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ABSTRACT 

Maey studies on the effects. of. residual_ .. .str_e.B.SJ~_a. ;nav~_._J~~-~P-...... - ... ··--··-··-----,~--------:_~.~->· ...... _. _ ........ ~ 
t' • . . ,.·. 

. 
. 

conducted. while conducting these ... studies, the problem arises of how 

to measure residual stresses. Different methods have been developed 

for the different structural shapes. 

' 

A summary of the different methods for measuring residual stresses 

is presented. Seventeen of the methods are described and referred to in 

the discussion of the methods used. ;· 
The method used to determine the residual stress in a member is 

~ 

chosen by referring to the type of residual stress to be measured anq 

the shape of the specimen. Residual stresses have been measured in 

tubes, rails, thin and thick plates, and structural shapes. 
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I. INTRODUCTION 

Residual-stresses and their effects on the strength of structu­
ral members have been under study for over seventy years. In 1914, (1) 

· Heyn discussed internal strains in cold-wrought metals and some of 
the difficulties caused by these internal strains. From then to the 
present time, many studies have been performed on the effect, measure­
ment, control, and the fonnation of residual stresses. Numerous. pa­
pers have been written on all of these subjects. 

This paper is an attempt to correlate and review some of the 
many papers written on the measurement of residual stresses. A re-(2) . 
cent survey lists sixteen mechanical methods and some twenty odd 
physical methods used in measuring residual stresses. The litera­
ture on the use of x-ray diffraction for measuring residual stresses ~ (3) (4) ~ (5) has been reviewed in The Welding Journal. Barrett and Lynch 

1' 
have also completed a review on various methods of measuring residual 
stresses. 

Residual streBses are formed when non-uniform plastic flow oc­
curs in any forming operation such as the autofrettage of guns, in ' 

shot blasting, in the rolling of shapes, in'.-,surface rolling, and in 
strains encountered during service. Misfits in erection also lead 
to .residual stresses. Residual stresses are caused by high thermal 
gradients, such as in welding, quenching, and by phase changes in the 
structure of the steel such as the decomposition of austenite. 

A residual stress may be defined as that stress which would 
exist in an elastic eolid body if aJJ the external load, accelera-

:.• ·. 
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(6) 

tion and gravitation were removed. Unf avora.ble residual. stresses 

result in a lower proportional limit and lower endurance limits in 
•Q 

fatigue. Residual stresses are closely related to warping during 
./ 

·machining of a member am to cracks fonned during quenching and 

grinding. However, if the stresses are favorably distributed, they 

may increase the effective strength of structural nembers subjected 

to fatigue~ 

The nature of the distribution of res·idual stress in a metal 

piece~ can be predicted with reasonable accuracy from a knowledge of, 

previous heat treatment and forming operations required in the :fabri-. 

cation of the piece. However, the magnitude of these stresses is 

affected by many factors and can be predicted only approximately. 

Since many residual stress problems are too complex to allow ev:en an 

approximate prediction of the stress distribution, the stress distri­

bution must be obtained by actual measurement. 

The many methods devised for measuring residual stresses include 

· methods .for detemining (1) longitudinal stresses in rods, tubes, mid 
, 

rails (uni.axial and biaxial methods), (2) longitudinal stresses in 

wires, (3) circumferential stresses in cylinders and disks, (4) stress­

es in thin walled cylinders, (5) stresses in plates, and ( 6) surf ace 

stresses by x-rays. There are also non-destructive methods and me­

t~ods involving brittle lacquers. 
\ . 

This paper will consist of: 

1. Discussion of residual stress·es · · 
' 

---· .. _·_....:_,..._,._ ~,..:----·-~-._..:..... .. : ,-------..----'-.·--~---:·.,,-- - -----:- .. __ .....,. ... _____ -

2. An historical survey 

I 

I' 



-4 
J. Discussion of the different methods for measuring resi-

dual stresses , . 
.. 4. Diseussion of selected papers 

S. Bibliography 

The discussion of selected papers will be i'rom. sources published in 

English. 

'I: 

-

• 

. • .·-~· ·. *.!. - • •- . ·.- ...:-_, ___ :,. -.;...: - ~, · ... -"".'.·-··-,.~ .~ .... ":"-:,.:. .. -.:.·-. .:._.:.. - ; • --

.... 

,. 



l ~..._,.....,._,,,,..,._._~·~· .. ·-·--,~.. . '-'•• ····•·~··' __ ,..__.~ .... ,,..., ... ~ .. ~--, ' 

., 1 

\ 
. I 

; 

' 

II. RES[flUAL ~TRES~S 

.. rt..·.' 
-:;) 

The formation of residual stresses may be c~lassified 11nder the two 

principal headings of: formation of stresses due t0-.--inhomogeneous 

volume changes, and formatioh of stresses due to inhomogeneous shape 

changes{?). The non-uniform volume changes are due to variations in 

rates of thermal contraction of different parts of the piece being 
1 

cooled. In the process of forming a shape by cold-working, stresses are 

formed by the non-uni form· shape changes associated with cold-working. 

The residual stresses formed by cooling are compressive stresses at 

the surface (the surface cools the faster) and tensile stresses in the 

slower cooling material. This ·process can be described in the following 

manner: (1) The relatively cooler surface of the piece is prevented 

from contractinb by the hot core which causes the fibers near the 

surface to be in tension and the core fibers in compression. Deformations 

may occur, if tensile stresses are high enough, in the outer or inner 

portions of the body. (2) Cooling progresses until the tensile and 

compressive stresses equalize and the stresses in the piece become zero. 

(3) On cooling past this point of zero stress, the core contracts a 

greater amount than the faster cooling material due to the deformation 

which occurred in the first stage of cooling and to the temperature 
(8) djfference between the surface and slower cooling material • These 

basic stages may be applied to the formation of residual stresses where 

there is a temperature gradient while cooling. 

·' 

,, 

, 
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(9) " 

Baldwin reports that the longitudinal-residual stress pat-

tern e~sting in a rolled strip may actually have two configura-
·~---~--------

11.1...ons • One configuration would be tensile stresses in the center 

and compressive stresses at the rolled surfaces. The other is just 

the reverse with the tensile stresses at the rolled surfaces and 

compressive stresses in the interior of the ·strip. (see 'Ref. 10) 

Although heat treatment, bending, rolling, and extruding 

produce stresses which vary through the ~ection of a component 

while operations such as turning, milling, grinding, shot blasting 

and plating produce stresses which, ih general, are confined to the 

surface, they both have some practical significance. When there 

are significant residual stresses in a material, the performance 
(11) 

of the piece may be affected in one of ·the following ways: 

1. Distortion during machining 

2. Tension and compression properties are usually modified 

so that a lower elastic limit is observed 

3. Addition of service stresses could cause permanent fai­

lure of a structural niember 

4. Fatigue properties depend o~ type of stress pattern present 

5. P9ssibility of failure by stress corrosion is increased_ 
! 

when tensile stresses are exposed on the sur~~ce. 

It has been shown that plastic strain occurs in structures con­
( 12,13) 

taining residual stress before the yield strength is reached 
(14) • 

Beedle and Tall after an extensive study of the strength of 

rolled columns, summarized their findings as follows: 

1. Residual stresses are f onned in a structural member as a 

• 
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-result of plastic deformation that occur dur]ng cooling, after 

weldjng or during cold-straightening operations. 

2. The most important stresses in H-columns are at the flange 

tips which are canpressive stresses. 

3. Residual stresses reduce buckling strength because of 

early locaJized yield. 

4. Residual stresses lower the proportional limit and cause 

the stress-strain diagram to be non-linear beyond that point and 

up to the yield stress level. 

5. Cold-bending residual stresses are no more critical than 

are cooling stresses. 

6. Columns built-up by welding will contain tensile residual 

stresses close to the.yield point. 

7. The influence of residual stresses on the strength of 

higher strength steels is not as pronounced as on columns of A7 
steel. 

Experimental investigations into the magnitude and distribu-
,. 

t~on of longitudinal residual stresses arising in plates due· to 
(15) 

edge and center weldjng indicated that the stress distribution 

is approximately parabolic in mape, except at the weld itself. The 

results of this study made it possible to predict approximately 

the magni. tude and distribution of the residual stresses formed in 
' 

.. . . the fabrication of a welded built-up section (made up of relative-
(16) 

ly t!Ji n plates)• Estuar and TaJ 1 used these results in a study 

on the strength of welded builtr;up columns of medium slenderness 

ratios and of medium size. Their results showed that rolled sec-

"' 

·"-' 
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tions were up to ~ stronger than correspond:J ng welded buil t,..up 

·shapes. 

Residual· stresses are a {J)otent medium for propagating brittle 
(9,17,18). 

fracture if the residual stress is critically distributed • 

The presence of residual stresses hastens the formation of micro­
(17, 19) 

cracks in a specimen subjected to a low cyclic stress • 

Welded plates with high residual stresses have a slightly lower 

.fatigue strength than similar plates which have been stress re­
( 20) 

lieved • 

The buckling strength of columns, elastic stability of beams, 

columns, and plates in pl·ate girders, and cracking of welds are aJl 

influenced by the presence of .residual stresses. 

, The relief of residual welding stresses may be accomplished 

by the addition of working stresses, overloading, peening, stress 

relief annealing, and heat treatment. These methods are all 
\ 

grouped under relief due to thermal action or relief due to me­

chanical action.· 

Complete relief of residual stresses by the thermal ~lief 

method probably is never achieved in practice and the treatment 

necessary to produce large reductions in stress has. a detrimental 
•' (21) 

effect· on certain properties of the material • Heat treat-

ment, which involves heating to beyond the stress relief annealing 

rang~ foU(?Wed by controlled cooling, is used when the stress 

relief anneal j ng method cannot be employed. 
"? 

The mechanical method of stress relieving may be subdivided 

into relief due to removal of stressed metal""m.d relief due to plas­

tic deformation caused by external forces • 
. ,. 
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III. HISTORIC.AL SURVEY - . . ·- . --. .--. .--. - .-~-. .-, ----~--·--'--:::· . -- . --

/' 

.... 

The first_ work in measuring residual stresses was performed (22) (23) by Kalak:outzky and. followed by Howard ]:in 1893. Howard re-
ported longitudinal compressive stresses on the basis of an in­

crease -in length after boring out. He considered these stresses 
unif orrrily distributed over the cross section, while Kalakoutzky' s 

' report was on a method for determining the circumferential sur-

face stresses in cylinders. 
(24) 

A method was proposed by Bauer and Heyn , and later com-( 1) 
pared with a model by Heyn , which considered a residually 
stressed cylinder containing longitudinal stresses in the outer 

portion and compressive stresses in the core • ., This method, an 
approximation since only longitudinal stresses are considered, 

consisted of removing a succession of th.in layers from the ou 
side of the rod. 

(25) 
Mesnager recognized the limitations of the Bauer and Heyn 

J ~ • results and developed a method for round bars or tubes which con-

sisted of removing material from the center of the cylindrical rod 
or tube. He then measured both the longitudinal and circumferen-

(26) (27) tial strain in the remaining portion. Sachs and Buehler 
greatly simplified the calculations of Mesnager' s method. Stab-

; ... ,, 

( 28) (29) ~. - . -· .. ~ 

lein ani Sachs and Espey have developed methods for' cold-
rolled strip and thin walled tubing, respectively. 

(30) ,, . Laszlo , in 1925, developed a method for measuring resi-
dual stresses in plates by removing tbj n layers from one side of 

/ 

II 

~-
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~e plate and then measuring the deflection of the gage length. 
(31) 

About this same period, Lester and Aborn __ made the first 

attempt to measure stress by x~r_.. Due to the relatively inef-
ef~ 

ficient cameras available at that time, only small articles . ~uch 
'ft; 

as wire and sheet were investigated. In 1930 Sachs and Weert 
. (32,33) 

introduced the flat-back reflection cam.era • 

The introduction of the x-ray technique enabled the determi­

natinn of strains perpendicular to the surf ace or the two princi-
( 34) 

pal stresses in the surfaae. Barrett and Gensamer and Has-
(35) 

kell suggested the determination of ·the total ·stress state 

from measurements of several line distances in the film. However, 
(36) 

Glocker developed a method requiring four exPosures for the 

measurement of the complete stress s;ate. Other various methods 

suggest a further decrease in the number of exposures by utili­

zing the fact that a complete reflection circle represents the 

strains in various directions parallel to the elements of a cone. 
(37) 

Hatfield and Tbirkell developed a method based o~ the 

fact that diametral rings cut from cups or bowls and then split in 

two, will open out to a larger curvature. Following the thinkjng - (38) 
of Hatfield and Thirkell, Anderson and FahJman devised a me-

thod for thin walled tubing which they used to determine the 

stress at the surface of a tube by slitting a strip from the 

wal J of the tube in the longitudinal direction, and then. measuring 

the deflection. Other methods were developed for studying thj n­
(29) 

walled tubes including work by Sachs , and Espey , .Anderson and (39) ~- (40) 
FabJrnan (cutting out a circumferential. tongue), Crampton , 

: ·,--< 

) 
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(41) (42) (43) Pinkerton and Tait , Krecek , and Treuting and Read • . (44) (45) . (46) Buchholtz , Siebel and Pfender , and Bierett used 
a method of subdivision to determine the stresses in a welded 
plate using an entensometer. ilso some measurements were taken (47 ,48) 
with a comparator using a similar subdivision method •. 

' 
Extensive work on round columns made it necessary to deter-

(49) mine the residual stress distribution. Nitta used a modified 
Sach's boring-out method and a method referred to as the beam dis­
section method. 

(50) 
Matha.r developed a method for determining stresses in 

plates by drilling a small hole in the member to disturb the equi-(51) 
libriUJJ11 of forces. Gadd employed a method using a stress coat 
as an indicator in conjunction with the relief method of drilling 
small holes as proposed by Mathar. 

Of the various attempts to measure residual stresses existing - (17) (26) (28) in the interior of a material, Gunnert ~ Sachs , Stablein , (52) · (53) Norton , and Soete and Vancrombrugge , have contributed the 
most to this problem. 

A few successful attempts have been made to calculate the 
residual stresses by theoretical inve·stigations of processes which 

(54) cause residual stresses to form such as quenching, casting (55) (56) 
, 

weldj ng , and mechani c.al working • 
r,J·' 

· .. 

... 
•. -

. -.·· 
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IV. SElECTED ~AtERS 

In the follow,ing, brief descriptions of seventeen papers pertainirg 

to the methods for measuring resdiual stresses are given._ The pape!s 

were selected with the intention of presenting a descriptive outline of 
. ' 

the different methods available for use in the study of residual 

stresses. 

1. A METHOD FOR ME~RING INTERNAL &TRE~~ 
{ 

IN BRASS TUBE$-r 

(38) 
by R. Anderson and E. Fahl.man 

A method referred to ~a~ the 11strip method" for determining the 

initial stresses in cold-drawn .tubes is presented. The method is 

based on the assumption that the stresses present in drawn tubes are 

longitudinal tensile arid compressive stresses only. 

A narrow s_trip, 2. 75 in. long and · 0 .10 in. wide in a 3. 25 in. long 

specimen, is slit longitudinally from the specimen. The longitudinal 

stress is detected visually by the springing out" of the strip, and the 
• 

amount· of stress can be calculated -from the amou.nt of springing and 

the elastic modulus of the material. 

The following equation was rerived for calc11Jating the internal 

stress in tubing by the strip method: 
~·· 



'.\ 

t E i s. 2 
L 

where, e .. • unit stress on strip 

L • length of sprung strip 

t • thickness of strip 

E • modulus of elasticity of material 

.. , 

i • amount of spring in the strip (see Fig. 1) 

-13 

When examining ·the effect of heat-treatment on the release 

of stress, a slit is cut on one side of t,b! specimen to determine 

the original stress. The specimen is then heat-treated, and the 

stress determined by cutting a slit on the side opposite the first 

strip. The difference between the two stresses will give the stress 
relieved by heat treatment. 

\ 

2. DETERMINATION OF INHERENT BrRESSES BY 

MEASJRING DEFORMATIONS OF DRII,I,ED HOIES 
. (So) 

by J. Mathar 

This test method _is based on the distru.bance of the equi­

librium forces caused by drilling· a hole· in a metal piece. The 

holes are so small that the piece can still be used. The method 

can be used to determine inherent stresses in·-~castings, welded 

parts, rolled structural shapes and finished structures. 

\ 



. . . .. . 

The part to be tested .is subjected to a known, uniform and 

un; aDd al stress •. The tensometer is placed in the direction of the 

·"''' .• , •.. ,,,:,·-··=··"''·'--'"-,,,,·.-.,~.,,-~ ..... ,.,,.,:,,r-~•--'-~-~oc,-., .. , .•. ,._.,~-.• -at.ress ··&nd a small hole is drilled between the foot points ( see 

!. 
,·, 
,. 

•,, 

i 

/• ,. 

~\ 

~ . 

-

·/lei· 

Fig. 2). Since the hole becomes an ellipse due to tensile stress­

es, the distance between points a and b will be increased. By 

determining the relationship between this distance and the stress, 

either by calculation or by a calibration test, the stress in the \ 
.J 

test piece can be calculated from the increase in distance bet­

ween a and b. 

The small drill used in drilling the holes has a maximum dia,.. 

meter limited by the permissible weakening of the test piece and 

a minimum diameter limitedcy- the accuracy of the measuring appara­

tus. In the tests reported ,in thi, paper, a double drill was used . k 

(see Fig. 3). The effect of the large bit starting to cut is 

, shown by a discontirm.ity in the depth vs. elongation curve for the 

hole. 

If the test piece is subjected to a biaxial state of stress, 

the deformation mu.st be measured in three different directions. 

This may be facilitated by drilling three different holes and mea­

suring each at a different angle. 

After testi~, the piece may be used again by j nserting a ri­

vet or plug in the hole.· .The supporting strength of a structure 

or the utility of a part will seldom be affected by the slight 

weakening produced by the test. 

., 
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3. A NEW METHOD FOR DETEBMINATION OF STRESS 

• 

DISTRIBUTION IN THIN .. WAIJED TUBING 
,.· .. ,_ _.. . . .. ., .,, ...... , .•• ~ .. a, •••.. · ••. ,c. ,,.. •• _ ......... -•• - __ ,. ............ ~-- _ ............. , •• - .... , ·.;·."·. ,- ._ -··· ...... -.- .. __ ,._ ... , .••••.••. , ._ ...... _ ...... , --... , •••. , .. , .. "', .,(.5,,7 ), , .. _ .... , .,.-• , .. , .,. -,<>,_~ ... ,,,_ ~- ,,· .. ,: --~ •. , ...... _,;':":,; , •. ,,.,-._._, -,m,:-.r-·.';a·,::,,.- c··,c};•.;'., -•,-c'.:··'.,.-.::' ,:-ee,'', ... ,, _. .. ,.,,_ .... ,.,, .. :"c·--·n···,-"( ·-···"'" . ., ':·:•·''f .,.,,_-, .,.,.,.,, .. ,: -'' .,-. -- --- - by G. Sacha and G. Espey ·· 

A quantitative manner for determining the stress distribu­

tion in thin-walled tubing is presented. Former methods have em­

.. ployed a method of relaxation by cutting a strip or tongue from 

the specimen. This method accomplishes relaxation by extending 

the simple splitting or slitting methods to specimens from which 

* successive surface layers have been removed by pickling.· 

A theory is developed for calculating the longitudinal and 

circumferential residual stresses. The equations derived to deter­
mine the stresses are rather complicated and lengthy. They include 

the amount of wall removed by pickling and the deflection after 

slitting •. 

Two parallel lines are scribed on the tube a suitable distance 

apart and then two perpendicular lines are scribed at points equi­

distant from the ends. The tubing is ,pli t along its length ( through 

one side only). Measurements are taken before and after splitting 

by means of a measuring microscope ·or comparatgr. 

The authors also use a methpd developed by Anderson and (38) _ . .. ~' . - · ... · Fahlmari to relieve the longitudinal stresses by slitting a 

tongue along the length of the specµnen. They modified the pro­

cedure by slitting the tongue from specimens previously split 

* PicJtJjng is the process of removing layers of metal by immersing the metal in an acid or other chemical solution. 
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longitudinally to release the circumferential stress. 

The""""·stress distribution can be determined by following two 

djfferent sequences o:f relaxation. In one se~ence, the split-

. ting and slitting are done and then the specimen is subjected to 

pickling. After each pickling operation, the wall thickness, 

change in diameter, and the longitudinal deflection a.re measured. 

A specimen is pickled to a predetermined wall thickness, 

split and the change in circumference is measured. Finally a 

tongue is slit and the end defle_ction measured. This method is 

more advantageous ·Since it is easier to control the uniformity 

of pickling. 

A procedure is given for computing the stress distribution 

by the use of an example. In the tests reported, pickling was 
performed from the outside to the inside and from the inside to 

the outside in order to determine the total stress distribution. 

' . 

. 4·4' STRESS MEASJREMENT BY X-RAY DIFFBACTION 
(58) 

by J. Norton and D. Rosenthal 

-·This paper emphasize_s the nondestructive feature of the 

x-ray diffraction technique for stress measurement and on ;the fact 
' ·- ___ ,\ 

that the method detects el.istic strain only. Two dj fferent tech-

:. ~ . 
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niques are presented for measuring the sum of the princip~ stress­

es. A normal method which is based on a perpendicular measurement 

-~ in the stressed and in -the unstressed condition and an oblique 

method based on a perpendicular and an inclined measurement to give 

a stress in a particular direction. Three measurements are re­

quired to obtain two stresses at right imgles to each other. 

The technique of x-ray measurement is best described by 

referring to Fig. 4. A beam of monochromatic light is defined by . 

a collimating system to a narrow pencil of rays and passed through 

a hole in the center of the fil)Jl. The diffracted cone, formed 

by the diffraction of the ra:,s by the tiny crystals illuminated, 

is recorded on the film. 

The precision of the measurements depends on the apex angle 

( see Fig. 4) of the cone and improves as this angle becomes small­

er. It is therefore necessciry to select a wave length which will 

give a diffraction circle of sufficient size. Under conditions 

giving sharp diffraction circles, the films can be read with a 

precision in stress measurement of• 1500 psi. -
For x-ray stress measurement to be applicable, the user 

mu.st have a thorough understanding of the problem. The tech­

·nique itself is easily learned, but if the specimen is in an 

unsuitable condition for measurement, only disappoint will r~­

sult. However, when properly applied the method yields relia­

ble information and often in,f ormation which could not be obtained 

in arzy- other way. 
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5. A CRITICAL REVIEW OF VARIOUS METHODS 

OF RESIDUAL STRESS MEASJREMENT 
(4) 

by C. Barrett 

-18 

This paper contai.na a vecy good review of the varioua me­

thods for detennining residual stresses. The st1U1dard methods 

are based on the fact that relieving the stresses will alter the 

dimensions of a body. 

Methods for measuring longitudinal stresses in rods, tubes, 

and rails are presented. The author discusses both the unia.idal 

and the triaxitl methods whi.ch have been developed. Kalakoutzky, 

. Howard, Heyn, Sachs, Espey, and Horger are some of the roon who 

have contributed to these methods. References to their work may 

be found in the bibliography. 

The determination of longitudinal stresses in wires, cir-

cumferential stresses in cylinders and disks, and stresses in 

tQin-walled cylinders are discussed, and references given of the 

many papers written on these subjects. 

Work done by Math.r, Spraragen, andt.Clausa~.n c;>q stresses 

in plates are also discussed along with non-destructive methods 
.. 

with strain gage~, method$ involving brittl~lacquers and stress-­

)Jleasurement by x-rays. A qualititative test for res.idual a-tresses 

in b:rass- tubes is reviewed in this paper. 

•: 

.. , . .. t,·' 
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6. A METHOD OF MEASURING TRIAXIAL RESIDUAL 

STRESS IN PLATES 
(52) 

by D. Rosenthal mi J. Norton 

-19 

,. 

·"-

. .., 

The method as employed by the authors applies the principal 

of relaxation. By cutting a smaJ J block from the piece to be test­

ed, the stress distribution in the interior of the piece is d.eter­

mined. The method is well suited to the investigation of residual 

stress distribution in thick plate-s. 

A brief description of the procedure may best be described 

by referring to Figs. 5 and 6. The stress along the axis of the 

weld will be referred to as longitudinal stress and that perpen­

dicul.ar to the weld will be called transverse. Strain gages, are 

placed on both surfaces of the block to be removed. A thin block 

is removed as shown in Fig.Sand the relaxation of the block is 
/-

measured in the direction of its long axis. 

Next the stress remaining in the block itself is determined. 

This is accomplished by splitting the block in haJ f and from each 

half, slices about 1/8 in. thick are removed. These slices are 

removed progressively from the mid-section outward (see Fig. 6) • 
.,-/ 

After ·each slice is removed, the relaxation in stress =1s measured 

on the two outer faces. 

'When the distribution is desired for beth longitudinal and 

transverse stresses, either x-ray diffraction or two blocks at right 
' 

angles may be used. 

, . .. 

·r 
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The paper contains experimental verification of the method 

and an appendix which gives the formula for determining the stress--
,,-,\ 

es. The appendix gives a very detailed account of determining the \ 

stresses across the thickness by using either strain gages or x-

ray diffraction. 

,. 

, . 

7. -RESIDUAL STRESS INDICATION IN 

BRITTLE .LACCJJER 
(51) 

by C. Gadd 

By usjng brittle lacquer, a quick overall picture of location, 

direction and kind of stress can be obtained. Brittle lacquer has 

seen wide spread use in determining stresses due to external load-
.. 

ing of a stru.cture. 

The residual stress study is accomplished by coating the part 

with brittle lacquer. The stre~ses are relieved by drilling a 
I 

small hole not over 1/8 in. in diameter to a depth o:f 1/16 to 1/8 
in. at the points to be checked. A crack pattern characteristic of 

the type of st~ess in the area is brought out by this relaxation. 

diff.~rent forms of crack patterns and their state of stress 
' 

are shown in Fig. 7. Stresses are usually so low that chilling 

of the lacquer is necessary to bring out the crack pattern. 

Gadd feels that since the extent of the pattern is a !'unction" 

1/J 

,I 
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of the stress in the entire layer drilled through and due to the 

irregularity often encountered' in residual stress distributions, 

no quantitative interpretation of the results should be attempted. 

The two main features of this method is its simplicity and that 

it is free of material limitations. 

Some of the applications of brittle lacquer m-e in detenni-

ning residual stresses in quenched bars, aluminum castings, torsion­

al suspension bars, and material after shot peening. 

"'l>.· 

8. A METHOD FOR THE MEA5UREMENT OF RESIDUAL 

WE1DING fil'RESSES 

py. J. Meriam., P. De Garmo, and F. Jonassen 

\ 

(59) 

A method is proposed for ·measuring residual stresses by at­

taching SR-4 type strain gages to the weld and adjacent plate sur­

faces. Relaxation would be accomplished by removing each plug of 

met.I containing a gage by drilling tangent holes around each gage· 

and then removing the plug with the ·attached gage. 

Several types of gages are used, depending on the· locatio~ 

am strain measurement.measurement desired. The gage lengths 

are 1/4 in., 1/2 in., and 3/16 in.. A rosette with a 13/16 in. 

gage length and a 1/2 in. long gage which is compoJed of two over­

lapping grids are also used. 

- - ~ _:.~ .. .,.. -·--· 
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The strain gages are read only twice; once prior to drilling 

and once after completion of drilling and the plug has been removed. 

A portable S~4 strain indicator is used and care is taken to have 

both active and dummy gages from the same lot. The active gage is 

used to determine the change in strain after relaxation. 

Relaxation is acqomplished by drilling 1/4 in. tangent holes ..... '{. 

around a number of gages and then subdividing into individual squares 
'it\ 

containing a gage on each side of the plug. The driJJing of such 

holes minimizes and localizes the heating so the strain gages are 

not damaged or the stress conditions changed. 

The relations between strain and stress is taken to be a straight 
, .. 

line. With :this assumption, the residual stresses existing in the 

plane of the p.late at a pojlnt may be calculated by the following e-
~ 

quation: 

' I 

er • 
X 

• 

E 
1--v"! 

E 

1-1)2 

However, the maximum stress is generally not represented by or 
X 

y and a third strain re adj ng is needed in a direction other 

than x or y. · 
-
~ .•. 

~= 

, . 
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Pi.J.bTIC BEHAVIOR OF wIDE FLANGE BEAMs 

by w. Lwdon and B .. Johnston(60J 

.-23 

The subject of this paper is the plastic behavior of steel beams. 

However, it is one of the first papers which reported a method of 

measuring residual stresses by a method referred to as "sectioning". 

The results of wide flange sections tested as simple beams are 

reported. These tests studied the basic bending behavior at initial 

yielding and in the plastic range. 

The method of sectioning as ref erred to in this paper consists of 

the· following steps. In order to eliminate the possibility of 

relieving any of the residual stress before measuring, a four foot 

test length was used. The 10-inch gage lengths are laid out in the 

center of the four foot section (see Fig. BJ. 

" Whittemore strain gage holes are drilled, prepared, and a conplete 
1 

set of readings taken around the section. The four foot length was 

then sawed out of the beam length. Finally, all the gage lengths are 

isolated by sawing 1/4 in. on each~~ide.of each pair of holes. 

-; 
ii 
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Readings are then taken on the isolated strips and the relaxa-

- tion of the strain computed. The stress parallel to the _gage length 

can be computed by the following equations 
---~- .. ····- ·- ., ... _,_ --·-·· --·- .·. 

q- • (£ - E ) E 
1 2 

£. 
1 

• initial strain reading 

E • final strain reading 
2 

A positive value indicates tensile stresses while a negative value 

indicates compressive stresses. 

The Whittemore strain gage consists of a fixed peg, a movable peg, 

and a dial gage. The'. movable peg is attached to a one-ten thousandths 

dial gage. The accuracy of the method depends on the care taken in 

preparing the holes and the care taken while taking readings. 

·1(J A METHOD FOR THE DETERMINATION OF ...... 

INITIAT. bTREb::iE~ 

(61) 
· by C. Riparbelli 

The method proposed consists of introducing a circu]ar discontipu­

. ity in the surface of a body containing residual stresses, and 

measuring the resulting strains occurring in the vicinity of the hole 

by means of electric strain gages. The stress of the entire body can . 
I 

I 

be determined by measuring the stresses at the hole due to the concept 

~-.' '• i·· .. '. . ' ''· ' ' ', 

I 
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of a 11ni form stress field • 

A complete and balanced strain gage arrangement ·1s employed. 
The sensitivity of the gage increases as the ratio of gage area to 
hole diameter decreases. The highest sensitivity is obtained when 

-25 . 

the resistance in the tensile and compressive regions add. The many 

strain gage arrangements which may be used are shown in the reference. 

The analysis and equations for determining the stresses by using 
the different~train gage patterns are presented in detail. The 
applicability of this method to the stress analysis -of large structures 
is discussed. A problem of determining residual stresses in bent 
plates of small thj ckness is analyzed thoroughly. 

ll. THE DETERMINATION. OF INITIAL bTRE~~o AND 

REt:IJL~ OF TE~'T::, ON bTEEL .t'LATE~ 

by E. ::,uppiger, c. Riparbelli, and E. war/ 62) 

. ·-

This paper consists of three separate reports concerned with the 
general problem, evaluation, method, experimental techniques, and test 
results of the hole method. The hole method as proposed by Matha/50J 
used mechanical and optical extensometers to measure the strains. The 
method,discussed here uses SR-4 strain gages. 

·• 
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A strain rosette centered on the stre,ss point is applied to the 

surf ace of the plate on each side. Strain readings are taken before 

drilling a small hole in the center of the rosette. The principal 

stresses in the plate before the hole is drilled are computed from the 

strain readings taken before and after dri] Jing the hole. 

The rosette is used to measure the strain differences in three 
djrections. By using these three readings, the magnitude and direction 

of th~ two unknown principal strain differences may be determimd. A 
dyadic strain-.circle construction was used to determine the principal 

strains. 
. ,., 

t. 

12. A.t'r'LICATION OF 0.t'l'ICAL INI'ERFERENCE TO 

THE ~'TODY OF RE~IDUAL tllRFACE ~TREt>SES 

by H. Letner ( 63) 
\. 

The adaptability of optical interferences when used · in conjunction 
\,,· :. ... 

... 

with the technique of removing uniform layers of stressed material from 
the specimen is discussed rather thoroughly. The necessary apparatus 
and experimental proced\U'es are described in detail. I 

\\ 

The development of the equations for determining the· residual 

stresses proposed by Stablein( 28) ·Is presented as background for 

discussion of the biaxial case. E-quations are ·given which enables the 

~. ,. 

\ 
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user to calculate the principal residual stresses • 

.. 
-A graphical representation of the,service profiles derived from · 

interference patterns gives a quantitative study of residual stresses. 

An interferometer, suitable for making the required measurements contaj ns 

a monochromatic light source, a quartz optical .flat, polished plate 

glass for the partial reflector, a glas~ mirror to permit horizontal 

mow:iting of the camera, a camera, and a box for a light shield. 

The interference pattern is formed by the monochromatic light 

passing through the optical flat to the polished surface of tm specj men. 

A photograph is taken of the pattern by means o£ the camera focused 

between the specimen and the optical flat. The pattern is then 

analyzed as described in the paper • 

.Preparation of the specimen entails the polishing of the surface to 

be tested. Then the specimen and optical .flat are placed in the 

interferometer which was described above. The photographs are taken 

with the specimen and optical flat in the same relative orientation 

in order to eliminate possible errors. 

,,, 
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1.3. A ~A.I,ITATIVE bTUDY OF RESIDUAL bTRE~:::ES · 

- IN wEIVS BY .t'HOTOELAb'TICITY 

by M. Mark
{64J ~ 

-28 

• ··-·····----.-------- ~--·---····-·-------·--··-:·····-·· < 

The residual stresses present in a longitudinal butt weld are 

investigated by simulating welds in bakeli te and applying the 
(', 

photoelastic method to the specimen. A brief qualitative study of re-

sidual stresses by photoelastici ty is discussed in the paper. 

Since two pieces of bakelite will not fuse together, a strip 

heater is appli~d to the center line on each side of an unrestrained 

piece of bakelite to simulate a weld. The plate is slowly withdrawn 

from between the strip heater, allowing the annealed material to set 

progressively. Then the bakelite contains residual stresses as in 

welding. 

~ ,_ 

Bakelite is used since the distribution of residual stresses' can be 

seen by viewing the specimen in a polariscope using polarized light. 

The dark and bright bands seen in the monochromatic light are outlines 

of the stress pattern. 

The phot.oelastic stress patterns are analyzed and the principal 

stresses determined. For ductile materials, it is sufficient to 

determine the fringe pattern since it indicates the areas where the 

djfference in principal stress or maximum shear is the greatest. 

·a. 
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14. SIM.tUFIED MEASJREMENI' OF RKSIDUAL ~T~~~S 

. (65) by J. w aisman and A. rltlll 1 ps 

I 
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.. 

A rapid · and accurate method is presented for measuring the 

residual stress gradient developed in plate.a by various manufacturing 

operations. The basic technique employs the removal of layers from 

one surface of the specimen and the simultaneous measuring of the 

curvature changes which accompany the removal. 

The procedure is as follows: the specimen to be tested is covered 

on one face and the edges with a material resistant to the etchant. 

The specimen is then placed in the liquid which will attack the exposed 

surface and remove layers of metal progressively. If these layers 

contain residual· stresses, their removal will cause progressive 

curvature changes. The change in the deflection of the specimen is 

measured and from this the residual stress gradient can be calculated. 

.Appendices are included which contain the formulas for calculating 

residual stresses and a sample calculation • 

.. ·:.-· - .. 
I· 

•&>·. 

r: 

'J. 



l 

' 

15. RE::>1 f>UAL wEIJlING b1'RE8b1i:S 
(17) 

by R. Gunnert 
..... :,;_, 

.. 

•JO 

Three conditions should be fulfilled by any method used to measure 

residual stresses. The method introduced in this paper attempts to 

take these conditions into consideration. The principal involves 

measuring lengths in four directions on the test surface and then 

relieving this surface by drilling it out from the surrounding material. 

Eight gage holes are drilled as shown in Fig. 9. The gage lengths 

· are short so the local stresses may be determined as closely as possible 

and the peak values traced. This will cause very slight changes in 

length upon relieving the stresses which makes it necessary to use an 

accurate method for determining the change. Electrical strain gages 

may be used, but the use of a tensometer is less time consuming and has 

sufficient accuracy. 

The tensometer is placed with the balls on the bottom of its legs 

·in the gage holes. The weight of the apparatus s~ld be evenly 

distributed to both balls. Measurements are taken before cutting and 

after the relaxation has been completed • 
., 

Relaxation is achieved by means of a c:ore drill which produces a 
. groove arowid the measuring surface as shown by the two. outer lines in 

Fig. 9. The core drill is guided by drilling a small hole in the center 

of the measuring surface and using a spring guide. The measuring 

surface is not affected by drilling the groove around it. 
' 

) • 
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Mohr• s circle construction can be used in determing the principal 
- ' 

stress or the use of a nomogram is the quickest way. The use of the 

monogram is illustrated in the paper. 

"'~ 
The paper also discusses the nature and intensity of residual 

welding stresses, reaction stresses, the relief of residual welding 

stress, and the effect of residual welding stresses on the structural 

strength of a component • 

\.: 

.. 

J~6-... METHOD FOR MEASURING THE ru;~muAL STRESSES 

IN Tllli INTERIOR OF A MATERIAL 
,ii 

. - by R. Gunnert (66) 
• 

The method presented in this paper may be used to determine the 

residual stress distribution in heavy plateso The stresses are 

relieved by milling-out a plug which contains the small measuring holes • 

::n&ll holes (3 mm. in diameter) ate dri.lled parallel to each other 

through the thickness of the piece. Initial readings are taken with an 

extensometer equipped with a ~ecial device at the - surfaces and at 
\\ 

different distances through the thickness. A reference block is employed 

to compensate for any changes in temperature between the first and final 

readings. 

• 
.~· 
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The stresses are relieved by freeing the measuring points from 

the surrounding material. A spec:Lal drill is used to cut a cylinder, 

cont~ining the measuring holes, out of the plate~ It is now asswned 

that this cylinder is approximately free from stresses. The dimensions 

of the cylinder should be kept as small as possible so the assumption 
\V' 

that the cylinder is free of stress will hold. 

The stress can be determined by using this equation: 

\J • A"-~ ----E 
9 

where E • modulus of elasticity 
w ' 

fl -6. · • change in distance at poin~. 

The above equation is not valid for a biaxial stress system. The stress 

( tf a) in the direction para]lel to the weld will be given by 

'\J""a • 2.44 (6.. a+ O.J~ b) • 

The. stress ( T b) perpendicuJ ar to the weld will be gi~n· :py· .. 
·.~ 

'f: • 2.44 (~ + 0.3A ). 
b b a 

' 
These two equations for biaxial stress are derived with the assumption 

that stress at right-angles to the surface of the plate are zero. 
, r 

. The description of the measuring jig, hole drilling jig and 
r 

extensometer are given in the paper. The measuring device is very 

· accurate if proper care and time are taken while performing the tests. 

• 
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17. Tm; MEASUREMENI' OF DEFORMATIONS AND ~TRESSES 

WHEN wEWING VERY THICK f:>'T .3 Sf.EEL t'ARTS 

bys. Kurkin, M. Fishkis, v. Vinokurov, A. Gasacyan(67) 

-3.3 

Experiments are described which are carried ·out to determine the 
'" 

magnitude and nature of residual stresses in very thick welded, steel 

plates. The purpose is threefold: (lJ development of deformation in 

the course of time; (2) the nature of the residual stress field in butt 

welds; (3) the effect of heat treatment on relieving residual volumetric 

stresses. 

• The determination of deformation over periods of time is.made with 

a standard indicator head. Gauge marks are drilled in the weld and 

alongside it to talce the jaws of the extensometer. Measurements were 

taken immedi~tely after the weld had fully cooled, 5 ... 7 hours later, and 

then every 24 hours for several days. These measurements were taken to 

see if deformation of a structure continued for a longer period after 

welding. 

Since tl·i-axial stresses exist only in the heart of the metal, they 

cannot be accurately determined by mechanical measuring devices. A . 

method has been published* which details a sequence of cutting and . 
r 

....... - . .. - - - -- --- ----~-·-.. ·--.---iii-~--------· .. ' .. 

* s. Kurkin and V. Vinokurov, Doklady Vysshei Shkoly, 1956, ~No. 3 
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measuring operations. The method provides results from which an idea, 

of the tri-axially stressed state can be expressed. 

,. , 

The method consists of cutting half\inch · strips from the welded 

plate parallel to the weld. An extensometer is used to measure· a gage 

length on both sides of the plate before cutting. The thickness of 

the plate is also measured before cutting. After cutting, repeated 

measurements are made to determine the deformations along the test 

piece and across its thickness. The deformations obtained are mean 

values of the· deformed thickness and the deformed gage length of the 

strip. 

Equations are. given to determine q-- , ~ , and ~ • The 
XO yo ZO 

equations are quite lengthy but rather simple to employ. The equation 

for ~ zo is given here: 

q- • E(UA • B) • £1 + b x 
zo (1- 2) 1 2 

where A, B, and b are aJJ constants depending on the measured strains 

<E J. 

Experimental results of tests on 500 X :5.op X 100 mm (about 20 X 20 

x 4 in.) ~est;· pieces are given. The results indicate that heat treat­

ment conditio-ns are extremely effective for stress relief in thick 
' • 'I'. 

plates and the method stated above may be used to advantage to detennine 

the optimum heat treatment conditions. 
~ 

·, 

' 
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V. DISCUS>ION 

The various methods for measuring residual stresses are discussed 

in this section. The methods presented in the preoeeding section will 

be given the most consideration. 

(38) 
The stress measured by Anderson and Fahlma.n with their strip 

method was not A'he, absolute stress, but the differential stress existing ( . 

in the outer and inner layers of the tube. This method is applicable 

only when the residual stress distribution is linear through the section. 

The deflection of the strip is affected by the method used to cut the 

strip. The cutting operation plastically deforms the metal in a 
\} 

certain depth from the cut and relieves the stress within this layer of 

metal. This effect is small ~f care is taken during the cuttjng 

operation. 

(50) The hole method as proposed by Mathar may be used to determine 

the residual stresses in monaxial or biaxial conditions. The method is 

usually limited to a piece with equal stresses in a layer about three 

quarters of an inch thick. filnce only small holes are drilled to 

accomplish the relaxation, the piece so tested may be used in a 

structure by filling the hole with a plug or rivet. 

I 

One of the drawbacks of this method is the calibration of the p~e~ 

needed to calculate the stress. The calibration test is per£ ormed 

under tension with the same physical properties of the piece to be 

tested. The calibration curve obtained is only valid for plates of the 

(> • 
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same width used in the test. 

Mathar states that it is not necessary tQ drill completely through 
C. 

thick pieces in order to determine the stresses at the surface, since 

the stresses liberated by the removal of material some distance below 

the surface have no appreciable effect on the surface deformations • 
. , 

' 

The most popular method for determining the residual stresses in a 
(51) .-·, 

thin walled tube is the method proposed by Sachs and Espey • The 
~ 

stresses can be found with considerable accura9y. This method is more 

general in that any type of stress distribution may be obtained. 

- The original articles should be consulted for the details of the 
- ' methods because the derivation of the fornmlas must be understood, arxl 

detailed discussions of the cutting and etchjng technique should be 

studied before undertaking an analyses. 

The x-ray djffraction method of measur,ing surface residual stresses 

in metals has been used quite extensively. The method ha.a- certain 
~ ,· 

valuable features; namely, its non-destructive nature, its measurement 

of the actual stress in absolute terms, and its ability to make 

measurements on a relatively small area. 

Occassionally the results from the x-ray method have ...conflicted 

with what was pred~ted by other means. The x-ray method does give the 

true story, within its limitations, if properly applied. work by Fronnner~ 
(68) 

and Lloyd has shown that the x-ray method forms a research tool of 

great versality and of real practical value to the light alloy industry. 
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Some of the disadvantages are that the length of time -~eded for 

one ex_poBUre (and usua.J.4r more than one exposure is required) may be 

up to a quarter of an hour. The equipment is expensive and a skillfu.1 
. 

~ 

operator is required. Good accuracies, approximately+ 2,000 psi in -
steels, are obtained only with specimens that yield sharp diffraction 

Jines. (.Jnenched steels, cold-worked metals, and steels exceeding 40 or 

50 Rockwell C in.hardness produce larger errors. Complications arise 

when the specimen to be examined has a large grain size. These 

difficulties may be overcome by suitable oscillation and translation of 

the specimen during testing( 68). 

One of the first methods proposed to study triaxial residual 

stresses in heavy plates applied the principal of relaxation. The 

method does not give the local value of stress but an average over a 

length and width which at best are haJ f of the thickness. Therefore, 
. ' 

this method is only an approximation. 

The linear law of relaxation in the middle portion of the block 

has been established only for the stress pattern which gives· the same 

average at both ends of the blo-ck. The increasing influence of the 

shearing stress relieyed along the _side faces of the block causes the 

method to become more and more of an approximation. The procedure is 
. ' based on the assumption that the inf'lu~nce of the s~ress_acting in the . 

. 

· thickne~s direction becomes negligible after the block has been split 

in two. · This ass1miption is quite acceptable for a thickness of one 

inch or less. (. 

,. 
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These limitations are involved not in the principal of relaxation 

but in the procedure used to obtain the desired relaxation. Other­

procedures may be better suited to the particular_pattern of stress to 

be investigated~ 

The method as proposed by Kurkin and Vinolrurov* measured tr:laxial 

residual stress by measuring both change in length and change in 
' 

thickmss of the test strip after cutting. The equations derived for 

determining 0- , ~ , and ~ are lengthy B.lld more assumptions are 
X y Z 

made whli.ch may not be valid. The direction x was taken along the length, 

z through the thickness, and y across the width. The test results 

reported showed ~ to be approximately 4300 psi. From this the· z 
concilusion was drawn that the stresses across welds in the test pie:ces 

(67) investigated were close to zero • 

. . · (66) . 
The method as proposed by Ounnert for measuring the stresses 

. in the interior of a metal has several disadvantages. Great c,e must 

be taken during the drilling of the holes to avoid any abfupt changes 

in the hole. It is difficult to place the measuring instrument at the 

same depth in the hole for the required second measurement. Actual 

test measurements results in an error of + 0.001 mm which corresponds - •· 

to a stress error of about 2.8 ksi, but great care was taken when 

making these measurements. 

Other methods have been proposed for measuring residual stresses 

in plates. The plug removing method proposed by Meriam, De Garmo:, and 
(59) 

Jonassen uses short SR-4 strain gages to measure the change in 

* See footnote p. 33 
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~ strain after removing a plug of metal containing the gage from the 
specimen. The strain readings obtained are measures of the relaxation 
of the surf ace of the plate under the gage_. 

The stresses in the thickness djrection of the plate are neglected. 
They may be neglected for only thin plates, however. Further eXl)eri­
mental work(S9) has shdwn that the measurement of residual stresses, . 
averaged over the thickness, give satisfactory results by this method. 

Another method which has become widely used is the, ·method of 
; 

sectioning. It has been applied to the detennination of residual 
(12,60) (15) (16) stresses in beams , plates , and columns • The method is 

)> 

reliable and good accuracy can. be obtained by careful experimental work. 
The results obtained agree closely to the results obtained by stub 

(69) column tests • 

Relaxation by sectioning has been attempted on heavy plates used 
for welded built~up sections. The method is rather time consuming and 
expensive due to the number of cuts needed. 

These are two methods of using brittle lacquers in studying 
( 

-· 
residual stresses. One method consists of coating the specimen with 
lacquer and the subjec\ing the specimen to an externally applied load. 
The lacquer will crack ~irst when the residual and applied stresses ' . 

contfine tq yield the greatest tensile stresses. -·· T'l1e- location· of the 
cracks will indicate the location of high tensile residual stresses • 

) 

'·- ,,.--.. -, -- . . 
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. . - (51) 
The second method , discussed before, employs relaxation by 

drilling a small hole. The manner of clustering of the cracks 
c• 

indicates whether the stresses are tensile- or compressive. Obviously 

the hole must be drilled with as little cold-working of the surrounding 

material as possible. Both these methods give qualitative rather than ,, 

· quantitative results. 

The method of observing welding residual stre~s by the use of 

photoelasticity is also a qualitative method. The results of the 

photoelastic study indicate that residual stresses due to welding may 

be reduced by effectively·decreasing the temperature gradient over the 
(64) 

area surrounding the weld • This qualitative method may be used to 

investigate the residual stresses set up by different welding 

temperatures and number of weld passes. 

As has been shown throughout this paper and in the bibliography, 

there are numberous methods available to measure residual stresses. 

There are many variations of the basic methods which may be used. 

The method chosen by an experimenter will deJ)8nd on the type of 

residual stresses to be meaStll'ed, the· shape of the test specimen, the 
• 

cost and tine required to conduct the test, and the accuracy desired. 

. ,:,· .• ·_ . 
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