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ABSTRACT

The mechanisms of fatigue in notched 1100-0 and 2024-T4 aluminum have
been studied by means of optical and electron microscopy. It was found that
fatigue cracks nucleated at slip bands on the surface of 1100-0 aluminum in
less than 0.5 per cent of total fatigue life. These slip-band fissure cracks
grew independently for 65 - 70 per cent of life and then linked rather quickly
intec a dominant crack which accounted for final failure. The crack growth
rates were recorded for both fissure and dominant cracks. On the surface of
2024-T4 aluminum, cracks hucleated in pairs at constituent particle inclu-
sions in less than 5 per cent of total fatigue life. At low stresses, a
single crack-pair grew across the notech in about 90 per cent of life and
accounted for complete failure as it continued across the sample face. At
high stresses, many crack-pairs were nucleasted in the noteh, some of which
linked to form a dominant crack at ~ 50 per cent of life. The difference in
crack growth rate dependence on csd?f, observed for 1100-0 and 2024-T4 alu-
minum, is discussed in terms of the different dislocation distribulions ob-
served at the crack tips. Crack extensicn in both 1100-0 and 2024-T4 alu-
minum was observed to occur by a heterogeneous mixture of ripple formation,
ductile and cleavage fracture which occurs noncoherently at local regions
along the crack front. BSome of the consequences of this observation for
crack propagation theories are discussed.

iii



Esptnadls

Approved for Public Release



TABLE OF CONTENTS

PAGE,
1. INTRODUCTION . & & 4 @ & o o 4 o o = & s a s o o « s ¢ o + a o o 1
IT. EXPERTMENTAL DETATLS & & o o o v o o o o o o o o o o o « & = & 4 2
A, SAMPIES . 4 & 4 o & v 4 s 4 0 e 2 e e s s e a4 s e 4 a4 s 2
B, FATIGUE IQADING . & v o & o o o & o o s o « o s o « o« o 4

C. TECHNIQUE FOR CBSERVING CRACK NUCLEATION
AND PROPAGATION » L] L] - - L] + L] & . L] L] L] - a * . . - - 5

ITI. EXPERIMENTAL RESULTS . + « ¢ & v v v v o o v s o & s s v o o & s 7

A, 1300-0 ATUMINUM . . . v ¢ ¢ o & v & » o o & o & o s o o s 7
B, 2024-T4 ATLUMINUM . . & & « + o & & o o o 5 2 o & s 2 » « & 15

IV, DISCUSSION OF BESULTS & & v & 4 ¢ o o o ¢ o o o 4 o s % o 5 + » 51
V. CONCLUSIONS . & &« o o s 5 & « & s & o 3 s « o & s s s o s s s & 36

REFERENCES . & ¢ o ¢ s o & o o o 1 s & 2 & o & o o o s o o v s o & » s 37



FIGURE

10

11

12

13

14

ITLLUSTRATIONS
TITLE

SAMPLE SHAPES FOR 1100-0 AND 2024-T4 ALUMINUM FATIGUED
IN HIIJLY REVERS:ED PUSH:-PUI.IIJ mADING . . « = 2 - .« .

SAMPLE PREPARATTON FOR ELECTRON MICROSCOPY . . . « « .+ .

DIRECT FORMVAR REPLICAS ({negative) OF NOTCH SURFACE ON
1100-0 ALUMINUM WHICH SHOW FISSURE DEVELOPMENT . . . .

DIRECT FORMVAR REPLICA OF NOTCH CRACK ON 1100-0
AL.[MIN[JM * * - . L] L * L] L4 L] L] L - L] L L] - L] - L] L J L] -

OPTICAL MYCROGRAFHS SHOWING FISSURE DEVELOPMENT AND
LINKAGE TO FOEM A DOMINANT CRACK ¢ o + « « + & & « & &

CRACK LENGTH, AS OBSERVED ON THE FACE OF 1100-0 ATUMINUM
SAMPIES VERSUS NUMBER OF ELAPSED CYCIES . + « « « &+ « &

CRACK GROWTH RATE ON THE FACE OF 1100-0 ALUMINUM SAMPIES
VERSUS THE STRESS CONCENTRATION FACTOR oNZ . . . . .

ELECTRON MICROGRAPHS OF TYPICAL FRACTURE SURFACE AREAS
ON 1100~0 ALUMINUM & & » o o o ¢ « ¢ s s & s 2 2 s o »

TRANSMISSION ELECTRON MICROGRAPHS OF 1100-0 ALUMINUM . .

ELECTRON MICROGRAPH (surface replica) OF CRACK-PAIR
WHICH HAS NUCLEATED AT AN INCLUSION ON 2024-T4 AFIER
5 PER CENT OF TOTAL LIFE TO FATIURE . + & + & & «

OPTICAL MICROGRAPHS SHOWING EARLY CRACK GROWTH IN 2024-T4
AI‘LIMIM}M L] . - - - L - L . - - - - L4 - - - L] - - L] L] .

OPTICAL MICROGRAPH OF AN INCLUSION CRACK-PATR ON 2024-T4
ATUMINUM AFTER 5 PER CENT OF TOTAL LIFE AT HIGH
STRESS LEVEL 4+ + & ¢« & & o s & o s o s = = ¢ s = o« o a

OPTICAL: MTCROGRAPH CF LATE STAGE OF CRACK GROWIH ACROSS
FACE OF 2024-T4 ALUMINUM + & & « 4 4 o ¢ + o o o =« « o

CRACK LENGTH, OBSERVED IN THE NOTCH AND ON THE FACE OF

2024-T4 ALUMINUM SAMPLES, VERSUS NUMBER COF ELAPSED
WCI‘ES L] . L] . - L] L] L] L . . L » - » - - - » L] - a » -

vi

PAGE

10

12

13

14

16

17

19

20

20

21



ILLUSTRATIONS (Concluded)

FIGURE TITLE PAGE
15 CRACK GROWTH RATE IN THE NOTCH OF 2024-T4 ALUMINUM
SAMPLES VERSUS THE STRESS CONCENTRATION FACTOR
0 J£ - L] - L ] - » - . - - L) L L - - L L4 . L - L - L] - - - 22
15 ELECTRON MICRCGRAPHS OF EARLY CRACK SURFACES ON
2024~T4 & v v v 4« ¢ 4 e 4 4 e 4 s e s s s e r e e e e 23
17 SCHEMATIC REFRESENTATION OF CRACK FRONT IN 2024-T4

FATIGUED AT IOW STRESS (a), AND HIGH STRESS (b) . . . . 24

18 ELECTRON MICRCGRAFHS OF TYPICAL FRACTURE SURFACE AREA

ON 2024:-T4: ALUMINUM « * B 8 3 s 2 * 2 B2 *r & ® & » « * 26
19 TRANSMISSION ELECTRON MICROGRAPHS OF 2024-T4

ALUMIM]M « & ¢ 2 » & & & & & 2 =2 B & & + = * & = ® % 29
20 SCHEMATTC REPRESENTATTON OF HETEROCGENEOUS CRACK

EXTENSTION MECHANISMS . . 4 & & v v v o o 4 o o o s o « & 32

vii



TABLE

TABLES

TITLE

NOMINAL COMPOSITICN OF ALUMINUM ATIOYS EXPRESSED AS
WEIGHT - PER CENT - . . . [ R ] - . . LI ]

STRESS LEVELS AND AVERAGE FATIGUE LIVES FOR 1100-0 AND
2024-T4 ALUMINUM TEST®D IN PUSH-PULL . . .

viii

PAGE



I. INTRODUCTION

Fatigue fracture has been customarily considered to be divided into
crack initiation and crack propagation stages. Mechanisms have been sought
to describe these two stages, and there now exists considergble evidence to
show that for pure materials and high purity alloys initiation occurs in
surface slip bands and that propagation proceeds through shear (Stage I} and
tensile (Stage II) modes (Ref. 1). The mechanisms which govern the fatigue
of alloys of commercial purity have not been so clearly demonstrated. Be-
cause of the great practical significance of these latter materials, it is
desirable that the same sophisticated methods be applied to their study as
have been spplied to the pure materials. For the present study, we have
chosen commercially pure aluminum (99.0 per cent), usually designated as
1100 aluminum, and 2024 aluminum alloy. The first material should allow
for comparison of our results with those obtained for pure materials, while
the latter should provide the opportunity for understanding fetigue in mate-
rials of practical significance.

Our experience of the past several years has shown that fatigue fracture
results from a sequence of highly localized events. The important observ-
gbles in fatigue mechanisms research can be listed as follows:

1. Crack nucleation site

2. Crack nucleation time (fraction of total life)

3, Crack nucleation mechanism (if possible)

4, Crack growth rate

5. Crack growth mechanlisms as determined by

a, Crack tip studies
b. Fracture surface studies

For the earliest possible detectlon of a crack, it is necessary that
observation be made with the highest possible resolution. At the present
time, the electrgn microscope possesses the best available resolution (of
the order of 10 A). Therefore, the research to be described in this report
makes use of techniques developed especially for applying the electron
microscope to fatigue research. TIn addition, optical methods of observation

are used to supplement and extend the electron optical measurements. The
use of these observatlonal techniques is in keeping with the philosophy that



fatigue fracture can best be studied by techniques which are highly selective
and capeble of distinguishing localized fracture phencmena from the general-
ized response of g material to ecyclic loading, e.g., fatigue hardening.

The experiments to be descrlbed in this report have also been designed
to shed light on the question, "When does & crack stop initiasting and start
propagating?". The difficulties inherent in answering this question lie
partly in a definition of terms and partly in the resolution of the chser-
vational technique. By using the highest resolution available, the latter
difficulty is made simply a function of the state of the art. A careful dis-
cussion of the proper definition of terms is given in the concluding section
of this report.

Notched samples were used in this work for two very lmportant reasons.
First, high resolution microscopy would require Inordinate amounts of time
to search for microcracks unless the area of crack initiation were somehow
localized. Second, the study of crack nucleation and growth in a notch is
highly practical because nearly all structures of engineering interest are
observed to develop fatigue cracks at a stress raiser of some sort, e.g.,

a Tillet or rivet hole.

The reseasrch to be described has three objectives: +the clarification
of fatipgue mechanisms in materials of commercisl interest; clarification of
the transition period between crack initistion and growth; and the descrip-
tion of the initiation and growth of fatigue cracks in & practical geometri-
cal configuration, i.e., a notch. Fatigue mechanisms research of this type
is a natural outgrowth of our earlier work which has concentrated on more
idealized specimen shapes and high purity materlals.

I1I, EXPERIMENTAL DETAILS

A, Samples

Samples of 1100 aluminum, 1/8 in. thick, and 2024 aluminum, 1/10 in.
thick, were prepared from rolled sheet into the shapes shown in Figure 1.
Nominsl camposition limits of the materials are shown in Table 1.
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TABLE 1

NOMINAT, COMPOSITION OF ALUMINUM ALIOYS

EXPRESSED AS WEIGHT - PER CENT

’ Alloy Si Fe Cu Mn Mg Zn
1100 1.0 .2 0.05 - Q.10
2024 0.5 0.5 4.5 0.8 1.5 0.25

After fabrication, the 1100 sluminum samples were heat-treated to the
0 condition by annealing at 340°C for 1 hr., and the 2024 aluminum was heat-
tregted to the T4 condition by solution heat treatment at 500°C for 1 hr.,
gquenching into cold weter and aging at room temperature for four days. All
samples were electropolished briefly in a solution of 20 per cent perchloric
acid and 80 per cent ethanol.

B, Fatigue ILoading

Al samples were run in fully reversed push-pull under constant load in
a Sontag S5F-U-1 fatigue machine. Loads were normally chosen to give fatigue
lives of the order of 2 - 3 million cycles. Also, 2024-T4 aluminum was in-
vestigated at a higher stress level for which the fatigue life was of the
order of 10° cycles. Corresponding stress levels and fatigue lives are
listed in Table 2.

TABLE 2

STRESS LEVELS AND AVERAGE FATIGUE LIVES FOR 1100-0 AND
2024-T4 ALUMINUM TESTED IN PUSH-PULL

Material Nominel Stress Average Fatigue Life
1100-0 * 4,180 psi 2.3 x 108 cycles
2024-T4 + 18,000 psi 9.2 x 104 cycles
2024-T4 * 13,600 psi 2.34 x 108 cyeles




C. Technique for Observing Crack Nucleation and Propagation

Samples were loaded into the grips of the Sontag fatigue machine and
cyeling begun st a predetermined loed level., At selected intervals, the
test was stopped and surface replicas were made of the notches and faces of
the sample without moving it from the grips. These replicas were made with
elther silicon rubber (Ref. 2) or Faxfilm. Some samples were replicated
every 100,000 cycles sc that up to 60 replicas were accumulated per sample.
These replicas were viewed directly with an optical microscope and the notch
was scanned for evidence of fatigue cracks at various stages of life. (Be-
cause of the re-entrant shape of the silicon rubber replicas, it was found
easler to prepare secondary polystyrene replicas for the optical examination.)
The measurement of crack length versus number of cycles was made directly
from these replicas.

The silicon rubber and Faxfilm replicas were also used for electron
microscope examination of the surface. BSecondary formvar replicas were
stripped from the primary Faxfilm or silicone rubber molds, shadowed with
platinum-palladium, and backed with carbon. These secondary replicas were
then washed in ethylene dichloride and examined in the electron microscope.
The resolution which was obtained with these two stage replicas was not
always as great as desired. Therefore, in certain cases of interest, the
aluminum samples were completely removed from the Sontag machine and the
notches replicated directly with formvar.

Cycling was usually stopped when a dominant crack had progressed about
one-third to one-half the distance across the face of the sample. The specl-
men was then pulled apart by means of the preload motor on the Sontag machine,
thereby exposing the fatigue fracture surface for further studies. This
fracture surface, as well as the notch surface adjacent to the point of crack
nucleation, was replicated directly with formvar, shadowed, and examined in
the electron microscope. The technique is illustrated in Figure 2(a).
Shadowing was carried out at 45 degrees to the fracture surface and in the
direction of crack advance.

The condition of the material adjacent to the fracture surface or near
the tip of the propagating crack was viewed directly with an electron micro-
scope by use of a unique sample preparation technique developed especially
for this research. The technique provides straip-free folls suitable for
electron transmission (thickness, 2,000 - 5,000 A) as near to the crack as
is desired. As illustrated in Figure Q(b), sections were cut either parallel
to the fracture surface (A), or perpendicular to the crack at its tip (B).
For observation adjacent to the crack, chemical thinning was begun at the
surface farthest removed from the crack and continued until perforation oc-
curred at the fracture surface. The fracture surface was protected by an
acld-resistant coating. Observation at variocus distances from the crack

S



SAMPLE SHADOW

I W %zmé'é

REPLICATION SHADOWING
{a)

(b)

Figure 2 - Sample Preparation For Flectron Microscopy. (a) Schematic drawing
showing technigques for replication of fracture surface and ad-
Jecent noteh surface for electron microscope observation; (v)
Schematic drawing showlng posltion of sections cut for transmis-
sion electron microscopy. Sectlion A includes plastic zone ad-
jacent to erack; Section B contains plastic zone at crack tip.



was achleved by first electropolishing the desired amount from the fracture
surface before beginning the thinning process from the rear. The section (B)
could also bhe cut some distance ahead of the crack for examination of less
severely strained material.

IIT, EXPERIMENTAL RESULTS

A total of 15 samples of 1100-0 aluminum and 10 samples of 2024-T4
aluminum were run to various stages of fatigue and replicated for observation.

A. 1100-0 Aluminum

1. Creck nucleation: Observations were made on four different samples
which were carried through to finsl fracture. B8lip bands were observed to
ferm in favorably oriented grains as early as 0.5 per cent of total life to
fracture. These slip bands developed independently into deep fissures as
cycling progressed. The sequence shown in Figure 3 was taken from direct
(negative) formvar replicas of the notch surface. At 15,000 cycles (Figure
3({a)) the slip bends were still quite shallow, but by 100,000 cycles { Figure
3(b)) they had begun to deepen noticeably. The jagged or serrated edge at
the bottom of the fissures is an artifact of the replication and occurred as
the replica was stripped from the notch surface and the formvar which filled
the fissures pulled loose. At 300,000 and 500,000 cycles (Figures 3(c) and
3(d)) the fissures were deeper still as evidenced by the lengthening shadows
cast by the replicating material which penetrated into them. From these and
other photographs, the rate at which these fissures deepen could be calcu-
lated. We obtain a figure, 2 x 10-2 i/cycle, which is an average from the
depth measurements made at different stages of fissure development. Because
the extension per cycle is much less than an atomic dimension in aluminum,
we must conclude either that a fissure does not grow on every stress cycle,
or that growth occurs only along a limited length of the fissure on each
cycle.

This independent fissure growth continued for 1.5 - 1.8 x 108 cycles
out of a total life of 2.3 x 106 cycles, At that time the favorably oriented
fissures linked up into a single dominant crack in a period of less than
10C,000 cycles. Figure 4 is a direct formvar replica teken at the tip of a
noteh crack which is in the process of linking up. Other well developed fis-
sures can be seen on either side of the dominant erack. The total sequence
is shown at optical magnification in Figure 5. The curvature of the notch
surface accounts for the limited field of view which is in-focus on these
pictures. Complete link-up had not yet occurred in Figure 5(c), but 160,000
cycles later (Figure 5(d))} the process had been completed.

7
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(c) 1,700,000~ (d) 1,800,000~

Figure 5 - Optical Micrographs Showing Fissure Development and Linkage to Form
a Dominant Crack. OSame field of view in all stages;
tensile axis vertical.
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The crack nucleation site in 1100-0 aluminum is obviously surface slip
bands. If we define nucleation time as the time to develop a dominant Tatigue
erack, then nearly 70 per cent of total life is necessary. If, on the other
hand, we define nucleation time as the time to nucleate any one mierccrack,
then this time is less than 1 per cent of total life.

2. Crack growth: For purposes of data presentation at this point, we
shall define the beginning of erack growth in 1100-0 aluminum as the time of
appearance of a single dominant ecrack. As reported above, slip-band fissures
link into a single crack at approximately 65 - 70 per cent of life. This
crack was cobserved to propagate out of the notch immediately and then grow
across the face of the sample. If crack length is defined as the distance
separating the crack front from the notch surface (measured in x~direction,
Figure 17, p. 24), the total crack length at the time growth begins on the
face of the sample is probably not over 3 - 5 microns. This figure is ob-
tained by multiplying the observed rate of fissure deepening by the total
nunmber of cycles necessary to produce a single dominant crack. Subsequent
crack length measurements, ss a function of total cycles, were obtained from
the face of severgl samples. These data are plotted in Figure 6.

Tt is customary (Ref. 3) to plot the slope of the curves in Figure 6
versus a stress intensity factor, o~ , where O is the net section stress
and p 1is the crack length. Figure 7 shows that the data from sample 6
plots with a slope of 2, while that from sample 14 plots with a slope of
approximately 5/4. This difference in behavior is due to the fact that the
net section stresses in sample 6 were always below the yield stress (5,000
psi), while those in sample 14 rose above the yield stress rather early in
the crack life. These data, therefore, support the following crack-growth
povwer law relations:

1

a4 2
— = C{o4 ; 0 <0
an ( 3&) ¥

|

£
az . c(oN £)5/4 30 >0y
dn ¥

A large number of fracture surface replicas were made and examined in
the electron microscope. Figure 8 shows representative examples of typical
areas. Fine growth striations are shown in Figure B(a) adjacent to an area
contgining many rough facets. The spacing of the striations is approximately
350 A vhich indicates a crack growth rate of 3.5 x 10-6 cm/cycle, which is
somewhat larger than the largest growth rate observed on the surface of
sample 14 (Figure 7).

11
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Figure 8 - Electron Micrographs of Typical Fracture Surface Areas on 1100-0 Aluminum.
(a) Fine striations (ripples) adjacent to ductile fracture area; (b)
Continuous growth striations across many facets; (c) "River pattern'.
Direction of crack growth is nearly vertical in all cases (x-direction).
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This result infers that propagation does not occur at all points along the
crack front on every cycle of stress. This conclusion is supported by ncoting
in Figure 8{a) that the crack front is by no means continuous and that the
mechanism of crack growth can change sharply along the crack front. The left-
hand area in Figure 8(a) appears to have fractured by a ductile tearing mech-
anism. On the other hand, Figure 8(b) illustrates a many faceted surface
which shows evidence of a fairly continuous crack front. Growth striations
can be traced across nearly the entire field of view. Figure 8(c) shows yet
a different pattern in which growth striations are almost completely sbsent
and a "river pattern" exists nearly parallel to the direction of crack propa-
gation. Buch markings are sometimes found on cleavage fracture surfaces.

A considerable amount of "debris" was pulled from the fracture surface
as the plastic replicas were stripped. Examination of this debris with elec-
tron diffraction techniques showed that it consisted of aluminum and alumi-
num oxide particles. These particles are clearly the result of repeated
serubbing of the fracture surfaces as cycling progresses.

Transmission electron microscope studies were carried out on sections
cut adjacent to the fracture surface, several thousand microns ahead of the
crack tip, and from an uncycled sample. Figure 9(a) shows a typical area in
an uncycled control sample. A few dislocations can be seen clustered about
impurity particles. These particles occupy & volume fraction of 1.2 per cent
in this material., Figure 9(b) shows the dislocation configuration 6 microns
from the fracture surface {position A, Figure 2(b)). Well defined subgrains
are visible and many impurity particles can be seen in the cell walls. These
particles probably serve as nucleation sites for the boundaries. Dense dis-
location tangles can also be observed within the cell. The facets observed
on fracture surface replicas (Figure 8(b)) are the same slize as the cells
observed in transmission and undoubtedly are related to fracture zlong the
cell boundaries (Ref., 4). The dislocation distribution 2,500 microns ahead
of the crack is illustrated in Figure 9{c). Dislccation tangles and locps
are present, a configuration associated with low-strain cycling (Ref. 3).

No internal voilds were observed in 1100-0 aluminum after cyclic stressing.

B. 2024-T4 Aluminum

1. Crack nucleation: Observations were made on three different samples
rur to failure at a low stress level, T 13,600 psi, and on two samples run to
failure at a high stress level, ¥ 18,000 psi {see Table 2 for mean lives),
Microcracks were observed to nucleate on the surface at constituent particle
inclusions. At the low stress level, cracks were first observed optically
at gbout 10 per cent cf the total life, while at the electron optical level,
isolated surface microeracks could be found as early as 5 per cent of total
life. Figure 10 illustrates such a crack.

15
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In all cases ohserved in 2024-T4 gluminum, cracks nucleated in pairs on
opposite sides of the inclusicon. At the low stress level, the main fracture
crack resulted from continuous growth of one such pair of cracks. However,
replicas taken of the notch surface adjacent to the dominant crack showed
that other crack.pairs had nucleated at other inclusions, but that they did
not propsgate sufficiently to affect the final fatigue fracture. At the
higher stress level, electron micrographs taken at 5 per cent of total life
showed many crack pairs which had nucleated at inclusions and linked to other
such pairs,

To determine whether these crack pairs were present in the as-received
material, surface replicas were taken from the notch of unstrained samples
and examined in the electron microscope. No positive identification of
actual cracks could be made. GSeveral images were found which could be iden-
tified either as microcracks, or as artifacts formed during stripping the
plastic replica from the sample surface. Further study of these replicas
is planned for the future.

2. Crack growth: At low stress levels, a single crack pair grows to
i1l the entire notch. Part of this development is shown in the optical se-
quence of Figure 11, On this particular sample, the crack extended com-
pletely across the notch by 3.4 x 105 cycles. The crack then began to grow
across the face of the sample and complete failure occurred at 3.84 x 106
cycles.,

At the high stress level, as many as 12 different cracks were ohserved
to attain lengths of several hundred microns before a few favorably oriented
ones linked to fill the notch. The mucleation of one such crack after 5 per
cent of life is shown in Figure 12. Later, when the crack had begun to prop-
agate across the face of the sample, definite indications of plastic defor-
mation (slip) near the crack could be observed {Figure 13). No indication
of plastic deformatlon was ever observed on the notch surface of 2024 alu-
minum, even at electron optical levels.

The growth rate of the dominant low-stress crack and cne of the high-
stress cracks across the notch face was obtained from optical examination of
the replicas. The results are shown in Figures 14 and 15. 1In both cases the
net section stress remsined below the yield stress and the plots of

%ﬁ versus O A yield a slope of 4 for both the low and high stress levels.
g AL

Thus, the power law relationship for 2024-T4 gluminum is

42 _ clop*

dn
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(c) 2,300,000~

Figure 11 - Optical Micrographs Showing Early Crack Growth in 2024-T4
Aluminum. Original nucleus is shown at A in (c).
t 13,600 psi.
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Figure 12 - Optical Micrograph of an Inclusion Crack-Pair on
2024-T4 Aluminum After 5 Per Cent of Total
Iife at High Stress Level. ¥ 18,000 psi.

Figure 13 - Optical Micrograph of Late Stage of Crack Growth
Across Face of 2024-T4 Aluminum. % 18,000 psi.
Growth occurred from right to left.
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Figure 15 - Crack Growth Rate in the Notch of 2024-T4 Aluminum Samples versus
the Stress Intensity Factor aNZ . Slopes ag shown,
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Figure 16 - Electron Micrographs of Early Crack Surfaces on 2024-T4. (a) After

16,000 cycles at high stress, * 18,000 psi. Possible nucleating

inclusion at A. (b) Interface between notch surface and fracture

surface (lower two-thirds of photograph) formed at low stress,
t 13,800 psi. Nucleating inclusion at A.
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Because crack growth across the face of the sample occupied only about 10 per
cent of the total life, reliable growth rate data were not obtained for this
stage.

Replicas of the notch surface which were taken during the early stages
of microcrack growth show the details of the fracture surface produced during
that pericd. Figure 16(a) is an unusual micrograph which displays a negative
replica of a rather deep microcrack in the early stages of growth during high
stress fatigue. TFaint growth striations can be seen on the left-hand side
of the crack face. The sense of the striastions indicates lateral growth.

The inclusion from which the crack probably started is indicated at A. The
nature of the fracture surface during early crack growth was also studied by
replication of the fracture surface sdjecent to the notch as shown in Figure
2(a). In most cases, the voundary between the notch and the beginning of
fracture bresks up during washing of the formvar replica prior to observation.
The only example of a continuous replica which we obtained at this interface
is shown in Figure 16(b). The nucleating inclusion in this case may well
have been the one marked at A. Growth striations are not clearly evident on
this surface. Considering the manner in which cracks are observed to nucle-
ate and propagate across the notch surface, the general nature of the dominant
crack front in 2024-T4 must be as 1llustrated in Figure 17. It is clear that
significantly different crack growth laws might result depending upon whether
the propagation vector was taken in the x or y direction.

¥
X 2
| | -
> \ \\
/
i
| L bmme L

{a) (b)

Figure 17 - Schematic Representation of Crack Front in 2024-T4 Fatigued
at Low Stress (a), and High Stress (b). The x and y
directions are defined in {(a) and the position of the
cerack front at two different times is shown at xy and X,.
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The nature of the crack propagation in the x direction can be inferred
from fracture surface replicas. As In the case of 1100-0 aluminum, these
replicas revesl a variety of crack growth mechanisms. Figure 18 illustrates
some typical areas. In Figure 18(a) uniform striations which are found near
the notch are probably associated with early propagation. BSome of these
striations are so straight and evenly spaced that they could as easily be
interpreted as slip-line steps formed during exitension of the crack. Figure
18(b) illustrates both an area of growth striations and a nondescript area
in the center which probably fractured by a ductile tearing mechanism.
Interesting features of this micrograph are the microcrsascks on the fracture
face at the points marked A, These cracks probably developed at internal
inelusions independently of the mein fracture crack. A region of ductile-type
fracture is shown in Figure 18(c). Some widely spaced growth striations can
be seen in the lower right-hand corner. Cleavage type markings are visible
on the surface shown in Figure 18(d). Figure 18(e) shows a featureless sur-
face except for what may be crack-arrest lines at B. All of these micro-
graphs convey the unmistakable impression that no one mechanism of erack
growth can be used to characterize the fatigue of 2024-T4 aluminum, nor is
the crack front continuous or the extension mechanism coherent along the
freont at any given time.

The amount of particulate debris produced on the crack surface was
larger in the case of 2024 aluminum than for 1100; however, the nature of
the particles was the same, i.e., sluminum and aluminum oxide.

Transmission electron micrographs were obtained in the same manner as
for the 1100-0 specimens. Figure 19{(a) shows a typical area in a control,
or unstrained sample. The volume fraction of constituent particle inclusions
is 3.1 per cent. 1In nearly every case, the constituent particle has acted
as a source of dislocations, the generation probably occurring during the
quench which follows solution heat treatment. In some cases, the particles
gct as dual Frank-Read sources, e.g., at A, Figure 19(b) shows several of
these dual sources in an earlier stage of operation. In the background of
both these pictures, a fine microstructure is seen which is probably due to
GP zones. The dislocations adjacent to a fatigue crack appear as in Figure
19(e). There is a large density of dislocation loops and tangles, especially
around constituent particles. No cell structure or embryonic cell boundaries
were cbserved in this alloy. Thirty-seven hundred microns shead of the crack
the material is indistinguishable from the control specimen, Figure 19(d).
Comparison of the constituent particles in Figures 19(a), (c) and (d) shows
that in the latter figure the particles are predominantly elongated. This
difference is due to the fact that the section viewed in Figure 19(d) was
cut parallel to the rolling direction, while those in the first two figures
were cut transverse to the rolling direction. Typica} size of the constit-
uent particles is 3,000 - 4,000 A long and 600 - 900 A in diameter.

25



(b)

Figure 18 - Electron Micrographs of Typical Fracture Surface Area on 2024-T4
Aluminum. Crack growth (x-direction) indicated by arrows.

(a) Uniform striations adjacent to netch. (b) Striations and
ductile fracture areas. Notice microcracks at A. (c) Ductile
fracture area. (d) Cleavage fracture area. (e) Featureless
surface. Crack-arrest lines at B.
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Figure 18 (Continued)
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Figure 18 (Concluded)
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(b)

Figure 19 - Transmission Electron Micrographs of 2024-T4 Aluminum.
(a) Unstrained. Frank-Read source at A.
(b) Unstrained. Inclusions acting as dual F-R
sources, A. (c) 6 Microns from fracture surface.
(d) 3,700 Microns ahead of crack-tip.
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Figure 19 (Concluded)
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Iv, DISCUSSION OF RESULTS

The mechanism of fatigue in 1100-0 aluminum is typical of the behavior
of most pure metals. Fatigue cracks initiate at the surface in slip bands
which begin deepening intc fissures st the very beginning of fatigue life.
Independent development of these fissures to a depth of 3 - 5 microns oc-
cupies 65 - 70 per cent of the total fatigue life. After this development,
linkage of favorably orlented fissures into & single dominant crack occurs
in a relatively short Time. Complete failure occurs after the dominant crack
advances across the bulk of the specimen. The growth rate of this crack is
linearly propertional to the crack length. This mechanism and crack growth
lav are precisely the ones found earlier for 1100-0 aluminum single crystals
(Refs. 6 and 7), for which a different specimen shape and method of loading
were used.

Some of the details of this fatigue sequence in 1100-0 aluminum are
clearer as a result of the present experiments. While our results do not
allow us to distinguish between the several mechanisms proposed for slip-
band fissure growth (Ref. 8), the measured rate of growth, 2 x 10-2 A/eycle,
does allow some conclusions concerning the mechanism. It is clear that fis-
sure growth is intermittent, and that the dislocation motion necessary for
extension of any one fissure occurs approximately every 100 cycles (Burger's
vector for Al is 2.8 A). Of course, dislocation motion and extension of a
random set of fissures occur every cycle.

The definition one chooses for the crack nucleation pericd in 1100-0
aluminum is purely one of convenience. The deepening of certain slip bands
into fissures probably begins after a brief rapid-hardening period of a few
hundred cycles (Ref. 8), although our methods of observation prevent us from
seeing this until ~ 10% cycles have elapsed. Nevertheless, cracks, in the
strict sense of the word, are present from almost the beginning of the test.
For the description of fatigue in terms of a continuous crack growth rate
(Ref. 3), however, it is inconvenient to classify fissures as cracks. They
grow at a rate different from the dominant erack, and then, there is the dis-
continmiity in erack length which occurs when fissures link together. More-
over, the point in time at which linkage cccurs cannot be accurately pre-
dicted. Thus, for the purposes of a unified crack growth theory, the term
"erack nucleation” should include the entire period of independent fissure
growth. As a compromise, we suggest that the word "crack" be always modified
by the appropriate adjective, e.g., fissure crack, dominant crack, tensile-
mode crack, etc. Then, the specification of crack nucleation and growth time
becomes much easier and more specific.
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The mechanisms of dominant crack growth in 1100-0 aluminum consist of:
(1) growth by repetitive extension and compression of the crack tip to form
ripples or striations; (2) ductile tearing; and (3) brittle cleavage. Indi-
cations of all three mechanisms are found on surface micrographs of the
fracture surface. Moreover, extension by ripple formation and by ductile
tearing (or cleavage) may occur side by side. Of course, the simultaneity
of operation of these mechanisms cannot be inferred from the fracture sur-
faces. A possible explanation for the heterogeneity of crack extension proc-
esses 1s shown in Figure 20.

DUCTILE OR RIPPLE
CLEAVAGE FAILURE MARKINGS

Figure 20 - Schematlc Representation of Heterogeneous Crack Extension
Mechanlsms. Propagation is in the x-direction and the
tensile axis is perpendicular to the plane of the paper.
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The basic process i1s supposed to be extension by repetitive tension and com-
pression of the crack tip. It is assumed that such extension occurs along
favorably coriented subgrain boundaries or within grains for which the avail-
able slip systems are favorably oriented for such extension. As shown in
Figure 20, at any particular instant the crack front would consist of a
series of bulges in which this extension has occurred. The intervening mate-
rial will eventuglly fracture catastrophically either by ductile tearing or
cleavage depending upon orientation and the availabllity of woids and ineclu-
sions which promote ductile fracture. Tne fact that the stristion spacings
observed on fracture surfaces of 1100-0 aluminum are usually larger than the
crack growth rate observed on the face of the sample indicates that propaga-
tion by ripple formation does not occur simultaneously in all the little
bulges along the crack front of Figure 20. Rather, one would expect that
propagation occurs locally, but not continuously, along the entire crack
front.

The transmission electron micrographs show clearly that in 1100-0 alu-~
minum, as in high purity aluminum, large strain amplitudes result in the
formation of a cell structure. Previous work (Ref. 4) has already shown that
these cell boundaries are preferred paths of crack propagation. Because the
formation of cells is essentially a strain relief mechanism, there is no
reason to believe that any concentration of dislocations occurs ahead of the
crack sufficient to cause the nucleation of internal wvoids. Propagation
along subgrain boundaries is primarily a question of finding the path of
least resistance. That is, less energy is required to produce new surface
along the cell boundaries because of the stored energy available in the dis-
location strain fields.

The mechanism of fatigue in 2024-T4 aluminum is heavily influenced by
the presence of inclusions. At low stresses, a single crack pair nucleating
at a surface inclusion propagates throughout at least 95 per cent of the life
of the sample to cause complete fallure. At higher stresses, the mechanism
meltiplies by nucleation of additional crack pairs which contribute to the
early crack extension by linking with other such cracks. 1In a sense, this
latter behavior is similar to the formetlon and linkage of many fissures to
form the mein crack in 1100-0 aluminum, although the mechanism and rate of
Tissure growth are different than those for inelusion creck-palr growth.

The nuclegtion of cracks at constituent particle inclusions is most
likely the result of dislocation pile-up at the inclusions. A Stroh-type
crack (Ref. 9) is formed whenever it becomes energetically favorable for the
piled-up group to convert itself into a crack under the applied stress.

Under alternating stress, pile-ups will occur on both sides of an inclu-
sion and give rise to the crack-pairs observed here. Lipsitt (Ref. 10) has
used this same mechanism to explaln the appearance of fatigue crack-pairs at
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impurity sites in nickel. McEvily and Boettner (Ref. 11), who observed
fatigue crack nucleation at constituent particles in an Al-Zn-Mg-Cu alloy,
report that the constituent particles themselves are cracked during fabrica-
tion and rolling, and that nucleation begins at these cracked particles. On
the present work, we were unable to rule out this possibility entirely be-
cause of artifacts which formed during replication of the unstrained samples.

The crack nucleation period in 2024-T4 aluminum can be defined as the
time reguired to form a Stroh crack-pair at an inelusion. From the present
work, this period is less than 5 per cent of the total fatigue life. 1In all
likelihood, patient electron microscopy of the notch surface replicas could
establish this period at a still smaller fraction of total life.

The growth of s crack-palr across the face of the notch oeccurs essen-
tially under conditions of plane stress, since the crack is never very deep
at this stage. The observed growth rates, proportional to the fourth power
of the stress intensity factor, UNIE_, are consistent with other results
obtained for the structural aluminum slloys under plane stress conditions
(Ref. 3).

Fracture surface patterns adjacent to the notch suggest that the micro-
cracks can grow by either a ripple mechanism or by more complex ductile and
cleavage mechanisms. In fact, the analysis of fractographs of 2024-T4 yields
essentially the same conclusions as those reached for 1100-0 aluminum, namely,
that crack extension is heterogeneous and consists of at least three mechan-
isms which operate independently and nonccherently along the crack front.
Moreover, the large volume fraction of inclusions in the 2024-T4 alloy fur-
ther complicates the situation by providing barriers to arrest the crack
(Figure 18(e)) or to assist in ductile or cleavage fracture.

The deformation at the crack tip as revealed by transmission electron
micrograph is primarily one of limited dislocation motion due to the presence
of inclusion particles. The mean free path of dislocations 1s too small to
allow the formation of cell structure, and it is only when the stress concen-
tration at the crack tip becomes quite large (Figure 13) that multiple slip
can occur to produce visible sllp bands on the surface of the samples. The
large concentration of dislocation loops at the crack tip indicates that
considerable to-and-fro motion of Jjogged screw dislocatlons has occurred.

Due to the lack of a strain releasse mechanism, such as cell formaticn, and
the barrier action of the constltuent particle inelusions, it 1s entirely
possible that stress concentrations can build up ahead of the crack tip suf-
Tficlent to cause internal cracking. Several examples of this have been
observed on the fracture surfaces, e.g., Flgure 18(d).

Recently, Clark and McEvily (Ref. 12) have shown that an aluminum-4 per
cent copper alloy undergoes reversion during cyclic straining snd they
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proposed that the softening which thus occurs can account for the low fatigue
strength of the age-hardened aluminum alloy systems. A careful examination
of Figure 19(a) and (c) shows that the background of GP zone structure vis-
ible in Figure 19(a) is not as prominent after fatigue in Figure 19(c), which
would indicate that some reversion had taken place. A complicating factor is
the presence of an anodic layer on the surface of these thin foils which has
a8 microstructure whose dimension is of the same order as the metallurgical

GP zone structure of the alloy. Further experiments are therefore necessary
before one could safely conclude whether reversion occurs in commercial
2024-T4 aluminum during cyclic straining.

The differences in fatigue mechanisms observed for 1100-0 and 2024-T4
aluminum are due primarily to the impurity content and precipitate structure
of the latter. For super-purity aluminum alloys, fatigue cracks have been
observed to nucleate in surface slip bands (Ref. 13) so that an cbvious ef-
fect of the constituent particles in commerclal 2024-T4 has been to alter
the mechanism of crack nucleation. While the mechanisms of crack growth, as
inferred from fractographic studies, are essentlally the same in the 1100-0
and 2024-T4 specimens, the dependence of crack growth rate on OWJTT is con-
siderably different. The clue to this difference in behavior is obtained
from the disloecation structures observed at the crack tips. The strain re-
lief afforded by cell formation In 1100-0 aluminum acts as an energy sink so
that crack growth depends only on the square of o€ . (At higher net-
section stresses, general energy dissipation in plastic deformation further
lowers the exponent to ~ 0.75.) TIn 2024-T4 aluminum, the crack tip defor-
mation is restricted by inclusions and metallurgical structure (GP zones) so
that considerable strain energy is stored in the lattlce, internal cracking
may occur (Figure 18(b))}, and the crack growth now depends on the fourth
power of aNZ .

The heterogenecus mixture of crack growth mechanisms which have been
observed in both materials leads one to ask whether 1t will ever be possible
to construct a reasonsble theory of crack growth, or whether crack growth
rates observed on the surface have any relation to a fundamental mechanism
of crack extension. These are valid questions, and the answers do not come
readily. Clearly, over-all extension of a crack front from =x; to xp
(Figure 17) involves averaging over a large number of local extensions by
different mechanisms. Perhaps a statistical approach to the theory of crack
growth offers the best solution to the questions which have been raised by
the present observations.

The results reported here should also serve as a warning against gener-
glizing a fatigue mechanism which 1s observed on only one particular type of
specimen. It should be clear that the mechanism of fatigue depends strongly
on the purity of the materisgl, the presence of constituent particle inclu-
sions and the stability of the precipitate structure.
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V. CONCLUSIONS

The conclusions to be drawn from these experiments can be listed briefly
as follows:

l. Fatlgue cracks nucleate in slip bands on the surface of 1100-0
aluminum., Nucleation of slip-band fissures requires less than 0.5 per cent
of the total fatigue life.

2. BSlip-band fissure crgcks on 1100-0 aluminum, which grow in depth at
the average rate of 2 x 10-2 A/cycle, link Into a dominant crack scross the
surface of a notch at approximately 65 - 70 per cent of total fatigue life.

3. The growth rate of the final, dominant crack in 1100-0 sluminum is
proportional to the second power of the stress intensity factor, oNZ s
for ¢ < gy , and to the 3/4 power when G > Oy .

4, Tatigue cracks nucleate in pairs at constituent particle inclusions
on the surface of 2024-T4 aluminum. Nuclestion of these crack pairs requires
less than 5 per cent of the total fatigue life.

5. At low stresses, s single crack-palr grows completely across the
surface of a noteh in 2024-T4 aluminum in approximately 90 per cent of total
fatigue life. The growth rate is proportional to the fourth power of o NZ .

6. At high stresses, many crack-pairs nucleate on the surface of a
notch in 2024-T4 aluminum and link together to form a dominant crack across
the notch st spproximaetely 50 per cent of total fatigue life. The growth
rate of any one crack palr 1s proportional to the fourth power of ohIZ'.

7. The difference in crack growth rate dependence on oNZ for 1100-0
and 2024-T4 aluminum is interpreted as being due to the different mode of
plastic deformation observed at the faligue crack tips. Cell structure forms
by & strain relief mechanism in 1100-0, while inclusions and GP zones re-
striet dislocation motion to loop and tangle formation on 2024-T4. Evidence
for internal cracking shead of the main crack in 2024-T4 is presented alsc.

8. Crack extension is observed to occur in both 1100-0 and 2024-T4

aluminum by a heterogeneous mixture of ripple formation, ductile, and cleavage
fracture, which occurs nonccherently at local reglons along the crack front.
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