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FOREWORD 

This report was prepared by the Denver Division of Martin 

Marietta Aerospace under U. S. Army Contract DAAG 46-70-C-0102. 

The contract is sponsored by the Advanced Research Project Agency 

under ARPA Order 188-0-7400 ana is being administered by the Army 

Materials and Mechanics Research Center, Watertown, Massachusetts, 

with Dr. Eric B. Kula, AMXMR-EM, serving as Technical Supervisor. 

This report has been divided into five chapters. Each chapter 

has been written as a c^inplete entity, independent from the others. 

Chapter I.  Metallographic Study of the Surface Layer 

II. A Mechanism of Fatigue Failure 

III. Surface-Layer Stress at Notches 

IV. Crack Propagation in an Iron-Silicon Alloy 

V. Deformation under Sustained Load 
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ABSTRACT 

In Chapter I, mptallographic evidence of the existence of the 

surface layer is given. Using etch-pit techniques on an iron- 

silicon alloy, it is shown that the dislocition concentration of 

strained specimens decreases away from the surface.  In Chapter II, 

a relationship is given between the surface-layer stress and 

fatigue failure. When surface-layer stress attains a critical 

value, the specimens fractured. An excellent correlation is re- 

ported between the life predicted from surface-layer stress data 

and fatigue life found experimentally.  In Chapter III, surface- 

layer stress at the root of notches is reported. The surface- 

layer stress was found to increase rapidly as the stress concen- 

tration increased.  In Chapter IV, the crack propagation rate for 

an iron-silicon alloy is reported. The crack propagation rate 

under plane stress conditions decreased in specimens given the SLE 

treatment.  An examJ.nation of the surfaces showed that the dis- 

location concentration was much lower in the SLE-treated sample 

than in the untreated specimens. Chapter V reports an unsuccessful 

attempt to detect slip-line formation and strain under sustained 

loads up to 500 hr.  It is believed that greater measurement 

sensitivity is required for successful detection. 
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I. Metallographic Study of the 
Surface Layer 



INTRODUCTION 

Based on observations that the slope and extent of Stages I 

and II of the stress-strain curve were markedly affected when 

f.c.c. crystals were deformed while metal was being removed, Kramer 

(1963) advanced the idea that work hardening was not uniform through- 

out the cross-section of a specimen pulled in uniaxial tension. 

In those experiments it was shown that the slopes decreased 

and the extent of Stages I and II increased with the rate of metal 

removal.  From this it was also concluded that the conditions at 

the surface were such t>at a back stress existed which opposed the 

motion of dislocations in the interior. Later, Kramer (1965) show- 

ed that when a specimen was deformed to a given strain and then 

unloaded, upon reloading after removal of a given amount of metal, 

the initial flow stress, as measured by the departure from linear- 

ity of the stress-strain curve, was lower than that to which the 

specimen had been strained.  This difference, Ao, between the two 

stresses increased with the amount of metal removed until a criti- 

cal depth was reached and therefore Ao remained constant.  This 

difference in stress was defined as the surface layer stress, o . 

The depth of the surface layer was reported to be about 50 y for 

aluminum monocrystals and 100 y for polycrystalline iron. The con- 

cept that a surface layer, harder than the interior, was formed as 

a result of plastic deformation was further confirmed by measurements 

of the activation energy and activation volume for plastic deform- 

ation. 

These measurements (Kramer 196A) showed that the apparent acti- 

vation energy decreased and the activation volume increased when 

the surface layer was removed or reduced.  Since the activation 

volume, V*, is inversely related to the dislocation density and a 

decrease in activation energy is equal to V*T*, that is U = U - V*\*, 
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where t* is the net stress acting on the dislocations to cause 

motion, these measurements show the dislocation density in the 

surface Jayer is larger than that in the interior of the specimen. 

Still further evidence for the existence of a hard surface layer 

may be found in observations concerned with the creep behavior of 

metals. By removing metal from the surfaces of specimens while 

they were creeping under constant stress, the creep rate could be 

increased by a factor of 100 (Kramer 1963). These latter experi- 

ments again indicate that the back stress was being reduced by the 

removal or reduction of the surface layer stress. 

In certain metals the surface layer is very unstable and is 

often completely eliminated by relaxation at room temperature. 

For example, in high-purity polycrystalline aluminum and copper, 

the surface layer relaxed completely in 4 and 48 hours, respectively, 

when specimens 30 mm in diameter were used. This relaxation is 

accompanied by a change in strain which is opposite to that employed 

in deforming the specimen. Thus, when a specimen is pulled in 

tension, after unloading the surface layer Is in compression, and 

when the specimen is compressed, the surface layer is in tension 

after removal of the loid. This indicates that there is an excess 

number of dislocations of like sign in the surface layer. 

From the above it is seen that evidence for ths existence of 

a surface layer which resists plastic deformation is indirect. 

The data concerned with the extension and slope of Stages I and 

II, the activation energy and activation volume and measurements 

of the surface layer stress all demonstrate that the surface 

layer is "hard", that is it acts to hinder plastic deformation. 

In all of these investigations, the experiments were conducted 

by measuring the appropriate change in property after elimination 

of the surface layer. However, Fourie (1968) attempted to 

measure the mechanical behavior of specimens taken from the 

12 
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surface layer. To this end, he strained monocrystals of copper 

of rectangular cross-sections 2 mm x 10 mm (Fourie 1968) and by 

jet cutting machined specimens 0.07 mm thick. Unfortunately, 

no detailed information was given pertaining to the shape of the 

specimen; the method of measuring strain; and most important, the 

method of preventing the very thin specimens cut from the surface 

layer from bending when they were released from the bulk material. 

As pointed out above, the surface layer would be in a compressive 

state and a high stress would be imparted to the specimen during 

the cutting action. Embedding the surface layer specimens in wax 

during the cutting procedure as done by Fourie (1968) would not 

prevent bending caused by the difference in stress states between 

the surface layer and the interior of the strained specimens. 

Relaxation effects would tend to eliminate the excess dislocations 

in the surface layer. Nevertheless, Fourie (1968) confirmed ex- 

istence of the surface layer but reported that the surface layer 

was "softer" than the bulk material after the specimen was strained. 

He reported that the surface layer specimens cut from strained 

large crystals began to flow plastically at a stress lower than 

that for specimens cut from the bulk.  In some cases plastic flow 

began in the thin surface layer specimens at a stress below that 

imparted during the prestressing of the large crystal.  Size effect 

considerations would have led to the expectations that the yield 

and flow strength would Increase with decreasing specimen size 

(Kramer 1967). 

Although investigations have been conducted to obtain visual 

information on the surface layer, the reported results are con- 

flicting. Kitajama, Tanaka, and Kaiede (1969) deformed monocrystals 

of copper and reported from etch-pit observations that the dislo- 

cation density was highest at the surface and decreased wfch the 

distance from the surface until a value of about 50 to 100 y was 

13 
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reached. Thereafter the dislocation density remained constant. 

Block and Johnson (1969), ostensibly using the same techniques 

on copper crystals, reported no change in the dislocation density 

as a function of distance from the surface. Vellaikal and 7ash- 

burn (1969) reported that for small strains the surface grains 

deformed more than grains in the interior and therefore were 

hardened to a greater extent. Mughrabi (1970), using a thin film 

electron microscopy technique on copper specimens which had been 

strained and radiated with neutrons in an attempt to pin the dis- 

location, reported that the dislocation density in the surface 

region was lower than that in the interior.  It is not possible 

because of lack of detailed information to reconcile the conflict 

in the results obtained; however, it is suggested that because of 

the high relaxation rate of the surface layer, especially in high- 

purity metals, in some cases surface layet was not present during 

the observations. However, such dislocation density observations 

may be made on systems such as precipitation-hardening alloys, 

where the dislocations in the surface layer are strongly pinned 

(Kramer 1969) or if the speciemns are held at low temperatures. 

To this end, it was the purpose of this program to investigate 

the surface layer by metallographic methods. The investigation 

consisted of (a) measurements by means of etch-pits of the dis- 

location density as a function of depth from the surface of de- 

formed iron-3% silicon alloy and (b) determination of the onset 

of plastic flow as a function of depth in strained specimens of 

monocrystals of aluminum and a polycrystalline 2014-T6 aluminum 

alloy and iron-3% silicon alloy by the appearance of slip bands. 

14 

1-4 



EXPERIMEN1AL 

The lron-3% silicon alloy used in this investigation was kind- 

ly supplied by A. R. Rosenfield of the Battelle Memorial Institute 

and was from the same batch of material used successfully in de- 

termining the dislocation density in Hahn, Mincer, and Rosenfield 

(1971). The etchant and procedures were the same as those em- 

ployed by Hahn, Mincer, and Rosenfield. This material was machined 

into specimens which were 3.5 rnri thick and 70 mm long. The spec- 

imens had a reduced gage section 5 mm wide.  The grip section 

of the specimen was 13 mm wide.  For the etch-pit determinations, 

the specimens were first annealed in vacuum at 780oC for four 

hours and then polished manually to obtain a finish suitable for 

metallographic examination. Diamond paste of one-micron mesh was 

used for the final abrasive. The specimens were strained 1 and 1.5 

percent in an Instron Tensile Machine. Afterwards, the specimens 

were aged in vacuum at 150oC for 20 minutes. The etch-pitting was 

performed as recommended by Hahn, Mincer, and Rosenfield. To ob- 

tain measurements of the dislocation density as a function of 

depth, the specimen was manually polished with diamond paste to 

the desired depth and care was taken to remove all evidence of 

previous pits. The specimen was then re-etched under closely con- 

trolled conditions to assure that all conditions were duplicated. 

During the investigation at least fi ;e areas along the specimen 

were studied. The location of these areas was determined by means 

of marks placed on the gage section and a micrometer stage. A 

given area could be located vxthin 0.01 mm. 

The dislocation density was determined with the aid of a micro- 

densitometer equipped with a recording chart.  Each area was tra- 

versed completely at least 10 times to obtain a representative 

average of the dislocation density of the region under consideration. 

15 
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To determine the onset of plastic flow as a function of dis- 

tance, Ax, from the surface of strained specimens, single crystals 

of aluminum (99.995%), aluminum 2014-T6, and iron-3% silicon were 

used. The aluminum crystal specimen was 12 mm square in cross- 

section and 100 mm long while the 201^ aluminum specimens were of 

the same type as those used in the iron-silicon experiments. The 

specimens were first stressed to a predetermined value, and a 

given amount of metal was removed by manually polishing with dia- 

mond paste. The aluminum 2014-T6 specimen was stressed to 42 
2 

kg/mm corresponding to a total strain of 0.006 while the mono- 
2 

crystal was stressed to a tensile stress of 0.75 kg/mm', corre- 

sponding to a total shear strain of five percent. Again, care 

was taken to remove all evidence of previously formed slip bands. 

The specimen was then stressed in an Instron Tensile Machine 

(200-lb capacity) and the stress required to initiate slip was de- 

termined by periodically examing the specimens at a magnification 

of 1200. This procedure was repeated on the specimen until the 

stress required to cause slip to be initiated remained constant 

with the amount of metal removed. A similar series of experiments 

were conducted on the iron-3% silicon alloy. The specimens were 
2 

strained one percent (54 kg/mm ) and the stress for the onset of 

slip was determined as a function depth. Ax, from the surface by 

noting the appearance of the slip bands. 

RESULTS AND DISCUSSION 

The photomicrographs in Figure 1-1 give visual evidence of the 

change in dislocation density of the Fe-3% Si alloy strained 1.5% 

as a function of depth. Ax, from the surface. These results are 

typical of the other five areas examined.  It is very clear that 

16 
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«- 1.5%,  Ax = 0 £= 1%, Ax = 0 

K^S^ 

ü mku ■ 

C = 1.5%,  Ax =   .075 ram € * 1%,  Ax ■   .075 mm 

€" 1.5%,   Ax =   .138 mm 

Figure 1-1    Typiaal Changes in Disloaation Etah-Pit Density for a 
Given Area as a Function of Depth, Ax, from the Surfaae 
of a Strained Fe-3% Si Alloy 
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tne dislocation density decreases toward the interior of the spec- 

imen. In Figure 1-2 the dislocation density is plotted as a func- 

tion of distance from the surface. Confirming previous results 

(Kramer 1963) , the dislocation density decreases rapidly with the 

distance from the surface and becomes constant after a depth of 

about 100 p. The depth of the surface layer on monocrystals of 

aluminum and iron as measured by the decrease in initial flow 

stress after removal of the surface layer was 60 and 100 u, re- 

spectively for 3-mm diameter specimens (Kramer 1963 and 1967). 

The depth of the surface layer of copper monocrystals was reported 

to be about 100 v (Kitajama, Tanaka, and Kaiede 1969).  In per- 

forming the above investigation a number of observations ware 

made to assure that, during the measurements, no relaxation or 

loss of cilslocation occurred. To this end, iron-3% silicon spec- 

imens wer;, strained and aged and then stored for several days. 

An examint.tion indicated that the dislocation density did not char 

noticeably during the storage period. 

The evidence for the existence of a "hard" surface layer in 

aluminum monocrystals is presented in Figure 1-3. As measured by 

Che first appearance of slip bands, the initial flow stress of 

crystals which had been strained five percent decreased as a func- 

tion of depth from the surface up to a distance of about 75 y. 

This depth for the surface layer is in close accord with the value 

of 60 vi measured previously (Kramer 1965). Further, from Figure 1 

the surface layer stress, a , is 196 gr/mm . This value is in 
s 2 2 

good agreement with 155 gr/mm (TO =77.5 gr/mm ) obtained for 

3-inm diameter aluminum crystals (Kramer 1965). It should be 

noted that during this investigation the specimens were stored 

when necessary in liquid nitrogen to prevent loss of dislocation 

by relaxation. 

18 
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Figure 1-2    Dieloaation Density,  p, as a Fimation of Depth,   kc from 

the Surface in Fe-3% Si Alloy 
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The distribution of plastic strain when polyc ystalline 2014-T6 

aluminum alloy is stressed is given in Figures 1-4 and 1-5.  The data 

in Figure 1-5 give the percentage of surface grains that undergo 

plastic deformation at various stress levels. These data were 

obtained by counting the number of grains which contained slip 
2 

band markings within an area of about 3 cm (1000 grains). 

For this material the appearance of slip band began at a stress 
2 

if 3.5 kg/mm . The number of surface grains which deformed plas- 

tically thereafter increased very rapidly with stress, and at a 
2 

stress of 14 kg/mm about 80 percent of the surface grains were 

deformed.  Thereafter, the fraction of surface grains plastically 

deformed increased slowly and at 0.2 percent of the yield value 

all of the surface grains deformed. 

The preferential hardening of the surface layer for specimens 
2 

which had been stressed to 42 kg/mm is shown in Figure 1-4.  At 

this stress value the stress-strain curve begins to depart from 

linearity as measured on a scale where 2.5 cm on the chart is equal 

to 0.0025 cm deflection. As measured by the appearance of slip 

bands, it is seen that a region 50 u deep has been hardened to a 

greater extent than the bulk.  In these measurements the stress 

at which about 1% of the grains were deformed was used as the in- 

dex for the initial plastic deformation. As seen from the slope 

of the curve in Figure 1-5, a difference of one percent of the grains 
2 

deformed corresponds to a change of only 35 gr/mm . The differ- 

ential in the work hardening taken as the difference between the 

peak value of the stress in the hardened surface layer and bulk 
2 

is about 17.5 kg/mm .  In addition, the interior of the specimen 
2 

was work hardened from 3.5 to 23.8 kg/mm . 

The preferential hardening of th« surface layer on the iron-3% 

silicon alloy which had been strained one percent is given in Fig- 

ure 1-6. Similar to that found for the aluminum alloy 2014-T6 and 



( unu/än)  ^o 
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a  (kg/mm ) 

Figure 1-5   Peraentage of Surface Grains Deformed ae a Funation 

of Applied Stress,  a,  tn A12014-T6 
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250 300 350 

Figure 1-6    The Threshold Streee, a ., for Plaetio Flew of Fe-3% Si Alloy 

Strained 1% as a Function of Depth, ia, from the Surface; 
Metallographie Data - 0, Stress-Strain Data - A 
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the aluminum monocrystals, as measured by the appearance of the 

slip bands, the work-hardening decreased as a function of depth 

towards the interior. After a depth between 100 and 150 y is ex- 

ceeded, the stress required for the initiation of plastic flow 
2 

remains constant at a value of 21 kg/mm . The surface layer 

stress as maasured by the difference between the iiitial stress 

to attain the one > .rcent strain and the stress required from the 
2 

initiation of slip bands was 33.3 kg/mm . In an independent ex- 

periment the surface layer stress was measured by pulling a spec- 

imen to one percent and determining the difference between the 

unload stress and the stress at which the stress-strain curve de- 

parted from linearity after removal of the surface layer. The 
2 

surface layer stress measured by this method was 32.3 kg/mm . 

It was of interest to plot the dislocation density, p , (Fig- 

ure 1-2) as a function of the surface layer stress, o-s, (Figure 1-6), 

It should be pointed out that the dislocation density as reported 

here is given for a selected area while the surface layer stress 

is given as an average value. Nevertheless when the surface layer 

stress, a , is plotted as a function of p 2, a linear relationship 
s s 

is obtained and the curve passes through the origin (Figure 1-7). 

This again shows that the surface layer stress is related to the 

increase in the dislocation density in the surface layer. 

To further supplement the evidence for the preferentially work- 

hardened surface regions, microhardness measurements were per- 

formed on five copper crystals having a square cross-section of 

3 mm and which had been strained 1.5%. These measuremcts were 

conducted on a microhardness tester using a 35-gram load. With 

these types of measurements the number of meaningful observations 

is limited by the depth of penetration of the indentor and there- 

fore an accurate profile of the hardness as a function of de;»th 

was not attempted. The measurements showed that after the 1.5% 
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strain, the Vlckers hardness taken on the original surface was 

17.3 i   0.1. After the specimens were electrochemically polished 

and 70 y was removed from the surface, the Vickers hardness mea- 

surement was 9.6 ± 0.1. With further removal of metal, the hard- 

ness value did not change. 

SUMMARY 

Measurements of the density of etch pits on iron-3% silicon 

show that in deformed specimens the dislocation density is high- 

est at the surface and decreases with distance from the surface. 

At depths greater than 100 y the dislocation density remains con- 

stant. 

As measured by the stress required for the formation of slip 

band in aluminum monocrystals and in polycrystalline 2014-T6 alum- 

inum and iron-3% silicon, a work-hardened layer (surface layer) 

which extends to a depth of 50 to 60 y is formed in plastically 

strained specimens. Microhardness measurements on copper single 

crystals also show that strained specimens harden preferentially 

at the region of the surface. 
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II. A Mechanism of Fatigue 
Failure 

^9 



INTRODUCTION 

Previous publications (Ref 1, 2, 3) advanced the concept that 

the surface layer greatly influences fatigue failures.  It was 

later shown that, during fatigue cycling under either constant 

strain or constant stress, the surface-layer stress increases (Ref 

4).  This increase in surface-layer work-hardening is accompanied 

by a decrease in activation area for plastiu flow, and further re- 

search showed that the dislocation density in the surface layer 

increases.  In addition, the rate of increase of surface-layer 

stress with number of fatigue cycles is strongly affected by the 

environment (Ref 5).  In our concept of fatigue failure, it was 

assumed that, during cycling, the surface layer work-hardens and 

acts as a barrier to support a piled-up array of dislocations. 

The effective number of dislocations that the surface layer can 

support will, of course, depend on the strength of the surface 

layer.  Fatigue cracks will start when the surface layer in a 

local area become strong enough to support a piled-up array of 

dislocations of sufficient magnitude that the local stress exceeds 

the fracture strength of the metal.  Because there is a gradient 

of stress in the surface layer, the crack will propagate until the 

stress associated with the piled-up array of dislocations is less 

than the fracture strength. However, during the next cycle(s), the 

surface-layer stress in front of tie crack will again increase, 

and the process will be repeated.  1, >. effects of environment on 

fatigue life can be expxained in terms of their influence on the 

formation of the surface layer.  At reduced pressures, (compared 

to tests conducted at atr.ospheric pressures) the surface-layer 

stress increased more slowly with both strain and number of cycles 

(Ref 4, 5).  In contrast, the surface layer increased very rapidly 

when the tests were conducted in media that cause corrosion fatigue. 
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It has also been shown that, for specimens deformed plastically in 

media that promote corrosion fatigue and stress-corrosion cracking, 

the dislocation density (determined from activation volume mea- 

surement) is also increased. 

In applying the surface-layer concept to various plastic flow 

and fracture phenomena, it is imnortant to realize that the excess 

work-hardening and resulting high dislocation density are confined 

to the crystallographic slip planes available.  Figure II-l shows 

that the dislocation density is highest in the region of tht slip 

bands near the surface and decreases until it becomes uniform in 

the interior.  Ihe depth of the surface layer is given by A in 

Figure la and lb.  In polycrystalline metal at relatively low 

stresses, all grains may not be plastically deformed, and the ex- 

cess hardening in the surface layer is confined to those grains 

that are plastically strained.  Furthermore, the amount of excess 

hardening will vary from region to region because of the orien- 

tation of the grains. Similarly, a surface layer may be present 

at the interface of inclusions, in regions where segregation 

causes a decrease in strength, and at the bottom of notches or 

cracks where the stress concentration is high enough to cause 

plastic deformation. 
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Figure II-l    Sohematia Repräsentation of Surface Layer.    The 
gradient in dieloaation density ie shoum. in (a) 
and the average aurfaae layer etrees or exoeas 
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The excess work-hardening in the surface layer can be mea- 

sured by determining the difference in the flow stress of a spec- 

imen with and without the surface layer (Ref 6).  This can be done 

by straining to a given value and removing the surface by chem- 

mllling.  Usually, the removal of about 0.004 in. is enough to 

eliminate the surface layer.  Upon reloading, the plastic flow 

(measured «ither by the appearance of slip bands or by the de- 

viation from linearity of the stress-strain curve) starts at ^ 

stress lower than that f.'om which the specimen was unloaded.  The 

difference between these two stresses gives the excess work-hard- 

ening in the surface layer. This surface-layer stress can be 
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expressed in terms of the cross-section of the surface layer, 0a  , 

or in terms of the entire cross-section of the specimen. In this 

discussion, the surface-layer atvesa, os, will be expressed in 

terms of the entire cross-section. For specimens deformed unidir- 

ectionally, our previous measurements indicate that aa s 10 ag. 

The purpose cf our research was to show that fatigue failures 

can be explained in terms of surface-layer stress. This concept 

is considered valid if fracture (or crack initiation) occurs when 

the surface-layer stress attains a critical value and no fitigue 

damage occurs in the interior of the metal during prolonged cy- 

cling. A series of experiments were conducted on aluminum 2014-T6 

and a titanium alloy (6A1/4V) to measure the work-hardening of the 

surface-layer stress as a function of the number of stress cycles, 

in addition, in a set of experiments similar to that conducted by 

Raymond and Coffin (Ref 7), specimens were fatigued, the surface 

layer periodically removed by chem-milling, and the fatiguing con- 

tinued until failure or until the specimen diameter became too 

small to allow continued testing. 

EXPERIMENTAL 

The 2014-T6 and 6A1/4V specimens were machined from 5/8-in. 

diameter rods to a nominal diameter of 0.16 in. and a gage length 

of 0.30 in. The specimen dimensions and alignment features were 

in accord with those recommended by Peltier (Ref 8). After mach- 

ning, the 2014-T6 was stress relieved at 250° for 1 hr. The 6A1/4V 

was purchased ir. the annealed condition and, was stress relieved at 

1300oF in vacuum after machining. Before testing, the specimens 

were electrochemically polished to remove about 0.004 in. The 

fatigue tests were conducted in an electrohydraulic machine (MTS) 

in tension-compression. The upper portion of the specimen was 

held in alignamatic grips while the lower end was embedded in a 

fixture containing a low-temperature alloy. 
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The surface-layer stress was measured by determining the change 

in the proportional limit. It was found (Ref 5) and verified in 

our investigation that the proportional limit (as measured by the 

first deviation of the stress-strain curve from linearity) in- 

creased when a specimen was cycled at a constant stress. However, 

when the surface layer was removed by chem-milling, the propor- 

tional limit returned to that of the uncycled specimen. Thus, the 

increase in proportional limit as a function of number of cycles 

is equal to the increase in surface-layer stress. The same results 

can be obtained by linearly plotting the proportional limit against 

the number of fatigue cycles, N. The difference in value üt the 

intercept at N = 1/2 and after cycling gives the surface-layer 

stress that results from cycling. In these measurements, care 

was taken to minimize the effect of relaxation of the surface- 

layer stress. The extensometers were attached immediately after 

the fatigue cycling, and the tensile tests were started within 1 

min after the final cycle. 

RESULTS AND DISCUSSION 

The load-deformation curve given in Figure II-2 is typical of 

those obtained after cycling 6A1/4V and 2014-T6 at a constant 

stress. In the example shown, the stress was 80,000 psi. When 

cycling was increased from 15,000 to 45,000, the proportional limit 

increased from 134,000 to 142,000 psi.  However, typical of all 

the cases, the curves coincide at the higher strains. The stress- 

strain curves for the uncycled and cycled specimens were the same 

after a plastic strain of about 0.003. A number of experiments 

were also conducted on both 6A1/4V and 2014-T6 in which the surface 

layer was removed by chem-milling about 0.01 in. from the diameter 

after cycling.  In all cases, the proportional limit returned to 

that of the uncycled specimens. These observations reconfirm our 
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previous conclusions (Ref 5) that, when cycling under constant 

stress, only the surface layer hardens.  In fact, after cycling 

and removal of the surface layer, the resulting stress-strain curve 

was indistinguishable from that of uncycled specimens. 

2750 lb  (142 ksi) 

25L0  lb   (134 ksi) 

Specime.i 
Area 

(in-2) 

Gage 
Length 
(in.) 

Stress 
Amplitude 
(psi) 

No. of 
Cycles 

ft. 

B 

0.0190 

0.0190 

0.3 

0.3 

80,000 

80,000 

15,000 

45,000 

I 
250 lb 

0.0005  in. 

Figure II-2    Typical Load-Deformation Curve 
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The data in Figures II-3 and II-4 give the relationship be- 

tween the surface-layer stress, a , and the number of cycles at 

various stress amplitudes.  In all cases, the curves are linear. 

In the graphs, the asterisks designate the number of cycles re- 

quired to cause a failure, N . Fracture occurred when the surface- 
r 

layer stress attained a critical value. Within an error of 5%, 

this critical value is 16,500 psi for the 2014-T6 and 21,500 psi 

for the annealed 6A1/4V. 

Because fatigue failure occurred when the surface layer reach- 

ed a critical value, it is apparent that the fatigue damage is 

primarily confined within the surface layer. That is, the damage 

occurs within those portions of slip bands, etc, that are within a 

few thousandths of an inch of the surface.  If this is the case, 

it should be possible to postpone fatigue cracking indefinitely by 

eliminating the surface layer before the critical stress is reach- 

ed.  Specimens of the aluminum and titanium alloys were fatigued 

for various amounts, AN, and then the surface layer was removed 

by chem-irillir.g 0.010 to 0.003 in. from the diameter (Table II-l), 

in a manner similar to the experiments of Raymond and Coffin (Ref 

7). This process was repeated until the final diameter, Df, was 

reached. The specimens were then cycled to failure. The number 

of cycles required to fail the specimens aftnr  the final removal of 

the surface layer is N .  The detailed sequences used are given in 

Figures II-5 and II-6.  In these figures, X represents the number 

of cycles to failure for the uninterrupted tests; 0 denotes that 

the specimen was removed after the designated number of cycles 

and 0.010 in. of surface layer chem-milled from the diameter. 
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Table II-l    Extension cf Fatigue Life by Removal of Surface Layer 

Titanium (6A1/4V) 

Specimen 
No. 

0 
(ksi) 

NF AN 

AN 

NF NT NP 

Df 
(in.) 

177 80 67,000 20,000 0.3 220,000 100,000 0.0523 

178 80 67,000 30,000 0.45 360,000 180,000 0.0411 

181 80 67,000 30,000 0.45 150,000 80,000 0.1375 

179 90 40,000 12,000 0.30 132,000 63,000 0.0635 

2014-T6 Aluminum 

Specimen 
No. • kBi) 

NF AN 

AN 

NF 
NT NP 

Df 
(in.) 

38 25 95,000 50,000 0.53 500,000 150,000 0.0598 

41 40 12,000 6,000 0.5 60,000 56,000 0.0489 

36 25 95,000 70,000* 0.74 165,000 — 0.1325 

39 25 95,000 60,000* 0.63 100,000 — 0.1460 

40 25 95,000 60,000* 0.63 136,000 — 0.1314 

*Contained crack t ifter cycling AN. 
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These data show that, v,>«in the specimen was cycled less than 

about 50% of its normal life, rr-, and the resulting surface layer 
F 

removed, fatigue failure never occurred. After the specimens had 

been cycled NT timet; and then fatigued to failure after first re- 

moving the surface layer, the number of cycles for failure, N , 

was always greater than that required to fail the specimens in the 

uninterrupted tests, N . That is, N > N , even though the spe- 

cimens were cycled as much as ten times their normal life. This 

indicates that no fatigue damage occurred in the interior of the 

specimen. 

Specimens 36, and 40, which were cycled AN times for about 60 

to 70% of the life, N , did not show mi.-.h improvement when the 

surface layer was removed. Examination of these specimens after 

the first fatigue period showed that cracking had occurred. Ex- 

amination of the fractured surfaces as well as the outer surfaces 

of the other specimens after each AN period failed to reveal any 

signs of cracks. It was concluded (except as noted) that the re- 

moval treatment eliminated only the surface layer, not the cracks. 

In some cases, AN was only about 30% of the fatigue life, and 

cracks are not expected to form at such a low number of cycles. 

On the basis that fatigue failure will occur when the surface- 

layer stress reaches a critical level, a relationship betweer the 

stress amplitude and cycles to failure can be derived. From Fig- 

ures II-3 and II-4: 

as* - V " SNF [1] 

da 
where S = —j^- . i2J 

dN 

The change of S with stress amplitude obtained from the data in 

Figures II-3 and II-4 lr given in Figure II-7 and shows that: 

S = k oP . 
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From Equations 1 and 2 

[3] 

[3a] 

Equation 3 implies a linear curve when the fatigue data are plotted 

in terms of log a and log N. This is in agreement with the re- 

sults reported by Basquin (Ref 9). The fatigue data for the spe- 

cimens used in this investigation also conform to this relationship 

(Figure II-8).  In particular, for 6A1/4V! 

S = 2.2 x 10"17 o 3•5 [4] 

and  a = 106NF"
0-3. [5] 

From the fatigue curves 

ü = 1.3 x 106N -0-25. 
r 

For the 2014-T6: 

S = 4.8 x lO-19 a4 

and 

a = 4.3 x 105 N "0•25 
F 

Fron; the fatigue curve 

0 - 5.2 x 105 N "0'27. 

[6] 

[7] 

[8] 

[9] F 

The agreement between the equations derived from the surface- 

layer cone apt and the experimental fatigue data is considered good; 

compare Equation 5 with 6 and 8 with 9. 
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In considering Equation 3 to describe fatigue, both initia- 

tion and propagation should be taken into account. For the spe- 

imen size and materials used, the ratio N /N = 0.6. However, it c o' F 
is suspected that, when NF » No, Equation 3 may have to be modi- 

fied to include the nwKher of cycles required to propagate the 

crack to produce faiL-.e.  In this case. Equation 3 would still 
* 

apply to the initiating phase, with NF = No, and the constant C 

= a    would be lowered. 

The concept that fatigue failures are primarily associated 

with local stress fields in the surface layer appeers to be in 

agreement with other observations. This is especially true when it 

is considered that accumulation of dislocations within the surface 

layer is primarily within the slip bands. Thus, cracks that start 

at slip bands or at intrusions and extrusions are manifestations 

of the surface layer. The prolonged life obtained by chem-milling 

and the fact that, after prolonged cycling, the interior of the 

specimen has a fatigue life greater than that in the uninterrupted 

tests, show that fatigue damage is not confined to the surface it- 

self.  Rather, experiments demonstrate that approximately 0.003 in. 

must be removed before the damaged region is eliminated.  In cen- 

trast, removing large amounr.s of metal (up to 0.015 in.) does not 

improve the fatigue life more than removing 0.003 in. Thus, it 

would appear that fatigue damage is confined to a region approxi- 

mately 0.003 in. from the surface. This distance can be expected 

to var^ with specimen size and, perhaps, stress amplitude. The 

environment may also affect this depth. 

The influence of the surface layer on fatigue can be demon- 

strated by determining the rate of crack propagation, da/dN, on 

compact tension specimens of 2014-T6 treated to obtain various 

degrees of surface-layer conditions.  Bars of the alloy were pre- 

stressed to 58,000 psi and machined into specimens.  In some cases, 

the surface layer was removed by chem-milling.  "".n this treatment, 
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termed SLE (Surface Layer Eliminated), the surface layer formed 

during fatigue cycling is much smaller than in the untreated spe- 

cimen.  The specimens prestressed to 53,000 without chem-milling 

have a surface-layer stress higher than that of the untreated spe- 

cimens.  Although only a small part of the advancing crack passes 

through the outer surfaces of the specimen. Figure II-9 and 11-10 

show that the surface layer has a pronounced effect on the rate of 

crack propagation.  For the SLE specimen, the number of cycles re- 

quired to start crack propagation was increased from about 100,000 

to 250,000.  Crack propagation rate was also reduced.  For spe- 

cimens with large surface-layer stresses, the crack propagation 

rate is much greater, although initiation of crack propagation re- 

quires about the same number of cycles as for untreated specimens. 

Similar effects were obtained from 6A1-4V under plane stress 

conditions. As shown in Figure 11-11, decreasing the si.rface- 

layer stress decreased the rate of crack propagation {Curve  B) 

compared to the untreated specimens (Curve A), while increasing 

the surface-layer stress increased the crack propagation rate 

(Curves C and D). 

SUMMARY 

Dvring fatigue, the surface layer work-hardens and, when surface- 

layer stress reaches a critical value, fracture occurs.  By peri- 

odically removing the work-hardened surface layer after fatiguing, 

the fatigue life was prolonged and the interior did not suffer 

fatigue damage as a result of the prolonged cycling.  The resulting 

experiments show that fatigue can be expressed as 

a = aNF where b = -0.25 and -0.27 for titanium (6A1/4V) and 

aluminum 2014-T6, respectively. 
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Excellent agreement for fatigue life was obtained between the re- 

sults derived from the a values and experimental fatigue data. 

It is assumed that fatigue cracks occur when, on appropriate 

slip or cleavage planes within the surface layer, the local stress 

from piled-up arrays of dislocations exceeds the fracture stress. 

Environmental effects can be explained in terms of their influence 

on surface-layer stress. Environments that increase surface-layer 

stress decrease fatigue resistance; environments that decrease 

surface-layer stress increase fatigue resistance. 
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I. Surface-Layer Stress 
at Notches 
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INTRODUCTION 

Surface-layer stress has been measured on a number of metals. 

However, In all cases, the measurements were made on smooth speci- 

mens. The values were obtained either by denoting the change in 

initial flow stress after prestraining and chemical removal of the 

surface larger or by eliminating it by a relaxation treatment. 

Based on smooth-specimen data, the surface-layer stress has proved 

useful in explaining crack initiation and propagation in various 

environments such as vacuum and those that cause corrosion fatigue 

and stress corrosion. However, in many applications, a stress con- 

centration is present and it is important to determine the extent 

to which notches, etc. influence the surface-layer stress.  To be 

consistent with the concept that the surface layer decreases the 

ductility, it would be expected that the stress concentrations 

would enhance the formation of the surface layer at the bottom of 

the notches. 

Another important parameter of the surface layer is its ability 

to relax.  In some case (for example, aluminum, copper, gold, and 

6A1/4V titanium) the surface layer will disappear completely by 

a relaxation mechanism at low temperature. However, in alloys 

like 7075-T6 and 201A-T6 aluminum, the dislocations in the surface 

layer are so strongly pinned that relaxation of the surface layer 

will not occur until the temperature is raised to a point where over- 

aging in the bulk also takes place. The relaxation aspect of the 

surface layer is important for two reasons. First, it provides 

a practical method for eliminating the layer.  Second, in this 

investigation, to measure the surface-layer stress, chem-milling or 

machining cannot be used because of the errors they may introduce. 

The relaxation method can be used without introducing changes in 

the notch geometry.  For this reason, our investigation was con- 

fined to titanium (6A1/4V). 
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EXPERIMENTAL PROCEDURE 

The material used in this investigation was titanium (6A1/4V) 

extruded rod, 3/4-in. diameter.  The rods were purchased annealed 

and were machined into tensile specimens (Figure III-l). Notches 

with fionk angles of 90, 60 and 30° were machined with a preformed 

cutter, and the specimens were stress-relieved at 1300oF in a 

vacuum furnace (^ lO-6 torr). The tensile tests were conducted in 

a 50,000-lb capacity Baldwin machine. The strains were measured 

by a diametral gage equipped with knife edges that fitted inside 

the notch. The diametral gage was taken from the design recommended 

by Hirschberg (Ref 1).  A linear variable differential transformer 

was used to record the deformation. Load and deformation were re- 

corded on an X-Y plotter with a scale of 1 in. = a load of 1500 lb 

and a diametral strain (e.) of 0.009. 

The surface-layer stress was measured by taking the difference 

between the unloading stress and the initial stress upon reloading 

after eliminating the surface layer. To determine the time rer- 

quired to eliminate the surface layer, five specimens with a 60° 

notch were strained to ed = 0.0J and allowed to relax for periods 

of 1 to 24 hr. After the 1 hr, no further change in surface-layer 

stress was detected.  Relaxation of the surface-layer stress at 

room temperature was then systematically investigated in the in- 

terval from 0.5 to 60 min. 

RESULTS 

The surface-layer  stress of notch specimens as a function of 

diametral strain,   e,,  is shown in Figure III-2.     For all  three 

cases,   the curves followed  the equation a    = a e  .     In particular, 

in terms of  the notch angle 
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a - 1.1 x 105 e,,0-18 for 30° notch 
s d 

a = 1.35 x 105 e,0'26 for 60° notch 
s a 

a = 1.4 x 105 e,0"33 for 90° notch 
s a 

for the unnotched specimen 

, ,  ..4  0.4 
a ■ 6.3 x 10 e, 
s d 

As expected, the data show that surface-layer stress is in- 

creased markedly by stress concentrators.  Compared to the un- 

notched specimtn, the surface-layer stress at e, = 0.01 in in- 

creased by factors of 3, 4, and, 5 for notches of 90, 60 and 30° 

respectively. Note that the constant, a, for the notched 

specimens is essentially the same. However, the exponent, n, 

changes from 0.18 to 0.33 as the flank angle increases from 30 to 

90°. 

The rate of relaxation of specimens with 60° notches is shown 

in Figure III-3. As in previous results, a linear relationship 

was found when log Jjs  was plotted with respect to log t. Note 
ag(0) 

thaC: the rate of relaxation is the same for notched and unnotched 

specimens. 

The observation tnat the surface-layer stress increases mark- 

edly at the root of notches is consistant with other observations 

of parameters that decrease ductility. Previous investigations 

(Ref 2) have shown that environments that promote stress corrosion 

cracking and corrosion fatigue damage increase the surface-layer 

stress, while "friendly" environments, (e.g., vacuum) decrease sur- 

face-layer stress. These results support the general concept that 

crack propagation and formation are strongly influenced by the 

surface layer.  It is proposed that the surface layer consists of a 

large number of dislocations at the ends of the slip bands. This 

layer acts as a barrier to the motion of other dislocations. Thus, 

57 
III-5 



o 
o 

X 

m a 

il 
a s 
U       P. 
oi    co a 
M   na 

(U 
•O     Ä 
01     o 
M   w o    o 
4J       G 
o    c a   P 

..   X   1 
a 
0) 
00 
0) 

, 1 

0) 
0) 

■u 

<u J 
H 

■    i    I I L 
o O ON  oo   r~ ro ts 

(%) -^—'  DZ  'aoT^BXBiaH 

I 

I 
to 

I 
^ 

s 

III-6 

58 



during plastic deformation, dislocations can pile up against this 

barrier. As a result of strain or fatigue cycling, the surface- 

layer strength increases. Fracture will occur when the stress field 

associated with the piled up array exceeds the fracture strength 

of the material. 
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IV.  Crack Propagation in an 
Iron-Silicon Alloy 
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INTRODUCTION 

Prestressing a metal to its proportional limit and eliminating 

the surface layer formed during prestressing improves the mechani- 

cal behavior of materials. The results of this treatment, known 

as the S-SLE (Stressed and Surface Layer Eliminated), on fatigue 

(Ref 1) and creep (Ref 2) properties have been studiad. This tech- 

nique is successful because, when a metal is deformed, the surface 

work-hardens to a greater extent, and the surface layer has a 

higher density of dislocations than the interior. The high dis- 

location content of the surface layer is undesirable, and its re- 

moval results in material with better mechanical properties. Al- 

though indirect evidence for these ideas is available (Ref 3), it 

was considered desirable to get quantitative information on a 

model material. The ^ron-silicon alloy •(Fe-3% Si) was chosen be- 

cause etch-pitting techniques had been developed to reveal dis- 

location densities, distributions (Ref 4) and plastic zones (Ref 5). 

The dislocation density distribution as a function of depth 

from the surface has been obtained and discussed in Chapter I. 

These results confirm that the surface layer is indeed a region 

of higher dislocation density. The removal of such a layer should 

result in substantial improvements in mechanical properties like 

crack resistance.  It was therefore decided to study fatigue crack 

propagation in specimens of Fe-3% Si with and without the surface 

layer.  The plastic zone was characterized by etch-pitting studies 

and study of the dislocation gradient in the vicinity of crack. No 

such measurements have been reported in the literature. Klesnil 

and Lukas et at  (Ref 6) studied crack fronts by transmission elec- 

tron microscopy and reported that the plastic zone around the pro- 

pagating fatigue crack in copper consists of a very fine highly 

oriented cell structure. The minimum cell size is on the order 

of tenths of micrors. 
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EXPERIMENTAL TECHNIQUES 

The Fe-3% Si was obtained from U. S. Steel through the courtesy 

of W.C. Leslie. The composition is given below. 

Element  C     MnP     S     SiCuNlCrMoSnAl 

wt, %    0.025 0.08 0.005 0.019 3.14 0.01 0.02 0.02 0.002 0.013 0.0 

S^ecinan Preparation and Heat Treatment 

The material was received as hot-rolled. A number of heat- 

treating procedures were tried because the etch-pitting charac- 

teristics critically depend on the carbon concent. The Battelle 

Si-Fe discussed in Chapter I required annealing at 14360F for 4 

hr, followed by forced-air cooling to room temperature. However, 

this treatment for the U. S. Steel material did not result in 

good etching characteristics.  Consequently, five trial runs were 

made as follows.  Specimens were annealed for 15 min at 1200, 1300, 

1400 and 1600oF an then water-quenched. At least 0.01 in. was re- 

moved from the surface to eliminate any decarbonized layer and the 

specimens were polished with 1-p diamond paste.  A hardness in- 

dentation was made on each specimen to produce deformation. It 

was then aged to allow migration of carbon atoms In solution 

to dislocations. Then the localized enrichment of carbon atoms 

would cause the regions around dislocations to etch preferentially. 

A treatment of 20 min at 300oF accomplished this aging without 

significantly altering dislocation arrangements produced by the 

deformation.  Specimens were then etched electrolytically in the 

Morn's solution (Ref 7) (7 ml H-O, 25 g chrouiimum trioxide, and 133 

ml glacial acetic acid). A stainless-steel cathode was used. The 

voltage-current curve was obtained (Figure IV-1) and found to have 

a plateau at 11 V and 3 to 5 A.  Consequently, etching was done at 

11 V and metallographic observations showed that etching 
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characteristics were the best for the material water-quenched from 

1400oF. Hence, it was decided to use this treatment on specimens 

for fatigue crack propagation studies. Specimens were wrapped in 

Sen-Pak foils, annealed at 1400oF for 15 min and water-quenched. 

Any decarbonized layer present was removed by eliminating 0.01 in. 

from the surface. 

Specimen Configuration 

Center-cracked plane-stress specimens were used for this study. 

Specimen configuration is shown in Figure IV-2. 

Testing 

All cyclic loading tests were conducted in MTS electrohydraulic 

machines. A sinusoidal pulse was used, and the load was monitored 

by a load cell.  The prestresslng to 50 ksi (the proportional limit) 

was done in a Baldwin (50,000-lb) machine on Fe-3% Si plates, and 

specimens were machined from these. The surface layer was chem- 

ically removed to a depth of 0.006 in. from each surface. A 0.125- 

in.-diameter hole was then drilled, and the wings of the initial 

flaw were formed by a jeweler's saw. 

Crack length was measured with a traveling microscope to an 

accuracy of ± 0.0001 in. The number of cycles to initiate the 

rxack was measured for the untreated and treated specimens.  The 

crack length, 2a,  was measured as a function of number of cycles, N. 

Specimens were cycled at 20 Hz between loads 783 to 3,133 lb or 

stresses 6.250 to 25,000 psi 
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Metallography 

After 500,000 cycles, and the curve for crack length versus 

mtnber of cycles was obtalneü, the specimens were metallop.raphi- 

cally examined.  The fatigued specimens were aged to allow segre- 

gation of carbon atoms to dislocations and etched to reveal these 

dislocations as described earlier. 

RESULTS AND DISCUSSION 

The results of crack propagation studies on untreated and 

treated specimens of Fe-Z Si are summarized in plots of (a) crack 

half length, a, versus number of cycles, N, and (b) the rate of 

crack propapation, da/dN, versus the change in stress intensity 

factor, AK. The stress intensity change, AK, for the specimen used 

was calculated as 

AK " ^i w F 

where 

AL - difference in maximum and minimum load 

W - width of specimen 

B - thickness 

2a - crack length 

and 

F -  W tan ^ 

The ratio R - K , A   was held constant at 0.25.  The re- 
mi n/ max 

suits were obtained for a frequency of 20 Hz. 

Crack length, 2a, as a function of number of cycles, N, is 

plotted in Figure IV-3 for Fe-SZ Si center-notched specimens 0.063- 

in. thick. The specimen« were cycled at 20 Hz between 6,250 and 
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23,000 psi. The initial crack length, 2a, was 0.22 in. One 

specimen was untreated, the other prestressed to 50 ksi and 0.003 

in. removed from each face. For the untreated specimen, the ini- 

tial flow started to propagate after 297,000 cycles, whereas ini- 

tial flow in the Si-E-C specimen did not propagate up to 396,000 

cycles.  The crack length increased with cycling, and the rate of 

crack propagation, da/dN, increased with increasing crack length 

because AK was increasing, although applied stress, Aa, remained 

unchanged.  In Figure IV-3, a smooth curve through data points Is 

drawn and -he slope da/dN for any crack length, a, or the corre- 

sponding AK is calculated.  In Figure 4, da/dN is plotted against 

AK. Note that specimens whose surface layer had been eliminated 

have better crack resistance.  For instance, at a AK of 9.8 Usi in., 

the untreated specimen has a da/dN of 3.3 x 10~' in./cycle, where- 

as the SLE-C treated specimen has a da/dN of 1.8 x 10  in/c/cle. 

In other words, improvement by a factor of 1.8 is obtained. The 

improvement is a function of AK. At a AK of 12 ksi in. the 

improvement is by a factor of 1.2. 

These results can be explained in terms of the surface-layer 

concept. As shown in Chapter I, the surface layer in Fe-3% Si 

alloy is a region of higher dislocation density. The dislocation 
8/2 

density at the surface of Fe-3% Si strained l%o is 10/ cm , 

while beyond lOOp from the surface, the dislocation density is 

5 x 106/cm2. The chemical removal of lOOy of surface layer elim- 

inates this layer.  The surface layer presumable supports a pile- 

up of dislocations of one sign. The local stresses associated 

with the surface layer can exceed the fracture stress, as dis- 

cussed in Chapter XI. Thus, elimination of the surface layer re- 

sults in a more crack-resistant material. 

To verify these ideas, detailed metallographic observations 

were made in the region near the surface of the specimen in the 

vicinity of the crack. 
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A section containing the crack was cut from the plane stress 

specimen after the crack had been propagated to a length, 2a, of 

0.4783 in. This section was given the ageing treatment as de- 

scribed in the experimental procedures section. 

The specimen was then etched to reveal dislocation etch pits. 

Three sets of observations were made on the untreated and SLE- 

treated specimens.  First a series of metallographic observations 

were made after removing 0.001 in. from the surface and etching 

the specimen. Then a further 0.002 in. was removed from the 

surface.  The specimen was etched and observations of dislocation 

etch pits were made. Finally, 0.003 in. more was removed from the 

surface, the specimen re-etched and dislocation etch pits observed. 

A number of photographs were made and the typical ones are given 

in Figure IV-5 for the untreated and SLE-treated specimens. 

Note that the untreated specimen contains a greater dislocation 

density than the SLE-treated specimen in all cases.  For the un- 

treated specimens, dislocation density decreased with distance 

from the surface while, for SLE-treated specimens, dislocation 

density is essentially constant with depth. These observations 

imply that the initial condition of the surface layer governs the 

crack propagation rate. 

It appears, in accordance with the results given in Chapter II, 

that the dislocation density must reach a given critical value for 

cracks to form. However, in the SLE case, because the initial 

dislocation density is low a*- the surface, it will require a large 

larger number of cycles of sufficient stress amplitude to generate 

the critical concentration neci.sary in crack formation and pro- 

pagation.  Although the dislocation density in the interior por- 

tions of the crack front is the same for the SLE-treated and un- 

treated specimens, the initially low dislocation surface layer 

has a retarding effect on the overall crack growth rate. 
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V. Deformation under 
Sustained Load 



INTRODUCTION 

We have measured (Ref 1) the rate of fatigue crack propagation 

in three materials—titanium (6A1-4V), aluminum 2014-T6, and 4130 

steel—under plane stress and plane strain conditions.  Data showed 

that crack resistance of these materials can be increased by a very 

simple treatment—prestressing the material t > the proportional 

limit and then eliminating the surface layer formed as a result of 

this operation (S-SLE treatment).  This elimination can be done by 

relaxing the surface-layer stress as a function of time for a suf- 

ficiently long period.  In some cases, such as precipitation hard- 

ening alloys, dislocations in the surface layer are strongly pin- 

ned, and surface-layer stress does not seem to relax.  For these 

materials, chem-milling about 0.005 in. from the surface removes 

the surface layer. 

It is relatively easy to understand why this simple treatment 

improves the crack propagation resistance under cyclic loading 

conditions.  Previous work showed that during cycling the surface- 

layer stress increased and, when it attained a critical value, 

fracture occurred.  The details are given in Chapter II. However, 

it is not as simple to understand fracture under sustained loading. 

In this case, although the applied stress is substantially below 

the fracture strength, cracks will form with time, and fracture 

may occur.  The limit stress that causes crack initiation is known 

to be strongly affected by environment.  Thus, it would appear 

that, under sustained loading, dislocation rearrangement or multi- 

plication must be occurring in local areas to produce a stress 

larger than the fracture stress.  It is suspected that during this 

period the surface layer stress increases in local regions of the 

slip bands, and fracture occurs as a result of piled-up arrays. 

This chapter describes an experimental investigation that 
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attempted to detect slip-line motion or formation under sustained 

loading. This was done to observe changes that might occur just 

before crack propagation. Therefore, metallographic changes as a 

function of time vwe followed at a given value of stress intensity 

factor.  Both plane stress and plane strain specimens were used. 

EXPERIMENTAL TECHNIQUES 

The following tabulation shows the materials procured from 

vendors— 

Material Thickness (in.)   Vendor 

Aluminum 2014-T6   0.125 Alcoa 

1.0 Kaiser 

Specimen Preparation and Heat Treatment 

The specimens were machined ::rom sheet or plate stock in the 

as-received condition, then stress relief annealed to remove the 

residual stress machining. The aluminum specimens were heat treat- 

ed at 250oF for 1 hr and furnace cooled. The aluminum blanks for 

specimens requiring SLE treatment were first prestressed to 54 

ksi (just below the proportional limit of 56 ksi). Then specimens 

were machined froin these blanks and the surface layer eliminated 

by chem-milling about 0.005 in. from the surface. 

Specimen Configuration 

Both plane stress and plane strain specimens were used.  The 

specifications of ASTM's Committee E-24 were followed. According 

to this specification, minimum thickness for plane strain is 

2 5 ( -l£j  CRef 2) where K  is the plane strain fracture 
' \ ay/ 



toughness, and oy is the yield strength.  In the case of 2014-T6, 

this minimum thickness turns out to be 1 in.  For the plane strain 

case, compact tensile specimens (CTS) were used.  The configura- 

tions of center-cracked specimens and CTS specimens are shown in 

Figures 1 and 2, respectively. 

Testing 

The prestressing was done in a Baldwin (50,000-lb) machine. 

Testing was done in a creep rack that had a lever arm ratio of 20 

to 1.  After the stress relief anneal, a 0.125-in.-diameter hole 

was drilled in the case of center-cracked specimens.  A jeweler's 

saw was used to form the wings of the initial flaw.  This provided 

the starter crack.  This crack was sharpened by fatiguing at 20 Hz 

between stresses of 2500 and 10,000 psi. A total of 56,000 fatigue 

cycles brought the crack length up to 0.2233 in. A similar pro- 

cedure was used for CTS specimens, i.e., fatigue-sharpened starter 

crack.  The specimens were loaded to 90% of K for plane stress 
.— c 

specimens, 32 ksiVin. and 90% of K^ for plane strain specimens, 

16 ksi-v/in. Metallographic observations were made as a function 

of time. 

Metallography 

The specimens had been polished with 1-y diamond paste before 

testing.  After loading, replicas of the specimen surface near the 

crack front were taken as a function of time.  The time sequence 

followed a geometric progression 1, 2, 4, 8 rain, up to 500 hours. 

The surface was cleaned with acetone and replicated on a cellulose 

acetate tape 5 mil thick.  In the case of plane strain specimens, 

the crack opening displacement (COD) was measured by scribing grid 

lines on the specimen on either side of the crack an! observing 
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them through a microscope at a magnification of 10X. 

RESULTS AND DISCUSSION 

Replicas were taken as a function of time at a constant value 

of stress intensity factor. The stress intensity factor was cal- 

culated as 

where L - load 

W - width of specimen 

B - thickness 

a - crack length 

F = W tan —r    for center-cracked specimens 
W 

and F - 23.12 - 67.67 (§) + 97.3l(J)2 for CTS specimens, following 

Wessel (Ref 3). 

Experiments including center-cracked specimens were preliminary 

work.  Hence, a range of K values of 25 ksi \/in.  to 23 ksiN/ln". 

was used (the K value).  Based on these experiments, a K value 
c 

that is 90% of K was arrived at as a convenient stress intensity 
c 

factor at which the crack front could be studied as a function of 

time.  The CTS specimen was loaded to a K value of 16 kaivin., 

which is 90% of KT .  A typical metallograph made from the replica 
Ic 

is shown in Figure V-3.  The magnification is 75X.  Immediately on 

loading, crack branching was observed, as seen in Figure V-3.  No fur- 

ther metallographic changes were observed as a function of time over 

a period of 500 hr; nor was there a change in crack opening dis- 

placement.  These experiments were repeated at a K value 94% of KIc 

with substantially the same results.  This suggests the possibility 

that metallographic changes as a function of time might be taking 

place elsevhere in the specimen rather than on the surface observed. 

79 
V-6 



.v    . 

Figure V-3   Branch Crack Famed during Application 
of Load on CTS Specimen of 2014-T6,   7SX 
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