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SCOPE AND PURPOSE OF INVESTIGATION

Fatigue crack growth has been shown to be dependent on environment,

especially at values of cyclic stress intensity factor (AK) approaching

the threshold value.(')* This behavior has been termed "environmentally-

assisted fatigue crack growth(II) to separate this behavior from that

related to cyclic stress corrosion. This program was planned to utilize

new tools for measuring the effect of environment on the material response

(plasticity) associated with fatigue crack growth.

Measurements were made on the effect of environment and AK on crack

tip plasticity parameters for low carbon steel,(AOB.CODl'2.3) 7075-T6

ingot aluminum alloy,FG1 0 ,3 ,l7) MA-87 a powder metallurgy derived

aluminum alloy,(F1G'l4 1) l6l17) and Ti-6A1-4V in the recrystallized-

annealed condition.(14)

.' Three environments were used: very dry nitrogen (less than 10 ppm

water vapor), vacuum of 10- 5 torr (1.3 mPa) and humid air (not less than

12,000 ppm water vapor). Differences between vacuum and very dry nitrogen

results could not be detected.

Two techniques were used to study crack tip plasticity. At the

start of the investigation, low-carbon steel was found to form subcells

near fatigue cracks, (A B1,2) and these were readily observed by electron

channeling contrast in the SEM.(19 20) This technique was used to

characterize the subcell distribution as a function of environment and

AK, and the information was used to derive both the stress distribution
near the crack tip, and to compute the energy dissipated during crack

growth.(BC,5,6,7,8) Towards the end of this part of the investigation,

two new techniques were developed for studying fatigue cracks: a cyclic

loading stage was developed for the SEM(III) so that high-resolution,

real-time observations of crack growth could be made, and the stereoimaging' " echnque(IV)
technique was developed for accurate, high-resolution determination of

crack tip strains and opening displacements. These new techniques were
then applied to all the materials investigated.

A-G refer to technical reports; Journal references reporting work from
this contract are numbered 1-21; Roman numerals are used to designate
Journal references not specifically related to this contract.
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SUM14ARY OF RESULTS

The general finding of this investigation common to all the

materials studied is that water vapor in the environment decreases the

strain range which the crack tip can support,(7,10,11,14) although for

the titanium alloy, this finding is subject to interpretation. A typical

result for 7075-T651 is shown in Fig. 1. Crack tip strain and crack

opening are found to be strongly dependent on AK for both environments

and all materials. For near-threshold AK, crack tip strain approaches

the elastic limit in the absence of water vapor, and there is some evi-

dence, although not conclusive, that crack growth may occur at strains

below the elastic limit in the water vapor environment. Again, Ti-6A1-4V

does not completely fit this pattern. Another important finding of this

research is that cracks do not grow on each cycle in the near-threshold

"4 region,(lO 'll) although in humid air, growth occurs more frequently,

i.e., after fewer number of cycles, than in the absence of water vapor.

Crack opening has been found to be mixed mode in each alloy system
investigated and under all conditions of stress intensity and environ-

ment. (17) But the magnitude of each mode is strongly influenced by each
of these variables. Models of crack tip plasticity and opening do not

presently consider Mode II (shear) as being a significant factor, yet in

MA-87 this is the dominant opening mode.(17) The influence of metal-

lurgical structure on this aspect of crack tip mechanics is potentially

an important factor in controlling fatigue crack growth, and needs to be

further explored.

The energy dissipated during fatigue crack growth was computed for

low carbon steel(BC '5,6'7,8) and found to depend on environment and

stress intensity. These observations and computations were incorporated
into a model for near-threshold crack growth.(8) Water vapor in the

environment results in a lower rate of energy dissipation per unit of

crack formation.

Models for crack growth in the aluminum and titanium alloys have

been developed(G 'lO'll'1 4) using information determined by the stereo-

imaging technique.

-... .7..........,............ -................................



*1. MAXIMUM SHEAR STRAIN RANGE
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Dry Envi ronnient

AK *6 MN/rn3/2

':

* Wet Environment
Figure 1. Distribution of maximum shear strain range for 7075-T65l in both

wet and dry environments at A = 6 MN/m3/2. Crack is shown on
the plane of zero strain. X and y are in micrometers. Scale on
strain axis is the same for both plots. Water vapor in the

:1environment causes a reduction in the strain range.
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The results discussed above are only the most general conclusions

reached; there were numerous interesting experimental findings related to

both fatigue crack growth, the effect of environment, and the mathematical

modeling of fatigue crack growth. These results have been published in

the form of annual technical reports and papers. The technical reports

have also been used to disseminate more detailed experimental results than

it has been possible to put into journal articles. The published papers

are more complete and interpretive than the reports. Between these two

forms of communication, nearly all the results derived during this research

have been reported.

PROJECT SUMMARY

Two new techniques for the study of environmental alteration of

material plasticity at crack tips have been developed during the life of

this contract. These techniques allow the determination of material

stresses and strains within a very small region close to the crack tip

* (1-10 um). These measurement techniques were used to determine the effect

of environment on fatigue crack growth in low carbon steel, the aluminum

alloys 7075-T651 and MA-87 (a P/M product) and Ti-6A1-4V (RA). The in-

formation gained by these measurements was used in models whose objectives
were to both correlate the various parameters measured and to gain more

fundamental insight into the factors controlling environmentally-assisted

fatigue crack growth.

CONCLUS IONS

The strain which a crack tip can support is lowered when the crack

is grown in a water vapor environment, as compared to a very dry or vacuum

environment. Hydrogen formed by dissociation of water vapor at the newly

formed surface(V) is believed to cause this "embrittlement." All indica-

tions are that the hydrogen is acting within 10 Um of the crack tip, or
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less. In aluminum alloys, the details of this effect are influenced by

heat treatment and microstructure.
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TABLE I

CRACK TIP OPENING PARAM, ' RS 1 BEHIND CRACK TIP,
AK ;.5 MNm-3/2

CTODI CTODII CTOD* CTODI I
Alloy_ Environment CTOC (m) (UM)O /CTOD

7075-T6 Air 0.238 .077 0.25 .32

7075-T6 Vacuum 0.17 .10 0.20 .59

MA-87 Air 0.47 .77 0.90 1.64

MA-87 Vacuum 0.54 .72 0.90 1.33

*CTOD = CTODI2+ CTO.II 2

The fractography of 7075-T651 is conventional over this stress

5intensity regime, i.e., striations are formed in both air and vacuum.

The behavior of MA-87 is markedly different. In vacuum, for example,

fatigue crack growth produces approximately spherical particles, which are

dispersed over a fractographic background of diffuse, ripply striations;

these features are observed uniformly across the specimen fracture surface.

*The particles usually are observed as isolated individuals, but they fre-

quently occur in clusters (Figures 2 and 3) as well. Energy dispersive

X-ray analysis (EDS) of several of the spheres showed that they have the

same chemical makeup as the matrix material. Thus, the spheres do not

correspond to the small (0.02 U.m to 0.3 Um) Co2A19 dispersoid particles6

4
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* characteristic of MA-87. However, it is possible to derive some idea as

to their origin by considering clusters of the spheres in various stages

of development.

For example, in Figure 2 can be seen a large, smooth platelet (P),

from which several connected spheres (A) have separated. Since it appears

that the platelet and the spheres once fit together, the spheres evidently

formed while still attached to the platelet. Other spheres, such as B,

show what appear to be laps, as though they had been flattened out and then

rolled up. Once a platelet is formed, parts of it evidently begin to roll

up; these eventually detach from the parent platelet by fracture, to form

separate spheres such as C in Figure 3. Note the apparent rolled-up pre-

sphere on platelet P -in this figure.

It would appear that the critical step in sphere formation is the

creation of the platelets. Such features have in fact been observed

before, but only in cases in which Mode II interfacial sliding was ex-

ternally imposed by the specific loading conditions. These have included

fretting fatigue,7 rolling contact,8 and pure Mode II fatigue,9 i.e.,

cyclic compression of slant cracks. Under such circumstances, localized

regions of opposing surfaces experience sliding contact, each producing

an extraordinarily smooth, thin layer of material known as a Beilby

layer.10  The Beilby layer has the same chemical composition as the parent

alloy, but crystalline order is almost destroyed by the rubbing process,

and the end product is extremely ductile. It is this anomalous ductility

which permits the layers to roll up into laminated spheres.10
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It is interesting that spheroidal debris is not found on MA-87

fatigue fractures formed in air. Instead, the surface is heavily oxidized

(Figure 4), so much so that striations, although present, are hard to

L discern. Superimposed on the fracture surface are very small, round par-

ticles, seemingly embedded in the fracture surface. These are much smaller

than the spherical wear particles formed in vacuum, and are of the size,

shape, and spacing of the Co2Al9 dispersoids. Electron beam diameter and

penetration into the underlying substrate preclude EDS determination of

their composition.

Irregular-shaped bits of apparent oxide debris (arrow, Figure 4)

also are evident. Their presence is best appreciated by examining the

flanks of cracks grown in air; these are seen to exude debris (Figure 5).

The electron-charging nature of the debris strongly suggests that it

derives from fractured oxide films.

By considering certain recent, related research involving similar

alloys, it is possible to understand the tendency of IA-87, but not 7075-

T651, to produce wear debris, and for the MA-87 debris particles to be

smooth and spherical in vacuum, while rough and Irregular in air. In the

first case, Vasudevan and Suresh11 have recently investigated the oxide-

forming propensity of 7XXX aluminum alloys, of which MA-87 is a variant.

Among their findings is the fact that during fatigue crack growth in air,

the level of oxide formation on fresh crack surface is on the order of

0.01 Im, negligible compared to crack tip opening displacements (Table I),

for peak-aged alloys like 7075-T651. However, for overaged alloys like



MA-87*, oxide layers of up to 0.1 pm in thickness are produced during

fatigue crack growth in moist air at near-threshold stress intensities.

Rabinowicz12 has noted that oxidation during sliding contact will

generally lead to the formation of debris which prevents two-body burnish-

ing. The debris occurs by the fracture and spalling-off of the oxide

layer. In the present case, this process apparently accounts for the

debris which is extruded during the growth of cracks in MA-87 in air; it

will be recalled (Table I) that the Mode II crack tip displacement com-

ponent is quite large relative to the total CTOD. For 7075-T651, the

oxide layer formed in air is negligible, and so is the Mode II opening

displacement; hence, no oxide debris is observed.

On the other hand, there is no oxide layer to prevent the local

burnishing of MA-87 crack interfaces in vacuum, and together with the

large Mode II crack tip displacement, the formation of Beilby layers and

their transformation to spheroidal debris is favored. Although there is

also no oxide to prevent burnishing of 7075-T651 in vacuum, the Mode II

displacement in this case is insufficient to produce the requisite damage

layers. Comparing the CTODU values for 7075-T651 and MA-87 in vacuum

(Table I), it appears that the threshold Mode II displacement for the

production of spherical wear particles in 7XXX aluminum alloys must lie

between 0.1 Um and 0.72 Um. It also is interesting to note that the

largest MA-87 spheroidal particles are on the same order of size as CTODII.

Heat treatment was -T6 plus 14 hours at 162C.



If these rationalizations are correct, then it must also be true

that the crack faces do not open in Mode I before at least some sliding

has occurred. To verify this, the opening of MA-87 crack tips was photo-

graphed at various increments in the load cycle, and the resulting micro-

graphs were analyzed using stereoimaging. It was found that as the cyclic

stress increases from its minimum value, the crack tip starts sliding at

a very low stress intensity; Mode I opening is not achieved until

& AK = 0.5 K Thus, there is ample opportunity for interfacial contact

during Mode II sliding.

At present, it is not at all clear ±L fatigue cracks in MA-87

choose to open in mixed Modes I and II, while 7075-T651 cracks open pre-

dominantly in Mode I;. neither is it apparent why the CTOD for MA-87 is so

much greater than that for 7075-T651. Aside from grain size, -50 Um for

7075-T651 versus -5 pm for MA-87, the principal differences between the

two alloys lie in their microstructures. MA-87 is overaged, and has a

low dispersoid population, while 7075-T651 is peak-aged, with a high dis-

persold content.

Regardless of the origin of the Mode II opening in MA-87, its

presence is remarkable, considering the relatively low driving force

responsible for it. Analysis of the present crack profiles shows that on

average, for both alloys in air and vacuum, a given crack segment is

oriented approximately 258 from normal to the stress axis. Under such

circumstances,13 the Mode I stress intensity normal to the local crack

plane is .82 of the Mode I stress intensity (KI) for the average crack

plane. Correspondingly, the local Mode II stress intensity is only .38 K1.

• • • • , " - . • , . . .. . - . -° ,
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The presence of the wear debris itself has implications for fatigue

crack growth, since Vasudevan and Suresh11 have shown that the presence of

oxide layers alone can significantly alter the effective Mode I stress

intensity at low rates of growth. The existence of the oxide wear debris

(Figure 5) means that the wedging effect of the oxide layer is further en-

hanced in materials which have a large Mode II crack opening component,

since the fracturing of the oxide layers will promote the formation of

new oxide, effectively increasing the thickness of the layer. Similarly,

the presence of the spherical debris in vacuum corresponds to a wedging

influence which will likewise tend to reduce the Mode I effective stress

intensity.

These conclusions are supported by the work of Ryder, et al, 14 who

studied the behavior of torsional Stage I cracks in an Al-Mg-Zn alloy.

They found that Stage I (Mode II) crack growth rates were enhanced by

inert liquids which normally retard Stage II (Mode I) crack growth. The

effect of the liquids was to pump out of the crack fretting debris pro-

duced by Mode II sliding, thereby increasing the effective stress intensity.

Acknowledgement

The authors are grateful for the support of the Office of Naval

Research through Contract No. N00014-75-C-1038.

.". . :- .

-- .* . . . .

° , - .



References

1. D. R. Williams, D. L. Davidson, and J. Lankford, Exp. Mech., 1980,

Vol. 20, p. 134.

2. D. L. Davidson and A. Nagy, J. Phys. E, 1978, Vol. 11, p. 207.

3. D. L. Davidson and J. Lankford, Fat. Eng. Mat. Struct. (submitted).

4. Ibid.

5. J. Lankford and D. L. Davidson, Acta Metallurgica (submitted).

6. S. H. Doerr, "A Comparison of Microstructure and Properties of

Equivalent Strength Ingot Metallurgy and Powder Metallurgy 7XXX
.1

Aluminum Alloys," AFWAL-TR-81-4068, 1981.

7. P. H. Hurricks, Wear, 1974, Vol. 27, p. 319.

8. D. Scott and G.. H. Mills, Wear, 1973, Vol. 24, p. 235.

9. M. C. Smith and R. A. Smith, Wear, 1982, Vol. 76, p. 105.

10. D. Scott, W. W. Seifert, and V. C. Westcott, Sc. Amer., 1974,

Vol. 230, p. 88.

11. A. K. Vasudevan and S. Suresh, Met. Trans. A (in press).

12. E. Rabinowicz, Wear, 1977, Vol. 42, p. 149.

13. A. B. Patel and R. K. Pandey, Fat. Eng. Mat. Struct., 1981, Vol. 4,

p. 65.

14. D. A. Ryder, M. Martin, and M. Abdullah, Met. Sci., 1977, Vol. 11,

p. 340.



• • . ,- . - . .- ... . .- ,- . -. . .°° *,-, . .e
Z 

. . . . . -. . . . - °.- .

Reference Scratch

-. CTODD

CT•I Ioa -

Figure 1. Schematic of crack tip opening parameters,
showing displacement of a hypothetical
reference mark 1 Um behind the crack tip.
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Figure 2. Spheroidal wear debris on fatigue fracture surface of
MA-87, vacuum environment, AK = 7 MNm-3/2 . Platelet
(P), separated spheroids (A), lapped spheroid (B).
Large arrow shows direction of crack growth.
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Figure 3. Spheroidal wear debris on fatigue fracture surface of
MA-87, vacuum environment, AK = 9 MNm-3/2. Platelet
(P) with rolled up pre-sphere, spheroid (C) detached
from matrix. Large arrow shows direction of crack
growth.
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Figure 4. Fatigue fra~3 re surface of MA-87 cycled at
AK =B8MmnrJK in air, showing heavily oxidized
striations. Large arrow shows direction of
crack growth; smiall arrow denotes typical oxide
particle.



Figure 5. Oxide debris extruded from crack flank in
MA-87 cycled in air, AK 10 MNm-3/2.
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behavior of materials subjected to cyclic loading; therefore, most of the

analytical effort has gone into monotonically loaded cracks. Thus, it is

understandable that fatigue crack tip stress remains a poorly quantified

parameter. This paper presents a method for computing stresses in the

near field of a fatigue crack from experimentally determined strains.

EXPERIMENTAL DETAILS

Single edge notched specimens of 7075-T6 aluminum alloy having a

gauge section of 20 mm x 3 mm thick were pin loaded to obtain crack tip

stress intensities of 6 < AK < 11 MN/m 312 at a frequency of 1 Hz in a

vacuum of 1.3 mPa. The direction of crack growth was perpendicular to

the rolling direction, and crack lengths 5 < Z < 10 mm were investigated.

DETERMINATION OF STRAINS

Visualization and measurement of crack tip displacements with high

spatial resolution are possible using the stereoimaging technique.(1)

This technique employs the ability of the eye-brain system to detect dif-

ferences between two views of an object by constructing a three-dimensional

image of the object. For crack tips, it is only necessary to obtain

4photographs in two loading states in order to image the displacements

which occurred during the loading increment. The displacements imaged

are in the plane of the photograph and along the eye axis. These displace-

7' ments can be quantified by using the techniques of phot~grammetry. The

measured displacements then may be used to calculate three elements of the
-(2)

symmetric in-plane strain tensor.(2) Very high spatial resolution around•4



the crack tip can be obtained by using a special cyclic loading stage

incorporated into the specimen chamber of a scanning electron microscope.(3

In this manner, the high resolution and depth of field characteristics of

the SEM are utilized. Strains of up to nearly 100% have been measured,

within 1 1.m of the crack tip using the SEM fatigue stage and stereoimaging

technique. For this purpose, photographs at magnifications up to about

10,OOOX have been made, although such high magnification is not normally

usable because of the limited area covered. A pair of typical crack tip

photographs is shown in Figure 1. This pair of photographs was used to

determine the displacements shown in Figure 2. The asymmetry of dis-

placements shown in this figure is typical of fatigue cracks grown at

near-threshold stress intensities, and it is believed to be due to the

propensity of metals to deform in shear. At higher stress intensities,

greater symmetry of displacements is observed, As shown in Figure a, the

crack is closed at minimum load; crack opening for this case has been

found to occur at approximately 0.4 of maximum load. At full load, crack

opening is a mix of Mode I and Mode II, as may be deduced from displace-

ments behind the crack tip in Figure 2.

From the x and y displacements of Figure 2, the coordinate strain

increments* AX and AX , and the shear strain increment Ay may bexx yy xy

computed.(2 ) The principal strain increments AX1 and AX2 and the maximum

shear strain increment Aymax may then be computed from the coordinate

The strains computed are referred to as strain increments because they
refer to the strain change between two loading states. For a fatigue

4 crack tip, the strain at minimum load is usually not at zero strain,
as referenced to the uncracked state.

I+



strains by the appropriate transformation operations (Mohr's circle).

These in-plane strains are all that may be determined, since no method has

yet been devised to measure the z-axis displacement gradients. Typical

distributions of the principal strain increments are shown in Figures 3a,

b, and c. These were derived from the displacements of Figure 2. A

detailed account of computation of strains has already been given.(2)

COMPUTATION OF STRESSES

- .iThe procedure for computing stresses from strains was derived by

Lubahn and Felgar. Their procedure was developed to use strains as

measured by electrical resistance strain gage rosettes placed on the sur-

face. The use of their procedure with strains determined from stereo-

imaging is, therefore, a completely analogous situation.

The surface of any specimen is, by definition, in a state of plane

stress, which means that no constraint exists normal to the surface. Thus,

a limitation of the stereoimaging technique is that only surface stresses

may be computed.

The strains determined by stereoimaging are total strains, and, since

they are the result of changes between two loading states, they are actually

total strain increments; thus, AX the measured strain increment, is in

general
.. = Aci + Aei (1)

where aei and aei are the plastic and elastic strain increments, respectively.

With several assumptions, Appendix A, it is possible to separate the elastic

4 and plastic strain increments and to compute the principal stress increments



Aal , AG2 and A~maxT and the coordinate stress increments Aoxx, Aay and

ATxy. A constitutive equation is required to make the strain-to-stress

transformation, and it has been necessary to assume that the principal

stresses have the same direction as the principal strains over one-half of

the loading cycle.

The computational procedure was devised by Lubahn and Felgar for

nonreverse-loaded bodies, but its use for cyclic loading is believed to be

appropriate for several reasons: (1) the strain-to-stress transformation

is made only for each half cycle; therefore, the increment of straining is

for only the tensile or compressive loading segment of the cycle; and (2)

the assumptions of plasticity theory are equally valid in tension and

compression.

The strain increment data of Figure 3 have been converted to

incremental stress using the procedure given in Appendix A, incorporating

the mechanical properties values in Table I. Maximum principal stress in-

crement (Aal), minimum principal stress increment (Aa2) and the maximum

shear stress increment (AT ) distributions near the fatigue crack tip aremax
shown in Figures 4a, b, and c.

The mean stress is also easily computed from &a, and Aa2 , and the

distribution of this term is shown in Figure 5. Mean stresses are often

considered to be useful in understanding the effects of environment and

stress state on crack tip plasticity.

The conversion of the principal stresses Aai back into coordinate

stresses in the fixed spatial x-y coordinate system is easily accomplished

by using a Mohr's circle construction. Coordinate stresses are required in

4



cases where a sequence of loading and unloading is followed step by step,

in that the summation of stresses may be done only in the fixed coordinate

system.

TABLE I

Mechanical Properties
7075-T6

Tensile Proportional Limit Stress 448 MPa

Tensile 0.2% Offset Yield Stress 508 MPa

Stress-Strain Curve in Tension Aa(MPa) = 7.1x104 AX 0 < AX < .0166

062
Aa(MPa) = 1620(A-) .0166 S Ac < 1

DISCUSSION

The procedure for computing stresses from strains outlined herein is

complex only to the degree expressed by Equations (A5) and (A6). The

quadratic form of these equations does pose some problems with convergence,

but these have been circumvented by anticipating the conditions for which

convergence had been achieved. A procedure was formulated to force con-

vergence, and it was successful for the vast majority of cases tested.

Most of the cases converged within 3 to 5 iterations through the procedure

given in Appendix A.

iA



The significant opportunities for error in the stress computation

procedure are related to the assumptions made. Of these, perhaps the most

questionnable assumption is that of the deformation theory of plasticity,

Equation (A2), which is valid only for proportional loading. Limited effort

to examine this issue indicates that strain actually does increase in a

reasonably proportional way for many of the points within the plastic zone

on the loading portion of the cycle.

Another possible source of error is the constitutive equation, in

this case the tensile stress-strain curve obtained on the loading portion

of the cycle after a schedule of increasing strain-increment, reversed

cyclic loading. The assumption is that this curve, derived from uniaxial

tests, in which Ax is controlled, is applicable to the biaxial deformation

of material near the crack tip. Lambda and Sidebottom (5'6 ) have examined

cyclic hardening under changing biaxial conditions, and found that the

result was essentially the same as for uniaxial cycling when compared on

effective stress and strain basis. Fatigue crack movement in the growth

rate region being studied (10-6 m/cy and below) is certainly slow enough

for a small volume of material to be cycled enough times to achieve a stable

aa. The other assumption related to the tensile stress-strain curve used

is that the strain magnitude of the uniaxial tests is lower than the strain

magnitudes experienced near the crack tip, so the measured results must be

extrapolated to large strains. The cyclic stress-strain curve, that is the

curve relating the saturation value of ac to Ac, as derived from a strain-

controlled, reverse cycling uniaxial specimen, was also used for computation

of the stress for comparison with the computation described in the previous

paragraph. The result produced values near the crack tip which were 3.4%

lower.

4 -
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The validity of using these constitutive equations near a fatigue

crack tip has not been confirmed, partly because there is no independent

""-. way to measure stresses near crack tips with the required resolution.

'  However, stresses computed by the methods outlined here have been matched

with those determined indirectly from using subgrains formed near fatigue

crack tips in low-carbon steel as "stress gages," and the results were

found to be very nearly the same. (7 ) Also, strains measured on a poly-

carbonate tensile specimen were converted to stresses using HookesLaw and

matched to the measured stress. For a strain of approximately 0.01, the

stress computed was within 3% of that measured.

The results presented here are interesting, from the viewpoint of

crack tip mechanics. The maximum principal stress increment at the crack

tip is 1490 MPa. This is 3 times the 0.2% offset stress from a uniaxial

tensile test (508 MPa), and 1.7 times the cyclic yield stress (880 MPa),

defined as the stress for Ae = 0.02%. The maximum value of mean stress

(1180 MPa) occurred 10 um ahead of the crack tip, decreasing to 1120 MPa

at the crack tip.

The outer plastic zone, defined as the distance ahead of the crack

tip where Aal exceeds 508 MPa, occurs at a distance beyond that of the

strain analysis, but it is extrapolated to be 110 Um. The inner, or cyclic

plastic zone, defined as the distance ahead of the crack tip where La1 ex-

ceeds 880 MPa, is 60 jm. These compare with the net section stress of 50

MPa which would be reached at a distance of 160 Um ahead of the crack tip

(as determined by extrapolation). Note that the stress gradient within

the plastic zone is much more gradual than the strain gradient, as would

be expected from the low work hardening coefficient of this alloy.



Values of plastic zone size (PZS) may be computed using the

equation

2
K

PZS 01( (2)

where PZS refers to the cyclic zone when ai = cyclic yield stress and to

the outer PZS when ai = tensile yield stress. This equation is an esti-

mate made by Rice t8' for non-work hardening materials. He estimated that

for plane stress ao = 0.32 for the outer plastic zone size ahead of the

crack, and a= for the cyclic plastic zone. For the plastic zone

size estimates given in the previous paragraph, ao and ac are computed

to be: ao = .44, ac = .72, with ac = 1.6 ao. Estimates of PZS by

Eq. (2), therefore, result in values smaller than are determined here.

SUMMARY AND CONCLUSIONS

1. A procedure for computing the three in-plane elements of the

principal stress tensor from the in-plane strain tensor, as

measured by stereoimaging, has been adapted from the work of

Lubahn and Felgar.(4)

2. Stresses in the near-crack tip region have been computed for

a fatigue crack tip in 7075-T6. The maximum and minimum

principal stresses, maximum shear stress and mean stress dis-

tributions near the crack tip are illustrated, together with

the principal strain distributions, which are the measured

values.

3. The maximum principal stress is computed to be 3 times the

yield stress and 1.7 times the cyclic yield stress. The

maximum value of mean stress is found to be 10 pm ahead of

the crack tip.



APPENDIX A

Calculation of the principal stress increments from the principal

strain increments has been done according to the method derived by Lubahn

and Felgar. (4) This appendix outlines the method and gives the assumptions

*i used in the computation.

The following assumptions are necessary in order to make the

computation:

1) Ao3 = 0; a condition of plane stress pertains

2) Ai = Aci + Aei (i = 1 or 2 for the principal strains) (Al)

3) The deformation theory of plasticity pertains, so that,

with A = 0

Al-AE2 A 2-A¢3  A3-A l  (A2)
Aa-Aaz Aa A(A

4) During plastic deformation, plastic strain does not

cause a volume change, so that

AeI + Ae2 + AE3 = 0 (A3)

5) The elastic stress-strain relations are:

Ae l "E L
10E E "12

Ae2 E E a,

Ae3 (AAl + Aa2)

These equations may be combined and reduced to a

quadratic equation in A2:

* . - . * - .



a 2 +b Aa2 + c 0 (A5)

{r + AXl2a a l
where a 1-2u b -E(2ax l  2  c -[Aaa + aalb]

so that

i/I-b-V -4ac
i;: A Z 2a(A6)

The computational procedure for calculating the principal stress

increments from the principal strain increments is as follows:

1. If both Ax and A 2 are less than the elastic limit strain

in a tensile sample,AaI and Aa2 are computed from Equation (A4).

For all other cases, steps 2-9 are followed.

2. Assume a value of AaI.

3. Compute Aa2 from (A6).
1/2

4. Compute A s = AaiAa2 + A2 2 ). (A7)aef f  1 Ala a

5. Compute Aei from (A4).

6. Compute Aci from (Al).
7 o t21/2
7. Compute aceff = 1 (i 2 + &IAc 2 + &2 (A8)

8. Determine Aaeff from the appropriate stress-strain relation

for the material*. For fatigue cracks, an equation of the

following form has been used:

e Km

ae = K(ef (A9)
eff 1 2

The cyclic stress-strain relation is normally obtained from a specimen
stressed along one axis, while the fatigue crack creates a multiaxial stress
state. It has been assumed that the cyclic stress-strain curve may be re-
lated to the multiaxial case through use of the effective stress and strain.
This assumption has been examined by Lambda and Sidebottom(5,6) who found
no reason to invalidate it.



s  ee sgrae9 with e if lae f  Aaef f
9 .uCompare Aaeff Oeff" ff e

than a specified tolerance, assume another value of AI and

return to step 2. A new value of Aa1 is determined from
C--e

Al= Al (eff) (AlO)

Aaeff
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SYMBOLS

increment of a quantity

ei  elastic strain (i = x, y, z or 1, 2, 3)

plastic strain

total strain

Ceff effective strain, defined by Eq. (A8)

ai = stress

aeff effective stress, defined by Eq. (A7)

E Young's modulus

= Poisson's ratio

4"



-(a) Minimum load level, K =2.7 MN/rn3/2  (b) Maximum load level, K =10.7 MN/rn3/2

Figure 1. Photographs of the crack tip for which the analyses in this
paper are made. 7075-T6 aluminum alloy grown in vacuum at

=K 8 MN/rn3/2, R =0.25.
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(a) Coarse grid

Figure 2. Displacements measured from the photographs shown in Figure 1.

Notice that the length of the displacements is magnified rela-
tive to the spatial distances shown. The dot marks the unde-
formed location and the end of the line displacement due to
the loading increment.
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DISPLACEMENT

(b) Fine grid

Figure 2 (continued). Displacements measured from the photographs shown
in Figure 1. Notice that the length of the dis-
placements is magnified relative to the spatial
distances shown. The dot marks the undeformed
location and the end of the line displacement due
to the loading increment.
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