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FOREWORD

The research reported herein was accomplished while R. M. Potter

was assigned to the Aerospace Research Laboratories (ARL , since dis-

established ) and subsequentl y Air Force Institute of Technology, Wright-

H Patterson Air Force Base, Ohio. Major Potter is presently assigned to

6585 Test Group, Holloman AFB , New Mexico , 88330. Much of the mathe-
matical formulation was accomplished by Prof. T.W. Ting of the Univers ity

of Illinois while working as a visiting scientist at the Applied Mathe-

matics Laboratory of the Aerospace Research Laboratories , Wright—Patterson

Mr Force Base , Ohio. A. F. Grandt was the Project Engineer for the Air

Force Materials Laboratot~y. The report covers research conducted under

Project No. 2307, Task No. 2307P1, Work Un it No. 2307P102. This report

covers work conducted from January 1975 through December 1 978.
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SECTION I

INTRODUCTION

Since  m e c h a n i c a l l y  fastened j o in t s  represent one of the most common

fa i lure sources in aircraft structures (Reference 1), considerabl e re—
search has been directed toward developing fatigue resistent fastening

systems. One common method to extend the fatigue life is to introduce
a control led residual stress fiel d around the fastener hole by means of
an i nterference fit fastener (Reference 2) or by pre-expanding the hole

with an oversize mandrel (Reference 3). This latter process , commonly
known as coldworklng , di ffers from i nterference fit a pplica tions ma inly
in that the hole is a llowed to radiall y unload prior to inserting the
fas tener . Thi s unloa d ing resul ts in a large compressive stress field
next to the edge of the hole whic h improves fatigue li fe. Col dwork i ng
precracke d fas tener holes has been s hown , for exampl e, to i ncrease the

cyclic life by two orders of magnitude in some cases (Reference 4).

In order to anal yticall y predi ct the serv ice life of coldworke d
holes , it is necessary to examine the residual stress field caused by

the pre-expansion process. An early study of the plastic deformation of
holes in flat rings and disks is discussed in Chapter 33 of Reference 5.
Al though the applications discussed in that report center about the
practice of interference fitting small tubes into industrial boilers and

condensors , their form of solutions for stresses in the plastic region
are employed here for the coidworked fastener hole probl em. Several
authors have examined the stress fields around interference fit fas teners

by both experimenta l (R2ferences 2, 6-7) and analytical or numerical

procedures (References 8—10). However , anal ys i s of unload ing wh ich
charac ter i zes the col dwork i ng process (Refer ences 11 , 12) has rece ive d

less attention in the publi shed litera ture . The prob lem formula tion
and mathemat ical anal ys i s , which provide a basis for the results pre—
sented here , are reported in References 13 and 16.

1
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The major content in this report Is in two sections , Elastic-Plastic
Analysis and Discussion of Results . In the Elast ic—Plast ic Analysis section ,
deformation theory , radial symmetry and plane stress assum pti ons are used
to model the coidwor king process. Comprehensive results for fini te ring
geometries and arbitrary material properties are presented in graphical
form . In the Di scuss ion of Resul ts sec tion , the features of the graphs
which seem most significant from a designer ’s v i ew po i nt are emphas i zed .
The graphs indicate that the region of yielding during pre-expans ion char-
ac ter i zes the res idual hoo p stresses which presuma bly i nhibit crack growth .
A relation between this region of yielding and the mandrel i nterference

l eads to an analytical optimum Interference. A comparison between analy-
tical optimums and experimentally determined mandrel Interferences which
produce maximum fatigue life shows very good agreement. Thus , it is

suggested that the cause of the beneficial effects of coldworking is cor-
rectly charac ter i ze d and the ana lytical optimum interference corres ponds
to the mandrel interference that leads to maximum fatigue life . The major

ideas are inc luded  in the summary.

- -
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SECTION I I

ELASTIC-PLASTIC ANALYSIS

1. MATHEMATICAL MODEL

The geometry for which the coldworking process is modeled is depicted
schematically in Figure 1. We consider a hole of radius a in a circular
sheet of elastic—perfectly plastic materi al with outer radius b. The
coldworking process involves radially expanding the hole with a mandrel
to produce yielding (loading), then removing the mandrel (unloading).
The region where yielding occurs during expansion is determined by a
loading elastic-plastic boundary , p, and the region where yielding occurs

during unloading is determined by an unloading elastic -plastic boundary ,
p ’ . Assumptions of plane stress and radial symmetry are employed in

modeling the process. Deformation theory is used to relate plastic
strains to total stress and the Von-Mises yiel d criterion is used to
define the constant yield surface for plastic flow . The continuum equa—

tions are averaged through the thickness of the plate.

For the loa di ng process , the equations consistent with these
assum pti o ns are (Reference 13).

= 
~~ u (0 y. ~~~

‘ o
~~

) + 
~ 

X (2 o ,~-~~ ) ( 1)

1 , 1u/r = -
~~~, (o

0~~v 1
~r
) + 

~ 
2
~e~~r~ 

(2 )

da
~~~~~~~~~ ~~~ 

(3)

2 2 2A > O w hen o ~ ~~— o r e r

‘2 ( 4 )

o r 8 r O
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where the var i ables u , °r’ ~~ 
and A depend on r , the distance from the

center of the hole , and represent, respectively, the averaged radial dis-

placement after the loading, the radial and circumferential components of

stress after load i ng, and the proportionality factor associated with plas-
tic flow during loading. Note that du/dr and u/r are the radial and

circumferential strains —- the first terms on the rig ht-hand side of

Equations 1 and 2 represent elastic strains and the second terms , plastic

stra ins. The mater ial cons tants E’ and v ’ are respectively the modifi ed

Young ’s modulus and modified Poisson ’s ratio (Reference 14) given by

- E(l+2v) , — vE 2(l+’v) and v — ‘j-~-

w here E and v are the usual Youn g ’s modulus and Po i sson ’s ra tio. The
material constant is the yiel d stress determined from the uniaxial

stress /strain curve and Is equal to the effec ti ve stress for perfectly
plastic modeling (Reference 15).

For the unloa di ng process , the constitutive relations (Equations 1

and 2) are modified to include the permanent deformations due to loading

according to Reference 16.

= 
~ 

(t -~ ‘t 0 ) + A ’ (2t -t ) + 
~~

- X ( 2a~-a~ ) (5)

w/r = 
~~
, (te~

v ’tr) + 
~~ 

A ’(2t9-t~) + 
~ 

A (20~ •0~ ) (6)

where w , tr~ to, and A ’, represen t res pec tively, the avera ged res idual
radial displacement fiel d , avera ged ra di al and c i rcumferential com ponents
of res id ual stress , and proportionality constant associated with plastic
flow during unloading. Observe that the residual strains dw and ~ are

~~
comprised of elastic strains due to locked in residual stresses and

4
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permanent deformations resulting from plastic fl ow during loading and
unloading . The residual stresses and unloading plastic proportionality

factor satisfy equat ions 3 and 4 with 0r ’ °
~~ 

and A replaced by tr~ 
t8 .

and  A ’ .

It is not transparent , but it has been shown in References 13 , 16

that the relations in Equations 1—6 uniquely determine u , 0r ’ o
~~

, A , W ,

tr~ 
t8~ and A t when four consistent boundary conditions are given. For

the loading process , the physical boundary conditions are the mandrel

interference , u0, and the free surface at the outer radius , i .e.,

u(a) = u0 °r ( b )  = 0

characterizes loading . Both inner and outer surfaces are free in the

unloading process; thus

tr (a ) = 0 tr ( b )  = 0

characterizes unload i ng.

It should be emphasized that because of radial symmetry , deformation

theory as appl ied above leads to the same results as the Prandtl-Reuss
flow theory (Reference 15). The Prandtl-Reuss theory is the basis for

the finite el ement analysis implemented by various researchers (References
8, 10 , 11 , 12) investigating plane stress probl ems similar to the cold-

working probl em . Thus, the analysis herein is a semi—exact solution to

compare with finite el ement analyses except that some of the finite ele-
ments analyses include the effect of strain hardening. A strain harden-

ing model , e.g., a Ramberg—Osgood representation of the uniaxial stress!

stra i n curve , could be added to the relations (Equations 1-4) at a
moderate expense in the computational effort required to solve the

equations .

5
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2. METHOD OF SOLUTION

Given geometry, b/a, and material constant , E, v , ~~ a solut ion to
the nonstandard two point boundary value problems which model the cold-

working process is uniquely determined by spec i fyi ng u0. However , it is
shown in Reference 13 that u0 must satisfy 0 ~ u0 < u~, where u* j~

a maximum radial displacement fov~ which the equations have a solution.
The parameter u~ is interesting as a candidate for an optimum interference
level and is discUssed later. The field quantities in the loading process
are implicitly determined by the loading elastic—plastic boundary -- the
implicit algebraic relations are presented in the, appendix. Hence , there
is an al gebraic relation between u0 an d p . It Is shown i n Reference 13

that this relation is one-to-one for u0 which satisfy u < u0 < u~ where

is that mandrel interference that just produces yielding.

The procedure used to solve the two poi nt boundary value probl em
was to determin~ p from u0 using a Newton—Raphson scheme . With p deter-

mined , 0r’ ~~ 
and u are expressed analytically. It turns out tha t the

unloading elastic -plastic boundary p ’ can be expressed analytically in

terms of p. Then the residual fields tr~ 
t0~ and w can be obtained from

implicit analytical expressions in p and p ’ except that the unloading
plastic flow proportionality factor, A ’, must be determined by numerical

integration. Thus that portion of residual displacement field where

plastic flow occurs during unl oading is the only field quantity that is
computed numerically, and this numerical computation is quite amenable to
accuracy checks. Computati ons for a complete solu tion requi re less than
a second of CDC 6600 central processor time ; thus parame ter studi es are
quite inexpensive.

3. PARAMETRIC SOLUTION S

Mathematically, there are four situations that can occur depending 4
on the si ze of the manarel In terference . They are :

6

-
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a. purel y elas tic loadi ng and unloa din g

b. plastic flow during loading only

c. plastic fl ow during loading and unloading

d. no solution
V.

The i nteresting situations for modeling the coldworking process are b

and c w h i c h  occur when u 0 is in the interval (u , u ) . In order to con-

cisely summarize resul ts , the follow i ng normal i zations are ntroduced for
stress and displ acement fields

-

and the distances r , p,  and p ’ are gi ven In terms of hole radii. It turns
out that all dimensionless curves depend on b/a and v but are universal
for ma te r i a l  proper t ies  E and

General results for the elastic—plastic equations are presented in

Figures 2-8. Poisson ’ s ratio was fixed at v = 0.3. The u0 , p relation-
ship is presented in Figure 2 for values of b/a ranging from b/a = 3 to
b/a = 40. As discussed in the appendix , the maximum value of ~ var i es
from ~ = 2.96 for b/a = 2.96 to~~ = 1.75 for infinite b/a. These curves

are un iversal for the elastic—plastic probl em except for a small depen-
dence on v which will be discussed later.

Stress and di splacemen t fiel ds for mandrel in and mandrel out s itua-
tions are presented in Fi gures 3— 6. Dimensionless mandrel interference
is varied over the range (u~, ~~

) and b/a is fixed at 40 (essentially an
infinite outer radius). In Figure 3, the  corners in  the  hoop stress curves

occur at the loading elastic-plastic boundary , p .  The additional corner

7
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in the residual hoop stress curves occur at p ’ (Figure 5). The effects
of finite geometry on stress and displacement fields are illustrated in
Figure 7 -- the parameter b/a Is varied over the same range as in Figure
2. The dimensionless interference is fixed at 7 corresponding to a
situation where , according to Figure 2, geometry affects p.  The relation-

L. ship between mandrel i nterference, loading elastic-plastic boundary, and

residual deformation at the hole , w0, Is presented in Figure 8. These
data are limited to a single geometry , b/a = 40. An interpretation of

the data displayed in Figures 2-8 is presented in the next ~ection.

Poisson ’ s ratio has little influence on the dimensionless solutions
for even moderate coldwork lng levels; hence no curves are presented to
illustrate its effect. Poisson ’ s ratio enters the probl em through the
elastic strains; so a quantitative feel for the influence of Poisson ’ s
ra t io  is obtained by taking the ratio of elastic to total strains at the

hole.

8
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SECTION I I I

DISCUSSION OF RESULTS

1. SIGNIFICANCE OF PRESENT RESULTS

It is generally agreed that the increase in fatigue life observe d
for coidworked holes is attributabl e to the residual compressive hoop
stresses at the hole. The - res id ual hoo p s tresses tend to coun terac t the
tensile stress concentrations which would otherwise occur in remote load—
ing situations . Figures 3 and 5 indicate that the loading elastic—plastic
boun dary i s a goo d measure of the s i ze of the re gi on where there are com-
press ive res id ual hoo p s tresses . It i s stri ki ng how the re gi on of com pres-
s i ve stresses i s en hance d by unloa di ng . Th i s su gges ts tha t i nterference
fit fasteners mi ght be effective even when loosely fitting if they were

initially torqued sufficiently to produce substantial yielding at the
hole. At any ra te , p is a possibl e measure of the effectiveness of a
given mandrel interference in suppressing growth of radial cracks ; hence ,

the curves i n Fi gure 2 rela tin g p and u0 may be quite useful to the desi gn-
er In v isualizing the coldworking effects for different mandrel interfer—

ences.

In particular, there is a maxim um value , 
~m ’ for the loading elastic-

plastic boundary which corresponds to u~, the maximum allowabl e mandrel

interference (Figure 2). Since u~ leads to the maximum region of residual

compressive stresses , it’ s reasonable to interpret u~ as a mathematical

optimum interference level . From a tolerance standpoint , it’ s Interest-
ing to note tha t the maximum p i s almos t obta ined for a broa d ran ge of
mandrel Interferences preceding u~ . Experimentally determined optimum

interference level s are compared with u~ in a later section.

9
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In v i ew of the m i nor i nfluence of Poisson ’s ratio on solu tions , the
data presented in Fi gures 2-8 is comprehensi’1~e for this model i ng of the
col dworking process in the sense that the effects of material properties

and ring geometry are displayed . The major effects of material properties

enter al gebra icl y throu gh the normal i za ti ons. In part icular , the dimen-
s ionless parame ter E’ t~’r c harac ter izes the pr imary effec t of ma terial

0
0

properties , e.g., for a fixed geometry , the optimum percent interference

U*/a scales with ~O0 _ ao
- u~/ a = u ~~p-,~

The major effect of b/a is in determining the largest ring of yielding
which can be produced by coldworking. Hence , the optimum radial expan-
s ion, u~, is affected by geometry (Figure 2). Figure 7 indicates that,

for fixed u0, the effect of b/a on residual stress fiel d near the hol e

Is insignificant , and both Figures 2 and 7 indicate that infinite geo-
metry is a good approximation for b/a > 10.

The u0 an d p vs w0 curves i n Fig ure 8 are presen ted to s how the
possibility of determining the amount of coldworking (as indicated by p

or u0) by simply measuri ng the hole diameter before and after the cold-
wor ki ng process. The ac tual man drel interference may no t be eas y to
measure i f the man drel deforms as wel l as the mater ial aroun d the hole.
At least one manufacturer (Reference 17) has spec ified the coldworking
process in terms of initial and residual hole diameters.

2. OPTIMUM INTERFERENCE LEVELS

In order to maximize the fatigue life improvement due to the cold—
wor ki ng proc ess , the desi gner needs to sel ec t the pro per amoun t of
ra dial ex pans ion u0. In current practice the optimum Interference level

10
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is usually based on a series of fatigue tests (References 3 ,4). Since
the optimum expansion would be expected to vary with material and hol e
diameter , this empirical approach can be both excessively expensive and
time consumi ng for use in design.

As su gges ted earl i er , the beneficial effects of coldworking may be
characterized by the loading elastic—plastic boundary p, s ince p deter-
mi nes the size of the residual stress fields. In particular , there i s
a max imum p and corres pon d in g max imum u0. Thi s max imum man drel i nter fer-
ence , u~, may be considered an optimum level since it leads to the largest
region of compressive hoop stresses.

For conven i ence , a graphical representation between u~E /~ and

hol e radius a is given in Fi gure 9 for the large plate case (b/a lO).
Poisson ’s ratio was specified as 0.3, but as discussed , varying v for
o ther prac tical values has a rela ti vel y small ef fect on t he resul ts. -

Thus , from Figure 9, one may specify the material properties E’ and
a , select a hole ra di us , and readily determine the rad ial ex pans ion ci

0 0

required to cause the maximum elastic-plastic boundary p .

In order to test the hypothesis that u~ is the optimum expansion
from a fatigue life standpoint, experimental data reported In References
3 and 19 is included in Figure 9. The data of Reference 3 were obtained

from a series of constant amplitude fatigue tests on coldworked holes
in which the amount of mandrel interference was the variable. The speci-
mens con tained ini tiall y unfl awe d holes whic h were drille d , reame d , and

co idworke d In a manner cons i s tent w i t h common manufa ctur ing prac ti ce.
The holes in the 2024-1851 aluminum specimens were unfilled and l oaded
remotely, while the 7075—T6 aluminum members were subjected to partial
load transfer through a fastener placed In the hole as would occur In
an actual structure. As the interference level was Increased , the

11
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constant amplitude fatigue life (cycles to failure) tended to approach
a maximum value. However , the increase in  fa t i gue life graduall y levels
off as the i nterference Is increased , thus , it was sometimes difficult
to precisely locate the opt imum interference within the experimenta l
scatter. The minimum expansion requ ired for this maximum fatigue life

was sel ected as the optimum interference for that hol e size. The data
point on Figure 9 from Reference 19 is the result of a s im i lar set of
experiments with Interference fit fasteners in which constant amplitude

fa tig ue l ife was also measure d as a func ti on of fastener i nterference .

As seen in Figure 7 the experimental data generally agree quite well
with the hypothesis tha t u~ represents an opt imum value of radial ex pan-
sion for fat ig ue l i fe. In ad diti on , the gradual approach to the experi-
mental optimum Is consistent with the flattening of the p vs u0 curve,

Figure 2, and su gges ts tha t there may be a des i ra ble lar ge to l erance in
specifying the mandrel iiterference. In this regard , no te from Figure 5
that there Is little difference in residual hoop stresses for 6.9 and 8.3

dimensionless i nterferences and 8.3% i s near o ptimal. A key po i nt here
i s tha t Figure 2 gives the des igner a feel for near o pt imal as well as
o pt imal i nterferences . In fac t, physical limitations of actual manufac-

turing equipment may preclude reaching the theoretical maximum expansion
values in some cases . The man drel s used to co l dwork t he s teel s pec imens
somet imes faile d , for exam ple , at the loa ds re qu ire d to pull the man drel
at the l arger interference level s (Reference 3). Thus, both the relations

between p and u0 shown in Fig ure 2 and the o ptimum theoret ical values
shown In Figure 9 should be quite useful to the designer , since they pro-

vide a fatigue life criteria for selecting an interference level for a
new material and hole size.

i f
12
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SECTION IV

CONCLUSIONS

The deformation theory of plasticity has been used to determine the
residual stress and displacement fields caused by pre—expanding a hole

in a circular disk with an oversize mandrel . Since fatigue rated mechani-
cal fastening systems commonly employ interference fit or pre-expansion to

develop a beneficial residual stress fiel d about the fastener, this prob-
lem has considera bl e engineering interest. The results obtained here are
presented in a general form which  should assist in predicting the perfor-
mance of many specifi c fastener applications. In addition , by explicitly
using radial symmetry , the approach i s inherently more accurate and econo-
mical than fin ite el ement techniques. The method could be extended to
Include stra in hardening effec ts. -

r In Figure 3, the hoop and rad ial stress di stributions cause d by

var ious interference fits are presented in a dimensionless form which
allows determination of the stress distribution by simpl y inputting the
appropriate material properties and interference conditions . These “man-
drel in ” curves model the behavior for interference fit type fasteners .
The residual stresses occurring after the hole is allowed to radially -

unload are given In a similiar general form In Figure 5. These “mandrel
out” curves represent the coldworking process which is receiving increased
interest for use in fatigue critical areas. Comparing Figures 3 and 5, *
one notices that thb radial unloading allows a much larger compressive j
residual hoop stress to be developed next to the edge of the hole than
the corres pond ing “mandrel in ” configuration. -

An analytical optimum radial expansion u~ Is proposed which would
al low the engineer to maximize the fatigue improvement in the coldwork—

Ing process. The analysis developed here Indicates that there is a

I .
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max imum loading elastic-plastic boundary 
~ 

developed by the radial expan—
sion which Is dependent only on geometric factors. The proposed optimum

interference level u~ Is the radial expansion which causes 2max~ 
For

u*EhI~convenience , 0 — is plotted versus hole size in Figure 9. As shown ,
a0

experimental data taken from the literature for three materials agree

quite wel l wi th the hypothesis that u~ Is the optimum radial expansion

from a fatigue life standpoint. Thus, the curve of Fi gure 9 s houl d allow
the designer to maximIze the fatigue improvement resulting from the cold-
working process.

I

I
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APPENDIX

1. ANALYTICAL EXPRESSIONS FOR FIELDS

Resul ts in References 5, 13 , 16 can be used to obtain ana lytical

expressions for stress and displacement fields after loading and residua l

stress fiel d after unloading. Stress fields after loading are given by

(2a( —p- sin ($(r)—7r/6) a < r < p

cir(r) =

~~ 

-

(
~ a0[l+3(b/p)

4
) 2 [l-(b /p)

2
J p < r <

(2a—s- sin (Ø(r)+tr/6) a < r < p

09(r) ‘~ 
_ 1

r I 4 2 2
~~ a~[l+3(b/p) ] [l+(b/p ) 3 p < r < b

where 0 i s related to r by

/~~b
2e s in(Ø )

2 
p 

= exp (-J~$(r)) cos($(r)) (A.l)
r

and 0 Is related to p through

sin2 ( 0 )  = 1/El+3 (b/p)4] (A. 2)

The corresponding radial displacement field after loading is given by

[(1
~
2v’)Gr(r) + (2G

~
(p)

~
ar(p)) exp [15($ -0(r))) a < r  ~ pu(r) S 

p

(-~ [a0
(r)_ v ’or(r)] p r

‘ - C.

-

~ 
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The residual stress field is given by

f2a—s- sin(4J (r)—1T/6) a < r <

tr(r) ~

I t (p ’ ) -a  
~~~~ 2r [l-( b/r) ]+ a~(r) p < r < b

\. l- (b/p ’)
2

I 2a

\ ;7~2~ sin (~p(r)+,T/6) a < r < p ’

t0 (r) = 4 ç

I t (p ’ )—a (p ’ )r r 
2 [l+(b/r)’] + a ( r )  p ’ < r < b

\. l-( b/p ’)

where ~p and r are related by

-ir7/~-a 2/~ exp 6 = exp (-ip(r)v’~ cos (i~(r)) (A.3)
22r

and p ’ Is determi ned from Equations A.1 , A.2 , A .3,. and

b2I~2 [s in (ip(p ’)) — sin (Ø(p’))] = [cos (i~ (p ’ ) )  — cos (Ø (p ’ ) ) J

p 
-

-

The residual displ acement fIel d is given by

(r ft (r)-a (r)-v ’(t (r)—a (r’)+A ’(r)(2t (r)—t (r)}+u(r) a < r < p ’
0 0 r r 0

w(r) <) r Et (r)-a (r)-v ’(t (r)-ci (r)]+u(r) p ’ < r < b0 0 r r

18
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where A ’(r) satisfies the ordinary differential equation •

~~~~

— = -[(2A ’+3/E’ )~~ (t
0
+t~~)~~T ~~

(a0+o r)J/(2t0~
t )

subject to A ’(p ’ )  = 0.

2. EXTREME VALUE S FOR 
~max

The maximum loading elastic -plastic boundary occurs when ar (a ) =
- 2a

o (the maximum stress consistent with the Von—Mises yiel d criterion).
/3

The relation between 0 and r for this situation is

2 ( ~~~~)a ex p
2 ~ — exp (-0(r)/~ cos (0(r)) (A.4)

2r

Case 1 (Infinite geometry): From Equation A .2, infinite b implies 0 =

0; then Equation A.4 yields

~ max /a) = [exp (1T/~/3)/2f12 ~ 1 .75

which is the smallest possibl e value of Pmax /a.

Case 2 (Completely plastic ring): It can be shown that the largest 
~maxobtains when the ring is compl etely plastic , i.e., where = b.

The largest ratio of b/a that sustains a completely plastic ring

Is gi ven in Reference 5 as

= exp (1!2)/v15;

- _ _ _ _--- -- -Ci 
-

~
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thus the largest value of 
~
)max is given by

~ max~
’
~~ 

= (exp (!-~ _) i/~) 
1/2 

~ 2.963

L

I

I
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FIgure 1. Geometry of Col dworking Process
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U0 DIMENS IONLESS MANDREL IN TERFERENCE
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FIgure 3. DImensionless Hoop & Radial Stress, a/a vs n a ,
After Loading - Mandrel In
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Fi gure 7b. Effects of Geometry Parameter (b/a) on Residual Stress
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Figure 9. Comparison of Theoretical and Experimental Values for
Optimum Interference Level as a Function of Hole Size
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