Autofrettage of Open-End
Tubes—Pressures, Stresses,
Strains, and Code Comparisons

Autofrettage is used to introduce advantageous residual stresses into pressure vessels.
The Bauschinger effect can produce less compressive residual hoop stresses near the bore
than are predicted by “ideal” autofrettage solutions. A recently developed numerical
analysis procedure is adopted and extended. The ratio of calculated autofrettage pressure
(numerical)/ideal autofrettage pressure (Tresca criterion and plane stress) is calculated
and verified against available solutions. The case of open-end conditions based upon von
Mises and engineering plane strain (constant axial strain with zero net axial force) is
examined in detail. The ratio in this case varies between unity ary] But exhibits very
significant variations from the plane stress case when the diameter ratio of the tube
exceeds 1.8. Results are within 0.5 percent of available analytical, numerical, and experi-
mental results. A simple numerical fit allows all autofrettage pressures to be replicated to
within 0.5 percent. The true plane strain pressure ratio is examined and shown to be

Anthony P. Parker inappropriate in modeling engineering plane strain. A number of residual hoop and axial
Englneeflhg Systems Depaft.mem’ stress profiles is presented for radius ratio 2.0. Calculated pressures are used to deter-
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summarized in a composite plot and a numerical fit is provided. The accuracy of the
current ASME code using pressure criteria is assessed. The code is shown to be generally
and modestly conservative. A design procedure is proposed which appears capable of
extending code validity beyond 40 percent overstrain (the limit of the current code) and of
eliminating the small nonconservatism at very low overstrain. Hoop strain values are
calculated at both the bore and outside diameter of a tube of radius ratio 2 at the peak of
the autofrettage cycle using von Mises criterion with open-end, closed-end, and plane
strain conditions. These are compared with available solutions; general agreement is
demonstrated, with agreement within 2 percent with an accepted simple formula in the
case of open ends. ASME code predictions of percentage overstrain based upon strains at
the peak of the autofrettage cycle are generally within 6 percent of numerical predictions.
This is in turn produces an agreement within approximately 3 percent in residual bore
hoop stress calculation. This discrepancy is generally conservative, becoming non-
conservative only at overstrain levels exceeding 80 percent. Strain during removal of
autofrettage pressure, in the presence of Bauschinger effect, is also calculated. This
shows that the difference in strain during the unloading phase is up to 8 percent (ID) and
6.3 percent (OD) compared with the predictions of elastic unloading. These latter results
show similar agreement with the ASME code as in the peak-strain analysis and permit
correction of estimates of percentage overstrain based upon permanent bore enlargement.
[DOI: 10.1115/1.1359209

Introduction loading is totally elastic. If the combination of stresses exceeds

Autofrettage is used to introduce advantageous residual stres3¥¥'® vield criterion, the tube will reyield from the bore, thus
into pressure vessels and to enhance their fatigue lifetimes. #@3INg much of the potential benefit of autofrettage.
many years workers have acknowledged the probable influence of his work employs the numerical procedure proposed by Jahed
the Bauschinger effecfl], which serves to reduce the yieldand Dubey[3] and further developed, together with a review of
strength in compression as a result of prior tensile plastic overevious workl4]. The aims are to determine:
load. Chakrabart}2] provides some review of the microstructural . . .
— (@ pressure to achlevg a given percentage overstrain

The reduction of compressive yield strength within the yielded (P) residual stress profiles
zone of an autofrettaged tube is of importance because, on relC) bore hoop residual stress values
moval of the autofrettage pressure, the region near the bore expeld) simple, accurate numerical fits te) and(c)
riences high values of compressive hoop stress, approaching thég) strains at ID and OD after autofrettage pressurization
magnitude of the tensile yield strength of the material, if the un- (f) strains at ID and OD after autofrettage depressurization
(g) comparisons with relevant sections of the ASME code
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via a Tresca plane stress analysis. For various reasons the com-

RADII bined effect of any error in these factors could far exceed the
- orig bore intuitive expectation of a maximum effect of 15 percent.
: orig outer Previous work on strains in autofrettaged tubes with various
Qi & combinations of end conditions and yield criteria has been re-
| vielding viewed and extended iY]. A text containing a general overview
] and examples is availabl@]. Further work is due to MarcdB],
who used a numerical stiffness method to determine OD strain as
a function of peak autofrettage pressure; he also provided a plot of
AENGION OD strain versus ID strain for a range of diameter ratios.
Lw There does not appear to have been any previous numerical
IN COMPRESSION | quantification of the influence of Bauschinger effect upon the
strain during unloadingji.e. during removal of autofrettage pres-
Fig. 1 Tube geometry sure. It is usually assumed, in calculating strains, that such un-

loading is wholly elastic. Conversely, it is usually assumed, in
calculating residual stresses, that such unloading does involve fur-
general radius locatiom, Overstrain is defined as the proportiornther plasticity. These assumptions are mutually incompatible. The
of the wall thickness of the tube which behaves plastically duririgference of further plasticity during unloading is incontrovertible,
the initial application of autofrettage pressure. _and the question is therefore not whether unloading is inelastic,
The materials considered are steels which conform with thg \hether such behavior makes any significant contribution to
descriptions contained withib], upon which the uniaxial stress- girain values and subsequent stress calculations.
strain behavior in tensio_n and subsequent compression is based:ne ASME Codd9] contains procedures for relating OD strain
The materials reported ifb] do not exceed a yield strength of 5t peak autofrettage loading to the percentage overstrain. It also
1100 MPa; there is also good reason to believe that this behavippyiges a method for relating the difference between bore diam-
also extends to martensitic steels having significantly higher yielge, pefore and after autofrettagermed permanent bore enlarge-
strengthd 6]. ) _ _men) to the level of overstrain.
Parker et al[4] present typical hoop residual stress profiles |, 'this paper strains are calculated for von Mises criterion ap-
based upon a Tresca criterion plane stress analysis arising frgpq to EPS, closed-eridonstant axial strain with net axial force

autofrettage of a tube of radius ratio 2.0. The “ideal” profile foteqya| to internal pressure bore cross-sectional ane@nd plane
elastic-perfectly plastic behavior without Bauschinger effect is IRstrain (zero axial strain configurations.

cluded for comparison. Noteworthy effects include:
eﬁ-ecl_targe reduction in bore hoop stress as a result of Bauscmn%ﬁalysis Procedure

» The Bauschinger effect penetrates much deeper into the tubdhe residual compressive hoop stress within the plastically de-
than previous attempts at modeling typical gun steels have sdigrmed region of an autofrettaged tube determined via a Tresca
gested: approximately 22 and 30 percent of wall thickness fplane stress analysis without Bauschinger effect is well known
overstrains of 60 and 100 percent, respectively, for a tube of ], and is given by
ggjriergpo 2.0. Previous work has suggested depths of around }T%]Taz P+ Y[+ In(r/a)]—[p]™aZ(b?—a?)]-[1+b?/r2]

* A minimum value of hoop stress at the bore associated with a . o ) @
‘saturation’ value of 2 percent plastic strain. This is a direct resulthereY is the uniaxial yield stress for the material, and the au-
of the constant Bauschinger effect fact®&EF) values observed tofrettage pressur€Tresca, plane stres]™ is given by
by Milligan et al.[5] for plastic strain>2 percent. To_ 2 2 o2

 Very limited benefit(in terms of increased compressive hoop P1"7=Y[In(c/a)+(b"—c%)/2b%] )
stresses in the near-bore regi@s a result of overstrain above 60andc/a<2.22. Yielding onset0 percent overstraig=a) occurs

percent. when
» Disadvantages in autofrettage above 60 percent because of Te w2 22
the significant increase in tensile residual hoop stress at the out- Plo‘percent Y(b*—a%)/2b ©)
side diameter. The equivalent pressure for the case of von Mises and plane

VM H
The results presented fd] all relate to Tresca’s yield criterion Str€SSPlo percent 2], may be obtained from

under plane stress conditions and are limited principally/ta VMo To _ J1+143(0b/a)®
=2. Work herein covers the range &b/a<3.0 and includes the P10 percertPlo'percent (243)/ V1 -+ 143(b/a)%} “)
more practically relevant case of von Mises’ yield criterion comt00 percent overstraircEb), for Tresca, plane stress requires a
bined with engineering plane straiiEPS conditions, i.e., con- pressure
stant axial strain with zero net axial force, often referred to as To
open-end conditions. However, in order to simplify the presenta- P1100 percert Y IN(b/a) ®)
tion of results for such a large range of geometries and overstr&nbstituting Eq(2) into Eq. (1)
levels, attention is focused upon bore hoop stresses. These areof .~ 2o 2 22
overriding importance because it is this value which dominates”sl 7/Y=(c"+b%)/2b%+In(r/c)—[a*/(b*—a%)]-[1+b/r?]
fatigue crack grc_;vvth calculations and which is used to determine [(b2=c?)/2b2+In(c/a)] (6)
pressure for reyielding4].

In order to achieve the aims it is necessary to critically examiriehe value of hoop stress at the bore is obtained by satting in
certain common assumptions. The first of these is the frequent & (6) to give
of a multiplying factor of 1.152/3) in order to determine re- To N (2 22) _ 2 2_ .2
sidual stress profiles based upon von Mises’ criterion from those oloord Y =L(c"—2%) —2b%In(c/a) }/[b"~a’] )
obtained using Tresca’s criterion. The second, separate assumgHill [10] reviews approximate methods of correcting Ef).to
tion is the use of a similar multiplying factor in determining thesimulate von Mises criterion in modeling the autofrettage process.
required bore pressure to achieve a given percentage overstraiitl. concludes with the now familiar finding that by substituting
This factor is used to scale the autofrettage pressure determii2ativ3 (generally represented as 1Y)Sor Y in Eqgs.(6) and(7),
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the errors in residual stress prediction are less than 2 percent. =~ 118 : - "

implication is that for a given percentage overstrain, a simp § 1.4 ey —— ===t

scaling of the Tresca residual stress predictions by 1.15 will pr.a | Pl /k,._’-*“._*‘.t\:

duce the desired von Mises prediction. Note that Hill's analysg § //‘:/ == 7\‘\\\(

implicitly excludes Bauschinger effect and assumes true plag;f;J T / ‘ T

strain conditions(TPS, i.e., zero axial strain. This will be of §& 1o - 12 e o =

importance in understanding upcoming results relating to EPS.E,E 106 Lo | ——20% e 30% L
The question of modification of autofrettage pressure to accoLg § {x-40% —~—50%

for von Mises criterion with open-end conditions has been a§a "* 1 4f TS o

dressed by several workers. Davidson e{1] obtained experi- € § 102 T S o0 4 100%(ANALYTIC)

mental values of pressure at 100 percent overstrain in the rar ‘E’ " { = O%(ANALYTIC)

o

1
1.6<b/a<2.4, Marcal[8] employed a stiffness method and de: 1 12 14 16 18 2 22 24 26 28
termined pressure for 100 percent overstrain in the range 1.5 hia

<b/a=<4.0, together with_hoop strains_ at the outer surfa(_:e forthe, > Rore pressure for given percentage overstrain, von

complete range of possible overstrain pressures. Davidson jides and plane stress conditions assumed

Kendall[7] proposed an empirical pressure value of Y.08b/a)

for the case of 100 percent overstrain, with an associated maxi-

mum error of 2 percent. The current ASME pressure vessel codeThe numerical results for the cases 0 and 100 percent overstrain
[9] uses a fixed scaling factor of 1AB, but limits code validity are within 0.2 percent of the analytical bounds. The 100 percent
to a maximum of 40 percent overstrain. bound is not valid beyond/a=2.5 because of the restriction

A rational approach to the numerical procedure, which isnposed by Eq(10). Figure 2 gives considerable confidence in
lengthy and often involves multiple iterations, requires that analyhe numerical procedure employed. The technique is now ex-
ses are undertaken in a specific sequence, namely: tended to the case of von Mises, EPS.

Step 1 For each tube geometry iteratively determine pressure td'rhe numerical procedure required to encompass EPS requires
achieve a given percentage overstrain. This is repeated for trdy one enhancement to the procedure employed thus far and
case of von Mises’, plane stress]'™?, and von Mises, EPS described in[4]. This involves an additional iterative stage in
p]YMEPS. Both sets of results are normalized with Tresca, plarhich a true plane straifTPS (i.e., zero axial strainsolution is
stressp]™”. The first set is used to validate numerical results byPtained initially and total axial force in the tube determined. An
comparison with analytical bounds, the second set is used as @Propriate constant strain is then applied to the tube and itera-

basis of a proposed design procedure. tively adjusted until EPS is achieved. This extended procedure
Step 2 Determine some simple numerical fit to the ratios detdquires two alternating sets of iterations. It was found that each
mined in Step 1 for use by designers. EPS solution for a given geometry and autofrettage pressure re-

Step 3 Employ the autofrettage pressures determined in Stefuired around 1000 iterations in total; however, since the selection
for the von Mises, EPS case in determining a limited range f autofrettage pressure for a given overstrain is itself iterative,
autofrettage residual stress profiles. These results to cover hdig number must be factored by a further 10 or 20. Since the
and axial stress and encompass both Bauschinger-affected Bffsure-iteration procedure does not readily lend itself to com-

non-Bauschinger-affected situations. plete automation, the process is undeniably time consuming! The
Step 4 Determine numerous bore hoop stress values for the wieme does nonetheless provide a monotonic, repeatable, mesh-
Mises, EPS case, normalized with]™ from Eq. (1). independent convergence. .
Step 5 Determine some simple numerical fit to the ratios deter-Figure 3 is in precisely the same \‘;?ArE”Qgt as Fig. 2, but relates to
mined in Step 4 for use by designers. von Mises criterion, EPS solutionp] . In this case the pre-
Step 6 Use procedures employed in Steps 1-5 to assess a¥Qus bounds are clearly in evidence, with O percent forming an
racy of ASME code. excellent upper bound, but with significant deviation ki

extend code validity beyond current 40 percent overstrain limitPlane stress bound. The analytic TPS bound for O percent over-

Step 8 Repeat appropriate steps to determine ID and OD str&fffin [2], labeled “100 percent ANALYTIC,” is also included.
values. This leads to an important observation: the use of a fixed pressure

ratio of 2&3 may be justifiable in the TPS case, but appears inap-
propriate in the EPS case.

Pressure for Given Overstrain Level The following expression provides a fit to the ERfpen-engl

. . . results which are generally within 0.5 percent over the entire
Figure 2 shows numerically determined values of bore press %ge' 9 y P

for a given percentage overstrain based upon von Mises criterion,
plane stressp]Y™?, normalized with the equivalent Tresca, plane
stress pressung]™”. Elastic-perfectly plastic behavior is assumec 116

during loading. Two analytical bounds are also shown: the first gm —
the onset of autofrettage as defined by E], while the second SB o
bound relates to 100 percent overstrain and was obtained ite § §
tively from Weigle[12]. This equation, in current notation, is gg ”
gﬂ 1.08 e 10%
(b/a)?\3y SE —20% —30%
21n m =v37—2v3 arctan Vvy—1 (8) 5’% 108 e 40% o 50%
Y 23104 5 f ——80% —+70%
h e 7 = 80% —-90%
where 210 ——100% 4 100%(ANALYTIC)
4 g 1 = 0%(ANALYTIC) + 0%(plane strain}
— VM 2 1 12 14 16 18 2 22 24 26 2.8 3
Y= § [Y/( p-lloogpercer‘“ (9) press_TvWM2.xls bia
and, for a real solution Fig. 3 Bore pressure for given percentage overstrain, von
Mises and engineering plane strain  (open-end ) conditions as-
VM
(p] lOOUpercer)L/Ys 2W3 (10)  sumed
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1.4 —me— Current Work e T 0.23 e
Numerical - Marcal (1965) ) g Open Ends : Constant value of zero
> 12 & Experimental - Davidson et al (1963) § Closed Ends : Constant value of 1/3
§ - @~ Proposed Fit- Davidson and Kendall (1970) E 0.22
T e ] " . - ;
2 S ~&~Plane Strain
o -
R T - 2 =4 Quasi-Plane Strain
8 =
& < 021
£ 06— o
£ g
3 &
g 0.4 Z &
g 0.20 % ¢
= 02 1 12 14 16 18 2
strain02.xls cla
0 T T r
1 15 2 25 3 Fig. 6 Average axial stress /autofrettage pressure for plane
bla strain and quasi-plane strain  (b/a=2)
Fig. 4 Bore pressure for 100 percent overstrain—comparison
with other work, von Mises and engineering plane strain con- and plane strain conditions, are presented in Fig. 5, wherein pres-
ditions sure is normalized using that for Tresca, plane stress, from Eq.
2. '
TP As expected, the results for plane strain are bounded by the
Pl 3_ (2W3) open and closed-end solutions. However, plane strain is not con-

NG 1+143(b/a)"} 1) sistently separated from these two bounds, the effect being par-
ticularly evident approaching 100 percent overstrain. This is due
where to subtle differences arising from the fact that, while average axial
—4-2m; (12) stress is proportional to autofrettage pressure for open and closed-
@ ’ end solutions, this is not so for plane strain after the onset of
and yielding. The plane strain solution was compared with an artificial
o _ B B quasi-plane straifQPS solution, with constant average axial
n=(c—a)/(b—a), (c—a)/(b—a)<70percent (13) stress/autofrettage pressure held at the ratio which obtains during
n=70percent, (c—a)/(b—a)>70 percent (14) the elastic phase. This ensures that prior to the onset of plasticity,
S plane strain and QPS are identical, but thereafter may differ. Fig-
The results fo_r 100 percent overstrain with open ends may algge 5 shows the pressures for QPS. These results demonstrate a
be compared with two other sources. Figure 4 shows pressure figre consistent separation from open and closed-end solutions.
100 percent overstrain normalized with yield stress. The results OfFigure 6 shows the average axial stress for plane strain and for
Marcal [8] who used a numerical procedure are shown togethgfps. A maximum difference of 13 percent is evident. Analogous,
with the averaged experimental results of Davidson dtldl and  pyt not proportional, effects in strain variation are reported in
the empirical fit proposed by Davidson and Kend@IL The cur- upcoming sections.

rent work is within 1 percent of8], and within 4 percent of the
experimental r_esults. The experimental results fgll generally bewasidual Stress Profiles After Pressure Removal
low the numerical. It was also noted that the outside surface hoop ) ) ] ) )
strains, covering the full range of partial autofrettage pressure andlhe pressure ratios presented in the previous section provide
diameter ratios reported in Fig. 1 {8], are replicated to within the pressure necessary to achieve a given percentage overstrain.
0.5 percent by the current method. Wh_en the bore pressure deflne(_j in Fig. 3 and (&d) is rempved _

An apparently anomalous effect was noted which helps to e;@smue}l stresses are “locked |n’.' to the tube. It is dyrlng.thls
plain equivalent variations in strain in a later section. Considertloading phase that the Bauschinger effect may manifest itself.
typical tube of radius ratioh/a=2. Autofrettage pressures were Figure 7 relates to the cabéa=2 without Bauschinger effect.
determined for a given level of overstrain with open-end condit shows the percentage error in bore hoop stress and in percent-
tions. These, together with additional values covering closed-end
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—w— Bore Hoop Stress EXCEEDS
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(Open Ends) . H
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0% a
30% 40% 50% 60% 70% 80% 90% 100%
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Fig. 5 Pressures at autofrettage peak for plane strain, open-
end, and closed-end conditions, b/a=2. Results normalized Fig. 7 Percentage error in bore hoop stress and in percentage
using Eqg. (1). overstrain resulting from use of Hill's approximation [10]
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Hoop Stress / Yield Stress
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Fig. 8 Hoop residual stress profile for ~ b/a=2 with various per-
centage overstrains; von Mises and engineering plane strain
(EPS) conditions assumed

Axial Stress / Yield Stress
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Fig. 9 Axial residual stress profile for b/ a=2 with various per-
centage overstrains; von Mises and engineering plane strain
(EPS) conditions assumed

age overstrain for both true plane strain and EPS based upon
Hill's model [10]. In the case of plane strain Hill's model provides
bore hoop stress within 0.1 percent and underestimates overstrain
by between 2.5 and 4.0 percent. Equivalent discrepancies in
the EPS case are less than 2.7 percent for hoop stress, but with
large underestimates in percentage overstrain at higher nominal
overstrains.

Figure 8 relates to the casda=2 including Bauschinger ef-
fect. It shows typical residual hoop stress profilg$’EPS for the
full range of possible overstrain. The profile relating to 100 per-
cent overstrain without Bauschinger effect is shown as a heavy
broken line; the remainder of the results include Bauschinger ef-
fect. Qualitatively, these results are very similar to those for
Tresca, plane stregd] summarized earlier and the observations
listed as bullet points in the introduction are unchanged. However,
there is some increase in magnitude of residual hoop stress be-
tween Tresca, plane stress and von Mises, EPS. Examples of per-
centage increase in compressive bore hoop stress are 10.3 percent
(20 percent overstrain11.4 percent40 percent overstrajn10.7
percent(60 percent overstrajn 9.4 percent(80 percent over-
strain), 8.5 percen{100 percent overstrain

The associated values of axial stress are presented in Fig. 9.
The approximate rule-of-thumtiore hoop stressPoisson’s ratio
=bore axial stresss observed. Because there is an extremely
large number ob/a and overstrain combinations under investiga-
tion, results presented hereafter focus upon bore hoop stress
values.

Residual Bore Hoop Stresses

It has been notefil3] that percentage plastic strain during ini-
tial autofrettage pressurization is of crucial importance. Because
this is a strong function of/a and relatively insensitive tb/a, it
is frequently more physically significant to plot hoop stresses as a
function of c/a rather than percentage overstrain.

Figure 10 shows a composite plot of bore hoop stress versus
c/a. One set is predicted from an ideal, von Mises, EPS, elastic-
perfectly plastic analysis without Bauschinger efféabnotated

1 1.2 14 16 18 2 2.2 24 26 28 A
0 [ [ T [ |
——b/a=3.0 VMEPS(B) ——bla=3.0 VMEPS(1)
041
\& ~%~bfa=2.5 VMEPS(B) -~ bfa=2.5 VMEPS(I)
-0.2 Ty
—=b/a=2.0 VMEPS(B) —o—b/a=2.0 VMEPS(1)
(3
g o3 ——b/a=1.75 VMEPS(B)  —o—b/a=1.75 VMEPS(l)
5
n
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[ \\\
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Fig. 10 Bore hoop stress values as a function of
indicates ideal solution,
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c/ a for a range of autofrettaged tube geometries.
(B) indicates results incorporating Bauschinger effect.

0}

AUGUST 2001, Vol. 123 / 275

Downloaded 11 Nov 2008 to 129.5.224.57. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



“I" ) and the other set from a similar analysis which includeShe procedure involves entering witiia, moving vertically to
Bauschinger effedtannotated “B”). In all cases bore hoop stressappropriate percentage overstrain or bounding curve, whichever is
values are normalized with yield stress. encountered first, and reading off bore hoop stress.

One design approximation to the Bauschinger effect is thatThe upper bound of Fig. 11 may be approximated as follows
compressive hoop stress at the bore is capped at 70 percentnaéximum error 0.5 percent
yield when the ideal value exceeds this level. Figure 10 indicates UMEPS, T 3 )
that this assumption may be significantly nonconservative. For Tolpore 1 T glpgre= 0-0791b/a)*—0.6502b/a)
example, an overstrain of 27 percent fofa=2.5 would be
capped at 70 percent of yield, whereas its value is only 53 percent +1.8141b/a)—0.5484 (15)
of yield. Such an overestimate could produce orders of magnitudeBecause reversed yielding will occur even in the absence of
shift in fatigue lifetime calculations from pre-existing defects irBauschinger effect when/a>2.22, Eq.(12) is limited to c/a
cyclically pressurized cylinders. However, the use of an approx=2.22. The linear sections which incorporate the Bauschinger
mation based upon 70 percent of the ideal value does give a useftibct are approximated by
design approximatior(within 2 percent and conservativéor

cla>1.4. T olmEPS | le = R—0.7086 (1.0296n°— 2.7994n?
Figure 10 also indicates a consistent “cut-off” ata=1.2,
below which the results follow the ideal curve without Bausch- +2.663m—0.89 (16)

inger effect and above which they exhibit an increasing loss @fhere

compressive yield strength arising from the Bauschinger effect.

The cut-off is clear for all results witb/a=1.5. While the effect R=1.0388-0.1651b/a) a7
was more subtle, it is also exhibited in the numerical results for d
b/a=1.25. The Bauschinger effect is absent lida<1.2. an

m=(c—a)/(b—a) (18)

. This fit is shown for comparison as straight, dotted lines in Fig.
. ; h 41 Overall the fit is conservative with maximum errors of 5 per-

leads to a possible desT|gn procedure. Figure 11 shows the S3igf; |n the ranges of most practical application, &ba

data normalized withr jlyore, EQ. (7). Two features emerge: <3.0, 30 percent(c/a)/(b—a)=<80 percent, maximum error,

(a) There is an upper bountshown as a heavy lijewhich again conservativc_e, is generall_y less than 2 percent. _
defines residual stress for those cases in which Bauschinger eff ihe overall design procedufee., pressure calculation via Eq.
is absent. All ideal curves shown in Fig. 10 fall on a single curv@. and stress calculation via E¢L5) or (16)) was compared
Deviation from the curve is less than 1 percent over the full ran%ﬂth the original data p'res_en’ged in Fig. 10. Maximum difference is
of overstrain and/a ratios considered. en_erally 1.5 percent; this is considered adequate for a simple
(b) When Bauschinger effect is present, the residual streggi'gn procedure.

variation is a near-linear function dfa with generally constant he upper bound, defined by EQ]:S) was also gxamined in
slope for all overstrain levels. more detail in order to assess existing models. Figure 12 shows

the bound relating to von Mises, EPS based upon (E§), to-
Figure 11 could form the basis of a single, accurate desigther with the equivalent, numerically determined, bound for von
curve whereby autofrettage pressure for required overstrain is dlbises, plane stress; the latter appears to exhibit a limit @8 2/
tained using Eq(11) and residual stress is obtained via Fig. 11lwith increasingb/a.

Possible Design Procedure

1.2

1.1

*

0.9 +—

xlt|®

038 %y

0.7

06

Ratio of Bore Hoop Stresses
Von Mises EPS / Ideal Tresca Plane Stress

--0--100%
i BOUND

0.5
1 1.5 2 25 3

EPScompositeib.xls
b/a

Fig. 11 Ratio of bore hoop stresses, von Mises EPS  /ideal Tresca plane stress. Broken lines indicate linear fit
to Bauschinger-affected results.
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13 - e (b) Residual bore hoop stress in the absence of Bauschinger
effect is given by 1.16,]/7 .with |17 defined in Eq(7).

(c) Section KD-522.2 contains details of correction for
Bauschinger effect

(d) The code limits the bore pressure calculation to a maximum
of 40 percent overstrain.

1.2

11+

Both (a) and (b) are at odds with the conclusions arising from
numerical solutions presented herein. However, this does not nec-
essarily invalidate the code since the correction procedure serves

Bore Hoop Stress / Tresca, Plane Stress Value

09 ~3¢=\/M plane stress i to modify residual stress calculations. In order to properly com-
—e—VMEPS i pare the code with the numerical procedure presented herein, it is
08 + — | - 4A- VM TPS (20%) - necessary to follow code procedure precisely.
- ©- VM TPS (80%) ‘ Figure 13 shows the result of a detailed comparison of code
0.7 R -— with the von Mises EPS numerical procedure. The results cover
1 1.5 2 25 3 the range 1.25b/a<3.0. The casd/a= 1.1 is omitted since use
bla sratiochecksts of the code autofrettage pressure leads, for all overstrains, to a
numerical prediction of greater than 100 percent overstrain. Fig-
Fig. 12 Bore hoop stresses, von Mises EPS, Tresca EPS, and ure 13 presents percentage differences between bore stress as cal-
von Mises TPS, each normalized with Tresca plane stress culated via the code and that obtained via the von Mises EPS
analysis, i.e.,

In order to further examine Hill's mod¢lLO] referred to in the
earlier “Analysis Procedure” section, the equivalent, numerically
determined solutions for the case of von Mises TPS are presentegbercent Difference _ _
for overstrains of 20 and 80 percent. The maximum difference Numerical Solution
between these results and th&3®lalue proposed by Hill varies (19)
between+11 percentconservativeand —7 percent(nonconser-
vative). It is also apparent, perhaps surprisingly, that von Mises

plane stress is a bettéand consistently conservativapproxima- Hence, a negative difference indicates conservatism within the

(Code Solutior-Numerical Solution

tion to von Mises EPS than is von Mises TPS. code. These results indicate:
. (8 The ASME code appears generally conservative for all lev-
ASME Code Comparisons—Pressure els of overstrain for which it is validi.e., up to a maximum of 40
Autofrettage, including Bauschinger effect, is covered by ARercent )
ticle KD5 of the ASME Pressure Vessel Cofig] which fully (b) The code may be nonconservative at very low levels of
defines the procedure for calculating residual stresses. PointsOYgrstrain(10—20 percentfor diameter ratios>2.0. However, the
significance in the Code are: overestimate is limited to around 5 percent of bore stress.

(c) The code formulation, based upon autofrettage pressure, is
(@) Autofrettage pressure is defined as hJi5 with p]™ de- not suitable in its present form for use beyond 40 percent over-

fined in Eq.(2). strain.
60
40 e
o
CODE INVALID >

@ BEYOND 40% > 7
8 2 OVERSTRAIN > . K
c e
E’ o k/kl——l_-x__A
[ .
o ° 4 o d __g,—-—-"‘rw::;«r——
] 4
o o S
g A
=
@ s
e &
g: -20 Negative / | | ! |

Difference . "

//) ~&—b/a=3.0(Von Mises EPS) ~@-b/a=2.5(Von Mises EPS)
indicates
Code . \
i biaz=2. e bfa=1.
40 {Conservatism b/a=2.0(Von Mises EPS) b/a=1.75(Von Mises EPS)
| /f =d¥=b/a=1.5(Von Mises EPS) ~#bfa=1.25(Von Mises EPS)
" | | | | | \
0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

Percentage Autofrettage

Fig. 13 Percentage difference between ASME Code and von Mises EPS numerical model; negative
values indicate code conservatism. Note: code validity limited to 40 percent overstrain.
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Strains During Autofrettage Loading e

Figure 14 shows normalized bore hoop straip, as a function
of c/a for each of three end conditions. For numerical reasot /'
errors are likely to be greatest as 100 percent overstraia (
=2) is approached; for this reason, a refined node distributic
was employed near to the OD. .
Results for plane strain are compared with those dufel4d, :gf;i’;';‘;fn
while those for open ends are compared Witl]; there is no 2 —2-Closed Ends
discernible difference. No equivalent solution is available for thg
case of closed ends; however, an alternative comparison is § ,,.i
ported in a subsequent section. S
Hoop strains in the plastic region of an open-end partially pla
tic thick cylinder are approximated, with an implied accuracy of
percent 7], by

eaE/Y=1.081—-2v)In(r/c) T

+Cz(l—v)—b2(1—2v)+[(c2b2)/r2](2—v) 1 14 12 13 1.4 15 16 17 18 19 2

sirain02.xls cla
V3b*+c*

(19) Fig._15 Bore hoop strain values at autc_)f_rettage peak for plane
strain, open-end, and closed-end conditions. Results normal-
Figure 15 shows the result of normalizing the bore hoop straiged using Eq. (19).

results in Fig. 14 using Eq19) evaluated at =a, this provides

an excellent approximation for the open-end case with a ma: = 4

mum discrepancy of 2 percent at 100 percent overstrain. Ho

ever, Eq.(19) does not appear to be appropriate for the other tw 55 k

cases.

As a further check, Fig. 16 shows a plot of ID strain versus O //{//
strain. There is no discernible difference between the currentr 3
merical results and those of Marda], who obtained solutions —+—Open Ends ////(/
for open and closed-end conditions. Hence, strain values for ee_ 2.5 +----—-——---#-Plane Strain ; E—
end condition have now been successfully compared with avaa To-Closed Ends ///
able data from at least one independent source. Figure 16 &5 , X Quasi Plane Strain)

shows the anomaly in plane strain predictions at high overstreg
analogous to that which was investigated previously; a single Qla

142 +——-

1.08

Strain

No

value, evaluated at 100 percent overstrain, is shown. Although r 15
reported in detail herein, the effect is less than 0.15 percent pr //
to 50 percent overstrain, increasing to 1 percent at 100 perct 1
overstrain. /
OD hoop strain values are presented in Fig. 17. These ¢ o5

shown in normalized form in Fig. 18. The normalizing strain i
the ideal, Tresca, plane stress solution, namely

ep=(Y/E)-(c?/b?)

0 T T - v T - :
X . 03 04 05 0.6 07 08 0.8 1
(20) 0 0.1 0.2

strain02.xs 0D Strain x (EFY)

Fig. 16 Bore hoop strain versus OD hoop strain at autofret-
tage peak for plane strain, open-end, and closed-end condi-
4 tions. Results for open and closed-end conditions coincide

—e—Open Ends / with [8]
3.5 4 .
—=—Plane Strain |
—a—Closed Ends /E' . OD STRAIN
34 B Sutherland (1962) o ——open Em;sr
—&— Prager & Hodge (1951) 09— =
~&-Plane Strain ‘
0.8 +—- :

N e ClosedEnds = /f/
/ . .
/

1D Strain x (EfY)
N
N (<)

o

0D Strain x (E7Y)

1 /u'
0.5
0.1
0 . . . . 0 .
1 1.4 12 1.3 1.4 15 16 17 1.8 1.9 2 1 1.1 12 13 1.4 15 1.6 1.7 18 1.9 2

strain02.xs cla strain02 xis ola
Fig. 14 Bore hoop strain values at autofrettage peak for plane Fig. 17 OD hoop strain values at autofrettage peak for plane
strain, open-end, and closed-end conditions strain, open-end, and closed-end conditions
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1.16
1.12 \\\
——Open Ends
-#- Plane Strain
é ——Closed Ends
3 1.08
a
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Fig. 18 OD hoop strain values at autofrettage peak for plane strain, open-end,
and closed-end conditions. Results normalized using Eg. (20).

Strains During Autofrettage Unloading ASME Code Comparisons—Strains

The Bauschinger effect serves to reduce the yield strength inAutofrettage, including Bauschinger effect, is covered by Ar-
compression and produces further yielding during removal of atiele KD5 of the ASME Pressure Vessel Cof@i¢|. The Code
tofrettage pressure. The effect upon residual stress has alreaffgrs two separate strain-based methods for assessing percentage
been examined in detail. The objective now is to quantify theverstrain during manufacture and provides a procedure by which
effect upon residual strain. the associated residual stresses are computed. Each of these two

ID and OD strains during unloading are shown in Fig. 19 foprocedures is now assessed.
each of the three end conditions. The results are normalized with

: ; : : . OD Hoop Strain at Autofrettage Peak. Figure 20 shows the
h which arise from purely elastic unloading for th ropri- . ) -
faltce)s(Snd and?tisgz] Onargg;y elastic unloading for the approp percentage difference between numerical and code-preditéed

values for each of the three end conditions. Figure 20 also shows,
Ee a+(1+ v)(b?/r?) for the open-end condition, the percentage difference between
p  (b¥a’-1)

bore stress as calculated via the code and that obtained via the
numerical analysis, i.e.
p, the autofrettage peak pressure, is obtained from Fig. 3 and
a=(1-2v), closed endsq=(1-v), open endsg=(1+v)(1—2v),
plane strain.
The maximum errors associated with the assumption of elastic

unloading are approximately 8 percent for ID strain and 6.3 peﬁ-A negative difference indicates conservatism within the code;
cent for OD strain. ence, for all common levels of overstrd20—75 percent code

(21)

(Code Solutior-Numerical Solution
Numerical Solution

Difference= (22)

1 1.1 12 13 14 15 16 17 18 19 2

actual c/a

1.08 —e—Open Ends (ID) / 3%
N s 2% A

1.07 —s-Plane Strain (ID) [

Note : Negative Values Indicate

19 - Code Conservatism
% pd
1.03 3% N
-4% \
|

1.02
1.01 /5// 5% 1 T —e—o0pen ends (cra) !
_/ 6% ——1

1 : : i

7% -

1.06 —— —#—Closed Ends (ID)

1.05 {—| —o—Open Ends (OD)

~&- Plane Strain (OD) |

1.04

Normalized Strain

——~Closed Ends (OD)

Percentage Difference

~-#-Plane Strain (c/a)

T
~

N
N

Codecomp01.xls {OD)

~&—Closed Ends (c/a) ‘
=6—0Open Ends (Hoop Stress) J

strain02 xis cla

Fig. 19 ID and OD hoop strain values during unloading from Fig. 20 Percentage difference between code predictions and

autofrettage peak for plane, strain, open-end, and closed-end
conditions. Results normalized using Eq. (21).
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This work also extended an existing numerical procedure to
calculate autofrettage hoop strains at ID and OD for a tube of
radius ratio 2 under open-eridngineering plane strainclosed-
end, and plane strain conditions using von Mises criterion. These
strains were obtained separately during the loading phase and dur-
ing the unloading phase. The unloading incorporated Bauschinger
1% effect. Strains were compared with available solutions. General
o X\‘ agreement was demonstrated, with agreement within 2 percent of

\ \/ an accepted simple formula for strains at the peak of the autofret-
3% ,_—-e'\\ tage pressure cycle in the case of open ends.
4% —+—Open Ends (c/a) Certain apparently anomalous behavior in the plane strain con-
—#—Plane Strain (c/a) \ dition at high levels of overstrain was shown to be associated with
—a—Closed Ends (c/a) \ variations in average axial stress. _
6% —o—Open Ends (Hoop Stress) \ ASME code predictions of percentage overstrain based upon

7% strains at the peak of the autofrettage cycle were generally within

Codecompot.xis (ID) 6 percent of numerical predictions. This in turn provided an agree-
ment within approximately 3 percent in residual bore hoop stress
Fig. 21 Percentage difference between code predictions and calculation. This discrepancy is generally conservative, becoming
numerical predictions of ~ c/a and of residual bore hoop stress nonconservative only at overstrain levels exceeding 80 percent.
using permanent strain at ID after autofrettage Strain during removal of autofrettage pressure, in the presence
of Bauschinger effect, was also calculated. This showed that the
o ) ) difference in strain during the unloading phase is up to 8 percent
stress prediction is modestly conservative. Maximum nonconsejp) and 6.3 percentOD) compared with the predictions of elas-
vatism occurs at 100 percent overstrain when the differenge ynloading. These latter results showed a similar percentage
reaches 3 percent. There is a straightforward explanation for figreement with the ASME Code as in the peak-strain analysis and
apparent discontinuity at 20 percent overstrain; the code incorgould permit correction of estimates of percentage overstrain
rates a condition relating to the onset of reversed yielding whigfysed upon permanent bore enlargement.
produces this effect. It is suggested that adoption of some of the design procedures

Residual Hoop Strain at Bore after Unloading. In analo- proposed within this paper W_oqld provide ease of use, accuracy,
gous fashion, Fig. 21 shows the percentage difference betwélfl much extended code validity.
numerical and code-predicteda values for each of the three end
conditions. Figure 21 also shows, for the open-end condition, tm
percentage difference between bore stress as calculated viaAnowledgment
code and that obtained via the numerical analysis. Maximum non-The author gratefully acknowledges helpful discussions with
conservatism again occurs at 100 percent overstrain when the dif. David P. Kendall.
ference reaches 3 percent.

3%

2%

1% 1

0%

Percentage Difference

-5% -

Summary and Conclusions Nomenclature

This work extended an existing numerical procedure to calces b, ¢, d, r = radii defined in Fig. 1
late a wide range of autofrettage pressures and a limited number  bore = bore value
of hoop and axial residual stress fields for tubes under open-end EPS = Engineering plane strain

(engineering plane straiconditions using von Mises criterion. A n = percentage overstrain
design curve with numerical fit was proposed which allows the p = autofrettage pressure
open-end pressure results to be replicated to within 0.5 percent. R = factor defined in Eq(17)
The practice of using an autofrettage design pressure, for a T = Tresca criterion
given overstrain, of 1.15 times the ideal pressure from a Tresca  TPS = true plane strain
criterion, plane stress analysis is shown to be appropriate for true To = Tresca criterion, plane stress
plane strain, but inappropriate for engineering plane stfajen VM = von Mises criterion
ends. Residual hoop stresses in the absence of Bauschinger effect VMo = von Mises criterion, plane stress
are well predicted by the 1.15 factor model for both plane strain Y = uniaxial yield stress
and open ends. a = factor defined in Eq(12)
A limited number of residual stress profiles were presented for & = hoop strain
Bauschinger and non-Bauschinger-affected tubes. These confirm v = Poisson’s ratio
earlier observations relating to hoop stress and provide additional o, = residual hoop stress after autofrettage
profiles for axial residual stress. By focusing upon the value obﬂgo percent = NOtation example: pressure for 100 percent over-
residual hoop stress at the bore, a design procedure was formu- strain with Tresca, plane stress condition

lated which provides accurate representation over the practical
range of overstrains and of tube diameter ratios. A design curve
with numerical fit to an accuracy of 1.5 percent was proposed.References
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