: : HAMPTON ROADS SECTION
THE SOCIETY OF NAVAL ARCHITECTS AND MARINE ENGINEERS

SURFACE COLD ROLLING OF MARINE PROPELLER SHAFTING:

By
L. L. Shook, Jdr. and C. L. Long

Paper Presented




SURFACE COLD ROLLING OF MARINE PROPELLER SHAFTING

1

by L. L. Shook, Jre.t and C. L. Long ~

Introduction

Surface cold rolling {(called either surface rolling or cold
rolling) of marine propeller shafting to increase the fatigue
resistance was first performed in January 1956 on the propeller
shafting of the Aircraft Carrier U.S.S. RANGER (CVA61l) by the
Newport News Shipbuilding and Dry Dock Company. This event, which
came after nearly thirty years of development of surface working
procedures, was precipitated by the failure of the port tailshaft -
of the U.,S5.3., NORFOLK(DL-1)} and the loss at sea'gf the tapered
end of the propeller shaft and the propeller(9).”{A typical pro-
peller and propeller shaft assembly is shown in Figure 1),

Prior to this failure, surface cold rolling of propeller
shafting was being considered by the marine industry as a means to
reduce shaft condemnations and failures. The shaft failure on the
U.3.5. NORFOLK which occurred after the vessel had been in service
less than two years and was the first failure at sea of a propeller

.Shaft on a Naval vessel incident to normal operation excited consider-
able concern on the part of the Navy. As a result, the first equipment
for surface cold rolling marine propeller shafting was developed by
Newport News Shipbuilding and Dry Dock Company at the request of the

NaV'Yo

The design of the surface cold rolling equipment developed by
Newport News was derived from the experience of the American Rail-
road industry in surface c¢old rolling railroad axles., The American
railroads were among the first to take practical advantage of
surface cold rolling, using this procedure to increase the fatigue
resistance of railroad axles as early as the late 1930's,

1l - Senior Design Supervisor, Machinery Design Department,
Newport News Shipbuilding and Dry Dock Company

2 = Engineering Technical Department,
Newport News Shipbuilding and Dry Dock Company

3 ~ Numbers appearing in ( ) refer to the Bibliography
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are:

1,

rolling.

The work done by the American railrcads was under the direction of
Dr, Horger* and Mr, Neifert*;both of whom gave considerable assistance
to the Newport News Shipyard in perfecting the equipment and procedure
for rolling marine shaftinga.

A considerable portion of the available information concerning
the effects of surface cold rolling has been derived by Dr. Horger

and Mr. Neifert (1)(2).
from cther investigators, together with the experience gained in

rolling service shafting is the basis for the conclusions and re-
commendations of this paper,

This information plus information available

The paper presents a description of the equipment and procedure
used for surface cold rolling marine propeller shafting and the results
and experience gained thus far in this work,
is included to give an understanding of the effects of surface cold
The major conclusions and reccmmendations made in thils paper

A review of test data

There are no detrimental effects resulting from surface
cold rolling of shafting {properly done)} and there are
definite advantages.

All new marine propeller shafting should be surface cold
rolled and consideration should be given to surface colid

rolling existing shafting.

The length of shafting subjected to surface cold rolling
should be as follows:

(a) For propeller shafting housed in a stern tube - one
shaft diameter in length,or not less than 18 inches,
forward of the forward end of the shaft taper to one
third the length of the shaft taper aft of the forward

end of the taper.

(b} PFor propeller shafting housed in a strut - same as
above plus 12 inches aft of the forward end of the
after sleeve to 6 inches forward of the forward end

of the after sleeve,

The use of surface c¢old rolling does nct permit relaxing
the requirement that the shaft not be returned to service

with a cracke.

The period between service inspection of propeller shafts
should remain three years until more is known about surface

cold rolling.

ir, Horger is Chief Engineer; Mr, Neifert is Supervisor of Railway
Search: both of the Timken Roller Bearing Company, Canton,Ohio
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Equipment

Marine propeller shafting to be surface cold rolled is mounted
in a large lathe, The rclling equipment is mounted om the lathe bed,
attached zo the lathe carriage, so that it may be moved along the
length of the shaft to perform the rolling operation. All rolling
equipment developed to date for marine propeller shafting uses two
rollers opposed to one another on opposite sides of the shaft to be
rolled, (Rclling equipment with three rollers spaced about 1209 apart
around the shaft has been used by the railroad industry for rolling
shafting with diameters up to about 15 inches, This three roller
equipment has not been found suitable for marine shafting due to
restricted lathe clearances involved with the larger diameter shafts),.

The surface cold rolling equipment developed by the Newport
News Shipbuilding and Dry Dock Company for rolling marine propeller
shafting is shown in figures 2,3 and 4. This equipment use two 9
inch diameter rollers, one a "hardening" roller with a 1-1/2 inch
contour radius and the other a "smoothing" roller with a 4 inch
contour radius, {(The contour radius i: the radius In the plane of the
longitudinal axis of the shaft). The "hardening" roller bears on
one side of the shaft with the load necessary to produce the desired
depth of cold work and is opposed on the opposite side of the shaft
by the "smoocthing" roller. (The maximum roller load capacity of the
Newport News equipment is about 44,000 pounds}, The "hardening"
roller is mounted on the end of a hydraulic piston which is prevented
from rotating to keep the roller axis aligned parallel with the shaft
centerline, The "smoothing"roller is fixed in its housing. The housing
for each roller is mounted on an unrestrained cross slide to permit
the rollers to follow a change in diameter of the shaft. The two
housings are tied together by a large adjusting screw at the foot of
the roller pedestals to permit adjusting the rolling rig for various
diameter shafts. This rolling equipment will accommcdate propeller
shafting up to 30" in diameter, The stroke of the ram will permit
a maximum change in diameter of a shaft of about 8 inches for any
setting of the adjusting screw,

The hydraulic system for developing the roller loading is shown
in figure 5. The system includes an accumulator charzed with nitrogen
for apsorbing fluctuations in pressure, A hand pump is provided for
maintaining pressure as the ram moves in to suit change in shaft dia=-
meter when rolling the shaft taper and to accommodate leakage.

Each roller is mounted on two Timken roller bearings #HAl4k210 cup
and #H414835 cone, as shown in figure 6, Both rollers have a face
width of 1-1/2 inch. The rollers are made of Crucible Steel Company's
mAir Kool"™ tool steel with the following chemical composition: C-,95




FIGURE 2

FIGURE
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to 1,00, Cr = 5,25 min,, V = .50 min., Mo - 1,15 min., The rollers
were hardened to 57-58 on the Rcckweli ngw sca%e by being heated to
1750 - 1850°F, cooled in air, tempered at l00G®F for two hours,cooled
in air, tempered at 950°F for twce hours and cooled in air,

Some difficulty was encountered with the design of these rollers,
two sets having failed before the final set was made, The first set
w28 8 inches in diameter made of low grade carbon tool steel{l~0,75
to 0.85) case hardened about 3/16 inches deep to 58-62 on the Rockwell
~c" scale, but idemtical in all other respects %o the final set. The
*hardening®™ roller of this set failed by flattening out under the
roller load., The second set was also 8 inches in diameter made of
regular high speed 18-4=1 tungsten tool steel oil hardened to 58-62
cn the Rockwell "C'" scale and identical in other respects tc the final
sets The '"hardening" roller on this set broke under the roller load.
The rollers are installed in the rolling equipment with their
centers (both horizantal and vertical) directly in line, When rolling
the shaft taper, due to the different contour radii of the two rollers,
the point of contact of the rollers on the shaft is not in line in the
vertical plane., No difficulty has been experienced with this feature
when rolling shaft tapers up to 1-1/2 inches per foot on the diameter,
To suit rolling tapered shaft sections, the contour and face width of
the "smoothing™ roller must be selected so that the load on the roller
will not be on the edge of the roller for the steepest taper to be

rolled,

Similar equipment developed by the Bethlehem Shipbuilding Division
at their Quincy yvard is shown in figures 7,8 and 9, This equipment is
quite similar to that developed by Newport News, the principle differ=-
ences being the tie rod above the shaft and the more complex hydraulic
system, The material used by Bethlehem for the rollers for two sets of
their rolling equipment is "Lehigh H" steel (C=1,55, Cr-11.50,Mo0-0,80,
V-0,40) and that for the rollers for the third set of their equipment
is ™66 High Speed” steel (C=0,83, Cr=i4.l5, W=5,35, V=1,90, Mc-5,00),
A1l of these rollers were heat treated to obtainm a Rockweil "2" hardness
of 61«62, The Bethlehem equipment is rated at a maximum roller load

of 44,000 pounds.

Erie Forge Company has developed rolling equipment, figure 10,
that has both rollers mounted on hydraulic cylinders. This allows the
rolling frame to be fixed with only one degree of movement, which 1s
in the longitudinal direction, Rolling capacity of the equipmeant is
37,000 pounds for shaft diameters frem 7 to 30 inches,

Bath Iron Works has developed a high capacity machine which canm
be used for rolling high strength alloy shafting, if ever necessary,
This surface rolling equipment will apply a rolling load of 60,000
pounds on shaft diameters up to 24 inches. The general arrangement

.




FIGURE 7 — BETHL Fi ROLLUING EQUIPMENT SHOWN RCLLING A
PROPELLER SHAFT FOR THE AIRCRAFT CARRIER KITTYHAWK
({CVAb4) - “"HARDENING® ROLLER ON NEAR SIDE.

FIGURE 3 — BETHLEHEM ROLLING EQUIPMENT SHOWN ROLLING A
PROPELLER SHAFT FOR THE AIRCRAFT CARRIER U.S.5.
KITTYHAWK (CVAG4) - “SMOOTHING® ROLLER ON NEAR SIDE. 2
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of this equipment is similar to the Bethlehem equipment,

All the other surface rolling equipment in the country to be used
in rolling marine shafting is believed to be similar to the Newport

News design,

Procedure

The rolling operation is performed in one pass with the rolling
equipment moving along the length of the shaft at a rate of feed of
about 1/16 inches per revolution of the shaft while the shaft is
turned with a shaft surface Speed of about 60 feet per minute, The
maximum rate of feed of the rolling equipment along the shaft per
shaft revolution should never exceed one half the width(minor semi
axis) of the contact area of the "hardening™ roller along the longi-
tudinal axis of the shaft., The minor semi-axis of the contact area
versus roller load and shaft diameter is given in the Appendix,

The surface speed of the shaft is limited by the rate of plastic
flow of the shaft material and if too great, will cause the roller
to jump. The shaft material builds up as a wave ahead of the"harden-
ing" rocller similar to a tire running in soft earthe. If the surface
speed is greater than the rate of plastic flow of the shaft material,
the roller will jump the wave., This wave is easily observed while
the shaft is being rolled, It is also suspected, but not known to be
true, that surface speeds even less than required to cause jumping
will leave fine microscopic cracks in the surface. The upper limit
of the surface speed to avoid this condition, if it exists, is not
known, The 60 feet per minute used by Newport News does not produce
any of these effects,

When a shaft is to be rolled, the shaft diameter is left .005
inches to ,010 inches greater than the required finish diameter and
with a finish of about 125 micro-inches, The rolliing operati on de- :
creases the diameter about .00l inches to .002 inches, After rolling,
a finish cut is taken to reduce the shaft to the required finish
diameter, (It is important that this cut be not more than neceasary
to avoid loss of the beneficial effects of surface cold rolling,
Rewport News practice is to limit this cut to rnot more than .005
inches on the radius). The roller load is applied gradually for a
distance of 2 inches along the shaft ahead of the area to be rolled
and decreased gradually for a distance of 2 inches along the shaft
after the area to be rolled., The area to be rolled is kept smeared ‘
with an extreme pressure lubricant during rolling, although a good o
machine oil might serve as welli, o

The roller lcad used is a function of shaft diameter and materi

‘reller diameter and contour radius and desired depth of cold wor



T

>Calculatié;§~and curves for determining the roller load are given
in the Appendix, .

Rolling should start on the shaft and progress towards the taper
so that the taper will be rolled "down hill®™, Down hill rolling of
the taper is considered bhetter procedurs for the following reasons:

l. In rolling down the taper, the edge of the smoothing roller
will not dig into the sha};‘t even if contact is near the

rcller edge,

2« The force required to move the rollers along the shaft and
the resulting load on the rolling equipment ia less when
rolling down the taper than when rolling up the taper.

3« Rolling down the taper is safer, since if the hydraulic
cylinder or carriage slide should jam, the rollers move
away from the work and not into it,

It has not been found necessary to round off the knuckle at .tha
start of the shaft taper to suit the roclling operation.

In new construction the keyway (=) is (are) cut in the taper
after the surface rolling is completed, No surface cold working of
the keyway has been done by Newport Hews after cutting the keyway,
The location of the keyway on new shafting ("spoon type" keyway
Figure 1) places it well aft of the start of the shaft taper and
out of the critical area in the shaft subject to cracks and failure.
It is felt that with this condition, little gain would be realized
by surface cold working the keyway(by peening or other means) and
that cutting the keyway does not reduce the advantages gained by

surface cold rolling,

For surface cold rolling existing shafting, it is necessary to
£i1l the keyways with dummy keys flush with the shaft surface, filling
in with weld metal as necessary and recutting the keyways after the
rolling operation is completed. For existing "sled type" keyways
(Figure l? extending to the forward end of the shaft taper{ and into
the critical area on the shaft), it is suggested that this operation
incorporate a change to the "spoon type®" keyway. For "sled type"
keyways which are not changed to "spoon type™ keyways, surface cold
working the forward end of the keyway after rolling the shaft may
offer scme advantage. It is interesting to note that tests (3) on
Model tailshafts both with the "sled type" keyway and with the m"spoon
type" keyway showed no gain when subjected to reversed bending fatigue
tests. These tests shafts were not subject to torsion and the result
might have been different had torsion been present.

Any welding done to a shaft requires heat treatment after welding
to remove the undesirable residual stresses caused by welding. This
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heat treatment should be done before rolling for two reasons:

l, To reduce any tendency of the shaft to go &ccentric when
rolled as described below,

2, To prevent the removal by heat treatment of the desirable
effect of cold rolling.

When ordering forgings for tailshafts that are to be rolled,
the specifications should require that special precautions be
taken by the forging manufacturer t¢ minimize residual stresses
in the shaft forgings., This precauticn is based on experience witha
shaft eccentricity caused by rolling, believed due to residual
stresses in the shaft tefore rolling. ‘

Two shaft forgings which developed eccentricity at Newport News
when rolled were found to have been straightened while the forgings
were still warm from the tempering treatment without being returned
to the tempering furnace, It is not definitely known that this was
the cause of this eccentricity and it can only be surmised that the
residual stresses in the forgings contributed to it, (One thing that
seems to refute this is that cutting one keyway in a rolled shaft,
which contains residual stresses on the surface due to rolling,
caused no eccentricity). Consultation with the steel supplier
gointed out the desirability of specifying minimum residual stress

orgings,

The two shafts mentioned above had been cold rolled for 12 inches
on each side of the start of the taper and developed an eccentricity
of ,0135 inches in one shaft and ,009 inches in the other shaft,.(If
a greater rolling length had been used more eccentricity of the shaft
would have been expected), The eccentricity of the two shafts was
corrected by shifting the aft turning center and taking a finish cut
as shown in figure 11, From figure 1. it can be seen, had the two
shafts in question been rolled for a length much greater than 12 inches
on each side of the start of the shaft taper, this correction could ‘
not have beem made, No other simple reliable method of correcting
shaft eceentricity is known, Extreme care should be tzken concerning
this tendency towards eccentricity until more is known about it. It
1s suggested for shafts which are to be rolled for long distances
(say the entire length of the after strut), that the concemtricity:
of the shaft be checked several times during the rolling ogeration. ‘
To make this check, the roller pressure should be removed by removing
the load gradually for a distance of two inches, When re-establishing
the roller load, the load should be applied gradually for two inches
. of the length aiready rolled, To avoid the possibility of eccentri-
eity when rolling shafting that has been in service, consideratiom
-8Should be given to heat treating the shafts to remove any residual o
Stresses that might remain from initial forging operations,straightenw .
ing, etc, If any ececentricity does develop, remachining of the shaft
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to remove this eccentricity could reduce the diameter to the point
where the shaft would have to be discarded,

Information is needed concerning the tendency of a shaft to geo
eccentric when rolled and the relationship of this tendency to any
residual stresses in the shaft before rolling, (Eccentricity caused
by surface cold rolling should not be confused with that resulting
when shrinking on a shaft sleeve., Eccentricity resulting when
shrinking on a shaft sleeve is not uncommon in the marine industry
and is corrected by peening the sleeve),

The length over which a tailshaft is to be rolled has not been
officially recommended for merchant shafting., This length should be
sufficient to encompass the length of shafting subjected to fretting.
Serious fretting occurs adjacent to and on either side of the start
of the shaft taper, and all fajlures start within this area, To -
suit this condition, it is recommended that merchant shafting be
rolled for a length forward of the start of the shaft taper equal
to 1 shaft diameter or a minimum of 18 inches and for a length aft
of the start of the shaft taper equal to 1/3 of the length of the
shaft taper.

On ships with outboard struts with sleeves fitted in way of
these struts, fretting can occur at both ends of the sleeve, Benefit
from surface rolling can be obtained by surface rolling at both ends
of the sleeve, The Bureau of Ships has specified that Navy shafts
be rolled continuously from 2 inches forward of the after end of the
taper to 12 inches forward of the forward end of the after shaft
sleeve, This length of cold rolling reduces the possibility of
correcting any eccentricity by machining in the manner described in
figure 11, Furthermora, the greater rolling length would tend to
increase the amount of any eccentricity encountered.T¢ minimize these
conditions it is suggested that the tailshaft be rolied at the after
end as described above and that the shaft in way of ithe forward end
of the sleeve be rolled for 12 inches under the sleeve and to a point
6 inches forward of the sleeve,

When designing new shafting which is to be surface cold rolled,
Provision should be made to allow for future surfacz cold rolling
made necessary by stress relief, etc, This would require that al-
lowance be made for reduction in size of the shaft due to the come
Pressing action of the roller and skim cut following rolling.3ervice
data in years to come may shaew that re-rolling shafting is never
hecessary and that this provision can be dropped,

Resulta

‘ 'The first surface cold rolling operation on a marine propeller
8haf', was performed on one of the propeller shafts of the Alreraft

=1lh=-




Carrier RANGER (CVA=-6l) in January 1956, The first surface cold
rolled marine propeller shaft placed in service was that of the
Esso Tanker GETTYSBURG which started its service life in March
1957. (The RANGER did not go in service until August 1957).Since -
the normal inspection interval of shafts is once every three years,
we do not expect to have any service data much before 1960,

Preceding the surface cold rolling of the shafting on the RANGER,
a short section of shafting identical to the RANGER shafting in dia=-
meter, material and shaft taper was test rolled using the same roller
load designated for the RANGER shafting, It was with this section of
test shaft that the Newport News equipment was proven and on which
the two sets of rollers failed, Following the final rolling test
on this section of shafting, specimens were cut from the test shaft
to determine the radial hardness traverse and the residual stress,
The radial hardness traverse taken on the test specimens is illust=
rated in figure 12 and shows a depth of cold work of about 0.45
inchés. This é¢ompares well with the calculated depth of cold work
of 0,50 inches, The residual stresses determined from the test shaft
appeared to be erroneous when compared with reliable residual stress
results published by other investigators and are not included in this
paper, The residual stresses were determined using strain gages '
mounted on the circumference of the shaft. A ring 1-3/4 inches wilde
by 1-1/8 inches thick containing these strain gages was cut out of
the shaft surface and then split into two pieces to permit removal
from the shaft. The ring halves were cut into small segments con=-
taining the strain gages and these segments were reduced in thick-
ness by a series of slicing cuts made on the surface opposite the
strain gages. Strain gage readings were taken after each operation.
The only benefit of this residual stress analysis was an indication
of the residual compressive stresses present, ‘

A summary of shafts rolled by Newport News and others giving
roller load used, degree of eccentricity encountered, etc, is shown

in table 1.

A report received from the Bethlehem Shipbuilding Division of
Quincy, Massachusetts, advised that their first surface cold rolling
operatiom was conducted in October 1957, and that they experienced
no difficulty with eccentricity of the zhaft due to rolliing, This
operation by Bethlehem was performed on ome of the propeller shafts
of the Aircraft Carrier KITTY HAWK (CVA~563) for the full length of
the shaft sleeve and shaf't taper. The New York Naval Shipyard has
surface cold rollaed sixteen shafts for zhe FORRESTAL (CVA-59)class
Alrcraft Carriers, Their experience in rolling this shafting was
similar to that of Newpert News and is shown in Table l.

" No report of the surface cold rolling operation by others is
- available for inelusion in this paper, ‘
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Review of Test Data

The effect of surface cold roiling shafting is to increase the
fatigue strength of the shaft. The marine propeller shaft with its
shrunk on sleeve and driven up propeller presents a very low lewvel
of fatigue strength. This is illustrated in figure 13. The pressure
due to the fit of the sleeve on the shaft and of the propeller on
the shaft reaches a peak value at the ends of the sleeve and forward
end of the propeller hub due to the end restraint of the protruding
shaft, as shown in figure 1l3a. Under bending conditions; this pres-
sure is aggravated by the ends of the sleeve and forward end of the
propeller hub impinging under heavy pressure against the compression
side of the shaft as shown in figure 13b., In addition; a minute
sliding action of the ends of the sleeve and forward end of the pro=-
peller hub on the shaft surface due to the alternate elongation of
the shaft surface fibers causes loosening of finely divided virgin
material at the surface of the rubbing parts, This action is known
as fretting and the resulting corrosion is known as fretting corrosion,
In addition the marine propeller shaft and propeller assembly is
subject to the admission of sea water inside the propeller hub which
causes corrosion of the shaft, resulting in pits in-the shaft. These
pits act as stress risers from which cracks initate; lowering the
fatigue strength of the shaft.

Tests have been carried out by many investigators to determine
the increase in fatigue strength gained by surface cold rolling., The
results of some of these tests are shown in figures 14 and 15, A

summary of test data available is shown in Table 2.

As shown in figures 14 and 15 and in Table 2, the fatigue strength
of shafts not subject to fretting or corrosion and those subject to
fretting only is considerably greater for a rolled shaft than for a
non-rolled shaft, Figure 14 also shows that for shafts subject to
corrosion, the number of cycles before fracture (at the same stress)
is considerably greater for a rolled shaft than for a non-rolled shaft.

‘Tt was found in tests 5 and 6 shown in figure 15 and Table 2 that
fretting fatigue cracks were present in both rolled and non-rolled
shafts stressed below the endurance strength and that these cracks
initiated at extremely low values of stress. The cracks were found in
the shaft just inside the wheel fit, after the wheel was pressed off,
The relationship of the depth of these cracks to one another, plotted
in figure 16, shows that the fatigue crack depth and its propagation
in rolled shafts is only a fraction of what was found in non-rolled
~shafts, basing the comparison on equal stress levels,

Pigures 17 and 18 show photomicrographs of cracks which occurred
in corrosive fatigue tests lik and 16 of figure 14 and table 2. These
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photomicrographs show clearly the difference in erack propagation in

rolled shafts versus non=rolled shafts subjesct to corrosion fatigue.

The ratio of the crack depths in the photomicrographs for rolied and

non-rolled shafts is of the same order as that shown in figure 16 for
shafts subject te fretting fatigue.

As shown by tests #15 and 16 of table 2 and by reference
(12), the benefit derived from surface cold rolling is related to the
depth of cold work obtained, The depth of cold work, which is the
depth to which piastic deformation ocrurs, will take place t¢ the
maximum depth that the shearing stress induced in the shaft by the
action of the "hardening" roller exceeds the yield point in shear of
the shaft material. {See figure 20, in the Appendixgo

The cold work{plastic deformation) of the shaft material by sur=-
face cold rolling results in residual stresses in the shaft, The core
metal of the shaft is strained elastically under relatively low tension
stress while the surface layer is placed under heavy compressive stress.
Test data indicates that the depth of the residual compressive stress
is equal to the depth of cold work. Figure 19 shows the magnitude and
depth of residual stress found in tests 5 and 6 of figure 15 and table
2, (Figure 19 also shows a radial hardness gradient which indicates
the depth of cold work in the shaft and is similar to that shown in
figure 12 for the test shaft rolled at Newport News],

These residual compressive stresses i1n the surface layer of the
shaft are attributed by some as the reason for the increased fatigue
strength gained by srface cold rolling. (Reference (4) describes
tests which support this theory}. This reasoning is based on the
assumption that steel has much greater fatigue strength under com-
pressive stress than under tensile stress. The theory is advocated
that numerous submicroscopic flaws or cracks exist in materials and
that these cracks do not propagate in the presence of residual com=
pressive stresses as readily as when no stress or tension is present.,
(A feature which tends to disprove that residual compressive stresses
are responsible for increased endurance strength 1s the fading of
internal residual stresses due to repeated cyclic stressing. Results
show that repeated cyclic stressing will reduce residual stresses to
only a fraction of their initial value but that no apparent loss of
fatigue strength accompanies this reduction),

Other reasons proposed for the gain in endurance strength by
surface cold rolling are that the physical and metallurgical properties
of the surface skin may be improved or that the specific elastic shear
strain energy for the surface grains may approach the higher values
possibly characteristic of the grains within the body.

Quite possibly the benefit derived from surface cold rolling may
be due to a combination of these reasons,

“23=
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The following is evident from this review of test results:

(1) The endurance strength of non-rolled steel shafting
subjected to fretting in air is approximately 10,000
PSI and does not vary appreciably between steels with
low physical properties and those with high physical
properties,

(2) Surface cold rolling steel shafting subjected to
fretting in air increases the endurance strength of
the shafting about two to three times depending on
the depth of cold worke.

(3) No endurance limit exists for steel shafts subjected to
corrosion fatigue but surface cold rolling increases the
number of cycles before fracture at the same stress,

(4) Fatigue cracks initiate at very low stress in both
rolled and non-rolled steel shafts subject to fretting
but propagate much slower in rolled shafts than in non=-
rolled shafts,

In applying these test results ro full scale marine propeller
shafts, it must be kept in mind that the benefit gained with surface
cold rolled service shafting may not be of the same proportion as
that obtained with test shafts. The scale effects between test shafts
and marine propeller shafts have yet to be determined,

Application of Cold Rolling

From the foregoing, it is readily apparent that no question can
exist as to the favorabie effect of surface cold rolling on fatigue
strength and that no harm can be done by cold rolling,if properly

done., Questions do exist however, concerning the degree of benefit
that the marine industry can derive from surface cold rolling. In
discussing this question, an understanding is necessary of the failures
experienced by the marine industry with propeller shafts,

Since 1951, merchant ships classed by the American Bureau of
Shipping have replaced an average of about 1% of all propeller shafts
inspected due to loss at sea and about 18% due to condemnation result-
ing from cracks in the shaft. A survey (5} of Naval vessels at Puget
Sound Naval Shipyard during the period from 1944 to 1954 showed no
shafts lost at sea, that about LO% of all shafts inspected had cracks
and that about 10% of these cracked shafts were condemned. (The higher
casualty rate of merchant shafting over that of Naval shafting is
attributed to the difference in ship operation and not the shaft design)

It is theorized that the majority of propeller shaft failures
start with fatigue cracks due to fretting under the forward end of




thefhub and aft end of the sleeve which propagate to failure of the
shaft.

The presence of sea water contributes to these shaft failures
for those cases where sea water leaks in the hub assembly. The con=-
clusion of Panel M-11l, of the Society of Naval Architects and Marine
Engineers, based on a survey of tailshaft inspections was, "that
shaft corrosion due to sea water ingress is a contributing factor,
but 1is not a dominating factor in tailshaft condemnations™ (6).

Surface cold rolling of marine propeller shafts will not eliminat
cracks in the shaft due to the low stress required to initiate these
cracks., However, rolling will reduce the propagation of the cracks
(due to fretting or corrosion) once formed and will result in fewer
shaft losses at sea and in fewer shaft condemnations due to cracks.

In addition, surface cold rolling of marine propeller shafts
may result in a reduction in the percentage of shafts found with
cracks., From the surveys presented above, it can be surmised that
about 50% of all shafting inspected has cracks, This would seem to
indicate that the design of these shafts results in a bending stress
which is very close to the borderline between that which will produce
fretting fatigue cracks and that which will not., Tests results,
figure 16, show for a rolled shaft that the stress required to initiate
cracks is greater than that for a non-rolled shaft,

(It is interesting to note that some owners are installing pro-
peller shafts designed for about twice the strength in bending re-
quired by the regulatory bodies. This will result in lowered bending
stresses and may eliminate formation of fretting fatigue cracks in
the shaft. In the light of the benefit derived from surface cold
rolling, it seems an excessive expense. It must be remembered that
the increased shaft strength will not prevent the formation of core
rosion fatigue cracks),.

Since fretting fatigue cracks initiate at such low stresses,it
is not recommended that any reduction in design size of propeller
shafts be considered as a result of surface cold rolling.Further-
more, the benefit of surface cold rolling could be lost during some
future repair requiring-stress relief and, with the possibility of
no rolling equipment available and no spare propeller shaft, would
necessitate the return to service of the shaft in a "non—roiled"

state,

Surface cold rolling propeller shafts makes possible a longer
period between inspections of the propeller shaft, Until more is
known about the results from rolled service shafting, it is believed
that the period between inspections should remain three years,
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It is recommended that no relaxation be made in the inspection
for cracks in rolled shafts as opposed tc non-rolled shafts, Any
cracks found in a surface cold rolled shaft should be repaired be-
fore returning the shaft to service, for the following reasons:

l, When first found, the cracks in nearly all cases would
not have propagated very deep and could be removed by
superficial grinding only, with no weld repair. The
depth of grinding would probably be such that little .
loss of surface cold roll benefit would occur. 4 "peen-
ing" process might be developed to restore any rolling
benefit lost, '

2 If the crack were permitted to go until the next inspection
period, it might have progressed deep enough to require
welding repairs followed by stress relief and possible
resulting loss of rolling benefit.

3s With the possibility of sea water corrosion always present,
returning a cracked shaft to service is hazardous,

. From the foregoing, it is apparent that definite benefit can be
derived by the marine industry from surface cold rolling propeller
shafting, Panel M-8 of the Sociery of Naval Architects and Marine
Engineering has recommended (3] thar all marine propeller shafts
be surface cold rolled, This recommendation is supported by the
evidence presented in this paper.,

It is not known whether the optimum bhenefit is being derived
using the present procedures. Furthermore, it is not known if labo-
ratory tests indicate accurately the gain that can be obtained with
surface cold rolled shafts in service. To properly evaluate the
relation of surface cold rolling to the marine industry, the following
is needed:

1, Optimum depth of cold work - All surface cold rolled marine
propeller shafting, of which we have knowledge, has been
cold worked to a theoretical depth of about 0,50 inch. 4
review of available test data (particularly (12)) reveals
that a depth of cold work greater than 0,50 inch might
produce greater residual compressive stresses aml presumably
more resistance to fatigue.

2, Rate of shaft surface speed - Reference (7) shows that a
high rate of strain results in a higher yield point. It
may be possible that a slower shaft speed, which would
produce a lower rate of strain, might result in a slightly

greater depth of cold work for the same roller load. '
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Effect on residual compressive strgsses in a rolled shaft
from the heat of a hot {500° - 600%F) shaft sleeve when

shrunk on the shaft,

Rate at which fretting fatigue cracks propagate as the
number of cycles increases. .

Effect of small amounts of sea water over a long period
of time on fatigue strength (this would most nearly
similate the corrosion c¢ondition which can occur in
actual service). ‘

Frocedure for restoring cold work in way of areas ground
out for removal of cracks.

Service data of surface cocld rolled shafts,

It is hoped that the marine industry will cooperate in making
available all information possible concerning service data of surface
¢old rolled propeller shaftse
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APPENDIX

By reference (10), the greatest
principal shearing stress occurs
along a line normal to the surfaces
of two contacting elastic bodies
and iz _shown in figure 20.The shear
stressloccurs at a depth 2z . IfTis
the shear yield point of the materi-
al, then plastic deformation will
occur to a depth 2z, , assuming that
the stress system under the roller
at a depth greater than?is negli-
gibly different from that which
would exist were the body perfectly
elastic, In calculating the depth,
Z , of the point where the shear
stress is T ,three relations are
of interest:

Figure 20 - Variation of
principal shearing stress
along a line normal to the
surface of an elastic body
where another body 1s
bought into contact with
it,
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(A} Load applied at a point
>~ [ 7= 2 _]
I g s 2 |
{B) For a circular contact area
fZa _ a & 3 0\1
ZR//-/,}) T at+z*
Where: OG- = rpadius of contact
I
R

of the two
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= rzdius of "hardening” roller

radius of shaft

il

7
6
'ﬁ/= centour radius of "hardening™ roller

/

I, = contour radius of shaft

(C) For elliptical contact area of major semi-axis, ¢, and
minor semi-axis, b

-~ CE .fe/‘\. —E_\
T= EEL (e 2)

Q(h/ﬁ) (4)
(For derivation see reference (13))
Where: e = E/C_
_ Y PR /[ (e
C = V 24722'C> (5)

CCI\/’L = ]—QL

Using equations 4 and 5 to plot L vs Z with P, R, A and E
equal to a constant shows that if & 1is greater than 0.50 the contact
area may be taken as a circle for computing the load.

The condition for € to be greater than 0,50 is that
| |

v’ ’ -
Tt 3 e

‘ } C 7.83
7 -+ —

v

b

/
If V7 = 1,5 inches and 7 = 4,5 inches the limiting value of Y, for
this condition to be fulfilled is &5 inches,

Equations 1,2 and 3 can be used to determine the roller load for
the desired depth of cold rolling, since the shaft sizes of interest
are well within the limiting value, Usgng equations 2 and 3 with C =
1, P=1000, # = .3, and £ = 30 x 10°, figure 21 can be plotted for

-

R greater than zero, Equation 1 is used to plot KR = O,

P

If P = 1000M and is the load which will camse a stress (, at

a depth #£ , the stress T =T 7™ will exist at depth Z,=2VM . T 4is
the stress at depth Z with a 1000 pound load. To use Figure 21 plot
the point T, , 2, where Z, is the desired depth of cold working and =
T, is the shear yield point of the shaft material. Connect this point -
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: "to the origin with a straight line and where this line crosses the

i curve of the correct R is the point T y 2z » Then =<§Qq3: T \3
SEK is calculated, ' z T )

: ‘ Using Figure 21 as outlined above, Figure 22 can be constructad
SR from which the roller load can be immediately selectad for any shaft
material, Figure 22 may be used for rcller diameters from 8 to 10
inches with a 1=1/2 inch crown radius without introducing any signi-
ficant error, In constructing Figure 22, the yield point in shear
was taken as 0,50 times the yield point in tension.

The minor semi-axis of the contact area for various size shafts
is shown in Figure 23 and is used to determine the maximum rate of
feed for surface cold rolling, It is evident from Figure 23 that the
maximum rate of roller feed along the shaft can not be determined
by assuming the contact area is circular, Radius ™a™ of Figure 23 was
computed making this assumption, using equation 3, The value b, is

. the maximum permissible rate of feed and is the minor semi=axis of
. the elliptical contact. Reference (11) was used to compute the semi-
1 axis of the elliptical contact shown on Figure 23,
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