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Cold expansion of fastener holes is a common way of improving fatigue performance of
airframes. Among the several techniques applicable, the split-sleeve method is the most
accepted in creating beneficial compressive residual stresses around expanded holes. In
the present work, residual stresses at expanded holes in several types of aluminium plates
produced by two different techniques, split-sleeve and roller burnishing, have been
evaluated by the novel destructive Sachs method and then compared. It was found that
stress distribution particularly at the vicinity of the hole was sensitive to the method of
expansion and plate thickness, due to differing characteristics of the plastic material flow.
Thus, secondary reverse yielding after cold expansion found to reduce residual hoop
stresses at the edge of the hole, and excessive expansion above a limit, was thought to
increase reverse yielding. S-N data revealed that no benefit was gained from expanding
beyond this limit. It was suggested that the reduction in the number of cycles to crack
initiation or more often to crack growth was due to increased reverse yielding at the vicinity
of the expanded hole. © 7999 Kluwer Academic Publishers

1. Introduction dimensional analytical studies are employed, where
Solid rivets and high-strength bolted fasteners are edwo approaches can be taken.
sential for thin and thick members of aircraft structures
and components. Particularly, at high shear load trans- 1. The use of closed form solutions, such as adopt-
fer joints, where both thin and thick members may being already existing solutions of thin-walled [9-12] and
clamped, fastener holes can become the main source tifick-walled [13—17] cylinders subjected to an internal
fatigue cracking if, primarily, the fasteners are installedpressure; where some workers, in addition, considered
with clearance-fits (i.e. the diameter of the fastener holetrain-hardening behaviour [10, 11, 13, 15, 16], elas-
is greater than the diameter of the fastener) [1, 2]. Ondic unloading [13], and non-linear elastic—plastic be-
main solution to this problem is the process of cold ex-haviour on both loading and unloading [17] of the ma-
pansion, and has gained special interest over the lagtrial after the cold expansion process.
decade to be widely used in both military and civil air- 2. The use of finite element analysis methods [18—
crafts [3]. Among the three principal residual stresse<0], by considering reverse yielding on unloading [18],
(hoop, transverse and radial) produced by cold exparreverse yield zone on elastic—plastic unloading [19],
sion, particularly the hoop (tangential) stress distribu-and the contribution of the stress state, i.e. plane-stress
tion at the periphery of the hole results in considerableand plane-strain conditions [20].
gain in fatigue life by a factor of two to ten [3—7], either
by retarding crack initiation or more often by reducing There are also some experimental studies to deter-
crack growth rates [5, 8]. mine the residual stresses, but they are few in number
For prediction of fatigue life and crack growth re- [4, 21, 22—-26]. Despite the similarities, the results of
sults, itisimportant that residual strains and particularlyanalytical and experimental works are not in perfect
residual stresses produced from the cold expansion pragreement, but in common prove that residual stresses
cess are accurately known. To achieve this, mostly twoat the vicinity of an expanded hole are compressive, and
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reverse yielding atthe edge of the hole occurs when higheld in a cage. When inserted into the hole, the tapered

levels of cold expansion are employed. mandrel is pulled through the roller bearing cage and
In general, the effect of differing expansion methodsthe hole in a fashion similar to the mandrel in the split-

(such as, split-sleeve and roller burnishing) on residuasleeve method causing plastic deformation and flow of

stress distribution has been verified [3, 22, 27], but therenaterial in the vicinity of the hole. A detailed descrip-

is no detailed work to determine the values of residuation of the mechanics of this process is given elsewhere

stresses especially at the peripheries of expanded hold25], and will not be repeated here.

The effect of the degree of expansion on stress distribu- As shown earlier [22], the general equation govern-

tion at the vicinity of an expanded hole is one commoning the degree of expansiox, is

problem, thus the optimum expansion is not always con-

sistent with the maximum available expansion degree w— D2= D10 )

[24, 25]. It may vary depending on the particular ap- D
plication and the local geometry of the component, and . _ _
has not yet been verified precisely by either analyticalVhereD; is the diameter of the hole after expansion
or experimental methods. Recently, some fractographi@nd D1 is the diameter of the hole prior to expansion.
evidence [5, 6], and three-dimensional numerical [23]The above equation is applicable in the calculation of
and experimental analyses [22—26] have also indicatethe degrees of FTl and RB expansion methods. When
the non-uniformity of residual stresses across the thickcorrelating the difference between the two processes,
ness of the workpiece, which makes the solution everf Was found that expansions of 2, 4 and 6% FTI were
more complicated. equivalent to expansions of 1.2, 2.4 and 3.6% RB, re-
In the present work, for split-sleeve expanded andsPectively [22]. Inthe presentwork, itwas observed that
roller burnished holes, the question of residual stres 1.2% RB degree of expansion was practically very dif-
“relaxation” at the edge of the hole due to reversedficult to achieve, so instead, 2% RB was selected as the
yielding and change in plate thickness will be shown inlowest possible degree of expansion. It suffices to note
a quantitative way by obtaining experimental data fromthat both processes are similar in producing plastic de-
several types of aluminium p|ate3, which are based ofprmation, but the magnitude of the residual stress field
the assumption that the plane-stress condition prevailgas been shown to be different [22, 25].
after cold expansion. This provides a better represen-
tation compared with the plane-strain solution [14] be- . . .
cause of removal of the assumption that radial and hoog-2- Materials and specimen design _
strains have to be equal in magnitude but opposite irf Nis paper reports the measurement of principal resid-
sign. Thus, this paper presents results of the distribut@l stress distributions produced by both FTI and RB
tions of residual hoop stresses at cold expanded holdg€thods. To analyse thin material behaviour, first,

by employing an abridged version of the solution orig-an aluminium alloy (8090-T651) with a thickness of
inally developed by Sachs [29]. 1.6 mmwas employed. The material was suppliedin the

form of flat sheets from which dog-bone-like specimens

were machined (shown in [25]). The dimensions of the

specimens were, 13035 mm with a gauge length of
2. Experimental procedure 55 mm. The second material usedsag 5 mmthick
2.1. Cold expansion methods aluminium alloy (7050-T76) supplied in the form of
The most effective and widely accepted method of fasrectangular plates, with a size of 3310 mm. Both
tener hole expansion in the aerospace industry is thepecimens (8090 and 7050) were cut with their long
split-sleeve process introduced by Fatigue Technologwxes parallel to the rolling direction (RD) of the sheet.
Incorporated (FTI) of Seattle, USA. This method wasAt the centroid of each plate a hole was later drilled,
first used by the Boeing Commercial Aeroplane Com-and then the plates after appropriate expansions were
pany in the early 1970s and is now in practice in man-directly used as specimens for fatigue tests. As illus-
ufacture and maintenance stages [3]. This process irtrated in Fig. 1, around an expanded hole, 12:00, 3:00
volves pulling an oversize tapered mandrel through amnd 6 : 00 positions were labelled as A, B and C, where
internally lubricated expandable split-sleeve insertedA and C were parallel to the RD of the plate. The main
into the hole. The sleeve prevents direct contact beeoncern, however, was position B, i.e. it was parallel
tween the sliding mandrel and the hole, reducing damto the transverse direction (TD), and primarily affected
age to the inside of the hole, and minimizing the mate-by fatigue loading.
rial flow through the thickness direction. Consequently, Foreach alloy, and particularly for each degree of FTI
the maximized compressive hoop stress atthe periphegnd RB expansion, the initial and final hole sizes were
of the hole may further increase with the degree of colchot the same. Thus, for a 2% FTI expansion, the initial
expansion, which is mainly limited by available tooling. hole diameter was 8.68 mm and the final hole size was

The cold expansion of fastener holes can also b®.02 mm; and for 4 and 6% FTI expansion, the initial

achieved by sleeveless methods [3]. Split-sleeves areole and final hole sizes were 8.69 and 8.52, and 8.95
expensive since a new sleeve is required for every holand 8.92 mm, respectively. Expansion of the holes was
treated, hence a new tool has been developed in thechieved by aligning the split in the expansion sleeve
author’s laboratory to cold expand fastener holes by &o position A of the holes (Fig. 1). Holes initially intro-
sleeveless roller burnishing (RB) technique. This toolduced centrally to the specimens were 9 mm in diameter
consists of a tapered mandrel and pin roller bearing$or the RB process. However, the final hole sizes were
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Plate tensile hoop strain and there must be a pressure of op-
posite sign at the periphery of the washer resulting in a
D compressive strain. The real residual hoop stress should
be more positive than expressed by the Sachs method
(or if this pressure becomes positive then the opposite

Washer occurs). Hence, the additional residual hoop stress
A is proportional to-P, and should be added to the values
(Split) obtained from the Sachs analysis; therefae is

Fi

2
O s Acy = A82“’E<1+ r—°> @
Cc

whereAgy is the change in strain in the hoop direction

RD at the wall of the holer, andr; are the inner and outer
radii of the washer, respectively; aitis the modulus
| of elasticity. After removing the gauge (from the hole)
e TD and installing two further strain in gauges centrally on

the outer rim of the washer in position B (one parallel
Figure 1 Schematic illustration of specimen and resultant washer, afterto the thickness direction and the other perpendicular to
removal from the plate. . . .. .

it), the radius of the hole is increased by boring out small

increments (typically 0.125 mm). This process entailed
continuously varied to produce the desired degrees ahe use of a spark erosion electrode, which is essentially
expansion. In the present work, for 2, 2.4, 3.6 and 5.5% copper rod containing accurately machined steps
RB expansions, the final hole sizeswere 9.18,9.31, 9.48quivalent to the diameter of hole enlargement (see
and 9.52 mm, respectively. The third material selected22, 24, 25] for details). Two advantages are gained by
was a 19 mm thick 7010-T7651 aluminium plate with athis method: (i) the increments of the material cut from
dimension of 30(% x 200.3 mm. Only 3% FTI expan- the hole are set precisely; and (ii) no residual stresses
sion was applied to several 19 mm diameter holes (thare introduced by this process, which is advantageous,
final hole size was 19.59 mm), where for each, split ori-since the removal of material changes the true stress
entation was arbitrarily chosen. Here, the results of thever this increment without superimpaosing a residual
hole with split orientation parallel to RD (at position A) stress from the cutting process.
will only be given. The chemical compositions of the  The hoop and transverse (longitudinal) straigsind
alloys are summarized in Table I, and their mechanicat,, were measured from the aforementioned surfaces of
properties are given in Table . the washers and tests were terminated when the diam-

eters of the holes reached 18 mm for both 8090 and

7050 specimens. For the thick 7010 plate, however, the
2.3. Determination of residual stresses hole size at the end of the boring-out process was about
The specimen for the Sachs method was prepared fro®0 mm. The method of determining the magnitudes of
a rectangular plate by attaching a strain gauge to thprincipal stresses requires the coefficients of the strain
inside of the hole, which was then spark eroded into aversus hole area curve to be found (typical plots were
disc (washer) in which the expanded hole was central tgiven elsewhere [22, 24]). This can simply be achieved
the disc. This sequence was shown schematically anbly fitting third-order polynomials to the curves of both
the details were given in [22, 24, 25], and the following the hoop and the transverse strains. Once the coeffi-
is a summary of this process. Due to cutting the washegients are known, then it becomes a relatively easy task
a pressure is generated in the radial direction arountb compute the three principal residual stress distribu-
the hole,—P. Thus, the wall of the hole experiences ations with respect to distance from the edge of the hole.

TABLE | Chemical compositions of 8090, 7050 and 7010 aluminium alloys

Alloy

(wt %) Li Mg Zn Cu Fe Si Ti Cr Zr Mn Al

8090 2.4 0.61 — 1.15 0.09 0.05 0.005 — 0.12 — Balance
7050 — 2.25 6.2 2.3 0.15 0.12 0.06 0.04 0.115 0.1 Balance
7010 — 2.45 6.2 1.75 0.15 0.1 — 0.05 0.14 0.3 Balance

TABLE Il Mechanical properties of 8090, 7050 and 7010 aluminium alloys

0.2% proof Tensile Modulus of Elongation
Alloy Temper stress (MPa) strength (MPa) elasticity (GPa) (% in 50 mm)
8090 T651 480 510 80 6
7050 T76 545 590 71 16
7010 T7651 485 545 71 12
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The mathematical expressions for the residual stress¢ 200
obtainable by boring out small increments were derivec

by Sachs [29], and are given for the hoop stregsthe 1007
transverse stressy, and the radial stress;, by the [
following equations

Alloy 7050

g i
2 t
/ d® (A + A) ] i > Rp
op = E {(A0 — A dA " [T ® 3) 2 200: / ' EIaBs;Lcr;:al?ystic
di 2 300 > Rxo
=F —A)— — A 4 2
o2 [(Ao o } @ &
J —o— Hoop
Ao — A .500 Y ~——a— Transverse
or = E/( SA )@ (5) +—' o —e— Radial
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where,E'=E/(1 — vz), ®=¢gg+ves,, A=¢6,+v8y,
and E and v are the modulus of elasticity and the
Poisson’s ratio, respectively. The symbaldenotes Figure 2 Complete residual stress distributions at a 4% FTI expanded
the instantaneous hole area, afdglis the initial cir-  hole in a5 mmthick 7050 plate.

cular area of the washer. From these equations, two-

dimensional residual stress distributions can easily be

evaluated, and in this paper two-dimensional stresgs the principal stresses can be obtained by evoking
profiles at.m|d-th|ckness sections are only given. .AEquationS 3-5 [22, 24, 25]. However, particularly at
new technique, however, was developed to visualizgne yicinity of the hole, more precise knowledge of the
the three-dimensional residual stress pattern througbyress distribution is essential. To achieve this, a multi-
the thickness direction of the plate. The method wasyje curve fitting programme, as will be described in de-
partially introduced in a previous work [24], but the 5jin [26], was used. Simply, the data were divided into
details of the technique are given elsewhere [26].  gma)| discrete ranges and a low-order polynomial was
fitted to each portion of the data. This had the advantage
that, by successive use of a number of low-order poly-
ir_1omia|s, all the features of the original data were repro-
duced on the final distributions of the residual stresses

Distance from Hole (mm)

2.4. Fatigue tests
Fatigue tests were all conducted using constant ampl

tude loading (load ratioR=0.1) in laboratory air on : o . L
a servo-hydraulic testing machine with a 100 kN Ioad(F'g' 2). While similar curves may be obtamec_i W'th dif-
ferent degrees of expansion, the most significant part

cell ata frequency of 10 Hz. Hydraulic grips were usEdis the change in the hoop stress with distance from the

to hold the specimens. Particularly for 7050 plates tohole and in the following, among the three principal

avoid premature failure in the grips,<150 x 50 mm RPN . .
steel plates were bonded to each end of the specimeﬁfeSS dlstr_|but|ons, th? residual transverse and_rad|al
with epoxy resin stress pro_flles W|_II be ignored. It is seen from Fig. 2

' that there is a region of stress relaxation (due to reverse
yielding) at the vicinity of the hole. From the edge of
the hole, the maximum compressive stres4g40 MPa)

3. Re_sults ?"d diSCUSSi.O" o . is found at a distance d%, (0.9 mm). The compressive
The discussion of results is specific to three items of Mag e value then decreases rapidly, reaching zero at a
terials behaviour, and this knowledge allows selectionyisiance ofR,. (3.4 mm), and after thélt rises gradually
of the optimum degree of expansion for an application,; 5 maximur .

LR um tensile stress value (135 MPa) at the
where crack determent is important [8]. They are: elastic—plastic (plastic zone) boundaRj, (5.3 mm).

Thus, the complete hoop stress distribution (for 4% FTI

1. Characterization of the flow properties in gen-expanded holenia 5 mmthick 7050 plate) extends to
eral and the difference between FTI and RB expansioy mm from the hole. The present work, however, will

processes. o ~only consider the direct vicinity of the hole, i.e. the re-
2. Dependence of reverse yielding on plate thlck-gion between 0 and 3 mm from the edge of the hole,
ness. in which reverse yielding takes place right after the ex-

3. Characterization of the extent of plastic flow as apansion process. It is generally believed that, in this
function of materials properties. small area, the position of the maximum compressive
stress is critical for arresting short cracks to ensure an
The following describes each topic in detalil. increase in fatigue life [8].
Fig. 3 shows the change in hoop stress distribution
with respect to the degree of FT1 expansion for the 8090
3.1. Dependence of reverse yielding on plate. As this is the alloy with the lowest yield strength
method of expansion (see Table I), plastic flow at the vicinity of the hole is
Using a single curve fit routine of strain versus hole areaasy. For 2% FTI expansion, the hoop stress at the edge
curve as described in Section 2.3, rough distribution®f the hole (450 MPa) is almost at the yield point of
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the maximum compressive hoop stress is reduced to a
moderate value;-80 MPa, which is 0.65 mm from the
hole.

In common, for both methods of expansion, plastic
zone size is a critical factor in creating compressive
stresses. With high yield strength, large plastic zone
size leads considerable contraction of the hole after ex-
pansion, and so positively affects the degree of sec-
ondary yielding at the edge of the hole. It would be
anticipated that secondary yielding, and so relaxation
of residual stresses at the edge of the hole, is large

400 ——  2%FTI for the FTI method, because this technique compara-
—o—  4%FTI tively introduces larger plastic zone sizes [3]. During

e 6%FTI FTI expansion, extensive forcing of the mandrel easily

O os 10 18 20 28  ao deformsthe material beyond the yield pointand extends

Distance from Hole (mm)

Figure 3 Effect of degree of cold expansion on residual hoop stress;
distribution at the vicinities of FTl expanded holes in 1.6 mm thick 8090

plates.

100

Alloy 8090

-300 A

Hoop Stress (MPa)

the plastic zone to a large distance. And after removal of
the mandrel, elastic constraint causes extensive reverse
yielding of the material at the edge of the hole and so re-
laxes this highly over strained region. Although similar
behaviour is observed in RB expanded holes, the size
of the plastic zone is relatively small, but the amount
of stress relaxation is substantial and so residual hoop
stresses at the vicinity of the hole are far below the yield
strength of the material (Fig. 4). The only reason for this
contradiction could be severe frictional forces between
the roller cage and the wall of the hole. Friction causes
considerable plastic flowin the transverse direction (see
Fig. 5, which shows symmetric sidewards flow of the
material out of the hole during the RB process), and
therefore reduces the amount of plastic deformation in
both the radial and hoop directions, where in return,

o 0% both the size of the plastic zone and the magnitude of
—a— 24%RB the material constraint decrease, and so on the average
-400 4 —a— 36%RB less compressive residual stresses are created. Stress re-
—e— 55%RB laxation at the edge of the hole is, however, particularly
-500 — — the result of extensive transverse plastic deformation,
0.0 0.5 1.0 1.5 2.0 2.5 3.0

Distance from Hole (mm)

which is a typical characteristics of the RB process.
Consequently, compared with the FTI process, residual
stresses around RB expanded holes are less compres-

Figure 4 Effect of degree of cold expansion on residual hoop stresssive even for equivalent degrees of expansion. Thus,
distribution at the vicinities of RB expanded holes in 1.6 mm thick 8090 the sleeve has great importance in m|n|m|z|ng trans-

plates.

the material. However, as the degree of expansion in mcer
creases, the hoop stress at the hole edge becomes I¢
compressive-{£370 and—290 MPa for 4 and 6% FTI
expansion degrees), but the area under the compressi
part increases. In this respect, the zero stress positio
is found at 2.2, 2.7 and 3.7 mm for expansions of 2, 4

verse material flow (see Fig. 6, which illustrates the

and 6% FTI, respectively (some values lie outside the
frame of Fig. 3). For the same material, the hoop streskigure 5 A metallographic section through a 2% RB expanded hole in

profiles generated by the RB process are given in Fig. 4 5 mm thick 7050 plate.
Compared with FTI expansion, stresses at the hole edge

become less compressiveZ40,—180 and-60 MPa),  musr

and the zero stress position gradually extends (1.1, 1
and 1.9 mm) with increasing degree of expansion fron
2.4105.5% RB. Itis anticipated that when the degree o
expansion increases, the stress at the vicinity of the ho
will become more compressive due to increasing back
wards elastic constraint of the material surrounding the

OUTLET

plastic zone. However, itis clear from Fig. 4 that, at therigure 6 A metallographic section through a 4% FTI expanded hole in

highest degree of expansion (5.5% RB), the value of 5 mm thick 7050 plate.
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difference in material flow between mandrel-in (inlet) 100
and mandrel-out (outlet) surfaces during the FTI pro- {
cess). Therefore in general, the value of the maximum 0 PSS i o~
compressive hoop stress, its position from the hole, zerc
stress position and the plastic zone size are compatre
tively large in the FTI process.

Alioy 7050

-100 A

3.2. Dependence of reverse yielding on

plate thickness
In a previous work, the effect of several expansion tech-
niques on residual stress distributions in several 7075-  -400
T73 aluminium plates was studied [27]. It was indi-
cated that particularly at split-sleeve expanded holes

Hoop Stress (MPa)

—_— 0%
—e— 2%FTI
—a— 4%FTI
—t— 6%FTI
-500 T T y T g T v T

compressive residual hoop stresses reached to highe 0.0 0.5 1.0 1.5 2.0 25 3.0
possible levels and became increasingly compressiv DI o Hol
as the plate thickness increased for a given degree . istance from Hole (mm)

expansion. To analyse and verify the dependence qjigure 8 Effect of degree of cold expansion on residual hoop stress
the stress distribution on plate thickness, in the presentistribution at the vicinities of FTI expanded holes in 5 mm thick 7050
work, residual stress profiles obtained from severablates.
types of aluminium plates were individually considered
and then compared to clarify the relation.

Fig. 7 shows a detailed analysis of 2, 2.4 and 3.6%

. ) Heficiency seems to be primarily responsible for the
Rlale;(]pangle;g h;)les f?r: theg(_)S(t)thIEy. Ihh's mﬁ‘terg(l)ggsc‘;\pparent residual stress relaxation at the vicinity of the
a higher yield strength, and IS thicker than afloy ‘hole. The degree of relaxation is a function of sidewards
%Iastic flow, which increases considerably during fur-
ther efforts to push the mandrel into the roller cage to
hoop stress values are concentrated arct®60 MPa, maximize the degree of RB expansion (Fig. 5). As the

?nd pFo_snlzneddO?.é:hmtm fro.m the hole. It can bf S€€Mhickness of the plate increases, the resulting material
romrigs 4 an at maximum COMPressIve SIreSSeg, qraint (blocking action behind the plastic zone) also

at (5 mm) 7050 plates are on the average larger thamcreases.Thus,the material at the vicinity of the hole is

those c;fsggo (1.6 mm)P'ates- Furthermore,_ alz_the gq'urther forced to flow in the transverse direction due to
gree o expansion INCreases, reverse yielding bey;qnsified hole edge frictional forces. This means that

comes substantially large, i.e. as seen from Fig. 7 -
: ’ ' “the efficiency of the RB process degrades remarkably.
3.6% RB expansion, the hoop stress at the edge of the Fig. 8 on t)rlme other haﬁd shows h%op stress distribz-

hole reaches a tensile value of 40 MPa. This in factiny, . ~'~: 2050 plates for 2, 4 and 6% FTI degrees of ex-

%:géesl htOW t_he S|tzeﬁof ih?:i Elatsglcgone, pafrt|cularly_ Nhansion. As seen from the figure, each curve has a max-
piates, IS hot eliected by tn€ degree of expansiol,, ., compression in stress (betweef70 and—490

'I_'hus, after cold gxpansion, rather than e_Iastic ContracIVIPa) and is at some distance from the hole (between
tion of the plastic zone, the aforementioned Procesy) 5 and 1 mm). Similar arguments with regard to side-
wards material flow and resulting secondary yielding
could also be valid for FTI expanded holes. However,
Alloy 7050 as mentioned before, the sleeve minimizes frictional
] forces between the mandrel and the hole edge, and so
increases the efficiency of the FTI expansion process
(Fig. 6). It can be seen that, as the degree of expansion
increases, residual stresses generated near the hole be-
come more compressive. However, no further rise is ev-
ident on increasing expansion beyond a certain degree
(Figs 3 and 8). The effectiveness of the FTI expansion
process is therefore not unlimited, and maximum com-
-300 - — % pressive stress saturates. In the present work, at 1.6 mm
— <+ 2%RB (8090 plate) the maximum available compressive stress
-400 —a— 24%EB (—450 MPa) was easily reached at 2% FTI expan-
3.6% RB sion, where stress saturatior490 MPa) could only
500 : : —_— . be achieved at 4% FTI expansion for the 7050 (5 mm)
0.0 05 1.0 15 20 25 3.0 plate. This variation in stress saturation can simply be
related to the thickness of the material. The explana-
tion behind this is the easy onset of plastic flow during
Figure 7 Effect of degree of cold expansion on residual hoop stress'[he IO\_NeSt degre_e of expanS|o.n. For a th"_] specimen,
distribution at the vicinities of RB expanded holes in 5 mm thick 7050 Material constraint and so resistance against mandrel
plates. work is low. Thus, reaching easily to the tensile yield

very similar, in particular the maximum compressive

100

-100 1

-200 1

Hoop Stress (MPa)

Distance from Hole (mm)
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strength, the hole edge material deforms, and thereforthe thinner 8090 and 7050 plates, respectively. These
the elastic—plastic boundary created gradually spread®sults suggest that, in the case of a successful increase
from the edge of the hole. During unloading, however,in the degree of expansion of the 7010 plate from 3 to
the hole contracts and the already created compreg% FTI, the residual stress field would be more broad
sive stresses near to yield strength are further forcednd compressive. A larger hole size may be an alter-
beyond this limit. Hence on reverse yielding, residualnative factor in producing this deeper stress field, i.e.
compressive stresses at the edge of the hole relax. Asccording to [23] for the same plate thickness, an in-
the degree of expansion increases, reverse yielding ircrease in hole diameter may produce a more compres-
tensifies resulting in less compressive residual stressesive residual stress distribution. However, in the present
When, however, a hole in a thick specimen is FTI ex-work, this possibility seems to be less effective. The di-
panded, due to an increase in material constraint, theameters of the untreated holes in the 8090 (1.6 mm)
equipment to push the mandrel through the hole haand 7050 (5 mm) plates were identical, and therefore
to provide additional process forces. After expansiorthe difference between the stress distributions of these
is successfully achieved, applied forces create a largspecimens reflects the effect of plate thickness.
plastic zone around the hole and, consequently, exten- The effect of plate thickness can be explained by
sive compressive residual stresses are generated. Itrisferring to previous work [20-24, 26]. Thus, as the
also apparent from Figs 3 and 8 that the value of theesidual stress distribution was measured at three dif-
maximum compressive stress is affected by the degreferent positions across the depth of the plate, arough es-
of reverse yielding. Thus, expanding the hole beyondimate of three-dimensional through-thickness residual
the saturation limit only intensifies the stress relaxatiorhoop stress distribution was obtained [20—24, 26]. Even
at the edge of the hole; where in return, maximum comthough these approximated three-dimensional profiles
pressive stress, from its saturated value, is reduced. farfrom visualized the complete three-dimensional dis-
To portray the effect of plate thickness in detall, tribution, they could give enough information about
normalized residual hoop stress (hoop stresslyielthow the residual stress values at mid-thickness section
strength) distributions of 4% FTI expanded 8090were more compressive than those close to plate sur-
(1.6 mm) and 7050 (5 mm) plates together with a 3%faces. Consequently, it was found that at a split-sleeve
FTlexpanded 7010 (19 mm) plate were plotted in Fig. 9. expanded hole going from inlet to outlet sides, the most
Itis clear that plate thickness is very effective in increas-compressive residual stresses were located at the mid-
ing the maximum compressive stress, its position, thehickness section of the hole. This was infact the region
zero stress position and the plastic zone size in the FTwhere the plane-strain condition was valid. On the con-
process. However, because of practical reasons, the deary, of course, the condition of plane-stress was ateach
gree of expansion could only be increased to 3% FTplate surface. Considering two plates, a thin one with
(further attempts to increase expansion caused craclplane-stress and a thick one with plane-strain condi-
ing of the hole edge during the process). It is apparentions, variation in through-thickness stress distribution
that 3% FTI expansion for the thick plate (19 mm) still in the thin plate is small and can be ignored. Hence,
gives a deeper compressive stress field than the otheesidual stresses in the thin plate are two-dimensional,
two thin (1.6 and 5 mm) plates expanded by 4% FTl.i.e. change only with distance in from the edge of the
Thus, when the values of zero stress position and plagiole. In plates of intermediate thickness, however, the
tic zone size are compared (values lie out of the rangstate of stress changes from plane-stress to plane-strain
of Fig. 9) they are at 6.3 and 11.5 mm for the thick conditions, i.e. the transitional case. During cold ex-
7010 plate, and at 2.9 and 3.5 and 4 and 5.4 mm fopansion, material at the mid-thickness section flows in
radial and hoop directions, and therefore high compres-
sive stresses are generated. However, the method of cold
0.0 expansion apparently affects the part of the hole wall
p in which the plane-strain condition is valid. Thus, the
success of the FTI process directly relies on the sleeve,
which satisfies the condition of plane-strain, where
y in return the resulting plastic zone size and so resid-
-0.5 4 0 ual compressive hoop stresses become comparatively
large. On the other hand, extensive sidewards material
] flow in the RB process causes the hole wall readily to
] behave in the plane-stress condition, and thereby results
1.0 in substantial reverse yielding and so stress relaxation.

Hoop Stress/Yield Strength

—e— 3% FTI-19mm thick 7010 plate

—— 4% FTI-5mm thick 7050 plate . .
. 4% FTI1.6mm thick 800 plate 3.3. Effect of material properties

15 . . . — on plastic flow

0.0 0.5 1.0 1.5 2.0 2.5 3.0 Itis apparent from Sections 3.1 and 3.2 that, even if the
basic principles of producing beneficial compressive
stresses are identical, due to differing mechanics, the
Figure 9 Effect of plate thickness on normalized residual hoop stressS&Me material with the same initial hole size gives a dif-
distribution. ferent response to these separate methods of expansion.

Distance from Hole (mm)
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However, the success of each expansion method me 220
also be dependent on the material properties of th
workpiece used, such as per cent elongation and yiel ]
strength. Per cent elongation, in particular, is a meag 1so -
sure of plasticity and when it increases, the size of theZ 1
plastic zone becomes larger [10-12]. However, strain-§ 6% e
hardening is a parameter that has an adverse effect 3 ; 40_'
plasticity. In the case of strain-hardening, with the same= J son
work of expansion, less plastic flow occurs around thed> 120 s s
hole, and hence the size of the plastic zone is confined t 1 ee ®
the edge of the hole [10, 11, 13-17, 19]. Yield strength® '] oe ®
(or flow stress) on the other hand, positively affects the 80 -
elastic constraint around the plastic zone. Thus, giver —
the same plastic zone size, as yield strength or flow 80 T e
stress (in case of strain-hardening) increases, elast 10 10 10 10 10
constraint after expansion becomes large enough to ir.
tensify the comprgsswe strfesses atthe edge_Of the ho'ﬁgure 10 Improvement in fatigue life at RB expanded holes in 8090
However, as strain-hardening elevates the yield stresgjates.

it may in return reduce the extent of reverse yielding in
the hole region [14-17, 19].

TAlloy 8030 0%

2.4% RB
3.6% RB
5.5% RB

200 o

b E e O

oe >

Number of Cycles

Inthis work there are no complementary data relating 2207 Alloy 7050
the effect of material properties onthe resulting residual 2004 o
stresses. Itis clear from Table Il that aluminium alloys __ 1 ®
have differing mechanical properties, but there are sim-&€ '*°] o ea
ilarities in some of the values. Thus, alloys 7050 and< 160 - oce a
7010 have a close per cent elongation, whereas alloy £ ° .
8090 and 7010 possess almost the same yield strengty ° ] ° . La>
Infact to minimize the factor of varying yield stress, 3 454 °* o >
normalized values of residual stresses were evaluate® °e=>
and used in Fig. 9 to show the effect of plate thickness.s 1% °
However, differing plasticity and flow stress values may g & ZFR8
cause confusion, and so the residual stress profiles i ] a 2%FTl
the figure can only give approximate information. 80 T
10 10 10 10 10
Number of Cycles
3.4. Fatigue life improvement on cold Figure 11 Comparison of improvements in fatigue life at 2% RB and
expansion 2% FTI expanded holes in 7050 plates.

Generally, it is assumed that the long-term benefits in
fatigue life of cold expanded holes are associated with
the presence of favourable compressive stress fields thiaigh stresses is in agreement with the relevant residual
can be maintained only if no relaxation in the magnitudestress profiles. Thus, a 2.4% RB expanded hole has the
of these stresses occurs. Relaxation can mostly resulirgest maximum compressive stress valu240 MPa)
from either cyclic loading [8] or from exposure to high compared with that of 3.6% RB{180 MPa) and 5.5%
temperatures [30, 31]. Stress relief, however, can als&B (—80 MPa) expanded holes (Fig. 4).
be due toreverse yielding near the hole. Thus, the initial The effect of fatigue loading on 7050 (5 mm) speci-
rapid crack growth from a cold expanded hole followedmens expanded by 2% RB and FTlis givenin Fig. 11. At
by a decreasing growth rate, or crack arrest, is generalliigh cyclic load levels, specimens having expanded and
attributed to a crack growing through an increasinglynon-expanded holes behave almost identically. At in-
compressive stress field, i.e. the reverse yielding zontermediate and low load levels, however, FTI expanded
[5, 6, 8]. On the other hand, it has been noted that lifespecimens give better results. For the same alloy, a sum-
improvement does not rise invariably as the degree ofmary of S—N curves for several degrees of FTI expan-
expansionincreases [1-4, 22—-25]. Because, as also vesions are given in Fig. 12. It is clear that fatigue per-
ified through this work, there is a practical upper limit formance increases as the degree of expansion is raised
for cold expansion. from 2 to 4% FTI. However, additional enhancement of
In the present work, the effect of reverse yieldingfatigue life could not be observed when the expansion
on fatigue life was also studied. Fig. 10 shows the fa-degree was further increased to 6% FTI. As mentioned
tigue behaviour of the 8090 (1.6 mm) alloy expandedin Section 3.2, the maximum compressive hoop stress
by the RB process. Only a marginal improvement in fa-rises from—270 to —490 MPa for expansions of 2 to
tigue life is observed for both 2.4 and 3.6% RB degree<1% FTI, but further increase of expansion to 6% FTI
of expansion. On the contrary, no further enhancementesults in a drop to-470 MPa due to reverse yield-
could be detected for 5.5% RB expansion. The relaing (Fig. 8). This is simply the reason why no further
tively short fatigue life of this alloy at intermediate and improvement in fatigue life could be detected.
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4. The near-hole stress distribution at the optimum
level of cold expansion is controlled by the degree of
reverse yielding, and is both a function of the method of
cold expansion and of plate thickness. Compared with
RB, the FTI process gives better fatigue performance;
however, in common, no benefit is gained above the

220
| Alloy 7050
2004 o -
9 -] . ©
;; 10 [+] 'Y ® =
< 160 ° a =
17e]
g 1 o A
vy 140 4 I’y s
2 ° o 4
S 120 4 o ° e
O o 0% 0 o—>
% 1004 & 2%FT
= |
.« 4%FTI
80 -
{ © B%FTI
60 — T —T— T
104 10° 108 107 108
Number of Cycles

optimum level of cold expansion.
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