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component with the potential of thousands of person-hours for replacement and
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The purpose of this research effort was to investigate the effect of out-of-

tolerance cold hole expansion on flaw growth and strucrural life. To accomplish
this goal, specimens were prepared and fatigue tested under spectrum loading

conditions to failure. Typical discrepancies found in structures uncergoing
repair were simulated for this effort. -They are:

1. holes not coldworked.
2. holes mistakenly reamed too large following coldwork, and

3. holes mistakenly drilled too large to be coldworked.

Crack length measurements we;:e periodically obtained during the spectrum test and

the resultant fatigue lives were noted. Crack growth behavior and fatigue lives

for ie holes with discrepant preparation were compared to those of properly

prepl.red specimens- The data indicate that a properly repaired structure gives
a significant impro;ement in fatigue life. The data from holes drilled too large

following proper coldwork also indicate a benefit from the repair. The fatigue

lives from the specimels with one hole which was not ccldworked were significant-

ly shorter than those of properly repaired holes but were longer than the base-

line, unrepaired structures. This increase in life is attributed to localized

change in stress (sti• in),pathi due to the coldworking in neighboring holes. This
"shielding" effect leads to increased structural fatigue life in spite of the

discrepant repair.
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`CiTION I

INTRODUCTION

Fastener holes are areas of high stress and potential crack

initiation sites. They are, therefore, a source of loss in structural

fatigue life. One of several techniques developed to enhance the

fatigue life of a fastener hole is coldworking (Reference 1). The cold-

working process consists of expanding and yielding the material around a

fastener hole in a structural member by pulling an oversized mandrel

through the hole. This results in a permanent increase in hole

diameter. Expanding a hole leaves an area of compressive residual hoop

stresses around the hole edge. These compressive residual stresses

surrounding the hole provide protection against fatigue from applied

tensile loads. Coldworking fastener holes is a relatively common

practice not only on newly fabricated structures, but also as a life

extensior moJification on older aircraft such. as the F-4.

A potential problem identified with coldworking as a lifp extension

modification was first recoSnized by Ogden AIC, MMSRA, Hill 4B. Utah.

Defective coldworked holes were found on F-4s which had undergone life

extension modifications. The potential problem was a detrimental

interaction between the residuai st ress field of the coldworked holes and

a defective hole. This problem was brought to the attention of the

Structural Integrity Branch of the Flight Dynamics ,aboratory at AFWAL,

WPAFB, Ohio, with a request to conduct ani explorator) developmint .]n

program to systematically evaluate the fatigue life of coldworked holes.

Coldworking fastener holes is a modifiLation which cin be

unreliable in the field due to human error and structutal co,,,plications.

While coldworking a structural component during the manuf.icturing stage

is a relatively simple task, it can be difficult as a repair operation.

Problems arise during repair or scheduled maintenance since some holes

are not easily accessible to the technician with a coldworking gun.

Also, fastener holes may nio longer be of uniform size due to previous

cleaning procedures (such as reaming) or because of damage caused by

removal of fasteners. These defective holes lead to inconsistent

- -..-.. .
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amounts of hole expansion during coldwiorking. Therefore, it is probable

that several holes in a structure may not obtain the desired benefits

from coldworking.

Common instances where holes do not receive coldworking benefits

are:

1. a hole missed while coldworking a row of holes;

2. a hole too large to be coldworked with a :egular sized mandrel

because of earlier damage f ,m reaming or damage from removal of a

fastener; and

3. a hiole which after being coldworked properly, is reamed larger

than recorniended relieving a substantial amount of the desired residual

strpsses.

Two questions arise: (1) what effect does a noncoldworked hole

have on the residual stresses and therefore fatigue life, of neighboring

holes which have been coldworked properly, and (2) what is the effect

upon the fatigue lifP of a dicrrpnnnt hole (nonrld.,v. or ,,.,properly

coldwork-i hole) due to the state of stresses associated with nearby

coldworkeo holes? The objective of this test program was to investigate

these questions. This was done by measuring the residual stre,:s pattern

near fastener holes and by studying the fatigue behavior of coupon

specimens containing both coldworked and noncoldworked holes.

The goal of this program wcs to determine the factors that affect

the life of one row of. open co dworked holes with a discrepant hole.

Simulating a complex structural component to evaluate the above

challenges involves numerous and complicated factors. A structural

component experiences loads not only parallel to the row of fastener

holeq. but also loads perpendicular to the same row. Hole spacing must

be considered along with differences in the amount of load transfer.

For this program no-load-transfer specimens were used with one row of

fastener holes pdrallel to the load axis. The specimens were tested to

failure and the fatigue life and crack growth behavior were recorded.

This report describes the type of specimens, test equipment, testing

techniques, and results obtained from the program.

2
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SECTION 1i

TEST METHODS AND PROCEDURES

1. LOAD HISIORY

A variable amplitude fighter load history described in References 2

and 3 was used in this investigation. This load history was a truncated

composite baseline history. Studies have shown it to be an accurate and

conclusive load history (Reference 3). The load history is made up of

flight-by-flight segments which are repeated in 1000 flight hour blocks.

This history was applied until failure or until 140 repeats of the 1000

hour sequence occurred.

2. SPECIMEN FABRICATION

Two geometries of test specimens were made from 0.25 inch thick

7075-T651 aluminum. Figure 1 shows these specimens which were

designated Type I (one hole) specimens, and Type II (three hole'

specimens. The distance between fastener hole centers was 0.75 inches.

This hnlp ..narin .i .z prevalonf tn tho ,,nar4A^ ^,F ÷.^ FA , ing. 1....

is a list of the specimens tested.

Test Designation Number of Specimens Hole Configuration

Type I-A 3 One hole not coldworked

Type I-B 3 One hole coldworked

Type I-C 3 One hole reamed too large after
coldworking

Type II-A 3 Three holes not coldworked

Type !I-B 5 Three holes coldworked

Type I1-C 3 Two outside holes coldworked-inside
hole reamed too large after coldworking

Type II-D 6 Two outside holes coldworked-inside
hole too large to be coldworked

Type II-E 5 Two outside holes coldworked-inside
"hole not coldworked

3
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Fastener holes were coldworked using an Enerpac coldwurking gun

manufactured by Fatigue Technology Inc. (formerly Industrial Wire and

MeLal Forming Inc.). The initial hole diameter was between .2350 + .003-

.000. Mild steel sleeves with a .008 inch measured wall thickness were

used with a dry film lubricant applied to the surfaces. The installation

parameters used were specified in McDonnell Douglas process specifi-

cation No. 19172. A mandrel was pulled through the sleeved hole with

the hand operated hydraulic gun. After the mandrel was pulled through,

the sleeve was removed, thus leaving a permanent increase in hole

diameter. The amount of permanent expansion was determined by measuring

the increase in hole diameter.

After coldworkinr, holes were reamed to remove marks left by the

sleeve, as specified in McDonnell Douglas process specification No.

19172.

Three types of discrepant holes were simulated. To simulate a hole

that was missed duriny the coldworking process, the hole was simply not

coldworked. Holes that were to be too large to be coldworked were

simulated by initially over drilling to a diameter of .2460 + .004 -. 000

inches; with a hole of this diameter, the prescribed mandrel and sleeve

could not plastically expand during the coldworking process. The third

type of discrepant hole was produced by oversized reaming after

coldworking. TV procedure for coldworking was properly executed, but

these holes were final-reamed to .2600 + .003-.000 inches. This final

diameter is far larger than a correctly reamed hole.

During the subsequent fatigue tests, crack lengths were measured

with the aid of a binocular zoom microscope at 40X. The specimens were

polished and mylar tape (200 divisions to the inch) was placed outside

the fastener hole. Fastener holes were not preflawed to start cracking.

Crack growth data was obtained following the application of every 1000

simulated flying hours.

5



AFWAI-TR-82-3030

3. TEST EQUIPMENT

A 100 KIP dynamic capacity closeJ-loop servocontrol load frame was

used to subject test specimens to the fighter load history. The command

signals (load levels) were stored in a 4000 byte memory digital

programmer, and then fed to the load servo-controlle,.. The applied

loads were monitored through an independent computerized data system.

6
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SECTION III

DISCUSSION AND RESULTS

The increased fatigue life observed with coldworked holes as

compared to a noncoldworked hole is directly related to the compressive

residual stresses immediately outside the fastener holes. However, there

is an area of tensile residual stresses further away from the hole

because of the necessary equilibrium of forces. It was first speculated

that a coldworked hole surrounded by coldworked holes would be an

extremely critical crack initiator. Not only would a discrepant hole

experience the tensile stresses from an applied load, but also those

tens 4 le residual stresses from neighboring coldworked holes. This study,

"which included fatigue life tests and x-ray diffraction measurements,

was designed to determine what effect tensile residual stresses from

neighboring coldworked holes. This study, which included fatigue life

tests and x-ray diffraction measurements, was designed to d'termine what

effect tensile residual stresses from neighboring coldworked holes have
on a discrepant hole and what effect a discrepant hole has on the fatigue

life of that structure.

1. RESIDUAL STRESS MEASUREMENT RESULTS

By directly measuring the residual stresses outside Type I (one

hole) specimen which is coldworKed, certain effects of coldworking become
easy to identify. Nondestructive measurements were taken with a

Fastress Automatic Stress X-Ray Analyzer using the technique in

References 4 and 5. The stresses Y.ere measured by an x-ray beam

measuring .06 inch in diameter. It was found that a zone of beneficial

compressive residual stresses for a Type I specimen extended 0.10 inches

from the edge of the coldworked hole. This is illustrated in Figure 2.

The accompanying tensile residual stresses were not measurable beyond

0.15 inches from the hole edge. This wai due to the inability of the

dual beam x-ray diffraction system to measure stresses in an aiea with

metallurgical "preferred orientation." Measurements were possible near

the hole edge because the cold working h3d destroyed the typical x-ray

preferred orientation found in aluminum alloys. Th' two outside holes

were coldworked leaving the middle hole uncoldworked. There was no

i". .. . . . ... - -- - - - - - - -- - - - -.- - -- - - - - -
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difference between the coldworked residual stress distributions .. easured

in the Type I and Type 11 specimens. Having a discrepant hole in a row

of coldworked holes does not appear to change the residual stress pattern

around the coldworked h3le. It was, therefore, not anticipated that the

discrepant hole would degrade the fatigue life of the coldworked hole.

The result of the Fastress X-Ray measurements clearly illustrates that

the residual stresses from a coldworked hole having a 1.5% permanent

expansion falls off far in advance of reaching the discrepant hole edge.

Based on these results, a critical loss in fatigue life for a discrepant

hole next to a coldworked hole was also not anticipated.

2. FATIGUE LIFE STUDY RESULTS

The fatigue test results from this program are shown in Table 1.

Figure 3 illustrates the fatigue life data and the log-mean fatigue life

of each of the Type I specimen groups. Within the Type I specimens, the

B specimens (properly coidworked holes) have the longest lives,

outlasting the A specimens (noncoldworked hole) by nearly six times.
This indicates a significant increase in life due to the coldworking

process. The specimens in test series C showed approximately the same

results as the properly coldworked "B" coupons. These results indicate

that even out-of-specification post reaming of properly coldworko'd holes
will produce adequate structural fatigue life behavior. An original

concern was that loss in life would result from relieved compressive

residual stresses caused by the removal of cold expanded material during

the out-of-specification reaming process. This concern does not appear
to be warranted.

Figure 4 illustrates the fatigue life results of the type Ii

specimens. As in the Type I specimens, the properly coldworked coupons

(Series II-B) had log-mean fatigue lives which were many times longer

than the baseline non-coldworked specimens (HI-A). Further, the out-of-
specification reamed specimens (II-C) produced lives approximately the

same as the within-spec coldworked coupons. An examination of the

series 11-D and II-E specimens compared to the II-B and II-C series
reveals their life to be far less than the II-B and II-C series, but

substantially more than the tI-A non-coldworked specimens. This

9 •P'!
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TABLE 1

SUMMARY OF FATIGUE TEST RESULTS

Test Lives

Test Series Specimen # (xlOOO flight o.,rage
Hours)Nos

Type I-A G-4 20
G-5 21 21
G-E 22

Type I-B F-I 123
F-2 99 113
F-3 118

Type I-C H-i 116
H-2 112 117
H-3 124

Type II-A B-1 18
B-2 18 18.3
B-6 19

Type II-B E-1 148 Stopped no growth
E-2 453 Stopped - no growth

-.-tiu102 167
E-5 205
E-6 94

Type 1:-C A-5 157
A-6 231 Failed outside test section 164
A-7 122 Failed outside test section

Type IT-D D-1 40
D-2 27
0-3 30
D-4 40 32
D-5 25
D-6 33

Type II-E C-2 39
C-3 39
C-4 67 38
C-5 25
C-6 32

10
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indicates that there is an apparent increase in fatigue life in a

specimen with a noncoldworked hole surrounded by coldworked holes when

compared to specimens with all noncoldworked holes. The average lives of

II-D specimens were lower than those of the II-E specimens because of a

-i higher stress concentration at the edge of the smaller hole.

With the use of the zoom microscope, cracks in the series II-D and

*-,. I1-E specimens were not visible in any of the outside properly coldworked

*" holes; all cracks had originated from the center descrepant hole. This

behavior contrasts with that of the Type II-A, II-B. ard II-C series

which had cracking in the outside holes only.

Several conclusions can be drawn from these tests. Ihe problem

that originally started this investigation was the worry thaz a poorly

prepared hole would fail very prematurely because of tne tensile residual

stress field from the neighboring coldworked hole. This was determined

not to be a critical situation. Discrepant hole rype II C, 0, and E

specimens have average lives which are longer than the life of A
MANspecimens without coldworkinq. It is apparent that there is a

beneficial interaction between holes due to the state of stresses of the

coldworked holes. Secondly, there was no noticeable detrimental effect

in the life of a coldworked hole beside a discrepant hole since cracking

did not occur in the coldworked hole.

3. CRACK GROWTH STUDY RESULTS

Figures 5, 6, and 7 were based on crack measurements taken after

each 1000 hour repeat of the fighter load history. Since the holes were

not pre-flawed, cracks were found growing from one or opposite sides of

the holes. Figure 5 illuscrates the crack growth of Type I specimens

where cracks initiated from opposite sides of the hole. Figures 6 and 7

illustrate the crack growth of Type II specimens with one siae and

opposite sides of the hole cracked respectively.

13
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FIGURE 6 CRACK GROWTH BEHAVIOR OF TYPE !1 SPECIMENS

(CRACKING FROM ONE SIDE OF HOLE)
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FIGURE 7 CRACK GROWTH BEHAVIOR OF TYPE II SPECIMENS
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The coldworked holes of specimers Type iB, IC were seen to crack

initially at a predictably slow rate in the compressiv' residual stress

region. Once outside of this region, the crack grows at nearly the same

rate as those in A specimens noncoldworked.

No significant difference could be determined in crack initi'tion

time or crack growth rate between the single coldworked hole and the hole

reamed large after coldworking.

In Type II specimens, cracks initiated from the discrepant middle

hole in all specimens except for A specimens (3 noncoldworked holes),

where cracks were only observed in the outside holes. A look at the data

from Type II specimens (Figures 6 and 7) reveals very little change in

crack growth rate as compared to Type I specimens (Figure 5). However, a

longer time to crack initiation is evident in Type II specimens.

Apparently, the tensile residual stresses outside of the coldworked holes

had no detrimental effect on the crack growth of a noncoldworked hole

beside it. Crack growth data from the middle hole in C specimens were

not significantly different thari that observed in Type IA or Type IIA

specimens (no coldworked holes). In specimens Type lIE and liD, there

were no signs of increased crack growth rates, indicating that there was

little or no effective tensile residual stresses due to neighboring

coldworked holes. In turn, the properly coldworked holes show little or

no signs of cracking during the fatigue test. Therefore, no detrimental

effect is apparent on the state of stress of a coldworked hole due to a

discrepan hole beside it as seen in the crack growth curves.

4. HOLE SPACING EFFECTS

The data from Figure 4 indicates that the Type i1D ;nd lIE

specimens which had one hole not-coldworked had fatigue lives which were

at least 50% longer than IhA specimens where none of the holes were

coldworked. This fatigue life increase occurred even though each set of

specimens experienced identical loading conditions. Photoelastic

results are available in the Peterson (Reference 6) handbook for a wide

variety of structural geometrics. Peterson's results for a row of

notches is shown in Figure 8. These results indicate that the center of

17
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three-in-a-row holes would have an elastic stress concentration factor

of 2.72 compared to 2.88 for the end notches. The Type IIA specimens
all failed at the end holes where as the lID and LIE specirnents all

failed at the center holes. The difference in stress concentration

factors between the end holes and middle holes is greater than five

percent. The data by Potter, Gallagher, and Stalnaker (Reference 7) for
a similar F-4 load history would indicate a similar increase in fztigue

life for a 5% reduction in stress (analogous to a 5% change in stress

concentration factor). Thus, the improvement in fatigue life for test

series IID and LHE specimens is consistent with the elastic stress

shielding of a row of fastener holes.
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SECTION IV

CONCLUSIONS

The results of this investigation indicate that there is a minimal

reduction in fatigue life attributable to a defective discrepant hole in

a structure with the following configuration:

1. one row of coldworked fastener holes and,

2. an applied load parallel to the row of fasteners.

The residual stresses extending frcn coldworked holes do not

interact with a discrepant hole to substantially reduce its life.

The discrepant hoie does not affect the residual stresses of a

coldworked hole so that the coldworked hole would fail befr:e the

defective hole.

The life of a component ixontaining a discrepant hole among properly

coldworked holes, will be no worse thal, that of a noncoldworked

structura' component. In fact, the structural life is usually enhanced.

The relative increase in structural fatigue life of a discrepant

hole in an otherwide properly coldworked structure is due to a

"shielding" effect.
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SECTION V

RECOMMENDATIONS

The following are recommendat'ors for further study:

1. A new specimen should be designed such that the loading will

be perpendicular to the row of fastener holes. A defective hole should

be placed in a row of coldworked holes in a manner similar to what was

done with Type I and II specimens. A life study should be done to
determine if there are any interactions between defective and coldworked

holes in this stress field.

2. A similar study should be done with d specimen having 3 rows

of coldworked holes. A defective hole should be placed in the middle of

the three rows, simulating a more complicated structure. This proposed

study should be made to determine the prime cause of failure in the

defective hole.

3. An investigation should be conducted to better understand the
"shielding" effect when coldworkinq is p-resent. Specimens with different

hole spacing should be manufactured to determine the hole spacing at

which "shielding" no longer affects the life of a defective hole.
Methods of actually measuring the "shielding" effect should also be

evaluated.
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