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ANALYTICAL AND EXPERIMENTAL INVESTIGATION OF FATIGUE IN A
SHEET SPECIMEN WITH AN INTERFERENCE-FIT BOLT

John H. Crews, Jr.
Langley Research Center

SUMMARY

A fatigue analysis, based on finite-element calculations and fatigue tests, was con-
ducted for a 7075-T6 aluminum-alloy sheet specimen with a steel interference-~fit bolt.
The stress analysis of the region near the bolt hole showed that the beneficial effect of an
interference-fit bolt can be interpreted as the combined result of two effects ~ the first
caused by load transfer through the bolt and the second caused by the compressive inter-
ference stresses in the sheet.

As expected, the fatigue tests showed that progressively higher interference levels
produced longer fatigue lives. But, these tests also showed that a high level of interfer-
ence prevented fretting at the bolt-sheet interface and that interferences larger than this
level produced little additional improvement in fatigue life.

When stress-life (SN) curves were plotted on the conventional basis of net-section
nominal stress, portions of the curves for interference-fit specimens were found to lie
above the unnotched specimen curve that is the logical upper limit for fatigue improve-
ment. This behavior was explained in terms of the load transferred through the bolts by
the loaded specimen. Comparisons based on nominal net-section stress do not account
for this load transfer and therefore exaggerate the beneficial effects of interference-fit
bolts.

INTRODUCTION

Numerous studies have demonstrated that longer fatigue lives are obtained by using
interference-fit bolts rather than clearance-fit bolts. Most of these studies, however,
have included factors that either influence the fatigue results or complicate the analysis of
the results. Such factors are countersunk bolt holes, complex joint configurations, bolt
clamp-up, fretting between faying surfaces, or variable-amplitude loading. These compli-
cations were purposely avoided in the present study, because its purpose was to analyze
the basic influence of interference bolts on fatigue life.

The case analyzed in the present study consisted of a steel interference-fit bolt in
an aluminum-alloy sheet specimen (7075-T6) under constant-amplitude uniaxial loading.



Fatigue tests were conducted to determine lives for ranges of interference and load levels
typical of those in aircraft structures. The test specimen was analyzed by a finite-
element procedure which was developed in reference 1 but was modified in the present
study to account for the finite width of the specimen.

The fatigue critical stresses near an interference-fit bolt were compared with the
corresponding stresses for a clearance-fit bolt. The comparison revealed how the stress
fields associated with interference-fit bolts helped prolong fatigue life. The test results,
presented as fatigue lives and as locations for crack initiation and fretting at the bolt
holes, were analyzed using the finite-element results.

SYMBOLS
D diameter of bolt hole, m
E Young's modulus, Pa
I interference, difference between bolt and hole diameters, m
N fatigue life, cycles
r,0 polar coordinates, m and deg
R ratio of minimum to maximum stress
S nominal net-section stress, Pa
X,y Cartesian coordinates, m
AP change in interference bolt head protrusion, m
€ uniaxial strain
U coefficient of friction
g uniaxial stress, Pa
On normal stress on plane of largest alternating shear stress, Pa
Orr,009 normal stress components in polar coordinates, Pa
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Oxx, Oyy normal stress components in Cartesian coordinates, Pa

T shear stress on plane of largest alternating shear stress, Pa

Ta alternating shear stress on plane of largest alternating shear stress, Pa
Tro shear stress component in polar coordinates, Pa

Subscripts:

int interference

min minimum

max maximum

ANALYTICAL INVESTIGATION

The specimen configuration shown in figure 1 was analyzed. Results are presented
as stress distributions near the bolt hole and as interference-loading combinations which
correspond to the onset of slip and separation. The stress distributions were calculated
for one combination of interference and loading: I = 0.10 mm, Sy3x =275 MPa, and
Smin = 14 MPa (R = 0.05). As is shown later, this combination produced neither slip nor
separation. The severity of the cyclic biaxial stresses near the bolt hole was evaluated
by a fatigue analysis. The results from these calculations are used to interpret the
fatigue test results,

Stress Analysis

Finite-element procedure.- The finite-element procedure was like that used in
reference 1 to analyze a wide sheet with an interference-fit bolt. The procedure was

based on a finite-element computer program formulated for elastoplastic plane-stress
elements that had either uniform strains or linearly varying strains. This program,
described in references 2 and 3, calculated the onset of plasticity by the von Mises yield
criterion and then calculated subsequent plastic response by an incremental loading
approach. The program was modified so that the specimen could be analyzed for sequen-
tial bolt insertion and specimen loading. Because plasticity is involved, the stress distri-
butions depend on which operation occurs first.

The finite-element model of the specimen is shown in figure 2(a). Because of sym-
metry, a one-quadrant model is adequate. It has small linearly varying strain elements
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near the bolt hole and uniform strain elements elsewhere. The finite-element model in
figure 2(b) represented the bolt. The bolt model, equal in thickness to that of the sheet,
was connected to the sheet model at all nodes along their interface. Interference between
the holt and sheet was simulated by expanding the small hole at the bolt center; the bolt
stiffness was assumed to be unaffected by this hole.

The stress-strain curve for the 7075-T6 sheet specimen was approximated by the
Ramberg-Osgood equation (ref. 4) in figure 3. The steel bolt was assumed to have an
elastic modulus of 207,000 MPa and a yield strength high enough to preclude yielding.
Poisson's ratio was taken as 0.3 for both the sheet and the bolt.

Stress distributions.- The stress distributions along the X-axis are presented in
figure 4(a). They are shown as dashed curves for bolt insertion, as solid curves for max-
imum load, and as dash-dot curves for minimum load. These three conditions are also
indicated by the subscripts int, max, and min, respectively.

The vertical lines in figure 4(a) show the extent of the yield zone at the X-axis.
Bolt insertion yielded the sheet to x/D = 0.8; then the loading to Smax extended this
zone to x/D = 1.2. Although not obvious from this figure, unloading from Sp5x to
Smin produced only elastic changes in the local stresses. Consequently, the subsequent
cyclic loading between Spin and Smax also produced only elastic stress excursions,
The oyy at the hole boundary alternated between 50 and 150 MPa; this local stress
range corresponds to a stress concentration factor of 0.40, based on net-section nominal
stress range. Because a finite-width sheet was used in the present analysis, this value is
slightly smaller than the theoretical elastic value of 0.45 for an infinite sheet (ref. 5).
The 0.40 value is much smaller than the 2.48 stress concentration factor for a sheet with
a clearance-fit bolt (open hole) and the same finite width (ref. 6). This comparison shows
the extent by which an interference-fit bolt can reduce the stress concentration at a bolt

hole.

The influence that an interference-fit bolt has on the stress concentration at a bolt
hole can be explained in terms of the load transfer near the bolt hole when the sheet is
loaded. If the hole is open or contains a clearance-fit bolt, load in the sheet cannot trans-
fer across the bolt hole but must ""deflect” around the hole. This deflected portion of the
load causes the siress concentration. In contrast, if the hole contains an interference-fit
bolt, load passes through the bolt. Therefore, the hole deflects less load and consequently
causes a smaller stress concentration.

Evidence of load transfer through the bolt is shown in figure 4(b) which presents the
stress distributions along the hole boundary. The oy, and 7pg sStresses in this figure
act on the bolt-sheet interface; thus changes in their values for the Smin to Smax
loading would indicate that some load transferred through the bolt. The differences
between (orr)max and (orr)min, largest near 6 = 909, indicate that a portion of the
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applied cyclic load transferred through the bolt by decreasing the compressive loading

on the bolt. The differences between (T,.p)max and (7pg)min, largest near 6 = 459,
indicate that an additional portion of the applied load transferred through the bolt by
increasing the shear loading on the bolt. The total load transferred through the bolt was
calculated to be approximately 20 percent of the applied load on the specimen for the case
considered in figure 4(b).

The load transfer through the bolt had an additional effect which should be mentioned.
Because about 20 percent of the applied load passed through the bolt, only the remaining
80 percent of the applied load acted on the net section of the specimen. Consequently, the
nominal net-section stress, calculated as the applied load divided by net-section area, was
larger than the average net-section stress. For the case analyzed the nominal net-section
stress was 275 MPa, but the actual average net-section stress was only 220 MPa. Later
discussions will show that comparisons of fatigue results from different specimen config-
urations can be misleading if results are compared on the basis of nominal net-section
stress.

Although not evident in figure 4(b), during the remote loading the principal stress
directions rotated (except for 6 = 00 and 909), Bolt insertion produced symmetric
stresses around the hole and therefore radial and tangential principal stress directions;
but, when the remote stress S,,,4 was applied (in the Y-direction), the principal stress
directions rotated toward the X- and Y-directions. For subsequent loading between
Smin and Smax, the principal stress directions rotated cyclically. This cyclic rotation,
largest on the hole boundary near 6 =459, is discussed further in the fatigue-analysis
section.

Slip and separation.- Slip and separation were analyzed because each was expected

to be detrimental to fatigue life. Both slip and separation reduce the bolt's effectiveness
because they reduce the load transferred through the bolt. Cyclic slip can also cause fret-
ting damage at the interface.

The onset of slip was established by the following procedure. As the applied load
was increased incrementally in the finite-element program, the interface shear stress
Trp Was compared with the friction stress [opp, Where p is the coefficient of fric-
tion and 0p, is the normal stress on the interface. Slip was assumed to occur when
Trg = LOrr (U = 0.4 onp. 366 in ref. 7).

The applied stresses necessary for separation were calculated by increasing the
load in the finite-element analysis until the contact stress equaled zero at 4 = 90°, the
point of initial separation. Although slip would occur before separation, a no-slip inter-
face was assumed because this analysis could not account for postslip behavior. Conse-
quently, the calculated separation levels represent an upper bound; slip would allow
separation at lower stress levels.



Figure 5 presents the slip and separation curves for a range of interference values.
This figure indicates that neither slip nor separation occurred for the case analyzed in
figure 4. Figure 5 shows that the fatigue-test combinations of applied stress and inter-
ference span the full range of behavior — no slip, slip, and separation.

Fatigue Analysis

The purpose of this section is to analyze the mechanism responsible for the longer
fatigue lives attained when interference-fit bolts are used rather than clearance-fit bolts.
The approach used is based on a comparison of the severity of stresses near holes with

interference-fit and clearance-fit bolts.

The biaxial fatigue analysis used here was based on the hypothesis that fatigue is
governed by alternating shear stress and the maximum normal stress acting on the shear
stress plane (refs. 8 and 9). As mentioned previously, the principal-stress planes rotated
during cyclic loading. To account for this rotation the procedure in reference 10 was
used. First, for each local stress state, the plane was determined for which the alter-
nating shear stress was largest. Then, the shear and normal stresses on this plane were

calculated for the Sy,3x and Sy,jp loadings.

The calculated shear stress 7T and normal stresses op for the planes of larg-
est alternating shear stress are presented in figure 6. These stresses are presented
for both the X-axis (fig. 6(a)) and the hole boundary (fig. 6(b)) because test results from
reference 11 and the present study indicate that fatigue cracks may initiate in either
of these regions. As mentioned previously, the alternating shear stress t,, where
Ta = (Tmax - Tmin)/z, and the maximum normal stress (op)max Wwere assumed to govern
fatigue. Accordingly, crack initiation was assumed to occur where the combination of 73

and (op)max Wwas most severe.
Because the most severe combination of 73 and (op)max in figure 6 is not

obvious, the severity of these stresses was established by comparing them with fatigue
data (ref. 11), as shown in figure 7. The solid curve represents the calculated combina-

tions of 19 and (op)max for points along the X-axis. The dashed curves represent 5
constant-life data for the stresses on the +450 shear planes in unnotched specimens
(ref. 11). These constant-life curves were interpreted as "constant-fatigue-severity” )

curves and were used to evaluate the severity of the calculated stresses. Figure 7 shows
that the cyclic stresses on the X-axis are most severe in the region 1.10 = x/D = 4.46
(specimen edge). Figure 8 compares the stresses on the hole boundary with the constant-
life curves and shows that the most severe stress state occurs at § = 509,

O A S I I I 111 ey Eetamma




-

A comparison of figures 7 and 8 indicates that the stresses are more severe on the
X-axis than along the hole boundary; however, the difference between the stress severities
for the X-axis and the hole boundary is small. And, as previously mentioned, for the
present study the fatigue cracks often initiated at the hole boundary. For these reasons,
the fatigue critical locations on both the hole boundary and the X-axis were considered in
subsequent analyses.

The mechanism responsible for the longer fatigue lives obtained with interference-
fit bolts than with clearance-fit bolts was analyzed by comparing the fatigue critical
stresses in sheets with these two types of bolts. The critical stresses for the
interference-fit case were taken from figures 7 and 8 for x/D = 1.10 and 6= 50°,
respectively. The corresponding critical stresses for the clearance-fit case were
calculated for the boundary of an open hole at 6 = 00, The stresses are compared
in the following table:

Interference fit Clearance fit

X-axis at Hole boundary Hole boundary
x/D z 1,10 at 6= 50° at 9=0°

| a, MPa 0 | 70 160

| (0n) max, MPa 170 l 80 270

This comparison shows that the 75 and (op)max Vvalues for both critical locations in
the interference-fit case are smaller than the corresponding stresses for the clearance-
fit case,

The differences between the critical 7, and (op)mgx Vvalues for the interference-
fit and clearance-fit cases were caused by a combination of two effects. First, as pre-
viously discussed, load transfer through an interference-fit bolt causes the local stress
ranges to be smaller than for the clearance-fit case. This load-transfer effect causes
smaller 74 values and also lowers the (op)max values. Second, the interference-fit
bolt induces larger compressive interference stresses near the bolt hole, and these
stresses lower the (0p)max values. Although these two effects were not analyzed quan-
titatively, both are believed to prolong fatigue life. This belief is in contrast to the gen-
eral opinion that the load-transfer effect is the sole cause for the longer lives associated
with interference-fit bolts, It should be noted that these two effects are governed by
different interference-fit parameters. The load-transfer effect depends primarily on the

bolt-to-sheet stiffness ratio, whereas the intereference-stress effect depends on the level
of interference.



FATIGUE TESTS .

Test Procedure

Figure 1 shows the fatigue specimen with an installed bolt — a tapered bolt pulled
into a tapered hole, producing an interference fit. The interference level was controlled
by measuring the bolt-head protrusion — first with the bolt inserted under a light load
(about 20N) and again after the bolt was pulled into the hole. Interference and change in
protrusion AP were related by I= AP/48 (ref. 12).

Because the purpose of the fatigue tests was to demonstrate the basic effect of an
interference fit, precautions were taken to eliminate other effects that could alter the
fatigue results or could complicate the analysis of results. For this reason, the tests
were conducted with a simple specimen configuration and constant-amplitude uniaxial
loading. Fretting under the bolt head and bolt clamp-up effects were avoided by not pull-
ing the bolt head into contact with the specimen. A thin Teflon washer prevented fretting
under the nut, No special attempt was made, however, to prevent fretting in the bolt hole.
The bolts were used in their "as-received" condition, that is, with cadmium plating and
cetyl alcohol lubricant (ref. 12).

Fatigue tests were conducted for ranges of both interference and cyclic load.
Fatigue lives, crack-initiation sites, and fretting marks in the bolt holes are discussed
from the viewpoint of analyses in the previous section.

Test Results

Fatigue lives.- Figure 9 presents fatigue lives for Smax = 275 MPa and a range
of interference levels. Each symbol represents the median of four test lives (table 1),
As expected, larger interference levels produced larger fatigue lives. The life for
I=0.10 mm is about 100 times that for the clearance-fit (open-hole) case, but for
I> 0.10 mm little additional improvement is shown. This trend correlates with the
absence of slip for I> 0.10 mm,

Figure 10 shows a comparison of fatigue lives for I=0.05 mm and I=0.10 mm i
with lives for open-hole and unnotched specimens. Again the symbols represent median
lives (see tables 2, 3, and 4). The unnotched specimen curve in this figure is the logical
upper limit for the fatigue lives of specimens with interference-fit bolts, but portions of
the I=0.05-mm and I=0.10-mm curves are seen to lie above this limit. This paradox
developed because these curves were compared on the conventional basis of nominal net-
section stress. As previously mentioned, nominal stresses do not account for the load
transfer through interference-fit bolts. Although a portion of the applied load transfers
through the bolt and therefore only the remaining portion of the load acts on the net section
of the specimen, the nominal stresses in this figure were calculated on the usual assump-
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tion that all of the applied load acted on the net section. As a result, the interference-fit
curves in figure 10 are plotted at nominal stress levels that are larger than the average
net-section stresses actually present during the fatigue tests. If the interference-fit
curves were plotted for average net-section stresses, these curves would probably lie
below the unnotched curve, as expected. Unfortunately, these average net-section stresses
could not be calculated because the effects of slip and separation on load transfer through
the bolt were not accounted for by the present finite-element analysis.

To compare the curves in figure 10 on an equal-stress basis, they were replotted in
figure 11 in terms of gross-section nominal stress. On the basis of gross-section nomi-
nal stress, the interference-fit curves lie below the curve for unnotched specimens, as
expected. Comparison of the I=0.05-mm and I=0.10-mm curves with that for open-
hole specimens shows that the interference-fit bolts improved fatigue lives by a factor of
about 10 and raised the fatigue limit by approximately 70 MPa.

Crack initiation and fretting.- The fracture surface of each fatigue specimen was
examined to locate the crack-initiation site, and the bolt hole was examined for evidence

of fretting., Figure 12(a) shows typical locations for cracks and fretting marks. These
marks were symmetrically located and were usually well-defined regions about 20° to 40°
wide. Figure 12(b) shows a sketch of a typical fracture surface.

Figure 12(c) presents results for a range of interference levels with Syax = 275 MPa
(table 1). For I=0 the cracks started near 6 = 00, as in specimens with open holes.
But for I = 0.025 mm, they initiated near 6 = 500, and for I=0.10 mm (the case ana-
lyzed) cracks initiated between 6 = 250 and 459, compared to the most critical hole
boundary location of 8 = 500 from the analysis in figure 8. For interference levels
larger than I =0.10 mm the cracks usually started near 6 = 300, but in several cases
they started on the outer edge of the specimen.

Figure 12(c) also shows the locations for the midpoints of the fretted regions. For
the low interference levels the cracks initiated in the fretted regions; this observation indi-
cates that fretting probably shortened fatigue lives for these interference levels. However,
fretting marks were not found for I 2 0.10 mm; this result corroborates the prediction that
slip would not occur for I = 0.10 mm.

The influence of applied stress level on crack initiation and fretting locations is
shown in figures 12(d) and 12(e). For I = 0.05 mm (fig. 12(d)) fretting marks were
observed over the entire range of applied stress. In most cases the cracks initiated within
the fretted regions, indicating that fretting probably influenced the fatigue lives for this
interference level. In contrast, for I=0.10 mm figure 12(e) indicates that fretting
occurred only for Spgx = 350 MPa and also shows that the fretting and crack initiation
locations were widely separated. Thus, fretting probably did not shorten the fatigue lives
for I=0.10 mm.



CONCLUDING REMARKS

A fatigue analysis, based on finite-element calculations and fatigue tests, has been
conducted for a 7075-T6 aluminum-alloy sheet specimen with a steel interference-fit bolt.
The fatigue-test results were analyzed in terms of stresses near the bolt hole and in terms
of slip at the bolt-sheet interface.

The stress analysis of the region near the bolt hole showed that the principal shear-
stress planes rotated during cyclic loading of the specimen. As a result, the biaxial
fatigue analysis was based on stresses calculated for the planes of largest alternating
shear stress. This analysis indicated that the two most fatigue-critical areas were on the
transverse axis at a distance of about one radius from the hole and on the hole boundary at
about 509 from the transverse axis. A comparison of the stresses at these two points with
the corresponding critical stresses for the open-hole case indicated that the beneficial
effect an interference bolt has on fatigue life can be interpreted as the combined result of
two separate effects. First, the load transfer through an interference-fit bolt causes the
alternating stresses near the bolt hole to be smaller than for the open-hole case. Second,
the compressive stresses induced by the interference fit reduce the normal stresses on
the critical shear planes.

As expected, the tests with a single level of maximum applied stress (275 MPa)
showed that higher interference levels produced longer fatigue lives. These tests also
showed that a high interference level prevented fretting at the bolt-sheet interface and that
interferences above this level produced little additional improvement in fatigue life. The
interference level found necessary to prevent fretting in the tests correlated closely with
the calculated interference level necessary to prevent slip at the bolt-sheet interface.

Portions of the stress-life (SN) curves for specimens with interference-fit bolts
were found to lie above the unnotched specimen curve that is the logical upper limit for
fatigue improvement. The explanation for this behavior is that the curves were compared
on the conventional basis of net-section nominal stress, which does not account for the load
that passes through the bolts when the specimens are loaded. When compared on the basis
of gross-section nominal stress, the SN curves for the specimens with interference-fit
bolis were shown to lie below the curve for unnotched specimens, as expected.

Langley Research Center,
National Aeronautics and Space Administration,
Hampton, Va., March 31, 1975,
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TABLE 1.- TEST RESULTS FOR A RANGE OF INTERFERENCE

aAngle measured to transverse center line through bolt hole.
bCenter of fretting mark could not be measured ~ mark was broad and

poorly defined.

CCrack initiated on outer edge of specimen.

12

LEVELS WITH Spax = 275 MPa, R =0.05
L R . ' o
Interference | Fatigue life, | 2Crack-initiation Location of | pedian fatigue
level, I, mm N, cycles ’ site, deg frettlgggmark, life, cyclegéu
o 21000 | 15 (b) 41 455
24 830 13 (b)
58 080 2 10
117 180 0 ()
0.025 111 520 50 46 156 900
120 840 44 47
192 960 46 50
273 350 57 52
0.05 303 680 32 50 532 610
509 210 A3 63
556 010 29 61
1 819 200 56 60
0.10 619 950 39 No fretting 1 666 745
1 452 610 36
1 880 880 46
5 831 390 25
0.15 635 660 30 No fretting 3 329 355
2 916 860 32
3 741 850 27
>12 973 170 -
0.20 705 480 27 No fretting 1612 130
760 710 29
2 463 550 31
5 703 230 c11
0.25 761 060 29 No fretting 5 447 780
5 004 480 40
5 891 080 34
6 354 690 c1
0.30 546 260 24 No fretting 2 669 190
598270 97
4 740 110 c3
5 792 900 €1 N




TABLE 2.- TEST RESULTS FOR I=0.05 AND 0.10 mm, R = 0.05

Interference
level,

I, mm
0.05
0.05
0.05

0.05

-

0.05

0.05

0.10
0.10
0.10

0.10

0.10

Maximum
stress,
Smax, MPa

500

450

400

350

275

250

500
450
350

275

250

Fatigue life,
N, cycles

10 620
12 030

18 960
25 510

35 370
67 290

56 150
102 590
265 680

303 680
509 210
556 010
1 819 200

1127 210
7 951 400
>10 333 610
>10 339 520

15 440
15 460
33 870

17 410
42 260
60 160

194 390
296 240
311 950
619 950
1452 610
1 880 880
5 831 390

1 016 340
1 052 840
6 825 010

>10 331 740

aCrack- | aLocation of | pfeq :
ety edian fatigue
initiation | fretting mark :
site, deg re dgg »  life, cycles
23 33 11 325
8 38
7 34 22 235
30 32
0 44 51 330
45 52
0 48 | 102 590
29 51 "
39 50 |
32 50 532 610
43 63
29 61
56 60
30 56 9 142 505
38 63
31 54 15 460
32 50
16 49
1 52 42 260
3 55
13 56
23 66 296 240
21 68
32 62
39 No fretting 1 666 745
36
46
25
33 No fretting 3 938 925
25
26

2Angle measured to transverse center line through bolt hole.
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TABLE 3.- FATIGUE RESULTS FOR UNNOTCHED

7075-T6 SPECIMENS, R = 0.05

Maximum stress,

Fatigue life,
cycles

15 350

17 390

18 990

13 370
18 870
19 300
23 170

Median fatigue
life, cycles

17 390

—

21 830
22 520
30 710
37 980

339 500
3 395 100
3 500 830

2 575 620
4 140 150
7 495 000

8 530 170

>10 052 200
>10 082 370

216 880

3 395 100

4 140 150

>10 052 200




TABLE 4.- FATIGUE-TEST RESULTS FOR 7075-T6 SHEET

Maximum stress, -

SPECIMENS WITH OPEN HOLES, R =0.05

Smax, MPa
552

483

414

345

275

207

172

156

Fatigue life,
cycles

1

Median fatigue
life, cycles

650
700

675

1100
1220

3 040
4 350

5 920
6 020

12 680
13 060
13 100
29 180

36 200
41 620
52 080

228 1760
3 657 110
8 434 630

1 681 887
8 598 090
>10 085 956
>10 565 690

1160

3 695

5 970

13 080

41 620

3 657 110

>9 342 023

15
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Tapered hole (4.27 diam
at specimen midplane)

Region near hole

P
® 19.0

190 radius
| .

Head protrusion

Tapered steel bolt
(TL-200-05, ref. 12)

|

\\:;
Teflon washer —/////

il

16

‘ Section

o 2

A-A

\Nut (TLN~10, ref. 12)

Figure 1.- Fatigue specimen with interference-fit bolt.
Materials: 7075-T6 aluminum-alloy specimen,
steel bolt. (Dimensions in millimeters.)
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(a) Fatigue specimen,

2.23D

Figure 2.- Finite-element idealization for one quandrant
of fatigue specimen and bolt.
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Stress, 0, MPa

600 —

400 E = 68 950 MPa

200

1 1

—— =0 ,30(0
E 7 E 1540

52

(ref.

Experimental (7075-T6 aluminum)

4)

0 .01 .02

Strain, €

Figure 3.- Stress-strain curves.

.04
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Stress, MPa

600

400

200

Extent of yielded
zones for bolt

insertion and loading

-200

1.5
x/D

(a) Stress distribution on X-axis.

4.27-mm steel bolt

600 [—
7075-T6 sheet
- D =
I =0.10mm
Smax = 275 MPa
400 — R = 0.05
200

-200 })—

- S = Snax

-400/— /]

~—7Yielded zone — (Orr)max

6,deg

(b) Stress distribution on hole boundary.

Figure 4.- Stress distributions for a specimen with an interference-fit bolt.



S, MPa

Nominal stress,

600 —
7075-T6
D= 4.27 mm
Separation
Calculated upper bound
for complete contact
between bolt and sheet
+
4001—
+
+ + + 3
+ +
200 ﬁ— No slip Case analyzed
-+ Fatigue-test condition
Calculated curve for onset
of slip with U = 0.4
N4 ! 1 [ 1 1 1
0 .02 .04 .06 .08 .10 .12

Interference, I, mm

Figure 5.- Comparison of fatigue-test conditions with
calculated slip and separation conditions.
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Stress, MPa

600 — 600—
7075-T6 sheet
R » 4.27-mm steel bolt
I=0.10 mm
Smax = 275 MPa
400 — 400 — R=0.05

200

—ZOOL

-400 |—
X r
|
-600'— -600—
L l l [ | l L L J L L l 1 1 |
.5 1.0 1.5 2.0 2.5 0 30 60 90
% 6,deg
(a) Stress distribution on X-axis. (b) Stress distributions on hole boundary.

Figure 6.- Shear and normal stresses on the planes of maximum alternating shear stress.
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Alternating shear stress, T, MPa

100 —

50

=R

L

Constant-life curves
for 7075-T6 sheet, uniaxial
loading, unnotched specimens

(ref. 11)

-200

-100

Maximum normal stress,

109

fatigue failures in unnotched specimens.

200

Figure 7.- Comparison of stresses along the X-axis with stresses that cause
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MPa

3

Ta

Alternating shear stress,

100—

3
]

0“—

Constant-life curves for
7075-T6 sheets, uniaxial
= 107 loading, unnotched specimens

= 106

(ref. 11)
AN
N
\\
\\\ ~
~ ~
~ S
.
\\\\\
S~ S
\\‘\:
6 = 50°

= 0,10 mm
0.05

=
]

{Smax = 275 MPa

-200

0 100 200

Maximum normal stress, (0p)pax> MPa

Figure 8.- Comparison of stresses along hole boundary with stresses
that cause fatigue failures in unnotched specimens.



Interference, I, mm

7075-T6 sheet
4.27-mm steel bolt

Snax = 275 MPa
N R = 0.05 O
20— O
- O
Interference range Case analyzed
recommended in ref. 12 /////
10—
Open-hole
case
ob— /// Separation
l - 1 } M| J
104 105 106 107

Fatigue life, N, cycles

Figure 9.- Influence of interference level on fatigue life.
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MPa

S,

Net-section nominal stress,

600

500

. 400

300

200

100

—
F
|
- = 0.10 mm
Open hole
i Unnotched
~"‘~~(///_
B &
B 7075-T6
R= 0.05
D= 4.27 mm
—
|l
- U
L 1 |
102 103 104 103 106 107

Fatigue life, N, cycles

Figure 10.- SN curves based on net-section nominal stress.
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Gross-section nominal stress, MPa

600—

500 —
400 —
Open hole

300 —

7075-T6
200} — R= 0.05

D= 4.27 mm
LoolL | | | | ]

10° 10° 10* 10° 100

Fatigue life, N, cycles

Figure 11.- SN curves based on gross-section nominal stress.
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Fretting marks

(a) Typical locations for fatigue
cracks and fretting marks.

Fretting marks Fatigue crack

origin

(b) Typical fracture surface.

Interference,l, mm

[

O -Crack at bolt hole
£j-—Crack at outer edge of specimen

<>—Center of fretting mark

g P

\
- ‘Doo

\
L g G‘@ / Cracks
g

No slip

\
i Fretting @ Q\O S1ip

| Se?arat?ongj
0 30 60 90
6,deg

(c) Test results for Sy 54 = 275 MPa.

Figure 12.- Locations for fatigue cracks and fretting marks in bolt hole.
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S, MPa

Nominal stress,

500

400

300

200

Separation
— O \O 500 — ol ® <& I_
\ i
\ 1
\ Separation \
-0\ & I -® O |
\ \
\\ /\ Fretting
=) \ e 400 — ‘\
Cracks \
\ 1
|
-O Cracks Q @) - @ \O
\\ Fretting 5 Slip ‘\\
| \\ 300 \
\
- ©O\oo O \@ O
Slip \ No slip
- cd < - ® 3
L No Slip 200—
L | | | L 1 | J
0 30 60 90 0 30 60 30
0,deg 0,deg

(d) Test results for I=0.05 mm.

(e) Test results for I=0.10 mm.

Figure 12.- Concluded.
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