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RESTDUAL STRESS ANALYSIS OF OVERSPEEDED DISK WITH
CERTRAL HCOLE BY X-RAY DIFFRACTION

By Jemes N. Good

SUMVARY

An analysis was made (f the residual surface stresses Of a
parallel-sided 38-0 aluminum di sk Wth a central hol e after plastic
strain had been introduced by centrifugal overspeed, that i s, those
speeds at which the elestic limit was exceeded, and by Central com-
pression. |nprovenents in camera equipment, X-ray - intensity comn-
trol, and technique for photographic X-ray stress analysis devel oped
at the NACA Ceveland | aboratory were used Wth a microcomparator
and microphotometer.

Locally hi gh stress differences were found superimposed On an
over-all trend i n the stress curves measured On the surface of a
di sk overspeeded under conditions at Which the surface stresses may
have been different from the body stresses. Both the tangential
and radi al residual surface stresses fromcentrifugal plastic
straining were tensile overt he greatest portion of the di sk radius
even after 3 weeks. Fluctuations between hi gh tensions and high
compressions, however, were found in an area adj)acent to the cen-
tral hole.

Tangential residual surface stresses within a strain band near
+he central hol e of a di sk overaspeeded under conditi ons at which
the surface stresses were probably representative of the body stresses
were hi ghly compressive. These stresses were those that remained
after the diek was subJected t 0 centrifugal pl astic stralning by
an unbalanced vi bratory notion between the edge of the central hole
and the driving mechaniem. From the hole to the rim the tangenti al
stresses changed from compressive to tenelle. The radi al strese
wae compressive except for a reglon of highly tensile stress at
three-quarters of the diek radius. Fluctuation8 were found in
tensil e stresses bet ween adj acent circumferential points that were
al so located at three-quarters of the disk radius, but on a radius
not in the strain band. The stresses at one-guarter of +the disk
radi ue on this radi us were conglstent eand in fair agreement with
t hose found at one =-guarter of the disk radius in the strain band.
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INTRODUCTION

The measurement of residual stresses after overspeed, t hat is,
speeds at which the elastic [init of the disk material has been
exceeded, i s one of the probl ens encountered i n t he determination
of the stresses in rotating disks. Because the residual stresses,
as a first epproximation, equal the difference between the elastic
stressesand the plastic stresses (reference 1), the plastic oper-
ati ng stresses may be determined from them. True stresses, for
example, that may have critical Concentration resulting from
anlsotropy in the disks have, however, remained unknown. Al t hough
techniques for t he determination of residual stresses in metels
by strain gages and other methods are known, in most ceses these
methods are destructive to t he material and have Gt her linitations
as well. It is therefure advantageous t 0 Use t he nondestructive
x-ray « diffraction method to measure surface stresses. Measure-
ment of the residual -stress distribution in the surface of a
paral | el -sided disk that has a central hole is therefore a step
in the experimental stress analyses of gas-turbine disks.

The well-known use of X-ray diffraction forstress measure-
ment has the advantage of being the only experimental stress-
measurement method operabl e without know edge of the prior unstressed
condition"and it is the only conpl etel y nondestructive technique for
measuring resi dual stresses. Application of the method to the detexr-
mination of resi dual stregses in the high-temperature alloys used
in gas-turbine di sks may, howevexr, of fer difficulty. Accuracy of
stress determinations by thi s method may be difficult or impossibdle
to obtai n under some conditions, for example, whensuch all oys are
structurally deforned on an atomic scale. Al uni num however, gives
reasonably sharp diffracti on linesin t he plastic-flow condition.

In a preliminary investigation of the residual stresees at the
suxface of an overspeeded di sk, which was conducted at the NACA
Cleveland| aborat ory, maximum accuracy was sought through us8 of
an aluminum di sk. The di sk was overspeeded, the residual stress88
wer e measured, and the di sk was anneal ed to relleve the stresses.
The di sk wes overspeeded a second tinme for an intended hi gher speed
and for measurement of the new residual stresses.

This investigation was conducted primarily to measure the
ef fect of overspeed on the magnitude and the distribution of stresses
in the surface of a flat, parallel-sided, ductile disk with a central
hole. A secondary purpose was the improvement of the egquipment and
technique f or X-yray - diffraction stress analysis to a more practical
statua.
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APPARATUS ARD PROCEDURE

The disk investigated was nmade from 38=0 al um num rolled stock,
5/8 inch thick, and was machined on both sides t0 3/8-inch thickness
to renove any surface contaninati on and variation in cross-secticmal
grain conditions introduced by rolling. The inside dianeter of the
di sk was 2. 75 inch88 and the outside di aneter was 14.00 inches. The
38-0 alloy was chosen because it woul d yleld sherp diffraction pat-
terns without the interference produced by all oying agents and with-
out the inherently rapid self-annealing of pure alunminumat room
temperature. The alumi num di sk vas fully annealed to remove any
stresses in the material, metellurgicelly sanded to remove t hevor ked

| ayer, and nacroetched in caustic. The etched surface is shovn in
figure 1.

The disk was spun in & Vacuum spin pit conprising a eteel-lined
chamber with a cover plate to which were attached an air turbine
and vacuum and oil lines. The disk-hol ding devices used were of the
two types shown in figure 2. Type A (fig. 2(a)) was made of steel
and was designed to introduce no compressive stresses at the disk
center by the centrifugel force of "tulip petals" as in type B
(fig. Z(b)). Type B was made of naterial soft enough to expand with
the di sk and was desi gned to introduce no possible surface-stress
ef fects by clemping of plates against the surface (as in type A).

The X-ray measuremente of the di sk before cverapeeding gave
t he unstressed spaci ng between the (420) planes. The di sk was again
X-rayed after having been spun at a rotor speed of 11,500 rpm wlth
the type-A hol di ng device, whick produced an increase of 0.06 inch
in the inside dianmeter and 0.04 inch in the outside dianeter. As
plastic flow began, the disk becane slight4 thinnerat the center,
wes thereby relieved of any initial surface pressure by the clamping
plates, and was left slightly |oose and £ree to stretch. The disk
wes reannsaled, mounted .on a type~B hol di ng device, and spun for an
intended higher speed. At 10,000 rpm, however, an unbalance devel oped
when the tulip failed to expand with the diefk, at which point the run
was di scontinued. The unbalanced motion of t he disk compressed t he
material adjacent to the central hole, which vas enlarged 1/4 inch
Wi t hout change i n the outside di aneter. Inasmuch as there was no
change in the outside dianmeter, the elastic limit in tension vas
not exceeded over the outer radial portion of the disk.

x-ray - diffraction examination of the spun speclmens was made
using a portable two-vindov cobalt X-ray tube of the permanent-
vacuum type, operated at 35 kilovolts and 11 milliamperes. An auto-
matic current controller, which was designed and built at the
Cleveland laboratory, was used to meintain ths X-ray current, and
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consequently the X-ray intensity, constant at the full rated Val ue
duringthe full period of exposure. This controller relieved the
operator of the intermittent manual adjustment usually necesaltated
by the 10~ to Wpercent drop in the current that occurs during the
early part of each operational period. The operating arrangement
of X-ray camera, portable tub8 and stand, power Unit, curreant con-
troller, and automatic timer is shown in figure 3. A special back=-
reflecti on camera,so designed and constructed as to permt instal-
[ation very close to the X-ray tube, made possible the use of short
expogure times. The whole camera-and-tube assenbly was so designed
and fabricated as to allow rapid change in cameraposition and in
angle of X-ray incidence to the disk. A snall reversible notor was
nmounted on the camera with an automatlc microswitch and relay con-
trollers. The camera could be continuously rotated clockwise or
ooul d be oscillated £30%at 1 rpm.

Al X-ray exposures, which were 10 or 15 minutes long, were
made with a collimated beam 1/32 inch in dianeter at approximately
focusing conditions. Smaller beam sizes required excessively
| onger exposure times. Three angleas of X-ny incldence to the
di sk surface were used i n this analysle at each point of stress
determination: (1) normal to the surface, (2)50°to the tangen-
tial direction in a mormal plane, and (3) 50° to the radial direc-
tion ina normal plane. A spot layer of gold filings 0.0035 inch
thi ok was applied to the center of a strip of cellulose tape
0. 0025 inch thick, which in turn was applied to the surface of the
speci men at each point of streses determination, onceeach for the
three angles O incidence. The X-ray beam was ained at a |/32-inch
spot of fluorescent powder centered over thegol d filings at the
desired pointon the specimen. The gold was exposed and removed,
and the specimen was exposed on the same £ilm. The apecimen and
the X-ray stand were mounted on separate tables to allow space
bet ween them for the swing of the X-rey tube to various positione
requi red by the several anglee of X-rayincidence. A dial indi-
catorwas attached to the cemera base and posltioned against a
ri gi d surface on the specimen rigging. Any change in the fllm-

t o- speci men di stance during exposure of the specimen eouldthus

be readily detected to within 0.0001 inch; If significant change
was detected, the two exposures were remade. The tangential- and
radial-exposure positions of the camera mounting and gage assenbly
areshown in f igures 4(a) and 4(b), respectively.

Sharp reference lines were acribed om the devel oped ditrrac-
tion photographs at right angles to a dianeter of the diffraction
clrcles to provide a means of determiningt he subsequent magnifi-
cation and to measure diffraction-line diameters of the phot ogr aphs

QL6
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on photometer charts. Distances between the reference linea were

read to £0.,0002 inch on a microcomperator under a viewing megnifi-
cation of 4X. Microphotometer scanning along the dlameter of the
diffraction circles with & potentiometer recorder then produced the
chart tracings of X-ray and scribed |ines magnified 10X. Diffraction-
i ne peak separations were read on the microphotometer chartas and
converted to distances on the phot ograph8 to an accuracy of £0.0003 inch.
The di stance between specimen and X-ray film the spacing between
atom c planes of the specinmen, and the stresses in the specimen were
then conputed from the radii of the various diffractlon circles. A
photograph of a typlecal diffraction film ie shown in figure 5. The

| ocations of points at which X-ray exposures were nade after each
splnning are shown in figure 6.

Tangential and radi al stresses were calculated from the follow ng
equation taken from reference 2 (p. 273):

E 1 dy-d4l
°$°T%v mevy 9 (1)

where

o stress in either tengential orradi al direction, pounds per
square inch

E Yoﬁng's nodul us, pounds per square inch

V] Polssonts ratio

v angle of X-ray inclination in stress directlon to 1ime per pen-

di cul ar to surface, degrees

d\p spaci ng between atomic planes &t inclined X-ray incldence,
angstrons

d_L spacing between atomic planes perpendicular to surface, angstroms

The sums of the principal stresses were calculated from the following
equati on taken from reference 2 (p. 270):

d; -4
g -9
: 1*%=°"% T 4 (2)
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wher e

0 1s02 principal stresses

do gpacing bet ween atomic planes perpendicular to surface in
stress-free state

The measured sum of t he principal stresses was compared with the
sum of the individually measured tangential and radlal stresses, which
are the principal stresses in thls case, as a check on the measurement
of these i ndivi dual stressesa.

ACCURACY

In the analysis of reference 3, it was concluded that it is pos-
sible t 0 estimate from visual observati on the position of maximum
intensity within a diffraction |ine with an uncertainty of about 1/10,
the width of the line at half maximum intensity. |t ha8 been estimted
(reference 4) that visual measurement of the films gives ahout the
game accuracy 38 measurements \\V t h a recording microphotometer, namely,

1x10-4 Ain atomic spacings, for photographs with sharp lines. For
di ffuse line8 the microphotometer is always advantageous. | n this
wor k, however, use of a Knorr-Albers microphotometer, which is very
accurate, wWith t he precision measuring technlque previously described
permtted 8 repetitive accuracy of the measurement of the poaltion of
maxi num i ntensity of 1/20 to 1/100 of line width at half maximum | Nt en-
sity 88 determned by five sets of reading8 on each of eight lines.

The foll owi ng equations are derived in reference 3 for calculation
of the error in strese neasurement by X-ray diffraction:

E(ﬂildl‘\x 104 r A7 (3)

where
8(ay - a)) probabl e exror in (dy - d])
r probabl e error in measurement of position of maximumm

intenaity in diffraction line expressed as fraction
of width of that |line at half maximwm intensity

975
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When equation (1) is differentiated, the following expression is
obt ai ned:

E 1 8y -a))

o el oinZ L

where

60¢ probabl e error 1n0¢

Substitution of eqguation (3) in the preceding equation glves

E 1 -4
5°¢=1+u sinz.q,r(LXlo yNZ (4)

Numerical values can then be substituted in equation (4) to yield a
m ni mum value for the probable error in the determ nation of the
principal stresses o3 and oo

10.5 x 108 1 1
0¢= T ¥ o 7 3o ¢ x 10742

(0.842)
= 540 pounds per square i nch

Equation8 (3) and (4) are based on the assumptions that each crystal
grain is a perfect diffractor, that the statistical distribution is
uniform, and t hat t he geomatric conditions are perfect. The factors
that come into play 1ln actual practice, which cause a crystal grain
to act as an inperfect diffractor, | ncl ude t he crystal imperfections
characterized by the mosaic structure and the dlsplacements of atoms
fromideal lattice positions within mosalc domains; t he factors t hat
cause nonuniformity in t he statistical distributi on within the al | oy
are the non-honogeneity of ecrystal size, the variation in the concen=~
tration and distribution of the alloying elements from crystal to
crystal, and nonrandamness of crystal orientation.

In actual practice, repeat measurements were made of the spacing
between the (420) plenss in t he sama regi on on stress-free 385-0 alum-
inum without regard to accurate repositlonling of the irradiating
beam on the same diffracting crystals. Asa result, total random
chenges in (dy - d|) were obtained fram this alloy. When these

val ues of (d\p - 4} ) were substituted in equation (1) and the
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corresponding stresses were computed, values ranging from +700 %o
£1500 pounds per square inch were obtained. These values include
t he effect of all variableas. These variables may well cause the

error in stress measurements to be three times the minimum error

es calculated for the ideal ocase.

In the experimental measurement of the residual stresses dis-
cuagsed in the foll owing section, care was taken to irradiate the
sameo crystals when repeat measurements were made for identification
O any stress relaxation. Inasmuch as the diffraction lines of the
alloy in the stressed condition appeared to undergo little or no
change from the unstressed state, itcan be assumed that the error
in determining the value of the residual stress at any point is
not much larger than 1500 pounds per square inch. In regions
where high stresse gradients exist, the error in determining the
residual stress at a specified polnt is further increased by the
uncertainity in positioning the apparatus at exactly that point.

RESULTS ARD DISCUSSION
Type-A Holding Device

After spinning at 11,500 rpm (type-A holding device), the disk
showed S|ight distortion in a region of about lg-inch radiue, a8 sghown

schematically in figure 6(a). This distortion faded slowly, was only
slightly visible after 2 weeks, and was invisible after 4 or 5 weeks.
. The tangentlal and radi al surface stresses neasured at the points
shown in figure 6(a)are shown in figures 7(a)and 70 respectively.
The dat a shown by t he solid lines were t aken progressively fromt he
hol e to the rim over a period of 2 weeksthat started at the tine

t he disk was spun. A sscond series of observations, followi ng the
same sequence, was made during the next 2-week period. Large fluc-
tuations i n stress, which varied fromcompressive to tensile, were
present within 1/¢ inch of the disk hole (radius, 1.38 to 1.65 in.).
From 1/4¢ inch t 0 approximately 1 inch fromthehole (radius, 1.65 to
2.38in.), the astresses, shown by the solid |ine, changed to & max-
imum tensile value. For adistance of 1 inch from the hole to the
rim the tangential stresses (fig. t(8)) remainedfairly constant,
whereas the trend O radial stress (fig. 7(b)) was toward Zero. This
trend might have beenpartly a result of relaxation taking place
during the 2-week tims interval in which the data were taken along

t he radius. The tangential stresses in this region varied rather
uniformly, whereas t he radlal stresses showed marked fluctuations.
Application of the acouracy of +1500 pounds per square i nch woul d
tend t 0 smooth oOut these curves, but these fluctuations are often
out si de t he range of this accuracy and therefore must have some
validity.
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The dashed lines in figure 7, which represent the data taken
during the second tinme period, showed close agreement with the first
set of data near the hole. Toward the rim, however, the paralleliem
became broken by fluctuations. The strese val ues obtained during
the second period either approximated the val ues obtained during the
first 2 weeks or fell below them The presence of any stress rel axa-
tion would indicate that the residual stresses immediately after over-
speed may have been slightly higher than those shown by the data
points for the solid line. Very often the dashed-line data points
fell within the overlap of the accuracy of #1500 pounds per sguare
inch when it was applied to both the solid- and dashed-line data.

The consistently | ower stress val ues for all second-period data
presented, with the exception of three data points, 88 well 88the
Simlarity O the changes in the diatributione of the stresses after
the Initial spinning, |end validity to the indication of stress
relaxation. Lack of conplete parallelismbetwen the solid- and
dashed-1ine curves night be the effect of the non-homogeneous rel ax-
ation in adjacent areas. There 1s, however, no way to confirm this
effect conpletely fromthe existing data.

Confirmation of the data of these curves is shown in figure 8
in which the independent msasurement of the sum of the principal
stresses is compared wWith the sum of the tangential and radial
stresses shown in figures ?(a) and 7(b), respectively.

Type- B Holding Device

After the spinning at 10,000 rpm (type-B hol di ng device), which
caused a 1/4-inch enlargement of the central hole but no change In
t he outside dianeter, the macrostructure of the disk showed distor-

, , , 7 ,
tion in a central region approximately 2g inches in radius, &8 shown

in figure 6(b). Vell-defined radial strain bends, sinilar to Luders!
lines in steel, were evident at the periphery of this region wth
occasi onal |ong bandse extending toward the rim These strain bands
di sappeared rapidly, becomlng invisible in 36 to 48 hours.

Vi sual evidence of the central distortion faded in the manner
previously described for the central distortion of the initial
spinning. Data were taken on a radius through the largest band as
shown (fig. 6(b)} and also on an |ndependent radius over two short

arcs, at 2g and 5g inches in radius. Figure 9 shows the stress

distribution within the long strain band. The di sk was stressed,
in this case, after an anneal that foll owed the previous centrifuga
straining. The curves are snoother than in the first stressing
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at 11,500 rpm (fig. 7). This smoothness is probably the result of
more conplete elimnation of the preferred orientation by the anneal
after straining and the fact that the points of stress measurement
lie in an erea of severe straining. One merked devi ati on from com-

pressive to tensile stress occurs in the disk at 5% inches (t hree-

quarters of the disk radius). This deviation was confirmed by
remeasurement after 3 weeks. Such high tension might be asaoclated
Wi th the coincidence of its location with the tip of the strain band.
The nmarked differences in stress that existed at adjacent points in
a region where no merked strain bands were visible to the eye are,
however, illustrated in figure 10. This figure shows fluctuations

in the stresses between adj acent cilrcumferential points at the radial

distance, 5§ inches, at which the hi gh radial tensile stress was noted
infigure 9, but on a different radius than that of the strain band.

The stresses at 237 inches Of the disk radius On this new radius
(£ig. 10) are consistent and in falr agreement with those found at
2g inches of the disk radius in the strain band. The change in the

stresses at the two polnts for which repeat ed measurements were t aken
(figs. 9 and 10) conpare favorably.

Comparison of Results

The neasur ed stress distributions shown in figures 7 and 8 do
not agree closely with the stresses that would be expected on the
basis of theoretical plastic-flow determ nations such aswere made
in reference 5 for overspeeded disks. |t is poseible that the
restraining action of the clanp (type-A hol ding device) on the sur-

face of the disk at a radius of 21—2 to 2 inches produced a residual

surface stress that differed from the body stress. This surface
restrai ning action could prevent the surface retal from flowing as
freely as t he internal material. Although it was observed that
plastic flow of the disk had made it slightly thinner by freeing

it from restraint by the clamps at the end of the test, initial
surface restraint mght account for the measured results. Figures 7
and 8 show that the highest tensile stresses apparently fall just
outside the radial position of the circumference of the hol di ng
clanp. within this circunference, the stresses fluctuate sharply
between tensile and compressive, as if the surfacehad wrinkled in
piling up behind a stationary body. CQutside the clanp, all the
initially measured resi dual stresses are tensile. These results
then probably do not entirely represent the residual stress within
the maseof the disk. This fact is Important in it8 indication

O the megnitudes O gradientsin stresses than can occur on and in
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aircraft-engine conponents. Wen an external force (such as encoun-
tered in thermal stresses or possibly by velocity inpact of exploding
or vibrating gases) acts on a metal engi ne conponent, the surface
stresses may be quite different from those within the conponent

These surface stresses may therefore be different fromthe gross
stresses existing within the body of the disks and full understanding
of the stress distribution nust include neasurenent of surface as
wel | as body stresses.

Dat a under conditioms in whi ch no known outside forces acted on
the surface being analyzed are presented in figures 9 and 10. The
curves, particularly along a given radius (fig. 9), are nore uniform
in point-to-point variation than those of figure 8 and may represent
the stress condition through the cross section of the disk as well
as at the surface. It can be expected, in any case, that the centri-
fugal force of the tulip petals of the type-B hol ding device would
have sonme nodifying effect on the stress distribution in the disks
tested with it. The determination of this effect, however, was not
i ncluded in this i nvestigation

SUMMARY OF RESULTS

From an investigation of the residual surface stresses of a
paral | el -sided 38-0 al um num disk with a central hole after plastic
strain had been introduced by centrifugal overspeed, the follow ng
results were obtained

L. Locally high stress differences were found superimposed on
an over-all trend in the stress curves neasured on the surface of a
di sk overspeeded under conditions at which the surface stresses may
have been different fromthe body stresses. Both the tangential and
radi al residual surface stresses fromcentrifugal plastic straining
were tensile over the greatest portion of the disk radius even after
3 weeks. Fluctuations between high tensions and high conpressions
however, were found in an area adjacent to the central hole

2. Highly conpressive tangential residual stresses near the
central hole within a strain band were measured on the surface of
a di sk overspeeded under conditions at which the surface stresses
were probably representative of the body stresses. These stresses
were those that renmmined after the di sk was subjected to centri-
fugal plastic straining by an unbal anced vibratory notion between
the edge of the central hole and the driving mechanism Fromthe

- hole to the rimthe tangential stresses changed from conpressive tO

tensile. The radial stress was conpressive except for a highly
tensile stress at three-quarters of the disk radius. Fluctuations
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were found in tensile stresses between adjacent circunferential points
that wereal so | ooated at three-quarters of the disk radius but on a
redius not i n the strain band. The stresses at two-fifths of the disk
radius on the new radi us were consistent and in fair agreement with
those found at two-fifths of the disk radius in the strain band.

Flight Propul sion Research Laboratory,
National Advisory Committee for Aeromautics,
C evel and, Onio.
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Figure 1. - Macroetched surface of fully annealed 3S-0 aluminwm disk before overspeeding.
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(b) Radial direction.

X-ray back-reflection camere and mounting in position for exposure of overspeedsd disk.
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of 35-0 aluminum and gold standard back-reflection
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(b) Maximum disk speed, 10, 000 rpm.

Flgure 6. - Schematic appearance O 38-0 alumimim disk after spinning at two maximum disk
speeds. Circlesshow distribution of points of I-ray stress analysis.
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