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{: ABSTRACT

i

{Q The effect of the surface layer on the mechanical
o behavior of metals is discussed. There is a considerable
AR body of experimental evidence to show that, even in uni-

:} axially deformed specimens, the work hardening is not

uniform throughout the cross-section. Rather, the work
. hardening characteristics of a surface layer that extends
‘8 approximately 100 ¥m differs considerably from the work

“

- hardening characteristics of the interior. The surface
DN layer is shown to have a very large influence on the stress-
::{ strain behavior as well as the creep, fatigue and stress-
- corrosion resistance. The effect of the surface layer on
\ the activation energy and activation volume is discussed.

The experimental evidence on polycrystalline metals indicates
g that in high and low temperature creep, fatigue, stress

. corrosion and tensile deformation, the dislocation sources

= near free surfaces operate at lower stresses and more profusely
than those in the interior.

{f: - As measured by X-ray diffraction line profile analysis,
0 the dislocation density in the surface layer, pg, and in
{{- the interior, b}, increases during fatigue cycling and
:ff . stresscorrosion exposure. However, pg >pi up to fracture;
- at fracture pg=pj. The ratio pj/p may be used as a
‘_J measure of fatigue and stress—-corrosion damage. During
31. high temperature creep, T>Ty,/2, and pg>p;i; however, pgq
ﬁf increases with creep stfain while p; remains constant.
:3 SThe influence of environment on the mechanical behavior
SO appears to be associated with surface layer Hostile
— environments that cause decrease in crack prgpagation
) also increase the dislocation density in the surface layer.
N
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Metric to U.S. Customary Conversions

1 centimeter (cm) = 0.3934 inches (in)
1 MegaPascal (MPa) = 1.89 x 106 pounds/square inch (psi)
Temperature, degree celsius (°C) = 0.555 (°F-32)
1 Joule (J) = 4.190 Calories (Cal) i
1 Newton (N) = 1072 dynes (dy)

;T 1 MegaPascal (MPa) = 1 Newton/square meter
1

mm Hg = 1 Torr
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INTRODUCTION
The Goal of Research is "Truth,” but "Truth”

4
<4

.
L

is not Invariant, it is a Series of Paradigms

In basic and applied investigations relative to the plastic deformation and

fracture of materials, it is important to consider the role of the surface layer.
& It is quite clear that the generation and mobility of dislocations in the region

of a surface can exert a major, and sometimes a controlling, role in fatigue, creep,

and stress-corrosion cracking, as well as on the plastic flow behavior of metals in
i general. 1In early investigations, it was generally believed that the surface
itself or the oxide films on the surface affected the resistance to plastic flow.
The earliest work on the effect of thin films of oxide on the mechanical behavior of
metals seems to be that of Roscoe,l who in 1934 found that an oxide film less than
20 atoms thick on cadmium crystals increased the initial flow stress by 50%. An

increase in the thickness of the oxide film to approximately 1200 atoms increased

PRI M M

this stress by nearly 100%. Later a number of other investigators studied the
effect of oxide coatings. Cottrell and Gibbons,2 in confirmation of Roscoe's
results, reported that the presence of a thin oxide film on cadmium crystals free
from nitrogen increased the critical resolved shear stress from 12 to 30 g/cm.2
Harper and Cottrell3 obtained similar results on zinc crystals that had beer
oxidized with steam. Takamura® determined the behavior of aluminum crystals with

different thicknesses of oxide films. According to these results, the critical

resolved shear stress changed from 76 to 174 g/mm2 when the oxide thickness was

increased from 100 A to 500 A .
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(‘ ) In 1932, Gough and SOpwith5 reported that the fatigue life of metals was
:f increased when the tests were conducted at 1073 torr. The endurance limit of
;i: lead was more than doubled, and for copper and brass it was increased 13% and 267,
;; respectively. The increase in the fatigue life was found to be associated with a

. reduction of oxygen and water vapor.6’7 Wadsworth,8 confirming these observations, T
Eﬁ found the fatigue life of copper and aluminum was increased by a factor of 20 and
;; 10, respectively, but the fatigue life of gold was unaffected. The effect of

;' reduced pressure on the fatigue behavior of aluminum was reported to be associated
}\4 with a decrease in the rate of propagation of cracks, but the number of cycles re-
’5: quired for the initiation of cracks was the same whether the specimens were tested
:E& in vacuum or in air.9 Snowden,m’11 with Greenwood,12 found that the surface of the
~fj lead specimens cycled at 5 X 10-3 torr had, in addition to an appreciable increase
b in fatigue life, a much greater number of slip markings and deep furrows than those
-Zi cycled at atmospheric pressures. Apparently, a large number of incipient cracks

':e developed but failed to propagate.

:3 ' In 1936, Rehbinderl3 reported that surface-active agents exerted a large effect
‘\ on the mechanical behavior of single crystals. Rehbinder and associatesl4~18 re-
;: ported that the creep rate was increased and the yield strength was decreased when
;: specimens were deformed in nonpolar solutions containing polar molecules. The

’: weakening effect of the surface-active agents orcurred over a restricted range of

_ compositions that appeared to be dependent on the metal and the specific polar

gj molecule involved. An example of the influence of concentration on the plastic

:5: deformation of single crystals is shown in Figure 1. These investigators suggested
:é that the weakening effect was caused by a decrease in the surface energy associated
’l; with the adsorption of the polar molecules. This topic will be discussed in more
. detail later.

A SURFACE LAYER

- The existence of a surface layer that has been work hardened to a different

»i: degree than the bulk material has been satisfactorily demonstrated by mechanical

?i measurements, by X-ray diffraction measurement, and by electron transmission

:;i obgservations. 1In early work the existence of a surface layer was shown by noting
g the change in the mechanical behavior of single and polycrystalline metals when

»

the surface was removed continuously by electrochemical polishing during the

. i
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e
.;‘ tensile deformation and by noting the decrease in the stress at which plastic strain
% was initiated after the surface layer was removed from previously strained
:S specimens.mv20 The data in Figure 2 demonstrate that the change in the work harden- §
‘i: ing was caused by removing the surface layer at various rates. The work hardening 3
o decreases with the rate of metal removal., The curve for Figure 3 is typical of )
o specimens that are strained and the surface layer removed before restraining. As
:2 shown, the initial flow stress upon reloading is less than of the unloading stress.
= The difference between the unloading stress and the stress at which plastic flow 5
begins after the surface layer is removed in terms of Kramer's high work-hardening )
|- surface layer concept is defined as the surface layer stress. According to
iz Kramer,21=23 the surface layer stress is defined as the additional stress that must
Ez be applied because of the additional work-hardening in the surface layer.
N Some of the earliest observations of the surface layer were by T. SuzukiZ%4 and j
. Mendelson25 on KC1 crystals using a birefrigement technique. For these uniaxially *
': strained crystals, the birefrigement was largest at the surface and decreased
:F gradually with distance from the surface. At a depth greater than about 50 u m the
A amount of birefringement remained constant. X-ray observations have also been used T
“ to investigate the work hardening in the surface layer. Sumino29 and Kramer26 using
:: Laue back reflection X-ray techniques for single crystals of iron and aluminum,
i respectively, strained in Stage II found that the spots broadened. However, when the
5 surface layer was removed by electropolishing the spots became very sharp, indicating
> that there is a higher dislocation density in the surface region than in the
:1 interior. From etch pit measurements, Kitajima27 reported that the dislocation
al density of strained copper single crystals was highest at the surface and decreased
:? to a constant value after a depth of about 50 to 100 um. In contrast, Block and
N Johnson,28 ostensibly using the same technique as Kitajima, reported that the dis-
is location density was uniform through the cross section of strained copper crystals.
;E Again, in contrast, Vellaikal and washburn2? found by etch pit measurements on
l: polycrystalline copper that the dislocation density was higher at the surface region
4: than in the bulk. At low strains, only the surface grains were deformed, and these
: authors concluded that the initial dislocation sources activated were at or near the
fz surface and not in the interior. Using an Fe-37 Si alloy strained 1.0% and 1.5%,
3 Kramer and Balasubraminian,30 noted that the dislocation etch pit density decreased
: with distance from the surface and after a distance of ahout 100 pm, the density was
:2 constant. Accompanying these dislocation density pit measurements were observations X
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( of the reappearances of slip bands as a function of stress reapplied after the re-
moval of various amounts of metal from previously strained specimens. 1In this case,
X the threshold stress as measured by the appearance of the slip bands decreased with
X ) distance from the surface and was constant after about 125 um (Figure 4). These
observations also indicated that dislocation sources were at or near the surface.

As will be discussed in more detail later, caution must be exercised in drawing
conclusions derived from direct observations of the dislocations within the surface
layer by transmission electron microscopy (TEM) or etch pits. These observations can
= be misleading because of the rapid recovery of the surface layer. This recovery or
loss of dislocations occurs in large specimens and certainly in thin films required
for TEM observations.

Transmission electron microscopic ohservations have been made by a number of

Al e

investigations on pure iron,31 on Fe-3.2% Si,32 and on aluminum single crystals.33
In general a higher dislocation density in the surface layer than in the interior
has been reported. However, Swann34 reported that the dislocation arrangement and
v density were the same as those in the interior of strained copper crystals; Fourie3>
and Mughrahi36 reported that the arrangement of dislocations near the surface was
characteristic of Stage I deformation and the interior arrangement of Stage II
deformation. 1In contrast, Vol'shakov and orlov32 strained specimens of Fe-3.2% Si
to 0.5% and 1.0% and reported that the surface layer contained long, fairly straight
dislocations as well as short segments inclined at an angle to the foil surface. No
jogs or prismatic loops were observed and the Burgers vectors of the dislocation had
the same sign. The interior contained a large number of extended dislocation loops
as well as iandividual dislocation segments of edge or mixed orientation. The exist-
- ance of a large number of prismatic loops in the interior indicated to these investi-
gators that the dislocation had traveled a comparatively long path in the crystal,
,: and they concluded that plastic flow originated at the surface or close to it and
extended into the depth of the crystal.

Goritskii et al.3l made TEM observations on metals in which the dislocations are
strongly pinned. They used commercially pure iron fatigued at 20° and -195° C at a
stress amplitude above and below the yield stress. They reported that for the 20°
fatiguing treatment the dislocation density in the surface region is much greater

than that in the interior. 1In the surface region the dislocations formed a dense

-4 GRS IR £ LN

concentration characteristic of a fine mesh structure. 1In the interior the disloca-

tions array is also nonuniform but are more "crystallographic.” At low temperatures

il b ¥ ]

-

\‘"..‘-'.\(-.:S'.'n"."'-s"\(\'.\ LR \.\. .\ (GUARA TN $4 $.$. AN e

" "" Ll

AL
'

Kl

-
A eoinbintias

d

o e .

e P
PO P

TeTe s v R
aacd

L B
IR NN




o it AR S e B e g R R Rt A B ety S ST B g i Gr R A il St A 2 RENERAE TP N e I
i B P R - . . D - . . - .
LR

(-195° C) the difference between the surface region and the interior dislocations
array increases. In the interior, long straight isolated sections and narrow dipoles .
of screw dislocations are found. 1In the surface layer region, the dislocation arrav

is somewhat similar to that observed at 20° C. These observations are in ayreement
with those of Chodkowski and Well.37

While most of the information cited above tends to support the concepts that
the surface layer work hardens to a greater extent than the interior, Fouric 38,39
reported that the surface layer work hardens to a lesser extent. This conclusion is
based on the comparison of the flow stress of specimens about 600 um thick that had
been cut from a strained single crystal of copper. He reported that the critical
resolved shear stress of the specimens taken from the surface region was lower than
that of specimens cut from the interior. The depth of the soft layer was reported
to be 3000 um. Nabarro*0 discussed the evidence and models for the hard and soft

layers in a review paper and so this topic will not be covered here.

SLIP BAND OBSERVATIONS

The influence of removing the surface layer during plastic deformation to de-
crease the slope of the stress strain curve appears to he associated with the removal
of dislocation barriers at the surface rather than the generation of surface sources.
If surface sources are the dominating factor it is expected that the slip bands of
specimens deformed while being electrochemically polished would be more closely
spaced and narrower because new surface sources would be generated continuously.
It could be argued21 that when a source stops operating because of the back stress
imposed upon it more sources could be made available by the removal of the surface
layer. On the other hand, if the operation of a nearsurface source is impeded by
the build-up of dislocations between the source and the surface, then it follows

that the back stress imposed by the dislocations is reduced by the surface removal

operation. The data in Table 1 seem to favor the concept that near-surface sources

operate rather than the concept that more surface sources form.
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TABLE 1 - COMPARISON OF SLIP-BAND SPACING OF ALUMINUM
SPECIMENS WITH AND WITHOUT SURFACE REMOVAL DURING
DEFORMATION [From Reference 21.]

Temperature 3°C; £ =107 sec”l; R = 35 X 107 5 in/min

Surface Removed Surface Not Removed

Shear Shear
Strain, Bands Strain, Bands
-Stage A per cm Stage % per cm
I 1.37 50 1 0.58 104
IT 2.0 100 11 1.73 608
II 3.4 340

These data from strained single crystals of high purity aluminum show that the slip
bands are more widely spaced and broader for specimens pulled while the surface is
removed than those strained without the removal treatment.?2! Later Latanision and
Staehle#l observed similar effects on nickel single crystals. The investigators
observed that on nickel crystals which are continuously electopolished during

deformation, the slip lines are also deep and widely spaced.

X-RAY INVESTIGATIONS

The surface layer has also been studied by X-ray diffraction. It is well known

that the integral breadth or half width of a diffraction peak increases with an
increase in the dislocation density. According to Hirsch,42 the relationship

between the excess dislocation and the integral breadth or half-width B, assuming a
random distribution so that there is a 50 % change for two dislocations of the same

sign being adjacent to one another, may be written for the upper limit as:

p = B2 (1)

where p is the dislocation density of one sign (excess dislocations) and b is the

magnitude of the Burgers vector. The data in Figure 5, obtained from an X-ray double

crystal diffractometer, show the distribution of excess dislocations p with depth
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from the surface of single crystals of aluminum, silicon and gold.43 The p values
as a function of depth were determined after electrochemical removal of portions of
the surface layer. The distribution of dislocations in these uniaxially strained
specimens appears to follow an exponential relationship proposed by Belykh et al, %4
These investigators reported that for Na and K chloride crystals with ground

surfaces the dislocation-depth distribution was:
In[(px/pi)-11 = In[(pg-pi)-1]-kx (2)

where pg is the dislocation density at the surface, pj is the constant dislocation
density established in the interior, and x is the distance from the surface. The
dislocation-distance distribution (Figure 6) of the strained gold, aluminum and

42 The slope, k, of the curves is equal

silicon crystals follows this relationship.
to a value of 2.8 X 10%m~1. Belykh et al.44 reported k values of 3.9 X 104 and

1.7 X 10% for two NaCl crystals., This relationship describing the exponential
distribution of strained metals appears to be valid for a number of metals. On

the basis that o a pl/2 a calculation of p from the surface layer stress-depth
profile led to k value ranging between 2 to 3 X 104m~1  for aluminum single crys-—
tals, Fe - 3% Si, Armco iron and the initial portion of fatigued 2024 aluminum
alloys. 1In all these cases, the k value remained fairly constant while the

intercept at x = 0 increased with strain. The data in Table 2 give the k values

and the intercept for several metals.

In viewing the surface layer conceptually, it is unlikely that the layer covers
the specimen uniformly, similar to a banana skin. Rather, the amount of work harden-
ing varies according to the orientation of the surface grains and its neighbors.
Further, a surface layer should form at any free surface as in the case of a void or
at an inclusion interface that may be at an internal site. Further, it is expected
that the work hardening in the surface layer would be quite different in the vicinity

of the grain boundaries than in the interior of the grain.
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TABLE 2 - DISLOCATION DENSITY - DEPTH RELATIONSHIP
ACCORDING TO EQUATION 2

) Metal Strain k(10%m) — Intercept  Reference
5 Au (S.C.)* 0.03 2.8 49
Al (S.C.) 0.075 2.0 0.41 22
j Al (S.C.) 0.21 2.0 0.89 22
Al (s.C.) 0.01 2.8 43
; Armco Fe 0.036 to 2.3 -———- 45
‘\ 00195
N Fe-3% Si 0.01 3.0 5.0 30
-V
o Si(S.C.) 0.06 2.8
5N
- 2024 (Fatigued) 3.0 3.5 43
i: *Single crystal
-
A"
\ RELAXATTION OF SURFACE LAYER STRESS ‘
A The surface layer is often not stable and can relax rather rapidly even at room ;
o™ _*
‘2 temperature for some metals. 1In these cases unless the dislocations in the surface {
{ .
: layer are strongly pinned, relaxation can occur at relatively low temperatures.%v46 b
) The rate of relaxation of the surface layer may be measured by determining, as a q
.: function of time, the difference Ao between the unloading stress and the initial N
:: flow stress upon reloading. 1t was found that the value of Ao after complete -
' K
o relaxation was equal to Ao measured by the surface layer removal method. 26,46 During g
hd the relaxation period, the length of the specimen changed in a direction opposite to f
: that of the initial strain: when the specimen was pulled in tension, it shortened
A
: during relaxation; when the initial strain was compressive, the specimen lengthened
o during relaxation. These observations indicate that an excess dislocation of one
¢ sign is present in the surface layer. An interesting observation concerning the !
. relaxation of the surface layer is that upon reloading after eliminating the surface -
: layer, the stress-strain curve always joins that of the extension of the original K

Mus’s

stress-strain curve. 1f, however, the temperature is high enough to cause relaxation
in the bulk material, the stress-strain curve upon reloading falls below the exten-
sion of the initial portion of the stress-strain curve. This relaxation behavior is

the same as that for ortho and meta recovery reported by Cherian et al.4’
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The rates of relaxation of the surface layer stress, plotted on a log-log basis,
for aluminum, copper, and titanium (6A1-4V) are shown in Figure 7.8 1t is seen
that complete elimination of the surface layer may occur in relatively short times.
The surface layer relaxes completely in high purity polycrystalline aluminum in
about 4 hr, and in approximately 1 hr for titanium (6AI-4V) and 50 hr for OFHC copper
(Figure 7). 1t should be reemphasized that failure to take into account the rate of
relaxation of the surface layer can lead to erroneous observations in experiments
concerned with dislocation distribution as a function of depth from the surface and
in other experiments involving long waiting periods between the straining of specimens
and final measurements.

The rate of relaxation of the surface layer appears to be extraordinarily fast
when viewed in terms of the activation energy for the motion of dislocations in the
bulk. To account for this high rate, a number of relaxation measurements were made
on OFHC copper at temperatures of 295, 340, and 295° K. It was assumed that the

rate of relaxation followed first order kinetics:

dog (3)
= -kog
dt
_ -kt
and therefor og = o (0)e (4)

where o, is the surface layer stress at time t, o (0) the surface layer stress at

t =N, and k is the reaction rate constant, The data for the relaxation of copper
297° K shown in Figure 8 follows the relationship given in Equation (4). There are
two distinct regions in the curves; the reaction rate constant for the faster reaction
is approximately 17 times greater than that for the slower one. A plot of the

reaction rate constant k with respect to the reciprocal of the temperature gives an

- IR Seilatudi bt atndd el ik Sodod,

apparent activation energy of 3340 calories per mole (Figure 9), From the activation
volume, V, determined by the strain rate change technique,[‘9 and taking U = 26,000

calories per mole in the relationship:

U= Uy = VT* (5)

)

J
%

.

- ‘-’

R
o

t* was found to be 1130 psi., This value for 1 is the same as that measured

for t* where

¥ -

0g = 0.435 14,

10
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Thus, the high rate of relaxation of the surface layer may be explained in terwms of
the decrease in the apparent activation energy caused by the additional force
imposed by the stress field in the surface layer.

The environment playvs a verv significant role in the rate of relaxation of the
surface 1ayer.48 The rate of relaxation increases when the specimens are relaxed at
reduced pressure and drastically decreases when relaxed in a medium that induces
stress stress corrosion cracking. The rate of relaxation of high purity aluminum
(99.997%) strained and allowed to relax at pressure of 2,5 X 1075 torr is somewhat
more rapid than specimens strained equal amounts and allowed to relax in air at atmos-
pheric pressure®® (Figure 10). For copper (OFHC) strained and relaxed in a corrosive
solution of cupric nitrate-ammonium hydroxide that promotes stress—corrosion
cracking, the time required for complete relaxation of the surface layer is about
1000 hr, compared to 50 hr in air.%8 When titanium (6Al-4V) is allowed to relax in
a methanol-hydrochloric acid solution, complete relaxation occurs in 1500 hr

b

compared to 1 hr in air (Figure 11).

ACTIVATION ENERGY AND ' OLIUME
Since the work hardening characteristics of the surface layer differ from those

in the interior, the apparent activation energy for plastic deformation and the
activation volume are expected to be different and has been investigated on specimens
of high purity Al (99.97%), Cu (99.999%) and on Au (99.999%), a material without

an oxide film.*9 The change in the apparent activation energy AU, as aftected by the
surface layer, has been determined by two methods.48 Tn one method AU was measured by
determining the change in the creep rate y when the temperature was increased 5°C
while the surface layer was being removed by electrochemical polishing. The values

for U may be calculated from the well known relationship:

(k&nyy/Y9)

n = (6)
J 1
Tp T

In another method, AU was determined by measuring the creep rate change as a

function of the change in the rate of metal removal. 1In this case:

A = kt&n(y,/Yy) (7)

11

Bendenl.

PO T T O

dhadendvadedondode o S e




.

F'.
S

where the subscripts refer to the rate of metal removal., With this experiment.al
technique the AU values are a function of metal removal rate and are the same tor
increnental and decremental changes in the current densitv.

The effect of surface removal on the apparent activation energv, 1", ot lumingm
single crystals is shown in Figure 12. For specimens that are not polished darine
the creep tests, the average activation-energy value is 4200 calorics per mole when
the shear strain, y, does not exceed 4 7 and 24,800 calories per mol.e when ¢ is
greater than 7.5 %. Lytton et al.2? obtained values of 3400 calorics por amole at
strains less than 13% and 28,000 calories per mole at strains :reater than 257,  The
U values for a constant polishing rate are independent of strain and decrease contin-
uously as the rate of removal of the metal increases. For specimens deformed at the
lower strains, the activation energy is 4200 calories per mole when R is zero and

920 calories per mole when R is 50 X 1072 in. per min. Shown in Figure 173 is the

agreement of the values of U as a function of the rate of metal removal when the
measurements are made by changing the temperature of the specimen as compared with
those obtained by changing the current density of the polishing hath.

The activation energy of high-purity polycrystalline aluminum (99.997 %) also
changed as a function of the rate of metal removal (Figure 14). The AU at a given
polishing rate is the same for the polycrystalline specimens as it is for the single
crystals.

The activation energy of gold and copper is also influenced by the surface

MY O G T WL NN T ¥ PO U B a e N

layer. As shown in Table 3, the apparent activation energy as determined bv the temp-
erature change method for gold and copper is 21,960 +2760 and 27,600 +3850 calories

per mole, respectively. Landon et al.>l reported a vilue of 27,000 calories per mole

for copper. The activation energy for gold is reported50 to be 30,000 +11,000

calories per mole. The activation energy for polycrystalline aluminum was determined

)
L, A

to be 33,000 +2000 calories per mole, which compares favorably with 34,500 calories

[}
J
AL

per mole reported elsewhere.2? Unlike single crystals of aluminum, the activation .

s
» %

e

PR

energy for gold and copper remains constant as a functinn of strains (Table 3).
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. TABLE 3 — ACTIVATION ENERGY OF GOLD AND COPPER
SINGLE CRYSTAL [FROM REFERENCE 49]
:» Temperature, Temperature,
o Gold, Au-119 285 to 295 K Copper, Cu-109 285 to 295 K
> Apparent Apparent
Activation Shear Activation Shear
- Energy, U Strain, Energy, U Stain,
= Calories Y (%) Calories vy (5)
.. per mole per mole
o 19,000 0.25 23,000 0.56
! 25,400 1.34 25,800 0.79
e 20,600 1.93 25,900 0.82
W 25,100 1.95 22,200 0.99 :
?. 21,200 2 .44 23,800 1.52
) 22,400 2.98 30,500 1.86
x 17,600 3.01 27,700 2.06
i? 17,100 3.05 21,800 2.19
~ 20,200 3.49 31,100 2.40
{ 23,100 3.51 33,700 2.41
N 24,000 3.88 36,600 2.46
- 24,500 5.02 34,400 2.47
- 25,500 5.03 23,300 2.82
22,200 5.64 27,800 2.85
fi 25,500 5465 24,800 3.31
o 19,400 6.18 (27,600 + 3850 Avg.)
A 18,500 6.34
g 23,600 6.83
- 23,700 6.98
O 24,700 7.16
= 19,000 7.28
.i 17,600 7.31
o 16,300 7.48 ;
3 25,900 7.97 :
- 26,800 7.98 :
é (21,960 +2759 Avg.)
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The change in activation energy as a function of the rate of metal removal for

aluminum, copper, and gold is given in Figure 15. 1t is seen that the effect of
surface removal is largest for aluminum and smallest for gold.

In Figure 16 the effect on the activation volume of removing the surtface layers
at various rates is given in terms of B = V/kT, where V is the activation volume.

The value for B was calculated from Equation (8)

\Y
B = kt = Afn y/At, (8)

where A1, is the change in the applied shear stress which occurred when the
strain rate was changed suddenly. When this method for determining the activated
volume, as shown in Figure 16, the values for B8 increases with the rate of metal
removal.

The effect of completely removing the surface layer on the activation volume is
shown in Figure 17, where curve A is the final portion of a curve determined without
any attempt to remove the surface layer. After a relaxation period of 61 days, the B
value increased from 0.072 to 0.09 (curve B). With further straining in air, the
value for B decreases rapidly. Curve C was obtained immediately after the cross-
section had been reduced 0.0043 in. by electrolytic polishing. 1In this case 8
measured at a strain 0.1 % larger than the last point of curve B, was 0.N88 and the
curve is parallel to that of curve C. Thus, removal of the surface layer produces
the same effect on the activation volume as a prolonged relaxation treatment at room
temperature. It indicates that the relaxation which occurs at low temperature is
associated with the work hardening of the surface regions.

The activation volume of copper single crystals is not uniform throughout the
cross-section of specimens deformed to various strains.’3 As with the behavior of
polycrystalline aluminum, gold, and copper, the activation volume increases when the
measurements are conducted while the surface layer is being removed.?3 The measure-
ments of the dislocation density by etch pits on the single crystals by Kitajima are

in accord with activation volume observations. In this case also, the etch pit

density decreases with distance from the surface.
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SURFACE LAYER EFFECTS ON PLASTIC DEFORMATION

If a specimen is strained in tension while the surface is being removed the
work—-hardening characteristics are altered.’4 The extent and slope of Stages 1 and
I1, as well as the stress at which Stage III begins, and the work hardening rate are
influenced by the rate of metal removal (Figures 18 and 19) for single crystals of
high purity aluminum strained at -3° C. The slope of Stage I, 81, decreases for this
crystal from about 7500 psi to 3000 psi when the rate of metal removed by electrolytic
polishing increases from 0 to 50 X 1072 in/min. The extent of Stage I €9 increases
from 0.8 to 1.65. Similar changes occur in Stage II. The slope, 65, decreases from
13 X 103 psi to 10 X 103 psi while the extent £y increases from 2.75 to 4.25. In
these and other similar experiments the temperature increase during the electrolytic
polishing operation was less than 5° C. The plastic deformation characteristics of
polycrystalline metals are also influenced by the surface layer. The effect of
removing the surface layer during the tensile deformation of a commercial type aluminum
(1100-0) is shown in Figure 20 by the change in the work hardening with and without
removal of the surface layer. 1In these experiments specimens were strained at € = 1072
sec™l while the rate of metal removal R was 25 X 10”2 in/min. Compared to the case when
R = 0 the flow stress and the work-hardening rate are decreased. When R is reduced to
zero, the work hardening increases and curve tends to be parallel to that of the
specimen strained at R = 0, The effect of the surface layer on mechanic.. behavior of
polycrystalline metals can be rather impressive, as seen when the current of the
electrolytic polishing bath is changed suddenly during the straining (Figure 21). 1In
this case, which is typical of complex alloy-like Al 2024-T6, steels, copper alloys,
and titanium alloy, the work hardening decreases as a function of the rate of removal.
Of interest is the observation that a large drop in load occurs when the current is
changed from a low to a high value. This load drop has heen termed a "dislocation
pop—out"54 and is most probably the same as that observed by Barrett?> in his abnormal
anelastic experiments. Barrett found that during the untwisting of a wire that had
been plastically strained initially the wire twisted in the reverse direction when the
specimen surface was dissolved by the introduction of an acid into the system. Only
metals with a strong oxide film appear to display the "pop-out”™ phenomenum. Extensive
expertiments using single and polycrystalline gold failed to reveal this sudden drop in
the load when the current was increased.’® The work-hardening of the gold was de-
creased, however, by removing the surface layer during the straining but a pop-out was
not observed. The pop-out phenomenon is most probably due to a sudden release of
dislocations of like sfign to cause a rapid elongation of the specimen.
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The effect of the rate of removal on the slope of Staves 1 and 1T for aluminun
crystals (Figure 22), of the same orientation but of different size, is given in Tabhle
4 and Figure 23. The changes in 6] as a function of polishing rate are the same ro-
gardless of the size of the crystal. However, this is not the case for 6o9. The value
of d95/dR is nearly the same for the same size crystals but increases by a factor of

of 2.2 when the cross-section of the specimens is increased by a factor of 2.1,

TABLE 4 - THFE CHANGE OF SLOPE IN STAGES I AND II AS A FUNCTION OF RATE
OF METAL REMOVAL, R, FOR VARIOUS SIZE SPECIMENS; [From Reference 21]

TEMPERATURE 3° C € =10-95 sec-l

de, x 1074 de, x 10
dr dR
Aluminum
Crystal Nominal Cross Section Thickness
1/8 in. 1/4 in. 1/2 in. 1/8 in. 1/4 in.
Crystal
115 850 860 860 900 2000
116 1100 1200 -— 870 2000
117 1000 1100 950

The experimental data observed when the surface layer is removed during the
plastic deformation may be explained in terms of a surface layer that impedes the
motion and affects the generation of dislocation by decreasing the effective stress.
However, it has been suggested that the change in the work-hardening rate as a result
of electrolytic polishing is due to a heating effect. For several reasons, explana-
tions based simply on thermal effect cannot be valid. Measurements of the temperature
increase using a methanol-nitric solution show only about a 5° C increase when thermal
equilibrium is established after about 5 min. The changes in the work-hardening rate
and the dislocation "pop-out” occur in less than 10”3 sec. Further, the activation

energy values as a function of the rate of metal removal were the same when measured

by the conventional thermal change method and by sudden changes in the tate of metal

% removal.
e -
Yy It appears that the changes in mechanical behavior when the surface layer is
iff removed continuously can be explained on the basis that at the onset of plastic
L’.':‘ 1
deformation, the dislocation sources near the surface operate initially, and as the
M5 applied stress is increased, sources in the interior begin to operate. During the
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deformation process the dislocation sources in the interior are acted on by the stress
fields from the dislocation arrays moving from the surface region to the interior as
well as by the applied stress. Those dislocations which are produced in the interior
and move towards the surface are of different sign than those which are generated at
the surface and move into the interior. Accordingly the dislocations moving from
the interior towards the surface experience a back stress and the next effective
stress T¥is decreased. When the surface layer is removed or decreased by removing
the cuter layers, 1 increases and the overall work-hardening rate decreases.
Apparently, as will be discussed later, in Stage I deformation the applied stresses
per se are not sufficiently high to cause the interior sources to operate extensively.
A computer model by Arsenaultd® shows that the image forces are too low to cause the
dislocations in the surface layer to flow out of the crystal. There is experimental
evidence?® from gold and aluminum single crystal that in Stage T the surface layer is
work-hardened to a far greater extent than the interior. Upon restraining these
materials, plastic flow begins at the same value as the critical resolved shear stress
if the surface layer is removed after straining in Stage 1. Further, the extent of
Stage I in this case 1is the same as that of the virgin crystal. An alternate inter-
pretation of these experimental observations is that the work-hardening of the
interior of the strained specimen completely recovers when the surface layer is
removed. Some evidence for the concept will be discussed in the section on fatigue.
Generally, it is believed that the end of Stage T occurs when secondary slip
begins. However, experimentally it is observed that secondary slip begins to occur
at a stress on the secondary system that is much larger than the critical resolved
shear stress for that system. 1t was therefore generally assumed that the interior
of the specimen was work-hardened. This concept appears to he at variance with the
observations that the critical resolved stress, 1,, is completely recovered in
Stage I when the surface layer is removed. It appears that the end of Stage I may
be described simply in terms of the surface layer stress, Ty, acting as a back
stress to reduce the net effective stress 1,22

Accordingly, in Stage 1
T™HR= T, - Ty = Ty - Tg (9)

where T}, Is the back shear stress equal to the surface layer stress in Stage 1. The
secondary system will undergo slip when the resolved shear stress on the secondary
system 15 is equal to:
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f2 (1) |
= - - - 0
T =T, = ( Ta2 TSZ) -

f1

where 1,5 and 149 represents the resolved applied shear stress and the surface
layer stress, respectively, at the end of Stage I. The f} and f, are the Schmidt
factors on the primary and secondary slip system, respectively.

To determine whether the end of Stage I occurs when the net stress, 1% on the
secondary system 1s equal to the critical resolved shear stress, 1,, several aluminum
crystals were tested. The values for 1% were calculated by means of Equation (1n0).
These results given in Table 5 show that the calculated values for 15 are in good

agreement with the experimental values for 7, and tend to confirm the use of FEquation

(10) to describe the end of Stage I.

)

’I

o~ TABLE 5 - CALCULATION OF NET STRESS, Tg
‘. ON SECONDARY SLIP SYSTEM AT END OF STAGE I;
N TEMPERATURE - 23°C, & 1072 sec™!

(From Reference 22]

Ta2 Ts2 f Ts To
Specimen* psi psi £, psi CRSS, exp
Al-3-12 190 38 0.7 106 100
Al-3-3 227 - 32 0.84 118 118
Al-115 160 60 0.95 95 95
Al-116 160 55 0.95 100 96
Al-117 160 55 0.95 100 90

From Equation (9), it can be seen that, as T4 1is decreased for a given t,, the
net stress, T*, is increased, and it would follow that the work-hardening coefficient
of Stage 1 would be decreased and the strain at which Stage I ends would be increased
in agreement with experimental observations. This also follows from the
observations 21557,58 that the shear stress at which Stage 1 ends is a constant for
a given fcc metal and independent of the orientation of the specimen axis or rate of

removal of the metal. From geometric considerations this leads to the relationship:

18
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Where the primed and unprimed symbols refer to crystals of different specimens
axis or crystals which have been deformed while the surface was being removed;
and Y] designate the slope and the shear strain at which Stage 1 ends, respectively.
If it is considered that the difference between the slopes is due to 14, then it

would follow that

AT
0O = S (12)
Y1

The change in T4 may arise in several ways. 1t may be decreased by removing the
surface layer during plastic deformation, or increased by the application of a surface
coating. 1t has been shown that the formation of a heavy oxide coating on aluminum
crystals tends to decrease the extent of the easy-glide region and increase the work-
hardening coefficient, and, in contrast, the extent of easy glide increases and the
work-hardening coefficient decreases when aluminum crystals are deformed in vacuum. 29
Further, it is known that the extent of Stage I decreases and the slope increases with
increasing strain rate. Thus, the data suggest that the slope and extent of Stage I
are determined primarily by work-hardening of the surface layer., Nakada and
Chalmers60 have shown that in Stage I the removal of metal from the surface from

which the edge dislocations are emerging affects the plastic flow characteristics more
than removal of metal from the surface from which the screw dislocations emerge.
Therefore, it would be expected that the slope and extent of Stage I would not be a

function of the orientation of the specimen axis alone but would also be a function of

the slip direction with respect to the specimen surfaces,

SURFACE LAYER STRESS
As mentioned earlier the surface layer stress is defined in terms of the addi-
tional stress that must be imposed to obtain a given strain because of the additional
work-hardening of the surface layer. It may be measured by the difference At between
the unloading stress and the initiation of plastic flow after the removal of the

surface layer. As shown in Figures 24 and 25 for single crystals of aluminum and
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- polvcrvstalline iron when the surface layer is removed in incremental amounts Ax, :
o the difterence At increases and then becomes constant after Ax = 0.0025 in. for ]
N,

s
DY

aluminum?? and about 0.005 in. for Armco iron.%* values for the surface layer stress

.
SHAN

for single crystals of aluminum and polycrystalline copper, gold, aluminum, iron,

molybdenum, titanium (6Al1-4V) and aluminum 7075-T6 are given in Figure 26,48

.
'Y ¥ VLI B S R

In these cases, except for the aluminum single crystals and Armco iron, the 1
surface laver stresses were measured by completely removing the surface layer after )
straining, For the aluminum single crystals and Armco iron the surface layer was 4
removed incrementally to obtain the work-hardening-depth profile. Similar to the 3

well know equation describing plastic flow, the surface layer stress ogg follows

; the relationship: 4
o, =C, € (13)

The work-hardening of the surface layer in bcc metals is strongly affected by the
temperature and strain rate as shown in Figures 27 and 28. For molybdenum, for
example, the value for og at 27°C is 6400 psi and at -85°C it is 17,000 psi for a
strain of 0.002.

COMPARISON OF WORK HARDENING IN THE SURFACE LAYER AND INTERIOR

RINIEPErY Ty W

A comparison work hardening of the surface layer and the interior may be

obtained by considering the equation:
Tp = T% + T4 + Tg (14)

where 1* is the net stress acting on the dislocations, T; is the resistive stress
due to dislocations obstacles in the interior and Ty = T = Tg is the applied
plastic stress where T4 is the total applied stress and T, the initial flow stress.

Values of t* and m* as a function of strain may be obtained fromb!

m* Ao Ao

——Fr— = 0% + —

2052/61 2 (15a)
~
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and from the relationship of Johnston and Steinb?

Slné
m* BRno.(1

where m m* at e=o

In Figure 2993 where the data are plotted in terms of Ac/2 and Ao/A%n; for various
strains, m* is the slope of the line connecting the Ac/2 values at equal strains.b?
In this case as for iron and single crystals of aluminum m* was constant with strain,
except at € = o.

The relationship between Tps t*, T; and T5 for aluminum single crystals and
high purity polycrystalline aluminum (99.9997%) is shown in Figures 30 and 31.6%4
For the single crystals t* increases slowly with strain while both 1; and T3 increase
more rapidly. The value for 7i, which is a measure of the work-hardening in the
interior, appears to be very low in Stage I. For the polycrystalline aluminum a
behavior somewhat similar to that of single crystal material occurs.

Curves of the ratio of the various stresses (Ti/Tp), (Ts/Tp) and T*/Tp), for
polycrystalline and monocrystal aluminum specimens as a function of strain, Yp, are
given in Figure 32. The shear stress values for the polycrystalline material were
obtained by converting from the normal stresses, assuming 1T = 0.4350. The open
symbols refer to the monocrystals and the filled symbols to the polycrystalline data.
These curves appear to be general since the data from monocrystals of other orientations
and having different values of tg, Ty, T* fall on their appropriate curves. For the
monocrystal, Stage I ends at A; the region between A and B is the transition region
between the end of Stage 1 and the start of the linear region of Stage II. The start

of Stage III is at C. 1In Stage II and IIT, that is, at strains larger than B,

BEAEY I

the various ratios are approximately the same for the monocrystal and polycrystalline

data. At low strains this similarity does not hold. In Stage I, the ratio (TS/TP

vr v e
oy e

increases rapidly with strain until the end of Stage I is reached. Thereafter

the ratio decreases. For the polycrystalline specimen, (TS/Tp) also increases

A N

3
3

slowly with strain up to a value of Yp = 0.9 %. At higher strains the values are

r

the same as those for the monocrystals. An examination of the slip line markings

e ot 4
a'a"s"2 "
4 3V

of polycrystalline specimens showed that not all of the surface grains were deformed

’

w,’

deformed until the strain of €p = 0.009 was reached.
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In Stage II and III, where multiple slip processes occur, Ti/rp is the same
for polycrystalline and monocrystal specimens. However, at low strains this ratio
is much higher for the polycrystalline data than for monocrystals. This may be
expected on the basis that, in polycrystalline specimens, additional dislocation
obstacles are formed by the multiple slip process; in the monocrystals, only a single
slip system operates in Stage I, and very few additional internal barriers are
formed. In the transition region, where multiple slip starts at the end of Stage I,
the internal obstacles form rapidly with strain, aad when Stage II is fully formed,

the values Ti/Tp for the twe cases are equal,

YIELD POINT BEHAVIOR

The yield point that is formed in previously strained high~purity metals appears
to be associated with the surface layer rather than with impurity atoms or point
defects. The basis for this conclusion is founded on the observations that the yield
point is eliminated after the surface layer «f the previously strained specimen is
removed before restraining.®> In Figure 33 the change in the yield point drop of a
gold crystal is shown when various amounts of the surface layer are removed. Similar
effects are observed in both single crystals and polycrystals of copper and aluminum
in the temperature range between 273 and 300 K. In all cases the yield point is
removed completely only after a certain depth of the metal is removed. For the gold
crystal the removal of 0.0067 in. was sufficient to remove the yield point completely.
Removal of small amounts decreased the amount of the yield point drop, Aoy. Figure
34 shows the Aoy values measured after removing various amounts of the surface
layer, As, by electrochemically polishing from aluminum crystals strained to Yp 7.7%.
The Aoy decreases linearly with As and is zero when it is about 0.0045 in.; the
depth of the surface layer. The yield point of prestrained copper65 also is elimi-
nated by removing 180 um (0.007 in.). This value is very close to that found in
the removal of the yield point in gold.b>

A correlation between Ary and T4 for aluminum crystals strained at 280 K is
shown in Figure 35. 1In this diagram the circles designate the specimens that were
electrolytically polished after straining to remove part of the surface layer while
the square and triangle denote data from specimens that were pulled to various

strains without removal of the surface layer. The bty values decrease linearly with

decreasing A1, and within experimental error the curve passed through the origin.65
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The effect of removing the surface layer on the vield point drop of strained
high-purity iron is shown in Figure 36, Specimens strained to 10% and unloaded at
296 K display a small yield point on reloading. Restraining to 12% and removing the
surface layer by electrochemically polishing 0.014 in. from each surface completely
eliminates the yield point drop. A third restraining without removing the surface
layer again restores the yield point.

It should not be thought that all unloading yield point phenomena are associated
with the surface layer. Precipitation type aluminum alloys develop a yield point
when strained after a prior deformation. However, removal of amounts ranging from
0.001 to 0.01 in. after straining between 4.5 and 6.5 % does not affect the Aay
values. 1In a similar manner the yield point associated with work softening is not
affected by the surface layer. Single crystal specimens of aluminum and copper
deformed 't 78 K developed a yield point when restrained at 300 K. When as much as

0.01 in. from the diameter was removed, no change in Aoy was detected.??

SURFACE~ACTIVE AGENTS

It has been known for some time that the mechanical behavior of metals (or
minerals) may be changed when tests are conducted in a nonpolar medium containing
surface-active agents, Rehbinderl3 and Rehbinder and Wenstroml4 observed that the
creep rate of lead, tin, and copper sheets, under constant load, was much greater if
small amounts of surface-active agents (cetyl alcohol and n-valerie, n-heptoic,
stearic, oleic, or palmitic, or cirtoic acids) were added to the paraffin-oil bath in
which the metal was immersed. The "weakening"” effect was a function of concentration
of the surface-active agent and of the chain-length of the molecule. The relationship
between the concentration of the solution and the change in mechanical properties is
of particular interest. As shown in Figure 1 for tin single crystals, the creep
strain first increased with increasing concentration of the solution and then
decreased.l8 Other mechanical parameters, such as the stress and stress-rupture
life, follow a similar pattern.

The maximum in the curve of the change in yield strength or creep rate as
related to the concentration of polar molecules was believed by those investigators
to occur when a monomolecular layer was formed. The nature of the solvent was also

reported to be important. Contrary to the results obtained by Rehbinder and
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and co-workers, Harper and Cottrelll reported that the creep behavior of zinc crystals
was affected by the addition of oleic acid to paraffin oil onlv when the specimen had
an oxide on the surface. In Figure 37 the creep behavior of a zinc crystal under a
stress of 63.5 g/mm¢ is shown. At point A, paraffin oil was introduced, and after a
5-min immersion, the flow rate increased. At point B, the specimen was immersed in a
N.2% oleic acid-paraffin oil solution, and creep rate increased further., Paratfin by
itself produced an effect only in heavily oxidized specimens. With lightly oxidized
specimens, the presence of oleic acid was required. Polished or etched specimens
showed no response to surface-active agents. This behavior suggested to Harper and
Cottrell that the effect involves the penetration of the surface film by the surface-
active agent,

Lucke, Klinkenberg, and Masing66 reported that the creep rate of gold crystals
was increased when the tests were conducted in a 0.2 oleic acid-par-ffin oil solution.
For this investigation, the creep measurements were conducted on individual specimens;
that is one specimen was used to determine the creep curve in paraffin oil, while another
specimen was tested in the solution. Since creep data are notoriously unreproducible
from specimen to specimen, Kramerb/ investigated the effects of oleic acid on gold
single crystals by introducing the acid into the paraffin-oil bath in incremental
amounts, while the specimen was creeping at room temperature under a shear stress of
600 psi. Although the concentration of the solution during the test was changed to
cover the range 0.02 to 4%, no change in creep rate could be detected.

In investigations of surface-active agents on metals, Kramer67,68 studied the
behavior of aluminum and copper crystals, He found that the extent and slope of
Stage T and II were altered as a function of the concentration of the surface-active
agent, and the maximum weakening effect occurred for aluminum at a councentration
of 0.002 moles/liter of stearic acid in paraffin oil and for copper at 0.025 moles/
liter of stearic acid in benzene. These plastic flow characteristics are the same
qualitatively as those that are observed when the extent of Stages I and II is in-
creased by electrochemically removing the surface during deformation. In both cases
the critical resolved shear stress is not affected. Furthermore, when the solution
was saturated with a metal soap of the metal tested, no change in the plastic-flow
characteristics could be detected (Figure 38). To explain this behavior and the
observations that the maximum weakening effect is concentration dependent, Kramer68
determined the rate of formation of copper stearate as a function of the concentration

of the henzene-stearic acid solutions in which copper single crystals were deformed.
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To obtain the average rate for the formation of the soap, the solutions in which the j

4

- tensile specimens were pulled were analvzed after the detormation had been allowed 1
L{f to occur for 3 hr. The result (Figure 39) showed that the maxinmum rate of formation G
fl occurred at the same concentration as that which produced the ma<inmum weakening f
= effect. Therefore, it was proposed that the change in the plastic-flow bhehavior of j
- metals in solutions containing surface-active agents was associated with the rate of 3
E: solution of the metal soaps which torm the reaction hetween the metal and the surface )
:% active agent. At low concentrations, the weakening etfect is small because the rate b
. of solution of the metal soap is limited by its rate of reaction between the sur- ;
. factant and the metal. At high concentrations, the rate of formation of the metal |
;5 soap is limited by the rate of the solution of che reaction products. This type of h
;: behavior would account for the extremum which exists in the relationship between 1

: concentration of the solution and the change in mechanical nehavior,

SIZE EFFECTS

The work hardening of the surface layer and of the spe-imen as a whole both

vary as a function of the diameter of the specimen in about the same way,h3

Following Equation 13 o,, 04 and € are lincarly related when plotted on a log-log

basis for high-purity aluminum (Figure 40). The exponent n = 0.5 for both ¢4

and o4 but C, and Cg, the coefficients associated with the applied stress and surface .

layer stress, respectively, increase inversely with the specimen diameter (Figure 41).

The variation of Cg and C, with size for the aluminum follows the relationship:

274000 + 2(|d_3/2 psi

il

Ca

Cs

i

4760 + 204732 psi

For gold the work hardening ex nent for the applied and surface laver stress was

the same and equal to N.7. Whereas:

1/
39000 + 7047372 psi

P
I

19000 + 7Ud_1/2 psi

-
9]
w
]

' for the vield stress

This relationship is the same as that found bv Barton ot al’'

of copper crystals, The value for m* (FEquation 13} was reported to be independent

of the specimen diameter.
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VACUUM EFFECTS ON TENSTLE AND CREFP BEHAVIOR

Althouch an appreciable effort has been devoted to studies on the eftect of
vacuum on tatigue life, relativelv little has been done to investigate the creep and
tensile behavior in terms of the surface layer. Very similar to the change found
when single crystals are strained in a medium containing surface active agents or
when the surface layer is removed continuously during the deformation, the slope ot
Stages T and 11 is decreased while their extent is increased (Tahle A).  The curves
in Figure 42 give the change in the work hardening for an aluminum single crvstal
strained at various reduced prcssures./o At atmospheric pressure for this particular
orientation of the specimen the Stage T region is absent; however, this region
appears when the test pressure is reduced to 1079 torr. At pressure lower than 10~

torr hoth Oy and 0, decrease. For example the Oy value decreases from 7550 psi at

Anfnmn A A_a 2o

dadindhaid S

760 torr to 3600 psi at 6 X 1078 torr while the extent of Stage 1 increases from N.013

to 0.021. Again, within experimental error, neither the critical resolved stress,

CRSS, nor the stress at which Stage I ends, changes as a function of pressure.

TABLE 6 - DEFORMATTON CHARACTERISTICS OF Al CRYSTALS AT
LOW PRESSURE [FROM REFERENCE 71]

Ol 62 €2 83
Slope of Slope of Strain at Strain at
Crystal Pressure CRSS Stage 1 Stage T1L end of end of
No. mm Hg (psi) (psi) (psi) Stage 1 Stage T1 T T3

0-101-3 760 90 .6 - 7550 - 0.055 - 469
0-101-6 760 69.0 - 7440 - 0,042 -—= 370
0-101-4 hel X 10_5 6l.1 3820 6720 N.013 0.039 125 284
N=101-5 6.8 X 1075 66.8 3820 6900 0.0173 0.037 128 278
N-101-18 6.0 X 1075 73.2 2390 31600 0.021 0.050 131 236
N-101-19 3.4 X 1075 97.2 3280 4420 0.018 0.042 15¢ 256

The change in work hardening characteristics of aluminum single crystals of
various orientations as a function of pressure is shown in Tabhle 7 and Figuve 43.
According to these data, pressure does not have a marked influence on 4t until the

pressure is reduced to the neighborhood of 107% torr (Figure 42). 1t also appears

that Afl, is not affected bv the crvstalloygraphic orientation of (he spurimuns.7l




TABLE 7 - EFFECT OF VACUUM ON STRESS AND STRALIN PROPERTIES OF ALUMINUM
SINGLE CRYSTALS; TEST TEMPERATURFK: 24°C; v = 4 X 1076 sec~!
[FROM REFERENCE 71]

— R T T A TR T TS
Fnd ot Foedoot
Crvst.al Pressure, b Chamye in EEB| Chanee in Strain at Fod [ ~tvata gt End| Staee 1) Stonve 1]
orientation tory psi By, psi psi 1ls DS imoStaye 1 ot State [ psi pai
e - - - . —
141 Thu No Stage - 7,901 - - NIRRT - 3700ty bl
AN
1 Axln™? - - - =940t ety [EPSER D P O3 P2 to J28] 278 to 28,
Gk TR
v ‘_‘XI,‘—'\ _ - - =36060 O,00144 to d.0336 Lo 131 to 156] 236 to 2hh
420 N.nlaR te g0
7hu 3130 - 5,120 - 0,012 0045k 12 3t
2=z 1xln~P - ~30 - =730 D ,016h ALY b2 124
=15 7h1) A - 12,750 - [N n,n51 1RO 5G4
315 1x1n~7 - =555 - -25¢0 0,002 0LIR1Y 210 R00

The effects of reduced pressures and surface preparation for 1100 aluminum alloy
and high-purity polycrystalline wire specimens are shown in Figure 44. For the 1100
aluminum alloy specimen, the stress—strain curve (B) after removal of the oxide with
argon ions and testing at 760 torr is about the same, within experimental error, as
that obtained with an electropolished surface (A). These data indicated that speci-
mens of this alloy were not damaged by the ion bombardment. However, when the
surfaces of ion-cleaned specimens were protected from the atmosphere by a vacuum-
deposited gold film, a marked reduction in the stress-strain curve (C) resulted.
For the high-purity polycrystalline wire specimen, the stress-strain curve deformed
at 8 X 1077 torr (G) is substantially lower than that of the same material deformed
at atmospheric pressure (D). For this material, the stress-strain curve for
specimens cleaned by ion bombardment indicated that damage was produced by the
cleaning process. For specimens cleaned for 0.5 min. and tested at 8 X 1077 torr,
the stress—-strain curve (F) was lower than that of specimens tested at 760 torr,

but higher than curve (G). As the cleaning time was increased to | min, the stress-

strain curve (E) was about the same as curve (D).
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,k The effect of the vacuum on the various mechanical parameters is dependent upon
O the size of the specimen., The plastic-flow properties of polvervstalline specimens
SN
06 with diameters of 0.04 and 0.1 in. remain unchanged in vacuum, while those of the
A 0.02-in. wire specimens are significantlv changed (Table 8).
, 5 These data may be interpreted in terms of the work hardening of the surface laver,

Kramer and Podlaseck/" suggested that the rate of formation of an oxide {iim on the
24

freshly exposed slip steps is decreased at the low pressures, and dislocations can

egress through the surface to reduce the dislocation density. On this basis it

would be expected that the apparent activation energv should be lower and the

A activation volume higher for specimens strained at reduced pressures compared to

’} those deformed at atmospheric pressures. Measurement of these parameters in the

-;i pressure range of 1077 to 10™% torr show this to be the case.’l Specimens of

i aluminum single crystals were allowed to creep at 150°C at a pressure of 10~/ torr
?ES and the pressure was suddenly increased to 2 X 1074 torr. The change in the apparent
;Eii activation energy was calculated from Equation (16).

BU = RT 20 (Ypp/ Y p1) (16)

Where the subscript denotes the pressure and the strain rates Y measured at the

same strain after the pressure was changed from py to p;. For a pressure change

‘, from 10~/ to 2 X 10™% torr the apparent activation energy is reduced as much as

:i:: 500 calories per mole at shear strains less than 2% (Figure 45). The AU, values

t;: decrease with increasing strain. Apparently at the higher strains the surface layer
:if forms during the straining and exerts the controlling influence so that the eftfect of
~ -

the oxide film is reduced. To determine whether the decrease of AUp with strain is

< associated with the formation of the surface layer, specimens were allowed to creep to

Jas predetermined values at reduced pressure (10'7) and 0.005 in. was removed by
electropolishing. As can be seen by the open circle points in Figure 45, the values
of AUp after the removal of the surface layer increased to the same value as that

obtained at the low strains and therefore indicate that the change in AUp is associated

with presence of the surface layer.
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TABLE 8 — EFFECT OF VACUUM ON THE TENSTLE PROPERTIES OF HIGH-PURITY
POLYCRYSTALLINE ALUMINUM; TEST TEMPERATURE = ROOM TEMPERATURE
[FROM REFERENCE 71]

l—— Strain-ardening
Trideew
Aoy

I Averase No. of NS oy Tt al

[l
|
Specimen orafn Size  Grains Test Slress- Flow tor the tirg Flong - !
Size, Niam, per Cross Strain Rate,  Pressare, Strain Stress, ST strara Fravture tion !
mils mm Section s, soo Tl torr _ Curve o= 17 Alr vacoanm Stress Increas !
20 0.l 20 te 25 1~ Box 10! Lower =30 bt YK LAKT Decrease A pet
40) .l Ion L= 1077 to 10=8 No Change No Change HhaHY eh 1} No Change No Change
I
Tl .39 20 ra 22 4.5 % In7? 5 x 1”—6 No Change No Change 5210 15732 No Change No Change !

— ——— - PR

The activation volume also increases when polycrystalline high purity aluminum
is tested in vacuum (Figure 46). To avoid systematic errors that could be intro-
duced by measurements on multiple specimens the data in Figure 46 were obtained on
the same specimen by cycling the pressure between lO—5 and 10_6 torr. In addition,
after annealing the specimens at 300°C, just as in the original annealing treat-
ment, the specimens that had been allowed to creep in air were than tested in
vacuum and those previously tested in vacuum were tested in air. 1In all cases the
activation volume is larger for specimens strained at the reduced pressures, again
indicating a reduced dislocation density.

The surface layer stress at reduced pressure can be measured on high-purity
polycrystalline aluminum by taking advantage of the observations that in this
material the surface layer will relax at room temperature. The data shown in Figure
47 were obtained by straining the specimen in a vacuum chamber maintained at 2.5 X

1073 torr. The load was reduced and the specimens allowed to relax for 18 hr. Other

specimens were tested aftetr removal of the surface layer by electropolishing. They
were then restrained in vacuum. Confirming the interpretation derived from the

activation energy and activation volume, the surface layer stress as a function of

strain is definitely lower than that obtained under atmospheric conditions.’2
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The decrease in the cvclic work hardening at reduced pressures is also related
to the rate of formation of the surface layer.ag It was observed that the cvelic
hardening of polycrystalline aluminum was smaller for specimens strained at 5 X 1n=h
torr than at atmospheric pressure. The difference in the two curves in Figure 48 is

equal to the difference in the surface laver stress, Ao, obtained from measurements

’
made under atmospheric and reduced pressure conditions.

Not only is the cyclic work hardening decreased at low pressures but the cvclic
creep rate is also reduced (Figures 49 and 50). For both polycrystalline aluminum
and titanium (hAl-4V) the cyclic creep rate is less when the tests are conducted at
reduced pressures. The cyclic creep process may be explained in terms of the forma-
tion and relaxation of the surface layer. During the initial straining to o,
plastic flow occurs and a surface layer is formed in addition to the work hardening
of the interior. During the unloading and reloading portion of the cycle the surface
layer can relax partially. Thus, upon reloading plastic strain will begin at a
stress Op,y -A0g. On subsequent reloadings part of the A4og will be reformed but
will be less than that present at the end of the previous cycle because the interior
will also work harden as a function of strain. This process of partial relaxation
and reformation of the surface layer continues until the internal stress oj(N) is
increased by an amount equal to the surface layer stress formed in the first loading.
The role of the surface layer in cycle creep is made clear by the observation that
the cyclic creep increases markedly if the surface layer is removed during the course
of the creep process.72

These experimental results indicate that the general effect of a vacuum environ-
ment on the mechanical behavior of aluminum is to reduce the work hardening in the
surface layer. The metal work hardens less rapidly when the oxide film is reduced.
The oxide film formed in air at room temperature, although thin, exerts a rather
large influence on the plastic-flow characteristics as shown i. Table 8 and in Figure
44 by the comparison of curve A with C and D with G. From the magnitude of these
effects, it is apparent that the oxide film effectively blocks the escape of disloca-
tions from the surface, thereby causing a high surface layer—-stress field in a
deforming specimen. 1t appears that during plastic deformation in vacuum the rate of
oxidation of the slip step decreases and the resistance to the egress of dislocations
is decreased. As a result, the net stress operating on the near surface dislocation

sources increases with an accompanying decrease in the work-hardening rate. A more

detailed model for the role of the surface layer will be given later.
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According to this concept of the surface layer, T4 increases with plastic
deformation regardless of whether or not there is an oxide on the specimen, for
example, the case of the gold crystals. 1In vacuum, a reduced rate of oxidation
retards the rate of build up of the surface layer but does not prevent its formation
completely. Therefore, the effect of vacuum on 14 is expected to be relatively small
and may become insignificant at high strains in accordance with the strain dependence
of AUp. The restoration of AUp of prestrained crystals to its initial value after

the surfaces were electropolished gives evidence that the surface stress plays an

important role in the plastic-flow behavior at reduced pressures.

INFLUENCE OF SURFACE LAYER ON DUCTILITY

From the observation that the elongation to failure of specimen pulled in vacuum
(Table 8) is increased, it may be suspected that the surface layer plays a role in the
general ductility of metals.’3 The role of the surface layer on the ductile-brittle
transition temperature is seen in Figure 51 for molybdenum specimens with a diameter
of 0.15 in. These specimens were strained at a rate of 0.1 min~! while they were
being electrochemically polished in a 20% HNO3, 80% H90 solution at a removal rate of
60 X 1075 in/min. With this rate of metal removal the rise in temperature was less
than 1°C. The effect of decreasing the surface layer by electrochemical removal
was to lower the ductile-brittle transition temperature by about 15°C. This may be
considered a rather large change in terms of the observation’3 that a 100-fold change
in the strain rate shifts the transition range about 25°C. The effect of decreasing
the surface layer is also reflected in the fracture stress,73 (Figure 52). For the
specimens strained without removal of surface layer, the fracture stress increases
with decreasing temperature to about 265 K. The fracture stress then decreases
abruptly below this temperature and then increases along a lower branch of the curve.
For the specimens strained while the surface layer is being removed, the fracture
stress continues along the upper branch of the curve. It may be supposed that the
fracture stress in this case would also decrease abruptly to a lower value if the
investigations had been conducted at luwer temperatures.

In a somewhat parallel investigation, Baranov et al./4 reported that surface
removal during deformation had a remarkable effect on the ductility of tungsten single
crystals. When no surface removal was involved, the tungsten crystals failed in a
brittle manner along (001) plane with a reduction in area of about 12 %. With surface

removal, these crystals fractured with a formation of a neck and a reduction of area
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of 83%. Apparently, since necking occurs when do/de = o, the removal of the surface
layer during the straining decreases the work hardening of the entire specimen, and
local instability to form a neck occurs at a stress much lower than the cleavage

stress,

FATIGUE

In this section, rather than presenting a separate discussion of the influence of
vacuum on fatigue, the subject matter will be treated as a unit. As will be discussed
in more detail later, the fatigue behavior of specimens in vacuum, as well as in
corrosion fatigue environments, appears to he related to the rate of formation of the
surface layer during the cycling. 1In fact, the iuvestigiations of the fatigue in
various environments provide substantial evidence for the importance of the surface
layer, and models based on this concept appear to explain fatigue damage in a rather
straightforward manner.

Since the work of Gough and Sopwith,7 it was well established that fatigue life
of metals increases with decreasing pressure. This increase is not usually a contin-
uous function of pressure but begins at pressures less than about 10”1 torr; and
depending on the metal the fatigue life then remains constant at pressures lower than
1072 torr for leadl? and 103 for many other metals (Figure 53).75 The increase in
the fatigue life as a function of air pressure in general follows the type of behavior
depicted in Figure 54. 1In the range S;, from atmospheric pressure to P., the fatigue
life increases very little. 1In the region S,, at pressures below P., the increase in
life is rapid. 1In the region Sj the effect starts to approach saturation. Such air
pressure dependence of fatigue life has been observed in lead,ll’12 commercially pure
aluminum’/0,75-77 and copper, nickel, and stainless steel at elevated temperatures.

For lead, a change in the frequency and the strain amplitude shifts the curve (Figure
55) along the fatigue life axis with no change in the threshold pressure.78 The
critical pressure P, also appears to be rather independent of the temperature and
stress amplitude. The improvement gained at the reduced pressures appears to decrease
with temperature for 1100 aluminum. For this material tested at a stress amplitude of
9,700 psi, the cycles to failure decreased from 107 amd 2 X 10® when the temperature
is raised to 225° C. Increasing the stress amplitude lowers the entire curve along

the life axis and changes the slope in both the S; and Sy resions but does not change

the threshold value (Figure 56).
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The effect of reduced pressures on the improvement in the fatigue limit appears

to be assocliated with the crack propagation rather than with the formation of a pro-

Et%. pagating crack.’3579 Microcracks appear at the same number of fatigue cycles regard-
i;i; less of whether the specimens are tested in air or in vacuum and a propagating crack
:ii' apparently appears after the slip markings spread over the surface of the specimen.’6,80
o In vacuum these surface markings develop into numerous nonpropagating cracks. The
;%i individual fatigue cracks that develop in vacuum appear from surface observations to
:Ef be much finer than those formed in air.

e There have been extensive investigations on the slip band and dislocation struc-
- tures of fcc metals, especially copper. It has been observed that a cell structure
it; develops in high amplitude fatigue, while at low amplitudes bands of dislocation

:;Ej pile-ups are typically formed below the persistent slip bands (psB).80-83 1n iron
:{ﬁ specimens cycled at high amplitudes, many slip lines with the formation of a cell

0y structure are observed34 and at low amplitudes dislocation band structures

\’; appear.85:86 For polycrystalline copper fatigued in air, plastic deformation at the
Sii surface is concentrated in a few slip bands, whereas for specimens cycled at low

~er stresses the slip bands are more uniform, thinner, and denser.86 Electron microscopy

" investigations on polycrystalline copper fatigued in air revealed slip lines separated
E%& by undeformed areas, and for specimens cycled in vacuum the surface was completely
:S;: covered with many slip bands.87 These slip line observations appear in specimens
ﬁ?5: fatigued at low strain amplitudes. At high amplitudes, no difference is observed in
Ao the slip line distribution in specimen cycled in vacuum or in air.87 1In both the

i:& vacuum and air environments PSB'S are not formed at high strain amplitudes and the
j;ﬂ percentages of trans—- and inter-crystalline fractures remain the same.

;i; The influence of a vacuum on the fatigue limit seems to depend on the particular
oy metal involved, and it is by no means clear from simple observations why the differ-
i?: ences arise. As shown on Figure 57 for ARMCO iron fatigued under constant stress

:&: amplitude conditions, the fatigue limit is not affected by the vacuum environment

;f: even though the endurance limit is increased.’> Similar observations have been

- noted for molybdenum88 and some aluminum alloys.89 In contrast, Verkin90 reports

:ii: that the fatigue limit of a high strength steel and high strength titanium alloy

:E:; (compositions not given) increased when the fatigue process was conducted at low

-jt; pressures (Figure 58).
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It has become clear that the investigations of fatigue failure of metals in air,
vacuum and other environments that cause an increase or decrease in life provide
considerable insight on the role of the surface in many types of mechanical behavior.
The early observations on fatigue damage were confined to the macroscopic deformation
characteristics of cycled metals and were limited by the available optical microscope
techniques in studies concerned with interpreting the surtface topography, such as
slip bands and intrusion and extrusion striation markings, in terms of their topo-
logical counterparts, namely, slip mode and homogenization, and crack formation and
propagation phenomen. The appearance of incipient cracks within persistent slip bands
(PSB's) was detected by Thompson et al.91 in copper. The early appearance of these
PSB's indicated that most of the fatigue life in copper was expended in the crack
propagation process. This observation, although valid for high purity metals, does
not appear to be valid for commercial type alloys. For example, Grosskreutz92 re-
ported that crack initiation in the structural-type alloys, Al 2024-T3 and 4130 steel,
was delayed until 60 to 707 of the total fatigue life had been expended. Fatigue
cracks were also reported to originate at intrusions and extrusions.93-96 Using a
tapered section technique, Wood et al.97 confirmed the propensity for fatigue crack
initiation in the surface region.

The fatigue resistance of metals has heen studied in terms of the potential for
dislocation motion. The ability to cross slip, which varies as the magnitude of the
stacking fault energy (SFE), was reported to influence strongly the surface features
and cracking mechanism.98,99 Low SFE metals were usually reported to exhibit planar
arrays of dislocationsl00 and were, therefore, denoted as "planar slip-mode”
metals.10l The slip band structure of these metals and alloys (which included
titanium, magnesium, stainless steels, and brass) revealed dense bands of dislocations
interspersed with dislocations dependent on the initial condition of the metal. The
high-SFE, or "wavy slip-mode” metals, such as aluminum, copper, iron and nickel, in
the formation of interconnected bands contained dislocation dipoles, loops, and other
debris.102 4t high strains, a cell structure was observed over the entire section of
monocrystals, while at low strains a bulk structure consisting of dipole clusters or
veins was correlated to the PSB's at the surface.l0l

It is evident, however, that cross slip was not basic to the formation of PSB's.
Nine et al.102,103 carried out torsional fatigue studies of single crystal copper

and observed that slip between the twist boundaries forming the sides of a cell-type
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structure induced by low strain amplitude fatigue ecasily acceounted for the striation
distribution. The ladderlike cell structure's development in copper, and its associ-
ated fatigue striations, were also reported by Laufer and Roberts, 14

While no single mechanism could be credited with adverse local concentration of
plastic deformation, and thus with sole responsibility for crack initiation, it was
clear that maintenance of a homogeneous slip condition was essential to ensuring
good fatigue resistance.i05 1In polycrystalline materials, cracks were often found
to nucleate at grain boundaries or inclusions when slip-related surface features
failed to provide the necessary stress intensification for cracking.i06"110 Watt
et al.ll0 conducted experiments which showed the reproduction of original slip bands
after removal of a 300 um surface layer from copper single crystals, and proposed
that the plastic elements associated with localized "reversible” slip were distributed
throughout the cryvstal and not confined to the surface. Nevertheless, in agreement
with Kramer's studies of the surface layer, recent TEM studies of polycrystalline iron
have shown that the plastic flow always represents a more advanced stage of develop-
ment at the surface than in the bulk, even when the flow has proceeded over the entire
cross section.lll Tt has also been shown that surface treatments or testing under
particular environmental conditions, which tend to enhance slip dispersal during
cycling, increase significantly the specimen longevity.100v112)113 The same philoso-
phy has been employed to improve the fatigue resistance of precipitation-hardened
alloys by thermomechanical treatment, although the impact of the process is not
restricted to the surface layer. Again, the objective was to eliminate heterogeneous
aging effects in the form of precipitate-free zones prior to fatigue to promote a
metallurgically stable structure that would support homogeneous deformation during

subsequent cycling.114

BULK-HARDENING OR SOFTENING PHENOMENA INDUCED BY FATTIGUE CYCLING

Another characteristic of fatigue deformation that has been studied extensively,
but has proved difficult to relate to crack initiation and failure, is the cyclic
hardening or softening phenomenon.gsvl15'122 It should be noted that fatigue failures
occur for specimens that exhibit work hardening, work softening, or work hardening
followed by work softening.123 This appears to imply that there is no functional
relationship between fatigue failure and cyclic hardening or softening and other
mechanisms must be involved in fatigue failures. Further, cyclic hardening or

softening does not provide a useful measure of fatigue damage and is most probably
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related to the changes in the work hardening rate. The cyclic strain-hardening
rationale, defined by Feltner and Laird,lz/*'lz5 stipulated that a correlation exists
between low-amplitude strain-hardening behavior and Stage T unidirectional deforma-
tion, and between high-amplitude strain-hardening and Stage I1 unidirectional testing.
The former is characterized by the formation of dipoles, while the latter involves

the formation of a cell structure., Their cyclic strain-softening rationale assumed

as a prerequisite that "reversed plastic flow” occurs and that the rate of cyclic
softening is controlled by frictional-type impediments to mobile dislocations.

Experimentally, these investigators determined that a saturated condition was
achieved for annealed fcc metals after about 15% to 20% of the life. The stress
response of cold-worked specimens required about 507 of the total life to attain a
stabilized condition. The microstructure at saturation was reported to be essentially
the same for both the annealed and cold-worked specimens for representative metals of
both slip mode characters. The saturation stress was found to be a unique function of
the cyclic strain range, strain rate, and temperature.

McGrath and Bratina%8 and Lukas amd Klesnill26 studied the cyclic hardening in
bcc iron and found surface features and microstructures similar to those obtained for
fcc metals. The transient saturation-hardening stage has been ascribed to a decrease
in the production of fresh dislocations, coupled to a "flip-flop” motion of existing
dislocations.

Recalling Feltner and Laird's proposal that the saturation stress is independent
of the prior strain hisr.ory,125 it must be presumed that cold-worked metals must
undergo a transient stage of cyclic reversion of the prior deformation to achieve the
deformation substructure characteristic of saturation condition of annealed specimens.
For design purposes, this behavior is distinctly problematic, since the strength
properties in low-cycle fatigue would be significantly less than expected from the
monotonic testing.127 As expressed by Grosskreutz,92 the softening effect signifies
a loss in "load-carrying ability"” and can thus be viewed as detrimental degradation
of the high-strength microstructure produced during the prestressing or prestraining
operation. Age-hardened alloys have been reported to be especially susceptible to
softening effects. Since these alloys are hardened by a metallurgical process, the
softening mechanism proposed by Forsyth,128 involving a redissolution of precipitates
by the repeated and systematic cutting by dislocations, is a plausible though somewhat

disputed129 hypothesis,
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On the other hand, if extended life rather than fatigne strength is the prelimi-
nary design criterion, softening can be credited with beneficial results. Studies of
Al and Ag single crystals cycled in the bending mode have shown that alternating
between high and low strain amplitudes can delay crack initiation and reduce the
crack propagation rate.130,13l  The sequence of amplitude changes has been postulated
to promote climb- and glide-aided substructural recovery and to reduce the deleterious
effect of introduced grain boundaries in the crystals. Since the behavior was found
comparable to that produced by intermittent annealing, the softening due to intermit-
tent low-strain cycling was ascribed to the dislocation rearrangement, stimulated by
an ample vacancy supply from nonconservative motion of jogged, oscillating dislocation
segments, As discussed later, this type of improvement in fatigue life may also be

explained in terms of "hardening”™ of dislocation sources in the surface layer.

CORRELATION OF SURFACE LAYER WORK HARDENING TO FATIGUE FAILURE

The hardening and softening behavior recounted in the previous sections has
earned acceptance as a tenable bulk process. However, the relationship between
fatigue fallures and the cyclic hardening or softening was further complicated by the
findings of Grosskreutz.92 He reported that slices cut from cyclically failed copper
specimens exhibited fatigue lives comparable to that of the original specimen and
concluded, therefore, that the "damage” introduced to the copper during the initial
fatigue process was harmless, serving only to determine the flow stress. The impli-
cation that the bulk hardening or softening under constant-amplitude cycling was
significant only in terms of the dynamic strength properties of the metal lent support
to the growing evidence that the fatigue life was critically dependent on the surface
hardening or softening bhehavior.

Argon proposed that "damage” accrues by void and porosity concentration in the
PSB, shown to be "soft” by micro-hardness measurements, such that incipient cracks
are nucleated.l32 4 vacancy production mechanism during high-amplitude cycling was
correlated to the recovery and fragmentation of hard surface layers introduced by
prior surface treatment, and ultimately with condensation into voids to cause failure.
This recovery mechanism is obviously in contrast to the beneficial vacancy-aided bulk
recovery thought to be promoted by the low-amplitude blocks of variable-—amplitude
fatigue programs.

vonVitovec!33 observed that in bending fatigue, limited cycling at a high strain

before cycling at a lower strain considerahly extended the fatigue life. The
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improvement in fatigue pertormance was described in terms of a "training” effect in

which the surface region was strengthened so as to resist further fatigue damage.

Important, when considering the role of the surface, is VonVitovec's demonstration

that in the fatigued specimens dissolution rate decreased with distance from surface
to bulk. Since the rate of dissolution is a function of the stored energy, these
data indicate a higher dislocation density in the surface region (Figure 59). In
VonVitovec's experiments, since the applied stress was in bending, preferential sur-
face work hardening would be expected. However, uniaxial fatigue of polvcervstalline
aluminum and copper also revealed an increase in the "surface laver stress” compared
to the bulk material.l34-136 1, these investigations it was shown that the cycling
increased the flow stress and decreased the activation volume ot the specimens. But
when the surface layer was removed, specimens that had been subjected to a relatively
small number of cycles reverted to their original uncycled values. These data indi-
cate that under the conditions of the test, i.e, relatively small number of fatigue
cycles, the surface layer work hardens much more than the bulk material. Kramer's

work on fatigue of precycled commercial alloys136

revealed a behavior comparable to
that observed earlier by VonVitovec. When a small period of high-amplitude cycling
was performed prior to cycling to failure at a lower amplitude, an anomalous increase
in life was obtained. The life increased as the decrement in stress amplitude in-
creased, and decreased if the prior fatigue was carried heyond a certain limiting
number of cycles (Figure 60). The imposition of a "hard” surface layer by pre-
straining bears some resemblance to the improved resistance to damage afforded by

137 and surface

long-employed surface preparation techniques such as shot peening
rolling,138 which introduce compressive residual stresses in the surface layers.
These effects may be viewed in terms of the generating of dislocations in the near
surface region. Apparently the imposition of the high stress increases the work
hardening in the surface layer and, therefore, increases the stress required to
activate the dislocation sources. When the cycling is continued at a lower stress
the net stress acting is accordingly lowered and the rate of generation of disloca-
tion is decreased.

Investigations on the extension of fatigue life by surface removal treatment
have been very valuable in allowing an explanation of fatigue in terms of the surface
layer., The beneficial effects of removing the surface of component parts has heen a

long-employed shop practice of service components subjected to fatigue. Thompson

et al.%l showed that intermittent removal of 30 um from the surface of copper
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specimens prolonged fatizue life. They attributed this eftect to the olimiaation
of the PSB's and incipient cracks. Alden and Backofen showed that periodic sarface
renoval or annealing treatment, 1f performed prior to sataration hardeniae, sub-
stantiallv prolonged the tatiygue life of aluminum single CFy%LJ]%.gS Thev asceribed
the improvement, however, not to a removal of accumulated damacse, bat rather to g
prolonged period of random slip step emerzeiace at the s face, and thus a postpone-
ment of slip concentration and cracking in this rezion.

While the research efforts descibed above for the most part imply that the
surface layer plays an important role in fatigue, maay of the various investivarions
did not in:lude studies of the surface layer per se. It having been shown previously
in a unidirectionally strained specimen that the surface region work hardens to a
Jreater extent than the interior, it was suggested that the surface laver was important
in fatigue.7Q,71,l39,140 In 1974 Xramer!*0 peasured the increase in the surface laver
stress as a function of fatigue life of 4130 steel, aluminum 2014-Th, and titanium
(6Al1-4V). The data presented in Figure 61 for 2014 aluminum are typical of the

relationship between work hardening of the surface layer, o as a function of the

SR
number of cycles at various stress amplitudes. The asterisks designate the value of
og at N, where N, is the number of cycles required to initiate a propagating

crack; the og value for fracture is a constant and lies on the extended portion of
the curve, 1t is apparent from these data that a crack or fracture occurs when ug
= 05*. The critical value ¢ is independent of the stress amplitude. Within the
sensitivity of the measurements the surface laver stress does not increase when
specimens of the Aluminum alloy and titanium (AAL-4V) are cycled below the endurance
Limit. 140

Additional work also shows that the critical value g% is iadependent of the
environmet; however, for thosce environments that promote corrosion-fatigue the
slope of the OS/N curve is much steeper than that obtained in air.lam

For the aluminum 2014, titanium (AAL-4V) and the 4130 steel (g, = 130,000 psi)
a linear relationship is obtained when the slope s=dog/dn is plotted apainst

log o, where o is the stress amplitude.

Accordingly,

s = koD (17)
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this relationship for fatigue failure and propagating crack formation is in accord

with the equations proposed by Basquin141

*
in ]910. The term gs /k is a constant that
may be obtained from a log-log plot from the intercept at o = | while p is the slope.

In terms of the surface layer from Figure 61, fatigue damage may be defined as

Os (22)

and accordingly if og is decreased, for example by removing the surface layer, damage
will be decreased. The increase in the work hardening by fatiguing at various stress
;ﬁ amplitudes does not follow a simple linear relationship as suggested by Miner's rule,
. Rather the work hardening depends on the prior stress history as depicted in Figure 62
for aluminum 2014-T6 specimens fatigued at +276 MPa for various cycles prior to
cycling at +172 MPa. The slopes of the curves are altered by the prior fatigue

0 history. For example, for those specimens given a half cycle at 275.8 MPa before

cycling at 172.4 MPa, the slope dog/dN is much larger than that for specimens

.j -’l"ln".

cvcled only at 172.4 MPa. The curves in Figure 62 give the change in the slope as

e’
»

4 function of the fraction of fatigue life when the stresses are changed from

A low to a high value. On a semi-log basis with respect to the fraction of life

PAV 20 A A 3 |

f = N/Np the curves are linear and extrapolate to the value of § = ds/dN obtained

IR

when the specimens were fatigued only at the single stress amplitude. However, the
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change in work hardening of the surface layer when the stress is changed from a high
to a low value is apparently strongly dependent on the magnitude of the stress change
(Figure 63). 1In these cases the slope of the curves after fatiguing at the higher
stress (276 MPa) is lower than that obtained by a linear extrapolation to the value
obtained when the cycling was conducted at the lower stress amplitude. For a specimen
that had been cycled for 1/2 and 600 times at 275 MPa, failure did not occur within
177 cveles when fatigued at 137.9 MPa, whereas without a prior fatigue cycling these
specimens failed at about 1.5X10° cycles.

Based on the experimental data on the work-hardening of the surface layer as a
tunction of prior fatigue history, an equation may be derived for the prediction of
cunulative fatigue damage. The equation is constructed on the observations that a

crack forms or the specimen fails at a critical value o*g, that is

*
L SiNi = OS (23)
From Figures 62 and 63 a model may be constructed to calculate fatigue damage

as depicted in Figure 64, From this figure

£
Sp = S(81/50 T, S1p = 5y(S,/59)F2(5,/5,), 21 ere. (24)

From FEaquations (18)-(24)
5§ Ny + 08 Np(0y/0)P e o8 Ny (0,/09)PF2 X (25)

(Ol/Oq)prf] + ... = 0*/a
- s

divided by = /k each term on the left represents the fraction of fatiguc
. Yailure occurs when the sum equals one, With this equation an
ot arreement was obtained between experimentallv derived fatigue damage

. . - 136
t values predicted from Equation (25),
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From the viewpoint that a fativue crack and/or fractare will occur when the

surface laver stress attains a given critical value it would be c¢xpected that the

fatigue life could be extended by removing the entire surtace laver. To this end a
s - . . i » - v . B

series of fatigue experiments!*0 were conducted on titanium (AAL/4V) and 2014=Th

o

aluninum wherein the specimens were fatigued hetween 30 and 50 ot the fracture
tife, Np, and the surface laver was removed by clectrochemically taking oft about
150 um from the diameter between cycles (Table 9). 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 laver. It is clear from Tabhle 9 that periodic removal of the surface laver
completely restores the fatigue life. For example, for the ?0014=-TH aluminum allov
cycled at 47 MPa repeatedly at N/Np = N.53 ( AN = 50,000) the specimen withstood a
total of Ng = 500,000 cycles without failure. After the final surface removal the
number of cycles to fail the specimen, Np, was 150,000 as compared to Ng = 95,000 for
the average fatigue lite. When, however, these specimens were fativued as indicated
in Table 9, but only 25 um was electrochemically polished off to just remove any
surface markings, very little or no extension in the fatigue life was obscerved.
Accordingly, the improvement in the fatigue life is due to the removal of the surface
layer and not the elimination of slip bands or cracks. As will he discussed in more
detail later, experimental evidence shows that the excess dislocation density in the
interior is reduced to that of the virgin condition when the specimens are cycled
after the surface layer is removed and the fatigue damage completely eliminated.

From the observations that fatigue failure occurs when the surface layer attains
a critical value and from the evidence that complete recovery of the fatigue damage
is achieved by removing the surface, Kramer 140 proposed a mechanism for fatigue
damage based on the preferential work hardening of the surface region. According to
this concept, when the obstacle strength of the surface layer becomes great enough
to support a "piled up” array of dislocations of like sign, a crack will form when
the lncal stress ahead of the "pile up” exceeds the fracturce strength in that region.
This pile-up would not have to be a linear array; rather the accumulation of disloca-
tions of like sign needs only to satisfy the condition that the net addition of the
stress fields exceeds the fracture stress, At lower strengths of the surface laver

the stress fields associated with the pile up would allow plastic deformation to

ocenr and relax the imposed stress,
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TABLE 9 - EXTENSION OF FATIGUE LIFE BY REMOVAL OF SURFACE LAYER

Stress, *o N D
MN/m ksi Np AN Np N Np mm
Titanium (6Al1-4V)

55.2 80 67,000 20,000 0.3 220,000 100,000 .

1
55.2 80 67,000 30,000 0.45 360,000 180,000 1
55.2 80 67,000 30,000 0.45 150,000 80,000 3.
62.0 90 40,000 12,000 0.30 132,500 63,000 1

2014~T6 Aluminum
47.0 25 95,000 50,000 0.53 500,000 150,000 15.2
27 .6 40 12,000 6,000 0.5 60,000 56,000 12.4

The application of X-ray diffraction techniques to assess fatigue damage appar-
ently began in 1937 when Regler142’143 reported that the X-ray diffraction lines were
broadened when specimens were fatigued. Numerous other research programs have been
conducted since Regler's earlier investigations but without notable success, In
these investigations the line broadening from the surfaces of the fatigued specimens
was studied and, in general, it was observed that after a relatively small fraction
of the fatigue life the X~-ray diffraction line broadening either virtually ceased or

increased very slowly.

144-151 152

More recently Taira and his co~workers as well as Hayashi conducted an
in-depth series of investigations employing a wide range of X-ray diffraction techni-
ques for the study of fatigued low carbon steel specimens. Using the Hall method to
determine particle size, D, and microstrain, Taira reported that at the surface the
particle size decreased while the microstrain first increased and then remained
constant with further fatiguing. For aluminum 2024 the particle size remained almost
constant and the microstrain increased with the number of cycles.[’3 Using the Warren
Averbach method for fatigued specimens of nickel, a-brass and steel, Hartmenn and
Macherauchl33 reported that the particle size,D, decreases while the microstrain
increases and gradually levels off. Molll34 for high purity nickel, Wan and

Byrne155 and Lynn et al. 196 for nickel and a nickel-cobalt alloy observed the same

general behavior as reported by Taira. Since the dislocation density increases with
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the microstrain and is related to the D72 it is quite evident that the total dislo-
cation density increases at the surface during the fatigue. A schematic illustration
of the changes in the line broadening as wmeasured by the half-width is shown in

Figure 65.148 According to Taira the curve consists of three regions: (1) A rapidly
changing region that extends up to about 207 of the fatigue life; (2) A slowlyv rising
section that extends to about 85% that is followed by (3) a rapidly increasing section
up to failure. As with that found for the surface laver Stress,lan Taira found that
fracture occurs at a given value of the line half-width measured at the surface. This
value is also reported to be independent of the stress amplitude.MQ In contrast,

for cold worked 0.78-% carbon steel the half-width, b, decreases as the specimens are
fatigued (Figure 66). This curve has two regions, a linear decreasing region followed
by a4 region wherein the b/B value decreases very rapidly. Apparently, independent of
the applied stress, fracture occurred when the ratio b/B was 0.6, where B is the
original half-width of the specimen before fatiguing. Similar behavior was observed
for cast iron and cast steel.

Using single crystals of molybdenum, Trashchen et al.l3/ studied the deformation
of fatigued specimens by the Berg-Barrett technique as well as by X-ray diffraction.
They found that the crystals with an orientation conducive to single slip had a much
larger resistance to fatigue failure than crystals that deformed under cross-slip, and
concluded that the fatigue life is not a function of the total dislocation density
but depends on the way the dislocations are oriented. They suggested, in agreement
with Kramer,140 that the possibility of dislocations with the same Burgers vector,
(excess dislocations) piled up in a localized part of the surface area, created a
favorable condition for the nucleation of a fatigue crack.

Of interest, these investigators measured by means of a double crystal diffracto-
meter the increase in the misaligament of sub grains, &K, and the density of dislo-
cations inside the misoriented elements of the substructure as umeasured by the half-

width 8. 1In agreement with others, they reported that, for the two crystals having

different orientation, fracture occurred at about the same value of B of approximately
10 minutes of arc. 1Using a double crystal X-ray spectrometer, Bega et al.,lsg in an

article published in 1981, reported that a dislocation rich surface laver of not more

than 20 um was formed in fatigued molvbdenum c¢rystals, Since extrusions and intru-

sions were not observed it was concluded that the crack initiated in the slip bands.
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X-ray diffraction methods have also provided a very powerful means for investi-
- gations concerned with the dislocation density-depth profiles. The early investiga-
tions by Taira involved the use of microbeam X-ray techniques capable of high
resolution. The data presented in Figure 67 are typical of their results for mild
steel obtained from specimens tested in bending fatigue at a stress amplitude of
25 Kg/mmz. The work-hardening as measured by the ratio of the increase of the half-
width b to the original half-width of the uncycled specimen was greater in the region
close to the surface and decreased with distance into the interior. Both in the
surface layer and in the interior the work hardening increased as a function of the
fatigue life.

The work-hardening as a function of the distance from the surface was investi-
gated in detail by Pangborn et al.%2 on aluminum 2024 and aluminum single crystals
by means of a high precision double crystal diffractometer coupled with topographic
images of the regions explored by the X-rays. In these investigations the specimens
were fatigued in tension-compression at R = -1 for single crystals of high purity
aluminum and 2024-T3 polycrystalline aluminum. For the single crystal specimens
cycled below the fatigue limit at a stress amplitude of 1.03 MPa, as indicated by
the line breadths, the excess dislocation density is high at the surface and declines
with distance towards the interior, (Figure 68). However, instead of attaining a
plateau value immediately, the line breadth curve displays a minimum value at about
100 um and then rises again to a constant value in the bulk. Of interest is the
observation that after 2 X 107 cycles at a stress below the fatigue limit the
The line breadth in the interior is about the same

interior is not work hardened.

as that of the virgin crystal. Apparently for fatigue failure to occur it is neces-
sary that both the interior and surface region undergo sufficient work hardening.
The dislocation density-depth profile for fatigue specimens of 2024-T3 aluminum
analyzed by means of a shallow-penetrating copper radiation, ~7 um, is shown in
Figures 69 and 70. For these studies the depth profile was determined by increment-
ally electrochemically removing known amounts of the surface for each measurement,
The results in Figure 69 are for specimens with two grain sizes and for tests
carried out at two different stress amplitudes. 1In agreement with Taira and
Hayashi,“‘8 the changes in the excess dislocation density at the surface can be
described by a three-stage sequence., A rapid increase in the dislocation density

occurs early in the region up to about 15% (Stage 1) and late (Stage II1) in the life
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‘f\j A region having a low slope is observed in the period from 15 to 95% of life. When
@ corrected for grain sizel3? the data from the two sources can be represented by a

single curve. 1In agreeement with the concept that fatigue failure occurs when the
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surface layer attains a critical work hardening valuel“n, in this case the specimens

LARE AN

N fracture at an excess dislocation density of approximately 15 X 109 em™2,  This value

was independent of the applied stress amplitude.
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The data presented in Figure 70 were obtained from the double crystal diffracto-
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meter rocking curve analysis of Al 2024-T3 specimens cycled for various percentages
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of the fatigue life at +200 MPa corresponding to the proportional limit. Analogous
to the deformation characteristics of the monotonically strained specimens the p-x
profile reveals a higher :xcess dislocation density in the surface layer than on the
bulk., Up to about 0.15% of the fatigue life (N = 21,000) the p-x profile is similar
to that of a specimen strained in simple tension. At higher levels of fatigue damage
a trough appears at a depth of approximately 100 pm. With further cycling the excess
density at the surface and in the interior continues to increase and at fracture the
densities become essentially equal (Figure 71). The data in Figure 71 shows the
excess dislocation density of Al 2024-T3 measured with shallow (Cu) and deep penetra-
tion (Mo) X-ray radiation. For these specimens the copper radiation penetrates to a
depth of about 7 um while for the Mo radiation the penetratinn depth is about 250 um.
At the surface the excess dislocation density follows the usual three stage

behavior and fracture occurs when the dislocation density, p, is about 15 X 1079 em~2,

The dislocation density measured by the Mo radiation is, of course, an average of

NG

:K the densities from the surface to about a depth of 250 um. According to these mea-
..I

?E? surements the average dislocation density in the interior increases slowly at first
\ »

7 and then at a rate more rapid than that at the surface. At failure the dislocation

densities are equal and the dislocation density must be uniform throughout the cross
section. The observation that failure occurs when the dislocation in the interior is

essentially equal to that of the surface layer is also found in corrosion fatigue and

stress corrosion cracklng.lﬁo
3 The dislocation density depth profiles for 1010 and 4130 steel specimens fatigued

‘ for various percentages of the fatigue fracture life are presented in Figure 72

=y (Unpublished data). A conventional powder X-ray technique employing a cobalt target
o , ) ,
R was used to determine the microstrains, <€7>l’/2 according to the Warren Averbach
ol i R
. method. The dislocation densities given in these figures were calculated from the

o equation




%Zj o (L) = 12 <e>? (26)
b2

It should be noted that the absolute value for the dislocation density depends on the
assumption used to describe the relationship between the microstrain , <g;> and p;

however, it is the relative change in the dislocation density that is of interest

g in evaluating fatigue damage. Attempts to derive a meaningful relationship between
o8 the particle size and the fatigue behavior were unsuccessful., The particle size
‘f:! ranged from 2000 to 4000 A and an analyses showed that in this range the method was

not accurate enough to prevent scatter.

o The pg values given in Figure 72 were calculated from Equation 26 at L = 50 A,

o In many respects the p.—x profiles for the 4130 and 1010 steels are similar. In all
;i} cases p. is higher at the surface than on the interior. Again, as with the 2024-T3

<

aluminum alloy, the dislocation density in the interior and in the surface of these
- steels increases with the fraction of fatigue life expended. For the 4130 and 1010
‘_ steels (Figures 73 and 74) there is a very rapid increase in the dislocation density
?: in the range of 10 to 20% of the life (Unpublished data). Afterwards the rate of
: increase is much slower at the surface than in the interior. Of interest is the
. observation that the dislocation density continues to increase in the surface layer

and the interior even though the material cyclically work softens.,

iy

~{k{ In Figures 73 and 74 the curves were extrapolated to Np using a least mean
~’§ squares fit. For the 4130 steel the ratio of pc,q (surface) and pe,; (interior is
< 1.02 at N/Ngp = 1. The critical dislocation density at fracture calculated from
i Equation (26) is 20.67 X 10'%m™2. For the 1010 steel the ratio p;/p, extrapolated
if: from the curves intersect N/Ny = 1 at 0.92. The critical dislocation density is
izi 16 X 1010 and 14.67 X 1010cm=2, for the surface and interior, respectively.
i:? The data presented in Figure 75 are the dislocation density values in the
X interior and at the surface of 1040 and 4130 steels fatigued under constant total
;S strain conditions (Unpublished results). The peak to peak strain was 0.005. The
- average number of cycles to failure for the 1040 and 4130 steels was 26728 and 27294,
*;5; ‘ After about 5% of the fatigue life the rate of increase in the dislocation per cycle
‘:; for the two steels is essentially equal. For the 1040 steel the slope is .53 X
fiﬁ 1019 and 7.33 X 1010cm™2 for the 4130 steels, respectively. Initially, the rate of
prz
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production of dislocations is very high for both steels and the dislocation density

.

of the 1040 steel attains a value of about 15.3 X 1010 cm™2 at 4% of the life while
that of the 4130 steel is about 7.07 X 1010 ap=2 at 7% of the fatigue life. An
extrapolation of the curves to failure indicates that the critical dislocation
density is 21.6 X 1010 and 14 X 1010 em™2 for the 1040 and 4130 specimens. Again

at failure pg = pj.
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INSTABILITY OF DISLOCATION ARRAY IN THE INTERIOR OF FATIGUED SPECIMENS E

It is clear that during fatigue p; increases in the bulk, and this appears to
imply that permanent damage has occurred throughout the specimen; and yet it is known
that the fatigue life of metals is completely recovered when the surface layer is re-
moved after the cycling process. The answer to this apparent conflict is that the

defect structure in the interior is unstable without the presence of the surface

layer. The instability of the interior defect structure is demonstrated in Figure 70B
by specimens that had been cycled 75 and 95% of their life and after removal of 400 um
were cycled again at the same stress (200 MPa). The dislocation density determined

from the rocking curves employing copper radiation declined very rapidly during the

" ;“A'J MWD v WY O T )

initial recycling and, after about 200 cycles, reached a minimum that was approximately
the same as that of the original specimen. When the recycling was continued to 5% of
the fatigue life, the p—x profile over the entire cross section was the same as that
of the virgin specimen fatigued 5% of the life.

The reversion of the bulk dislocation content back to the virgin state when
fatigued specimens were cycled in the absence of the work-hardened surface layer ex-

plains the extension of the fatigue life by removal of the surface. The observations

relative to this instability imply that there is a strong interaction of the disloca-
tion in the interior with the surface layer. Since the dislocation density decreased
when the surface layer was removed then, conversely, it is apparent that the disloca-
tion density in the bulk would not have increased during the cvcling without the
presence of the surface layer. 1In this sense, the increase in the bulk dislocation
density is controlled entirely by the surface laver, at least for high-cvele fatigue
processes.

The instability observations have important implications relative to the
influence of the environment on the work-hardening characteristics. Thev lead to the

concept that the work-hardening of the interior is dependent on the surface laver.
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Accordingly, an environment that iofluences the surtface laver will also attect the
work-hardening of the bulk., For this to occur, the stress ticlds associated with

the dislocation array in the surface layer must act over long distances, fConceivably,
dislocations generated at near-surface sources can act on other nearby sources to
produce a domino effect. According to this model, the c¢ffective stress acting on the
dislocations in the interior includes, in addition to the applied stress, stress
fields emanating from the dislocation arrays in the surface layer. The dislocations
generated from interior sources will move toward the surface and react with disloca-

tions and dislocation sources in the surface layer.

MEASUREMENT OF FATIGUE DAMAGE

There are several ways to use the data of the type presented in Figures 69 and
71 for the determination of fatigue damage. As suggested by Taira and Honda,144 the
line broadening from surface measurements may he used; however, in gereral the slopes
of these curves are low and small errors in the line broadening analysis can result
in very large errors in the estimates of the fatigue damage. But, the slope of line
broadening associated with the interior region as a function of fatigue life is
sufficiently high to provide an accurate measurement of the fraction of fatigue
damage. The data presented in Table 10 were obtained on specimens of Al2024-T3 that
were fatigued at a series of stress amplitudes for various cycles.43 Molybdenum
radiation was used to determine the average line broadening from the surface to the
interior. A calibration curve such as presented in Figure 71 was used to determine
the fatigue damage. 1In these tests, X-ray measurements were taken after each run to
determine the progress of damage. After the final block the specimens were fatigued
to failure. Tahle 10 compares the fatigue damage calculated from Miner's rule and
the equations derived by Kramer.!3®  Tn these cases the X-ray data closely predicted
the actual fatigue damage. The data presented in Table 11, were obtained using
molybdenum radiation on specimens of 2024-T4 aluminum subjected to low cycle fatigue
at various strain amplitudes.161 Again Lhe agreement between the measured and

actual fatigue damage is excellent.
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§ TABLE 10 - COMPARISON OF CUMI'LATTVE DAMAGE ESTIMATES
?;* FOR Al 2024 SPECTRUM FATIGUE SAMPLES
f}: Number of Cycles Expended Fraction of Life
~ and Stress Amplitude Miner's  Kramer X-Ray
N Rule (138) Sample A Sample B
. 36 x 103 cycles @ + 170 MPa  0.20 0.20 .19 0.15
o +7.5 x 103 cycles @ + 210 MPa 0440 0.31 0.29 0.30
L -
< +3.0 x 103 cycles @ + 245 MPa  0.60 0.49 0.41 0.38
T +1.5 x 103 cycles @ + 280 MPa  0.80 0.63 0.55 0.46
‘; Cycled to failure @ + 280 MPa Remaining Life
o Sample A: N¢ = 3.19 x 103 X-Ray 0.45 0.54
e Sample B: Ne = 4.36 x 107 Actual (No/Ng) 0.42 0.58
“
-
t.:_’
_2:. TABLE 1! - COMPARISON OF MEASURED AND ACTUAL FATIGUE
- DAMAGE FOR 2024 SPECIMENS [FROM REFERENCE 161]
e
{ - Type of Measured No. Actual No.
. Loading History of Cycles of Cycles
- Remaining Remaining
"\ Monotonic 3,000 cycles @ 1.0% €pax 4,550 + 1,550 6,430
.\‘h. -
N
Ji- Spectral 2,000 cycles @ 1.0% €payx 26,025 + 5,225 27,285
. +10,000 cycles @ 0.6% epay
o +5,000 cycles @ 0.8% €.
e Spectral 10,000 cycles @ N.6% €pay 22,230 + 3,230 19,842
??j +2,000 cycles @ 1.0% epax
< +5,000 cycles @ 0.8% €p.y
"4
> Spectral 10,000 cycles @ 0.6% epax 20,000 + 3,230 22,730
+5,000 cycles @ N.8% epax 20,600 + 3,230
+2,000 cycles @ 1.0% enax
N
-
-
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Although the ahove technique apparently is able to measure fatigue damage quite -
accurately, a calibration curve is required. It is most unlikely under practical
field conditions that such a calibration curve would be available or could be acquired
easily. However, this difficulty can be overcome by taking advantage of the observa-
tions that failure occurs when the dislocation density or line broadening in the
interior becomes approximately equal to that of the surface layer. The value p;/pq
is fairly linear with respect to the fraction of fatigue damage above about 10 to 20%.
Accordingly, with this method of estimating fatigue damage a structural item may be
withdrawn from service whenever pj/pg exceeds a prior set value, say 0.9 on the
basis that failure will occur when pi/pg—>!.

It should be noted that methods other than X-ray diffraction may be useful for
determining fatigue damage. A technique that can measure the work-hardening in both

the interior and the surface layer with sufficient accuracy is necessary.

STRESS CORROSION

A number of theories have been advanced in attempts to explain stress corrosion
cracking (SCC); however, no single theory has gained general acceptance. It has been
proposed that SCC is a result of preferential dissolution,162-170 However, the crack
velocities in SCC appear to be much larger than would be expected with reasonable
current densities or under freely corroding conditions. 167 Attempts to explain SCC
in terms of a decrease in the surface energy by adsorption also appear to be invalid
because the observed crack velocities are much slower than that expected from the
rate of transport of the adsurbent to the crack tip. The brittle-film model proposed
by Loganl68 and studied by a number of investigatorsl67-170 3140 appears to be unable
to predict the crack propagation rates from a simple process based on the rate of
reformation of the cracked film. Accordingly, it has been proposed that the crack

velocity is related to the (dissolution of the substrate at the cracked sites in the

film. The crack velocity in this case would he controlled by the repassivation pro-

cess to prevent dissolution. Again with this concept it is difficult to reconcile

VT
Eogaa .

the crack growth with the rate of dissolution. However, it appears that films may

o4 e

play as important a role in scc. 170

When considering the role of films or the SCC environment it is not sufficient to

b

describe their influence in terms of film growth or dissolution rate only. Rather as

discussed earlier the film and environmental conditions can affect the rate of
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1‘ formation of the dislocations in the surface layer and as a consequence aftect the =
{

A dislocations in the interior. The indication that a meaningful relationship might ‘

S

exist between SCC and the surface layer is suggested by the interrelationship of .

A S

fatigue and corrosion fatigue with the surface layer. :

,‘J'J"
L 4,
. . .

The surface layer stress data in Figure 76 are typical results obtained by

straining Ti (6Al/4V) at various potentials in media that cause scc.!7l similar

e results are obtained for 4130 steel. Under these environmental conditions the

ﬂ:- surface layer stress increases with strain in accordance with the well known rela-
P

- tionship o = CSEp. However, for the 4130 steel and Ti(6Al/4V) (Figure 77)

studied under a large number of environmental conditions the exponent n remains
constant but the coefficient Cg varies with the applied potential. These data cor-
relate very well with crack propagation and failure time measured on compact tension

specimens. The data in Figure 78 show the relationship between the crack velocity

Y

at a stress intensity factor of 32.9 MN/M3/2 (30 ksi - inl/2) and the surface layer

-~ R
” stress coefficient Cg for the titanium alloy while Figure 79 shows the relationship ]
=", -
.. for the time to fracture. Similar relationships are presented in Figures 80 and 81 ﬂ
) 1

. for 4130 steel. From these data it is apparent that there is an excellent correlation i
%

between the SCC behavior and the surface layer stress coefficient Cg. For the ten
different environmental conditions used for the titanium alloy and the four conditions

for the 4130 steel the data can bhe represented by a single curve that is independent

of the potential and concentration of the solution. 1In brief, these data indicate the
SCC increases because of the enhanced formation of the surface layer.

More direct observations of the influence of the surface layer on SCC have been
made through the use of X-ray line broadening in a manner analogous to that discussed in

fatigue. 1In 1971, Kamachi et al.l72 ghowed that the B (half-width) values measured at

.i the surface of 304 stainless steel specimens exposed to 427 MgClz at various stresses :
:j increased continously during the exposure time (Figure 82). The B8 values for specimens .
ji expnsed to the same temperature and strssses in an inert environment (paraftin oil) 5
'5 increased a relatively small amount, initiallyv, and after about 2 hr remained constant. "
e The dislocation density-depth profile of 304 stainless steel stressed at 55% of the s
éi yield strength for various fractions of the crackinyg time, tes in Mgclzis shown* in j
';: Figure 83, in terms of B¢-8, where £, is the half width for the unstressed speci- %
'a mens. These cxperimentalxknn* show that a surface layer with a negative dislocation )
;f gradient is tormed first. At t/t. = 0.1 the g; values in the interior increase a rela-

tivelv amall amount (0 to 1.5), while those of the surface increase to about 5.5 minntes
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- of arc. With further exposure the Bg values at the surface approach a constant value
of 7 to 8 minutes of arc; however, in the interior they increase constantly., Similar
to the behavior found for fatigue, cracking occurs at B8i/ Bg =1 when t/t. = 1.
Similar results were obtained for 304 stainless steel specimens exposed at 0.75 of

the yield strength. 1In this case the Bg value increases very rapidly and remains

essentially constant at about B = 12 min. The B increases with time at a slower but
fairly constant rate and again cracking occurs when RBg = B; = 12 minutes (Figure 84).
Similar dislocation density-depth profiles were also found for specimens of titaninm
N (6A1/4V) and titanium-9 Al stressed in a CH, OH~HCL solution.”

It is apparent that stress—-corrosion cracking cannot be viewed as a static case.
e Rather, it should be viewed as a dynamic case wherein dislocation multiplication is
occurring continuously. From these observations and those relating the surface layer
:iv to SCC resistancel’l it would appear that crack formation is related to the stress
C field associated with the accumulation of dislocations of like sign piling up against

s a strong barrier at the surface in a manner similar to that experienced in fatigue,l4”

e 4 A MODEL FOR STRESS CORROSION CRACKING AND FATIGUE

In many respects the kinetics of dislocation accumulation in fatigue and stress
corrosion are similar. 1In both cases, at the early stages of damage the dislocation
.- density in the surface region is much greater than that on the interior. However, at
L the later stages the rate of increase of the dislocation density in the surface layer
becomes slower than the rate of increase in the interior. 1In stress corrosion, cor-
rosion fatigue and fatigue, failure occurs when dislocation density in the interior

and surface layer are essentially equal. The fatigue damage is not related in any

N direct manner to cyclic work hardening or work softening since in both cases the dis-

gf< location density continues to increase in spite of the cyclic work softening behavior.
While it is quite apparent that media that cause stress corrosion increase the

dislocation density, the mechanism involved in the process is not entirely clear.

If it is assumed that surface sources are generated by the interaction of the SCC

medium, then it would be possible to increase the dislocation density by increasing

the number of surface sources. However, there is, at present, no conclusive

evidence that surface sources are generated or are activated in SCC. Another

possibility, and one that is very likely, is that the products of the reaction of

o

e *R.M. Yanici, S. Welssmann, and T.R. Kramer. Unpublished data.
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the medium and the metal can influence the rate of+raccumulation of dislocatioos in
the specimen through the introduction of hydrogen and the formation ot films thar
retard the egress of dislocations reacting with near surface sources. With this
model hydrogen would increase the dislocation mobility and this would accordingly
decrease the back stress on the near surface sources to increase the rate of pro-
duction. The dislocations from these sources would move inward and actuate sources
in the interior. These dislocations, which are of opposite sign, would move toward
the surface. Since the dislocation content at any time is a function of the rate or
generation minus the rate of egress as well as other modes of dislocation annihila-
tion, the surface film may play an important role by impeding the egression rate.

A similar situation may be expected in the fatigue process where the ambient atmo-
sphere is known to have a large effect on the fatigue life, The statement that the
dislocation generation is initially in the near surface region is in accord with the
observations that the dislocation density in the interior of fatigued specimens
decreases to the virgin state when the surface layer is removed. This implies that
the dislocation density in the interior would not have increased without the forma-
tion of the surface layer. Further, below the fatigue limit the dislocation density
in the surface layer increases while that in the interior does not. That dislocation
sources in the interior of a specimen can be: activated by the stress field from the
dislocations emanating in the surface layer can also be seen from a fatigue test
conducted in reverse bhending. Ilsing specimens of 7050 Al 6 mm thick, cvcled in four

point bending at a stress amplitude of 0,85 ¢ the dislocation density at 1/4 of

y’
the thickness increased even though the stress, as calculated from elastic theory,
was very low (Figure 85).%

As suggested previously,lao a fracture will occur when the stress associated with
an accumulation of dislocations of like sign is equal to the local fracture strength,
provided that the barrier strength is high enough. At low barrier strengths plastic
flow will occur to relax the stress. Because the build-up of the surface laver is
not uniform, but varies from grain to grain according to its orientation and neighbors
there will be randomness in the location of the crack. Therefore, the obscrvations
that a crack will form when the average dislocation density, as measured on a laruge
numbher of grains, attains critical value, implies that there is a very high proha-

bility that in some yrainsg the local stress will be equal to the fracture stremsth.

Y. Oshida, Private commurication. Svracuase 11,, Aug 1983,
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estimate of the harrier strength of the surface layer may be made. According to

-,

[
surtace laver model fracture will occur when 4
1
1/72 !
o; = a Gb p = Og (27) E
]
.1
re oy represents the resistive stress in the motion of dislocations, G the shear -
v, 5 the Burgers vector, and op the local fracture strength. 1t is difficult ?
“iltate p in g region that has been previously work hardened; however, an order 1
“ioltade extimnate can be made through the use of a modified Griffith concept. %
TR ;
ok v'7? (28) j
oF ~ Ma T K
= 1y ergs/em? for iron, and assuming a can be represented by the mosaic size
<1 trom ¥-rav analysis and equal to 2000 A then the critical density required is:
p = 5.76 X 1n10cm=2
Cuhy, Go= 7003 X 1012 dy/cmz. This value is the same order of magnitude as
ti-o 0 ol quasured cxperimentally (Figures 73-74).
e obscervation that failure occurs when the dislocation density is uniform
Lhiodt UL cross section appears to imply that cracks will not propagate until the
v ior oworx hardens to some eritical value. Below this value the dislocation
<it, oradient ia the plastic zone ahead of the crack front will allow blunting to
1. At ahove this value the stress field ahead of the crack front will increase
Soalocarion Jdensity such that relaxation effects cannot occur and the fracture
st he attained.
CREEP
Ciroussedd in the section on vacuum effects, the intluence of environment on .
Foon tacnavior ot mwetals could be interpreted in terms of the formation of the sur- X
oo that iabhibits dislocation generation ane mobilitv, More direct evidence
v v tace laver placs an important role has been obtained experimentallyv, in
v tothe ddislocation=depth profile of Al 1100 specimens crept at 673 K,
59 .
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Somewhat similar to that observed in fatigue, in stress corrosinn and in uniaxial

stress—-strain behavior at room temperature, a1 surface layer forms in specimens ot
aluminum 1100 when crept at elevated temperatures {(Figure 86).* I'n this investigation
conducted at 673 K the steady state strain rate varied as o2, indicating that the
crecep process was dominated by dislocation climb. The dislocation densitics were
measured by the conventional X-ray diftraction technique using the Warren-Averbach
analysis described in the section under fatigue. Similar curves obtained for speci-
mens strained various amounts at a number of stresses also showed that the dislocation
density was higher in the surface region, to a depth of about 60-100 um, than in the
interior. The dislocation density pg increases linearly while py is consilant

with strain (Figure 87).* At 207 strain oo > p; by a factor of 5.

The observations that pj remains constant as a function of the steady state creep
strain is in accord with present concepts. However, the increase of pg with strain
raises several questions. If it is assumed that the mobile dislocation density, p,,
is proportional to the total dislocation density, then for uniform strain throughout
the cross section ppil.y = Ppglg. Since in this case pgui<PLe then Ly < Ly,
where L is the average distance traveled by the dislocations. Accordingly a larye
compressive stress must bhe exerted to maintain uniform total strain in the cross
section. 1In this case a high stress gradient should exist that could eventually lead
to local instability. Tt is also possible to assume that while the total strain mav
be uniform the plastic strain in the surface layer is larger than that in the interior.

The recovery rate, k, of the surface layer « d the interior of Al 1100 speocimens
crept at 673° K has been determined by noting the changes in the X-ray line profile
using the Warren—-Averbach method of analysis. 1In these investigations* the recovery
of (1) the surface layer, (2) the interior without the presence of the surface layer
and (3) the interior in the presence of the surface layer were determined. For thesec
measurements the specimens were cooled rapidly after creeping and then heated rapidly
in a salt bath for various times. The specimens were held at 273 K during storage
and electrolytic polishing to obtain the dislocation density as a function of depth,

For the recovery of the interior in the presence of the surface layer, the speci-

mens and measurements were taken as a function of time at the surface and in the

T1.R. Kramer, R. Arsenault, and C.R. Feng. Unpublished data.
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interior after removing about 100 pm. 1In contrast, the recovery of the interior
without the presence of the surface layer was determined by first removing the surface
layer by electrolytic polishing before the specimens were heated in the salt bath,

The data in Figure 88* are presented in terms of Equation (4), assuming a first
order reaction. This curve is typical of those obtained when the recovery was
conducted at 573, 623, and 673 X for all of the cases investigated. 1Initially
the recovery rate is very rapid and after about an 80% decrease in p, the relaxation
rate becomes relatively slow. The surface layer and interior recovery rate constants

k1 in the fast region and k2 in the slow region are given in Table 12.

TABLE 12 - RECOVERY RATE CONSTANTS OF SURFACE LAYER
AND INTERIOR WITH SURFACE LAYER PRESENT FOR
1100 ALUMINUM AFTER CREEP AT 673°K;
ky - FAST STAGE, kyy - SLOW STAGE

Surface Layer and Interior with
Interior Without Surface Layer
Surface Layer

Temp °K Stage 1 Stage II Stage 1 Stage 11
kpmin™t kppminTl kpmin™d ok minTt
673 1.3 1 x 1072
623 0.94 1.8 x 1073
573 .69 3 x 1074 0.3 3.3 x 1074
523 0.46 4 x 1079 0.2 4.6 x 1075

Table 12 shows that the recovery rates for the surface layer and the interior without
the presence of the surface layer are the same. The recovery rate of the interior
when the surface layer is present is slower by a factor of 2 to 3 than that of the
surface laver. In all cases after a suitable length of time, that is dependent on

the temperature, the dislocation densitv in the surface region and interior are equal.
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The activation energies, U, obtained from measurements of the recovery constants
at various temperatures for the surface layer and the interior with and without the
surface layer are given in Figure B9. While the recovery constants in these cases
appear to differ, the activation energies are the same. The activation cnergy in the
fast region, Uy, is 14.3 kJ/mole while in the slow region, Uy, it is 127.9 kJ/mole.
Apparently, according to these data, at least two recovery processes must be active.
Because of the very low activation energy, U, it appears that in the fast region the
recovery is dominated by dislocation glide. 1In the slow region, after about an 807
decrease in the dislocation density the recovery appears to bhe dominated by disloca-
tion climb, as indicated by the observation that Uy is equal to the activation energy
for self diffusion.

The surface layer also appears to play an important role in transient creep at
low temperatures.”3 As discussed earlier the creep rate of Al, Au and Cu was found
to increase by a factor of about 100 when the metal was removed at a rate of 50 X
10~5 in/min. 1In an investigation of the creep behavior of polycrystalline aluminum
(99.997%) under constant stress conditions, the data were analyzed in terms of the
recovery of the surface layer stress and it was assumed that the back stress, oj, due
to the dislocation obstacles formed during creep in the interior did not relax. That
is, og was a function of creep strain €, and time, t while ¢; was a function of

*
€.. From assuming the Johnston-Gilman Velocity, V, stress relationship that Vao,

€ = ppbV (30)

the strain rate € may be written in terms of the mobile dislocation density p, and

the net effective stress o* as:

dane _ 3kpp  m*aio 1)

at at at

again taking
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o 0, where 0, is the initial yield stress the analysis shows that

where op a~

the net stress o* acting on the mobile dislocations increased during creep as:

ok = cxpn* (33)

d&no*
at

n*
t

(34)

where C* was a function of the applied stress and n* N.N4 was

independent of the

stress. However the mobile dislocation density decreased as a function of strain as:

_ B
P = Pot (35)
dp 1.7
o ko (36)
dt

Where o is the mobile dislocation density at t 1 and B = -1.46 and k = 1.46 080‘7.
This rate of decrease of the mobile dislocation is close to a second order reaction

with respect to the mobile dislocations and is in accord with the assumption proposed
by Lil74 that the rate of decrease would follow a second order reaction.

Equations (30) to (36)

From

€ =Kbp_ C*M* ¢ (Btm*n¥) (37)

o
This form of the equation, derived by considering the relaxation of the dislocations
in the surface layer, is of the same form as that usually observed, namely:

£ at™

(38)

It should be noted that the exponential terms do not vary with stress since B, n* and
m* do not change with stress, they would, however, be expected to change with tempera-
ture. The pre-exponential terms are functions of stress through p, and C*; X is
the proportionally constant in Fquation (38).

A consideration of the data derived by taking into account the recovery of
the surface layer leads to the conclusions that the decrease in the creep rate is

assoclated with a decrease in the mobile dislocation densitv since the net effective
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o stress, p*, increases with time. The decrease in the mobile dislocations appears

!! to be caused by the interaction of two mohile dislocations rather than between a

;E mobile and immobile dislocation.

:: Since the surface layer strength, o4, increases inversely with the specimen dia-
o meter it should be expected that creep rate would be similarly affected. Since the
l! ‘fractional change of 04 with time is independent of its initial value, the rate of

3 . r3 [y . s * . :
relaxation will increase with increasing o,. Therefore, o will increase more

rapidly with time in the smaller diameter specimen in accordance with Equation (133),

The creep data presented in Figure 89 show that the creep rate does increase as the
!. specimen diameter decreases. The creep curves in Figure 89 were obtained from
aluminum specimens having a diameter of 0.033 and 0.150 in. at a stress of 4000 psi.

. The grain diameter for both specimens was 0.1 mm.

DELAY TIME FOR CREEP j'
At low temperatures in high purity metals the delay time for the reinitiation of :

creep after decreasing the applied stress has been reported to he associated with the

relaxation of the surface layer.175 Using single crystals of aluminum, creep experi-

ments were conducted under constant stress conditions at 293 K. The specimens were

placed in the creep apparatus containing an electrolytic polishing bath of nitric

acid and methanol to remove metal at a constant rate. At a given strain, the stress

was reduced by an amount ATy, and the time tj for the onset of creep was determined

from the deformation response measured by a variable differential transformer. As

many other investigators have found, when the stress was reduced the creep ceased for

L.
-
Mo
s

a time, tg, and then started only after a given period had elapsed.
The data presented in Figure 90 are the delay times for the onset of creep when

the shear stress 15 was reduced. 1In this investigation the initial shear stress

dAty and the removal rate R is shown in Figure 91. The data presented in Figures

E; was 1250 psi and the rate of removal of the metal, was 12 X ]0'5, 25 X 1072 and

Ei 50 X 1072 in/min. The relationship between the delay time and the reduction of

tz stress {s linear for a given rate of metal removal. The delay time is found to de-
Fg crease as the rate of metal removal increases. The relationship between the slope,
Lo

90 and 91 are directly related to the decrease in the surface layer stress caused by
the removal of the surface by the electrolytic polishing. From Equation (31) and

since V depends on ™
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“ . % {
e = o bKT" (39) .‘
~°, .
> ;
:a where K and m* are constants. The effective stress may be expressed in terms of .
y «
= Equation (9) and in the case where the surface layer is being removed. P
4
“ At = A
G T = T3 7T 8% (40)
‘j; During the creep process when T, is decreased suddenly 1* is decreased correspondingly
-;' and the creep rate will be zero when 1*<0. However, during the delay time period Tg4
i‘ is reduced by the electrolytical polishing and creep will start again when Tt*>0,
. This is when:
'~
~
N Atg = ATy, (41)
- . On the basis that the surface layer stress may be considered to decrease
}j linearly with distance from the surface an excellent correlation is obtained
¢
Iy between the calculated and experimental delay time. According to Equation (40)
- creep will start again when
P Sx RTg = Atg = A1, (42)
N
i where Sy is the slope of the surface layer stress with distance AX. In this example
{; for an applied stress of 1250 psi, Y was 0.095, 48X = 0.0025 in. and S, = 0.1 X 10_4.
f: From Equation (42)
- d(Ata)
d Ezggy- = SxR (43)
A
o
.
P
w4
l.'
¢
~ 3
N 4
] h
> 4
; :_‘ ]
: 1
\
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o The agreement between the calculated values as shown by the square point and *he

2%_ experimental data ‘s excellent (Figure 91). The delay time when only relaxation

ii: of the surface layer is involved may be expressed as:

o

- At =1 =1 (O)e—tdk (44)

) a s s

1;:% where 14(0) is the surface layer stress before relaxation and k is the relaxation rate

iii constant. Since 14(0) is a function of the initial stress and strain the delay time

= will be dependent on these variables. At high temperature the delay time should depend

- on the relaxation of both o4 and o4.

Sy

\ APPLICATTONS

;\{: As described in the earlier sections of this article there is a considerable body

fi:; of evidence that demonstrates rather clearly that dislocation sources at or near the

{}: free surfaces are activated more easily than those in the interior. This behavior may

g be expected simply on the basis, say for polycrystalline materials, that for plastic
deformation to occur the neighboring grains completely surrounding the region must

ffj also deform. At the surface fewer constraints are present. In any case it appears

fi; that large changes in the plastic deformation characteristics of many metals may be

'f?f altered by inhibiting the operations of near surface sources; thereby increasing the

e creep, creep rupture, fatigue crack initiation, and stress corrosion resistance.

The data in Figure 92 was obtained from 304 stainless steel specimens that had

been coated with titanium by vacuum depOSitionlS6 and heated to 1093°C to diffuse

the coating into the base metal to form an alloy surface layer 40 um deep. The

AN stress rupture life after a solution treatment at 1093° C and aging at 650° C was
e
::: increased considerably (Figures 92, 93). Compared to specimens that had not been
o ] . .
YA coated but given a similar thermal treatment, the stress rupture life was approxi-
-t
N2
"‘z' mately doubled.
A The life increased by a factor of 5 as compared with uncoated specimens that had
R
u:a not been aged. The improvement in the stress rupture life remained constant over the
.J‘
el temperature range investigated (704°-815° C). Figure 94 shows the changes in the
Sl steady state creep rate as a function of aging time at 650°C. 1In the quenched
-
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condition the creep rate was 4.6 X 10=3/hr. 1t decreased rapidly with aging time
and for times greater than 2 hr the creep rate remained constant a ? x 1074 hr-l,
Uncoated specimens given the same heat treatment had a creep rate h times greater
than that of coated specimens. Of interest in this case for specimens that had been
coated but had not been given a diffusion treatment the stress rupture life showed
little or no improvement.

The influence of surface layer alloying on the creep behavior of titanium (6Al/4Y)
and 7075-T6 aluminum has also been investigated.177 The data in Table 13 show the
effect on the steady state creep rate €4 when Al, Cr, and Cu were diffused into
titanium (6Al/4V) and aluminum 7075-Té specimens 3 mm thick. The depth of the dif-
fused coatings was 50 pm. Both the primary and steady state creep rates were
decreased by surface alloying. A typical example of the changes in creep behavior
is shown in Figure 95 for a titanium alloy (6 Al/4 V) that had a diffused aluminum
surface 1ayer.177 In this case not only has the steady state creep rate been
decreased but also the primary creep region was practically eliminated. The data
in Table 13 are the steady state creep rate for titanium (6Al/4V) and 7075-Té
aluminum with and without diffused coatings. 1In some cases, the €4 values are de-
creased by a factor of 38 for the titanium alloy and 54 for the aluminum alloy.
Again results were similar to those with 304 stainless steel: where the alloy coat-
ings had not been diffused into the base metal the creep behavior did not change.

Since the primary and secondary creep rates are reduced in those cases where
the limiting life is governed by the strain rather than by rupture, surface alloyiug
may be very effective. The data in Table 14 based on a limiting creep strain of 0.5%
show that the creep life may be extended by a factor of about 5 for the aluminum and
titanium alloys under the stress and temperature conditions stated. At 800° F the
creep life of the Ti (6A1/4V) alloy was extended by a factor of 3 when the applied
stress was 50,000 psi.

The fatigue life of metals can also be increased by surface alloying as seen in
Figure 96. 1In this diagram the fatigue behavior of annealed titanium (6 Al/4 V) is
compared with and without a surface alloy coatinq.l78 The specimens with a diftused
aluminum layer had an endurance limit of 67 ksi, compared to 56 ksi for the bare
specimens, when tested in reverse bending (R = -1). A similar improvement was

ohtained for commercially pure titanium 125 coated with Cr, Ni, and Al. (Figure
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TABLE 13 - THE EFFECT OF SURFACE ALLOYING ON THE CREEP BEHAVIOR
OF TITANIUM (6A1-4V) AND 7075-T6 ALUMINUM

Stress Temperature Coating €g R*
ksi (MPa) °C
Ti (6 Al-4V)
80 (551.6) 260 0 1.3 x 108 1
80 (551.6) 260 Al 4ot x 1079 3
85 (586.1) 260 ) 3 x 10-8 1
85 (586.1) 260 Al 1 x 1078 3
80 (551.6) 288 0 7.6 x 108 1
80 (551.6) 288 Al <10~8 >8
85 (586.1) 288 0 1.66 x 107 1
85 (586.1) 288 Al 4.3 x 1079 38
7075-T6

40 (275.8) 150 0 1.6 x 10-6 1
40 (275.8) 150 Cr 4 x 1077 4
40 (275.8) 150 Cu 5.5 x 1077 3
35 (241.3) 150 0 5.4 x 1077 1
35 (241.3) 150 Cr 1.8 x 10-8 30
35 (241.3) 150 Cu 1 x 1079 54
25 (172.4) 177 0 6.8 x 1077 1
25 (172.4) 177 Cr 8.3 x 1078 8
25 (172.4) 177 Cu 1.1 x 1078 6
*R = ¢, (bare)/e. (coated).

97). In this case the endurance limit of the bare material was 28 ksi and for the
chromium-treated surface it was 41 ksi, an increase of 46 %. MHowever, when specimens
of titanium (6Al/4 V) in the STA condition were notched after coating, K, = 2.07, no
improvement in the fatigue resistance was noted. Certain precaoctions should be
exercised in the choice of a suitable alloy coating.l’8 Hard or soft alloy-rich
surface layers can be ohtained depending on the coating material and ditfusion

treatment. Although hard alloy surfaces are desirable since they aftect the

initiation phase of a fatigue crack, if the surfaces are too hard micro-cracks

can be produced by the heat treatment.
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TABLE 14 - IMPROVEMENT IN CRERP LIFE OF SURFACE
ALLOYED Al 7075-T6 AND Ti (6AL/4V) BASED
ON 0.5% STRAIN LIMIT

Coating Time (min) Ratio

Al (7075-T6), Temperature 300°F, Stress 45,000 psi

None 815 1.0

Cr 1,760 2.2

Cu 3,740 4.5
Ti (6A1-4V), Temperature 600°F, Stress 95,000 psi

None 2,840 1.0

Ni 13,600 4.8

Al 9,500 3.4

Cu 11,560 4.1

Cr 14,700 5.2
Ti(6Al-4V), Temperature 800°F, Stress 50,000 psi

None 1,065 1.0

Cr 1,930 1.8

Cu 3,075 2.9

Ni 2,825 2.7

In general the mechanical properties are not adversely altered by surface
alloying. According to the data in Table 15, with the exception of the copper-
coated titanium specimens, the surface alloying (Al, Cr, Ni) did not impair the
ductility. The ultimate tensile strength and the 0.2% yield strength do not appear
to be affected by the surface alloy. The variations in these strength parameters are
less than 3%. The proportional limit does, however, appear to be increased by about
87 for specimens with surface alloy coating with chromium or nickel. The mechanical
properties and ductility of surface alloyed specimens of 7075-T6 aluminum are within

experimental accuracy, about the same as the barc specimens (Table 16).
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0\, TABLE 15 - TENSILE PROPERTIES OF COATED AND BARE TITANTUM
> (6A1-4V) SPECIMENS; TEST TEMPERATURE = 70°F
ot
e Ultimate
el Tensile vield
j\} Strength Strength, Proportional % oof
) Coating (psi) 0.2% (psi) Limit, (psi) Elongation
- None* 135,000 129,000 129,000 16-17
b None't 153,000 143,000 133,000 9-10)
[ ALt 150,000 137,000 137,000 14
Cut 146,000 139,000 137,000 3-4
o crt 155,000 146,000 144,000 12
Nit 149,000 143,000 140,000 8-9
- *"As—-received” condition.
Sy tSolution—-treated and aged at 1700°F/2 hr and at 10O00°F/4 hr.
_::;:;:;
2§\% TABLE 16 - TENSILE PROPERTIES OF COATED AND BARF ALUMINUM
o 97075-T6) SPECIMENS; HEAT TREATMENT = 900°F/2 hr,
WQ; 250°F/24 hr; TEST TEMPFRATURE = 70°F
.. Ultimate -
- Tensile Yield
- Strength  Strength, Proportional % of
R Coating (psi) 0.2% (psi) Limit, (psi) FElongation
- Bare 84,800 77,500 63,000 16
e Cr 82,000 75,000 65,000 18
o Ni 83,500 74,000 67,000 18
Nt Cu 83,400 75,000 63,500 18
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Since surface-active agents have a protound crtect on the gencral plastic flow
characteristics, it is to be expected that thev would influence the fatipue and stress
corrosion behavior. Frankel et al.!79 reported an improvement by a4 factor or 2 to 4
in the fatigue life of an SAE 4340 steel, a magnesium allov (ASA3-1124) and a copper-
beryllium alloy (1.75% Be) when tested as a rotating beam ir octvl alcohol and
dodecylamine. From the observations that a decrease in concentration of oxvgen and/
or water vapor increases the fatigue life and that organic molecules having an active
polar group can react to form metal soaps, it was considered that a practical method
for improving the fatigue and stress corrosion resistance could be achicved bv impreg-
nating a porous anodized coating on aluminum with a long chain organic polar
molecule. 180,181 1n this process it was assumed, a priori, that the metal soaps would
form at the active dislocation sites and inhibit the reaction between the oxvgen/water
with the exposed metal. Coating the metal with the long chain polar molecules without
the anodizing treatment does not alter the fatizue life while in general, anodized
coating per se tends to lower the fatigue life.

The fatigue curves in Figures 98-100 were obtained from standard commercial alumi-
num alloy sheets 0,16 in, thick tested in flexure and in tension with and without a
center hole notched. The specimens were anodized in a 15 7 sulphuric acid bath at
23°C at a current densityv of 15 amp/sq ft for 40 min to produce an anodized coating
0.0005 in. thick. Acoustic fatigue tests, also used, were conducted on D.040-in, gage
sheet material of 7075-T6 aluminum 10 by 14 in. Thesc panels were tested bv means of
four air-modulated speakers with an output of 8,000 acoustical watts and an over—-all
sound pressure of 164 DB.  In these tests, the criterion for failure was taken as the
first sign of crack formation as viewed under a magnifving ;lass of 10x.  For compar-
ison purposes, specimens were anodized and hot water sealed in the conventional manner
(Fisure 101).,182

Axial-tension fatigune carves obtained trom specimens which had been anodized and
treated with palmitic acid show that the fatione stremoth, @aken at 107 cvelos) was
increased from 15,000 to 23,000 psi when a noteh tactor ot 2,37 was used (Fieare 99),
The fativue strength of specimens tested in flexural fativne was increased an whoen
the specimens were treated with palmitic acid (Fivare Too). The tativoe streasth was
increased rrom 19,000 psi to 27,500 psic Tt i of dinterest to oaote that the facreas

of the Fativue strength tor the three tvpes of tests was hetweon 32 d Sy -
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In these cests no difference between the fatigue life of bare specimens and anodized »
specimens was detected. The same percentage of improvement in the fatigue strength ?
was indicated when aluminum alloys of 2014-T6, 2014~T6 Alclad, 545A-3473, and 6HA1-TH ﬂ
were tested with the organic acids, amines and alcohols. i
It appears that a large number of polar organic compounds are effective in 1
improving the fatigue life when impregnated into the porous anodized coating, as pre- -
sented in Table 17. 1In the evaluation shown in Table 17 the number of cvcles to %
failure at a stress of 26,000 psi was taken as a measure of the improvement in fatiiue g
behavior. 1In Table 17, the specimens designated as "polished” indicates that the j
surfaces were mechanically polished to produce a bright finish suitable for metallo- 1
graphic examination. While the polished and anodized/water sealed specimen faiied at i
4

125,000 cycles, a very much greater number of cycles was required to fail the inpreg- k
nated specimens. For example, when valeric acid was used the number of cycles to j
failure was increased from 125,000 to 15,300,000 cycles. The use of sebacic acid, a R
molecule which contains a carboxyl group at each end of the chain, was almost equally E
effective as valeric acid. According to Table 17 the fatigue life was improved i
substantially by impregnating the anodized coating with alcohols, or amines as well ;
as with acids. When inert fillers or organic compound that have and groups which d» j
not react chemically with aluminum were employed as impregnants the improvement in ?
the fatigue life was minimal. The effect of impregnating paratfin oil, paraffin wax, "
acetyl-acetone, sodium stearate and zinc stearate is shown in Table 18. i
The data presented in Figure [Nl show that in additon to the large increase in i
fatigue life, as measured by the usual fatigue test, the acoustic fatigue life was in- :
creased greatly when sheet metal specimens were treated with palmitic acid. The aver- l

age fatigue life of the anodized panels was 83 minutes. 1In contrast, the carliest fail-

ure of the sheet treated with palmitic acid occured after 135 minutes, while a second

sheet failed after 315 minutes. Nne sheet did not show any signs of failure after
testing for 725 minutes. As may be seen in Figure 101, the rate of propagation of the
crack was much slower in the sheets treated with palmitic acid than that of the un-
treated sheets. The corrosion and stress—corrosion resistance is enbinced bv anodized
and impregnated coatings as demonstrated by the hehavior of specimens of 2014-Th and
7075=-Th aluminum after anodizing and impreynating with docosanoic acid, (Figures 1072
1N3)., The corrosion resistance of these panels was rated bv a Copper Accelerated

Salt Sprav test (CASS) to measure the tendencv towards pitting. In bhoth the 7075=Th



FABLE 17 = FFFECE 0OF VARIOUS SURFACE-ACIIVE AGENTS
ON T FLEXURAL FATIGUE LIFE OF ALUMINUM
ALLOY 70075=-T6. STRESS AMPLITUDE,

26,000 psi [From Reference 180]

No. of Cycles

__Surfuace Treatment ___to Failure o
Palished 125,000
Anodized & Water-Sealed 125,000
Propionic Acid (C-3) 2,800,000
valeric Acid (C-5) 15,000,000
Caproic Acid (C-6) 9,200,000
Hetanoic Acid (C-8) 12,300,000
Decanoic Acid (C-10) 7,500,000
Lauric Acid (C-12) 8,600,000
Myristic Acid (C-14) 11,600,000
Palmitic Acid (C-16) 30,000,000
Stearic Acid (C-18) 8,700,000
Docosdanoic Acid (C-22) A,000,000
Sebacic Acid 13,700,000
vetyl Aleohol (C-8) 6,000,000
Dodecvl Alcohol (C-12) 7,000,000
Nodecylamine (C-12) 18,500,000
Hesanediar ine 3,000,000

and 2014=-T6 allovs »itting started in Tess than 15 hr whereas in the impregnated
material the pitting was delaved substantiallv., Tn hot salt water corrosion tests
the impregnated sheets were completely nnattfected after 6552 hr of exposure.  The
mpanion fest pancls that were anodized and water sealed were badly corroded. The
fata in Tahle 19 show the improvement in the stress-corrosion cracking behavior
carted by o anodizing and dimpreynating with docosanoic acid.  For convenience this
et i o designated as A & B. When tested in the long transverse and short
direcerions under the various salt water solutions, no failure oceurred.
boa chromate salt cansed failare but v a much longer time than thot

Che other treat aents.,
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TABLE 18 - EFFECT OF INERT FILLERS ON THE
FATIGUE LIFE OF ALUMINUM ALLOY
7075-T6 [From Reference 180]

Anodized: 15% Sulfuric Acid, 23°C, 15 Amp./ft?, 40 min

Stress No. of Cycles

Amplitude to Failure
Zinc Stearate 26,000 160,000
Paraffin 0il 26,000 675,000
Paraffin Wax 26,000 220,000
Acetyl Acetone 25,000 240,000
Sodium Stearate 25,000 165,000
Anodized & Water—Sealed 25,000 140,000
Anodized & Water-Sealed 26,000 125,000

The mechanism of how these polar molecules aid in extending the fatigue life is
not fully understood. The improvement in the corrosion and stress corrosion may be
explained simply on the premise that the water cannot wet the base metal since the
contact angle between the polar molecules and water is very high. 1t appears in the
case of fatigue the improvement is associated with the reaction between the metal and
the organic molecules to form a metal soap that inhibits the reaction between the
metal with oxygen and water molecules. Apparently, the thick porous anodized laver
also acts as a reservoir and supplies the polar organic molecules to the advancing
crack front. This latter point is evident from the observations that the contact
angle is very high when a drop of water is placed on the freshly fractured surface of
a treated specimen, whereas it is zero when the water drop is placed on the fractured
surface of an untreated specimen. General observations on the nature of the propa-
gating crack indicate that the rate of propagation of the crack of the treated
specimens is much slower than that of the untreated specimens, as shown for example

in the acoustic tests (Figure 101).
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TABLE 19 = STRESS=CORROSTON CRACKING OF 7475=Th
[From Reference 180]

Stress ~ Failure Time
RS days

Treatment

Test in Long Transverse Direction

Solution: 3.57 NaCL + 17 Hy09

Rare 50) 14
A+D 50) NJELT
A+D 75 N.F.

Solution: Kure Beach (Natural Seawater)

Bare 75 84 N
A&D 75 N.FL(366)T

Solution: Salt Chromate

Anodized and Chromate Secaled 85 5
Anodized and H»0 Sealed 85 4
A&D 85 51

Solution: 3.57 NaCL

Bare 90) 3
7075~-T713 90 100
Anodized and H,0 Sealed 90 8
Anodized and 01l Sealed 90 20

Shot Peenced 90 41

A&D 90 N.F.(255)

Test in Short Transverse Direction

Solution: Salt Chromate

Anodized and 1,0 Sealed &0 0ol (hr)
Anodized and Dischromate Sealed 80 0.2 (hr)
Furnane Resin 80 N4 (hr)
Ash __BO 3.7 (hr)
TTUURNLF. = No failure. o T
*%( ) — puration of test in davs.,

ASD - Anodized and Docosonic Acid.
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As outlined throughout this article in many cases dislocation sources near the
E!! surface are activated at a stress lower than those in the interior. Further,

- especially in the case of fatigue the dislocation density in the interior will
decrease if the surface layer is removed. This type of behavior implies that the
fatigue life and creep resistance may be enhanced if a metal can be strain hardened
without the presence of the surface layer. As will be discussed in more detail
shortly, this can be easily done by prestressing the specimen and then removing the
surface layer by electropolishing or chemmilling.183’184 For convenience this pro-
cess is referred to as the SLE procedure. With this procedure, the near surface
sources at the new surface will be "work hardened” and the net effective stress
acting on these sources will be decreased for a given applied stress. In this manner
the rate of formation of the surface layer should be decreased. The effectiveness of
this treatment is shown in Figures 104-106. For the data in Figure 104, one set of
OFHC copper specimens was fatigued in the annealed condition; in the other the speci-
mens were prestrained and the surface layer formed during the prestraining operation
was removed by electrochemical polishing about N0.01 in. from the diameter. For
comparison to determine the effect of prestrain alone, a series of specimens was
prestrained and tested without removing the surface layer. As a preliminary means of
determining the effect of removing the surface layer, specimens were prestrained at
23,000 psi. This stress is near the ultimate tensile strength and the prestress

could not be increased without causing necking. From Figure 104 it is apparent that

prestressing alone increases the fatigue life, and removing the surface layer after ?
prestressing increases it further. 1t was observed that the hysteresis loop during ]

the fatigue testing of the copper specimens was very wide and showed that plastic 1

flow occurred during the first compression cycle. This plastic deformation causes a ;

surface layer to form; however, this layer would be less effective in promoting !
dislocation generation than that formed by the prestressing operation. :

The effect of prestressing and removal of the surface layer on specimens of i

7075-T6 aluminum tested in tension-compression is shown in Figure [05. After estab- ]

lishing the baseline fatigne curve, specimens were prestressed in the range of 40,000 h

;j to 80,000 psi and fatigue tested at 35,000 psi after removing the surface layer. The ;
ES optimum improvement in fatigue life was obtained by prestressing at 50,000 psi. }
-~ Prestressing above the yield strength caused the fatigue life to be less than that 4
of the unstressed material. As shown in Figure 105, the 50,000 psi prestress and g

surface removal treatment increased the fatigue limit at 107 cveles from 23,000 to j

|
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to 34,000 psi, an increase of about 48 7. At stresses above 40,000 psi the two curves
coincide. From observations of the widths of the hysteresis loops during the fatigue
tests, it was apparent that some plastic flow occurred at stresses above 34,000 psi,
The width of the loop increased with increasing stress amplitude and it follows that
the surface layer was partially reformed.

The fatigue curves for 7075-T6 aluminum for specimens tested in tension-tension
are shown in Figure 106. 1In this case, the prestraining and surface removal treatment
increased the fatigue at the higher stress; however, the fatigue limit at 107 cycles
was not affected. Several data points were obtained by fatiguing the specimens
immediately after prestressing to 60,000 psi. As shown in curve C of Figure 106,
the fatigue life is less than that indicated by the baseline curve.

From observations on the hysteresis loops during the fatigue cycling, it was
apparent that some plastic flow had occurred at stresses above the fatigue limit.

This plastic flow could be a result of a Bauschinger effect in the case of the tension-
compression fatigue test and/or an unpinning of dislocations during the prestraining
operation. Because diffusion at room temperature is extremely low, these unpinned
dislocations could be available to aid in the reformation of the surface layer upon
subsequent stressing. To determine whether the fatigue resistance could be enhanced
further by aging, specimens were aged at 250° F for 1.5 hr after the prestress and
surface removal treatment. These specimens were tested in tension-tension to avoid

the Bauschinger effect. Although the data are limited, it can be seen in Figure 106
that the aging treatment increased the fatigue life at about 50,000 psi by a factor

of 10. Aging after prestressing without the surface removal lowered the fatigue life.
Similar effects appear when titanium (6Al-4V) was prestressed at 100 ksi and the sur-
face layer removed. 1In the untreated condition the fatigue limit was 77 ksi and in

the SLE condition it was about 85 ksi (Figure 107). The surface layer also influences
the crack propagation rate as shown in Figure 108 for a center-notched titanium
(6AL-4V) specimen 0.067 in. thick fatigued in air and in methanol-HNO, solution.!*?
The crack propagation rate da/dN, in terms of the stress intensity factor &K, is
given in Figure 109. At the low AK values the improvement was much larger than that
at the higher AK value. For example, as indicated by the arrow at 7.6 ksi Yin.,

the SLE-treated specimens had a crack velocity four times smaller than that of the
untreated specimens. Similar behavior was found in compact tension specimens of

4130 steel with a vield strength of 180 ksi (Figure 110),
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In keeping with the idea that dislocation sources near the surface are activated
at stresses lower than those in the interior it may be shown that the SLE process
also increases the creep resistancel85 of such metals as Haynes 188, titanium (6Al-4V)
and 321 stainless steel. As shown in Figure 111 for titanium (6Al-4V) at 600°F, and

similar to the creep behavior found for the surface alloyed metals, both the primary

A and secondary creep rates were reduced by the SLE treatment. Specimens of Haynes 138

and 321 stainless steel behaved in a similar fashion. Both the stress exponent

ol n = 34n €/9&no as well as the apparent activation energy were reported to be

affected by decreasing the dislocation density in the surface layer (Table 20). The
data in Figures 112 and 113 for Haynes 188 and 321 stainless steel, respectively, show
the changzes in stress dependence of the creep rate by the SLE treatment. According to
Figures 112 and 113 the difference in the secondary creep rate, €4, increases with

RE decreasing applied stress., The improvement is zero when the specimens are tested at

o the same stress as the prestress. The ratio of the ¢ untreated, to that of

ut»

AN egLg is shown in Figure 114 for a titanium (6Al-4V) alloy at 550°, 600° and 650°F.

SUMMARY
. A layer having a high dislocation density is formed at free surfaces of metals

R0 during plastic deformation. There are, however, some investigators that have reported

o that the surface layer has a lower dislocation density than the bulk of the material.
- In any case it is clear that the dislocation density near the free surface differs
from that in the interior regions. A cousiderable body of evidence shows that the
plastic flow and fracture characteristics are affected markedly by the dislocation
sources that become operative in the regions near the free surface. Of the disloca-
tions generated at the near surface sources, depending upon the sign, some will move
into the interior while the others will tend to move out. The dislocation sources in
the interior will become operative when the sum of the applied stress and the stress
fields of dislcocations generated at the surface region exceed the critical stress.

These interior dislocations would tend to move towards the surface. According to

this point of view there is an interactive process between near-surface and interior
i‘u sources. An interesting example of this interaction is found from observations that
the dislocation density increases in the region of the neutral axis of specimens
fatigued in reverse bending. In this region the applied shear stress, according to
R macro mechanics concepts, is very low. In essence, dislocation multiplication

2 NN throughout the cross section of a specimen appears to Le a cooperative phenomena
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INFLUENCE OF SLE PROCESS ON CREEP

PARAMETERS [From Reference 185]

Material Condition Temp, °F n U,KCal/mole
Havynes 188 untreated 1600 4.0 62
1400 4.0 62
SLE 1600 6.6 75
1400 6.6 75
321 Steel untreated 1200 4.0 88
1400 4.0 88
SLE 1200 8.5 137
1400 8.5 137
Titanium untreated 500 2.0 28
(6A1-4V) 600 2.0 28
650 2.0 28
SLE 550 4.0 49
600 4.0 49
650 4.0 4

wherein dislocation sources operating in the surface region "punch” in dislocation

in the interior. The stresses associated with dislocations in the surface region
first act on nearly interior sources to cause dislocation generation. These
dislocations in turn act on other nearly sources further removed from the surface

to cause additional generation, etc.

[t appears that the surface region acts in a dual capacity: (a) the free surface
region become a primary source for the generation of dislocations; and (b) the forma-—
tion of the surface layer with a high dislocation density serves to impede the egress
of dislocations through the surface.

The surface layer plays an important role in fatigue damage as demonstrated by
the observation that the fatigue life can be recovered completely by removing the
surface layer, thereby decreasing the dislocation densitv in the interior as well as
in the surface layer. 1In a number of cases it has been shown that during high cycle

and low cvcle fatigue the dislocation density in the surface layer and in the interior

s increase, and when they become essentially equal, fracture occurs. The ratio of the
b g
)
‘1 . I3 . . . . .
;_J dislocation densities, or a measure thereof, in the surface and interior may be used
-‘{ . - .
.jge to determine the amount of fatigue damage.
:!.4 ;
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In a manner somewhat analogous to fatigue, in stress corrosion cracking the
dislocation density in the surface layer and interior increases with time even though
the applied stress is constant. Again, when the dislocation density in the two
regions become equal a propagating crack is formed.

In high temperature creep, T>Tm/2 a surface layer containing a dislocation
density that can be higher by a factor of five is formed. From the observations that
with increasing stress the dislocation density in the surfce layer increases rapidly

relative to the dislocation density in the interior, it appears that dislocation

sources operate much more extensively than sources in the interior. It alsc appears

N

RN that the creep rate is strongly influenced by the near surface dislocation sources.

N

:}: In some materials such as Al, Cu, Au, and Ti the surface layer can relax as a
LA

O function of time. This may occur at room temperature for simple materials and at

elevated temperature for complex materials. This relaxation process appears to

influence the creep behavior. As a result the creep rate at low and elevated

temperatures may be decreased by surface alloying to inhibit near-surface source
R activity and possibly to decrease the relaxation rate of the surface layer.

The surface layer has been found on a variety of metals, including gold.
Therefore, it may be concluded that while coatings of various types may enhance the
formation of the surface layer, it appears to be a fundamental characteristic of free

surfaces. The dislocation density of the surface layer is also a function of the

environment. 1In a vacuum environment for a given strain the work hardening of the
A surface region is reduced, whereas in those environments that induce stress—corrosion
Tl cracking and cause corrosion-fatigue failure the dislocation density in the surface

7 layer is increased.
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