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ABSTRACT

Specimens of single and polycrystalline
ingot iron were tested in a rotary bending
fatigue machine and examined microscopically
in order to check previous observations of
slip and to study the nature of crack forma-
tion and growth. As has been reported, slip
takes place on surfacesg of high shear stress
parallel to a (111> direction in the crystal
léttice. In contrast to recent work, the glip
was found to ocecur on wavy surfaces rather than
pairg of crystallographic planes.

Fatigue craéks were found to follow sur-
faces of high shear stress containing a (111)
direction. The conclusion that fatigue fail-
ures are primarily shear failures is strength-
ened by a statistical explanation of the mech-
aniegm by which a microscopic shear failure can
lead to the apparent tension failure commonly
observed in rotary bending tests on polycryst-
alline iron. Microscopic observation of the
polycrystalline specimens revealed that cracks
originate at the grain boundaries before
30,000 cycles in a specimen which would very

probably run for at least 106,000 cycles.



SUMMARY OF CONCLUSIONS

The following conclusions were drawn from rotary
bending fatigue tests of single crystals of inget iron
zrown by the strain-annésl method:

1. ©Slip occurred on wavy surfaces of high shear stress
parallel to a 111) direction of the crystal lattice.

2. Cracks staerted from inclusions after several hundred
thousand cycles of tensile gstresses near 20,000 psi.

5. The cracks occurred on surfaces of high shear stress
containing a (11}) direction so that a diagonal
failure occurred.

4, Cleavage fractures on t e (100) plane were found in
two exceptional instances.

The following conclusions were drawn from tegts of
polycrystalline specimens of the game material,

5. Specimens annealed after polishing showed considerable
surface deformation and some stresgss oxidation before
failure,

6. Wicroscopic examination showed that cracks begin in
the neighborhood of grain boundaries where the cold
work was most severe,

T. At a tensile stress of 27,000 psi these cracks occurred
after 7,500 cycles and before 30,000 cycles in speci-
mens whose life would very probably have been no less
than 106,000 cycles.

8. As previously found, the cracks grew in a zig-zag man-
ner, usually traversing grains, but occasionally fol-
lowing a boundary.

9. An anneal-polish—rﬁn process carried out after every
7,500 cycles at 27,000 psi removed all vigible traces
of damage, but resulted in excegsive grain growth.

10. A statistical analysis explains the mechanism by which
a shear failure can result in the appvarent tension
failure of polycrystalline iron in bendinz. Fatigue
failures may therefore be considered to be shear
failures.

11. 1In fatipue tests on tapered specimens the presence of
unknown variables can be detected by comparing the
variation in the number of cycles to fdllure‘w1th the

R variation in the location of failure.
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I: INTRODUCTION

In the middle of the nineteenth century Wohler in

Germany and Fairbéirn In England showed that metals will
fail under repeated applications of a stress below the:
ultimate strength of the metal and sometimes even below the
apparent elastic limit. The failure wags caused by the
growth of a fine craék during a number of cycles until

the crosg section wasg so reduced that rupture followed.,.
This phenomenon, commonly known as the fatigue of metals,
is of practical importance because it may cause failures
in machine parts after a period of satisfactory service..
Furthéfmore, impending fatigue failures are more difficult
to detect than other types such as those due to creep,.
corrosion, and wear.

A large amount of work has been done on fatigue prob-
lems of technical importance.. These problems include the
number of cycles of stress that can be applied before
failure, industrial methods of crack detection, and the
effects of such variables as gsize, surface conditions,.
steady stresses, combined stresses,, varying load cycles,
and temperature,

Comparatively few investigations have been made of
the mechanism of failure at its earliest stages, partic-
ularly on a microscopic scale. The object of the present
study ié to help fill this gap. Iron was chosen as a

material for study for three reasons. WMuch is already



known about its behavior from previous investigatlons.
It has the interesting characteristic of being able to
withstand indefinitely stresses somewhat above the yield

point. Finally,.it has a relatively simple structure.

Ordinary iron consists of an assembly of many small
crystals whose elastic properties vary with thelr orienta-
tion. Therefore,, even though a macroscopically uniform
stress is applied to the material, there will be micro=-
scopic variations in the stresé. Some idea of the magnitude
of these variations can be obtained from Donnell's
work (1) on stress concentrationsAdue to elliptical digs-
continuities in the stiffness of | plates under edge
forces. He found that such a discontinulty could cause a
stress concentration which was of the order of the ratio
of the moduli of elasticity. Since Young's modulus may
vary by a factor of two in a single crystal of irén de-
pending on the orientation (2), it is reasonable to assume
that the stress concentrations in polycrystalline iron are
of this order of magnitude. In order to avoid these
stress concentrations and to apply a more nearly known
stress, single crystals of iroh were grown and tested.
Large crystals have the additional advantage that their
crystallographic directions can be determined by X-ray
methods.,

The only previous fatigue test of a single crystal of

iron was that made by Gough (3), who tested one iron



crystal in alternating torsion. After gradually increas-
ing the load he found the specimen failed after 118,000
cycles at 16,200 psi shear stress. He found that the.
cracks spread in the direction of maximum shear stress,
regardless of the crystal orientation. Because the speci-
men was run to failure there was no opportunity to study
cracks in their early stages.

On the basis of hig fatigue tests, Gough (3) original-.
ly "found that thelslip lineg, which are the intersections
of thevslip surfaces with the spécimen surface, varied
from straight lines to wavy ones which sometimes appeared
to be made up of short segments of two different slopes.
Later, however, he proposed that slip occurs on crystallo-
graphic planes of the {110}, {112}, or {123} types (4).
The particular planes chosen are those immediately on
either side of the plane of maximum resolved shear stress
containing the slip direction, which 1is a <111> direction.
This hypothesis requifes that slip lines consist of two
gets of straight line segments, except when the {111> di-
rection lies on the surface of the specimen. In that
case, the traces of all thogse planes coincide and straight
lines will be seen.

In static tests, Taylor and Elam (5) also found wavy
slip lines and proposed that iron slipped in & {111) di-
rection, but on no particular planes containing that
direction. Other investigators (éee summary by Barrett,

Ansel, and Mehl (6) ) have agréed with Gough's or Taylor
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and Elam's hypothesis, or have reported that the siip is
confined solely to a {125} plane., In every case but one,
however, the slip occurred in a <111 direction. In that
one case Elam (7)lassuméd that the slip surface was a
plane and found that that plane did not contain a <111>
direction. Since the slip surface may not be a plane, and
since her observations were made after 8% strain, there
may be some guestion about the result. It is also possible
to question the work of Barrett, Ansel, and Mehl (6) who
concluded that the slip lines were traces of {110}, {112},
and {123} planes as in Gough's hypothesis. In their work
no measurements were made on curﬁed or wavy lines. As a
result, their measurements were made in regions where the
glip direction lay near the surface. The traces of the
various planes containing the slip direction were therefore
go cloge togéther‘that traces of several different planes
fall within the experimental accuracy of their results.

The present study of single crystal fatigue gspecimensg
therefore contributes new information about the fatigue
cracks in their early stages, and adds to the controversy

about the slip surface of iron.

Polycrystalline tests were made in connection with
the single crystalytests ag a check on the material and
its known behavior. These tests also afforded an opportu-
nity for the microscopic observation of cracks in their

early stages.
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Microscopic studies of fatigue in polycrystalline
ingot iron have been made by Ewing and Humphrey (8),
Stanton and Bairstow (9), Gough and Hansen (10), Lucas (11),
and YWoore and Ver (12). These investigators found what
appeared to be dark massed slip lines developing into
cracks which usually traversed the crystals but occasional-
ly followed grain boundaries or inclusions. The fact
that the fatigue cracks follow the slip lines is contrary
to Gough's results for single crystals (4) mentioned
above. No special attempt was made to find out how early
the cracks formed, although Stanton and Bairstow (9) no-
ticed cracks after 174,000 cycles in a specimen which
lasted for 306,000 cycles.

The polycrystalline part of the present study there-
fore contributes to the knowledge of how soon cracks form

and what governs their direction of growth..



II: EXPERIMENTAL TECHNIQUE

Material

Round specimens were chosen for testing in order
that a suitable polish and a known geometry could be ob=~
tained over the entire section in whiéh failure was likely
to occur.‘ Microscopic observation at 400X requires a
specimen with a minimum: radius of curvature-of the order
of .1 in. Ingot iron was éhosen for the experimental ma-
terial because it was readily available in the size and
quantity desired, and because it would have reguired two
to three weeks to decarburize a low carbon steel (13).

A number of 11/16 in, cold rolled bars were bought
simultaneously. Cut-off markings were similar, but there
was no proof that they came from the same héat. The bars
were denoted by Roman numerals. The blanks cut from each
bar were given the corresponding Roman numeral and an
Arabic numeral. Alternate blanks were assigned to single
and polycrystalline tests, except for Bar III, all of which
was used for crystal growth.

A ‘chemical analysis of four different bars indicated

no significant differences. The average results follow:

Carbon .02%
Manganese .03%
Phosphorus .01%
Sulphur .03%
Silicon .001%

Oxygen (Bar V only) O07%



Tensile tests of this material after an anneal at 1700 F
followed by cooling at 100 F/ hr showed a lower yield point
of 16,000 psi, an}ultimate strength of 42,000 psi, and a
70% reduction of area.

Single Crystal Fatigue Specimens

The blanks for crystal growth were machined into
tensile test specimens with threaded ends before annealing.
The center section was .384 in., diameter by 1 9/16 in. long
with 1/8 in. fillets to the .505 in. diameter shoulder.
After annealing they were strained 3 to 4% in tension and
annealed in a hydrogen atmosphere for a few days to a week
at temperatures of about 1640 F, just below the a-v
transformation in iron. In some cases single crystals grew
over practically the entire test section. These single
crystals were often marred by the presence of crystallites
of the order of .0l in. diameter. The long anneal re-
quired for crystal growth resulted in weak grain boundaries
due to the presence of inclusions, probably oxides. Details
of the crystal growth and the grain boundary weakness are
given in Appendices I and II.

As a result of the grain béundary weakness, no speci-
mens could be tested which had a transverse Jjoint between
two 1érge crystalsyin the center of the specimen, In order
to insure that failure would not occur where the single cry-

stal joined the polycrystalline material at the ends, the



center section was turned down to a .22 in. diameter with
a 4.68 in; radius of curvature in the longitudinal direc-
tion. VThus the npminal stress at the joint was about one
eighth of the maximum stress in the test section.

After being machined the specimens were polished and
etched until no traces of cold work due to machining were
Visible. When a sharp-nosed tool was used in machining
the cold work extended only about Q,001 in. below the sur-
face. When a 1/8 in., radius tool was used, however, the
cold work was found to extend several times as far; The
final polishing consisted of a circumferential polis@'with
lwet 400 zrit Aloxite paper. This was alternated with a
20 second etch in a 3% solution of nitric acid in methanol.
The time required for polishing these gpecimens was ten to
.twenty'times that required by metallurgical specimens of
the same material, polished with the same paper. One
reagon for this difference is that due to ﬁhe compound
curvature of the fatigue specimen surface, only a small
fraction of the area was being polished &t any one instant,
whereas in polishing a flat specimen on a plate all the
épecimen is belng polished all the time that the two are
in contact. An electrolytic polish would have been desir-
able, but the marked presence of inclusions in the ingot
iron caused excessive pitting when mucﬁ material was
polished off.

The orientation of the crystal lattice in the specimens

was determined with X-rays as described in Appendix III.



A rotary bending fatigue test wag chosgen because
it had been commonly used for polycrystalline material and
becauge no single crystal work had been done with it., As
ghown in Appendix;IV, the anisotropy of the single crystal
will cause no trouble as long as the crystal remains e-
lagtic. Gough thought that once slip occurred, the un-
symmetrical nature of the slip would cause distortion (4).
He had previously found that large deformations occurred
in an alternating axial load machine. In that case, how—‘
ever, the tension load decreases the cross-sectional ares
and raiseg the stress, whereas the compression locad in-
creasges the area and decreases the stress. This leads to
progressive elongation of the specimen even under alter-
nating loads of eqgual magnitude. No such effect was
expected in the reversed bending test. That is, if slip
occurred in one direction in one part of a cycle, no
reason was seen why compensating slip should not occur in
the other half of the cycle so that no serious overall
deformations would result., WNo difficulty was encountered
in these tests except in the test at the highest stress

when & marked distortion of the specimen did occur.

Polycrystalline Fatigue Specimens

Blanks for the polycrystalline specimens were annealed
in lots of twenty-five or thirty in an electric hearth
furnace open to the atmosphere. They were heated to

1700 F for a half hour and then furnace cooled at an
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Rotary Bending Fatigue Machine

and Accegsories
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initial cooling rate of about 450°F/hr. The resulting
grain size was about 100 grains/mmg\or ASTM #3%. The
specimens were machined to the standard Yoore-type test
section, .3 in. diameter with 2 9 7/8 in. radius of
curvature in the longltudinal direction. The sgpecimens
were then polished, the last operation being a longitud-
inal polisgh with wet 320 grit Aloxite paper. Carrying the
polishing prodess further to a 400 grit paper required an
extra two to four hours per gpecimen and was considered

impractical.

Fatigue Machine

The rotary bending fatigue machine and its accessories
are shown in Fig. 1. A 1/3 horse power electric motor
mounted underneath drove the left-hand spindle through a
V-belt and also drove the oil pump for the journal bearings;.
The bending moment whiech the bearings would otherwise apply
to the specimen could be counter-balanced by the spring-
mounted counter-weight shown at the far right., The ampli—
tude due to misalignment was méasured by holding a Consoli-
dated Engineering Type 110-B vibration meter .where shown,

The running time wag measured by a clock connected in
parallel with the motor. The motor and clock both stopped
when ﬁhe bearings fell far enough so that an adjustable stop
opened a microswitch which in turn opened a'holding relay.

This prevented the restarting of the machine in the event
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of curfent failure. The speed of rotation was measured
with a General Radio Type 631-B Strobotac calibrated
against line fregquency near the speed of operation., The
Strobotac was alsd used for observing surface deformations
during the tests. When the machine was run near 400/rpm,
the Westinghouse PSE-2 Stroboglow unit and contactor were
used for observation., Also shown on the lower shelf are
the tools for changing specimens. The dial on the right
hand end of the outboard bearing served to determine the
angular coordinates of points on the specimen., The micro-
scope and angular coordinate dial were removed while the
specimen was running.

The microscope and camera were mounted on a bar which
pivoted about a point 9 7/8 in. from the surface of the
specimen. Hence the standard Moore type fatigue specimen
could be examined with only minor adjustments in focus.
The bar carried a nut which was traversed by a lead
screw having twenty threads per inch. The right hand end
of this lead screw carried another dial to give readings
of the longitudinal coordinate. The center of the specimen
was chosen as the origin of the longitudinal coordinate.
With a 16 mm objective and 10X eyepiece, the field of view
was large enough so that circumferential strips 0.05 in.
wide { one turn ofythe traversing screw) could be examined.
Magnifications of 88X and 380X were obtained with the cam-
era using 16 mm and 4 mm objectives with the 10X eyepiece,

Using a twenty-one candle-power light and prism
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illumination, exposure times of about 15 seconds were
found satiéfactory for commercial ortho film.

The load impo§ed by the machine on the speclmen was
almost entirely bending. The initial load due to the
housing, oil, the bearing journals, the gpecimen, the
welght pan and 1ts spring support, but not including
déshpots ig 28.2 t 0.2 in.-1b. The moment arm is
6.34 t 0.03 in. For a 0.300 in. diameter specimen the
resulting initial bending stress is 10,600 psi. The
bending>stress per pound welght in the pan is 1196 psi.

In addition to the bending moment some torgue was
applied due to bearing friction and vibration of the
V-belt drive. The running friction torque was less than
200 psi and torgue due to belt vibration was only around
30 psi. The starting torque was measured by Wrapping é
thread helically around the rubber coupling and fastening
it lightly with plasticene, Torsional deflection of the
coupling on starting loosened the thread. The amount of
slack indicated that the starting torgue was no higher than
the running torque. The diameters of the specimens were
measured with-a dial guage to about *+0.0002 in. - Fhis
error was the principal possible source of scatter in the
data aside from the vibration discussed below. It corre-
sponds to a stress variation of 0.2% or a variation in
cycles to failure of about 3%.

As briginally built, the fatigue machine was equipped

Wwith dashpots stiff enough to damp out any vertical
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oscillations due to misalignment of the specimen. Mount-
ing of the bearings in trunnions prevented horizontal
oscillations. Even with & ground taper on the specimens,
the run-out of the assembled machine amounted to as much

ag 0.003 in., at the inner end of the bearings. The stress
resulting from straightening out a specimen by this amount
ig of the ordér of 2500 psi; While this stress is a steady
one, it was considered high enough to affect the results.
The restraint due to the dashpots would have imposed a
compfesSion stresé on the high side and tension stress on
the low side at points of the specimen already under stress
due to the bending load. The restraint due to the trun-
nions was not éo serious, for as the high point passed the
trunnions, the stress due to straightening was superimposed
on a zero stfess due to the load. With the dashpots removed
and with the loading pan and counter-weights isolated by
very soft springs, the bearings and specimen behaved as a
single degree of freedom system with an oscillating support.
The ratio of the actual stress, T , to the stress required

to straighten, 7, , is given Dby

where w, 1s the critical frequency and w 1is the operating

frequency. Table 1 gives the frequencies and stresses for

both the standard Moore-type specimens and the smaller
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Table 1

Poly- Single
- erystal Crystal

Specimen diameter, in. ¢.300 0.218

Longitudinal radius of
curvature, in, 9.88 4.68
Stress required to
straighten a runout of 850 1000
0,001 in. peak to peak,
psi
Natural freguency, cps 27 18
Ffequency operated, cps 13.2 - 6.8
Syregs due to a 0.001 in.
peak to peak amplitude, 200 160
psi

specimeng used in testihg the single crystals. ©Since the
misalignment was usually less than 0.003 in. peak-to-peak,
the stresses due to misalignment which were superimposed
on the'bending stresses were usually less than 500 psi.
Experimental results indiecated no correlation between the
vibration and the cycles to failure.

The vibration of the bearings decayed rapidly in the
first part of any polycrystalline tests, dropping to a
tenth of its original value at 10 to 20 % of the total
life at 27,000 psi. If the machine were running below
its critical speed‘and not restrained in any way, the
forces acting on the gpecimen would tend to increase the
amplitude of vibration. The fact that the vibration

decayed indicates that the restraint of the bearings in
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the horizontal direction was enough to straighten out the
specimen. The specimen must have haed a low enough limit
of elasticity so that the stress of 2,500 psi due to
straightening out Ehe specimen twice each cycle~was enough
to produce‘a slight permenent set. This loss in elagticity
wpuld be expected from locked-in stresses due to cold work.
If the machine were run above the critical speed, even
without bearing restraint, the phase relations would be
such that again the forces would reduce the vibration.
Afier the period of initial decay the vibration re-
mained very small until 90 to 95% of the life had elapsed,
at which time 1t usually increased rapidly. The fatigue
machine was set to cut out as soon as the bearing deflec-
tion had increased by about 1/32 in. so that the specimen
had not broken in two when the test ended. A few tests
indicated that only another 2 or 3% of life would be re-

quired for complete failure,

Method of Determining Homogeneity in Fatigue Tests

The fatigue machine applies a uniform bending load
1o a specimen whose thickness varies in the axial direction.
Therefore the stress varies along the specimen and if the
mgterigl were perfectly uniform, failure would occur at
the center of the specimen where the strese is a maximum,.
Failure occasionally occurs elsewhere so thére must be

local variations in the strength of the material which
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can be estimated from the variation in the location of’
failure. The local variations should also cause a varlation
in the 1life of similar specimens tested at the same stress,
This variation in iife can be calculated from the esti-
méted local variation in strength. If the observed varia-
@ion in life of a number of apparently identical tests is
greater than this calculated value, then the tests are
probably not homogeneous. The following analysis develops
this method of checking for homogeneity in a quantlitative
manner,

Let a Moore-type specimen be sub-divided symmetrically

into equal segments as shown in Fig, 2. Segments equi-

S . 4—.300 min. diam.

— < .05

9% R

Fig. 2

distant from the center of the specimen are given the same
number and will henceforth be considered as one segment.

Assume that if the jth segment were tested alone, the
relation between the stress,‘q » and the cycles to failure,
C, 1is gi#en by |

Tj+klogc=x5 | (1)
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where k is a constant and Xj is a statistical variable,

normally distributed with mean m and. standard deviation O .

The assumption of a linear relation between log ¢ and

t} 1s well justified by experience; the normality

assumption 1s convenient and will be discussed later.
Now let T,y be the maximum stress in the specimen

aﬁd define

Timt Klogc-m - (2)
g ‘ .

——

T, - T
Then X+ JO-"’ is normally-distributed with zero mean

and unit variance. The probability that the jth segment

will faill before the cycles corresponding to x is given

by

exp - Sl rJ;FM)Q dx (3
3 dax,

P(X) ﬁ

- The specimen will fail in the jth gsegment between

the cycles corresponding to x and x+dx if it has not
failed in any of the other segments previously, and if the
Jth segment would fail at that time if tested alone. The
probability that the specimen will not have failed earlier
in another segment, say the i®8, ig 1 - p; (x). IT the
'probability of failure in one segment tested alone is as-
sumed independent of the probabilities of failure in the

other segments, then the probability of getting no failure



TABLE 2

Distribution of Pj(x)

T

'f = 9.64»‘
» ) (1) (2)  (3)  (4)  (5) (&) %ijc)
- 4,0 ,OGOl . 0001 . 0002
- 34D 0008 ,0004 L0001 . 0013
- 3.0 .0042 ,0022 ,0006 L0001 L0071
- 2.5 L0166 ,0098 L0033 ,0Q005 L0302
- 2.0 L0509 L0329 ,0131 .0026 ,0002 . 0997
- 1,5 L1177 L0832 ,0392 ,010z L,0010 2513
- 1,0 L.1955 ,1487 ,0826 L0274 ,0037 L,0001| .4580
- L9 2173 ,1757 .1098 ,0506 ,0089 ,L,0005| .5628
O’ L1448 1222 ,0846 ,0427 L0115 ,OOlO . 4068
s ,0512 ,0446 ,0554 ,0196 . 0069 ,OOlO ,1567
1.0 .0084 ,0075 .L.0060 L0039 L0017 .0004 .0279
1.5 L0006 .0005 .0004 0003 .0002 . 0020
v
ﬁj(x)dx .4040 .3139 .1866 .0790 ,0170 ,0015 |1.0020
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in any segment other than the jth and getting a failure in

 the jth is given by the products of the separate proba-

bilities:
‘],’\‘T(n P, (X)) (4_13 L
- P | X o
P () dx = izt exp — g dx. (&)
(1- p,(0) Ja1r
T Ton
In order to calculate Pj(x), values for 'E; and "

were chosen. For the standard Moore-type specimen with a
0.3 in. minimum diameter and 9 7/8 in. radius, divided into
segments 0.05 in., long on either side of the center, the

8tress at the center of the jth segment 1s given approxi-

mately by

T, = Tm <| — (005 - o.o;zs)l)‘ (5)

Three values were chosen for :%? : 19.27, 9.64, and 1,927.
With these assumptions.Pj(x) was calculated. The results

%?‘: 9.64 are presented in Table 2,

for
.The standard deviations of the marginal distributions
were converted to variations in stress and cycles bj taking
Tm &s 27,000 psi and k as 5500 psi/logyy(c). The latter
value was obtained from the work of Moore and Kommers (14),
Lxperimental results from three polycrystalline specimens

from each of Bars V, VI, VIII, and IX tested at 27,000 psi

" and 794 rpm are compared with the theoretical results in
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TABIE &

Comparison of Experimental and Theoretical

Variation in Failures

AL
¥

Theoretical Experimental™
T
M 19.27 9.64 1.927
o
Standard deviation 0,128 0.091 0,045 0.024 to 0,066
of position of
failures, in,
Standard deviation 0.1840 0.,0908 0,0216 0,075 to 0.214
of logyp (cycles) (0.041 to 0.124)
Stress change one 440 225 53 16 to 120
standard deviation
from the center,
psi.
Stress difference 1010 500 120 410 to 1200
required to change (230 to 680)

the mean of logyg
(cycles) by one
standard deviation,
pei.

(57

" 98% confidence limits assuming & normal distribution
of position and logjg (cycles) respectively. That is, the
‘statistical methods used to set the limits are correct 98%
of the time, if the assumption of normality is wvalid.



22

Table 3. The figures in parentheses under the heading
"Experimehtal" are those obtained omitting Specimen VI-O,
the most extreme experimental point. The theoretical re-
sultg indicate that the stresgs change one standard devi-
ation from the center is about half of the strength
difference required to change the log;q (cycles) by one
étandard deviation, regardless of the original assumption
for %? . >Since the variation in life 1s greater than
that expected frbm the variation in failure location, there
is probably some factor affecting the lives of the indi-
vidual specimens other than local variations in the
strength of the material. The observed scatter of failure
location indicates one should expect a scatter in cycles
to failure of only about 2% to 10%. While these figures
seem remarkably low, later tests with a different specimen
preparation indicated that the scatter in cycles to fail-
ure can be reduced to that amount. These results will be
further discusged in chapter IV, Polycfystalline Fatigue
Tests.,

It appears likely therefore, that an experimenter can
check his technique by observing the scatter in locatlion
of failures and in cycles to failure of supposedly
homogeneous tests. Lf the stress variation due to the
former. is much more than half the strength variation
corresponding to the latter, then the tests probably were
not homogeneous.

The assumptions will now be reexamined in the light
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of the results obtained. The choice of %% is relatively

unimportant 1f one wishes to compare the variation in life
with that in location. The assumption that the T -log ¢
curve 1s a straight line is, of course, invalid near the
endurance limit, but satisfactory elsewhere., The 0,05 in.
segment thickness used in this analysis was chosén
simply for ease of computation. A smaller segment woﬁld
reduce the mean of log (cycles) and accentuate the nega-
tive skewness oOf its distribution, as Epstein (15) has
shown for a similar cease., The aséumption of normality
is open to serious question, for it results in this nega-
tive skewness. It can be shown by applying a X* test
to the data of Mueller-Stock given by Batelle (16), that
the distribution of log (cycles) is definitely not normal,
but skewed positively. Therefore the segments would not
have strengths normally distributed if tested alone. But
since the results of this analysis are standard deviations,
the shape of the distribution is probably not of critical
importance.

This method of checking for homogeneity should
therefore be useful as a guide to anyone gtriving for a

high degree of accuracy in fatigue tests.
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IvV-16 V-16
31,500 psi for 20,000 psi
11,200 cycles 22,100 psi

Iv-16 31,500 psi for 11,200 cycles
(local stress nominally 22,500 psi)
SB = Oc41 i}’le

= 950

for 381,000 cycles
for 166,200 cycles
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IIT: SINGLE CRYSTAL FATIGUE TESTS

The primary object of the single crystal fatigue
tests was to relate the glip lines and cracks to the
crystallographic directions. A discussion of these results

will be given specimen by specimen,

Specimen IV-16

This specimeh was a single crystal with a few 0.01 in.
crystallites. The surface was finished with a criss-
croes polish, The specimen was run at the lightest stress
possible without putting counter weights on the machine,
31,500 psi. Vibration was severe, and caused the machine.
to stop after 200 cycles., The cut~off switch was backed
off and the machine restarted. In the next 1260 cycles the
peak-to-peak amplitude of machine vibration decreased from
0.015 in. to 0.004 in. After a total of 5460 cycles a
frosty surface appeared and the amplitude had increased
to 0.009 in. When the machine stopped after 11,200 cycles,
cracks were not visible to the naked eye, but they were
opened up by another twenty cycles.

Ag viewed in Fig. 3, the slip markings on top were
concave to the left, while those in front sloped downward
to the right.k Thus at least two different slip surfaces
. were active, The cross section had markedly.changed shape
and the deformations in the center were so great that no

attempt was made to analyze the slip and crack directions.
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It was noted, however, that the fatigue cracks followed the
slip markings in steps. Fig. 4 shows a region off to one
gide, whefe the stress was nominally 22,500 psi. S3 is
the axial coordinate measured from the center of the speci-
men to the center of the figure; ¢ ig the angular coordinate
from an arbitrary reference mark on the shoulder., In some
places the markings appeared to be continuous waves on the
gurface and in other places appeared to be actual breaks
so that the slip surface was visible. One hardly knows
whether or not to call these markings cracks. An X-ray
diffraction'pattern of this region showed no change in spot
intensities or diameters, This result is further indication
that fatigue damage at low stresces is so local that K-ray

- methods are of little help.

Specimen v-16

There were a few 0.0l in. crystallites in the surface
of this specimen. The polar ooordinates of the speclmen
axig relative to the [100] direction were © =26.6°, Ct) = 99.0°;
those of the radius through the reference mark were 6 = 68,7°,
¢ = 240.8°, Arfter 381,000 cycles at 20,400 psi no change
had occurred in the vibration of the machine, so the
specimen was still somewhat elastic. Lthe load was increased
10% without stopping the machine, After a further 89,400
cyeles it was poseible to see a crack in the surface
uSing the Strobogloﬁ light., The machine was then stopped
and the specimen examined. The original etching had
attacked the crystal preferentially and slip lines

were practically invisible at the point where slip on
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Fig. 5 380X

V-16 20,000 psi
22,100 psi
S3=-0.016

for 381,000 cycles

for
in.

89,400 cycles
o= 246%—0
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Fig, 6 88X

V-16 20,000 psi for 381,000 cycles
22,100 psi for 89,400 cycles
5= 0.058 in. ¢ = 43°

Fig., 7 88X

V-16 20,000 psi for 381,000 cycles
22,100 psi for 89,400 cycles
8- = 0.058 in. o= 323°
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8 380X

V-16 20,000 psi for 381,000 cycles
22,100 psi for 89,400 cycles

S5 = 0.058 in, = 31°
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different planes in the [}1¥] Adirection would give max-
imum differences between the lines due to those planes.
The slip linesg were straight and agreed with the [lll]
direction where that direction was nearly ocarallel to the
surfaces, as has been reported by previous investigators.
At the regioh shown in Fig. 5 evidence of slip in two
different <}11> directions was found and in this case the
surface had been etched enough so that the character of the
slip surface could bé distinguished, The maximum resolvec
shear on a plane contalning the [lii]direction (wavy lines)
was 94.7% of that on a plane containing the [111] directior
(straight lines). Fig. 5 also shows the traces of the
crystallographic planes suggested by Gough (4) and traces
of the plane of maximum resolved shear stress containing
the {111) directions (dotted lines), These traces, deter-
mined from X-ray diffraction patterns, are accurate to 1
or 2°, While the (1ib) trace seems to follow one set of
slip lines quite well, the other set is made up of very
irregular lines. ff these lines are in fact made up of
gshort segments of traces of the crystallographic planes,
the segments cannot be any longer than about 2 mm at this
magnification, or 4 microns. They are certainly not the
result of interseétions of two independent straight slip
traces. In another part of the specimen, slip lines simi-
lar to those shown by Barrett ((17) p. 292) were found.

. Views of the principal crack and the crystallite from

which 1t started are shown in Figs. 6 and 7. TFig. 8 shows



Fig. 9 88X

V-16 20,000 psi for 381,000 cycles
22,100 psi for 131,000 cycles
53 = 0.086 in. b= 47%°

Fig. 10 88X

V-16 20,000 psi for 381,000 cycles
22,100 pei for 131,000 cyc%es
83 - 00026 ing ¢ = 13



V-16 20,000 psi

20
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Fig, 11 88X

22,100 psi for

Bz = -C.043 in.

V-16 20,000 psi

for 3

81,000 cycles
89,400 cycles
¢ = 3153°

Fig. 12 88X

22,100 psl for

832

-0.045 in.

for 381,000 cycles

86,400 cycles
¢ = 305°
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Fig.13 88X

V-16 20,000 psi for 381,000 cycles
22,000 psi for 131,900 cycles
S5 = -0.070 in. ¢ = 317°

Fig. 14 88X

V-16 20,000 psi for 381,000 cycles
22,000 psi for 131,900 cycles
83 = -0.050 in. ¢ = 286°
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TABLE 4

Crack Lengths in Specimen V-16, Inches

Figure No. 6, 9 -7, 10 11, 13
Cycles at

22,100 psi

89,400 . 000 . 026 .014
131,900 015 074 . 036
157,500 . 053 .190 . 064

166,200

Failure

12, 14

.016
« 045

. 097
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the éraék and the associated slip lines in more detall.
While the general directlion of the slip lines is that
corresponding to thg trace of a plane of high shear
stress in the [;ll] direction, zsome of the slip lines
cannot definitely be ascribed to a cryvstallographic plane.
The faint slip lines in the lower left corner are parallel
to the trace of the(??ﬂ plane. The crack seems to follow
the slip lines closely with the exception of steps from
one line to another,
The gpecimen wag run for 42,500 more cycles at the
same stress, after which the main crack had spread as
shown in Figs., 9 and 10. The lower end of the crack, which
was growing more nearly in the [111] direction, had grown
faster and with legs disturbance to the surrounding metal.
Figs. 11 to 14, taken at the same two times as the
previousg set of figures, show another crack starting from
a crystallite., Plastic deformatiom was rather gevere along
both ends of the crack. ¥Fig. 3 shows the specimen after
failure, which occurred after 34,300 more cycles. The
plane seen as a bright surface on the 1eft, and edgewise
on the right, was the lower end of the principal crack. A
visual check indicated that it contained the [111] direction,
Whereas the crack shown in Figs. 11 to 14 appeared to
contain the [lil] direction. A summary of the rate of
crack growth is given in Table 4. From this table it
appears that cracks grow at an accelerating rate, and that

they grow fastest when the metal is least deformed.
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Fig. 15 88X

ITI-17 19,800 psi for 300,000 cycles
21,800 psi for 146,700 cycles
S5= 0.025 in. ¢= 1143°

Fig. 16 380x

ITT-17 19,800 psi for 300,000 cycles
21,800 pei for 146,700 cycles
Sy = =-.031 in. ¢= 11°
TRe {111] airection lies on the
gurface as shown
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Specimen III-17

Miecroscopic observation of this specimen failed to
disclose crystalliﬁes at any time after it was turned down
for the fatigue tests. The polar coordinates of the speci-
men axis relative to the [100] direction were o = 41.2°,
¢'= 97.5%; those of the radius through the index mark
were ©=50.3°, ¢ = -99,2°, During 300,000 cycles at
19,800 psi the vibration fell from 0.009 in. to 0.003 in.
As mentioned in the discussion on the fatigue machine,

p. 15, this decay indicates that the elastic limit was
reduced below 3000 psi. The specimen was then stopped and
examined, The few slip lines present were lighter and
more widely spaced, but otherwise similar to the straight
set shown in Fig. 5. The load wag increased 10% and the
machine was found shut off after another 146,700 cycles,
The principal cause of failure was a crack which spread
half-way through the specimen. The crack was not a plane
surface, bﬁt did appear to contain the [111] direetion,

The region shown in Fig., 15 had been examined at
380X before testing and again after 300,000 cycles and
showed no change, so this crack must have developed entire-
1y at the higher stress. It extended only one picture-
width in either direction from the region shown. The sides
were probably spread apart by the severe deformations in
vthe last few cycles before failure. The crack seems to be

composed of two straight lines, one of which corresponds



Pig. 17 380X

III-17 19,800 psi for 300,000 cycles
21,800 psi for 146,700 cycles
85 = -0.038 in. ¢ = 1224°

Fig, 18 380X

III-17 19,800 psi for 300,000 cycles
21,800 psi for 146,700 cycles
83 = -0.038 in. ¢ = 1193°
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to the (231) trace and the other to the trace of the plane of
maximum shear stresg.

Another crack is shown in Fig. 16, The [111] direction
lies within half a degree of the plane of the surface
according to the X-ray analysis, While the main crack 1is
curved, 1ts average direction and the directions of the
gmaller cracks agzree with the [111] direction within the
one or two'éegree acéuracy of the calculations, A careful
study of the hyperbdlic region of focus indicates that there
was no appreclable vertical displacement across the crack,
Since motion of a half micron in the vertical direction will
affect the focus at ihis ragnification and since the crack
displacement is about ten microns, the slip direction must
lie within 30 of the plane of the specimen at this point.
Therefore, the direction of the displacement across this
“crack lies within a few degrees, at ﬁost, of the [111]
direction. The inflﬁence of inclusions in starting the
cracks is evidént from the fact that the cracks tend to
start from the upper and lower ends of the inclusions,
where the stress concentration is a maximunm.

Pigs. 17 and 18 show another crack starting from an
inclusion at a different angular vosition in the specimen,
In this case the‘[lll] dlirection made an angle of around
40° with the specimen surface. A careful examination of
the field of focus at the top of Fig. 18 showsva discontin-

uity in the surface across the crack. The traces of
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Fig. 19 380X

III-17 19,800 psi for 300,000 cycles
21,800 psi for 146,700 cycles
85 = 0.262 in. ¢= 2420

Local stress 8%% of maximum



SPECIMEN NOo
SURFACE FINISH
FiRST STRESS,

P8I TENSILE

INITIAL VIBRATION,
iNe PEAK TO PEAK

VIBRATION DECAY

CycrLEs

SECOND STRESS,
| P81 TENSILE

Cveres

CAUSE OF FAILURE

T}ulaz uax”

T max

V=16

Zig=zAG

POL I SH

31,500

>, 015

YES

11,200
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TABLE 5

SINGLE CRYSTAL FATIGUE TEST RESULTS

Viil-16 Va4 V=6 V22
ETcHED ETCHED POL | BHED ETCHED
20,000 25,000 21,700 20,000
«0035 <0025 + 0005 0018

NO YES NO “ NOT BEFORE

36,000 cvoLes

318,000 32,500 31,700 295,000
' 22'000 - - -~
149,000 - - -
LarGE SCARF  CRYSTALLITES 2 CRACKS,
CRYSTALLITE  JOINT 1 FROM
CRYSTALLITE
0993 - .940 -

V=16
ETcHED
20,000
0008

NO

381,000

22,100

166,200

2 CRYSTALLITES

«998

';illl) MAX = MAX SHEAR STRESS ON PLANE conTAINING {111) DIRECTION

T max MAX SHEAR STRESS

=17

ErcHED

19,800

«009

YES

300,000

21,700

146,700

incLusious

«»988
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different crystallographic planes are shown, but do not
seen fo have much to do with the crack direction. There
is less disturbance of the metal around the ends of this
crack than around the ends of the cracks in Specimen V-16,
Fig. 19 shows a region of lower stress where the

beginnings of slip lines can be seen at an early stage.
Most of the lines can be resolved into segments parallel
with one or another of the traces shown, but some segments

lie in between.

Other Specimens

Other single crystals tested were even more imperfect
than those discussed above. These were not analyzed in de-
tall, but the failures were similar in general appearénce
to one or another of those described above, A summary of
all tests is given in Table 5., The last row of this table
gives the ratio of the maximuﬁ regolved shear stress on a
plane containing & 111> direction to the maximum shear
stress 1n the specimen. Very likely strength of single
crystals of iron will sometime be correlated on the basis
of this resolved shear stress. Since the crystals tested
were not uniform enough to warrant such a correlation, the
strength is given in ﬁerms of tensile stress so that it
may be more readily compared to the polycrystalline test

results,
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Fig. 20 1X

Cleavage Fractures

Iv-18 IV-4

Intercrystalline - Cleavage on cube face
fracture above

Cleavage on cube
face below
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Cleavage Failures
Specimen IV-18

This specimen, which consisted of two large cfystals
joined near the cenﬁer, was run in order to investigate the
strength of the weak grain boundaries under repeated stress.
After withstanding 50,000 cycles at 12,000 psi, and 55,000
cycles at'lA,SOO;péi, it broke after a further 16,000 cy-
cles atv17,280 psi. As shown in Fig. 20, the fracture
occurred principally along the grain boundary, which is a
dimpled surface., In part, however, it traversed a projection
of one of the grains with a plane fracture, The coordinates
of this plane were measured by reflecting light from 1t.

The cleévage plane was found to be three degrees from the
calculated (100) plane. While a total error of two degrees
was all that was expected, ﬁhe surface probably was that

of a cube face.

Specimen IV-4

Specimen IV-4, which was broken in machining, is also
shown in Fig. 20. 1In this case the gspecimen was too badly
curved to use the light reflection method so the coordinates
were eétimaﬁed by eye. The estimate was five degrees from
the coordinates of the cube face as determined by X-ray

analysis. Certainly, if these planes represent crystallo-
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graphic planes of reasonably low indices, they are {IOO}
planes. This is the plane in which cleavage has previously
been reported by Barrett, Ansel, and Mehl (6), although not

at room temperature.

Discussion of the Single Crystal Fatigue Test Results

The character of the slip surfaces in iron cannot be
finally determined by this new set of observations.
Gough (4) has shown a picture of cuite straight intersecting
pairs of slip lines, étating that these develop into wavy
lines later. The present series of pictures shows that
such is not always the case. These pictures do however,
agree with the hypothesis that glip occurs in the (111)
direction. Whether the wavy surfaces are reélly made up
of sets of submicroscopic planes of‘definite crystallo-
graphic directions is a problem that must be left to
the electron microscope. Theycause of the wavy surfaces
will not be clear until someone can produce both wavy and
straight lines at will, as Greenlénd (18) d4id with mercury.
He found that preliminary bénding_caused wavy lineg to
appear when the specimen was loaded iﬁ tengion, In iron,
it may be that impuritiesg affect the slip surfaces,.

Some of the faﬁigue cracks follow slip surfaces, at

least in steps., Others distort the metal sq'badly that de-

‘ tails cannot be seen. The general direction of these cracks

may not follow slip surfaces. On & macroscopic scale, the
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cracks follow surfaces of high shear stress which apparently
contain a {111) direction. The surfaces are not always

ones of maximum shear stress, as Gough (4) suggested, for
the crack in Fig. 16 makes an angle of less than 45° with
the specimen axis.

The stress at which single crystals will fail in
300,000 cycles of rotary bending is somewhere between
20,000 and 30,000 psi tensile stress, This is in accord
with Gough's finding of 118,000 cycles at 16,200 psi shear
stress (3). The fatigue strength of single crystals of
iron is thus of the same order as that of polycrystalline
iron, which is about 24,000 psi tensile stress for the
same life. This agreement is probably a coincidence, for
one would expect the fatigue strength to be lower due to
a reduced yleld point, and higher due to the absence of

intergranular stress concentration.
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TABLE 6

ROTARY BENDING TESTS ON POLYCRYSTALLINE INGOT IRON; KILOCYCLES TO FAILURE

GROUP CONDITEONS OF FEST BAR i1 BAR v BAR V VBAR vi BAR VIIV Bar VIt BArR IX
No. (27,000 Pst aND 794 RPM unLEsS .
orHEthsernoreo) No. Kec. No. = Ke. No. Kc. No. Ke. No. Kc. No, Ke. No. Kc.
1 27,000 Psi 1 334
3,800 RPM 9 1322
- 18 582
2 30,000 Pst 10 108 13 124
3,800 reM : 19 192
3 STANDARD CONDITIONS 14 3065 9: 139 5 250 5 364 6 259 1 338 1 233
16 2065 17, 127 11 425 9. 877 14 124 9 360 7 318
2, . 144 17 385 21 389 16 366  15. 268 15 270
7“,"3 108 12" 109
152" 116
23‘“.’c 113
aA?c 94
13A’c 109
<l 99
4 30,000 Pst 3 100 3 383 10 107
794 RPN 13 126
19 111
5 Coax T0 29,300 Pst ) ' 3 674
6 1640 F STRESS RELIEF AFTER 5 88
MACHINING 11 113
(24,000 psi) 13 292
7 ANNEAL , RUN : ' 17 122
8 ANNEAL, POLISH, RUN 8 81 15 116 7 114 6 111
12 62 8 110
18 66 :
9 ANNEAL, RUN AND REPEAT AFTER , 3 103 (60) 5 173 (30)
' KC DENOTED ( ) ‘ .
10 ANNEAL, POEISH, RUN AND REPEAT 1 30° (30) 7 180" (30) 95 120 (7 1/2)
AFTER KC DENOTED ( ) 11 102 (60) 13 135 (15)

AL ANNEALED AT 1,700 F 1 HR; COOLED AT 100 F/HR

Be MACHINED WiTH A MECHANICAL FEED '

c. ANNEALED AT 1,700 F 1 HR AND 1,630 F 5 HR; COOLED 100 F/HR
De NOT RUN YO FajLure T

E. ANNEALED 12 TiMES aND THEN RUN TO FAILURE

Fe ANNEALED 2 Tiugs anp THEN RUN INTERMITTENTLY TO FAILURE
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- IV: POLYCRYSTALLINE FATIGUE TESTS

The objects of the polycrystalline fatigue tests were
to check the behavior of the polycrystalline ingot iron
against the results of previous investigators, and to study
the cracks from the earliest stages possible. The tests
were made on standard Moore-type fatligue specimens with the
rotary bending fatigue machine previously described. NQ
attempt was made to determine the endurance limit or study
the cycles to failure at a Wide varietﬁ of stresses, since
this has been done before. The stregs at which most of the
tests were run, 27,000 psi, wag chosen to give a life of
the order of hours at the speeds used. Thus there was
’plenty gf time to make macréscopic observations during a
test, but the total time to failure was not excessive,

The results of the polycrystalline fatigue tests are
shown in Table 6. In view of the scatter present in these
data, 1t is worthwhile to apply statistical methods to
decide whether apparent differences in the fatigue life
may be due to scatter or whether they were probably caused
by the Various'treatments. It will be assumed that the
logarithm of the éycles to failure of a homogeneous group
of specimens 1s normally distributed in order that Student's
t-distribution (19) may be applied. While the normality
assumption is not strictly correct, the error in the results
due to skewness which may be present is not considered

important. It is desired to make some statement regarding
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the mean of the logarithm of cycles to failure which
night be expected if one were able té repeat the experi-
ments an indefinitely large number of times. 98% confidence
limits will be given for the means. That is to say, limits
‘within which these means lie will be deduced from the data
by statistical methods which are correct 98% of the time
they are applied if the underlying assumption for normality
is valid,

The results will be described in two sections: intro-

ductory tests and crack detection tests.

Introductory Tests
Groups 1 and 2 of Table 6

The first tests were run at 3800 rpm which was above
the critical speed of the fatigue machine. There was so
~mueh general vibration of the machine and its support that

the remaining polycrystalline tests were run at 794 rpm.
Group 3 of Table 6:

The long life of specimens from Bar II was probably
due to polishing them in the fatigue machine without lock-
ing the bearings so that the forces inadvertently applied
during polishing caused considerable understressing of
the specimens.

Bar IV will be discussed later.
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Fig. 21 1X

burface Conditionsg at Failure

All specimens were annealed at 1700 F one half
hour, furnace cooled with an initial rate of 450 F/hn
and then machined and polished. Further treatment

is desgcribed below.
IX-7 VIII=-17
Annealed at
1700 F/hr
Cooled at
100 P/hr
27,000 psi for 27,000 psi for

318,000 cy- 122,000 cy-
cles clesg

VIII-E

Stress relieved
at 1630 F for
5 hrs

Cooled at
100 F/hr

27,000 psi Tor
88,300 cy-
cles
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Bar VII was notable for the number of inclusions
viglble even without the aid of a micrésCOQe,~but there
- seemed to be no tendency for the cracks to start from
them., Principally as a result of Spebimen VII-14, the
average life of specimens from Bar VII appears to be lower
than that of specipens from the other bars., If the mater-
ial from Bar VII were the same as the rest, there is only
one chance in ﬁwenty that lives as short or shorter than
these would be obtained. We can therefore say that the
tests indicate, but do not prove, that specimens from Bar
VII were weaker. For the time being, therefore, specimens
from Bar VII were not included in the comparisons.

The mean 1life of specimens from the remaining bars
annealed in the hearth furnace, Bars V, VI, VIII, and IX,
is 270,000 to 460,000 cycles. Moore and Kommers ran tests
on similar specimens of ingot iron described as "box
annealed" (20) or "normalized" (14). Judging from the
five tegts at a stress nearest 27,000 psi, their material
had a life of 630,000 to 4,000,000 cycles, at that stress.
As will be seen below, differences in heat treatment
could easily account for this difference. Specimen IX-7,
gshown in Fig. 21, had a failure typical of those in this
group. Two to three circumferential cracks caused a
failure with little surface deformation. Asg seen with a
m;croscope,-the crack zig-zagged, often following slip

lines where those were visible,



Specimens from Bar IV were not annealed in the hearth
furnace but in the tube fumace. They were annealed in a
hydrogen atmosphere and cooled at a rate of 100 F/hr.
9ix specimens were annealed at 1700 F for one hour and
three were annealed at 1700 Ferr one hour foliowed by a
further anneal at 1630 F for five hours. Three of the first
group were machined with a hand-feed as were the specimens
from other bars. The remaining specimens of Bar IV were
machined in anothe; shop with a mechanical feed. The
effect of the annesl at 1630 F is not clearly determined.
There is about one chance in fifteen that lives as short
as or shorter than those obtained with the longer anneal
would be found if the material were the same, The differ-~
ence: in machining technigue is significant, however, The
mean lives resulting from the two techniques differ by a
factor which lies between 1.02 and 1.43. The scatter and
mean life in specimens‘from Bar IV arekdefinitely different
from the remaining bars. The guestion remains whether this
difference ie due to the material itself or to slow cooling
after the anneal in the tube furnace. At this stage only
one specimen from the other bars was still unmachined. That
specimen, VI-12, was annealed in the tube furnace, cooled
at 100 F/hr, and machined in the hand-feed set-up. The
mean life of specimens treated this way is somewhere be-
tween 12% and 83% of the life of specimens annealed in the

hearth furnace, cooled at 450 F/hr, and machined in the
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same shop.' Therefore the annealing and not the peculiarity
. of the material of the specimen from Bar IV 1g probably the
cause of the short‘life. The scatter in the location of
failure in the specimens from Bar IV was the same as that
for the other bars. The difference in variation of life
bétween Bar IV and the remaining bars must therefore be
due to differences from specimen %o speclmen rather than
different varlations within the specimens. The variétions
in the lives of gpecimens from Bar IV was more nearly in

line with that expected from the variation in‘the location,
so there must be some lack of homogeneity in the specimens
from the remaining bars. ©ince no correlation was noted
between the position of svecimens in the furnace during
the annealing and their liveg, the lack of homogeneity is
probably due to variations in machinihg. Ine specimens
from Bar IV which were machined by the same technique

were likely more carefully machined, being in a smaller

group. It was in order to eliminate machining effects that

the single crystals were alternately etched and polished.
Group 4 of Table 6:

The few tests run at 30,000 psi indicate the expected

reduction in life at a higher sgtress.

Group 5 of Table 6:

Specimen IX-3 was run 1,000,000 cycles at stresses
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of 20,000, 22,000, 24,200, and 26,600 psi. It finally
failed after 674,000 more cycles at 29,300 psi. This
result is in accord with Kommers' finding (149 that ingot

iron could be strengthened by understressing.
Group 6 of Table 6:

Specimens VIII-5, VIII-11l, and VIII-13 were stress
relieved at 1630 F for four hours in the tube ﬁurnace
and cooled at 100 F/hr. They had previously béen annealed
in the hearth furn;;e, machined, and polished, The surface
of these sgpecimens was quite dimpled as compared to that
of the gpecimens without the stress relief. TFig. 21 shows
Specimen VIII-5 after failure, The life of these specimens

was markedly shortened by the stress relief.
Group 7 of Table 6:

Specimen %III—I? was annealed at 1700 F after machin-
ing. Its life was shortened and the surface of the speci-
- men was not only dimpled, but also certain of the grains
seemed to be oxidized in a nuwber of places, as can be seen

from the lower side of the specimen in Fig. 21,
Group 8 of Table 6:

A number of specimens which had been previously
- machined and polished were annealed in the tube furnace,

cooled at the usual rate of 100 F/hr, and then re-polished,



Fig., 22 88X

VIII-3 Annealed at 1700 F 1 hr; cooled at 100 F/hr
27,000 psi for 60,000 oyc%es
5= -0.05 in. d= =32

Fig. 23 380X

VIII-3 Annealed at 1700 F 1 hr; cooled at 100 F/hr
27,000 psi for 60,000 cycles
§5= 0,18 in. o= -65°
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At fallure the surface on these specimens was dimpled,

but not oxidized, and was similar to ihat of Bpecimen ,
VIII-5 shown in Figi 21. The reéults fell into fwo differ-
ent groups. The specimens from Bars V, VI, and VII had
simllar lives, and one would expect other gpecimens from
the same material to have average lives of 106,000 to
120,000 cycles. On the other hand, the average life of
specimens from Bar II would be between 40,000 and 120,000
cycles with significantly more scatter. The author knows
of no reason for the difference, but it was noted that the
specimens from Bar II seemed to have a more badly deformed

surface than the others.

Crack betection Tests

Group 9 of Table 6:

In order to learn something about the formation and
propagation of cracks, a number of specimens were glven an
examination at 88X after a fraction of their expected lives,
The examination covered about 0.4 in. in the center section
of the specimen and reguired two to four hours to complete,
including examination of regions of special interest at
380X and a half dozen photomicrographs.

Speéimen VIII-3 was run for 60,000 cycles and then
examined with the microscope., Fig. 22 shows én areg con-

taining a crack at 88X. The crack runs diagonally between
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two grains and then up into a single grain. Fig, 23 is
a photomiérograph at 380X of another point showing in more
detail the oxidation taking place on the surface. The
author feels thatthis is really oxidation and not massed
slip lines revported by others (8), (9), (10) because of
the brown and blue colors observed. So many cracks were
seen in this specimen that fallure was believed imminent.
After another 30,000 cycle%ihowever, the c¢racks had grown
only a limited amouht and the specimen wasg reannealed. It
did fail after the next 12,800 cycles.

IX-5 was then run for 30,000 cycles. The surface
was agaln oxidlzed and distorted, so that although no
cracks were seen, some may have been present, It was
thought that 1f no cracks were present, annealing should
return the specimen to its original state, and further
running and annealing showld not cause failure. If, on
the other hand, cracks were oresent, the annealed specimen
would still be in a damaged condition and would fsil even-
tually. In other words, it was hoped that a cycle of alter-
nate running and annealing would distinguish between cracks
and other surface markings. Specimen IX-5 failed after a
total of 173,000 cycles, with reannealing every 30,000 cy-
cles. The surface became so badly distorted that micro-
scoplc examination was impossible. It was therefore de-
cided to reéolish arter ammealing in order tolavoid oxid=
ation and have a better chance of finding out when cracks

occur,
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Pig. 24 88X

VI-11 27,000 psi for 60,000 cycles
83 = 0.08 in. ¢ = 154°

Fig. 25 88X

VI-11 27,000 vsi for 102,400 cycles with
reanneal and repolish
0.0006 in, removed from surface
S5  0.08 in. ¢ = 154°
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Fig. 26 380X

Vi-1 27,000 psi for 30,000 cycles
S = -0.02 1in. o= -7%9

Fig. 27 380X

VI-1 27,000 psi for 30,000 cycles

Ltched 20 gec. in 10% HNO, in methanol
S5 = -0.02 in. ¢ = -73°
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Group 10 of Table 6:

Specimen VI-11 was annealed,'repolished, and re-run
for 60,000 cycles. PFig. 24 taken at the end of this
time, shows what appear to be two cracks in the surface.
The diagonal markings on the surface in the lower left
cormer were due to accidentally striking the specimen
during examination. The speoimeh was then annealed, re-
polished, and run to failure, which occufred after a
further 42,400 cycles. The same area is shown in Fig. 25.
The cracks had not been visible after repolishing, but it
is evident that the left hand crack had only been covered
over. Since only 0.0006 in. was removed from thé surface
in polishing (less than 1/16 in. at the magnification used),
the right hand crack, if such it was, must have been quite
shallow,

Specimen VI-1 was run only 30,000 cycles after the
Tirst anneal and repolish, BSeveral cracks were found, two
of which are shown in Fig. 26, Fig. 27 shows the same re-
gion after etching and indicates that the cracks were
certainly associated with grain boundaries, although the
left hand crack has turned off into a crystal. In order
to get some idea of the amount of cold work done on the
specimenvby the fatigue test, it was annealed first at
1100 F and then at 1300 F, after which a few new grains

were seen, 1300 F is the temperature at which iron
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Fig. 28 380X

0 psi for 30,000 cycles
0.11 in., ¢ = 112°



=

Fig. 29 380X

IX-13 27,000 vsi for 45,000 cycles
S3= -0.01 in. ¢= 58°

Fig. 30 380X

IX-13 27,000 pegi for 60,000 cycles

$3 = -0.01 in., = 59°
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Fig. 31 88X

IX-13 27,000 psi for 60,000 cycles
Same region as Fig., 29

Fig. 32 88X

IX-1% 27,000 psi for 75,000 cycles

Same region &g Fig., 29
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Fig., 33 88X

IX-13 27,000 psi for 90,000 cycles
Same reglon as Fig, 29

Fig. 34 88X

IX-13 27,000 pesi for 105,000 cycles
Same region as Fig. 2¢



Fig. 35 380X

IX-13 27,000 vsi for 105,000 cycles
Same region as Fig. 29

Fig. 36 380X

IX-13 27,000 psi for 120,000 cycles
20 sec. eteh in 10% nitric acid
in methanol
Same region as Fig. 29
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Fig. 37 88X

IX-13 27,000 psi for 120,000 cycles
20 sec. eteh in 10% nitric acid in methanol
Same region as Fig, 29

Fig. 38 88X

IX-13 27,000 psi for 120,000 cycles
20 sec. etch in 10% nitric acid in methanol
Different region from Fig., 29
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deformed 2% by cold rolling will recrystallize, according
to Kenyon (21). Thg gpecimen was not run to fallure.
Specimen VIII-7 was;also reannealed every 30,000 cycles.
Cracks were observed after the first running, but the
specimen did not fail until after 180,000 cycles.

Specimen IX-13 was then run for 15,000 cycles and
nothing which could be definitely called a crack was
vigible. After 30,000 cycles a few questionable lines
appeared such as tﬁat shown in Fig. 28, These disappeared
on annealing, repolishing, and rerunning for another
15,000 cycles., The crack shown in *fig. 29 was notlced
this time, however, and it was decided to run ithe specimen
to failure and wateh the crack grow rather than to continue
with the annealing process. The resulting series is shown
in Figs. 30 to 35. The out-of-focus blobs along the edge
of the crzck in Fig. 35 were apparently rust "flowers",
for they came into focus above the rest of the specimen
and were orange brown in color, They are probably due to
the same thing as the frettage corrosion which is ohserved
in press fits under alternating stresses. They were ob-
served in cracks in other sgpecimens as well, After a total
of 135,000 cycles, the fatigue machine wasg beginning to
run rough, indicating that failure was imminent, so the
test was not continued. Figs. 36 and 37 show the crack,
.which was the major one of the gpecimen, afﬂer etching for

40 seconds in 10% nitric acid in methanol. The crack



ig. 39 380X

IX- 27,000 psi for 75,000 cycles
83 = 0.14 in. d): 580

Fig., 40 380X

i for 75,000 cycles
on as Fig, 39 after 1 hr
O F

IX-9 27,000 ps
Same regil
at 170
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evidently started near the boundaries of a very large
grain. Fig. 38 shows a crack in anoﬁher part of the speci-
men where the graiﬁ size was more nearly normal. It should
be noticed that the crack usually cuts across the grains,
but occagionally follows the grain boundaries as described
by Lucas (11) and Ewing and Humphrey (8).

Specimen IX-9 was run for periods of 7,500 cycles at
a time. At first only a few slight dimples occurred in
the surface and nothing that could possibly be called a
crack was seen. After more and more repetitions of the
anneal-polish~-run process, the number and deoth of the
dimples increased, Finally after a total of 90,000 cycles
definite cracks were seen such as those shown in Fig. 39.
Fig. 40 shows the same region after annealing, The cracks
seem to have healed in many places although one still may
be open in the upper right corner. Since almost the entire
plcture consists of a single grain, the grain size must
have been larger than 25 grains/mmg. After Fig., 40 was
taken, the specimen was repolished and run to failure,
which required another 30,500 cycles. Judging from the
size of the dimples on the surface, the grain sizé appeared

to be of the order of 4 grains/mm® or ASTM # -1.

Discussion of the Polycrystalline Fatigue Test Results

This lot of ingot iron appesrs to behave normally

when annealed in the hearth furnace, cooled at 450F/hr,
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machinea, polighed, and run. ©Since the chemical analysis
and tensile test results are also normal, the concluslons
drawn should be valid for ingot iron in general.

The rate of cooling of ingot iron has a marked
effect upon its 1life at 27,000 psi. Apparently cooling
atv450 F/hr 1s rapid enough so that any cementite 1is
precipitated in a fine enough manner to harden the material,
whereas a cooling rate of 100 F/hr is slow enough to allow
the cementite to accurulate in large varticles which,
though submicroscopic, do not seriously hinder slip.
Therefore it is insufficient to describe ingot iron as
"annealed"; the cooling rate must also be given.

The surface preparations studied do not havea
great effect on the fatigue life. Provided that they
were slowly cooled, specimens arnnealed, machined, and
polished; those machined, polished, and annealed; and
those machined, polished, annealed, and repolished, all
exhibited lives between 90,000 and 125,000 cycles at 27,000
psi with the exception of specimens from Bar II., But
the surface preparation does affect the character of the
surface during the fatigue test. Bpecimeng machined and
polished after the anneal showed a few surface dimples
with no discoloration. ©Specimens annealed just before
running showed narked surface deformation and oxidation
of individual grains.

Cracks were observed after 30,000 cycles in specimens
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whose iife very probably would have been no less than
106,000 cycles. The cracks started near grain boundari?s,
wihich is in contradiction to Gough's results for large
crystals of aluminﬁm (4). 1In these tests the apparent cause
of cracking was the severe deformation at the grain boun-
daries., 4As the cracks grew, they usually traversed grains
in a zlig-zag manner. The average direction of the cracks
was normal tQ the gvecimen axis. The relation of single

to polycrystalline crack direction will be discussed

further in chapter V.,

The alternate running and annealing cycle is not
satigfactory for developing submicroéoopic cracks., Grain
growth occurs during the process, lowering the normally
expected life., Furthermore, the annealing may heal cracks
of microscopic size, This healing may account for the fact
that if a specimen with an expecﬂed life of 110,000 cycles
i1s annealed every 30,000 cycles, its total life will be
longer than normal, even though it was cracked after the
first 30,000 cycles. Apparently when the anneal is carried
out after half the expected life, the cracks are so large

that the annealing has little effect.
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V: THE DIRECTION OF CRACEKS IN POLYCRYSTALLINZ SPECIVENS

Cracks in single crystal gnecimens tested in rotary
bending progress on surfaces of high shear stress, that is,
disggonally across the specimen. On the other hand, the
géneral direction of cracks in polycrystalline specimens
ig that of a plane of maximum tension or one pervendicular
to the axis of the gpecimen. WMicroscopic examination shows,
however, that the cracks in polycrystalline snecimens are
not straight, but tend to zlg-zag from one crystal to another.
This seems to indicate that cracks in both the single crys-
tal specimens and in the individual crystals of the poly-
crystalline spnecimens progress on surfaces of high shear
stress, and that the average direction of the cracks in the
polyerystalline specimens is due to the random orientation
of planes of maximum shear stress containing a (111> direc-
tlon, in the different crystals. This hypothesis will
now be checked in detail.

To simplify the problem, assume that cracks progress
only on planes of maxinmum shear stregs. The intersections
of these planes with the surface of the specimen will be
lines making angles of 45° to 135° to the specimen axis.
Agsume that after a crack has traversed one grain, it must
progress on a surface of maximum shear stress in the
neighboring crystals. Although there may be a tendency
for cracks to continue on the same surface, thé regulire-

ment that they progress on surfaces of high shesr stress

o=
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containing a {111 direction is likely to cause a change
of surface. If the crystal orientations are random, the
net effect may be considered a random choice of a nlane
of maximum shear stress in the neighboring crystal. The
easlest way to check this hypothesis is to use it to pre-
dict the directions that the cracks take on the surface
of the specimen and compare the predicted value with that
found experimentally.

In accordance with Fig., 41, let S3 be the specimen

s&
.
Sl
45°
L/g
b4
e
i
55
Fig. 41

axis and 52 the normal to the specimen surface. Let V
be the normal to the plane of maximum shear stress which

makes an angle of 450 with S3. Let ¥ be the angle at
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which the plane of maximum shear stress intersects the

o) : . :
surface. QY way vary from +45° to 459 ag 7/ moves

(€2

around % in a cone., <Yhe relation between IH and @

is given by

tenlf = cos ©. (1)

If all values for © are equally likely, then the proba-

bility that © will lie between © and ©+de 1is given

-

oy
P(e)cle:i—l?:’_?- for 0=6<QTl. ()
Since

dv
cosqu/Fjﬁ;Fiﬁ ’

de = €)

and since the same wvalues fTor 4fcan arise from both

positive and negative values of @, the correspondin

g

probability distribution of IV is given by

_ o duf __T_r_ lT_ 4
POV ¥ —SZTTcos“W\[l—rqnaw for 4 <\,’{<4 . ( )

For a crack of unit length the deviation in the 83

direction is

w=sin ' )
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Therefore ;
dw (6)

w‘ /[—W“ 7
and the distribution function of w is

dw
= — fo -1 w l
P = fawe 1 TEem<E. O

This distribution has zero mean and a variance

A
= w2 dw

o} =
w T(-wafi-aw? |
i

2

In order to evaluate the integral, change the variable bhack

to IV :

Ir
b3 Z_ Sina‘l’f C‘uf
(o) = Cv
v ’ITCOSW‘/l_QSinle .

(8)

3E

The presence of the trigonometric functions suggests the

substitution 2 = elW', wherice

sin* ¥rd¥ . ﬁ(z—%*fi)"’z ('O)
Wcoswm (22+1)/ 2% 41 ’

The differential dz is taken as s segment of the unit

circle in a counterclockwise direction for dﬂf;>0 . On
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the contour chown, Fig. 42, tre srguments of these

4

will be imaginary elsewhere on the unit circle. The

e
£
9 ~f
h K
LiJ
Fig., 42
o . . | (
differentials decrease by L at 2=%t— ¢+ = and by 1T
| » T2 R .
at 7= * (. Therefore the integral from 1¥'= *'Zf to
1} equals that from Y= 3, 20 , and the integral

integrals alonz the indentations at 2 <
become vanishingly small as the radiil of the indentations
approach zero. The integrals along the indentations at

Z2=t1i are given by 2> )

A(z-7 32

I L (i e
"mf “"hy S 2 (2 z-( T+ [Z2%¢
L (ol .

Their total contribution to the contour integral is =2,

()
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Now applying the residue theorem to the entire contour,

and considering only the real parts

=i 2 = e G(2-% azz) a
R,f mQ, Ri am 5—2 Ti(z2+ Wzv1 - (2)

Finally,

D

2 _ b

If the crack traverses n graing on the surface, the
total deviation in the 85 direction will be the sum of the
deviations across each grain. This total deviation will
have a distribution with mean zero and variance equal to

the sum of the individual variances:

not =n | ~;r'-5) (14)

For a crack of unit leneth, the progress of the crack in
b 2 I

the ©7 direction is given by
U= COoSs w . (‘5)

Therefore

4y = =94 (16)

[-u? J
and since the same value of u can arise from two values

of W, the distribution function of u is
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P(u)duﬁ 2 du - for - U< | ('7)
Tuli-u? fauz - J;1< <

The mean of this distribution is

!
m. = 2 du UE»
“ ' T-urfaur-) -
2

In order to evaluate (18), change the variable back to qf :

T
“T ) At
2

Now substitute V‘: %

LIy

cos ¢

This integral is evaluated by Dwight (22), 854.1:

) = 8346 (;U)

The variance of the distribution of u is

|
2 2udy 2 '
C. = - m
“ /'ﬂ,/l—-u"délu‘-l “o (29
d

vz
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Let vimu? = r; then-liﬁéﬁL::dr- and

ey

a_ (72 dr — 2 2 3)
Ou” = W J/i-2r2 ™ (
1y 92
A r(;) =00106 . (24)
va o 4T r(z)

The total length in the 84 direction of a crack
across n graing will therefore be distributed with mean
0.8346 n, and stazndard deviation 0,103yn. For large val-
ues of n the deviatlon may be nezlected in comparison to
the mean value. Then the number of grains of linear
dimension g traversed by a crack which progresses for a

distance 87 around the specimen isg given by

S,
.8346 ¢

N =

(@s)

For comparison with the theory derived above, the
three gpecimens from each of Bars V, VI, VIII, and IX
which were run at 27,000 psgi and 794 rpm were examined,

The grain size found by counting the grains intercepted

per unit length of a straight line was 250 to 300 grains/in.



The deviation from the circumferential direction of the
center 900 (C.236 in.) was measured for the major crack
of each specimen., The number of graing traversed, from
Ba. (25), was 71 to 85. The standard deviation of the
deviations of these cracks in the axial direction was
0.0238 in., and the 98% confidence interval for the stand-
ard deviation of the population from which this scemple

wzg drawn 1s 0.0166 in, to 0.0469 in. The above theory
predicts that the standiard deviation would be beltween

0.C167 in. and 0.0183 in. If anything, the cracks are

on

farther from the clrcumferential direction tnan predicted.
This might be due to a tendency for cracks to continue on
the same surfzce at grain boundaries, The main point,
however, 1s thalt the theoryv adeguately explains how &
shear falilure can cause a crack which, from a mdcroscopilc
point of view, appears to be on a surface of high tension
stress,

In the pasgt, fatigue failures in iron have been

thought of as tenslon failures., The shear fallures obtained

in torsion tests have been explained by a loss of the
statistical isotropny of the volycrystalline material due
to cold work (23). The results of this study sugzest that
fatigue failures are truly shear failures., The axial and
clrcumferential cracks in torsion tesgts on pelycrystalline
iron can be explained by a shear falilure on a microscopic

gcale, coupled with a tendency cf cracks not to turn a

rignt angle at grain boundaries. The circumferential
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cracks obtained in oolycrystalline iron in bending teste
can be explained by a statistical theory such ag that

given above,



0
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VI: CONCLUSION

The foregoing study has given further evidence thet
slip in single crystals of iron occurs in a {111> direc-
tion on surfaces of high shear stress which are often,
but not always, crystallographic planes of low indices.
On & microscopic scale, fatigue cracks follow the glip
surfaces with the exception of smell steps from one to
another. Visual examination of the cracks after failure
also indicates that they are surfaces of hizh shear gtres
containing a {111) direction,

Tests of more perfect crystals would be of interest
in order to confirm these results and to give more quan-

titative information on the behavior of single crystals

¥

under various conditions of repeated gtress. Tests of

&

groups of largse crystaels, orovided that they cen be ob-
tained with normal grain boundaries, should be made to
confirm the observation that fatigue cracks start at the
grain boundarieg in polycrystalline iron.

The polycrystalline tests also show that in soft
iron there 1s something observable havpening throusghout
the test. DBefore the initial period of cold work is com=
olete, cracks are beginning to form 2t the grain bounda-
rieg where tiie cold work has been most severe, These
cracks then progress, slowly at first and rapiély later,

for the remaining 3/4 of the life of the specimen. In



each crystal the crack progresses zlong surfaces of high

o]

shear stress as 1t does in the single crystal case. Th
average direction of the crack across a number of grains
is zoverned largely by chance.

The presence of fatigue cracks as early as 1/4 of the
total life of the specimen is of importance for both
technical and scientific reasons, If microscopic studies
should show that cracks form as ezrly in more common
engineering materials, then even more emphasis should be
placed on methods of crack detection 2s a means of nre-
venting fatisue failures in service. Furthermore, the

o

early formation of cracks decreases the hope of any
practical form of preventive maintenance, such as
re-heat-treatment, for the process would have to be carried
oult go esrly and so often as to be orohibltively expen=
sive., The scientific implication of the early presence of
Cracks 1s that any cuantitative theory of fatigue will

have to consider two different ohenomena: the formation

of cracks of the size of a grain or less, and the growth

of those cracks to failure, Neitrer of these nhenomena

can be considered of negligible importance in determining

cycles to fallure at a given stress,
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APPENDIX TI: CRYSTAL GROWTH
Deseription of Egquipment

An 18 kw. electric furnace was used to heat a fused
silica tube, 1 in. ID, over a heated section 12 in. hicgh.
At 1640 F the temperature fell off 5 F 1 in. on either
side of the center and 20 F 3 in. away. ‘he furnace wag
controlled by a Micromax 40,000 series controller with a
rate of temperature'change control. At first a simple
on-and-off control was used which caused a temperature

variation of *5F during

[

the cycle, Later an autotrans-
former was connected so that the controller switched the
furnace between two taps close together. This reduced
the temperature fluctuation to %1% F, A ten to one re-
duction gear in the temperature control drive made a
temperature rate of 1 F/hr available, The automatic
current adjuster on the Vicromax controller was connected
s0 that the Micromax would not forget about the furnace
while it was balancing itself, An extra dry cell held the
current steady enough so that adjustment twice a day was
sufficient. 'The reproducibility of temnerature control
was limited mainly by the inaccuracy in resetting the
control points. *or example, in one series of settings
on five different days when the control pointer was set
through the reduction gear, temperatures measufe@ by an

independent thermocouple varied by only *1 F,



The controller was connecte’ to a chromel-alumel
thermocouple located in the center of the furnace just out-
side the tube. In addition, an iron=-constantan thermocouple
wag placed inslde the tube beside the specimen and its out-
put was measured with a Leeds and Northrup portable pre-
cision potentiometer., These two couples were intended to
provide & mutual check, but the errors increased at about
the same rate go that no check could be obtalned without
recalibration. The couples indiceted about 10 F higher than
originally after the first 200 hours at 1630 F, and the
error increased at a much slower rate from then on. This
drift is a zood deal more than that reported by Dahl (24),
although it shows the game trend of a ravnid drift followed
by a slow one. The ironmconstantan wire was checked by
Leeds and Northrup and a correction of 5 F gubtracted from
the indicated reading at 1650 F, The chromel-alumel thermo-
coupleg were checked by outting them with some iron=-con-
stantan couples in a 1 in. diameter by 3 in. iron block in
the center of the furnace. A helium atmosphere was used
to retard the Jdeterioration of chromel-alumel thermccouples
which occurs in reducing atmosphere, Impurities in helium
are still enough to affect chromel-alumel thermocouples
seriougly after a few days. A batch of a half dozen iron-

constantan counles measured at the gsme tirve

Furthermore, calibration of the chromel-zlumel thermocouples

‘on successive days gave as accurzte results. The uncertainty
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in the drifting rate of thermocounles, however, means that
the temperatures reported can only he éonaiﬂered accurate
to within * 5 F or at most ¥ 10 F, If extreme accuracy 1is
reqguired, 1t would probably be zood vprsctice to gesgon
thermocounles for a Tew weeks before calibration in the
atmosphere in which they are to be used,

Hydrogen was fed through a De-0xo catalytic hydrogen
purifier and a 3 in. diameter by 18 in, high drying tower
filled with potassium hydroxide. For work with Bar V, a
% 1b. phosvhorus pentoxide bottle wag added, Half the
powder was still fluffy after 1000 cu. Tt. of hydrozen had
pagsed through. The hydrogen line was passed tanrough a
dry-ice bottle before and after the furnsce in order to
check for the ovresence of water vapor., None was found if
the furnace had been flushed out with two to three cubiec
feet of hydrogen after sealing and 1f the joints were
tight.

After machining, the gpecimens were znnezled one
hour at abouﬁ 1650 F and then cooled at 100 ¥F/hr in the
tube furnace., An Olsen universal hydraulic test machine
wag used for straining. A 2 in. gauze length magnetic
straln recorder was mounted on the shoulder to measure the
strain. In order to be consistent, the tests were run at
an initial stress rate of 4300 psi/min. until the yield
point was reached. The valve setting was left untouched

untlil the load began to rise after the yield noint, when
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the valve was opened so that the stress rate again becsme
4300 psi/min. Since the range of the stress recorder wag
only a little over 2%, the test was brought to equilibrium
(stress variation of less than 100 psi/min.) and the strain
recorder reset to zero. +he tesgt wag then continued at
4300 psi/min. until just before the desired strain was
reached, when conditions were azaln brought to eguilibrium,
The load was released and the residual strain recorded both
with the magnetic recorder and with & 1 in. micrometer.

The magnetic strain gauge readings were multiplied by a
factor of 1.185 to account for the fact that the shoulders
were not strained as much as the center section. The
micrometer readings indicated that this correction was
about right for stress of the order of 3%, but gave strains
up to 10% too high if the total strain wes 4%. 1he strains
reported are the magnetic strains since they are more con-
sistent from one test to another even though there may be

a blased error.

the aid of the apparatus shown in Fig. 43, The camera
viewed the specimen through a box with a2 0.010 in. slit in
the upper left corner. 4‘he snecimen was mounted bn a rack
Just beyond the slit. As the box was reised by the variable
speed motor, a string wound around nlugs in the end of the
specimen rolled the specimen so that the area just opoosite

the slit was at the center of rotation and hence stationary.
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TABLE 7
CRYSTAL GROMTH: SERIES 1

SpEC, NO.  STRAIN Tewe, OF Hes, RESULY

fil=7 »033 1610-45 181 SINGLE CRYSTAL SHELL ABOUT POLYCRYSTALL INE CORE
10 033 1615=40 100 No GROWTH
11 =033 1623-60 101 OME, PLUS SEVERAL LARGE ONES AT ONE END
12 .033 1640=60 89 NOo GROWTH
13 +033 1620=-55 98 3 LONGITUDINAL CRYSTALS
14 033 1630=55 100 No erowTr
15 +033 162550 75 No GrOWTH
16 2033 1625-55 87 NO GROWTH
17 033 163560 94 GROWTH STARTED
1660 56 FURTHER GROWTH OF ONE CRYSTAL
18 033 1625=65 125 No GROWTH
19 040 162055 57 No GROWTH
20 - 042 1625-60 125 ONE LARGE PLUS SEVERAL 1/8 in, CRYSTALS
23 - 033 1615-55 166 1/8 1N, CRYSTALS
24 +033 1630=50 162 NO GROWTH
032 1650 23 Two CRYSTALS
25 033 1650 31 NO GROWTH
032 1650 26 NO GROWTH
{¥=1 .033 1645=50 71 No crOWTH
2 .028% 1610=40 85 NO GROWTH
026 1615=45 o6 SEVERAL LARGE CRYSTALS
4 033 1620-40 56 ONE, WITH SOME UNTRANSFORMED
6 -033 1620-40 83 SEVERAL LARGE CRYSTALS
11 .028° 1645=55 85 No crOwTH
12 -033% 1620=40 51 1/8 in. CRYSTALS
14 ,030° 161545 100 SEVERAL LARGE CRYSTALS
16 .025" 1615-35 85  GROWTH STARTED
1650 8 GROWTH COMPLETE
18 +033 162545 56 Two CrYSTALS
20 .026" 39  NO GROWTH
22 033 31 No erowTH
24 ,026° 161555 98  NO GROWTH
V=22 .038° 1650 &4 2 CRYSTALS PLUS FLAKES ARND CRYSTALLITES
4 «030* 1625=50 82 SCARF JOINT PLUS FLAKES
6 .030° 1635 83  SINGLE GRYSTAL WITH CRYSTALLITES
16 .030° 1645-55 89 " J ) "
18 .030" 1640=55 72 2 CRYSTALS INCOMPLETELY GROUWN
20 »030° 1630 33 BEVERAL CRYSTALS INCOMPLETELY GROWN
22 .031% 1645-55 53 SEVERAL CRYSTALS
Vied - 030% 1640 77 No arowTH
030 1650=65 28 No crowTH
14 - 030° 164050 73 No erowTH
20 +030 1655 75 No GrOWTH

*ANNEALED 5 HOURS AT 15500F BEroRE FURTHER COOLING.
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TABLE 8

CRYSTAL GROWTH: SERIES 2

SPEC, MNo. Strain Tewmp, OF  Hms. RESULT

I =9 <033  1590-1630 91 NO GROWTH
.032 1635-45 95 1/32 iN. GRAIN S1zE
11 036 1590=1630 91 No GROWTH
034  1635-45 93  1/32 8. 1O 1/16 1N, GRAIN 802E
15 +035 1635=45 93 2 LONGITUDINAL CRYSTALS

17 040  1635=45 93 No GROWTH
19 030 1590=1630 91 NoO GROWTH

2029  1635-45 93  1/32 in. TO 1/16 IN. GRAIN S1ZE
Y l=6 .039 1635=45 93 JOINT IN CENTER UNDER CRYSTALLITES
8 C L035 163545 93 NO GROWTH
10 <032 1590=1630 91 NO GROWTH
" 031 1635-1645 93  1/32 in. GRAIN SIZE

16 .030 15901630 91 N0 GROWTH
.029 1635-1645 93 1/16 in. TO 3/16 IN. GRAIN 8§12ZE
18 .035 1590=1630 91 NO GROWTH

® .034 1635-1645 93 1/32 iN. TO 1/16 iNe GRAIN S1ZE

Viti=2 -033 1635-45 93 No crOWTH
4 030 1595=1625 95 No GROWTH
6 «030 1595=1625 95 No GROWTH
8 «033  1635-=45 93 No GrOWTH
16 2035 1595=1625 95 JOINT NEAR ONE END UNDER CRYSTALLITES
12 035 15951625 95 JOINT N CENTER UNDER CRYSTALLITES
14 .033 1595-1625 95 SINGLE CRYSTAL ON ONE SIDE UNDER SKIN OF CRYSTALLITES
16 .035 1595=1625 ©5 SINGLE CRYSTAL WITH CRVYSTALLITES STILL DEEP
18 <033 1635=-1645 ©3 JOINT IN CENTER UNDER CRYSTALLITVES

[ X=2 033 1595-1625 95  No GROWTH

4 «031 1595=1625 95 No GROWTH
8 035 1595-1625 95 HNO GROWTH

10 «035 1635-1645 93 No GROWTH
12 .035 15951625 95 No GROWTH
14 035 1595-1625 95 NO GROWTH
16 .030 1595=1625 95 NO GROWTH
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Lighting was furnished by a MNo. 2 nhoteflood light 25

in. above and 38 in. behind the lowesgt vosgition of the
specimen, With a film speed of 64 and the cemerz stopped
to 32, a satisfactory exposure wes obtalned by setting

the control at 4 to 10 depending on the surface condition.

bt}

his resulted in an exposure time of 1/6 to 1/25 sec.
Fige. 44 to 48, discussed below, were taken with this ap-

varatug.

Results of Crystal CGrowth Experiments

Table T gives the results of the first series of
crystal growth experiments carried out in the tube furnace,
The specimen was not held continuously at temperature, but
freguently cooled down and exanined to find out whether any
crystal growth had occurred. Table 8 shows the results of
a second serles of experiments conducted in a larger
hydrogen furnace at the Jet Propulgion Laboratory. In these
experiments the examination was made only at the end of a
run,

The crystzl zrowth was evidently affected by a number
of unknown variables. Some of the irregularities will now
be noted.

There seems to be quite a time lag before the initia-
tion of crystal growth. In only & few cases were crystals
observed actually in the procegs of growing. This indicates

that once sufficient nucleation time had passed, the
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Vi-16

Strain 0.030

1590 F - 1630 F 91 hrs
Strain C.029

635 F - 1645 F 03 hrs

Fig. 45 1X
X-16

Strain 0.030
1565 F - 1625 F

Polich

1635 F - 1645 F 93 hrs

5 hrs
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crystals usually erew in less than 24 hours. OFf those
specimens which were observed in the orocesg of growth,
wpecinmen ITI-17 grew gradually over a period of 56 hours

at 1660 F from the time it wae first observed. wepecimen
IV-16, on the other hand, grew from % in. to 2 comnlete
gpecimen in 8 hours at 1650 F. It may be thst the number
of crystallites present is relszted to the =zrowth of the
crystal, for conecimen ITI- 17 was the only one in which no
crystallites were obgerved under microsceopic exarination
when it was machined for fatisue testing.

After gome of the specimens had been run for a long
time at temperature with no growth, thevy were re-strained
and reheated. The most successful case of this was wpeci-
men III-24, which contained only two crystals plus crystal-

lites after the final heatir Cn the other hand, the

o

specimens of Bars VI and IX to which this was done 2t the
Jet Propulsion Laboratory all behsved =g if the two strains
were glmnly superimposed, for & nurber of srains of around
1/16 in. resulted after the second heatinz. Fig. 44 shows
Specluen Viulé,which va.s one of thie group. ~ince larser
grain size 1s an indicstion of lower strain, this figure
alsc shows the effect of the constraints due to the « houl-
ders ofvtbe specimen and showg that the strain wee not
uniform around thre svecimen, Sometimes a sinzle erystal
Or & number of large cryvstals were found Surréunéing the

nolycrystalline core., pecimen ITI-7 was

to be a
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Extra 5 hr anneal at 1640 F
Strain 0.031

1645 F - 1655 F for 53 hrs

Strain 0.039
1635 F for 93 hrs
Light polish

s, 47, but with
0.003% in. removed
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single crystal until it wag mechined down to 0.22 in,
fhere was only a little of the outside crystal left and
tne center was made uo largely of the orisinsl Doly-

-

crystalline iron. & number of gpecimens from Bars VIII and
IX which failed fo zrow in the firgt 95 hours at the Jet
Propulsion Laboratory, were, after polishing and etching,
reheates for another 93 hours. In all of these a thin
layer of larce crystals avneared as shown in fig, 45,
Fracture of the apecimens revealed that the center was un-
transformed. Very likely the polishing left enough cold
work in the gsurface to cauge recrystallization there,
Ziegler (25) noted a similar growth,

When the large crystals srow, they sometimes zrow
all the way to the surface, as shown in ¥ig, 46, It is
also interesting to note some zrowth out on the shoulder,
sometimes the surface was covered with & thin section of
¢rystallites, as others have found (13), (25), (26). Figs
47 and 48 show ~pecimen VI-6 after a light polish and aft
removing 0,003 in, from the surface,

Ag an example of the effect of unknown variablesg,
it should be noted that while Bars VIII and IX had the
same grain size within at most a factor of 1.5 on an zarea
basgis, and had chemical compositions which could not bé

distinguished, Bar VIII gave zood results with a strain of

0.033 to 0,035, but no growth was observed in Bar IX.
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Fig. 49 88X

V=6 21,700 psi for 31,700 cycles
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Summary of Embrittlement Tests

Spec. No, Prelim. Temp. Time at Atmosphere Cooling Elong-
Strain OF Temp. Rate ation
Hrs. °F/hr %
IIT =2 - - - He 100 45
-3 - 1630 40 He 500 10
- - 1630 16 Ho 500 40
-5 - 1630 40 Ho 500 45
-6 - 1630 40 Ho 100 40
~-14 3% 1630-60 80 32 100 &
-15 3% 1630-60 80 Partial 100 8
Vacuum
~16 3% 1630-60 80 Ho 100 6
WL 3% 1630-60 80 Ho 100 10
v o -8 - 1630 71 Hy, Sat. 80° F 100 4
-10 - 1630 4 Hy 100 42
-1z - 1630 4 Ho 100 58
14 - 1630 126 Hy, Py0m dried 100 10

The atmosphere was dried with KOH, except as noted.
A1l specimens annealed at 1700° before treatment shown.



APPENDIX II: BRITTLENESS IN INGOT IRON

marly in the work it wag noticed that some of the
specimens which had been around 1640 T for seversl deys
broke with a brittle fracture on imoect. The intergranular
nature of the brittle fractureg was observed by plecing
ends after a tenslion test and observing a lonzitudinal
section under the microscope. L1t is even more clearly

shown by Fig. 4% which shows a group of crystallitesg in a
largely single crystal specimen, V-6, after 31,700 cycles
at 21,700 psi. This brittleness does affect the fatigue
strength, as 1s shown by the fact that one snecimen from
Bar I1 was annealed to make it brittle and failed during
polishing in the fatigue machine. The bearings were not
locked in this case; even so, the siress could hardly have
been over 15,000 psi.

A number of snecimeng were annezled under different
conditions and tensile tests were miude on these to learn
under what conditions brittleness would occur. These tesgts
are summzrized in Table 9, Specimen W1 was machined from
a different lot of ingot iron purchased seversl years
earlier,

The Armco Steel Corporation reported in a private
communication that this brittleness was due to oxide
migration to the grain boundaries. Thelr chemical analysis

showed that there was practically no difference in oxygen
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content between the various specimens of Bar V, ihey

did report that the brittleness could‘be cured by anneal-
ing in a hydrogen atmosphere with -50 C dewpoint at 2200 F
for 30 hours, but the hizh temperatures could not be used
for the crystal growth work because of the allotroplc
transformation in iron.

The original microscopic examination of CSpecimensg
ITI-2 and III-3 had falled to reveal any difference be=-
tween them., A more’careful polish, orompted by Armco's
results, revealed a marked difference, as shown in Figs.
50 and 51,

The brittleness has previously been reported, both in

ingot iron (27) and electrolytic iron (28),
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APPENDIX I1I: THE CRYSTALLOGRAPHIC ANALYSIS OF IRON

Determination of Cubic Axes Relative to Specimen Axesg

The orientation of the crystallographic directions
relative to the snecimen axes was determined from a Laue
back-reflection X-ray diffrzction vnattern. The specimen
was clamped 1in a leveled V block on a Picker X-ray machine,
Angular vosition was determined by the protractor attach-
ment as shown in Fig. 52. The coordinate axes are shown
in Fig, 53. The orientation of the film was determined

by levelling a 0.006 in. aluminum screen on the face of

-k

the film cas

o]

ette. +he resulting pattern for Bpecimen
III-17 is shown in Fig. 54,

The first step in determininez crystal orientation
from the photograph is to identify the extremely intense

r

spots, often avppearingas doublets, which are caused by

reflection of the molydenum K or Ky rediation, The
{ 2

interplanar spacing, d, the wave length of the incident

radiation, A , and the angle between the incident beam

and the reflection vlane, ©, are related by Bragg's law:
A= ;L<i s5in © (U

For a cubic crystal the interplanar spacing ig =iven by

_ da
d = Jha+k2+12 ("2-)
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Diffraction of Molybdenum Kx, and K“z Radiation by o Iron
Back Reflection laue Diffraction Pattern

Filwm=~Specimen Distance 3 cwm.

Plane Radius, cm.
X K

444 5.649 5.340
710 , 550 , b43 4,797 4,533
610 4,090 35,887
721 s 633 , bd2 3.482 3,272
642 2,943 2.745
730 2446 £.249
782 , 6535 1.474 1,239



ANGULAR COORDINATES OF PLANES IN DIFFERENT ZONES

ENTRIES FOR PLANES WITH Hz +

105

TABLE. 1%

FOR A CUBIC CRYSTAL REFERRED TO PLANE OF MAXIMUM SPACING, o

2

K+ iz < 60 AND ZONES WITH H, K, 1 = 4

Zone 100 | Zone 110 | Zong 111 | Zong 210 | Zone 211 | Zowg 221 | Zowmg 310 | Zowg 311 | Zowe 320 | Zowe 321 | Zowe 322 | Zowme 331 | Zowe 332
PLanE © pLang ° pLanE ° pLane ° PLANE ° pLane © PLangE © pLane ° PLane ° PLANE ¢ pLane © PLANE ° pLane °
017 =8,1| 117 =11.4 | 547 =10.9| 127 =17.7| 135 «17,0 | 542 =18,4 | 137 =24.3 | 138 =20,2 | 326 =31,0 | 341 ~25,1 | 236 =24.6 | 455 =25.8 | 353 =30.4
001 0 |001 0,010 0.0| 0601 0.,0|{ 011 o0.0[1i0 o0.0|00t 0.0|0%1 0,000t 0.0|711 o0,0|0t11 o0.0[170 0.0|150 0.0
017 8.1 [ 137 11,4451 10.9| 127 17,7| 135 17.0| 542 18.4 | 137 24.3 | 136 20,2 | 236 31.0 |325 20.6|238 24,6453 25.8|353 30.4
016  9.5| 116 13,3 | 341 13.9| 126 20.4| 123 22,2332 23.2|136 27.8 125 25.4 | 235 35.8 [214 28,1225 30.5|343 31,9243 38,0
015 11,3115 15.8 | 231 19.1| 125 24.1| 113 31.5| 232 31,0 | 135 32,3 | 114 33.5 | 234 42,0 [137 34.3 | 214 39,6 | 233 41,1 [ 133 49,5
014 14,0 | 114 19,5 (352 23.4| 124 29.2| 317 42.6|354 36.9|134 38.4 [103 47.9 |233 50.2 [103 43.1| 203 54,0123 55.5|023 66.9
027 15.9 | 227 22.0 | 121 30.0| 123 36.7| 102 50.7| 122 45.0 | 133 46,0 |215 58.9 [ 252 61.0 |115 56.3 | 415 64.1|136 65.3 |i36 78.0
013 18,4 | 133 25.3 | 253 36.6| 235 41.8| 315 61.4| 134 56,5 |132 57,7 | 112 73.2 [251 74.5 [127 61.9 | 212 76.4|0i3 77.1 | 173 90,0
025 21.8|225 29.5|132 40.9| 122 48.2| 213 67.8|146 63.6 | 263 64.6 |345 84.3 | 461 82.1 |012 75.0 | 433 90.0 | 116 90.0 |36 102.0
037 23.2 (172 35.2 | 133 46.%| 243 56.2| 324 74,8 | 012 71.6 | 131 72.4 | 233 90.0 |230 90.0 |135 90.0 | 221 103.6 | 103 102,9
012 26,6 | 335 40.1 |154 49,1 | 121 65.9| 435 785|726 81.4 | 261 81,0 |353 95,7 |461 97.9 |133 97.6
035 31,0 223 43.5 | 011 60,0362 73.4| 111 90.0 | Ti4 90.0 | 130 90.0 254 105.0
023 33,7 |334 46,6 |154 70.9 | 381 81,5453 101.5 | 216 98.6 | 267 99,0 121 18,1
034 36,9 | 445 48.5 120 90,0 452 127.0
045 38,7 | 111 54,7 361 98.5 351 133,1
011 45,0 | 332 63.4 230 143,2
054 51.3 |553 670 341 154,9

221 7005 111 180,0

552 73.9 325 200.6

351 76,7

431 80,0

551 81.9

110 90.0

551 98.1
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o
where a is the lattice constant, 2.8610 A for iron, and

h, k, and f are the Millerian indices of the plane., lhe
radiug in cm. of a spot on the film for a film-specimen

distance of 3 cm. 1is given by

r = 3 tan (180°-20) (3
Table 10 wag calculated from Zgs. 1 through 3. The radlus

of each of the intense spnots can be measured and the corresg-
ponding plane identified from Table 10, By comparing the
vhotograph with & standard projection of the crystal vlanes,
one may be able to identify the other spots and zones. for
g Tinzl identification the ahgles between prominent spots

in the variougs zones are measured, using Greninger's chart
(17) and these are then matched with the known angles be-
tween various planes in given zones from Tables 11 and 12,
These tzbles were calculated using the crystallographic
relations piven by Barrett (17). It is soretimes helpful

to note that a spot wi

4

Lry

oS

iich is a four-Told axis of symme
is due to a {lOO} plane and one exhibiting a six-fold axis
of symmetry is due to a {111} olane. {110} olanes give
prominent spots with only & two-fold axis of gymmetry.

Once the spotsg on the photogravh have been ldentified,
the location of the specimen and X-ray axes can best be
determined with the aid of a stereogranhnic net ., The

angles between the X-ray axle and several planeg having

normals near it are measgsured and then the cilrcles corre-
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planes located in a standard vrojection. The same procedure

is repeated to find

ot

he sgpecimen axis, using the hyperbolas
due to zoneg lying near the specimen axis,
Measurenments of five indevendent patterns from

Specimen LII-17 indicated that the errors in locating

ct
¥

[
[

specimen axis were about $° and those in locating the radius

through the reference mark were about 1°.

Determination of Active Slip Directions and Planes

A point on the surface of the fatigue specimen loaded
in bending is subject to pure alternating axial tension and
compression as shown in Appendix IV. As Gough (4) has
shown, 1t 1s of interest to find out what stresgses result
in certain planes on the {110} , {1123, =ns {113} -tyoe
planes in the {111)-type direction, since he concluded
that glip occurs on thege planes. The equilibrium condition
from the theory of elasticity requires that the stress on
the a plane in the b direction, T;b’ is related to the

axial stiress by the relation

Tab —"103 Ao Tss P @)

wrere the ‘I‘s denote direction cosines. In other words

where © is the polar angle of the plazne or direction in
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Fig. 55

Condition for the a Blane to Contain the b Direction
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Planes of Critical Shear Stregs
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A o R . e . B kv R
guestion relative to the specimen axis as shown in Fig., 55,

In this figure the b direction is projected onto the plane

o1

containing the and & <irections. The condition that the

L

b direction lies in the a plane reguires that

cos(¢, - ¢y) = ~- cot S (5)

cot ©p

whnere ? 1s the meridisnal angle of a direction relative

e

to the polar coordinstes of the svecimen., To find which

]

plane containing a 111> direction has the maxinum shear

stress, combine Egs. 4a and 5, obtaining

cos O, Tis (é)
J 1+ cot?e, sec (¢, - da) -

Tap =

It can be seen that Typ attains a maximum when (bd= ¢b
)

in which case kEq. 6 reduces to

(7)

<

Top = i s5in 26, Tas

From Eg. 7 the resolved shesr stress is a maximum
if the 111 direction makes an anzle of 45° with the
specimeﬂ'axis, and the stress falls off symmetrically
as the angle increases or decreases from that value.
In Fig. 56 the shaded regions indicate locations of

the specimen axis in which the maximum resolved shear
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stress in the [111] directlion is greater than in the [llij,
the{iif], or the [1?1] directions.

Gough's hypothegis (4) is that elip actually occurs
on the {110} , {112}, or {123} planes. It is of interest
to see how much the maximum stress on planes of those
types differs from the maximum given by Eq. 7. From &g, 6
the percent reduction in stress will be the most for the
largest value of cotg(@b) and secg((bb - ¢a), Table 11
shows that the largest angle between two {110}, {112}, or
{123} nlanes containing the same {111 direction (lying in
& 111> zone) is 19.1° petween {110}ans {123} nlanes. The
maximum value for ¢tf- ¢h s then, will be half that, or
9.6°, From Fig, 56 it can be geen that the minimum value
for ©, occurs when the specimen axis 1s in the (110} direc-
tion, in which case Oy = 35.3° (gee Table 11). ?or this
case the maximum deviation of ¢b - ¢d from zero results
in a decreasge of resolved shear stress of only about l%.
Near the boundaries of the shaded regilons in Fig. 56 this
small difference may be enough to throw the slip from
one {111) direction to another. Hence the boundaries are
not exact i1f we assume slip to occur only on the {110},
{112}, or {123} planes. Inrpractice, once the most likely
slip direction is found using Fig, 56, a great circle
can be passed through the slip direction and the gpecimen

axls and extended to intersect thevZOﬁe of planes con-

taining the slip direction. lhis great circle is the
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Fiz. 57

Trace of plane on sgspecimen surface
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locus of planes for which ¢b-'¢h::0 . According to
Gough's hypothesis, (4), the active plenes will be thoge
in the zone on either gide of the intersection. If the
specimen axis lies near one of the boundaries of the
shaded regions in Fig. 56, it may be well to czlculate
the resclved shear stiress on the critical planes for the

two or three likely glip directions,

Determination of the Trace of the Active Slip

In order to determine whether the calculated slip
nlanes actually were zctive, their trace in the surface
of the specimen can be calculated, and the calculated
trace can then be compared with the glip lines observed
under the wmicroscope, Fig. 57 illustrates the derivation

*

and symbols of Eg. 8 given by Gough (3)%

cot €a
(44 = o @
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APPENDIX IV: DEFORMATI
IN TENESIOH, BENDIN

OF ANISCTROPIC BARD

G, =nd TORSION

Variation of Llastic Lonstants with Orilentatlon

One important criterion for the method of loading
single crystal fatigue specimen 1s that the stresses be
calculable and that the deformations be ones which can be
accomodated by a simple fatigue testing machine. In or-
dinary fatigue testing, a relatively long specimen of clir-
cular crogs section is loaded in tension, bending, or

torsiorn. This Appendix treats the stress and deformation

of anisotropic materials under these loading systems,

1

t ig convenient to use tensor notation in which the
axes of a Cartesgian coordinate gystem are denoted by Xy,
wnere 1 may take on the value 1, 2, or 3, The stress on
the 1 plane in the j direction is denoted by ’tlj’ wnere

5, also, may tazke on the values 1, 2, or 3., By considering
the eguilibrium of a differential cublc element it can be
shown that

T(‘ = T.. (I)

If Uy is the displacement of a particle in the 1 direction,

then the strain at a point is defined by

| C DY
5.,=,¢_<->J_L_~ + 24 2
YT\ X X/ @
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It follows that

f(':

N 8_5( (3)

Ihe strain thus defined is identical to the engineering
strain for normal strains, where i=j, but for shear
girains, where 1 # J, this strain is half the engineering
strain. It is an experimental observation that the strains
are linear functions of the stresses, at least for low
stresses. The resﬁlting eqguation is known as the general-

ized Hooke's law:

€ = Syt The | @)

|

From Eg. 1 and Eg. 3 it follows that

Sijra = Sjing = Sitk = Siek (5)

These constants are related to the equations cuoted in the
literature (17) as follows:
Slu( = Sy
Suz,z = S
|
5u-’l3 T S\‘} (6)

_ 1
59.323 "4 54+

|
Ssnz = e Ss6 etc,

Note that the tensor subscripts 11 are replaced by 1;
.22 by 2; 33 by 3; 23 or 32 by 4; 31 or 13 by 5; and 12 or

21 by 6. TFor a material to be lsotroplic it is necessary
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Sun = 5122255335 , | (7a)
Suag = 522337 533 = Suss  ©tc, (71)
Siziz 92323 = Sai31 (7<)
All others =0 (74)
Sun =Sy2,~ 232325 =0 . (7€)

For a crystal with a cubic gtructure in which the coordin-
ate axes are parallel to the cube edges, Eos. Ta through
7d hold but Eg. Te doeg not. Since the axis of a single
crystal specimen may not be lined up with a cube edge, it
18 necesgsary to find out what the elastic constant will be
in an arbitrary coordinate system whose stress and strains
will be denoted by the subscriots i, j, k, and X . Strains
and stresses in the crystallographic coordinate system
will be denoted by the subscripts a}@)7j«3nd S.

The elastic constants in the new direction can be
found from the stregs and strain in the new directions,
DPenote the directlon cosines between the x, and the Xy
axes by Iub' Then using the summation convention in which

any subscriots appearing twice in the same term are summed
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over,
That is, ch - j“l x| +/eo(z X2 +/\¢0(3 xj - (8)

The stress on the 7 plane in the § direction is denoted
by ’t}s . When by considering the ecullibrium of a differ-
ential tetrahedron formed by the intersection of a plane,
Y, with the coordinate pnlzneg, k, it 1s possible to show
that stresses in the two coordinate svstems are related
by
Ty =Ly pe Asg Tx | )

To find the strain in a new coordinate system, congider

that since

XE ::/(pJ XJ R dhcl

u( = jUX u'oc;

therefore @_L_i_i _ 1 f Auu
OXj taJe O Xg
and dU.
o X 3X5 ‘

On interchanging the indices « and @ , which are gummned
over, kg, 10 combines with the definition of strain, Eg. 2,
to give

‘ ()
6,;)' = ﬁux/e_;ﬁ 80(@ , ( )
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Now combining Lgs, 9 and 11 with the assunption of Hooke's

law in the crvstall ographic coordinates, 1t follows that

Eéy~%::/0 ’&ﬁ‘sa%TTS'ﬂnKJ%g Iky . 02)

This gives the elastic constant in an crblitrary coordinate
system as a function of those in the crystallographic

system and the direction cosines:

(13)

lJKf fwcj IKY oqs?’S.

When the material is isotropnic so that

Sijke = Dugrs
whnen i=0 , j=€ , etec., then

Suu B 51:21 - °1513,;13 =0, (76)

Therefore it would seem reasonable to look for a simpler

expression for the elastic constante in the form

Si_"kl = 50((57/8 + <5H(; -Sllll ~2 52323) ‘F (/(('a() <!4)

where f 1g some unknown function of the direction cosines,
such a relation wasg found by evaluating Eg. 13 for the

different types of elastic constants:

| , 3
Sijict = Swgzrs + (Suu “Suzz 2 51323) EZju ja« e pbrbys) 19
= -



Here i=o , j=@ . etc., and Sap is the Kronecker &
whose value is unity when the subscripts are egual, and
zero otherwise., This expression agrees with snecial cases
given in the literature (2), (29), excent for one eguabtion
of Voigt's ( (29), p. 593, line 4). His ecuation is
probably in error, however, for it does not reduce to an
ldentity for zero rotation.

For fatigue testing of single crystals it will be
seen below that the elastic constant 55337 causes the mogt
narked effects due to anisotropy. The maximum value which

this constant attains for iron will now be found. From

53331 = (5“” ~S||1;z —L 2323)(1,3 ﬂ”‘f' 23 +/€33 /@,) (lé)

The right-hand factor can be thousht of as the dot product

of the unlt vector ﬂ with comoonents /@,, ,é,, and J@,,

3 3 3
s , and s
23 33

which will be called 423 . Since,@ and /6 are orthogonal,

with a vector whose components sre /@3

this dot product will be zero when /ﬂ is perpendicular to

7 73 . B .
the plane of ,6 and J@ » &nd will be an extremum only if

-—

/Z is in the plane of the other two, as shown in Fig. 58.

—

!
5
I

Fig, 58
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It ,ﬂ does lie in this plane, then since /ﬂ ang.%;

D

are unit vectors, the dot product /ﬂ Q(; will be equal
in magnitude to the vector product /4f)ﬁé . “hen this

vector product 1s dotted into itself, expresse’l in terms of
the components f; , L3, snd Ay, and reduced to a

) ) 2 2 2
function of two variasbles by the relation Agj ::I—/(,J 368

J

it becomes
8 6 , 2 4,49 2.6 8
{:2(}13 113) = '4113 ~81/3 123 - ’02113 Izg -84,3 N, ~4ji23
728 P P . |
+8/(,3(9 +|3,p;3}23 + ,3/@3 /65 1-8/(23
1 pa 4
"51/34“6}/3 /@3 "5/63

+‘X631'*/€£5 07)

-

Because of the symmetry of & cubic crystal, this function
need only be considered over the region 0 < f,, < 0.5,

- T~ PR 4 , - L4
0 5{}23é;/@3 . A plot of the function over thisg

region indicates that the maximum is attained along the

line 403= A63 . Along thisg line, the maximum occurs at

13-J713
My =hes =) “ag = 30%7 (18)

3 3 3
The corregponding value of /(,3 /(,, f/(zj /6,“"/@3/6’/

“is 0.296. Tor iron the following values for the elastic

constant were obtained by Ximura and Ohno (2):



Sin = 52.801n0%/ 1b.
Suzz =-19 9xl(37|‘r1‘?/lb.
52323= 15.4401n2 / 1b,

-9 2
(S““ - 5”2‘2 ”2 52323 :418’((0!” /'b.

The corresponding values for 83331 and 9 at the

3333

orientation for which ”2231 i1s a maximum are
-

-9 2/
= - /b,
Syps, = 124 XI0 ~in

_ -9 2/
= n=/1b.
53333 45810 7

Peformations of Circular Anisotropic Bars

The solutions for tension, bending, and torsion of

anlsotroplc bars have been worked out by Voight (29),

ja]

and the torsion solution was also given by ¥Wright (30),

If the distribution is linear in the isotronic es e, then
the same stress distribution holds in the anisotropic case,
The resultant deformations are civen below under the

boundary conditions that the slope and deflection of the

specimen axils ere zero at the origin of coordinates,
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Deformation Due to Axial Tension

X2
- P \/
ts37 % X
X3
Fig. 59

With the coordinate system and loading given in
Fig, 59, the displacements Uy, Uy end uz in the xq
b

X
]
2

and X directions are given by

U

=333 X+ 8533 X

&
> e

= 51233 X1 + 55233 X2 (I9)

Mj% = 5355 X %2 9,355 X2 ¥ 53333%5

These equations indicate that a cross section will shear
by an amount 51233 and be tipved relative to the Xz axils

" due to the 61333 and S terms, If the bar 1s loaded by

2333
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clamping 1t in grips or by nulling on an enlarged section,
the restraint of this tippinz will reguire a bending moment
and shear. *he bending moment could be avoided only 1f the
grivs or enlarged ends pivot near the beginning of the
narrowed down section. A gpecial machine would therefore
be required for repeated axial stregs tests on single

crystals,

Deformation Due to Pure Bending

For pure bending about the X, axis, the stress dis-

tribution 1s given by
Ty =

M X3 @0)
I

where M 1s the applied bending moment and I the moment of
inertia about the neutral axis., This leads to the follow-

ing expressions for the displacements:

2
u = S x2x| + ‘5113_3 XQ + 53‘33 X2X3

1133

L
M

u Xz x5 X5
2= = 33333 5‘1 — 53333 51 = 53133 X\ X5~ Sn33 j (2 1)

LIH

2
: S33.33 X2 X3 + S35 XXy t S2333 X2,

=2
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The underlined terms are the ones present in the isctropic
case. The effect of anisotropy, then, is to dish the gides
(due to the £123% terms in the expression for uy); to
digh the ends arocund the X1 axis (due to the 62353 term

in the expresgion for UB); to distort the cross gection
by moving one palr of diagonals forward and the other pair
backwards (due to the 83133 term in the expression for UB)’
and to produce a twist (due to the 33133 terms in the ex-
pressiong for u;)& The most Iimportant result ig that there
1s no elagtic constant affecting the overall lateral de-
formation except 85533. In a rotating beam fatisgue test,
therefore, any change in lateral deflection and recsultant
vibration in the machine as the specimen rotates would be
due to a change in 83335. That constint 1s invariant with

respect to rotation about the x, axis, however, so iLhere

b

will be no lateral vibration of the maschine due to anisotropy.

The sngle of twist per unit length 1s ziven by

52? - éL, QEZ _.éi& - g;EEEZiﬁﬂ CQZ)
OXs  OX3 Xz 3x, ) ~ T .

The factor 53133 s not invariant with respect to rotation
about the three axes so there will be & torsional oscilla-
tion due to the anisotropy. Ag found above, however, the

9

maximun value of 83133 ig 12.4 x1077 in.2/1b., The result-
ing torsional oscillations for the specimens and machine

used in these tests cause stresses of less than 100 psi.
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Deformation Pue to Pure Torsion

In rectangular coordinates the stress is given by

T Xz
fBl = - I
F (@3)
T X,
Ti2= — Y
IF

where ID is the polar moment of inertia and T the applied

iy

torque. These stresses cause the following disnlacements:
a &

2 2
palliad 8 523X ~ 2503 XiX27 (53223 +2925.) X; ~ 282323 5315 1)KXs =S5 525%;

I
T

2 2
2250223 %2~ 5223, X2 + 5335, % +1(51323+53l31)xa)‘- (5,13, 251225)X;

Z

ust :253323 X,xj—z%ajlxz X5 +°253'23 x'1+ 2(51323~ 53,3,)X.X1 ~25,545, %
a4)

The underlined termg are those present in the isotropic

cagse, It 1s evident that the anisotropyrleads to a very

complicated deformation, an important feature of which is

the bending of the gpecimen axis due to the 53325 and

85331 terms in the expressions for uy and up respectively.
If the fatigue machine prevents bendins of &

circularbar in the U, direction, for examole, then a

moment must be applied to straicghten out the deformation:
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T5333l X32 - u2 - 53333 M ij (25)
Ip I ’
Since T33 = Mﬁ% and TJ! = - TX3
I T. “’
P
Eﬁ = - M I, . 2533 (;26)
TJ! T 53333

Ag shown on B. 122, this ratio can amount to 0.54,

Therefore in any torsion fatigue machine for sinzle

crystals elther bending restraints must be avoided, or

the resulting bending stress must be calculated and

reported.,
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