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Abstract

Flight-by-flight fatigue tests were carried out on flat
specimens of A7-U48G-T651 (2214-T651) aluminium alloy
of thickness between 8 and 30 mm which incorporated
open holes of about 8.5 mm in diameter, either reamed or
cold-expanded using a tapered mandrel. A comprehensive
study was made of the deformation characteristics of the
holes during and after cold expansion, and this was
supported by fractographic studies of crack initiation and
propagation. Evidence is presented to show that there
are differences (which are thickness dependent) in the
deformation characteristics of the material at the
mandrel entry and exit ends of the hole and that these
influence the sequence of fatigue crack initiation along
the hole and the subsequent shape of the fatigue crack as
it propagates through the section. Residual strength
tests on cracked cold-expanded hole specimens suggest
that the critical size of the crack is greater than for
simple non-cold-expanded hole specimens. This finding
and the information relating to erack growth rates has
some important implications for the implementation of
damage tolerance philosophies in structures incorporating
cold-expanded holes.

L INTRODUCTION

The cold expansion of circular holes, subsequently
either left open or filled with fasteners, is now a common
technique for inecreasing the fatigue lives of aireraft
structural members. Perhaps the most widely used
commercially available hole cold-expansion process is
that developed in the early }970’3 by the Boeing
Commerical Airplane Company‘'’ and now marketed by
Fatigue Technology Inc. (FTI), Seattle, USA. This process
involves the pulling of an oversize tapered steel mandrel
through a hole containing a thin internally-lubricated
stainless steel split sleeve, to provide a plastic radial
expansion of between 3% and 7%. As a consequence, a
compressive residual hoop stress field is developed in the
material adjacent to the hole which 1{1 turn, is balanced
by a more remote tensile stress field(

Most aireraft structural applications of the split-
sleeve cold-expansion process have involved either sheet
or plate of up to about 12 mm in thickness (with holes of
from 5 to 8 mm in diameter); or lugs which, aithough in
thicknesses of up to 35 mm, have had correspondingly
large hole diameters, e.g. 25 to 30 mm. In most cases the
hole aspect ratio (i.e. hole length/hole diameter) has been
less that 1.5.

In 1978 a requirement arose to extend the fatigue
life of the wing main spar of the Mirage IIIO fighter
operated by the Royal Australian Air Force. The flange
thickness in the areas of interest was between 20 and 33
mm, and(atzsz fastener holes between 5 and 10 mm in
dxameter Typically, the hole aspect ratio was
greater than three. Cold expansion of holes using the
spllt-—sleeve process was g%ci of the techniques used to
increase the service llfe( , and the same process was
used to xm%gve the fatigue performance of the &f%
fighter wing Associated Australian investigations
Copyright © 1988 by ICAS and AIAA. Al rights reserved.

which involved specimens of 15 and 23 mm thickness with
8.5 mm holes, indicated some wunusual asymmetric
through-thickness crack development characteristics, in
that the crack dimensions were much greater at the face
corresponding fo the entry of the cold-expansion mandrel
than at the exit face, giving rise to what was designated
a "bulbous nose" fracture. Somewhat similar fraecture
characteristi&s 1 l}ave been reported by other
investigators

This paper covers a more extensive investigation into
the effects of material thickness on the deformation
characteristics and . fatigue fracture development
associated with cold-expanded holes in material ranging
in thickness from 8 to 30 mm. It also provides some
information relating to the residual strength of cold-
expanded hole specimens containing fatigue eracks.

11, TEST SPECIMENS AND COLD-EXPANSION
CONDITIONS

Test specimens used in these investigations were
made from several plates of a bateh of 55 mm thick
A7-U48G (2214) aluminium alloy, which was given the
ARL serial code JP. Table 1 gives the average statie
tensile properties of four specimens machined from
plates JP5 and JP6. The material 'JP' was received in the
-T351 temper condition. Specimen blanks Were ged to
the -T651 condition by heat treating at 160° +/- 3°C for
20 hours.

Specitfication Test
AT-U4SG-T651 material
(2214-T651)
0.1% proof stress (MPa) .- 433.0
0.2% proof stress (MPa) 390 437.7
Ultimate tensile stress (MPa) 450 491.0
Elongation (%) (5.65 ~/A) 5 10.8

TABLE 1. Properties of test material

Fatigue specimens having the plan form shown in
Figure 1 and thicknesses of 8, 15, 23 and 30 mm were
used in this investigation. Two combinations of specimen
thickness of 30 and 8 mm, and 23 and 15 mm respectively
were taken in the through-thickness direction of the 55.
mm thick plates. All specimens had their longitudinal
axes parallel with the rolling direction of the plates,
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FIGURE 1. Fatigue test specimen
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Cold expansion was carried out using FTI tooling
including both a hydraulic puller (mainly for the fatigue
specimens) and a small HP-20 mechanical hand puller unit
for tests involving the determination of strains. In all
cases the reamed (pre-expansion) starting-hole size was
8.36/8.37 mm diameter; the mandrel was type
CMB-10-2-N-1-20-VI and the sleeves type 10-2-N-23F.
This combination of hole starting size, mandrel and
sleeve type provided a nominal cold expansion of 4.0% to
4.2%. The split in the sleeve was always oriented on the
'rolling direction' axis of the hole, and the 'Datum Mark'
face of the specimen corresponded to the exit of the
cold-expansion mandrel.

Prior to hole cold expansion the faces and sides of
the specimens were polished using 800 grade paper.
However, after cold expansion no further reaming of the
holes was carried out, nor was the z-direction
displacement on the faces adjacent to the holes removed.

IIl. TESTING PROGRAMME AND RESULTS
Fatigue tests

All specimens were fatigue tested in axial loading in
a servo-controlled electro-hydraulic machine under the
simplified 100-flight flight-by-flight loading sequence
shown in Figure 2 and summarised in Table 2. Th(is yas a
simplified version of a Mirage fighter spectrum 12) 1n
this sequence there is a linear relationship between stress
and 'g', and in this particular investigation the maximum
load level of the sequence (+7.5g) corresponded to a
gross-area stress of 260 MPa, i.e. 1g = 34.7 MPa. In these
tests one 100-flight sequence of 1989 cycles took about
seven minutes of testing time.

AT [ [T [

FIGURE 2. Flight types in 100-flight sequence

Cyecles (per flight) Cycles
Loading condition Type Type Type Type per 100
A' A B Cc flights
+7.5g to -2.5¢g 1 . - - 1
+6.5g to -1.5¢ " 2 - - 38
+5.0g to 0g 4 4 9 - 400
+4.0g to +0.5g 9 4 9 1 450
+3.0g to +1.0g 20 15 10 10 1100
1989
Flights per 100 1 18 36 45
flights

TABLE 2. Flight-by-flight loading conditions

The fatigue testing programme for each of the four
thicknesses of specimen (i.e. 8, 15, 23 and 30 mm)
ineluded control groups (without cold-expanded holes) and
those with holes cold expanded as described above.
Usually, four specimens were tested under each
combination of conditions, the order of testing among the
eight groups being pseudo random.

Table 3 gives the individual fatigue test results
together with log. average values of lives and standard
deviations of log. life in each case. The significance of
the lives to failure being predominantly associated with
flight 42 is that this flight contains the maximum tensile
load which occurs only once in each 100-flight sequence.

Specimen number and flights log. s.d. of
to failure average log.
life life
(flights)

8 mm thick non-cold expanded

JP5E2 JP5A2 JP5J2 JP6C2

289¢ 2942 3135 3260 3053 0.024
8 mm tnick cold expanded

JP6J2 JP5C2 JP6A2 JPBE2

12242 12342 12442 12642 12416 0.006
15 mm thick non-cold expanded

JP6F2 JP6B2 JP5H2 JP5D2

2606 2642 2687 2692 2657 0.007
15 mm thick cold expanded

JP5K2 JP6H2 JP5F2 JP5B2

13842 14842 16542 18342 15801 0.054
23 mm thick non-cold expanded

JP6D1 JP6H1 JP5B1 JP5K1

2527 2542 2642 2742 2612 0.016
23 mm thick cold expanded

JP5F1 JP5H1 JP6Bl1 JP5D1

15042 15142 15342 16242

JP6F1 JP6K1 15715 0.017
16242 16342

30 mm thick non-cold expanded

JP5G1 JP6J1 JP6A1 JP5C1

2142 2742 3142 3242 2781 0.082
30 mm thick cold expanded

JP5A1 JP6C1 JP6G1 JPSE1

13542 14342 14642 15842 14569 0.028

TABLE 3. Fatigue test results

Fatigue fractures representative of the eight groups
of specimens are shown in Figures 3 and 4.

The fracture surfaces of all specimens (both non-cold
expanded hole and cold-expanded hole) provided clear
evidence of multiple crack initiation on both sides of the
hole and -through the thickness. In the non-cold-expanded
specimens the maximum crack depths did not ocecur at
the faces of the specimens - for specimens of 8, 15 and
23 mm thickness, fatigue crack development was
approximately symmetric in both the thickness and
transverse directions, while in specimens of 30 mm
thickness there was a greater tendency for the maximum

' FIGURE 3. Fatigue fractures of non-cold-expanded hole
specimens of thickness 8 and 30 mm
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FIGURE 4. Fatigue fractures of cold-expanded hole
specimens of 8, 15, 23 and 30 mm thickness, mandrel
entry faces at top

crack depth to be closer to one of the faces (Fig. 3(a)).
There was clear evidence of "plane stress" tunnelling
(Fig. 3(b)) in the 8 mm thick specimens, a feature which
became progressively less apparent in the thicker
specimens,

The bulbous nose feature in cold-expanded-hole
specimens becomes increasingly obvious as the thickness
increases from 15 to 30 mm. In the 8 mm thick
specimens the feature is not as obvious, and without the
evidence from the thicker specimens might not be
recognized. Another interesting feature is that (at final
fracture) the maximum crack depth of the bulbous nose

Thick- Distance from  Maximum crack Fatigue crack

ness entry face (mm) depth (mm) area (% of)

(mm) gross nett
8 3.68 7.45 16.4 19.8
15 3.93 6.50 13.3 16.1
23 4.56 9.26 13.0 15.7
30 4.91 9.20 11.8 14.3

TABLE 4. Dimensions of bulbous nose

does not occur at the entry face, but at a position down
the hole. For each of the four thicknesses, the average
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values of the maximum crack deptn and the distance
from the entry face are given in Table 4.

Fracture toughness tests

Six offcuts from the end of broken 30 mm thick
specimens (three from plate JP5 and three from plate
JP6) were used to manufacture 24 compact tension
fracture toughness specimens of thickness 9.5, 12.5, 19
and 25 mm. The fracture toughness specimens were
taken from the offcuts in the L-T direction, i.e. so that
the crack growth direction was the same as for the
parent fatigue specimens. The results of the fracture
toughness tests are given in Table 5.

Thickness No. of valid  Fracture toughness (MPa.m 1)

(mm) results average std deviation
9.5 6 29.8 0.5

12.5 6 28.7 0.7

19.0 3 32.2 0.9

25.0 6 31.3 1.0

TABLE 5. Fracture toughness results

Within the range of thicknesses given in Table 5 the
fracture toughness results do not indicate any conclusive
evidence of the expected transition from plane stress to
plane strain conditions. It should be noted that the 9.5
mm thickness results do_not meet the thickness
requirement B22.5 (KQ'/O;S) -

Displacement and strain measurements

Oficuts from the ends of broken fatigue specimens
of each of the four thicknesses were used to measure
both the z-direction displacements at the two faces and
the strains induced at the inlet face during both the
passage of the cold-expansion mandrel through the hole
and after its withdrawal. In the first case the hydraulie
puller was used, while in the second case the mechanical
puller was used.

Displacement measurements were made along a
transverse diameter using the focus control on a Zeiss
metallurgical microscope at 500X magnification. The
results of these measurements are shown in Figure 5.

Strips of miniature electrical-resistance strain
gauges were fitted along the transverse diameter of four
specimens, one strip of ten gauges on one side of the hole
to measure hoop strains, and another of ten on the other
side to measure radial strains. The gauges used were
HBM KY23 (hoop) and KY13 (radial) which had gauge
lengths of 0.8 and 0.6 mm respectively and grid centre
line distances of 1.0 mm. In both cases the distances
from the edge of the hole to the centre of the first gauge
was approximately 0.6 mm. Gauge outputs were fed into
a 20-channel strain gauge conditioning box under the
control of an HP3497A Data Acquisition/Control Unit.
Data processing was done using an HP9816 computer and
the strain outputs recorded on an HP7098 multi-channel
plotter.

During the cold expansion, the gauged face was
oriented to correspond to the mandrel entrance face of
the specimen. Commencing from a zero strain datum
position, successive readings were taken at increments of
1.27 mm (0.05 inch) (representing one turn of the puller
loading screw), until the mandrel had completely passed
through the hole. Some illustrative examples of the
results of these hoop and radial strain measurements are
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given in Figure 6. For clarity the plots are shown only
for gauges at 0.6, 1.6, 2.6, 3.6, 6.6, and 9.6 mm from the
hole. The corresponding gauge numbers are 1,2,3,4, 7 and
10 respectively.
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FIGURE 6. Strains induced on entry face
(b) 8 mm thick specimens, radial strains
{¢) 30 mm thick specimens, hoop strains

Microhardness measurements and grain flow around cold-
expanded holes

Microhardness measurements have been used to
indicate the amount of plastic deformation resulting from
mech&rki)cal processes sucrhg;s drilling and reaming of
holes and shot peening‘"~*’. This technique has also
been used to measure the exten(tls%f plastic deformation
adjacent to cold-expanded holes'™"’, where some change
in hardness was observed within about 1 mm of the hole.
In the current work two specimens were examined by this
method, both after optically polishing the faces to
remove the z-direction displacements. One was in 8 mm
thick material and incorporated the same size hole as
referred to above, while the other was in 30 mm thick
material and incorporated a hole of approximately 21 mm
diameter which had also been cold-expanded using the
split-sleeve process. However, in both cases no changes
in the microhardness values were observed for distances
of between about 0.05 mm and 12.0 mm from the edge of
the cold-expanded holes.

It is also possible to delineate high plastic strain
regions in some commercial Al-Mg and Al-Cu-Mg alloys
by decorating the regions of high strain using a Ry
temperature precipitation and etching technique( .
This technique was used to examine the flow patterns
through the thickness of some cold-expanded hole
specimens. However, no apparent changes in the grain
structure around the holes was observed in the 8 and 30
mm thick specimens whiech were examined.
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Residual statie strength

Fatigue tests were carried out on a group of 15 mm
thick specimens taken from plate JP4 which included
seven with non-cold-expanded holes and eight with cold-
expanded holes. They were fatigue tested under the same
loading condtions as used previously, but to nominated
percentages of their nominal average lives to failure,
based on the results of tests reported in Reference 9. In
this instance the average life to failure of the non-cold
expanded specimens were 2442 flights, and that of the
cold-expanded specimens 16765 flights.

_ After fatigue cracking, the specimens were loaded
in tension at a rate of 75 - 100 kN per minute until
fracture occurred. The results are given in Table 6.

Specimen  Life (% of  Flights Residual Fatigue
no. average) strength crack
(kN) are
(mm*)
Non-cold-expanded
JP4C2 0 0 284.3 0
JP4B1 40 1000 278.4 1.3
JP4H1 50 1200 264.2 3.3
JP4F2 60 1500 269.0 3.4
JP4A2 70 1700 266.6 3.2
JP4E1 80 2000 231.0 15.6
JP4K2 90 2200 266.6 4.5
Cold-expanded
JP4H2 0 0 296.2 0
JP4J2 20 3400 260.6 7.9
JP4A1l 30 5000 207.3 89.0
JP4E2 40 6700 225.1 41.5
JP4D1 50 8400 225.1 54.8
JP4K1 60 10100 201.4 57.1
JP4G1 70 11700 222.7 60.0
JP4B2 80 13400 219.2 69.3

TABLE 6. Results of residual strength tests
In addition to providing residual strength data, these
specimens enabled a fractographic study to be made of
the early stages of fatigue crack development.

Fractographic crack propagation measurements

The results of fractographic ecrack propagation
studies on 15 mm thick specimens fatigue tested under
identical (itmjitions to those in this paper will be reported
elsewhere . These included a cold-expanded hole
specimen - JP2A2 with a life of 16442 flights - which had
a similar fracture appearance to the 15 mm thick
specimen shown in Figure 4. Two traverses were made
perpendicular to the hole, one at the bulbous nose
(mandrel entry) end corresponding to the deepest part of
the final crack front and the other near the mandrel exit
end of the hole approximately 1.9 mm from the face.
The 'marker' used to identify crack growth increments
was the fatigue striation and/or the band of tensile crack
extension produced by the highest tensile load in the
sequence which occurred in flight 42. Figure 7 shows the
resulting crack propagation curves. For the crack near
the mandrel entry face the crack depth at which
measurements commenced was 0.046 mm, while for that
near the mandrel exit face the depth was 0.184 mm.

IV. DISCUSSION

Cold expansion of the holes resulted in a significant
increase in the lives of specimens of all four thicknesses
of material. However, the increase in life was less for 8
mm thick specimens compared with those of the other
thicknesses - 4:1 against 6:1 relative to non-cold-
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FIGURE 7. Fatigue crack propagation curves for
cold-expanded hole in 15 mm thick specimen

expanded holes. There are no significant diflerences in
the average lives of the non-cold-expanded hole
specimens in thicknesses of 15, 23 and 30 mm; nor are the
differences in average lives significant for specimens of
these thicknesses with cold-expanded holes. However, it
should be noted that the average life of the 8 mm thick
non-cold-expanded hole specimens is significantly greater
(at a 5% level of significance) than those of the
corresponding specimens in the 15 and 23 mm thickness
(but not the 30 mm thickness); while that of the 8 mm
thick cold-expanded hole specimens is significantly less
than those of the other three thicknesses. This behaviour
for n(ciré-cold-expanded hole specimens agrees with other
work'18) on thickness effects in fatigue whieh attribute
the differences to a transition from plane stress to plane
strain conditions. However, it is not clear why the
reverse appears with the cold-expanded hole specimens.

The multiple nature of fatigue erack initiation
through the tl}jclsness (which has also been reported by
sanford et al'll)) was clearly shown in the residual
strength specimens. Furthermore, in the current tests,
the cracks at the mandrel entry face did not initiate at
the corner of the hole but at a small distance down the
bore (Figure 8(a)), whereas at the mandrel exit face they
initiated at the corner of the hole (Figure 8(b)). However

FIGURE 8. Fatigue crack initiation at (a) near inlet end
of hole and (b) outlet end of hole in 15 mm thick
specimen. Magnification x45



by about 40% to 50% of the life to failure, the crack
development was relatively uniform in depth in the
through-thickness direction, This general behaviour is
reflected in the crack propagation curves shown in Figure
7. It appears that the development of the bulbous nose
- adjacent to the mandrel entry face occurs by accelerated
crack growth during about the last one-third of the life.
However, it is of interest to note from Table 4 that the
maximum depth of the bulbous nose occurs some distance
from the entry face, the actual distance apparently being
thickness dependent. This is likely to be a reflection of
the observation that, at the mandrel entry end of the
hole, crack initiation did not occur at the corner of the
hole.

It is suggested that the accelerated crack growth
occurs when the crack front starts to progress through a
decreasing hoop stress field. As the numerical values of
the compressive hoop stress have F% shown to be
greater at the exit than the entry face'l , it is expected
that the crack acceleration will first be manifested near
the entry face. The reason for the maximum crack deptn
being between about 4 and 5 mm from the entry face is
believed to be associated with the non-uniform stress
field in the thickness direction.

The lack of agreement between the microhardness
. measurements and microstructural studies in this
investigation and those reported in Reference 15 are
likely to be associated firstly, with the combination of
hole diameter (6 mm) and sheet thickness (3 mm) used in
the latter, compared with a hole diameter of about 8.5
mm and specimen thickness of 15 mm in the present
case. It is believed that the 3 mm thick sheet would
provide less resistance to plastic deformation in the
through-thickness direction because of the lack of plastic
constraint. Secondly, the tests covered by Reference 15
involved much higher degrees of expansion (i.e. about 6%
to 8% comp re)d with about 4%). It has been shown by
Gibson et al (for about 6 mm diameter cold-expanded
holes in 6.4 mm thick 7175 aluminium alloy) that it was
only at cold expansions of about 5% and greater that
microstructural changes adjacent to the surface of the
hole became apparent.

A comparison of Figures 3 and 4 suggests that, at
failure, the areas of fatigue cracking are greater for
cold-expanded hole specimens than for non-cold-expanded
hole specimens. Figure 9 shows the relationship between
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FIGURE 9. Residual strengths of 15 mm
thick fatigue-cracked specimens

the failing loads and fatigue-cracked areas derived
mainly from the residual strength tests. Although it was
not possible to accurately measure the actual failing
loads of specimens broken under fatigue loading, all of
the cold-expanded hole specimens and half of the non-
cold-expanded hole specimens failed during flight 42 of
the 100-flight sequence. The continuous recording of the
fatigue sequence indieated that, in such cases, the failing:
load was usually between 6.5 and 7.5g. However,
relevant evidence is provided by the sizes of the cracks
corresponding to the penultimate application of the +7.5g
load to the various specimens, i.e. the crack sizes which
can just be tolerated under this load magnitude. For the
15 mm thick non-cold-expanded hole speclguens the
fatigued areas ranged from 71 mm2 to 88 mm<, and for
the gcold-expanded hole specimens from 171 mm: to 176
mm#, From Figure 9 it can be seen that the ratio of
fatigue-cracked areas between cracked cold-expanded
and cracked non-cold-expanded hole specimens is
approximately two. These findings are of importance in
damage and durability analyses. It is suggested that the
compressive residual stresses induced by cold expansion,
result in crack closure which reduces the effective stress
intensity at the crack tip.

For 15, 23 and 30 mm thicknesses, the z-direction
displacements at both the mandrel entry and exit faces
are identical at distances exceeding about 3.5 mm from
the edge of the hole. However, closer to the hole the
z~direction displacements are, for all four thicknesses of
material, smaller at the entry face than at the exit face -
in both cases they are virtually the same for the 15, 23
and 30 mm thicknesses. These fj nsimgs are generally
consis &nt) with those of Phxlhps and Poolsuk and
Sharpe and again emphasise the fact that the
expansion of the hole does not occur uniformly through
the thickness. For example, in a 30 mm thick specimen,
the actual changes in hole diameter at the mandrel entry
face, half way through the hole and at the exit face were
2.6%, 2.2% and 2.8%. Additional evidence is provided by
the change in width (along the fength of the hole) of the
ridge formed because of the split in the sleeve (see Table
7). Clearly, bell«mou&%lg of the hole occurs as reported
by Schijve and Jacobs

Thickness Entry face Mid-section Exit face
(mm) average s.d. average s.d. average s.d,
8 1.00 0.6 0.78 0.06 0.98 0.08

15 1.05 0.08 0.78 0.5 .12 .07

23 1.04 0.08  0.75 - 0.09 1.14 0.06

30 1.06 0.03 0.77 0.3  1.25 0.01

TABLE 7. Width (in mm) of ridge (at top) formed by the
split in the sleeve. Results are from four of each
thiekness

Furthermore, the z-direction displacements in the 8 mm
thick specimens are significantly less than for those of
15, 23 and 30 mm thickness at both the entry and exit
faces. When considering the passage of the mandrel
through the hole (particularly in a thick section) it ecould
be postulated that the z~direction displacement at the
entry face is the result of back-extrusion, while that at
the exit face is caused by forward-extrusion.

For specimens of each of the four thicknesses, plots
similar to those shown in Figures 6(a) and (b) were
generated. It is apparent from these plots that the peak
values of strain (particularly for the innermost gauges) do
not occur at the same mandrel insertion distance for all
hoop and radial gauges. Furthermore, peak values for
corresponding hoop and radial gauges (i.e. those at equal
distances from the hole edge) occur at mandrel insertion
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distances separated by up to 2.5 mm. Such a result would
not be expected in the case of pure radial hole expar&iggl
which is the situation usually modeiled theoreticaily'4®’.
On the other hand, the standard FTI mandrel used in the
present study had a maximum diameter parallel length of
about 2.2 mm, considerably less that even the smallest
specimen thickness of 8 mm. It would therefore not
generate pure radial expansion simultaneously through
the thickness, and it might be expected that any
consequences of this would be thickness-dependent up to
some limit defined by the geometry of the mandrel and
the aspect ratio of the hole.

Lowak(24) has carried out fatigue tests on
geometrically similar specimens of aluminium alloy
AlCuMg2 having cold-expanded holes of 2, 4, 8 and 16
mm diameter, with corresponding thicknesses of 1.25,
2.5, 5 and 10 mm, i.e. an aspect ratio of 0.625. In every
case the mandrel maximum diameter parallel section was
twice the specimen thickness. He also gave the results of
a strain analysis on a specimen with a 16 mm diameter
hole, using linear gauge arrays similar to those in the
present study. Use of a mandrel parallel section greater
than the specimen thickness gives a closer approximation
of pure radial expansion than was achieved in the current
work. Lowak reported no lack of coincidence of gauge
maximum readings and presents a simple formulation to
calculate the residual stress field based on maximum and
residual strain readings, i.e. mandrel fully inserted and
completely withdrawn. Applying the Lowak formulation
to the current strain readings results in a derived residual
stress field which, altnough in substantial agreement with
meas(%ed and theoretical values remote from the hole
edge'”’, are unrealistic within 1 to 2 mm of the hole
where positive radial stresses are calculated. 1t is
suggested that this problem may be a manifestation of
the large z-direction displacements measured in this
region (see Figure 5) or a consequence of a Bauschinger
effect as suggested in Reference 25.

In the present study all cold-worked holes were
expanded to between 4.0% and 4.2%. For each of the
four thicknesses, the values of the hoop strain maxima
are within a range of 20% with a tendency for the largest
strains to occur in the 23 mm thick specimens. The range
of residual strain values is greater (up to 80% difference
between the 8 mm and 23 mm thick specimens being
recorded) again with the greatest values occuring in the
23 mm thick specimens. For the four thicknesses, the
range of both the maximum and residual radial strain
values for the five gauges closest to the hole was usually
less than 20%, with peak values occurring for either the
23 or 30 mm thickness. Similarly, radial strain readings
for the outermost five gauges showed little variation of
maximum readings; however there are considerable
differences in the residual strains between the 8 mm and
23 mm thiek specimens, increasing to a factor of 2 for
the gauge furthest from the hole, the 23 mm thick
specimen strain being highest.

The maximum and residual strain values have been
plotted as a function of radial distance from the hole in
Figure(2 &)0 for comparison with numerically derived
values'®®’,  These strains were caleulated for a hole
aspect ratio of one; the measured strains correspond to
an 8.4 mm hole in an 8 mm thick specimen. Although the
calculated 'hole loaded' and 'hole unloaded' strains are
about 30% to 40% higher than the measured values, the
variations with radial distance from the hole show good
agreement. The absolute differences may result from the
assumed pure radial expansion implieit in the theoretical
analysis compared to the effectively incremental
expansion along the hole associated with the mechanic
mandrel having a smalil length of maximum diameter.
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FIGURE 10. Predieted and measured values of maximum
and residual strains (x = distance from hole,
r = hole radius)

Three-dimensional theoretical derivation leads to
identical z-direction displacements on the faces at both
ends of the hole, As seen in Figure 11 the predicted
value at the hole edge compared well with the average of
the two measured values for the 8 mm thick specimens,
although the ecalculated displacement extends further
from the hole than was measured. Measurement of the
radial distance corresponding to the onset of z-directi_on
displacement has been used to identify the elastie-
plastic boundary, at which point two-dimen§ional theory
would predict that the hoop and radial stn&rﬁ should be
of equal magnitude but of opposite sign*“*’, ‘In 'ghe
present case, the measured onset of z-direction
displacements ocecurs at approximately 5 mm from the
edge of the hole for the 8 mm thick specimen and at
about 8 mm from the edge for the other three
thickne?ggs2 6;his is in general accord with the fi_ndings gf
Carey ’ who calculated a smaller elastie-plastic
radius for plane stress compared with plane strain
conditions. The three-dimensional ecalculations, which
are currently available only for a hole aspect ratio of
one, are consistent in that both indicators relate to &
boundary of x/r = 2 (4.3 mm from the hole edge ina 8 mm
thick specimen),
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Figures 6(a) and (c) indicate that the peak hoop
strains at the innermost gauge occur when the maximum
diameter parallel section of the madrel has fully entered
the hole (indicated by arrow B). Most noticeable for the
8 mm thick specimen and effectively absent from the 30
mm thick specimen is the hoop strain minimum which
occurs when the mandrel maximum diameter first begins
to exit the hole (arrow C). When the maximum diameter
parallel section has completely passed through the hole
(arrow D) the hoop strains increase to their residual
values. There is no equivalent minimum in the radial
strain readings. The decrease in hoop strain at the entry
face results from the elastic recovery of the material on
which is superposed a compressive strain resulting from
the moment generated by the ofiset loading applied by
the mandrel parallel section as it traverses through the
hole. When the mandrel maximum diameter fully exits
the hole the removal of the moment gives rise to the
observed inerease in hoop strain.

V. CONCLUSIONS

This investigation has confirmed that significant
improvements in fatigue life (by factors of four to six)
can be achieved in an aircraft structural aluminium alloy
by eold expansion. It was shown here that the life
improvement is greater in thick than in thin seetions.

Strain and displacement measurements associated
with cold expansion have indicated large differences in
the deformation characteristics and fatigue crack
development at the mandrel entry and exit faces of the
material, and that such differences are thickness
dependent. One of the characteristics of fatigue crack
development in thick sections containing holes with
aspect ratios (length/diameter) exceeding about two is
rapid fatigue erack growth near the mandrel entry face in
the last 30% of the life, which leads to the formation of a
bulbous erack front.

It has been shown that for a particular applied load a
fatigue-cracked  cold-expanded-hole specimen can
tolerate a larger cracked area than a cracked non-cold-
expanded hole specimen. In this investigation the ratio of
cracked areas was approximately two.

These findings relating to fatigue life improvement,
crack propagation characteristics and residual strength of
fatigue-cracked specimens have some important
implications in the implementation of damage-tolerance
philosophies to aircraft structures incorporating cold-
expanded holes.
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