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SUMMARY

Additional static and fatigue tests were made on a few types of
Joints in 758-T6, 24S-T4, and 14S-T6 high-strength aluminum-alloy
extruded bar in order to supplement the data in NACA Technical Note 2276.
Comparisons are made wlith the results of these earlier tests.

A joint of a new design, stepped double-shear Joint, in 75S-T6
gluminum alloy was found to have an intermediate fatigue life when com-
pared with the other joint designs used in this investigation. At lilke
loading conditlons, the stepped double-shear Jjoint withstood fewer
fatigue cycles than either the plain double-shear Jjoint or the double-
scarf Joint, but its fatigue life exceeded that of all the other joint
deslgns used. This new Joint had the same net-section area as that of
the other Joints tested.

For three Joint designs studied in 75S-T6, 24S-Th, and 14S-T6
aluminum alloys, no one alloy gave consistently greater fatigue life at
the stress ranges studied. The plain-scarf Joint in 24S-T4 gave consist-~
ently higher fatigue life than did the plain-scarf joint in 75S-T6 by
ratios ranging from l.k:1 to 18.5:1; there was no significant difference
in the fatigue lives of the nonuniform-step Jjolnts in the three alloys;
and the T5S-T6 aluminum-alloy double-shear joint gave a greater fatigue
life than did either the 24S-Th or 14S-T6 double-shear joints by ratios
of 1.5:1 and 2.3:1, respectively.

When the load ranges of the plain-scarf joint in 24S-T4 and 75S-T6
are adjusted to take account of the difference in statlc strengths of
the joints, the fatigue life of the 24S-T4 aluminum-alloy joint exceeds
that of the T5S-T6 joint by ratios of sbout 5:1 and 12:1 for the O and
0.2 stress ratios, respectively. The adjustment leads to a mean load of
16,000 pounds for the 75S-T6 joint and 13,600 pounds for the 24S-T4 joint.
If the comparisons are made on the basis of elther the specified tensile
strengths of the alloys or the actual tensile strengths of the materials
rather than the static strengths of the Jolnts, the ratios of fatigue
lives are as high as 16.6:1.
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No significant differences in fatigue lives were found when the
T5S-T6 plain-scarf jolnt was assembled with a small clearance in the bolt
holes rather than with a small interference.

When the T75S-T6 plain-scarf joint was statically preloaded in tension
to halfwey between the yield and ultimate strengths previous to fatigue
testing, the fatigue life was increased by a ratio of 5.9:1. A double-
shear joint of 75S-T6, preloaded in a like menner, gave a corresponding
ratio of 1l.4:1.

A limited study to determine the possibility of detecting fatigue
cracks, without complete disassembly of a Jjoint, before they reached
catastrophlc proportions, indicated that the use of penetrant inspection
methods inside bolt holes did not give reliable indications of the
presence of fatigue cracks. )

Two double-shear joints, one each in T5S-T6 and 24S-T4 aluminum
alloy, were subjected to statlc loading after cracks had been produced
in fatigue tests. The ultimate loads were appreciably less (30 to 55 per-
cent) than values estimated on the basis of net area obtained by cor-
recting for the fatigue cracks.

INTRODUCTION

Early in 1951 the National Advisory Committee for Aeronautics
published, as Technical Note 2276 (ref. 1), a report by the Aluminum
Research Isaboratories of the Aluminum Company of America on the resultis
of static and fatigue tests of high-strength aluminum-alloy monobloc
specimens and bolted Jjoints. This publication has recelved widespread
attention within the aircraft industry. In view of special interest shown
by several alrcraft companies, certaln expansions of the test program
were undertaken by the Aluminum Research lLaboratories and are reported
herein.

The limited expansions include the following:

(1) The determination of the static and fatigue strengths of a new
type of Joint, the stepped double-shear Joint

(2) Additional tests on plain-scarf, double-shear, and nonuniform-
step joints to obtaln bases for further comparisons of the relative
fatigue strengths of T75S-T6, 24S-T4, and 14S-T6 aluminum-alloy Joints

(3) Additional tests to study the effects of bolt clearance rather
than bolt interference ‘
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(4) Additional tests to determine the effects of static preload on
the fatigue strength of bolted Jjoints

(5) A determination of the feasibility of using penetrant inspec-
tion methods to locate fatigue cracks in a partiaelly disassembled joint

(6) Determination of the reduction in static load-carrying capacity
of two Jjoints with fatigue cracks present

This work has been made available to the NACA for publication
because of its general interest.

MATERTAL

Aluminum-alloy extruded bars l%'by 4 inches of 758-T6, 24S-TL, and

145-T6 were used for fabrication of the specimens tested in this investi-
gation. Some bar stock was available from the lot of material used in
the earlier part of this Investigation, but additional bar stock was
obtained for some of the joints of 75S-T6 and 24S-T4. The mechanical
properties of the additional lots of material are given in teble I.
Table I also includes the average values of the mechanical properties
for the original lots of material as reported in table I of reference 1.
It can be seen that the tensile and yield strengths of the new lots of
758-T6 and 24S-Th4 slightly exceed the like properties for the original
lots of material. The elongations obtalned on the new lots of material
are slightly lower than for the previous lots. The properties satisfy
the applicable specifications given in reference 2.

Direct-stress fatigue tests were made on polished round specimens
88 described in reference 1 to determine the degree of agreement of basic
fatigue strengths for the old and new lots of 75S-T6 and 24S-Th aluminum
alloys. The fatigue test results for the two lots of each alloy are
plotted in figures 1 and 2 where it is seen that the direct-stress fatigue
strengths for the two lots of T5S-T6 compare very well and that the
fatigue strengths of the new lot of 24S-T4 are slightly higher than the
results obtained on the original lot, but such small differences are not
considered significant in light of the data in reference 3.

TEST SPECIMENS

The stepped double-shear Joint, the new jJoint type used in this
investigation, is shown in figure 3. It can be seen that the net-section
area is 1.2 square inches at the first row of bolt holes and 0.6 square
inch at the second row of bolt holes., The bolt holes were reamed to
0.0010 to 0.0020 inch under the measured bolt dlameter.
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Additional specimens of the nonuniform-step, plain-scarf, and
double~shear joints, shown in figures 2(b), 2(c), and 2(g) of reference 1,
were fabricated. Two of the plain-scarf Jjolnts were fabricated with the
bolt holes reamed to 0.0015 to 0.0025 inch larger +than the measured bolt
diameter in order to introduce a bolt clearance of that amount, whereas
the bolt holes in all the other specimens were reamed to 0.0010 to
0.0020 inch less than the measured bolt diameter as in the original part

.of the investigation.

Prior to the fatigue test, a plain-scarf joint and a double-shear
Jjoint, both assembled with Interference bolt fits, were preloaded in
static tension to a computed stress on the net section halfway between
the yield and ultimate strengths. All other specimens were tested
without preload.

As in the initial part of the investigation reported in reference 1,
aircraft-type bolts 1/2 inch in dismeter were used and a torque of
690 inch-pounds was applied to the nuts. The specimens were given a
chromic-acid anodic treatment and one coat of zinc-chromate primer prior
to assembly. The joints which were fabricated of 24S-T4 and/or 14S-T6
aluminum alloys were made identical in size with like 75S-T6 Joints
without regard to differences in the mechanical properties of the
materials.

PROCEDURE

The procedures used for the static and fetigue tests of the bolted
Joints have been described in reference 1. As will be seen later, not
all Jjoints were tested to tomplete fallure as was the case in the
previous investigation.

As noted above, a plain-scarf jolnt and a double-shear Jjolnt each
of 75S8-T6 aluminum alloy were subjected to a static loading previous
to fatigue testing. The fixtures and machine used in the static tests
were used in applying the preload. The joints were preloaded to a
load equivalent to the mean of: (1) the load corresponding to the
nominal yield strehgth P/A of the material on the net section
(1.2 square inches X 79,400 psi = 95,300 pounds) and (2) the ultimate
tensile load of a like Jjoint (107,250 pounds for the plain-scarf Joint
and 115,250 pounds for the double-shear joint). Thus the preloaded
plain-scarf Jolnt was subjected to a static load of 101,250 pounds and
the preloaded double-shear Jjoint, to a load of 105,250 pounds.

Upon completion of the fatigue tests, all Joints were disassembled

and suxiliary faillures recorded. In conjunction with the disassembly of
the Joints, the least torque required to tighten the bolts further was
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measured in order to determine whether or not the fatigue loading had
affected the original bolt tensions.

Two Jjoints which intentionally were not tested to complete fracture
were studied to determine the possibility of locating small fatigue
cracks without completely disassembling a joint. In order to assure that
small fatigue cracks were present, however, the joints were first disas-
sembled for a thorough examination and then reassembled. The bolts were
removed from the bolt holes in which small fatigue cracks were known to
exist and penetrant inspection methods were used to inspect for the known
cracks. This inspectlion was made with specimens removed from the testing
machines; so no inspection was made with the specimens under load.

In order to determine the reduction In static strength produced by
small fatigue cracks, two specimens were subjected to static test condi-
tions using the machine and adapters previously described. These speci-
mens were loaded to fracture and the ultimate loads recorded.

RESULTS

Static Test Results

The results of the additional static tests are presented in figure 4
and are summarized in table II, together with the results for the
755S-T6 nonuniform-step and double-shear joints taken from table IV of
reference 1.

The stepped double-shear Joint, the new jolnt deslgn tested in this
Investigation, withstood an ultimate load of 94,900 pounds, in other
words, 29,200 pounds per pound of Jjoint weight. The deformation in an
8-inch gage length under a load of 16,000 pounds was 0.0060 inch. When
compared with the static test results of the other T75S-T6 aluminum-alloy
Joints given in reference 1, it is found that the ultimate load of the
stepped double-shear Joint is lower than that of the double-shear
(115,250 pounds), the uniform-step (107,800 pounds), the plain-scarf
(107,250 pounds), and the nomumiform-step (100,000 pounds) joints. The
ultimate load of the new stepped double-shear Jolnt exceeds the ultimate
loads of the bolted-keyed, double-scarf, single-shear, serrated, and
clamped-keyed Jjoints. The load per pound of weight and deformation in
8 inches at 16,000-pound load are also intermediate to the values
obtained for the other types of 75S-T6 Jjoints.

The 755-T6 aluminum-alloy nonuniform-step Joint and double-shear
joint withstood higher ultimate loads (17 to 29 percent) than did like
Joints in 24S-Th or 14S-T6, as would be expected from the temsile
strengths of the materials and as was obtalned for the plain-scarf Joints
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and maonobloc specimens in the initial part of this investigation. It
can be seen, however, that the order of ultimate loads for like joints
in 24S-T4 and 14S-T6 aluminum alloys is not always consistent with the
order of tensile properties of the materials.

The static failure of the stepped double-shear Joint shown in figure 5
was by combined bearing and tension on the thin portions of both the
tongue and outside members of the joint representing the main plate and
splice plates, respectively, of an ordindry double-strap butt joint. It
is reasonable to believe that the load-carrying capacity might be
increased by minor changes in the proportions of the Joint. The paths
of the static fractures in the 24S-T4 and 14S-T6 nonuniform-step and
double-shear jolnts were almost identical to the paths of the fractures
in like T5S-T6- joints shown in figure T(b) of reference 1 (specimens 1B
and 6A, respectively).

Fatigue Test Resulis

The results of the additional fatigue tests are given in table III.
None of the fatigue test results from the Initlial investigation (ref. 1)
have been repeated in table IITI, but, in the discussion, curves, and
tabulations that follow, rather extensive reference is made to the
earlier tests.

The results of the fatigue tests at 16,000-pound mean load
+10,670 pounds (stress ratio, 0.2) are summarized in table IV. Ratilos
of fatigue life based on the life of the nonuniform-step joint of 758-T6
are given. It can be seen that the new data obtained do not alter the
conclusion of reference 1 that the double-scarf joint (75S-T6) has the
highest fatigue strength of all the types of Joints studied. Although
the nonuniform-step Joints show no significant difference attributable
to the material, the double-shear Joints place the materials in the
following order of decreasing fatigue lives: T5S-T6, 24S-Th, and 14S-T6.
As indicated in reference 1, the plain-scarf joint of 24S-T4 had a longer
fatigue life then the corresponding joints of T5S-T6 or 14S-T6. It
thus appears that no one slloy was conslistently superior.

The result of the fatigue test on the stepped double-shear joint is
included in table IV and is plotted with other results from this and the
initial part of the investigation in figure 6. It can be seen that, of
the T55-T6 Joints tested, the fatigue life of the stepped double-shear
Joint (111,400 cycles) is exceeded by that of the double-scarf
(418,000 cycles) and double-shear (187,400 cycles) joints. The fatigue
fracture shown in figure 7 occurred at the bolt holes in the thin portion
of the tongue. No additlonal fractures were found, either in the tongue
or in the outside members.
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Direct-stress fatigue test results for the double-shear and
nonuniform-step Joints of the three aluminum alloys under consideration
are plotted in figure 8 and are included in the summary of table V. For
the conditions of 16,000-pound meen load %10,670 pounds, it can be seen
that there is no significant difference in the fatigue lives of the
nonuniform-step jJoint in any of the three alloys studied. At a load of
16,000 pounds ¥10,670 pounds, the fatigue life of the 75S-T6 double-shear
joint exceeds the fatigue lives of the 24S-Th and 14S-T6 double-shear
Jjoints by ratios of 1.5:1 and 2.3:1, respectively.

The summery of results of direct-stress fatigue tests for the plain-
scarf jolnts of T5S5-T6, 24S-T4, and 14S-T6 at a mean load of 16,000 pounds
and various vaeriable loads, given in table X of reference 1, is extended
in teble V and figure 9 to include similar comparisons of T75S-T6 and
24S-T4 plain-scarf joints tested with a 12,000-pound mean load and
various variable loads. It can be seen that the 24S-T4 plain-scarf Joint
glives consistently greater fatigue life than the T55-T6 joint with the
ratios of fatigue lives ranging from 1.k:1 to 18.5:1 for the mean loads
and stress ratios used in these tests. For like stress ratlos the
fatigue-life ratios are larger in favor of 24kS-Th at the 12,000-pound
mean load than at the 16,000-pound mean load.

The direct-stress fatigue test results for the T5S-T6 and 24S-Th
aluminum-alloy plein-scarf Jjoints at O and 0.2 stress ratlos have been
replotted in figure 10. In order ta take care of differences in the
static properties of the 75S-T6 and 24S-Th, the fatigue results for the
758-T6 and 24S-T4 joints should be compared at lower loading conditions
for the 24S-T4h joint than for the 75S-T6 jJoint, that is, on the basis
of mean loads of 13,600 pounds and 16,000 pounds, respectively, which
are proportional to the ultimate statlc strengthe of the Joints. Thus
1t can be seen in figure 10 that at a mean load of 13,600 pounds the
245-Mh plain-scarf joint would be expected to fail at 100,000 and
680,000 cycles for the O and 0.2 stress ratlos, respectively. Included
in table V are comparisons of these results with the results for the
755-T6 plain-gcarf Joints at the higher mean load of 16,000 pounds and
at like stress ratios. The ratio of fatigue lives for the 24S-Th joint
to that of the 75S-T6 joint, when the load on the 24S-T4 joint is
adjusted to take account of differences 1n the static strengths of the
Joints, 1s 4.6:1 and 12.4:1 for the O and 0.2 stress ratios, respec-
tively. Had the loading on the 24S-T4 joint been adjusted on the basis
of the ratio of the ultimate tensile strengths of the materials the
mean load would be 14,600 pounds and the ratios of the fatigue life of
the 24S-T4 joint to the fatigue life of the 75S-T6 joint would have been
3.2:1 and 6.7:1 for stress ratios of O and 0.2, respectively. Further,
had the adjustment been made on the basis of the applicable guasranteed
minimum values given in reference 2, the adjusted load on the 24S5-Th
would have been 13,000 pounds and ratios of fatigue lives of the 24S-Th4
to the 75S-T6 joints would have been 6.0:1 and 16.6:1. On the other
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hand, it was shown in the original report that differences in design of
75S-T6 aluminum-alloy jolnts have been instrumental in producing
increases in fatigue life, at a 0.2 stress ratio, of more than 18:1.

The fatigue test results for the two T5S-T6 plain-scarf joints which
were fabricated with hole clearance (0.0020 + 0.0005 inch) rather than
hole interference (0.0015 * 0.0005 inch) are plotted in figures 9 and 11
and are included in the summary of table VI, It can be seen that the
bolt clearance, within the limits used, had no noticeable effect upon
the fatigue strength of the Joint, either when tested completely in a
tenslile load range or tested in & load range from compression to tension.
Put another way, it can be sald that the bolt interference used did not
improve the fatigue strength of the Joints. The interference used repre-
sents 0.003 inch per inch of hole dlameter. This was gbout the maximum
interference which would allow the bolt to be pulled through the hole
without lubrication and wlthout exceeding the recommended tightening
torque.

As has been described earlier in this report, & plain-scarf jolnt
and a double-shear joint, each of T75S-T6 aluminum alloy, were loaded in
statlc tension to an average stress halfway between the yield and ulti-
mate strengths previous to fatigue testing. The plain-scarf joint devel-
oped considerable visible plastic deformstion under the static load
imposed, as shown in figure 12. The deformations at the bolt holes,
revealed by disassembly after the fatigue test, are shown in figure 13.
The fracture is shown in figure 14. Measurements of the distance between
the keyways of the plain-scarf Joint indicated a permanent elongation of
0.110 inch. Bolt tightness of the joint was checked after completion of
the fatigue test and the torque to tighten the nuts further was found to
average about 60 percent of the torque used in the assembly of the Joint.
There was no visible permahent deformation in the double-shear joint
which had been subjected to static preload; however, a permanent elonga-
tion of 0.009 inch was measured between the keyways of the specimen.
After the fatigue test, the torque to tighten the nuts further was found
to average only about 40 percent of the torque used in the assembly of
this joint. The nuts in both preloaded Joints had not been retightened
after the preload was applied.

The direct-stress fatigue test results for the plain-scarf and
double-shear aluminum-alloy joints, which had been preloaded with a
statlc load, have been plotted in figures 8 and 11 and are included in
the summary in table VI. It can be seen that the ratio of the fatigue
life of the plain-scarf Joint with preload to that of plain-scarf Joint
without preload is 5.9:1. The preloaded plain-scarf joint failed
through the first row of bolt holes similar to the failure of the plain-
scarf joint without preload shown in figure 15(b) (Joint 2) of refer-
ence 1. The like ratio for the double-shear joints was found to be 1.h4:1.
As shown In figure 15, the preloaded double-shear Jjoint failed in one of
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the outslde members in a pattern quite unlike that of the corresponding
joint without preload shown in figure 15(b) (Joint 9B) of reference 1.
Figure 16 shows the fractured surface of the preloaded specimen. Metal-
lographic examination indicated that the fracture originated in a fretted
area on the faying surface. No sign of additional fractures was evident
in the tongue of this specimen. Unless the galling caused some reduction
in 1ife of this specimen, i1t would appear that the location of the criti-
cal section in the double-shear Jjolnt was changed by the preload imposed
with little gain in fatigue 1life of the Joint. It has been said that
preloading to 67 percent of ultimate strength increases the fatigue life
from two to tenfold. The result of the test on the preloaded plain-scarf
joint 1s 1n agreement with such a statement. The National Bureau of
Standards has reported results of fatigue tests on sheet with static pre-
load (ref. 4) which show beneficial as well as detrimental effects of
preloading on fatigue 1life. It would appear from the itwo tests made on
bolted joints that preloading may or may not have significant beneficial
effects on the fatigue 1life of a Jjoint.

The locations of the failures in the Jolnts used for the additional
fatigue tests described herein are noted in table TII. 1In generdl, the
fractures were similar to those illustrated in figure 15(b) of refer-
ence 1 for like joint types. The fractures in the preloaded double-shear
joint and plain-scarf Joint and in the stepped double-shear joint, the
new joint design tested, have already been discussed. As noted in
table III, the nonuniform-step joint in 24S-T4 failed in the fillet;
however, disassembly of the joint revealed additiomal cracks in the intact
portion of the Joint emasnating from the holes in the first row as shown
in figure 17. Micrographs of the additional cracks are shown in figure 18.
The failures of the 75S-T6 and 14S-T6 joints described in reference 1
were through the first row of bolt holes although a crack developed in
the fillet of the 75S-T6 specimen before any cracks were visible at the
bolt holes.

In general, the nuts on the aircraft type of fasteners were found to
be tight after completion of the fatigue tests. It has been discussed
previously that the nuts on the preloaded jolnts were loosened as a
result of the preload used. Based on the torque required to tighten the
nuts further and neglecting all nuts on bolts in holes directly connected
with fatigue fallures, there were no significant differences between the
initial and final tightness of the nuts with but one exception. One
plain-scarf jolnt specimen (2R) was found to have torques on the nuts,
after the fatigue test, averaging about 66 percent of the desired torque.
The result of the test on this specimen is given in table IIT and is
plotted in figure 9. It can be seen that this result is considerably
lower in fatigue life than that of another similar specimen subjected to
like test conditions. It is suspected that, inadvertently, the desired
torque was not applied to the nuts of this particular specimen when it
was assembled for test.
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Fatigue Crack Detection

As stated previously, two joints which were intentionally not tested
to complete fracture were checked to determine the effectiveness of pene-
trant inspection methods in indicating the existence of small fatigue
cracks. The fatigue cracks, which were located in the tongue of the
double-shear Joints during preliminary disassembly, are shown in fig-
ures 19 and 20. The extent of these cracks as revealed by subsequent
fracture of the specimens under static tensile loading is shown in the
lower illustrations of these figures. Micrographs of cracks 1 and 2 are
shown In figure 21. TIndicated in this figure are the lengths of the
cracks as measured on the surface by means of a micrometer microscope.

When the bolts were removed individually from the reassembled joints,
it was found exceedingly difficult to obtain evidence of the existence
of some of the cracks by means of the penetrant inspection methods used.
In the case of the smallest crack no evidence of its existence was found.
Further, no indication was obtained of the existence of the crack, about
0.009 inch long, shown in figures 17 and 18 when the methods were used
with this joint in the disassembled condition.

Static Strength of Fatigued Joints

The static loads required to fail the T5S-T6 and 24S-T4 double-shear
Joints after the fatigue cracks shown in figures 19 and 20 had been
developed are given in table VII. Included in the table are comparisons
with the expected load based on the net area obtained by correcting for
the cracks and the load-carrying capaclity of a simllar joint not having
previous cyclic-stress history. Outlined on the fractured surfaces in
figures 19 and 20 are the areas involved 1n reduclng the net area for
estimating the effectlive load-carrying section of the specimens. It can
be seen that one section of the 75S-T6 joint between the bolt hole and
the outside edge was completely fractured by the fatigue loadling whereas
the 24S-T4 joint did not completely fracture in this area. Before sub-
Jecting the 24S-Th joint to the static loading, however, a saw cut wes
made into the bolt hole from the outside edge in order to produce more
nearly identical conditions in the two specimens. The location of the
cut is shown in figure 20. Thus for purposes of the comparlson this
section of the joint has been considered as though it had been completely
fractured in fatigue. Further, the additional failure in the centrally
located portion of the joint adjacent to the bolt hole in the 75S-T6 joint
caused a substantially larger reduction in the section than was the case
in the 24s-Th joint. Thus the cracked T5S-T6 Joint would be expected to
be subjected to a larger eccentricity of loading than the cracked
2hs-T joint.
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When the static ultimate loads are compared with the expected loads,

determined without considering differences in eccentricities of loading,
it is seen in table VII that the 75S-T6 double-shear joint withstood
about 45 percent of its ultimate expected load and the 24S-Th double-
shear Jjoint withstood about 70 percent of its ultimate expected load.
It is not known how much of the difference in the load-carrying capac-
ities of the two specimens might be accounted for by the difference in
the eccentricities of the loading resulting from differences in distri-
bution of the remaining effective area.

SUMMARY OF RESULTS

From the foregoing data obtained from an extension of the work
described in NACA Technical Note 2276 and discussion of stetic and
fatigue tests on bolted Joints in high-strength aluminum-alloy extruded
bar, the following statements seem warranted:

1. Based on the results of static and direct-stress fatigue tests,
the lots of T75S-T6 and 24S-T4 aluminum-alloy extruded bar used for some
of the specimens tested in this extension of the investigation compare
favorably with the earlier lots used for speclmens tested in the original
portion of the investigation so that the test results from both sets of
tests should be directly comparsble.

2., The static ultimate load withstood by the stepped double-shear
joint, the new joint design tested in this investigation, (9%,900 pounds)
was lower than the ultimate loads of the double-shear (115,250 pounds),
the uniform-step (107,800 pounds), the plain-scarf (107,250 pounds), and
the nonuniform-step (100,000 pounds) Joints, all joints having the same
net-section srea and being fabricated of 755-T6 aluminum alloy.

3. The static failure in the stepped double~shear Jjoint was by
comblned tension and bearing in the thin portions of both the tongue and
outside members of the joint.

k. The static ultimate loads withstood by the 755-T6 alumimum-alloy
joints were consistently higher (17 to 29 percent) than the ultimate
loads withstood by like Joints of 24S-T4 and 14S-T6 alloy for the three
designs compared.

5. When the fatigue lives of the 75S-T6 joints are compared at a
mesn load of 16,000 pounds *¥10,670 pounds (stress ratio, 0.2), the
stepped double-shear Joint is found to have an intermediate fatigue life.
Tts fatigue 1ife (111,400 cycles) at these loading conditions is less
than the fatigue lives of the double-shear Jjoint %187,#00 cycles) and of
the double-scarf joint (418,000 cycles).
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6. The relations between the fatigue test results obtalned fram
like joints of T75S-T6, 24S-Th, and 14S-T6 aluminum alloys were incon-
sistent when compared at like load ranges. The 24S-T% plain-scarf joint
was found to give consistently higher fatigue strengths than did the
75S-T6 or 14S-T6 joints, whereas there was no significant difference in
the fatigue results of the nonuniform-step Joints in the three alloys.
The 75S-T6 double-shear joint excelled in fatigue lives over either the
24S-T4 or the 14S-T6 joints.

T. Vhen the fatigue life of the 24S-T4 plain-scarf Joint is compared
with the fatigue 1life of the T5S-T6 plain-scarf Joint at a 16,000-pound
mean load and at O and 0.2 stress ratios, wlth the fatigue loading on
the 24S-T# joint adjusted to take account of the differences in static
strengths of the two joints, the fatigue life of the 24S-T4 joint was
found to exceed the fatigue life of the 75S-T6 Jjoint by ratios of L4.6:1
at the O stress ratio and 12.4:1 at the 0.2 stress ratio. The effects
of the design are reflected in the fact that, at the 0.2 stress ratio
with a 16,000-pound measn load, the ratio of fatigue life of the poorest
joint design to that of the best joint design, both of T5S-T6 aluminum
alloy, was found to be greater than 18:l.

8. There was no significant difference in the fatigue lives of
T5S-T6 plain-scarf joints fabricated with bolt clearance compared with
like joints Pabricated with bolt interference and tested either under
direct-tension loading or partially reversed loading. It has not been
established by these tests whether or not larger bolt interferences
would be beneficial in improving the fatigue 1life of such Jbints.

9. When a plain-scarf joint of 75S-T6 alloy was preloaded in static
tension to a computed stress on the net sectlon halfway between the ylelé
and ultimate strengths, the fatigue life of the Joint was increased over
that of a like joint without preload by a ratio of 5.9:1. Like static
preload on a double-shear Jjoint caused a change in the location of the
fatigue failure with little beneficial effect on 1ts fatigue life, the
ratio of fatigue lives of the prelocaded to the nonpreloaded double-shear
joints being 1.k:1.

10. 1In general, no significant bolt looseness was found after comple-
tion of the fatlgue tests.

11. Penetrant inspection methods, applied to partially disassembled
Joints, did not reveal the existence of some of the fatigue cracks. 1In
fact, even when applied to a completely disassembled joint, the penetrant
inspection methods failed to disclose a fatigue crack which was about
0.009 inch long.

12. The static ultimate loads of the 758-T6 and 24S-T4 double-shear
joints with fatigue cracks were about 45 and 70 percent, respectively,
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of the values estimated on the basis of the net areas obtained by cor-
recting for the cracks. It is not known to what extent these values
may have been affected by the differences in distribution of the
effective areas.

Aluminum Research Laboratories,
Auminum Company of America,
New Kensington, Pa., April 13, 1953.
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TABLE T

MECHANTCAT, PROPERTTES OF MATERIATS USED IN FATIGUE TESTS OF

HIGE-STRENGTH ALUMINUM-ALLOY BOLTED JOINTS

[%tandard 0.5-in. round specimens,® cut longitudinally from

l)%—by Y-in. extruded ba.zzl

15

Yield

Tensile Elongation

Ml o | dateriad | engen, | "o | e n,
emper psi () percent
75S-T6 C119561 86,950 79,400 12.1
146305-1 9%, 900 87,800 9.0

146305-2 92,500 8k, 800 9.0

Av.d 88,600 81,100 1.3

2hs-Th €119560 77,900 59,500 1ik.2
146287-1 85,300 65,700 10.5

146287-2- 8l,500 64, 900 12.0

Av.4 80,700 61,800 13.0

14S-T6 €119559 4,300 67,300 10.0

8g5ee fig. 7 of ref. 5.

bStress at offset of 0.2 percent. Templin Autographic
Extensameter (500X).

cAverage values for original lot of material; from table I, ref. 1.
dA.verage values for original and new lot of material.
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TABLE IT

SJUMMARY OF RESULTS OF STATIC TESTS ON HIGH-STRENGTH

ALUMINUM-ALLOY BOLTED JOINTS

Wt. of Average
ALLoy 14oing, (Irbimate | Load per ;o oo ation, Location of
Specimen| Description and load, Hb of wt.,
" 1b in, fracture
emper (a) 1b 1b (b)
11A Stepped double-|{758-T6] 3.25| 94,900| 29,200 0.0060 Second row of bolt
shear holes in tongue and
outside members,
combined tension
and bearing
C1B Nonuniform-step|755-T6| &.34| 100,000| 23,000 .0098
1E  |Wonuniform-step|148-76| 4.38| 85,700| 19,500 .0115 Fi;igeEOW of bolt
1F Nonuniform-step|2isS-m] L4.38| 84,000| 19,200 .0100
C6A  |Double-shear 758-T61 Lk.25) 115,250} 27,200 .0050
6F |Double-shear |148-16| L4.00| 89,500} 22,400 .0078 Firet row of bolt
holes, tongue
6G Double-shear 2hg-mhy L.12) o4 kool 22,900 .0078

®Weight based on length of 10% in, for each Joint, distance between fulcrsa.

bpeformetion measured under 16,000-1b loed over length of 8 in., for each joint.
CResults taken from ref, 1.

9T
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TABIE ITT )
RESULTS OF ADDITIONAL FATIGUE TESTS O HIGH-STRENGTH
W ALUMINUM-ALLOY BOLTED JOINTS
[original tests described in ref. 1:]

Alloy Actual load cycls, 1b Number of
Specimen and cycles to Iocation of failura
temper Min, Mex. Mean Variable failurae
Btepped double~shsar Joint
1 758-T6 5,370 26,580 15,975 10,605 111,400 In thin porticn of tongue
_}_iommﬁom-atap Joints
1c 2h8-Th 5,410 26,670 16,040 10,630 22,%00 Fllet
1D 148-T6 5,480 26,560 16,020 10,540 22,900 Through first row of bolt holes
Flain-scerf joints
a2m ehs-h k,020 ;5,930 11,97 7,95 20k, 700
2v ahg-Th 20 ,010 12,015 11,9% 164,100 Through first row of bolt holes
P 2lg-mh 4,060 20,040 12,050 7,990 1,872,800
bog 75816 5,340 26,650 15,995 10,65% 51, %00
bop 753~T6 -11,920 35,910 11,95 23,913 15,800 Through first row of bolt holes
czu 758-16 5,370 26,690 16,030 10,650 325,600
Double-ghear Jjointa

6B TSE-T6 =,3%0 26,670 16,030 10,640 187,400

6c 1ha-16 5,350 26,640 | 16,015 10,625 lZE:Boo I“bo"'gn@e through first row of
6D oha-Th 5,370 26,650 | 16,010 10,640 ,400 t holes

C6E T58.T6 4,840 27,180 16,010 11,170 263,200 In outside member, fhrough first

row of bolt holes

“Specimen found to have low torque on bolta.
bBolt holes reamed to 0.0020 £0,0005 in. clearance over measured bolt diameter; all others remmed to 0.001%5t0.0005 in.

interference.

CJoints loaded above yleld strength previocus +o fatigue test.

dae
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TABIE IV
SUMMARY OF FATIGUE TEST RESULTS ON HIGH-STRENGTH

ATLUMINUM-ATLOY BOLTED JOINTS

E?‘atigue life at 16,000-1b mean load, +10,670-1b variable

load (Stress ratio, 0.23

Alloy Number of Fatigue
Specimen type and cycles to life ratio
temper failure
(2)

Double-scarf T5S-T6 by18,000 18.5
Plain-scarf 2hS-Th P197,000 8.7
Double-shear 75S-T6 187,400 8.3
Double-shear 2l S-Tit 124,400 5.5
Stepped double-shear T58-T6 111,400 L.9
Double-shear 14s-T6 79,800 3.5
Bolted-keyedC 755-T6 b8, 200 3.5
Plain-scarf 758-T6 55,000 2.4
Nonuniform-step 148-T6 22,900 1.0
Nonuniform-step T5S-T6 b22,600 1.0
Nonuniform-step ol - 22,500 1.0

aFatigue life ratio equals cycles to failure (any joint) divided
by cycles to failure for nonuniform-step joint of 75S-T6.

bResults taken from ref. 1.
CKeys driven in.
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TABLE

V

SUMMARY OF FATIGUE TEST RESULTS ON HIGH-STRENGTH

ALUMINUM-ALLOY BOLTED JOINTS OF 75S-T6, 24S-Th, and 14S5-T6

19

Str Nominal | Nominal Number of cycles to fallure
ess
atio mean variable (v)
T losd, load, A
(a) 1b 1b 758-T6 ol sy 14 S-T6
Double-shear Joint
0.2 | 16,000 |*10,670 187,400 124 ,4%00(0.7) 79,800(0.4)
Nonuniform-step joint
0.2 {16,000 |%10,670 C22,600 22,500(1.0) 22,900(1.0)
Plain-scarf joint
-0.33 | 16,000 |+32,000 | ©3,700 5,100(1.4) | cmmemmcmmmmem
0 16,000 |%16,000 | ©21,700 €45,300(2.1) | =—mmmmmmmmmem
.2 {16,000 |*+10,670 | ©55,000| ©€197,000(3.6) | —===mmmemmemee
.5 16,000 | +5,330 | ©210,800 | ©3,897,100(18.5) | €364,000(1.7)
0 12,000 |*12,000 ¢73,500 19&,10022.6) _____________
.2 {12,000 | 8,000 | ¢212,700{ 1,872,800(8.8) | ~=--cmmceeeeo
0 16,000 {%16,000 | ©21,700 | ~=—mmeme—mmam -
0 |13,600 |%13,600 | ==--mmn- 4100,000(%.6] | ~mmmmmmmmeem
.2 | 16,000 |*10,670 55,000 | mmmmmmm———————
.2 113,600 | *9,070 | -==-mnm- 4680,000[12.47 | ==-=mmmmmmmmm

ratio.

85tress ratio equals minimum loed divided by maximm load.

bN’umber in parenthesis is ratio of fatigue 1life of 24S-T4 or
14S-T6 jJoint to that of 75S-T6 joimt at like mean load and stress

Number in brackets is ratio of fatigue life of 24S-T& joint

at 13,600—1b mean load to that of T5S-T6 joint at 16,000—lb mean-load
at like stress ratios.

cResults taken from ref. 1.

d

Value taken from curve, fig. 10; not test point.



http://www.abbottaerospace.com/technical-library

SIMMARY OF FATIQUE TEBT RESULTS OF HIGH-STRENGTH

TABLE VI

ALUMINTM-ALLOY 758-T6 BOLTED JOINTS

Nominal

Nominal

Number of cycles to fallure

Specimen S:iigs mean |variable|Interference|Clearance|Interference 1??2152210 1§?zi§::io
type load, load, fit, not fit, not fit,
1b 1b preloaded |preloaded| preloaded
(a) (b) (b) (b) (e) (a)
Plain-scarf | 0.2 16,000| t10,670 €55,000 51,400 325,600 0.9 5.9
Plain-gcarf | -.33 | 12,000 +2L,000 ©13,500 13,800 | ~mmmem- 1.0 “mn
Double-shear| .2 16,000| +10,670 187,400 | ~meeee 263,200 - L.k

8Stress retio equals minimum loed divided by mesclmum load.

bInterference fit, holes reamed 0.0015 in. wnder measured bolt diameter; clearance fit,
holes reamed 0.0020 in. over measured bolt dlemeter; preload, statlc preload above yleld
strength prior to fatlgue test.

CFatigue 1life ratio equals cycles to failure for Joint with clearance fit divided by
cycles to failure for Joint with interference fit.

dF&tigue life ratio equals cycles to fallure for preloaded jJoint divided by cycles to
fallure for Joint without preload.

®Results taken from ref. 1.

692¢ NI VOUN
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TABLE VIT
SUMMARY OF STATIC-STRENGTH RESULTS FOR T75S-T6 AND 24S-Th
DOUBLE-SHEAR JOINTS WITH AND WITHOUT FATIGUE CRACKS

ORIGINATING FROM BOLT HOLES

Joint without Joint with fatigue cracks

fatigue cracks (a)
Alloy
Specimen| and Expected |Actual|Percent of
temper Ultimate| Net [Net area,|.jtimate load, | expected
load, | area,| sq in. |315a4, 1b| 1b Toad
1b sq in.

(b) (c) (d) (e)

68 |758-16|f115,250( 1.20 | o0.81 T7,900 |35,500{ 45.5
6D ohs-Th| 94,h00} 1.20 .85 70,900 {48,500 68.5

8Extent of fatigue cracks shown in figs. 20 and 21.

bNét area calculated on basis of nonfatigued section shown in
figs. 20 and 21.

CCalculated using ratios of areas (Joint with fatigue crack divided
by joint without fatigue crack) times ultimate load on joint without
fatigue cracks.

dstatic ultimate load.
eRatio of actual load to expected load times 100.
TResult taken from ref. 1.
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1.-83690
Figure 5.- Static fracture of T5S-T6 stepped double-shear Jjoint.
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Figure 6.~ Direct-stress fatigue curves for T5S-T6 aluminum-allocy bolted
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83691
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Figure 7.- Fatigue failures in stepped double-shear Joint.

Z Failures
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Flgure 8.- Direct-stress fatigue curves for double-shear and nonuniform-
step Joints of 758-T6, 245-T4, end 148-T6 alumimm alloys. Mean loed,
16,000 pounds.
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Location of failure:
on opposite surface .

1.-8%693
Figure 13.- Plastic deformation at bolt holes of faying surfaces of plain-
scarf jolnt which had been loaded to high static loading previous to
fatigue test. Photographed after fatigue test. (For views of failure
on opposite surface see fig. 1k4.)
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Figure 1h4.- Fatigue failure of plain-scarf Joint which has been loeded

to high static loading previous to Patigue test. (For location of
bolt holes see fig. 13.)
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Figure 15.- Fatigue failure in double-shear joint which had been loaded
to high static loading previous to fatigue test.
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Origins of failure

L-83696
Figure 16.- Failure of double-shear Joint which had been loaded to high

static loading previous to fatigue test.
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Additi-nal failures

L-83697
Figure 17.- Failures in 24S-T4 nonuniform-step joint.
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25X

L-83698
Figure 18.- Enlargements of additional failures in 24S-Th nonuniform-step

Joint. (For locations , see fig. 17.) Two photographs at top are of
Faxfilm replicas.
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Figure 19.- Failures in 755-T6 double-shear joint.
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Figure 20.~ Failures in 248-T4 double-shear joint. Specimen 6. (For
enlargement of small cracks see fig. 21.)
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Figure 21.- Enlargement of fallures in double-shear Jjoint.
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