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FOREWORD 

This report was prepared by t;he Denver Division of Martin Marietta 
Corporation under U.S. Army Contract DAAG 46-70-C-0102. This contract 
is sponsored by the Advanced Research Project Agency under ARPA Order 
188-0-7400 and is administered by the' Army Materials and Mechanics Re- 
search Center, Watertown, Massachusetts, with Dr. Eric B. Kula, 
AMXMR-EM, serving as Technical Supervisor. 

This report has been divided into two chapters, each independent 
from the other: 

Chapter I - Enhancement of Crack Propagation Resistance by Elimina- 
tion of the Surface Layer 

Chapter II - A Mechanism of Fatigue Failure 
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ABSTRACT 

Chapter I 

The crack prooagaticn of 2014-T6 aluminum, titanium (6AÄ-4V). and 
4130 steel (YS = 180.000 psl) was measured under plane stress and 
plane strain, and a comparison was made to determine the effect of 
eliminating or decreasing Che surface layer CSLE treatment) on the 
cracking resistance of the specimens. The data show that, in all casps 
the SLE treatment improves the crack resistance at low stress inten- 
sities. The improvement is on the ordtr of 2 to 5 times, depending 
on the stress intensity factor.  A comparison between the SLE-treated 
and shot-peened specimens shows that the SLE treatment also improves 
the cracking resistance by about a factor of 2 over that obtained 
from shot-peenlng.  The endurance limit of titanium (6AÄ-4V) tubing 
was increased from 70,000 to 90 000 psl by the SLE treatment.  Tests 
made to assess the effectiv«nPss of the SLE treatment on commercial 
4130 steel tanks were inconclusive due to the large scatter in the 
crack propagation rates. 

Chapter IT 

^A/L^
8
 

Sh0^  that When sPecimens of 201A-T6 aluminum, titanium 
(6A£-4V)i and 4130 steel (YS = 180,000 psl) we.e fatigued, the surface- 
layer stress increased.  The number of cycles required to initiate a 
propagating crack was determined.  The data show that a crack is in- 
itiated when the surface-layer stress attains a critical value.  This 
value is independent of the cyclic stress amplitude.  Based on these 
results, a new theory of fatigue has been proposed. 
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INTRODUCTION 

In chis phase of the research effort performed under Contract DAAG 
46-70-C-0102, the objectives were directed toward determining the 
degree of improvement imparted by the SLE process to crack propagation 
resistance and fatigue life. The SLE treatment consists of a process 
in which the metal is prestressed (usually up to the proportional 
limit) and the surface layer formed as a result of this prestressing 
operation is eliminated either by chem-milling or by relaxation.  (The 
surface layer is the high-dislocation region that forms at free sur- 
faces as a result of plastic deformation.) 

The existance of the surface layer was shown previuously from ob- 
servations on single and polycrystalline metals (Ref 1).  In the 
earlier work, the presence of the surface layer was demonstrated by 
observations that the plastic deformation characteristics of single 
and polycrystalline metals were altered markedly when the surface 
metal was removed during deformation.  These changes were accompanied 
by a decrease in the apparent activation energy for deformation and an 
increase in the activation volume.  These latter changes showed that 
the dislocation density in the surface layer was greater than that in 
the interior. The i epth of the surface layer and the back stress it 
imposed on moving dislocations was measured (Ref 2) by determining the 
decrease in the initial flow stress after removing the surface layer 
from plastically deformed specimens.  The difference between the un- 
loading stress and the stress at which plastic flow started after elim- 
inating the surface was defined as the surface-layer stress. The pres- 
ence of the surface layer was also shown by Kitajama, et at.   (Ref 3), 
using an etch pit technique on single crystals of copper, and by G. 
Vellaikal (Ref 4) on polycrystalline copper. 

A recent publication (Ref 5) described the metallurgical changes 
that occur when a metal is stressed to the proportional limit, as in 
th^ SLE process. The efsential data are reproduced in Fig. 1 and 2 
for convenience. By observing the appearance of slip bands, the per- 
centage of deformed surface grains was measured as a function of stress 
for 201A-T6 aluminum (Fig. 1). No slip bands were detected until the 
applied stress was about 3.5 kg/mm2 (5000 psi). Past this value, the 
number of surface grains that deformed plastically increased rapidly, 
and at 10 kg/mm2(14,000 psi) approximately 80% of the surface grains 
were deformed. Afterwards the number of deformed grains increased 
slowly with stress; and at the proportional limit (42 kg/mm , or 59,000 

psi), about 85% of the surface grains were deformed. 
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Applied Stress,  a, kg/ram 

Fig.   1    Percentage of Surface Grainp Deformed ae a Function 
of Applied Streae in 2014-T6 Aluminum 
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tion of deP  h fZ     " PlariC  deformati°n characteristics as a  func- 

the proportional li^U  Xl^rt^  ?* ^'^ ^ Stressed  'o 
mechLiLrpoUsh ng    ind when  th T ^^ "** rem0Ved ^  flect— 
Plastic  flow--a8 niefsured hvV      Sample WaS restressed.   the onset of 
with  the distal efreLrfa^:1315"^ ^^ bands-de—d 
(0.002  in.).,   the  threshold  s^r^^rrl^dtn^an^ at^.f ^ 

^tL'nafi^ij^/to-p^rth:ls rterial is prestressed - ^ 
is  formed       In  tha ill  .       J     ^   a   SUrfaCe  läyer about  0-002  in.   deep 

rest™^ tt'^c^r-jn^fi^ri^rsS n^tTr5 and o' 
until the stresses attain 33,500 psl 81n " r,'fom 

appeals6 to'bf.olt'rLdSf" LT'/? """"'^ ?' "^ P^Pagatlon 
locations agalnsfbar        ^ Sell-thru-S)^0^11^" ^T 0f diS- 
fleld e^ette. by a  ..plle„p..(of aLlSt^s S 1^ s^t'e^H^"88 

"here N rs  the „„„her „f dislocations  In the pUeup and „    Is the ap- 

plied stress,    «hen „ > .p. „„are op Is  the fracture strength,   fracture 

"rr^se^oiT^o^r^L8 r 'i^ bri"ie fr— ^* 
in the pued-up arra/Sr^^": .^ptud^t^ss?^' ^ diS]°""- 

herrje »r^t^SLd^^Xf^ '^"d8 I ^T"? ^ 
of the surface layer on brittle fr«J      n   dete™ine the influence 
molybdenum were pulled In an eleftrolvtl^ PO rrystaJline ^-Imens of 
and metal was removed at a constant Jl^ H 1 co"tainin8 sulphuric acid 
increase in temneratürp H^w   Ju .  ,  durln8 the  ^formation.  The 

suits of ^i7etiT:?t:iXTiXa^was only 0-5Oc- The re- 

in./mN^:'%^,ln
ct

tJL!bUrrUtiee1?yer ^ ^^ ^ a ^ 0f 6 * 1^ 
comparison a hund dfold d^ rea eTthe't-": ^^ 150C-  In 

the surface layer decreased^^.^^ 

testa! ^Tlj£e:^^:^  WaS COmpletely —d in ^ese 
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Fig.   2    Effect of Removing Surface Layer on the Ductile-Brittle 
Transition Temperature of Molybdenum (frm Ref 9) 

Similarly, it was reported that during cycling either between 
fixed plastic strain limits or at constant stress amplitudes, the 
surface-layer stress increased.  Further research (Ref 11) showed 
that when the surface layer reached a critical value, fatigue failure 
occurred. From the relationship between the rate of change of the 
surface-layer stress, o , the stress amplitude during cycling, a, and 
the number of cycles needed to cause fatigue failure, N , a Basquin 

* /   -P 
(Ref 12)-type equation was derived; that is, N_ = ö / k O  , where P 

* F   s / 
and k are constants and a       is the critical value of the surface-layer 

s 
stress.  It was also shown (Ref 11) that if the surface layer was pre- 
vented from attaining a critical value, the fatigue life was extended 
indefinitely—limited only by the finite size of the specimen.  These 
observations imply that fatigue failures, in much the same manner as 
the ductile-brittle transition temperature, are influenced strongly 
by the surface-layer stress:  Fatigue cracking starts when the surface 
layer attains sufficient strength to sustain a critical-sized pileup of 
dislocations that exceed the fracture strength. 
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In this theory the pileup need not be a classical linear-type 
array; rfl.Lher, the critical stress field probably arises from the 
additiu.-i of the force fields of a large number of dislocation^ of 
like sij^n, arranged somewhat randomly in the slip planes wll'hln the 
surface layer. 

From the above discussion, it shoulc be clear that a process that 
inhibits or prevents the formation of the surface layer would enhance 
fatigue resistance and crack propagation resistance.  The improvements 
obtained by decreasing the surface-layer stress were demonstrated in 
previous reports in terms of the crack propagation behavior under both 
plane stress and plane strain conditions.  In this report, in addition 
to measuring the crack propagation rates, an evaluation was made to 
determine the effect of the SLE treatment on weldments of titanium and 
4130 steel and on the fatigue life of titanium tubing.  The fatigue 
life of a commercial-type steel pressure bottle was also determined. 
Since shot-peening is rather extensively employed to improve the 
fatigue resistance of metals, tests were also conducted to compare its 
effectiveness against that of the SLE treatment.  In addition, we wanted 
to determine the extent to which shot-peening affected the initiation 
and crack propagation stages. Since the amount of work-hardening is 
often reported to be temperature-sensitive, the influence of prestress- 
ing the specimens in liquid nitrogen (LN2) during the SLE treatment 
was also investigated. 

In the previous work, it was shown that under cyclic stress test- 
ing below the proportional limit, the surface-layer stress increased 
linearly as a function of the number of cycles.  This curve, when 
extrapolated to the life of the specimen, indicated that fracture oc- 
curred at a critical surface-layer stress,  it is apparent that the 
number of cycles required for fracture will depend on the size of the 
specimen; that is, on the critical crack length. As a result, in this 
investigation it was decided to determine the surface-layer stress 
necessary for crack initiation. These results are reported in Chapter 
II. 
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II.     EXPERIMENTAL TECHNIQUES 

A.     MATERIALS 

The sheet and plate materials used in this investigation are listed 
below. 

Material Thickaess, in. Vendor 

2014-T6 Aluminum 0.125 Alcoa 

2014-T6 Aluminum 1.0 Kaiser 

Titanium (6A£-4V) 0.067 Timet 

Titanium (6AÄ,-4V) 0.625 Timet 

4130 Steel 0.125 U.S. Steel 

4130 Steel 0.625 U.S. Steel 

The 4130 pressure vessels were purchased from the Pressed Steel Tank 
Company as industrial oxygen tanks. The vessels were approximately 
18 in. long by 6 in. in diameter (Fig. 4), and their wall thickness 
was determined to be 0.18 in. According to the vendor, they were 
austenitized at 1600oF, oil-quenched, and tempered at 1200oF.  The 
strength of both tanks was reported to be between 100 and 120 ksi. 
The tanks had a design pressure of 3360 psi and a burst pressure of 
5000 psi. Their chemical composition is listed below: 

Carbon 0.32 Nickel 0.11 

Manganese 0.52 Chromium 0.90 

Phosphorus 0.013 Molybdenum 0.17 

Sulphur     0.026  Copper     0.19 

Silicon 0.32 

The titanium tubing was purchased from the Wolverine Tube Division of 
0. 0. E, Products Corporation. These tubes had a 1/2-in. O.D. and a 
thicknens of 0.049 in. According to the vendor, the tubing was an- 
nealed at 1400oF for 4 hr after being drawn. The 4130 sieel was ob- 
tained in two forms: hot-rolled plfltes 5/8- and 1/16-in. thick, and 

   -■■■■■ -■■■ ; . 
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Fig.  4    4130 Steel Pressure  Vessel 

 . _—, 13, u  

L-1.1250»U-1.3in      ' 
 M i 0.0025 (Typ) 

Diameter 
0.630  (Typ)   t  0.0025- 

Fig.   5    Center-Craaked and Surface-Flawed 
Plane Stress Specimen 
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5/8-in. rods.  These materials were heat-treated by austenitizing 
them at 1600°F and then oil-quenching them. They were then tempered 
at 800oF (YS = 180,000 psi) and 1200oF (YS = 100,000 psi). 

B.  SPECIMEN CONFIGURATION 

^ 

Three types of test specimens were used in these investigations. 
For the plane stress condition, a symmetrical center-cracked plate 
with the configuration shown in Fig. 5 was used. This specimen was 
13 in. long and 2 in. wide at the gage section. The center-notched 
flaw was 0.2 in. wide. The surface-flawed specimen was the same as 
the center-cracked specimen except that a "part-through" elliptical 
flaw was used (Fig. 5). The depth, a, was 0.4 of the thickness, t, 

and the axial ratio |^. was 0.3 in.  These flaws were put in by the 

electrical discharge machining (EDM) method. Plane strain testing was 
done using a compact tension specimen (Fig. 6) whose dimensions con- 
formed to the recommendations of the ASTM's committee E-24 on fracture 
toughness. The current recommendation is that the thickness be not 
less than 2.5 /K /a   ]2•     This stipulation dictated that for plane 

strain testing, the aluminum 2014-T6 was to be 1 in. thick, whereas 
the titanium (6A£-4v) and 4130 steel specimens were to be 0.625 in. 

thick. 

The following equations were used to calculate the stress intensity 

factor, KT: 

1)  Compact tension specimen (from Ref 13): 

L   \/"a 
Ki = -*r-' y' 

where y = 23.12 - 67.67 (|) + 97.31 (ff 

2)     Part-through surface-cracked  specimen: 

K = 1.1 o 
1 TT a 

'Q ; 

(1) 

(2) 

3)  Cen-er-notched specimen: 

KT >= '.r-  \/w tan :i-kVw TT a 
w 

(3) 
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D 
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Hi 

0.5 B 

2.5 B 

0.65 B 

Hg.  6   Modified Compact Tension Specimen 

«here: 

a = crack length, 

B = thickness, 

w = width, 

L = load, 

Q = flaw shape parameter. 

For testing the 4130 steel pressure vessels, five part-through 
starter cracks were machined arjund the circumference by the electro- 

discharge method. These cracks were elliptical, with y- = 0.33 and 

a = 0.07 in. 
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1. Preparation of Specimens and Heat Treatment 

The specimen blanks for the plane stress and plane strain tests 
were machined from the "as-received" sheets with ^^^f^ 
rection parallel to the rolling direction. After being machined the 
^e i-ns were subjected to a stress-relieving treatment to e—e 
the residual stresses imparted by the machxnmg operation. A 250 F 1 hr 

treatment was used for the aluminum ^^^^J^J^^^^^^e! 

was annealed at 1300OF for Jof,—/^hei  1-, enL ^ tempered61 

Tt^i^r  »F^ rls^ 180 oSo'pri) or 1200**\for  YS = 100,000 psi) . 
^edecSburized layer was removed from the ^eel ^^^^r'tS 
was machined. For those specimens to be gxven the SLE treatment the 
prestressing was done on specimen blanks before the final machining 
but after the stress-relieving treatment. The notches were machined 
in after the prestress and after the surface layer had been removed. 
A;i specimens were chem-milled to obtain the same surface finish. 

To prepare the welded specimens, strips 7 by 6 by 0.125 in. were 
first cut from a large sheet. The ends were machined flat and two 7-in. 
Pieces were arc-weldld to form a 14-in. length. The 4130 steel was 
Ä manually using a Class 2, Type A -Id rod with a nominal com- 
position of:  carbon, 0.28/0.33; manganese 0.40/0.60. t^™'  0'W 
0 65- chrominum. 0.80/1.30; molybdenum, 0.15/0.55; vanadium, 0.30, 
Shoro" <0:025; and sulphur, <0.025. The ^tanium specimens were 
TIG-welded and the beads were then machined flush with the surface ot 
the specimen blank. Approximately 0.01 in. was then ground from each 
ace to obtain the desfred degree of flatness and to "-je decarburized 

or oxidized layers, and the specimens were then hef :treate*- T^0QoF 
steel was austenitized at 1600»F, oil-quenched, and tempered at 1200 F 
for 2 hr  The titanium blanks were annealed in vacuum for 4 hr at 
UOO'F^nd the center-notched specimens were then machined from these 
blanks The  SLE specimens were prepared by stressing these specimens 
before the notches'were machined and by chem-milling ^em to remove 
about 0.006 in. from each face. The notches were placed in the heat- 
affected zone and in the center of the welds. 

The titanium tubing was annealed at 1400°F for 4 f ^ va^u^ 
chem-milled to remove mill imperfections inside and outside the^tubes. 
In an attempt to prevent the fatigue failures from occurring outside 
the Lge section, the diameter along the central portion of the tubes 
was gradually reduced by abrasive-grinding the material on a lathe 
The wall thickness was reduced from 0.049 - 0.035 in. at t^e smallest 
diameter. For the SLE treatment, tube lengths of f^ * ft were 
stressed in a tensile machine. These were then cut to the appropriate 

length (12 in.) and chem-milled. 
11 
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The 4130 steel pressure bottles were used in the "as received" 
heat-treated condition.  Before treating them a pressure-deformation 
curve was obtained by pressurizing a tank in a hydrostat. Two strain 
gages were attached in the hoop direction and another two in the 
longitudinal direction, and the tanks were stressed using water as a 
fluid. These tests indicated that the proportional limit occurred at 
4800 psig, and the yield, at 5700 psig. The burst pressure was 7400 
psig.  In preparation for the SLE treatment, five tanks were pres- 
surized to 4800 psig and then chem-milled to remove 0.008 in. from the 
diameter. No metal was removed from the interior of the tanks.  Im- 
mediately afterwards, the tanks were baked at 350oF for 4 hr to min- 
imize the loss of ductility associated with hydrogen embrittlement. 
One tank was pressurized and the surface layer was left on to determine 
whether it could be eliminated by relaxation.  Five EDM notches were 
machined into the tanks after the chem-mill and hydrogen bakeout treat- 
ment . 

To compare the effectiveness of the SLE and shot-peening treatments, 
compact tension specimens of 2014-T6 aluminum were treated by the Metal 
Improvement Company.  The aluminum was peened with S-230 shot; the re- 
sulting Alman test indicated a value of 0.010/0.014.  The shot-peening 
was done on both untreated and SLE-treated specimens. 

2. Test Methods 

The crack-propagation rates on the specimens were measured by means 
of an electrohydraulic testing machine. The crack growth in the plane 
stress specimens was measured optically.  Cycling was conducted be- 
tween fixed stress limits at 20 Hz; however, the system was operated 
at 1 Hz periodically to measure the crack length. Measurements were 
taken about every 5000 cycles. The crack growth in the compact ten- 
sion specimen was measured by the crack opening displacement (COD) 
method. For this purpose, a COD gage was placed on V-shaped holders 
fixed to the faces of the specimen. The output of the COD gages was 
recorded on a strip chart recorder at 1-hr intervals during the propa- 
gation phase.  The tests were conducted at 20 Hz until the fatigue 
crack was formed; afterwards, the cycling was at a rate of 1 Hz. To 
calibrate the crack length in terms of COD, cracks of known lengths 
were milled into the specimens and the COD/load ratio was measured 
in terms of the crack length. 

The fatigue life of the titanium tubing was measured in reverse 
bending using a four-point fixture. The distance between the loading 
points was 4 in. and that between the support points was 8 in. The 
overall length of the specimen was 12 in. The tests were conducted 
on an electrohydraulic testing machine at 6 Hz.  Because of the strong 
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propensity of titanium to cause fretting corrosion when in contact 
with other metals, linen-phenolic rods were used as roller bearings 
to impart the forces to the specimen. 

To detect the presence of a crack, the tube was filled with dis- 
tilled water and pressurized using a toy balloon. A 2x4-in. wire mesh 
grid, placed 0.01 in. above an aluminum foil, was placed directly 
under the fäuigue specimen. Fine poweder of NaCl was sprinkled on 
the aluminum foil.  When the tube developed a crack and a drop of 
water came in contact with this detection assembly, an electrical 
circuit was energized and the fatigue machine was shut off. Prelim- 
inary experiments showed that a small drop of water from a hypodermic 
needle was sufficient for detection. 

The 4130 pressure bottles were tested in a hydrostat using water 
as a fluid. The cycling was conducted at about 4 Hs between thr; pres- 
sure limits.  The pressure limits were controlled by fixed valvas that 
changed the fluid flow direction as a function of the preset pressures. 
The cyclfc-oressure profile was recorded on strip chart recorders. A 
through crack was detected by means of a conductivity cell that sensed 
the change in electrical resistance when water leaked through the EDM 
flaw. 
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III.  RESULTS AND DISCUSSION 

4130 STEEL 

The crack propagation behavior of 4130 steel (YS = 100,000 psi) under 
plane stress is presented in Fig. 7 and 8.  The data in Figure 7 show 
the increat:  .i.n the crack length as a function of the number of cycles 
needed to propagate the crack, Np.  Compared to the untreated material, 

when the prestress for the SLE treatment was 60,000 psi th° crack growth 
was very slow.  However, when the prestress was increased to 80,000 psi 
to induce a small amount of plastic strain, the crack propagation re- 
sistance decreased. 

Figure 7 also includes the results obtained when the specimens were 
prestressed to 100,000 psi in liquid nitrogen.  These low-temperature 
stress experiments were conducted to ascertain whether the cryoformed 
condition would further enhance the improvement.  It is apparent that 
prestressing at the low temperature did not give as much improvement as 
prestressing to 60,000 psi at room temperature. 

Figure 8 shows the crack propagation rage, da/dN, as a function of 
the change in the stress intensity factor, AK. Note that at the lower 
AK values, the crack velocity of the SLE-treated specimens is about 4 
times lower than that of the untreated specimens.  This improvement 
tends to decrease as the stress in front of the crack approaches that 
of the prestress.  At about 13,000 psi /in., the curves merge. 

The data for the crack propagation rate under plane strain condi- 
tions for the 4130 steel heat-treated to a yield strength of 180,000 psi 
are presented in Fig. 9.  This figure also includes points obtained 
from duplicate specimens.  Note that the reproducibility is excellent. 

Again, these curves show that the SLE treatment improves crack 
propagation resistance.  At a AK of about 16,000 psi /in., the SLE- 
treated specimens have a crack velocity 4 times smaller than that of 
the untreated specimens.  As AK increase, the degree of improvement 
decreases; and at values in excess of 18,000 psi /in., the improvement 
is 40%.  This degree of improvement remains constant at least to a AK 

of 22,000 psi /in. 
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B.  2014-T6 ALUMINUM 

The crack propagation behavior of 2014-T6 aluminum under plane stress 
conditions is presented in Fig. 10 and 11.  Figure 10 shows the crack 
growth as a function of the number of cycles required to propagate the 
crack growth as a function of the number of cycles required to propagate 
the crack, N , when the stress was varied between 2250 and 9000 psi 

(R = 0.25). Also included are data that show the influence of the 
prestress used in the SLE treatment.  It is apparent that prestressing 
the specimen at 55,000 psi before removing the surface layer resulted 
in more improvement than prestressing to 45,000 psi.  When the pre- 
stressing was done at the temperature of liquid nitrogen, the amount of 
improvement was rather small. 

The degree of improvement in terms of the crack propagation rate is 
given in Fig. 11.  For the SLE-treated specimens stressed to 55,000 psi, 
the crack propagation rate is decreased by about a factor of 4 at AK 
values near 4000 psi /in. This improvement decreases as AK increases, 
and at AK near 6000 psi /in., the crack velocity of the SLE-treated 
specimens is about 40% of that of the untreated specimen. 

The change in crack length when plane strain specimens were cycled 
between 300 and 1200 lb is shown in Fig. 12.  Again, it is apparent 
that the SLE treatment improves the crack propagation resistance. As 
seen from Fig. 13, the crack propagation rage at AK values of 6000 psi 
/in. has been decreased by about a factor of 2. 

C.  TITANIUM (6AJi-4V) 

The crack propagation rate of titanium (6AÄ.-4V) plane stress speci- 
mens is shown in Fig. 14. Again, the SLE treatment improved the crack 
resistance. At the lower values of AK—for example at 8000 psi /in.— 
the resistance improved by a factor of about 6.  The arrow shown in 
Fig. 14 indicates that propagating crack did not form at the stress 
amplitude used in this test (4500 to 18,000 psi).  The AK value was 
calculated on the basis of the loads and machined notch depth, whereas 
the actual AK value should be based on a sharp crack.  However, the 
data serve merely as a rough basis of comparison. 

For the untreated specimens tested under this stress amplitude, the 
crack formed in about 175,000 cycles and the specimen was completely 
broken in approximately 300,000 cycles.  In comparison, the SLE-treated 
specimen was cycled 6,300,000 times and the test was terminated since 
no propagating crack was formed. 
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D.  WELDED 4130 STEEL 

The effect of the SLE treatment on weldments of A130 steel (YS = 
100.000 psi) is shown in Fig. 15 thru 19. Figure 15 shows the increase 
in the crack resistance in the center of the weld for center-notched 
specimens (under plane stress) as a result of the SLE treatment at 
various prestress values.  Like the specimens that were not welded, 
prestressing at a high value did not impart as much improvement in 
crack resistance as did prestressing at lower values. 

As shown in Fig. 15, a large decrease in the crack growth was ob- 
tained when the prestress for the SLE treatment was 70,000 psi.  In- 
creasing this prestress to 80,000 psi greatly decreased the effective- 

ness of the SLE treatment. 

Not shown in Fig. 15 is the crack growth behavior of specimens 
that were prestressed to 50,000 and 60,000 psi.  For these specimens, 
practically no improvement was noted for the 50,000 psi prestress, 
and a slight improvement was found when the 60,000-psi prestress was 
used.  The rates are shown in Fig. 16. The effect of prestressing 
to 150,000 psi in liquid nitrogen for the SLE treatment is also shown. 
Although an improvement was attained, it was less than that obtained 

by prestressing to 70,000 psi at room temperature. 

The rates of crack growth in the center of the welds in 4130 steel 
as a function of AK are given in Fig. 16. Like the other data obtained 
for the 4130 steel, the SLE treatment decreased the crack propagation 
rate. For specimen prestressed to 70,000 psi before removing the 
surface layer, the crack velocity decreased by a factor of about 3 at 
a AK of about 9000 p. i /i^T The curves tend to merge as AK increases, 

and at about 15,000 psi t^LnT they coincide. 

Figure 17 shows the effect of prestressing welded specimens of 
4130 steel at liquid-nitrogen temperature in terms of the improvement 
in crack propagation resistance.  For comparison, the crack velocity 
for the untreated and the 70,000-psi prestress, SLE-treated specimen 
is also shown.  It is apparent that although prestressing at the tem- 
perature of liquid nitrogen did increase the crack propagation re- 
sistance, the process is not as effective or convenient to use as the 

70,000-psl prestress combined with the SLE treatment. 
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SLE Treatment in LN^  YS = 100 ksi 
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Figures 15 and 16 show that prepiressing the SLE-treated specimens 
to 50,000, 60,000 and 80,000 psi wap not as effective in increasing 
the crack-propagation resistance as prestressing them to 70,000 psi. 
Therefore, the effectiveness of the SLE treatment on the crack propa- 
gation resistance in the heat-affected zone was determined at a pre- 
stress of 70,000 psi.  For these mearu:ements, the heat-affected zone 
was located by polishing the etching the weldment.  The center-notched 
flaw was then placed in the mi 'point of the heat-affected zone. 

The crack growth in 
amplitude between 5000 
propagation rates are p 
data show that, in addi 
tance within the weld, 
also increased. A comp 
heat-affected zone and 
indicates the amount of 
the same;  the crack ve 

the heat-affected zone under a cyclic stress 
and 20,000 psi is given in Fig. 18.  The crack 
resented in Fig. 19 as a function of AK.  These 
tion to improving the crack propagation resis- 
the resistance in the heat-affected zone was 
arison of the crack propagation rates in the 
in the wnld at a AK value of 9,000 psi /in. , 
improvement imparted by the SLE treatment was 
locity was decreased by a factor of about 3. 

E.  WELDED TITANIUM (6A«,-4V) 

The effect of the SLE treatment on weldment of the titanium 
(6AÄ-4V) alloy is shown in Fig. 20 and 21. For this portion of the 
investigation, specimens were prestressed to 90,000, 105,000, and 
115,000 psi for the SLE treatment. As seen in Fig. 20, prestressing 
to 105,000 and 115,000 psi had practically no effect on crack growth 
behavior.  However, when the specimens were prestressed to 90,000 psi, 
the number of cycles required to initiate crack propagation increased 
from about 60,000 to 500,000 cycles, a factor of 8.  The rate of crack 
propagation for the untreated and SLE-treated specimens was about the 
same (Fig. 21). 

To determine the cause for the lack of improvement in the crack 
propagation rate, the weldments were examinee metallurgically. As 
commonly found in titanium welds, it was noted that the grain size 
was very large. Figure 22, taken from the fractured faces of the 
specimen, shows that the crack followed an intercrystalline path. 
This behavior was found for both the untreated and SLE-treated speci- 
mens .  We suspect that the large improvement in crack initiation 
imparted by the SLE treatment occurs because, initially, a trans- 
crystalline crack starts in the large grain next to the flaw.  How- 
ever, shortly thereafter, the crack proceeds along the grain boundaries. 
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Fig.   21    Craak Propagation Rate in Center of Veld of Annealed Titanium 
6AI-4V Center-Notahed Specimens 0.06 in.  Thick 
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Fig.   22    Fractured Surface  through Center of 
Weld of Titanium 6At-4V  Specimen 
(Magnified 3X) 

A similar effect was found in the heat-affected zone of the welded 
titanium alloy.  When the prestress in the SLE-treated specimens was 
90,000 psi, the number of cycles required to initiate the crack in- 
creased from 50,000 to 175,000, a factor of 3.5 (Fig. 23).  The crack, 
propagation rates, however, for the untreated and SLE-treated specimens 
were about the same (Fig. 24). 
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F.  FATIGUE OF TITANIUM TUBING 

The effect of the SLE treatment on the fatigue properties of titanium 
tubing (6A!l-4V) in reverse, four-point bending is presented in Fig. 25. 
In these experiments considerable difficulty was experienced in obtaining 
fatigue fractures within the gage section.  This was especially ture for 
SLE-treated specimens that were fatigued for long periods.  To obtain 
the data shown in Fig. 25, over 50 tests were conducted. Nevertheless, 
the data are sufficient to show that the endurance limit was increased 
from 70,000 psi to 90,000 psi.  In a previous investigation (Ref 14) on 
the fatigue behavior of titanium (6A£-4V) rods tested in alternate 
tension-compression, the SLE treatment increased the endurance limit 

from 78,000 to 85,000 psi (Fig. 26). 

The prestress used for the SLE treatment was 120,000 psi. This 
value was the average of the proportional limit of five specimens.  It 
would, therefore, be expected that the finite fatigue life for the un- 
treated and SLE-treated specimens be the same at that stress. Although 
the data are limited, it does a-pear that at lower stresses the fatigue 
life of the SLE-treated specimens is greater than that of the untreated 
specimens.  For example, at a stress of ±100,000 psi, the fatigue life 
of the untreated specimens is 50,000 cycles, while that for the SLE- 

treated specimens is 100,000 cycles. 

G.  FATIGUE OF 4130 STEEL PRESSURE VESSEL 

In order to select the proper stress amplitude to cause fatigue 
failures in a reasonable time, we made a preliminary investigation on 
surface-flawed specimens of 4130 steel heat-treated to the same yield 
strength as the tanks.  For the SLE treatment, the specimens were pre- 
stressed to 60,000 psi and chem-milled before the EDM notch was put in, 

The specimen used is shown in Fig. 5. 
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The crack growth behavior of the untreated specimens tested at 

tude, a propagating crack „as r.ot formed at 1.1 x 10
6 cvclaa f Th! 

Strass ampUtude „as then Increased to bet„een 6750 and^toio pal for 

duion iT^a:t^it^r™7000a"d.28-000P81 ^r "^ 

in fati.nf ^fn 'i' 28 Sh0W that there was a considerable variation in fatigue life:  for example, at AK = 11 00C n^l /HT    tu    1.1° 
the SLE-treated vessels varied from aboJ 'l 5 x io^a^Vlo' ^T 

improve (Fig. 29).  max nStead 0f AK' the «matter in results did not 

In an attempt to clarify the situation, each of the five EDM 

ädS^hr:s^^teTra?^tfrth ":s ™d' - 
stress Intensity factor at ea^h löca^oräs "icuL^er^Sele^t"16 

in tank 11 ranged from abou 7 x lO"« ?o 34" ll^'ln /JZ"" 'T 
ting the data In term, of K^ dld not clarff/L re^Us?"' 

Pl0t- 

From this Investigation, It appears that the large scatter In rh. 
data relating to fatigue life and crack-propagation rates nroMh^f 

cne exact reasons for the large scatter are not known.  We susnert 
that the failure to remove any of the decarburized laCer may have con 
trxbuted to the scatter.  Furthermore, an inspection of the'fractured" 

WLH   
reV!aleVhat the -tal was laminaLd in many regions thf 

lamination would, of course, decrease the crack propagation rate! 
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Table 1    Fatigue Test Data for 4130 Steel Bottles 

Bottle No. 1 (SLE-C; P   = 2000 psig; P . =300 psig; N = 
max            mm           f 

230,000) 

t, a, A a, 
0 
max, A K, 

K 
max. 

Flaw in in. a/2C in. ksi ksi Vin. ksi Vin. 

1 0.1870 0.0706 0.341 0.1360 36.4 12.1 14.2 
2 0.1798 0.0689 0.340 0.0690 37.8 12.5 14.7 
3 0.2048 0.0691 0.344 0.0900 33.3 11.1 13.0 
4 0.1975 0.0709 0.352 0.0987 34.5 12.2 14.4 
5 0.2067 0.0675 0.335 0.0806 33.0 11.0 12.9 

Bottle No. 2 (SLE-C; P   = 1600 psig; P . =100 psig; N = 
max            min            r 

156,800) 

1 0.1997 0.0678 0.34 0.0494 27.2 10.0 10.6 
2 0.1824 0.0724 0.36 0.0972 29.7 10.9 11.6 
3 0.1962 0.0683 0.35 0.0532 27.8 10.1 10.8 
4 0.1865 0.0679 0.34 0.1043 29.2 10.7 11.4 
5 0.1871 0.0680 0.34 0.1249 29.1 10.7 11.4 

Bottle s No. 3 (SLE-C; Pmax = 1600 psig; Pmin = 100 psig; NF = 202,000) 

1 0.1953 0.0698 0.35 0.0481 28.0 10.2 10.9 
2 0.1796 0.0691 0.33 0.1283 30.3 11.1 11.8 
3 0.1900 0.0679 0.35 0.0596 28.6 10.5 11.2 
4 0.1953 0.0690 0.35 0.0887 28.0 10.2 10.9 
5 0.1953 0.0666 0.31 0.0537 28.0 10.2 10.9 

Bottl« i No. 4 (SLE-C; P   = 1500 psig; P . =100 psig; N_ = 
max            mm            r 

367,200) 

1 0.1830 0.0698 0.33 0.1155 29.7 10.8 11.6 
2 0.1988 0.0698 0.34 0.1114 27.4 10.0 10.7 
3 0.1860 0.0687 0.33 0.0559 29.3 10.6 11.4 
4 0.1933 0.0691 0.35 0.0532 28.2 10.3 11.0 
5 0.2067 0.0702 0.35 0.0806 26.4 9.6 10.3 

Bottl( a No. 5 (SLE-C; P^ = 1400 psig; Pmin = 100 psig; NF = 428,900) 

1 0.1810 0.0617 0.31 0.0677 26.3 9.5 10.3 
2 0.1815 0.0622 0.32 0.1263 26.3 9.5 10.3 
3 0.1881 0.0621 0.30 0.0565 25.3 9.1 9.8 
4 0.1877 0.0628 0.31 0.0540 25.4 9.1 9.8 
5 0.1832 0.0713 0.35 0.1218 26.0 9.4 10.1 
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Table 1     (aonal) 

Bottle No. 6 (SLE-R; P   = 1500 psig; P , =100 psig; N„ = 344,300) 
max min     r 0'  p 

Flaw In, 
a, 
in. a/2c 

A a, 
in. 

max, 
ksi 

A K, 
ksi 

K 
max, 
ksi NTIn. 

1 
2 
3 
4 
5 

0,1964 
0.1994 
0.1958 
0.1862 
0.1906 

0.0712 
0.0693 
0.0692 
0.0785 
0.0709 

0.32 
0.35 
0.35 
0.38 
0.34 

0.1254 
0.0564 
0.0895 
0.0601 
0.1076 

25.9 
25.5 
26.0 
27.4 
26.7 

9.4 
9.2 
9.4 
9.6 
9.7 

10.1 
9.9 

10.1 
10.3 
10.4 

Bottle No. 8 (Untreated; P   = 1600 psig; P 
max min 100 psig; NF = 460,000) 

1 
2 
3 
4 
5 

0.1961 
0.1938 
0.2001 
0.1900 
0.1868 

0.0664 
0.0698 
0.0718 
0.0722 
0.0712 

0.33 
0.34 
0.34 
0.36 
0.36 

0.1005 
0.1402 
0.0733 
0.0765 
0.1323 

27.8 
28.0 
27.0 
28.6 
29.1 

10.1 
10.2 
9.8 

10.5 
10.7 

10.8 
10.9 
10.5 
11.2 
11.4 

Bottle No. 9 (Untreated; P   = 2000 psig; P 
max min 300 psig; N_ = 164,000) 

r 

i 
2 
3 
4 
5 

0.1960 
0.1858 
0.1913 
0.1874 
0.1885 

0.0709 
0.0698 
0.0711 
0.0728 
0.0706 

0.33 
0.33 
0.34 
0.33 
0.34 

0.0973 
0.0906 
0.0616 
0.0684 
0.1297 

34.7 
36.6 
35.5 
36.3 
36.0 

11.5 
12.1 
11.7 
12.0 
11.9 

13.5 
14.3 
13.8 
14.1 
14.0 

Bottle No. 10 (Untreated; P   = 2000 psig; P 
max min 

300 psig; N_ = 157,600) 
r 

i 
2 
3 
4 
5 

0.2218 
0.1690 
0.1938 
0.1871 
0.2090 

0.0679 
0.0690 
0.0706 
0.0699 
0.0700 

0.33 
0.33 
0.34 
0.33 
0.33 

0.0150 
0.1126 
0.0370 
0.0562 
0.0310 

30.6 
40.3 
35.1 
36.4 
32.5 

10.2 
13.3 
11.6 
12.1 
10.8 

12.0 
15.7 
13.7 
14.2 
12.7 

Bottle No. 11 (Untreated; P   = 1600 psig; P 
max min 100 psig; N,, = 405,300) 

r 

i 
2 
3 
4 
5 

0.2015 
0.2166 
0.2130 
0.2043 
0.2165 

0.0737 
0.0723 
0.0706 
0.0702 
0.0710 

0.37 
0.34 
0.35 
0.33 
0.36 

0.1452 
0.0346 
0.0579 
0.1497 
0.1317 

27.0 
25.2 
25.5 
26.7 
2t:.l 

9.8 
9.2 
9.4 
9.7 
9.2 

10.5 
9.8 

10.0 
10.4 
9.8 
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Fig.   32    Cvaak Growth Rate of Shot-Peened and SLE-Treated 2014-T6 Aluminum 
Compact Tension Specimens,  Frequency = 1 Hz 
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H.  SHOT KEENING 

Since shot-peening is often used to enhance fatigue resistance, 
it became desirable to compare its effect with that of the SLE treat- 
ment.  The curves in Fig. 32 show the crack-growth behavior after 
these treatments were given to compact tension specimens of 2014-16 
aluminum.  The effect of shot-peenlng an SLE-treated specimen is also 
shown. 

Figure 33 shows the crack, propagation rates as a function of AK. 
Compared to the untreated specimens, the shot-peening treatment de- 
creases the crack propagation rate. At a AK 5900 psi /in.,   the rate 
decrease from 2.5 x 10 5 to 1.65 x ICT6 in./cycle, a factor of 1.5. 
In comparison, at the same AK value, the crack propagation rate in 
the SLE-treated specimen decreased by a factor of 3.2. 

In general, Fig. 32 and 33 show that the SLE treatment is about 
twice as effective as the shot peening.  They also show that shot 
peening after the SLE treatment reduces the crack propagation resist- 
ance imparted by the SLE treatment.  The crack rates with the com- 
bined treatments are about the same as those for the shot-peened 
specimens. 

In considering the effect of the shot-peening and the SLE treat- 
ment on the compact tension specimen, it should be noted that only the 
outside surfaces were treated; that is, the crack starts at the bottom 
of the untreated notch.  Accordingly, this specimen does not afford 
a good measurement of the effect of these treatments on crack initia- 
tion.  The tests do, however, show the very large influence of the 
surface layer on crack propagation.  In the shot-peened specimens, the 
surface region is under a large residual compressive stress, but the 
dislocation density is high because of the large amount of cold work. 
In comparison, the residual compressive stress is not present in the 
SLE treated specimens, but the dislocation density is low.  Apparently, 
the high dislocation density is more detrimental than the benefit 
imparted by the high residual compressive stress. 
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INTRODUCTION 

If our knowledge of iVitlgue failure processes was well understood, 
then (in addition to many others) we should be able to predict fatigue 
life under a variety of stress, temperature, and environmental condi- 
tions. Furthermore, we shot.Id expect to find methods of improving 
fatigue resistance. Unfortunately, our state of knowledge does not 
permit us to attain these goals at present, and in spite of the efforts 
expended during the past 20 years, our understanding of the mechanisms 
governing crack initiation and propagation has been relatively small. 
This latter is quite evident from the number of theories that have 
been proposed and the amount of disagreement among the investigators. 
It is  generally agreed, however, that fatigue cracks usually originate 
in the surface region. 

Thompson, et al.   (Ref 1), showed that for high-purity metals, cracks 
formed within persistent slip bands. These slip bands form in soft 
metals in about the first 5% of the metal's fatigue life, and cracks 
are found somewhere around 10% of the fatigue life (Ref 2).  In Ref 2, 
Grosskreutz also reported that, for structural-type alloys (2024-T3 
aluminum and 4130 steel), the cracks formed between 60 and 70% of the 
fatigue life in unnotched specimens. In contrast, Kemsley (Ref 3) re- 
ported that persistent slip bands occurred when specimens were cycled 
at low stresses. 

In addition to being related to these persistent slip bands, fatigue 
cracks were also reported to be associated with intrusions and extru- 
sio.is (Ref 4 thru 7).  Thus, we find fatigue cracks forming in high- 
purity metals in both intrusions and in persistent slip bands.  These 
observations, together with the tapered section technique of Wood, et 
al.   (Ref 7 and 8) for observing the cracks, show that the cracks do 
start in the region of the surface. However, because all these pre- 
vious observations were conducted by optical microscopic techniques, 
the underlying mechanism leading to crack formation was uncovered. 

The use of electromicroscopic techniques has also failed to provide 
the required information necessary to formulate a satisfactorily proven 
mechanism for fatigue crack initiation. This is, in part, due to the 
extreme difficulty in detecting an embryonic crack and the extremely 
small areas employed for the observations. It is also generally recog- 
nized that a rather large fraction of the dislocation is lost in pre- 
paring and observing the specimen. Nevertheless, a number of suggested 
mechanisms was advanced. 
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It has been proposed that cross slip, and therefore the stacking 
fault energy, strongly influence surface cracking in fatigue (Ref 9 
and 10).  These conclusions were based on observations of lithium 
fluoride, silver chloride, and sodium chloride, as well as copper ind 
copper-zinc alloys. Later, Nine (Ref 11) concluded from studies of 
single crystals of copper fatigued in torsion that cross-slip was not 
basic to the formation of persistent slip bands, and therefore, to the 
formation of cracks.  It has also been suggested (Ref 12) that crack- 
ing is associated with the geometry of slip band formation, and that 
a crack will form only on systems that produce a slip step.  Investi- 
gators also proposed that cracks were mainly nucleated a:  grain bound- 
aries since the extrusions were insufficient to cause cracks (Ref 3, 
and Ref 13 thru 16).  These latter mechanisms are largely geometric 
in natures.  From the above, it is apparent that there is no general 
agreement concerning the mechanism by which cracks are initiated. 

In further attempts to obtain an understanding of fatigue failures, 
a large number of investigations (Ref 17 thru 26) were conducted on 
cyclic hardening and cyclic softening. When single-phase, well an- 
nealed fee metals were cycled between fixed plastic strain limits, the 
materials hardened up to a given value; further cycling did not increase 
the hardening. Alden and Backoffen (Ref 27) reported that cracks 
nucleate when the hardening reaches this saturation phase. When these 
materials are cold-worked and then cycled, they soften. 

A number of investigations involving the use of thin-film electron 
microscope techniques have also been used to determine the dislocation 
structure resulting from cyclic stressing. For low-stacking-fault- 
energy metals, a planar array of dislocations is usually reported 
(Ref 28); Grosskreutz, et at.   (Ref 29), observed a well developed cell 
structure in polycrystalline Cu/30% Zn.  In high-stacking-energy metals, 
the dislocations are arranged in long, interconnected bands. These 
bands are reported to contain a high density of dislocation dipoles, 

loops, and debris (Ref 30). 

A question naturally arises as to whether the observations made 
with respect to cyclic hardening/softening and to the accompanying 
changes in dislocation configurations in the interior of the specimens 
are related to the fatigue cracks that form at the surface.  It should 
be noted that the fatigue failures occur for specimens that work-harden, 
work-soften, and work-harden followed by work-softening.  Therefore, it 
is difficult to consider a simple functional relationship between 
fatigue failures and cyclic hardening/softening unless one wishes to 
postulate a number of fatigue mechanisms. A relationship between cyclic 
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hardening/softening and fatigue life appears to be even less tenable in 
view of Grosskreutz (Ref 2). Grosskreutz reported "that two halves of 
a specimen failed in fatigue (and containing dislocation cell struc- 
tures) can themselves be tested and exhibit fatigue lives comparable 
to the original specimen." He concluded that "damage" introduced 
into copper during fatigue hardening/softening is harmless and serves 
only to determine the flow stress. 

There does appear to be a relationship between cyclic hardening/ 
softening and surface effects. But when these cyclic experiments are 
conducted, no attempt is usually made to determine whether the harden- 
ing/softening is occurring in the interior, in the surface layer, or 
both; during cycling, the metal is treated as a "uniform" structure. 

It has been reported (Ref 31 and 32) that, for high-purity poly- 
crystalline aluminum and copper, the increase in hardening was due 
practically entirely to an increase in the hardening of the surface 
layer, and that the surface-layer stress reached a maximum at satura- 
tion. Measurements of the activation volume for deformation (Ref 33) 
also indicated that cyclic hardening was associated with the surface 
layer. These latter measurements showed that after cycling between 
fixed plastic strain limits, the activation volume decreased markedly 
(reflecting a large increase in dislocation density). When the surface 
layer was removed from cyclic-hardened specimens of copper by electro- 
mechanical means, the activation volume initially was the same as that 
of the uncycled specimen, but with continued unidirectional straining 
the activation volume values became the same as those of the cyclic 
work-hardened specimens (Ref 33).  It was reported earlier (Ref 31) 
that with further deformation, either in tension or in compression, 
after the surface layer had been completely removed from cyclic- 
hardened specimens, the surface layer stress reformed during the next 
quarter cycle to a value equal to that before the layer was removed. 
In the above experiment, the hardening increased by a factor of about 
3.  It would not be unexpected that for single crystals, or under con- 
ditions wherein the cyclic hardening is very large, that both the in- 
terior and surface layer contribute to the hardening. 

These data also indicate that when the cyclic hardening is pri- 
marily associated with the hardening of the surface layer, the micro- 
structural changes that occur in the interior strongly influence the 
reformation of the surface layer. 

A relationship between the surface layer stress, cyclic hardening 
and fatigue may also be found when specimens are tested in various 
environments. For example, it is known that the fatigue life is 
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greatly increased when specimens a^e cycled a 
When the tests were conducted in vacuum, the 

ing was less than that for specimens cycled a 
(Ref 34) . The surface-layer stress was also 
ilarly, it was shown (Ref 33) that when titan 
were tested in a CH3OH-HCI solution, and copp 
solution, the surface-layer stress is increas 
tion volume is decreased, and the fatigue lif 
decreased. 

t reduced pressures, 
rate of cyclic harden- 

t atmospheric pressure 
found to be lower. Sim- 
ium (6A£/4V) specimens 
er in a Cu^Os^-NlfyOH 
ed markedly, the activa- 
e is correspondingly 

The lack of agreement between electron transmission microscopy with 
observations based on dislocation etch pits, activation volume, and 
surface layer stress appears to be associated with relaxation of the 
dislocations in the surface region.  It is important to note that in 
those experiments wherein thin foils were taken from the surface region, 
the results indicate that the surface layer is "soft" (Ref 35) and has 
a lower dislocation density than the bulk material (Ref 30 and 36).  In 
contrast, when the surface layer of strained specimens is examined on 
the bulk of the specimen using the etch pit technique (Ref 37 thru 39) , 
or by the formation of slip bands as a function of depth (Ref 39), the 
results indicate that the surface layer is "hard" and has a higher dia- 
location density than the bulk material.  These latter observations are 
in accord with changes in the activation energy and activation volume, 
and the decrease in the unidirectional and cyclic work-hardening be- 
havior of metals when the surface layer is removed (Ref 40 thru 42) . 

The existence of a surface layer was first shown in 1963 (Ref 41). 
Later (Ref 43) the surface-layer stress was measured by determining 
the difference in the initial flow stress of strained specimens with 
and without the surface layer. These measurements also indicated that 
the surface layer was hard. 

During a study of the activation volume of polycrystalline aluminum 
(Ref 43), it was found that when a strained specimen was tested after 
an elapsed time, the activation volume increased, indicating a decrease 
in the dislocation density. Later, a systematic investigation of cop- 
per, aluminum, and titanium (Ref 44) showed that at room temperature 
the surface layer relaxed completely in about 50, 4, and 1 hr, respec- 
tively, at 20oC.  In a separate study, the apparent activation energy 
for this relaxation in copper was found to be 3300 cal per mole (Ref 
33); and from the change in strain during relaxation, it was apparent 
that the surface layer contained an excess number of dislocations of 
like sign (Ref 31) .  This low value of the apparent activation energy 
for relaxation of the surface layer was due to a stress, T , acting 

on the dislocation; that is, the activation energy was decreased 
by V*T , where V* is the activation volume, 

s 
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All the above observations show that there is a driving force 
associated with a dislocation gradient in the surface layer that tends 
to move the dislocations out of the surface region.  In addition, the 
surface layer is under a residual compressive stress gradient. This 
compressive stress may be described in terms of the stress fields 
associated with the excess number of dislocations of like sign in the 
surface layer, and is eliminated when the surface layer is removed. 
When thin foils are cut from the surface layer, dislocations will 
glide out to reduce the energy gradient and the dislocation density 
will appear to be lower than that in the bulk.  Electroplating tech- 
niques that attempt to prevent the egress of dislocations are not ex- 
pected to function very satisfactorily when a dislocation gradient is 
present, for unless the electroplating system is operated in a com- 
pletely irreversible manner, metal ions from the cathode will dissolve 
and dislocations will be ..ost.  Barrett and others (Ref 40 and 41) 
have shown that a large numler of dislocations are lost when the outer 
layers were removed from strained specimens.  Furthermore, when a dis- 
location gradient is present, only a relatively short time is avail- 
able to apply any method to prevent loss of dislocations. For example, 
for copper at 2740K, approximately 25% of the surface layer is lost 
within 10 minutes; and for high-purity polycrystalline aluminum, about 
35% is lost in 1 minute.  In addition, because of the compressive stress 
gradient in the surface layer, a bending moment is imparted to the foil 
when it is separated from the bulk material. 

Fourie (Ref 35 and 45) reported that the residual compressive stress 
of his deformed copper crystals was 2 kg/mm2.  From simple beam theory, 
it may be shown that his foils (70 x 2 x 0.06 mm), after removal from 
the surface layer, will have a radius of curvature of 230 mm, and that 
plastic, flow will start in the outer fiber at a stress 50% lower than 
that of a straight specimen.  For his 0.6-mm specimens, a 25% error 
will be introduced. 

In several previous publications the concept was advanced that the 
surface layer greatly influenced the fatigue life of metals (Ref 31, 
and Ref 47 thru 49). This concept was based on the observation that: 
(1) under both constant strain or constant stress cycling conditions, 
the surface layer stress increases; (2) that environments that decrease 
the fatigue life increase the surface layer stress; and (3) that when 
the surface layer stress was decreased or increased, the fatigue life 
was correspondingly increased or decreased (Ref 32, 34, and 50). We 
have also been able to show (Ref 50) that the surface layer stress at 
the root of a notch is much larger than that for unnotched specimens for 
the same strain.  Thus, in a qualitative manner, we found that the 
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fatigue life decreases under conditions that cause the surface layer 
stress to increase and, importantly, vice versa. 

In this investigation, measurements were made of the change in the 
surface layer stress with the number of fatigue cycles on three alloys 
[2014-T6 aluminum, titanium (6A£/4V), and 4130 steel].  Previously 
(Ref 31 and 32), it was shown that when specimens of the aluminum alloy 
were fatigued, the proportional limit increased. However, if the sur- 
face layer was removed after fatiguing the specimens, then the pro- 
portional limit returned to its original value. As a result of these 
experiments, it was suggested that the surface layer, if sufficiently 
strong, could act as a barrier to the movement of mobile dislocations, 
and that cracking could occur in a manner similar to that suggested 
by Stroh (Ref 51) when the local stress associated with a pileup of 
dislocations exceeded the fracture stress.  This implies that the sur- 
face layer stress must reach a critical value before fatigue cracks 
can form. 

During this phase of the contract, it was also decided to rein- 
vestigate the effect of the periodic removal of the surface layer on 
fatigue life.  For the past 40 years or more, it has been common shop 
practice to machine shafts and take other steps to remove "cracks" and 
prolong fatigue life. Thompson, et at.   (Ref 1), in a systematic in- 
vestigation, showed that the periodic removal of 30 p from the surfaces 
of copper specimens prolonged the fatigue life. This effect was at- 
tributed to the removal of persistent slip bands and cracks. 

These types of experiments have also been conducted by many other 
investigators with similar results. Lissner and Moller (Ref 52), as 
well as Hempel (Ref 53), reported that the results of a rotating bend 
test showed that removing 0.1 mm from steel specimens after one-half 
of the fatigue life increased the remaining life of the material. 
Siebel and Stahli (Ref 54), by removing similar amounts at intervals 
corresponding to 40% of the fatigue life, found that the remaining life 
was also greatly extended.  They terminated the tests after the life 
had been extended b^n a factor of 7. 

In the research on copper, persistent slip bands were observed on 
specimens cycled below the fatigue limit.  AS pointed out by Kennedy 
(Ref 55), it might be expected that if the persistent slip bands are 
sources of fatigue cracks, these bands should not be developed at 
stresses below the fatigue limit.  In consideration of the fact that 
a surface layer does exist in the fatigued materials, a question im- 
mediately arises as to whether the increase in life is due to the re- 
moval of the surface layer before a critical state is reached, or to 
the removal of cracks and slip bands. 
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In 'ddition, data are reported on crack propagation rates from 
specimens with and without the surface layer initially. As described 
(Ref 32 and 34^- this technique involves prestressing the specimen up 
to the proportional limit and then eliminating the surface layer. For 
brevity, the technique is referred to as the SLE (Surface Layer Elimi- 
nation) treatment. In this procedure, when the metal is first stressed 
all grains with a "soft" orientation undergo plastic deformation and a 
surface layer is formed. The surface-layer stress is a function of 
strain (stress) (Ref 34, 43, and 44). After eliminating the surface 
layer by chem-milling or by relaxation and subsequently restressing 
the specimen, the surface layer reforms at a much higher stress than 
that required in the original specimens (Ref 39). For example, in 
the 2014-T6 aluminum alloy, by observing the appearance of slip lines 
it was found that plastic flow began in the surface grains at a stress 
of 5000 psi. After prestressing the material to the proportional 
limit (58,000 psi) and noting the formation of the slip lines after 
removing the surface layer, plastic flow and reformation of the sur- 
face layer began at 35,000 psi. At depths less than 0.002 in. plastic 
flow started at higher stresses.  Similar data were also obtained on 
Fe/3% Si and single crystals of aluminum and copper (Ref 39). 
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II.  EXPERIMENTAL APPROACH 

The fatigue specimens used to measure the surface-layer stress and 
to determine the effects of removing the surface layer on fatigue life 
were machined from 5/8-in.-diameter rods of 2014-T6 aluminum, annealed 
titanium (5AÄ/4V), and 4130 steel. These specimens had a diameter of 
0.16 in. and a gage length of 0.30 in. The specimens and alignment 
features used during the cycling were in accord with those recommended 
by Feltner (Ref 56). 

After being machined, the aluminum alloy was stress-relieved at 
250oF for 1 hr; the titanium was stress-relieved at 1300oF in vacuum. 
The 4130 steel specimens were austenitized at 1600oF, oil-quenched, and 
tempered at 800°F.  This resulting product had a 0.2% yield strength 
of 180,000 psi.  Before being tested, all specimens were electrochem- 
ically polished to remove about 0.004 in. to obtain the same surface 
finish. 

The fatigue tests were conducted in an dectrohydraulic machine 
(MTS) in tension-compression. The upper portion of the specimen was 
held in alignamatic grips, while the lower end was embedded in a fix- 
ture containing a low melting point alloy. 

The crack propagation rates were measured under conditions of plane 
stress and plane strain. Compact tension specimens conforming to ASTM 
specifications were used for the latter.  The plane strain specimens 
were 13 in. long and 2 in. wide, and had a through-the-thickness notch. 
For the SLE treatment, strips of the material about 15 in. long were 
first stressed to the proportional limit and then chem-milled to re- 
move 0.005 in. from each side to eliminate the surface layer. The 
specimens, with the exception of the faces, were machined from this 
stock. All notches were put in after the final machining. The crack 
length measurements were made with the aid of a telecope and strobe 
light. 

As reported previously, when the aluminum specimens were stress- 
cycled, the proportional limit increased; and when the surface layer 
was removed after cycling, the proportional limit returned to its 
original value. To reconfirm this observation, the same tests were 
conducted on the titanium and steel specimens.  In all cases the be- 
havior was the same, and it may be concluded that, for the stress 
amplitudes ussd, the "hardening" during cycling was confined to the 
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surface layer. Therefore, the increase in the surface-layer stress due 
to cycling was equal to the increase in the proportional limit. 

The stress-strain measurements were made immediately after cycling 
to minimize surface-layer losses due to relaxation effects. An exten- 
someter was attached to the specimen after the cycling sequence and 
measurements were begun in less than 1 minute. The sensitivity of the 
recording was as follows: 1 in. of chart was equal to an extension of 
0.0005 in. and a load of 250 lb. 

The curves shown in Fig. 1 give an example of the change in the 
load-deformation characteristics after the titanium specimens were 
cycled at a constant stress amplitude of ±80,000 psi. These curves are 
tracings from the recordings obtained from specimens that had the same 
cross-sectional areas. When the number of cycles was increased from 
15,000 to 45,000, the proportional limit increased from 134,000 to 
142,000 psi.  In all cases the curves coincided at the higher strains. 
Typically, the stresy-strain curves for the uncycled and cycled speci- 
mens were the same after a plastic strain of about 0.003. Note that 
in these tests the cycling stress was ahlays  below the proportional 
limit. 

For that portion of the investigation devoted to the effects of 
surface removal on the fatigue life, both aluminum and titanium 
specimens were used. A series of preliminary investigations was first 
conducted to determine the appearance of the slip line in terms of the 
stress and number of cycles. The specimens were cycled and examined 
at a magnification of 1200 for evidence of persistent slip bands or 
cracks.  In the cases chosen for further investigation, the slip bands 
were barely discernible and no evidence of cracks was found. Examina- 
tion showed that removal of less than 0.001 in. Irom the radius was 
sufficient to remove all of the slip markings when examined at 1200 
magnification. 

In addition to the above, etch-pit and crack propagation rate stud- 
ies were conducted on a Fe/3% Si alloy supplied by the U.S. Steel 
Company through the courtesy of Dr. W. C. Leslie. An investigation 
showed that the metallographic observations were best after this ma- 
terial was quenched from 1400oF and aged for 20 minutes at 300oF. 
The center-notched specimens, which were 2 in. wide and 0.60 in. 
thick, were used to measure the crack propagation rate after the above 
heat-treatment. The specimen blanks were cut in the rolling direction 
and then machined to remove any decarburized layers before being heat- 
treated. All specimens were then polished in a chromium trioxide- 
glacial acetic acid solution. The etchants and procedures were the 
same as those recommended by Hahn, et dl.   (Ref 57). 
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2750 lb  (142 ksi) 

2250 lb  (134 ksi) 

Specimen 
Area, 
in.2 

Gage 
Length, 
in. 

Stress 
Amplitude, 
psi 

No.  of 
Cycles 

A 

B 

0.0190 

0.0190 

0.3 

0.3 

80,000 

80,000 

15,000 

45,000 

250 lb 

.0005 in. 1/      0,< 

■ 

Fig.   1    Typical Load-Deformation Curves after Fatigue Cycling 
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III.  RESULTS 

The data presented in Fig. 2 thru 4 give the relationship between 
the increase in the surface layer stress, a , and the number of cycles 

at various stress amplitude. The data may be represented by a linear 
curve.  The asterisks designate the value of the surface layer stress 
at N , where N is the number of cycles required to initiate a propa- 

o       o 
Figure 5 shows N , the number of cycles to failure, as 

r 
gating crack. 

a function of the stress amplitude. As will be discussed later, these 
curves are linear when the data are plotted on a log-log basis. 

The values of N were obtained by periodically examining the cycled 
o 

specimens at 100X and 500X for the formation of propagating cracks. 
Depending on the particular metal and stress amplitude, the examina- 
tion was made about every 2000 to 3000 cycles after some initial period. 
To ensure that the observations were made on propagating cracks, the 
crack lengths were measured as a function of the number of cycles with 
a graduated ocular lens. The extrapolation of the crack size data to 
zero length also aided in determining the value for N . 

From the intersection of the 0 curve at N , it is apparent that 
s o 

for all three materials propagating cracks are initiated when the sur- 
face-layer stress attains a critical value independent of the stress 
amplitude. These values are 11,000, 12,000, and 19,000 psi for the 
4130 steel, 2014-T6 aluminum, and titanium (6AJi-4V), respectively. 
These particular values of the surface-layer stress were obtained by 
dividing the increase in the load by the entire cross-sectional area. 

The depth of the surface layer has been reported (Ref 39) to be 
about 0.002 in. for 2014-T6 aluminum strained unidirectionally.  If 
this depth is used, then the barrier strength. is approximately 

40 times greater; i.e. ^ 40 o 

The ratio of N / N^ was also measured to determine3, 
o / F 

hether it 

varied with the stress amplitude.  The materials used let  these tests 
were the same, except for the 4130 steel, as those used .n Fig. 2 and 
3.  A typical set of data relating the increase in crack length for the 
4130 steel with the number of cycles at various stress amplitudes is 
shown in Fig. 6.  The values of N 

./"i 
as a function of stress ampli- 

tude for the three metals are given in Fig. 7.  It is seen that, over 
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the stress amplitude employed, this ratio is independent of the stress 
amplitude. The average values are 0.7 for 2014-T6 aluminum and 4130 
steel (YS = 180.000 psi) . and 0.95 for the annealed titanium (6A£-4V) 

It was of interest to determine if the surface-layer stress was 
changed by cycling at stresses below the endurance limit.  Accordingly 
Sr!^enon0f f6 aluminum were cycled 107 times at a stress amplitude 
of ±15,000 psi. and specimens of the titanium alloys were cycled up to 
6 x 10* times at ±75.000 psi. No change in the surface-layer stress 
could be detected after these cycling periods.  This indicates that 
below the endurance limit the surface layer does not increase (or at 
least increases very slowly) during stress cycling. 

The effect of periodically removing the surface layer on fatigue 
life is presented in Fig. 8 and 9 and in Table 1.  In these experi- 
ments the specimens were fatigued for various amounts, AN. and then 
the surface layer was removed by chem-milling 0.006 in. from the diam- 
eter. This process was repeated until the final diameter. D , was 

reached. Then, to determine whether the specimens suffered fatigue 
damage, they were cycled to failure after the final removal of the 
surface layer. The number of cycles required to fail the specimens is 
designated as N . fCH-xmeua is 

The detailed sequences used are given in Fig. 8 and 9. where the 
X represents the average number of cycles to failure for the uninter- 
rupted tests, and 0 denotes the sequence employed in removing the sur- 
face layer. After each cycling period the entire surface of the speci- 
men was carefully examined at 1200 magnification.  No persistent slip 
bands or cracks were detected.  The slip bands were faint and barely 
discernible at this magnification. 

Figures 8 and 9, and Table 1 show that when the specimens were 
cycled less than about 50% of their normal life at the stress ampli- 
tudes that were employed, and when the surface layer was removed 
fatigue failures did not occur. This behavior might have been ex- 
pected in view of the work of others (Ref 1. 52. 53. and 54). However 
in these experiments the conditions were selected so that persistent 
slip bands or cracks did not form. These new data, therefore, indi- 
cate that the persistent slip bands represent a later stage of damage 
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Table 1      Extension of Fatigue Life by Removal of Surface Layer 

Specimen 
Number ksi 

NF 
AN 

N 

NF NT NP in. 

Titanium (6A£-4V) 

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 
i  

38 25 95,000 50,000 0.53 500,000 150,000 0.598 

41 40 12,000 6,000 0.5 60,000 56,000 0.489 

p 
w   ' 
■ 

K 

To further investigate this hypothesis, a number of tests were con- 
ducted on the titanium and aluminum alloy specimens by fatiguing them 
for about 30% and 50% of their expected life, respectively, and remov- 
ing only 0.001 in. from the radius between cyclic periods. This amount 
of removal was sufficient to remove slip band markings (at 1200X), but 
not the surface layer.  In this case, only about a 30% increase in 
fatigue life was noted. It should also be stated that romoving 0.010 
in. from the diameter gave the same results as those obtained by re- 
moving only 0.006 in. 

These results are in agreement with the conclusions reached by 
Grosskreutz (Ref 2) to the effect that cycling copper specimens did 

not produce damage in the unbroken portions. The data in Table 1 show 
that after the prolonged fatiguing and surface-layer-removal treat- 
ment, the residual fatigue resistance was unaffected.  In fact, the 
number of cycles for failure, N , was always larger than that required 

to fail the specimens in the uninterrupted test.  That is, N ^> N , 

even though the specimens were cycled 5 to 10 times their normal life. 

75 

rriniii ■ IM-M«—rn ■    "- HUiHl «« 



l»»WW«B'TW'™i^^ 

The effect of the surface layer on crack propagation is shown in 
Fig. 10 thru 12; the data for 2014-T6 aluminum (Fig. 10) were obtained 
from compact tension specimens 1 in. thick. As previously described 
some of tne tests were run with specimen that had been prestressed to 
the proportional limit (58,000 psi) and for which the surface layer 
had not been removed, whereas for the SLE specimens, the surface layer 
was removed by chem-milling 0.005 in. from each face.  It is quite 
apparent that the crack propagation rate of the prestressed specimen 
(which initially had a high surface-layer stress) is much higher than 
that of the untreated specimen. However, when the surface layer was 
removed, the crack propagation rate was much smaller than that of the 
untreated specimens.  In addition, for the SLE-treated specimens, the 
r^n0^  f recIuired to initiate die crack increased from 100,000 
to 250,000 cycles.  Because there is a very small amount of plastic 
deformation imparted by prestressing to the proportional limit, a small 
compressive residual stress may be expected in those specimens that 
were not chem-milled after the prestressing treatment.  This small 
compressive stress would not be expected to have any major effect 
Moreover, the effect of the compressive stress—if any—would be to 
decrease the crack propagation rate, but the opposite effect was 
noted. 

The effect of the surface layer on the crack propagation in 
titanium 6A£-4V is shown in Fig. 11.  For the SLE treatment the 
specimens were stressed to 110,000 psi. the proportional limit.  To 
aSS<f^ ^  effeCt 0f over-stressing, specimens were also stressed 
to 130.000 and 133.000 psi.  A comparison between the crack propa- 
gation rates. da/dN, in terms of the change in the stress intensity 
AK. for the untreated and the SLE-C treated specimens again shows 
that eliminating the surface l^yer decreased the crack propagation 
rate.  At the higher A.: values, the surface layer tends to reform 
and. as may be expected, the two curves. A and B. tend to coincide. 

Comparing these two curves with two other curves (C and D) obtained 
from the overstressed specimens shows that large amounts of plastic 
strain have a very detrimental effect on crack propagation resistance 
even when the surface layer is removed. We suspect that this decrease 
in the crack propagation rate may be associated with ruptures at in- 
clusion-matrix interfaces that might produce local free surfaces and 
possibly unpin dislocations from precipitates. 
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Legend: 

o Untreated 

□ 110- -ksi Prestress (SLE-C) 

O i so- -ksl Prestress 

A las- -ksi Preatress 

t No Crack Propagation 

1 1 
7       9      11      13      15      17 

Change in Stress Intensity Factor, AK, ksi /in. 

11    Craok Propagation Behavior of Titanium (6AI-4V) under Plane 
Stress Conditions,  Center-Cracked Speaimens 0.067-in.  Thick 
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Fig.   12    Cvaak Propagation Rate of Fe/3% Si under Plane StreeB Conditions 
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As previously discussed, the possibility that the large amount of 
plastic strain may precondition the rate of formation of the surface 
layer stress at the crack tip should not be discounted (Ref 31 and 32). 
Similar effects were found when 7075-T6 aluminum was overstressed 
small amounts.  In this case, additional aging for 1 hr at 250oF after 
the prestress restored the fatigue resistance (Ref 32). 

Additional evidence for the detrimental effect of the surface layer 
was found through an etch-pit and crack propagation investigation of 
Fe/3% Si alloy.  The data presented in Fig. 12 compare the relation- 
ship between the crack propagation rate and the change in stress in- 
tensity factor, AK, for the SLE-treated and untreated specimens of this 
alloy. 

The SLE-treated specimens were stressed to 50,000 psi (proportional 
limit) and the surface layer was removed by polishing 0.005 in. from 
each surface with the chromium trioxide-glacial acetic acid solution. 
Dislocation etch pits did not form during this polishing operation. 

Figure 12 shows that the elimination of the surface layer ini- 
tially increased the crack propagation resistance. At the low AK 
values, the improvement is about a factor of 2.  (Similar to our other 
results, the two curves tend to meet at the high AK values.)  The num- 
ber of cycles required to initiate cracking increased from 290,000 to 
400,000 for a stress amplitude of 6250 to 25,000 psi (R = 0.25). 

The micrographs in Fig. 13 show the difference in the dislocation 
density in the vicinity of the crack.  These micrographs were obtained 
as a function of depth from ♦•he surface of the fatigue specimen after 
the crack had propagated to a length, 2a, of 0.47K3 in.  This corres- 
ponds to about 490,000 and 700,000 cycles for the untreated and SLE- 
treated specimens, respectively.  For these micrographs, the specimens, 
after cycling, were etched after removing 0.001, 0.003, and 0.006 in. 
from the surface through the use of 1 p diamond paste. 

it  should be apparent that the dislocation etch pit density in the 
uncracked portion of the untreated specimen is greater than that for 
the SLE-treated specimens.  Furthermore, for the untreated specimens 
the dislocation density decreases  with the distance from the surface, 
while for the SLE-treated specimens, the dislocation density was es- 
sentially constant with depth. 
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(a)     Ax = 0.001  in. (d)    Ax = 0.001 in. 
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(b)     Ax = 

(c)     Ax = 0.006  in. 
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(e)     Ax = 0.003 in. 

(f)     Ax = 0.006  in. 

i   1 

Fig.   13    Dislocation Density as a Function of Depth>   bx,  in Vicinity of 
Crack in Untreated  (a,  h,  a) and SLE-Treated  Cd,  e, f) Fe/3% Si 
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IV.  DISCUSSION OF RESULTS 

As seen from Fig. 2 thru 4, a linear relationship exists between the 
surface layer stress, a , and the number of stress cycles.  A cross 

plot of these data gives the slope as a function of the stress amplitude 
(Fig. 14).  For the aluminum and titanium, as well as for the 4130 steel, 
a linear curve is obtained when the log of the slope is plotted against 
log a, where a is the stress amplitude. Accordingly, 

k a 

where S 

[1] 

d a 
c 

w 
and from Fig. 2 thru 4, 

0 = SN, 
s 

or 

[2] 

a = S N , 
s     o' 

[2a] 

where a is the surface layer stress at N . 

From Eq [1] and [2a] 

* . b 
[3] 

where b = — . 
P 

Equation [3] implies a linear relationship between log a and log No. 

The relationship for fatigue failure, N^., and stress (Fig. 5)  conform 

to this relationship and is in accord with Basquin (Ref 58).  Using the 
data from Fig. 2, 3, 4. and 14, as well as Eq [3], It can be shown that 
N and N have the same stress dependence.  In particular, 
o     P 
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Fig.   14    Relationship between Slope and Stress Amplitude 
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1)  For titanium (6A1-4V) 

„ „  in-17 3.5 
= 2.2 x 10   a 

5  -0.3 
a = 4.2 x 10 N o 

a = 10 Np 

2)  t'or 2014-T6 aluminum: 

-19 4 S = 4.8 x 10 ^ a4 

a = 4.0 x 105 N 0•25 o 

a = 4.3 x 105 N ~0,25 
r 

3>  For 4130 steel: 

-35 7 
S = 2.79 x 10   a' 

a = 3.26 x 10 N o 

a = 4.48 x 105 NF"
0"14 

[4] 

[4b] 

[4c] 

[5] 

[5b] 

[5c] 

[6] 

[6b] 

[6c] 

It is also of interest to note that the linear addition of the curves 
in Fig. 2 thru 4 leads to a cumulative damage rule similar to that pro- 
posed by Miner (Ref 59).  If the fatigue damage to initiate a propagating 
crack is represented by D, then 

D = 

and a crack will be initiated when 

[7] 

[8] 
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or from Eq [2] and [2a] when 

^No   ^ [9] 

This suggests that deviations from the linear cumulative rule may be 
measured by the changes in the surface-layer stress as a function of 
prior cyclic history. 

In considering fatigue process it is usually informative to consider 
both the initiation and propagation phases.  In view of Fig. 5 and 
Eq [4] thru [6c], we may write 

NF = No + Np = K1 a 

1 
b 

[10] 

where Np is the number of cycles required to propagate the crack to fail 
the specimen.  Since No and Np have the same stress dependence, 

N = K a 
o   o [11] 

Np-Kp 

and 

1 
b 

12] 

N K 

KP + Ko 
= constant. [13] 

Equation [13] is in agreement with the data presented in Fig. 7, 

The experimental data in this investigation lend support to the con- 
cept that fatigue failures originate primarily in the surface layer.  In 
particular, it was shown that propagating fatigue cracks form when the 
surface-layer stress attains a critical value.  Support for the relation- 
ship between the surface layer and fatigi;e may be found in the series of 
experiments that showed the fatigue life is not  extended when only slip 
bands are removed—the removal of the surface layer was also required. 
Additional support is provided by noting that decreasing the initial 

i 
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value of  the  surface-layer stress decreased  the crack propagation rate, 
and that,  vice versa,   the crack propagation rate increased under environ- 
mental conditions  that increased  the surface-layer stress. 

The process  may be described in  terms  of  Fig  2  thru 4,  where it was 
shown that  the  surface-layer stress  increased with  the number of cycles. 
In short,  any procedure that removes or decreases  the surface layer- 
either by physical,   chemical,  or  thermal means—merely increases  the num- 
ber of  cycles  required for the surface layer  to  reach a critical value. 
The extension of  fatigue life will depend on  the amount of  decrease in 
the surface-layer stress and  the number of   cycles before removal of  the 
surface-layer  stress.    When cracks  are present,   it will be necessary  to 
remove both  the  crack and the surface layer at  the root of  the crack. 

The observed  results suggest  that  the surface layer tends  to act as 
a barrier  to  support an accumulation of  dislocations  that behaves similar 
to a "pileup"  array.     Fracture models  in  terms of  linear arrays of dis- 
locations,  have been treated by Stroh  (Ref   51),  Zener  (Ref  60)     and 
Cottrell  (Ref  61).     The evidence that  the  surface layer can affect  frac- 
ture behavior may also be found in an investigation concerned with the 
ductile-brittle  transition temperature of molybdenum (Ref  62).     In that 
investigation,   the surface layer was  continuously removed electrochemi- 

cally at  a rate of  6 x 10"4 in.  per minute while the specimens were de- 
formed.     As  shown in Fig.   15  (presented here  for convenience),  the 
ductile-brittle  transition temperature was  decreased 15 C by removing 
the surface layer.     The temperature increase due  to  the electrochemic^x 
heating was  only 0.5oC.     In comparison,   changing the strain rate by a 
factor of  100  decreased  the transition temperature 25 C. 

In those earlier studies, it was considered that the decrease in the 
ductile-brittle temperature may be explained in terms of the ^crease in 
the barrier strength of the surface layer resulting from the electro- 
chemical removal. Similarly, we propose that during fatigue cycling the 
barrier imposed by the surface layer increases m strength ^11. in the 
region of the slip bands near the surface (surface layer), the stress 
field from  the accumulation of dislocations  of  like sign exceeds  the 
r^cture strength.     At  this point a crack will  form    ^llfstrJsses' 

propagate  a small distance until it reaches  a region where the stresses 
areTess  than  the  fracture strength.     The ^stance traveled depend on  the 

gradient of  dislocations  in the surface  layer and the applied stress. 
Cin Ve next  cycle(s)   the crack propagates because  the - ace laye 
stress  in  the  front  of  the crack increases  very  rapidly.     Environmental 
e facts Ly be explained simply in terms of   their influence on the rate 
of  formation of   the surface-layer stress.     That  is    as  explained earlier, 
conditions  that decrease the surface-layer  stress   (such as vacuum) 
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increase the fatigue life, while conditions that increase the surface- 
Vl t?**8  decrease the i^igne  life [e.g., CH,0H-HC1 for titanium, 

and CuN03 +  NH OH for Cu (Ref 34)]. Any procesAhat reduces the su 
layer-such as annealmg, chem-milling, etc-should extend the fatigue 
lire. 0 

rface 

s^ 

a 

u 
CO 
M 
Ö o 
H 
W 

30 r 

20 

10 - 

240 
X 
260 

Temperature, 0K 
280 

Removal Rate, 
in./minute 

6 x 10" 

-J 
300 

Fig.  15    Effect of Removing Suvfaae Layer on the Duotile-Brittle 
Tmns%Uon Temperature of Molybdenum  (from Ref 9) 
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V.  SUMMARY 

l  The surface-layer stress was measured as a function of the number of 
stress cycles for 2014-T6 aluminum, annealed titanium (6A1-4V). and 
4130 steel. The data show that a propagating fatigue crack forms 
when the surface-layer stress attains a critical value. 

2.  From the relationship of surface-layer stress, fatigue life, and 

stress amplitude, it was shown that 

a = 

For the materials employed, it was shown ^at extending he fat gue 
life by surface removal techniques requires the elimination of the 
surface layer.  Removing only slip bands is not sufficient. 

Crack propagation resistance and fatigue life may be Increased by 
decreasing or eliminating the initial surface-layer stress. 

A model for fatigue failure is suggested. We propose ^at the sur- 
face laver acts as a barrier to cause an accumulation of dislocations. 

the formation of the surface layer. 
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1400 Wilson Blvd. 
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ATTN:  Program Management 

Department of the Navy 
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Supervisor of Metallurgical Division 
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