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PREFACE AND ACKNOWLEDGEMENTS. e 3

The subject of residual stresses which-occurAin:
metals after many processing operations, ls probably
one of the most widely written subjects in the englin-
eoring and metallurgical flelds. Despite the wide-
spread interest which has now been maintained for
almost seventy years, during which time much progress
has undoubtedly been made, the accurate determination
of residual stresses has not appeared possible. In
an attempt to place the detection and measurément of
residual stresses in cold drawn tubes on a more factual
basis, the present investigation was carried out in the
University under the aegis of the Sheet Metal Working
Committee of the British Iron and Steel Research Assocli-
étion.

It 1s not claimed that the present investigation
‘solves the problem of residual stresses in tubes. To
be more specific, the work carried out can only be con-
sidered as a start to the solution of the probiem.
However, the techniques developed during the work
enable the calculation of what are believed to be
reasonably correct values of the residual stresses
présent in tubes and it is thought that these can be
applied quite satisfactorily to a study of the influence
of the many varilables which occur in the process of tube
drawhng. The number of possible 1nvestigations which
now seem open are so numerous that no aftémpt is made in
this work to make any spggestions\for future development.
It should be stated, however, that the techniques developed
demand very careful experimentation and any single test is
of necessity of long duration, two factors which might
weigh heavily against the technlques and show the necesslty
for the development of other (possibly more approximate)

methods for more widespread appllcation.
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Throughout the course of thils work the author has
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B2, Badel, 3443, 3445, 4.2, 5.2.3, 6.2 and 6.3 of
this report. The valuable advice given by many of

the author's colleagues at the University is also
acknowledged, particularly Messrs. Freeman, Fisher,
Harris and Thomas for their asslstance with the devel-
opment of the strain gauge techniques, the computation
of the results and the machining of specimens as and
when this was necessary.

Thanks are also due to Messrs, Howells, Ltd.,
Accles and Pollock, Ltd., Tube Investments Ltd.,
(through Dr. J. W. Jenkin) and Chesterfield Tube Co,
(through Mr, Marsh) for gupplying many of the tubes
used in this work, to R. B. fof arranging the heat
treatment of the tﬁbes used in Part 7 of this work,
in the Sheffield works of which he is a director,
and to Mr, Evans (Sheffield Testing Works) for
calibrating the straln gauge mounted drawling pin
on g testing machine of larger capaclty than was
avallable in the University.

- This list of acknowledgements cannot be con-
cluded without collective mention;of the niembers of
the Sheet Metal Working Committee of the British Iron
and Steel LResearch Association. On several occasilons
the progress of the work has been discussed by this

Committee and many suggestions for its Improvement

and extension have been made.
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Finally, attention is drawn to the following
extract of g letter from Dr. J. W. Jenkin, which
accompanied two of the tubes which have been used
in this investigation.

| "It will be appreciated that the tubes supplied
to you are in a far greater state of residual stress
than any tube which would be supplied to a customer.
They have been left in this state solely for the

purpose of your investigation,"

Eo F‘Il L.

Sheffleld, 1955,



SUMIARY .

\

THE DETECTION AND MEASUREMENT OF RESIDUAL STRESSES IN

COLD DRAWN TUBES.

: Resgidual stresses are defined as those stresses
which exist in a body when all external constraints are
removed,

Following a review of the most important published
works related to residual stresses and particularly to
those present in cold drawn tubes, it is concluded that
there are availéble two mechanical methods of measuring
residual stresses, each being dependent upon the ability
to release and measure internal strains. In both cases
strains are released by upsetting the balance of force
across a sectlon by the removal of metal, but in one
case the resultant stréins are measured dlrectly and
in the other by a process known as bending deflection.

0f the three published analyses related to the
two methods of strain release, two are considered
sufficlently exact for general application (although
one of these is too cumbersome for widespread use),
while the third contains unnecessary approximations.

It is shown that this analysls can be amended guite
easlly without destroying the simpliclty of the method.
Tests are reported which show that all tha

analyses and both methods of strain release yleld
almost identical results when applied to specimens
brepared from the same tube, provided certain require-
ments are met with regard to specimen length and width.

Several tests are necessary with bending deflection;

single tests with direct strain release.



The experimental techniques developed for this
~work demand a chemical pickling process for the removal
of layers of metal from a specimen and resistance strain
gauges for the measurement of the induced changes (this
'latter with direct strain release only).
The residual stresses which occur in hollow
drawn tubes are investigated together with the

factors influencing their production.
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1. INTRODUCTION.

The term residual or internal stress 1s used to
refer to a stress or a stress system which 1s induced
in an article during its manufacture and which does not
disappear in the ~natural relaxation of the article when

all external constraints are removed (Orowan, 1947fﬁ
If portions of a solid or a number of solids forming
together one rigid mass, are hindered from assumlng
the natural length which they would have in the
absence of any hindrance, thls solid or number of
solids 1s saild to be under stress. The stressed
condition may be brought about (a) by forces acting
on the solid (or solids) from outside (external forces)
or (b) without any observable action from outside after
all external actlon has ceased. These latter stresses
are known as internal stresses and the solid can be
referred to as being "self strained" (Heyn, 1¢14).
Residual stresses may occur in an engineering
component on either a microscopic or a macroscopic
scale (Soete, 1949). Microscopic stresses vary from
grain to grain of the material and are &n intrinsic
Property of the material itself. They are generally
caused by inhomogenelties in the texture of a material
and are often referred to as textural stresses. A
typlcal example of them 1s the stress which can exist
In a steel as a result of the different coefficients
of expansion of the cementite and ferrite lamellas
occurring within the pearlite matrix. Macroscopilc
Stresses are of much greater magnltude and are of
more importance to engineers. They may be formed
as the resultant of microscopic stresses but more

geénerally they are formed by such things as shrinkage

A complete list of references is given at the

énd of this thesis.
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after casting or welding, heat treatment (particularly
rapid quenching), cold working (radial drawing, strip
and sheet rolling, extrusion, etc.), the forcible
joining of improperly fitted components (e.g. incorrect
bolting or rivetting) and so on. These stresses are
gometimes referred to as "body stresses" and it is with
these and more particularly with the ones produced by
the cold drawing of tubes that this thesls 1s concerned.

The fact that residual stresses are set up in
metals during processing has long been recognlzed. The
importance which is attached to the knowledge of the
magnitude and dlrection of these stresses may well be
assessed by the number of symposia concérned with the
subject which have been held from time %o time‘by learned
socleties in different parts of the world (e.g. A.S.T.M.,
1918; Faraday Soclety, 1921; A.S.T.M., AI.M.E., 1944;
Inst, of Metals, 1947; A.S.M., 1951) and by the large
number of references to published papers etc., all
connected with the subject whigh can be quickly found
in most technical libraries.

Unless an engineering component is used in a
completely stress-relieved state, the residual stresses
bresent may have an important'bearing on the service
life of the part; 1n some cases residual stresses may
prove beneficial (e.g. high residual compressive stresses
increase the fatigue strength of rallway wagon axles)
(Horger and Neifert, 1942), but in many cases thelr
effect may lead td'disastroﬁs conséquences and result
i1n almost spontaneous fracture of the component con-
taining the stress.

(An interesting example of the fallure of deep
drawn cups under the influence of residual stresses,
happened in the author's presence some years ago. In

connection with a deep drawing problem, a number of

2 in, dia. cups were drawn from circular blanks prepared



FIG. 1.1, DEEP-DRAWN ALUNINIUM-MAGNESIUM ALLOY CUFS
WHICH SPLIT SPONTANEQOUSLY AFTER CLEANING.



Se
from 0,036 in. thick sheet of an aluminium magnesium alloy.
For several months these cups were placed in a store during
which peribd no visible change occurred in them, on
removing from store, however, and after cleaning in readi-
ness for an exhibition, many of the cups burst open along
a number of longitudinal cracks which apparently developed
quite suddenly 1in the walls of the cups. Several of the
fractured cups are shown in Fig. l.l.)

As a general rule, manufacturers attempt to remove
the residual stresses induced in a component during the
manufacturing process, by suitable heat treatment, but in
many cases thlis step 1s not advisable as it generally
results in a loss of both strength and dimensional accuracy
of the components;

Desplte the vast amount of published information,
the measurement of residual stresses is still only approxi-
mate in nature and apart from a few isolated publications,
most of the available results refer td the stresses occur-
ring in particular components without attempting to pene-
trate the fundamentals of the problem.

The Investigations made in the course of thhs work
are an attempt to place the problem in a more correct
pergspective, particularly as it applies to cold drawn
tubes and other tubular components, The initial stages
of the investigation have been concerned with the develop-
ment of suitable experimental techniques for the measure-
ment and detection of residual stresses and in a later
stage the results of this deveiOpment have been applied
to the measurement of residual stresses in a number of
hollow drawn tubes with different wall thicknesses and

Prepared in a number of single stage dlametral reductions.
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2+ SURVEY OF PREVIQOUS INVESTIGATIONS RELATED

TO THE MEASUREMENT OF RESIDUAL STRESSES IN TUBES.

2.1l. Theoretical methods available for the detectlion and

measurement of residual stress,

Residual stresses in a body are set up as a result of
a mismatch of different elements of that body. In order that
these elements may be brought together to form a continuous or
complete whole body, each individual portion must adjust itself
so that 1t is compatible with the other elements. The adjust-
ment of each element is effected by elastic strain and 1t is
this strain which instigates the residual stress system. Since
residual stresses cannot be measured directly using similar
methods to those used in the measurement of applied stresses,
measurements are made of the strains which exist in a residually
stressed body, and from these measurements the stresses are
computed. In other words, residual stresses are measured
indirectly by measuring the elastic strains within the stressed
body.

Many methods have been proposed from time to time to
detect and measure the Internal strains in a residually stressed
body, but generally these can be classified under three main
headings:- |

(1) direct strain release and measurement,

(11) strain release and measurement by bending

deflection
and (1ii) X-ray or other non-destructive detection of strain.

2.l.1. Direct strain release and measurement.

The procedure embodied in the direct releasse and measure-
ment of strain in a residually stréssed body, involves 1n
general terms a reversal of the process by which the strains
Wwere produced, i.e. elements are removed from a stressed body
and observations are made of the resultant deformations (or
mismatch) in the remaining material.

The first significant development in the Ifleld of direct

Strain release was made by Bauer and Heyn in 1911l.  They
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FIG.2.2. EXTENSION OF HEYN'S SIMPLE SPRING MODEL.
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developed a rather specialiséa method whicli is more important
for the way in which it illustrates the technique rather tian
for the accuracy of its analysis. The particular strass
system on which Bauver and Heyn basged their analysis was one
contained in a cylindrical rod which carried longitudinal
tensile stresses in its outer portion and longltudinal com-
pression in 1ts core. Héyn (1914) compared this stress
system with a spring model of the type shown iIn Fig. 2.1.

Fig. 2.1(a) shows three unloaded helical springs A,
B and C which have free lengthsfel,.ez and_ll respectively.
On connecting these two springs by the two cross vars X and
Y as in PFPig. 2.1(b) the springs are forced to assume the common

length jwhere »Zléﬁéé. Hence the springs A and C increase
in length elastically, giving rise (by analogy) to internal
tensile stresses, while spring B contracts giving rise to
internal compression. The two springs A and C tend to
bring the two bars X and Y nearer to sach other with a
force Py, while the spring B tends To separate them wilth
a force Pg. To satisfy the equilibrium of the system the
force must be balanced and conseqguently 2P, must be numerl-
cally equal to PE'
If this force equilibrium is distubbed by the removal

.of the outer springs, the central spring must immediately shed
its load to restore the balance of forces and consequently the
distance between the two connecting bars must increase to,lz,

the original length of the spring B. Hence, by analogy, the

release of the outer tensile stresses causes an increase in‘$uii
length of the remaining section. If, on the other hand,.the
conditions are reversed in Fig. 2.1 and [l 7,Z7 ’ZZ’ the
removal of the outer compression will result in an overall
shortening of the remaining spring.

If this simple model is replaced by the rather more

complex model shown in Fig. 2.2, which contains many more

springs, and if the springs are now taken to indicate stresses,

and the two crossheads the boundaries of a residually stressed

body, the analogy can be followed thfough to show the whole
‘ %
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principle of residual stress measurement by direct strain
release. Considering the removal ofl the outer tensions A,
the length of the residually stressed body (original length
= £) will increase by an amount dl. According to Hooke's
law, the stress Pg> relieved by this expansion 1s related to
the strain by the expression

P = E deq
where del‘= dﬂl/ﬂ and E = Young's modulus for the material.

The force (I'y) imposed over the remalning sectlon of
the body must counterbalanced the force (F,) in the removed

outer portion. The force in the remaining section is the

product of the relleved stress and the area A; of the section.,

If A, 1s the initlial area of the body and Ay 1s the area after

removal of the outslde (dA; = Ay - Ay) and consldering the

mean stress over the removed section as belng equal to Ei 3
%

then
Fo -~ 51 dAl
1
= Fi = pl .A.l = AlEdel
Hences - AEde ......‘...'.......'..'.(2.1)
L, " A ge

This expression itself 1s sufficient to satisfy the
stress pattern shown in Fig. 2.3 (Baldwin, 1949), but it
does not apply to a more general stress pattern of the type
illustrated in Fig. 2.4, where the stress varies continuously
throughout the sectlon of the residually stressed body.

In order to determine the residual stress pattern
shown in Fig. 2.4 occurring in a symmetrical section (rod

or tube), the method of Bauer and Heyn is still applicable

as will be realized from a further consideration of Fig. 2.2.
If successive thin layers are removed from the cylindrical
specimen and the resultant deformations in the remaining
section are observed after each stage of layer removal,
then the resultant stress pattern can be approximately

determined as illustrated in Fig. 2.5.



7.

After the first removal, equation 2.1 can be appliled
and the residual stress in the removed layer calculated.
During the removal of this layer, a stress ol magnltude
pll = Edej 1s superimposed on the remaining section so
that when the next layer is removed, the stress removed
in 1t calculated according to equation 2.1 1s in excess
of the actual stress originally present in that sectlon

by an amount pzl (= Ede;)

Hence p‘_l = AlE %_Zi

Pg, = AgE deg - Edej
2 aﬁ%
Proceeding further, 515 = AzE dez - Edej - Ede,
(6]

and so on. Finally the stress relieved with the nth

e n
layer 1is Pg, = ApE den - Z Ede,
dAy, 9

or more generally, where the removed layers are of

differential thickness,

Pp .= BlA S = -8 enivsvinisinillR)
2 ae. 17 18)

where e 1s the total strain in the remaining section after
each layer removal.

Equation 2.2 may be readily applied to the deter-
mination of longitudinal stresses in a cylindrical speci-
men by a graphical analyéis (Lynch, 1951). finite layers
are carefully removed from the surface of the specimen and
the total strain (e) is measured after each reﬁoval. This
strain is then plotted as a function of the area of the
remaining section and a smooth curve drawn. The guantlty

de/dA is then the slopé of the experimental curve at any
particular point under consideration.

The method of Bauer and Heyn, dealt with in detail
in the preceding paragraphs is, however, only approximate
since longitudinal stresses only are consldered, and as

previously mentioned it is more important for illustrdaiing

the principles involved in residual stress measurement by
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direct release of strain rather than for the accuracy of
1ts analysis., The presence of residual stresses in the
circumferential and radial directions will definltely
affect the longitudinal strains measured using Bauer and
Heyn's technique. Portevin (1928) used the Bauer and
Heyn technique coupled with (a) the Heyn analysis and
(o) the more exact lMesnager - Sachs analysis (discussed
later) for the determination of the residual longitudinal
stresses in a gquenched steel rod and in a cold drawn /g
(60/40) brass rod, His results, reproduced in Fig. 2.6
show clearly that the actual longltudlnal stresses wers
underestimated by as much as 30% by the use of the Heyn
analysis. ' l
; The limitations in the Bauer and Heyn analysis
were recognized by Mesnager (1l919) who developed a
method for round bars and other cylindrical components.
The experimental techniques proposed by lMesnager were
identical with those of Bauer and Heyn but both circum-
ferential and longitudinal strains were measured at each
stage of the metal removal process. The analysis was
based on the theory of thick cylinders under internal
or external pressure and by substitutlon of the measured
guantities in a sefies of expressions, lMesnager was able
to determine the three principal residual stresses in a
cylindrical body. Sachs (1927) greatly simplified the
calculations necessafy in the Mesnager method by the
inclusion of graphical analysis similar to that already
mentioned in connection with Bauer and Heyn's equations.
Today, the method of Mesnager and Sachs is very widely
known as the Sach's boring method and it is with this .
deslgnation that it will be referrsd to hereaftér.'
In developing the boring method, Mesnager and

Sachs made the following assumptions:-

R e i s
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(1) The elastic theory of thick cylinders under
internal or external pressure appligs

(11) The stress distribution in a residually
stressed specimen 1s symmetrical about the
axls of the specimen and is constant along
the whole length of the specimen at any
particular distance from the axis of sym-
metry.

(1ii) The removal of a layer of mabterial 1s accom-
panled by an equal change in stress at all
similar points in the cross-section, i,.e.
the material is wholly homogeneous and has
constant and fixed values of Young's modulus
and Polsson's ratio, |

In the Sach's version of the final equation, a
further assumption is inherent in that:-
(iv) It is assumed that the drawing of a smooth
curve through the experimentally derived
points does not incur any error in the
fesults and that infinitesimal changes
can be related to the slope of a curve
drawn through the experimental points.
These assumptions, which are relatively few in
number, particularly in view of the magnitude of the
problem, are all justifiable agd while obviously res-
tricting the method to the study of residual stresses
in cylindrical objects in which the stresses vary only
in one Cartesian direction (the radial direction) they
do not detract from the usefulness of the analysls and
the experimental procedurss.

The Sach's boring method was initéally developed
%9 determine the entire residual streés distribvutions in
solid Cylindrical components, but i1t can be applied with

I
Ereater accuracy to hollow components such as tubes or




10.
cylinders. (With solid specimens a hole must first of
all be drilled through the centre along the axis of sym-
metry, before any systematic metal removal process caa be
started. With hollow specimens, however, this initial
drilling is not necessary, as the starting surface is
already present,) The experimental tschnlique consists
Of boring out, in steps, the interior of a cylindrical
specimen, Before and after each stage of the metal
removal process the diameter, length and wall thickness
of the specimen are measured at carefully marked refereﬁce
points on the outer surface. The two measured‘unit
 strains ( », 9 in the longitudinal and circumferential
directions respectively) based on the initial dimenslons
of the specimen, and the current area of the bhore enable
the stresses to be calculated according tb the following

*
expressions:-

- B (Ay = a =
L 1 - 0% [ ° Ad)'aﬁg ’Y]

- B (A -A)_@._g_ -(Agt A 6 .....-.-(2-3
S [ eyl :
Dy . L0 (Aq - Ag

gL e ot [_ 2Aq )6]

whare Pg, Pg» Pp are respectively the residual longitu-
dinal, circumferential and radial stresses at the point
in the tube wall defined by the area Agi

A, = origlnal area clrcumscrlbed by the outside

diameter.

Agq = current cross sectional area of bore.

E = Young's modulus for the specimen material.

d = Poisson's ratio.

Parameters S+ o and AN+ o S

©
<
n

respectively.
In the determination of the strains, considerable

Care has to be exercised +o get measurements at constant

S—

The full derivationsof these equations are gilven in

Appendix 5.




11.

temperatures or to correct for temperature changes.
The accuracy of the method is considerably increased
if the actual measured strain values are plotied against
the bored cross sectional area to give smooth curves and
the values of the derivativas d6@ and d¥ taken from these
curves., 42d i

The same method of calculation can be applled to the
removal of metal from the outside diaméter, measuring the

change of length (N) and the change in internal diameter

(8). In this case the equations 2.3 have to be amended
5 -{Ap - Ay) d¥ -
{T-o%y i,

B
(T -o9 [—(AJ,'— A;) 46 -(Ap+ .A;)@J-

QB o, o ORG

to;-

il

e

Pe

ceo(R44)

Sl

Py = (AD = A&)
(1 —O"j T YA

where Ap is the varlable cross section of the material
removed, and A is the origlnal cross sectlion of the
bore.

Since the publication of the Mssnager - Sachs analyss8s
for the detsrmination of residual stresses in cylindrical
bodies, the principles of residual stress detection and
measurement by direct strain release have been appliled to
components of irregular shapes (lMathar, 1934, Soete, 1949)
but at present the technigues are rather unsatisfactory
and the analyses very difficult to handle (internal strains
are measured in any three or more directions and from these

the principal strains have to be derived either by laborious
"geometrical constructlons or tedlous mathematlical manipula-
tlon), and apart from their mentionAthey will not be con-
sidered further at this stage. (A full review of these
methods, known generally as local strain relsase methods,

Bas been made by Hiendelhofer, 1948).
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2.1l.2. Strain release and measurement by bending deflection.

In components where the distribution of residual stresses
is such that the stresses at one surface are tenslle and at
the other compressive, simple methods for determining the
residual stresses have been developed. These methods are
now generally known as bending deflection methods and the
basic principle of them 1s that sections arse cut out from
the specimens under consideration in such a manner that a
ma jor part of the residual stress is relieved by a bending
of the part which 1s separated fromthe adjacent material.
Stress distributions sultable for analysis by such
means are usually found in cold drawn tubes or desep drawn
shelis and the development of the analyses and technlgues
for this type of strain release have largely been developed
for measuring residual stresses in such cold worked compo-
nents.
As with direct strain release methods, simple forms
of bending deflectlon were flrst evolved, giving rise to
approximate results and from these more elaborate and com-
plete analyses were developed.
The simple method appears to have besn proposed by
Hatfield and Thirkell (1919) but variations of it have
been proposed on numerous occasioné by investigators such
as Anderson and Fahllman (1924/5), Pinkerton and Tait (1926),
Sachsand others (1932), Sachs and Espey (1941) and Swift (1940
In all these methods, the circumferential stress is
. évaluated from the change in dlameter occurring when a
length of tube is slit in a longltudinal direction (Fig.
2.7a) or when a circumferential tongue is partly cut out

from the specimen (Fig. 2.7B). The bending moment M

I‘wIzEI ' i ‘ 0 EI BJ—RO ..'00000(2'5)
-ﬁ‘> 1"' R i

1_62— _ﬁo GL

Teleased by such a flezure is ;- 1
Ro Ry 1



12,
where E = Young's modulus.
O = Poisson's ratio.
I = the second moment of area of the section
Ry 5 R, = mean radius of specimen before, aiter
slitting, respectively.

The release of this bending moment corresponds to
the release of stresses, which in a thin section vary
linearly from one surface %o thé other, and which have
the value pe in any element distant x from the outer

surface where ;-

pC= EL (t~2X) BS—RO oo.o-.o-.o-to-(206)
l-¢ P Ho R,

t belng the thickness of the tube wall.
The maximum stress values are at the surface and
are given by

pc = * E '_t_ R!"Ro ----1000-003(2-7)
max, l-o~ 2 He R

\

Fundamentally, the same equatlon applies to longi-
tudingl ! stresses which can be calculated from the deflec-
tion of longltudinal strips or tongues cut from the tubes

(Fig. 2.7 ¢ and d). In this case

pL - E(t-z}C) ls'!_ .ooo..--oo---n00-00‘0(208)
where p{ = released longitudinal stress

L

n

gauge length
and § = the ena deflection from its original position
of the gauge length L.

The simple bending deflection method can be extended
to enable the stress distribution in tubes to be determined
in a more quantitative and exact manner, by extending the
simple slitting methods of Hatfield, etc. to samples from

Which successive surface layers of material have been
Temoved by pickling or machining. The total stress dis-
tribUtion can be derived from sets of experiments in which
SUCcegsive layers are removed from either the outslde or

1 :
nslde Surface of tubular specimens, The pickling or

machining can be done elther before or after slitting.
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In the latter case a single specimen can be used (Sachs
and Espey, 194lfh while in the former case a number of
specimen$, probably betwsen 15 and 25 1n number must be
employed.
Such a procedure appears to have been first suggested

by Fox (1930) who, however, did not succeed in developlng a
proper and complete mathematical solution. The fundamen-
tal theory of the method, based on the Bach-Winkler theory
of curved beams was developed by Davidenkov (1932) whose .
complete analysis 1s reproduced as Appendix 2 to this
report. - The Davidenkov equations which are extremely

complicated and lavorious in application are reproduced

below; -
Pe = Pet* Pep* Des 2
: gy
Deim B QDo Z'z'-x * 8. D}
l-6* Dm (L t Q'n?
l2 - x ] J
pc.1.=——E -——-.Q'L QQ
l—a‘- (D—Q)L da ....--.-.....-..(2.9)

Dq
pc_s-.-. _2_ E 1 Do "‘21 ydD
3 1l-o (Do -2a)Dg) -30AD * Dy
D

s DQ . ¢
+2§5{£- yde
D,
Where p .  total residual circumferential stress at a
Point in the tube wall dlstant x from the outer surface
(Or Wwhen the current wall thickness = a)
Peyy Pey y Pey = components oi this total stress released
at different stages (see Appendix 3 and
Fig. 11.1)
AD, = change in outside diameter of the tubular
specimen on slitting
Dy, = mean dlameter of tube before and after
slitting
= 1initial thickness of tube wall.

t
‘D = current outside diameter of tube
=t
¥

Thig statement is shown to be incorrect as a resuls

of the

report.author's investigations described later in this

o A
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D = iInitial Qutside diameter of tube.

b
W)
I

change oi outside diameter after removal of
material of thickness x=t-a

outside diameter of slit tube when wall

-
]

thickness is"a"

Dy = outside diameter of slit tube when wall
thickness is t.

y = thickness of tube wall as 1t varlies progres-
sively from its initial thickness t to the
value "a" at the stage under consideration.

‘Although Davidenkov himself does not mention the

fact, these equations are only applicable when material
is being removed from the inner (bore) surface of speci-
mens. When material is being removed from the external
cylindrical surface the expressions for pc, and pcs
must be adjusted (see Appendix 2 for further details).

The Davidenkov analysis for longitudlnal stresses

1s much simpler and the redultant equations from which
the stress aﬁ any point is calculated can be summarized
as follows :-

Pe = Pg, + Pg, + Py,

whe re Py, = B % (_P_g_%ﬁ) Ay ]
: sediiiiiia(2010)

z
Pp. = ~BX dy.
€ 5 4

Je
P, =2 E | -3x Ay, + x dy
e ol )
I

where ch total residual stress at any point in tube

wall distant x from the outside surface.
I%’ E%L, Py, = components of the total strgss released
at different stages in the metal removal process.
Ay = initial deflection at the centre of a strip of
. length 2b.
ZXV* = deflection at the centre of the same strip when

its wall thickness has been reduced to a value Xx.
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Sachs and Espey (1941) considered the Davidenkov
equations unnecessarily complicated, particularly for
application to thin walled tubes and they succeeded in
developing the following more simple expresslons for
the residual circumferential stresses (thelr expressions
for the longitudlinal stresses are no simpler and less
exact than the onses given by Davlidenkov and although
these are derived in Appendixz 3 together with the cir-

cumferential stress equations, they are not reproduced

here).
' " \
Pe = Pey + Peqgt DPea + Peo
Poy = .8 (t-2x) ADg
1 -o* Dt
pt’.‘)_—._:.h‘:_ (t-zx) @ \.non--n..- (2-13)
3 (l-oY Dp- dx
pg - B (G-x) AD
Y Din
n x !
pg', - l / (pC’L+ pc:) d'}j
t-X
53

(The designation of the stresses Peq p!z and pég
has peen altered substantially from that in the original

Published version of Sachs and Espey to bring it into

line with the previously mentioned Davidenkov analysils.)

The only other theoretical work of note in connec-
tlon with bending deflection methods, is that of Knights
(1851) who made a detailed comparison oi e analys@s of
Davidenkov and Sachs and Espey and reached the obvious
conclusion that the Davidenkov analysis is in all respects
More fundamental (and presumably more accurate) than the
Sachs analysis., Knights suggested certain simplifications
to the Davidenkov analysis which, he claimed, did not impair
the accuracy of the method and which at first glance obvi-
°Usly make the analysis much easier and less laborious in
&Pplication (see Section 3.1).

2l '
“‘-éi~§:£§y and othsr non-degtructive straln measurement.

The :
&PPlication of X-rays to the measurement of residual

Stress : Y s
®8 has ingreased considerably in the past few years.
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The method used is one in which measurements are made of

the purely elastic strains which are present in the crystal

lattice within the body of the stressed miterial under
investigation. In this case the gauge lengti. over whicl
the strains are measursad, 1ls tha faskacplanar gpacling of
the unstralned lattice and the stralia iz deberminel by
the change in this interplanar =pacing;aas measured by
the diffraction of X-rays.

This method has two laportant related leatures:
(a) stresses can be debermined withoub having bo make

meagurements in the unstressed material and (b) 1T 1is

~the only really non-destructive way of measuring resi-

dual stresses. Since it is fundamentally a means of
measuring strains of an lnterplanar nature, the gauge
lengths under consideration are very small and much
smaller than can ever be hoped for using any mechanical
Or glectrical method of measuring strain.. Localized
Stresses and large stress gradients can consequently Qe
detected wherseas mechanical and elsctrical strain gauges
can only determine average stresses over a relatively
large area.

Unfortunately, the wide application of. -rays to
Tésidual stress detectlon and measurement has several
serilous disadVantagés. The cost of equipment is high
and the iong exposure periods necessary demand the
installétion of costly shilelding devices or the housihg
Of the equibment in a specially built laboratory. The
method at 1its present stage of development 1s purely

QUalitative except for surface stresses which can be

]determined quantitatively. ' The most serious disad-

.'v e
80tage, however, is that other physical factors as

We

11 as Internal stresses can affect the interplanar
s

pacings_and because of this the msthod can only be

a N
PPlieq o metals which exhibit reasonably sharp dif-

fracyg
on 1ineq, Consequently, any material which has
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been severely cold workeda oi sul
stressing during heat treatment, does not lend itself at

all readily to X-ray stress aﬁalysis, since the diffrac-
tion lines in such materials are too wide and 1ll-defined
for accurate measurement.

In view of the serious limitations to the application
6f X-ray techniques to the measurements of residual stresses
in tubes, these methods are not here considered any further
and any aﬁditional information required avout them can be
found in papefs by Barrett (1934, 1936, 1937 and 1943},
Finch (1949), Lynch (1951) and Thomas (1941).

The utilisation of the magnetic properties of a
m terial to determine residual stress has beon suggested
by Becker (1939), F8rster and Stambke (1941), Webb (1938)
and others. Any application of magnetic principles must
be extremely restrictive in nature and while they may be
Used for determining the residual stresses in such things
s iron or nickel wires it seems unlikely that such methods
Willl ever enjoy widespread application.

2.:1.5. Qualitative methods of detecting residual stresses.

While qualitative analysls of residual stresses falls out-
Side the scope of this work, it i1s perhaps desirable that
& brief mention should be made of their exlstence. Com-
mercially, these methods have a widespread application
because or thelr low cost and the rapldity with which

they can éupply an answer, even though thls when obtalned
1s only gqualitative in nature.

Etching or stress corrosion is the most popular way
of TeVealing internal stresses. If exposed to suitable
teagents many residually stressed materials crack in the
“98lons of high tensile stress, thus making the method a
_kind Of accelerated test fdr corrosion or season cracking.
The “Sagents used for these tests are many in number and
vVary fop different materials and alloys (e.g. an acid

soluty
o°n of mercurous niltrate l1s used to ascertain the
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FIG. 2.8, TYPICAL CRACK PATTERNS FOR VARIOUS SURFACE
STRESSES USING COMBINATION OF HOLE METHOD
(MATHAR, 1934) AND BRITTLE LACQUER.
(After Gadd, 1946).




liability to season cracking of brasses, while common
salt solutions can be used for the same purpose with
most aluminium alloys).

e Brittle lacquer coatings are also widely used to
reveal the presence of residual stresses in a material.
A specimen under test i1s first coated with a brittle
lacquer which is then allowed to dry thoroughly or 1is
chilled to increase its sensitivity. A small hole
(generally about 0.125 in. dia.) 1s then drilled through
the coating and into the residually stressed material.
The resultant surface strains which develop around the
drilled hole produce cracks in the lacquer coating, ths
pattern of which gives some indication of the type of
Stress present in the specimen under test (Fig. 2.8;

Gadd, 1946).

2.2. Experimental investigations.

There 1ls available an enormous amount of literature i
dealing with éxperimental investigations concerned with |
the measurement of residual stresses in cold drawn tubes
and it is proposed here to make mention of only the most
important contributions in the fileld. A number of papers
not specifically referred to in. the text of this report
are given in the second part of the bibliography; these
bapers are of interest to anyone studyling the residual
stresses which are present in solid cylindrical compo-
nents (rods, wires, etc.) and in flat plates or strips,
but are not particularly relevant té the subject matter
under investigation.

£.2.1. Direct strain release methods.

As previously mentioned, the principle of ..

vy ;
BLUA) s tress measurement by the direct release of |
str
alns 15 to remove small annular layers of material g

Lrom ;
8lther the inner (bore) or outer surfaces of i

Cyli
Ndricay components and to measure the resultant
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axial and circumferential strains which develop in the
remaining section at each stage ol the metal removail
process. Sachs (1¢27) proposed that the metal removal
should be performed oy machining (boring ar turning) and
that only light cuts should be taken at each stage to
minimigse the possibility of superimposing machining
Stresses on the stresses which were being measured.
As far as can be ascertailned, this method of metal
removal has been carried out oy all investigators

to date who have used the Mesnager - Sachs development
of the Heyn process.

Many investigators have pointed out the practical
difficulties involved in the application of the Sachs
boring method to the measurement of internal stresses.
Extremely small elastlc strains have bo be measured and
Oonly in exceptional circumstances can mechanical exten-
Someters be employed. Furthermore, temperature effects
can cause strailns of the same order of magnitude as those
being measured, and every effort must be made to take
measurements either at a constant temperature or to be
able to compensate for temperature effects. Despite
these difficulties, the Sachs boring method has become
PTObably the most widsly used method of stress deter-
migation in c¢cylindrical components, and accounts of its
&Pblication have been given by Bucholtz and Buehler
(1933), sachs (1¢39), Kemp$ and Van Horn (1942), Horger
and others (1943) and Bucholtz and Buehler (1952). The
majority of these investigators used.optical'or dial
Comparatorg o measure the strains, although Bucholtz
and Buehlerp (1952) concluded that micromefers or calipsr
88Uges could be used, provided a gauge length in excess

0
3 19 ins, was employed.



SR-4 Type Electric
Strain Gage

Leads to SR-4 Recorder —\

Plastic Cup

FIG. 2.9. ELECTRICAL RESISTANCE STRATN GAUGES MOUNTED
ON A TUBE FOR SACHS' BORING TESTS.
(After Lynch, 1951).
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In 1943, Horger and others used electric resistance
strain gauges to measure the axial and clrcumferential
strains in an investigation to determine the residual
stresses in solld components. The introduction of
such gauges to the fleld of residual stress measurement
appears to be a most significant and useiful step and

vfurther investigations in which they have been mmployed
have been reported by Timoshenko (1947) Greaves and
Others (1944), Knlights (19¢51), Whiteley (1953) and
Loxley and Whiteley (1953). Ford (1948) expresses
doubt about the valldity of electrical resistance
strain gauges ftaken over relatively long perlods of
time and suggésts that these doubts should be cleared
up before the application of such gauges becomes too
widespread. (This has been carried out in the present
investigation as described later in Section 4.)

Another posd ble unsatisfactory feature of the
application of strain gauges to residual stress meas-
Urement, is that it 1s frequently necessary to Ymake"
and "break" the leads between the gauges and the
measuring bridge. If it were impossible to do this
without changing the contact resistances the value of
the method would be negatived. MacPherson (1944)
inVQstigated this point and found that,lprovided
careful and clean soldering techniques were adopted,
the effect of Joint resistance changes could be neg-
lected, An ingenious device to overcome the disad-
vantages of continuously breaking and re-making
SOldered connections to strain gauges has been
SUggested by Lynch (1951). This devica, which
demands the fixing of plastic cups to hold mercury
*0 effoqy a joint between the strain gauge and
recording instrument connections, is shown in Fig.

2+9, but 88 far as can be ascertained it has never

been u
=94 in any experimental investigation.
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As poihted out by Knights (1951) the major drawback
to the Sachs!' boring method (or indeed to any direct strain
release tests) is the fact that layers are removed by
machining. The effect of such machining on the residual
stress system being measured is not known in detall, nut
some indication of the magnitude of the lnduced stresses
can be obtained by reference to works of Ruttmann (1936)
and Hendriksen (1948). Although Hendriksen concluded
that the residual stresses induced by planing and turning
could be of the order of the ultimate strength of the
material, he also found that they were concentrated 1in
a very narrow band of the materlal near to the machined
face. The depth of this band is relatively independent
of the depth of cut and the band is usually removed in
the next cutting operation, although of course new stresses
are 1lnduced in this stage. Although these machining
stresses are not cumulative, they introduce a serious
difficulty into the application of direct strain release
methods to the measurement of residual stresses, and

|
|
|
previous to the work descrived later in this report, no ]
|
attempt to overcome it has ever been madse. I

2.2.2. Bending deflection methods.

The bending deflection method of circumferential
strain measurement consists of preparing a ring specimen
from the parent tube and slitting it longltudinally along
any one radial plane. The amount by which the outer
diameter of the tube in a plane perpendicular to the one

containing the slit, alters from 1ts original unslit
Value, i1s a measure of the stress released. (This is

the basic principle of the approximate methods of Hatfield
Snd Thirkell, etc.). By reducing the tube wgll thickness
by Plekling or machining, and by measuring the current
Svon Sprung dlameter and wall thickness at each stage,
the resiquay stress distribution throughout the tube

"all can pe found. For longitudinal stresses, a longi-

N .
Udina)l tongue is cut out from the tube wall, and the
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amount of its deflection and curvature from the original
straight line is a measure of the released stress., further
stress components are released by reducing the tongue thick-
ness by acld attack, and the longlitudinal stress distribution
 throughout the walls of the tube may be Ifound.

The application of bending deflectlon methods to the
measurement of residual streéses in tubes has one big
advantage over the methods involving direct stfain release;
Provided the residual stresses 1n the component belng
tested are of sufficient magnitude, the diametral and
curvature changes which occur during strain release by
bendlng deflection are much larger than the corresponding
changes in direct strain release, and can be measured more
accurately and easily by the use 6f micrometers or simple
dial comparators.

Davidenkov (1932) appears to be the first person to
suggest the application of layer removal by pickling (acid
attack) rabher than by machining, although he does not
appear to have used such a process himself. The applica-
tlon of the Davidenkov analysis to the measurement of
resldual stresses in tubes appears to have been confined
to works by Jenkin (1937) and Knights (1951). Both these
Workers have commented on the length of time and the labour
involved in the determination of‘the residual stress distri-
bution in g component from the experimental results using
the Davidenkov analysis.

Apart from the two experimental investigations of
Jenkin ang Knights already referred to, all previous
investigationg of the effects of drawing variables on
the residual stresses in tubes have been concerned with
Prass or copper tubes or cartridge cases. The work of
Knights alone stands out for the studies he made of the

inry
USNes of the drawing variables on the stress distri-

bu
tlong in steel tubes.
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One of the first-investigations concerned with the
influence of drawing variables on the residual stresses
in tubes is that of Anderson and Fahlman (1924) who made
approximate measurements of the residual longiltudinal

stresses in five batches of cartridge brass tubing.
Their results are summarized in Fig. 2.10 and they
concluded that the cold reductlon ol area and the
hardness of worked brass tubes are not criteria of
the magnitude of the residual stresses 1In such tubes.
The stresses produced tend to ilncrease with reduction
of internal dlameter and decrease with increase in
reduction of cross-sectional area.

The first really systematlc investigation into
the problem was made by Crampton (1930) who again applied
approximate bending deflection methods to the measurement
of stresses in brass tubes. Tabes, atl of 1,0 1in,
initlal diameter and with wall thicknesses of 0.150,
0.060 or 0.025 in, were used, and these were reduced
by hollow or mandrel drawing through 20° taper dies
to various outside diameters. The stress measurements
made were confined to those in the circumferential
directioﬁs and no comparison with material” properties
were attempted. The more relevant of Crampton's results
are glven in Fig. 2.11 and the most important conclusions
Were that the intensity of internal stresses in high-brass
tubes are (i) increassd by (a) increase in wall thickness
relative to the diameter (b) hollow drawing instead of
mandrel or plug drawing and (c) increase of diametral
Clearance; (ii) unarfected by the hardness of the
Material and (iii) decreased by increase in the reduc-

tlon of area forp any particular diametral reduction.
| An account of the residual stress distribution
S8t up in the walls of hollow drawn cartridge brass
UCF Of 0.50/1n. dlemster and 0.032 in. thickness

wag
glven in 1943 by Sachs and Hspey. Several dies
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of various forms and giving different dlametral reduntions
were used, For the greater part of the investigation cir-
cumferential stresses only were measured and these by a
simple bending deflectlon method. Some of the Iindings
of Sachs and Espey are reproduced in Fig. 2.12 and the
main concluslons reached were that residual stresses
Increase with increasing diametral reduction for (a)
increasing die profile radii (Fig. 2.1l2.a2), (b) increasing
die angles (Fig. 2.12.b) and (c) increasing bearing length
(length of the constant diameter region at the dle throat)
Flge 2.18.6) The surface condition of the drawing die
can also have an appreciable effection the residual stresses
in drawn tubes as evidenced by Fig. 2.12:4,

Sachs and Espey also extended thelr studies on the
tubes previously mentioned, to the determination of the
total stress distributions in them using their own com-
Plete bending daflection analysis. In every case stress
distributions obtained were essentially tenside in the
outer half of the tube wall and compressive in the remainder.
The maximum tensile stress was found to occur some distance

in the tube wall from the outer surface, while the maximum
Compressive stress occurs at or near to the inner (bors)
Surface. The distribution curves of residual cilrcumferene:
tlal stresses do not vary as much from a linear distribution
&8s do the residual longltudinal stresses. Some of the
distribution curves obtained by Sachs and Espey are repro-
duced in Fig. 2.13.

Other investigators have reported similar stress
distributions to those obtained by Sachs and Espey (Jenkin
1937 ; Knights, 1951; lontgomery, 1950; Howard, 1951;
Loxley 1950/1/3). 1In 1944 Sachs, Espey and Clark reported
the results of an investigation in which it was found that
the magnitude of residual circumferential stresses in ironed

Cups (analogous to mandrel drawn tubes) increased with

increasing die angle and decreased with the total reduction
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of area of the cup walls. In some cases with high

reductlons, the residual stresses were found to be

compressive at the outer surface and it was suggested

that there 1s a tendency for such stresses to develop

as the total conilcal angle of the drawing dle. 1s

decreased.

In recent years an intensive study of theinfluence
- of drawing'variables on the residual stresses which occur
in cold drawnsteel tubes has been made by Knights (1951)
Who used a modification of the Davidenkov method in the
analysis of his experimental results. (He, did, however,
calculate several stress distributions from single séts of
8xXperimental results, using the analysés of Sachs and Espey
and Davidenkov and compared the resultant stress patterns
with those obtained using his awn modlfied Davidenicov
analysis,

In every case considered, the three analyses gave
remarkably similar results and Knights concluded that his
own form of the Davldenkov equations were the most con-
venient to use.)

Some of Knights results are reproduced in Figs. 2-
14 and 2.15 and his most important conclusions were:-

()  simple bending tests usually indicate the general
resldual stress level wlth sufficlent accuracy for
general use., With sunk (hollow drawn) tubes and
with tubes drawn with little thickness change, the
residual bending stresses (surface stresses released
by simple slitting operations) have numerical signi-
ficance in relation to the maximum residual stresses
(Fig. 2.14.)

(b) The most important variables in determining the
magnltude of resldual stresses in steel tubes are
the ratio of sink to drart (proportion of reduction

of area achieved by diametral reduction to that

obtalned by reduction in thickness) and the per-

centag S
ntage reduction of area in the drawing pass

ittt s
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Botros (1950) used the approximate simple bending
deflection method o study the influence of wall thickness
on the residual stresses in hollow drawn tubes and from
the results given in Fig. 2.16 he concluded that the
magnitude of the residual stresses 1n tubes all sub-
Jected to the same drawing condition (diametral reduction)
are influenced by the wall thickness of the tubes, the
stress values tending to reduce as bhe wall thickness
increases. For small values of the ratio tube thickness
to tube diameter the stress increases rapidly with decrease
of thickness.

There 1s one serious disadvantage to the application

0

H

elther the simple or the complete bending deflection
methods to the measurement of residual stresses in tubes
which has so far not been mentioned. All the mathema-
tical relationships derived for the calculation of dir—
Cumferential and longitudinal stresses at any point in

a tube wall are respectively independent of the specimen
length or width. Many investigators (Crampton, 1950;-
Sachs and Campbell, 1941l; Botros, 1950; Knights, 1951
and others) have all recorded that the released stresses
are not independent of the specimen length or width until
either exceeds a particular value of the tube dlameter,
(Fig. 2.17). This effect is known as the "length effect"
(circumferential stresses) or the"width effect! (longitu-
dinal stresses) and it will be discussed further in Section
S of this report.

o investigatdr . appears to have made any serious
attempt to compare the residual stress distributions in
drawn tubes, or for that matter in any cylindrical com-
Ponent, obtained by beﬁding deflection‘g¥?direct strain
release methods. Such a comparlson would undoubtedly
8lve a measure of assurance to the valldity of either

0
18 or both of the methods of approach, The only
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reported correlations known are those of Bucholtz
and Buehler (1933) and Knights (1951) which are
reproduced in rig. 2.18 and 2,19. Neither of these
are particularly satisfying; the comparison made by
Bucholtz and Buehler being restricted to approximate
bending deflection methods and that of Knights to

the results of single tests.
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3. COIPARISON OF THE BENDING DRFLECTION ANALYSES AND

THE DEVELQPMENT OF EXPERIMENTAL TECHNIQUES FOR THEIR

APPLICATION.

3.1s Critical review of the available analyses.

Apart from the approximate analyses of Hatfield
and Thirkell (1919) etc., enabling the calculation of
the surface stresses released on slitting a tubular
Specimen dr on cutting a longitudinal strip out of such
8 specimen, the only two analysas based on the bending
deflection method of strain release which are applicable
to cylindrical components are those of Davidenkov (1932)
and Sachs and Espey (1941, (see pages 12 and 13).

In both these analyses the residual stresses are
COnsidered as being released in three stages, giving
ise to three components pl, Po and pz from which the
total stress p at any point in the tube wall is calcu-
lateq, (Sachs and Espey state that their analysis gives
rise to four stress components, but in actual fact two of
these components are released at the same stage in the
Metal removal process and a clearer conception of them
1s obtained if they are considered as a single unit).

The first stress component p; is calculated from
the diametral change (or the change in curvature) which
Occurs as a result of the simple slitting operation (or
tongue separation). The second stress component Pg
1s that contained in the current elemental surface
layer orf ﬁhe specimen under test, when that particular
layer ig about to be removed. The equilibrium of the
Pemaining section is upset by the removal of the stress
Po 1n the surrace layer, and this is immediately res-
toraq by the imposition of a direct force over the sec-
tlon, 8lving rise to the release of direct stresses and
by a Bodily change in the "sprung" diameter of the speci-
men which releases bending stresses from the sectlon.

Cong
Onsequently, when a layer of material is ready to be
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removed from the specimen, the stress in i1t is no longer
that which was present in that particular layer after the
initial bending stress release due to slitting, but one
which differs from the original stress by the component Fg.

(In the Sachs and Espey analysls, the component
Stresses were considere%&n a different order and were
labelled differently from the way they are treated in
this report. The present treatment 1s used in prefer-
énce to the original form, as it enables direct compari-
Son of the two analyses.)

For the derivation of the longitudinal stresses,
both analyses rely on the simple bending theories as
Telated to straight beams, and should yield identical
esults, However, the Sachs and Espey analysis con-
bains certain inaccuracies which the originators claim
Were necessary if the analysis was not to become un-
Wieldly in application. These errors are dlscussed
later in connection with residual circumferential
Stresses and will not be considered further at this
Stage. Because of the inherent weaknesses in the
Sachs and Espey analysis and since this analysis 1is
N0 more simple in application than the corresponding
Davidenizov one (despite Sachs claim'to the contrary)
1t wag not considered necessary or advisable to use
1t in the presant investigation,

Davidenkov's analysls for the complete deter-
Mination of the residual circumferential stresses in
tubeg (Appendix 2) is in all respects the more funda-
Mental of the two approached, but it leads to a com-
Plicateq 6xpression for the stress component sz which
involves & considerable amount of mathematical compu-
tation in its solution. The analysis is based on the
Curved beanm theory of bending in contrast to the simple

th
eory Of bending used by Sachs and Espey (appendix 3).
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(In fa@rness to Sachs and Espey on this point, i1t should
be mentidned that their method was developed essentially
for thin walled tubes where the simple bending theory is
sufficlently exact in application.) Apart from the
assumptions regarding the symhetry of the rdsidual stress
distributions and the homogeneity of the material which
are present in all residual stress analyses based on
strain release, the only other assumption made by Davi-
denkov is the constancy of the relevant "spriung" diameter
throughout the metal removal process. (That this assump-
tion is justifiable is obvioﬁs from the experimental
T'ésults quoted later in this work. In no single test
carried out during the present investigations, has the
Unplckled "sprimg" diameter of & specimen changed by
More than 2% of its original value during the metal
rémoval process, and more generally the maximum varia-
tion in a particular specimen has been more nearly half

this value.)

Sachs and Espey, on the other hand, introduce two
assumptions into their analysis which are not so easily
Justified. The first of these 1s theadoption of a con-
Stant mean diameter to be used in all the several expres-
Slons giving the different stress components. This
Sssumption is justifiable only if the method 1s restricted
in applicagion tb thin walled tubes where the diameter -
thickness ratio is relatively high and if the constant
- ean diameter is gilven a different value in each of the
SXPressions defining the component stresses. (For fur-
thar information on this point see Appendix 4.) The
Second assumption 1ies in the derivation of the stress
component‘P25 i.0. that stress component released by
the imposition of a direct force over the section whenever

a
layer of material is removed. Tt is implied that this
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stress component i1s small in comparison with the sum-
mation of the components Peo and p;5 and can be neg-
lected in the computation of the integral in the

expression x

n 1
Peg = - L [ (Dgg * Pgs + Dgz) X eeves (3.1)
t-x
a
With the result that pgs is calculated from the expres-

sion

X
1]
pcs = - 1 /(Pcz-{-pés)d.?{o.....-oo-o (5.2)
T-x
a

Although Sachs and Espey do not state the fact,
& more accurate value of pgs can be obtalned using
SUccessive solutifins of the expressions 3.2 and 3,1,
but this makes the analysis more cumbersoms in appli-
cation ana defeats the objects of the originators who
¢laimed that their method was much simpler than other

So0lutiong previously suggested for this problem. That

thig assumption regarding the magnitude of the component

0
Paz cannot

OcCcasiong

always be justified has been proved on several

during the present investigation. For example,

Howarq (1951) working under the author's superviston

'eported values of pgs of more than & tons per sqg. in,

- When the combined value of the components pgo and PcS

T8 only about 10 tons/ sq. in. and whe*i/pcgdx could

notlfatisfactorily be neglected in comparison with
](p02 + Dgz)dx (see Fig. 3.1).

Finally, the expression given by Sachs and Espey
for the component péS i.e. that stress released by
dending during metal removal, is not strictly valid.
In the derivation of this expression (Equation 11,3,
APpondix 3) 1t is implied that the removal of a finite
layer or thickness xq from a specimen, releases a ben-
ding stregs from the remaining section given by

I . 2EIAD SIS E Eeile eisleitinte TIelNs S v s 2(BE3)
(I-6%) Dg
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where AD is the bodily change in diameter on removal of
the layer of thickness X7 This gives rise to the

release of a stress defined by the expression

1
p"‘ — E (t-—X. AD ® e 0 s 08 e s PO BEEDPS (5.4)
3 ) ___%%_ﬂ_

l-0 m

In actual fact, the bending moment M is not released
at one stage but is successively released by the progres-
sive removal of thin annular surface layers of the faterial
up to the point in the tube wall defined by Eq e ‘Consequently
the released moment is more strictly defined by

AD
hI:' 2E IdD ® 5 2 2 8 P 80 BB RYEEYE (5.5)
1-62- Dm
o

and the released bending stress at Xy by s3-

' . ab : .
pcsglh' / (t+x—2x1) dD s s swios owns (5.6)
[o}

-g* h

Where ¢p = diametral change on removal of a lgyer of
thickness dx, and x & depth in wall of all layers of
Material removed before X1 1s reached, The expresgions
(3.6) ana (3.4) may yield values for pé5 which show no
slgnificant differences depending upon the relative
values of t and %7 and upon the form of theAD - x
I'elat:?.onshj.p. However, in most cases which have

been considered in the present work, the Sachs and
Espey expression (3.4) tends to over-estimate. the
Value of the component_pé5 and indirectly the value
of ng as glven by‘(3.2).

If the method of ¢ . solution proposed by Davi-
denkoy is applied to the derivation of the component
Pey Using the simple theory of bending adopted by
Sachs ang Espey, the following expression results

(see Appendix 4),

3(TI=6%)Dy

Dx,
+/de] s e s 000 (5.7)
]

The form of this expression is no more difficult

Pe3 = Doz + Doz = 2 _E [(.‘Bt—le)AD

t - :
© handle thapn the two expressions (3.2) and (3.4) which

on g o
wmation derine the same stress component. Furthermore
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equation 3.7 is basically more fundamental than the
corresponding Sachs and Espey expressions. ( The
exXpression 3.7 should.really be attributed to Knights
(1951) who reached an identical expression in a suc-
cessful attempt to simplify the Davlidenkov relations.
He, however, reached the solution by analggy with the
Davidenkov equations for the derivation of residual
longitudinal stresses and not by application of first

Principles as has been done in the present work.)

3.2, Development of experimental technigues for the

application of the bending deflection methods of strain

Ielease to the detection and measurement of residual

Stresses in tubular components.

Although the basic principles for determlining
Tesidugl strésses by bending deflection methods of
Strain release have already been given in this report,
1t 1s perhaps pertinent to reiterate them.

For the determination of circumferential stresses,
the methog consists of preparing a ring specimen from a
Parent tube and after careful measurement, slitting it
l°n8itudinally along any one radilal plane. The amount
S¥ Which the outer diameter of the specimen. in a plane
Perpendicular to the one containing the slit alters fmom
1tg Original unslit value is a measure of the stress
Teleased. By successively reducing the tube wall thick-
ness py machining or pickling, and by measuring the current
QUter "sprung" diameter at each stage, the resildual stress
distribution throughout the tube wall can be found. For
longi tudinal stresses, a longitudinal tongame 1s cut from
the tube wall and the amount of its deflection and curva-
ture from the original straight line 1s a measure of the
releaseq stress, Further stress components are released
by reducipg the tongue thickness by pickling (adid attack)
#Rd the longitudinal stress distribution throughout the

5 .
alls of the tube can be determined.
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At an early stage of the present work it was realised
that metal removal by machining was -not ideal in any way as
stresses may be induced by such a process which, over per-
haps a relatively short depth near the machined surface,
are of the same order of magnitude as the stresses belng
determined. After many preliminary trials to remove
material evenly and carefully from steel plates by such
Processes as electrolytic (anodic) polishing and pickling
in various chemicals, a method of layer removal by pilckling
in nitric acid was successfully developed. (For a full
aecount of this preliminary work see Montgomery, 1950.)

Such a method of layer removal had actually been suggested
by Davidankov (1932) but until Knights (1951) éarried out
his Investigations, the method had not been widely adopted.

The experimental techniques and procedure eventually
8dopted for all the bending deflectlon tests made in the
Course of this work were as follows:

A tubular specimen of predetermined length (decided
according to considerations dlscussed later in Section 6)
Was carefully parted off from a parent tube using a high 1
Sbeed band saw and taking every possible precaution to ;
avoid Overheating of the specimen in the region of the |
S&W cut,  After careful measurement of the length, wall
thickness and diameter of the specimen using micrometers
Which had been previodsly checked agalnst slip gauges,
the specimen was slit longitudinally along one radial
Plane Using the previously mentioned band-saw and taking
all the Precautions previously empldyed. The "sprung"
dlameter at several points along the plane perpendicular

to that containing the slit was then measured and the

SPecimen was coated on all its surfaces except one cylin-
drical Surface by painting with a solution of special
"Stopping-off" wax dissolved in trichlorethylens. The
treated specimen was then allowed to dry thoroughly in

alr
> 8T%er which it was completely immersed in a 15%
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sodution of nitric acid maintained at a temperature of
110°* 10°F. Continuous agitation of the acid solution
and movement of the specimen in the acid bath during the
ensulng pickling process was carried out, and plckling
was continued until sufricient metal had been removed
from the unprotected surface to reduce the initial wall
thickness of the specimen by about 0.005 in. or by
approximately 5% of the initial wall thickness, which-.
8vVer was the smaller value. The specimen was then
Temoved from the pickling bath, thoroughly washed with
Water and then completely measured at several points to
Obtain accurate mean values of the current wall thickness
and "sprung" diameter. The pickling and measuring pro-

Cosses were then successively repeated until the remaining

Wall thickness was substantially less than half the initial

Value. The acid plckling process removed surprisingly
Wniform layers of material from the unprotected surface
Oof the Specimen, particularly if due attention was paid
to continuous agitation of the acid and to rotational
movement of the specimen, and provided the acid solutlion
via g frequently renewed. With almost every s peclmen
Sreated in this manner, the guality of the pickled surface
Viag only slightly inferior to that of the original surface
{in g few cases a distinct improvement was noticed after
PiCkling) and any eccentricity originally present between
the bore and outer surfaces of the specimen was always
Maintained.

An acid plcklihg process was developed for parting
Off specimens from the parent tube (see Section 6) and
for Slitting the specimeng longiltudinally, but this was
N0t generally adopted throughout the investigation because
Of the Prohibitive times involved. (A single specimen
Prepareq Completely by acid pickling from a 2.125 in.
Hameter tupe with walls approximately 0.20 in,., thick

to
ok some 1gg hours to prepare during which period the
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specimen had to be under almost continuous observation.
Such times as that quoted were not uncommon in the
application of the process.)

For the detection and measurement of reslidual
;ongitudinal stresses, strip specimens were prepared
from the parent tube by cutting with two T% in. thick
milling cutters separated by a bush so that the resul-
tant specimen width was approximately 0.15.X the dla-
meter of the stock tube. (This width was selected as
& result of the researches of Knights and Crampton,
Previously mentioned on Page 27 ). These specilmens
Were then "stopped off" on the appropriate faces with
Wax and pickled using the same solutilon, techniques
and precautions as previously described for ring speci-
mens, The resultant curvature changes were measured
Using the three point curvature gauge shown dlagramma-
tlcally in rig. 3.2.

During a meeting in which the progress of this
inveStigation came under discussion (Loxley 1950 and
1951) it was suggested that a gaseous evolution during
the removal of layers of material by an acid pickling
Process, may affect the magnitude of the residual stresses
in the part being tested, in a similar way to shot-peening
Or hydrogen embrittlement.

Since the acid pickling process seemed destined to
Play an important part in this investigation, it was
necassary to establish whether this in fact was the case.

For this purpose a plece of steel measuring 6 in. x
% in. x % in, was carefully amnealed and its resulting
Curvature in the longitudinal direction carefully measured
using a three point method over a gauge length of 5 in.
The specimen was then completely "stopped-off" with wax
®%eopt on one 1 in. wide face which was then subjected
to acid attack,

The resulting curvature was measured

aft
o approximately 0.010 in. thickness of material had
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been removed and the procedure was repeated until the
specimen was finallyﬂéhly about 0.05 in. thick. It
was found that no change in curvature from that ori-
ginally observed in the annealed strip occurred at
any stage during the acld pickling process. This
fact is taiten to signify that the process has no
tendency to induce stress in the specimens on which

1t is used,

8.3, Experimental comparison of bending deflection

anal#ses.

To perfect the experimental technique and to
Compare the results obtained by the differsnt bending
deflection analyses, two four inch long specimens were
cut from a 2,501 in, diameter tube with a wall thickness
of 0.195 in, (This tube was of unknown origin and no
information can be glven as to the method of its process-
ing, although a comparison of the stress distribution
determingq for it with those obtained in later work,
Suggestg that it had been produced by hollow drawing.)
Aftor slitting and coating with wax, the two specimens
Were subjected to layer removal by the previously‘men—
tloned acig pickling process, one specimen having layers
TOMOved from 1ts bore surface and the other from its
Outaep c¢ylindrical surface.

The experimental results are presented graphically
in Fig., 3.3.a and from these the circumferential stress

Ustribution curves shown in Fig., 3.3.b were derived

Using the Davidenkov, Sachs and Espey and modified

dhalyses. (It should be pointed out here that the

Stress values plotted in Fig. 3.3.b are not those

determineqg Irom the actual experimental results, but

a
Te calculateq from smooth and carefully analysed

cur
Ves drawn through the eXperimental results at each

Stag , :
€% 1In the computation of the three stress components
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from which the total stress 1s calculated. This

procedure is standard throughout this work.) The

three curves shown in Fig. 3.3.b are obviously of

a slmilar form but closer inspection of them reveals

slight differences in the magnitude of the stress at

any particular point in the tube wall, Thesse differ-

ences are more clearly seen in Fig. 3.4, whlch shows

the variation (") between the stress components pgj,

Pe2 and-pcS as derived by the Sachs and Espey and

modlfied analyses and the corresponding values cal-

culated by the Davidenkov equations. Superimposed
on e ach of the graphs in Fig. 3.4 is the distribution
curve of the relevant stress component as calculated

by the Davidenkov analysis. The following conclusions

are suggested from a careful study of Fig. 3.4 and these

are generally confirmed in Figs. 3.5 to 3.10 inclusivs,
which show the experimental results, the derived stress
distribution curves and the variation in the stress com-
ponent curves as obtalned from four other specimens from
other tubes treated in an ildentical manner to that des-
cribed above.

(1) The maximum variation between the values of the
stress component Py (the stress released on
slitting) occurs at the surfaces of the speclmen.
For this component, there l1ls little, if anything,
to choose between the Sachs and Espey and the
-modified analyses.

(ii) With the stress component pgs (the stress removed
with a layer of material) tﬁe modified analysis
gives lower stress values than either the Davidenkov
of the Sachs and Espey analysis at the outer surface
of the specimen, although for most of the distance
through the tube wall 1t results in stress values
which are very similar to those given by the

Davidenkov analysis.
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(1ii) The Sachs and Espey analysis tends to over-
estimate the value of the stress component
Pe3 (the stress released in a layer by fhe
gradual removal of metal up to that layer).
The modified analysis gives values of thils
stress component which differ only slightly
from the corresponding values gilven by the
Davidenkov analysis.

(iv) The modifiod analysis results in the deriva-
tion of a total stress distribution curve
which 1s generally more nearly that given by
the Davidenkov analysis than does the original
Sachs and Espey analysis.

A further comparison of the analyses from the
resultant curves of Fig. 3.3.b can be made by studying
the resultant forces and moments across the section,
The resultant force across the residually-stressed
section per unit length of tube should be zero silnce
the tube was initially in static equillbrium, i,e,

‘/:@ dx = 0, while the resultant moment across the
se%tion, h 5 5 ./éc x dx should equal the moment
released on sli%ting the tube. Both the resultant
force and the resultant moment across the section
can be considered in two stages, one being associated
with the tensile stressed regions and the other with
the regions of compressive stress. After slitting
the tube, stresses remain in the section which are
of magnitude p, - pg1 and both the resultant force
and the resulﬁant moment across the section must
now be zero as complete equilibrium attains, The
distribution of the stress remaining in the speci-
men after the initial slitting operation, calcula-
ted from the results summarized in Fig. 3.3.b, is
given in Fig. 3.11. Graphical integration to

"X

x
Solve the expressions /pc dx and /pc X dx for

/
(] ‘O
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RESULTANT CIRCUMFERENTIAL STRESS DISTRIBUTIONS (FIG. 3.3)

e sevenacne

"FOMCE TENSTLE 1.57 1.56 1.65
(TONS/IN.)} |COMPRESSIVH  1.59 1.58 1.61
RESULTANT | =-0.02 -0.05 0.04

BEIDING MOMENT A?IéTI#-

ABOUT OUTER CLOCKWISE 0.095 0.093 0.097
SURFACE CLOCKWISE 0.2695 0.261 0.268

(TONS INS./II.|)
RESULTANT BEIDING COULrLE - 3

(TONS INS./II.) 0.168 0.188 | Q171

BEIDING COUPLE RELBASED

ON'SLITTING ¥

(TONS INS./IN.) 0.156 0,156 0.156
STRESS DISTRIBUTIONS AFTER SLITTING (FIG. 3.11)
FORCE TENSILE 0.94 0.92 1. 0.87
- (TONS/IN.)  [OMPRESSIVE 0,91 0.87 0.91
RESULTANT 0.03 0.04 0.06
BENDING MOMENT ' :
ABOUT OUTER Aﬁél- :
SURFACE CLOCKWISE 0.091 .| 0.089 0.094
. (TONS INS./IN.|)CLOGKWISE 0.087 0.084 0.089

RESULTANT BENDING COUPLE

—

(TONS INS./IN.) 0.004 0.008 ‘| 0.005

% SENSE OF BENDING MOMENTS TAKEN TO GONFORM WITH STRESS
DISTRIBUTIONS IN FIGS. 3.3 AND.3.11. (TENSILE FORCES
YIELD ANTI-CLOCKWISE MOMENTS) . _ e ohig

F DIAMETRAL CHANGE ON S SLITTING = 0.048 INS.

IABLE 3,T. COMPARISON OF ANALYSES: FORCES AND MOMENTS.
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the tensile and compressive stressed regions given in
both Figs. 3.3.b and 3.11 result in the comparison of
forces and moments given in Table 3.I.

The total stress distribution curves of Fig. 3.3.b
and the stress distribution curves aiter slitting (Fig.
3.11) each yiseld effectlively balanced forces across the
section, the variation between the tensile and compres-
sive net forces being never greater than 5% and in most
cases substantlally less then this. (Agreement of this
order i1s considered remarkxable because of the inherent

inaccuracies in the computation from the experimental
results - see Appendix 6, Section 1l4.) All the;analyses
yield a resultant bendlng couple greater than that actu-
ally released on slitting, although this effect cannot be
considered significant in view of the experimental results
described later in Section 3.4.4 (see page 4D). After
slitting, however, the calculated resultant moment across
the section is approximately zero,

From these experimental comsiderations of the three
analyses considered in this section of the work, it is
concluded that although the Davidenkov analysls 1s the
most fundamental and presumably most exact of all the
analyses, there is no justification for its application
to thin walled tubes. The modified Sachs and Espey
analysls which 1s much simpler in application giVes.
results which differ only slightly from the results
glven by the Davidenkov analysis, but the original
Sachs and Espey analysis can result in errors (asso-
clated with the stress component Pe3 ‘- see Flg. 3.8)
which may be of a serious nature.

Consequentiy, all the circumferential stress
distributions given later in this work as being
derived by bending deflection methods have been

obtained by application of the modified Sachs and

Espey analysis, except where otherwise stated,

SHEFFIELD [
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3.4 The effect of specimen separation and handling on

ne measure esl . circumferential stresses 1 S.
tl dr dual circumferential tr in tube

The specification of the tubes used in the remalinder
of this work (excluding that described in Section 7) 1s
given in Table 3.II and hereafter these tubes will be
briefly referred to by thelr reference letter as glven
in this Table.

3.4.,1, Effect of leaving protected areas.

Many investigators including Knights and Sachs have
considered it desirable when pickling tubular speclmens
from their outer surface, to leave small areas on these
surfaces which were protected against acid attack, and
so enalle all diametral changes to be referred to the
original outslide diameter. This,.in the author's 1
opinion, was completely unnecessary and could possibly
result in serious.errors in the derived results, particu-
larly by restricting the measurement of the "sprung" dia- ;ﬁ
meter to two points and so reducing the accuracy of 1ts |
-measured value, (In all the work described herein,
diametral measurements were made at 0.25 to 0.5 in,
intervals along the length of the specimen in the plane
normal to the one containing the slit.) b

To 1llustrate this point, two four inch long speci- |
mens were prepared from tube A and afber slitting, were:
subjected to layer removal from their outer surfaces by
acid pickling. One of these specimens contalned four
small areas (roughly 0.375 in. long X 0.25 in., wide) of
the original outer surface which WGre.coated with wax
and protected againsﬁ acld attack. These areas were
situated near each end of the specimen and were arranged
in pairs at opposite ends of the tube dlameter in the

pPlane normal to the plane of sllitting. The experimental

results obtained, the derivatives and the stress component
curves and the total circumferential stress distribution

curves are shown in Figs. 3.12 to 3.15 inclusive, and it

can be concluded that the leaving of protected areas
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influences the measured value of the stresses (parti-
cularly the component stress pcz) and results in
(a) a decrease in the value of the maximum residual
= tensile stress, and
(b) an lncorrect assessment of the value of the

stress present in the outer surface layer,
although it appears to have no appreciable effect
on the net total tensile force across the sectlion.

3.4.,2, Influence of the method of slitting and specimen

preparation.

After scribing an axial line along the lsngth of
the tube B corresponding to the radial plane containing
the thinnest wall section, fourteen 1% in. long specil-
mens were cut from it, thirteen by machining and one by
the acild pickling process described in Sectlon 6. On
twelve of these specimens, the mark denoting the thinnest
section was transferred to the end walls, and their wall
thickness was reduced to different values by machining,
using a high cutting speed, a fine feed, a small cutting
depthh and a copious supply of soluble oil cutting fluild
ag coolant, After relevant measurements, the specimens
were slit along the plane already designated as containing
the thinnest wall section., The other mechanicglly prepared
specimen was slit longitudinally by mechanical means,.while

he remaining sectlon was slit by acid attack. These two

specimens were then wax coated and subjected to layer
removal from thelr outer surfaces by pickling in a nitkic
acid solution,

The results of'these experiments are summarized in
Figs. 3.16 to 3.19 inclusinre and from these it can bé
‘concluded that: -
(a) layer removal by machinling has an appreciable

influence on the magnitude of the stress components

Pgo and pgz and results in an incorrect assessment

of the surface and maximum tensile stresses.
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(b) With the short specimens emplayed, total mechanical
preparation also results in an incorrect assessment
of the magnitude of the maximum residual tensile
stress.

To study this latter point further, two 4 in. long
specimens were prepared and slit from tube B, one by
machining and one by pilckling. These two specimens had
successive layers removed from thelr outer surfaces by
ptckling and the resultant variation of the changs in
diameter with the depth of the removed layer is shown
in Fig. 3.20. As will be seen, there was no appreci-
able difference in the results obtained from the two
specimens and in fact a single curve can be drawn
through the experimental points obtained during the
two tests. The resultant total stress distribution
curve obtalned from the mean ekperimental results 1s
shown in Flg. 3.21, on which diagram the previously
obtained curve for the 1% in. long totally plckled
specimen 1s superimposed. The two curves shown in
Fig. 3.21 are not strlctly comparable as unfortunately
the 1% in, long and the 4 in, long specimens were not
sllt along the same generator, but the agreement in the
form of the curves 1s guite good, although the stress
values show differences in magnitude at different polnts
through the wall. (This point is discussed in further
detail in the next section.)

As a result of the experiments summarized in Figs.
3.20 and 3.21 it 1s concluded that provided the specimens
are sufflclently long, there 1s no need to use the very
lengthy pickling process in their preparation - the
simpler and quicker machining process followed by layer
removal by pieckling will yield the same results.

344,53, Influence of specimen length.

For studying the effect of the length of the speci-

men on the derived stress distribution curve, specimens

taken from the tube A (Table 3.5 were employed.
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Careful inspection and measurement of this tube
revealed that, although it was very regular along 1ts
length and of remarkably constant outslde dlameter,
its bore was eccentric and the wall thickness variled

between 0,208 in. and 0.221 in. However, the thin-
nest section was always along the same radlal plane
and this was marked by a line scribed along the length
of the tube before any parting or slitting operation
was carried out. In subsequent handling, the tubular
. specimens parted off from this tuve, were always slit
aiong this scribed line, i.e. they were always slit
along the plane contalining fhe thinnest wall sectilon.

Several specimens varying in axial length from'
0.5 in. to 6.0 in. were separated from this tube and
after relevant measurements had been made the specimens
were slit longidiudinally. Both these operations were
carried out on a bandsaw and every possible precaution
was taken to avold damagling and overheating the specil-
mens. After coatling the requisite surfaces with
"stopplng-off" wax, removal of surface layers of
material from these specimens was carried out using
the acid pickling process previously described.
Frequent measurements of wall thickness and outside
dlameter were made on esach specimen during the pilckling
process.,

The tests carried out can be briefly summarized
as follows:-

Test l. 0.5 in, long specimen. Outside layer

removal.
Tests 2 - 7. 1l in. to 6 in. long specimens respec-

tively (specimen length increasing in
increments of 1 in,) Outside layer
removal.

Tests € and 9. 3 in. and 5 in, long specimens respec-

tively. Inside layer removal.
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The tofal measured residual stress distribution

in the tube wall as determined from the results of each

of these nine tests, 1s presented graphically in Fig.
3422, In this diagram the chain dotted curve super-
imposed on each curve for comparative purposes, 1s the
onse derived from the results obtained with the 3 in. long
specimen, Typical experimental results are illustrated
in Fig. 3.23.

Reference to Flg. 3.22 will show that the results
of tests 1 to 7 inclusive (the'tests concerned with
outside layer removal)} all yield curves of similar type
for the residual stress distributlion in the outer half
of the tube wall., Sallent points of similarity are
the peak tenslle stress values, the point of inflection
in the stress distribution curves, and the change from
tensile to compressive stress occurring at approximate

depths of 0.35 in., 0.8 in, and 0.14 in, respectively.
below the tube surface.

Two significant differences occur betwecn the
results of the seven tests., The flrst is the difference

52 in the measured stress at the outside tube surface and
the second is the magnitude of the maximum tensile stress.
Both these stress values are plotted against specimen
length in Fig. 3.24. It will be nmticed that the maximum
measured tensile stress value generally increaseé as the
length of the speclimen increases and that the measured
surface stress increases algebraically as the specimen

?£3 increases in length up to 5 in., The reverse effect is

%%1 then observed with a very pronounced increase-in com-
pressive stress with further increase in specimen length
up to 6 in.

Attention should be drawn to the apparent difference
in type of the residual stress distribution curves obtalned
for the % in, and 6 in. long specimens as compared with

those obtained for the remaining five specimens. It is

believed that the curve obtained for the % in. long
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specimen is somewhat inconslstent and unreliable because
of a springing effect observed during the acld pickling
process of layer removal, which made the ring specimen
take up the form of a split spring washer. A repeat
test was made on a further 6 in., long specimen, together
with specimens of three other lengths and in no case was
the variation in the derlved residual stress greater than
6% of the values shown platted, and the change from tensile
to compressive stress occurred at the same position in the
tube section as in thed previous test.

Further reference to Flg. 3.22 will show that the
results of the two tests in which inside layer removal
was consldered gave similar results for thé stress dis-
tribution in the inner half of the tube wall. The only
apparent difference in these results is in the measured
compression near the inside tube surface and even this
difference is too small to warrant further conslderation
at the present stage. Comparison of the areas under
the tensile and compressive stress curves obtalned by
the conjunction of the relevant residual stress distri-
ST bution wurves for inside and-outside:layer-removal.for.. i
the 3 in. and 5 in. long speclmens, show that these areas
are of equal value to within 4.4%. In view of the inherent
errors In the analysis, agreement of this order can be taken
as a general verification of the results in view of the fact
that the mean hoop stress across the tube wall must be zero,
and also as some check on the form of the distribution

obtained.

It appears from the results summarized in Fig. 3.22
that tests made on specimens with'differént lengths cut
from a particular tube will yield different stress distri-
bution curves by the bending deflection methods of stress
analysis. It is known, however, from repeat tests carried
out in the course of this work (see Fig. 3.25) that speci-
mens of ldentlcal length yleld results which show no more

than 5 or 6% variation in any of the stress components or
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in the resultant total residual stress at any point in
the tube wall,

3e4.4., Influence of plane of slitting.

A tubular gpecimen, approximately 21 in. long, was
sawn off from the 2,125 in. diameter parent tube fully
specified in Table 3.II,care being taken initially to
mark clearly on the specimen which end was nearest to
the leading end of the parent tube during its manufacture.
The thinnest wall section of this apecimen, which. occurred
in the same radial plane along its whole ilength, was then
marked by scribing a line along its outer surface. Nine
equally spaced 2 in. long sections were then marked out
along the tube and each section (except the two ends)
was then further scribed with a longitudinal line along
its outer surface, each line being displaced 45% around
the tube in a clockwlse direction from its near leading
end neighbour.

These nine two inch long specimens were then separated
from the tube and after relevant measurements had been made,
they were slit longitiudinally along the previously marked
sections, the two end epecimens of course being slit along
the radial plane corresponding to the thinnest wall section,
After coating the lnner surfaces, slit edges and ends with
"stopping-off" wax, layers of material were removed from
the outer surface of the specimens usling the acid pickling
process previously described. Frequent measurement of
wall thickness and outside dlameter were made on each

specimen during the pickling process and all the usual

precautions regarding wax coating and drying, pickling
temperatures, eté., were taken during thé tests., |
The total measured residual circumferential stress
distribution in the wall of each specimen was then cal-
culated from the experimental resulté using the modifiled

g - Sachs and Espey analysis.
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The stress distribution curves obtained from tests
on the two end specimens, i.,e. those split along the plane
of thinnest wall section, are shown in Fig. 3.25. It will
be observed that there is general agrecment between the
results of the two tests, both in regard to magnitude of
stresses and form of distribution curve, and it can be
concluded'that, provided sufiicient care is taken, it
does seem possible to repeat experimental results on
specimens of equal size which have been cut frbm one
parent tube and :¢8lit along the same relative position.

Sample results of the tests on the nine specimens
are shown as stress distribution curves in Fig. 3.26.

The results of four tests only are given here for pur-
poses of clarity and the four selected refer to specimens
which were slit along planes at right angles to each other,
A summary of the sallent features of the nine tests is
gilven in Fig. 3.27, which shows the depth below the outer
surface of each tube to the point of maximum stress, the
magnitude of the maximum stress and the variation of wall
thickness all presented as a function of the plane of
slitting as represented by the distance from the plane

of thinnest wall section measured around the circumfer-
ence of the tube.

As a result of the tests summarized in Fig. 3.26
it can be inferred that stress distributions obtained
for specimens of egual size cut from the same parent
tube but slit along different relative positions in
the wall, while being similar in type, differ widely
in magnitude. Furthermore, examination of Fig. 3.27
wlll show that there appears to be no relationshlp
between the magnitude of the released stresses and
the position of slitting the specimen relative to
the variation in wall thickness of the parent tube,

1.6, maximum or minimum stresses do not correspond

to any point in the wall corresponding to maximum

t
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or minimum wall thicknesses, but to some polnt randomly
oriented around the tube wall.

A further confirmation of the variation of the
residual stress distribution with the plane of slltting
is given later in Section 5 when comparing the resldual
stress distributions obtained from identical specimens
treated by different experimental approaches (direct

straln and bending deflection strain release).,

3.5 Rosidual longitudinal stresses and the influence

of the position of the specimen relative to the'cir-

cumference of the parent tube.

Very few experiments have been carried out in
the course of this work to determine the residual
longltudinal stresses present in tubes using the
bending deflectlon techniques and analyses. ' How-
ever, the few that have been made show a similar
variation in the measured residuél longitudinal
stress distribution curves with respect to the
position of the specimen in the original tube
wall, to that already described showing the influence
of the plane of slitting on the residual circumferential
stresses.

To study this effect, eight longitudinal specimens,
each 8 in, in length and 0,30 in. in width were prepared
from stock tube A (Table 3.II) in accordance with Fig.
3.28. These specimens were designated according to
Fig. 3.28 and were subjected to layer removal by acid
pickling from the surfaces which origihally formed part
of the bore surface of the parent tube, in accordance
with the procedure specifiied in Section 3.2 (see page 34).
Typical experimental curves showing the variation of the
unit deflection (f) with the current thickness (a) of ther
specimen are shown in Fig. 3.29 together with the varia-

tion of the derivatives df/da. The resultant stress
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distribution curves for all the specimens as calculated
from the experimental results using the Davidenkov
analysis, are shown in Fig. 3.30, together with the
superimposed curves (shown dotted) showing the bending
stress released from each specimen during its initial
separation from the stock tube. It will be noticed
that while the sense of the measured stresses af all
points in the wall Qg%% essentially the same for all
the specimens, considerable differences in the magni-
tudes of the msasured stresses were obtained. The
differences occurring at salient points are shown in
Fig. 3.31, from which it appears that both the maximum
residual compressive stress and the maximum stress at
the inner surface are both related to the thickest wall
section and vice versa for the minimum stress valuss.
These two-latter observations are seen more clearly in
FPlg. 3.32 which shows the varlation of the surface and
maximum stress with the initial thickness of the speci-
men., From the results shown graphically in Fig. 3.33
it appears that a linear relationship may exist between
the surface stress and the maximum compressive stress
in different specimens taken from the same tube, but

why this should be so 1s not fully understood.
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4, THE APPLICATION OF THE SACHS BORING IMETHOD TO THE

DETECTION AND MEASURENMENT OF RESIDUAL STRESSES IN COLD

DRAWN TUBES.

4,1, Introduction.

Mlethods of determining the residual stress distri-
bution in cold drawn tubes by direct strain analyses, i.,e.
analyses based on the direct release and measurement of
internal strains, are well known and have been very widely
used by many investigators. The best known and probably
most useful of such methods, is the Sachs' boring method
(see Appendix 5), in which successive layers of material
are removed from either the inner or the outer cylindrical
surfaces of a tubular speclimen and the consequent length
and diametral chénges measured at each stage. When
gpplying this method workers have always been faced with
the problems of apparatus sufficiantly sensitive to
measure the extremely small strains conseqguent upon .
such a procedure and with means of layer removal which
do not induce additional stresses into the specimen

under test.

4,2. Development of :. sulitable experimental technigues

and procedure.,

After careful consideration it was declded to
develop the Sachs! boring method using electric resist-
ance strain gauges in conjunction with a simple Wheatstone
bridge circuit and a sensitive mirror galvanometer for
measuremeht purposes, and an acid pickling process of
layer removal similar to that used in tha previously
described work on bending deflection methods of stress
analysis.

Nelther the use of strain gauges nor the applica-
tion of the acid pickling process were new approaches
since both had been previously used by other investiga-

tors. The application of an acld plckling process to
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the removal of layérs of material from specimens fitted
with strain gauges was, however, an innovation, and in
itself presented many difficulties. Apart from the need
for protection of surfaces which were not to be subjected
to acld attack, there was also the necessity of protecting
the strain gauges and thelr leads from being afiected by
acld. However, after many exploratory tests, many of
which gave absolutely negative fesults, all the diffi-
culties were in time surmounted and a satisfactory test
procedure was evolved as outiined below. (A full account
of these development tests was given by Whiteley, 1953).
A tubular specimen of the required length was care-
fully parted off from a parent tube and at lesast two
strain gauges with high length/width ratios were secured
to it in both longitudinal and circumferential directions
on the outer cylindrical surface. Every precaution was
taken during the fitting of these straln gauges to ensure
that they were uniformly secured over their entire area
and that they were not distorted or damaged in any way.
After leaving the specimen in a warm dry atmosphere for
several days to allow the strain gauges to thoroughly
dry out, P.V.C. coated copper wires, each about twelve
inches long, were carefully soldered to the strain gauges
which were then completely covered over with a compound
rubber solution, After again leaving the specimen for
several days in a warm dry atmosphere, the strain gauge
leads were bent at points away Ifrom the soldered connec-
tions and all brought together to leave the tube parallel
to its axis., A thin sheet of pure rubher was then
lightly stretched and wrapped around the outer surface
of the specimen so that the latter projected about % in.
at each end of the rubber, The strain gauge leads were
then inserted in rubber tubing which was sllt open at
one end to allow 1t to overlap the sheet rubber protection,

and the whole was then s ecured in position with rubber

solution, After drying, the ends of the speclmen and
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he unprotected outer surface were painted with a solution
of "stopping-off" wax in trichlorethylene as used in pre-
vious experiments and then left overnight to allow the
wax to harden thoroughly.

While securing the strain gauges to the test speci-
men, a matched strain gauge was carefully secured to the
outer surface of an identiecal tube to fulfil the role of
" dumnmy" gauge and temperature compensator. This gauge
was also provided with leads of 12 in. approximate length
and protected with compound rubber solution against the
vagaries of atmospheric conditions. A wooden box with
dimensions somewhat larger than those necessary to con-
taln both tubes, was made and lined with cotton wool.

When the "dummy" and specimen tubes were ready
for test, they were placed slide by side in the box and
their strain gauge leads were connected into the Wheat-
stone bridge circuilt shown in Fig., 4.1. After allowing
sufficient time for the two tubes to attaln the same
temperature, the initlal resistance balance of the bridge
for each of the gauges on the test specimen was obtalned.
The latter specimen was then taken out of the box and
immersed in a bath of & 15% solution of nitric acid
maintained at a temperature of 02 107 The
p;ckling process was allowed to proceed until a layer
of approximately 0.005 in, thick had been removed from

he inper cylindrical surface (the unprotected surface)
of the specimen, The latter was then removed from the
- aclid, washed thoroughly in cold water, had 1ts wall
thickness carefully measured and then returned to the
box by the side of the temperature compensating tube.
After allowing sufficient time for the two tubes to
attain the same temperaturé, the bridge balance was

obtained for each of the gauges on the active (test)
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specimen. (The period necesgsary for the two speclmens
to assume the same temperature was usually in the order
of 24 hours.) The pickling and measuring process was
then continuously repeated until the wall thickness of
the specimen had been reduced to some 30-40% of its
original value. The residual circumferential and
longitudinal stress distrioutions were then calculated
from the measured quantities using the Sachs' analysis
detailed in Appendix 5.

Al though the maker's gauge factor was used when
determining the magnitude of the strains from the bridge
balancing resistance, this was not accepted without a
preliminary confirmatory test. (Details of this test,
together with the relevant information about the strain
gauges used in the investigation, are given ln Appendix
6).

At a later stage of the work it became necegsary
to develop the application of the method to enable
external layer removal to be carried out. This sim-
plified the problem of protecting the strain gauges
but increased the difficultles of straln gauge mounting,
since these had now to be fitted to the inner (bors)
surface. This has, however, been accomplished in the
course of this work on tubes with minimum bore dilameters
of approximately 2 1n. by adopting normal strain gauge
fitting techniques. To securs strain gauges to the
inner cylindrical surface of tubes with a bore diameter
of less than 2 1n. may prove somewhat more difficult and
has not been attempted at this stage. With internally
fitted steain gauges protection from acid attack was
accomplished by the use of rubber tubing and rubber
stoppers as shown in Fig. 4.2. The end faces of the
tubular specimen were protected in the usual way by
painting with a solution of stopping-off wax in trichlor-

ethylene.
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SACHS BORING METHOD
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dy d6
Ix gr_\_c_iCTA against bore area

40
<
©)
| :
2 30 d
w 1y
S dA
a
= £
E
m,<
ok o]
2
o 20
o
1O}
do
dA
23 2.5 27 B9 . 3

Bore Area . A sq.ins.

Fi6: 4.4.




20|

/int

tons

Stress

|
O

=20

=30

=5 G

Sachs Boring _Method
4.0" long Specimen -Tooe A Taple 3.1

Residual Circumferential Stress —scescrsens

Residoal LDnS\rUd( nal Sfresg

‘04 ‘O 16
Dist. from outer surface ins.

(5]

0

pe

-t

o

. o

o

(3

O

Qe

[ =

=4

v w
2

=] [ 5%

- o

o

- (=
o
)
(%)

S s

L =
[
o
(7}
[
©
>
D
®)

FIG: 4.5.




4,3, Rosidual stress distrioutions determined by the use

|4J¢

of the Sachs! boring method and the influence of specimen

length and method of processing.

4,3,1. Preliminary tast.

+1

As a preliminary test to finally establish the
experimental techniques, a four inch length was care-
fully parted off from tube A, (Table 3.II) and fltted
with strain gauges and protective coating on 1ts outer
cydindrical surface in accordance with the procedure
given in Section 4,2.° This specimen was then subjected
to layer removal from 1ts innsr surface by acld pickling
and measurements of the resultant longitudinal and dila-
metral changeewsre made at each stage of the metal removal
process. The eiperimental results obtained are shown in
Pig. 4.3 as curves showing the variation of the parameters
ezﬂuil#with the current bore area,
where Q= &+ o\
and ¥ - A +o0d
Sbeing the tangential (hoop) strain and )\ the longi-
tudinal strain measured at the outer surface of the

tubular specimen at each stage of the metal removal

process and O = Polisson's ratio == 0.3. From the

4@

relevant values of € and Wand the derivatives d&
d

and dA (shown in Flg. 4.4), the total residual cir-
cumferential and longltudinal stresses present aﬁ
any point in the tube wall were determined using
the Sachs analysis. The resultant stress distri-
bution curves are shown in Fig. 4.5.

4.3.2. LEffect of speclmen length on the magnitude and

distribution of the residual stresses derived by the

Sachg! boring,method.

To study whether the length of a specimen had any
influence on the calculated stresses (as with bending
deflectlon methods) fomr tubes with different lengths

ranging from 2.5 in. %o 6 in. were carefully parted
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from a 2.25 in, diameter tube with 0,15 in. thick walls
which had been hollow drawn through a patent bottle neck
die, from 3.0 in, diameter. (A speclmen shorter than
2.5 in, was not considered, as all the strain gauges
available were 2.0 in. in length). Strain gauges were
secured to the outer surfaces of these specimens and
these were completely protected from acld attack.
Removal of surface layers by pickling from the inside
ensued énd the resultant curves showling the variation
of the parameters ¢'and.6 with the current cross-sec-
tional area of the bore are shown in Fig. 4.6, The
distribution of the residual circumferential and longi-
tudinal stresses as determined by the Sachs' analysis
from the experimental results are gilven in Figs. 4.7
and 4.8 respectively. The similarity in the form but
not the magnitudd of the stress distribution curves
given on each diagram is immediately obvious, and con-
sideration of Fig. 4.9 gives a better appreclation of
the most important differences, It is obvious that
specimen length 1s important in this work and that if
a specimen is not sufficiently long, serious under-
estimations of the magnitude of the residual stresses
may result,

4,353,353, Effect of machining on the residual stress

distributions determined by the boring method.

To investigate whether layer removal by machining
was really detrimental or not to the results obtained
by boring tests, two specimens, each four inches in
length were parted off from tube C (Table 3.II). Both
these specimens were fitted with strain gauges on theilr
outer cylindrical surflace and both were sultably pro-
tected, one po prevent acid attack and the other to
prevent the gauges being affécted by a soluble oll
cutting fluid. Successive layers of material were

then removed from the bore surfaces of these specimens
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in one case by the acid pickling process generally
adopted, and in the other by machining, using a very
high eutting speed, a fine feed, a small depth of cut
and a copious supply of cutting fluild. The experi-
mental results obtalned from these tests ame shown in
Fig. 4.10 as curves showing the variation of the para-
meter 6 with the current bore area (as longitudinal
stresses were not considered at this stage of the work,
no results are given for the parameter lﬁ). The
residual circumferential stress distribution curves
for these two specimens calculated from the experi-
mental results are shown in Fig. 4.11l. The simi-
larity in the form of the distribution curves derived
for the "pickled" and the machined specimens is imme-
diately obvious as is also the fact that the machined
specimen tends to suggest the presence of : higher
compressive stresses than the pickled specimen.

To consider this effect further, two more speci-
mens of egqual length were prepared from the same stock
tube as the previous ones and treated as before, except
that in this case layer removal was carried out from
the outer cylindrical surfaces. The experimental
results obtained aré summarized in Fig. 4.12 and the
derived circumferential stress distribution curves in
Fig. 4.13 (combined with the results from Fig. 4.11).

Again the stress distribution curve for the
machined specimen lies on the compressive side of the
corresponding curve obtained for the pickled specimen
and as the difference in the magnitude of the stresses
at all potnts in the tube wall is appreciably constant
it must be concluded that machining tends to induce
compressive stresses. (Consideration of the balance
of forces derived from Fig. 4.13 gives further con-
firmation of this. The net force / inch length of
specimen as determined by graphical integration of

the resultant stress curve for the pickled speclmen
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is 0.06 tons in the tensils direction, whiéh corresponds
to only 3% difference in the tensile and compressive areas
of the stress distribution curve. The corresponding
result obtained from the machined specimen shows a net
compressive force of 1.9 tons, with the total compressive
area under the stress curve belng approximately twice that

of the tensile regions.)

4,4, Check on the validity of strain'gauge readlings

over a relatively long period of time.

As each test on strain gauge fitted specimens
was of necessity of long duration (sometlmes extending
over more than threé weeks) it was considered advisable
to check the valldity of strain gauge readings over such °
a long period. For this purpose three tubular specimens
of identical length were cut from a previously hollow
drawn tube and each was fitted with two longlfudinally
mounted strain gauges whigh were sultably protected
with compound rubber solution against atmospheric
effects. One of these specimens was set on one side
for use as a "dummy" in the strain gauge circult and
the other two were carefully checked for length using
a vertlcal dlal comparator which had been previously
set against slip gauges. The inltial bridge balance
was observed for the strain gauges on the test speci-
mens and periodically throughout the duration of the
tests, layers of metal were removed Irom the bore
surfaces of the specimens to bring about changes in
the lengths of the specimens. bally, throughout the:
tests, the length of each specimen was checked with
the dial comparator, the brldge balancing resistance
was obtained for each of the gauges on the test speci-
mens, and the room bemperature was observed. The
results, taken over a period of some seven weeks,

during which time the room temperature at the daily

reading was never outside the range 7° X 2° F,
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are shown graphically in Fig. 4.14. It will be seen
that a linear relationship between the strain measure-
ments made by the comparator and the strain gauges was
maintained throughout the period of the test, although
the strain gauges resulted in measurements which were
someﬂﬁ% higher than those given by the comparator.
This may have been due to slight differences in the
gauge factors of the stvain gauges or 1t may represent
ani.actual difference between the strains measured over
the central 2 in. length of four inch long specimens and
the corresponding strain measured over the whole length
of the specimens. It can consequently be concluded

that readings taken from strain gauges can be relied

upon over a period of up to six or seven weeks.



6l.

S+ COMPARISON OF THI BENDING DEFLECTION AND DIRECT STRAIN

RELEASE METHODS.

5.l. Introduction.

Although the different methods of strain detection
in tubular specimens and the subsequent siress analyses
have been known for some conslderable time, no satisfac-
tory correlation has ever been obtained between residual
stress distributions obtained for identical specimens
subjected to direct or bending deflection strain release.
This has probably been due to unsatisfactory mechanical
methods of releasing strains and also to the lack of
equipment sufficiently sensitive to measure the extremely
small strains involved.

Once the procedure outlined in the previous section
of this report had beene stablished 1t seemed an ideal
opportunity to compare the results of tests made to
determine the residual stress distribution in a tube =
by the Sachs' boring method (direct strain relesdse)
with those of previous tests made on similar specimens
using a bending deflection method of strain detection.
Such a correlation at this stage seemed very deslrable
since if it proved successful it would give added con-
fidence in the progress of the research, while if differ-
ences were found to exlst between the results of the two
methods of strain release it might at least indicate what
means should be adopted to modify both the experimental

and analybical approaches to the present problemn.

5.2. Rosidual circumferential stresses.

5.2.1, Specification of tube used.

Unfortunately, since the stock of tube used in all
the previous tests had become exhausted, i1t was 1lmpossible
to carry out the test programme as origlnally planned, and
two new tubes had to be prepared for this investigation.

The complete specification of these tubes is as followgs~
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Material Mild steei.

Inltial outside diameter seeeeesss4.125 in,

Initial bore dlameter .secesessseee 3.500 in,

Final outside dlameter ..ceeseseee 3.375 1in,

Final bore dlameter s..eeeessssss. 2,605 in,(averagej.

Final wall thickness s.eeceesvessss 0.385 in.(average).

Variation of finél

thickness around

ot 1+ 51 SR E=UR SO S B o S R O ]y (o 2 11

Tubes hollow drawn through a 30%® included angle

straight taper die at a drawing speed of 16 ft. per

minute.

The end five inch lengths of each tube were sawn
off and discarded. Two 2.00 in. long specimens were
then parted off from each of the resultant tubes. (one
being taken from each end) and after their diameters
and wall thicknesses had been measured, they were slit
longitudinally along the radial plane containing the
minimum wall sectlon. The outside dlameters of these
specimens were then measured in the plane at right
angles to the one containing the slit. The mean change
in diameter resulting from the slitting operation on both
specimens was 0.0392 in. ¥ 0.0004 in. and it was therefore
concluded that the residual stresses along the length of
the tubes were sufficiently constant and the tube was
suitable for the present investigation,

5.2.2., Summary of tests and discussion of results.

The two tubular specimens, which were each about
24 in. in length, were scribed with an axilal line along
their outer cylindrical surface, denbting the positilon
- of minimum wall thickness. FPive four inch lengths were
" then parted off from each tube, and eight of these were
slit longitudinally in accordance with the detallsof .
Flg. 5.1 Two sets of five speclmens were thus prepared,
four 4n each set being slit along different generating

planes and the other remaining unslit. After the relevant

e e S
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measurements had been made the slit specimensof each
group were prepéred for bending deflectlon tests, one
group of specimens being left unproteated on their
outer surface (to allow external layer removal) and
the other set unprotected on thelr bore surfacs.
Two longiltudinal and two circumferential strain gauges
were fixed to each of the unslit specimens, in one case
to the bore surface and in the other to the outer cylin-
drical surface. The specimens were then protected on
the relevant faces with compound rubber solution, thin
sheet rubber and wax solution in accordance with the
procedure established in section 3.2.

Successive layer removal from the inner surface
of one set of specimens and from the outer surface of
the other set was then carried out, using the previously
mentioned acid pickling technique. The relevant dla-
metral and wall thickness changes of the slit specimens
and the length, diametral and wall thickness changes of
the unslit ones were measured at each stage of the metal
removal process.

Typical experimental curves showing the variatlion
of the change in diameter with the depth of the removad
layer (measured from the original outer surface of the
specimen) for the slit (bending deflection) tubes are
given in Fig. 5.2. The experimental results obtalned
from the unslit (direct strain specimens) are given in
Fig. 5.3, which shows the variation of the parameter e
(see Section 4.3) with the current value of the variable
cross sectional area. (As longitudinal stresses were
not considered at this stage of the investigation, the
values of the parameter 1P have been omitted from Fig.
5.3).
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The resultant stress distribution curves obtained
from the experimental results given by each of the eight
bending deflection (slit) specimens are shown in Fig. 5.4?f
It will be observed that consideranle variations were
obtained, both in the form of the distribution curves and
in the magnitude of the stresses at corresponding polnts
in the walls of each of the four specimens of one partic-
ular group. This gives added confirmation to the findings
reported in Section 3.4.4, (page 48).

The mean stress distribution curve for the whole wall
section as derived from the results of all the bending
deflection tests 1s given in Fig. 5.5, which also contain§
the corresponding results obtained from the direct strain
tests on the two unslit specimens.

Although there are certain differences in the results
obtalned by the two methods of testing, the siﬁilarity in
the form of the two stress distribution curves is most
encouraging and suggests that the two approached are
capable of yielding almost identlical results. The
most important differences appear in the stress values
at the surfaces where the Sachs' boring method resulted
in the measurement of stresses some 17% greater in magni-
tude than the Davidenkov bending deflection method.  How-
ever, 1t is in the surface regions where both analyses glve
rise to the maximum possible errors (see Appendix 7) and
comment on this difference is better left until it is
possible to determine surface stresses with greater

accuracy than seems possible at present.

X These results were obtained using the Davidenkov
analysis as it was considered that the wall thickness /
diameter ratio was rather too high to permit the unquali-
fied application of the modified Saclis ahd Espey analysis,

which is strictly applicable to thin walled tubes only.
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5.8. Longitudinal stress distribution curves.

For a comparison of the longitudinal stress distri-
bution curves derived from the results of bending deflec-
tion and direct strain release tests on specimens brepared
from the samé stock tube, it was not necessary to carry out
special tests.as sufficient information was already available
to enable the comparison to be made.

In Fig. 5.6 the mean longitudinal stress distribution
curve obtained from the results of the elght bending deflec-
tion tests dummarized in Fig. 3.30 1s given together wilth

the corresponding stress distribution curve obtalned from
the Sachs! boring test summarized in Fig. 4.5. (Both
Flgs. 3.30 and 4.5 refer to tests made on specimens cut
from the tube A - Table 3.II). As with the residual
circumferential stresses, the dorrelation between the

two longitudinal stress curves derived by the two methods
is quite good, particularly in view of the wide differences
which occur in the individhal distribution curves determined
by the bending deflection principle.

From the results given in Figs. 5.5 and 5.6 it appears
that the application of the direct strain release method
(Sachs! boring method) to the determination of the residual
stress distribution pfesant in a tubular component, will
yleld a result which is approximately the average distri-
bution curve for all the radial and longitudinal elements
around the walls of the specimen; on the other hand, the
bending deflection method of strain release, will result
in the derivation of a stress distribution curve which is
very dependent upon the position of slitting or sectloning
in the original tube wall, and which, in the case of cfir-
cumferential stresses, is probably influenced more by the
stresses p}esent in the section dlametrically opposite the

slit than by the stresses at any point in the section,

- S 3 e P
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Consequently, if it is considered necessary to deter-
mine the maximum values of the residual stresses present in
a tube, the solution appears to he in the application of a

bending deflection method and to carry out several tests
on either ring specimens slit along different generators

or on strip specimens prepared from different positions
around the tube wall, I, on the other hand, average
stresses are required, these can be determined by the
application of the bending deflection method to a number

of specimens (as with the derivation of the maximum stress)
or by the direct strain release method to a single specimen
(two specimens if the complete distribution throughout the
tube wall is requilred).

The bending deflection method 1s both quicker in
application and ylelds changes which are much more easily
and simply measured than the boring mekhod, but with both
me thods extreme care must be taken to ensure uniform
pickling and no layer of greater depth than about 0,005
in. orVE% th of the initial thickness of the tube wall
(whichever is the least value) should be removed at any
one stage. Furthermore, the thickness of the removed
layers should be substantially less than these values
at the start of the layer removal process and should
remain so at least until a total depth of aoout 0,010
in, has been removed. This introduces difficultles
into the measurement of the wall thickness changes in
the early stages of the stress relieving process.
Micrometers can be used for this purpose, provided
either the same micrometer 1is uaed;throughout the test
or the micrometer used 1s previously calibrated against

slip gauges. (In the ¢ later stages of the work
described in this report when the significance oi these
early changes became apparent, the micromater attachment
shown in Fig. 5.7 was used for measuring the wall thick-

ness at all stages of the experiments. The use of an

8lectrical contact device ensured that the pressure applied
to the micrometer was constant whenever readings were taken).

ekt -
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6. THE "LENGTH EFFECT" IN THE MEASUREMENT OF RESIDUAL

CIRCUMFERENTIAL STRESSES Il TU3ES.

6,1. Introduction.

As previously pointed out in Section 2, all the
mathematical relationships derived for the calculation
of clrcumferential and longitudinal stresses at any
point in a tube wall, from the strains measured by
bending deflection methods, are respectively independent
- of the specimen length(L) and the tongue width (b).
Many investigators have suggested that correct results
are only obtained if the value of L or b exceeds some
proportion of the tube diameter (D) (Fig. 2.17) but
many values for the critical ratios L/D and b/D have
een quoted and agreement between different workers
seems remote, Furthermore, Sachs (1941) has suggested
that different results are obtained by different ways
of separating specimens of identigal length from a
parent tube, e.g. by milling, sawing, grinding, etc.,
but very few experimental results are available in
sﬁpport of this claim,

Thred suggestions have been advanced to explain
this length effect. These are;-

{a) that anticlastié bending due to residual circﬁm—
ferential stresses has different effects on the
flexural rigidify of long and short specimens.

(b) that a difference in flexural rigidity occurs as
above, but is due to the presence of residual
longitudinal stresses in the tube walls.

(e}. that when specimens are being parted from the
parent tube, the local heating due to the cutting
medium has the effect of partially annealing, oX
in some way relieving the stress at the ends of
the specimen where the parting action has taken
place, This local heating, or other disturbance

would probably be approximately the same for speci-

mens of any length and conseguently short specilmens
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would have a greater proportion of thelr residual

stress relieved in this manner, than would longer

specimens, (Sachs, 1941).

As detailed later, the suggestlions "a" and "c"
have been systematically examined in the course of this
worlk. The second suggestion "b" has not been studied
as fully. Elementary considerations of the longltudinal
stresses which can exist in tubular specimens of varying
lengths suggest that the rigidity of a specimen should
increase as the length of the specimen increases and not
vice versa as 1ls necessary to prove the length effect.
(Because af the discontinuity of the secfion, the longl-
tudinal stresses present in a specimen must be zero at
the free ends and must increase'progressively to their
maximum (and presumably constant) valuesat some distance
away from the ends of the specimen, Such a stress
release in the end regions of specimens wlll be relatively
more severe in short specimens than in longer ones and

consequently the latter should be more rigid.

6.2. The effect of diffdrent cutting methods on the

release of bending stresses by zlitting.

(Length effect suggestion "c¢").

6.2.L, Mochanical separation.

For studying the effects of different mechanical
methods of specimen separation and slitting, a number
of ring specimens ranging in axial length from 0.016 in.
to 15.0 in, were parted off from a.2.926 in., dia. tube,
with a wall thickness of 0.131 in.;which had been hollow
drawn from 4.25 in, dia. through a 30° total conical angle
straight taper dise, ' Rings of varlous lengths were seversd
frAm the s®ock tube by turning, milling, sawing and grinding,
care being taken during the cutting process to avoild
8Xcessive heat and to eliminate cutter and work vibratlons,

as far as possibls, (Before parting the specimens from




A ] Y
3
QO
&
7] 1o i N b S T < -
/R L4 (6}
o -
o . 2
I3l 12
sl Z
€l
Alg
A1l os
- l.—_ ;
S 59
(@)
zz

09
%1 :
o
o i
2 A

(o] 02 Qa O - © o8 1o Y10 20 30 40

FIG 6.1. erFect oF DIFFERENT MECHAMICAL METHODS OF SPECIMEN PREPARATION O

RAT\O OF SPECIMEN LENGTH(L) TO TUBE DIAMETER (D).

THE RELEASE OF RESIDURL ClQCUMFEQENT!AL STQES&ES

il TUBES.

50

© SPECIMENS PREPARED BY TURMING, & 8Y SAWINGe A BY MILLING AND X BY (RINDING

ALL SPECIMENS CUY FROM THE SAME STOCK TuBtE AND  SUY

ALOMNG THE PLANE CcOMTAINING THE

THIMNEST WALL SeEcCTIoN




69.

the parsnt tube a longitudinal line was scribed along
it at the point corresponding to the thinnest wall
section to ensure that the tubes were later slit along
the same radial plane). Bach specimen was then slit
longitudinally using the same process as was used in
its separation from the stock tube and the resultant
"sprung" diameter was measured in the plane at right
angles to that containing the slit. The change in
diameter on slitting which 1s a measure of the stress
released was so determined.

The results obtained are presented graphically
in Fig. 6.1 and show clearly that the circumferentlal
bending stress released on slitting is definitely
affected by the specimen length, but either unaifected,
or equally affected by the different methods used in
the preparation of the specimens.

6.2.2. Chemical separation.

To study the effects of specimen preparation
still further, a number of tubular specimens ranging
in length from 0.5 in, to 4.0 in., were prepared by
Sawing from a 2.125 in, dia., tube with a wall thick-
Negs of 0.22 in. which had been hollow drawn through
a 30° total conical éngle straight taper die from a
5.375 in. dia. tube. These specimens were slit '
longitudinally also by sawing and the changesin
diameter resultant an the slitting operation were
Measured. Several more tubular spacimens, each at
least one inch longer than would be finally required,
Were parted off from the same stock tube also by
Sawing and these specimens were completely coated
With a special "stopping-6ff" wax dissolved in tri-
¢hlorethylene. After allowing sufficient time for
the wax to thoroughly dry, two circumferential grooves
at the requisite distance apart (the required speclmen

length plus approximately 0.2 in.) were cut through the
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wax coating around the central portion of each tube

by means of.a carpenter!s gaugs. Corresponding
grooves were then made in the wax coating on the
inside tube wall surfaces and the specimens were

comple tely immersed in a 15% solution of nitkic

acid, Chemiecal action occurred at the points of

acid - metal contact, i.e., around the grooves, and
proceeded to penetrate into the tube walls until
finally the central portion was comphetely severed

from each tubse. During this and all subsequent
pickling operations the acid temperature was main-
tained at 100° F = 10° F by constant agitation and
cooling whenever necessary. ne short rings so
prepared, posseéssed very jagged edges which were

then substantially smoothed off by suspending tﬁe
Specimens 1ln a horizontal plane above the acid bath
‘and just allowing the edge under trdatment to pene-
trate the acid surface. (The reason for the apparent
waste of stock tube involved in severing the small
rings from the initially longer tubes was to eliminate
any effects caused by the initial mechanical separatlng
Process.)

The acid separéted ring specimens were then care-

fully cleaned, measured up and re-coated with wax. A
longi tudinal groove was cut through the waz coating of
8ach specimen and the rings.were again immersed in the
acld solution. Chemical action proceeded along the
ngOVes and ultimately the rings were split open. They
_W8re then removed from the acid, wéshed, scpaped and
- Cleaned and their diameters measured in the plane normal
Yo the one containing theslit, in the same way as all

the pPreviously prepared rings.
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The results obtained from the two serles of tests
are presented graphically in Fig. 6.2, the solid curve
relating to the completely mechanically prepared specil-
mens and the dotted curve to the chemically prepared
samples. It will be observed from Fig. 6.2 that the
maximum diametral change i.e. the maximum hoop stress
released on slitting a long tubular specimen is inde-
pendent of the method of specimen separation. The
critical length / diameter ratio which must be exceeded
fér a (presumably) correct assessment of the residual
stregss is dependent upon the type of specimen prepara-

tion (i.e. mechanical or chemical), the actual value of

- this ratio being less for similar specimens prepared by

chemical processes than by mechanical separation.
From the results summarized in Fig. 6.2 it may be

concluded that the stresses in the reglon of the "cuts"

- made when separating a specimen from its parent tube by

& mechanical process, are affected possibly by heat and
other associated factors during the parting operation.
While the results obtained using the pickling process
for specimen separation suggest that other factors are
also involved, it appears that the length effect can be
bPartly explained by local stress relief at and near the
®nds of speclmens introduced by mechanical methods of

Specimen preparation.

$.3. The influence of anticlastic bending on the length

Sffect. (Length effect suzgestion "3“).

In order to investigate fully the effects of anti-
clastic bending in this connection, 1t was decided to
T8produce on a scale convenlent for measurement, condl-
tlons which obtain in a slit tube carrying residual
Circumferentialsmress. In principle this was to be
achieveg by using a thin walled tube of large diameter

Without internal stress, slitting it and applying

OPPOSing couples to its walls in a plane perpendicular

= e
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to the axis of the tube, so as to induce circumferential
bending stresses. By treating in this manner several
specimens of differing lengths taken from the same tube,
and measuring the openings at the tube slit produced by
known couples, the effect of anticlastic bending could
be ascertained.

When considering the design of suitable apparatus
it was realised that to reproduce such conditions in a
tube of the most convenient size avallable (12 in. dia.,
walls 3/16 in, thick) would require large couples with
the attendant need of heavy apparatus in the form of
levers and measuring devices., This difficulty was
- overcome by an application of the llaxwell Theory of
Reciprocal Deflections'* using moderate direct loads
instead of couples and analysing the results in such
a manner that the condltions produced by pure couples
céuld be ascertained.

Exactly how this was done is shown diagramma-
tically in Fig. 6.3. Equal and opposite loads W
Were applied to the edges of the slit tyube at its
mid-section C and the relative deflections S,and Si
Of the ends of the two light rigid levers clamped
to the edges of the siit at any section such as A
Were recorded.

Applying Maxwell's Reclprocal Theorem, if a
loag mpplied at C produces a deflection g,at A S;
and gt B, we know that a load -W applied at A
Would produce a deflection of -.g at C and a load
W applied at B would produce a defiection.ggat C.

Thus we inow that the nett deflection at C, the mid

0int of the slit edges of the tube, produced by a

Louple Wp.a.cting at A is 52 - Sl where 2 is the

e

"Strength of Materials". S. Timoshenko.

Chapter 10, Article 71.
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T3
" distance from A to B in the horizontal radial plans
containing the centre line of the slit in the tube.

By setting the levers at different points along
the edges of the slit, it 1s possible to find the
deflection which would be produced &t C by applying
the couple Wﬁ at any point along the length of the
tube, and by taking the mean of all such values, the
resultant deflection at C produced by a couple WL
uniformly distributed along the entire length of
the tube can be ascertained.

A general view of the apparatus used in this
investigation is shown in Pig. 6.4 and details of
some of its more important parts are given in Fig.
6.5,

The slit tube rests on three rollers (R, Fig.
6.,3) which are fitted with ball journal bearings and
are carried on two parallel and horizontal steel shafts.
The positions of these rollers along the shafts are
adjustable to accommodate various lengths of tube.

Vertical loads are applied to the mid-points
of the slit edges of the tube through the hooks shown
in FPig. 6.5. These hooks were deslgned to fit on the
edges of the slit énd were statlcally balanced in posi-
tion so that when correctly aligned they would transmit
only vertical forces.

Correct alignment of the system is made possible
by a load cable adjusting device (T, Fig. 6.3) rigidly
secured to the floor of the laboratory. Two plumb
linesx M and N suspended in front of the slit tube
ensure accurate alignment of the load cables in
vertical planes respectively perpendicular and
parallel to the vertical plane containing the hori-
zontal axis of the tube. A further plumb line D
attached to one end of the tube and referred to
Points marking the extremities of a vertifal diameter

1s used in conjunction with the load cable adjusting



T4
attachment to ensure that the centre line of the slit 1is
always in the horizontal radial plane.

Two aluminium levers E mounted in the same vertical
plane normal to the tube axis are rigldly fixed to the
slit edges of the tube by steéel clamps (Fig. 6.5) which,
when released, permit movement of the levers along the
slit edges and allow for adjustment of the angular posi-
tion of the levers relative to each other. The upper
lever carries a steel rule.F (visible in Fig. 6.4) which
is pinned through at its upper end to enable 1t to pivot
in a notch near the free end of the lever. This rule
hangs verticaily and passes freely through a slot in the
flange of the lower lever and enables the relative def-
lection ©, of the levers to be measured. Adjustable
dividers are used to measure the deflection S,at the
slit. These are set to points marked on the sides of
each clamp which correspond to the mean clrcumference
of the tube.

Six slit tubes ranging in axial length from 4 in.
to 24 in., each prepared from thé 12 in. diameter
(nominal) tube, were used for the investigation.

Before attempting any systematic measurements
the plasticity of the system was verified. This was
essential because Maxwell's theorem applies only to
elastic systems, and also convenient as readings might
be taken while the tubes were under zero and maximum

- loads only, in the knowledge that intermediate readings
Would follow a linear relationship. This check was
8ccomplished by loading the 4 in, iong tube with
gradually increasing loads and taking readings of
the two relevant deflections under each loading con-
dition. This procedure was continued until a load
Calculated to produce a bending stress of approximately
10 tons Per sq. in. in the outer fibres of the %tube
Wall had been reached. The experiment was then

Topeated for unloading conditions.,
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Typlcal values of the effective couple plotted
against the corresponding deflectlon are shown in Fig.
6660 This graph shows that the system is elastic and
that the relationship is linear and hence it 1s quilte
in order to apply the laxwell Theorem to the result.

For the actual experiments to study the influence
of anticlastic bending,%y the release of residual stress,
a tube was mounted in the apparatus with the levers fitted
near one end, and a small load, sufficient to produce
clearance beiween the clamps was applied. Accurate
alignment of the loading cables was ensured by bodily
movement of the apparatus with respect to the two ver-
tical plumb lines, and the angular position of the tube
was adjusted by the cable adjusting atbtachment so that
the centre line of the slit lay in a horizontal plane.

The scale reading of the steel rule and the deflec-
tion at the slit were recorded. A further load W was
added such as would produce a skin stress in the tube of
the order of 10 tons per sq. in., the angular position
of the tube was re-adjusted and the two readings again
noted. Then, by difference, the deflections g.and SL
(see Pig. 6.3) due to the increment in load wers obtained
and from these the deflection ( g;- 5;) which would have
been produced at the mld point of the slit edges of the
tube, under a couyle¥L€ applied at the point of connec-
tion of the levers with the slit edges.

This procedure was repeated for different positions
of the levers along the sllt, and the resultant deflection
at the mid point of the slit edge of the tube under a known
i  pure couple distributed along the tubé was calculated.
This procedure was carried out for each of the six tubes
under investigation.

The results thus obtained are presented graphically
in Fig., 6.7 and the deflected form of the slit edge of

the 24 in, long tube under a pure couple acting at 1ts
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mid-section 1is shown in Fig. 6.8. The curve in Fig.
6.7 shows clearly that under clrcumferential stresses
anticlastic curvature, which should develop more freely
in narrow rings, does not reduce the deflection caused
by a given couple per unit length of the walls of a
tubular specimen. In fact, the shorter specimens are
shown to be less rigid than longer ones and so would
produce a greater deflaction under a given release of
bending stress, an effect which 1s opposite in sense
to the length effect under investigation and which
cannot therefore explain it.

As a resudt of these tests it can be concluded
that anticlastic bending under circumferential stresses
is not capable of explaining the length effect in the

release of residual hoop stresses in tubes,
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7. RESIDUAL STRESSES IN HOLLOW DRAWN TUBES.

7.1. Introduction.

As mentioned in an earlier section of this work,
many investigators have attempted to establish the
residual stress distributions in tubes after drawing
by various processes. The degrees of success and
the accuracy of the results abtained have been largely
determined by the nature of the investigations which
have génerally been limbted to the study of residual
stresses in specific components e.g. cartridge cases,
and have not been concerned with the general aspects
of the problem, The work of Knights (1951) is,
however, one exception to this statement and he alone
appears to have made an attempt to treat the problem
in a general way.

The number of variables to be considered in any’
general study of tube drawing are many in number and
must be severely restricted in any one particular
investigation carried out by a single investigator,
if satisfactory results are to be obtained in a
reasonable period of time. Consequently, the work
described herein has had to be restricted to a study
of the residual stresses which occur in milid steel
tubes when they are hollow drawn (commercially "sunk")
through conical dies., Although the investigation has
concentrated on tubes initially of the same diameter,
it is belleved that similar stress distribution will
obtain in tubes of other diameters which are processed
in a similar manner, although the magnitude of the
residual stresses may be quite different. The choice
of the variables (initial outside diameter and wall
thicknesses of tubes, dle diameter and taper and drawing .
lubricant) considered in this investigation were governed

by the stock of materials and apparatus availlable.
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7.2. Apparatus, materials and procadures for drawing tests.

All the tubes used in thils investigation were hollow
drawn through 15° straight taper dies mounted in the apparatus
shown in Fig. 7.l.a, which in turn was assambled in a tensile
cage attachment fitted in the operating space.of a 100 ton
long stroke vertically mounted hydraulic press (Fig. 7.l.b).
A constant drawing speed of 14 feet per minute was adopted
for the tests and except where otherwlise stated the tubes
were lubricated with a 3 ; 1 mixture (by weight) of tallow
and graphite. Drawing loads were measured electrically
using a micro-ammeter, Wheatstone bridge and the special
’strain gauge mounted drawing pin shown in Fig. 7.2, the
latter belng calibrated before use as indicated in Appendix
7. Full ‘detalls of the drawing procedures and apparatus
cean be found in reports by Clark.and Swift (1945) and by
Botros (1949, 1950).

The initial length and outside diameter of the tubes
used were 24 in. (approx.) and 4.25 in. respectively and
Specimens were available in each of the following five
wall thicknesses:- 0.50, 0.375, 0.250, 0.125 and 0.08 in.
The tubes had all been nozzled before supplylng to the
University and had been in stock for some considerable time.

Before drawing, all the tubes were thoroughly cleaned and

~ ®hen normalised at 920° ¢ for 15 minutes in an electric

furngce ritted with a gas curtain to prevent excessive
SGaling., After heat treatment the tubes were pickled
0 a commercial phosphate golution to remove all traces

O scale and then washed.thoroughly in water at 80° C

o for g period of about 15 minutes. Following a suitable

drying period the tubes were coated with the drawing
lubricant ang processed within 24 hours of heat treatment.
After heat treatment, three tubes with wall thick-
Besses or 0.50, 0.25 and 0.125 in. were cut open and
tensiig Specimens to B.S. 18 were prepared from them,

th
reg Specimens being cut from each tube. These specimens
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WALL [ agpness| LOWER YIELD AT INUDENCE OF NECKING
THICKMNESS STRESS. STRESS | STRAIY
(n) | (VO | (tomsfsq in) [ (Pomuoq in) | (Fo)
o-s50 W3 13-0 36-3 24-8
c25 | 10O 127 34.-8 22.(
oIs| g 132 33.45 25.2

_TABLE: 7. T. PROPERTIES OF TUBE MATERIAL AFTER NORMALISING.

p——

NITAL | INITIAL | FINAL | FINAL | DRAWINGREDN |AVERAGE. STRAM %
REFERENCE DIAME TER| THICKMESS [DIAMETER) .W\CMES) AREA
E (in9). (ins). (ins) (1n9) (rohs) (VQ) Ee & 1 &L
A.l | 4-261 | s00 | 3375 | 503 €02 229 060 |29.7 [-23&
A2 |42 | 377 3374 | -384 | 494 (23| .87 | 27! |-2B3Q
A.3 4206 | 250 | 3376 | 260 | 335 |190| doo |235|224
A4 | 4248 | 124 | 3375| ‘13g | 226 |28 20 | 14q [-2t6
B.5 | 4-250 | 499 | 3502 | 489 | S00 |29 -2:00 | 278 [-200
B.c [ 4255 | 375 | 3502 | ‘310 378 | 203] ~(.33 | 255|194
B.7T | 4209 | 250 | 3501 | 250 | 2%7 |187, © |230|-188]
B.8 4248 | 128 | 3502 | 129 | 174 |151]| 400 |IT-7|-83
B9 | 4251 | 081 | 3500|088 | 98 | 11| 875 | 125|182
\r—-
€10 14251 | ‘S0t | 3627 | *4BS | 403 | 189 -3-20 [23:2|-165
C-1vlaoss | 272 | 36| 361 | 3025 [ 184l -293 |22:6| -6
C12 |a2ss| 249 | 3ée3 | 243 | 210 | 180 -240 | 218 | -I56
C13 (4246 | 125 3-627 124 | !1-12 [ 159 <080 | 189|-2
C.14 | 4250.| 080 | 3625| -08' | 7-85 | 138| 125 |16l |-150
\\

T
ABLE. 7.1, SUMMARY OF RESULTS OF DRAWIMNG TESTS. (MiLD
STEEL TUBES. GRAPHITE & TALLOW LUBRICATION).
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were tested in a motorised Hounsfield Tensometer using
a Lindley dial gauge extensometer for recording strains
up to 5% and rule and dividers thereafter, and the resultant
average true stress - conventional engingering strain curve
up to the point at which necking commences (see Nadai, 1950)
is shown in Fig. 7.3. Slight differences in the stress -
strain curves obtained for the three different thicknesses
were observed but these are not considered significant in
the present investigation and the general similarity of the
curves coupled with the similarity of the hardness of the
5pecimens (see upper part of Table 7.I) has been taken as
an indication that the'tubes were prepared from a similar
quality of steel.

Before drawing, all the relevant dimensions (outside
dliameter, bore diameter ard wall thickness) of each tube
were measured and three circumferential rings at 6 in.
axial spacing were marked on the tubes.‘ After drawing
through one of the three dies with throat diameters of
5.375, 3,500 and 3.625 in, all the tube dimensions were
again checked and from these measurements average radial
(thickness), circumferential (hoop) and longitudinal
(axial) strains and the reduction in area of the tube
wall sections were computed. Although this investi-
gation was not primarily concerned with the development’
of strains in tube drawing these mesults are summarized
in Table 7.II and Fig. 7.4. The results actually rep-
resent an extension of the work carried out by Botros
(1950) and the chained curvé in each group of curves in
Fig. 7.4 are very similar to those he obtained. (o
work has previously been undertaken on the other two
reductions).

(In Table 7.II and in the succeeding three tables
the references quoted for the materials all follow the
8ame pattern - a letter A, B or C 1s prefixed to the

serial number of the tube to indicate whether the tube
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was drawn through the 3.375, 3.500 or the 3.625 in.
diameter die respectively. All tubes with serial
numbers up to and including 14 were drawn using
tallow and graphite as lubricant and those with
higher serial numbers were drawn with other lubri-
cants. In the diagrams the denoting of a curve
by the reference AA, BB or CC signify that the
results apply to tubes drawn through the 3,375,

3.500 or 3.625 in. diameter dle respectively).

7.3. Residual stress investigations.

(Since the supply of tubes was rather limited
and it was realised that several identical specimens
are necessary to obtain the residual stress distribu-
tions by bending deflection methods (see Section 3) it
was decided to apply the boring test techniques (Section
4) to the study of residual stresses for the present
programme . Simple bending deflection tests wers, however,
carried out on specimens prepared from each tube although
these were not subjected to a full analysis).

After drawing each tube was sectioned into eight
Samples'as shown in Fig. 7.5. The two end pleces wers
discarded, and the two one inch lengths (Z) taken from
ach end of the tube were slit along theilr thinnest wall
Section and the sprung dlameter measured. No two such
Samples taken from any one tube showed variations in
change in diameter on slitting of more then 3,3% and
this was considered sufficiént justification for assuming
a constant residual stress pattern along the length of
the tube from which the actual specimens were taken. Two
Oof the 4 in, lengths (X) were fitted with strain gauges
(one to the bore surface and one to the outside surface)
and subjected to direct strain release tests in accordance
With the techniques and procedure described in Section 4.

The remaining 4 in. specimen was slit longitudinally along
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its thinnest wall section and the change in diameter on
slitting was noted. The 8 in. specimen (Y) was slit into
6 strips, three being of 1.25 in, width and the others of
such a width as satisfied the relationship:;- width of
strip : dlameter of tube ¥t 0.15 : 1.0. The 1% in. wide
specimens were machined into B.S. 18 tensile specimens and
the resultant curvature of the narrower specimens was'’
measured using the dial indicator curvature gauge (see
Section 2). g
The distribution of the residual circumferential

and ldngitudinal stresses were calculated from the experi-
mental results obtained from the direct strain release
tests on the two 4 in. long specimens using the Sachs
.analysis. Typical experimental results showing the
Varigtion of the parameters B and ‘\fwith the variable

46 dy
Cross sectional area and the derived dA, dA

curves
are shown in Figs. 7.6 to 7.10 inclusive., All the

S experimeﬁtal results followed a similar pattern. With
out side removal, a small but systematic reduction in
length and bore diameter at first ensued, but the sense
or thgse changes became rapldly reversed and the

Curves generally increased in slope as the variable
Cross-sectlional area decreased. With inside removal
'§he reduction in length and diameter of the specimens
Wiag progressive as the bore dilameter increased up to a
Cortain point in the tube wall, at which stage the slope
Of the 0 - A and‘y - A curves starbed a rapid decline.
(At this stage the obtaining of experimental results
became generally very difficult suggesting that large
-and rapid changes in the values of o and'#'were possible

and generally the tests had to be abandoned once this

Teglon wag reached.



MEASURED RESIDUAL. CIRCUMFERENTIAL. STRESS (TONS /So.iN.).

—

TOTAL .

0
Wr— CIMEN SPECIMEN
R 2 AP S oh BB AR e Ak 2 AL o il
K ‘\%
\ 4
m - 7 Qo e 1
\
\
‘L
lo - = 10 \
4
: . 40 "sp3 °B 10 *: 3pS
DISTANCE! N LOowW -
{ WIER SURFACE OF TURE.(INS). \\
N
- N\
'°r~-~ e S RN N -10
N
\\ Q
\\ \
; N\ \\
| : i N
R ; \\ 0 <
R
e / LALs WL oeecy
ﬁ; .‘o
- NOTE DIFFERENCES N THE HORIZONTAL. (DEPTH) SCALE.
G- TIL. RESIDUAL _CIRCUMFERENTIAL STRESSES. (3375” DIA: TUBES)

40

SPECIMEN

A3

20

{¢)

-20

a0

SPECIMEN

A4




MEASURFD  RESIDUAL CIRCUMFEREN (AL, STRESS (70N%sa ),

SPECIMEN SPECIMEN SPECIMEMN SPECIMEN SPECIMEN
BS Bo B.7T B8 B.OS.
|
30 } s b :
| g \ |
\
. \
Qg gAY \
\
\
\\ \
N a0
O O 02 3 c4a 45 0 04 \| ‘08 2 (¢} ‘06 o8
DISTANCE IN WALL QELOW \
OUTER SURFACE OF TUBE (INSN_ ™ \ \
\ !
-10 ot | \ \ 4
i 4 Q \ \
\
\ \, ~
N \ \
\ /
-0 e G :
N
L i \u \ \ /
& Pl \
» | y * 5 | g oy 2
T ! \
| ' \
o) | | - 1\

HOTE THE HORIZONTAL (anl'a_uc;{i) SCALES ARE  NOT THE SAME O EACH DIAGRAM.

(2 50" DA TuBES).

FlG 7 '2 RESIDUALL cng:uMFEgaHj\fL 5“25 5555




MEASURED RESIDUAL CIRCUMFERENTIAL. STRESS (TONS/SQ. 1~).

SPECIMEN SPECIMEN SPECIMEMN SPECIMEN
clo Cll. , C.12 Cl4
PART DISTRIBUTION| ONLY PART DISTRIAUTION OMNLY
m R R R ._* RIS 1 I - M &

\
N \\ ) N
b o N
' N
A\ \\ N \
; N : \

N - =8
- O-| 02 N O3 - 04 - s O 0-2 O N o143 0193 0243 0 06 Oy
DISTANCE IN WALL FROMN | \ N
OUTER SURFACE OF TUBE (INS). N\ N
N < N A
~of_ SE \ e} \, g
\\ \ :
¢ \\ \\
N 4
! N\ N
“'3):» ST ) N £ -t \
\
\
\a—oeo--e—o-ﬂ—eﬁ \\
~30}-- e A s e G B A e 2 iy - | ') :
|
~qol— 4 ', |

ﬁQTE THE HORIZONTAL (DISTANCE) SCALES ARE MNOT THE SAME O EACH DIAGRAM

: FIG:T I3, ReabuAL ClRCUMFERENTIAL sTreEsSES (3.625"DA Tuses).




RESIDUAL LONGITUDINAL. STRESS (ToNs /sa.iN).

TOTAL MEAS

40

SPECIMEN | SPECIMEN
Lol A2
\
30P ‘ \
\ F\\\ |
\ ! \
20 \ A%
{ N \
\ \
i \
N
1o A\ \\ X
N\ \
\ \\
\ T \ \
° DlSTANo s i 21 ol 2 + " on 3= o3
CE I _WALL \ x N
BELOW QOUTER TURE \ \
SURFACE I~ > - INS. 4 \\J
-lo \‘
\
N \
\
~20 \‘\\ \‘
\
\ \
¢ N \
\ | \
! S— \.\ \.\
Le,vo.n-e-o-e-o-@ wr
Toy ) R &
N0
HOTE. HORIZOMTAL (DISTAMCE) SCALES ARE DIFFERENT QM EACH DIAGRAM.

FIG 714, resibuAL LONGITUDINAL STRESSES. (3.375"¢_HoLLOw DRAwN TUBES).

SPECIMEN | | Seeamen
A3, A4
\ A4
| \N
| \
f \
| \
| \
\
, \
025 %" o4 \0 8 a12
\
\
\
\
\
Xl
& b\
o \
N \
M \‘
8 Lv‘,\"‘
i
! \
|
i
|
l

114



30 1 ECIMEN
EN
SPECIMEN SPECIMEN | spxécm\en SPEBC‘B RO
BS. B.G. B.T. st S 5.9
~| 30 3 .
Z |
A \ |
> \ |
{
P \ K\ \ \ |
’%- \ N\ ;
o 2 N \ \ 4 g |
\ \ \ 1
7 g \ . |
q \ \ |
- N \ \ ,
)] \ \ : | A
1o \ X =
) \ ‘
# \\ p \ \ \ [
4 \| \ \ \ |
Q N \ \ \ \ !
B \ \ \\ \ ‘= i
dl °H AN AN oa o8 o2 ‘o2 2OqEnY ‘%6 o8
o ot ot2 \ ola O VY] A\ ! \ 013 \ \ ] \ |
9 \ DISTANCE (>0) IN_YVALL FROM QUTER \\ vl N
lr NIK SURFACE (INS). | v \ N |
4 N : \ Al
\ - e S ————— ——
§ e fp N e \ \ \\
\ \
N \ \ \ 4y
ID \ ' \ \ \\
! ' \ \ \ Q
é b N \ \_
O ~20 N\ \ y
: S \ \
\ \
D \ \
g ¢ \ \ \
N . \
z G . i
FH———— V \\
\d°~_ S 1
% THE boeizoNTAL (DISTAMCE) SCALES  OM EACH DIAGRAM  ARE NOT THE SAME. f

Fie.
M-'S. LONGITUDINAL, STRESSES 1M HOLLOW DRAWN Tuefs (3.500" coTER DIAMETER ),




X o SPECIMEN SPECIMEN SPECIMEN 2 ‘ SPECIMEM 1
C.l0. Gl | C.le. - Cla. | @
’:\ | i
Z
5 %
1
5 - \ /\
m
‘ \
O 20 m‘\ \\
o N i v 4
F N \
¥ N\
] o \
% K \
4 51s ) b S NS N
Q
) \\ \,
= \ \
J N
T \\ \
9 : N \
= o O- 0.2 A . 048S (¢ O-\ -2 03 OJ\f ‘\ ‘143 193 <243
o DISTAMCE () 1IN WALL \ R o \
S FROM OUTER SURFACE < \
9‘ OF SPECIMEM (INS). \
o l ~
of . , \
| : N\
2 ‘] \
N ‘ , N\
e e B
. & % \\ N
b3 : i o A \
, ‘ i ’ | , N\
i | v :
% ; O—-0—€ M v | ; ’/@/@)‘)
A |
£ F'G" 7 ‘ il : _n )
T 1. 1O, RESIDUAL LONGITUDIMAL STRESSES 1IN HouLow DRAwWMN  TURES, L 3.62S DIA: SPECIMENS).




Ay BENDING DEFLECTION TESTS. , BORING (DIRECT STRAIN RELEASE) TESTS.

TUBE | DIAMETRAL | UnT WIDTH  |RELEASED| RELEASED| STRESS [MAXIMUM [MAXIMUM | STRESH  |RESIDVAL | TEMSWLE cpwwuu:»nu} NET
REFERENCE, CHAMNGE ON| DEFLECTIOM| OF oKy MOMENT |AT OUTER | TENSILE [COMPRES- [AT INNER | BENDING FORCE; FORCE |  FORLE
' SUTTING. [ oY bL\TT!NQl STRIP. | STRESS, ‘ouRr—Acﬁ. STRESY [~SINE SIRESS! SURFACE . COUPLE if

(ns). (). (tns). L\‘Q.\t-,/ﬂ.\(l’ohs u\( ) (\'on»}s‘wt(\'wals-’ u>‘ Lhmly‘u.) U’u..s’sul ") (R:n; or%n) Q’mu;'m} Q’ow_. .w\) ‘ (fomsl )
(@) CIRCUMFERENTIAL. STRESSES.
i
Al c020 - b 2726 0955 | -26-0 24.0 -231.Q —14.-0 1032 508 5:Cob | Q-0
A.2 029 = o 234 | 05715 | -204a | 253 | -3 } ~29.7 | OB | 4-8C 492 = Qs b
A.3 - 068 = = 25:6 | 0289 ~te:t | 214 | -3t | ~iFq | 30| 285 | 27 009
A.A o] i) s - 295 | 009 | —12.0| 31.3 = Ao =300 0»107| =98 | 1-74 ! C-z2a
| | | | ’ 1 | '
R.5 ' -028 ' - = | 215 ! oesg | -23.0} 227 | ~27:5 | ~159 ' Q-920 | 4-18 | a-10 | 0-08
B.¢ | -oay | - = ! 220 | 0498 | -8 | 229 | -290 | —120 | 0:530 | BIS 325 - UG
3.7 . 072 v 2 i Aot oinaa i 1asG 267 | =i ! ~-90 | 0274 | 2:89 2 4P l Q.07
B.8 -1e8 % = | 260 [oroT2f —1-8 280 | -34-9 | -260  QO79 64 l 8 O
8.9 4872 = - : 450 | oobo| -T75 30-4 | 374 -15Q | 004\ 0 97 Q9. . QO3
1
Cilg | -029 - e = | 200 | o785 —18:T 214 | -269 ! -269 | 0820 A.40 4-38 Q-02
c.n | ‘0435 = J - 209 0 ass| -18-0 22y - g * ‘ X 310 x L
Clg | -o7a - ’ ~ 22.0 | o-2¢7 * * I -29.7 | ~ 7@ - W | * 2:32 . | *
c.3 174 = i 240 | O Q62| -12:0 254 - 3.7 ~-29:Q| ook | I'\b6 el 005
C.14 - 390 > . 295 ooz w3 | e 375 -330 0036 093 Q92 o-o!
i | | i
O) LONGITUDINAL.  STRESSES. i
ead T : s ‘ 5.0 306 122855 =300 | -28:Q ‘ =34.-5, | =340 | Ir6ASEl 620 6-29 -0
A.2 = | ec2en | isQ | 34 o-goo| -280| 297 | -35-¢c ' -344 ' 0995 ' 485 4-92 Foar
A3 - | Qa3 | ‘50 | 384 o-aoo| -237! 320 | —36:8 | -260 | O-S0v | 330 3-a\ ~OQ-
A4 = 1215 ‘ ‘SQ | AT6 O 24| -6 0| 27.3 -Al-S5 I =371 1 Gkl ; -85 1-96 ~Q 1
B.S = | 0169 I ‘525 27.4 142 | -260! 250 | -31r0 = =3io ’ 1476 l 5-30 5-36 -Q-06
B.© = . -Q2a0 525 29-2 | 0682 ~24-4| 271 | -32:0 | -362 | O-B6T ! 385 | 4:04. .. —OM5
B.7 = ‘Q392 525 | 318 | 0331 | ~22:.¢ 28-0 | ~35:0 | =334 | ©O430 | 310 | 309 QO
B.8 . ~ I ‘0920 | 925 379 | cocoz| -169 ' 30.-4 | —36-! - . o122 | 1-40 ! 1-43 -003
B.9 = | 172 | 525 | 45.2. | c.cag| -N-8 | 33.0 | -AlS -41S | 00ab  1-30 .29 | oo
&1 0 = } -Ota 545 230 ‘ 0 960| -203 | 225 | -28.0 o | Sl (] 201 L 4-57 4-64 ~ 07
C.1! - | o208 | 545 | 25.3 | 01592 -3 260 x Lo X 356 X *
> cye = -030t 545 | 280 | 0292] x | = | =350 s irac i h * 269 | %
C.‘3 = t -Ob{Z ‘545 33-0 ‘ o.osb| - T 20:2 -36:7 —36+7 o108 1-58 169 ~O-1\
Cla ~ [ 180 | 84S | 47.0 , 0-0S0| -134 396 . ~42:Q | —AX0 | 0 oS0 e tet6 | 006

¥ THESE VALUES Coul MNOT BE OBTAINED BECAUSE OF FAILURE OF STRAIN GAuut:‘b O THE RELEVANT 4SPeCciMmeENS,

TABLE: 7. . SUMMARY OF RESIDUAL. STRESS TESTS.

el




1

/
/

X//
ag / £

X A /

7’/ : z
g o
x ,<"/

a4 £ 1/?

9
«» &
k7
VA
/
36
A

CIRCUMFERENTIAL.

STREsS RELEASED 8Y BEMDING DEFLECTION. (TonNs /sq.i).

7 COMPRESSION,
o
0%
/

W
v]
§
S
"

24

i 28 32 36 40 a4

MAXIMUM  RESIDUAL STRESS (ToNS /Sa ().

HG\Z'Y I7. DIRECT STRAIN v BENDING DEFLECTION. COMPARISON
OF STRESSES.




%
~
2
e
= /
2
0 vV
b \{l’/ o
) I-6 ri'/J
<
) /
og/
g LONGITUDINA
7
Wl -
0
J
§ o}
|
x |
|
1 :
0 |
s — |
g
oA il
§ CIRCUMFERENTIAL.
d
Al
2
(o]
2
u
0
L 3
o ' o2 ©-a o6 o8 [-o L 5

COUPLE RELEASEL BY BENDING DEFLECTION (ron.iN.[in)

RAIN

v BENDING

HG.7.18 DIRECT ST

OF RENDING

COUPLES.

DEFLECTION COMPARISON



82.

The derived circumferential and longitudinal
residual stress distributions are given in Figs. 7.1l
to 7.13 and 7.14 to 7.16 respectively. All the residual
stress distributions obtalned have several points in
commons, They all exhibit a significant compressive
stress at and near to the outer surface. This rapidly
changes to tension and the maximum tenslle stress is
reached also quite near to the outer surfacs. The
stress then gradually decreases in magnitude until it
changes sense at some point in the tube wall which 1s
beyond its central point. The compressive stress then
increases rapidly in maghitude for a short distance to
its maximum value which generally occurs some distance
Inside the wall from the inner surface, The stress
then remains compressive in nature until the inner

surface 1is reached. The maximum tensile stress is
in every case lower in magnktude than the maximum com-
bressive stress and the relevant values of these stresses
are lower in the circumferential direction than in the
longltudinal one.

The results of the direct strain release tests are
completely summgrized in Table 7.III which as well as
giving surface and maximum stress values, gives an
analysis of the residual forces and bending couples
as determined by single and double indegration of the
Stress distribution curves.

The released ben&;ng stresses determined from the
results of the circumferential bending specimen (X) and
the three longitudinal specimens (Y) and calculated
according to the simple straight beam theory of bending
are superimposed as chained lines on Figs. 7-1l1 to 7.16
respectively and'aléo included in Table 7.III.

In Figs. 7.17 and 7.18 respectively comparisons
are given of the maximum residual stress as determined

from the boring tests and the surface stress released
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by bending deflection, and the bending couple computed
from the obtained stress distributions and that calcu-
lated from the change in diameter (or curvature) on
slitting. In both cases it will be observed that a
linear relationship exists between the two variables.
With regard to circumferential strcsses, the maximum
residual stress (either ﬁonsion or comprgssion) is
always greater than that released by slitting, while
the order is reversed for longitudinal stresses. The
calculated residual. bending couple derived from the
Stress distribution curves 1s in every case higher
than the bending couple released by bending deflec-
tion. The magnitude of the difference (7%) for the
circumferential moment is perhaps insignificant ,

particularly as the bending deflection value was
obtained from a single test and it is known that

at least lo%'variation is possible by varying the

plane of slitting (Section 3) but the 23% difference
noted with the longitudinal moment is not so unim-
portant and suggests that considerable stress changes
occurred durlng the preparation of the strip specimens,
even though every precaution possible was taken to
minimise thermal effects during the cutting operation.

The dependence of the maximum residual stresses

(boring tests) on the mean hoop strain (circumferential
Stresses), the mean axial strain (longlitudinal stresses)
and the reduction of area occurring during the drawlng
operation is shown in Figs. 7.19 tQ 7.21 respectively.
Generally the smaller the strain and the smaller the
reduction of area occurring with a particular dréwing
ratio, the larger the value of the maximum residual
stress., Also, the greater the drawing ratio the
greater the maximum value of the residual stresses
for the same strain, although this does not apply

when drawing the thinner walled tubes through the
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TUBE HARDNESS| ©-6% PROOF| AT INCIDEMNCE OF NECKING
REFEREMNCE. STRESS STRESS | STRAIMN E“
Lo (vo Pr)|(fors)eq in)| (ons/ sqae) | (%)

A.\ 222 475 50-2 s 0376
A2 223 | 474 493 | 13 0356
A3 216 483 506 (03 0335
A.a 198 45-2 a8.7 132 0-3I15
\& <) 215 47.0 493 113 | 0333
B.6 213 467 49.( s o312
BT 193 455 483 121 0297
R.8 168 42.4 452 | 204 0266
B 163 440 A7.0 115 Q249
\C.‘o 232 47-9 507 097 0277
LG 187 453 473 (19 o274
Cz | 22 414 abo 193 0263
Ci3 | 174 36-8 44-0 260 0241
Cg 165 3@-0 444 247 0-22|
B

*s. ¢ vivalenr r.m . shear shrain Pre,se_nf" in malerial

ofter drawing = [I9(E, - &)1} (see feble T.T),

@\ 7.1V. MECHANICAL. PROPERTIES OF TUBE MATERIALS
AFTER DRAWING.
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die oy

3.625 in. diametbr/(curves CC Fig. 7.20). In this case
the maximum residual longitudinal stress - axlal strain
relationship actually intersects the curves for the other
two reductions which follow the more expected pattern.

(A similar trend 1s observed in the relationship between

residual stress and reduction in area - Figs. 7.21 a
and b - the curves for the lighter reduction again inter-
secting the curved for the other two reductions).

In Fig. 7.22 the relationship between the gross
residual force in one particular direction (net force ==
0) and the total drawing load is glven. This diagram
Suggests a linear relationship betwesn the variables
(see Appendix 8) and suggests that the general residual
stress level (not the maximum values or the way in which
the stress is distributed through the walls) 1s deter-
mined by the force necesgsary to draw the tube. This
latter value is itself dependent upon many factors such
as material strain hardening, die design, reductlion, etc.
(Chung and Swirt, 1952 ) and conseguently 1% seems reason-
able to assume that the general level of residual stress
ean also be associated with these factors.

A similar inference can be drawyn from Flg. 7.23
which again suggdsts a linear relationship, this time
between the compressive stress at the outer surface and
the drawing load. That the skin stress at the outer
surface is also dependent upon the mean circumferential
or léngitudinal strain induced in the drawing operation
for a particular drawing ratio 1s evident from Flg. 7.24.

The eguivalent representative shear strain present
in each tube after the drawing operation as calculated by
the root mean square method proposed by Swift ( |qql-) is
listed in Tables 7.IIT and 7.IV, the latter table abso
Summarizing the results of the tensile tests carried out

on the specimens prepared from each tube after drawing.
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(Typical stress-straln curves are given in Fig. 7.25).

The relationship between this equivalent straln and the
stress at "necking" and the 0.5% proof stress of the
material in simple tension is illustrated in PFig. 7.26.
These two curves are reproduced on Figs, 7.27 a and b
which show the dependence of the maximum residual stress
for a particular drawing ratlo on the equivalent strain
induced in the material during drawing. As in the com-
parison with particular straing (Figs. 7.19 and 7.20) the
smaller the value of the representative strain the greater
the magnitude of the maximum residual stress for a particu-
lar drawing ratio. The magnitude of the maximum residual
stress increases withdrawing ratio at any particular value
of the equivalent strain.

It will be observed from Fig. 7.27 that the magnitude
of the maximum residual tensile stress is generally belaw
the level of the 0.5% proof stress for the material, while
the maximum residual.compressive stress 1s higher than the
proof stress at the smaller reductions of the thinner tubes.
In fact, with the 3.625 in, diameter die the maximum resi-
dual longitudinal compressive stress approaches the "nacking"

stress value of the material.

7.4. Influence of lubrication on stress at outer surface.

Five tubes each of initial diameter and wall thickness
of 4,25 and 0.25 in. respectively were reduced to 3.50 in.
diameter using different lubricants during the drawlng opera-
tion. After drawlng these were cut up in accordance with
Fig. 7.5 and two of the 4 in. long specimens (X) were slit
longltudinally, one aldng the plane containing the thickest
wall section and the other along the plane contalning the

thinnest wall section. As indicated in Table 7V the
average aiametral change of the two specimens from any
one particular tube, after drawing, were well within the
expected tolerance of £ 5% of the mean value and over the

whole range of tubes the released surface stress was
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remapkably constant. This was faken as an indication
that lubrication has little or no effect on the general
distribution of residual stress throughout a tube and
consequently novboring tests were carried out to deter-
mine the complete stress pattern.

Boringltests were, however, carried out on one
specilmen from each tube fitted with strain gauges on
the inside surface and subjected to layer removal from
the outside. Every precaution was taken to obtain as
many results as possible within the first 0,010 in. of
metal removal and the resultant experimental curveg of
the parameters @ ana vﬂplotted against the variable
cross-sectional area are given in Figs. 7.28 and 7.29.
These figures also show the derived values of the

a6 av
derivatives dA and dA from which the values of the
residual circumferential and longitudinal skin stresses
quoted 1n Table 7.V have been determined.

It will be seen from Table 7.V that although
lubrication does not appear to influence the general
pattern of residual stress in a tube, it does influence
the stress at the outer surface, and generally, the more
efficlent the lubricant the lower the magnltude of this
surface compression., This suggests that surface com-
pression at and near the outer surface of a hollow drawn
tube in the region where the tube material has been almost
in contact with the die material, 1s influenced by lubri-
cation and may be caused by frictional heating or fric-

tional shear stress effects.
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8. CONCLUSIQIS.

Although all the conclusions derived from this
investigation have already been stated during the
discussion of the many different stages of the work,
the most important of thoem are briefly summarized

below.

8.l. Bending deflection strain release.

aty The Davidenkov analysis 1s considered the most
fundamental of all the residual stress analyses based
on bending deflection methods of strain release, but
its use leads generally to an unnecessary amount of
labour in the computation of the residual circumferen-
tial stresses from the experimental results. Hor
longitudinal stresses, the Davidenkov analysls 1s no
more difficult in application than any other similar

|
|
|
|

analysis. l

2. The Sachs and Espey analysis for thin walled !

tubes, although simple in application, introduces

several unnecessary sources of error. These can

be easlly corrected while still maintaining the

simplicity of the method. These corrections give

rise to a modified analysis which, in thin tubes

gives results very simllar to those derived by the

much more complicated Davidenkov analysis,

S The acid pickling process for removing metal

from steel specimens is satisfactory in all respects

(provided sufficient éare 1s taken 1In its application),

and does not affect the magnitude of the released

stresses as 1s the case with layer }emoval by machining.

4. The leaving of wax protected areas on the outer

surfaces of specimens pickled from their outer surfaces

is to be avoided as i1t leads to considerable errors in

the form of the derived stress distribution curves, though

not necéssarily in the magnitude of the maximum stresses.

S. The measured residual circumferential stresses in a
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tubular specimen are influenced greatly by the length
of the specimen and unless the specimen is more than
a certain length (and possibly shortsr than some other
greater length) incorrect results will be obtalined.
The length range to give valid results cannot be stated
without previous investigation.
6. With specimens of the correct length, mechanical
preparation does not appear to affect the derived stress
distribution curves, although successive layer removal
by machinlng is definitely detrimental.
7 The residual stresses present in a tube are not
generally the same at all points around the tube wall.
Wide variations in the derived stress curves are obtained
from identical specimens from the same tube which have
been slit or sectioned along different generators,
although two ldentical specimens slit along the same

generator yleld similar results.

8.2+ Direct strain release.

B The Sachs! boring method and analysis 1s conslidered
sufficiently exact for general application.

O Electric resiztance strain gauges are suitable for
measuring the direct strains released during the success-
ive removal of surface layers from a specimen.

10. No errors are intquuced inte the experimental
results by the application of strain gauges to the
measuring process.

11. Layer removal by machining from a tubular specimen,
induces compressivé stresses in the specimen which are of
sufficient magnitude to have an appreciable &nfluence on
the values of the derived residual stresses. :

12 A similar léngth effect to that obmerved with
bending deflection methods exists with the direct strain
release method. Unless specimens are greater than some
experimentally predetermined length, incorrect stress

values will result from any tests carried out on the specimens.

RSy atmis
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13. Direct strain release tests of the boring type
appear to result in the determination of avergge
residual stresses at any particular depth in the
specimen wall and consequently to the derivation

of mean stress distribution curves.

8.3. Bending deflectlion v, Direct strain release.

14, The average stress distribution curves obtalned
from similar specimens by both methods are appreciably
the same.

15, The direct strain method is much more conservative

of material than the bending deflection method, but its
application demands a much more careful exparimental
approach.

16. For both methods, the depth of the removed layer
at any stage should not exceed 0,005 in, (or 0.02 x the
initial wall thickness if this is the smaller value) and
during the early stages of metal removal should be sub-

stantially less than this value.

8.4. The length effect.

17. The length effect cannot be explained by either
anticlastic bending effects or by increase in the

lateral rigidity of a specimen due to the presence of : g
longitudinal stresses.
18, Local stress relief during the separation of a : §
specimen from the parent tube, by heating or other |

associated forms, cannot in itself“explain the length

E
;
5

effect although it does appear to have a contributory

effect.

Vi ¢

8.4{’Residual stresses in hollow drawn tubes.

1¢. The residual stress distributlon present in such
tubes is essentially tensile in the outer 60% (approxi-

mately) of the tube wall and compressive over the

remainder.
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20. Rapgldly changing compressive stresses exlst at
and near to the outer surface of hollow drawn tubss,
where the material has been almost in contact with
the drawing die. This surface stress is affected
by friction and can be reduced by the use of an
efficient drawing lubricant.
21. The maximum tensile stress occurring in a
specimen 1s generally lowsr than the corresponding
compressive stress.
22 . The stress released by bending on slitting a
ring specimen or on preparing a tongue specimen bears
a linear relationship to the maximum stress values in
the specimen, although the latter are always of the
higher magnitude.
23. The residual stresses which develop in a hollow
drawn tube are a function of:-
(1) The drawing load.
(ii) The principal strains and the r.m.,s. shear strain
which develop in the tube during drawing.
(iii) The drawing ratio (reduction of outside diameter).
Generally, the smaller the root-mean-square shear
strain developing in a tube during drawing for a particu-
lar drawing ratio, the higher the magnitude of the maximum
residaal stresses which develop in the tube although for a
particular strain value the stress values lincrease with
increase in the drawing ratio.
24, Local residual stress values which approach the
"necking" stress value of the materlal can apparently
exist in the walls of tubes, although generally the
maximum stress values lie below the levei of the 0.5%

proof stress of the "as drawn" material.

LRI S NS O PR




9. APPENDIX 1.

NOMENCLATURE ADOPTED AND ASSUNPTIONS PRESENT IN ALL

RESIDUAL STRESS ANALYSES.

9.1. Nomenclature.

Young'! s modulus.

&
i

0 = poissons!' ratio.

D, = 1initial outside diameter of specimen.
D . = current outside diameter of specimen,
do = initial pore ‘diameter of specimen.

d = current bore diameter of specimen.

A, = 1initial area circumscribed by the outer dlameter.
Ap = current area circumscribed by the outer diameter.
A; = initial cross sectlonal area of bore.

Ay = current cross sectional area of bore

t = 1initial wall thickness of specimen

a = current wall thickness of specimen

vy = variable wall thickness of specimen

X,%] = depth below original surface to layer in wall
under consideration

Dm = mean diameter of tube (see Appendix 4).

}.—b
1

deflection of strip on bending, measured over
a length 2b.

f1 = deflection of strip on preparation.

ADy = change of diameter on slitting

AD = change of "sprung" diameter on metal removal

= diametral strain; occurring on metal removal.

}\ longitudinal stralin: occurring on metal removal
Y = M+ o
6 S + a. X

D = residual circumferentlial stress.

Pel, Peg, DPe3 = components of pg
Pp = residual longitudinal stress.
P15 Py2s vls = components of p

Ppr = residual radial stress.




2
&
.
b
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0.2, Assumptions present in all residual stress analyses.

The following assumptions are present in all the
ublished analyses relating to residual stresses in tubes.
(a) The metal is effectlvely homogeneous and has constant

values of the elastic constants E and & .
(b) The residual stresses are distributed with rotational
symme try about the axis of the tube under consideration.
(c) The tube 1s circular in section and its inner and
outer wall surfaces are concentric.

The last assumption is very rarely absolutely true
for deep drawn tubes and consequently the assumption (b)
is also not strictly applicable. However it is shown in
the experimental work described in the main body of this
worik, that reasonably exact solutions are possible using
the analyses quoted in Appendices 2, 3, 4 and 5 although

the common assumptions (b) and (c) are not strictly valid.,




Before splitting After splitting

EIC. (0l

Gy 102




£
’5:‘:,
i

94.
after each stage of the metal removal process. The
distribution of the residual longitudinal stresses in
the original specimen is then calculated from the
measured deflectlions and the current thickness of the
strip specimen.

In both the determination of clrcumferential and
longitudinal stresses, the tofal stress is calculated
as‘the sum of three components:-

(a) The stress relieved on slitting the tube.

(B) The stress disappearing when a small layer of
material is removed, and

(c) The stress relieved at a particular point in the
original cross section by the gradual removal of
all material interior (or exterior) to the point

consideresd.

10.2. Circumferential stressss.

The following analysis is given for the pariicular
case of layer removal from the inner cylindrical surface
of a speclmen. A simlilar method of solutlon, leading
to slightly different expressions (quotéd later) can be
followed for outside metal removal.

10.2.1. Stresses relieved by slitting the specimen.

When the specimen 1s slit longltudinally a bending

moment of magnitude M 1s released and the outside diamster

D, increases by an amountAD, (Fig. 10.1).
Considerihg one half of theslit ring and applying
Castigliano's theorem (neglecting the small strain energy

term introduced by shear stresses{. ¢

U = total strain energy” R2E'I 5 M d§

a—d

where E' = modified elastic constant = T —aobL
E = Young's modulus, @ = Polsson's ratio,

T = Second moment of area of section about plane

of bending.
(Other notation as on Big. 30.0).
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Now $x = R. Se

£ 2
1 d M2R7
Hence U = 2E'T M Rda@ = 28T
o]

3

Also)__p_ i 75 where ¢= angular deflection«§
ST e

=]
il

',JI
Wl L

-
— —

L

-t
oA

=

Since AD, 1s the change in diameter on slitting

28 = T.AD,
= 2ré
S - E'TAD
o » M = released moment = 2R
3
ErtAD
138 M = 6D%;, per unit length of tube (10.1)

where t = 3initial thickness of tube wall

Dy = mean diameter on slitting the tube.

From Winkler's theory of curved beams, the
circumferential stress component p,; released at
all points of the tube wall is given by:

M (Y - h)
Poy = - DA (Y +R)
where ¥ = distance of layer considered from axis.
containing the centroid of the section
(positive when measured outwards).
A = area of section

h = distance of centroid from neutral axls

-R (A' - A)

Now h = Al
I 63
where A'= modified area=t=A* R*=A(1 * lER‘)
2
EHERET o s
Hence h~>~ 12RT + t* 12R
If a = depth of point considered below the outer
surface
t

Yg-g_a
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and hence: Po1 = E!

tl
-é-_j)mg * s e e 000 (1002)
Dy

- o -+ IIS

Note. LDy 1s consldered positive for increasing diameter

Iﬁcrmh+-

s, {4
ol

and this gives the normal sign conventlon to the relieved

stresses across the tube.

10.2.2, Stressvsuddenly disappearing when a small layer

is removed.

From Fig. 10.2 it can be seen that when.all the
layers from B to C have been removed, there exists in an
elemental layer such as CF, the cilrcumferential stress
Peo - When this layer is removed the stress will dis-
appear and the loss of force equivalent to pcg.ga per
unit length of tube will effect the remaining cross
section of thickness "a" in two ways;:

(a) as equivalent to the action of a direct

force Peo ga t
and (b} equivalent to a bending moment4gm = —pcgga.%

The first of these causes introduces a uniformly
distributed stress of magnitudse 5@02 over the remaining

section, where

Spcz = Pop é.-:-

If the layer to be removed 1s equally strong in
all directions no diametral change will occuor in the
remaining'section, since thls is symmetrical. In any
case, the effect will be insignificant and can be neg-
lected at this stage.

The second cause im the bending of the ring under
a constant moment M, which involves a dliametral change
in the specimen:

From equation 10.1 written in differential form

Su_ g

B(D-a)*+ 5

(D - a = mean diameter of unslit tube at this stage).
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If SI)is considered positive when the outside
diameter inureases and "a" is positive when measured
inwards

then (S M

- pcg.ga.é (negative since d a is negative)
2

and pC2 --E'aL dD R EREEEEE R E T (1005)

3(D-a)* da

The values of p,o at any point in the tube wall can

then be caleulated usling a curve drawn through the experi-
mental points relating D  and a.

1l0.2.3. Stress relleved by the gradual removal of layers

of metal up to the point considered.

The effect of removing a small layer GH (Fig. 10.2)
of thickness dr on the stress in the layer CF is determined
and the effect of removing all layers up to CF may then be
obtained by integration.

The effect of removing the layer GH is regarded as
équivalent to superimposing on the remaining sectlon a
direct force and a moment.

The stress lnduced by the superimposed force = dp'c:5

EI E!' ydD
where dp‘cs—‘pcé y=—5DO"y s s e s v e s ve e e (10.4!)

(The outside diameter, Dy in this expression, may be
regarded as constant, since the changes it undergoes
are small),

From equation 10.2 the superimposed moment producesd,

in the layer CF, the stresses :-
s

: L - a+ —Tz——~ ,
ap" o3 = E! 2 6 Dn-.Yl) dD
Do-¥ (£ 3 a + Do-y S
2 )

i B y-2a 4 ;!1 ?dD ;
Do_zai Do—y 5 Do-y Lj *e e s s (10-5)

Summation of equations LO.4 and 10.5 followed by
integration gives the total effect of the release of
stresses at all points interior to the layer CF on the

stresses present in the layer CF after slitting the

Specimen.
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¢
3 a )" \
o D
211 aDg . J-4a ¢
= = e S —— db
5(Do-2a] A {(uo-.fﬂ- Do-¥ |
(4

Expanding the expres#tons inside the integral by
the binomial theorem, neglecting terms including powers
of y of higher order than y%*, and integrating where

possible leads to the expression;:

2 1 5 D
2 == Do-2a
D
D 2 2 &
.‘.Do-a yd..D s e s s e s s (10.6)
2 / |
— De —

The value of p,z at any point in the tube wall can
then be evalu&ﬁed by graphical integration of the curves
drawn through' the experimental points relating y and yz
to D.

The total residual circumferential stress at any
point in the tube wall is given by the summation of
equations 10.2, 10.3 and 10.6.

iieo I)Ctpcl-ﬁpcz -‘-pcs L A I I I N R (lODrZJ

As mentioned previously, consideration of external
layer remowmal leads to expressions for the stress components
Peo and pgz which differ slightly from those given in
Equations 10.3 and 10.6 for internal metal removal. The
analysis is modified by considering the bore dlameter (d)

as being constant (instead of the external diameter)and

the resultant expressions are :-

1302:%’_'(%;_&_?_ b (10.3a)
e D
and Doz = - i%éa A 2 Sa(Da;Dt} - Q%gg\l; ydD
- d4a ?r"dnz SRR e
a A _

In these expresiions, dD agaln refers to the change
in outside diameter and is considered positive when the

diameter increases; v and a are measured from the inside

surface of the tube.

PO A
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10.3. Longitudinal stresses.

C——

The longltudinal stresses are again determined by
a procedure which relieves them in three stages in a
similar way to that used for circumferential stresses.
In this case, however, lnstead of slitting a ring to
determine the stresses relleved by bending, an axial
strip or tongue is cut from the tube, and the amount
by which its'mid point deflects from the straight is
a megsure of its stress state. Successive .pickling
to remove thin layers of material from one of the
orlginal tubular surfaces and measurement of the mid
point deflection and the current thickness of the strip,
provides the information from which the stress distribu-
tion through the thickness of the specimen can be calcu-
lated, (Davidenkov himself suggests the use of any form
of precision straightness indicator, such as a Zeliss
Optimeter, for making the deflection measurements).

The following method of analysis can be used for
layer removal from either surface of the tube and pro-
vided the same sign convention is adopted in both cases,
ldentical formulae ensue. To maintain a uniform treat-
ment throughout this appendix, the analysis which follows
is again based on internal layer removal.

The method of solution is based on the simple theory

of bending which is found in all text-books dealing with

the elastic behaviour of materials.

10.3.1. Stresses relieved by initial deflection of strip

sgecimen.

ilhen the strip specimen .is 5otally severed from the
parent tube, it deflects out of its own plane (see Fig.
10.3) into a curved strip of radiusfo. Applying simple
theory, the moment of the released stress is given by:

-
Ill

e

and if f is the deflection of the strlip measured over

a8 length 2b ;
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%
= B
/0 2f (f belng assumed very small in comparison

Extending the simple theory of bending to 1ts next
stage and applying obvious geometrical relationships, it
can easlly be shown that the released longitudinal stress
at any point in the tube wall distant "a" from the outer

surface is given by;

U
le =2Eg2 -—il-}-f LR ® 5 2 v s 25 s ae . (10'8)

b

10,3.2. Stress suddenly disappearing when a small lgyer

is removed.

In what follows the shape of the cross section 1s
assumed to be rectangular and for narrow strips this
agssumption 1s obviously justifiable. Bhe bending will
be assuméd positive if the strip deflects so that 1ts

} orlginal outer surface is on the inner side of the bend.'
Positive bending therefore corresponds with the release
of tensile stresses in the layer removed.

The moment released by the removal of a layer of
thickness da at a dlstance "a'" helow the outer surface is
dM_._1 (a.pyo.da) _ 2EI df per unit wldth of

2 “ht
specimen,
from which

1.
P S-4EI§_="E3 _q-i: L I I I T (10.9)
{2 abt da 3b-_da

(the negative sign arising from the sense in which da i1s

measured) .

10.3.3. Stress relieved at a layer by the gradual removal

of all layers interior to 1¥.

The stress component pgz, relleved by the removal
of all layers up to the layer considered, is derived in
a manner analogous to that used 1in the determination of

equations 10.4, 10.5 and 10.6.
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Removal of a lgyer of thickness dy, distant y
from the outer surface, results in the imposition of
a direct stress and a bending stress on the stress in

the layer da. at "a",

The direct stress dpj. is given by

apys = - Byt Af dy o - By, af
9 3b* dy X . Bb"

and the . bending stress dp §Jz by :

G
dpfs - R2E(Z - a) df

b¥
from which

¢ ,
s =7 / (dp's + dp'3)

t 4

4

1 . E 3 i - E £ - £4) L R I I ) A

i.e. pl5=%—3-,_[ vt zba (:ca £¢) (10.10)
—

" The integral /:ey.df can be evaluated graphlically
from a graph drawn thoz:ough the experimental values relating:
y and T, The total residual longitudinal stress at any
point in the original thickness is again glven by

p('.' Pll{- plz-f pl:') s s e s s e s e s s e s et e e (10.11)

P N

1.8, by the summation of equations 10.8, 10.9 and 10.10.
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1l. APPENDIX 3.

The Method of Sachs and Espey (1941) for the Measurement

of Residual Circumferential Stresses in Thin Walled Tubes.

The method is a bending deflectlon method in which
either one specimen is parted off from a parent tube, slit
and successively pickled to remove thin annular layers from
elther the inner or the outer tube surface, or a number of
specimens of equal length are prepared and then pickled or
machined to a certain wall thickness before slitting. In
principle both these me thods should yield identical results
provided the stockk tube 1s uniformly stressed over the
entire length from which the specimens are taken.

#ig. 11.1 shows the stages in the relief of the
residual circumferential stresses and the following
notation 1s postulated.

The thickness (x) removed by pickling from the
original wall thickness (t) is positive in the direction
of pickling. The change (AD) of the diameter (D) is
positive if the specimen curves towards the direction
of pickling i.e. AD is positive if D increases with
outside picikkling or if D decreases with metal removal
from the inner surface. The total stress (pc) in the
fibre (x) may be consldered as being relieved in three
stages ylelding four stress components Pe12 Peg: D3
and pgs.

When the tube 1s slit, the original unturned outer
diameter (D,9 lncreases by an amount[}Do (Flg. Y1l.XiB})e
If the stress distribution through the wall released by
this slitting operation is linear with depth, (fundamen-
tally this may not be true 1if the wall is thick) then by
simple behding formulase;

p = E (t-zx) AD LA L A A I I N IR N ll.l
cl e _7i%z' ( )

where Dy, is the mean diameter of the tube, and the other

factors have meanings consistent with the notation gilven

in Appendix 1.
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After pickling has reduced the wall thickness by
an amount x (Fig. ll.l.c) two types of stress have been
relieved. A component p’és is set free in the relief of

the direct stresses in the removed layer. IT pg 1s the

sum of the four components present, then for equillibrium:

: x
p'c'}_ (t-=) + /(pC - pol) X = Q
o
. e
SO that p'éa = - l /\pc g pcl) ax L R R (11-2)
o ;

but as p; 1s not known except as pg = Pg1 + DPeo + Pc’5+
pgs, vthe value of ‘23 cannot yet be determined.

The component pés 1s also set free in the removal
of the same layer (x)'. It is that stress which is’
relieved at the depth x due to a bodily change in
diameter of the specimen when all the metal up to x
is removed. If the change in "sprung" diameter on
removal of.the layer 1s AD, then this change is
ascribed solely to the removal of the layer. This
is considered egquivalent to causing a change of dia-

meter AD in a tube of wall thickness (t-x) which from

elementary bending theory, gives the stress released as

p' - E (t-X}AD' LR I A L R I R I (11'3)
cd TGt DL j

Finally a diametral change dD is caused by the
removal of a lgyer of thickness dx at a depth x, and
is evidence of a component pso. As pgo 1s relieved,

a change of bending moment occurs given by;:

Al = - p.o dx (& é x)

which, by bending formulae, produces a diametral change
db,1f

MR D, H B
1 -6> Df

For a unit length of tube I w(t - x)

4 5
and thus py=- _E (t-—x)z_ddxg............ (11.4)

2
T=a" 8D~
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This equation is soluble after plotting a graph

-

showing the variation of AD with x and obtaining the
dD

value of the derivative dx from it by a process of

graphical differentiation.

Reverting to the expression 1l1.2, we have that

and generally as pga will be small it can be neglected
and p, = Pgy assumed equal to Peo + pés. Hence plotting
a graph of (pgo + pés) against X and graphically integrating

we have the solution for pgs which now reads

t - X

X
p'(133= -___]_‘,___/(p02+ pés)d}{o---.o--o--- (1135)
o

Finally since

pu=pcl+p02* p'C3+ pgs R EE R R (11.6)

the total relieved stress at any layer "x" is calculated.

The mean dlameter (D9 used in the above expressions,
varies widely depending upon the diametral changes which
occur and also on the decrease in wall thickness during
pickling. Usually a selected constant value of D, some-
where between the inside and the outside diameter of the
tube can be assumed and used without greatly impalring
the accuracy of the results.

Fundamentally the same derivatlon of formulas apply
to the longitudinal stresses (Fig. 11.2) after repiacing
'i%" by E and %r% by £, the unit deflection of a longltu-
dinal strip.

This results in the final equations ;-

Pl = B(t = BX) £ eeveeredennianenesnsnaes (11.7)

z
p£2 =-BE(t - x) df
d;{ .I.l.."'..l..'.'......‘ (11.8)

n

Dy = gk - x) f RN B eh e v S e oTn nin e e e e KL e )

X

and p'és = - (tl y\ [ (p£2+ p'es) d—x S s e s 000 e (11.10)
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and ]_c:e = ’cotai longitudinal stress - p

, i - Plgg + Py ».o. (11.11)
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12, APPENDIXK 4.

lModifications to the Sachs and Espey Analysis.

Following a critical examination of the Sachs and Espey
analysis for the determination of the residual clrtumferential
stresses in tubes (see Section 3.1), it was decided that-
certain unnécessary lnaccuracies were inherent in the method
of soiution, which could be avolded by a slightly different
mathematical treatment or by more preclse derinlition of. the
constant mean diameter. In this appendix the modifications
necessary to give the Sachs —‘Espey analysis'a more funda-

mentadl basis are derived and it 1s shown +that the resultant,’

. expressions do not increase in any way the labour involved in

the computation of the several stress components in which the
total stress is calculated.
It is condidered that the expressions 11,1 and 1ll.4

(Appendix 3) are sufficlently exact for the derivation of
the stress components pg3 and Pyo, provided that the constant
mean diameter (D,) 1s more preclsely defined. In equation
11.1 the value for the dlameter Dy which should be used is -
the one which is implied in the derivation of the expressilon
for the stress component Pcy.
1.8, . D& w (Dy = £) (D = B+AD,) teessveineinsimbns iz}
where D, = initlal outside diameter, t ='initial wall thickness
and AD, = change 1n outside dlameter 611 slitting. In the
derivation of the expression for the component Pgo (Equa@ion
li.4) the implied mean dlameter 1s given by the expressions-

Dy = (D, ~ &+ x) (D, - t.+ X m OOD) g viilens s B 2)‘
and ;-(d +u-A) (dg +t->;+AD) :
the first expression relating to }ayer removal from the inner

surface and the second to layer removal from the outer surface.

(In 12.2 the sense of AD 1s taken to .conform with the postu-

lations of Sachs and Espey regarding positive dlametral changes
and the factor d, and x relate to the initial bore diameter ‘
and the depth below the original surface resnectivelV). Since'

Q&b is generally small in comparlson with D, and as the method

5s only appllcable to rexailvely thin sections where a linear
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bending stress distributlion can be assumed, the
expressions 1l2.2 can be substantially simplified
and given constant values without introducing any
éppreciable errors into the computation. L, for
example, layer removal from eilther‘surface is only
considered to take place untlil the wall thickness
of a specimen has been reduced to approximataly
t
half of i1ts original thickness, l.e. x,,-= %, the
expressions 12.2 c%n be suitably amended as follows:
z
D; - (Dgy - i}UL for inside removal

3t cees (12.3)

and Dg = (dg * 7 )" for outside removal

~As pointed out in Section 3.1 the expressions
11,3 and 11.5 for the stress components P4z and pgs
are somewhat approximate and an analogous treatment
to that adopted by Davidenitov for the derivation of
these components leads to a more exact solution.

Referring to Figs. 1ll.l and 12,1, the removal
of a lgyer of thickness dx at a distance X below the
original plckled surface, alters the stresses present
in a lgyer distant x; below the original surface
(%, > x) in two ways.

The release of the stress Peo at x with the
layer removed causes the imposltion of a direct force
over the remaining section and also the felaase of a
bending moment from the remaining section, These
changes release stresses of magnitude dptz and dplis
in the layer x,, where

Lt B Iy t-x
Wgs = - Poz £ = Z5 ; 31)3ng-dD

and dp". _ dM (distance of X; from neutral axls
7 L
when thiokness = t-x)

.28 o (x4 x %)
“(1-6T) D 2

B (t4x-2x1) 4D
1-6* Dy

=
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Combining these two expresiions and integrating
the result, the following expression defining the com-

ponent Pgz ensues.
5 i ad .
p ., =5 (I-0%) Dy~ | (26-3x%)AD4]|x dD |o.... (12.4)
c3 m N A

where AD = change in "sprung" diameter when the wall
thickness has been reduced by an aﬁount xy and Dy has
the same definition (l2.3) as in the derivation of the
component pgo.

An identical expression to 1l2.4 has previously besen
quoted. by Knights (1951) who, however, obtained it from
direct substitution of appropriate factors in the Davi-
denkov expression giving the longltudinal stress component
Pez (see Equation 10,10 and its derivation) and not from
first principles as has'been done in the present treatment.
Knights, howsver, referred all diaﬁetral changes to the

original outside diameter - whether this was destroyed or
not in the pickling process - and did notb consider values
of the constant mean dlameter based on the bore diameter
when removing metal from the outside surface of a specimen.

The computation of the stress component Pez from the
expression 12.4 does not involve any mofe labour than from
the corresponding expressions (ll.3 and 1l.5) giveh by
Sachs and Espey. In fact the expression is slightly
easier to handle than the Sachs and Espey ones; since
the graph glving the relationship between x and AD
has to be drawn to enable the cbmputation of pgp and
;here is no need to prepare another curve for the process
of grgphical integration as is nec¢essary in the original
form of the analysis. ;

As both the Davidenkov and Sachs and Espey analyses
for the derivation of residual longiltudinal stresses are
based on the simple bending of beams, ang modification
of the latters! expression for the component R[S would

only result in the derlvation of the corresponding more

fundamental equation given by the former, and consequently
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this is not considered here, nor has the Sachs- Hspey
analysis for longitudinal stresses been applied in the

presént investigation, for the same roason.

T

PRl
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13. APPENDIX 5.

Sachs! Boring Method.

13.1. Introduction.

~

The Sachs! boring method for the detection and
measurement or résidual stresses, 1s a method involving
the dlirect release of stresses by a gradual and system-
atic removal of material containing the stresses, and
the measurement of the strains which develop in the

remaining material by the natural restoration of
static equilibrium durlng the metal removalhprocess.

Applied to a tubular specimen, the procedure
involves bthe removal of annular layers of metal from
either the inner or the outer cylindrical surface and
the measurement of the diametral and longitudinal
changes which occur in the remaining section at each
stage of the removal process. It will be appreciated
that these changes in length and diameter can only be
of elastic order of magnitude and hence extreme care
must be taken when making measurements Lo ensure that
errors are not introduced by temperature changes, etc.

From the measurements made during the above
sequence of operations, the distributions and magni-
tudes of the thres principal residual stresses can
be calculated using the results of the following

analysis.

13.2. The analysls of the Sachs' boring method.

The following method of analysis is based on
the well known theory of thick cylinders under radial
pressures developed by Lamg and which is to be found
in any standard text-book concerned with the strength
of materials,

For convenience 1t 1s preferable in the present
analysis to amand the original Lame formulae to maice

all the stresses pOsitive when tensile (it is more

usual to denote the radial component as positive when



o

| d8.D
A 00 5
| L N N dr
* dl .
1

~t { -

FIG.13.l, AXIAL  SECTION THRO” TUBE DURING STRAIN
RELIEF BY SACHS BORING METHOD,



i 18 O
compressive) and because of this, the amended equations

are gquoted as follows:

-2

R f eeo s e se (15- )
S

dRit

jof)

(a) Equilibrium equation: p, - p

(b) Stresses at any point in c¢ylinder wall when external

pressure 1s zero (internal tension = ;ﬁ).

L L
I)I‘S p]( 1‘{1 \(RQ"R).........n..:.... (15-2)
R* - Ry R
O 2t 3

L

') cerereesseennaees (1343)
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(c) Stresses at any point in cylinder wall when internal

pressure is zero (external tension = Pyl .
L = )
by B “Pof 2 Ho i B Y e s e wmn's g me ik s, et 1§ LD
Rs--xiv R i
'3 . 18 =Y
pC = po RO (I{*-ni ® 9 % 5 2 % 2P F P e S E s N (13.5)
Bo- R; e

where
Pps Py = radial and hoop stresses respectively atb
any point in cylinder wall at radius R.
Ry, Ry = External, internal radii- of cylinder.
R = Radius to any element in cylinder wall.
The following detalled analysls 1s glven for a
tubular specimen being subjected to layer removal from
its inner (bore) surface. A similar method of solution
is followed for metal removal from the outer cylindrical
surface and where the results lead to expressions of
slightly different form these are quoted in squafe
brackets[ ]immmdiately followlng the expression
derived in the detalled analysis, and given the same
fdentification with the addition of the letter talls
thus gguation (13.11) refers to internal layer removal
while equation (13.1lla] refers to external layer removal.
When an annular layer of metbal of thickness dr is
removed froﬁ the bore of a specimen at such a radius as
r (Fig. 13.1) the length and outer diameter of the remain-

ing ‘tubular section change by amounts €o) and D a§
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respectively where‘z and D, were the length and external
diameter respectively before layer removal and dx and
ds are respectively the longitudinal and diametral strains
(positive 1f the basic dimensions increase) consequen% upon
the layer removal.

As layers of metal interior to that at radius r are
removed, the stresSes at r undergo continuous alteration,
so that when the layer dr at r is rinally removed, the
stresses which disappear with it are not those originally
present in that particular element.

Ir Pps Pg and Py correspond respectively to the
radial, circumferential and longitudinal stresses origln-
ally at radius r, then:

Pp = Ppy + Ppo
o = Pg1 + Pcg o 5 M SIS O N i i (13.6)

o

(U

pi pll + pﬁz
where the suffix 1 refers to the components of the original

stresses which are present in a layer when 1t 1s removed
and the suffix 2 refers to those components which are
relieved at a particular radius by the gradual removal

of metal interior to it.

. 15. 2.1. Directly removed stress components Ppy, Pgy: Pg3.
When the internal radius of the tube is r, there
exist in the Immedliate laysr of thickness dr (which is
about to be removed) uniform circumferential and longil-
tudinal stresses of magnitude Pg1 and PYy respectively
and a radial component Ppy which varies from zero at the
free‘surface to dp, at the radius.r +. -dr.
Wihen the layer of thickness dr is removed, strains
d) and d9 occur at the outer surface of the tube, eguiva-
lent to stresses of magnitude dpp, and dp,  respectively,
where:

dBnote s wl (A5 % OO N)ieh coniscinniion i (XY
1 -0c* ;

and  dpgo = _E_ (Ah+ PCISTR R i S
’_6:" :

_ E and © being respectively Young's modulus and Polsson!s
ratio of the material.
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The remo¥al of the longltudinal force p{ldAd from
-r where dAd = change in bore area = 2kr.dr, causes the
distribution of an equal force over the remaining cross
section. Assuming that this force is uniformly dlstri-
buted, then

3 = - " 1
pli('LA.d__ d:plo (AO Ad) LI I N O I L L I I B (.—-309)

where A, and Ay refer to @he initial outside and current
bore areas respectively of the specimen. (To be more
exact, the current external cross-sectional area of the
specimen should be used lnstead of AO but the changes
which occur in this value are so small compared with
the magnitude of A  that they can be neglected without
impairing the accuracy of the solution).

Elimination of dpy  from equations (13.9) and

(15.8) gilves:

pp, = (B, - Ay) B d(A+do'.S) b e il Rl

e SRR yeu B BN S Lt s e R
(1 o A e /dAD )J ( a)

where Ap, A4 are current external, initlal internal areas
of the tubular specimen.
Equilibrium of the elemental cylinder of radius r

and thickness dr, requires that

d - dr L L I R R R R T I T D T R T I T I T T T R RN R i3
| SEpR=EpRy e (13.11)

[dpr:"pcl _(_3;_;_] L N L L R I I I I I R ) (ls.lla)
The removal of the internal tension dppy at the
radius r + dr, is analagous to the imposition of an
internal pressure of egual magnitdde on the remaining
section. | Applying equatlion (13.3) to the conditions

obfiaining on the remaining sectlon leads to the expres-

sion

i d
dpco'__gg_zz___ pr) L R R R R I I (13!12)
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Combination of equations (13.7), (13.11) and

(13.12) results in the expression:

pcl L (Ao 5 l&d) E d-(éﬂf O"A) LI ) (15015)
l_cf" QAd

pclz_(AD = Ai) E .—d(é-‘c‘))} ® e s 50 e (150153-)
l-c d'AD
The radial component (prl) removed at the radius
r lies between the values 0 and dp,, and can be neglected

at this stage.

13.2.2. Gradually removed stress components Ppgs Pogs p(2'

When the bore radius has increased to r; and a layer
of thickness dr is further removed, stresses AP, Pa1’ pfl
are released. Thelr release gives rige to deformations
corresponding to stresses of magnitude dpco and dpzo in
the outer skin and of magnitude dprz, dpcz and dglz at
the radius rf

Provided that the distribution of changes of longi-
tudinal stress is uniform over the remaining cross-section,

then: ' : : ‘
dppz-' dp‘oo'_._ E L(d/\"'O‘dS) I I T R I S I S (15014)

———————

l-o
The stress relieved at the radius r by the removal of

all layers intez}or to 1t, is then;

B s a@p e i BN ES Y e e s e
L2 /, 2z e (13.15a)

(The neg;five sign in equation 13.15 ié consequent
upon the fact that the relesase of a tensile stress at radius
ry causes the release of a compressive stress at all rad1i
external to it).

The value of the infinitesimal circumferential stress
component dPgso i1s derived from (lS.S) by considering the
section remaining after the removal of the layer dr at
radius r,, as a thick cylinder under an internal pressure

of magnitude dp,. The resultant deformations at the outer

surface are such that:

>

dp dumic g d ;
Co-Do_r pr T B I S S, (15016)
4

1

B B R s S A P L TR
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and at the rquus X,

Do e 2
dp - -4- +r) I' dp L L I B L L L O (15.1"/')
c2 = mf) e r
—4:— oL

BElimination of ry, dp, and dpco from equations

r

(13.7), (13.16) and (13.17) gives:

dpcz - B (AQ + Ad) (dJi' o dA) W ey (15.12)
1 -g% RAg

and since Ay ls constant at a given radius,

T—
| apyo w .- (AQ+ A3l E  (S+ oM ).(13.19)
J PRy oL &% |

"

Peo

[%02

Finally by a treatment analogous to that used in the

.(13.19a)

i
1
.
W)
1
e
(a8
N———
=
A
1
Q
>N~

derivation of Peo (using equation 13.2 in place of 13,3);

v
Do 1)
Ll

dppo = -(_‘2‘5‘1"%1\) AP, seeeerenernenees (13.20)

*ﬁ;e

which on combination with (/3./6 ) and (/3.7 ) and followed

by integration gives:

*—
prz = -/dpr,z - E l(AO"‘Ad) (5" 0./\ ) L R I (15.21)
J l-o ZKd

2
prz_ E AD"Ai (S" o'"\) LI I I O I L Y ) (15.218.)
- T\ 2Ap

1l3.2.3. Reslidual stress at any point in tube wall.

Combining the respective equations for the stress
components by the expressions 13.6 and by writing the
parameters Y and Qrespectivelv for the factors v()‘+m S)
and (5’4 o) \), the following expressilons result, giving
the total residual stress at any point in the tube wall

in terms of the measured variables.

e —

Circumferential stress = p, B $A0 - Ad)%g

.L—O' da
(&g + Ad)e} 1A ees
RAg s

Pe - B Az(Ap-A;) d8 - (Ap+ Ap+ A1) 9? os s e Ll 22a)
10" dA -y v
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Longitudinal stress =Py - B (Ao-Ag) v =WYoo (13.23)
Tog dhg

[p - EJ{(AD_Ai) gA'\(’ \’/? ® 5 5 02 ® e s a8 e D e e l -25%)
- D

Radial stress . pp - b Ao—Ad 6................ (13.24)
T-6* 2A1

pp . B AD'A S L AR & . 3.7 |1
T l-ag* RAS

In the application of this method, ¥ and @ are calcu-
lated at each stage of the metal removal process, and the
values are plotted against the current cross-sectional area
(Ag) of the bore (in the case of internal layer removal}.
From smooth curves drawn through these experimental results

at ~  de

the values of the factors dAj and dAg are derived, 1t being

assumed

(1) that no error is entalled in drawing a smooth curve
through the graphical presentation of experimental
results, and

(1i) that the slope of a curve represents changes due to
the rdmoval of an elemental layer of material at the

point considered.
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14. APPENDIX 6.

STRATN GAUGE EQUIPMENT AND CALIBBATION OF GAUGES.

l4.1. Equipment used.

The electrical. resistance strain gauges used in

this work were selected as the most suiltable for thils

particular application, They had a nominal resistance
of 1000 ohms and a high length to width ratio. This

+£

ensured that the effect of strains perpendicular to the
direction of those being measured was as small as possi-
ble. The gauges wédre made of "Nichrome" wire, which
has a very low temperature coefficient of expansion,
thus reducing the effect of temperature variations to
a minimum, Although the gauges were of the self-
adhesive type this feature was not used, since the
gauges so attached have occasionally Been found to
be unreliable.

A circult diagram 1s shown below; the resist-
ances used were of the normal decade box type. The
fixed arm consisted of a box wvarying from O to 10,000

ohms in steps of 1,000 ohms. The variable arm was

Variable
Resistance

| ? 3 i
- 20v. 4
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made up of fiwe decade bhoxes in series. They were
so arranged that any resistance from O to 10,000
ohms could be obtained in steps of .1 ohms. A
final slide wire box was incorporated in this arm
to give direct readings to .0l ohms, 1t being poss-
ible to estimate to .00l ohms.

Two galvanometers were used, a micro-ammeter
with a full scale deflection of 25 micro-amps for
coarse readings and a sensltive mirror galvanometer
with a half scale deflection of appraximately 5 micro
amps to obtain the final accurate balance.

The 20 volt supply was from two high tension
batterles; as only a small current was taken during
the actual measurements the load on them was not
excessive.

The circult was wired up with P.V.C. coated
bell wire and arranged in a perspex topped box.

The gauge, supply and galvanometer terminals were

arranged on the top of the box to enable the circult
to be connected and disconnected easily. A switch
was placed in one of the leads to each galvanometer

so that they could be isolated when not in use.

14,2, Method of Calculation.

If initially, with no current flowing through
the galvanometer, the resistances are as shown in
the diagram, then the well known condition for

balance isg:-
Ry _ Hy
R2 R4

When the gauge 1s strained its resistance

¢rersssesrsnsersrnssnssssnsss (L)

will change to some Value R24'L§Eé. To maintain
the balance, that is, no current flowing through
the galvanometer, the resistance R will have to be

changed to some value R,+ AR,. It is assumed at

this stage that Ry and Rz do not change.
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The condltion for balance then is:

Rl o i 1?{5 L I I L I I I I I I B D (2}
Bg+ Alg — Rp+ ARy '

Eliminating El from equations (1) and (2)
R
S

R4_ Bl R4_-4— AR{‘:

which simplifies to

AEB:A§4 L I I T I I D B B I I B D B I O R B N D (5)
R R
2 4

For a gilven gauge factor defined by the relation

Strain _ AT
R2XF

where ' is the gauge factor the strain may be calculated,
using equation (3) from the relation

Stl’@.il’lg AR4: L IO BN R N R R DR NN R N TN NN D N RN DR DN NN TR TR R NN DR D R RN N N (4)
R4 X F ~

It can easily be shown, in a similar manner that
if both Ry and Rg change by the same amount due to tem-
perature effects the validity of the calculation 1s not
affected.
Note. The balancing value of bridge resistance referred
to in Sectlon 2 is the value of R, when no current flows
through the galvanometer,

Callbration of Gauges.

The purpose of this calibration was to ascertain
whether the gauge factor, which the makers supply with
each batch of gauges, éould be used to calculate the
straing in Equation (4).

The test was carried out on the specimen used in
the preliminary test (Section 4) and took the form of.
a compression test In a multi-lever testing machine.
Only the longitudinal gauge was calibrated since the
accuracy with vhich the strain in a circumferential

direction could be calculated, from the results of a

compression tdst on a short specimen, is not very great.



CALIBRATION OF LONGITUDINAL GAUGES

Load agginst change in gauge resistance
'O : - = < _..,..-. B PSRRI
9
"
6
g|F
O
O
(o]
-
7
6
5
4 ;
Load increasing -
dﬁcrcosinge
o Change in Resistance ohms.

o 2 -4 . -6 8 -0 -2

E1G:14.14,



120.
The active and dummy specimens were placed as
close together as possible in the testing machine and
the initial balance noted. A layer of calcium oleate

~

was applied to each end of the tube to act as a lubri-

cant.
Load was then applied to the specimen as shown
in the diagram. Readings of the bridge balance were

taken for increments of load of approximately one ton,
up to a maximum load of approximately ten tons. The
balancing value of bridge resistance was also noted
every two tons for decreasing load.

The gauge factor (I) could then be calculated
from the relation

F: ﬂ '“v LI T T T D I I I I I L B L L B B L B B B ) (6)

AE ARy
where A is the cross sectional area, obtained from
the wall thickness and outslde diameter measurements
described in Section 2.
Ry is the initial balancing value of bridge
resistance.
£&R4 1s the change in bridge reslstance Ry.

W is the load

E is Young's Modulus.

The value of W is the slope of a line drawn
through the points ob%ained when the load 1s plotted
against the change 1n gauge reslstance as 1n Fig. 14.l.

The slight curvature of the callbration curve for
increasing load at low loads is probably due to some
slight barrelling of the tube. It 1s unlikely to be
due to the non-linearity of the gauges, since 1t does
not occur for decreasing load. Consequently the £irst
two readings have been neglected when drawing a straight
line through the poilnts. The remainder of the readings
lie on-a straight llne, the slope of which when substi-

tuted in Equation (6) gives a gauge factor of 2.16,

assuming that E is 13,000 tons per in. The value given




121.

by the makkers is 2.20, the small difference observed

(2%) may be ignored and the makers gauge factor

confidently accepted for the gauges used in thils

work.
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15. APPENDIX Y.

calibration of drawing pin.

The drawing pin (Fig. 4.2)’was fitted with two
axlally mounted resistance strain gauges, each of
1000 ohms resistance. Two matched gauges were also
fixed partially to the drawing pin to gct aé dummy
gauges and temperature compensators.

The strain gauges were connected into a Wheatstone
bridge circuit with an operating voltage of 30 volts and
incorporating a D.C. micro-ammeter for measuring the out-.
of-balance current across the bridge. .

Calibration of the drawing pin to enable the con-
version of the micro-ammeter readings into the drawing
load transmitted through the pin, was carried out on a
100 tonm hydraulic straining single lever teéting machine
at Sheffield Testing Worké.

The results of this calibration are given in

tabular form below and in graphical form in Fig. 15.1l.

‘' Load (tons) ; Micro-ammeter raa.dingf‘<
' (Hp—-amps)
- Loadlng Unloading
5 | 1.2 1.2
10 2.4 : 2.3
15 3.6 ‘ 3.5
20 4.7 4.7
25 5.9 : 6.0
30 b3 7,0 71
35 8.3 ' 8.3
40 Ji5a: s 9.5
45 10.7 10.7
50 1L BT e -
55 13.0 13 .3
60 14.2 14.3
65 15.5 15.6
70 1647 “

.#. =3 -l
average of four tests.
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16. APPENDIX 8.

Analysis of errors in the experimental results

and the derived stresses.

The major sources of error in residual stress deter-
mination are not introduced 1n the experimental measurements
but are due to the variations in the wall thickness of
different specimens and the difiiculty in deriving the
differential coefficilents used in the analyses.,

In the present work the probable accuracy of the
measured observations 1s relatively high. The bending
deflection method demands the measurement of wall thick-

ness and diametral changes, both of which can be measured
using calibrated micrometers to within * 0.0002 in. This
corresponds to a mean accuracy of about ¥ 2%. In the
boring tests, changes In gauge resistance of 0.0l ohms can
be readily detected which corfespond to an accuracy of 1%
in the maximum values of the observed parameters ¢ ‘and'f
Since careful precautions were taken to avold errors due
to temperature compensation and zero drift in the strain
gauge measurements, the accuracy of the strain parameters
6 ana ﬂ/coupled with the corresponding bore area, will
generally‘be well within the range * 2%.

The errors in the calculation of the results are
largely the results of the graphical differentiation
process used to determine the values of thé derivatives

(%g ang. etc) ~ The maximum error entailed in these ‘
measurements is probably of the order of % 10% at points
where the sldpe of the curve under cénsideration is
changing rapildly and at the befinning of the experimental
curve where the latter becomes dlscontinuous. This error
in the derivative is more likely to have a greater influence
on the accuracy of the stresses determined by the boriﬁg
tests rather than by bending deflection tests, although
in neither case will the maximum error be greater than

‘i‘lo% and this at and near the surface of the épecimens.

A
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Subsidiary errors will also be. introduced into the e
stresses determined by bending deflection methods by the
gfaphical evaluation of the integrals in the relevant
analyses. The application of Simpson's rule to the’
process of grapghical integration ls reasonably accurate
and the error introduced by thls process is not very great,
particularly in compariscn with the errors introduced by
the opposite process of graphical differentiation. Con-
sequently the subsidlary errors can be consldered insig-
nificant.

Actually, because of the variation of tho several

components in which the total stress at any particular
point In the wall of a tubular component is calculated,
1t 1s extremely difficult to state an overall percentage
error fér the residual stress determinations obtained in
this work. It is believed, howsever, that the measured

stress values quoted are accurate to within * 10% at the
surface of the specimens and to wilthin ¥ 2 tons per sq.

in. at all other points in the tube wall,

The greatest errors in the determination of residual
stress distributions in tubes, however, are caused by the
variation in the wall thickness which is likely to Dbe '
present in any particular specimen. The normal tolerance
on the wall thickness of commerclal tubes is % 10% and .
while the tubes used in this work have had a much smaller
thickness variation than thls (the maximum variation
recorded being * 7% and the average variation for all
the tubes tested belng only.a‘little over half this
amount), the effect is still likely to be significant.

In the analysis.of the experimental results, statis-
tical methods have been applied to establish the validity
of any simple fuﬁctiohal relationship (linear) which appsars -
to exlst between any two Wariables. The method of least
squafes has been applied to obtain the "best line" through

the experimental results and no linear relationship proposedfg‘

_hag a correlation coefficient (see "Facts from Figures'",




A. J. lNoroney - Pelican) numericaliy less than 0.92
and in most cases the degree of correlation is move

than 0.25.
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