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L.. SUMMARY

1.1 Scope

The goal of th is p r c g r an  ~‘as to provide guidance for de—

velopment of optimum metallurgical structures to retard fatigue

crack growth in high-strength aluminum alloys , yet maintaining

essential mechanical and physical properties.

Alloys selected for this program were variants of commercial

high-strength aluminum alloys. By employing various processing

techniques , a large and systematic variety of structures was

produced. Twenty-five different structures which fulfilled

initial requirements for a set of designed experiments were pro-

duced; 13 based on the 7XXX series (Al-Zn-Mg-Cu) aluminum alloys

and 12 based on the 2XXX series (Al-Cu-Mg ) alloys. Three addi-

tional structures were produced and tested after preliminary

analysis of test results of the original 25. All structures were

- 
- tested in sheet gauges (0.085 inch for 7XXX and 0.065 inch for 2XXX).

The following table summarizes the microst ructural  and

composition var iants exam ined :

7XXX 2XXX

Type of Strengthening Precipitate Type of Strengthening Precipitate
Copper Content Dislocation Density
Amount of Constituent Amount of Constituent
Size of Dispersoid Amount of Dispersoid
Type and Amount of Dispersoid Copper Content
Grain Size

Constant amplitude fatigue crack propagation tests were con-

ducted over the AK range of about 4 to 20 ksiVT~T in room

—— - ,— —‘--‘ - ———_— —— - ‘— —‘ - — ____,t__;_ ~~•�_,___ — - ‘ ,_-~-,--_ -— —— -——‘— —--- ‘-•—. - __, a.’— -‘ - -  - _~~
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temperature air at 94 to 99% and 5 to 10% relati ie humidity and at

test frequencies of 2 and 20 Hz.  Stress ratio was 1/3.

Selected structures were also tested in the higher humidity

environment at AK 2 to 8 ksi/35iT and at nominal frequencies

of 20 or 50 Hz.

1.2 Results and Discussion

Results are summarized in Tables 1, 2 , and 3 and are discussed

in the following sections , 1.2.1 through 1.2.7.

1.2.1 Insoluble Constituents

Insoluble constituent particles are those particles formed

dur ing sol idif ication by separation of impurity elements Fe and

Si. Effects on crack growth rate of decreasing the volume fraction

of insoluble constituent particles depended on the levels of both

toughness and AK. Alloy-temper combinations which developed

relatively low toughness with normal levels of constituent particles

( 7075—T6 and 2 0 2 4 — T 8 6 )  benefited from decreasing the volume fract ion

at levels of A K of about 15 ks iv’TiiT or higher.  Alloy-temper com-

binat ions which developed relatively high toughness (2024-T3 1)

showed no effect.

1.2.2 Dispersoids

Dispersoids are small ( .01  to .5 i~m) solid state precipitates

containing Mn , Cr, or Zr formed at temperatures above 750°F.

Changing the amount and type of dispersoid did not influence crack

g r owth rate. Increasing the size and interpart ic le  spacing of the

Al 1~ Mg;Cr dispersoid in 7075—T6 increased toughness and decreased -4

cra--;k growth rates at higher ~,K levels of about 15 ksiv’ThT and

‘-~m~ -aLer .
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1 . 2 . 3  Grain Size

Although the larger grain sizes studied in this work extended

well beyond the size range encountered in commercial sheet fabr i-

cated from ingots, crack propagation rates were not affected in

high-strength 7XXX alloys.

1 . 2 . 4  Copper Content

In 7XXX alloys increasing Cu content in X70 80-type  al loys

decreased fa t igue crack growth rates in both high and low hum idit .~’

air at E~K above 5 ksi/ThT Limited data at ~K levels below

4 ksiv’i~T in high humidity air indicated that the lower Cu alloy

had s l ight ly better fat igue resistance, but additional tests are

needed to confirm this indication. In 2XXX alloys, reducing Cu

content (2048 vs 2X24) was general ly benef ic ia l  in improving crack

growth resistance with the greatest improvement noted at low t~K.

The role of copper on fa t igue  crack growth mechanisms of both is

not completely understood. It is hypothesized that copper con tent

has a strong relat ionship on crack growth kinet ics  in presence of

moisture.  At intermediate .~sK , improved performance of 2 0 4 8  a l loys

over 2X24 alloys is attributed to increased fracture toughness L
because of lower volume f ract ion of CuA12 and Al 2CuMg .

1 . 2 . 5  Dislocation Density

Increas ing the amount of stretch in alloy 2023 after quenc ii~’;

0 increased crack propagat ion ra tes .  Based on l i f e  pred iction , in ’-

a lysis , an increase in percent s tretch from 1 to 5% increa sed  ~h

crack p rop aga t ion  ra te  and reduced f a t i g u e  l i f e .  This  d e cr U a se  ~ io

l i f e  is a t t r i b u t e d  to a decrease in  d o ic t i l i ty  or ‘, n - u ;h n e s s  i i i ,

6 0 
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consequently, a smaller capability to accommodate strain during the

fa t igue process.

1.2.6 Strengthening Precipitate Type (Temper)

The type of precipitate s igni f icant ly  af fec ted  the fat igue

crack propagation rate in 2XXX alloys at intermediate ~K. GP

zones (T3 tempers) provided a more fatigue-resistant microstructure

than did S’ t ransit ion precipitate (T8 tempers) .

- The e f f e c t  of precipitate type was related to material duc-

tility , response to cyclic loading in strain—controlled fatigue

tests , and sensitivity to moisture.  Structures containing GP
- zones were more duct ile (higher tensile elongation , energy to

propagate a crack in tear test, and notch toughness) than structures

containing S’~ prec ipitate aged to equivalent or higher monotonic

strength levels. Moreover, structures with G° zones can develop

h igher stabil ized cyclic strength af ter  repeated reversed cyclic

plastic strains. These results are in agreement with models which

-
~ predict that increasing the product of cyclic strength and duct i l i ty

decreases fatigue crack growth rate.

:~ 

‘ 

Precipitate type in 2X24 alloys had no s ign i f i can t  e f f ec t  on

crack propagation rate at lowest tK levels tested in high humidity

I air .  Convergence of growth ra te for T3 an d T8 tempers at very low

r A K levels (<3 k~~ v’ThT) was attributed to similarities in sensi—

* 
tivity to environment. Above the very low AK levels , T3 tempers

produced lower crack growth rates than T8 tempers in both high

and low humidity.

IL , 
. . ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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Precipitate morphology also a f fec t ed  f a t igue  crack propaga-

tion characteristics in 7050—type alloys. Crack growth rates

progressively decreased with increasing degree of precipitation.

Magnitude of the improvement depended on moisture content of the

surrounding atmosphere. Therefore, the phenomenon is believed to
4

- 

- result from modifications in sensitivity to the environment.

1.2.7 Environment and Test Frequency

Increasing relative humidity increased crack growth rates in

all structures, but the magnitude of the e f fec t  depended upon

microstructure, the inherent mechanical properties (viz, strength

and duc t i l i t y) ,  and kinetics of the crack growth rate process in

hostile environments. Environmentally-enhanced fatigue crack

growth was noted in low humidity environments where moisture con-

tent was sufficient to cause environment—frequency interaction.

Frequency-environment interaction was observed in both 2XXX

and 7XXX alloys. Decreasing frequency from 20 to 2 Hz in general

resulted in either comparable or higher growth rates. This effect

is attr ibuted to the greater amount of time per cycle ava ilable

¶ for environment to interact with freshly created metal surfaces.

In some 7XXX alloys , however , lowering frequency decreased crack
0 - growth rate in high humidity air. Decreasing cyclic growth rate

with reduction in frequency is attribu ted to increased corrosion

activity per cycle which blunts the crack and/or builds up cor-

ros ion residue on mating fracture surfaces , increasing cr ack

closure forces which retard crack growth. Differences in frequency

response to d i f f e r e n t  micros t ruc tures  is therefore related to crack

growth kinetics of the material—environment interaction.

8 
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1.3 Conclusions

Conclusions are presented in detail in Section 6. The most

0-

- s igni f ican t  conclusions regarding effects of microstructure and

composition are summariaed as follows.

1. Strengthening precipitate had the largest effect on
fa t igue crac~~~~ropagation rate at A K levels above
about 4 ksii/in .

2. Amounts of the major alloying elements had the largest
effect on fatigue crack propagation rate at AK levels
below about 3 ksi/r~~

3. Increas ing dislocation density as modi f ied  by s t retching
2XXx alloys after quenching had a lesser but statisti-
cally significant effect on increasing fatigue crack
propagation rate.

4. Insoluble consti tuent  part icles had l i t t l e  e f f e c t  and
dispersoid particles had no e f f ec t  on fa tigue crack
propagation rate at AK levels much below about
15 ksi/T~~ for both 2XXX and 7XXX alloys.

5. Grain size from 5 to 65 , 000 g ra ins  per mm 3 had no
effect on crack growth rate in peak and overaged
7XXX aloys.

0 , ”
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2. INTRODUCTION

Prior to the 1960’ s , a i r c ra f t  structure designers tended to

emphasize tensile yield and ultimate strengths to provide the most

favorable strength to weigr~t ratio. Introduction of linear elastic

fracture mechanics concepts , however, indicated that structural

members containing cracks could fa i l  at gross section stresses

considerably lower than the yield strength if resistance of the

material to unstable propagation of a crack (i.e., fracture tough-

ness) was low. Consequently, designers began requesting improve—

ments in fracture toughness which resulted in development of such

high toughness aluminum alloys as 2124, 7475 , etc., to increase

aircraft reliability . However, analysis of the fa i lure  mechanisms

in a i rcraf t  structural members indicates that any further  improve-

ments in aircraft reliability or structural efficiency will depend

on development of improved fat igue-resis tant  alloys.  Consequently,

need has arisen for more definitive information concerning effects

of metallurgical structure as well as alloy composition and temper

effects on resistance to fatigue crack propagation.

Improvements in fa t igue resistance to high-s t rength aluminum

alloys lie in ability to produce metal lurgical  structures which

resist formation of microstructural instabilities which can lead

to f a t i g u e  crack in i t ia t ion  and which also resist subsequent crack

growth. Toward this goal numerous investigations have been con-

ducted to identif y microstructural features which influence and

control the fa t igue  process[l to 2 1] . * However , conc lus ions

*Brackets indicate references.

10
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reached in these studies are far  from complete and have lef t  many

microstructural effects  in doubt . For example , little information

is known about the role of both strengthening precipita tes and

dispersoids (0.01 to 0.5 1,~m high temperature, solid state precipi-

• tates) in the fatigue process. In addition , the effect of la rger

(“.2 to 50 ~1m) solidification or constituent particles on fatigue

properties of aluminum alloys, although the subject of many in-

vestigations, is not well understood. Effects of grain size and

shape are also not entirely understood .

Also contributing to lack of understanding of the fatigue

behavior of aluminum alloys is the interaction between micro-

structure and testing variables such as frequency and environment.

For example , investigators[22] have shown that fatigue crack

propagation of aluminum alloys can be quite sensitive to atinos—

pheric moisture content and test frequency. Consequently, if these

variables are not controlled , e . g . ,  moisture content of ambient

lab air , confl ict ing results may be obtained by d i f fe ren t  investi-

gators. Thus, not only must effects  of microstructure be considered ,

but effects of testing variables such as environment and frequency

must also be considered since these variables certainly influence

the fat igue process through their interaction with microstructure.

The alloy design selected for  this program was purposely

intended to avoid the necessity of making comparison with fa t igue

data presently available in the l i terature since , as stated above ,

it is a d i f f i cu l t, if not impossible, task to compare data generated 

-- -- ‘ 
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in d i f f e r en t  laboratories. Therefore , all comparisons were internal

and subject to highly controlled test procedures to assure as nearly

as possible identical circumstances. This procedure provided a

* 
means to evaluate statistically the interaction of mechanical ,

microstructural , and environmental variables on fatigue crack propa-

gation.

Alloys and microstructures were selected on the premise that

other mechanical and physical requirements must be maintained if a

viable commercial aluminum alloy is to become a reality . It is

important to emphasize these la t ter  material  requirements because

any loss in yield strength or fracture toughness , for example, mus t

not be such that the material will fail by monotonic loading , yet

be “fatigue resistant.” In addition , any major alteration of

alloying elements to improve t it i gue properties must not be at the

expense of other properties such as stress-corrosion cracking (SCC)

resistance or resistance to f a t i g u e  crack in i t ia t ion. Consequently,

the approach used in this program in developing aluminum alloys

having improved resistance to fatigue crack propagation was to

res tr ict the ma jor alloying elements to the range which has been

shown to be near optimal for strength , toughness , and resistance to

SCC. Resistance to fatigue crack initiation was checked to ensure

that  improvements in propagation behavior would not lower resistance

to in i t ia t ion.

In summary , this program was designed to provide guidance on

development of optimum mic rost ruc tu res  required to resist f a t igue

12 
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crack growth in high—strength aluminum alloys while maintaining

essential mechanical and physical properties.

3. MATERIAL AND PROCEDURES

3.1 Alloy Selection

Alloys selected for this program were variants of high-strength

aluminum alloys which develop acceptable strength, toughness , and

corrosion characteristics by controlling the type and amount of

second—phase particles. In the high-strength, precipitation-

hardening aluminum alloys, three types of second-phase particles

are present which control static strength and toughness : (a )

strengthening precipitates (‘~O .00l  to 0 .5  ~m) formed during natural

or room temperature aging and artif icial or elevated temperature

aging below 400°F , (b) small (0.01 to 0.5 ~m ) solid state precipi-

tates containing Mn , Cr , or Zr called dispersoids formed at

temperatures above 750°F , and (c)  the larger (‘~.2 to 50 ~m) particles

called constituents formed during solidification by separation of

impurity elements Fe and Si (insoluble consti tuents) and alloying

elements such as Cu and Mg (partially soluble constituents). These

microstructural features encompass a range in particle sizes and

interparticle spacings from a few Angstroms to thousands of Ang-

stroms. This range in particle sizes also includes the range of

incremental crack growth normally encountered during fat igue crack

propagation tests. Thus , by employing the proper alloy design

program , effectiveness of each of the part icular  second-phase

pa rticles can be assessed with regard to fatigue crack propagation

13
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rate . Figure 1 compares the range of incremental crack growth wi th

the size* of the microstructural features in these s t ructures .

Effects of Cu content, dislocations introduced by stretching

af ter the quench from the solution heat treatment , and grain size

were also examined.

The following table summarizes the microstructural and

composition variants evaluated:

7XXX 2XXX

Type of Strengthening Precipitate Type of Strengthening Precipitate
Copper Content Dislocation Density
Amount of Constituent Amount of Constituent
Size of Dispersoid Amount of Dispersoid
Type and Amount of Dispersoid Copper Content
Grain Size

3.2  Experimentation

Listed in Table 4 are the alloys selected for this program

along with their chemical analyses. By employing various processing

techniques , a systematic variety of structures was produced . m i -

t ially,  25 different structures were produced; 13 structures based

on 7XXX series (Al-zn—Mg-Cu) aluminum alloys and 12 structures based

on 2XXX series (Al—Cu—Mg ) alloys. The 7XXX series were produced as

0.085—in, thick sheet ~~ .ia the 2XXX series as 0.065-in, thick sheet.

Af ter in itial data were analyzed , additional structures were pro-

duced by heat treatment to test new hypotheses.

*It would be more correct and meaningfu l  to have used interpart icle
spacing rather than particle size for this comparison. However ,
due to segregation of the elements such as Fe , Si , Mn , Cr , and
Zr ,  during solidification and their slow diffusion rate during sub-
sequent thermal treatments , the iriterparticle spacing is nonuniform
and is impossible to estimate meaningful ly .  Thus , the si ze of the
particles was used as indicator of the scale of these features .

L. - - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _
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3 .2 .1  Microst ructural  Examinat ion

3.2 .1 .1  Pre—Test  Charac te r i za t ion

In i t ia l  micros t ruc tural  cha rac te r i za t ion  was carr ied out us in ~
both optical and electron microscopy . These techniques provided

qualitative and quantitative information concerning these structures

from grain size measurements to the strengthening precipitate size

and shape. X—ray diffraction techniques were employed to determine

the degree of recrystallization as well as to identify the second-

phase particles . In addition , electron microprobe analysis was

used to iden t i fy  the larger const i tuent  pa r t i c l es .

Quantitative information concerning the volum e fraction of

second—phase particles greater than 1 ~jm was obtained using

Quanti tat ive Metal lurgical  System (Q M S)  equipment .  Measurements

were carried out at the highest magnification available with this

instrument, ‘U700X. At this magnification , the resolution of the

instrument is 1 pm. Seventy applications of the field , “,lO ,OOO

pm 2 per application , were applied to each structure in each spatial

direction; surface, cross-sectional and longitudinal. All measure-

ments were carried out on lightly etched metallographic specimens.

Measurements were conducted on the automatic m ode to minimize

operator errors.

3 .2 . 1 . 2  Post—Test  Charac te r i za t ion

Analysis of fatigue crack propagation fracture surfaces was

carried out using optical microscopy , scanninq electron micro-

scopy , and electron microscopy using two-stage , plastic-carbon

replica techniques. Selected spec imens were examined w i t h  these

17
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techn iques at various t~K levels to help establish the influence of

metallurgical structure on crack propagation. In addition , electron

microprobe analysis of the fat igue fracture surface was employed to

study the role of the large constituent and dispersoid particles.

-‘ 3.2.2 Static Properties

Longitudinal and transverse tensile tests were made on all

structures. Tear tests and notch-tensile tests were employed as

indicators of fracture toughness for these materials[23]. The

tear test measures energy required to propagate a crack (un it crack

propagation energy - UPE) while the notch yield ratio (NYR)

measures ability of material to deform pla stically in the presence

of a stress raiser (NYR = notch tensile strength/yield strength =

NTS/YS). Increasing UPE and/or NYR can be correlated to increasing

f rac ture  toughness.

3 . 2 . 3  Fatigue Ini t iat ion

Limited fatigue crack initiation tests were also conducted on

* 
the 25 structures. This evaluation was performed to ensure that

any of the 25 microstructural variants considered would not

seriously detract from fatigue initiation resistance. Procedure ,

C resuits , and conclusions are presented in Appendix A.

3.2.4 Fatigue Crack Propagation

All fatigue testing was conducted under a set of highly con-

trolled test conditions in constant amplitude tension-tension

loading on a closed loop electrohydraulic MTS materials test system .

I h e  test confi-~-mratjon was a 3—in, wide center crack tensic-n

s~~ec~~~en (i- i j ur- ,~ 2 )  -‘- f  the T—L orientation (direction of princi pal

18
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Figure 2 Center Crack Tension Fatigue Crack Propagation Specimen
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loading norma l to the sheet rolling direction and direction of

crack travel parallel to the rolling direction). Intermediate

level ~K tests (L~K>4 ksiVT~T) were conducted in both high humidity

air (94 to 99 percent relative humidity (R.H.)) and low humidity

air (5 to 10 percent R.H.) at room temperature (70°F). Low level

AK tests (2 to 8 ksiVT~~) were conducted in the high humidity

environment only.

Specimen crack starter notches were extended to a minimum of

0.10 in. by precracking . The original 0.20 in. machined starter

notch was fa t igue precracked to a total crack length , 2a = 0.4 in.,

prior to making fatigue crack growth measurements . All data were

generated at a stress ratio, R, minimum to maximum applied cyclic

stress, of one—third , but precracking was initiated at R = 0.05

with the requirement for tests over the intermediate levels of

AK that maximum precrack load never exceed the max imum test load.

For the low AK tests, precracking was expedited by shedding loads

in gradual stepwise increments with increasing crack length to

avoid any significant transient effect of prior load history

affecting subsequent test data. The last 5% of precracking in all

cases was accomplished at test loads and in the test environment.

The loading wave form for all tests was triangular.

Crack growth measurements were made using an optical gridline

technique where the crack was followed visually (5X magnification)

as it traversed a series of reference gridlines photographically

printed on the specimen surface. Crack travel was measured as a

function of elapsed cycles and cyclic crack growth rate averaged

20
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over the total crack length according to the following relation-

ship :

i ~~a = ~ 
2a,~ — 2a~ ...1 , ~. = 1, 2, 3,

A N .  2 L N  . 2 N . -N .~~~1 1 1 1—1

where:

2a .  = the total crack length (averaged through the

thickness) at the ~th measurement point ,

N1 = the elapsed cycles at the ~
th measurement point.

For a valid crack growth rate measurement , the increment of total

crack travel had to equal or exceed 0.02 in. The stress intensity

expression employed in determining the Aa/AN vs AK relationship

is given by the following relationship[24]:

AK = Aov’~
r’ Y 2~~ /W , i = 1, 2, 3,
1

where:
2 i .\  2 9,- .  2 1 2 9 .  \3

= 1 + 0 .128  
~~~~~~~~~ 

0 . 2 8 8 (_ ~ .l*
) 

+

and where Ao is the applied gross stress range (u max amin) , W

the total specimen width , and 22 ,~ , the intermediate total crack

length within the ~th increment of growth; that is,

= 1/2(2a 1, + 2a j _j j .

3.2.4.1 Intermediate AK Tests (AK 4 to 20 ksi/ii)~~

The nominal applied maximum gross stress, °max’ was 8 ksi for

all tests. Within a single test, the effect of frequency of load

application was assessed by “frequency switching” between 2 and 20

Hz. Table S gives a schedule of center notch specimen loading

21 
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conditions for all tests. Over the crack growth range of interest,

this procedure was followed for all spec imens to achieve max imum

and uniform data for meaningful statistical analysis. Some pilot

tests were run on selected 7XXX structures to observe reproduci-

bility of data. Good reproducibility was confirmed using two or

three replicate tests (for example , Figure 3). Good agreement was

also observed in overlapping data for low and intermediate AK

tests (Figure 4 and Appendix E).

3.2.4.2 Low AK (AK 2 to 8 ksi/IPiT)

After preliminary analysis of results of the intermediate AK

tests, some structures (1, 3, 4, 9, 10, 11, 13, 16, 17, 21, 24)

were tested in high humidity environment only at nominal test

frequencies of 20 or 50 Hz. Limited data were obtained at 2 Hz.

The growth rate range was chosen to ensure overlapping between

high and low ranges. Precracking loads and load ranges were

successively reduced in small increments when approaching the

test loads to avoid any transient effect. Once desired low crack

growth rates were achieved during precrack , cyclic test loads were

* established and held constant for accumulation of crack growth

rate data.

4. RESULTS

4. 1 Microstructural Characterization

A summary of the microstructural  features resulting from the

selected alloy and fabrication procedures is given in Tables 6 and

7. In Addition , Figures 5 to 33 serve to illustrate the micro-

‘ structural features described in Tables 6 and 7.
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Hqur~ 27 Tr ansmiss ion Electron Micrograph of 7475-T 6 1 , Structure No. 11 ,
Ill ustrat ing the Larger , More Widely Spaced A I 12 Mg2 Cr
Dispersoid . Compare with Structure No. 12 . 7475-T6 , Figure 28
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More detailed volume fraction measurements than those given

in Tables 6 and 7 of both insoluble and soluble constituent par-

ticles greater than 1 ji are given in Table 8. For the 2XXX alloys ,

A17Cu2Fe , A112 (Fe,Mn)3 Si, A12CuMg , CuA 12, and possibly minor

amounts of Mg2Si were included in the volume fraction measurements,

The volume fraction measurements from the cross—section and the

longitudinal sections agree reasonably well while the volume

fraction m easured from the surface gave a higher result. This be-

havior is consistent with results reported by El-Soudani and

Pelloux [25] who found that when total number of grid applications

was less than the number required for the volume fraction to con—

verge in all three spatial directions , the volume fraction measured

from the surface gave a higher value. Although convergence of the

volume percent on the cross-section and longitudinal planes does

not necessarily indicate the true volume fraction, it is believed

that this does represent a value which is sufficient to characterize

the volume fraction of large constituent particles in this alloy.

Thus , a 2.2 volume percent of constituent greater than 1 jim in

2024 should represent a reasonable estimate. By decreasing the

amount of Fe and Si (and Cu by 0.2 wt.%), the volume percent con—

st i tuent  was reduced to approximately 1.40 (2124). By reducing the

Cu anothe r one percent ( 2 0 4 8 ) ,  the volume percent of constituent

particles was decreased fourfold to 0.50.

In addit ion to reducing  the volume percent of pa r t i c les  by

decreasing the amount of Fe , Si , and Cu , the range  in total con-

stituent particle area (a measure of the size of particles) was
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also roducod  s r -~ificuntl~ -’ , i - u i  t ,iI2 i~~rl~ in the lur e pa r t i c l e

L 3 r ~~~~. i- oi e X u~~~~ 1~~- , pui t i 1 les in  2 0 2 4  h a v i n g  a total area of

200—300 ~~~~~~
- -,ç~~ j~~ t n~~~~~~~~~ InLII~~~u , wLi le  in 2048 th~ number of these

l a r g e  s i ze  p ar t i c l e s  ~‘ - u - ~ reduced,

nithough the only n c : i na ]  diffLlence in composition between

all~- ,- X7080 (hiCu) and 7050 is the ~1n uut~sLitution for the Zr , the

Vol h o C  peLcent of c o n st it ~~e~it put t id es greater than 1 i~m was

ui- )nificuntl y different ( F i I j u r e  3 4 ) .  Alloy 7050 had a volume per—

-rent.  nour 1.0 while in i~7 0 t ~O ( h i C u )  the vol ume percent const i tuent

p at  t. id es was h et w o~~n 0. u-- 0. 1. Tho t -- -~~r VI - t u oe fraction of con—

s ni tu ~~nt  . ar t i~~t e s  in X i0~~0(hiCu) C d I A  L~~ ait :ilut ed to the presence

of Al ,~ ~-1 n 3 Cu 2 O I S p C L S O I Ü  ~~u-i tii~ i owe~ t’tj  Contant which precluded

the ro rii~ition of Al Cu ~1~ parti~;les (S—phase). In 7050 (no Cu—

C- l Lt a i l . i n — J  d 1s~ - e r s l J i u) ,  t~ e amount of free l u  was greater than in

:~7080 (hici~) and this iesul to- .I i n  t h e  ~uj ~o t ion  of the S—phase

(Al.C dl-b ) , a n -~ t hus C~ j O t L  i b u to-e  L’.~ a h i u h e l  volume f raction of

o~ nstiLuent. The ~ ,-iiaifl i n-~ consti tuents a oscot in these materials

~re AL7Cu F e  and ~ J2 S1 -~~ rticles .

A -eo~ jul 151:0 01 to~ volume L action of -2-)nstituents (Al 7Cu2 Fe ,

i-~l 12 (~ e,Mn)3 Si , FeA l~~, and IIH 2S±) iu the 7075 and the high purity

‘,-~~is ion , 74,5 (no A1 12 (Fe ,Mn )3 Si and FeA l~~), rc-tlects the lower Fe

and S~ e~~ I h t c n t  ~-iusei~t in 7475 (Table 8). ~ot only is volu me

ftuytjon reduced , but t~~~e ranqe of tI -t al par t icl e ur ea (a measure

o~ size of the -articles) is alSO smal ler in the 7475. The volume

;je r -ehi t or I : U I e - t  ktuCnt s 1 -~~ 7075 of 1 .20—1. 30 is in cn~reement with

~~1iC wI rk ( ) t  E I a O U C I  1I ’ ~I - 1 1 1 1 I 1 l - -ah .~ [ 2 5 ]  who r --oo r~ a voluro

- - ,_

~ 

-

~~~~~~
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Microstruct ure of X7 080 (hi Cu )-T76 , Structure No. 8, Reveal ing
the Large Constituent Particles and Smaller Al~Cu2Mn3
Dispersoid Particles (500X )
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Microstructure of 7050-176, Structure No. 1, Revealing
the Large Constituent Partic les. (500X )

Figure 34 Microstructure of X7 080 (hi Cu ) -T76 and 7050-176
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l or C -~flt -~ f ~“ n s ~ i t U O f l t  S f o r  7 ~7 S of similar  Fe aud Si conte nt n -F

1 .30- 1 .40 .

One poi it w or t h  n ot i~~q c on c er n ing  these  r h : s u ~~emenl t ~ i tOn

t !ia automa od system measu res  a] . 1 areas  t o  t an p e u r  dark  in t~~e

~t - r j - ’ t n r e .  Thus , voids  and c racks , if p -se~~ t , wi l l  to - is Lot  and

be inc luded in the measurement  of the volun:e p e r c e n t .  A l l o y s

7 3 7 3  T6 and 7075 ’-T6 had a s l i g h t l y  h igh et  number of vo ids  prese t

~~ h~~fl u sua l ly found in commercial ly  produced m a t e r i a l;  h ’ — ,- a ’ -~er ,

en- :~~ I ar i so P  of test  resu l t s  wi th  those f o r  coh I n - e rc i a l  7 4 7 5  and 7 0 7 5

i: ilca tes  i n - i t  these void s did not affect t I n  static or ryc ]J,c 

- :han io’al  u r o p o rt i e s .  A l loys  2 0 2 4 — T 3 , 2 12 4 — T 3  , and 2 0 4 8 — T 3  hu d

voids or c racks  associated w i t h  l a r g e  ‘ n ~- t i t u- ? nt  a~~~icles ,

Fi~~ i r - e 35.  A l l a y s  X 7 0 8 0 — T 7 6 ( h i C u )  and 7 0 5 0 — T 7 ’3  co~~t - a in o 1  very

‘c’~: voids , which , when present , were extrer:iy small .

-1 . 2 S t-~~~~iy P rop er ties

A R I i r l n a r y  o f t ens i le, n o t c h — t e n s il e , and t o - i  ;~rc~ ct - t i e s  1:- f

a l l  ~ r 1 l ~’t.h1 re s i~ g in e n  in Tab 1e~ ~ to 13. F igures  36 to 39 show

the  t o l ’ ;h n o s s  measured by U PE and N i S / Y S  as a f u n c t ion  ef  y ield

5t r e ngt h .  D i s cu s si on  of the relationship batwo~ n microstruotere

a r d  toughness is presented  in Appendix  P .

4 . 3  Fat,~~~ue C iack  Pro~~ ,~~~tion Tests

4 . 3 . 1  Methods of Ana lys i s

In - a ’n i’ n st an i ’es i n hn r e n t  sca 4- t er  of c rack or owth  ra ” e i n —

fo r i - i - i t i n n , gene r a l ly  p l o t t e d  as log 3a/ ~0 vs l o -j  ~~ , is s u f f ic i e n t

ti  2 0 0 f c ) U r h i I  r an k  r ig  of f a t ig u e  cm vi: - i t o - e t h  r a te  n r r f or r : i r , ( - e  ot
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f a t igue  crack propagation cha rac te r i s t ics .  Much of the varia-

bility may be attributed to test technique, thereby justifying the

concern for tight experimental controls maintained throughout this

proy ram.

Crack growth rate data were analyzed using d i f f e r e n t  approaches.

Visual side by side c on j ar i s o n  of Aa/ .N vs ~K data points for dif-

ferent microstr~~c tures  were made to ascer tain qualitative differences.

This method affords assessment of main e f f e cts on crack ~rowth rate

but eva lua t ion  of in teract ion e f f e c t s  of mic ros t ruc tu re , envi ronment ,

and test  f reLjuency  becomes d i f f i c u l t .

A n a l y s i s  of var iance was used to es t ima te the main  e f f e c t s  and

interact ions of m ic ros t ruc tu ra l  and tes t ing var iables  on f a t i g u e

crack growth rate at discrete levels of A K .  Since a two—level

factorial design was used , the Yates algorithm {26] provided a con-

venient method to estimate effects.*

one approach using the Yates analysis , crack growth rate ,

was considered as a dependent variable at distinct levels

of stress intensity range , K , of 6 and 16 ksi~T~~ Growth rate

• information to - K  levels as h i g h  as 16 ksi ’~~~. was not obta ined for

all structures and conditions . However , sufficient growth rate

data was available at lower ‘K in all cases to make reasonable

ex t rapo la t ion  to ~~~K = 16 ksi/I ’~~ The method of e x t r a p o l a t i o n  was

t-,-~ ical of tnat shown in Figure 40 used for cyclic life estimations

— discussed in the fo l lowing  p a r a g r a p h .

*A 9~~% con f idenco  level was used to assess whethor effc-cts were
s i - ; n i f i c a n t.
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Another approach was to analyze influence of different variables

on cyclic life. Cyclic life is a meaningful parameter directly

related to end product use. Using cyclic life rather than growth

rate afforded an alternate means of ranking fatigue crack propaga-

tion performance by which alloy differences can be viewed more

sensitively. To maximize amount of information per test, inter-

mediate AK data was generated at two levels of test frequency per

specimen. Therefore , straight comparison of crack length vs cycles

(a vs N) information of each test would be impractical , since all

specimens did not undergo identical load histories. However,

cyclic life estimates derived from fracture mechanics analysis of

fatigue crack growth rate data , two frequencies per test , provided

two estimated a vs N curves per test, one for each fres~uenc y (2 and

20 Hz). This method was used to both supplement and verif y con-

clusions drawn from comparison of crack growth rate at specific L-.K

values. Like crack growth rate , predicted fatigue life was employed

as a dependent variable in the Yates analysis.

Cyclic life (number of stress cycles) required to grow a

crack from a given initial to final size in the 3—inch wide center

crack tension configuration was computed employing a linear damage

approach and crack growth rate information generated for each of

the mic ros t ruc tu res ,  environments , and frequencies. The computa-

tions performed assumed i n i t i a l  half crack length , “ a ,” of .3~ 3

inch and a final “a” value of 1.1 inch. The assumed applied

stresses were constant amplitude and set at -~ -‘ 
8 ksi andma

R = t
min/Cmax = 1/3. At  t h i s  st r ess level , ‘K iatiual ed 6 and

73
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i S  ksi~T~T , respectively, f o r  cacti of the above ‘ a” values. These

bounds on crack l eng th  and i n t e r m ed i a t e  AK levels were select ~e:

since all s t ruc tures  had ~sadni ~-~--~f u l  dat . a gen~ r~0ted at two frequ’ ncies

w it h i n  the stated ranges. Moreover , she  range in crack g r o w t h

ra tes  and :K  t raversed in t h i s  study ar e  r ep re sen ta t i ve  of v a l u e s

- 2 0:aL t CEC d in actual service.  C r i t ica l  levels of f r a c t u r e  tough—

S I C S S , K~~, developed f o r  7>~X~ arid 2 XXX a l lows  in r1( rI : ina l  . O ~~3 inch

gavi :~eb would  t yp ica l ly  be ‘,~~~11 above 2 2 . 5  ksi i u . ,  the maximum

cycl ic  s t ress  intuns ity , K ,~~~~~~. , at ~K = 15 fo r  H = 1/3. Therefore ,

the K = 15 ks~~-Tn . uppe r  bound chosen  f o r  l i f e  compar i sons  was

co:~~- , i c~ereu  to be low enough such t t i t  se s u i t s  over Lh ~~ s t a t ed  ~K

range  would  n ot  be ~:~t a i r i , - b iased b’: d i  : f e rences  o F .  To- - c

f a -  i i  it u t e r s r a c 1 c r - ::-:t :~ i comp- it at l o n , a ser ies  or I s loC ewise  con-

t inuous  “b ts : :t  f i t ’ s r s s i c i i t  lines  wer e  s e l e c t ed  to best represent

the crack growth  r a t e  in t o r ma t i o n  fo r  e ach  sot of c o n d i t i o n s .

~‘~‘p ical  f i t s  to ac tua l  da ta  are  St cGV:5l i:s p lots  in F i g u r e  4 0 .

41 F r a c t u r e  m e c han i c s  l i f e  pr ed i c t i o n s  e s t ab l i sh ed  in the -above

- I n n e r  from -d a t a  of r ep l i cat e  i i i te nn e i i ut e  : K  c r ack  g rowth  tests

ot  j o u r  7 X X X  alloys were dp s : i :o n su r at ec i  to  be h .r :~~h 1~~~
’ Cl r educ ib le

( i a b i c  1 4) .  A to ta l  of ten crack gr o wt h  s p e c iE -e n s  were  i d e n t i c a l ly
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differed by approximately 30%); refer to Table 14 and also to

section 4.3.2.2.3. The greater degree of variability noted under

these circumstances was tentat~ively attributed to the high

• sensitivity of fatigue crack growth rate to small changes in

moisture content for Al—Cu—Mg alloys tested in low humidity air

and at high frequencies. See section 5.2.1 and Figure 67.

Efficiency of the full-factorial design can be appreciated by

considering the experimental module containing Structures 14 through

21 (refer to section 4.3.2.2.1). The 2~ full—factorial design of

three microstructural features (constituent , dispersoid , and pre-

cipitate) and two testing variants (frequency and environment)

required 16 specimens (two frequencies per specimen). The informa-

• tion provided on any one of the effects was the same as that which

would be available had all 16 specimens been tested to study one

of the effects.

• In summary , conclusions developed in this investigation for

intermediate levels of ~K (4 to 20 ksiVThT) were based upon both

visual and statistical examination of crack growth rate data and

estimated cyclic life. Because low L~K tests were limited , it was

not possible to employ statistical methods. Consequently, all

conclusions concerning these low ~K tests were made using visual

comparisons of generated data.

4.3.2 Crack Growth Results

4.3.2.1 7XXX Alloys

4.3.2.1.1 Type of Dispersoid
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This module was designed to provide information regarding

relative merits of ZrA13 and Al20Cu2Mn3 dispersoids separately and

• in combination:

Weight, %
Alloy—Temper Structure Zr ~n a
7050—T76 1 0.11 0.01
7050+Mn—T76 2 0.11 0.40
X7080(hjCu)—T76 3 0.01 0.39

Intermediate ~K (Figures C—l to C_6)*

• Sa — --• —~~~ (10 in./cycle)
Life , Cycles — - --— — ________—

AK = 6 to 15 kgi/L~. A K 6 ksi/Ii~. A K 16 ksi/t ~~.
High Humidity Low Humidity High Humidi ty  Low Humidi ty  ‘Ugh Hu midity Low Humidity

Structure 2/20 Hz 2/20 Hz 2/20 Hz 2 /20  Hz 2 / 2 0  Hz 2/20 Hz

1. 6 2 0 5 6 / 4 7 6 2 0  97590/98108 3,8/4.8 2.7/2.7 47/6;~ 36 /36 *

2 82572/69100 103668/119574 3.0/3.5 2.4/1.8 46/69* 40/32*

3 77378/52051 112513/120935 2.8/4.4 2.0/1.7 68/106* 45/29

~~~~~~~ deterTnined by extrapolation.

• Since this module was not a complete factorial design (0.0%

• Zr with0.0% Mn is absent), Yates analysis was performed by corn—

paring results for each structure against one another. Predicted

lives and crack propagation rates for the three structures were

not significantly different.

Increasing the moisture content of the test environment from

• 5 to 95% R.H. significantly increased crack propagation rates ,

while decreasing the frequency in high humidity air decreased rates.

Low t~K (Figures D-1 and D—2)

No difference in crack growth rate was observed between

Structures 1 (7050—T76) and 3 (X7080(hiCu)—T76).
I

4.3.2.1.2 Copper Content
• I

• 
• *Fjgure prefixes C, D, or E refer to Appendix C, D, or E,

• respectively.



Comparison of these structures permitted determination of

the effect of Cu content on crack propagation rate in 7050-type

alloys:

Weight, %
Alloy-Temper Structure Cu —

X7 0 80(hiC u ) — T 7 6  3 2 .3
X7 0 80— T76 4 0 .99

Intermediate ~K (Figures C—5 to C—B)

.-
~~~ 

(10-6 in./cycle)
Life , Cycles

AK • 6 to 15 ksi/3~~. A K = 6 ksi/I ~~. AK = 16 ksi/I~ .
High Humidity Low Humidity High Humidity Low Humidity High Humidity Low Humi dity

Structure 2/20 Hz 2/20 Hz 2/20 Hz 2/2 0 Hz 2/20 Yz 2/20 Hz

3 7 7 3 7 8/ 5 2 0 5 1  112513/120935  2 . 8 / 4 . 4  2 . 0 / 1 . 7  68/ 106 4 5 / 2 9 *

4 3 5 4 0 4 / 2 6 8 5 2  90679/ 91410  7 . 0 / 8 . 4  2 . 7/ 2 . 7 8 0/ 8 7 *  3 5 / 3 5 *

* Value determined by extrapolation.

Magnitude of the effect  of Cu depended on humidity level. In

low humidity air, Structure 4 had slightly shorter life and some-

[ 

what higher crack growth rate. In high humidity air,  however ,

Structure 4 had significantly shorter predicted l i fe and higher

crack growth rates. Frequency effects were not changed by copper.

Low t~K (Figures D—2 and D-3)

‘H In high humidity air , growth rates of Structure 4 (X7 080 -T76)

and Structure 3 (X708 0(hiCu ) -T76) converged at ~K of about 4 to

5 ksi(i~~ At t~K levels below 4 ksi/ThT, the lower Cu structure

had lower crack growth rate .

4 .3 .2 .1 .3  Strengthening Precipitate Type

Structures 5, 6, and 7 were experimental tempers designed to

provide information concerning influence of precipitate type in

alloy 7050. These structures were produced using non-convent ional

precipitation heat treatments at temperatures well above that used
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in commercial practice. After employing these aging practices,

different amounts of S—phase , S , n, and ~ precipitates were

produced. Results are compared with those of 7050—T76, Structure 1.

Amount and Type of
Alloy-Temper Structure 

— Precipitate

7050—T76 1
7050—TX1 5 (S , r i ,  n )
7050—Tx2 6 Small S with large (S ,~~,n )
7050—TX3 7 Medium S with (

~ , n~ )

Intermediate ~tK (Figures C—i, 2, 9 to 14) 

~~~ (10-6 in./cycle)
Life, Cycles

AK = 6 to 15 )~sj /ij~~. AK 6 ka i/i~~ _ ._ __/~K 16 ksi/ ~~~.
High Humidity Low HumidT~~ Hig h 1~umidity Low Humid i ty  High H umidity Low Humidity

Structure 2/20 Hz 2/20 Hz 2 /20  H z 2/20 Hz ~~~~0 Hz Hz

1 62056/47620 97590/98] 178 3.0- 4.8 2.7/2.1 47/69* 3t 37~

5 62155/62730 103528/103350 4.9/4 .9 2.7/2.7 40/40 30/30*

6 76783/77663 144871/148269 3.4/3.4 1.6/1.6 47/47’ 35/35*

7 84945/ 83909 109033/129900 3 .2 / 3 . 2  2 . 2 / 2 . 1  49 */49* 4 0 / 2 5

* Value dete re ined b” extra p olat ion.

The degree of precipitation increased progressively in

Structures 1, 5, 7, and 6, respectively . In low humidity air,

crack growth life showed progressive improvement with degree of

precipitation. Structure 6 showed significantly longer life than

Structures 1, 5, or 7. In high humidity air, life was shortest

for Structures 1 and 5, while lives of Structures 6 and 7 were

approximately the same. No frequency effects were observed in the

experimental tempers.

4.3.2.1.4 Grain Size

These structures were designed to evaluate the effect of grain

size in the hiCu 7XXX alloys (7050-type~ :
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Grain Size, mm
• Alloy-Temper Structure LT T Long. grains/mm~

X7080(hiCu)—T76 3 0.055 0.017 0.055 20,000
X7080(hiCu)—T76 8 1.00 0.20 1.0 5

Intermediate 13K (Fig~ures C—S, 6, 15, and 16)

—~~~~ (10—6 in./cycle )
L i fe , Cycles

A K 6 t o lS ksi/ii~. A K . 6 k s i / i i~. AK ~~~~ 16 ksiv’i~~.
Hi gh Humidity Low Humidity High Humidity Low Humidity High Humidity Low Humidity

Structure 2/20 Hz 2/20 Hz 2/20 Hz 2/20 H z 2/20 Hz 2/20 Hz

3 7 7 3 7 8 / 5 2 0 5 1  1 1 2 5 1 3/ 1 2 0 93 5  2 . 8 / 4 . 4  2 . 0 / 1 . 7  68/106* 45/29*

8 84 2 0 1 / 5 4 1 5 5  l003S6/ 107631  3 . 0 / 4 . 0  2 . 4 / 2 . 0  47/ 70*  4 5 / 3 6 *

* Valu e determined by extrapolation .

Although the grain size differed by more than one order of

magnitude, the predicted fatigue lives and crack propagation rates

were not significantly different. Increasing relative humidity

decreased life for both structures. Frequency effects of both

structures were comparable.

The effects of grain size were also established in a 7075—

type alloy:

Grain Size, mm
Allqy-Temper Structure LT T L grains/mm 3

7075—T61 9 0.033 0.011 0.039 65,000
7075—T6l 13 0.125 0.015 0.10 5,000

Intermediate AK (Figures C—l7 to 19 and C—28, 29)

(10~~ in./ cy cle)
Li fe ,  Cycl es —____________________________ . .— - —

A l ( — 6 t o 15 k.j/I~~. t1I? 6 kIi/t ~~. tlK . 16 kij /i~~,High Humidity Low Husldit y High Humidity Low Humidity High Hum idity LOW HiimiATty
Structur . 2120 H: 2/20 Hz 2 /20 Hz 2/20 H z 2/20 H : 2/20 Hz

9 2 2 7 2 ~~/ 6 l 5 l ~~ 10 7 8 8 8 / 14 2 2 2 0  1 .~~~ 3 , 5~ 2 , 2 / 1 .6 46~ 4 4 ~~ 4 1 ,‘ J ~
13 1, ’, , 1 4  ‘ . 0 2 R  1 0 2 8 2 3 / 1 0 5 2 4 6  4 . 2  ‘ 4 . 6  2 . 4 / 2 , 2  I ~~~~~~~~ I’ .

2 • ‘  ~7 -~‘ f l l 1  IS,’ 1~~”r . 1~~.- ’-  I two t .*1~~ .

The lower performance of Structure 13 with coarse grain size

was not statistically significant.
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Grain size did not alter the frequency-environment effects

pr~vious1y noted for 7X75-T6 structure.

Low AK (Figures D—4, D—7)

Structures 9 and 13 had similar crack propagation rates at low

AK in high humidity air.

4.3.2.1.5 Dispersoid-Constituent

These structures were designed to evaluate individual and

combined effects of increasing th~ A112Mg2Cr dispersoid size and

spacing and of decreasing volume fraction of A17Cu2Fe, A112(Fe,Mn)3Si,

FeAl6, and Mg2 Si insoluble constituents:

Vol % of Size and
Constituents; Spacing
A17Cu2Fe, Al 12Mg2Cr*

Alloy—Temper Structure Mg9Si, etc. Dispersoid
a

7075—T61 9 1.20 Large
7075—T6 10 1.20 Normal
7475—T61 11 0.50 Large
7475—T6 12 0.50 Normal

*See Figures 27 and 28 for comparison of size and spacing
of A1 12 Mg2 Cr dispersoid .

Intermediate AK (Figures C-17 to C-27)

(10— 6 in./cycle)
Life , Cycles - --y - — — —  

AK — 6 to 15 ksi/ii~. AX 6 kai/ti~. I AX — 16 ksj 1T~ .
High Humidity Low Hti~61d[ty High Humidity Low Humid i ty  High Humid i ty  Low Humid i ty

Structure 2/20 Hz 2/20 Hz 2/20 Hz 2/20 Hz 2/20 Hz - 2/20 Hz

9 72272~
’/63565~ 10788 0 / 142228  3~~7t / 3 • 9 t’ 2 .2 / 1 . 6  45 1 /4 4 5*5 46/23’~10 63 353/55993 88442 / 107824  4 . 0 / 4 . 5  2 . 4 / 2 . 0  88/5 4 cc  88/5 0k

11 73407/ 55989 302968/ l0739 1~ 4 .0 / 4 .5  2 .6 / 2 . 5  36/54** 32/34”
12 72 569/57560  96624/1 l6 51i  3.8 8/ 4 .4 * 2 . 7** /2 .2  42~~/56 ’ 37/18’’

V a l u e  determined by e x t r a p o l a t i o n .
1 Value represents  the average  of two tests.
* Value  rep re sen t s  the  average of three tes t5 ,

81
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Predicted lives of standard alloy 7075-T6 (normal size Cr

dispersoids and higher volume fraction of constituents) were

shorter than lives of the other structures, and crack growth rate

analysis indicated that the difference was due to the faster crack

growth rate at the higher levels of AK.

Increasing the moisture content decreased life and increased

crack growth rate. Main frequency effects were not statistically

significant, but a frequency-environment interaction was noted .

Increasing frequency in high humidity air and decreasing frequency

in low humidity air both increased crack growth rate.

Low AK (Figures D—4 to D-6)

At these low AK levels in high humidity air, no difference

in crack growth rates was observed for Structures 9 (7075-T61),

10 (7075—T6), and 11 (7475—T61).

4.3.2.2 2XXX Alloys

4.3.2.2.1 Constituent, Dispersoid, and Strengthening Precipitate

These structures were designed to provide a complete factorial

design experiment of main effects and interactions of volume

fraction of A12QCu2Mn3 dispersoid , volume fraction insoluble con—

stituents (vis~ Al7Cu2Fe, Alj2 (Fe,Mn)3Si, Al2CuMg , and Mg2Si), and

temper (initial dislocation density and precipitate.

Volume Fraction Volume Fraction
A12OCu2Mn3 Insoluble

Alloy-Temper Structure 
— 
Dispersoid Constituent

2024 (hiMn)—T3l 14 0.026 0.022
2l24 (hiMn)—T3l 15 0.026 0.014
2024(loMn)—T31 16 0.011 0.022
2124(loMn)—T3l 17 0.011 0.014
2024 (hiMn)—T86 18 0.026 0.022
2124 (hiMn)—T86 19 0.026 0.014
2024(loMn)—T86 20 0.011 0.022
2124 ULoMn)—T86 21 0.011 0.014 
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Intermediate AK (Figures C-30 to C-45)

Li fe ,  Cycles 
(10-6 in./cycle)

________________________ 6 ksi/Ii~. J A K  16 ksi/1i . 
- -

A K = 6  to l5 1csi/35~. ________________

High Humidity Low Humidity High Humidi ty  Low H um i l i ty  High Humid i ty  Low H umi di t y
Structure 2/20 Hz 2/20 Hz I 2/20  Hz 2/20 Hz 2/20 Hz 2/20  H z______________________________________________________________________ _________________________________________________________________ _______________________________________________________________________

14 105981/125743 183385/382188 2.6/2 .4 1.3/0.64 40/22’’ 24/6.5”15 I 167239/173333 198266/312773 I 1 .6/1 .6  1.3/ 0 .89  2 2 / 2 2 * *  19/6 .4 ’ ’16 1 6 2 2 5 6 / 1 5 9 1 0 2  17 1 4 2 7 / 3 9 8 0 0 0  1. 4/ 1 .4  1 . 3 / 0 . 7 8  3 1/ 2 5 * *  2 1 / 5 . € * *17 157168/117310 215177/318270 1.6/1.6 l.l ,’0.70 23/16” 22/9 .0**15 90998/99453 103920/126321 2.1/2.1 1.8/1.8 120/62** 127/45**19 I 96484/100867 125747/220731 2.2/2 .2 1.7/1.1 i1’52” 66!30**20 8 7 2 2 5 / 8 6 7 4 5  1 18 9 0 0/ 1 6 5 2 9 8  2 . 4 / 2 .4 1 . 6 / 1 . 5  34 5 / 1 4 5”  144/27”21 I 107846/111187 120575/161659 I 2.1/2 .1 1.7/1.5 44**/44** 64/19**
“Value determined by extrapolation.

Key results of analyses are presented graphically in Figures

41 and 42.

Analysis indicated that Mn dispersoid had no main effect and

did not interact with other microstructural features or with test

conditions to influence results.

Volume fraction of insoluble constituent had no effect in the

T31 temper. In the T86 temper , mean (averaged on both frequencies

and environments) predicted lives of alloys with the lower volume

fraction averaged about 35% longer. T86 temper structures con-

tam ing low volume fraction of constituent had lower crack propa-

gation rates at AK of 16 ksi v’ThT , and visual analysis of data

indicated that magnitude of the difference increased with increasing

AK. Mean crack propagation rates of the lower volume constituent

material at A K of 6 ksi/L~T were also lower, but this difference was

not found to be statistically significant at the 95% confidence

level.

Temper produced the largest microstructural effect. Mean

predicted lives of the T31 temper structures (GP zones , 1%

Ft.. 83 
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stretch) were about 75% longer than those of the T86 temper

structures (S’ precipitate , 5% stretch) and crack growth rates

were lower, particularly at the higher levels of AK .

Test frequency and environment both influenced results.

Structures tested in the high humidity environment had shorter

predicted lives and higher crack growth rates at both levels of

AK. Frequency had no effect in the high humidity environment. In

low humidity environment , all structures tested at 20 Hz had longer

predicted lives and lower crack growth rates.

Low AK (Figures D—8 to D-l0)

No difference was observed between crack growth rates of

Structure 16 (2024(loMn)—T31) and 17 (2124(loMn)—T3l). Structure

17 did , however , have a significantly lower crack growth rate

than Structure 21 (2124(loMn)—T86) at AK above about 3 ksi/ThT

Below ~K “~2.5 ksiVT~~ , Structures 17 and 21 had similar growth

rates.

4.3.2.2.2 Dislocation Density-Strengthening Precipitate

These structures extablishcd the interaction between type of

strengthening Lirecipitate and the dislocation c ensity introduced by

stretching after the quench front the solution heat treatment

temperature.
Dislocation

Alloy-Tern~er Structure Density Precipitate

2024 (loMn)-T3l 16 Low GP
2024 (loMn)—T36 22 High GP
2024 (loMn)—T8l 23 Low S
2024 (loMn )—T86 20 High S

~~~~~~
- 

_ _  
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Intermediate AK (Figures C—34, 35, 42, 43, 46 to 49)

iSa _.~~ - I .
—r~ (10 in./cycle)

L i f e , Cycles .__.~~~~~~~~~~~ _ L L~~~~_ ___ ______

- 
OK = 6 to 15 ksi/[~~. OK = 6 ksi/I~~. J OK 16 ksi/i~~.

High Humidi ty  Low Humid i ty  High H u m i d i t y  Low H u m i d i t y  I H igh  Humid i ty  Low H um i d i t y
Struc.ure 2/20 Hz 2/20 liz I 2 / 2 0  Hz 

— 
2/20 Hz 2/20 Hz 2/20 Hz

16 162 25(1159102 171427/398000 1. 4 1. 1  1 . 3/ 0 . 78  3 1/25* 2 1/5 ( *
22 111106/125593 180364/363196 2.2/1.7 1.3/0.70 37/37* 26/6 2*
23 94871/110231 141220/193256 2.2/2.2 1.6/1.3 65/48* S 1 ’ 2 :~
20 ~ 7 2 2 7 , ’ 5 ( S 4 5 118900/165290 1 2.2 ‘2.2 1.7/1.1 (.1 2*

* Valu ’ t~~iii i e~ i i ~’, “~~t r a ” O 1 a tj o z - -

Increasing the amount of stretch decreased life , particularly

in T8 tempers. Growth rate analysis indicated that the propagation

rates of the T86 temper sheet were significantly higher than those

of the T81 temper sheet at AK = 16 ksi/ThT

Stretching had no effect on the interactions of frequency

and environment.

4.3.2.2.3 Copper Content—Strengthening Precipitate

These structures provided information on the effects of de—

creasing the Cu content in 2XXX alloys aged to two different

tempers.

Alloy-Temper Structure Cu Content H

2124 (loMn)—T31 17 4.10
2048 T3l 24 3.25
2124 (loMn )—T86 21 4.10
2048—T86 25 3.25
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Intermediate_AK (Figures C~ 36 L 37, 44, 45, 50 to 54)

~~~~~ 
{10~~~ in ./cycle)

I L i f e , Cycles
OK 6 to 15 ksi/ti ~. OK = 6 ksi / t~~. 616 = 1 6  ksi/3L

High Humidity Low Humidi ty  High Humidity Low Humidity High Humidity Low Humidity

o Structure 2/20 Hz 2/20 Hz 2/20 Hz 2/20 Hz 2/20 Hz 2/20 Hz

17 117168/107310 215177/318270 1.6/1.6 1.1/0.70 23/16* 22/9.0’

24 183598/1 96000 2 2 9 4 5 9 t/372850 1.5/1.3 Ø~ 88 t/0~~57 t 18/ 16* 25t,20t ,

258362/4220611’ 0.71/0.44 • 34/22’
200556/323638J 1.1 /0.70 15/17’

21 107846/111387 120575/361659 2.1/2.1 1.7/1.5 44*/44* 64/19’
• 25 130420/125242 186757/197441 . 1.8/1.8 l.2’/l.l 34/27’ 26/17’

* Value determined by extrapolation .
* Value represents the average of two tests.

Values from individual tests. Two hr . discussion of this variabili ty.
R e f e r  t~- Sections 4.3.1 and 5.2.1.

In high humidity air, 2048 had longer life and lower crack

growth rate than 2124 in both tempers. Alloy 2048-T86 also had

• longer life and lower crack growth rate than 2124-T86 in low

humidity air.

The initial test of 2048-T31 in low humidity air indicated

that fatigue life of 2048—T31 was far superior to that of 2l24—T31

at a frequency of 20 Hz. A retest was run on 2048-T3l in low

humidity air to verify this outstanding result, but estimated life

from the second test was no different from that of 2l24-T3l.

Cu content had no effect on the environment—frequency

interaction.

Low AK (Figures D-9 to D-ll)

In the low AI~ range and in high humidity , crack growth

resistance of 2048-T3l was better than that of 2124-T31.

4.4 Supplementary Structures to Study Precipitate M~~phology

88
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• Preliminary analysis indicated that precipitate morphology

had the largest effec t on fat igue crack propagation rate. To

provide supplementary information , one additional 2024 temper

(Structure 26) and two additional 7050 tempers (Structures 27

and 28) were produced and tested .

4.4.1 Overaged 2024

Structure 26, 2024—T8X , was prepared by solution heat treating ,

quenching, stretching to flatten , and aging 7 hours at 475°F. The

precipitate structure was S platelets (Table 7) and the yield

strength (Table 13) was similar to that of 2024—T36. Toughness

• as measured by UPE was comparable to that of 2024-T86 (Table 13).

Figures C—55 , 56)

—~~~ (10 jn ./cyCle)
Life , Cycl e s ~— •_ -_ .-_____ -_VS~~ - —

— OK = 6 to l5 ks i /7~ = 6 ksi ’TF 14= 16 ksi ’j~High H u mi d i t y  Low h u m i d i t y  H igh  h u m i d i t y  Lc,w i iuii~ 2 i t y  High  H u mi d i t y  Low Hum id i tyStructure • 2/20 Hz 2/20 H z 2/ 2 0  Hz  ~ J20 Hz I ~~/~0 Hz 2/20 Hz
26 9 4 7 8 9 / 9 4 7 2 7  13 0 8 4 1 / 17 5 3 9 6  • 2 . 5/ 2 . 5  1 . 7 . 1. 1 .11’ .11’ 3 8 / 1( ’

* Value determined by oxtrapolatiun .

Calculated lives of this material were not significantly dif—

fere’st from those of 2024—T86 (Structures 18 and 20), but fatigue

crack propagation rates at high AK were lower.

4.4.2 Underaged 7050

To prepare Structures 27 and 28, alloy 7050 panels were

solution treated , quenched in cold water , and stretched to f ’ at—

ten. One was aged several months at room temperature (7050-W,

Structure 27). The structure contained GP zones (Table 6), and

L :I1”
~TI :i’ ll

aI:II11I II Ie11I~1?
~
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I
“averaged” TX Structures 5 , 6, and 7. The other panel was slightly

underaged by precipitation heat treating it for 24 hours at 250°F

(7050—T6, Structure 28). Yield strength was close to that of the

slightly overaged 7050-T7 6 (Structure 1). Precipitate structure

consisted of GP zones and r~~.

Figures C-57 to 60)

-~~ -~~ (10~~~ in ./ cyc le)
L i f e , Cycles • • • 1 •

~~~~~~~OK = 6 to 1 ’ ~~ - = 1 ks iVT ~. OK = 16 ksi/ii~.High Humidity Low Humidity hii.j i. : u n 2 i i i t - . ’ L cn~ h i u a i i d i t y  H igh  H u m i d i t y  Low Humidi ty
Structure I 2/20 Hz 2/20 Hz 2/20 Hz 2/20 Hz • 2/20 Hz 2/20 Hz

27 32599/32692 94413/937(3 • 8 . 6/ 8 . 6  2 ’ l , ’ 2 . s 1 98/9 8 k 3 4 / 3 4 *
28 1 36761/37392 9 3 4 4 7 / 5 ( 1 4 7  7~~n 7 0 5 ’2 . 9  I 102,102* 36/36’

* V a l u e  de t e rm i n e d  by e x t r a p o l a t i o n .

Fatigue crack propagation characteristics of 7050—W were

the least attractive of all of the 7050 tempers , especially in

the high humidity environment. Fatigue crack ~ropagation charac-

teristics of both 7050-W and T6 approached those of 7050—T76 in

the low humidity air , but the mean lives (averaging 2 and 20 Hz

data) were significantly below those of 7050—T7 6 in high humidity

air. No frequency effects were observed .

4.5 Lab Fabricated vs Commercial 7075—T6

For comparative purposes , fatigue crack growth rate tests in

the intermediate region of AK were conducted for commercially

fabricated 7075—T6 sheet.

Figures C— 20 , 21, 61, 62

4~ ( 1 0 6 in./cycle)
1, if n ,  C y c l e s  

• • — 
6 to 15 k s i  i n .  , All = 6 k s i V i i ~ . • 616 16 ks i/I~ .

H i g h  H u m i d i t y  Low m m i i i  I~~ ’ H igh  i l u m i i l i t y  b o w  H u m i d i t y  H ig h  H u m i d i t y  Low H umid i ty
Structure 2/20 Hz 

— 
2/ 2 0  l i z  2 ’ 2 1 7 I z  2 /2 0  H z 2/20  Hz 2/20 Hz

• • ‘CC- I ~~~~~ 41 , 1 ‘ 74 4 ’ l  I l ( 1 ’ , ’ ~R~ ’~~4 , I . ’ 2 . 5 2 . 3  , 10 7/ 7 6 k  8 1/4 8’

10 6 3 3 53 / 5 5 7 9 3  884 .1 2 1 0 7 5 2 4  4 . 0 , 4 .5  2 . 4 ‘2 . 1 5 4 ’  88 /50 ’

‘J.I ’1 I I ,1,’ ? i ’ t p ~~i i u h i y ( ‘ > I J ’ l ; I t i o n . _
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4.6 Fractqg~raphic Studies

High A K (~ l5 ksi/in.)

At high levels of AK , fractography studies revealed that

fatigue failure occurred primarily by the ductile rupture mode

(e.g., Figure 43).

Intermediate A K

Fractographs of selected specimens showing the interaction

of particular microstructural features and the propagating fatigue

crack are illustrated in Figures 44 to 55.

Figure 44 shows that the constituent particles had an effect

on the crack propagation path which was unlike that at high AK.

These particles appeared to have init iated cracks (Figure 45 ) and

offered local resistance to the advancing crack front (Figures 46

and 47).

Dispersoid particles did not initiate cracks and did not

appear to interact to a large extent with the advancing crack

(Figures 48 and 49).

Fractographs of X7080-T6 in Figure 50 show that grain size

did not change the overall crack propagation mode. This observation

is consistent with the results of the crack growth rate and pre-

dicted life analysis which indicated that grain size had no in-

fluence on macroscop ic growth rate.

In the 7XXX alloys, crack growth rate analysis indicated that

in high humidity air the fatigue crack propagation rate was sub-

stantially increased by decreasing the Cu content from 2.3 to 1%

(Structures 3 and 4). Micrographs of the fracture surface of

H 91
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Effect at Interm edia te ~K Compare with Figure 43.
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at Large Constituent Particle.
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CRACK PROPAGATION

8
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i~ö~~

.~K=8.O ksi’~/tii. LOW HUMIDITY
AIR

X708 0 (hi Cu)-T76
(a)

~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ DIRECTION OF
- 
- - 

- - ~ CRACK PROPAGATION

~K=8.0 kskfi~iT LOW HUMIDITY
AIR

X7080 (hi Cu)-T76 (1g. g.s .)
(b)

Figure 50 Scanning Electron Fracto graph of 7080 (hi Cu) -T76 Having
Two Differe nt Grain Sizes Showing Similar Fracture Appeara nce . ‘
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these alloys show that the fracture mode was different in these

structures. In the 2.3% Cu alloy (X7080(1.iC~~)—T76), the fracture

surface had a ductile fracture appearance (F~ :~ re 1) while the

1% Cu alloy (X7080—T76) had a brittle—like , i ’ cr L - f,~ceted a~•~ ear—

ance (Figure 52).

• Figures 53 to 55 illustrate the difference in the fracture

appearance of the T3l and T86 tempers in the 2XXX alloys. The

fracture surface of the T3l temper had striations which were not

sharp and readily visible (Figure 53). On the other hand , the

fracture surface of the T86 alloys contained sharp , well-defined

fa t igue  striations as well as areas that  appeared to contain small

microcracks (Figure 54). In addition , isolated areas on the fracture

surface (Figure 55) contained dimpled regions similar to that found

on the fracture surface of tensile specimens. Examination of these

areas revealed that particles were not associated with all of these

dimpled regions.

Low AK

In general , the fracture surfaces were much flatter in ap—

pearance than those tested at higher AK levels (Figures 56 to 62).

No evidence of fatigue striations were observed . Using the nomen-

clature est~mb1ished by Weber and Hertzberg[27], the fracture

surfaces c3uld be characterized as consisting primarily of plateau

and ridges (Figures 56 to 59) and some rumpled surfaces (Figures

60 and 61). Areas were also observed that might be classified as

“cleavage— like” (Figure 62). Feeney, et al. [28] , who s tud ied  the

fracture surface of 2024—T3 and 7075—TG tested at low ~K levels

100
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Figure 51 Scanning Electron Micrograph of X7080 (hi Cu)-T76 Having
Ductile Fracture Surface.
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found that the most common fracture mode was “stepwise” growth.

This term appears to be synonymous with the term plateau and

ridges used by Weber and Hertzberg. Feeney , et al., also observed

“cleavage—like” fracture areas on the fracture surface of these

alloys.

5. DISCUSSION

• 5.1 Microstructural Effects

5.1.1 Insoluble Constituent (Contains Fe and Si)

Decreasing volume fraction of insoluble constituent particles - •

increased energy required to propagate a crack (UPE) in tear tests

of all materials. However , the tabulation below indicates that

for increases in UPE less than about 300 in.-lb/in.2, absolute

level of toughness attained , not the magnitude of increase, cor-

related with fa tigue performance.

Unit Crack Froca~— ation

energy (
m f l .~~~~ b) 

in tear test (UPL)

Alloy Type High Low Effect E f f e c t
and Structure Vol.Frac . Vol.Frac. on on :~o / A L

Temper Los . Con~~~. Const. Lifet Hi ~~b LKt

2X2~ —T3l 1~ & 16 vs 61~0~ 9OD)~ Lone Lone
15 •~ 17

7 X 7 5 — T 6 l  9 vs 11 785 L one T o ~~~~~1e
7 X75 - . - Tb 10 vs 12 300 5~y1 ~nri11 T.ar’re
2 X . 14— T 86 18 & 20 vs 11t* 2 )D~ Lar~Te borge

19 ?I 21

(I

~ Average for both £4n con~ ent~~.

Decreasing volume fraction of insoluble constituent for

materials which had UPE values below about 500 in.-lb/in.2
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provided a decrease in mean fatigue crack growth rate at high

levels of AK. Decreasing volume fraction of insoluble constituent

for mater ials which already had values of UPE above this level ,

however , provided no fur ther  improvement in avera ge crack growth

rate. Apparently, UPE above 500 in.-lb/in.2 indicates a level of

fracture toughness high enough where benefi ts of decreasing volume

fraction of insoluble constituent containing Fe and Si could not

be detected at intermediate AK levels. Relationships between UPE

and fa tigue crack propagation perf ormance are discussed more f ully

in section 5.3.

Fractography indicated that failure at AK of 15 ksi/i~T and

higher occurred largely by a ductile rupture mode (Figure 43), and

that constituent particles were associated with thr’ dimples. At

AK values from 8 to 10 ksi/i~~ , however , constituent particles had

a smaller effect on advancement of the crack front. In Figures

4 6 and 47 , note that str iat ions are locally curved nea r the par ticle,

but their spacing remains essentially the same. The large constitu-

ent particles may also initiate new “crack f ron ts” since striations

in Figure 45 appear to emanate from the particle , but because the

crack is advancing on various levels within the material , the overall

effect of constituent particles on macroscopic growth rate is

smaller than it is when they initiate dimple rupture. In addition ,

chemical analyses along the fracture surface (AK ranging f rom 8 to

10 ksiVT~~ , Table 15) showed a concentration of constituent—forming

elements smaller than has been found for tensile failures [29] .

Th is result indica tes tha t the tendency was not as grea t for  the
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fatigue crack to seek these particles during its advancement at
-

• this level of AK.

5.1.2 Dispersoid

5.1.2.1 7XXX Alloys

— In 7050—T76-type alloys (Structures 1 to 3), presence of

either the low volume fraction , very small , coherent ZrA l 3 dis-

persoids or the greater volume fraction , larger, incoherent

Al 2 0Cu2Mn3 dispersoids did not change fatigue crack propagation

rate. In fact, combining both dispersoids (Structure 2) did not

change fatigue crack growth rate. Moreover , although this

investigation did not compare Zr and Cr dispersoids for a given

alloy , Selines and Pelloux[30] have found that substituting Zr

for Cr in a 7075 alloy also did not influence the crack propaga-

tion rate.

Micrographs of the f racture surface indicate that Al 2 0Cu 2Mn3

disperso id acts as a very small , temporary obstacle to the advanc ing

crack front (Figures 48 and 49). Striation spacing is only locally

• affected by presence of dispersoid , and thus overall macroscopic

crack propagation rate would not change.

Changing size and spacing of A 112Mg2Cr dispersoid did not

significantly affect predicted fatigue life. However, statistical

analysis using Aa/AN as the dependent variable in the Yates

algor ithm indicated that there was an interaction among mor phology

of Cr dispersoid , volume fraction constituent, and AK . At high

levels of A K , 7075—T6 (Structure 10, higher volume fraction con—

stituent , normal A1 1 2 Mg2Cr dispersoid) gave higher crack growth

}
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rates than 7075-T6l (Structure 9, same high volume fraction con-

-
• 

stituent but with large, widely spaced dispersoid particles).

However , 7475—T6 and T61 (Structures 12 and 11 with low volume

fraction constituent) showed no effect of dispersoid. Since

modifying these dispersoids has no effect on strength , these

observations suggest that size and spacing of Cr dispersoids alter

fatigue resistance in 7XXX alloys by their effect on toughness.

Only where toughness was low (high volume fraction constituent) was

the e f f ec t  of modif ying dispersoid morphology found to be apparent

(Figures 36 and 37).

5.1.2.2 2XXX Alloys

In 2XXX alloys, increasing volume percent of Al 2 0 Cu2Mn 3

dispersoid from 1.1 to 2.6 did not change mean crack growth rate

at any level of AK (Structures 16, 17, 20, 21 vs 14, 15, 18, 19).

Th is is not surprising at higher AK levels because changes in

volume fraction of these dispersoids did not a f f e c t  f rac ture

toughness (Figures 38 and 39). At lower A K levels, f ractographic

studies on these 2XXX alloys’ showed that the Mn dispersoid behaves

in a manner similar to that observed in 7XXX alloys by arresting

crack advancemen t, i.e., only local , temporary obstacle to the

crack front.

5.1.3 Grain Size

Although the larger grain size studied in this work extended

well beyond size encountered in commercial sheet fabricated from

ingot s, crack propagation rates were not significantly changed .

Fracture appearance of Structures 3 and 8 (X7080(hiCu)-T76) are
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in general identical (Figure 50) even though grain size varied by

a factor of 20 in the longitudinal direction (direct ion of crack

growth), Figures 7 and 8. Similar observations were made for

Structures 9 and 13 (7075-T6l).

Investigators [3, 31 and 32] have shown that in materials tha t

deform by wavy-type slip , e .g . ,  pu re aluminum , crack growth rate

is independent of grain size. In materials which deform by planar

slip such as low stacking fault energy alloys (Cu-Al), fa tigue

crack growth is grain size dependent. LairdE3lJ suggests that

this grain size independence in wavy slip materials is due to the

formation of subgrains in slip bands near the crack tip which

help transmit the slip across the grain boundaries. In planar

slip alloys, Laird indicates tha t these subgrains will  not form ,

and , consequently, grain boundaries can be effective barriers to

slip, i.e., dislocations pile up in planar arrays at the boundary.

Direct observation of the structure adjacent to the crack tip in

2024-T3 and 7075-T6 by Grosskreutz and Shaw [33] shows that sub-

grains do form in these materials and thus lend support for

Laird ’s model and the results found in this current study. Al—

though these results show rio effect of grain size , the smallest

grain size evaluated was orders of magnitude greater than those

produced in powder metallurgy 7XXX alloys found to have outstanding

fatigue crack propagation resistanceL34].

5.1.4 Copper Content

5.1.4.1 7XXX Alloys 
—
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Increasing Cu content from 1.0 to 2.3% in X7080-T76-type alloys

slightly decreased fatigue crack growth rate in low humidity at

intermediate A K.  However , increasing the Cu content s ignif icant ly

decreased crack growth rate in high humidity air at intermediate

AK. Crack growth rates in high humidity converged at AK of about

5 ksi~’LT , and below 4 ksiIfl~7 the rates of the low Cu alloy were

lower.

Micrographs of fracture surfaces of X7080—T76 tested in low

and high humidity air  at intermediate AK indicate that in moist

environment this low Cu alloy shows signs of brittle-like fracture

facets in the frac ture surface (Figures 51 and 52), whereas in low

humidity air no signs of these facets were visible. Alloy X7080

(hiCu)--T76- , tested in both dry and moist air, exhibited f rac ture

surfa~ es similar to X7080-T76 tested in low humidity air. Hyatt

and Quist (35] also found evidence of brittle fracture in low Cu
1~7XXX alloys tested in distilled H20. Furthermore , they found that ,

for a given Zn/Mg ratio in 7XXX alloys, Cu content of 2.00% (the

highest studied) was optimum for resistance to fatigue crack growth.

Additional teats are needed to confirm the indication that

low Cu may decrease fatigue crack growth rate at low AK.

5. 1.4 .2  2XXX Alloys

At intermediate levels of AK , decreasing Cu content from 4.2

to 3.2% (2124 to 2048) increased propagation life and lowered

crack growth rates in high humidity air for both T3l and T86

tempers (Structures 17, 21, 24,25). In low humidity air , de-

creasing Cu increased life in the T86 temper , but results of low
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humidity test for the T3l temper were variable.* Because of

this anomalous behavior , additional tests are required to confirm

effects of Cu in low humidity air. The high performance of alloy

2048 at intermediate A K is attributed to the effect of reducing

volume fraction constituent of CuA1 2 and A12CuMg constituent

particles which increases fracture toughness to a greater extent

than reducing volume fraction of insoluble constituent containing

Fe and Si (section 4.1). See section 5.3 for further discussion

on relationship of fatigue crack growth performance to toughness.

At low AK , the single high humidity test of 2048-T3l indicated

that growth rate was lower than rates of 2124-T31, 2024-T3l, and

2124—T86. Insensitivity of the 2024 alloy base (Cu and Mg) to

differences in volume fraction of constituent (Structure 16 vs 17)

and in precipitate morphology (Structure 17 vs 21) suggests that

the advantage of 2048-T3l (assuming confirmation in additional

tests) is due to differences in the Cu and Mg remaining in solid

solution after aging. These differences in composition of solid

solution could affect low AK crack growth kinetics in the presence

of moisture.

5.1.5 Precipitate Morphology

5.1.5.1 Intermediate AK

Observations on alloy 7050 structures showed that fatigue

performances of drastically overaged TX tempers (Structures 5, 6,

and 7) were generally superior to those of slightly overaged T76

• *The variability is tentatively attributed to the large effect of
small differences in mositure content of air at low humidity levels
at high frequencies observed in Al-Cu-Mg alloys. See section
5.2.1 and Figure 67.

120



temper (Structure 1) possessing higher strength. However , com-

paring fatigue crack propagation performance of 7 050 alloy

struc tures possessing comparable strength, namely , 7050-W

(Structure 27) with TX tempers (Structures 5, 6, and 7) and 7050-T6

• 
— (Structure 28) with 7050—T7 6 (Structures 1 and 2) indicates that

fatigue crack growth res istance cannot be wholly correlated with

monotonic yield strength (Figure 63).

Relative effects of precipitate morphology on fatigue crack

growth characteristics of 7050 were strongly influenced by relative

humidity. Additional discussion of interactions of precipitate

structure with environment for 7XXX alloys is made in section 5.2.2.

Observations on alloy 2024 structures showed that T3 tempers

(GP zones) in 2024-type alloys provided lower fatigue crack propa-

gation rates than did TB tempers (S precipitates). However ,

supplementary tests of overaged 2024-TBX (Structure 26 , S pre-

cipitate ) again demonstrated that higher crack propagation of

2024 structures containing S precipitate cannot be correlated

solely with monotonic strength (Figure 64).

The following discussion attempts to rationalize better

fatigue crack propagation behavior of 2X24-T3 (GP zones) relative

to that of 2X24-T8 (S precipitates) in terms of strength and

ductility parameters local to the crack tip. For the time being ,

effects of environment are ignored but , as will be indicated by

subsequent discussion, environment-enhanced fatigue crack growth

is accentuated when ductility is low. In section 5.2.1 , e f f e c t s
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of environment will be discussed in greater depth , and interaction

with precipitate morphology will be addressed .

Microdeformation mechanisms occurring at the tip of a fatigue

crack are not well known nor understood because of experimental

difficulties in observing microstructure in the extremely localized

deformation region at the crack tip (cyclic plastic zone) and the

relatively larger monotonic plastic zone extending beyond the

cyclic plastic zone. Consequently, different approaches to under-

standing the mechanisms of fatigue crack growth have resulted . A

direct approach is to observe fatigue substructure adjacent to the

crack tip and on its flanks. This type of experimental work has

been quite limited. However , some investigators using transmission

electron microscopy and high voltage transmission electron micro—

scopy[33, 36 to 39] and X-ray microbearn techniques[40 and 41] have

observed structures within these reg ions. Other investigators have

taken the approach of developing mathematic models for predicting

crack growth behavior based on concepts of dimensional analysis ,

frac ture mechanics , deformation mechanics , strain control fatigue ,

arid dislocation theory . Many semiempirical models have been fo rmu—

lated using test data to derive theoretical relationshics. A

number of fatigue crack propagation theories are summarized in the

following references [42 to 45].

Although several of the approaches gener ally ignored other

disciplines , common threads are appa rent. First , and most important ,

is that microstructure must influence crack propagation . This has

been established through direct observations of ‘1is1-c ~”ion
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substructure as well as through mathematical and empirical models

showing the dependence of macroscopic mechanical properties charac-

terizing d mater ia l , e . g . ,  s t rength , f r a c t u r e  toughness , s t ra in

hardening coefficient, etc. Second , there is a region local to

the crack t ip  which has undergone plast ic  strain , the magni tude  of

which increases with decreasing distance from the crack tip.

Adjacent to the crack and totally embedded within a larger zone of

permanent tensile plastic deformation , there is a much smaller volume

of material which experiences fully reversed plastic strains of

c-onsiderable intensity [46J. Third , cyclic strain history at further

distances from the crack tip may be important (even though sub-

structure produced at these low strains may be unstable in the high

damage region adjacent to the crack tip) because rate of cyclic

strengthening is a function of microstructure and plastic strain

amplitude [47 and 48]. Fourth , inagnitude and characteristics of

plastic deformation at the tip c-f a notch root control residual

stresses near the tip (e.g., crack closureI49]) and , moreover , in

- _ an aggressive environment can accelerate localized dissolution or

~~‘d r oj i ~ri embrit t lement leading to accelerat ion of crack gr ow t h [ 5 0 ] .

Two parameters appear to characterize the foregoinq observa-

tions. They are : a , some measure of the material strength and

~~~~~ some ductility parameter(s) which reflect ability of the

structure to distribute high strains in the crack tip region .

Pelloux[42] and others~ 50] have used these £Darame~ ers to predict

crack growth rate in terms of the crack tip o p e n i ng  di sp lacc- i”en t

4~
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(CTOD) and ductility. The CTOD models are generally expressed in

the form [42] :

~~~~~~~~~ CTOD • 1 1 ( AK)2
dN 2 ductility 8inE c n e ~

Donahue, et al. [51], use a modif ied AK term to account for the

existence of a threshold, AK th,  and others[52] have included a

fracture toughness term (Kic or Kc
) as part of the ductility para-

meter. In Weertman’s model [53 and 54 ] ,  the exponent on A K is

equal to four, the a term is squared , and ~~~~~ is replace by U, the

energy to propagate a fatigue crack per unit area. Regardless of

modif ications by various investigators , however , all models of

this type predict that product of strength ( a ) and ductility or

toughness ( c*) must be maximized to minimize crack growth.

Mean calculated fatigue lives of 2XXX-type alloy structures

were found to correlate well with log UPE (a measure of fracture

toughness, refer to section 5.3 and Figure 65). However, as noted

earlier (Figure 63), crack propagation performance cannot be solely

correlated with monotonic yield strength though fracture toughness

increase is generally accompanied by strength decrease. Pelloux

(42 ] has suggested that strength of the material (a ) in the above - -

expression should be the flow stress of material near the cyclically

work—hardened plastic zone rather than monotonic or cyclic yield

strength. Use of flow stress (a) in the above expression is

important since fully reversed constant strain amplitude controlled

fatigue tests on naturally aged 2024 indicate that this mater ial
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has a high capacity to cyclically strain harden . Tests by Endo and

Morrow [ 55) have shown that , at 7.25% fully reversed plastic strain,

2024_T4* develops a flow stress of 95 ksi (monotonic yield strength,

44 ksi). Moreover , compar able strain controlled fatigue tests

demonstrated that 2024 can either strain harden or soften , depending

on temper. Cyclic stress—strain curves (Figure 66) for 2024_T351*

[47] and 2024_T85l* [561 after one cycle and after saturation of

half-life (no further change in peak stress with increased number

of cycles at constant strain amplitude) demonstrate that 2024-T35l

develops a much higher cyclic flow stress than 2024-T85l. Based

on Pelloux ’s expression , fatigue crack growth rate would be lower

for T3 tempers (increase in a gives decrease in ~~~). In addition ,

T3 tempers provide higher ductility than T8 tempers as measured by

conventional tests such as fracture toughness , tensile tests, etc.

Consequently, it can be rationalized that T3 tempers with better

combinations of cyclic flow strength and ductility should give a

lower fatigue crack propagation rate.

Spot tests of the response of the 2024-T8X (Structure 26) to

strain-control fatigue were also performed[561 . The results

- - 
(Figure 66) established that precipitate nature , not level of

monotonic yield strength , determined the magnitude of the cyclic

response. Alloy 2024 aged to develop S precipitate and a low

level of monoton ic y ield strength cycl ically hardened to a much

lesser extent than did 2024 aged to develop GP zones.

*The dif ferences  amor~g 2024-T4 , T31, and T351 are it ~e amount of
stretch after quenching . The amounts are 0, 1%, and i-l/2 to 3% ,
respectively. 2024-T85l is obtained by aging 2024—T35l eight hours
at 3 7 5 °F .
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In summary , the superior fatigue crack growth performance at

intermediate AK of 2024 in T3 tempers relative to performance in

T8 tempers is attributed in part to ability of GP zones to promote

higher degree of cyclic hardening (increases a in above crack

growth relationship) and confer higher ductility or toughness

(increases~~*). The fracture toughness aspect is covered in greater

detail in section 5.3.

r 

5.1.5.2 Low L~K

Although the T3 1 temper (GP zones)  produced general ly  lower

crack growth rates than the T86 tempers , the d i f f erence in c ra ck

growth rate between the two diminished with decreasing AK until

convergence at an approximate ~K level of 2.5 ksi/T~~ Convergence

of crack growth rates at low AK levels (only tested in high

humidity air) is attributed to a dominant similarity ir ~he

environment—enhanced fatigue mechanisms of both tempers at low

AK where the fracture toughness influence is removed . This

mechanism is discussed in greater detail in section 5.2. Simi-

larity in low AK fatigue crack propagation response of aluminum

alloys in aggressive environments has been noted by other

researchers [28]. The temper—environment interaction is discussed

in greater detail in section 5.2.

Fractographic studies provide some evidence that cracking in

low AK levels was controlled, at least in part, by environment

(Figures 56 to 62). The fracture surface appearance of these alloys

cons isted of ridges and plateaus , areas containing rump led sur faces ,

and “cleavage—like” fracture regions. The exact nature of the
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formation of these complex fracture surfaces is not well under-

stood. Due to the variety of fracture modes compared to the

striation mode that is present on the f r acture sur face  at higher

A K levels, modeling the fatigue process is extremely difficult.

For example , with the plateau and ridge morphology, the individual

steps do not represent the local increments of crack growth per

cycle since the spacing of these plateaus is much larger than the

local extension per cycle. Because average crack growth per cycle

at AK below about 3 ksiv’T~7 is less than the distance between

atomic planes , crack growth must be a discontinuous process.

Areas referred to as rumpled surfaces are apparent on some

of the fracture surfaces (Figures 60 and 61). These areas were

relatively flat and do not have any unique characterist ics ,

although they appeared to be more prevalent in the 2XXX-T3

structures. The origin of these fracture areas is not known.

“Cleavage—like” regions on the f atigue f racture surfaces have

been reported by Forsyth[57] and others [58] in smooth fatigue test

specimens. These cleavage regions occurred in the transition

reg ion from Stage I to Stage II crack growth and were associated

with the crack changing from a shearing mode to a tensile mode

during which the crack propagates along crystallographic planes .

When the tensile component becomes predominant, the general frac ture

plane becomes normal to this tensile stress and Stage II (non—

crystallographic) growth occurs. Feeney , et al. [28] , suggest that

the fracture surfaces of 2024—T3 and 7075—T6 tested at low A K

levels were similar to these fracture features observed in this
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transition region between Stages I and II. In addition , us ing

— etch pitting techniques, Feeney , et al., found that these cleavage-

like regions were of the (001) orientation.

Hertzberg and Mills [59] support a theory of slip plane

decohesion for the cleavage-like reg ions. Beachem and M e y n [ 6 0 ]

suggested this theory to account for  the f r a c t u r e  appearance of

Stage I growth. With this mechanism , reversed slip on a limit~ d

number of slip planes in front of the crack tip lowers cohes icn

strength of the material and , since some tensile component of the

stress is always present, the material can fail by local tensile

separation. This process would give a crystallographic appearance

showing no signs of deformation and would also be similar to that

of cleavage failure found by Feeney , et al. [28J and Santner and

F i ne [ 6 1 ].  Of course , the fracture plane in this case would be

the (ill).

In summary , for low A K crack growth , the exact mechanism of

formation of cleavage-like reg ions is not known , but appears to

be associated with Stage I and/or the transition f rom Stage I to

Stage II crack growth.  The exact role of envi ronment  is unkr~~ -n

but appears to play an important  role in f a t igu e  process.

5 . 1.6  Dislocation Density

Increasing the in i t ia l  dis locat ion dens i ty  by increas ing the

amount of stretch after quenching from 1 to 5% decreased the pre-

dicted life of 2024 in T8 tempers. Crack growth analysis indicated

that the decrease in life was due to an increase in crack propa-

gation rate at high levels of AK. The decrease in crack growth
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rate with an increase in percent stretch is attributed , at least

in part , to a decrease in fracture toughness (Figures 38 and 39)

and ductility . Effects of stretching on cyclic strength are

unknown , so potential effects cannot be assessed .

5.2 Environment and Test Frequency

Environment affected crack propagation rates in all 2XXX and

7xXX structures , and frequency affected crack propagation of all

2XXX and most 7XXX structures. Moisture content of the air had

a direct effect on crack propagation rate while frequency effects

were observed through interaction with the test environment. The

significant influence of water or water vapor on fatigue crack

growth of aluminum alloys has been recorded in previous investiga-

tions [22 , 62 , and 63]. The effect depends upon partial pressure

of water vapor in the atmosphere and exhibits a stepped transition

that depends strongly on material , test frequency, and stress

intensity level [64 to 68], Figure 67. As illustrated , the relation-

ship between log crack growth rate and log water vapor was

sigrnoidal. With initial increases in moisture content , no effect

was detected. Beginning at a moisture content which depended on

test frequency and stress intensity, crack growth rate increased

steeply with further increases in moisture content. This rapid

increase ceased at a higher moisture content which also depended

on frequency and ~K level. Little further increase in crack growth

rate was observed with increases in mositure content (upper

plateau). It is worthy to note that both the Al-Cu-Mg alloy of

Figure 67 , top, and the 7015—type alloy of Figure 67 , bottom , when

tested at frequencies on the order of 60 to 100 Hz , exhibit their
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respective moisture related growth rate transition over a relative

humidity range of 2 to 10%, which corresponds to the low humidity

environment considered in this study. Thus, at fast frequencies ,

greater variability in crack growth rate response in low humidity

environment would be expected because of inability to precisely

control humidity levels within the transition range. Either

lowering frequency (Figure 67 , top) or increasing moisture content

beyond about 20% locates crack growth rate on the upper -plateau ,

thereby reducing sensitivity of crack growth rate response to small

changes in humidity.

5.2.1 2XXX Alloys

In this invest igation, no signif icant frequency effects were

observed in high humidity environment (corresponds to crack growth

behavior on upper plateau). At low humidity , a test f r equency of

20 Hz produced signif icantly lower crack growth rates than did

2 Hz (Figure 68). Lines through data points on this figure were

drawn to represent the upper plateau and onset of growth rate

transition with decreasing moisture content. Sensitivity to

frequency in low humidity environments indicates that wa ter vapor

partial pressures were sufficient to cause environmental effects.

Faster crack growth with decreasing frequency in the transition

reg ions is attributed to increase in available reaction time of

water with fresh metal at slower frequency .

Statistical analysis confirmed an interaction between environ-

ment and temper. Greater divergence in growth rates between T86

and T3l tempers occurred at low humidity . As suggested by the

AK = 6 ksi,/ThT curves of Figure 68, the magn itude of the dispar ity
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between T31 and T86 growth rates at low humidity can be influenced

by frequency and its relationship to the moisture content

transition.

Several investigations have suggested that the effectiveness

of corrosion mechanisms operating at the tip of a propagating

fat igue crack are related to the material’ s strength-ductility

combination and the degree of mater ial constraint (plane strain)

in the near crack tip vicinity[28, 62, and 63]. In general , it

has been shown that e f fectiveness of crack t ip embrittling mechan-

isms are enhanced when material is in a highly constrained state

(plane strain) and they are reduced with increasing A K levels as

the fracture mode transfo rms from one of plane strain to plane

stress. Because strength and ductility are important in controlling

the degree of material constraint at the crack tip, the better

strength—ductility combination of the T31 temper renders this temper

less susceptible to interaction with environment than the T86 temper

at high and intermediate K levels. At low AK where the influence

-

- 

- of toughness is removed , both T86 and T3l tempers are subject to

a high degree of material constraint (plane strain) and controlling

environmental and mechanical fatigue components become similar.

Therefore , growth rates for both tempers tend to converge.

5.2.2 7XXX Alloys

An interaction between degree of precipitation and environ-

ment was noted for the alloy 7050 structures. Mean lives, averaged

over 2 and 20 Hz, generally increased progressively with increasing

degree of precipitation (Structure 27 to 28 to 1 to 5 to 7 to 6)

when tested in either low or high humidity environment (Figure 63).
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In the low humidity environment , the rate of increase in life was

slight when progressing from Structure 27 (GP zones), to Structure

5 (S , S ,  n ,  ri). As precipitate size increased (Structure S to

7 to 6 ) ,  life increased at a higher rate. The rate of increase

in life when progressing from Structure 27 to 5 was higher in the

high humidity environment. The lives of Structures 7 and 6 were

both appreciably higher than life of Structure 5. As with 2XXX

alloys, crack growth rate analysis indicated an increased level of

environmental interaction with decreasing AK , and growth rates

converged at low AK levels. The magnitude of the environmental

interaction with growth rate does not appear to correlate with

either yield strength or a measure of the ductility (e.g., UPE or

NTS/YS). However , in termediate  ~K results do correlate with past

observations that resistance to stress-corrosion cracking of 7XXX

alloys containing Cu generally increase with increasing degree of

precipitation.

Frequency effects for the 7XXX-T 6 and T76 alloys in low

humidity air were lower in magnitude but generally similar to the

direction noted for 2024-T3l in low humidity. The higher fre-

quency, 20 Hz, gave somewhat lower crack propagation rates. This

can be explained on the premise that the greater crack tip

velocity at the higher frequency allows the mechanical component

of fatigue to outpace the environmental interaction mechanism . At

2 Hz with lower resultant crack tip velocity , additional time is

available per cycle for environment interaction to take place.
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An opposite effect in high humidity air was noted for the

7XXX—T6 and T76 alloys. The 2 Hz crack propagation rates were

consistently lower than 20 Hz rates. It is hypothesized that the

reversed effect of frequency is related to the “critical frequency

effect” observed when testing in hostile environments by Bucci[69]

— 
on a titanium alloy and others [70 and 71] on steel alloys. These

investigators all observed that when testing their particular

alloy-environment combination at stress intensity levels below

Klscc* (a threshold stress intensity below which a crack will not

— grow by stress corrosion when subject to a sustained load), a

“critical” frequency is achieved where the interaction of cyclic

loading and environment on ack growth rate is maximized . At

frequencies above “critical” the frequency-environment interaction

follows the previously postulated pattern . However , at cyclic

loading rates less than “critical,” the fatigue environment inter-

action is suppressed. For the limiting case of zero frequency

(sustained load test), environmental effects must be nonexistent

for stress intensities below 1<Iscc

Factors that control the critical frequency are related to

the particular environment/strength-ductility combinations of the

metal , the Kiscc level, and the kinetics of the crack tip-environ-

ment interaction . Crack growth kinetics may include blunting of

*Klscc values in the T—L orientation of 25 and 29 ksiv
’ThT for

7075—T65l and 7050—T7365l plate, respectively, have been
reported [72]. For both materials in plate form , KIscc is
quite close to their respective Ki~ 

levels.
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the crack tip by chemical erosion and/or buildup of residue of

corrosion by-product on the f r ac tu re  sur faces , thereby increas ing

— crack closure forces [491. The latter two mechanisms would tend to

retard crack growth with a slower rate of cyclic loading (slower

crack velocity). Kinetics of the environmental interaction with

crack growth of the 7050 alloys aged under other conditions are

apparently different enough to alter the critical” rate of loading .

Ideally, the evaluation of al loy fatigue crack propagation

performance should be carried out at the critical frequency

(worst case). For this reason , a further understanding of the

nature and m echanisms of frequency-environment interaction of

aluminum alloy is recommended (refer to section 7 on Future Work)

5.3 Relationship Between Mechanical Properties and Fatigue
Crack Propagation Performance

Mean predicted propagation life (averaged for both humidity

levels and test frequencies at AK = 6 to 15 ksi~Ti~~) are plotted
versus transverse monotonic yield strength and log un i t  propagation

energy (UPE), a fracture toughness index , in Figures 69 and 65 ,

respectively. Values for the 2X24 alloys with low and high Mn were

averaged .

Considering 2XXX alloys initially, propagation life did not

correlate well with yield strength , although mean life of alloy

2024 decreased linearly as strength increased progressively from

T31 , ‘136 , T81, to T86 tempers. Life of sheet in the nonstandard

T8X temper , however , w~ s substantially below that of sheet in the

T36 temper , ~1though yield strengths were comparable. In addition ,
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mean lives of 2048  were superior to lives of 2024 while 2l24-T86

was superior to that of 2024-T86.

Mean lives of the 2XXX alloys did correlate with log UPE. As

indicated in Figure 65, log UPE is roughly proportional to

Because of th is relat ionship , increasing UPE of 2XXX alloy from

100 to 200 in.-lb/in.2 increases K
~ 

by about 15 ksi ,/Ti~T, and cor-

relates with an increase in life of about 30 ,000 cycles (‘U30%). In

contrast, increasing UPE from 700 to 800 in.-lb/in.2 increases K

by about 3 ksiVTi~~ and correlates with an increase in life of less

than 10,000 cycles (~~5%). This relationship explains why small

increases in UPE of low toughness materials (2024—T86 vs 2l24-T86)

provided increases in life which were readily detectable , wh ile

somewhat larger increases in UPE of higher toughness materials

(2024—T31 vs 2l24—T3l) provided no detectable effect on life.

To explain why life correlates so well with UPE regardless of

monotonic yield strength , consider the hypothesis posed in section

5.1.5 that the product of o ,  a measure of s t rength , and ci’, a

measure of duct i l i ty  or toughness , must be max imized to reduce

crack propagation rate.  Also , recall that  high toughness  s t ruc tures

with GP zones (T3 tempers)  cycl ical ly hardened to a h igher  degree

than lower toughness structures wi th  S~ p rec ip i ta te  (T8 t emper s ) .

Increases of cyclic strength and toughness may be related to

increases in s and c~~ , respectively ,  in the crack growth rate

relationship. These observations strongly indicate that mean life

-tObtained by replotting data for 0.063 inch panels in Figure 19 of
Reference [73].
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of 2XXX al loys correlate  well wi th  log UPE because t oj ~~hn e ;s , ~ ,
and strength at the crack tip, ~, increase s imul t aneous ly .

In 7XXX alloys, no pattern relating mean life to either mono- 
- 

- 
-

tonic yield strength (Figure 65) or to log UPE (Figures 63 and 69)

was detected. The lack of correlation of crack propagation per-

formance with monotonic strength was discussed previously in

section 5.1.5.1. Absence of correlation of log UPE with mean life

of 7XXX alloys suggests that other factors override (cancel) a

possible correlation involving UPE , e.g., G and c ’~ may not increase

simultaneously. Moreover , effects of environment on strength-

duct i l i ty  relat ionship are a greater  factor  in 7XXX a l loys (compare

Figure 67 , top, with 67 , bottom ) .  
I

Therefore , lack of correla t ion between log UPE and mean l i f e

of 7XXX alloys may be due to m a j o r  d i f f e r ences  in s ens i t i v i t y  to

moisture , to differences in rate of cycl ic strait hardening , or to

the smaller range in UPE evaluated.

Although mean l i f e  of 2Xxx alloy correla ted wi th  log UPE (and

probably with Kc )
~ it should be emphasized tha t conclusions which

attempt to quantif y the role of f r a c t u r e  toughness on f a t i g u e  crack

growth in this  inves t igat ion apply to al loys  tested in sheet gauge

(nominal 1/16 inch thickness). The thickness interactions with non-

plane—strain critical stress intensity, Kc~ 
has been reported pre—

viously [74]. Critical levels of fracture toughness , K , developed

for 7XXX and 2XXX alloys in 1/16 inch gauges lie well above

22.5 ksir’TT, the maximum cyclic stress intensity , Kfllax~ 
at
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= 15 ksi~ in., R = 1/3.* For thick test sections where crack tip

stress state is predominantly one of plane—strain , critical stress

intensity levels (viz, K1 , a fracture toughness lower bound ) for

high strength aluminum alloys approach highest values of Kmax con-

sidered in this investigation. Thus , it would be expected that

crack growth rate at high and intermediate AK would show greater

sensitivity to alloy fracture toughness with increasing test section

thickness. In this investigation , thickness was controlled , so

unnecessary confounding of microstructure ’s influence on fracture

toughness versus fatigue resistance was removed . Therefore ,

qualitative interpretation of results of the investigation on the

role of microstructure to fatigue crack growth resistance should

apply over a much greater range of product thickness.

6. CONCLUSIONS

Table 16 to 18** summarize the effects of microstrcutral and

testing variants on fatigue crack propagation rate of high—strength ,

precipitation-hardenable aluminum alloys in sheet gauges (nominal

0.06 and 0.09 inch thickness). Aliwere subjected to constant

amplitude fatigue loading at a stress ratio of 1/3. Conclusions

regarding interpretations of these effects were formulated by con-

- 
I 

sidering metallurgical , mechan ical , and environmental influences .

Validity of effects was established by visual comparison of da/dN

vs ~K data , statistical and visual analysis of da/dN at discrete

values of AK , and statistical and visual analysis of calculated

number s of cycles to advance a crack a certa in length (l ife )

* K AK/(l-R) = 1.5 1K , when R = 1/3.
** Identical to Tables 1, 2 , and 3; repeated for reader ’s convenience.
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The major conclusions are listed below:

1. Strength after cyclic loading , toughness or ductility , and
resistance to environment are the three main material
properties which inf luence  f a t igue  crack propagation behavior
of ingot metallurgy 2XXX and 7XXX aluminum alloys at AK
levels of about 4 ksi/ThT and higher. Chemical composition ,
volume fraction, type , and morphology of strengthening
precipitate and constituent particles along with dis-
location density determine the magnitude of these properties.

2. Alloy 2024 in T3 tempers has superior fatigue crack pro—
pagation resistance compared to its resistance in T8
tempers because GP zones confer high ductility (toughness)
and promote a high cyclic hardening rate while S pre-
cipitates confer low ductility and promote a low cyclic
strain hardening rate. The favorable strength-ductility
combination of the T3 temper makes it less susceptible
to acceleration of fatigue crack growth rate in the
presence of moisture at high and intermediate levels of
A K , even at about 5% relative humid i ty .

3. Increasing toughness of 7075-T6 and 2024-T86 by decreasing
volume fraction of insoluble constituent particles (7075
and 202 4 ) ,  modif ying dispersoids (7 075) , and decreasing
dislocation density (2024) decreases fatigue crack growth
rate by increasing their limited ability to accommodate
plastic strain before fracture. Increa sing toughness of
7475— T6 by modify ing dispersoids and of 2024 in T 3 tempers
by decreasing volume fraction of constituent particles or
decreasing dislocation density has little or no ef fect
because their ability to accommodate plastic strain is
much higher.

4. The progressive improvement in fatigue crack propagation

- 
- characteristics of 7050—type alloys (intermediate 1K) as

degree of precipitation increases from underaged to over—
aged and as Cu content increases from 1 to 2.3% arises
from a progressive increase in resistance to degradation
from moisture content. Lower Cu content offered improved
fatigue crack growth resistance at ~K less than 4 ksiI~~i~T
This latter result needs further verification.

5. Reduced Cu cc ntent (alloy 2048) provided improved fatigue
crack propagation resistance over that of alloys 2124 and

— 2024. Benefit of low Cu at intermediate AK is attributed
to increased fr4i cture toughness because of a reduction in
Cu A11 and Al 2Cu~1q constituents. Benefit of lower Cu content
at l~~%’ -

- 
i-: needs further verification and additional analysis

to deve 1o~ - ~i r . lt i c ln a l  hypo thesis  for  t h i s  behav ior .
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6. The insensitivity of fatigue crack growth rate to micro-
structure in high humidity air at levels of AK below about
3 ksiVThT and the fractographic evidence of discontinuous
growth suggests that properties of the solid solution
(affected mainly by precipitation heat treatment practice)
control the fatigue process of aluminum alloys under these
conditions of high restraint in an aggressive environment.

7. Grain size from 5 to 65,000 grains per mm 3 had no effect on
crack growth rate in peak and overaged 7XXX alloys.

8. Interaction of test frequency with environment was noted in
2XXX and some 7XXX alloys. The largest effects of frequency
for 2XXX alloys were noted in low humidity environment where
crack growth rate was increased by decreasing frequencey from
20 to 2 Hz. Faster crack growth with decreasing frequency
was attributed to increase in available reaction time of
water with fresh metal. For some 7XXX-T6 and T76 , fatigue
crack propagation rates in high humidity air decreased with
frequency decrease. This was attributed to increased time
at slower frequency for corrosion reactions to retard crack
growth (e.g., blunting of crack tip by chemical erosion)
for these alloys. Consequently, frequency and environmental
effects must be considered when ranking alloys and tempers
which do not exhibit gross differences in crack growth
behavior.

The following conclusion is based on the work presented in

Appendix A , Fatigue Crack Initiation Resistance:

Microstructural changes which improve resistance to fatigue
crack propagation do not stronqly affect resistance to
fatigue crack initiation.

7. RECOMMENDED FUTURE WORK

Metallurgical , mechanical , and environmental influences were

considered in this work to formulate conclusions regarding the

role of microstructure on fatigue crack propagation rate of high-

streng th 2XXX and 7XXX aluminum alloys.

The observation that grain size had no effec t must be tempered

with the realization that powder metallurgy (P/M) techniques can

provide a grain s ize that is orders of magnitude finer than the

— smallest evaluated in this i nvest i l 1a t ion .  T h i s  u l t r a f i n e  g r a i n

_
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size in P/M products may be at least part of the reason for the

promising performance of 7XXX P/M alloys at low to intermediate

regions of AK[34]. Consequently, work with P/M alloys is recoin-

mended.

Interpretations regarding eff€cts of insoluble constituent

and dispersoid particles and of dislocation density are considered

- 
— 

to be based on sufficient data , so no additional work is recom-

mended.

Conclusions regarding interpretation of effects of precipi-

tate structure and composition , and interaction with environment ,

however , are more tentative. Better understanding and added yen —

fication of possible effects on fatigue crack growth resistance

by altering Cu content in 2XXX and 7XXX alloys is needed.

Because composition and precipitate had the largest effects ,

the additional work recommended is needed to provide information

for alloy development of ingot metallurgy aluminum alloys with

improved fatigue resistance.

Additional work including : (1) tests in other controlled

environments (including inert), (2) strain controlled fatigue

tests, (3) tests to measure ductility of cyclically deformed

material , (4) crack closure measurements , (5)  additional tests

at low ~K , and (6) variable amplitude tests are needed. Items

(1) through (4) would better define response of material proper—

ties , including interaction with environment , to cyclic loading

and broaden knowledge of operating fatigue mechanisms . Addi—

tional low 1~K tests would better establish the role of

150 
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microstructure at low AK where the greatest portion of fatigue

crack propagation life is spent in real structures.

Variable amplitude (spectrum loading ) fatigue crack propa-

gation tests are need to better simulate in-service conditions .

Moreover , these spectrum tests incorporate crack tip transient

phenomena (viz, retardation) and offer the potential advantage

of being a more sensitive indicator of the role of microstructure

than the constant amplitude test[75].
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APP EN D IX A

FATIGUE CRACK INITIATION RESISTANCE*

1. Introduction

The microstructural effects on fatigue crack propagation

resistance, previously described , give no indication of the

effect on fatigue crack initiation resistance. Because of this ,

the following evaluation was performed to insure that any of the

25 microstructural variants evaluated would not seriously detract

from crack initiation resistance.

The pursuit of any program on fatigue crack initiation

resistance requires several criteria to be specified :

1. Defini t ion of f a t igue  crack initiation

2. Real is t ic  state of stress

3. Economical method of crack detection

The technology in the area of nucleation and growth of small

cracks (crack initiation) has not developed to the state of

linear elastic fracture mechanics. For this reason , conducting

a laboratory test that will result in data usable in all engineer-

ing structural configurations is not possible at this time. Be-

cause of this , the crack initiation test criteria are specified

to approximate the conditions under which the material is

expected to be used.

2. Procedure

Fatigue crack initiation resistance was evaluated by u s i n g

the compact tension keyhole specimen shown in Figure A-i. This

*This portion of the investigation was conducted and written by
D. A. Mauney , Eng ineering Properties and Desiqn Division , Alcoa
Laboratories.
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Figure A-i  Compact Tension Keyhole Specir iien For Fatigue
Crack Initiat ion Testing. -
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specimen is loaded cyclically at points “P” and crack initiation

occurs from the inside hole surface near point “A. ” The crack

opening displacement (COD) gauge allows an electronic means of

crack detection. Ata constant load amplitude , the peak COD

will  increase as a crack ini t ia tes  at point “A. ”

The advantage of us ing the compact tension keyhole specimen

in this evaluation is that  its Stress s tate is represent~i t iv e  of

many aircraft sheet applications. Examples of these would be

mild stress concentrators in rivet holes , weight reduct ion holes ,

anc sheet metal bends. This specimen also provides an economical

method of crack detection through inc rease in the peak elec trical

output of the COD gauge with crack initiation.

The size of an initiated fatigue crack is de f ined  according

to the combined sens i t iv i ty  of three t h i n g s .  The f i r s t  is the

change in compact tension keyhole specimen compliance conta ining

a crack. The second is the sens i t iv i ty  of the electronic system

monitor ing the COD gauge.  Third  is the cycl ic  s t a b i l i t y  of the

flow stress of the material in the notch root , if the cycl ic

stress level is high enough t~ cause p las t ic  de fo rma t ion .

Duplicate tests were conducted on each of the 25 micro-

s t ruc tures  evaluated in f a t i g u e  crack g rowth .  Test cond i t ions

were selec ted that would develop stresses near the yield

strength inside the hole , at point “A. ” This stress level would

result in a crack initiation life of between l0~ to l0~ cycles

and would be the same for comparison of as ran-; m i c r o s t r u c t u r e s

as possible. Theso condi t ions  were  chosen to ap~:-r oximate  a
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damag ing part  of a f i g h t e r  spectrum , as well as permi t t ing  corn-

pletion of all tests within the time allotted. As a result of the

degree of plasticity in the notch root at the selected high stress

levels , elastic—plastic finite element methods were used to

accurately select specimen cyclic loads. Specimens were cycled

at a stress ratio near zero (R 0.1 , ra t io  of minimum stress to

maximum stress) with a sine wave loading func t ion  at 25 Hz .  All

testing was conducted on a CGS closed loop electohydraulic testing

machine in laboratory a i r  at  50 ±10 percent re la t ive  humid i ty.

The experimentally determined initi ated crack depth was an

average of 0.060 inch with a maximum crack depth of 0.150 inch.

The limit switch capability on the CGS machine was used to dis-

continue the test when crack initiation occurred. This long and

variable detectable crack length is not of real concern . The

primary reason is because of the high stress intensity level that

occurs on a very small crack when nucleated in this specimen at

the stress levels being used . In fac t , a crack less than 0 .001

inch deep would propagate to the average or maximum detected depth

F -: in fewer than 1% of the total cycles of the test. Part of the

variability in crack size detection is thought to be a result of

lack of consistent compliance . Factors which affect compliance are

sheet th ickness, deg ree of bow in the spec imens , and d i f f e r e n c e s

in cyc l ic  s t r a in  harden ing  or s o f t e n i n g .

3. Results

The r e su l t s  of the f a t i gue  tests  are presented  in Table  A - l .

Ni~ nificance of t he  r e s u l t s  was  de te rmined  a s s u min q  log normal
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dis t r ibut ion in l i f e  and using Yates algoritbm for  the f u l l

factor ial  modules and two sample “ t ” tests assuming nonequali ty

of sample variance in all other modules. Comparisons were only

made for structures tested at the same stress level. At a 95%

• confidence level there were no significant results except for the

di f fe rence  between 2 0 2 4 — T 3 l  and T36 . Mean l i f e  of the T36 temper

structure was significantly longer. Results that were statistically

significant at the 75% confidence level were generally either not

practically s igni f icant, were in conf l ic t  with published resul ts ,

or had such high scatter that  va l id i ty  of conclusions drawn from

such a small amount of data was suspect.

4. Conclusions

By using duplicate specimens designed to simulate the stress

state of many a i r c r a f t  sheet applications, e f f e c t s  of micro-

structure on resistance to fa t igue  crack in i t i a t ion  were genera l ly

not s i gn i f i can t  at the 95% confidence level. To ver if y the sole

-. - exception , additional replicate tests , plus replicate tests at

other stress levels , would be required to conf i rm with a high

confidence level whether mic ros t ruc tu re  had an e f f e c t .  At th i s

time , however , microstructural changes which improve resistance

to f a t i g u e  crack propagat ion do not genera l ly  appear to s t rongly

affect resistance to fatigue crack initiation .
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APPENDIX B 
-

EFFECTS OF MICROSTRUCTURE ON TOUGHNESS

1. 2XXX

Aging practice and percent stretch affected strength arid tough-

— ness of the 2XXX alloys (Figures  38 and 3 9 ) .  Alloy 2 0 2 4  in the

T3l , T36 , T8 l, and T86 tempers provided a continuous d i s t r ibu t ion

with strength progressively increasing and both UPE (un i t  crack

propagation energy in the tear test) and NTS/YS (ratio of notch

tensile s t rength to y ield s t r e n g t h )  progressively decreas ing .

Toughness of 2 0 2 4  averaged to the T36 temper s t rength  level ( T 8 X ) ,

however , was s imi lar  to that  of the h ighe r  s t rength  2 0 2 4 - T 8 6 .

In contrast , decreasing Fe and Si levels to e l imina te  the

insoluble A1 12 (Fe,Mn)3Si and to reduce the amount of insoluble

Al 7Cu2Fe and Mg2 Si (reduce volume percent  fr cm 2 . 2  to 1 . 4 )  in-

creased toughness (2024 versus 2124) without affecting strength.

By reducing the Cu level from 4.25 to 3.25 r orcent while

mainta in ing  the low Fe and Si contents  found in a l loy 2124 , i . e . ,

alloy 2048  (volume percent const i tuent  0 . 5 ) ,  toughness  increased

g r e a t l y  while yield s t rength decreased only s li l -j h t l y .  This  in-

crease in toughness over 2124 is a t t r ibu ted  to a lower volume

fraction of the Cu—containing intermetallics , A1 CUM I1 and CuAl— .

The volume fraction of dispersoid had little effL~ct. Effects

of volume percent (2.6 vs 1.1) of Al 2 -Cu - Mn 3 dispers- id on tough—

ness can be determined in 2024 and 2124 in the T3 1 an~ T86 tem per s

by compar2nj the high and low r-~n versions r- f these a i J  ny- temper

combin:itions (Figures 38 and 39). Fhis comparison ~toowr that an

1(4 
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increase in Mn from 0 . 4 0  to 0 . 8 0  (ca lcula ted  increase  in volume

percent of 1.1 to 2 . 6  Al 2 0 Cu 2 Mn 3 d i sperso id)  did not significantly

a f f e c t  the combination of s t rength  and toughness in these a l l oys .

— 2. 7XXX

Sign i f i can t  changes in UPE and NTS/YS of tht1. 7XXX a l loys  were

also obtained by modif y ing the structure (Figures 36 and 3 7 ) .  For

example , UPE and NTS/YS of 7075-type al loys were increased signi-

ficantly by controlling certain niicrostructural features. By de-

creasing Fe and Si content to reduce the volume fraction of insoluble

constituent particles , toughness of 7075 , as measured by UPE and

NTS/YS , was s i g n i f i c a n t l y  increased ( 7 4 7 5 — T 6  vs 7 0 7 5 — T 6 ) .  S t i l l

fu r the r  increases in toughness were obtained by coalescing the

A1 1 2 Mg2Cr dispersoid to increase interparticle spacing (T6 vs T 6 l ) .

This combination of control l ing pur i ty  and dispersoid morphology,

i.e., patented Alcoa process ,* provided the highest combination of

s t rength  and toughness , 7475—T6l (Structure 11).

In addition to these modifications to increase toughness ,

Structure 13, 7 0 75—T6 1 , provided a s u r p r i s i n g l y  h ighe r  toughness

-

‘ s t ruc ture  ~~~~~ the twelvefold smaller g ra in  s ize 7075-T6 1 ,

‘ I Structure 9. These two grain structures are shown in Figures 14

and 10. In f ac t , th is  combination of g ra in  s ize  and dispersoid

size developed a higher toughness than the 7475-T6 material con-

tam ing small A l l. M1j~ Cr dispersoids.

The structural features controlling the toughness of the Cr-

fr~~ 7XXX alloys are difficult to evaluate since the yield strengths

iT~s. Patent 3791880 , February 12 , 1974
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are quite dissimilar in some instances. However , it is interesting

to note that 7050-T76 sheet containing both Mn and Zr dispersoids

developed a higher toughness than 7050 with only the Zr3Al dis-

persoid. Caution should be exercised , however , in concluding that

this behavior is typical because the A12CuMg particles in the 7050

may have contributed to the lower toughness in the Mn—free material.

3. Comparisor with Commercial Material

To place the toughness of these ma te r i a l s  in perspective wi th

commercially established 2XXX and 7XXX alloys , U1-E and NTS/YS

values of these particular structures were compared to UPE and

NTS/YS scatterbands normally found for commercially established

alloys (Figures B-l and B-2). As expected , the toughness of

alloys 7075—T6 and 2024—T3X , T8X fall within their respective

commercially established alloy scatterbands. The toughness of

the remaining a l loys  in s tandard tempers are above these scat ter-

bands in accord wi th  the exper imental  program designed to produce

alloys providing improved comb nations of strength and toughness.

- ‘ The toughness, measured by NTS/YS ratio , of the experimental

temper 7050 a l loy ,  S t ruc tures  5 , 6, and 7 , was considerably  h igher

than that of conventionally prec ipitation heat treated 7XXP alloys;

however , when compared on a yield strength basis , these st ru ctures

fell within the scatterband shown in Figure B-2. Toughness of

these structures based on UPE was somewhat lower than for con-

ventional 7XXX , but within the upper part of the band of the 2XX X

alloys (Figure B—l). 
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APPENDIX C

INTERMEDIATE ~K, t~a/L~N vs 15K PLOTS
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