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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

TECHNICAL NOTE NO. 987

NONDESTRUCTIVE MZASUREMENT OF RESIDUAL AND ENFORCED
STRESSES BY MEANS OF X-RAY DIFFRACTION
II — SOME APPLICATIONS TO AIRCRAFT PROBLEMS

By George Sachs, Charles. S+ Smith, Jack D. Imbahn,:
Gordon E. Davis, and Lyan J. Ebert

SUMMARY

Tests on the use of X-ray diffraction methods for de-—
termining surface stress distributions in notched tensile
bars and in the vicinity of a welded joint in aircraft
steel tubing are described. Data on the effects of stress
and degree of notching on the principal stresses and stress—
concentration factors for flat notched tensile~test specimens
were obtained. For-the greater part the resultsg confirm
previous analytical and photoelastic determinations of these
quantities, It was found that X-ray techniques were of
limited value for detormining the direction and magnitude of
residual stresses in weldments since the condition of the
metal was such as to prevont an accurate determination of
the lattice paramecters. :

Among the problems interesting to the aircraft industry
which might be subject to a commercial application of X-ray
stress measurements are (a) the distribution of stresses
under load ‘in structures of changing section, or "notched"
sections, and (b) the distribution of residual stresses in

Note.. A complete: and detailed report on this investiga-
tion containing :information on the effects of varilables in
the metal condition and experimental technique on the X-ray
measurement of §tress may Ve "ovtained -on loan from the Office
of Aeronautical Intelligence of the Naticnal Advisory Commit—
tee for Aeronautics, Washington 25, D. C.
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welded structures. While some investigations in these di-
rections have been carriesd out previously, as discussed in
reference 1, they are not sufficiently extensive to reveal
the general applicability of the X-ray diffraction method

to such problems.

-Consequently, of these two groups of problems, one
special problem in each group was selected. The investiga—
tion was particularly concérned with the reliadbility and
accuracy of the stress measurements and their general use-—
fulness. - ' {

This investigation, conducted at the Case School of
Applied Science, was sponsored by and conducted with the
financial assistance of the National Advisory Committee
for Aeronautics.

X~RAY DETERMINATION OF STRESS DISTRIBUTION IN FIAT,

NOLCHWD TENSILE TEST BARS

Previous History

The X-ray diffraction method of stress determination
would scem to posscss some outstanding advantages, accom—
panied by some disadvantages, when applied to the ‘study of
gstress distribntion in' struetural members. Structural parts
frequently differ in section, shape, and size, sometimes
very suddenly, resulting in a very nonuniform stress distri-—
bution close to the section change or "notch,®® This stress

tate is characterized by steep stress gradients and high
localized strass peaks or "stress concentrations,"

For this reason, a study of notched flat bars subjected
to tension was undertaken in order to study the merits and
possibilities of the X-ray method as applied to notched
parts, particularly of metals used in aircraft.

1/2]

In relation to stress measurements in notched sections,
the X—ray method has the inherent dvantag s of using a
small gage length, of providing a conveniént method for de-—
termining the complete stress state, and of providing a
method for:the determination of stress not only in the elas-—
tic, but also in the plastic strain regions, Mechanical and

12he teoerm "notch" is used generally for. any type of
sudden scction changes.,
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photoclastic methods do not permit the detormination of the
strese.in the plastic strain region.- Photoelastic moasure—
ments, however; enablo the analysis .of the'stress distribu— A
tion in the elastic stress state very acceéurately. Such meas—
urements and the results of theorctical investigations may
sorve as the basis for the cvaluation of the X—ray method as
applied to tkhisproblen,

NFumerous attompts have been made to determine the effects
of notches, holes, and so forth, on the stress distribution
causcd by elastic loading (see refsrence 2). The discussion
hoere is restrictod to investigations of flat and ecircular
bars, provided with a local reduction of the section by an
external notch, and subjected to pure tension in the uniform
section.

The maximum value of longitudinal stress or "stress
peak” which is created by elastic straining of round and
flat bars of infinite width and provided with notches of
hyperbolic profile has been calculated by Neuber (reference
3). This stress peak at the bottom is given by the expres—
sion:

: S
ot miound: barsi. St ;»Sf//i'
mnax g s
' v
; 4 /d
Por flat bars: S 2 1,88 /=
max v/ T
where
S average tension (load divided by.the area of the notched
séction)
r “radius at the notch bottom (apex of hyperbola)
a digmetor or width of--the unnotehed section

These formulas, however, assume infinitely large bars and,
therefore, approximate only the conditions created by very
deecp natiches .. ¢

&)

Thq;cffects‘ﬁf.yarious factors, such as radiuvs ‘of -
notch, notech depth,.and so forth, lbve been followed up by
vhotoelastic investigations on flat bars of a transparent
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material, such as bakelite, by Coker and Filon (reference 4),
Frocht (reference 5), and Wahl and Becuwkes (referencc 6)s
The following throe types have been investigated:

. 1. V-notches of constant depth, having various bottom
redid - (figey 3-dnd 2)

2. Semicircular notches of wvarious radii (figs. 3
and 4)

i Sillow notches of various depths and widths having
a half—circular bottom contour (of various radii) (figs.5
and 6)

For the first two notch types, the distridbution of the
lnteral stress has also boen determined (figs. 1 and 3).

The last notch typoe should approximate the practical
condition in notched bar tensile tests where the notch is
usvally a V—notch with a constant bottom radius. The mea sg—
ur ements of Frocht evaluated for a bar of given thickness
(= 100 percent) provided with notches of given bottom ra g
and varying depths are represented in figure 6. The stress
concentration factor, that is, the ratio between the peak
stress and the average longitudinal stress in the notched
section, increases at first with increasing notch depth
then goes through a maximum and finally decreases avaln
toward the value 1, represcnting uniform stress distribution
for a notch which removes 100 percent of the cross—sectional
area., The maximum value of the stress concentration factor
occurs for a notch depth of somewhere between 20 and 50 per-
cont, this dopth being larger for sharper notchos.

Regarding the transverse stress, the photoclastic moas—

urements indicate that a high, dut localized, transverse
stress is prosont in the same region as the high longitudinal
stress peak for shallow notches (fig. 1) while a more uni-
formly distributed transverse stress exists 1in a decply
notched section (fig. 3). The”transverse stress is always
zor0 at the notch bottom, as required by the theory of elas—
tieity.

A few elastic measurements on flat steel bars with a
semicircular notch have been carried out by Preuss (refer—
ence 7) (fig, 8) and by Coker and Filon (reference 4).
Their results are in good agreement with those derived
from photoelastic measurements,
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Commercially, the two—dimensional stress state preosent
in a flat bar is less important than the three—dimensional
state present in a round bar or a more intricate structure.
Little information is available on this problem.

Experiments regarding t%e stress Q¢str1but¢on in round
bars have been carried out by Berg (reference 8) on rubber
and by Kracchter (reference 9) on steel bars by means. of
X—rays.

Both investigators agree, according to figure 7, that,
with a notch of a given bottom radius, the stress concen—
tration increases at first with increasing notch depth;
however, the X-ray method, contrary to the rubber tests,
shows a2 maximum stress concentration at a rather shallow
notch and an increasingly uniform stress distribution with
further increasing notch depth. These results are in gual-
itative agrecment with the photoelaetlc measurements on flat

bars.

Thus it appears possible to apply the information
derived from the photoelastic investigations to a round dar.
in a somiquantitative manner. According to Yeuber (refer—
ence 3), the stress peak in a round bar should be 30 percent
higher than that in 2 flat bar having notches of the same
profile on the flat sides.

Material and Procedure

Material and Preparation of the Specimens

"The steel used for the investigation was commercial
SAE X-4130 steel. It was provided in a sheet 0.120 inch
thick through the courtesy of the American Steel and Wire

"Company.

The sheet was cut into strlps of the approximate size
desired, pickled down to 05100 inch ﬁn Th ckneos, cold—
rolled to 0.035 inch, annealed at 1700° 7 for 15 mlnutes,
and air—cooled. The cooling produced considerable warping;]
so the strips were given 3 percent strain on a tensile
machlne to stralghten them. :

After this heat treatment and straightening operation),
the” scale was pickled off and a @iffraction pattern was
made to determine whether or not the grain size was suitable
to produce sharp lines. It was found that the K doublet
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was unrcsolved indicating that the heat treatnent was too
severe (fig. 9). The strips were, thereforec, stress re-—
lieved at various temperatures to determine the optimum
grain condition for well—-defined diffraction patterns.
Temperatures of 1000° F, 1240° F, and 1320° F were used in
the atteupt to determine the optimum stress relieving tem—
perature. Diffraction patterns,(fig., 10) were made after
each stress relief and showed that the most suitable temper-—
ature was 1320° F. In stress relieving, the strips were
clamped betwecen heavy steel plates to prevent warping, and
packed in a mixture of powdercd charcoal and burnt magnesia
to prevent decardburization., The stress relicving was done
in a Lindberg Cyclone furmnacc. The sanplecs were held at
the specificd temperature for 4 hours, then furnace—cooled.
All tcmperatures were maintainecd to +5% F of the desired
tenperature.

The strips were then pickled to remove scale and any
docarburization. After the pickling, the strips were mado
into tensilc specimens. A final pickling opcration was
given to the finishéd specimen to removo any superficial
cold work that might have taken place on the surfaco in
the machining operation.

Tonsile tests were run on standard size specimens that
had been given the foregoing treatment, to determine the
yield and ultimate strengths. The treatment resulted in a
yield strength of 59,500 psi and ultimate strength of 81,500
psi. TFigure 11 shows the stress strain curve for the SAZ
X—4130 stccl in the conditicn in which it was used for the
tensile spcocimens.

One duralumin specimen (fig. 12), was madec from 24S-T
duralufnin shect 0.033 inch thick. It was annealed for 1
hour at 4000 F in order to increcasc the sharpnoss of .the

diffraction lines without appreciably deccrecasing the.strength.

The annealing conditions were solected on the basis of previ-—

ous tests., The yiecld strength in the condition-as tested was
56,000 psi.’ -

It was decided to wuso, in the stool spccimens, a 60°
notch, and to hold the ratio of the notch radius to the
maximum width of thoe specimen constant. Thig‘ratio was ap—
proximately 0.04 and produced theoretically (refercnce 5) a
stross concentration factor of 3:5 for the 25~percent notch
and of approximately 2.5 for the B-porcent notch (Fige B)s
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Two notch depths were investigated 25 bércent and 5
percent, The dimensions of the specimens are shown in
fizure 13, ’

Since the specimen was relatively short, and since
the tensile machine applied the load by means of two pins
passing through the ends of the specimen, there was some
doubt as to whether or not the applied load would produce
a uniform stress distribution in the unnotched portion of
the specimen, To overcome this difficulty, cold—rolled
steel plates were riveted to the ends of the specimen,
This, in effect, increased the length of the specimen and
produced a uniform stress distribution since the loading
pins applied the load to the plates, and not to the speci-
men directly,

In the case of the duralumin specimen (fig, 12) a 50"
notch also was used, However, in this specimen, a higher
stress concentration factor was used, The ratio of the
notch radius to the specimen width was approximately 0,02,
and the notch depth was 20 percent, This set of conditions
corresponds to a stress concentration factor of more than 4
(fig, 6),- It was found necessary to rivet supporting plates
to the 'ends of the specimen as in the case of the steel
specimens,

Straining the Tensile Speciméns

A special tensile machine (fig, 1l%¢) designed and con—
structed in this laboratory especially for this investiga—
tion by Mr, Frank Miller, was used to obtain the various
loads on the specimens, - The load was applied through a worm—
and-screw arrangement, and transmitted to the specimen by
means of a "calibrating bar" made from tubular SAE X—4130
steel, TFigure 1F shows the tensile machine in position for
making diffraction patterns from the duralumin specimen,

The tubular member served as a means of measuring load, For
use in transmitting load to the duralumin specimen it was

used in the hot—rolled condition, but for use with the steel
specimens it was necessary to make it stronger, for carrying
larger loads, by annealing at 1700° P, air cooling, and tem—
pering at 700° ¥, This heat treatment produced a proportional
limit corresponding to a load of 3200 pounds, The tensile
machine itself could withstand a considerably higher load,

The change in length of ‘this tube for any change in
load was determined accurately on a standard Olsen tensile
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machine., It was found that in the hot-rolled condition, 20
pounds produced an elongation of 0.0001 inch in a 2-inch
gage length, while in the heat—treated condition, 37 pounds
produced the same elongation, The load applied to the tensile
test specimens during investigation by X-rays was measured
by noting the change in length in a 2-inch gage length of
this tube, and applying the forecgoing calibration factors.
To make sure that the same load was applied to the calibrat—
ing bar as to the specimen, they woere connected in series.
The clongation of the calibrating bar was measurcd with an
Olsen gage, reading in ten—-thousandths of an inch.

The tonsile machine was equipped to produce a vertical
movement of the specimen of 1 inch and also a complete rota-—
tion of the specimen about the horizontal axis of the ma-
chine.

.On both steel specimens the first load was chosen in
such a way that the poak stress would be approximately
equal to the yield strength. Since the yield strength was
59,500 psi, and the stress concontration factor was 3.5,
the fhrst load corr@sponded'to>an average stress of 17,000
psi. The second load on the steel specimens was sclected
in such a way that therc would be plastic flow at the notch
bottom., If plastic flow eecurs, there are residual stresses
after unloadingy so after the stress distribution correspond-
ing to the second load was analyzed by means of diffraction
patterns, the specimen was manloaded and the rosidual stressecs
were studied. The third load on theo stececl specimons was
choson in such a way that the average stress. was greater than
the yield strength, and thus, so that the whole sample had
yielded. However,. certain difficulties arose in the casc of
the specimen with the 5-pergcent notch, so that this load
could not be attained. Tho, final load for this specimen was,
however, near the yicld strength, Since the third load also
causcd residuval streossos, a fifth serics of patterns was
made to analyze the residual stress state. of cach specimen.

" "A11 three loads for the duralumin specimen werc chosen
such that the average streoss was beclow tho yield strength
for the. duralumin. Thoy corresponded to avorage strosses
of 4B 0 A 2,000, 33,700 pRi;

After the apoplication of the sccond load of 50,000 psi
avgrage stress;to'thc 25—-porcent notch steel specimen, which
was the first to boe investigatod, and after both tho strains
under load and the rosidual strains had boen mcasured, a
question arose as to the possibility of o decrease in load

e e
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whon the spocimen was kept in a state of strain over such a
long poriocd of time'as is nocessary for X-ray stress neasure—
ments. Mechanical tests showed that crocp is very pronounccd
in SAE X-—-4130 stecl, but that no creep occurs at a load which
is 15 percont lcss than the maxinum load to whikh the spoci—
nen has been proeviously subjected. Thus, to avoid possible
changes of load during X—ray neasurcnents, the following
goeneral procedure was used. The desircd load was applicd,
and then backed off by 15 porcent before making the X—ray
exposures. To find what the stress distridbution would -have
been at tHe desired load, elastic stressos correspending to
the l5—nnrcont dncr‘ $Q of load wore added to the measured
stréesdgos s i

X-ray Tochnique

"Cobalt X-—radiation is rocomnmended for back-reflcction
work on steols, while copper X-radiation is best suited for
aluninun and its alloys. Conscguently, in nmaking the dif-
fraoction patterns from the stcel tensile bars, a, Coplidge
water—cooled cobalt target X—ray tubec -was used for the pro—
duction of the X-ray boan and a Phillips—Metallix diffrac—
tion tube with a copper targst was usced for,.the duralunin
specinen. Both tubes were operated ~t 35 kilovolts, dbut
the cobalt tube required 10 nillianpoeres, while the copper
tube could be operatod at 20 “1111,mperes. e

In the investigation of thc steel. specimons, cameras
of tho Sachs back-reflection %y weroe used.(lls. 169%
Those damoras wore designed “1d constructcd along with the: ;
plate on which thoy are nounted (described later) in this
lgbora torv especially for this work by Mr. Frank Miller
They  cons'istod of a flat circular cassettec mounted noraally -
on a’holléw axle. The film, with a hole punched in the.r.
edatér And, protected by black paper, was held in the cassette
by 1ea*ls 5f a metal plate The platec was. prov1ded with. ports
for ‘tho nassago of the X—rmys. 43

The cassotte was nounted on grooved rollers which were
fastened on a plate. The plate was adjustadble with respect
to the X-ray tube in horizontal and vertical moyement, and
in angle of 1ncllnd 1on with the . X—raJ tube. By means of
these adjustment R e poss;bl to pass the main beam of
X—rays emanatlng from. the,uube through tnﬂ pinhole system. .
The roller bearlngs ‘permittéd’ full rot ation of the.cassotte ;
about the X-ray beam as an axis. .The pinhole systom (fig. 16y




1@ NACA TN No, 987

was *held in a ‘brass sleeve that fit snugly into the -hollow
axle of the cassette. The forward pinhole was 1 millinmeter
in:digmeter and was 2 inches from the target. The resul t-
ant bean was colllmated to 0.10 inch by means of a colli-—

matinb pinhole 1? millimeters in diameter placed 1c inches
from the forward pinhole. The film to specimen distance

wa s Sé'inches. Figure 17 shows the plate and the cassette
with the pinhole system in position.

After the first picture was taken, it was found that
the silver calibration substance was too large grainsd to
produce a uniform diffraction ring (fig. 18). It was nec-
essary, therefore, to rock the film in order to obtain an
accurately measurable silver ring. A rocking device was
attached to the nlate that held the cassette. The device
gave a rocking motion of +100 to the cassette. By releas-—
ing the can action, it was possible to give the cassette
a full 360° rotation. Figure 17 shows the cassette with
the rocking mechanism attached.

In the case of the duralumin investigation. the same
type of camera was used, teae, 151, It was found that the
duralumin was of such a zrain size that rocking.did not
improve the nattern, and hence no rocking device was at—
tached. The pinhole systenm which was used for the inves—
tization of this spec;men, was essentially the same as that
used for the steel smecimens, giving the same focusing con-—-
ditiomns,.but une pinholes were smaller, .The forward pin-—
hole was 0.025 inch in dianeter, and the second pinhole
collimatea the beam to 0.075-~inch diametsr at the specimen
surface..

The ﬁosition'of the X-ray beam on the surface of the
sneclmen,‘where measurements: were to be made; was located
by.placing a: fluorescent sereen across the notch, The screen
was graduated in tenths of an inch by means of an X—ray-—
opague ink. By locating the beam between guccessive gradu—
ations, its position relative to the sample could be deter—
mined. The. thickness. of.the screen was taken into account
when the. specimen was in position for the oblique »pictures.

Since the strain. in the netal. immediately adjacent to
the notch bottom was.of partlcular interest, atteunts were
mpde to produce patterns 0,05 inch from the notch bottom,
with a beam 0.10-inch in dlametar, the X—-ray pattern yielded
irregular results in this ragion, and usually stresses close
to the average. This failure to register stress concentra-
tion might be explained by the fact that such stress coancen-
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tration cccurs .only'within.a small part. of the exposed area
and possesses a. large gradlpnt Such. stresses, apparently,
have little influence on the stress . pattern, and their ef-—
fects are unconsciously.dis reaarded in v1sua1 measurements,
Some attempts were made to measure the peak stresses by
reetrdcting: the beam: to O 02 inch but with so small a beam,
24—hour exposures failed to proiuce measurable patterns,
Because 24—hour exposures are not comngrc1ally useful,
attempts in this directicn were abandoped,

The (400) plane of silver produces La rin5~ slightly

greater in diameter than the rings produced by the (310)
plane of iron, using cobalt radiation. It was decided to
use silver as the calibration material (etalon) for the
determination of the lattice parameter of the steel speci-
mens. The silver was used in the form of chemically pure
Mallinckrodt silver metal powder, a nracipitated analytical
reagent. It was found that the silver, when avplied across
the notch of the specimen in the form of strips, produced
silver diffraction lines that were either too dark or too
light (fig. 19). For that reason, the etalon was applied
uniformly to the sticky side of cellulose tape, which was
then glued to the svecimen by means of glyptol with the
silver in contact with the specimen., This method also pro-—
duced a protective coating for the specimen which prevented
the corrosion of the specimen surface.

For the duralumin test bar, gold powder (minus 300
mesh and 999.2 fine) was used as the calibration netal.
It was supplied through the generosity of_Handy and Harman
of New York. The method of application was the same as
for the application of the silver powder, with the ex—
ception that shellac was used to hold the cellulose tape
to the specimen. The shellac was allowed to dry partially
‘vefore the cellulose tape was applied. Several trials were
necessary to get the gold powder of the right thickness to
~produce diffraction lines of the same 1nten°1ty as those
of the duralumin (fig. 20).

Assuming that the two nrincipal stresses in the surface
of the notched bar are always parallel and perpendicular to
the longitudinal axis, three exposures in different direc-—
tions must be taken in order to determine the comnplete stress
state at each point. One of these exposures is usually made
with the X-ray beam perpendicular to the surface, while the
other two are oblique, and in the planes formed bJ the normal
direction and the longitudinal and transverse axes,respec-
tively. '
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The stress state was determined at five points across
the specimen at the bottom of the notch. The stress state
was assumed to be symmetrical about the longitudinal center
line, so that the distribution of stresses over only half
the width of the notched section was sufficient. These po-—
sitions are shown in figure 13. TFor the duralumin specimen,
the sane assumntions were made, dut only four positions
were studied (fig. 12). For the oblique exposures, 45° was
chosen as the angle bestween the surface and the incident
beam for the steel specimens.

That »part of the radiation from the targst was used
which made 6° with the horizontal plane perpendicular to
the X-ray tube. Avypropriate temnlets were made so that
the specimen night be tilted to the proper angle to make
the desired angle with the X-ray bean.

For the normal pictures, a templet of 900 - 60, or
840, with the horizontal was used. For the tronsverse
patterns, a2 templet of 45° — 6°, or 39°, was used, and
for the longituginal pictures, the templet angle was
g0 ud 40, or 86 . The templets were made of cold-rolled
sheet and were such that when the flat side of the tensile
specimen touched the inclined edge of the tennlet, the
specimen was in the proper position.

In making the normal patteras, both the longitudinal
and the transverse axes of the specimen were normal to the
X-ray beamn, For the obligue pattern necessary for deter-—
mining the longitudinal stress, the longitudinal axis of
the ‘specimen was inclined 459 to the X-ray beam, while the
transverse axis was perpendicular to it (fig. 21) and simi-
larly for the oblique patteran necessary for determining the
transverse stress (fig. 22).

All five positions across half the notch (fig. 13) were
taken for one load and one, orientation before the specimen
was reoriented. TFor producing the patterns at difrerent po-
sitions on the specimen, since the beam could not be raised
and lowered, the shecimen was raised or lowered with respect
to the beam by means of the vertical adjustment on the tensile
machine.

After the five exposures for one orientation of one par-—
ticular load were completed, the specimen was unloaded, and
reoriented. It was then reloaded to the same ‘load, and dif-
fraction matterns were made at the same positions. This
process was repeated until the three patterans for each of
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the five positions-for -one lesd were finished. The procedure
was then repeatea for the(ﬂext load.

in evn031ng,the fllm ior the normal patterns, full ro-—

tation of the film.was used.. For the pattarns made with
oblique 1nc1dence, tne film was rocked +1o° about dtier aumdis

Thirty degreesvwas chosan as the ungle of oollque in-
cidence for the duralumin:specimen. The method of snmecimen
orientation was approximatgly the same, but the method of
producing the diffraction patterns was slightly different.
The chief difference occurred in the procedure for making
the oblique patterns. Since the work on the duralumin
specimen preceded thre work-on the steel specimens, not all
the factors influencing the ‘accuracy (reference 1) had been
studied. In view of this faet, the following is the proce—
dure that was used for the duyralumin specimen. With the
beam at normal incidence, the pattern was obtained in a
single exposure (fig. 23a).. Fori‘oblique incidence, that
part of the beam farthest displaced from the normal was
used (fig. 23b) in order to improve the accuracy. The re—
mainder of the rays were blocked out with a lead baffle.
This required two exposures with the film in two positions
1800 apart in order to obtain diametrically onPOSed segnents
for measuring.

In the steel sample investigation, both sides of the
diffraction ring were obtained in one exposure by placing
the film in such a position that each side fell on the
focusing sphere at the intersection of the cone of diffrac-—
tion and the focusing sphere.

Since the area of the specimen covered by the X-ray
beam was of finite size, and since, for the oblique patterns
the specimen was inclined to the incident deam, the siaple
focusing conditions of the normal patterns (fig. 23a) were
not@btainable., he incident beam did not pass along a
ma jor diameter of the sphere, but along one of the minor
diameters (fig. 24a). Therefore, there was only one position
of the film in which any two diametrically opposite points of
the diffracted cone intersected the focusing sphere at equal
distances from the specimen (fig. 24b). For the specimen
orientation for determining transverse stress, the position
of the film was such that the longitudinal axis of the film
was parallel to the longitudinal axis of the specimen, while
for the specimen orientation for determining longitudinal
stress, the position was such that the longitudinal axis of
the film was parallel to the transverse axis of the specimen.
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In both cases, the film ‘to specimen digstance was the same
as that for normal incidence. ‘Although the rocking neces—
sary to eliminate spottiness of the diffraction lines in—
troduced an error becauce of the fact. that this position
was changed, the error was slight.. The rocking was oaly
10° on either side of the true pos 1tion 80 that the dis—
Placement of the line due to the effect of a strain in

a slightly different direction was not great. . For the nor—
mal patterns for the steel specimens, the same focusing
conditions were used as were used in the case of the dural-
unin specimen (fig. 23a).

In making the diffraction patterns for the steel speci-
men exposure times of 25 to 30 minutes gave easily measur—
able films. It was thought that if the exposures had been
made with an X—ray tube having beryllium windows instead of
the conventional Linndeman glass, the exposure time might
have been reduced to 10 minutes or less. The duralumin
patterns required exposure times of 4% hours. This long ex—
posure time might be accounted for nartlally by the small
size of the pinholes, the extremely fine grained condition
of the metal and an irregular metallic deposit on the Linnde-—
man windows of the X—ray tube.

Agfa nonscreen X—ray film was used in both cases. It
was developed in Tastman X-ray developer from 2L to 4 min-—
utes depending upon the temmerature’ of the developer Al-
though no attempt was made to control the temperature during
the exposure time,it did not vary more than +4° C of 25° (¢. -

The films were fixed in Pastman X~ray fixer for about
20 minutes, then washed and dried in a horizontal position
to prevent uneven shrinkage inm the direction of measurement.

Stress Calculations

Diffraction patterans for the stesl specimens were neas—
ured with a comparagtor (fig. 25) consisting mainly of a
metric scalé and a -sliding indicator carrying a vernier.

The indicator rested almost directly oan.the film, thus.
avolding parallax.  Refleected light from beneath the film
wa s usqd to 1llum1nate the film. By this technigue. film |

expansion becduse of hec,tlnb va s ellmlnated Readings to
0,10 centimeter were ‘obtainable dirsctly from the comparator,
and readings. to 0. 003 centimeter could be obua¢nnd by aver—
~aging a c'ufflc1ent number of readings.
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In measuring the duralumin diffraction patterns, a
slightly differeint cowmvarator was used. It was capable of
giving readings to 0,001 centimeter. A sketch of the com-
parator appears in figure 26. A series of settings was
made with the indicator on each line until a consistent
value was obtained., Three series were considered sufficient
for each film to obtain an accurate avarage.

Jach film was checked using the same technique. In
more than hal® the total number of cases, a single check
was sufficient to show the correctness of the value. In
the remainder of the cases, the pProcess was repeated until
consistent values were obtained. When the lattice parame—
ters agreed to within 0.00010 angstrom units, the values
were averaged.

The checks were usually made on different days,and it
was seen that temmarature and humidity variations had little
effect on the measured lattice narameter.

The duralumin strain patterns were measured on the com—
parator (fig. 26) mentioned previously. Tach film was mcas—
ured six times and an arithmetic mean taken as the true
value.

In calculating the lattice parameter for steel the fol-
lowing method was used.

The diameters of the iron and silver rings were found
by subtracting the readings obtained at each end of the
£ilm. The ratio of the silver diameter to the iron diame—
ter (D,./Dy_.) was found by the use of five-place log

ag! “leg

tables. TFrom this ratio, the lattice parameter from each
filnm was found graphically from the plot showan in figure
27a. (This graph was read to 0.00001 angstrom units.)

The .same method was used for the duralumin specimen,
with the exception that gold was used as the calibration
material. The ratio of the diameters was then DAu/DT .
de

he lattice parameter was determined by means of the

<
»
group shown in figure 27D.

The lattice parameters of three films were used to
determine the stress state 2t each point, as follows.

For the longitudinal or transverse stress, the normal
and longitudinal or transverse parameters were substituted
in the formula:
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s <(ao)L,T oy (Ao)n\ & =
(ad)n ' / (1L + V) sin®d
where
S¢ ¢ . longitudinal or transverse stress

(a_ ) Parameter which ig oblique to the longitudinal or
AL
) transverse direction

(Ao)n normal lattice parameter

E modulus of.elasticity

v Poisson's ratio

o) ang%e between the surface and the oblique incident
eam

The modulus of elasticity for gsteel was taken as
E = 29,000,000, Poisson's ratio as V = 0,284, and o
was 459,

For duralumin, the modulus of elasticity was taken as
E = 116000’000' Poisson's ratio was V = 0,34, and O

was 39,

Since everything, except Sp, (4,), and (Ao)n, is
constant, the formula reduces to:

s = [(A,)g — (Ao)nJK

The constant K was evaluated as

15,800,000 for the X-4130 steel specimens, and
4,670,000 for the duralumin specimen

Therefore, by multiplying the parameter difference by
K the stress could be computed directly., The accuracy of
the lattice parameter measurements as well as the accuracy
of the constants warranted only slide rule accuracy in this
last calculation,
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If sthe -caloulated stress was positive, the stress was
considered to be tension, If it was negative, it was con—
sidered as compression

Corrections were then applied to the calculated stress
values. of the steel specimens,

These corrections were calculated from the lollow1ng
formulas: Tl : ; : ¢

Longitudinal stress
(Sg)p = (Sglg + 0. 056 (8p)¢ — 0.030 (Sp)g

Transverse stress

(sT)T = (Sp)g = 0,030 (sL)C + 0, OFR FST>0

where

(s true longitudinal stress

L)T

(8:)¢ calculated longitudinal stress

(ST)ﬁ" true ‘trangverse stress
i :

ST)C ' calculated transverse streésl

The stresses for the durslumin specimen appear in
table I and are plotted in figures 28 to 33. The stresses
for the steel specimens appear in tables Il dnd III and are

plotted in flgures 34 to 46,

lt*i

rim egta}_ﬁesul}i

‘The X;ray diffractioh patterns permit the, determination,
for each set of three exposures in different directions, of
the surface stresses in the longitudinal and transverse direc-
tions, The investigatior was limited: to & number-of points

‘on the surfaceé in the notched: section. for a: given specimen

under,given conditions of straining,. The individual values "
of stress are assembled into the respective distribution
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curves of the lbngitudinal and“the’transverseé’ (6r:-lateral)
stresses, for each condition: 1nvestigaﬁed (figs 28 to 46).

A considerable 1mportance is ascribed both to the longi-—
tudinal and to the transvérse stresses in rélatioen’to the
theory of failure of metals, in particular to the theory of
faillure of brittle metals, Regardlng the longitudinal stress,
the most significant feature is the maximum value or stress
peak, as previously discussed, while it is the average value:"
of transverse stress which is of major importance,

In discussing the results of this investigation, it
must be kept in mind constantly that the measured values are
surface stresses only and 1t is’ subject of considerable
argument as to their significance regarding the strzss state
in the interior of the metal,

Duralumin

One duralumin specimen was investigated, illustrating
the change of the stress pattern on loading through the
elastic range (figs, 28 and 29) up to a load halfway between
that expected of yielding at the notch bottom and that for
total yielding (table I), The yield strength of the metal
was 56,000 psi, the stress concentration factor approximate-
ly 4,

The distributions of the longitudinal and transverse
stress under a presumably elastic load (figs, 28 and 29)
agree with the expected stress distributions, TFigure 31
illustrates the general trend of the stress pattern occurring
after and during plastic flow in notched tensile specimens
(reference 10),

However, the accuracy of the stress pattern for purely
elastic conditions was revealed by the X-~ray measurements,
It would be necessary to increase the number of eXposures a
prohibitive extent in order to draw an accurate trend curve
through the experimental points, Furthermore, X-rays are
apparently not suitable for the determination of a very steep
stress gradient, as will be discussed later.

The distribution of longitudinal stress under an average
load stress of 33,700 psi, or 60 percent of the yield strength,
(fig, 30) illustrates one point in the spread of plastic flow
from the notch bottom to the center of the specimen, resulting
in a considerable decrease of the stress concentration at the
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notch bottom, Also, ‘the ‘distribution .of the longitudinal
stress ddes rot- confiorm to‘that expected, ‘in that the stress
‘at the notch bottom is definitely 1ess than the ‘stress at
that point at the mpment: of yieldlng, This may be due to

an effect: of creep simllar to relaxatlon

This stress pattern rather corresponds to that of the
specimen loaded up to &n average stress of 43,000 psi and
unldéaded to the actual average stress.of 33,700 psi, As—
suming that such an unloading by 10,000 psi average stress
creates only elastic stresses of three-fourths the amount
shown in figure 29, the assumed stress distribution under a
load of 43,00C psi average would be obtained from the actual
distribution under the load ‘of 33,700 psi (fig, 30) plus
approximately three—fourths of the stresses under the load
corresponding to 12,000 psi average (fig, 29), A test of
this type on steel; ylelded a stress distribution (fig, 34a)
~-quite simlilar to° that obtained on the duralumin specimen
“twhich was subjected to the high load for‘a_long time,

The residual stress distribution curve (fig, 32) agrees
well with that expected, in that it ‘can be constructed from

- . the curve corresponding to a load of 33,700 psi average by

subtracting a hypothetical elastic stress dlstribution for
the same load (fig, 33). 1In the vrocess of unloading to
zero load, there should be some.plastic flow at the notch
bottom, The peak stress of the elastic distribution, which
must be subtracted to represent the process of unloading, is
very: high i it is greater: than twice the yleld strength,
then the yield strength in compression will be reached before
complete unloadlng has occurred, and plastic flow will take-
pldce, - However, this effect should be insignificant insofar
as it relates to the general shape of the residual stress
pattern except for. the points in the jmmediate vieinity of -
the notch bottom which cannot be investigated readily by
X~ray stress measurement,

SAT X-4130 Steel

“Two steel specimens provided with notches of 5 and
2R percent respectlvel wereJinvestigated in some detail,

The stress distribution of the 28 percent notch:.speci-
men under a presumably elastic’ load was not determined ac—'
curately, The study of .this-1load w2s the first. attempt in
this direction so, far: as steel spetimens were connerned
and: the’ calculat d values scattered to a larger extent than
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those of later determinations yielding no definite stress
pattern, This scattering was attributed to the spottiness
of the diffraction ‘lines because of mechanical difficulties
in the rocking mechanism of the camera, The absence of a
definite stress peak in these tests (table II) might be
attributed, also, to the fundamental difficulty- that steep
stress gradients are likely to be missed by X—ray stress-
determinations, This will be discussed in more detail,

Longitudinal stress for 25-percent notched specimen,

The longitudinal stress distribution for the 50,000 psi
average load oa thes 25-percernt notched specimen (fig, 34a)

is in good ngznempv with- the theoretical distribution, The
spread of the s%ress peak toward he.center of the specimen
indicated that the metal at the notch . bottom had flowed
plastically, while the metal in the center of the specimen

was still under an entirely elastic strain, This is verified
by the diffraction patterns for this series of tests (fig. 47),
which became blurred in the vicinity of the notch, while they
remained sharp in the center of the specimen, Since the metal
at the very notch bottom showed a stress of approximately the
yield strength, it mlcht be assumed that the extent of plastic
flow was limited, If the metal flow had been oxtenolve the
metal adgacent to the notch would have strain hardened, and
would have been capable of bear1ng 8 stress in excess of the
yield strength of 59,500 pei,

*The longluudinal residual stress distribution for the
50 OOO psi average load is shown in figure 36a, :Residual
stress results.from viastic flow and in the usual ¢ase is
the dlfference between the actually measured stress distri-
bution under load, and the elastic distribution that would
have resulted had the specimen been able to carry the-load
elastlcallv In other .words, the. regidual stress distribu—
tion might be obtained apnrox1matelv by subtracting the
theoretical elastic stress distribution from the measured
stress distribution, Howaver, such a hypethetical elastic
stress distribution for a hig n Lo=2d carnot be determined ex—
perimentally, while the actual astress distribution under load
and the reslaual stress are'suoicc+ to actual stress measure—
ment, Consequently, by subtracting the residual stresses
from the actual stresses the fictitious elastic stress dis—
tribution 1s obtainable : 3

Flgure ‘B7a shows this fictit*ouq (elastic) stress dis—
tribution that resulted from subtraction of the residual
stresses&ﬁpr:the,ﬁovooo psi average load (fig, 36a) from the
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actual stress distribution for the same 1oad (fig, 34a),
This curve agrees. quite well with the proposed theoretical
distribution, Here again, however, it was impossible to
determine the height of the peak accurately, From the
trend of the curve, it can be seen readily that the stress
peak might rise to three times the average stress, which
is in agreement with the stress concentration factor of
3.5,

It might also be noted that the integration of the
stress distribution curve (fig, 34a) determined by actual
£~ray measurement was 50,000 psi average, or equal to the
actually applied load,

FPigure 35 1llustrates the experimental stress distri=-
bution' obtained when the 25 percent notch specimen was loaded
to 70,000 psi ‘and then unloaded to 59,500 psi average, The
reasons for the unloading were twofold, First, it was
thought that the stress distribution obtained from this pro-
cedure represented a more stable stress state than the prob-—
ably changing stress distribution under high loads, which
results in "creep" of the metal, It has been discussed
previously that the stress distribution resulting from the
high load on the duralumin test bar (fig, 30a) gave a dis-—
tribution curve that did not conform to the expected shape,
The method ‘of partial unloading gives some control over the
stress state of the notch section, The nominal load of
70,000 psi average was maintained for only a few seconds so .
that creep was negligible, ZExperiments discussed previously _
in the experimental procedure ‘showed that unloading by approx—
imately 15 percent of the applied load would prevent creep, '
With the elimination of creep, the stress state becomes
stadble, so that the diffraction patterns for the applied
load represented the true stress dlstributlon for the applied
lodd ' :

The second advantage of partial unloading was that the
stress distribution obtained would serve as ‘additional
evidence as to the wvalidity of previous conceptions regarding
the stress distribution in a notched and overstrained bar and
v its changes ‘on unloading,

However before entering into :the. discussion of partial
‘‘unloading, anothen iphenomenon must be mentioned which is
apparent from figure [35a, . The average "longitudinal stress
in this case does not agree¢ with the stress to which the
load was relieved, 59,500 psi average, but 'is much lower,
approximately 50,000 psi, ' As such a digscrepancy has been
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observed only after loading to the high léad which caused
plastic flow throughout the notched secticn, the observed

low average stress must be .attridbuted to a nonuniformity of
the stress throuwgh the thickness of the specimen,...In other
words, the deficiency of the stress found jn the surface
layers must be compensatcd for by a higher stress:in the in-
ner fibers, Thig ccnclusion is in agreement with the general
conception of plastic flow in a polycrystalline aggregate,

the crystals of which are more restirained in the interior
than at the surface, '

Such a relation would explain, also, that the residual.
longitudinal stress usually does not sverage out to zero,
but to a simall compressive stress, This is explained by the
fact that, subtracting an elasiic stress distribution from a
distribution which shows higher tengsions in the interior #han
at the surface, the total resultant' of the difference being
zero, would create compression at the surface,

These relations do not destroy the validity of the pre~
vious manipulations, regarding the 70,000 psi average load,.
but it should be borne in mind considering the stress distri-
butions, Furthermore, since these discrepancies were noted
only for the highest average load, and :since the phenomena :
that explain them result from plastic flow throughout a major
portion of the notched section, this discussion will apply.
only to that load which oroduced a large amount of plastic
flow, that is, the 70,000 psi average load,

The distribution of longitudinal stresses for the :
70,000 psi average load which was relieved by 10,500 psi .. :
average “(fig, 35a) shows that the stress peak is not .at the
notch bottom as in figure 34a, but is at a position.approxi-
mately 0,25 inch from the notch bottom, This difference:in_
the location of the stress peaks can be accounted for by the
fact that the unloading, which was presumably elastic, caused
a greater decrease in stress at the notch bottom  than else—
where, thus leaving stress peaks at a point below the notch
bottom, Since the specimen was relieved by 15 percent of the
initial load, this relief must be taken into account before.
the stress distribution at the initial load can be calculated,
Because the 15 percent unloading constituted an elastic relief,
an elastic stress distribution fior an average stress of 15 per—
cent of 70,000 psi, or of about-1ll,000 psi, had to, be added to
the actual distribution curve (‘fig,.35a) in order to determine
the distribution dbefore the uhloading. As there was no way of
actually determining the elastic stress distribution, the ..
theoretical elastic curve for the 50,000 psi average load
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(fig, 37a) was taken as representative of an elastic digtri-
bution, : :

Pigure 38a shows the hypothetical distrlbution of the
elastic longitudinal stress for an average stress of L1, 000"
psi, which was constructed from the theoretical elastic dis—
tribution for the. 50,000 psi average load by reducing all
the ordinates proportionately, This curve was added to the
actual stress distribution curve as determined by the X—ray
measurements, and the curve that represented the actually
applied load was obtained (fig. 39a), The metal adjacent
to''the notch . bears a load in excess of the origlnel yield
strength of 59,500 psi average, This is in. keep;ng with :
thé theory that the metal at the notch Bottom flowed plas— "~
tically and so underwent some degree of strain harden1ng,_
The center elements of the specimen carry a load- slightly
below the original yield strength This.would seem to iniz—
cate that although the average stress was well. beyond. thel
yield strength of the material, the distributdion was such
that the center elements of the specimen were'stlll nnder
elastic stress e SR

Another possible explanation of this d1p in the center
of the stress distribution curve might be ‘the previously
discussed phenomenon that the surfaceé crystals of a crystal—
line aggregate. bear less stress than the average stress for
the aggregate. bl oo i e

The integration of the curve representing the longitu~-
dinal stress while under load (fig, 39a) gave an average
stress of 60,000 psi, while the applied: stress was 70,000

psi average,: - This 1s again in keeping with the theory of
uneven d1stribution of the stress along a’ line perpendicular
to the surface, i s

‘ Pigure 40a shows the longitudinal residual stress dis—
tribution :for :the 70,000 psi average -load, The curve is
similar. to taat of the longitudinal residual stress curve
«for the precious load of F0,000-psi average (fig, 36a)

The ‘compression at ‘the notch bottom is-much, higher, as would
be anticipated from the fact ' that the stress peak of the cor-
responding; fictitious elastic stress distribution is propor—
tionately higher for the higher load, ’®However, the increase
in actual stress with intreasing load is relatively uniform
over the cross section because of the effects of. plastic filow,
Thus, when a much higher ela¥tiic stress peak is subtracted
from an :actual stress that is only slightly higher, the result—

e residual stress would have a ‘larger value 1n compres 1o,
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In the residual stress curve for the 70,000 psi averagé load,
the tension peaks have moved in farther toward the center of
the specimen than-is the case for the 50,000 psi average
load. This, too, can be accounted for by the shape of the
fictitious elastic stress distribution_curVe The tensioh’
peaks have a wider base,‘and consequently whén they are sub-
tracted, the tension peaks remaining in the residual stress
curve are farther from the notch bottom,

: When the longitudinal residual stress was subtracted
from the actual longitudinal stress for the 70, 000 psi
average stress load,: thse fictitious elastic stress distribu-
tion..curyve shown in. f’:!.gure 4la resulted. This curve bears a
striking similarity to the theoretical elagtic stress curve
for the 50,000 psi average stress load (fig. 37a). The
stress peaks again rise. to a value that might be 3.5 times
the average . stress of the fict1tious elastic distribution for
the 70,000 psi average stress. The average stress determined
by 1ntegrating the curve was 69,000 psi. This is in close
agreement with the actually applied Vpadtiof® 70, 000" pelraver-
age., In other words, the total unloading causes changes of
stress which are practically only of an elastic nature, and,
consequently,.fcr the s rface do not differ materiallv from
those for the interior 1bers.A

R o of b
L i 25

Transverse stress for the 25 percdnt notched specimen.
Figure 24b illustrates the transverse stress distribution for
the 2h-percent notched specimens, strained to the average load
of- B0 OOO psi, The transverse . stress s zero at the notch
bottom becomes a maximum at a noint O lﬁ 1nch from the notch
bottom and then again decreases to a very lTow value in the - -
cemter '0f the specimen, Such a stress distribution agrees -
with both theoretical conceptions and photoelastlc measure—“
ments, as prev1ously discussed,

s :;-, & . ) :
sxgure 36Db shows the residual transverse stress distri-
bution.for .the 50,000 psi average load, 'It will be noted
that the. transverse .residual stress hag approx1mately the
same dlstrlbution curve as the longltudinal residual stress,
with twe exceptions The first is that the stress at the
notch -bottom must be zero. for the transverse stress, while
14948 probably high in compression for the 1ongitud1nal '
stress, -The second is that the longitudinal residual stress;
.in . the: center ig compres51on while the residual transverse
stress in the center 1is tension

) Subtracting the residual stresses from the actual stre sses
s 11 order to determine the fictitious elastic stress distridbu~
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tion was-'also used in'regard t¢ the transverse stress, Fig—
ure 37b shows the resultant distribution which is again in
agreement with the generally accepted conceptions,

The distribution of the -transverse stress under an
average load of £9,500, after unloading from an average

.load of 70,000 psi (fig, 35b) shows two significant phenom—

ena, First, the stress peak has moved closer to the center,
appearing at 0,26 inch from the notch bottom, and secondly,

the average transverse stress was increacsed, almost in pro—

portion to the average lonrltudlnal stress,

The effect of unloading by 15 percent is presumably
purely elastic, as illustrated in figure 38b, When this
curve was added to the actual stress distribution as deter—
mined by X—-rays, the curve shown in figure 39b resulted, ;
This curve represents the lateral distribution for o A e
applied locad of 70,000 ps1 average

Figure 40b shows the transverse residual stresses for
the 70,000 psi average 1load, This curve is similar to the
lateral residual stress curvé for 50,000 psi average load,
However, as expected, the distridution of the 70,000 psi
average lateral residual stress curve shows greater com—
Pression peaks and hlgher tension in the center of the
specimen,

When these lateral residual stresses for the 70 OOO
psi average load (fig, 40b) were subtracted from the. curve

- representing the lateral stress distribution for the’ totel. ;

load.of:70,000 psi average (fig, &9b) a fictitious elastic
distr1but10n for the lateral stresses under a load of 76,000
psi average .was obtalned (fig, 41b)y, This curve agrees with
the. one. representinv the fictitious elastic distrlbution for
the 50 000 :psi average load,  The stress 'peak is in both in—:
stances at approximately the same place, wh11e the tens1on

in center is increased more than in . proportion to the applled
load . .
: Stresses for the ;-percent notched specimen - mhe prer—.
cent ‘notched; specimen did not exhibit the sharp stress peaks::
(figs., 42 to 46) that the 2f-percent notched specimen did,
Although the stress peaks - probably did exist, their presence
could not be detected, This was ascribed to the limited sen-
sitdv1ty of: the X—ray method, Th: thie" case the stress peak:
was thought to be pof suff1c1ent1y narrow width that it was
not apparent in the diffraction patterns, Since the beam
covered 0,10 inch of the notch width, the displaced diffrac—
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tion line due to a sharp peak might not be apparent when
included with the more intense line due t¢ a uniform stress
in the larger region of adjacent metal,

Figure 42 shows the stress distribution for an average
stress of 17,000 psi, With the stress concentration factor
being approximately 2,5, this load was well within the elas—
tic range of the steel, The longitudinal stress distribution
(fig., 42a) shows no stress peaks, but an average value of
18,000 psi, in agreement with the applied load of 17,000 psi,.
The transverse distribution curve (fig, 42b) shows a uniform
scattering about the zero line,

Figure 43 shows the distribution for the 30,000 psi
average load which was unloaded by 15 percent to 25,500 psi
average, The specimen was unloaded again with the thought
that there was plastic flow at the notch bottom, and the
relief of a portion of the load would prevent creep. The
curves show a uniform stress distribution in the case of the
longitudinal stresses, and again no lateral stress, The X—ray
measurements yielded an average stress of 22,000 psi, which
is not sufficiently different from the applied average load
of 25,500 psi average to draw any definite conclusions,

Since 1t was thought that plastic flow had occurred, the
specimen was unloaded entirely after having been subjected to
an average stress of 30,000 psi, and residual stress deter—
minations were made (fig, 45), UHNo residual stress exceeding
the accuracy of the method was found, The scattering might
be attributed to eXperimental error, or to slight residual
stresses 1ntroduced in ‘the process of maklng the specimen,

It was desired to have tne highest load exceed the
yield strength of the material, but the. difficulties of pro-
ducing sufficient strain to cauee appreciable strain harden-—
ing prohibited loading the specimen to the:desired load, The
specimen was loaded to 50,400 psi average, then unloaded 1F
percent to 41,400 psi average, TFigure 44 shows the distribu—
tion curves that resulted, Again no stress peak or lateral
stress was apparent, The X-ray measurements yielded an aver-—
age stress of 39,000 psi, which did not sufficlently differ
from the applied average stress of 41, 400 psi average -to Per~
mit the formation of any definite conclu i oo

Residual stress determinations for thils lcad (fig. 46)
also yielded- scatte ing along tbe zero line, :
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- X~RAY DETERMINATION OF RESIbUAL STRESSES.IN A
BUTT-WELDED SAE X-4130 STEEL TUBING

Previous History

The X~ray diffraction method of stress determination
would seem to possess unigque advantages when applied to the
study of residual stresses in welded structures, For this
reason a study of a welded tube was undertaken, in connec—
tion with the present report, in order to study the merits
and possibilities of the X—-ray method as applied to welds
in aircraft: materials in particular,.

In relation to welds, the X—ray method has the inherent
advantage of using a small gage length, of being nondestruc—
tive, and of providing a convenient method of determining
the complete stress state, Since it is . well known that the
residual stress state in and.hear a weld 1s characterized
by large stress gradients, .the first feature is of some im-
portance in determining the effect, which is unknown as yet,
of residual stress on weld strength, Since mechanical
methods for the determination of residual stress necessarily
invelve the removal of material, which may greatly alter the
stress picture where steep stress gradients exist, the non—
destructive feature of the X—-ray method is an important ad-
vantage even fo?-experimental work, and especially for possi-
ble routine use.of the method, Finally, mechanical methods
generally will not lead to the’ determination of the complete

stress state,

1Thé,P§Oblem,qﬂ weld stresses has attracted many. inves—~
tigators, resulting-in a‘'large amount of information on this
subject (reference :11), However, only few attempts have been
made to .derive, -from experlmentatlon or theory, a general and
accurate pattprn of stress distribution in a particular as—.
sembly, The.conclusion can'be drawn from the previous work!thatb
the stress state in a welded structure, particularly in the
most frequently investigated structure, welded plate, is very
involved and not readily explained,

It may be expected that the residual stresses in a
welded structure will folleéw some general pattern depending
upon the geometry of the welded pleces, but that local fluc-—
tuations will be ‘superimposed on this pattern In order to
keep the general pattern of residual stress as simple as pos—
sible, the cylindrical geometry of thin-walled, butt—welded
tubes was chosen,
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Previous invéstigationsi'of various types have been
carried out in this laboratory on such welded tubes of the
same material, These invésgtigations have resulted in the » o
collection of data on the microstructures found in the weld
and base materials, the hardness values in the same regions
and data on the average circumferential stress at different
sections of the tube as obtained by a mechanical method,

The data of Sachs and Craham (reference 12) on the residual
circumferential stress (fig. 48) confirm the general ccn—
ception of the development of residual stress in a welded
structure, The welded bead, being the hottest part, tends . -~
to contract more than the parent metal,  This contraction
introduces circumferential tension in the deposited metal,
This tension is counterbalanced by compression in the base"
metal, in agreement with theoretical conception, The magni-
tude of this compression decreases with increasing distance
from the weld, presumably according to a logarithmic func—
tionry A comparison of this stress distribution with macro—
graphs (fig, 49) shows that the residual stress in such an
externally unrestrained weld is limited approximately to

the heat—affected zones, that is, the regions that were
heated above the critical range., Hardness results of
Mastenbrook and Steffan (reference 13) showed considerable
local variations in a circumferential section at the center |
line of the weld, These variations were not so pronounced
in sections removed from the center of the weld, The aver—
age hardness along an element of the tube (fig., 50) showed

a minimum of 82 Rockwell B in the weld metal, The hardness
rose to a meximum of 105 Rockwell B at a distance of 1/4
inch from the weld, From this value, the hardness decreased
to 87 Rockwell B at 3/4 inch and finally increased again to
a value of 100 Rockwell B at 1% inches from the weld, in the
base alloy steel, The microstructure of the butt—welded
tube (fig, F1) was found by the same authors to be a Widman-
statten structure of varying grain size at the center of the
weld, which ¢hanged gradually with increasing distance from
the weld through a coarse—grained to a fine-grained normal-
ized structure, then to a recrystallization structure, and
eventually to that of the parent metal,

Material and Preparation of Specimen

-Commercial SAE X-4130 steel tubing,‘l%»inch cutside
diameter and 0,084—inch wall thickness was supplied for the
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investigation by the Ohip: Seamless  Tube Compary; = This steel,
in the as—received.condition, had:an’ultimate :strength 6f’
approximately 110,000 psi, a yieldistrength of 90,000 psi,
and .an- elongation-of 1E-‘percent. . The tubing was stress

,relieved; . and . thesabsence .of. re31dual stress vas determlned

by the - split—ring method . (reference 14)
i . :

, Pleces 6 1nches in length were cut from- the tublng and ’
end—-faced.on-a:Lathe,  Two such pieces. wére butt—welded by
the roxyacetylene:procesgs .in.the-production line of a- company
produging aizcraft parts .and accustomed ‘to welding such ‘
material,  Welding rod of :SAE -I006 steel 1/8 inch in dlameter
was used, The welds .were tacked ‘on ‘opposite sides. Thé weld—
ing was stanted betwden the :two tacks and was then madé c¢on—
tinuows, . Phus the warpage 'was ,maintained at a ‘minimum, ' The
specimens were ;only locally preheated with the toroh, and
after welding were callewed . to cool in air, :then sandblasted
to. remove the iscale, % 4 2

The tubular specimen was then machined inside and out—

side: to a :truly cylindrical shape, - By this procedure -the

walld thickness was, reduced from 0,084 to 0,050 inch average
th1ckness . the. or;ginal,th;ckness of the welded bead being
l/8;}nch oA clrcumferential gage line was scribed around

the: tube. a$ .one. end to serve as a longitudinal reference line,
Simllarly, longitudlnal gage lines were scribed at one end,

at, 1nteryals Voh g Ro,on the circumference to serve as reference
lines for phe; 01rcumferent1a¢ “position' of the polnte wf
measu"ement.

The scale Was carefully pick‘nd off- & considerable area
around the tube in the vicinity of tne weld. .The cleaned
area was then covered with an extremely thin coat of lacquer
to prevent subsequent rusting, :

it ey . X-Ray Techaigue

1" In' order to obtain precise lattlce narameter values,

it is necessary to apply some calibration material of known
lattice parameter to the surface of - the .specimen, The ma-
terial used was Mallinckrodt silver metal precipitated
nalytlcal reagent grade, This pomder was sprinkled on a
long strip of Scotch tape and then brushed to a uniform layer
with a camel's hair dbrush, In the process all excess powder
not adhering to the tape was, brushed of £, . The .Seotch tape
was then attached to the weld with thlnned lacquer,
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For a complete stress determination, at each selected
point on the surface, diffraction-patterns with the’ incident
beam making a number of different angles with thernormal to
the surface are required; The directions shown in figure
52 were chosen, corresponding to method G-1-A of reference 1.
The longitudinal stress is determined by a normal picture
and a picture taken in the direction L (fig. 52) with the
incident beam in the plane defined by the normal N and the

.tube axis A and at 45° with the normal. The transverse,

or circumferential, stress is determined from a normal pic-
ture and another picture in the direetion C (fig.”52)
taken with the incident beam in the plane normal to the tube
axis but with the beaw making an angle of 45° with the sur-
face normal at the point in question. In order to make a
complete stress determination, still another pattern is
necessary, preferably one making an angle of 45° with the
normal and such that the projection of the incident beam on
the tangent plane also makes an angle of 45° with the simi-
lar projections of the € and L Ybeams,

A goniometer was constructed to hold the welded tube in
position on the X-ray tube table. This goniometer (fig. 53)
allowed two translational and two rotational degrees of free-
dom, and a third translational degree of freedom was avail-
able by shimming the tube to different heights on the table.
This combination of motions enabled any spot in the tube to

" be X-rayed.at any angle, although the actual computation of

the necessary coordinates was in some cases tedious.

The X-ray camera used was a Sachs back-reflection camera
equipped with a device for rocking or rotating the film,
(See figs. 16 and 53,)

The collimation system was set up to obtain the focus-
ing condition for a normal picture and the same setup was
also used for the obligque pictures, A focusing pinhole 0.040
inch in diameter was used with a front pinhole 0,080 inch in
diameter. The combination produced an X-ray spot on the sur-
face of the tubing 0.10 inch in diameter.

A General Electric X-ray tube with Lindemann glass win-
dows and a cobalt -  target was employed. The tube was operated
at 35 kilovolts and 10 milliamperes. Exposures were 1/2 hour.

The patterns were measured on-'a visual comparator hav-

ing a least.count of 0.02 millimeter.
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‘Phe first step in the stress analysis of the welded tube
was to determine at what points in and near the weld signifi-
cant X—ray measurements could be made, and where they were
impossible because- of' the unfavorable condition of the metal,
For this purpose ‘a series of patterns was taken on the center
line of the weld at BO intervals. completely around the weld,
Furthermore, a series of patterns was taken across the weld
at several c1rcumferent1a1 positions " These patterns were
2ll normal patterns and were made with complete rotation of
the £1ilm,

The 72 normal patterns’ taken at 80 intervals around the
circumference on the center line of the weld were then meas—
uwred, and lattice parameters were computed by the methods
outlined in reference 1. The measurement was necessarily of
poor precision in the frequent cases where the diffraction
lines were broad, However, a measurement of sorts was ob-
tained, Repeated measurements on different patterns showed
that the maximum error in lattice parameter was about 0,0002
angstrom unit,. This is greater than the maxzximum error
which occurs when '"sharp line" diffraction patterns are
measured,

From the lattice parameter a measured on a normal
pattern taken under full rotation, the sum of the principal
stresses can be computed using the expression:

'5‘ f—
5.+ Sc“" -é-.-ﬁ(a = 8y) = 36,2 (F-a,) X 10° psi

where:

E = 29 x 10° psi
{ pm= Q0,28
a = 2,86100 angstrom units

M

This expression is approximate, being subject to a 5- _
percent correction because of the fact that the parameter a
is not the true normal parameter, The expression is accurate
enough, however, in view of the over—all precision of the neas-
urements in this particular case, Using this relation, the
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sum of the principal stresses was computed under the assump—
tion that the lattice paramenter Bp D the stresss+free ma—
terial was 2,86100, This assumption is reasonpable, :since

the material in the weld (SAE 1006 steel).contained no alloy-
ing elements except carbon, which has a negligible effect on
the lattice parameter, Further the sum:obteined in this
way agreed with-that obtained by adding the-longitudinal and
circumferential - streases wherever they were obtalned indi=
vidually, b e

In a circumferential region at the center of the weld
(positions 1250 to 180°) longitudinal and transverse 450
pictures were taken in order to determine the longitudinal
and circumferential stresses, The pictures were taken with
+15° rotation .of the film, This was necessary to smooth
out the slight spottiness of the silver lines; the iron
lines were in no cases spotty, In the oblique films - the
diameter of the ~film normal to the plane of incidence was
used, The films were measured in a manner identical with
that in which the normal pictures were measured, The result—
ing parameters aj or .a, may be used in the expressions:

3 E» o (B,L - 9,) ;
SL = > - ’ g
: (1 + D)ao sin® 45°
& 3 i 8
- o " ool %
e e

(1 + v)a, s1a® 45°

to compute the respective stresses, These equations reduce
to:

& i
S, 16,4 x 10, (aL - a)

8¢ = 15,4 x 10° (a

.

us1ng the same constdnts as before

Two positions, 60° and 275 ~ were chosen to investigate~
the situation across the weld, Normal, longitudinal, &and
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transverse patterns were made across the weld on these two
longitudinal elements| ats O,0Ff-inch intervals, The investi-
gation extended O,15" inch on. one side of the estimated center
1ine and 0,20 inch on the. other, belng stoppéd in each'case
by the previously mentioned metal condition, Parameters:.

were calculated and etresses computed in the manner jwn
described, “ -

Experimental Reéﬁigs

‘ There has been”congiderable. previous work on welded
parts uslng the X—ray diffraction method, {Sée reference 1,)
This work has been concerned entirely with plain low carbon
steels; however this' material is of 1little interest in the
aircraft industry, The present in vestigation ~on the con-—
trary, has been concerned with a chrome—moly stéel ( SAE
X-4130), which is one of the principal aircraft metals.

This 19, menﬁloned now because the results of the investiga—
tion. show that the type of material concerned plays a very
1mportant part ‘48 "t6-the ~usefulness of the method, ‘While
preyious investigators have been able to report favorable
results of X—ray stress measurements on_plain carbon steels,
in the present investigation it was found impossidble to de—
termine stresses in the base material,; the alloy steel, by
any of the methods applied, This result is due to the condi-
tion of the metal,

It was possible, however, to make accurate determinations
in restricted regions of the 'weld metal, and to this extent

‘only the X-ray methéd has proved successful, yielding some
new information on the stress conditiong ' in welded structures,

L R T S

Metallurgical Conditioms :
In order to make accurate stress measurements, any steel
to be investigated must be in ,a suitable metallurgical condi—
tion, This, in turn, depends ‘mainly upon the response of the
particular steel to the heating and cooling cycle at any
point of the weldment during and after the welding,

A welded steel part consists fundamentally of. four struc-
turally distinect reglons: :

(1) The weld proper, possessing a cast structure

4 4 or .
: B & e AU
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“2) The adjacent region which has been heated to a
temperature above the critical temperature of the particular
steel and cooled comparatively rapidly

(3) The region heated below the critical but above the
stress-relieving temperature of the steel

(4) The region practically unaffected by the welding
process

If a weldment is not restrained, such as in this in-
vest1ga$10n weld stresses are restricted to the weld proper
and to the adjacent metal, regions (1) and (2), according to
‘prev1ous investigations, In'the case of a restrained weld-
ment, long range residual stress may be developed also din the
mqtal farther from the weld bead (reference 1F), '

Of the two regions of the investigated tube presumabdly
containing residual stress, only the weld bead (region (1))
was found to yield X-ray diffraction patterns which permitted
a stress measurement by the selected method, The patterns
showed the’ Kd—doublet in varying sharpness, ranging fron

clearly separated K, and K_ 1lines to a rather broad line
with a single maximum,

A semiquantitative method of specifying the breadth of
the diffraction lines was adopted for convenience, The films
were rated on a 1-to—6 basis, 1 being the good extreme and
6 the. poor extreme (fig, ‘54), .Roughly, a rating 1 was as—
signed to a line if the doudblet was resolved distinctly. The
rating 6 corresponded to a line so broad as to raise the ques—
tion if it were indeed present, In this investigation, lines
rated as 1 to 3 could be measured with a good accuracy, while
some measurements of doubtful accuracy were made op lines of
poorer accuracy, Approximately RO percent of the circumfer—
ence of the weld bead was rated 3 or better and 50 percent

‘was 4 -or worse (see fig. r8). e '

Thus, even the low—carbon steel of the weld proper-was
distorted during the welding procedure to such an extent that
the accuracy of X—-ray stress measurements is seriously im—
paired in a considerable portion of the bead,

Some further difficulties *osulted from the large grain
size of some surface areas of the welded bead, which did not

yield uniform diffraction.lines even 'when the film was rocked,
but resulted in streaks within the Kd—doublet (references 16
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and 17). However, this applied only to a few exposures,

Qne out of approx1mately two hundred films was impossible
to measure because of this difficulty. In all other cases,
rocking of the film during exposure produced measurable
lines,

In all cases the metal adjacent to' the weld yielded‘
X—ray patterns composed of such bdbroad, diffuse lines that
stress determinations by the method anplled were not suc—
cessful, It is possible that ‘some method might be applied,
which, however, would be extremely tedious and time- :
consuming (reference 18), The change along two selected
elements is shown in figure 55, in which the ratings are
plotted for a number of films, illustratlng the previously
discussed variations:of the metalluréical conditlon ; 4
exposures are taken a certain distance away: from the welded
bead ' (in region (3)), the heating has been sufficient to
remove the effects due to cold work, dbut not sufflcient to
cause effects by cooling from above'the critical and sharp
diffraction lines are obtained, 0 g

Stresses across the Weld
The changes of the longitudinal and circunferential
stresses across the weld were determined for two elements
at. 60P and 2750 (table IV and fig, 56)., Exposures were
taken in intervals ofN0,05 "inech on both sides of the visual
center of the weld,. The width of the weld proper, as ap—
parent to the" eye after machining and-etching, was approxi—
mately 0.30 inch, However, width and position of the weld
vary for different points around the tube, and consequentlyﬂy
the assumed center line has no physical Signlficance - Fur-
thermore, it is clearly recognized from figure €& that. the
stress. state is not symmetrical about the assumed center
line or about any- other possible .position of a center line,
A suggestion of symmetry can he: .géen in the readlngs for the;
60° position but .none for the 2750 pos1tion ‘ i
_ Both the longltudinal and transver e stresses changewm;i
with the positiacn .across the weld,  Apparently “the stress
pattern is characterized by a fairly slow change of the
stress, as compared. with the rapild fluctuations around the, .
tnbe as wi}l De. discassed Mabapiiil w R ]
8 St i o RIS B A
; Howewer, a-displacement of the: point of exposure by
0,05 inch mlght cause in somé cases a’ change of one of the
stresses of as: much as 30 OOO to 40 OOO psi T
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Longitudinal and Circumferential Stresses
around the Tube

Figure 57 shows that accurately measurable X-ray
patterns were restricted to two large and several small
regions around the tube,

The two large regions were selected for the measure—
ment ‘of both the longitudinal and circumferential stresses
in intervals of 50 along the center line of the weld, In
addition, such stress measurements were made also for each
interval of 45°, The results are represented in table V
and figure 58, showing what regions yielded accurately
measurable films,

No attempt was made to draw trend lines through the .
experimental points in figure 58, The individual points
would deviate from any possible trend line by as ‘much as
+10,000 psi, These variations exceed the presumable ac—
curacy of the stress measurement by two to three times,

As the accuracy of locating a desired part is estimated
to be considerably better than 0,0005 inch, these variations
can be explained only- as actual fluctuations of .the residual
stress in the welded bead, Consequently, in order to obtain
a fairly complete stress pattern around thé ' tube, exposures
must be taken in very small intervals, say of 0,010 inch
along the circumference; To do thils, the technique used in
the present investigation would have to be changed, the
width of the exposed aréa being too large in relation to
the expected frequency of the fluctuations.

The slightly reduced scattering in the range of 125° to
1609 in. comparison with that in the range 15° to 65° can be at-—
tributed to two factors, First, the rating of the lines was
better and second, the film measurements were repeated sev—
eral times in order to improve the accuracy, However, since
these measures caused only a slight reduction of the fluctua—
tions, the fluctuations were considered as real,

Neither .the longitudinal nor the circumferential stressa
shows an average which is either definitely tension or defi-
nitely compression, From the thermal conditions of welding,
a considerable average tension in the circumferential direc-—
tion should be expected in the welded bead, while the average
longitudinal stress should be zero, The determined surface
stresses certainly do not offer any confirmation of this
expectation,
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Sum of Principal Stresses

In many X-ray investigations, only one exgosure. per-
pendicular to the surface at each point, was made, and the
sum of the two principal stresses S; + Sz in the surface
was determined. Such a procedure assumes the knowledge of
“the stress—free -lattice parameter ag. ;

On the contrary;>three exposurés made at each point
permit the calculation of the stress-free lattice parameter
ap at this point, as well as two stresses in the surface,

according to the following equation:
ol b e
a=a—-———-(S +S)

e The stress-free parameters were calculated for all
points where the longitudinal and circumferential stresses
were measured. The values (table VI) vary to a considerable
extent:;, the average value being 2.86110 = 0.00020 angstrom
units; and some values deviate as much as *0.0004 angstrom
unit from this average. This accuracy is as good as can be
expected, even for regular determinations of lattice param-
eters by the back-reflection method (reference 19). Conse-
guently, it cannot be decided whether the variations are
caused by random errors or possibly by differences in the
steel composition. This second explanation is suggested by
the fact (apparent from table III) that within' any one re-
stricted interval the values agree cornsiderably better than
the values from different intervals.

: It might be assumed that by making a single ‘éexposure
perpendicular to the surface, the sum of the principal stresses
can be measured with sufficient accuracy, when the stress-free
lattice parameter is taken as 2.86100 angetrom units. A large
number of such X-ray patterns were taken, therefore, and the
sum of the principal stresses determined (table VII and fig. 58).

However, the sum of the principal stresses R - T L - PR

tained in this manner, is not the same. as that determined by
addition of the longitudinal and circumferential stresses
By * SC = S1 + 85, without using the stress-free lattice pa-

rameter (fig. 58). The values determined by the two methods
agree comparatively well, considering the uncertainty regard-
ing the stress-free parameter and the difficulty of reproducing
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the exposed area in two independent series of tests, The
deviations from a trend line can be kept below approximately
+10,000 psi, It is apparent from these results that the
s1ng1e exposure method does not yield sufficiently accurate
and lucid stress values, :

The sum of the principal stresses (fig, 58) again 111us—
trates the rapid fluctuations of the stress state around the
tube, No correlation is apparent between the surface stresses
and the mechanism of the welding process,

Individual Principal Stresses

Utilizing independently the two sides of each film ob-
tained in the two oblique directions, four values of lattice
parameter are obtained which permit the determination of the
magnitude and direction of the two principal stresses (see

reference 1, method G4), This method is not very accurate,
and the follow1ng results (assembled in fig, 59 and table
VIII) are therefore open to cousiderable argument, The meas—-

urements were restricted to one region, 125° to. 160°, which
yielded readily measurable films, -

Regarding the directions of the principal stresses
figure F9a shows that they scatter irregularly about the
longitudinal. and transverse directions, The accuracy_of.,~
these angles is very limited and consequently the results.
cannot be taken as a-proof either that the principal dlrec—w
tions coincide approximately or diverge considerably fronm
the longitudinal and circumferential directions,

The principal stresses (fig, 59b) differ from the longi-
tudinal and circumferential stresses (fig. 59c) but not to a
sufficient extent to warrant any other conclusion but that the
longitudinal and circumnferential stresses are the principal
stresses, The distribution of the one principal stress S,
over the investigated range agrees with that of the circum—
ferential 'stress Sg, and the distribution of the other prin-
cipal stress ©S_ corresponds to that of the longitudinal
stress SL'

A more accurate X-ray stress measurement method must be
used to obtain more decisive information regarding the mag—
nitude and, in particular, the directions of the principal
stresses,
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" CONCLUSIONS. .-

Measurements by means of X—ray diffraction techniques
of the prineipal gtresses in'flat notched tensile bars of
SAE X—-4130 steel and °4S—T aluminum alloy have demonstrated
the following: :

1. X—-ray diffractian‘methods can be used to determine
surface stresses in metals in which the stress gradients are
not steep, prov1ded the dondition of the metal is suitable,
Measurement of stresses in the interior of a metal is not
possible at present  except by inference from the surface
stresses, The measurement of highly localized stresses ecan—'
not be achieved by X-ray diffraction without extensive ex—
perimental precautions, ‘

2. The longitudinal stress in a flat—notcheéed speci-
men was found fto be in agreement.with the results of previous
theoretical ahd photoelastic investigations so long as the
metal was elastically strained, The changes of longitudinal
stress have been determined for the range in stress in which’
the notched section becomes progressively plastic, These
stress changes were found: to confirm previéusly develoved
theorles. : :

‘34 In the range of elastic stress, the ratio of the
average transverse to longitudinal stresses was found to be
independent of stress but varied with the degree of notching,

4, When the average stress exceeds the elastic range
and progressive plastic flow occurs without further increase
in load, the stress distribution changes gradually because of
vyielding, the change being of the same type as that caused by
partial unloading, It was further noted that surface stress
does not increase as rapidly<as the stress in the interior
when the average stress’is.beyond the .¢lastic range,

Attempts to determine the residual stresses in a bdutt—
welded joint in SAE X-4130 steel tubing by means of X-ray
diffraction showed that:

(a) The residual stresses present in a structure
welded from the alloy steel SAE X-4130 cannot be measured in
the regions of the parent metal, affected by the heat, These
heat—affected regions presumadbly contain large residual
stresses,
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(v) Only if the weld bead is made from low—carbon
steel can accurate stress measurements be made in the bead,
However, the structure of the deposited metal varies con—
slderably, and some parts may be in .such-a condition that
the accuracy of the measurements becomes “Tery. small

(¢) Large variations of the surface stresses in
both the longitudinal and circumferential directions were
observed, both around the weld and across- the weld.,’

(d) In the longitudlnal directlon the highest stress.
values measured were 12,000 psi in tension and 20,000 psi in
compression. The average stress was a small compressive
stress, As the. butt—welded tubing is not restrained. in the
longitudinal direction, little 1ongitudina1 stress was ex—
pected, ' " ]

~ (e) In the circumferential direction, the highest
stress values measured were 30,000 psi in tension and 15,000.
psi in compression, The average stress was approximately
6000 psi in tension, This corresponds to the value expected
from previous measurements by mechanical methods, The low
magnitude of the peak values of stress may possibly be ex-—
plained by_the machining operation which relieves the sur-—
face stress somewhat; the low magnitude of the average stress
may be explained by the fluctuations of stress and the limita—
tion that no residual stress should exceed - the yleld strength
of the metal L : i

(f) This investigation reveals a rather restricted
applicability of the X-ray diffraction method for the measure—
ment of residual stress in weldments, :

3
S

Departmént of Metallurgical Engineering,
Case School of Applied Science, :
Cleveland, Ohio, October 11, 1944,
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TABLE I

20% NOTCHED DURALUMIN SPECIMEN

LOAD POSI-| NORMAL |LONGITUDINAL |TRANSVERSE |LONGITUDINAL | TRANSVERSE
AND AV, TION |PARAMETER| PARAMETER |PARAMETER STRESS STRESS
STRESS IN A° IN A° IN A° PST PSI

140 1bs. 1 | 4.0402 4,0421 4,0405 +10,000 + 1,500

(4,300 psi) 2 | 4.0404 4,0418 4.0403 + 6,000 + 500

3 | 4.0408 4.0422 4.0407 + 7,000 - 24 500

4 | 4.0409 4.0416 4.0417 + 3,500 + 4,000

400 1bs. 1| 4.0370 4.0426 4.0391 +29,000 +11,000

(12,000 psi)| 2 | 4.0394 4,0419 4.0398 +14,500 + 2,000

3 | 4.0401 4.0426 4,0397 +13,000 ~ 2,000

4 | 4.0395 4.0417 4,0401 - +11,500 + 3,000

1110 1bs. 1 4.0368 4,0418 4.0385 +£26,000 £ 9,000

(33,700 psi)| 2 | 4.0350 4.0422 4.,0382 +37,000 +16,500

3 | 4.0%63 4.0422 4,0379 +31,000 + 8,500

4 | 4.0%64 4,0427 4.0378 +33,500 + 7,000

Residual 1 | 4.0452 4,0413 4,0442 +20,000 - 5,000

Stress 2 | 4.0408 4,0413 4.0416 + 2,000 + 3,500

Unloaded 3 | 4.0409 4,0413 4.0412 + 2,000 + 1,500

from 4 | 4.0416 4,0414 4,0418 —~ 1,000 + 1,000
1110 1bs.

486 "ON NI VOVN
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44 NACA TN No. 987
TABEE II
25% NOTCHED S.A.E.X4130 STEEL
LOAD POSITION| NORMAL LONGITUDINAL TRANSVERSE'
AND AV, PARAMETER | PARAMETER PARAMETER
STRESS IN A©° A IN Ae°
bEd lbsy L 2.86061 2.86147 2.86003
(17,000 psi) 2 2.86084 2.86150 2.86052
> 286059 2.86118 2.86071
4 2.88062 2.86124 2.86044
53 Z.386022 2.86128 2.86050
1550 1bs.
(50,000 psi) 1 2.85908 2.86253 2.86003
2 2.85886 <.86196 2.86035
3 2.85924 236115 2.86019
4 2.85945 2.86189 2.86002
5 2.85972 2.86215 2.86020
Residual Stress 1 2.86143 2.86099 2.86100
Unloaded from 2 2.86083 2.86096 2.86103
EB5E 1bs. 3 2.86095 2.86089 2.86089
4 2.86095 2.86071 2.86097
5 2.86095 2.86072 2.86097
Loaded to 2170 lbs. ¥ 2.85996 2.86230 2.86057
(70,000 psi) 2 2.35893 2.86233 2.86008
Unloaded to 1960 1bs. = 2SB89 2.86200 2.86008
(59,000 psi) 4 2.85907 2.86224 2.86022
5 2.85927 2.86204 2.86000
Residual Stress i 2.86179 2.86052 2.86093
Unloaded from 2 2.86092 2+ 3610 2.86114
2199 1bsk. & 2.86077 2.86100 2.86097
4 £2.86073 2.86066 2.88109
B 2.86089 2.86085 2.86112
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TABLE II (CONT'D)

25% NOTCHED S.A.E. X4130 STEEL

45

LOAD POSI-|LONGITUDINAL | TRANSVERSE |LONGITUDINAL | TRANSVERSE
AND AV. TION | STRESS-PSI |STRESS-PSI| STRESS-PSI |STRESS-PSI

STRESS MEASURED | MEASURED | CORRECTED |CORRECTED
527 1bs. 1 +13,600 - 9,200 +14,700 £30,1.00
(17,000 psi) 2 +16,800 + 1,300 +17,700 + 900
3 + 9,300 + 1,900 + 9,800 + 1,500

a4 + 9,800 - 2,800 +10,400 B anh

5 +16,800 + 4,400 +17,600 + 4,200

1550 1bs. 1 +54,500 +15,000 +57,600 +14,200
(50,000 psi) 2 +49,200 +23,700 +51,300 +23,700
3 +39,400 +15,000 +41,100 +15, 000

4 +37,200 + 7,600 +39,100 + €,900

5 - +38,400 + 7,600 +40,400 + 6,800

Residual Stress| 1 w7 5000 - 6,800 =, 800 w 7,000
Unloaded from | 2 + 2,100 + 3,200 + 2,100 + 3,200
1550 1bs. 3 LT L8050 ~ 1,000 715000

4 - 3,800 + 300 ~.4,000 + 400

5 - 3,600 + 800 - 3,800 + 400

Loaded to 1 +37,000 + 9,600 +38,800 + 9,000
2170 1bs. 2 +53,000 +18,200 +56,200 +17,600
(70,000 psi) 3 +50,700 +20,400 +52,900 +20, 000
Unloaded to a +50, 000 +18, 200 +52,300 +17,700
1960 1bs. 5 +43,800 +11,500 +46,000 +10,800

(59,500 psi)

Residual Stress| 1 -20,100 -13,600 -20,800 -13,800
Unloaded from | 2 + 1,400 + 2,500 + 1,400 + 3,700
2170 1bs. 3 + 3,600 + 3,200 + 3,700 + 3,300

4 il L0 + 5,200 - L5400 + 5,500

5 ~ ..800 + 3,600 « " "00 + 3,800




46 NACA TN No. 987
TABLE III
5% NOTCHED S.A.E. X4130 STEEL
LOAD POSITION| NORMAL |LONGITUDINAL| TRANSVERSE

AND AV. PARAMETER| PARAMETER | PARAMETER
STRESS IN A° IN A° IN A°
578 1bs. 1 2.86025 2.86129 2.86003
(17,000 psi) 2 2.86039 2.86145 2.86037
3 2.86032 2.86141 2.86040
4 2.86015 2.86125 2.86033
5 2.86041 2.86155 2.86038
Loaded to 1020 1bs. 1 2.86021 2.86138 2.88013
(30,000 psi) 2 2.86034 2.86140 2.86008
Unloaded to 870 1bs. 3 2.86020 2.86156 2.86013
(25,500 psi) 4 2.86016 2.86151 2.85988
5 2.86005 2.86128 2.86009
Residual Stress : 2.86089 2.86069 2.86086
Unloaded from 2 2.86070 2.86097 2.86069
1020 1bs. 3 2.38074 2.86048 2.86072
4 2.86074 2,86058 2.86064
5 2.86073 2.86070 2.86072
Loaded to 1713 1lbs. 1 2. 38971 2.86207 2.85973
(50,400 psi) 2 2.85982 2.86203 2.85970
Unloaded to 1405 1bs. 3 2.85957 2.86196 2.85979
(41,400 psi) 4 2.85981 2.86210 2.85984
5 2.85954 2.86195 2.85967
Residual Stress 1 2.86092 2.86103 2.88079
Unloaded from 2 2.86088 2.86057 2.86101
1718 1bs. 5 2.86070 2.86042 2.86039
4 2.86068 2.86086 2.86073
5 2.86070 2.86071 2.86089
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TABLE III (CONT'D.)
54 NOTCHED S.A.E. X4130 STEEL
LOAD POSI- |LONGITUDINAL| TRANSVERSE| LONGITUDINAL| TRANSVERSE
AND AV. TION |STRESS-PSI |STRESS-PSI| STRESS-PSI | STRESS-PSI
STRESS MEASURED MEASURED | CORRECTED | CORRECTED
578 1bs. 1 +16,400 | =3,500 +17,400 -4,200
(17,000 psi) 2 +16,800 - 300 +17,700 - 800
3 +17,200 +1,300 +18,200 + 900
4 +17,400 +2,800 +18,300 +2,500
5 +18,000 -~ 500 +19,000 -1,000
Loaded to 1020 lbs. 1 +18,500 ~1,300 +19,500 -2,000
(30,000 psi) 2 416,700 -4,100 +17,700 ~4,800
Unlozded to 870 lbs. 3 +21,500 -1,100 +22,700 ~1,800
(25,500 psi) 4 +21,300 -4,400 +22,600 -5,200
5 +19,400 + 600 +20,500 0
Residual Stress 1 - 3,200 - 500 - 3,400 - 400
Unloaded from 2 + 4,300 - 200 + 4,500 - 300
1020 1bs. 3 - 4,100 - 300 - 4,300 ~ | 200
4 - 2,500 -1,600 - 2,600 ~-1,500
5 - 500 - 200 - 500 ~ .. 200
Loaded to 1713 1bs. 1 +37,300 + 300 +39,300 = BN
(50,400 psi) 2 +25,100 -1,900 +37,200 ~3,100
Unloaded to 1405 lbs.| 3 +37,800 +3,500 +32,700 +2,600
(41,400 psi) 4 +36,200 + 500 +38, 200 ~ 800
5 +38,100 +2,100 +40,100 +1,100
Residual Stress 1 + 1700 -2,100 #1400 -2,300
Unloaded from 2 - 4,900 +2,100 - 5,300 +£,300
1713 1bs. 3 - 4,400 4,900 -~ 4,500 ~5,100
4 + 2,800 + 800 + 2,000 + 1700
5 + 200 -3,000 + Z00 -3,200
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TABLE IV

Longitudinal and Circumferential Stresses at Various Positions

Across the Weld (Along the Length of the Tube)

Distance G = S By £i8g =5y The
ggggeéﬁnkiid 1000 psi | 1000 psi | S, + S, ‘<§§gﬁsﬁiz?fl
1000 psi | 1000 psi
At the 60° Position of Circumference

-.10 - 5% -14% -19% -35%
-.05 -14 -3 -17 -28

0 -2 +. 7 + 5 + 7
+.05 -1 +.8 e + 2
+,10 - 8 ) g Tl
+.15 -10 -5 -15 —26
Tl 1> +22% +12% +34% +27%

At the 2750 Position of Circumference

-.15 -32.6 -11.6 -44,2 -40
-.10 -39.8 - 8.9 -48.7 -42
-.05 -42.5 - 4.1 -46.6 -40

0 -15.4 - 4.5 -19.9 -16
+.05 - 6.0 - 2.0 - 8.0 - 8
+,10 - 6.8 - 4.0 -10.8 -11
+.15 - 3.4 - 4,5 - 7.9 -8
+,20 - 3.0 - 6.5 - 9.5 -5

#*doubtful - large rating




NACA TN No. 987 49

TABLE V

Longitudinal and Circumferential Stresses at Various Positions

Around the Center Line of the Weld

Angular SL - SC - SL i SC SL + SC from normal
Position
Degrees 1000 psi 1000 psi = Sl + Sg exposure - 1000 psi
1000 psi Observer 1 Observer 2
15 i +20 +23 T2 + 4
20 +10 S L =2 +28 +18
25 -2 + 4 He +19 +18
30 + 9 8 6 +23 +25
55 g e 17 Ll +18 +56
40 -3 + 9 SENG Ll +=2i
45 6 +11 g + 6 +40
50 -15 + 4 -11 0 0
55 G +19 +28 +18 +1.2
60 -2 e ) s +4 i 4.5
65 -18 +10 -8 +1.2 +10
105 6 +25 +31 =25 +18
125 A S + 3 - 2 -3
130 +8 e +14 +1.3 - 4
11515 8 0 = 5 0 -40
140 -3 T = + 9 + 3 =31
145 -17 + 4 -13 -21 -18
150% -20 -5 -25 =37 -27
n -15 - 5 -20 -24
155 -18 -14 -3 -31 =27
160 -10 -3 =13 -22 -25
195 +13 +30 +43 +45 +40
240 + 9 -14 -5 + 9 i =18
285 -18 e -16 -21 | =40
330 =17 L -16 -12 +25

*Two independent exposures taken
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TABLE VI

Stress-free Lattice Parameters at Various Points Across and

Around the Weld.

[6)
Around the Weld Across the Weld at the 275 Position
Angular Lattice Distance from Lattice
Position Parageter Center Line of Parageter
Degrees =A Weld - Inches - A
15 2.86101)
20 2.86095) o
25 2.86086) o =, 15 2.86079
30 2.86092) & -.10 2.86101
35 2.86093 = -,05 2.86103
40 2.86097 0 2.86104
45 2.86138 g +.Og 2861
gg 2.26083 3 30 2 ErEEllz
_ .86119) © eIl Sadalle
1 80 2.8@105 ot ezl 2.86100
65 2.86059) =
Across the Weld at the 60 Position
105 2.86124
it25 2.86123) & -.10 2.86149
130 SIS BRI © -.05 2.36137
A543, 2 o3ailily @ 00 2.86105
140 2.86124) © HOS 2.86109
i%g g.gg%ii P T LD 2.86098
< (V] S alis 2.86148
%gg gggigé 'gé + 520 226128
160 2.86132) o
1985 2.86106
240 2.86075
285 e 6li2s

830 2.86100
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TABLE VI

51

Principal Stress Sum at Various Positions Around the Center

Line of the Weld

Angular Sl EE 82 1000 psi | Angular Sl + 1000 psi
Position Position
First Second First Second
Degrees Value Value Degrees Value Value
0 ~19.0 180 - 2.0 te 836
5 020 185 -18.0
10 -42.,5 190 -39.0 -39.0
15 +:4.0 195 +40.0 +40.0
20 +18.0 200 -16.0
20 +18.0 205 - 9.0
30 +26.0 210 -14.0
35 +566.,0 +29.0 215 -4.0
40 +2'7.5 +23.0 220 - 9.0 -13.0
45 +40.0 +40,0 228 -31.0 -31.0
50 0.0 - 9.0 230 -18.0
55 +12,0 235 -12.0
60 * 5.0 240 -18.0
65 +10.0 245 BT
70 -23.5 250 -14.0
15 ~-21.5 258 - 3.0
80 - 7.0 260 -14.0
85 B0 265 -31.0
90 +12.0 270 -26,5
g5 +31.0 il -20.0
100 +41.5 280 -36.0
105 H18..0 285 -40.0
110 Q0 290 -16.0
115 0.0 295 = 4.5
120 - 1.0 300 -50.0
125 - 3.0 305 -40,0
130 - 4.0 310 -18.0
135 -40.0 -40.0 315 -16.0
140 -31.0 -36.0 320 -14.0
145 -18.0 325 *ee 0
150 -27.0 330 +25.5
155 -27.0 335 +45.0
160 -25.0 340 +31.0
165 -14.0 345 +12.0
170 -14.5 350 - kN
175 -23.0 -27.0 355 - 4,5
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NACA TN No. 987 Figs.10, 10

Fraure 9.—Mergence of K, doublet on normalizing from 1700° F.

(a) (b) (c)

Ficure 10.—Diffraction patterns of SAE X4130 steel, stress relieved at (a) 1000° F.,
(b) 1250° F., and (c¢) 1320° F., after normalizing from 1700° F.



NACA TN No. 987 . Figs. 11,12

80
70
..—‘-—’_.-1’—-‘
w8
: /
AN 50 /
% 40
gg 30 —— YLD STRENGTH = 59,500 PS/ —]
Y ULTIMIATE STRENGTH= 8,500 PS/
X 20 ,
¥}
10
0
oy 06l 43 od 05 06 07 0 08 10
STRAN — PERCENT
Figure 11.- Stress strain curve for SAE X4130 steel
etrig air cooled from 1700° F and stress
relieved at 1330
FTEESNE i A M ERL (7
L 2L YRS DL | i+i1
B ’T‘“—— /6 e 3 ]
= 551
\a-605
002'R \ 5
| NoM. ’ T“"
- 075 '
e s e
: T Sl
i ./46:;:;_‘7 Zz H L
ZJ‘;EE/;;L"—‘—%\_A ' = A | <%
A

Figure 12.- Tensile specimen. 1,3,3,4 - location
of spots studied.



NACA TN No. 987 Fig. 13

7// 2”7
i e 2ok T pia. RIVETS
7 NOTCH RAOIS
ﬂ%“;l < | 7/ =.0535" } fir i
o 0 b
} - ¥ 5 'j¥9“—fr o
N Y g —— Vi
gg 'Ga_/ N Q \T:*._—r Pl e
0o AN bz % g ..____.JL_ Eulq{ﬁ +\ i e VTR i
~ |- N a2 POS/TIONS| 1D /_@.LX_ X
_(49__ V28, ook Gl
! - —
S o o
i _i”
£;¢9.
| ]
i ' o L
P T N, WA S | 04
0./87 0 . m%ﬁ oy S
T o
|
25 % NOTCH SFPLECHNEN
f Vid
| gll 7 ?
—yﬁ%-@- | MOTCH RROIS
[ = o0ar” 'S
i 7—1‘; 7 i
3 AU X
;‘) ‘ﬁ 2y § |
2 s/ .gj; 5 posirions
4 FOR X-RAY
{ N5 2Q, PIETURES
A T i
-ﬁll
i : 5 o
e ok
Z wrorsseries, D rrs1s4 ad
Q154 T 10007077 e B 7 PP F 57 # _}—0 a”
i : | | ' .03

5 %6 NO7TCH SPECIMEN

Figure 13.- SAE X4130 steel flat tensile
test specimens.



/ NACA TN No. 987 Figs. 14, 15

} Ficure 14.—Special tensile testing machine.

r Freure 15.—Special tensile testing machine in position to make oblique diffraction patterns
of duralumin tensile bar.




NACA TN No. 987 Figs. 16, 17

Frgure 17.—Back reflection camera with pinhole system in place and rocking mechanism.



NACA TN No. 987 Figs. 18, 19, 20

Ficure 18.—Diffraction pattern showing spotty silver lines.

(a) (b) ()

Freure 19.—Diffraction patterns showing (a) too little, (b) proper amount,
and (¢) too much silver.

Frcure 20.—Typical duralumin diffraction pattern.
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Fraure 21.—Special tensile machine
in position for making longitudinal
strain diffraction patterns from
SAE X4130 steel tensile bars.

Ficure 22.—Special tensile machine
‘ . in position for making transverse

strain diffraction patterns from
‘ SAE X4130 steel tensile bars.
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Figs. 2;-)7 26

Ficure 25.—Comparator used in measuring steel diffraction patterns.
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Ficure 26.—Viewing tube for comparator used in measuring duralumin diffraction patterns.
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Fieure 47.—Diffraction patterns from notch bottom to center of specimen (top to bot-
tom) for 50,000 psi average load on 25 percent notched SAE X4130 steel tensile specimen.
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NACA TN No. 987 Figs. 52, 53
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Frcure 52.—Direction of the incident beam for various types of exposures.
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Ficure 53.—The goniometer used to hold the welded tube in the proper position relative to
the X-ray beam.
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Ficure 54.—Illustration of the qualitative rating system used to indicate the measurability
of X-ray films.
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Figure 56.- Longitudinal and circumferential stresses at
various points across the weld.
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