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SPECIAL *RACTOGRAPEIC TECHNIQUES FCR FAILURE ARALYSIS

B. V. Whiteson, A. Phillips, V. Kerlins and R. A. Rawe

\ ¥issile and Space Systems Division

ABSTRACT

In order i essist the investigator of service faillures, work was
performed using electron fractographic methods to resolve probleme that
have not been solveable using the mors conventional macro- or light
aicroscope techniques. Three independant problems were examined, and
solutions were achieved. These were:

1l Determination of fracture direction in thin sheet metal

components.,

2, Differentiating between hydrogen embrittlement gand stress
corrosion in high strength steels,

3.) Deternination of applied cyeclic stress as a function o.
‘ fatigue striation spacing.

1. Fracture direction in thin sheet metal components can be
resolved by the combined technique of replicating around
the acute angle shear lip of the fracture face and the
sheet metal face, and the use of low magnifications on the

} electron microscope. The direction of tear dimplses with
respect to the fracture edge consistently indicated the
\ fracture direction in the plane of fracture propsgetion.

\ The results of the investigation 1nélcated that:
|
|

| 2. There is reasonable evidence that stress corrosion and
| hydrogen embrittlement in high strength steel can de
separated by the following:

a. Hydrogen embrittlement fractures initiated subsurface,
while stress corrosion fractures initiated on the
free surface.

b. Str.38 corrosicn fractures had indications of
; secondary cracking while hydrogen embrittlement
failures did not.

{ ¢. The fracture features on the bydrogen embrittlement
\ specimens were clearer than those on the stress
corrosion fractures.

T T




3. A correlation was established between cyclic strzss and
fatigue striastion spacing for several aluminum alloys
over a vide range of slternating and mean stresses in
thicknesses of 0.050 and 0,500-inches. The correlatvion
vas enpirically dervived and is of the form:

- -2
4 log {{/v
amﬂ? leg (8 Sw

Ga'

A relationship of the form
o, @'
dn

4i4 not prove adequate to describe the data in this investigation due to
the fact that M appeared to be siress depsendant.
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macroscopic featurss that are clesrly identifiable withk fmasiture

dirsction, much to the frustration of tha investizator, : ,7 i
The purpose of this work wes to find out 12 4be sisstoan RARFOMRINE

could provide a mwethod %o dsteruine fracture divection 4n “hin sbect. -

metal components.

Experimental Procedure

Materinls and thicknesses vere typical of those gensrally ucsd 4n

sircraft and missiles (Table 1), Two typrs of wpecimsns wary testod

in order to obtain s tensile tear (Plgurr la) and & condined shesr aud




| EBLE 1.-FECHRANICAL PROPERTIES AND THICKNESIRD OF METALS USEL
FOR FRACTURE DIRECTION DETEAKINATION

Streogth

Neterinl Taickoess, In. rw, kel !l'w, ksi
g 4350 Btesl 0.050 207.7 260.7
4 4340 Stest 0.950 170.3 184.8
f ' 4360 Steel 0.125 215.5 279.3
E 4340 Btoel 0.125 17,7 187.4
i DEAC Steel 0.050 2ik7.4 288.3
D6AC Steel 0.125 2%.1 293.6
i AM350 Steal 0.050 17%.7 202.%
AM350 Steel 0.125 171.9 204.5
7075-T6 Alweioum 0.050 75.9 83.9
7075-6 Alumiowa 0.125 78.5 8.5
2004-T3 Alustnun 0.050 51.5 69.5
2024-73 Aluminus 0.125 56.6 71.8
7079-76 Aluminum 0.050 64.9 72.0
7079-T6 Aluminun 0.125 64.9 72.0
Vaspelloy 0.050 125.3 165.8
“aspelioy 0.125 130.7 188 0
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tear fracture (Fdgure 1b). All materisls failed with fractures that
had 100 percent oblique sbesr, Figure 2, with no areaz of plape strain
that provifed any maeroscopic inéication of frecture direction.

Besults
In all specinens fracture direction wes discerible using the electron
wicroscope, and it is believed that the technique for determining
fracture direction 1s applicable to all meterials that fail by dimple
rupture @), For simplicity, nove of the individual meterials bLested
are 4elinested in the 1llustre "lons, since the fractogrephic features
analyred are identicel, except for the relative size and abundance of
the observed d4inples.

The basic concept of determining fracture direction that applies
10 all materfals which faill dy dimple rupture is fllustrsted in Figure 3.
For all specimens tested, the open elongsted dimples (dimples with the
open end of their paraholas toward the fracture edge) along the edge of
the rupture yoint back to the fracture origin (Figure 3a). The open
dimples occcur predominantly on the acute angle shear lip. The closed
elongated dimples {dimples with the closed ends of their parabolas
towerd the fracture edge) along the cbtuse angle shear lip and those

found in the center of the fracture were usually randomly oriented and

could not be used for fracture direction determination (Figure 3b and 3e).

The acute angle shear lip was replicated by the plastic-carbon

(2)

technigue in such & way &s to overlap the ed, e of the fracture. In
order to orieut the replice with respect to the fractured spocimen, one

or both corners of & rectangular repliea vere cut 80 as to indicate the

FAfa R
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gn. 6200X (b Magn. 6200X
Open Dimpiles Closed Dimples

F.D. = Fracture Direction

() 39
Fracture
Qrigin
Obtuse Angle
Shear Lip
(¢) 4 Magn 3500X
Acute Angle ~ Ejuiaxel Cimpies

Shear Lip

Figure 3. Relationship Between Oriantation of Open Dimples
Along Fracture Edge and Fracture Dirgction
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desired orientation. The replica was then placed in the electron
microscope 80 that the replica orientation with respect to the fracture
could be maintained in the electron fractograph. The fracture direction
ves then related back to the actual specimen. The complete + "“nique is
illustrated in Figure L.

It was very important to obtain a good replica of the fracture
edge and the open dimples immediately adjacent to it., This was essential
because the orientation of the opern dimples had to be determined locally
with respect to the edge. In order to obtain an accurate indication of
the edge line, low magnification (approximately 500X) electron micro-
scopy techniques were used. A series of overlapping electron fracto-
graphs were taken along the edge region in order to obtain an accurate
sense of the dimple dlrection. A typical low magnification electron
fractograph showing open dimples along a fractured edge is shown in

Figure 5.

Discussion

The sensitivity of dimples to fractur>» directicn can be explained by
considering the basic difference between shear and tear dimples. In

case of a "pure" shear fracture, the dimples point in opposite directions
on mating fracture surfaces(a). In case of & "pure" tear, the dimples
point in the same direction (back to the fracture origin) on both mating
fracture surfaces. Siqce from a practical standpoint no fracture occurs
by "pure” shear alone, i.e., some tearing always accompanies a rununing

fracture in thin sheet material,; the resulting elongated dimples observed

on a fracture surface are the end product of a combined shear and tear

S O TS
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Fracture Surface

' I Arbitrary Surface
Replica Reference
Direction

Plastic Replica

Fracture Fracture Edge

Surface
~ STEP 2
4
Cut to Identify Replica
STEP 3 Reference Direction

Shadow and Deposit Carbon by Normal
Two Stage Plastic—Carbon Technique.

Figure 4. Fracture Direction Replication Technique.
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Figure 5. Open Dimples Along Fracture Edge Indicate
Fracture Diraction
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type of fracture. If & fxscture propagates prediminantly by a tear
mechanismw, the elongated dimples would point more strongly in the
dirsction of fracture origin thsn if it propagated primarily by & shear
mechaniem. This concept of resultant combined dimples is illustrated
in Figure 6.

It 1s not clear, however, why open dimples are consistent in their
orientation with respect to fracture direction wvhile closed dimples have
shown inconsistency. Assuming thet a fracture separaticn can be non-
symmetrical, it is difficulc to explain why this non-symmetry should only
affect closed dimples since their apperent "twin" is an open dimple which
is oriented in & systematic and oirderly fashion. Ferhaps discontinuous
propagation at the center of the fracture (voids occurring ahead of the
erack front) could account for the lack of orderly dinple orientation
in this region,

Conclusions

1. It is possible to determine fracture direction in thin sheet-matal
that fails in an obligue shear mode, and by dimpled rupture, by observing
the orientetion of open dimples along the fracture edge at the acute
angle shear 1ip.

2. Replicss must be taken that overlap the fracture surface and the
aheet matal face, coupled with lov magnification microscopy, in order

to obtain an sccurate assessment of the open dimple orientation with
respect to the fracture edge.

2, The type of material examined is not iwportant, as long as dimples

are visidle on the fracture swiface.

10
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PROBLEX 2--Electron Frectographic Technique for Distinguishing Stress
Corrosion ¥From Hydrogen Ewbrittlement in High Strength Steels

Introduction

Stress corrosion and hydrogen embrittlement have been & common and
exceptionally perplexing source of service failures in the high strength,
medium-carbon, lov-alloy steels. These fractures most commonly cceur on
components that have long life spans and exist under some level of sus-
tained stress even vhen the component is not in use. There have been
attempts to distinguish between the appearances of the fractures caused
by stress corrosion and hydrogen embrittlement without substantial
success because the two failure types exhibii & remarkably similar
fracture appeamce(e). It would be of great importance in faflure
analysis to have the ability to recognize differences in the fracture
appearances of the two failure "mechaniens so that appropriste corrective

ac¢ion can be taken.

Experimental Procedure

Bustained lcad tosts were conducted to produce failures due to stress
corrosion or hydrogen embrittlement. The alloys selected were forged
4340, 4330M and DGAC. The mechanical properties are shown in Table 2.

The sustained load specimen configurstion is shown in Pigure 7.
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TABLE 2--MECHANICAL PROPERTIEY (Ff SYESLS UsS0 #08

HYDROGEN EMBRTTTLEMENT AND STRYSS CORRUSION TESTE -

Strength
Material Thickness, in.%* Ftu rty
43ko 0.050 271.2 240.9
43308 0.050 2244 193.8
DGAC 0.050 289.6 2k3.2

%Cut from 4-1,/2" square dillet in the transverse grain direction

Yo evaluate hydrogen embrittlement; three distinct cadmium plating
processes vere used to provide gqualitative differences in the hydrogen
levels in the test specimens:

1. Acid pickle plus cadmium flucborste plating
2. Bright cadmium cyanide plating
3. Cadmfum fluwborats; plating.

All plating conformed to the requirements of QQ-P-U416, except thet
specimens vere not embrittlement relief baked after plating. This was
dene to insure spacimen failure. The strees corrosion specimens werse
tested in the bare and vacuum cadmium plated condition (MIL-C-8837).
Both nydrogen embrittlement and stress corrosion tests vere conducted
st 50, 75 and 90 percent of yield strength. Gpecimens were axially
loaded in the spring Jigs shown in Pigure 8. The bydrogen embrittle-

ment tests were condacted in plastic bags contsining silica gel
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Figure 7. Configuration of Hydrogen Embrittlement and
Stress Corrosion Specimens
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desiccant. The stresz corsosion tests u.re conducted by alternate
jomersion in Geionized water (10 minutes in water, 50 minutes in sir).

Resuits

The electron fractographic examingtion of known stress corrosion and
hydrogen embrittiement fractures revealed similar characteristics for

the steels examined, and i1 appesred that no exclusive single feature
precisely identifies either fracture mechenism. However, a combination
of features could be used to distinguish between the two types of failure.
The features associated with stress corrosion fracture were:

1. Predominantly surface nucleation of intergranular fracture.

2. Intergranular reg:om shov pronounced secondary cracking
or deep crevices.

3. A relatively greater amcunt of oxidation or corrosion attack
at the nucleus and slov growth region than in the rapid

- fracture srea.

4. less pronounced bairline indications on the intergranular
surfaces of stress corrosion fractures in coaparison to
intergranular surfaces of hydrogen embrittlement fractures.

The features sassociated vith hydrogen embrittlement were:

1. Predominantly sub-surface nucleation of intergranulasy fracture.

2. Evidence of partial dimples and distinet hairline indicaticns
in the intergrsnular regions.

3. RBoth the sucleus and the rapid fracture aress exhibit rela-

tively equal degrees of oxidation or corrosion products.
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In order to determine whether a fracture nucleus was surface or sub-
surface, & two stage plastic-carbon replication technigue was ussd. The
suspected nucleus region was merked by placing & fine seribe live on
the free swface next to the nucleus area. The plastic replica wes
allowed to overlap the edge s0 as to include the scribe line on the
free surface. This line was then used av a guide to locate the nucleus
area. The differences between the nucleus regions of stress corrosion
and hydrogen embrittlement fractures &re shown in Figure 9. In the cese
of stress corrosion, the intergranular nucleus area followed the surface
znd extended straight back from the surface. In the case of hydrogen
embrittlement, the intergranular nucleus regior formed predominently
sub-gurface.

Otber features associated with each type of fracture are shown in
Figure 10. Btress corrosicn usually showed evidence of secondary cracking
and corrosion products in the nucleus region. The lmairline indicstions
in the intergranular regions and partisl dimples which are thought to be
associated with the fracturing process are somewhat more distinct in
hydrogen embrittlement than in stress corrosion fractures. These subtle
differences are i1llustrated in Figure 11l.

By using a microautoradiographic techniqne(3), it vas stown that
hydrogen was associated only with the intergranular portion of the frac-
ture. Due to the relatively low resolution of the technique, it was rot
possible to relsie hydrogen accumulation at specific structural details

such as partial ddimples or hairline indicaticns.
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Corrosion and Hydrogen Embrittlement Fractures
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Figure @. The Nature of Nucleus Region For Stress

Magn. 3500X




Siress Corrosion — Corrosion Hydrogen Embrittlement —
Products (Arrows) Partial Dimples (Arrows)

Stress Corrosion — Secondary Hydrogen Embrittiement -
Cracks and Crevises (Arrows) Hairline indications (Arrows)

Features of Stress Corrosion and Hydrogen Embrittlement

Figure 10. Typical Electron Fractographs Showing The Distinguishing
i Magnified 6,500X
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Hydrogen Embrittiement Stress Corrosion

EERA N ST

Hydrogen Embrittlement Stress Corrosion

| Figure 11. lllustration of Subtie Differences Between Hairline
o indications (Arrows) of Stress Corrosion and Hydrogen
| Embrittlement Fractures in 4340, 260/280 Steel,
Magn. 6600X
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Discussion

It has been shown that the accumulation of hydrogen with accompenying
crack nucleation occurs at a region of high triaxial state of stref.w(3
and h). This triaxial state of stress exists sub-surface at the root of
a notch; therefore, it is not unexpected to find evidence of sudb-surface

nucleation in hydrogen embrittlement fractures. In stress corrosion

fractures, hovever, surface nuclestion occurs because corrosion initiates

from the surface and progresses into the material.

Intergranular fracture is associated with both stress corrosion
and hydrogen embrittlement failures, and is generally confined to the
nucleus region. Hydrogen embrittlement intergranular fracture showed
a preponderance of partial dimples and hairline indications on the
grain boundary surfaces. This suggests that a large degree of mechanical
separation has been involved, whereas stress corrosion fractures, dis-
regarding corrosion products with their accompanying surface attack, show
smoother intergranular surfaces, thereby suggesting a high degree of
non-mechanical separation (Dissolution).

When attempting to distinguish stress corrosion from hydrogen
embrittlement fractures it was important to obtain a good overall
impression of the nucleus area. Often, the differences between these
two failure types were subtle and examining only a few isolated areas
might bave lead to incorrect analysis.

In addition, because of the subtlety between these two sustained
load failure appesrances, we must meke use of all the far s available.

This includes knowledge of the part processing practices, serviece history,




1,
2.

1,

2.

«nd prior service failures of the same type. The electron microscope
should be used primarily to supplement knovledge rather than be the
only source of information when analyzing this type of failure.

Conclusions

The features associsted with stres: corrosion Iracture are:

Predominantly surface aucleation of intergranular fracture.
Intergranular regions show pronounced secondary cracking or
deep crevices.

A relatively greater amount of oxidation or corrosion attack
at the nucleus and slow growth region than in the rapid
fracture area.

Less pronounced hairline indications on the intergranular

surfaces than observed on hydrogen embrittlement fractures.

The features associated with hydrogen embrittlement ere:

Predominantly sub-surface nucleation of intergranular fracture.
Evidence of partisl dimples and pronounced hairline indications
in the intergranular regions.

Both the nucleus and the rapid fracture areas exhibit rela-

tively equal degrees of oxidation or corrosion products.
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PROBLEM 3--Relationship Between Cyclic Stress and

Fatigue Striation Specing

Introduction

Patigue cracking in metal alloys is one of the most commonly observed
modes of structural failure in the serospece industry. It occurs as a
result of the repeated application of loads well below the ultimate
strength of the material. When the fracture surface of a fatigue c¢rack
is examined at high magnification by means cf electron microscopy,
periodic markings, known as striatiors, are observed. The spacing
between striations is characteristic of the microscopic progression of
the crack front during one loading cycle.

The major objective of this program was to develop a correlation
between the striation spacings and the cyclic load history of through-
the-thickness fatigue cracks in various sheet and plate aluminum alloys.
Such a correlation would then be useful in the analysis of fatigue

failures of structures fabricated from these alloys.

Experimental Procedure
The aluminum alloys studied included 2024-T3, T075-T6, T0T75-T73, TOT9-T6
and 6061-T5, Table 3. For the purpose of detecting an effect of material
thickness on the properties to be studied, both 0.050-in. sheet and
0.500 in. plate of 202k-13, 7075-T6, and 7075-TT3 were used. The
remaining alloys were iested in the 0.050-in. thickness only.

Fatigue cracks were developed in 8-in. wide by 18-in. long epecimens,

centrally slotted and fatigue-precracked, Figure 12. Growth of ths fatigus
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TABLE 3-~-MECHANICAL PROPERTIES OF ALUMINUM ALLOYS

USED FOR CRACK PROPAGATION TESIS
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crack vas monitored visvelly snd by meams of 2-in. long crack propagation
gnges bonded on one specizen aurface in the path of the growing crack,
Figure 13. PEach gage consisted of twenty elements, equally speced at
0.10-in. intervals. Sequential rupture of gage elements by the propa-
gating crack was recorded by an oscillograph simultaneously with the
output from the load cell. The oscillographic trace provided a detailed
loading and cracking history cof each specimen.

The cyclic stresses vhich were employed were selected to represent
loading enviromments encountered in military aircraft and to provide
evidence of the effect on striation spacing of mean stress, alternating
stress; frequency ¢of loading and material thickness.

The cyclic stresses for fatigue crack propagation tests are presented
in Table 4. Btandard fatigue crack propagation (Table ka) was established
in tests with constant mean and altemmating stresses. In each of these
tests one of the four scheduled mean stresses and one of the five sched-
uled alternating stresses characterized the cyclic stress for that test.
The loading frequency Lfor these tests was 1000 cycles per minute. In
saveral tests, a frequency of 10 cycles per minute was employed.

Spectrum-losd fatigue crack propagation tests (Table &b) were also
perforned 1n‘order to simulate service conditions and duplicate single
mean or alternating eyclic loads. In one series of these tasts the mean
gtress was held constant while the slternating stress varied every ten
cycles. In ths second series, the slternsting stress was held constant
and the mean siress wns varied every ten cycles. These tests were

performed at a frequency of 600 cycles per minute,
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TABIE 4--FATIGUE CRACKING TESY CONDITIONS
Table be--Standsrd Petigue Crack Propagation

o (1,2)
(3&) m, kai 8.25 13, 16.5 1 22.5
| Thick. Freq. ¢ 3
i Alloy in. cp s, :ksi 6.7512.5{7.5111.25}{13.5{6.75
2024-23  0.050 1000 X X X X X X
10 X X
0.500 1000 X X X
T7075-7%6 0.050 1000 X X X X X X
10 X X
0.500 1000 X X X
T7075-T73 0.050 1000 X X X X X X
10 X X
0.500 1000 X X X
T7079-6 0.050 1000 X X X X X X
6061-T6 ©.050 1000 X X X X X X
Table 4b--Spectrum-load Fatigue Crack Propagation
%n, ka1 13.75 8.25| 13.75 | 22.5
Thick. Freq. ¢
Alloy {n. cpm a, + ksl 2.5] 7.5} 11.25 6.75
2024-T3  0.050 600 X X
T075-76 0.050 600 X X
T7075-T73 0.050 600 & X X
7079-T6 0.050 600 X X
606L-76 0.050 600 X X

| (1)
{2)
(3)

| (%)

A1l Stresses Pased on Cross Area

6& = mean stress

Imex - %min

% = alternating stress = 5

Frequency in eyeles per minute
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The stendard two-stage plastic-carbon technique wss used in pre-
paring replicas of the fatigue crack surfeces for exammination in the
electron microscope. A corner was cut off on 2ach replica in order to
orient it with respect to the mecroscopic crack propagation directiom.
Striation spascings were measured from electron fractograph negatives
teken at a standard magnification of 5300X. Calibhration of this megni-
fication wvas accomplished using s replica of & diffraction grating
containing 28,600 1ines per inch.

The fatigue cracks examined ranged from approximately 8 tolsl length
of 0.7 to 4.3 inches. The selection of areas to be replicated on indi-
vidual specimens was based cn the number of cycles used to propagate the
left or right crack front 0.10 inches. Since it was difficult to observe
distinct fatigue stristions in arees where less than about 200 cycles
were used to grow the fatigue crack 0.10-in., these areas were not rep-
licated. 'For 0.10-in. increments containing more than 200 cycles of
stress, replicas were tsken st significant intervals {usually 3 to &)
along the fracture path.

The fatigue striation rpecing data was obtained by examining =
specific 0.10-in. area tc gain an ilmpression of representetive strdation
spacings in this area. Generally, a fatigue striation spacing for a
specific area represents an average of four readings, depending on tha
definition and pumber of stristions present. Where possible, measvre-
ments were taken from relatively flat reglons that exbhibited ths largest
uniferm striation spacings over an appreciable distunce. Stristions

that were influsnced by second phase particles, or occurred on steep
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slopes were not considered. It was found that distinct fatigue stristions
could be observed on both the normal and oblique mode ¢f the macroscopic

fracture profile in the fatigue regioa.

Results
Completely detailed data from all the tests may be found in Appendix I.

When comparing the mecroscopic fatigue crack growth rate {(obtained
by dividing the observed 0.10-in. increment crack growth by the number
of cycles used to propagate the crack through that increment) to the
microscopic growth rate (striation spacing), the following behavior was
observed:

1. Macroscopic rate was less than the microscopic rate

2. Macroscopic rate was equal to the microscopic rate

3. Macroscopic rate was greater than the microscopic rate.

hiz 43 illustratad in Pigure 1k, The first type of behavicr is usually
observed at relatively low crack growth rates. At higher crack growth
rates conditions 1 and 2 are not obgerved. The large deviation of crack
growth rates between the macro and micro rates in condition 3 ¢an be
explained by the presence of appreciable dimple rupture along with
striation-producing fatigue propagation.

Electron fractograph anslysis of spectrum lcaded specimens indicates
that when a fatigue striation is produced, it is the result of one cycle
of stress. However, it has been observed that for both varying alter-
nating and varying mean stresses, when the applied mean or alternating
stress range changes abruptly from a high to s Jouw level, there is a

period {at least 10 cycles) during which the fatigue erack sppsareatly
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O Micro Rate |0,::+2 50 ksi,
A Macro Rate|%,=13.75 ksi

Material: 2024--T3
Thickness: 0.050 in.
Frequency: 1000 cpm
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Figure 14. Relationship Between Fatigue Microscopic and
Macroscopic Crack Growth Rate
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does not propagate, Figure 15. On the other band, when the low level is
not iwmediately preceded by high levels of stress, fatigue crack propa-
gation 1s cbserved.

The stristion speacings were examined in terms of a perameter K(s)

vhich describes the local intensity of stress in the vicinity of the

ee v (55 102 8

vhere g = greoss secticn stress

erack tip, as:

B

4

v = panel width
L = total crack length

ay = tensile yield strength

A representative plot of fatigue striation specing, d4//a¥, as a function
of &, (X - xm), is shown in Figure 16. The dashed lines in the
figure encoupass the range of data points and suggest s relationship of

the type:
4
al MK
3 .(_._2.. (2)

This relationship is somevhat in agreemsnt with previously published
analyses (6, 7, 8). However, examination of the figure reveals that
the proportionality consteant, M, is some ccmplex function of the stress
savironment. For example, knowledge of 4//éR alone from fractographic

analysis will not define AX with satisfactory precision. A further
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Figure 16. Characteristics of Spectrum L.oading. Mean Stressz=
13.75 ksi, Three Altarnating Stresses (2.5, 7.5 and
11.28 ksi) Applied in 10 Cycle Intervals. Note

Lack of Striations for Lowest Alternating Stress
(2.8 ksl). Arrow Indicates Fracture Direction.




iLegend:
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Figure 16. Relationship Between Siriation Spacing and Stress
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relationship between M apd the strese enviromment must be knswn to
mite Eq., 2 useful as a correlation between striation spacing and stress
environment.

Vhen the range of the cyelic stresses under investigation is small,
Eq. 2 will appear to define a correlation between AK and striatiom
spacing {and between AK and macroscopic growth rate) and tne propor-
tionality constant, M, will have a discrete value.

When the range of cyclic stresses 1s expeanded, however, &as was
true in this program as well as in Ref. 9, based on macro-rate, N is
revealed as a multi-valued function of the stress.

For most aircraft structures the average mean stress is mown (l-g
load) and is generally constant for a given aircraft gross weight.
Alternating stress, on the other hand, will vary and for meny axtreme
operating conditions the magnitude of the alternating stress is not
known. For this reason, striation spacings vere exsmined with the
objective of developing a correlation between alternating stress and
the distance betveen fatigue striations.

Logarithmic plots of striation specing, 8, versus total crack
length, £, revealed that striation spacings increase with distance from

the origin ({/2) as:
n
5= 8, (£) (3)
vhere 8 o= a constant dependirg on material,

frequency and thickness

n = 8 constant depeunding on the siress
enviromaent

¥ = pagel wldth



As shown in Flgure 17 the slope, m, of the curves varies with the
cyclic stress in such & manner that all curves intersect at a common
point, (sw, ¥). PFrom this plot, however, the exact manner in which
the cyclic stress influences the slope 1s not immedistely obvious.
Purther plots of the slope as & function of alternating stress at
equal mean stresses, Figure 18, and as a function of mean stress st
equal alternating stresses, Figure 19, indicated that the slope, m,

can be described as:

-1/2 0-1/3 (%)

m’pq& m

where p is a constant nearly equal to 10, as ghown in Figure 20. Solving

for alternating stress,
i
o, ==\\m 1/3 ) (5)

Froa Eq. 3,
log (B/SH)

- — (6)
log (/W)

Substituting in Eg. 5,

2

-

P 108 (8W)
%" I3 log (s/5,) (7)

- m

Equation 7 relates alternating stress to striation spacing by
means of two constants, p and Sw’ vhich can be determinsd by test.
Values for the sluminum alloys tested in this program are glven in
Table 5. Ths value of the constant, p, varies only slightly from alloy

to slloy snd does not appear to be affected by cyclic frequency. The
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Material: All Alloys Tested o
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Figure 20. Determination of the Value of the Constant, p, in Eq. 3
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TABLE 5--CONSTANTS FOR USE IN CORREIATING STRIATION
SPACIFGS WITH CYCLIC STRESSES (EQ.T)

Material Thick. Frequency ? (1) 8, {2)
in. cpR
202473 .050 1000 10.35 550 x 10:2
10 10.35 x 107
.500 1000 10.35 1500 x 10
| 7075-16 .050 1000 9.90 800 x 1022
| 10 9.90 1000 x 10
1 .500 1000 - ——-
|
| T075-173 .050 1000 9.T3 800 x 10:2 F
| 10 9.73 1000 x 1072 .
| .500 1000 9.73 2000 x 10
‘ 7079-16 .050 1000 10.05 1000 x 1070
6061-T6 .050 1000 10.20 800 x 1070
(1) Constant for Eq. 7 when g, and o are in units of ksi )
(2) Constant for Bq. 7 when.’, W, and 8 are in units of inches
¢
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constant, Sv’ varies more from slloy to alloy and shows & definite
trend to increams. with decreassing frequency and increasing thicknese.
An increase in Sv reflects larger atristion spacing (bigher crack
growth rate).

All elem2nta necessary to express the striatlon spacing, or crack :
growth rete, in terms of AK are present ia Eq. 7. After the reguired

substituvions and rearrangements, the resulting equation is somewhat

cunbersoma: n
o N -
= 8 = tan - 8
8= % i x 1arc (3 T W)f tho&a (8)

-]

where n = -7 73

% m

Solution of this equation for alternating ztress {upon which AK itself
is dependant) i3 not convenient. However, 1t is interesting to note
that the values of the exponert, m, experienced in this work varied
from about 1.0k to 2.57. One indicated operation in Ey. 8 is the
raising of AK2 to the power of m, or the raising of AK to the power
of 2m. For the values of m indicated above, the range of values for
the exponent of AK is from 2.08 %0 5 li. Reference 6 summerizes the
vork of various investigators who have found relationships of crack
growth rate to AK raised to powers from 2 to 5.

The ability of Eq. 7 to describe the standard fatigue test data in
demonstrated in Figure 21. In this figure, the alternating strsss pre-
di ted by Eq. 7 i3 platted versus the actual alterpating stress. Each

ta noint in the figure represents the average pred.cted aliernating
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Legend: ®
O 2024-T3
0 7075-T6
A 7075--T73
151 @ 7079-T6
= A 6061--T6
X
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o
°
v 10
0
o
9
v
2
o
®
5 [ A
0]
o) 5 10 18 20
Actual 04, + ksi
Figure 21. Comparison of Actus! and Predicted Alternating Stress for
0.Q80~in. Thick Panels Fatigue Cracked at 100 cpm
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stress computed for each striation gpacing messurement made in a given
test. For most tests, the predicted value of alternating stress is
within 1 or 2 ksi of ths actual stress.

Predicted and actuval alternating stresses for spectrum load tests
are compared in Table 6 using the .onstants developed for a frequency
of 1000 cpm.

Equation 7 can be employed in estimating the alternating stress
for a given fatigue crack when the meean stress is known. To use the
equation 1t is necessary to measure striation spacing, s, at & partic-
ular distance, </2, from the fatigue crack origin. A number of measure-
ments at various distances will improve confidence in the results.

As sn example, assure that a fatigue fracture from a 10 inch wide
7075-173 structure operating at a mean stress of 18 ksi is to be
analysed to determine the meximum cyclic stress experienced during
operation. ¥Five striation spacing measurements are made at .. /2 dis-
tances from the origin. These (/2 distances are 0.5, 0.75, 1.0, 1.25,
and 1.5 inches. Assumwe that the resulting striation spacings are 30,
56, 85, 115 and 150 micro-inches, respectively.

For the total crack length of 1.5 inches (./2 = 0.75) and the
striation spacing of 56 micro-inches, the alternating stress 1is

calculated &8s follows:
2

-
'
i

o | log (M)
a |, 1/3 log (e/S)"
-, ‘




TABLE 6--COMPARISON OF ACTUAL AND PREDICTED ALTERKATING
STRESS FROM SPECTRUM LOAD TESTS

Actual Average Predicted
Alternating Alterrating
Mean Stress Stress Stress
O % "a*
HMaterial ksi + ksi + ksi
2024173 ; 2.5 e
13.75 y Te5 7.86
{11.25 16.20
8.25 i p -
13.75 1 ~e
22.5 6.46
7075-16 2.5 -
13.75 7.5 6.42
11.25 12.33
8.25‘ .
13375 6'75 6.36
22.5 ) 6.88
7075-773 2.5 --
13.75 1.5 T.52
11.25 10.18
8.25 -
13.75 6.75 5.31
22.5 8.24
7079-16 2.5 -
13.75 T+ 7.60
11.25 11.78
8.25 -
| 13.75 6.75 5.9
\ 22.5 é.78
\ 6061"% 2-5 -
\\ 13.75 7.5 6.24
1 11.25 11.82
\ 8.25 -
| 13.75 6.75 8.24
\\ 22.5 7.12
; % Cslculated using Eq. 7 and constants from Table 5.
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The results of ealculations for the other crack lengths and striation
spacings are shown in Table 7. The aversge calculated alternating
gstress 1s 7 ksi. Therefore, the maximum stress is

C‘x' ﬂ‘ + 0"

= 18 kst + Tksi
» 25 ksi

TABLE 7--CALCULATED ALTERNATING STFRESS POR
IDEALIZED EXAMPLE GIVEN IN TEXT

Distance Total Etriation Alternating
From Origin Crack Length, Spacing Stress, O
in. in. micro-inches + ksi
0.50 1.00 30 6.78
0.75 1.50 56 T.01
1.00 2.00 85 T.10
1.25 2.50 115 7.04
1.50 3.00 150 T.13

Average T.01




Conclusions

1. The stress intensity range psrameter AKX does not satisfactorily
describe the relationship between fatigue stristion spacing and
cyclic stress.

2. 1If one stress cendition is known, such as ween stress,

. the empirical relationship

o = + i‘-—;7§ ng_%é;!ly-za

. - iﬁa‘ Tog (8/8, |
pernits a reasonably accurate calculation of the magnitude of the
other stress, i.e.; alternating stress, in through-crack, thin

-

sheet.

3. The reduction of fatigue frequency from 1000 cpm to 10 cpm results
in an increase in the striation spscing at equivalent stress
conditions.

4. An increase in thickness from 0.050 in. to 0.500 in., results in
an increase in the strietion spacing at quivalent ¢yclic stress
and test frequency.

5. An abrupt decrease of applied fatigue stress can result in a
period of arrested cruck growth.

6. A fatigue striation 1s the result of one cycle of stress.

7. The appreciable difference between microscopic and macroscopic
growth rates can be explsined by the presence of dimple rupture
areas on 8 fatigus surface.

8. Fatigue striations can be observed on both the normal and the

oblique mode of fracture.
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APPENDIX I
MEASURED AND CALCULATED DATA FOR TASK C
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APPENDIX I (Cont'd)
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