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INT R ODUCT ION

In sp ite of many years of research into fati gue and

100 years of experience in dealing with fati gue problems , fa t i gue

remains  a problem of major  impor tance , possess ing  for  veh ic les

and machinery the nature of cancer for people. Current problems

in the DOD involve the notorious C5A wings , h e l i c o p ter s,

personnel  c a r r i e r  armor and h eavy ve h ic l es. Si nc e cy c l ic

stress-strain response has offered a new line on fati gue, promis-

ing to improve des ign c a p a b i l i ty~~
1
~~, and cumul ative damage

pred ict ions~
2
~~, i ts explora t ion for a luminum a l l o y s  seemed

pruden t, especially because approaches based on the old S/N

philosophy or of linear elastic fracture mechanics do not seem

to be providing major advances in understanding the material

behavior .

Therefore , the or ig ina t ing proposal  for  this  study ca l l ed

for the comple tion of previous work on pure metal and binary

Al -4% Cu alloy and the following investi ga t ions in more com p l e x

al loys :

1) Cyclic Stress-Strain Response of Al- 15 w/o Ag Al l oy

The main purpose here was to check the validity of the

“disorderin g” hypothesis of cyclic softening which had been

advanced to exp lain cyclic response in Al-4% Cu containing 0”

precipi tates. Since these precipi tates have an ordered

• structure , it was argued that the repeated cutting motion of

disloca tions would disorder the strucutre and thus eliminate

several sources of hardening~
3
~ . In Al-Ag alloy , the GP zones

are disordered in their struc ture by the process of ageing alone .

— 
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Therefore , no further disordering should be produced by cyclic

de forma tion and accordingly no softening is predic ted. One

goal was to test this prediction.

• 2) ç~clic Stress Strain Response of Al-Zn -Mg Ternary

Al loy  and New Commercial A l loys  Based on This  Sys tem

The purpose was to explore the roles of the various

harden ing  agen ts in these a l loys , the d i sperso ids , cons ti tu ten t

par t icles and GP zones , in their  ef f ec t on CSSR . I t was also

proposed to make a connection between CSSR and the kinetics of

• crack propaga t ion.

3) CSSR Under Var iab le  Amp l itude Load ing

The purpose here was to investi ga te the rel at i on s h i p

between CSSR under constant amplitude loading and that under

variable ampli tude loading. Most design problems involve the

latter type of loading and it is necessary therefore to under -

stand general behavior under these conditions . I f  possible , a

connect  ion to  l i f e  shou ld  he made .

• 4) C o o r d i n a t i o n  W i t h  O the r  Work

Promises  were m ade to  keep in clos~ touch w i t h  the

l ra nk lord A r s e n a l  a l u m i  num a l l o y  group , a n d w ith P r o lessors

S tar k e  and Fine of Georg i a  Tech.  and N o r t h w e s t e r n  r e sp e c t i v e ly ,

who are supported by the Air Force and who are working on

related problems . This was accomplished through the r egu la r

AFOSR fa tigue con ferences organised by Dr. Alan Rosensteiri and

by visi ts to Frankfo rd/Picatinny Arsenal.

Accomplishmen ts

1 ) A l - A g Study

To accomp lish the check of the disorderin g hypo thesis,
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a batch of alloy was prepared so as to contain GP zones . TEM

inves tigation revealed that the material was indeed treated as

desired , except that there was in addition a small sprinkling

of the me tas table y ’ preci pi tate. CSSR studies have been

conducted at length and cyclic hardening was observed to occur

at all stra in  cond itions . The “disordering ” hypo thesis thus

appeared supported . Routine TEM investi gation of as-cycled alloy

yielded a shock , however , in that the cycling def in i tely produced

large quan tities of y ’/ y not present at the start of cycling.

Much effort was devoted to this prob lem. This effect has been

reported previously by Clark and McEvily bu t the evidence was

not convincing. Unfortunately , their  a l loy  con tained lar ge

quan tities of y ’ before cycling so that the claim of increased

preci pitation was confused with the sampling problem. In

li ght of this difficulty, they also carried out X-ray diffract-

ometry ‘to determine whether y ’ trans formed to y but unfortunately

chose a l ine at a low Bragg angle , where peak discrimina tion

was questionable , especially in cycled material and where

in tens ity measuremen ts were inva lid  because of the lar ge grain

size of their specimens . Furthermore , the i r  studies were carried

out in long life where more time was available for precipitation .

In the investigation done here , a TEM dark field technique

was employed in conjunction with weak beam techniques to

discr imina te y/~y ’ precipitates from dislocations , and the

results were unequivocal , as follows . At highest amplitudes

(life 100-200 cycles), sizeable y ’ precip itates are not present

_________________________________________________________________________________________ 

3
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but diffraction pattern streaking indicated that minute y ’

areas were present at regular dislocations , in effect splitting

them . Thus the deformation tends both to be planar and reasonab ly

homogeneous . Copious preci pitation of ‘v’’ , of order 0.lji in

diamater , probably converted to y by dislocation capture (thus

relieving coherency stresses), occurred at strains giving lives

to failure of the order of a few thousand cycles to failure .

This result was most surprising in view of the generally slugg ish

nature of precipitate growth in the Al-Ag system in the absence

of deformation. The kinetics of this growth were studied

• theoretically and the phenomenon was also explored at lower

strain amplitudes . In conclusion , the results at hi gh strain

are sufficient to support the “disordering ” hypothesis , but

clearly, at low strain , the presence of the fatigue-induced

metastable and equilibrium precipitates prevents the strain

localisation required to produce softening.

We have also completed a related study of CSSR in an

Al-A g alloy containing copious quantities of both dislocations

and y ’/y precipitates . As a result of a mistake(s) by an

inexperienced research helper , we initially produced a hi ghly

homogeneous precipitated (but y ’ , not GP zones) Al-Ag alloy

which did not show cyclic softening in spite of its hig h

density of dislocations . We later repeated those studies

using the same Al-Ag alloy but subject to TMT of a controlled

nature. Amusingly enough , we were not able to reproduce the

homogeneity achieved by our innocent worker , because the Al-A g

system is plagued by discontinuous precip itation. However , we
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• reproduce fai thfully except at lowe r stress levels. We

in terpret the failure to soften on the basis of the close

s p a c i n g  of the y ’/ y p l a tes , which not only require the material

to be hard , hu t l i m i t d i s l o c a t ion in terac t i ons l e a d i n g  to

softening. It would he an interesting exercise in phase

t r an s f o r m a t ions to de tec t the p roces s in g by w h i c h  our  hel per

ac hieved  h is st ru ct ure .  h owever , the remainder of the project

• was granted higher priority.

• This work was part lv written up in a contribution to the

ASTM Sympos i u m  “Cycli c Stress -Strain and Plastic l)eformat ion

Aspec ts of Fa t i gue Crack  Gr ow th”~
4
~ and more comp l etely in  a

pub li cation devoted to the alloy containing the GP zone

structure~
5
~ .

2) CSSR of Al-Zn-M g Ternary A l l o y _ and F r an k f o r d

Experimen tal Al loy s

Ex tensive CSSR studies , i n c l u d i n g  f r ac ture behav io r ,

hav e be en conducted on the fo l l owing  a l loys : 1) P r a nk f o r d

7075-1651 , commercial purity , conven tionally processed ,

2) Fr ank fo rd  h i gh pur i ty 707~~-T 65 l ( l ow in Fe and Si ), con-

ventionally processed ; 3) Alloy 1 , given a final thermo-

mechanica l  t rea tmen t , Frankford again ; 4) Alloy , g i v e n  a

final thermo -mechanical treatment ; 5) Pennsylvania Al -Z n-M g

ternary , variously aged; 6) Al -Th -Mg - r  alloy , dona ted by

Professor Starke in the T4 and 16 conditions . Both mechanical

tests and various types of microscopical observations have

been made , and we have also studied behavior in the short and

long transverse directions , as well as the processing

~~~~~~~~~~ 
-
~~~ 
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direction (only for alloys 1 and 2). TEM observations have

been completed on all these alloys . The purpose of studying

alloy 6 was to investigate the role of grain size in CSSR.

According to Starke , the :rAl 3 particles were supposed to he

limited to the grain boundaries and the grain interiors were

believed to he hardened by GP zones alone . However , dark

field techn iques have demonstrated without equivocation that

the particles are distributed as a regular dispersoid. We

therefore abandoned our grain size study and used this

alloy for investi gating the role of dispersoid volume fraction.

The simplicity of this alloy relative to alloys 1 to 4 has been

valuable for interp retive purposes . An overview of this work

• was presented at the ASTM Symposium mentioned above~
4
~ . The

depth of the interpretat ion has been increased by completing

the TEM studies during recent months.

Very briefly , the results are as follows . All of the

a l l o y s showed short periods of rapid h ar d e n i n g f o l l o w ed by

saturation at hi gh strains , except for the TMT alloys which

cyclically softened due to rearrangements of residua l disloca-

tions not firmly ancho red by prec ipitation in  the final

ageing . At low strains , the ternary Al-Zn-Mg alloy aged to

contain GP zones did show cyclic softening. Although the

structure of these zones is not firmly establishe d , the meta-

stable successor phase n ’ is ordered , and softening mi ght

therefore be expected . Both constituent particles and

dispersoids acted to homogenize the slip and to prevent

softening, although it was clear that the dispersoids were more

effective in doing this than the constituent particles . In

— -
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life beh avior , the two stage Coffin-Manson plots recognized

by Starke were evident , but it was not clear how to explain

the behavior . In the final stages of the project , long life

tests were still not completed on account of testing

competition with respect to other parts of the project. It

is anticipated that these tests will soon be completed and

publications will be offered during the coming year.

The relationship of CSSR to crack growth was studied

in three ways : 1) a straining history typical of that experi-

enced by a ligament of material in the line of advance of a crack

was app lied to a bulk specimen and the hardening was studied -

limited results have been pub1ished~
4
~ ; 2) mechanisms of crack

propagation were studied , especially under variable loading ,

and a publication resulted t
~~ and 3) fati gue crack growth

kinetics have been gathered using a ‘compact tension ’ type of

specimen with the aim of applying the hardening results to these

kinetics. The crack propagation mode l was the plastic blunting

process where standard finite element methods were applied

to predicting the crack extens ion per cycle. Here the data

are still insufficient to permit publication , but we intend to

• complete this work.

3) CSSR Under Variable Amplitude Loadin~
• During the CSSR studies described above , all of which

were conducted under constant plastic strain , tests were also

run under the following variable loading modes : a) block

tests , b) incremental tests and c) random tests . It has thus

been found that constant strain tests yield equivalent results

to those for block tests , but that incremental and random
J.

• --•--- -
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tests yield cycli c stress-strain curves which are different

from that of the constant strain test. The Czech workers ,

Pol ak , Klesni l and Lukas have recently offered for publication

a paper with the same aim as us but where the investi gation

was carried out on a wavy sli p meta l~
7
~ . We have observed

many similarities to their results as well as differences ,

so that understanding of the general problem has now been

considerably advanced . Essenti ally, those materials which

show strong resistance to cycli c softening (e.g., our TMT

A l A g alloy) hav e incremental or random test CSS curves

which lie at hi gher stress levels than those of the constant

test , whereas the relative order is reversed in alloys which

show softening due to strain localization and preci pitate

instability. Generally, however , the differences between

the curves are small. Clearly, the curve generated by the

incremental test would he most useful for cumulative damage

• desi gn purposes , because the random test and incremental test

y ield quite similar curves. The details can he obtained from

reference (4). The relationshi p of these results to questions

of alloy desi gn has also been explored~
8
~ .

Whilst it would be interesting to study dislocation

behavior at different stages during variable loading, most of

the alloys stud ied here are too complex to permit secure

interpretation and therefore this aspect of the project can be

regarded as complete.

I-’
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The life aspec t of response under variable amplitude

loading was studied by . Ilashin with respect to his new theory

of cumulative damage. In this theory~
9
~ damage is defined

purely in terms of the number of cycles remaining to failure

after a given cycling history . Thus it is mechanism

independent. The life predictions produced by it are different

from those of Miner ’s rule and from those of the other

approaches to cumulative damage which involve Miner ’s rule at
1-) )some point~~ . The theory is however sensitive in some degree

to a measure of the endurance limit.

Tests to check the theory have been carried out both

with two-stage loading experiments on the Frankford Arsenal

075 alloys and by tests of data in the literat u re . The

theory is shown to agree extremely well with experiment , and

fits Manson ’s data which he generated to test his double

linear damage rule much better than the damage rule. The

theory is shown to be a great improvement on Miner ’s rule.

Tests have also been carried out on block loading spectra ,

designed to simulate air-ground cycles or step loading

sequences. An attempt to check the theory on the Frankford

alloys was abandoned when it was found that the acquisition

of statistically si gnificant data was beyond the resources of

our electrohydraulic testing facility. However , the extensive

old work of Lui and Corten who used cheap wire specimens did

allow some test of the theory . The theory is thus found to be

conservative , and Miner ’s rule non-conservative . While this

result is important , the scatter in the results is discourag ing

~~~~~~~~~~ 
- - - -
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to Hashin and he is now concentrating on the question of

scatter.

4) CSSR in Pure Me tals

Durin g the period of the investi gation , the f i e ld  of

CSSR in pure me tals h as been f o l l o w e d  cl ose ly by the pr inc i pal

investigator. A result obtained by Mughrabi at Stuttgart allowed

h im to ex p la in the exis tence of a fa t igue l imi t on a general

bas is and a paper has been pub l i shed U°). Papers have also been

published on the history dependence of cyclic response in

pur e me tals~~~~~, the effect of dislocation substructures on

fatigue~~
2
~~, and on other topics~~

3
~~

5
~~. Also two invi ted

reviews have been pub l i shed~~
6’ 17)

As a resul t of discussions prompted by the conference

at wh ich reference  16 was presen ted , a f ru i tfu l  col lab ora tion

with Doris Kuhlmann-Wjlsdorf was initiated on dislocation

behavior in fatigue . Initially , the main concern was the

forma t ion of pers is ten t sl ip bands and the subsequen t beh avi or

of dislocations within them. Essentially ,  we believe that the

PSB strain is carried by screw dislocations cooperatively in

the channels between the dislocation hedges in the PSB ’ s.  The

model i s consis ten t wi th the observa tions so far  ga thered and

also explains  the behavior  of ex trusions U8).

Since that time we have been concentrating on another

theoretical study of dislocation behavior in fatigue , but that

which occurs during rapid hardening. In December 1977 , we

comple ted a paper on this subject (reported in interim

report No. 7), but one of the authors (A. Winter) disagreed

~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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about the distribution of strain in dislocation veins . The

paper was accordingly withdrawn and so greatly enlarged in

subsequen t discussion that we have entirely revised and

expanded the work , which  is now to be presen ted in three par ts .

The f i r s t par t evalua tes fa tigue hys teresis loops to ob tain

da ta for the f r ic t ion stress and back stress ac t ing on the

disl oca t ions . Par t of the f r i c t ion stress is equal in magni tude

to the back st ress and , l ike  i t , rises in propor t ion to the

root of the cumulative plastic strain. The smaller part of the

f r i c t ion stress depends more or less l inear ly  on the number

of cycles.  I t is identi f i ed , p r imar i l y , wi th the stress

- - re quired for dragging the jogs on the screw disloca t ion s wh ich

shuttle in the channels defined by veins . Follow ing up on a

corresponding hypothesis previously advanced~
18
~~, we suggest

that the channel widths in the matrix structure adjust such that ,

on the average , one jog  resides on each screw disloc at ion

segment . According ly the channel width should decrease inversely

with the number of cycles during the early part of the fatigue

l i f e . This part of the study has now been completed t
~~

9) .

In subsequent parts , we arc ready to present a theoretical

treatment of that component of the friction stress which is

coup led to the back stress as well as the hack stress itsief

and the associated dislocation mechanisms .

SUMMARY

In summary, a range of studies dea l ing  wi th the cyc l ic

stress-strain response of pure metal , s imple precip i ta tion

hardened a l loy, and complex aluminum alloys has been

completed. Emphasis has been placed on the mechanisms of

t I
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rap id hardening and saturation in these materials , on the

dis tribut ion of sli p as controlled by the microstructure

and on the relation between the cyclic de formation m e c h an i s m s

and the fatigu e damage mechanism s

.p
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