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turbines, the value of C, is posmve due to a significant com-
ponent of lift that increases with « in the chordwise direction.

For symmetrical airfoils, the values of C. are negative in the
poststall region III. The range of incidence for which the
values of C, are negative in this region increases with the in-
crease in the thickness ratio of thé airfoil. In region IV the
values of C, are positive again. In this region, the chordwise
componenets of aerodynamic forces are dominated by the suc-
tion around the leading edge. The Wortmann FX63-137 airfoil
data’ show much larger values of C, , which are positive in re-
gions II, III, and IV. The €, vs « curve for a symmetncal air-
foil has a direct implication in the design of a Wells air turbine
for self-stairting characteristics.”-® When such as turbine starts
from rest, there is sufficient torque to start the turbine rotat-
ing due to the fact that at « =90 deg, C, is positive. As the tur-
bine speed increases, o decreases. In order to move into the
operatxonal regime (region II), the turbine has to go through a
region of negative torques (region I1I); which results in a tur-
bine speed much lower than the operational speed. This phe-
nomenon, known as crawling,® can be eliminated by increas-
ing tiirbine solidity, which effectively results in 4 positive value
of C. in region III.
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‘Comment on ‘‘Residual Stresses in
2024-T81 Aluminum Using Caustics
and Moiré Interférometry”’

Michael A. Landy*
Fatigue Technology, Inc.
Seattle, Washington

N Ref. 1, Leftheris and Scliwarz discuss, among other

topics, use of the split-sleeve cold-working process to pro-
duce residual strains in 2024-T81  aluminum. The widely
used process, unexplamed in the Note, involves the creation of
residual compressive stresses by drawing 4n ovérsized mandrel
through a hole using a prelubricated stainless steel split sleeve.
The sleeve protects the hole wall from damage, insures that the
axial motion of the mandrel is translatéd efficiently into force
in the radial direction; and minimizes the force required to ac-
complish the operation. Typically, fatigue or crack- growth life
improvements of 3:1, minimum, have been reported (Refs.
2" =20, and others).

Leftheris and Schwarz split- sleeve cold-worked holes in 4 in.

X 4in. X 0:125 in. 2024-T81 plates, and then used moire” in-
terferometry to show the distribution of residual strains (Figs.
4 and 5, Ref. 1). They note in the text that at the location
where the split in the sleeve was located, the residual tangential
strains are ‘‘very low.”’ Fxgures 4 and 5, however, show the re-
sidual tangential strain in the location at the sleeve-split to be
the highest of any circumferential location. This is shown for
both the spécimen cold-worked with the sleéve- split aligned
with the rolling direction L and the specimen expanded with
the sleeve-split aligned 90 deg to the rolling direction L-T. The
lowest residual tangential strain is shown at the location corré-
sponding to the side of the hole opposite from the split.
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Baged on the above observations, Leftheris and Schwirz
conclude that i

1) There is ‘“an area sector spreading radially out from the
sleeve seam, where the strains are near zero after cold work,”’
and

2) ““If a crack grows where the sleeve seam is positioned, fa-

tigue enhancemient may not occur from the cold work pro-
cess.”
These conclusions are unsubstantiated and contradictory to
in-service experience and to the results of many other compre-
hensive fatigue and crack-growth investigations (Refs. 2 — 20)
of split-sleeve cold-worked holes in various aluminums,
titaniums, and stecls under constant amplitude and broad-
band spectrum loading cotiditions.

Leftheris and Schivarz’s data do show that for the specimen
geometry tested, higher tangential residual strains were associ-
ated with longer crack-growth lives. Their contention, how-
ever, that zeto residual strain is associated with no life im-
prdvement is misleading. Résidual compressive stresses that,
in general, determine life improvement associated with a cold-
working process (assuming some geometry, load spectrum;
etc.) may exist with positive, negative, or zeto residual strains.
Alternatively, high positive residual strains may exist in a situ-
ation where no compressive residual stresses exist (i.e., no life
improvement): A part that yields completely during the cold-
working process.

In general, investigators performlng cyclic tests cold-work
the specimen holes with the sleeve-split at 90 deg to the direc-
tion of applied loading. If, as Leftheris and Schwarz contend,
fatigue enhancément may not occur in that area due to resid-
ual strains being near zero, how do they explain that riost fail-
ures initiate and grow from the area of the hole opposite the
split? The fact that failures do occur away from the split is
substantiated by Leftheris and Schwarz’s empirical data. As
noted above, those data (Figs. 4 and 5) show the tangential re-
sidual strain to be the lowest at the so-called 270 deg position,
corresponding to the area of the hole opposite the split. Lef-
theris and Schwarz neglected to repert the failure location
with respect to the sleeve-split in the tests they performed on
crack growth of cold-worked holes.

In fact, the effectiveness of split-sleeve cold- workmg in the
area near the split is simply no longer in doubt. Many in-
vestigators of the process have focused on it, concluding that
the split does not affect the fatigue enhancement performance
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of the sleeve cold-worked hole. For example, in Refs. 2—4,
specific tests were performed to determine the influence of the
split location on fatigue performance of the split-sleeve cold-
worked hole. There were no discernible differences in life due
to split location. Locations away from the split were found to
be the more likely failure initiation site and, regardless of split
orientation, a minimum life improvement of 3:1 was demon-
strated. Further, it is estimated that there are over 20 x 10°
split-sleeve cold-worked holes in aerospace service, dating
back almost 20 years, with no reported failures. It is in-
conceivable that all of these holes were processed with the split
away from the most critical area of the hole.

In conclusion, there is ample evidence that split-sleeve cold-
working is effective and provides significant fatigue life im-
provement regardless of the position of the split. There is also
evidence that fatigue enhancement due to split-sleeve cold-
working is not axisymmetric with respect to the hole, with the
area opposite from the split being the more likely failure loca-
tion. There is no evidence, as Leftheris and Schwarz suggest,
that there will be an area around the hole unaffected by the
cold-working process. Any advances in the state-of-the-art of
measurement of residual strains would be welcomed by the
many users and investigators of residual stress-inducing pro-
cesses. Before publishing any further findings, however, it is
strongly recommended that Leftheris and Schwarz perform a
thorough literature review. They would find their present con-
clusions contradlcted by significant amounts of empirical and
in-service data.
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Reply by Author to Michael A. Landy

Basil P. Leftheris*
Grumman Corporation, Bethpage, New York

The important message of our work was that the residual
compressive stresses induced in a hole with a split sleeve are
not uniform. The second message implied in our work was
that the split sleeve induces residual stresses in two modes:

1) Expanding the sleeve from which material around the
hole is forced radially outward causes tension-hoop stress and
conipression-radial stress. In this region, there is an obvious
(seen with the naked eye) deformation on the surface (bul-
ging).

2) In the area where the seam is, however, there is tension-
hoop stress without the radial-compreéssion stress. The result is
a different deformation on the surface (depression, thinning).

Both regions result in compressive-residual stresses and, as-
suming uniform thickness and isotropic materials, there is fa-
tigue life enhancement in both regions. There are, however,
cases where the hole may be in a region where there is nonuni-
fornmi stiffness (¢.g., a hole drilled in a tube). In this case, the
region of the seam may cause visible or invisible cracks as the
mandrel is pulled through. Such cases may occur near weld-
ments, near slight changes of thickness, or near the region
where the seam is only under hoop tension. This occurs
whenever the mandrel works like a wedge.

Another conclusion of our work was that finite-element
codes used to analyze the residual stresses and strains around
the hole by assuming axisymmetric conditions cannot be used
for comparison with results obtained with the split- sleeve
method. Such codes must include the geometry surrounding
the hole, and they must model the deformation of the sleeve
expansion in order to be trustworthy.

A final conclusion was that many investigators who used the
split-sleeve method used specimens machined from large
blocks of aluminum. Their results might have been different if
they had used sheets of alumrnum as received.
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