differentiate) the degree of SCC

susceptibility in these environments.

Figure 5 is a fractograph taken from samples tested in 1000 ppm SO2 + 80% RH

at 2.27 x 10 -7s. This fractograph supports the occurrence of SCC at

this rate in 1000 ppm SO2 + 80% RH.

The loss of ductility is more apparent for the specimen tested in a

mixture of 1000 ppm SO2 + 5% surface salt + 80% RH. The percent elongation

"at all strain rates tested was under 2%, and a minimum in elongation

-7
occured at a strain rate of 1.41 x 10 Is, indicating the occurrence of SCC,

106



S.. ... .. .. . . . . .... . . . • . .. . . . ...... ' .. _. . .- ...A b---. , -.

Figure 6 shows the fracture morphology of the specimen tesated in 1000 ppm

SO2 + 802 Rd + 52 surface salt. The surface features are very flat.

There is evidence of extensive cleaving as well as cracking. The cracking

could not be well documented because the specimen was covered with

corrosion products.

Figure 7 is another plot of percent elongation versus strain rate. The

objective in this case was to study the effect of the difference in humidity

level and of surface-splt addition. The plots are similar to those in

Fig. 4. The maximum loss in ductility could be noted here also when 5%

surface salt was added to 100 ppm SO 2 + 902 RH. A distinct minimum occurs

at 3.8 x lO7/s for a humidity level of 95%, while the minimum in percent

elongation is observed at a lower humidity level of 80% RH in Fig. 4.

However, when 5% surface salt is added to the mixture of 100 ppm S02 + 90% RH,

the loss in ductility is quite significant at this composition also. Again,
-7

Fig. 7 shows a minimum at a strain rate oL 1.8 x 10 /s. Figure 8 (a) is

the fractograph taken from a specimen tested in 100 ppm SO2 + 90% RH at

a strain rate of 8.9 x 10-7/s. The surface features show more ductility

than in Fig. 8 (b) and 8 (c). There is little cracking, and the amount

of quasi-cleavage is also minimum. Figures 8 (b) and 8 (c) show the

surface features from the specimen tested in 100 ppm SO2 + 90% RH and 5%

-7 - 7surface salt at strain rates of 6.8 x 10 /s and 2.3 x 10 /s. The

failure modes are also very similar. Figure 8 (b) shows more quasi-cleavage

and less cracking as compared to Fig 8 (c). It is very difficult to

quantify the differences since the difference in the percent elongation

could be within the error band. However, the surface features show

compatability with the strain-rate results and -. pport the presence of SCC.
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Figure 9 is a plot of percent elongation versus strain rate when t•e S02

levels used are nearer the realistic values obtained in Industrial

environments. Figure 9 Includes data from tests conducted at two SO2 levels

(100 ppm and 10 ppm) and two humidity levels (902 and 801 RB). The results

show that a combination of higher humidity level (902 RR) and lover SO 2

level (10 ppm) induces more enbrittlement than a mixcure of higher 502

level (100 ppm) and a lover RB level (802). The more damaging effect

in terms of the loss of ductility is produced by the introduction of a

small amount of surface salt. No minimum in percent elongation occurs

when a mixture of 10 ppm S02 + 902 RH + 51 surface salt is used. From

the results of the tests conducted in an environment consisting of a

mixture of S0. RH, and a small amount of surface salt, it appears that

tha, presence of a small amount of surface salt produces synerlism. However,

it should be reaembered that the presence of 5% surface salt alone is not

sufficient to create SCCO in this alloy, as shown in Fig. 4. Hence, a high

humidity level of 90 - 1001 RH in combination with a small amount of SO2

(as low ao 10 ppm), and a trace amount of surface salt ( t 5%), can render

Al 7075-T6 stsceptible to SCC.

The effect of NO gas as compared to SO2 was also studied. The results

are shown in Fig. 10. The percent elongation versus strain rate plots

are very similar. The maximum loss in ductility in this case also occurs

when a small amount of surface salt is added to the mixture of 100 ppm

NO2 + 901 PH. A minimum occurs at a strain rate of 2.8 x 10 /s, as

shown in Fig. 9. The fratograph taken from this specimen is shown in

Fig. 11. The fracture surface is severely corroded; the intergranular

separation and cracking are apparent, and the fractograph shows less
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ductility than that of Fig. 8 (a). It in not possible to differentiate

the level of cracking from the fractographs obtained from specimens tested

in 100 ppm S02 + 902 RH + 52 surfaco salt and 100 ppm NO2 + 90% RH + 5%

surface salt.

In general it was very difficult to differentiate the level of SCC

susceptibility caused by NO2 from that caused by SO2 using this test.

The visual surface observations however, along with the :esults of slow-

strain-rate tests, showed that a mixture of 100 ppm N02 + 902 RH + 5%

surface salt was more aggressive than an environment of 100 ppm SO 2 + 90%

RH + 5% surface salt. Limited testing in the rising-load mode was conducted

as part of a larger effort to develop an accelerated-corrosion test method.

Although preliminary, these rising-load test results show a significant

decrease in the KISCC value when 5% surface salt is added to a mixture

of SO2 + RH or NO2 + RH, which lends support to the slow-strain-rate results.

These results also demonstrate that the effect of NO2 is more pronounced

than that of SO2 , giving rise to a lcwer value of KSCC when a mixture

of NO2 + RH + 5% surface salt was used, as compared to SO, + RH + 5%

surface salt at the same concentration level.

CONCLUSION

1. SO2 and NO2 gases in small concentrations attack the surface of

Al 7075-T6.

2. A Small amount of surface salt also has a damaging effect upon

Al 7075-T6.
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3. When small levels of SO2 and NO2 are present with high levels of RH,

the surface attack on Al 7075-T6 is quite severe and may cause some SCC,

4. An environment consisting of a mixture of either 10 ppm NO2 + 902 RH

+ 52 surface salt or 100 ppm S02 + 902 RH + 51 surface salt creates SCC in

Al 7075-T6, the NO2 being the more aggressive of the two.

5. It appears that the- slow-strain-rate test with some modifications could

be used to optimize a-selected combination of envirouments.
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TABLE 1

SLOU-ST&AIN-hRATE TEST RSULTS

SPECIMEN TEST DIUCTION STRAIN RATE TEST I ELONGATION
'N 1/a ENVIROIMT

Al 7075-T6 Short Transverse 5.0 x 105 Ambleut Air 4.8

" 3.8 x 10-7 t 4.7
"t " 4.5 x 10-7 " 4.3
" " 2.7 x 10-7 " 5.1

" " 8.8 x 10-8 5.2

"7.3 x 10-3 52 Surface Salt 5.5

" "4.6 x 10-5 " 4.3

"4.5 x 10- 4.5

"2.6 x.10-5 4.1

"3.1 x 10- 7  " 3.6

"8.9 x0 8  " 4.6

"4.45 x 10-5 1000 ppm SO2 +802 RH 5.4

"4.30 x 10-5 " 5.1
" "2.5 x-10- " 5.4

"99 9, 2.27 x 10- " 1.6

"8.8 x 10-7 " 4.7

"6.25 x 10- 1000 ppm SO2 +902 RH 2.4

"2.7 x 10 7  " 2.2

" 5.5 x 10-8 " 2.1
" " 3.1 x 10-6 1000 ppm S0 +802 RH 1.9

+ 5% Surface Salt

"2.8 x 106 " 1.7

"" 2.5 x 10 7  " 0.86

"1.8 x 10 0.72

"5.1 x 10-6 " 1.82
"4.7 x 10- 6  2.02

" t 7.7 x 10 100 ppm S02 +95% RH 5.3

"3.8 x 10- 7  " 4.1
" " 1.07 x 10-" 5.6

"8.9 x 10 100 ppm SO2 +90% RH 5.1

" " 8.85 x 10-7 " 4.9

"3.7 x 10- " 3.9
"" 9.8 x 10-8 " 3.1
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TABLE 1 (Continued)

SPECIMEN TEST DIRECTION STRAIN RATE TEST % ELONGATION
1/s ENVIRONMENT

Al 7075-T6 Short Transverse 5.4 x 10 100 ppm SO2 +902 RH+ 1.55
5% Surface Salt

"""1.8 10-7 " 0.8

"I 5.9 10 8  1.05
'I7 "".8 x 10 100 ppm SO2 +80% RH 6.15

"3.6 x 10-7 " 6.1

"5.1 x 10- 5.8
"1.19 x 10-7 6.1

-7"7.5 x 10 10 ppm S0 +90% RH 6.0
2"4.2 x 10-7 " 2.5

"9.1 x 10- 6  " 0.7

""4.8 x 10 10 ppm SO1 +90% RH + 6.0
5% Surface Salt

"" 6.8 x 10-7 " 3.1

"4.0 x 10 1.53

"3.5 x 10 7  1.4
IT 3.7 x i08  0.6

"6.2 x 10-7 100 ppm NO2 +80% RH 5.2
"" 3.3 x 10- 4.4

8.5 x10 8  4..45

"6.0 x 10 100 ppm N2 +95% RH 4.5

"5.2 x 10-' " 5.9

"1.2 x 10- 1.05
It -7"5.9 x 10 100 ppm NO2 +90% RH + 1.33

5% Surface Salt
"" 2.8 x 10-7 " 1.09

"6.6 x 10-8 1.30
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I.1ST OF .FICIURE CAPTIONS

Figure

1 Slow-Strain-Rate Testing Machine.

2 Slow-Strain-Rate Specimen.

3 Gas Train and Environmental Chamber.

4 Slow-Strain-Rate Results for Al 7075-T6 in Air, 5% Surface Salt,

1000 ppm SO 2 + 80% RH, 2000 ppm S02 + 90% RH, and 1000 ppm SO2 +

80% RH + 5% Surface Salt.

-7
5 Fracture Surface of Al 7075-T6 Tested at 2.27 x 10 s in

1000 ppm SO 2 + 80% RH.

6 Fracture Surface of Al 7075-T6 Tested in 1000 ppm SO + 80% RH

+ 5% Surface Salt.

7 Slow-Strain-Rate Results for Al 7075-T6 in 100 ppm SO + 90% RH,

100 ppm S0 + 95% RH, and 100 ppm SO2 + 90% RH + 5% Surface salt.

8(a) Fracture Surface of Al 7075-T6 Tested at 8.9 x 10 s - in 100 ppm

S02 + 90% RH.

8(b) Fracture Surface of Al 7075-T6 Tested at 6.8 x 10 s in 100 ppm

S02 + 90, RH.

8(c) Fracture Surface of Al 7075-T6 Tested at 2.3 x 10 -s-1 in 200 ppm

s02 + 902, RH.

9 Slow-Strain-Rate Results for Al 7075-T6 in 100 ppm SO., + 80' RH,

10 ppm SO2 + 90.% RH, and 10 ppm SO, + 90% RH + 5% Surface Salt.

10 Slow-Strain-Rate Results for Al 7075-T6 in 100 ppm NO2 + 80% RH,

100 ppm N0, + 95% RH, :and 100 ppm NO, + 90% RH + 5% Surface Salt.

11 Fracture Surface of Al 7075-T6 Tested at 2.8 x 10- 7s- in 100 ppm

NO2 + 90% RH + 5% Surface Salt.
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APPENDIX B

ACCELERATED ATMOSPHERIC-CORROSION TESTING
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