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ABSTRACT

Die forgings in aluminum alloys 7050, 7049, and MA52
were fabricated and evaluated for resistance to stress-corrosion
cracking, quench sensitivity, and fracture toughness. In
addition, all Alcoa data on 7050, 7049, and special process
7175-T7X die forgings were examined and the properties were
collated. Stress-corrosion resistances were evaluated using the
severest combinations of forging type and test conditions.

All of these newer alloys were less quench sensitive
than alloy 7075, and all developed better combinations of resist-
ance to stress-corrosion cracking and fracture toughness than
7075-T6 and 7079-T6 at equal strengths. They ranked as follows
on the basis of these criteria.

Criteria Rank

Resistance to SCC, 1-7050 and 7175; 2-7049 and MA52
365-500 days
natural environment

Resistance to SCC, 1-7050; 2-7049; 3-7175 and MA52
84 days 3.5% NaCl

Resistance to SCC, 1-7175; 2-7050 and 7049; 3-MA52

30 days 3.5% NaCl

Low Quench Sensitivity l-MA52; 2-7050; 3-7175 and 7049

Fracture Toughness All equal and greater than 7075-T6
and 7079-T6

This analysis indicates that alloy 7050 is a preferred
selection for use as die forgings of relatively heavy section
thickness for the aerospace industry. This alloy alsn can be
supplied as hand forgings, plate, extrusions, and sheet. Special
process 7175 is an equally good selection for die forgings of
thin to moderate section thickness.
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SECTION I

INTRODUCTION

Four aluminum alloys have emerged as potential solutions
to the need for aluminum-base material with a combination of
strength, fracture toughness and resistance to stress-corrosion
cracking superio: to combinations provided by 7075. These are
7175-T736, 7049-T73, 7050, and an alloy (designated MA52 in this
report) representing the compositions selected in two independent
investigations under U. S. Air Force contracts.

The four alloys are all of the Al-Zn-Mg-Cu type. Alloy
7175-T736 forgings employ the higher purity 7175 modification of
7075 coupled with special processing conditions from ingot to
final heat treated product. Alloy 7049-T73 is a variant with
higher Zn content and decreased Cu, Cr, Fe and Si contents relative
to 7075.1 Alloy 7050, developed under U. S. Navy contracts

2 ,3 ,4

and the first phase of this contract,5 has increased Zn and Cu
contents relative to 7075 with Zr in place of Cr and low impurities,
Fe and Si, specified. The MA52 composition, representing the
selections of two contract programs, has increased Zn and decreased
Cu contents relative to 7075 and Zr plus Mn in place of Cr.6 ,7

These alloys are in various stages of development and
application. Alloy 7175-T736 forgings were developed first and
are being used in many applications. Guaranteed mechanical
properties are higher than those of any other stress-corrosion
resistant aluminum alloy forged material. The stress-corrosion
acceptance test criterion is a 30-day 3.5% NaCl alternate immersion
test at a stress level of 35 ksi. Alloy 7049-T73 forgings were
developed later and are being used in some applications. Mechanical
properties are substantially higher than those of 7075-T73 forgings.
The stress-corrosion acceptance test criterion is a 30-day 3.5%
NaCl alternate immersion test at a stress level of approximately
45 ksi (75% of the minimum, guaranteed longitudinal yield strength).
Alloys 7050 and MA52 are being evaluated as forgings by several
producers. Guaranteed mechanical properties and stress-corrosion
acceptance criteria have not been established.

These alloys were developed using different products
and were initially evaluated using different stress-corrosion
tests. Alloy 7175-T736 was developed using rapidly quenched die
forgings of three-inch maximum section thickness, most of which
have a pronounced grain directionality; resistance to SCC was
initially established using test conditions less severe than those
specified later by Federal Test Method 823. Alloy 7050 was
developed primarily using plate and all SCC tests were performed

1 .
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according to Federal Test Method 823. Alloy 7049 was developed
using hot water quenched hdnd forgings and die forgings which
did not have pronounced grain directionality, and SCC tests
often included C-rings and 0.225" diameter tension specimens
which are less sensitive than the 0.125" diameter specimens
used in developing 7175 and 7050. Alloy MA52 was developed using
thin plate and various die forgings. SCC test specimens were
used which are less critical than the 0.125" diameter tension
specimens. In addition, and perhaps most significantly, atmospheric
exposure data were unavailable. Consequently, initial comparison
of the relative merits of these alloys was highly speculative.

The purpose of Phase II of this contract was to produce
7050, 7049,and MA52 in the same die forgings, to evaluate them
under identical test conditions, and to compare properties with
those of commercially established aluminum alloys 7075 and 7079.
In addition, all Alcoa data from other die forgings in these
alloys were analyzed and results are compared with those of
special processed 7175 forgings used in the development of
7175-T736.

To permit evaluation of the stress-corrosion test
performance of the forgings which were not always tested at the
same strength and stress levels, a new analytical method was
developed.

In accordance with the philosophy at Alcoa, the severest
criteria were imposed when rating resistance to stress-corrosion
cracking. The most critical stress-corrosion cracking tests of
die forgings which exhibited pronounced grain directionality were
used in the analysis.

In addition to resistance to stress-corrosion cracking,
the alloys are ranked on the basis of quench sensitivity and
fracture toughness.

2



SECTION II

MATERIAL

1. CURRENT WORK

For this contract, 7049, 7050,and MA52 were evaluated
in two shapes. Alcoa die 9078, Figure 1, is a Boeing rib forging
hinge support elevator station. Alcoa Die 15093, Figure 2, is
a McDonnell-Douglas nose landing gear cylinder. This forging
is normally rough ma-hined by boring out the cylinder before heat
treatment, but in this experiment it was not machined so that
tensile properties in the center could be determined.

Alloys 7049 and MA52 were cast as 16" diameter D.C. ingots
and were homogenized 36 hours at 870-880 F and ultrasonically
inspected. A 15" diameter homogenized ingot of 7050 that was
available from plant stock was applied to this project. Chemical
analyses of the melts are presented in Table I, along with
composition limits. Analyses of 7050 and 7049 were well within
the limits, and analysis of alloy MA52 was within limits of
both Boeing Alloy 21,6 and the composition recommended hy
Reynolds.

7

Ingot macrostructures are presented in Figures 3, 4 and
5, and results of metallographic examinations to determine
dendrite cell sizes and amount of porosity are presented in
Table II. Grain morphology of the 7050 and MA52 inoots was
completely equiaxed, but some twin columnar grains were apparent
in the 7049 ingot. Dendrite cell sizes of 7049 and the M)52
ingots were about .002", while cell size of the 7050 ingot
was about .001". No significant amount of porosity was observed.

The forgings were fabricated using practices standard
for high strength 7XXX alloy forgings. Ingots that were forged
in die 9078 were extruded prior to forging; ingots that were
forged in die 15093 were preforged in blocker dies.

All forgings produced in die 9078 were sound and developed
high tensile elongation values, but alloys 7049 and MA52 forgings
in die 15093 developed low transverse elongation values (Tables
III, IV, V), and metallographic examination disclosed porosity.
Consequently, additional ingots of 7050, 7049, and MA52 were
cast and new forgings were fabricated.

Structures of the preheated (52 hours at 880 F) 15"
diameter ingots were examined at the top and bottom of the
ingot. Etched slices, Figures 6 through 11, revealed twin
columnar grains extending from the cast surface of slices from

3



both ends of the 7050 and MA52 ingots and if a slice from one
end of the 7049 ingot. Equiaxed grain size near the center of
the ingots ranged from microscopic to 1/4" in diameter. Dendrite
arm spacings were measured near the center of the ingot and at
midradius. Spacings were about 1-2 mils. Some porosity up
to .003" in the longest dimension was observed in each ingot.

Solution heat treatment practices of the forgings in die
9078 and die 15093 are described in the tables giving tensile
properties. Forgings in die 9078 were quenched in water-at a
temperature of either 150 F or 212 F, while forgings in die 15093
were quenched in water at 150 F. After 4-5 days at room tempera-
ture, they were aged 24 hours at 250 F.

The second-step aging practice was applied in the laboratory.
Sections from the web of die 9078 forging were aged 4 to 45 hours
at 340 F. Using longitudinal tensile properties as a guide,
half-forgings were subsequently aged various times at 340 F in
an attempt to provide equal strength in the three alloys. Two of
the 7050 forgings did not attain target strength, so reserve
sections were used to provide additional material. Whole die
15093 forgings were aged either 10 to 60 hours at 340 F (firet
trial) or 3 to 12 hours at 350 F (second trial).

2. OTHER INVESTIGATIONS

Photographs or sketches of the forgings and mechanical prop-
erties are presented in Appendix I.

a. 7050

Independently of this contract, alloy 7050 was evaluated in
web-flange type forgings having highly directional grain flow at
the test specimen location (Die Nos. 9078, 8457, 15789); in
landing gear type forgings (Die Nos. 9619 and 15093); in a thick,
bulky die forging (Die No. 10853); and in a laboratory-fabricated
die forging (Die No. 783). Forgings were prepared in Die No.
9078 using proprietary Alcoa practices and forgings in Die No.
8457 were fabricated using both conventional and proprietary
Alcoa practices, but the conventionally fabricated materials were
produced about two years after the specially processed materials.
The other forgings were fabricated using conventional practices.

b. 7049

Alloy 7049 has been evaluated at Alcoa in web-flange type
forgings having highly directional grain flow at the test specimen
location (Die No. 9078) and in landing gear type forgings (Die
Nos. 9619, 15621, 16347). Forgings were prepared in Die No.
9078 using both conventional and proprietary Alcoa practices,
and the other forgings were fabricated using conventional
practices.

4



c. 7175

The 7175-T7X data were obtained from production 7175-T736
forgings as well as from forgings used in the development of
this material. Most of the data is from forgings that received
less aging than is used for production forgings. Therefore,
these test results rhould not be considered representative of
production 7175-T736 forgings. The data do, however, provide
a basis for comparing the characteristics of the newer alloys
with special process 7175 forgings at various strength levels.

5



SECTION III

TEST PROCEDURES

1. FRACTURE TOUGHNESS

Fracture toughness was evaluated using compact tension
specimens of the type illustrated in Figure 12. The largest
specimen obtainable was used in all cases and specimens were
machined from cylinder, strut, web and flange areas in the
various die forgings. Values of Ko that were not strictly
valid KIc were used in the analysis because the KQ values were
considered to be good estimates of KIc.

2. STRESS CORROSION

Because alternate immersion test conditions; forging type;
and specimen type, size and location in the forging were not
constant in all investigations, effects of these factors were
examined before analysis of the data was begun. The goal was
to select data for analysis which provided the most critical
test of susceptibility to stress-corrosion cracking.

Past experience indicated, and results in this contract
confirmed, that stress-corrosion test performance of materials
evaluated using C-rings was substantially higher than test
performance of the same material using tension specimens.
Consequently, results of C-ring tests were not considered in
the analysis.

Preliminary inspection of the data indicated that stress-
corrosion performance of 7175-T7X forgings tested by alternate
immersion (10 minutes in solution, 50 minutes drying) using a
high purity solution with controlled humidity and room temper-
ature according to Federal Test Method 823 differed from per-
formance of similar forgings tested using New Kensington tap
water (<200 ppm total solids) and 99.7% pure NaCl (0.1 max. Nal)
and ambient temperature and humidity. (The pH of the lower
purity solution was 6.4 to 7.2 and evaporation losses were
made up once a month.) Survival rates in both environments were
similar for test periods of about 30 days, but surrival rates
in the controlled test were substantially lower after periods
approaching 84 days. This phenomenon is illustrated in Figure 13,
using data from Tables VI and VI. Only data that were determined
under the controlled conditions were used in the analysis.
Consequently, any susceptibility to stress-corrosion cracking
was emphasized.

6



Inspection of the data also revealed that specimen location
had an effect on stress-corrosion performance of web-flange
forgings which had a high degree of grain directionality in
the flange near the flash. The data in Table VIII reveal that
100% of 1/8" diameter 7050 specimens removed immediately adjacent
to the flash (Figure 14) of Die Nos. 9078 and 8457 forgings
failed in less than 30 days in the alternate immersion test
at a stress of 30 ksi. In contrast, 100% of the specimens taken
immediately behind this location passed the same test. Because
of this strong effect, only results of tests of specimens taken
adjacent to the flash were used in the analyses of the stress-
corrosion resistance of web-flange forgings. Omitting results
of tests of specimens in other locations decreased the proportion
of specimens that survived the test.

Contrary to the effect in web-flange forgings, specimen
location in landing gear cylinder forgings had no apparent effect
on SCC test results. Performances of specimens from the strut,
trunnion or cylinder of 7049 and 7050 landing gear cylinders,
Die No. 9619 (Table IX),were similar so test results of specimens
taken from all locations of this type forgings were used in the
analyses.

Increasing specimen diameter also significantly affects
stress-corrosion performance. Fourteen 1/4" diameter 7050 tension
specimens were removed adjacent to the flash of two Die No. 9078
forgings (Figure 14) and were stressed at 25 to 45 ksi. All but
one of these specimens passed the 30-day alternate immersion
stress-corrosion test (Table VII). In contrast, 100% of the 1/8"
diameter specimens removed adjacent to the flash of the same
forgings failed in less than 30 days. Because of the effect of
specimen diameter, only the results of tests of 1/8" diameter
specimens were analyzed. Limiting the analysis to results of
tests of the smaller specimens also decreased the proportion of
specimens surviving the test.

In the case of the exposure in the New Kensington atmosphere,
no interpretation of the failures was required because past
experienced indicated, and spot checking confirmed, that fractured
specimens would exhibit evidence of the characteristic inter-
granular secondary cracks typical of clazsical stress-corrosion
cracking. Metallographic examination of specimens exposed in
the 3.5% NaCl alternate immersion test revealed in some cases
deep pitting associated with secondary cracks that did not
resemble the cracks of specimens exposed in the natural environ-
ment. In small experiments consisting of relatively few specimens,
such failures are sometimes regarded as "no-test." All of the
approximately 1,000 specimens which fractured during the stress-
corrosion tests in this summary, however, were not examined
metallographically. Moreover, of those that were examined,

7



interpretation of the nature of the secondary cracks in many
of the specimens was not straightforward. Consequently, all.
specimens that fractured were considered as failures for this
analysis. Because stress-corrosion cracking may not have been
responsible for all of the failures, the percentage of specimens
that failed the accelerated test may be exaggerated.

8
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SECTION VJ

RESULTS AND ANALYSES

1. TENSILE PROPERTIES

Tensile properties of the die 9078 forgings that were quenched
in water at either 150 F or 212 F, Tables X-XII, revealed that
alloy MA52 was the least sensitive to quench rate and alloy 7050
was intermediate. Quench sensitivity of alloy 7049 was so high
that tensile properties of the forgings quenched in boiling water
were too low to be useful. Tensile properties of the die 9078
forgings that were used in the stress-corrosion evaluation are
presented in Table XIII.

A wide range of strengths could be developed in the die
15093 forgings depending on aging conditions, Tables III through V
and XIV through XVI. Elongation and reduction in area values
of the 7049 and MA52 forgings in the first trial (Tables III and IV)
and those of the 7050 and MA52 forgings in the second trial
(Tables XIV and XV3 were low and erratic. Quality differences
and structural factors were the principal reasons for the erratic
results rather than alloy composition effects. Porosity was
responsible for the low values in the first trial, and grain
structure was responsible for the erratic results in the second
trial.

To summarize effects of quench rate on strength, quench
rates at the location of the tension test specimens in the web
of forgings in Alcoa Die No. 9078 were estimated. Maximum
longitudinal yield strengths that can be developed in die forgings
of these alloys are presented as a function of average quench
rate in Figure 15. This figure illustrates that quench
sensitivity of all of the newer alloys was lower than that of
7075. Quench sensitivity of alloy MA52 was the lowest of the
newer alloys, that of 7050 was next, and quench sensitivities
of special process 7175 and 7049 were equal.

Depending on section thickness and need for low residual
stress, 7175 forgings are quenched in either cold or hot water.
Forgings of 7050 and 7049 are regularly quenched in 140 F or
150 F water, and thin forgings of 7050 and thicker forgings of
MA52 can be quenched in boiling water.

2. FRACTURE TOUGHNESS

The results of Alcoa fracture toughness tests on alloy
MA52, 7175-T7X, 7049, and 7050 die forgings are summarized in
Table XVII.

9



Fracture toughness, like resistance to stress-corrosion
cracking, should be compared at equal strength levels. K0 values
were plotted versus yield strength to determine the fracture
toughness-yield strength relationship for the four alloys. Fracture
toughness of the 7050 forgings that were quenched !n boiling water
fell below the bulk of the data, so these results were not included
in the plots.

Figure 16 compares the toughness of the new alloys relative
to that of 7075-T6 and 7079-T6 forqings. All of the newer
alloys developed an equal combinat-on of strength and toughness
which was higher than that of the established alloys.

3. STRESS-CORROSION

Although the new alloys develop strengths substantially
higher than those of either 7075-T6 or 7079-T6 in their highest
strength temper, all of them must be overaged to provide accept-
able resistance to stress-corrosion cracking. The minimum
amount of overaging needed to promote the development of adequate
resistance to stress-corrobion cracking is desired so that loss
in strength will be minimal. Because overaging can produce large
changes in resistance to stress-corrosion cracking with relatively
small changes in strength, stress-corrosion performances of alloys
should be compared using products overaged to the same strength
level.

a. Fectors Affecting SCC Test Performances

Stress-corrosion performances of alloys in tempers having
either very low resistance or very high resistance are relatively
insensitive to factors such as specimen size and type, test
environment, product, grain structure, test stress and strength.
Stress-corrosion performances of alloys in intermediate tempers,
however, are very sensitive to these factors, particr'larly
strength and stress. Moreover, alloys such as MA52, 7050,
7049 and 7175 can develop resistances approaching those of
either 7075-T6 or 7075-T73 depending on the degree of aging.

Because of the influence of these factors, the ideal way
to compare the stress-corrosion resistance of these alloys
would be to compare test performances of similar specimens from
identical die forgings tested simultaneously under the same
conditions. To determine the relationship among stress-corrosion
resistance, stress and strength, the alloys should be compared
at a number of equal stress and strength levels. Furthermore,
the experiment should be repeated to determine the variance in
results, and the performance of a number of different die forging
types should be evaluated. Although MA52, 7050 and 7049 die
forgings have never been evaluated under these conditions, enough
testing has been performed to permit useful comparisons of the
relationship between strength and resistance to stress-corrosion
cracking.

10



b. Mean Critical Yield Strength

Critical yield strength is defined as the strength above

which stress-corrosion failure occurs in a particular stress-

corrosion test and below which stress-corrosion failure does

not occur. It is a material property, but depends on test

stress, specimen size and type, grain structure, test environrent

and exposure time. To understand this concept, consider a stress-

corrosion test specimen from a particular Al-Zn-Ma-Cu alloy

product aged to peak strength. At this strenoth level, it
would fail by stress-corrosion cracking at some stress level.

But, when overaged below its critical yield strength, it would

not fail at this stress. Because of the nature of critical
yield strength, it can be estimated by overaging a series of

replicate specimens various degrees, determining their strengths

and subjecting then to an appropriate stress-corrosion test.

Precision in estimating critical strength depends on the

nature of the data generated. When a series of specimens taken

from products having similar grain structures has been exposed

for a sufficient time in an environment which induces stress-

corrosion cracking in susceptible materials without causing

specimen failure dun to localized corrosion and mechanical

overload, critical yield strength can easily be estimated 
within

one ksi (Figures 17a and 18a). When exposure time is insufficient

to induce failure in specimens of susceptible material 
(Figure 17b)

or is so long that it causes specimens of nonsusceptible material

to fail by localized corrosion and mechanical overload, 
(Ficure 18b)

precision decreases. Because of the large zone of mixed results

in such cases, a mcan critical yield strenqth 
must be estimated.

One way is to plot the data as in Figure 13b 
arid draw a curve

through the points. Mean critical yield strength iq the midpoint

of the curve. The method of analysis to be described fits a

curve to such data.

c. Mean Critical Stress

Critical stress-corrosion test stress, abbreviated 
as

critical stress, is analogous to critical 
strenoth. Critical

stress of an alloy is the applied stress above 
which stress-

corrosion failure occurs in a particular 
stress-corrosion test

and below which stress-corrosion failure 
does not occur. Like

critical strength, it is a material 
property and depends on the

strength, specimen size and type, grain 
structure, test environ-

ment and exposure time. To understand this concept, consider 
a

stress-corrosion test specimen of an Al-Zn-Mg-Cu 
alloy product

aged to a particular strength level. 
When exosed in a stress-

corrosion test below the critical 
stress it will pass, and

when exposed above this level it 
will fail. Critical stress

can be estimated by obtaining a 
series of replicate specimens



from material having the same strength, stressing these at a
number of stress levels and exposing them in a corrosive environ-
ment for an appropriate time.

Because the error in applying the stress is greater than
the error in determining the strength, precision in estimating
critical stress is generally lower than precision in measuring
critical yield strength. Moreover, to obtain a sufficint
number of samples for analysis, data from material having slightlydifferent yield strengths are often pooled. Consequently, a

mean critical stress must be estimated. An example of a procedure
to estimate mean critical stress of three 7079-T6 die forgings
is illustrated in Figure 19. Test results from all of the die
forgings were pooled and percent survival was plotted versus
applied stress. Mean critical stress is the midpoint of the
c'rve. The method of analysis to be described eliminates the
need to pool data from materials having different strengths.

d. Effects of Strength and Stress

When attempts are made to compare materials and when results

from a number of separate investigations are pooled, it is
frequently found that the strengths of the materials are not
the same and that the applied test stresses are different.
Consequently, comparisons of resistance to stress-corrosion
cracking are difficult. One way is to determine mean critical
yield strengths at several stresses and to compare relationships
between mean critical yield strengths of several alloys as a
function of applied stress. Another way is to compare mean
critical stresses of alloys determined by pooling data from
material having strengths within some arbitrary limits. A
much better way, however, is to analyse all of the data to
determine concomitantly the relationship among stress-corrosion
performance, stress and strength.

Probit analysis (Appendix II) was used in this work to
determine these relationships. 9 It is hypothesized in this
analysis that the probability of passing a stress-corrosion test
decreases with increasing strength of the material and with
increasing applied stress, and that the proportion of specimens
that survived the test is an estimate of the probability of
passing the test. It is further hypothesized that a function of
the proportion survived has a linear relationship with the yield
strength and the applied stress. Weighted multiple regression
analysis is used to estimate the constants a, b and c in the
equation:

f(PS) = a + b(AS) + c(YS)

where PS = percent survived, AS = applied stress, and YS = yield
strength.

12



After the constants in the equation relating proportion
survived with stress and yield strength have been determined,
alloys can be compared in several ways. A useful way is to
compare mean critical strengths as a function of stress.

Although critical yield strength could be clearly established
using the data for 7175-T7X forgings exposed three years in the
New Kensington atmosphere (Figure 17a), mean critical strength of
7175-T7X forgings based on performances after shorter times in
the New Kensington atmosphere or after exposure in the 3.5% NaCl
alternate immersion test could not be established. Relative
stress-corrosion resistance was demonstrated by comparing measured
stress-corrosion performances of 7175-T7X with performance pre-
dicted for 7049 and 7075 at the mean short-transverse yield
strength of the 7175-T7X forgings that were tested.

Short-transverse yield strength was selected as the criterion
rather than longitudinal or long-transverse yield strength for
several reasons:

1. The short-transverse yield strength used in the
analysis was the yield strength of specimens
removed along with the stress-corrosion specimens;
consequently, the correlation was between strength
and resistance to stress-corrosion cracking of
specimens which had the same grain structure.

2. Specimen location for longitudinal and long-
transverse specimens varied from forging to
forging.

3. Longitudinal or long-transverse specimens were not
tested in a number of cases.

e. Results of SCC Analyses

Data generated in the current contract are presented in Tables
XVIII through XXII, and additional data used in the analyses are
presented in Tables VII and IX and Tables XXIII through XXIX.

Inspection of the data revealed that stress-corrosion test
performance of alloy 7050, 7049 and MA52 die forgings strongly
depended on forging type. Of a total of 144 short-transverse
specimens of 7050 forged in Alcoa die 783 and aged to a strength
of 57 to 75 ksi, only one specimen (stressed at 45 ksi) failed
the alternate immersion test after 82 days. 5 The remaining 143
stressed at 25 to 45 ksi survived the 84-day test. Specimens
from 7050 forged in Alcoa die 10853 also exhibited an outstanding
combination of strength and resistance to stress-corrosion
cracking. Metallographic examination of specimens from both of
these forgings indicates that the grain structure was not highly
directional, so these data were not included in the final analyses.

13



Stress-corrosion test performances of web-flange and landing
gear type forgings in alloys 7050, 7049, and MA52 were sufficiently
different to warrant separate analyses. Performances of the7175-T7X die forgings, however, were essentially equal, so all
data were pooled for the analyses.

Quenching practice of 7050 die forgings also had a pronounced
effect on stress-corrosion test performance. Performance of I
7050 forgings quenched in boiling water was lower than performance
of the same forgings quenched in either hot or cold water and
aged to the same strengths, so test results of the 7050 forgings
quenched in the boiling water were excluded from the final analyses.
Resistance to stress-corrosion cracking of the 7049 forgings that
were quenched in boiling water was not determined because of the
low strength. Stress-corrosion performance of the MA52 die
forgings was apparently not affected by quenching rate, so the
data were pooled.

The constants in the probit equation

Y a + b-stress + c(S-T YS)

were determined for up to 9 exposure times in the alternate
immersion test and in the New Kensington atmosphere.

Calculated survival percentages of 7050 and 7049 web-flange
forgings are plotted versus short-transverse yield strength for
30 and 84 days in the alternate immersion test and 500 days in
the New Kensington atmosphere in Figure 20. Slopes of the curves
for the two alloys were similar for tests conducted under each of
the several test conditions analyzed, but exposure time and
environment influenced both slope and relative displacement for
the two alloys of the percent survived vs yield strength curves.
For tests of 30 days duration by alternate immersion the slope
was high indicating only about 11 ksi strength difference between
10% and 90% survived. Performance of the two alloys was indicated
as not significantly different under these test conditions. Based
on the data for 84 days exposure, the difference in strength was
greater for given differences in percent survived (22 ksi between
10% and 90% survived) and increased displacement of the curves
for the two alloys indicates an advantage for 7050, particularly
at the higher applied stresses. The slopes of the curves based
on tests of 500 days in New Kensington atmosphere approximated
the slopes for the 30-day A.I. testing conditions, but relative
alloy performance corresponded more nearly to that indicated
by the analyses of the 84-day A.I. tests.

Mean critical short-transverse yield strengths of the 7050,
7049, and MA52 die forgings at 25, 30, 35, 40, and 45 ksi stress
levels are presented in Tables XXX through XXXII. The data indicate
that stress-corrosion resistance of alloy MA52 forgqngs was the

14



lowest of the three and that relative stress-corrosion resistance
of 7049 and 7050 depended on forging type and test conditions.
These effects are more clearly illustrated in Figures 21 through
23 which present mean critical strengths as a function of applied
stress for four sets of exposure conditions and for web-flange
forgings separated from landing gear forgings. Performance of
web-flange forgings of 7050 exposed in the natural environment
exceeded performance of similar forgings of 7049 (Figure 21), but
relative performances in the accelerated test depended on forging
type and test duration.

After 30 days in the alternate immersion test (Figure 22),
performance of landing gear forgings of 7049 exceeded performance
of similar forgings of 7050. These data support the claim of high
resistance to stress-corrosion cracking of 7049-T73 forgings based
on a 30-day test in the 3.5% NaCl alternate immersion test. A
specimen from a 7049-T73 landing gear die forging that was stressed
at 45 ksi and exposed in the atmosphere, however, failed in less
than six months (Table IX).

Performance of web-flange forgings in 7049 and 7050 were i

similar and lower than performances of landing gear die forgings.
This behavior suggests that stress-corrosion characteristics of
7049 are more sensitive to forging type.

Longer exposure time in the accelerated test decreased per-
formances of 7049 to a greater extent than it decreased performances
of 7050. After 84 days (Figure 23), performances of landing gear
forgings of 7049 and 7050 were similar, while performance of 7050
web-flange forgings exceeded performance of 7049.

These data strongly indicate that the 30-day alternate
immersion test is a safe indication of atmospheric performance
of 7050 forgings which exhibit pronounced grain directionality,
but that the 30-day test is not severe enough to predict atmos-
pheric performance of similar forgings of 7049. This behavior is
illustrated in Figure 24 which compares performances of alloys
7049 and 7050 web-flange die forgings after 30 days in the
alternate immersion test and after 500 days in the New Kensington
atmosphere.

Stress-corrosion performance of 7175-T7X was compared with
performances of the other alloys using a different method. Survival
percentages of 7175-T7X and 7079-T6 die forgings having pronounced
grain directionality were measured after varios exposure periods
in the New Kensington atmosphere and in the 3.5% NaCl alternate
immersion test. These measured percentages were compared with
predicted survival percentages of comparable forgings of the other
alloys aged to the short-transverse yield strength of 7175-T7X
(66.5 ksi mean and 3 ksi standard deviation). The procedures
used in predicting are presented in Appendix II.
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Relative performances of the alloys depended on test environ-
ment. In the atmosphere (Figure 25) performances of 7049, 7050
and 7175-T7X were all higher than the performance of 7079-T6.
Performances of 7175-T7X and 705C were comparable and were higher
than the performance of 7049. In the accelerated test (Figure 26),
performances of all of the newer alloys were higher than the
performance of 7079-T6. Performance of 7175-T7X was highest for
short exposure times, and performance of 7050 was higher after
longer exposure times.
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SECTION V

SUMMARY

The data presented in this report evidence the superior

combination of low quench sensitivity, toughness and resistance
to stress-corrosion cracking of the newer alloys 7050, MA52, 7049,
and special process 7175 relative to the properties of alloys
7079 and 7075. The rank of the newer alloys relative to one
another, however, is not so clearly demonstrable because ranking
varies with the properties being measured.

Quench sensitivities of MA52 and 7050 were the lowest
of the four and those of 7175 and 7049 the highest. Because most
die forgings either have relatively thin sections or are partially
machined before solution heat treatment, however, differences
in quench sensitivity may not be practically significant unless
a very slow quench is required to reduce residual stresses.

Fracture toughness of the newer alloys was higher than
the average toughness of 7075-T6 and 7079-T6, and no clear dis-
tinction among the toughnesses of the newer alloys could be
demonstrated. Fracture toughness of 7049-T73 has been reported
previously by Kaiser and others to equal the toughness of
7075-T6.1,10 Perhaps purity and fabricating procedures are
responsible for the higher toughness observed in the 7049 tested
by Alcoa.

Ranking the alloys on the basis of resistance to stress-
corrosion cracking required rigorous analysis. Because of the
excellent correlation between strength and resistance to stress-
corrosion cracking and the large effect of test conditions, all
comparisons should preferably be made on materials having the same
strength using stress-corrosion data from specimens tested under
near identical conditions. A sufficient number of specimens of
each alloy having the same strength were not tested, so comparisons
were made using probit analysis. In the natural environment,
performances of 7050 and special process 7175 were highest, while
performance of 7049 was lowest. Performance of MA52 could not be
definitely established because of the relatively few specimens
exposed and the short exposure time, but other work indicates that
atmospheric stress-corrosion resistance of Al-Zn-Mg-Cu-Zr alloys
containing 1.25% Cu is substantially lower than resistance of
alloyscontaining 2% or more CU.2,3,4,5,11

The results of this analysis strongly indicate that stress-
corrosion performance of 7050 and special process 7175 will exceed
performance of the other alloys in service. These alloys, however,
did not rank highest in the 3.5% NaCl alternate immersion test.
Consequently, the current acceptance test criteria do not reflect
the relative merits of the newer alloys.
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SECTION VI

CONCLUSIONS

1. Relatively thin, rapidly quenched die forgings of 7050, MA52,
7049, and special proceess 7175 overaged to the strength levels
of 7075-T6 and 7079-T6 developed substantially higher resistancq
to stress-corrosion cracking and higher fracture toughness.

2. Alloy 7050 die forgings developed the best combination of low
quench sensitivity, resistance to stress-corrosion cracking,
and fracture toughness.

3. Stress-corrosion test performances of the new alloys depended
on forging type, environment and exposure time. Atmospheric
test performances of 7050 and special process 7175 die forgings
were higher than performance of similar forgings of 7049. Per-
formance of 7050 was superior based on 84 days in the 3.5%
NaCl alternate immersion test, while performance of 7175 was
superior based on the 30-day test.

4. The good combination of strength and resistance to stress-
corrosion cracking in the 30-day 3.5% NaC1 alternate immersion
test of 7049 landing gear type forgings was confirmed. Per-
formance of weL-flange forgings having pronounced grain
directionality, however, was markedly lower in the accelerated
test and in a natural environment.

5. Stress-corrosion test performance of alloy 7050 was higher
after 500 days in a natural environment than after 30 days
in the 3.5% NaCl alternate immersion test vihile the reverse
was true for allay 7049.

6. Performance in the alternate immersion test can be sub-
stantially increased by increasing specimen size and
changing test bar location.

18
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SECTION VII

[ RECOMMENDATION

Continae the use of 7175-T736 die forgings for aero-
space applications and consider the use of 7050 die forgings[where the lower quench sensitivity of 7050 makes it attractive.
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FIGURE 3 7050 INGOT-i15 DIAMETER
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FJGURE 6 MACROSTRUCTURE OF 7050 INGOT
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FIGURE 8 MACROSTRUCTURE OF MA52 INGOT
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FIGURE 9 MACROSTRUCTURE OF MA52 INGOT
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Fig. 13 MEASURED PERCENT SURVIVAL vs DAYS TO FAILURE FOR 1115-T736
DIE FORGINGS EXPOSED 84 DAYS TO ALTERNATE IMMERSION
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SCALE-1X

1 - ~/ INCH DIAMETER CLOSE AS POSSIBLE TO FORGED SURFACE
2 - Ye INCH DIAMETER FROM SECOND ROW

3 - 1/ INCH DIAMETER CLOSE AS POSSIBLE TO FORGED SUhiACE

SPECIMENS FROM DIE NUMBER 8457 WERE TAKEN IN A SIMILAR MANNER

Fig. 14 SKETCH OF A CROSS-SECTION THROUGH DIE NUMBER
9078 SHOWING LOCATIONS AT WHICH THE SCC

:K SPECIMENS WFRE TAKEN
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Fig. 17 DAYS TO FAILURE vs SHORT TRANSVERSE YIELD S0P1ENGTH
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SECTION IX

APPENDIX I

Properties and Hieat Treating

Co-ditions of Die Forgings

not Produced for this
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APPENDI X I

Table )OIV

INJ.[IE PhOPERTIE, O PIANT AGED 7050 DIE FORGING NO. 25789

S-No 394706 S-No 394708 S-No 394709 SR S-No 39471 SR

4/2501 4/3501 4/250+7/3501 4/250* 4/3501 4/250+7/350!
T.s. Y.S. % El T.S. Y.S % El T.S. Y.S. % El T.S. Y.S. %EL

Sre k0i ksi ksi k-i ksi s - ksi ksi

WU,! 88.4 83.5 13.0 84.9 78.7 13.0 94.5 89.1 .1.0 86.2 78.9 14.o
WL2 88.5 83.8 12.0 84.1 77.9 14.o 94.5 88.8 10.0 86.1 79.2 13.0
W1,3 86.1 80.7 8.5 81.4 74.3 10.3 89.4 85.1 6.0 84.3 78.2 11.5
wi4 89.4 84.4 12.0 80.4 73-9 9.5 93.3 89.2 11.0 86.5 80.8 12.0

RL 81.6 74.6 10.0 78.4 71.8 9.5 86.0 80.7 7.0 81.9 75.4 9.0

p - - 81.5 75.6 13.0 - - 82.1 75.1 13.5
FLI 84.4 79.2 12.0 79.9 73.8 15.1 88.0 83.3 11.0 82.3 76.2 12.5

FI,2 83.2 77.9 11.5 78.7 71.3 13.5 88.9 83.5 10.5 80.6 73.4 13.5
FL3 85.2 79.6 11.0 78.6 71.8 13.5 89.7 83.0 9.0 82.5 74.6 11.5
115 83.6 77.8 12.0 78.5 71.3 13.5 89.0 83.4 11.0 83.0 75.8 12.0
1,L6 8197 76.4 9.5 79.3 72.6 11.5 84.0 77.8 9.5 80.1 72.6 9.0
;L7 81.8 74.7 12.0 75.9 66.2 14.0 85.9 80.1 12.0 80.9 73.4 14.0
1,8 82.1 74.8 14.5 77.4 69.2 13.5 81.8 72.8 15.5 76.7 66.0 14.0

WLTI 86.3 80.8 12.0 81.5 74.3 14.0 90.7 84.7 6.0 82.8 72.1 12.0
WLT2 86.0 81.1 I.0 81.3 74.4 14.0 90.4 85.0 10.0 82.6 78.6 13.0
WLT3 86.3 80.8 14.0 80.9 73.9 14.0 90.6 85.4 11.0 83.6 79.2 13.0
WLT4 83.5 78.5 6.5 83.4 76.7 13.0 84.7 77.6 5.5 80.5 72.3 9.0

ST1 76.8 70.8 5.5 72.8 65.2 7.0 78.9 68.3 3.0 74.9 65.2 3.0
ST2 78.1 71.8 5.0 74.0 66.0 7.0 79.9 71.1 4.5 76.0 66.0 4.5

FSTI 78.7 71.6 6.0 74.7 65.7 8.o 79.4 68.2 4.0 75.3 65.4 4.o

Note 1. Hr @ temp OF.

WL = Web longitudinal
RL = Rib longitudinal
P = Prolongation

FL = Flange longitudinal
WLT = Web long transverse
ST = Short-transverse in bulk section

FST = Flange short-transverse
SR = Stressed -'elieved by .ompression

Forgings heat treated 16 hr @ 890 F and cold-water quenced. S-394709 and 39471
cold worked 2.5-3.5% after quenching. All forgings artificially aged as
indicated.
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APPENDIX I

Table X)XV

TENSILE PROPERTIES AND ELECTRICAL CONDUCTIVITIES OF
ARL AGED 7050 DIE FORGING NO. 15789

15789 15789, Stress Relieved
S-No. 374707 S-No. 394710

10 hr total aging @ 350 F 12 hr total aging @ 350 F
T.s. Y.S. El T.S. Y.S. %E1

Direction tsi s in 4D psi p in4D

eL1 78.6 70.9 12.0 80.4 72.8 14.o

WLT! 73.3 70.0 12.5 76.7 67.8 11.0
WLT2 79.5 71.8 9.5 80.1 72.6 12.0

FL1 77.4 69.3 14.o 78.1 69.0 13.0
76.5 70.6 12.5 78.0 69.8 15.0

L2 75.4 66.7 13.5 75.8 66.0 12.5
:15 76.5 68.5 12.5 76.7 67.8 12.0
1L6 77.2 69.0 13.5 78.5 69.9 13.0

RLI 78.4 70.3 11.0 77.8 68.3 11.0

P 78.8 72.3 :5.0 74.7 63.7 14.5

ST! 71.9 63.4 7.0 71.7 59.9 5.5
ST2 73.4 64.1 7.5 73.6 61.6 6.0

FSTi 71.8 63.1 5.0 70.2 57.8 4.o
FST2 76.6 68.6 8.0 73.9 60.2 6.0
FST3 76.2 67.9 8.0 74.8 61.2 6.0

Electrical Conductivity of both = 41.0% IACS

WL = Web longitudinal
WLT = Web long-transverse
FL = Flange longitudinal
RL = Rib longitudinal
P = Prolongation
ST = Short-transverse in bulky section

FS = Flange short-transverse

Forgings heat treated 16 hr @ 890 F, cold-water quenched and artificially aged
4 hr/250 F + indicated time @ 350 F.

S-394710 cold worked 2.5-3.5% after quenching.
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APPENDIX I

Table XXXIX

TENSILE PROPERTIES OF 7050
DIE FORGING NO. 15093

Test T.S. Y.S. % El % R

Location ksi ksi in 4D of A

1 76.3 68.2 14.3 30
2 78.3 70.6 15.0 41
3 79.0 71.2 15.5 40
4 77.7 69.3 14.3 36
5 75.0 66.0 14.0 12
6 76.7 67.6 13.0 19
7 75.9 67.6 15.0 36
8 76.4 67.8 14.3 36
9 76.8 68.0 17.1 43

10 77.2 68.9 13.6 32
11 75.8 66.6 9.0 9
12 76.2 66.6 9.0 12
13 74.0 66.7 10.7 26
14 75.8 66.0 13.0 24
15 76.8 67.5 12.0 20
16 77.9 69.7 14.3 35
17 77.1 69.0 15.0 40
18 76.3 68.7 14.3 34
19 76.8 67.9 12.0 29
20 75.6 67.2 6.0 6
21 71.2 66.7 3.0 5
22 72.8 66.5 4.0 4
23 76.0 66.9 9.0 14
24 76.5 68.7 7.1 8
25 77.2 69.3 6.4 7
26 77.1 70.0 5.0 8

Forging heat treated 8-3/4 hr @ 880 F, quenched in water
@ 150 F and artificially aged 24 hr/250 F + 12 hr/350 F.

See Figure 10, Appendix I, for test bar location.
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APPENDIX I

Table XL

TENSILE PROPERTIES OF PLANT AGED 7050 DIE FORGINGS 9078

Special Fabri.cating Process

S.No. 395205 S.No. 395202
4/250+7/3501 4/250+9/3501

T.S. Y.S. T.S. 3.S.
Specimen ksi ksi % El ksi ksi % El

WLl 83.0 77.4 16.0 83.7 77.8 15.0
WLT1 80.2 73.7 16.0 81.9 76.6 18.0

RLl 78.7 71.8 14.0 79.5 72.1 15.0

FLI 82.5 76.3 I6.0 79.9 73.0 15.0
FL2 83.1 77.5 16.0 81.8 75.7 15.0

FL3 83.3 77.8 15.0 82.7 76.b 15.0
FL4 75.6 67.7 10.0 75.3 66.7 12.0
FSTI 75.5 69.2 10.0 76.0 68.2 8.0
FST2 77.3 71.5 7.0 80.0 73.7 8.0

WL = Web longitudinal
WLT = Web long transverse
RL = Rib longitudinal
FL = Flange longitudinal

FST = Flange short-transverse

Forgings heat treated 16 hr @ 890 F, cold-water quenched
and artificially aged as indicated.

Note: 1. Hr @ temp OF.
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APPENDIX I

Table XLI

TENSILE PROPERTIES OF ARL AGED 7050 DIE FORGING 9078

Special Fabricating Process

Electrical T.S. Y.S. El
S. No. Age Di r ection Conductivity ksi ksi in 4D

398887 10 WL 41.2 82.0 75.8 16.0
FST 41.2 76.1 67.6 8.0
FST 41.2 74.4 65.4 10.0

398888 15 WL 42.1 79.2 71.8 16.0

FST 42.2 72.7 65.1 6.0
FST 42.2 74.7 65.4 6.0

398889 23 WL 42.6 76.4 68.4 16.0

FST 42.8 70.7 59.8 10.0
FST 42.8 72.2 62.5 8.0

Note: 1. Hr @ 350 F.

Forgings heat treated 16 hr @ 890 F, cold-water
quenched and artificially aged 4 hr/250 F +
indicated 2nd-step agings @ 350 F
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APPENDIX I

Table XLVII

TENSILE PROPERTIES OF 7175-T7X DIE FORGINGS

Elec. Longitudinal Short-Transverse
Die Cond. T.S. Y.S. El T.S. Y.S. El

S. No. No. % IACS ksi ksi % in 4D ksi ksi % in 4D

338106 9078 39.3 77.8 67.6 10.0
338113 9078 39.5 78.4 67.6 9.5

366254 9078 39.2 77.6 68.5 9.3
366379 9078 39.6 78.4 68.7 1C.0
366380 9078 39.7 77.6 67.4 10.0

366381 9078 39.3 77.6 67.8 10.0
366382 9078 39.6 77.5 66.6 10.0
366383 9078 39.6 74.6 65.8 8.5

366384 9078 40.2 76.2 65.7 10.0
366385 9078 39.4 77.8 67.8 8.0

366386 9078 39.8 75.4 64.0 10.0
410701 9078 -- 82.1 75.0 13.5 74.4 64.4 10.0

337200 40001 39.0 77.8 68.7 7.5
337202 40001 39.9 74.7 65.4 8.0
366865 40001 40.2 75.7 64.6 10.0

369311 40001 39.5 77.3 68.7 8.2

377676 40001 39.2 75.6 67.0 8.0
377879 40001 38.2 76.2 67.6 8.0
377483 40002 39.6 74.6 65.8 8.5

377543 40006 39.6 75.3 65.5 7.5

377544 40007 39.2 74.9 66.2 5.5
338075 15633 39.0 78.8 69.9 6.5
338076 15633 39.0 78.6 69.1 8.0
396354 40001 40.2 78.9 71.9 -- 74.4 66.0 7.0

396355 40001 40.4 76.8 68.0 -- 73.6 64.8 10.0

396358 40001 40.4 78.6 70.2 -- 73.1 65.0 8.0

396359 40001 40.6 77.7 69.4 -- 71.8 64.6 10.0
396331 40001 39.2 78.4 70.9 -- 78.6 69.6 10.0
410703 40006 -- 78.5 69.3 14.0 73.5 63.5 8.0

Note Data have been included for some 7175 forgings

receiving slightly less aging than is used for production
7175-T736 forgings.
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SECTION X

APPENDIX II

PROBIT ANALYSIS

The use of probit analysis presupposes that for any one
subject (stress-corrosion test specimen) exposed under
controlled conditions for a definite time, there will be a
certain stimulus (test stress) applied to the subject at a
stated dose (stress level) below which failure does not
occur, and above which failure occurs. This stress level is the
critical stress. In addition, there may be a measurable
characteristic of the subjects tested (yield strenath of the
test specimen) below which failure does not occur and al ove
which failure occurs. This characteristic is the critical
yield strength. Because the critical stress level and the
critical yield strength will vary from snecimen to specimen
in the population and is likely to vary from one occasion to
another as a result of uncontrolled internal variables (e.a.,
grain structure) or external variations (e.q., ambient humidity)
the concept of a mean critical stress and a mean critical strength
must be introduced.

The frequency distribution of critical stress or critical
strenqth over the population studied must be known before mean
critical stress and mean critical strenath can be accurately
estimated. In this report, it is assumed that the frenuency
distribution is the familiar Gaussian or normal form.

Probit analysis determines estimates of the constants
a, b, and c in the equation:

Y = a + b'AS + cYS. ()

where YS = yield strength and AS = applied stress. The term
Y is obtained from the relationship:

SY-5

PS = exp (:) dx (2)
2 7r 2

where PS = percent survived and x is a dummy variable.
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APPENDIX II

To determine the constants, data sets consisting of yield
strength, test stress, number of specimens exposed, and number
of specimens survived are prepared. Using the iterative technique
of pattern search, the constants are varied until the discrepancy
between the observed proportions surviving and the predicted
proportions sur-,iving is minimized. Mean critical strength at
a stress AS is determined by solving equation (1) with Y=5.

Figure 41 illustrates the method of determining the overall
probability of passing the SCC test when yield strength is a
normally distributed variable. Figure 4la illustrates the effect
of yield strength on the probability of passing the stress-
corrosion test at a particular stress. while Figure 41b illustrates
the distribution of strength values expected at a standard
deviation, ayS, of 3. To determine the overall probability, Po,
that this material will pass the SCC test, the products of the
areas under each curve between minimum strength, YSmin, to
maximum strength, YSmax, (YSmin + 5.5 ays) are determined. This
calculation can be expressed mathematically as follows:

YSma x  YSmax
Po N dYS " PS dYS (3)

- YSmin  YSmin

where N = 1 exp - 1 (YS - )

aYS 2Y

= mean YS,

PS = previously described

According to Finney, 9 the solution to Equation 3 can be expressed
by Equation 2 where

5+ (a-5 + cp)/(l + c7 a 2) Z + As b/( + c a 2)1/2 (4

The terms in this eauation are as described previously.
The survival percentages for the 7050 and 7049 die forgings
plotted in Figures 25 and 26 were estimated by calculatina PO
as above with i = 66.5 and ays = 3.0, then multiplying Po by
100 to get percent.
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S0.8 -(aC-
C.)

cm7

0.6

0.4

0O.2 -'-, ,--dYS

0

(b)

>. 12
z

LJw" 8-
L.W
-J 4

MIN MAX
-s dYS 1

50 54 58 62 66 70 74 78 82
SHORT-TRANSVERSE YIELD STRENGTH, ksi

Fig. 41 METHOD OF CALCULATING OVERALL PROBABILITY
OF PASSING SCC TEST
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