This dissertation has been
- microfilmed exactly as received

RIGGS, Bruce Allen, 1930-

ON THE PHENOMENON OF DISCONTINUOUS
- PLASTIC DEFORMATION IN SELECTED
JALUMINUM ALLOYS,

University of Arizona, Ph.D,, 1964
Engineering, metallurgy

University Microfilms, Inc., Ann Arbor, Michigan

64~10,455

g AL i3l

id

At o b e A A N b e



-ON THE PHENOMENON OF DISCONTINUOUS PLASTIC
DEFORMATION IN SELECTED ALUMINUM ALLOYS

by
Bruce A.fRiggs..~

A Dissertation Submitted to the Faculty of the
DEPARTMENT OF MINING AND METALLURGICAL ENGINEERING

In Partial Fulfillment of the Requlrements
For the Degree of

DOCTOR OF PHILOSOPHY
In the Graduate College

THE UNIVERSITY OF ARIZONA

1964



THE UNIVERSITY OF ARIZONA

GRADUATE COLLEGE

I hereby recommend that this dissertation prepared under my

direction by _Bruce A, Riggs

entitled

be accepted as fulfilling the dissertation fequirément of the

degree of Doctor of Philosophyv

{M Ao lind 30 /964

Dissertat{6on Director Date

After inspection of the dissertation, the following members

of the Final Examination Committee concur in its approval and

recommend its acceptance:*

*This approval and acceptance is contingent on the candidate's
adequate performance and defense of this dissertation at the
final oral examination. The inclusion of this sheet bound into
the library copy of the dissertation is evidenceof satisfactory
performance at the final examination.



STATEMENT BY AUTHOR

This dlssertation has been submitted in partial
fulfillment of requirements for an advanced degree at
The Universlty of Arizona and 1s deposited in the Uni-
versity Library to be made avalilable to borrowers under
"rules of the Library.

Brief quotations from this dissertation are al-
lowable without speclal permission, provided that accur-
ate acknowledgment of source is made. Requests for per-
mission for extended quotation from or reproduction of
this manuscript in whole or in part may be granted by
the head of the major department or the Dean of the Grad-
uate College when in his judgment the proposed use of
the material is 1n the linterests of scholarship. 1In all
other instances, however, permisslién must be obtained
from the author. '

SIGNED: //%{/Lw ’ // . /ét/ﬁ’ﬂe/
S ///"




ACKNOWLEDGEMENT

This wérk is the culmination 6f_four years of -
graduate study which wés made possible through the’fin-
ahcial support of a Natlonal Defense Educatiohéi AétA
Fellowship. The author is indebted to many people for
this support but particularly to Dr. D.J. Murphy of the
Department of.Mining'and,Metallurgical Englineering who
was Instrumental 1n awarding this Fellowship.

The high purity aluminum alloy sheet materials
utilized in this study were provided through the cour-
tesy of Mr. W.G. Fricke, Jr. of the Aluminuﬁ Company of'
America and Mr. J,.H. Dedrick 6f the Reynolds Metals Com-
pany. These materials were vital to the performance of
this work and their donation is most gratefully acknowl-
edged.

The author would like to éxtend a special word
of apprecilation to.his thesis advisor, Dr. L.J. Demer.
The very willing'and capable asslstance and guidance
provided by Profe#sor Demer during the perlod of the
authors graduate study has been rewarding and greatly

appreciated.

1i1



TABLE OF. CONTENTS

‘ _ ‘ Page
ACKNOWLEDGMENf.:“.’:.: s
LIST OF FIGURES + + + + « v v o v e e e e o vl
LIST OF TABLES . v « « + o v o oo v e e e e e e e ix
BBSTRACT + « v e v e e e e e e e e e e e x

I. INTRODUCTION AND LITERATURE SURVEY .
II. THEORETICAL CONSIDERATIONS ., . . « ¢« v ¢ 4 o &+ « « « 9

2.1 Precipitation Hypothesis for the Portevin-

LeChatelier Effect . . .« . 9
2.2 Repeated Strain Aging Hypothesis for the
Portevin-LeChatelier Effect . . . . . . . . . 12
ITII. MATERIAL AND TEST EQUIPMENT . . « « v « & « « « « . 24
3.1 Material. . . c e e e e . . 2
3.1.1 High Purity Sheet Alloys =2

3.1.2 Commercial Sheet Alloys . . . . . . . 25

3.2 Sheet Material Tensile Specimens . . . . . . 25
3.3 Designation of Sheet Material Tensille

Specimens . . . ... 26
3.4 X-Ray Analysis of As- Received Material . . . 27
3.5 Test Apparatus and Equipment . . . . . . . . 28

3.5.1 Tensile Test Equipment . . . . . . . . 28
3.5.2 Constant-Temperature Bath Ar-
‘rangement . . . . . . . . . . ¢« . .. . 30

IV. EXPERIMENTAL PROCEDURES AND RESULTS . . . . . . . 35

4,1 Preliminary Test Work . . ' &« « v . « . 35
4,1.1 Heat Treatment of Material « v+ <« . . 36
4,1.,2 Tenslle Test Conditions . . .. 37
4,1.3 Method of Presentation of Results oo 37

L.2 Aging Tests . .« « « 39

4.2.1 Tsochronal Aging After Quenching . . . 39
4,2,2 Results of Isochronal Aging After
Quenching . . . . ¢« +. « ¢« ¢« « o« « « . bo

e e

iv



TABLE OF CONTENTS--Continued

Isothermal Aging After Quenching .

After Quenching
.2.5 Strain Aging Tests

Iy,

4,2.4 Results of Isothermal Aging
4.2 .. '
4, 2.6 Results of Strain Aging Tests

*

L,
.
mn
.
mn
4.
L.
I,

Temperatures .
Variable Grain Size Tests
Results of Variable Graln Slze Tests

Effect of Cold-Work .
0O Results of Cold-Work Tests

Tensile Tests at Different Strain Rates
Results of Tenslle Tests at Different
Straln Rates .

V. DISCUSSION AND INTERPRETATION OF RESULTS .

VI.

Bands

Uiiuitor gtutuon - Uil
WoONGY UMW PO

Influence of Strain Rate on DPF
Influence of Test Temperature on DPF
Influence of Graln Size and Cold

Work on DPF .
Influence of Quench Aglng on DPF .
Influence of Strain Aging on DPF .
Interpretation of Results - Summary
Possible Controlling Mechanisms for

the DPF Phenomenon .,

5.9.1 Proposed Mechanism 1n the Duralumin-
5.9.2 Proposed Mechanism in Al-Mg Alloys
GENERAL SUMMARY AND CONCLUSIONS .

APPENDIX A
REFERENCES

Type Alloys .

.

Contrasting Nature of DPF Manifestation
The Concept of Deformation by Luders

.

3

L

5 Tensile Tests at Different Temperatures '
6 Results of Tensile Tests at Different
7
8
9
1

"Page

45
U7
52 .

55.
59

G0.
62

o4
69
72

76

. 113

118

121
124

. 126

. 137

129
133

141

. 143

143
149

156
160
169



Figure Page
1. Stress-Strain Curve of As-Quenched 7075 Alloy
Illustrating DPF Phenomenon and Defining
Stress and Strain Parameters ........eceeceeenn 8
2. Log e, Vs. Reciprocal Test Temperature. Data
Taken From the Literature .......cec00ee. eeees.. 20
3. Configuration and Dimensions of Sheet r"ensile
SpeCimenS ® @ ¢ 5 8 8 0 0 0 0 ), ® 870 .0 @ & & ¢ ¢ 0 0 0 0 ¢ " B s s e * 8 0 0 0 0 0 34
4, Comparison of DPF 1n 7075 Alloy_;After Rapid
Water Quench and Air Cool .......... cer e ees {9
5. DPF in 7075 Alloy as a Function of Aging Temp-
erature After Quenching .......eeeeeeeeeeens ... 80
6. DPF in Al-Cu Alloy as a Functlon of Aglng Temp-
erature After Quenching .......eeeeeeeveeenees. 81
7. DPF in Al-Mg Alloy as a Function of Aging Temp-
erature After Quenching ............... ceeeea.. 82
8. Al-Zn Alloy Specimens Water-Quenched and Aged_;.,... 83
9. Photograph Illustrating‘Typical Fracture Modes ..... 84
10, Schematlc Representation of Posslble Fracture
Process From Luders Band Intersection ......... 85
11. Photomicrographs of Surface Slip Traces 1n
7075 Alloy Specimens ............... Y < 16
12. Photomicrograph of Surface of Electropollshed
Al-Mg Alloy Specimen After 15 % Strain ........ 87
13, Photomicrograph of Surface of Electropolished
Al1-Zn Alloy Specimen After 15 % Strain ........ 88
14, Photomicrographs of Surface of Electropolished 8
e e s » 9

LIST OF FIGURES

Al-Cu Alloy Specimens After 10 % Strain ...

vi



vii

LIST OF FIGURES--Continued
Flgure ‘ | " - Page
15, Yield Strength vs. Aging Temperature ............. 90
16. Work-Hardening'Index vs. Aging Temperature ....... 91"”

17. Stress-Strain Curves of 2024 Alloy Specimens .
Aged Isothermally After Quenching ........,..‘92

18. Yield Stress vs. Aging Time ...... et ce e 93

19. Stress=Strain Curves of 2024 Alloy Specimens
Aged Isothermally After Air Cooling ......... 94

20. Straln Parameter ep and Yleld Stress vs.
Aging Time at 26° C (2024 AllOY) .veveeseeees. 95

21. Stress-Strain Curves of 2024 Alloy Specimens
Aged Isothemally at 400 ® ¢ 0 0 & 6 0 9.0 0 O 00 0B 0 e 96 .

22, Strain Parameter ep vs. Isothermal Aging
' Time (2024 AllOY) veveveeeveeeronsnennnnnenes 97

23. Yield Stress vs. Isothermal Aging Time
(2024 Alloy) et s et ssses e re e e eennn .. 98

24. Log(Log epg) vs. Aging Time (2024 Alloy) .......... 99

25. Log Aging Time to Attaln Gilven ep vs. Recl-
procal Aging Temperature (2024 Alloy) ....... 100

26. Log Aging Time to Attailn Given Yield Stress
vs. Recliprocal Aging Temperature (2024
Alloy) ..... ® & 0 5 0 0 00 0 0 80 0 "8 & 8 & & & 0 s 0 & 2 0 e a0 101

27. Stress Parameter (0, ) vs. Yield Stress
(2024 Alloy) ....... et ceene et cerrenanans .. 102

28. Log Stress vs. Log Strain for 2024 Alloy ceiere... 103

29, Stress-Strain Curve of Strain -Aged Al-Zn :
Alloy Specimen ...eeeveosoess S K01

30. Stress-Strain Curve of Strain-Aged 2024 - .
Alloy Specimen (55° C) vueveevereernensnnosess 105

31. Stress-Strain Curve of Strain-Aged 2024
Alloy Specimen (810 C) ® & ¢ B 0 0 0 0 8 & & 0 8 ® OV S O P N O OO 106



viit
LIST OF FIGURES--Continued

Figure L - Page
32. Stress-Strain Curve of Strain-Aged 2024-T3
Alloy Specimen ......... B P KO
33. Incremental Change 1n Flow Stress vs. Strain | g
Aging Temperature ........ ceerenat e ee.... 108
34. Strain Parameter eo vs. Straln Rate .............. ldé

35. Log of- Strain Parameter €, vVs. Log of _
Strain Rate (7075 ALIOY) ..cvivvnrnenvnnnnns . 110

36. DPF in Al-Mg Alloy Specimens Tested at
Varlous Temperatures ........... s et e e a e .o 111

37. Straln Parameter ep vs. Tenslle Test Temper-
ature .......................... ¢ & & & ® 5 ¢ 6 ¢ & ¢ o @ 112

38. Log of Strain Parameter ep vs. Reciprocal
Test Temperature ........... ceeseresas e tae s 113

39. Stress-Straln Curves of Various Grain Size
Specimens of Al-Mg AllO¥y ..eeveeen. Ceee e . 114

" 40. Yield Stress and Magniltude of Stress Drops
vs. Reclprocal Square Root.of Grain '
Diameter (Al-Mg Alloy) ........ Cteeeeeea e... 115

41. Applied Stress vs. Magnitude of Stress Drops ..... 116

42, Stress-Strain Curves of Cold-Rolled Al-Mg
Alloy Specimens Subjected to Various . .
Recovery-Annealing Treatments ........... eeee 117

43, Schematic Representation of Possible Rapid
Dislocation Multiplication Mechanism in .
AgefHardenable Aluminum Alloy ....... e eeses . 155

1-A. (Appendix) Calculated Diffusion Enhance-
ment Ratio vs. Strain ............. R N4

2-A. (Appendix) Log Strain at Maximum Calcu-
i lated Diffusion Increase vs. Log
Strain Rate ® ® & 0 ¢ 6 0 & 8 8 % 0 ® 0 & © 8 5 0 0 0 0 0 P TP SN O N 0 168



LIST OF TABLES
‘Table | Page
I. Chemical Analyses of Sheet AllOYS +s.iveveesssevaes 33

II. Apparent Activation Energies Determined
: From Figure 38 ....iviirrenneeesnn ceceeveceans 69

TI-A. (Appendix) The Parameter Kp as a Function
Ofstrain ® & & 5 5 & 0 & & 0 0 o .000.......'...'.0....163

II-A. (Appendix) Values of Dg/D Determined From
Equation A_l '...l...l.l...........ll‘.l.....0164

ix



ABSTRACT

A study of the phenomenon of discontiﬁuous plaétic
flow (DPF), or the Portevin-lLeChatelier effect, which ap-
pears in certain aluminum alloys has‘been mgde. This inF
vestigation was undertaken to fulfill a definite need fér
a systematic and comprehensive experimental evéluéfion bf
existing hypotheses which have sought to explaiﬁ the DPF‘
behavior in terms of dynamic strain aging or, alternativély,
as a result of precipitation from solid solution during
plastic.deformation.-Certain inadequacies in both hypoth-
éses have been discussed 1in the present work.

Two commercial alldys (2024 and 7075) as well as
three high-purity alloys containing, nominally, three
welght percent copper or magnesium, or five welght percent
zinc were studiedl_Variable temperaturé and strainfrate
tensile tests were carried out on these alloys after the
imposition of controlled isothermal, isochronal, and strain-
aging cycles. Theieffect of variatioﬁ in grain size oh the
manifestation of DPF was also studied. v

The DPF behavior in the age-hardenable alloys (2024,
7075, and Al-Cu) was.found to exist only for a relativéiy
short time after quenching from solution-treatment temper-

atures. This result was in agreemeht with the findings of

X .
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ABSTRACT~~Continued

earlier investigators. in an elaboration of,this phase of
the work a study of the kinetics of the rate at which the -
discontinuous mode of deformation vanished after quenching
was made , This was done fbr thé representative case of the
2024 alloy. From this study it was aetérmined that the DPF
phenomenon ”agéd—out"'with an appareht activation energy
of approximately 27 kcal/mol. It‘wéé also observed that
the disappearance of DPF during aging after quenching was
acCoﬁpanied by a consequent increase in the yield strength
due to precipitation hardening. More significantly, it .
was established that the increase in yield strength was
described by an Arrhenius-rate process and characterized
by an activation energy of approximately 27 kcal/mol.'It
was. concluded from this that the identity of activation
energiles logically connected the two phenomena to the same
basic mechanism of precipitation from'sdlid?solutioh.

| - By contrast, DPF in the‘Al—&g ailoy.was found to
vbe quite stable and apparently insenéitive'to.the various
quencﬁ—aging treatments. Further; the Al-Zn alloy did not
exhibit any significant tendencies toward DPF for any of
the imposed test conditions. Neither the Al-Mg nor the
Al-Zn alloys showed any susceptlibllity toward age harden-
ing.

The fesults of the variable-grain-slze tests Have

provided ratﬁer strong evldence that the onset of DPF in
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ABSTRACT-~- Continued -

the various alloys depends explicitly Oﬁ.the applied stress
2and-hot implicitly on the priof st?ain as required_by the
strain—éging hypothesis. 1In additibn, both the strain-
rate dependence and the temperature dependence of the on-
gset of DPF were found experimentally to be inverse to that
expected from the straln-aging hypothesis. |

It 1s concluded from the overall results that the
generally—accepted»strain—aging mechanism for the Portevin-
IeChatelier effect does not adequately'account for the
observed experimental behavior. On the other hand, additional
support for the older concept that the Portevin-LeChatelier
effect 1is related to precipitation‘has been obtalned for
the age-hardenable alloys. It is suégested that the dis-
continulities characteristic of the DPF phenomenbn are the
result of rapid dislocation multiplication. Two caaeé'ére
discussed, one involving a multiplication process Sccurring
as a result of dislocation—precipitate interaction, and
another case invoiving dislocation multiplication in Al-Mg

alloys as a result of an alteration in stacking-fault energy.



I.- INTRODUCTION AND LITERATURE SURVEY

On a macroscopic scale the plastic deformation of
metals is usually observed to occur in the form of a contin-
uous stress versus strain relatlonship., There are, however,
some notable exceptions wheréin fhe‘stress-strain behavior
is markedly discontinuous. Such discontinuous blastic flow
(hereafter referred to as DPF) 1is réadily observed in the -
éerrated or stair-stepped flow curves obtained during plastic
deformation (Fig. 1). These discontinuities are attributable
to suaden, shoft bursts of localized plastic flow and such
heterogenous deformation constitutes the effect for whiéh
the causes have not, in all caées, been adequately explained.

It is convenient to discuss the phenomenon of DPf in
terms of the levels of temperature in which it has been found
to dcéuf. Theée levels can be classifled according to ex-
treme low temperatures (i.e., 4° K), elevated temperatures
(1.e., 55O°fK);.andJin the vicinity of room temperature. For
each,lével of temperéture there is oniy a“narrow range oOf |
temperature within whiéh DPF occurs. In the léw temperaturé
case, DPF generally appears only at the lower extreme of 1ig-
uid hellum ﬁemperature (4.2° K) and sometimes only for partic-
ular orientations (Hosford, et. al., 1960). For the room and
elevated temperature levels DPF exists over a greéter range
of temperature which is of the order of 100o K. ‘For example,

1



2
McReynolds (1949) has found DPF to be present in certain
aluminum alloys between about 283° K and 423° K. Although
the present investigation is concerned only wlth the phen-
omenon of DPF in aluminum alloyé which occurs at the room
temperature level, it 1s wor?hwhile to congider briefly
both the low and elevated temperature levels in which DPE
has 5eeﬁ observed.

At the very idw Eémﬁerhtures, DPF has been reported
in several aluminum:alloys by Basinski (1957), in high pu-
rity copper crystals by Blewltt, et al. (1957), in nickel
single crystals (Haasen, 1958), and in zinc single crystals
by Bullen (1962). It is to he emphasized that in the cases
cited the discontinulties observed in the flow curves are
deflnitely attributable to plastic deformation and not to
twinning which is'also observed in this range of tempera-
tures (Adams, et al., 1960). The paper by Blewitt and co-
workers cited above dlstingulishes between these two effecﬁs.
’It‘shpqld be noted also that most of the instances.cited'
regarding DPF pertain“to metals of presumably high purlty
8o that no second (alloying) element would seem to be in-
volved, |

 The problem of DPF in the vicinity 4.2° K has been
treaféd from a theoretical point of view by Basinski (1957)
- who postulated a mechanism 6f3"ad1abatic'slip“ baséd upon

the lower heat capaclties of metals at this temperature. Ac~

cording to this theory, when slip is begun in one regién it



is able to continue to propagate rapidly.becauéé of locali-

zed heating effedts arising from the thermal energy'gener-

ated by the work of déformation. This heat energy produces

~a local risé in effective temperature because of the lower
‘heat capacity of the meﬁal. This localizgd heating effect
leads to a large increment of plastic stfainbwhichvappears

as a drop 1in load on the flow curve, As furthér slip 1s event-
ually arrested by heat dissipation and "normal" work hardening
processes, 8lip is actlvated in other regions‘and the process
becomes repetitive resulting in the observéd serrated-flow
curve. This brief account of the so-called "adiabatic" slip
mechanism would seem to fit well with the experimental'obser-'-'
vations that have been made in regard to DPF at very low temp- .
eratures. The ﬁemperature dependence 1s explained on thelbasis
of a change in heat capacity which only becomes significant at.
temperatures close to 40 K. In addition,the mechanism 1s not
predicated upon diffusion of a second element (which would be
difficult at thesé temperatures) and is, therefbre, consistent
with the high purity of many of the metals which was pointed
out previously.

At much more elevated temperatures DPF is clasgically
observéd in conjuﬁction with the so-called "blue-brittle" be-
havior of mild steels deformed in the range of 2_00--300o C.
Marciﬁkowski and tipsitt (1962) have observed erratic deform<

ation of chromium at 400° C and Sutoki (1941) has reported



i
serrated flow-for a number of Fe-C alloys at about 200° c.
-The discontinuous deformation associated with "blue-brittle"
phenomenon of steels in this range of temperature has been
attributed to repeated straln aging according to the model
of Cottrell and Bilby (1949). Thus interstitially-dis-
solved carbon and nitrogen are able to diffuse rapidly to
lgliding dlslocations gradually forming an immobilizing'"at-
mosphere" ﬁhich impedes, and finally stops, further glide
motion. Eventually the applied stress builds to a value
sufficlent to tear the dislocations free from their impur-
ity clouds and further slip takes place abruptly under the
local "overstress". This rapid plastic flow produces the
observed discontinuity in the stress-strain curve. Since
the process is able to repeat itself, the entire flow curve
may become serrated. In this process 1t 1s thus necessary
to have a diffusing second element and an accelerated dif-

: fusion rate. These requirements are fulfilled respectively
by interstitially—dissolved carbon and/br nitrogen and the
prevailing elevated temperature. Because of these two re-
qQuirements it seems reasonable to rule out this strain-ag-
ing mechanism insofar as DPF at very low temperatures is
concerned, thus lending indirect support to the model of
Basinskl (ref. cited)., The strain-aging mechanism in steels
at moderately elevated temperatures appeaps safisfactory,

however, and good agreement between theory and experiment



has been achieved (see, for example, Sleeswyk, 1960).

~ The theoretical situation as;fééards DPF in al-
uminum at room temperature (the Porteviﬁ-LéChatelier ef-
fect) does not appear.as éatisfactory as in the two fore-
going casés. There have been two prinCipél hypotheses
advanced to account for the Portevin-LeChatelier effect.
The first, and histo;ically'older* of these, 1ls what may
be termed the precipitation hypothesis,' This hypothesis
stems from the common assoclation of DPF with the age
hardening, or duralumin-type, aluminum alloys. It has been
observed that DPF in these alloys 1is prevaient in freshly-
quenched material and disappears with prolongéd aging'(Port-
evin and LeChatelier, 1923; Lubahn 1949). Thus it was that
DPF came to be lidentified with the preéipitation of a second
phase in the matrix (McReynolds, 1949). This hypothesis may
be regarded as representative of the "pre-dislocation theory

era".

It suffers from two principal objectlions. First, no
detalled atomistic model has ever been stipulated which tiles
DfF to preciplitation from solid solution and the experimental
evidence 1s circumstantial. Second, DPF is known to occur in
Al-Mg alloys which are not of the precipitation-hérdenable
type. | o |

The second, and more recent, hypothesis 1is an extension

of the strain-aging model outlined previously for the case of
¢ ' .
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éarbon in iron. In'the present case of aluminum alloys,
however, the solute atoms are substiﬁupionally dissolved
and thelr diffusion at room temperature is presumably en-
hanced by virtue of lattice vacancles created by the strainr
ing of the lattice. Thus, substiﬁutionally-dissolved atoms
are able to diffuse fapidly even at room temperature and in-
teract with dislocations as previously discussed. This
strain-aging hypothesis, due to Cottrell (1953), is consid-
erably more detailed than the precipitation‘idea, but it
‘too suffers from certain objectlons. First, there is a.
"dearth of experimental evidence to support'this-hypothesis.
Originally, Cottrell (1953) drew upon the prior data of
McReynolds (1949):ﬁé'3upport this étrain—aging mechanism and
these data were sparse insofar as Cottrell'S model is con-
cerned. Beyohd this original treatment there appears to be
no additional experimental confirmgtion bf’the mechanism
but there have been some notable deviations. In various Al-Mg
alloys both the temperature dependence (Caisso, 1959) and the
strain-rate dependence (Mikesell and Reed, 1960) have been
found to be inverse to that expected,from Cottrell's analysils.

Since the strain-aging mechanism 1s generally accepted
as representing the true state of affairs insofar as DPF in
aluminum alloys is concerned, the development of this model
will be considered in more detall in the next section. The

present discusslon, however, has served to indicate that:
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1. The phenomenon of DPF at very low temperatures
1s mechanistically distinct from similar be-
havior at higher temperatures.

2. The phenomenon of DPF associated with the "blue-
brittle" behavior of mild steels can be accounted
for in terms of repeated strain aging.

3, The phenomenon of DPF in various aluminum alloys

.. at room temperature is in a rather incomplete
gstate of theoretical and experimental development.
Consliderably more experimental evaluation of
exlsting hypotheses 1s deflnitely indicated be-
fore they can be accepted or alternative mechan-
isms postulated.

Thqs, in spite of a rather large number of references
pertaining to the Portevin-LeChatelier effect which are to be
found in the literature, there has been a surprising lack of . .
critical experimental treatment.  This appears to be due fo
the fact that most reports of DPF in aluminum alloys have been .
made incidental to some other main line of endeavor and to a
tacit acceptance of the strain-aging mechanism.

A comprehensive and systematic experimental investi-
gation of the Portevih—LéChatelier effect.has.not'been under-
taken previousiy, and in wview of the questionable state of
present theoretical development, such an investigation seems

' warranted. This is the purpose of the present work.
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II, THEORETICAL CONSIDERATIONS

In the previous section a brilef, general survey of
the eiistence of'discontinuous piastic flow. in various metals
and the conditions under which it may occur was given. In
this section attention 1s confined to the case of DPF in al-
uminum alloys (Portevin-LeChatelier efféct) and a more de-
tailed discussion 6f the proposed mechanisms for the effect
wlll be presented.

The two hypotheses that have been advanced to account
for DPF in aluminum alloys are the repeated straln-aging mech-
anism due to Cottrell (1953) and a mechanism based on precipi-
tation from solid solution which has been suggested by a num-
ber of workers (Portevin and LeChatelier, 1923; Lubahn, 1949;
McReynolds, 1949). The latter hypothesis has developed from
the common association of DPF with the age-hardenable, or
duralumin?-type aluminum alloys. For'example; Lubahn (ref.
cited) has noted that unstable plastic flow was quite promi-
nent in a freshly-quenched Al-Mg-Si alloy (61S) but disap-
peared after a relatively‘short period of aging at room temp-
erature., In addition, DPF is not observed in high—ﬁuéity al-
uminum but seems to require the presencé~of a second element,

.2;1 'Precipitation Hypothesis for the Portevin-LeChatelier
Effect '

McReynolds (1949) has outlined a possible relationship
9



| 10
between precipitation effécts and the existence of DPF
based on the results which he obtalned from tests on High
_ purity Al-Cu alloys (0.025-0.5 % Cu) and commercially pure
aluminum (28). Although McReynolds! work 1s too lengthy = .
- to be summarized in detailvthere are certain features which

are pertinent to the present discusslion. McReynolds found

that: | :
(i) The appearance of discontinuities in the flow
curve corresponded to the propagation of a
wave of plastic deformation through the bulk
of the polycrystalline specimen.

(i1) The discontinuous mode of deformation oc-
curred only 1in a relatlvely narrow range
of test temperature which was estimated to
be between 10° and 150° C for the Al- 0.5 %
Cu alloy. Testing of the materials above
and below this "envelope" resulted in thei.more
usual smooth stress—~strain relatlionship. -In
the region of temperature where DPF was ob-
served 1t appeared that the strain at the on-
gset of serrated flow (e_ in the nomenclature
of Fig., 1) decreased as the temperature of test
increased.

(i11) The unstable nature of deformation, where it _
.exlsted, was relatively unaffected by prior heat
treatment. Whether the material was quenched or
slow cooled from the 500° C annealing tempera-
ture or whether a prolonged :aging period inter-

" vened prior to testing did not noticeably affect
the subsequent deformation behavior.

McReynolds' observation on the. correspondence between

DPF and the appearance of Lﬁders bands 1s interesting and was
observed subsequently by others (Phillips, et, al., 1952).
Such a correspondence in the case of the "blue-brittle" phen-

omenon in mild steels is well known. The question arises as
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§§‘why such gross plastic flow, or Luders strain should
occur énd how .do the conditions of temperature, alloy coh—
"tent and similar factors promote this mode of deformation?
The marked temperature dependence whiéQVMcReynolds reported
seems to be one of the more definitive.features of the Port-
eVin-LeChateiier effect as indicated in the previous section.
The particulér dependence of €, on.temperature which McReynolds
has reported 1ls of speclal significance and has playéd a key
par£ in the'strain-aging hypothesls to be discussed shoftly.
The observation made by McReynolds with régard to the appér-
ent Insensitivity of DPF to thermal history is somewhat puz-
zling. This fact is contrary to the results obtained by Lu-
bahn (1949) and is not easily rationalized in terms of a pre-
cipitation mechanism as postulated by McReynolds.

Nevertheless, McRéynolds was led to conclude that the
DPF phenomenon ﬁhich he observed was attributable to precipi-
tation of copper from solid solution in the aluminum éoncur-
rent with deformation. Thus, McReynolds states "The propoéed
méchaﬁism for the Qbserved phenomenon of repeated plastic
waves may be SUmmarized as follqws: Motion on slip bands dur-
ing strain results in lattice vacancles and imperfections
which greatly accelerate general diffusion énd precipitation
of copper aggregates.in the immediate vicinity. Consequent
precipitation hardening stops all relaxation on the bands.

When stress eventually increases enough to initiate further
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slip at some point, the,ha;dened condition of the ;qttice
causes hlgh stress conceﬁtrations in the"vicinity, which
fecllitate spread of the strain into adjacent grains. As
successive gralns break down under the stress concentrations,
a wave bf strain spreads through the metal and 1s followed
by'further precioitation hardening, thus starting a new
cyclg.“ Also, MdReynolds attributes the noted tembérature
dependence‘of DfF to the fact that at the 1owerbrange of
temperatures preclpitation is too slow to oceur consequeﬁt
wlth deformaticn and at the upper_rangé the creep rate of
the metal i1s increased sufficiently to prevent the effect.
in the 1ieght of present knowledge 1t cen be appreclated that
the apove mephanism due tb McReynolds is rather vague in
regard to the way in which precivitation acts to "harden"
the lattice.

2.2 Repeated Strain-Asing hypothesis for the Portevin-Le-
Chatelier Effect

_ In a later consideration of the phenomenon of DFPF
in aluminum alloys, Cottrell (1953) utilized the préﬁious
experimental results of McReynolds and those of Manjoine (1944)
on mild steel in connection with a theory of repeated yleld-
ing, or strain aging during deformation (Cottrell and Bilby,
1949). Following is a summary of the main features of Cot-
trell's hypothesis. |

Under suitable conditions of tewmperature the diffusiv-

1ty of solute atoms within a host metal may be sufficlently

rapld so that strain aszing under dynemic conditions may take
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place. That.is, solute atoms may diffuse to moving dislo-
cations, at first slowing their motion, and finally stop-
ing them altogether. As;the applled stress contilnues to
rige, the dislocations thaﬁ have been "locked" by the
strain-aging process are torn free and the“brocess is able
to repeat. Presumably thelserréted flow curve, or discon-_
tinuous stress-strain relationship is the result of -such a
shift between slow and rapild propagation.of giide disloca-
tions.

InAmild steels, the phenomenon of DPF which occurs
in the vicinity of 300° C has been attributed to this re-
peated strain-aging process and involves interstitially-
dissolved carbon and nitrogen. At such elevated tempera-
tures the diffusivity of these elements is rapid enough to
permit them to interact with moving dislocations. This
has been determined from a treatment of experimental data
on mild steel obtalned by Manjoine (1944). Cottrell (1953)
has utilized these data to empirically'nelateustrain rate,
‘e, to a minimuﬁ temperature for which diffusion is fapidl

enough. to allow strain aging to occur during the period of

the test, thus ‘

’ 'é=AeXP —._Q_. ' 2—‘
RT ,

in which @ is taken as the activatlon energy for diffusion

of nitrogen in iron, determined independently (Wert, 1950)

to be approximately 18 kcal/mole. Also Wert and Zener (1949)
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have shown that the diffusion coefficient of interstitial

atoms in b.c.c. lron is of the form

D=8 exP (- YeT) | 2-2
By combining (1) and (2) Cottrell (ref. cited) established -
that the minimum rate of diffusion for dynamic sﬁrain aging

to occur must be -9 2

D=Ce =10 & g
. : 2-3

In a subsequent treatment, Sleeswyk (1960) has confirmed

the general validity of (3) as a result of some experimen-

tal work on Armco iron.

The above analysis was based upon a diffusion mech-

anism 1nvolving interstitlially-dissolved solute atoms mov-
ing in a b.c.c. lattice, but Cottrell has extended the ar-
gument to attempt to account for DPF in f.c.c. aluminum al-

loys where the diffusion kinetics are much different than

in the former case and room témperature diffusion rates ob- .

tained from extrapolation of high temperature data'ére of
the order of 10723 cma/sec.. According to (3) such a value
of diffusivity 1s much too slow to permit repeated strain-
- aging to-occur at the usual rates of strain which are 10-3
to 1072 per second.

Cottrell has reasoned, however that substitutional-
atom diffusivities at room temperaturé may be appreclably
enhanced under dynamic test conditions because of the crea-

tion of vacanclies during straining.' According to some

s
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estimates (Seltz, 1952) the non—equilibriﬁm vacancy con-
centration, ¢, depends upon the streln, e, as

-4
CcC~10 e - 2-4

and the diffusion coefficient can be considGered to be rep-

resented b& | - : - )
S ' D'—‘-’_Ca\).eX'P( U/RT>

where ¢ 1s given in (4),1a 15 the lattice parameter, v is

2-5

the fréquency of atomic. vibraetions, and U is the ectivation
energy for vacancy movement. Taking a® = 10715 cmg,
V= 10l3/sec. and U = 10 kcal/mole (Bradshaw and Pearson,

1957), (5) then becomes 5 el
D~ 10 € sec.

2

2=6
Thus for strains of the order of 10 ° the diffusivify in
(6) becomes comparable to that demanded by (3) so that re-
. peated strain aging in aluminum at room temperature, ac-
cordihg to-Cottrells' analysié, isia feasible mechanlism for:
‘the Portevin-LeChatelier effect.

Friedel (1957), following the strain aging theory
of Cottrell and Zilby (1949) developed for the case of car-

bon and nitrogen in iron, has shown that the time required

for saturation of a dislocation with a solute atmosphere 1s

L.~ RTb*(e 1% 2
ST WD L=Co | al
where b 1s the Burgers vector, W l1ls the binding energy be-

tween the dislocation and a solute atom, D 1s the diffusion

coefficient, ¢ 1s the concentration of solute atoms after
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time t, co'is the initial concentration, and X is a con-
stant which 1s nearly equal to three. The expression (7)
will be recognized as an alternative form of the well-
~ known t%é law originally derived by Cottreli and Bilby
(ref. ciféd) and subsequently modified by others (Harper,
1951; Ham, 1959). Additionally, Friedel (1957) has stated
that the unstable plastic flow assocliated with the blue
brittle behavior of steels will appear whep;the time, tg,
‘necessary for aging is leas than the time required for the

propagation of a Luders band. Thus if m bands propagate -

in the time t, then de <A€

wherweg¥; is the strain rate during propagation of the Lu-
ders bands, and /e is the total Liders strain.

Ffom the expression for t  given by (7), the above expres-

sion then becomes (e < WmAe [xCo % -
o dt T m,?eTbZ( b

2-9
Replacing D in (9) by its value as given in (5) and solving

for e, the strain, (9) becomes

S o'mATé ( >
€= WmVAE X Co eXP T 2-10

By utilizing sultable values for the pre-exponential para-

meters with the ald of McReynolds' (1949) data, Friedel

obtains -9

Y
>
e=Z10 exp /KT‘ o-11
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It 1s to be noted that the semi-empirical derivation of'(ll)
for the case of f.c.c. aluminum allo&s,containingpsubstitu_
tionally-dissolved solute atoms (i.e., copper) is a direct

2/3

extension of the ¢ aging law deriﬁed originally for
b.c.c. lron containing interstitially-dissolved carbon or
nitrogen. This exténsiqn éf theory is'strongly dependent .
upon  the diffusion expression (5) and particﬁlérly upon:the.
bre-exponential ﬁerm given in (4) for ﬁhe strain-created va-
cancies. The activation energy U contained in (11) is there-
fore that for vacancy exchange in ﬁhe case of substitutional
alloys., _

Cottrell (1953) had previously shown that McReynolds'
(1949) data could be represented by aﬁ equation identical to

(11) if e is identified as e_ according to the notation of

0
Fig. 1. Thus, the onset of DPF in substitutional- type al-
uminum alloys appears to be related to temperature through
the activation energy for vacancy movement by

| €o=A exp JgT 2-12
From his treatment of McReynolds' data, Cottrell (ref. cited)
estimated U to be equal.to 7500 cal/mole (0.33 eV). In,reév |
.sistivity‘experiments Bradshaw and Pearson (1957) obtained a
value for U of 10,000 cal/mole (0.44 eV), and in similar work
Wintenberger (1957) determined U.to be approximately 13,000

cal/mole (0.57 eV). These values of U determined experimen-

tally are of the right of order of magnitude generally to
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substantiate Cottrell's original estimate.

. . In some quite recent work, Ruséell'(1963} has re-
ported on the appearance of repeated ylelding, or DFF,
which'he investlzated in soiid solution alloys of tin in
 co§pér. In these alioys, which contained from'l to 7
atomic vercent of tin, Russéll waé'éﬁle_to show excelleﬁt
agreement between,experiﬁsnt and the strain-aging hypoihe-
sis developed by Cottrell (1953) as embodied.in (12) above.
In this work the diffusivity, and hence the strain-aging
kinetlics, 1s shown azaln to be sharvly devendent upon vrior
straln (eo) through the stréin-increased vacancy concentra-
tion. From an analysis of the temverature dependence of
€y Russell obtained a value for the activation energy of
vacancy movement in the Cu-Sn alloys of approximateiy
18,000 cal/mole (0.79 eV). The work of Russell, done on
,thé Cu-Sn system, apparently constitutes the only experi-
mental support for the straln aginz hypothesis outside of
Cottrell's originalldevelqpment using McReynolds' data
ffom.Al-Cu alldys.

In splte of the concert between experiment and theofy
as reported above there have been some data revorted which |
‘differ markedly from that tQ ke expected from the straln-ag-

ing mechanism. Princivally, Caisso (1949) has investigated

-
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the Portevin-LeChatelier effect in Ai-Mg alloys (approxi-

.mately 3 welght percent Mg) and these data indicate a no-

_tablé deviation from the behavior predicted by the "strain-

aging equation" (12) over a significant range of temperature.

Part of Calsso's data is plotted, together with that of

‘McReynolds' (1949) in Fig. 2. It may be seen readily from

this plot that, qualitatively at least, the two independent
sets of data‘agreevréther well 1in the range of temperature
between 10° and 50° C. Abovévabout 50°, however, the data
reported by Cailsso deviate sharply from the behavior gener-
ally to be éxpected from (12). In the low temperature re-
gion the two sets of data conform to the e, versus T rela-
tionship given by (12) with an apparent activation energy
of about‘7900 cal/mole. In the higher range of temperature,
thever, the data for the Al-Mg alloy yield a value for the
activation ehergy of about 17,000 cal/mole, and further, the
slope of the log plot is now negative so that it must repre-
sent a relation of the form ' ,
e, = B exp (‘ UZ&T) 2-13
The inverse temperature dependence of the strain
parameter e, in Al-Mg alloys has also béen reported by Riggs

(1961) and suggests that more than one mechanism may be act-

ing to produce the serrated deformation. If this is the case B

then such an additional mechanism remalns to be stipulated.

If not, then the contrasting experimental behavior of the DPF
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phenomenon must be reconciled in ﬁerms of the existing
strain-aging hyppthesis. |

The discussion of the strain-aging”meéhanism thus
far has followed Cottrells' (1953) deveidpmént‘in which
lattice strain is considered to be the controlling factor"
in.the.nucleation of DPf'because of diffusivity enhancement
at the prevailling temperature. Thus, the strain parametef
e, (Fig. 1) is the definitive factor in measﬁring the ‘onset
of serrated flow. 1In a later discussion, however, Borch,
~ Shepard and Dorn (1958), and subsequently Miller (1961)
have reasoned that the applied stress should be the defini-
tive parameter insofar as 1nitiation of DPF 1s concerned.
Thus'a;, in the notation of Fig. 1, should be the parameter.
of most significance in establiéhing the onset of DPF. Ac-
cording to Borech et - al.., gliding-dislocations are first ar-
restéd at some barrier,in,the léttice (e.g., grain boundar-
ies) and while their moﬁion is tempdrarily stopped a solute-
atom atmosphere is able to form, that is, strain aging occurs.
The extent to which strailn agiﬁg occurs. 1s a function of the
time that dislocations are held up at the barriers and this
will be refiected in the magnltude of the appllied stress
necessary to produce further macroscopic deformation. In
this interpretation then, iﬁ the region of temperature whefe
straln aging, and hence serratéd flow occurs, the stress at

the onset of DPF (0 ) is a measure of the extent of solute-
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atom locking. That is, the greater the degree of strain
aging, the greater the applied stress will be at the onset
of DPF (05). | |

It 1s to be emphasized that Cottrell's hypothesls
and the later interpretation of Borch et. al, are baslcally ,
identical. That is, both interpretations are based upon
strain aging and both consider that it is the externally ap-.

"

plied stress that suddenly "unlocks" the pinned dislocatilons
and results in the observed dlscontinuity in the flow curve.
The essential difference is that in Cottrell's model the
strain-aging process 1is explicitly dependent upon diffusiv-
ity enhancement through prior plastic strain. Thus the on-
set.of DPF 1s strain sensitive only and €, should be defini-
tive. Which of these interpretationé is "correct" remains
to be determined.

| In line with the above discussion Miller (1961) has
investigated the strain-rate dependence of DPF in 2024 alumi-
num. As a result of thils work he_conclﬁdes that "Strain rate
éffects the time for locking, and in turn the stress necessary
to unlock dislocations. The strain required before the onset
on (sic) serrated ylelding is a consequence primarily of the
flow stress, and its effect on diffusivity is secondary."
Finally Miller (ref. cited) states that "The above conclusions

follow Borch, SheparqAand Dorn's concept of creep and are con-

trary to Cottrell's analysis of the Portevin—LeChatelier Effect
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in .which solute-atom diffusion is the major factor." Thus
another iine of evidence would seem to bring'the Cottrell
ﬁypothesis for DPF into question. .

In summary then, the theoretical state of affairs
regarding the phenomenon of DPF would appéér to be partic—.'
ulariy unsettled. Both thé invepse temperaturé,dependence
of the phenomenon: pointed out earlier (Fig. 2), and the al~- -
ternative mechanistic interprefation of Borch et. al.,(1958)
‘which has recelved some experimental support from Miller |
(1961), tend to emphasize the necessity for additional ex-
perimental evaluation of the strain—agihg hypothesis. 1In
addition, 1t can be appreciated that the hypothesis attri-
buting DPF to possible precipitation effects has not been
developed much beyond the stage of pure speculation. Never-
theless, this precipitation concept would seem to have some
possible merit particularly in terms of the very early
stages of pre-=precipitation or zone formation. It would
appéar'necessary to establish a more substantial experimental
framework from which to evaluate the existing hypotheses or
to speculate upon new ones. It is to this task thét the

present work 1s addressed.



TII. MATERIAL AND TEST EQUIPMENT

3.1 Material

vThree high-purity, and two commercially-available
alloys, all in sheet form, were selected'for.study in this
' investigation. Thejchoiqe.of materials was madé on the
basis of the fgct that the particular alloy system was
known to exhibit,vor sugpected of exhibiting DPF; that
is, the Portevin-LeChatelier effect. Each of the alloys
is discﬁssed in detail below. |

3.1.1 High Purity Sheet Alloyé. Three relatively

high-purity aluminum alloys containing from four to approxi-
mately five weight percent of either copper, magnesiﬁm; or
zihc were studied. The welght percentage of alloying ele-
ment was chosen to be consistent with the amounts usually
present in commerclal alloys of lesser purity. These al-
loys were obtalined 1n'sheet form and were nominally 0.065
inches in thicknesé. The chemical compositions are given

in Table I.

Unfortunately, the three alloys all exhibited some-
what disparate thermal-mechanical conditions. The Al-Mg
material was recelived in the‘as-rolled conditlion and was,
consequently, in a highly cold-worked state. The A1-2n~ma-

terial contalned only a SIight degree of residual cold work
24
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from the rolling operation. ' On the other hand, the Al-Cu
-alloy had been annealed for two hours at 5250 C and water
quenched subsequent to the rblling operation. As a result,
this material exhibited a relatively large as-received
grain sige (gfain dla. was approx. O.3’mm). In most éases
the as-received condition of these materials was modifiled
by other thermal processing prior to testing. 'Suchltreét-
ments are described in detail in the sections whére'they

are pertinent.

3.1.2 Commercial Sheet Alloys. Two commercially-

available sheet alloys were included as part of this in-
vestigation. These alloys were 2024 (T3 coﬁdition) and
7075 (T6 condition). The 2024 alloy contains nominally
_four welight percent of copper és principal alloying element
. and may be considered as the commercial analog to the high-
purit& Al-Cu alloy described in paragraph 3.1.1. The 7075
alloy contains copper, zinc, and magnesium as principgl al-
loying elements. An exact chemical analysis of these mat-
erials is given in Table I. Both of these alloys are of
the age;hardenable type and were obtained in sheet form

with a nominal thickness of 0.065 inches.

3.2 Sheet Material Tensile Specimens

'Tensile specimens were prepared from the high purity

and commercial purity sheet alloys by machining to the
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configuration shown in Fig. 3. This was accomplished by
shearing the material into blanks three lnches long'by nine-
sixteenths inches wide. Subsequent to this, a one‘inch by
one-elghth inch reduced section was milled into the blank
and, finally, a one-eighth inch diameter hole was drilled
in each end of the specimens for gripping purposes. Thev
cross-sectional area of the gspecimens in the réduced sec-
tion was 0.008 square inches and the gage length was one
inch.

After final machining to the flnished configuravion,
the specimens were cleaned, and the worked surface layers
of metal removed, by etching in a hot, fifty percent NaOH;
water solution. Wherever thermal processing was required
prior to tensile testing it was carried out on the specimens

subsequent to the above operations.

3.3 Designation of Sheet Material Tensile Specimens

For purposes of serializing the tensile specimens
of the various sheet alloys the following convention was
adopted. In the case of the high-purity allojé a two-lét-
ter prefix followed by simple numerical designation was
used; for example, MS-2, CS-8, ZS-5. The first letter de-
notes the alloy (actuélly the alloying element) of either
magnesium, copper, or zinc. The second letter, which is the

same for all alloys, indicates the fact of sheet material,
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and the following numeral 1s merely a chronological ac-
counting of apécimens. The commercial sheet material was
desgslgnated in a similar fashion except that the last two
ﬁumerals from the commercial designation were employed
instead of the two-letter prefix. Thus, 2024 was denoted
by 24 and the 7075 alloy by 75. A third numeral for
serializing the tensile specimens was added as above; that

is 75-1, 24-3, etc.

3.4 X-Ray Analysis of As-Recelved Material

- In order to determine whether or not the various
alloys used 1n this investigation éxhibited any preferred
orientation, a back-reflection X-ray photograph was made'
on representative samples of each df the five alloys. A
four-port Norelco X-ray diffraction unit was employed for
this purpoée using nickelffiltered copper radiation at
4O KV and 35 mA. Under these conditions a four-hour ex-
posure'was adequate for a sufficiently dense photo.

The specimens were mounted in the holder so that
the incident radilation was normal to the rolled sutrface of
. the metal. In addition, the specimens were oscillated in
a plane normal to the incldent beam by means of .a belt-
driven eccentric-crank arrangement. The oscillation pro-
duced.a linear ﬁravel of the épecimen‘of one-half incﬁ 80

that the incident X-ray beam was able to sample a larger
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area of the specimen surface.

The resulting X-ray pattefns from all specimens,
with one exceptioh, exhibited the uniformly-dense, éome-
what-diffuse Debye rings characteristic of fine-grailned,
randomly-oriented polycrystalline material. The one ex~
' ception was the Al-Cu (CS) alloy which exhibited only a
' féw randomly-scattered spots. This was interpreted to
be the result of the rather large grain size which this
partiéular alloy possessed as pointed out in paragraph
3.1.1. The results of thé X-ray analysis thus established
that the alloys undef investigation were free generally
of preferred orientation with éhe results for the Al-Cu

alloy being somewhat questionable.:

3.5 Test gpparatus and Equipment

3.5.1 Tensile Test Equipment., All tensile tests

for this investigation were_perférmedjon an Instron tensile
machine utilizing a 10,000 pound (max.) capacity load cell.
The versatility and detailed features of this*barticular
- tenslle machine are'described elsewhere (Hindeman and Burr,
1949) so only a brief description will be gilven here.

The load 1is transmitted to the specimen from a
screwdriven (lower) crosshead whose spéed remains constant
irrespective of specimen load. Crosshead speeds can be var-

ied through a system of interchangeable gears but once the
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sbeed haé,been selected 1t remains constant throughout the
period of the test regardless of changes in specimen res=
ponse. Thus,‘constant strain rates are achieved if speci-
men elongation is neglecfeé; _

The load-weighing systeﬁ is.basically a resistahce
bridge, or strain gage, arrangement the signal from which
1s electronically amplified. The amplifier circuit con-
tains callbrated, incremental resistances.which permit
load range sensitivities to be varied from 200 pounds to
10,000 pounds full scale (10 inches). The accuracy of the
load-weighing system is ¥ 0.5 % and this accuracy is indé-
pendent of the load range used. |

A Leeds and Northrop roll, or strip-chart, recorder
1s contained as an integral part of the'Instron machine.
This recorder is synchronously driven at speeds rénging :
from 0.2 to 20 inches per minute. The time axis is pro-
portional to sample extension because of the synchronism
.with the crossheéd speed. Thus'the load-time relationship
is easily related to s@ress-extension.throdgh suitable num-
‘erical factors. The recorder response is.such that approxi-
mately 1.2 seconds is required'for;full-scale (10 inch) de-
. flection. This response 1is 1ndépendent of the load range
used and 1s roughly linearly proportiohﬁl to the amount of
deflection: half-scale deflection requires about 0.7 sec;

onds, etc,
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-In addition to the baslc features of the Instron
tensile machine described above, a special tripod "cage"
fixture was built to support the fensile specimens dur-
ing testing. The tripod configuration was achieved by
three one~half inch diameter stainless steel (type 303)
rods eighteen inches long and threaded into onthalf inch
thick stainless steel base plates on each end. vThe rods
were positioned into the base plates as fhé vertices of
an equilateral triangle three inches on a side. This
"cage" fixture was bolted to the bottom face of the lower
crosshead and thus appeared aé a projecting "finger" ve-
low the lower, or driving, crosshead.

" The 1ower.end of the tensile specimen was attached
to the bottom base plate of the."caggﬂ,and ﬁhe ﬁpper end
attached to a one-half 1nch‘diametér stainless steel rod
which paésed up through a hole 1h,the bottom-crosshead
and was jolned to the upper (fixed) crosshéad and load cell
through a universal Jjoint. The tripod cage arrangement,
just described, permitted the complete immersion of the fix-
ture and emplaced specimen into a constant—temperature bath
for tests at other than ambient temperatures. The basic
features of the Instron tester were not altered nor other-

wise affected by this fixture addition.

3.5.2. Constant-Temperature Bath Arrangement. Since

it was desired to conduct certain of the tensile tests as
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well as other 1sotﬁermél-aging tests at other than room
temperature; & means of providing a relatlively-constant
temperature environment was needed. This was finally
achleved by the simple expedlient of usling a one-gallon
pyrex Jar which was thermally 1nsulatéd, t§ soﬁe extent,
by an éxternal, one inch layer of glass wool. Water was
used as the heat transfer medlum with the bath heated and
stirred simultaneously by means of a Temcoi# SP 1025 B
‘varlable voltage , thermostatically contfolled, hot plate.
‘The magnetic-stirring arrangément inherent in the hot
vlate was useful in minimizing thefmal gradlents in the
bath. Potentlally, the upner 1limit of attainable bath
temperatures could be increased considerably by using a
silicéne 011l in place of water as a heating medium and
supplementing the“heat output of tﬁe hot §late ﬁiih res-
lstance-wound immersion heaters. It was subéequently
determined that bath temperatures above 100° C were not
required so the above provisions for higher temperatures
were not.utilized. ) } ' ' -

| The hotyplaté-water bath arrangement permltted the
atteinment of a range of temperatures between room and
100°. ¢ By‘a'process of trial and error 1t was found that
a given temperature in this range could usually be estab-.
1ished to within about 50 C. More importantly, it was

‘determined that once the system'had stabllized, any estab-
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lished tempereature would remain constant to within approxl-

mately +3° C almost indefinitely. Since the bath was em-

lployed for e maximum time of one hour for the longest indi-

vidual test veriocds, the temverature fluctuation was usually
well within this 1° © variation. The average duratlon of
ths elevated temperature tensile”tests wae about three min-
utes so that %empérature fluctuation in this perlod was
virtually absenﬁ, It was inltlally intended to u=se more
elaborate means of attalning the constant temperature con-
trol but such means were not readily avallable.  The above
described method wés, therefore, embloyeﬁ and was found to-

be adequate though lacking in sophistication.



Table I

Chemical Analyses of Sheet Alloys#

Element, Weight Percent

Al1loy |[Code | ¥g [ Cu | 2n | Si | Fe Fn | Cr | Ti | Be Zr i
B14g | B [l0l[0.01| == [0,00 (0,02 | == | == | == | am | == | --
Al-Cu | GS = [3.85[060L [ OO | == | == | == | w= | =] == | ==
Al-Zn | 25 0,00{0.00|5.2); [ 0,07 | 0,12 | 0,00 | 0,00] 0,01 | == | == |0.00
202 | 2 |L.51{k.50 0.07 | 0,12 [ 0,33 | 0,56 0,02 0,03 | -- [0,02 | ~--
7075 | 75 [2.58]1.73|5.81 | 0,11 | 0.26 0,07 | 0.21 | 0.05 | 001 | — | -

- #%lAnalyses Furnished by Producers

£e
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Fig, 3, Configuratlon and Dimensions of Sheet
Tensile Speclmens. Specimens Were Blanked From
Sheet Aluminum Alloys Which Were Nominally
0.C65 Inches Thick.



I1V. EXPERIMENTAL PROCEDURES AND RESULTS

4 1 -preliminary Test Work

| The phenomenon of DPF, or the Portevin;LeChatelier
. effect, as 1t appeafs iﬁ'certain aluminum'alloys'is known - -
" to Be affgcted by'sévérél tést variables such as tempera-~
tufe, strain rate, and prior thermal and mechanicai his-
tory of the metal. 1In general, the appearance of the
discontinuities with respect to ‘thelr magnitude, frequency,
and extent over the 1ength of the flow curve can be altered:
or completely éliminated by changes in the above variables.
In particular, the parameter e, ( dr(S;) can be shifted to
greater or smaller strains by changes in test conditions

- as was‘pointed out in Section II. It is this_paraméter
which is conveniently measured and which appeafaﬂto be a

, Sensitive index of the mechanism responsible for DPF (Cot-
trell, 1953; Caisso, 1959).

Since the present investigation utilized a variety
of aluminum alloys it was necessary to conduct consider-
able preliminary experiment81VWOrk to establish a set of
test conditions which could be conveniently utilized. Tt
was found, for example, that the Al-Cu alloy as well as
the 2024 and 7075 alloys exhibited DPF only in the .freshly-
annealed; or solution-treated condition. In addition, the

35
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rate of cooling from.the.annealing or the solution tfeat-
ing temperature was influential in'fhe résulting flow-
curve gedmétry. This may be observed in Fig. 4. On the
other hand, the Al-Mg and Al-Zn alloys were apparently
insensitive to any prior heat treatment insofar as DPF
was concerned, The Al?Mg alloy eXhibiﬁed bPF under vir-
tuélly all conditions whereas the Al-Zn alloy tended to:
defofm smoothly in a variety of cases which were explored.

As a result'of the preliminary work which was perj
formed.on the various alloyé used in this investigation, |
the following conditions of test were adopted:

4.1.1 Heat Treatment of Material. In all cases,

.unless specified otherwlse, all tensile specimens were

given a solution'treétment at 46501:20 C for two hours
followed by a rapid quench into water at room temperature
(nominally 26O C). The solutioh*treating temperature was
dictated by the alloy of lowést melting point which was,
in this case, the 7075 alloy, but was as high as possible
consistent with this requirement. After quenching, and
Just prior to tensile testing, all ‘specimens were aged

for one hour at room temperature. This procedure was fol-.
lowed except where it was specifically desired to evaluate
the effects of differént aging times or temperatures. Thé
solution heat treatment was never varied, however, and

this was done in a fused salt bath (Park Chemical aluminum
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heat-treating salt AL-2). Care was always taken to in-
sure that the rate of quenchling was as closely as pos-
sible the same in all cases. The time between removal
of the specimens from the salt bath and immersion intd
the water quench was approximately % second.

4..1.2 Tensile Test Conditions. Unless speci-

fied otherwise; all tenslle tests were performed at
room temperature and at a crosshead speed of 0.05 inches
per minute. These conditions were chosen for conveni-
ence and somewhat arbitrarily, but were consistent with
the findings of the prior exploratory tests. The only
deviations from these conditions occurred when 1t was
specifically desired td’heasure the effecp of different
test temperatures‘or strailn rates. The autographic re-
corder charf speeds were varied as hecessary by the
specific test conditions so as to-pfpduce a 1oad—exten¥
sion éurve.of convenlent size.

4.,1.3 Method of Presentation of Results. Since

the primary intent of this investigation was to examine
the phenomenon of DPF in terms of the proposed mechan-
isms of précipitation (McReynolds, 1949) and of strain
aging (Cottrell, 1953), the test program was oriented to-
ward evaluation.of these phenomena as controlling mechan-
isms. In particuléf, the features of interest are those

peculiar to the phenomenon of DPF, that is, the magnitude
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and extent of the discontinulties, the parameters e, and
g, (Fig. I), and the qualitétive and quantitative effects
of various thermal and mechanical treatments on these
features. In addition, the more usual properties of ten-
sile strength and work-hardening characteristics have
‘been noted where these appear to be of signifilcance in
the interpretation of DPF phenomena.

Note that tensile strengths, where reported, are
engineering values and that strains are given in inches
of extension rather than as a percentage elongation. The_
strain in iﬁches cérresponding to any given'poiht on the
flow curve Was calculated from the knownireiationship be-
tween crosshead speed and recorder speed. Thus the basic
chart unit (0.10 inch)'corresponded.to éTsfrain of 0.005
inches for a crosshead speed of 0.05 inches per minute
and a chart speed of one inch per minuté. Any polint on
the flow curve could be discerned to about one-half chart
unit so that strains to-within “,ab‘out 0.002 inches could
be measured under the test conditions cited above. Strength
values were easily measured to within the accuracy of the
tensile machine and recorder itself and this was 0.10% of
full scale. Such'acCurac§ was not necessarily pertinent
to the present tests, however, and is well within the usual
scatter of data to be expected from inherent material an-

lsotroples. Yield strengths were determined from the
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intercept of the flow curve at a strain of 0.005 inches,

or 0.5 % offset.

g

4.2 Aging Tests

'The apparent correlation between qﬁénéh—aging
of duralumin-type alloys and the phenomenon of :DPF has
been observed by several workers (Portevin and LeChate-
lier, 1923; Lubahn, 1949; Beréhezan, 1952). From such
observations the suggestlion has been made that DPF isl
the result 6f precipitation from solid soiution (McRey-
nolds, 1949). Alternatively, Cottrell (1953) has postu-
lated a strain-aging-mechanism as the factor responsible
for DPF in aluminum alloys. In order to better define .
the exact relatlonshilps whilich appear to exist between
DPF and yarious aging situations a serles of isothermal,
isochronal and strain-aging conditions wereAimposed.

These tests are descrlbed in the followlng paragraphs.

k.2.1 Isochronal Aging After Quenching. Five
specimens of each of the five alloys were solution
treated and quenched according to the procedure des-
cribed in paragraph ho1.1, Immediately after quenching,
specimens of- each alloy wefe aged for one hour at temp-
eratures of 0°, 26°, 35°, 42° and 85° C in order to es-
tablish the effects of aging temperature on the manifesta-

tion of DPF. This range of aglng temperatures was selected
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on the basis of the preliminary test work. All specimens
were tested immediately after the one-hour aging period
had elapsed and e time lapse of not more than three min~
utes existed'betWeen removal of a specimen from the con-
stant temperature bath and the start of tensile defenma—

. tion.

In addition to the above aglng temperatures, two
speclmens each of the Al-Mg and Al-Zn alloys were aged
for one hour at 150° and 260O C as well. The sequence
of solution treatment, aging and testing was as previously
described. |

" 4.2.2 Results of Isochronal Aging After Quenching.

Repreeehfative stress-elongation curves obtalned for the
specimens quenched and aged according to the procedure des-

" cribed above are shown in Figs, 5-8, From a qualitative

E standpoint certain features of these records are immediately
apparent. The most striking effect 1s ehown by the curves
obtained for the 7075 alloy (Fig. 5) which are nearly identi-
cal to the curves for the 202l alloy (not shown). These two
alloys show a pronounced transition from sharply-discontinu—
ous deformation characteristic of the speclmens aged at the
lower temperatures to a smooth flow curve which was obtained
after aging at 85° C. The Al-Cu ailoy also exhibited DPF in
a transitory mahner but here the‘diseontinuities'were much

less sharply defined both with respect to their magnitude
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énd to the onset of serrated flow which was nearly 1lmper-
ceptible (Fig. 6). It 1s to be noted that, as a group, the
T075, 2024, and Al-Cu alloys manifested DPF in a qualita—.
tively similar manner: the dlscontinuous mode of deforma-
tion was transitory and was completely "annealed" or "aged-
out" after about one hour at approximately 850 C.

In contrast to the transitory nature of DPF in the
éboye alloys is the apparently stable nature of the discdn~
tinuous mode of deformatlon shown by the Al-Mg alloy_(Fig. 7).
The manifeétation of DPF in this alloy remained unaffected
by the imposed aging treatments after the quench; ‘The dis-
continuities were observed to occur in a very regular se-
_qﬁence and were rapld and closely-spaced, If may b§¥seéuifrom
Fig. 7 that the onset of DPF in this case wés'virtually im-
perceptible but appears to coincide with the béginning of
.plastic flow. It was, furthermore, established from the ad-
ditional higher temperature aging tests that the deformation
" behavior Just described for the Al—Mg alloy remained unchanged
even after aging at temperatures as least ‘as high as 200O C.:

The Al-Zn alloy presented. an éven differeﬁt’behaviér
as 1is evideﬁt from Fig. 8. In tﬁis alloy there were no-- .-
marked load drops 1in evidence for any of thé aged conditioﬁs.‘
Specimens of this alloy did exhibit a type of discontinulty
which appeared to be a véry slight load increase, or "pip" in

the flow curve at lower values of strain, The flow curve
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téhded“to,smooth-out,however,»és deformation brogressed and
at large stralns became completely smqoth again. This be-
havior was found to exisﬁ only in specimens-that had been
aged above room temperature but persisﬁed even in specimens
that had been aged at 150° and 200° C. |

In addition to the qualitative.differences in the
_stress—strain cﬁrveS“for the various alloys discussed abqye;
there were notable differences in the fractupre charactefis;’
tics ahd slip line markings. It was observed that in thg
2024 and 7075 alloys aged at 0° or 26o C that the load dfops,
or'discontinuities, were accompanied by an audible thumping
sound and this in turn frequently corresponded to the appear-
ance of a Luders band on the surface of the specimen: 'These
specimens also exhliblited a dlstinctive fracture geometry
which wés an unusually smooth, planar-type shear failure at.
450 to the speclimen axis viewed from the normal.to the speci-
men ﬁhickness. This mode of fracture was replaced by a more
duétile—appearing cup-and-cone fracture for specimens aged
at the higher temperatures. The fracture modes thus appeared
to alter in relation to the disappearance of.the discbntinui—
ties. The two fypes of fracture are shown in Fié. 9. The
Al=«Mg alloy specimens also fractured in the fashion of the
vplaﬁar shear but with slightly more '"necking" at the break.
By contrast both the Al-Cu and Al-Zn speclmens fractured in

the more usual ductile’cup-and—cone manner. In this same
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regard 1t 1s of interest to note that where Luders bands
were observed to form they did not conform geometrically
‘to the final fracture geometry. Whereas the Luders bands
formed at an angle believed to be apéroximately 35O to the
width of the.specimen (A. Nadai, 1950) the fracture occurred
at 90o to the specimen width. One possible explanation for
this was suggested when it was noted that most all Luders
bands would appear at the same 350 angle all along the
length ofuany gi&en spécimen. Later in the defbrmation pro-
cess, a few‘Lﬁders bands would begih to form at the conju-
gate 350 angle and'frequeﬁtly, if not always, fracture would
take place.wheh a band would form across its previously
formed qonjugate band. This process 1s represented schema-
tically in Fig. 10.

Metallographic examination of selected specimens
which had been electropolished prior to deformation was made
after the specimens had been deformed. fhotomicrographs.of
these speclmens are shown in Figs. 11-14., It may be observed
that specimens which deforméd smoothly tended to exhilbit 1it-
tle or no yisible slip traces whereas’thdée that déférmed
diséontinuously manifested rather coarse, easily—discérnible
slip traces. The apparent exception to this was the Al-Zn
alloy. Both the Al-Zn and Al-Mg alloys exhibited profuse and

rather complex 8lip markings.

From a more quantitative point of view the differences
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-‘1n the deformation behavior of the five alloys can be con-
traeted with rather more significance. For example, Fig.1l5
is a plot of_yield strength as a funetion of aging tempera-
ture and it is to be noted that the three alloys 7075, 2024,
and Al-Cu all exhibit a rather abrupt rise in yleld strength
between about 250 and 450 C. In fact, the 2024 alloy under-
went a 50 % increase in its yleld strengthAin this range of .
temperature, although the increase in the Al-Cu value .was -
less pronounced., It wlll be recalled, wlith particular refer-
ence to Fig. 5, that this.range~of yleld strength ihcrease
corresponds to the range of temperature in which the discon-
tinuous mode of deformation is changing to continuous. Thus,
this range of agilng temperature results in a well-defined
transition region of diminishing DPF with a corresponding rise
in yield strengths. |
By contrast, Fig. 15 also shows that the yield strength
of.the Al-Mg alloy is apparently unaffected by the imposed
quench-aging treatments as was true of the qualitative appear-
ance of the discontinuities in the flow curves of this alloy
(Fig. 7). The Al-2Zn alloy shows an even different behavior
eince the yield streﬁgth at first decreases to a constant value
as the aging temperature is increased. The five:al;oys may
then be grouped‘according_to ipcreasing, constant{ or deereas-
ing yleld strength with increasilng aging temperature, In ad-

dition, 1f the ratio of ultimate yield strength 1s taken as
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a measure of the rate of work hardening it may also be seen
(Fig. 16)2thét the transitlon between DPF and continuous de-
formation in the 7075, 2924, and Al-Cu alloys is related to
a marked decrease 1n the rate of work-hardening. Most, if
not all, of-this apparent decrease 1s, of course, a reflec-
tion of the rising yield strengths but serves to indicate
that the ultimate strengths are not increasing neérly as

- fast.

In summary, the isochronal aging tests have shown
that the phenomenon of DPF in the duralumin-type alloys is.
transitory in nature and "ages-out' féiriy quickly even at
relatively low aging temperatures. The thermally-induéed
disappearance of DPF is coincident with a sharp increase in

‘yield strength. Oﬁ the other hand, both the value of yleld
Strength and the nature, extent, and onset of DPF in the
Al-Mg alloy were not at all affected by the aging sequence.
Whereas the Al-Zn alloy appeared to suffer a slight dimuni-
tion in yleld strength wiﬁh aging this materlal did not,

strictly speaking,.ménifest the. Portevin-LeChatelier effect.

4k .2.3. Isothermal Aging After Quenching. In order
to explore the effects of the quench-aging process inlmore
detall a series of isothermal aging'tests were'carried-out
. after quenching. These tests involved only fouf of the five
-alloys and the 7075 alloy was excluded since its' aging be-

havior, with respect to DPF at least, was Virtually identical
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to the 2024 alloy as noted from the isochronal aging tests.

The isothermal aging tests were actdally pérformed
in two parts. The first part involved ail qur alloys and
aging was done at room temperature. The Al;Mgfand Al-Zn
alloys were lncluded even though the isochronal aging tests
indicated that these alloys were insensitive to the aging
'cycle. The second part of the isothe;mal aging sequence
involved only the 2024 alloy on which aging was carried-out
isothermally for several different temperatureé after quench-
ing.

In the first part of these tests, or lsothermal ag-
ing at room temperature (26O C), specimens of the 2024,
Al-Cu, Al-Mg, and Al-Zn alloys were-aged for times of one,
three, five,and twelve hours after water quenching from the
two-hour solutlon treatment. In addition, a second set of
2024 alloy specimens were included in these tests but‘thése
specimens were slow alr cooled from the solution treaﬁing
temperature instead of water quenched. All specimens were
.tensile tested.immediately after the prescribed aging perilod-
had elapsed; |

In the second part of these tests the intentlon was
to qbtain some quantitative information regarding the aging-
out of DPF which.was noted to occur in the duralumin-type
alloys from the 1sochronal-aging tests described in paragraph

4,2,1, Only specimens from the 2024 alloy were used in these.
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the yleld stress whereas yield strengths were not signifi-
cantly affected by the aging treatments_in'the cases of the
Al-Mg and Al-Zn alloys. A plot of yield strength as a func-
tioﬁ of aging time at 260 C for the four élloys is given in |
Fig. 18. | |

iIt 1s of further interest to confrast'the tensilé
ibehavior of the air cooled 2024 sbecimené with those bf the .
water;quehched specimens aftér equivalent péfiods of aging
at'26o C. The stress-elongation curves representative of
these two cases are given in Figs. 17 (water quenched) and
19 (airfcdoleé). The significant feature brought out in this
comparison is the relétivév"stability“ of both the discontin-
ultiles ahd the yield strength value in the case of the air
cooled matériél compared to the translitory nature of these
two featﬁres in the water quenched matérial. This 1s shown
clearly'in Fig. 20. 1In effect, the air cooled 2024 specimens
were not greatly affected by the agibg at.26o C elther with
regpect to increase in yield strength or onset of DPF. From
Fig. 20 it would appear as though some sort of equlibrium
state was attained by the alr cooled material and the water -
quenched material was tending toward this more stable situa;
tion. Apparently the rate of cooling from the solution treat-
ing temperature is quite important insofar as the subsequent
aging response 1s concerned. Berghezanf(l952) has exblored

this aspect of aging in some detail in both Al-Cu and Al-Zn
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alloys.

A stress-elongation curve representative of those
obtailned from the 2024 alloy specimens aged isothermally
at various temperatures is shown in Fig. 21. Here the shift
of the parameter eé as a function of aging time is clearly
evident. A plot of the strain parameter e, versus aging
time for all.the temperatures of aging 1s given in Flg. 22.
It may also be noted from Fig. 21 that the yield stress 1is
also increasing with increasing aging time and a plot illus-
trating this relationship for all aging temperatures is
given in Fig. 23. In both Figs. 22 and 23 it may be seen
that aging at OQ C was apparently ineffective insofar as pro-
ducing any detectable changes in eithef_eo or the value of
the yleld stress at least for times of aging up to six and
one-half hours. At aging temperatures above 0° C the_changes
in e, were qulte rapid with the flow curve becoming nearly
smooth in about 60 minutes at 400~C.(Fig; 21). Fig. 21 also
shows that the character of the discontinuities 1s altered
at the longer aging fimés. For the shorter times of aging
the disconfinuities are relatively uniform, continuous, and
virtually all lie below the trace of the flow curve. Later
on in the aging.ppoceSS the discontinuities become more ir-
regular and are freduéntly marked by abrupt increases 1in
flow stress precéding a drop in the flow stress.' Such be-

havior 1s suggestive of that exhibited by the -alr-cooled
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2024 specimens (Fig. 19). The series of stress-elongation
-eurves obtained for the specimens aged at 50O C were parti-
cularly erratic in their manifestation of DPF and 1nterpre—
tation of results was rendered somewhat difficult in this case.
In general the kinetlcs of the process of aging-out

- the discontinuities as determined from time" changes in €,
'seemed to follow a law of the form

}13 o (5-1)

where eé and < are constants. This relation was determined

lne, = exp «xt + In e,

from the data plotted in Fig. 24. From Figs. 22 and 24 it

was alsc established that the aging-out of discontinuities
appeared to follow an.Arrheniue‘bate law over a narrow range.

~ of temperature. Thilis is shemn in Fig. 25 from which an ap-
parent activation energy of 2673 kcal/mol was determined. The
value of Q determined from Fig. 25 ranged from 25.2 to 27.1
kcal/mol. An apparently identical relationship existed for
the aging\time-yield stress plot of Fig. 23. A log t versus
1/T plot of these data is given in Fig; 26 from which an aver-
age activation energy of 28.3 kcal/mol was determined. In»
this analysis the measured values of the ectivation energy
ranged between 27.9 and 29.2 kcal/mol. Thus the average value
of_28.3 kcal/mol determined from the kinetics of yleld stress
change agree well with the value of 26.3 kcal/mol determlned
from the change in strain parameter eq-
From the data thus faf obtained it was also possible

to establish that the stress parameter ¢, was a simple linear
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function of the yleld stress such that

— ! .-"
Oy =MaGy + T 52

as determined from Fig. 27. Both the slope m and the inter-
ceptkr'were slightly different for each line as a result of
the variation of aging temperatureq; All three lines plotted
in Flg. 27 appear to-have a common boint of 1ntefsection but
the significance of this is not readily apparent. The 1inear
dependence betweeng, and 0y seemed to break down, however, fdf
values of stress beyond this point of intersection. It was
also determined that a plot of log strain versus log stress.
for the 202l alloy resulted in a family of straight lines
whose slopes varied 1n relation to the temperature-pf aging

prior to deformation. This may be seen from Fig. 28 from

_ which 1t was possible to deduce that

g= Ae™ 5-3

with A and n constants for a given aging temperature, and
presumably, aging time., The above relationship is equivaient
"to the familiar parabolic law frequently obtained from true
stress-true strain curves for many metals. Over the range of
strain from which Fig. 28 was plotted, i.e., up to 10 %, the
englneering values of stress and straln do not'differ appreci-
ably from the "true" values. The values of n, the so-called
work-hardening parameter, which were determined from Fig. 28

‘ranged from 0,30 for the 0° ¢ isotherm to 0.20 for the 42° ¢

aging-temperature isotherm. The decrease in the work-hardening
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index n with an increase in the aging temperature confirms
the observation made in conjunction with Fig. 16 of the dim-
inishing rate of work hardening.. Such a diminution in the
work-hardening rate has been coﬁstrued as belng indicative
of precipitation hardening (Dieter, 1961).

Equations 5-2 and 5-3 show that the stress parameter
0, is related to e, and gy. Also, 1t was previously found
that e, and<§,are related_kinetically to the imposed thermal-
aging process by an activation energy of approximeﬁely 27
kcal/mol, It is not surprising, therefore, to find that an
analysls of 0, with regard to aging time and temperature simi-
lar to that 111ustraﬁed in Figs. 22, 23, 25, and 26 also re-
sults in an activation energy of 27.4 kcal/hol. Thus, an
.activation energy of about 27 kcal/mol is obtained for the
early stages of aglng-out of DPF whether one measures the
time rate of change of eo,G} ,. or J, during isothermal
aging. This analyslis is only valid fer the rapldly-cooled
(water-quenched) specimens, however, since, as Fig. 19 shows,
the stress-strain behavior of the slow-cooled specimens_was
little affected by the subsequent aging at 26° ¢,

4.,2.5 Strain ggigg.ggggg. In order to discern any
tendency toward stréin aging, that is, the pinning of glide
dislocaﬁions by solute atoms, a series of strain aging tests
was performed. According to the theory of Cottrell and Bilby

(1949) a return, or creation, of a yield point after an
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increment of prestraining and subsequent aginé is an indica-
tion that'solute atom-dislocation interaction has occurred.
An indication, or measure, of the extent to which a given
alloy is susceptible to strain agihg may be inferred by the
magnitude of the yield point produced upon re-straining.

in the present tests épecimens from three of the five
alloys (the Al-Cu and 7075 alloys were not included) were
first heat treated accofding to.paragraph 4,1.1 prior to
4testing. In addition, a series of tests was made on the 2024
alloy in the as-received condition. The sbecimens were
strained to 0.10 inch (10 % elongation), unloaded to zero
stress and aged isothermally for 10 minutes and then re-loaded
and strained, in most cases, until fracture of the specimen.
The timé of aging, and amount_of prestrain was the same in all
cases. | |

The aging of the spééimen after -the increment of pre-
strain was carried out at different temperatures on specimens
ffom each of the five alloys. The aging temperatures were
gselected on a rathef arbitrary basis, but again guilded by the
findihgs of the exploratory'teéts. These tempefétures were
OO, 27?, and two elevated.temperaturés which were nominally
60° and 80o C. At.the higher‘aging temperatures, the actual
temperature was allowed to vary somewhat frdm‘test'to test
since no specific temperature wasg séught. It was only neces-

sary to tést at convenilent intervals of temperature, but to
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measure and maintain constant, a gi&en temperature during'
the period of aging (10 minutes).

Each speclimen was deformed to the 0.10 inch pre-
strain and then unloaded at the eiisting crosshead rate
(0.05 in/min). This unloading time ranged from about 10 sec-
‘onds for the Al-Zn alloy to about 25 seconds for the 2024 ai—
1oy. During the time of unloading the constant-temperature
bath was placed around the specimen and cage fixture. After
nine minutes of the ten-minute-aging time had elapsed the
bath was removed. Another minute was passed prior to re-
loading and stralning to permit the specimen to approach
room temperature. After reﬂloading, any'yield point effects
as well as the.subsequent flow'¢urve geometry were noted,

The exact aging temperatufe"that_ekisted for each test was
also recorded,

It should be mentioned that thg’parameters of aging
time and amount of prestrain in the above test cycle were
chosen arbitrarily. .The choice of values, waé;'however,
guided to some extent by the fiﬁdings'of other. workers(West-
.wood and Broom, ;95?)'who investigated strainQQging effects
‘in Al-Mg alloys. In addition, it was felt that if fhé mat-
erial were sufficliently susceptible to strain aging to ac-
count for DPF according to Cottrell's theory (1953) then a
yield point should result from an imposed aglng cycle using

almost any reasonable values for the‘parémeters involved,
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4.2;6 -ﬁesults of Strain Agling Tests. The Al-

Mg, Al-Zn, and 2024 alloys subjected to the strain-aging
cycle described in section L4 2,5 al11 exhibitedlrather
different behavior upon reloading.after aging. Several
of the load-extensilon curves representative of the alloys
tested are shown in Figs. 29-32,.

With'rgference to the above Figures,three general
types of behavior after reloading may be distinguished:
material showing a permanent flow stress ilncrease Gj}(f}),
i.e., the freshlquuenched 2024 alloy; material showing a
pefmanent flow decrease GCmI}), or recovery, i.e., the Al-
Zn and Al-Mg alloys; and, material showlng an entirely
different mode of streSs/%train'behavior after reloading.
The latter is illustrated 1in Fig. 32 and was characteristic
of the fully aged (T3) 2024 alloy. It is important to note
that 1n no case was a significant yield point developed as a
result of the imposed aging cycle by any of the varibus al-
loys. Very slight yield point effects are discernible in
the case of the'2024_—T3 material (Fig. 32) Just prior to the
period of strain at cgnstant gtress. The magnitude of these
"yield points" is probably due to unloading‘effécts as des-
cribed by Haasen and Kelly (1957) rather than to "true" étrain

“aging. ' '
Whereas ‘the straln aging tendencies of the materials

__(as manifested in the development of a sizeable yield point)
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was negligible, the permanent flow stress changes due to-
recovery.or hardenihg were not. Both the Al-Zn and Al-NMg
alloys exhibited considerable recovery of yield strength
as is evident from Fig. 29. Following the scheme of Tletz,
Lytton, and Meyers (1963) and using the notation of Fig. 29
the fractional recovery may be expressed as H

E = v - O/ -
R : O—U—G;. ‘ - (5-4)

From this expression the maximum fféétiohal recovery of
thé yvlield stress was calculated to be 11% for the Al-Zh alé
loy and 12% for the Al-Mg alloy. The extent of this recovery
is rather remarkable considering the short period of time
involved (10 minutes) and the relatively low "aging" tempera-
tures (65° C). Early stages of recovery are generally thought
to involve physical property changées (e.g., electrical con-
ductivity) and recovery of mechanical properties 1s associated
with the later stages.‘

The behavior of the freshly-quenched 2024 alloy was
in sharp contrasﬁ to the Al-Mg and Al-Zn alloys 1in that a
definite permanent flow—strgss*inérease was produced as a re-
sult of fhe straih aging cyclé.as‘shown in Figs. 30,31. Ac-A
cording to the earlier work of Phillips (1952-53) a femporary
flbw—stress increase, or yleld-point effect, 1s indicative of
strain aging]while a permanent flow-stress 1hcrease_may be

attributable to some form of precipitation. If this interpre-

tation 1is correct then the present results definltely indi-
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cate hardening due, presumably, to precipitation but do not

providé any evldence of strain-aging. A flow stress increaéev
of about 9% occurred after the strain-aging cycle for the
2024‘spec1men aged'at 550 C which was the maximum increase
which was found 1n the present tests. Apparently the 2024
spécimen.aged_at the highest‘temperature (810'0) tended to
recover'slighﬁly since the flow stress increase after aging
in this case was only about 6%. Of further interest is the’
fact that this.specimen tended'to deform smoothly for a
-short period after reloading énd a‘graduél, rather than
abrupt, transitién'frém,eléstié t0 piéstic flow ensued. This
hpoint may be noted by contrésting'Fig. 30 (specimen aged at
55° C) with Fig. 31 (specimen ageduat 81° ¢). The reasdn‘v.
fof this behavior is not immediatelj apparent but_further
suggests that some "recovery" is taking place concurrentiy
with precipitation or whatever mechaﬁism is caﬁsiﬁg the per-
manent flow-stress increase. Fig. 33 is a plot‘of the chanée
in flow stress as a function of the strain-aging temperature
and 1llustrates graphically the behavior of the Al-Mg, Al-Zn
and freshly-quenched 2024 alloys.

' ' In Fig. 32 thé rather peculiar post-aging deformation
of the fully-aged 2024 alloy may be seen. Upon reloadihg af-
ter aging at zero stress a very slight yield point developed
and then a perlod of strain at constant stress ensued. Such

behavior is suggestive of the so-called "Luders strain" asso-
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oiated with mild steels. It should be mentioned, however,
that no Luders bands were observed to propagate duriog this
constant-stress period of deformation although this polnt
was not rigorously checked. Aftef a>constant-stresé defor-
mation of approximately 0.03 inches, the flow stress rose
abruptly by an increment of about 250 psi and was followed
by another period of strain ét constant stress. In some .in--
stances‘the step-like load“increase was followed by a slight
yield- point effect as noted previously |

It is interesting to note that the step -like defor-
. mation appears to occur just under the extrapolated normal”
flow curve., That 1s, the abrupt load rise seems to continue
until the value of stress 1s attained that 1s.def;ned by
ektrapolation of the initial portion of the flow curve (Fig._
32). It may further be noted that four regions of constant
stress occurred before fallure by fracture. The ultimate
strength and total extension of the specimen coincided with
previously-determined values for this material from uninter-
rupted tenslle tests. Thus the aging sequence and‘subseouent
deformation behavior apparently did not have any detectable -
effect on the mechanical properties. The step-like mode of
deformation described above was typical of the 2024-T3 specl-
. mens aged at 0° and 26° c, :The specimen aged-at the highest
tempefature (58° ¢) also tended to deform in this manner sub-

sequent to strain aging but the flow. curve, although irregular,
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smoothed out somewhat to a more normal mode in the later
stages of deformation.

Thus the imposed strain-age cycles did not reveal
any tendency toward strailn aging as manifested in the ap-
pearance of a yield point for any of the alloys tested. On
the other hand, marked, permanent changes in the flow stress
after straining and aging indicative of hardening, duevpre-

sumably to preclipitation, and recovery were observed.

4.3 Tensile Tests at Different Strain Rates

Since 1t has been shown that the behavior of DPF
is rather sensitive to the rate of deformation (Cailsso, 1959;
Caisso and Guillot, 1962) it was'felt desirable to investi-
Bate the effect of changes in this variable. Such straln-
rate tests seemed particularly WOrthwhile in View of pre-
vious reports that the actual strain rate dependence of DPF
was not entirely consistent with that anticipated on the
basis of the strain aging model (Mikesell and Reed, 1959;
Miller, 1961).

In the present work, two of the five alloys were
~sé1ected for investigation. These were the Al-Mg alloy and
the 7075 alloy, the laﬁter belng consiaered as representative
also of the 2024 and Al-Cu alloys on the basis of similar be-
havior in the quench-aging tests, Specimens of both alloys

were heat treated according to the procedure given in section
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4.1.1 and subsequently tested individually at crosshead
speeds of 0,005, 0.01, 0.02, 0.05, and 0.10 inches per min-
ute. These crosshead speeds corresponded to straln rates
of 8.3 x 1075, 1.6 x 107%, 3.3 x 104, 8.3 x 107, and
1.6 x 10-3 per second for the one inch gage length specimens.
In addition specimens of the Al-Mg alloy in the as-recelved,
or'cold—worked, condltlon were tested at these same rates of

strain.

4.4 Results of Tensile Tests at Different Strain Rates

The factor of primary interest in these tests was
the functional dependence of the strain parameter e, on the
-rate of tenslle deformatlon. From the stress-strain cufves
obtained for the two alloys at 26° C and various strain
rates, the values of e, were easlly measured.

In Fig. 34 the measured values of e, for both the
annealed and cold-worked Al-Mg alloy and the as-quenched
7075 alloy afe plotted as a function of straln rate. From
this plot it may be seen that in the case of the Al-Mg alloy
in both the cold-worked and annealed conditions the differ-
ent strain rates produced little or no effect on the parameter
e, There was some uncertainty in establishing the exact
-value of e, for the annealed Al-Mg material since serrated

deformation began at low straln values and i1ts onset was not

clearly defined. Nevertheless, there was no discernible

change in ey, due to change in strain rate. This also ap-
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peared to be generally true in the case of the cold-worked
Al-Mg material, however, there was some tendency for eo to
be delayed to'higher strain values as the strailn rate in-
creased. Unlike the annealed material, the cold-worked
Al-Mg alloy manifested a well-deflned transition from con-
ﬁinuousnto discontinuous deformation so fhat no difficulty
arose 1n establishing the value of eo.. | |

The as-quenched 7075 alloy also exhibited a clear
transition to discontinuous plastic flow so that e was
'clearly established. Unlike the Al-Mg alloy, however,..eO
was éharply dependent upon the imposed strain rate. As
shown in Fig. 34, o was delayed to larger strains as the
strain rate decreased. 1In fact, the specimen deformed at
the slowest rate (0.005 inches/min.) did not exhibit DPF at
all but was smooth over the entire flow curve up to fracture
which occurred at a strain of about 0.28 inches. For the
7075 alloy {quenched and aged one hour at 26° C) a plot of
log eO versus log strain rate ylelds an apparently linear

relationship (see Fig. 35) which can be expressed as

« N .
e, = Ae T = constant ‘ (5-5)

with n - -0.9 and A a constént determined to be approxi-
mately 2 x 1073, From the transient nature of DPF in the
7075 alloy as establishéd rrom the 1sothermal and isochronal-
aging tests, 1t can be appreclated that the applicability of

eqn. 5-5 is quite limited. PFurther, the values of the con-
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stants will quite likely depend strongly upon prior aging
Atemperatureé, times and quenchiné speed. Considering the
similarity in the phenomenon of DPF shown by the Al-Cu,
2024, and 7075 alloys, it may be expected that changes in
strain rate'would have similar effects in these alloys.

| It 1s of interest to note that suppression of DPF
in the 7075 alloy at the slowest rate of deformation cor-
responds to a similap behaQior found 1in an A1—3;64% Mg al-
loy by Krupnik and Ford (1952) although these.workers used
constant rate of loading rather than constant strain-rate

tésts.

4,5 Tensile Tests at Different Temperatures

~ In terms of the'strain-aging mechanlism put forth
by Cottrell (1953) to account for DPF, the strain parameter

eo should depend upon temperature according to

e, = A exp U/m- (5-6)
where U hés been identified with the activation energy for
vacancy movement. The development of eqn. 5-6 was outlined
in Section II. In Section II also, 1t was polnted out that
while there has been some experimental agreement with the
above expression (Russell, 1963) there has also been some
disagreement (Caisso, 1959; Riggs, 1961). Clarification on
this point 1s therefore deslirable and necessary to confirm

the applicability of eqn. 5-6 which 1is the embodiment of the
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strain-aging hypothesis.v For this reason 1t was desired to
measure the behavior of the strain parameter>eo as a func-
tion of test temperature for the flve alloys.

After heat treatment of the specimens according to
the established prdcedure, tenslle tests were carried out
at temperatures ranging from 0° to 80° C. The more ele-
vated temperatures were achieved with a circulating water .
bath aé.deSCribed previously (Section~III). .

Immedliately after the quenching and aging heat

treatment was completed the specimens were affixed to the

- tenglle machine and thehconstant-temperature bath was'put

in place over the specimen and.cage fixture. Prlor to .de-
forming the specimén;_thé ﬁemperature of - the system,ﬁés»;"
allowed to stabilize for an-additional ten minutes. During
the course of straining, the bath températures were moni—.
tored continuously with a Houston HR-95 X-Y recorder sens-
ihg a signal from a chromel-alumel thermocouple placed in
the clrculating water bath at the specimen position. Temp-
eratures were also spot checked with a Minneapolis-Honey-
well millivolt potentiometer and 1t was thus established
that the bath temperatures remalned constant during the pe-
riod of test (approximately six minutes) to within 1° C.
The only exception to thils occurred during the test of an

Al-Mg specimen at 80° C. In this case the tensile test was,

of necesslty, begun before the bath temperaturz had stabili-
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zed and the temperature rose from 770 to 80° ¢ during the
period of test. It is felt, however, that the validity of
the result was noﬁ appreclably affected'by‘this'discrep-
ancy.

In additlon to the above ﬁests another series of
tests was performed on specimens of the 2024 alloy, These
tests were identical to the above bdt the prior heat treat-
ment of the’specimens was altered, These specimens were.
solution treated and water quenched ae previously deScribed,..
but instead of aging at room temperature for one hour fhey
were aged for 20 minutes at 620 C just prior to tensile
testing. This was to determine if aging the speclmens at
a temperature higher than the subsequent temperature of de-
formation resulted in a different behavior during stralining.

Tensile tests of these specimens were accomplished at OO,

26°, 36°, and 42° c.

4.6 Results of Tenslle Tests at Different Temperatures

The stress-straln curves obtained at various test:
temperatures for the water-quenched Al-Mg alloy are shown
in Fig. 36. The_dependence.of the straln parameter eO on
test temperature is clearly shown and this dependence was
somewhat typical of all the alloys Which were tested. The
.relationShip between €, and temperafure for these materials

is summarized and 1llustrated graphically in Fig. 38. The
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results for the Al-Zn alloy are not iﬁcluded in Fig. 38
since this alloy was free of DPF at all'test temperatures.

It 1s to be noted in Pig. 37 that the strain para-
meter e, remained essentlally constant or tended to de-
creage slightly with increasing temperature in the range
petween 0° and approximately 25° C. This is g?nefally the
behavior to be anticipated from eqn. 5-6" and the decreasing
tendency of e, wlth increasing temperature was most pro-
ngqnced for the 2024 material partichlarly in the spécimens
aged at 60° C.

For -test temperatures abo&e about 250 C, however,
e, increased sharply with temperature until the flow curves
became completely smooth again at test temperatures in the

range 60°~ 80° C. The "character", or geometry, of the

discontinuitles was qulte diverse 1n the various alloys and

.. varied even between the same alloy tested in different tem-

per conditions (e.g., 2024 as-quenched vs. 2024 pre-aged at
60° C). For this reason it may be misleadling to compare
the behavior of eO in one alloy and temper to that of an-
other except in the most general way.

In the Al-Mg alloy the discontinuitles were uniform
and contlnuous over the length of the flow éurve er both
the cold-worked*and as—quenched maberials; The onset of .
DPF was clearly defined also except for the as-quénched spec-

imens tested at the lower temperatures. In these cases the
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onset of DPF was nearly imperceptible but appeared to coin-
clde with the yield strain. It may also be noted from Fig.
36 that the discontlnulties were confined below the envelope
of the flow curvé except for the specimens tested at 0° C.
This was true for both the as-qﬁenched and cold—wbrked'Al-'
Mg materials. In the case of the OO C tests the discontin-
uities were rather "spiky" and appeared to rise above and
drop below the traqe'of the flow curve. In addition to
thése quglitative features the gtress-straln curves of the
ag-quenched and cold-worked Al-Mg alloy specimens were mark-
edly invariant with'respect to'mechanicéi;préperties. Yield

and ultimate strength, élongation and rate of work harden-

" ing were unaffected by testing at different'temperatures.

This is consistent with the behavior obéerved previously in
the quench-aging tests but contrasts with the marked insta-
bility of the étrain parameter ey -In regard to the latter,
the sﬁability of éo was much greater in the cold-worked Al-
Mg material than for the as-quenched material, and these
factors may be of significance in trying to understand the
deformatlion procesgss which results in the -observed DPF.

The 2024 alloy was investigated in essentially three

different conditions of heat_treatment, i.e.; water-quenched,

"or air-cooled from the solutlon-treating temperature, and

water-quenched but pre-aged 20 minutes'at 60° ¢ prior to

deformation. Agaln there were noticeable and possibly sig-
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nificént, differences in the néture of the dlscontinuities
in relation to each other and to the overall stress-straln
curves. The as-quenched 2024 specimens manifested discon-
“tinulties whiah, like»the A1—Mg alloy, were relatively unil-
form, continuoﬁs,.ahd lay predominantly below;thélenvelope
of the flow curve such as shown 1in Fig. 1. As Fig. 37 1l1-
lustrates the discontinulties disappeared abruptly at about
550 C. The trend was clearly established for eo to be de-
layed to larger strains as the test temperature was in-
creased.

The behavior of thé slow-air-cooled and pre-aged
2624 alloy materiéls was somewhaﬁ different from the as-
quenched specimens. The discontinuities were more irregu-
lar and again "spiked" above and below the trace of the flow
curve similar to that shown in Fig. 19. In addition, the
discontinuities seemed to be cohfined to the center region
of the flow curve at the higher test temperatures.with the
initial and final portions of the curve belng rélatively
smooth. The tendency again, however, was for the strain
parameter eO to be displaced to larger strains wlth increas-
ing test temperature as Fig. 37 illustrates.

From a qualitative standpoint the behavior the vari-
" ous alloys tééted at diffefent temperatures was wholly con-
gistent with the behavior observed previdusly-in the quench-

aging tests. This is not unexpected considering the basic
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similafity of the tests. The most significant_féatures
brought out in the presenﬁ gerles of tests are: 'the com-
bined stress—temperature'sensitivity of DPF (e,) in the Al-
Mg alloy which was noﬁ'eyident from pre#ious tests{ and;
the general_qualitativé temperature dependence of eo in all
the alloys tested (except Al-Zn). The latter ié, for the
most part, not in agreement with the predicted behavior ac-
cording to the "strailn-aging" expression of eqn. 5-6. The
present data, therefore, cannot be fitted to egn. 5-6 be-
cause of this inverée temperaﬁure dependence. Because of
the rapld increase of the stfain parametef.eo with temberaé
ture, at least above room temperature, there is some reason

to suspect that the data might fit a relation of the form

of eqn. 5-6 with a negative exponent, viz.,

e, = B exp (-Q/RT) - (5-7)
If eqn. 5-7 is applicable then an activation energy should
be determinable. Fig. 38 is a plot of log e, vs. recipro-
cal teﬁperature taken from the data of Fig. 37 for the water-
quenched 2024 specimen and the water-quenched and cold-
worked Al-Mg alloy specimens. With the exception of the cold-
worked Al-Mg material, the anticipated llnearity of the data
is only faif and the plotted lines represept the best fit
based on a least-squares anélysis. From this plot apparent

activation energles were calculated from the slopes and these

- values are given in Table II.
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TABLE II.

: Apparent Activation Energles Determined
From Flg. 30.

Apparent

Alloy - | Condition Activation Energy
Al-Mg . : Water-Quenched 32.7.Kecal/mol.
Al -Mg . Cold-Rolled 9.1 "
2024 Water-Quenched 14.3 "

The above analysis has been made consistent with
eqn. 5-6; that is, ey not g, , has been assumed to be the
‘factor of significance. Further, the scafcityiof data
points does not permit the valldity of eqn. 5-7 to be def-
inltely established. For these reasons theISignifieance
of ﬁhe.velues fpr the activation enefgies given in Table

IT must be held in reservation.

4,7 Variable-Grain-Size Tests

It was considered to be of general interesf ﬁo:de—
termine what effect, 1f any, a varlation in grain size
might have on the general behavior, or existence, of the
phenomenon of discontilnuous plastic flow. In evaluating any
mechanism used to explalin the exlstence of DPF, any grein-
slze dependency should be considered. The present inquiry
was prompted by reports of other workeps,(Beevefs and‘Honey-

combe, 1962) on the deformation of single crystals of
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A1-5.5 % Cu alloy. Tensile tests were made for a variety
of heat-treated éondiﬁions on this alloy. In all cases the
subsequent tensile deformation was apparently continuous,
and while this work was not specifically concerned with DPF
phenomenon, it.most likely would'have been pepofted if it
occurred. Al-Cu alloys of this composition wéuld be ex-
pected to manifest DPF at least under certain conditions
of heat treatment. In additlon, there have been other re-
ports in the literature (Robertson and Dew-Hughes, 1960;
Greetham and Honeycombe, 1960-61) where DPF is apparently
abgent in single crystal specimens of material which 1s
knbwn‘to manifest discontinuous flow in polycrystalline form. -
The suggestion is then, that DPF is absent in singie crys-
tals and that therefore there may be a grain-size dependency,
Specimens of the Al-Cu and Al-Mg alloys were se-
lected to 1nvestigate grain-size effects. The commercial
2024 and 7075 alloys were not used since graln size is dif-
ficult to vary over any apprecilable extent in these alloys.
A range of different graiﬁ sizes was obtained in the Al-Mg
and Al-Cu alloys by annealing the cold-worked material at
different temperatures. The cold-worked specimens were an-
nealed in air in a resistance-wound muffle furnace and each
spebimen was held for one hour at the required temperature

and then furnace cooled £0 260° C at a rate of about 3°C/min.
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After reaching 260° C the specimens were removed and ailr
cooled to room tempverature. The slow cooling was used to
minimize any subsequent precipitation effects. Annealing
temperatures of 560°, 465°, and 300° C were used to producé'
the differing gréin dlameters. In additioh one specimen
from each alloy was subjected to a straln-anneal cycle to
produce'single crystal specimens. Unfortunately, slngle
crystals were not achieved but exceptlonally coarse-grained,
6r “bambOO" étrﬁctures were obtained. These specimens con-
tailned sbout four.iarge grains‘iﬁ the reduced section and it
was felt that this was adequate for the present purpose.

Some difficulty was encbuntéred in trying to get
a fine-grained specimen of the Al-Cu alloy since graiﬁ growth
in this material was- quite rapid. In order to avold, inso=
- far as,poésible, COmplicétions due to res;duai stresses
which always accompany incomplete annealing, it was not felt
advisable to anneal for periods of less than one hour. There-
fore a fine-gralned sample of the Al-Cu alloy was not obtained.

In the Al-Mg alloy the grain dlameters 6btained by
the foregoing annealing procedure were 0.03, 0.10, and 0.30 mm
plus the coarse~grained specimen which will be considered as
"single crystal". The Al-Cu alloy specimens were determined
to have average grain dilameters of 0.35, and 0.50 mm in ad=-
dition to the "single crystal" specimen. Grain diameters

were determined by the llne-intercept method, and it is of
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incidental lnterest to note that whereas the grain sizes 1n
the Al-Mg alloy were qﬁite uniform in a given specimen, the
same was not true of the Al-Cu alloy. In the latter mate-~
rial a conslderable heterogeneity in grain size was evident

within a given sample.

4.8 Results of Variable Grain Size Tests

The stress-strain curves obtalned from tensile

tests of specimens of the Al-Mg alloy representative of
three different grain sizes are shown in Fig. 39. It is
feadily apparent from these curves that the existenee of
DPF, particularly the magnltude of the stress dreps, is
quite sensltive to grain size. Thehstrese-strain curves
obtained for the Al-Cu alloy (not shown) were very similar
but the effects were not so striking because of the lack

of contrast of graln sizes tested. In both the Al-Cu and
Al-Mg alloys, however, DPF was not discernible in the "sin-
gle-crystal" specimens.

In Fig. 40, following the Petch (1953) convention,
the reciprocal square root of grain diameter is plotted
against both yield stress and the approximate magnitude of
the stress drops associlated with the discontinuities. The
stress drops were compared for each grain size at a straln
of 0.20 " but the magnitudes could-only be estimated foughly.

As Fig. 40 1llustrates the yield stress-grain size relation-
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ship behaves according to the Petch relation
gy =a, + KyD 72 C (5-8)

where 0; 1s the "lattice stress" for infinite graln size,
Ky is the so-called ”locking'faqtor" and D is the grain
diameter in units consistent wlth the stress térms. In ad-
ditioh, the stress-drop magnitﬁde versus grain slze rela-
tioﬁship seems to behave simiiarly sﬁch that

| AT = BD 72 (5-9)
Heré,ZBG'is the approximate magnitude of the stress drops
at a glven strain, and B 1s the slope which will vary‘de-
pending upon the particular value of strain at which the
load drop maghitudes are compared, The magnitude of'thé
discontinuities thus bears a definite‘rélationship to the
grain size of the material and 1s similar to.tﬁe yield
stress-grain size relationship.

It 18 also of Iinterest to compare the magnitudé of
the stress drops to the‘stfess extant at the time the dis-
continulty occurs. This 1s convenilently déne by utilizing
the data of Flig. 1 for the as-quenched 7075 alloy in addi-
tion to the data of Fig. 39 for the 0.03 mm grain diameter
Al-Ng specimen (MS-14). Thus, Fig. 41 is a plot of applied
stress, taken at vérious_places on the respective flow curves,
versus the correspondling magnitude of stress drop occurring
at that stress level. Agaln, an apparently linear relation-

ship exlists for the plotted values which may be expressed
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| by S _ :
Ca = MAT +a' o
S ‘ o (5-10)
where O is the applied stress, M”thevslope,.andcfjthe
stress (applied) axis intercept. The latter values are of -
particular interest since they '"predlct" that below a cer-
tain minimum level of applied stress the magnitude of the
stress "drops" will be zero, or that a smooth-flow curve
should result. In the case of the 7075 alloy, this extra-
polated-stress value is approximately 31 KSI. With refer-
enée agailn to Fig. 1, it may be seen that this corresponds
identically with the parameter os at which DPF is first dis-
cérnible. -In the case of the Al-Mg material, reference to
Fig. 30 shows that the onset of DPF for the 0.30 mm grain
size specimen (MS-13)corresponds very closely to the 14
KSI stress value obtained by the extrapolation of the data
plotted in Fig. 41. 1In additlon, 1t may be observed from
Fig. 39 that the stress sustained by the "single-crystal’
specimen (MS-4) never attained a level greater than 12.5 KSI
and the deformation was completely smooth. Thus, this is
consistent with the notion of a minimum stress level below

whilch no DPF 1ls observable, or can occur.

4.9 Effect of Cold-Work
In the preliminary test work it was noted that the

Al-Mg exhibilted very pronounced DPF in the as-rolled, or

highly cold-worked condition (as-received material); It
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.~was felt that bbserving the manifestation of DPF in this
material after varying degrees-of recovery and fecrystal-
l;zation ﬁight be instrucfive. ~Toward this end, flve ten-
8ile épecimens of the as-recelved  Al-Mg material were sub-
Jected to various thermal—annealing,'of recovery, treatments.'
Each cqld~worked specimen was heated for a period of oné

hour at one of the following temperatures: 1000, 2000,‘3000,
and 400° C. The heating was done 1n air in a resistance-
wound muffle furnace and the specimens were air-cooled to
room temperature after the one-hour heating. Followling this,
the specimens were lmmediately tenslile tested.

_ In support of the above, the reverse process was also
= 1nvest1gated. That 1s, specimens of the annealed Al-Mg alloy
were subjected to increasing amounts of cold-work, subée— \
quently tenslle tested and the resulting flow curves con-
trasted with those from the recovery tests abové. Cold work-
ing was carrled out on 3 ineh by 9/16 inch blanks -which had
breviously been annealed for L hour at 465° ¢, air cooled,
and cleaned in a hot 50 % NaOH -H,0 solution. The annealed
blanks Wére cold rolled to reductlons of approximately 25%,
35%, U40%, and 47% from the initial thickness of 0.064 inches
using Stanat_Model F-100 rolls. After the cold reduction the
Al-Mg blanks were milled to the tenéile configuration shown |
'in Fig. 3 and then tenslle tested. It 1s to be noted that

a period of four days elapsed between the rolling and tensile
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testing phases of this work.

4 .10 Results of Cold-Work Tests

| Stress¥strain curves 1llustrative of varipus stages
of recbvery and recrystallization for the cold-worked Al-Mg
alloy are.sﬁown in Fig.'uz. From ﬁhese curves.two features
réléted to DPF are apparent. 'One 1is the "stability" of the
discontinuities which persist 1n the material for'éll stages
of recoVery aﬁd recrystalliéation. The second feature 1s
the fact that the strain parameter éo shifts '"vack" to a
stfain coincident with the start of plastic deformation.

?he.specimen recovered at 100° C shows no apparent

chang\\in mephanical properties or in the manifestation of
DPF. For the 200O C annealing temperatufe, however, a sig-
nificant feduction in yield and ultimate étrengths'togephér
with an increase in elongation has occurred indicating some
recovery has begun. The specimen recovered at 200o C shows
the shift of e, from higher strain values to a lower value
approaching the yleld strain. Thefabrupt drop 1n strength
and increase in elongation (not enﬁirely.shown) for the
speclmens annealed at 300O and 4000 C is indicétive of re-
crystallization of the cold-rolled material.. The recrystal-
lized specimens, air-cooled from the annealling temperatures,
also exhiblt a slight yield-point effect together with the
fact that the parameter €5 1s now apparently colincldent with

the yield point.



It is thus apparent.that the'reoovery—anneéling
treatments imposed on the édld-worked material have not
eliminated the-phenomenbh of DPF although significant
changes in mechanical properties have occurred. Thus, the
mechanism responsible for DPF in the Al-Mg alloy apparently
persists even though recrystalllzation has taken place. The
most significant change in the alteration of the.discontin—
ulties 1s the diminutlion of stress-drop magnitude shown by
the specimen annealed at 400o C. It 1s also of'some.signi—
ficance to note that the magnitude of the stress drops is
not simply related to the applied stress. ?Thuslthe'magni—
tude of the stress drops for the specimen annealed at 300°C
are virtually the same as those for the as-rolled spepimén
although the flow stresses differ by about 16,000 psi. This
observation 1s pertinent to the topilc of paragraph 4.7 on
the effect of grain size. The suggestion 1s, that grain size,
or sub-grain size, rather than the magnitude of the applied
" stress 1s the determining factor insofar as stress-drop mag-
nitude 1s concerned. In this same regard it 1is ,of further
interest to contrast the magnitude of the individual stress
drops of Fig. 42 (Al-Mg alloy) with the stress drops associ-
ated with Fig. 1 (7075 alloy) for equal stress levels. The
7075 alloy manifests much larger stress drops than does the
Al-Mg'alloy at equal stress levels.

In sharp contrast to the very marked serrated de-
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formation of the as-received, cold-~rolled specimens Qas
that‘of ﬁhe annealed materlal subsequently subjected to var-
lous degrees of cold-reduction. In the latter material,
plastic deformation was virtually smooth althgugh all.spec—
_ imens exhiblted barely-discernible discontinuities. This
1s a sbmewhat puzéling clrcumstance, If yleld stress 1is
taken as a.reliable measure of the extent of cold-work then
the specimen rolled to™47% reduction after annealing con-
talned the same degree of cold-work as the as-received ma-
terial. In both cases the yleld strength was 39-40 ksi
but only the as-recelved material manifested significant
DPF. Thus the results of the two phases of the cold-work-

- 1ng tests seem to be contradictory. Thé cold-worked as-

" peceived material exhibited pronounced DPF even after var-
ious degrees of thermal recovery whereas the "freshly" rol-
led material cold-worked to an'equivalent degree was essent-

lally free of discontinuous plastic deformation.
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9. Photograph Illustrating Difference in Fracture
characteristics Associated With Differing Deformation T
Behavior. Top Specimen (75-4) Representative of Planar
Shear-Type Fracture Manifested by Specimens. Exhiblting
Portevin-LeChateller Effect. Bottom Specimen (75-8)
Shows More Ductile Cup-and-Cone Fracture Characteristlc

of Specimens Which Deformed Smoothly. COmpare to Flow
.Gurves of Fig. 5.
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Fix. 10.- Schematic Revresentation of Possible Fracture
Process as a Result of Luders Fand Intersection. At (1)

b Represents Newly Forming LlUders Zand Spreading Along
Specimen Length Toward "old" Conjusate Eand a. At Point

P the new Eand Impinges on Fand a (2) and Fracture 3tarts.
The Impinging Faces of Bands a and b Grow Together Along
a Common Plane of Intersection (3) and Fracture is Com-

olete at (4). The lModel is Consistent With the Observed
Geometry of Fracture and Zand Formation.



 Pig. 11. Photomicrographs of Electropolished Surface
of 7075 Alloy Specimens. Strained in Tension to 25:%

After Water-Quenching From 465° C.




e Fig . 12.Photom1crosmph of Ele_étropiqiished .Surrgg':é_
- of Al-Mg Alloy Specimen (MS-33). Strained 15 £ in
" Tension After VWater-Quenching From 465° C. Specimen: :

~Exhiblted Discontinuous Plastic Flow (see Fig. _»7_);.»_ L
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