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ABSTRACT

Several computer éodes have been developed which predict
the stress and strain history in a component subjected to
any prescribed loading sequence, taking account of plastic
and creep strains. One such code, CREEPA, has been developed
at Imﬁerial College to perform a one-dimensional analysis of
a thick-walled cylindrical component under axi-symmetric
loading, in a state of generalised plane strain. This code
has been cheéked against eaflier experimental and analytical
solutions only for certain loading cases, and it is important
that the code should calculate transient creep strains correctly

if the 1life of a component is to be predicted reliably.

The object of the work described is to test experimentally
the code predictions of transient creep in a thick-walled
cylinder. This is done by measuring experimentally the residual
stress pattern in a cylinder which has been subjected to a
single steady load cycle during which stress redistribution
due to creep is expected to occur, and compared with that

predicted by the code.

FFor simplicity, the loading is obtained by inducing a
radial heat flux in the wall of the cylinder by positioning
an electrical resistance heater centrally in the bore of the
cylinder within a specially built furnace. This is the only

form of loading employed in the tests.

The selected test specimen 1is a cylinder of 75mm outside
diameter, 25mm bore and 150mm length and the material used

in tnese tests is Nimonic 80A extruded bar.



Measurement of the residual stress distribution is by
the well known method due to Sachs. To reduce induced stresses
on layer removal, a method by chemical milling has been
developed in preference to lathe turning, and the resulting
strain changes on the bore surface are measured by means of

foil strain gahges.

The technique of residual stress measurement was verified
by obtaining acceptable agreement in results from replicate
specimens. Correlation between the residual stress pattern
predicted by the computer code and the experimentally obtained
values was found to be poor. Possible explanations are discussed

and suggestions for further work are made.



NOTATION

Radial stress

Circumferential stress
Axial stress

Shear stréss

Total radial strain

Total circumferential strain

Total axial strain

Radial Elastic strain
Radial Creep strain

Radial Thermal strain

Strain rate

.Temperature

Radius

coefficients of Thermal expansion
Youngs Modulus
Poissons Ratio

Axial surface strain in the bore due to the

removal of an outer layer to radius r.

Circumferential surface strain in the bore due

to the removal of an outer layer to radius r.
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CHAPTER ONE

INTRODUCTION

Recent years have witnessed greatly increased demands
on the design engineer as a result of the requirement for the
development of larger and more complex structures requiring
to be operated under more severe conditions. The fields of
electrical power generation, aeronautics and chemical processing
are but a few areas in which numerous typical examples can
be found. With the vast amounts of money that stand to be
lost when such plant is rendered idle through crucial component
failure, it is understandable that a high degree of reliability
is demanded and therefore this aspect of engineering design
has received much attention.

The integrity of a structure or component during its
lifespan is governed by the performance of the component‘
material in the most highly stressed areas. The behavioural
characteristics of the material, as obtained from basic material
tests, are obvious essential requirements of an analysis
which must give careful consideration to the geometrical
features of the structure and also the type of loading to which
it will be subjected during service. In many typical plant
operating regimes, éomponents operating at elevated temperatures
and subjected to cyclically varying loads, undergo plastic
deformation. The complex interaction of creep and fatigue
effects under these conditions may lead to premature failure
either by initiating and/or propagating cracks or by excessive

cumulative deformation.



The problem facing the designer then, is to ensure that
his structure has an adequate margin of safety against the
loadings which will be imposed‘on it in operation, and to
ensure that it will continue to give satisfactory service,
free from cracking and excessive distortion over its whole
working life. This has, of course, to be done within the
constraints of time, money and available manufacturing tech-
niques. . The designer mus t therefore be able to perform a
complicated stress analysis of the crucial areas where stress
levels and strain ranges are highest, for the anticipated
loading regime. ﬁefore the advent of modern computér programs,
these problems were intractable for design calculations under
a general state of stress, and emphasis was placed on the
simplification of the problem. While this is still a useful
and economical analysis tool in components which are not
critically stressed, it is inadequate for more severe complex
conditions.

Computer technology has made astonishing progress recently
and in conjunction, an advanced state of development has been
reached in sophisticated numerical techniques for the idealization
and analysis of reasonably complex structures subject to
time-varying loading schemes. This is well illustrated by
the number of associated papers contributed at a recent
International Conference on Structural Mechanics in Reactor
Technology( L) . With adequate information apertaining to
the material behaviour, a precise history of the conditions
at every crucial point in the structure may thus be obtained.
It is at this point, however, that complications arise.

Progress in analytical methods has far outstripped our knowledge
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of the material to be analysed, since these technical materials
are so complex that the physical and metallurgical processes
involved are at best only approximately understood. Very
little information is available on the performance of component
materials at high temperature under cyclic conditions. So
although many computer codes have been developed which can
deliver numbers, the theory on which they are based may be
sufficiently different from Ehe real material behaviour for
the time, number of cycles and history of loading, that
totally erroneous numbers result.

While a great deal of work has gone into the experimental
measurement of creep in thick cylinders under steady loading

conditions(3)'(36)—(38)

r» it appears that insufficient effort

is currently being directed towards the verification of complex

computer analyses for more realsitic non-steady loading. It

was for this reason that this experimental project was insti-

gated. The initial objective was to ascertain whether, by using

standard uniaxial creep data and simple creep laws, a recently

developed computer code®*, was effective in predicting the time-

varying state of stress in a cyclically loaded thick cylinder.
The interaction of creep and fatigue is usually studied

by means of axial loads or combined torsion and axial load on

a tegt.specimen. At the start of this work, it was decided

to study a representative component, namely a thick-walled

cylinder, in which the material is in alstate of multiaxial

stress. The one-dimensional analysis of an axisymmetrically

loaded, long thick cylinder is relatively simple but it still

*rhis is a simple finite difference code similar to the
PITT code presently being used by the C.E.G.B. The basic
theory of the analysis and method of solution is briefly
described in Chapter Two.
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serves as a searching test of the algorithms of the computer
code and also saves computing time. Clearly, one essential
requirement of the computer code, if it is to be of any use
in predicting the stress/strain history of the material under
cyclic loading conditions, is that is should correctly
predict the stress redistribution due to creep, during any
'hold-time' in the load cycle. It was therefore decided to
subject the component initially to a single load cycle during
which there should be significant stress redistribution due
to creep. The stress redistribution will manifest itself in
a residual stress.pattern on removal of the load. The computer
code has the capability of predicting this residual stress |
pattern. A seérching test of the computer code could then
be made by comparing the predicted residual stress pattern
with an experimentally measured stress pattern. Only if the
programme can correctly predict this residual stress pattern
(and therefore by implication the stress redistribution) can
there be any hope that it will successfully predict cyclic
stress/strain history. Even granted successful prediction
of the stress relaxation in a single application of load,
the prediction of stress/strain cycles under repeated or
cyclic loading raises other questions which need to be answered.
For example, to what extent does the material have a 'memory'
of prior events and how can these -be modelled in the code?

A large amount of experimental work has been performed

(17) Most of the

in the area of residual stress determination.
work can be classified into three separate groups. These consist
of the non-destructive methods of X-ray diffraction and ultra-

sonic methods and the destructive layer removal methods.
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Clearly, non-destructive techniques of residual stress measure-
ments would hold a great advantage over destructive methods
in this particular application, as the whole history of the
deformation induced during the loading regime could be determined
by periodic inspection of the test specimen.

The X-ray diffraction technique has this advantage of
leaving the specimen intact but it is quite costly by virtue
of the specialized equipment required and can only be used
to determine surface stresses at a point. It was therefore
rejected as a potential method for this application.

A relatively recent innovation in the area of experimental
residual stress.determination is the ultrasonic technique.
Due to the phenomenon of 'acousto-elasticity', which is
analogous to photo-elasticity, the stress in the material can
be detected by the measurement of the variation in the velocity
of the ultrasonic waves. The techniques of absolute and
differential velocity measurement, reviewed by Ratcliff(z)
seem to be capable of detecting small stress changes. All
of the measurements from these techniques, however, give a
mean result for the regions traversed by the ultrasonic beam
and do not necessarily apply to each individual region along
the path length.

The most widely used technique in residual stress work
is the layer removal procedure. This technique involves the
removal of layers from a test specimen such that the stresses
in each layer may then be determined by consequent dimensional
changes in the remaining material. Majbr variations in the
use of this technique lie in the manner in which the dimensional
changes are determined, and in the method of layer removal.

The major advantages of this technique stem from the fact that
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it is generally easier to apply, does not require the expensive
equipment of the other methods and it gives a complete picture
of‘the residual stress field. The major disadvantage, of course,
lies in its destruction of the test specimen.

It was therefore clear, that.the layer removal technique
was the only feasible method of residual stress measurement
for this investigation. As a first stage in the experiment
then, the technique in applying this method had to be developed
so that residual stress measurements could be made accurately
and consistently. The technique was verified to the extent
that results could be replicated to an acceptable degree.
The method was used to test the accuracy with which the code
can predict a single load cycle. As described in later sections
the code was foﬁnd to predict the stress redistribution rather
poorly. No time was available to verify possible explanations
for this and to begin cyclic loading experiments. However, some
suggestions are included concerning the possible development

of the work in this direction.
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CHAPTER TWO

THE ANALYSIS OF CYCLIC LOADING OF A LONG TUBE WITH CREEP AND

THERMAL EFFECTS.

2.1 Governing Equations

The derivation of the governing equations for stress
readjustment in the wall of a thick tube,together with
appropriate boundary conditions are presented briefly in this
section. Certain simplifying assumptions have been made
in the analysis and these are mentioned at the appropriate
stage.

For axisymﬁetric bodies of revolution, the equilibrium
ecquations are (as usual):

90 9T o - g

_r _rz r 6 _ '
5T + 52 r 0 (1a)
aTrz aOz Tz
ST L P e =0 (1b)
390
5 -
Y = 0 (lc)

Body forces are assumed to ke zero.
Equilibrium of forces in the axial direction recuire

that
JZﬂrO dr = L (2)
z A
where LA is an applied axial force. This ecuation is
valid for an 'open-ended' cylinder with a pressure difference
- across the wall in addition to the axial load, LA'

A fundamental .assumption is that the total strains

consist of the sum of elastic, creep and thermal components.
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e = ¢ + € + (3a)
r e c T
r r r
ey = €4 + € + € (3b)
6 “q Ty
e = € + € + € (3c)
z e c T
z z z

Substituting expressions for the component strains in

equations (3), the strain displacement expressions are:

ou
e =8 0 + s 0. + 8 0 + € + a0 T = — (4a)
r rr r ro © rz =z cr r or
u
e. = s 0 + s + 5 0 + € + 0 T = = (4b)
0 rf r rr 0 rz z cO r Y
ow
e =5 0 + s + s 0 4+ € + a0 T = — (4c)
z rz r rz © zZzZ 2z cz z 02z
ou dw
= =-_+._..
Yez grz Trz + Trz 3z 3r _ (4d)

where u and w are the radial and axial displacements

respectively, 9yt Sppr -- etc, are elastic coefficients,
and @ 0 are cocfficients of thermal expansion.

With equatiéns (4) written in the above form, allowance
is made for possible anisotropy between the axial and transverse
di;ections.

‘One further important assumption in the analysis made
here is that of plane strain. The displacement w 1is therefore
assumed constant and independent of radius, both %{ and T
become zero and the analysis thus becomes applicable only
to regions away from the ends of the cylinder. This assumption
simplifies the foregoing equations such that the simultaneous

equations to be satisfied at any instant in the lifetime

of the cylinder are reduced to the following four:- .
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Equation (la) becomes

do

—r _ 1 - -
dr r(ce Or) 0 (5)

Combining equations (4a) and (4b)

+ € - € ] =0 (6)
c c
8 T

Eguation (4c) is
e, = srz(or + oe) *s .0, + aZT + ecz (7)
Together with eguation (2). For a tube with 'closed-ends'

and axial load LA’ eguation (2) becomes
2rlro dr = 7 2 - r2 + L (8)
z TPy oPo A

where Py and p, are the inner and outer pressures
respectively.
The boundary conditions recuiring specification are
the internal and external pressures and the total axial load,

each of which may be functions of time.

2.2 Computational Procedure

A finite difference method was used to solve ecguations
(5),(6),(7) and (8). Expressing these ecuations in a
combined forward and backward finite difference form,

equation (5) becomes

2rn+lcr - Zrnor - Arce - ArOe = 0 (9)
n+l n n+1 n

giving (N-1) eguations for (N-1) intervals.
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Similarly ecguation (6) becomes
0. {Sre (—2rn + Ar) - Br(s_ . ¢+ T )}
n n n n+1

+ 0 (2r

S
rn+1{ r8 41 n+l

+ 0, {Srr (—2rn + Ar) - Ar(sre s )}
n n n n+1

+
Q
N
P
wm
a1
]
~
1
N
H
o]
~
+
wm
—
1
>
a1
~
S’

+ Tn+l{ar (—2rn+] - Ar) + Ar(ar. - o )} (10}
+ 1 n+l .n

This gives (N-1) eguations for (N-1) intervals.

Equation (7) becomes

S o] + s o] + s o] + e = - T - EC (11)

giving N eguations for (N-1) intervals.
If Simpsons Rule is applied to ecuation (8), using seven

nodal points, it becomes(lo):

3
__ 1 35].2 _ .2
T Ar 3[r10rI r7Or7] (12)
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Equations (9) - (12) give a total of (3N-1) equations for
the (3N-2) unknown stresses at the nodal points, and one
unknown strain, ez, which can all be combined into matrix
form as

8] {x} = {s}
The solution vector
{y} = (0 ,....0 Re)

£ Yu-1 9 N 21 N

is found from the relation
v} = [2] {5}

The stresses.calculated thus at the start of the period
of constant load are used as first estimates of the stresses
at the end of the first time-step, which is a daté input, and
from these the creep strain increments for the time-step

are estimated by assuming

e =" .0t
tmean
The stress system at the end of the time-step is then
re-computed with the estimated (non-zero) creep strains.
Improved estimates of the creep strain increments are calculated
from the mean of the initial and estimated final stress system
for the time-step. The procedure is repeated with the improved
estimates of the creep strain increments until a convergence
criterion is satisfied.

The size of the next time-step is determined by multiplying
the first time-step by an optional constant ratio (greater

than one) and the sequence of iterative calculations repeated
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for each incremented time-step until the end of that period
of constant load ends. The load parameters for the next
loading period are read and the whole process repeated.

The residual stresses are computed simply by including
constant room temperature conditions for a final short time

interval, in the complete loading cycle.

2.3 Material Behaviour

The various relevant aspects of the behaviour of the
constituent material of the cylindrical component, are
represented in several subroutines. The dependancy of the
material behaviour on such variables as time, stress, temperature,
etc, is thus not restricted to any one assumed scheme, and
the particular characteristics of any material behaviour
can be appropriately described in the subroutines, In this
particular project, the compbnent material was the nickel-
chromium superalloy Nimonic 80A and the relationships in the

sections following are pertinent to this material.

2.3.1 Coefficient of Thermal Expansion

The mean coefficient of linear tﬁermal expansion
for the fully heat-treated material over various temperature
ranges is given in the table below. This data, supplied by
the manufactureré?gis typical for the material and is subject
to approximately : 5% variation due to compositional change
within the release specification, processing history, and/or

the heat-treatment condition.

. C s o
Mean coefficient of thermal expansion (millionths per C )

20 to 20 to 20 to 20 to 20 to 20 to 20 to 20 to 20 to
100°%¢ | 200°c| 300°%| 400°c| 500°c| 600°c| 700°c| 8oo’c| 900°C

11.1 12.5 13.2 13.7 14.1 14.8 15.5 16.3 17.4
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In the temperature range 500-9OOOC, which contains the
region applicable to this particular investigation, the linear

relation

ap = 7.25%x107°T + 10.5x10

6

gives a reasonable approximation to the measured thermal
coefficients. §Since no information to the contrary'is

available, it has been assumed that

2.}.2 Elastic Constants

As mentioned in section 2.2, allowance is made in the
.program for possible anisotropy between axial and transverse
directions. In this event, the elastic constants of

equations (4) are

1 Y1

Srr  E, *ro T E,

1 1

_ L 2

Szz E2 srz E2
where E1 = Er = Ee vl = ver = vre
EZ = Ez v2 - sz - Uzr

The elastic moduli are also temperature dependent and
a suitable governing relation must be included in the subroutine.
In the case of Nimonic 80A, information concerning the
modulus data in the axial and transverse directions for
extruded material is not available, and again the assumption
of isotropy has been made in the computer analysis. The
values of dynamic Young% Modulus publishea by the manufacturers(39)

and given in the table below were determined on fully heat-

treated cylindrical specimens vibrated in a flexural mode.
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These determinations were made at very low stress levels and
are slightly higher than the corresponding static Young‘s
Moduli. The difference between the static and dynamic moduli
is approximately 0.2% at room temperature increasing to about
1% at 1000°C. For extruded material, the value of Young's
Modulus is about 20% lower than that for other forms and is
affected by subsequent processing and the heat-treatment
procedure before testing. TIf a three stage heat-treatment
is applied - this involves a 24 hour soak at 85006 between
the normal solution and precipitation stages - the measured
values of dynaﬁic Young's modulus approach those of the
material in a c¢old - rolled condition. These values are shown

in the table below and were used in the analysis.

Dynamic Young's Modulus (kg/mm2 X 10_3) (Ref 39)

406 500 600 700 800 900
¢ °¢ °c °¢c ¢ °c

20.1 19.5 18.7 17.9 16.9 15.6

For the temperature range SOO—BOOOC, the linear relation
Ep = -9(T - 500) + 19.6 x 103
provides a good estimate of the measured values in the table
and was included in the subroutine in this form.
The slight increase in the value of the elastic Poisson's
Ratio for Nimonic 80A with rising temperature has been ignored

and a constant value of 0.3 was emploved in all the calculations.

2.3.3 Creep Behaviour

Creep behaviour is described in empirical terms and
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comprehensive results from creep tests of materials are
usually only available for tests at constant stress and
temperature under uniaxial tensile conditions. In studies
involving a changing pattern of multiaxial stresses, it is
necessary to augment the data by using certain hypotheses
in order to permit firstly, estimates of behaviour under
changing uniaxial conditions, and secondly, predictions of
behavioﬁr under multiaxial stress situations. Hypotheses
frequently used are reprCduced here for completeness.

. Two common hypotheses used for variable uniaxial stress
conditions have béen incorporated in this investigation,
namely the ‘tiﬁe hardening' and 'strain-hardening' relations.
According to the 'time hardening' hypothesis, the creep strain
rate depends only upon the current values of time, temperature
and stress, and in the 'strain hardening' hypothesis, the
creep strain rate is a function of stress, temperature and
accumulated strain.

A commutative form of the general creep function is
usually found to be a reasonable approximation, and the creep

strain rates can be expressed as

dec dFZ(t)
— - F . +
3t l(0) It F3(T) Time Hardening

and

— = G_(0) G (ec) G_(T) Strain Hardening

The equations which refer to uniaxial tensile data can

be extended to multiaxial situations by postulating equivalent



stresses (o*) and equivalent creep strain (EZ) so that

dsé .
—_ = * -
at Fl(o ) F2(L) FB(T)
deé.
— - *
and 3t Gl(c*) Gz(sc) G3(T)

o* and ex can be defined in terms of the principal
stresses and principal strains by the von Mises equivalent

stress and strain relations.*

-
and £* =\/-2—J(5 -c )2 + (e -¢ )2 + (g -¢€ )2
2 3 3 1

The manner in which the deformation under multiaxial
conditions is distributed between the three coordinate
directions is governed by a flow rule. If a Levy-von Mises
flow rule is combined with the condition of constant volume,
the creep strain rate components for the time-hardening

relation may be stated in the form

F_o(o*) |
& = 1 L
2 = Fz(t) F3(T)(Or %oe 202)
Fo(o*) » L -
oo L F,(t) F (T) (0,-%0 ~%0 )
6 ag*
F_o(o*)
: = “Lg -
EZ o * F2(t) FB(T) (Oz 20r 209)

*The results of investigations in the field of creep of
metallic materials under multiaxial stress systems have indicated
tnat tne von Mises criterion is valid for QQF)creep deformation
of isotropic materials. Taira and Ohtani claim however
that this may not be the best criterion for the prediction of
creep rupture life, and the maximum principal stress criterion
is superior in some cases.



24

For the strain-hardening hypothesis these assumptions result

in the creep strain relations

Fl(o*)

b - -1 .1

Er = o F2(T) FB(T) (0r zoe zoz)
Fl(o*) .

€q = —;;——— FZ(T) FB(T) (oe—%or-%gz)
F_(o*)

. _ o _1 _1

Ez = % F2(T) FC(T) (oz :oe :or)

where 1 is given by the equation

F.(1) er
) -
2 Fl(O*) F3(T)

For Nimonic 80A, an empirical expression for the uni-

axial creep curves was assumed to be of the form

_ g \n [t \p [T \q
Ec N Eo(o ) <t ) (T )
le] (e} le]

(39) (40)
From the data supplied by the manufacturers and others, the

values of the constants and indices n,p,q, were calculated

to be
£ = 0.001 p = 0.36
O
g = 15.75 qg = 21
O
£ = 100 n = 8.28 - 6x10 °7
T = 1088
O

2 o]
for o in kgf/mm , t in hours and T in K.
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An alternative empirical expression for representing
the observed-creep strain behaviour of Nimonic 80A, for a
wide range of times, stresses and temperatures, has been
proposed by Clarke(s). This is based on fitting a hyperbola

to the results of log (creep strain) versus log (time) of the

general form.

l.ln2 t + m.ln2 £ + n.ln E In £) - A2
) A T A

The stress (¢) and temperature (t) variation in the
creep strain results within the normal experimental range,

are represented by

exp{B + C.O}

exp{D + E.O}

>
H

and

~
Il

where B and C are constants, but D and E are temperature-
dependent.

The parameters 1,m,n and A are obtained simply from
the geometry of the fitted hyperbola.

The calculation of strain rates from the creep formulae,
using stress, temperature, and either the time- or the

strain-hardening hypothesis, is achieved by the relation

where x

fl

'—J

=]
N
A ler
\——/.

and

L<
Il
'—J
=]
TN
>,
~—

Inherent in the above analysis is the assumption that

the material is isotropic. This is an unlikely assumption



in the case of polycrystalline metals which undergo hot- and
cold-working processes during component manufacture. This
results in a 'preferred' grain orientation, and consequent
variation in mechanical properties relative to the direction

of working. Creep properties, in particular, are highly
structure sensitive. The degree of anisotropy resulting from
the lattice distortion left in the hot-worked material might

be expected to depend on the temperature at which the hot-
working is concluded. In the case of Nimonic 807, the anisotropy
might be expected to be less for an extrusion process, where
the hot-working is effectively carried out within a very

narrow range of temperature (around lZOOOC), than in a hammer-
forging or rolling process, where the hot-working proceeds

over a wider range of temperature.  Subsequent heat-treatment
processes which permit annealing of the lattice would therefore
reduce the anisotropy, particularly if a high solution

(4)

temperature is involved. Betteridge claims that his experience
has shown that the heat-treatments normally applied to the

Nimonic alloys, involving solution-treatment at 1080°C or

higher, are sufficient to restore all hot-worked material to

an essentially common condition.

Experimental data for Nimonic 80A bar that has been
extruded only is rather scant, and the assumption of isotropy
used in the analysis reported here, is supported only by the
findings of Betteridge. He concluded from a limited check
by experiments on a few specimens after normal heat-treatment,
that there is no significant difference between creep properties
in the longitudinal and transverse directions of extrusion.

Provision may be made for anisotropy in the analysis,

if it is assumed that the material is orthotropic, (i.e. it
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has three mutually perpendicular axes of symmetry), and that
incompressibility holds true. If the principal axes of stress
coincide with the principal axes of anisotropy so also will

the principal axes of strain increment coincide wifh the

stress axes. A yield criterion is then chosen such that

it reduces to the Von Mises law for small degrees of anisotropy,

(6)

Finnie and Heller

_ 1 - 2 -
o* —\/2J|:F(Gr o) + G(cre crz)

+ 6LT 2 + 6MT 2 + 6NT 2]
T rz

proposed:

2 2

+ _
H(crz or)

8 Bz

where F,G,H,L,M and N are assumed to be constants which
characterize a given state of anisotropy. It is further

assumed that the strain rates depend only on some function

of o¥,
n 3
L= 997 x
i.e. €. 55 €
r
and two similar equations. Finnie and Heller (G)Employ a
relation ¢* = Bo*® +to obtain
. _ ]_ *n—l - _ _
e = 5Bo [F(crr C’e) H(oz or)} R

and two similar eguations.

The point is made here, that the analysis in the
computer code is not limited to isotrdpic materials, provided
that the constants of anisotropy are known. These however,
are not usually known , except possibly for very simple cases,

(7)

and therefore, as Penny and Marriott point out, the use-

fulness of this analysis is in establishing whether the bounds of
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anisotropy expected are likely to have any significant effect

on the component response.

2.4 Computer Results

(8)

In a study performed by Spoelstra the performance

of the computer program CREEPA, using the above method of
analysis, was evaluated by comparing the computed solutions
with those of the illustrative examples quoted for some other

codes(g),(lo), as well as the elastic Lamé solution and

(11) steady-state solution. In each case the solutions

Baiiey’s
were found to concur.

Using the material behaviour stated in the previous
section, the CREEPA code, was used to predict the residual
stress pattern in a cylinder of Nimonic 80A, with dimensions
as given in the next cinapter, after having been subjected
purely to a constant radial temperature gradient for periods

of 1000 and 500 hours. These predicted residual stress

distributions are illustrated in Fig 1.

*Both the time-hardening and strain-hardening relations
were used in the computations, but little difference in the
final residual stress values were obtained . Therefore, in Fig. 1
only the results obtained from the time-hardening relation
have been illustrated. '
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CHAPTER THREE

GENERATION OF TEST SPECIMENS

3.1 FURNACE DESIGN.

A special furnace was designed so that a complex
axisymmetric load could be applied to a thick cylinder by
means of a uniform radial temperature gradient; the heat
transfer being pufely by radiation. The furnace, illustrated
in Fig 2 , was fabricated from mild steel being 285 mm in
diameter and 320 mm high and supported vertically on three
legs. A water jacket was incorporated in the wall of the
furnace to act as a heat sink, and small water channels on
top and bottom kept the electrical heater terminals cool.

The specimen cylinder was located centrally within the furnace
~vessel with an electric resistance heater concentric with
the bore of the cylinder. Insulating bricks in the top and
the bottom of the furnace served to minimize the axial heat
flow from the specimen, The inner wall surface of the vessel
was glven a matt-black finish to improve its absorbtivity.

The continuous operation of a Metrovac rotary vacuum
pump ensured a constant partial vacuum of approximately
0.2 mm Hg inside the furnace, which was found to be necessary
to elimate axial temperature variations resulting from circu-
lation by natural convection of the air in the vessel,.
O-rings formed air-tight joints between the top and bottom
lids and the vessel wall flanges, while p.t.f.e. seals
prevented leakage at the heater feeder terminals and the

thermocouple wires.
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A constant flow of cooling water gravitated from a large
tank and was routed through the vessel via 12 mm diameter
plastic tubing, and then led away to a drain. Thermometers
at the inlet and outlet registered the temperature rise of
. the cooling water on its passage through the vessel. 1In the
possible event of the water supply being stopped, two safety
features were incorporated to shut off the power to the
heater. A micro-switch, operated by a float valve when the
water level in the tank dropped sufficiently, would de-energise
a relay and cut off the electrical supply. As a back-up,

a thermostat, positioned on top of the furnace could also
de-energise ﬁhe relay if the local temperature exceeded
55°C.

Voltage fluctuations in the 240 volt single phase power
supply were controlled to within 1.2 volts by a Berco con-
tinuous voltaée stabilizer unit. A Variac autotransformer,
used for raising and lowering the power to the heater,
received its 60 volt supply from a 3.6kVA fixed-winding
step-down transformer. When the power was raised to produce
optimum loading conditions in the specimen, the Variac
was seen to be operating at its maximum rated current of
40 amps. It was discovered that after a few days of continuous
operation at this maximum current level, the carbon brushes
and the windings on which they were positioned began to
deteriorate, producing large fluctuations in the applied
voltage to the heater. To overcome this, two isolator
switches were built into the circuit to enable the Variac
to be switched out of the circuit once full operating

conditions were reached. The heater was then supplied
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directly across the step-down transformer. By adjusting the
output voltage from the stabilizer unit, a condition could
be reached where the output voltage from the transformer
matched that of the Variac which gave the maximum heat flux
for the desired inner wall temperature of 815°c. Aan

ammeter in the circuit and voltmeter enabled the continuous
power supply to be monitored.

The radial temperature gradient in the cylindrical
specimen was measured by five chromel-alumel Thermocoax¥
thermocouples which were inserted in axial holes (1 mm dia)
in the top of the.specimen. These thermocouples were led
vertically through the top insulating brick and out through
the top furnace 1lid, and connected with chromel or alumel
wires to the cold junction and selector switches. A
Honeywell multipoint chart-recorder provided a continuous
record of the temperatures. A Pye potentiometer test-set
was also connected into the circuit to provide temperature
indications on start-up and cool-down and to act as a
check on the chart-recorder readings. Good correlation
between these two measuring devices and a digital voltmeter
verified the reliability of the recorder. A Thermos flask
contaihing melting ice provided the cold junction for the

thermocouples.

3.1.1 HEATER ELEMENT.

During the early stages of the test program, some
difficulty was encountered in developing a heater which was
capable of continuous operation under specified conditions

for a number of identical test specimens. 1Initially,

*Trade name
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several attempts were made at fabricating the heater by winding
15 swg Kanthal Al wire on an alumina former and embedding
the coils in sufficient alumina cement to provide electrical
insulation and mechanical support at high temperature,
These, however, showed signs of deterioration after only
about 70 hours of continuous operation and it became obvious
that the actual heater surface temperature (around 1500°¢)
was a lot higher than had been predicted at the design stage,
and that rapid oxidation of the Kanthal wire was giving rise to
local failure.

A platinum-20% rhodium heater element was then constructed
from 1 mm diameter wire wound on a fused—alumina former.
Holes were drilled through the former at both ends to enable
the eletrical connections to pass axially out through the
ends of the furnace. Despite the high melting point and
oxidation resistance of platinum, the windings had to be
firmly and completely embedded in refractory material in order
to obtain a satisfactory life. On the first platinum heater
this was done simply by coating with an alumina cement mixed
with water and although a vast improvement on the life of
the Kanthal heaters, it failed prematurely after 500 hours.
This failure was due to local vaporization of the platinum
wire giving rise to a large increase in the local temperature
and eventual melting at that point.

Subsequent heaters were coated with a uniform layer of
Rockide fA' alumina, applied by flame-spraying and were
found to be completely successful. This process increased
the diameter of the heater slightly and in order to accomodate

it without touching anywhere, the specimen bore had to be
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increased frdm 25 mm to 29 mm. To assist with the winding
of the heater, a grooved alumina former was used. Additional
strands of platinum wire, wound round the former at the end
of the element winding, increased the cross-—-sectional area
of the terminal wires thus reducing the'temperature'in this
region. The ends of the heater tube were plugged with alumina
cement to reduce the end-losses from the heater and so provide
a more uniform temperature along its axis.

The heater was located centrally within the specimen
bore by means of an accurately positioned cup at the bottom
end, upon which tﬁe element rested, and by an alumina sleeve
which fitted neatly over the top end of the former locating

on the top of the end-cap bore.

3.2 SPECIMEN FORM

Due to the difficulty in drilling small (1 mm diameter)
thermocouple holes in the top end of the Nimonic specimens,
it was thought convenient to make use of a detachable end-cap
in which the thermocouple holes were made and so avoid this
time consuming operation on each specimen, as the only effec-
tive method was by spark—-erosion. A second reason for having
~detachable end-caps was that the region in which an axial
temperature gradient was likely to be present, due to heat
flow out through the ends, could be removed at the end of
the test, and so ensuring that the temperature distribution
in the test specimen was longitudinally uniform. The
end-caps were thus 35 mm long and were located concentrically

with the specimen by means of two dowels.
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The thermocouples were inserted in the holes in the top
end-cap up to the top surface of the specimen. The temperatures
registered by the thermocouples in these positions were taken
as truly representative of the temperatures at the corres-
ponding radii within the specimen, on the assumption that
the surface emissivities of end-caps and cylinder were the
. same. This assumption was checked on one specimen, by extending
each thermocouple hole 10 mm into the top of the specimen
and performing an axial temperature survey by gradually
withdrawing éach thermocouple in turn. From a series of
tests, it was concluded that axial heat flow in the region
of the interface was small but that slight differences in
the emissivity Eetween the end-cap and cylinder surfaces
could result in measured temperature differences of up to
20°C between the two. Tests have shown(lZ) that the
emissivity of Nimonic 80A is strongly dependant on the tempera-
ture at which the oxide is formed, the thickness of the oxide
layer as well as the roughness of the surface. Every effort
was therefore made to duplicate the surface conditions of the
end-caps and the specimen to reduce this discrepancy. On
the last five specimens, two thermocouple holes were extended
10 mm‘into the specimen to provide a check.

The specimens, 75 mm in diameter and 150 mm long were
made from stock extruded bar. The 29 mm bore was machined
out in a lathe and finished by honing. Great care was taken
to ensure that the bore was concentric with the outer surface

and of uniform diameter. The outer surface of the bar as
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received had been rough ground and no further machining was
required. The end faces were turned square and finally ground

flat before drilling and reaming the dowel holes.

3.3 LOADING CYCLE

The loading sequence applied to the specimens consisted
of a single cycle in which the temperature was gradually
raised until an inner wall temperature of 815°c had been
obtained, maintained at this level for an extended period,
and,then.gradually lowered to a constant room temperature.
The duration of £he extended period was 1000 hours for the
first three specimens, and 500 hours for the last five
specimens.

During the steady loading period, the temperature at
any point in the specimen was constant to within tloc ~ the
fluctuations arising from small variations in the applied
voltage. Care had to be taken, however, to ensure that no
air leaks occurred in the furnace as variations in the vacuum
conditions could give rise to temperature variations of
20°C. In the early stages of the experiment, failure of the
heater elemént prevented uninterrupted, steady conditions
from being achieved. Further reference to this is made in

Chapter 5.

3.4 SPECIMEN MATERIAL

As has been mentioned already, the material selected
for the tests in this program was Nimonic 80A.*

One reason for this choice is that it is a material on which

*Regd Trade Mark.
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a great deal of creep data is available. Another reason is
that with the relatively low thermal conductivity of this
material, a reasonably high radial temperature gradient

could be established by purely radiative heat transfer, while
maintaining the maximum wall temperature within the range
covered by the creep data. Typically, a wall temperature
difference of 75°C could be obtained with an inner wall
temperature of 815°C. Computer studies indicated tha;
considerable relaxation of the initial thermal stresses would

occur after 1000 hours under these conditions.

3.4.1 STRUCTURE OF NIMONIC 80A

Nimonic 80A is a creep resistant 18% chromium-nickel
base alloy. Additions of a few per cent of titanium and
aluminium introduces the 7' phase (based on Ni3Al) which confers
precipitation hardening characteristics on the material,
In addition to this major precipitation phase, smaller quan-
tities of other phases, mainly carbides and nitrides, occur
in the alloy and also have an important role in determining
its creep-rupture behaviour. Chromium carbides are
particularly noticeable in the alloys based on the nickel-
chromium solid solution and occur in the form Cr7C3 or

Cr23C6 depending on the temperature history of the metal

13) have proposed that

component. Betteridge and Franklin
some drain boundary precipitation of chromium carbide is

essential in order to produce an area deficient in chromium
in the vicinity of the grain boundaries and thereby produce

ductile zones which allow the accomodation of grain boundary

distortions without propogation of intergranular stress cracks.



3.4.2 HEAT-TREATMENT OF NIMONIC 8OA

Heat-treatment is applied to this alloy in order to
develop the full mechanical properties of which it is
capable, and at the same time it serves to remove the effects
of prior working operations. The usual heat-treatment
consists of two stages, the first being the solution stage
and ﬁhe second being the precipitation stage, but in applica-
tions where greater creep ductility is desirable, an inter-
mediate stage is included. Systematic studies of the effects
of the different stages of heat-treatment on the creep
properties of thié alloy have been reported by Betteridge

(13) (14) -(16) These studies have

and Franklin and others
suggested that the solution treatment has two principal
functions; first to dissolve the phases which are subsequently
to be precipitated to produce hardening, and second, to anneal
the matrix and remove the effect of prior working. The
subsequent treatments are designed to produce optimum
precipitation of the hardening v'phase and are normally
carried out at temperatures close to those expected in service.
Betteridge and Franklin concluded that the material exhibits
the greatest creep resistance wiﬁh the ageing temperature
slightly above the subsequent testing temperature.

The standard recommended heat-treatment is that
calculated to give the best compromise between creep resistance,
life and creep ductility for the particular temperature
range in which the alloy is chiefly used. For most of the
Nimonic alloys, this is the temperature range involved in

their use in aircraft gas turbines. The standard heat-treatment

for Nimonic 80A is:
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8 hours at lOSOOC, air cool
16 hours at 7OOOC, air cool.

Since the available creep data had been gathered from
specimens that had received this standard heat-treatment,
the same process was applied to the cylindrical specimens
in this examination, prior to treatment in the 'stressing'

furnace.
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CHAPTER FOUR

MEASUREMENT OF THE RESIDUAL STRESS PATTERN

It is well known that a radial temperature gradient
gives rise to a triaxial thermal stress field in a thick
cylinder and that creep causes a redistribution of these
stresses, the rate of which depends in a complicated way
on the stress, temperature and the total local plastic strain.
In order to gain further insight into this process of complex
stress redistribution, it was proposed to measure the
residual stress field present in the specimen cylinder after
an extended period during which considerable redistribution
had taken place. Residual stresses have been of interest
for a long time and some of the many ingenious experimental
techniques devisedvfor their measurement are summarized in
a review by Denton(l7) . The symmetfical simplicity of a
uniférmly stressed round section attracted the attention
of early investigators in residual stress work with the
result that Sachs(l8) developed a method of measuring
residual stresses in simple sections, such as right cylinders
and thin-walled tubes, which has been widely used, Other
techniques for the measurement of residual stresses in thin
tubes have been devised, eg. the bending deflection method,
but these are unsuitéble for thick cylinders, and so the

Sachs method was chosen for this investigation.

4.1 SACHS' BORING METHOD

The technique involves the measurement of changes in



strain on the outer surface of a long tubular section, as

thin layers of material are removed in successive stages from
the bore. An inversion of this boring-out process is also used
where material is removed from the outer surface and strain
measurements made in the bore. The theory utilizes these
dimensional changes to define the triaxial state of stresé
existing in the whole body. The stress equations for the

case of layer removal from the outer surface of the cylinder

(19)

are derived by Buhler and are

—E'[(A—A ) dA + A]
o]

Q
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where E' = E/(1-v2) ; v = Poisson's Ratio, E = Young's Modulus.

A = qr 2 r = bore radius

o o o

A = nr? r = current radius of cylinder

A =[}\ + VQ]

6 =[0 + vi]

A = axial surface strain in the bore due to the removal
of an outer layer to radius r

6 = circumferential surface strain in the bore due to

the removal of an outer layer to radius ¢
A plot of the inner surface strain readings against the changing
surface area can then be used to obtain the initial triaxial
residual stress pattern in the specimen.

Buhler has demonstrated that with combined turning down and
poring out, the complete determination of the residual stress
pattern is possible. Where this is not feasible, the stress in
the remaining portion of the specimen has to be obtained by
extrapolation and in some cases large errors can result. Barker

(20)

and Hardy proposed a way of reducing this error by rewriting

the above Sachs equations in the form
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The values of the functions (A—AO)A and PA—AO)/R]Q
are zero at both the inner and outer surfaces, thus making
the extrapolations to the surface more certain.

This alternative form has been used for the stress
calculations in this investigation.

Implicit in.Sachs‘ analysis are the following assumptions:

1) During layer-removal, a circular section is
maintained with the inner and outer walls concentric and para-
llel.

2) The residual stresses are distributed with rotational
symmetry about the axis of the cylinder.

3) The condition of plane strain exists in the region
where the change in surface strain is measured.

4) The material is effectively isotropic and has a
constant value of Young's modulus and Poisson's ratio.

5) The recovery of the residual stresses on layer
removal is purely elastic.

Near the ends of a long cylinder, a different residual-
stress distribution is to be expected - characterized by
lower axial stresses - from that at mid-length, where for
a sufficiently large ratio of length to diameter, the
condition of plane strain is approached. Buhler(lg)

(21) (22)

Hanke and Tiemann and Kawagoe have investigated the

question of what the minimum length to diameter ratio ought
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to be in order to avoid erroneous measurements due to the
overlapping of the zones of influence of the cylinder ends.
In all cases this‘was found to be 2.

Barker and Hardy pointed out a limitation in Sachs'
analysis when yielding occurs on layer removal, which is
manifested in the calculated stress values being above the
yield stress. The residual stresses in the present
invéstigation were not high enough to be affected by this

phenomenon.

4.2 LAYER REMOVAL TECHNIQUES

As mentioned above, Sachs' method of residual stress
measurement relies on the observation of changes of dimensions
due to the relaxation of constraints which one part of the
cylinder exerts on others. This is satisfactory provided the
process of subdivision does not cause disturbances of
significant magnitude. The problem of removing material
with the minimum effect on the stress pattern is thus
important.

Mechanical machining is a convenient method of material
removal and has been used by many residual stress investi-
gations. In most cases the presence of induced machining
stresses is acknowledged and precautions have been taken to
maintain a minimum and constant effect by taking 1light cuts,
using sharp tools and maintaining a liberal supply of cutting
fluid to the cutting face. The main justification for
adopting mechanical means of removal has been that the results
obtained in the past have been satisfactorily checked against

the equilibrium conditions given by:
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o = o at the inner and ocuter cylindrical surfaces,

and when g—r = 0 g = 0 = g

It should be pointed out that Sachs' equations will
satisfy these equilibrium conditions for any continuous
functions A and 6, the only condition being that both fﬁnctions
are initially zero. The equilibrium checks, therefore,
only apply to the.calculation of the stress components and
cannot eiiminate or expose errors made in measuring the
surface strains.

(17) statés that if machining stresses are kept

Denton
constant, a shift but not a gradient change in the Avs A
and O vs A plots may be expected and the corresponding stress
values may not suffer. Preliminary tests on several
mild-steel specimens, identical in form to the Nimonic
specimens and 'stressed' in the manner described in the
previous chapter, indicated that despite attempts at mini-
mizing machining stresses and by maintaining constant cutting
conditions, these stresses were significantly large and
fluctuated in value. Due to the fact that Nimonic 80A is a
difficult material to machine, because of its strong tendency
to work-harden, the induced machining stresses were not likely
to be any less. than those in the mild steel specimens, and

therefore an alternative method of layer removal which would

eliminate these machining stresses, was sought.
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Spark-machining, electro-chemical machining and chemical
milling were the obvious stress-free alternatives.
Spark-machining is not an entirely stress-free process, and
although it has been successfully used by Denton(l7) in
thin tube applications, it was not suitable for this particular
application due to its low rate of removal. Much has been
done recently to develop electrochemical machining in the
aircraft world, andbthis would be an ideal process for this
particular application as high rates of material removal
are attainable, good dimensional control is possible and the
process is stress free. It does however, require a large
specialized plant and for this reason it had to be rejected
in this investigation.

The only alternative to mechanical machining therefore,
was chemical milling (or acid etching), and despite its
attendant problems of gauge protection, dimensional control -
arising from local variations in the reaction - and corrosive
environment, it was justified as a way of eliminating one
further possible source of significant error.* Chemical
milling has, of course, been used in residual stress work

(24)

before - indeed by Sachs himself - but it has been confined
to the analysis of thin tubes where the problem of dimension-

al control is less severe.

*Phe effect of machining stresses is well illustrated
in Table 4 of the recorded strain readings in Appendix 1,
as light machining was used occasionally to maintain specimen
symmetry during the chemical milling operation. This is
discussed further in the following section.
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4.3 CHEMICAL MILLING

The main design requirements of the chemical milling
equipment were to maintain a uniform removal of material from
the outer surface of the specimen and to achieve this at a
reasonable rate. It was also necessary for the specimen
to be easily removable from the etching medium to enable
the strain gauge‘readings to be recorded at regular intervals.

To meet with these requirements, a rectangular poly-
propylene container was modified to house two parallel
polypropylene rollers, 60 mm in diameter, horizontally across
its width. With £he specimen simply resting on these rollers,
each driven by a low speed motor, the specimen could be slowly
rotated horizontally about its axis to produce a uniform
reaction when completely submerged in the chemical reagent,
and could also be easily removed. Some unsuccessful attempts
with p.t.f.e. shaft seals resulted in the adoption of the
system shown in Fig 3 where the drive to the rollers was
transmitted by gears on the inside of the tank, with the
drive-shafts passing through the tank wall above the level
0of the milling solutidn.

The rate at which metal is dissolved in the medium
depended on the speed of the chemical reactions taking place
on the surface of the metal and upon the speed.with which
the medium is supplied to the surface and the reaction
products removed. The squeezing action on the milling solution
between the cylinder and rollers was effective in performing
this 'flushing' function.

The basis of a suitable chemical milling solution for

Nimonic 80A was obtained by kind favour of Rolls-Royce, Bristol
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where it had been used for reducing turbine blades of Nimonic
105 after forging. The modified solution finally used for
the chemical milling of the Nimonic 80A specimens was as
follows:

12 parts Ferric Chloride solution

5 parts Nitric Acid

8vparts Hydrochloric Acid

2 parts Residue from previous batch solution.

The addition of some residue from the previous batch
seemed to help in getting the reaction going with a fresh
batch. The solution was most effective when used at 60°C and
a large thermostatically controlled water-bath was used for
neating the milling solution. The etchant was kept circulating
through the milling tank by means of a small TEP*pump which
had to be modified somewhat to prevent the magnetically
driven impeller from dissolving in the solution.

Each end, and the entire bore of each specimen was coated
with a thick layer of Turco*rubber to prevent attack by the
acid. Special double-taper bungs of rubber and polythene
were used to prevent the ingress of acid to the bore. These
bungs also served to contain a sealed protective housing
for the strain-gauge connectors in the event of acid leaking
past the bungs. Shallow grooves were machined in the rollers
to allow clearance for the rubber layer on each end as the
metal was dissolved. This reduced the frequency of replacing
the rubber resulting from acid getting under the layer as -
it was folded back by the roller. Small adjustable stops
were positioned between the rollers to prevent the specimen
from moving along tne rollers,

*Regd. Trade Name.
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It was found to be imperative to avoid any contamination
of the surface of the specimen at any time bétween milling
in order to prevent an uneven removal of materijial, Initially
and again after each lathe machining operation the specimen
was thoroughly degreased; and each time before commencing
the milling operation, the specimen was immersed in concen-
trated hydrochloric acid for ten minutes. On removal from
tne nydrochloric acid and the milling solution, the specimen
was washed in distilled water.

_Witn  this routine, dimensional control could be quife
effectively maintéined. There was, however, a tendency for
the specimen to develop a slight barrel shape, and when the
difference in the diameter between the centre and the ends
was of the order of 0.5 mm, the cylinder was lightly machined
in a lathe to restore its parallel and concentric form. This
lathe operation was necessary only twice in the entire course
of analysing a specimen. Eccentricity of the milled surface
was found to be never greater than * 0.2 mm,

If the cohcentration of the milling solution was main-
tained, a rate of removal of material of 0.012-0.025 mm per
minute could be attained - approximately the same rate as

machining in a lathe with a high-speed steel tool.

4,4 METHOD OF STRAIN MEASUREMENT

The most suitable method of measuring the changes in
the surface strain in the bore is by means of resistance
strain gauges. Extensometers and other mechanical methods
have been used in past applications of Sachs' method but
they are awkward and offer little advantage over strain gauges,

Considerable advances have been made in the manufacture and



use of strain gauges and strain gauge cements, and this method
0f strain measurement has been used here. There are, however
many pitfalls in using strain gauges and strict precautions
are necessary for the attainment of reliable results,

One of the disadvantages of Sachs' technigue is that
the zero-strain reference point cannot be rechecked once layer-
removal has commenced. It is thus necessary to keep the
zero drift as small as possible, since all changes in the
original‘zero wili Ihe interpreted as strain and added to the
measurement caused by the release of residual stresses,
causing large errors.

The major influence on the zero stability of a strain
gauge installation is the temperature effect on the strain
gauges and connection cables. The use of self-temperature-
compensated strain gauges helped to compensate for the thermal
expansion of the specimen material. Fig. 6 1llustrates the
'quarter bridge' arrangement of each gauge circuit; in which
a 3 lead wire system was employed to reduce the temperature
effect on the leads. However, despite these precautions,
significant variations in the strain gauge readings could
still be detected, arising from fluctuating ambient conditions.
This prompted the construction of a large insulated box, shown
in Fig. 4 , wherein the temperature could be accurately
controlled (3OOi O.lOC). With the entire measuring circuit
and specimen inside this box, the temperature effect on the
strain gauge stability could not be detected.

With d.c. bridge excitation, significant thermocouple
potentials can be generated in strain gauge circuits when

relatively small temperature differences occur between gauge
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Figure 4
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terminals, giving rise to zero shifts. These potentials

may easily be detected by reversing the polarity of the supply
voltage. With tihe meaéuring circuit enclosed in the temperature
controlled box, no such effects could be detected,.

In prelimiﬁéry tests on mild steel specimens, some large
variations in the zero were attributed to unsatisfactory
pérformance of the gauge adhesive bond. It was therefore
regarded to be of utmost importance to use a high quality
cement exhibiting low hysteresis and zero instability effects-
sucih. as that used in transducers- and to ensure complete
curing of the cement. A room-temperature- curing expoxy
resin cement, requiring only a low temperature post-cure
treatment, was found to be suitable for the gauge bonding
technique employed. This is described in the next section.

In the case of layer removal from the outside of the
cylinder, it is necessary for the strain gauges to be
disconnected from the measuring circuit during this process.
Clearly, variations in the contact resistance of the
connectors used for this purpose, can give rise to large
errors in the strain readings, and for this reason Bloomfield(ZS)
found it necessary to manufacture his own silver-plated brass
connecting plugs. As an alternative, two 14 pin Lemo* connec-
tors were used for each specimen in this investigation.

These are iiigh-quality gold-plated pin connectors and used
in a tiiree-lead-wire system with the conneétion pins in
0ppbsite arms of the bridge circuit, they performed fairly
satisfactorily: tile changes of apparent strain arising from

the variations in contact resistance were estimated at each

*Regd Tracie Name.,
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strain reading by repeating the reading after unplugging

and reconnecting several times, and found to be of the order
of ¥ 5 microstrain. These connectors were rather vulnerable
to the fumes generated by chemical milling method already
described, and great care had to be taken in ensuring

protection of the contacts.

4,5 METHOD OF BONDING STRAIN GAUGES

The'precision of the strain readings may be influenced
by wvariations in the location and consistency in the bonding
of the strain gauges. The axial location at mid-length of
the specimen was important due to the 'end effects' of the
finite cylinder, and the alignment of gauges parallel to
the cylinder axes was necessary to avoid a 'cosine' error.
Straight forward manipulation of the gauge to the
required position in the bore by means of tweezers and dental
mirror provéd to be inaccurate, messy and quite unsatisfactory.

(26) in which the

A method proposed by Sweet and Weiner
gauges were premoulded to the appropriate curvature was fairly
successful, in that some readings were obtained, but since
considerable effort was required to prepare the gauge in this
form, location was not sufficiently precise and the glue-
line could not be easily inspected after installation, this
method was rejected.

Another technigque was tested, in which a long thin
card, equal in width to the bore circumference, was used to
position the gauges ih the specimen bore. Four rectangular

apertures, each the size of the entire strain gauge and

terminal tag, were cut in the card so that the gauges could
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be evenly positioned on the bore surface at mid-length of the
specimen. The gauges were stuck to the card with adhesive
tape so that each of the gauge backing surfaces were exposed
through the apertures in the card. The card was then rolled
into a cylindrical shape, adhesive applied to the gauges and
the card then inserted a pre-determined depth into the bore.

~ An inflatable tube, similar to that suggested by Buhler(lg)
was used to hold the gauges firmly against the inner surface
during curing. Several attempts were made with this tech-
nique before abandoning it due to regular occurrence of air
bubbles trapped iﬁ the adhesive layer.

The technique finally adopted, was similar to a method
devised at the C.E.G.B Berkley Laboratories, in which an
inflatable rubber tube was 'sandwiched' between two halves
of a mandrel of suitable diameter with the outer surfaces
covered with a layer of Neoprene rubbér. Two rubber bands
held the wihiole assembly together. Alignment reference lines
were marked on the mandrel with the aid of a special jig,
so that with careful initial positioning of the gauges on the
mandrel, accurate location of the gauges at the centre of
the specimen bore could be achieved. As shown in Fig 5 ,
the strain gauges, with lead wires attached, were secured,
bonding surface uppermost, to the mandrel by means of double-
sided adhesive tape. The bonding adhesive was applied to
the strain gauges and the whole assembly was inserted in the
bore by the appropriate amount, taking care to ensure that
the gauges retained the curvature of the mandrel to avoid
air bubbles being trapped in the adhesive layer. The tube

was then inflated to a pressure of 12% psi and the adhesive
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Figure 5
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allowed to cure, after which the assembly was removed by de-
flating the tube and breaking the weak cellulose band of the
adhes;ve tape. Two strain gauges were installed simultaneously
by this method.

A special magnifying periscope was made to enable careful
examination of each strain gauge installation, and if found
unsatisfactory the gaudge was scraped off and replaced.
Measurement of the actual misalignment was found to be no
greater than 5 degrees * and axial positioning at mid length
was within 2 millimeters. A final check was made on the per-
-formance of the iﬁstalled gauges before commencing with the
layer removal by compressing the specimens axially, in a
Dennison press, over the elastic strain range covered in the
measurement of the residual stress pattern.

Two types of strain gauges were used in the tests,
Micro-Measurements 90®Tee' Rosette, EA-06-125 TM-120, having
a gauge length of 3.18 mm; and Kyowa 90° 'Tee’ Rosette,
"KF-2-D1-11, with a gauge length of 2 mm. The layout of the
terminal tags gave preference to the former type for this
particular application.

Prior to bonding the gauges, the surface of the bore was

scrupulously prepared, according to the gauge manufacturers

* The magnitude of the error due to misalignment,¢,may
be estimated from the two-dimensional Mohr strain diagram .

= 1 1 -
(measured) e 1(el+52) + ’(El 52) Cos 2¢

In this investigation, the axial and circumferential
inner surface strains were both compressive and nearly
equal in magnitude. The misalignment thus had to be of the
order of 15 degrees to produce an error of 10 microstrain in
the largest strain reading.
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recommendations. . The thick oxide layer which formed
during the heat-treating process was removed by honing with
a cast-iron plunger and grinding paste which produced an

even but slightly roughened surface.

4.6 STRAIN MEASURING CIRCUIT

The arrangement of the strain measuring circuit is shown
schematically in Fig6.

A Tinsley slide-wire null-balancing Wheatstone bridge
was used to méasure the resistance changes of the strain
gaudges. This was built into the side of the temperature
controlled box and operated from the outside. The out-of-
balance condition was monitored‘on the accompanYing galvonometer.
With the relevant gauge-factor set, the strain could be read
directly off the instrument. The calibration of the instrument
was checked with precision resistors which simulated strain
changes of 200 and 500 microstrain when fixed in parallel
with a 120 Ohmresistor, the gauge factor being set.at 2.00,

The initial bridge balance of each gauge circuit was
attained by careful manipulation of the balancing potentio-
meters contained in a Solartron balancing unit.

?ower to the measuring circuit was supplied by a
stabilized d.c. voltage power-pack. The supply voltage was
set at 2.000 volts and was constantly monitored on a
Sclartron digital voltmeter. The a.c. ripple arising from thé
rectification in the power-pack was less than one millivolt,
BErrors arising from gauge heating, earth leakage and impedance
effects were thus kept to a minimum without seriously reducing

the measuring sensitivity.
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CHAPTER FIVE

5.1 EXPERIMENTAL RESULTS

An account of the develbpment of a suitable heater
element and some of the difficulties enéouhtered has been
given in Chapter 3. These 'teething troubles' were not all
eliminated before commencement of the testing program on the
Nimonic specimens - indeed, they were only manifest once the
long testing period was attempted ; with the consequence that
replications of testing conditions for the first three
specimens over the 1000 hour period was not achieved.

The first specimen was particularly affected by this
malady, with two Kanthal heaters and the first platinum heater
being used consecutively in the 1000 hour period. 1In the case
of the Kanthal heaters, the deterioration was gradual before
final failure with the result that the temperatures in the
test specimen gradually drifted downwards for a considerable
period before suddenly dropping on failure. The platinum
heater failure was more sudden with indication of its imminence
only being observed shortly before failure. A continuous
record of the temperature history as measured by the five
thermocouples was monitored and recorded on a chart recorder,
but for illustrative purposes,the cycle history, as approxi-
mated by a series of step changes is presented in Table 1
in Appendix I.

During the loading cycle of Specimen 2, the performance
of the Variac began to deteriorate from the oxidation of
the carbon brushes through the continuous over heating induced

by the high current being drawn by the heater element. The
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Variac was successfully taken out of the circuit without
interrupting the supply to the heater, but the slightly
Higher voltage then applied to the heater raised the tempera-
ture in the specimen by some 13 degrees. It was unfortunately
not appreciated at that stage that adjustments to the applied
voltage could be made through the voltage stabilizer unit, and
the power was maintained at this higher level for the rest
of the tes£ period.

At the end of this test period, a switching arrangement
was puilt into the heater circuit to facilitate isolation
of the Variac oncé the desired test conditions had been reached.
The temperatures recorded for this second specimen are shown
in Table 2 in Appendix I. |

The last heater element failure occurred 172 hours after
steady temperature conditions had been reached in Specimen 3.
Fortunately, this was only due to a poor contact at the elec-
trical feeder terminal and was repairable. The recorded
temperature distribution for this specimen is also given in
Table 2 .

By this stage in the test programme, the heater 'teething
troubles' had been eliminated and the reliable performance
of the heater could at last be confidently assumed. 1In the
three tests already completed, however, the desirable degree
of replication had not been accomplished and due to the
"shortness of the remaining allotted time for the project,
it was decided to reduce subsequent loading cycles to 500
hours. This enabled five more specimens to be tested under
identical conditions, giving greater statistical significance

to the measured residual stress pattern.
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The extruded bar from which the first two specimens were
made came from a different stock batch to that used to make
up the other six specimens. Although hardness tests and
metallographic examination showed that the bar as received
had been heat-treated, all specimens, except the first two,
were heat-treated again (as described in Chapter 3) after
machining to the specified form. The hardness survey made
of each specimen after the standard heat-treatment indicated
that the metallurgical condition was similar and uniform.

The values of hardness obtained were all within the range
290-370 v specified for Nimonic 80A after the recommended
heat-treatment.

There is some discrepancy in the values quoted by the
manufacturers for Young's Modulus at room temperature for
extruded bar, ranging from 18-22 X lOBkg/mmz.Since the measured
surface strain changes are directly influenced by the elastic
modulus, tension tests were performed on the remaining thin
cylindrical shellé of a few specimens to measure the elastic
modulus of the material in an overaded condition. The cylin-
drical shells were lightly machined concentric with the
bore and the middle 75 mm of each specimen was ground to a
smaller diameter of 30.48 mm. Special jaws were made to
enable the specimen to be accurately centralized in the
Instron testing machine. These jaws were both fitted into
universal joints to further eliminate bending stresses.

The installed strain gauges in each specimen were used to
record.the resulting strain. The values of strain registered
for various applied loads for two specimens are shown in

Fig 7 , the value of Young's Modulus thus obtained was found
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to be within the range quoted by the manufacturers.

Microscopic examinations of samples cut from the remaining
shells of each of the specimens confirmed the expected excess
of intragranular V'precipitate of the overaged condition.

Figs 8 and 9 show typlcal structures and also indicate
that the precipitation is not visibly greater in the
specimens which had been heated for a much longer period.

In order to test for anisotropy in the creep properties
of the extruded bar from which the test cylinders were made,
uniaxial creep test specimens were cut from the material
in both the axial'and transverse directions of extrusion,
Unfortunately it was not possible to complete the creep
tests on these specimens in time for inclusion in this

thesis.

5.2 ESTIMATION OI' ERRORS

The objective of this first stage of the experimental
investigation has been the development of a reliable pro-
cedure for the measurement of the complex residual stress
field present in a specified thick cylinder after stress
redistribution has been allowed to take place during a loading
period in which neither the stress nor strain has been con-
strained. For the method to be judged reliable, the results
thus obtained ought to be both accurate and precise.* 1In

the quest for accuracy, systematic errors and those associated

*A distinction is made between accuracy and precision.
Accuracy is associated with the freedom from systematic error
of a measurement, and precision with the random variation
obtained in repeated tests.
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Specimen 3 — after 1000 hrs (x 2000)

Figure 8

(X 400)



AL

-
I:“;"‘

L

y

-

4

(X 2000)

500 hrs

b
0
b
©
|
M~
-
)
£
0
o
o
)

Figure 9

(X 800)



67

with assignable causes need to be eliminated from the experi-
mental method. Several identical tests then performed under
these conditions may usefully indicate the precision of the
observed quantities.

The experimental procedure that has been developed has
been described in detail in the proceeding chapters, but it
is pertinent to this section to re-iterate the measures that
were taken té eliminate systematic errors and those due tb
assignable cadses, to ensure reliability. These may be
divided into two main sections in accordance with Chapters

3 and 4.

1) Specimen Generation

a) Specimen
i) The assumption of parallel, axial
symmetry in the test specimen was ensured by having each
specimen made to close tolerances on the bore diameter,
concentricity of the bore with the outer surface, and
uniformity of bore diameter. A fine surface finish in
the bore was achieved by final honing.

ii) Heat-treatment in accordance with the
recommended two-stage procedure was designed to produce
an initial suitable uniform metallurgical condition.

It also served as a stress rélieving measure after machin-
ing and a method of establishing a stable oxide film
on the radiating cylindrical surfaces so as to improve
the emissivity.
iii) Test specimens were manufactured from

the same piece of extruded bar.



b) Stressing Cycle

i) To ensure axisymmetric stressing, the
specimen was locatedvcentrally within the furnace with
the uniform neater element positioned concentrically
within the bore.

ii) Tne test temperature conditions were
measured with the aid of chromel-alumel thermocouples,
chhecked against each other and ahother standard. The
calibration of the temperature recording equipment was
- proved against two different accurate instruments.

iii) The applied vacuum and the thermal
gradient were constant throughout the loading programme.
The duration of the testing period was the same for the

last five specimens.

2)  Residual Stress Measurement

a) Strain Measuring Equipment

i) The calibration of the strain scale
of the Wheatstone bridge instrument was regularly checked
at two measuring points with two standard resistances.
Readings taken from strain gauges attached to a four-
point bending beam concurred with the deflection
measurements over all the instrument measuring ranges.

ii) The response of the strain gauge
transducers assignable to temperature effects, were
minimized by using self-temperature-compensating gauges
and a threé—lead wire system, all enclosed in a
temperature controlled box. The bridge supply voltage

was accurately maintained at a constant low value.
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b) Strain Gauge Technique

1) The strain gauges were centrally located
within the bore of the specimen and accurately aligned.
ii) The response of the bonded gauge was
checked before commencing layer removal.
iii) The same surface preparation and bonding
procedures were repeated for each specimen. The enviro-
ment during strain gauge mounting was controlled in

both temperature and humidity.

c) Layer Removal
- i) A chemical milling technique was
developed to avoid induced stresses on layer removal.
ii) The symmetrical form of the specimen
was closely maintained throughout the chemical milling
process.

d) Measurement Observation

i) Several readings of each strain measure-
ment corresponding to a particular diameter were taken
at different times to minimize the possibility of mistakes,
and the readings averaged.

ii) The effect of variations in thé contact
resistance of the connectors in the strain gauge circuits
was reduced by repeating the readings after each of
several re-connections.

iii) Variation that might have occurred in
the instrument slide-wire performance, was constantly
monitored with an unbalanced quarter bridde circuit in
which a fixed precision resistor was used in the place

of a strain gauge.
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One additional possible source of error, not mentioned
in the above summary, has been investigated at length by

(28) (29) who claim that the usual 0.5%

Andrea and Berggvist
tolerancé for the specified value of the gauge factor-can be

in error by a significant amount. This has not been accurately
assessed in the present application but precautions have been
taken with this in mind by using several pairs of strain

gauges from different batches and taking the average of the
readings. Both the lack of space and availability of suitable
connectors restricted the number of gauges used on each specimen
to four pairs, i,é, four axial gauges and four circumferential
gauges. The differences in the gauge factor of the strain
gauges arise mainly from manufacturing pfocesses and extreme
variations in enviromental conditions during storage prior

to bonding, and during bonding. These enviromental conditions
were closely controlled and these gauge factor variations have
thus been included under the 'random' title.

After each layer removal operation, the specimen diameter
was measured at several points around its central diameter
with a micrometer. Measurements thus taken would correspond
to the 'peak-to-peak' diameter of the roughened surface and
would be slightly greater than the effective uniform surface
diameter. This difference was estimated as being between
0.1 and 0.05mm on the diameter and since the strain change
with decreasing radius was not great, the small error in the
diameter reading was seen to be of little consequence.

Therefore,in the analysis of the experimental results the

values of the diameter were assumed to be precise.
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Despite having taken all the above precdutions, it cannot
be claimed with certainty that all systematic error has been
eliminated from the strain measurements. As already mentioned
in Chapter 4, the zero-strain reference point cannot be re-
checked in the Sachs method and therefore the occurrence of
zero-drift cannot be disclaimed absolutely. However, confidence
in the performance of the installed strain gauges can be drawn
from their satisfactory performance before the commencement
of layer removal on the cylinders and again from the tension
tests performed on the thin residual shells, in which no
signs of zero-drift could be detected on removal of the test
load. Also, the measuring circditry was unaltered, except for
the zero potentiometers, for each of the specimens and drift
in the readings could not be detected in the interval between
making the initial zero adjustments and commencement of layer_
removal. On these, the only guidelines for assessing the
significance of zero-drift, it is claimed that the systematic
errors have been maintained at an insignificant level.

An assessment of the error bounds in the surface strain
readings has therefore been madé using fundamental statistical
methods. Replication of a loading cycle has been achieved
in the case of the last five specimens and the results obtained
therefrom have been used to gauge the precision of the measure-
‘ment technique. The standard deviation from the mean of the
strain gauge readings from the five 500 hour specimens is shown
in Fig 10. The measured surface strains for each of the

specimens are given in Tables 3 to 10 in Appendix 1.
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5.3 Calculation of Residual Stresses by Sach's Equations

In the method of residual stress determination as

originally proposed by Sachs, curves of the two parameters

0= [6 + vk]

A= [lk + \)8]

agaihst the current area were plotted from the measured values
and the first derivatives of these parameters, required for

the calculation of the axial and tangential stress components,
were obtained graphically. This operation was subject té

error due to. the épread of measurements at each sampling

point and therefore a numerical method of fitting the smootle
regression curves was adopted. Due to their ease of evaluation

and differentiation, polynomials of the general form

E j
y X) - b X
(

were used as the approximating functions. The degree of the
polynomial also affords a convenient measure of smoothness.
Using the least squares principle as a criterion for goodness

of fit and the method of orthogonal polynomials*, the regression

coefficients bpj were calculated for polynomials up to seventh

degree, with the aid of an established computer code(3o)
*The fitted regression polynomial of degree k
k

y = a, + ayx o +oa,x
can be rewritten in the form

y = ao + alfl(x) S + akfk(x)
where fr(x) is a polynomial in x of degree r, and the constants
a! depend on the values of a,. It is possible to find a set

of polynomials which satisfy the conditions

wif (x)f (x) = o (xr#s), and f (x) = o
z : r s 2 :r

These orthogonal polynomials therfore greatly reduce the amount
of computation in the least squares fitting. Also, by this method,
estimates of the regression parameters are independent.



As: a guide to judging the polynomial of lowest degree that
fitted the data adequately, a statistical technique was adopted. .
This amounted to a significance test on the difference of the

residual sum of squares

when a polynomial was increased from degree (j-1) to j.
Statisticians have obtained the distributioﬁ for the ratio of

two independant estimates of the variance of the same normal
population. Since these are both estimates of the same quantity-
the population variance- their ratio, called the 'variance

ratio' and given the symbol F, is expected to be 'close' to
unity. 1In order to see if the observed F-ratio is significahtly
large, it is compared with the upper percentage points of the
F-distribution, given in standard tables. It can be shown(Bl)
that Sjand Rjﬂn—j—l) are independent estimates of the residual
variance, and that the ratio of these two quantities will

follow on F-distribution with one and (n-j-1) degrees of

freedom,

F1,(n-9-1) = By-1/Ry

If a polynomial of degree j does fit the data better than
a polynomial of degree (j-1), then Rj will be substantially

less than Rj— and the F-ratio may be significantly large.

1
The F-test was performed after each sequential increase in

the degree until two non-significant F-ratios at the 95% level
were obtained. The regression coefficients of the polynomial
with the last significant F-ratio were then used in the stress
calculations. Although this test did provide a useful guide to

judging the most suitable polynomial, it had to be used

discretely as goodness of fit was not the only criterion to
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be satisfied; the fitted function had also to be smooth and
continuous.

The variation in the individual strain gauge readings,
as indicated in Fig 10, increased as layers were successively
removed from the outside of each specimen. It was necessary
to take this variation in precision into account in the fitting
of the curves by weighting the measurements appropriately.
The weight of each point is usually taken as being inversely
proportional to its variance, and this was not reliably
obta%nable from the four strain readings taken at each point.
Therefore, as a scheme for calculating an appropriate weight
for each fitted point, it was postulated that the percentage
precision was consﬁant - that is, for ekample, the standard
deviation of Ay was'proportional to A . The fact that this
was not strictly true at points close to the initial zero
value, was taken into account in applying the weights.
| The weights used in finding thé regression coefficients
of the functionS[]A—Ao)/RJO and (A—AO)A were found from the

relations

A, —A
w, = B/ Variance( 1 O) 0,
i R, i
i
2
Ai—l\o
= B/ ( Variance 6,]
Ri 1

' A —A _ _
= B/K = O) {0?+v2)\_2}J
R, 1 1
1
and W, = C/[(A—A ) 2 {X?+v25.2}]
1 (@] 1 1

respectively. The constants B and C were chosen to provide
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convenient manageable values for the weights. 1In accordance
with the extrapoiation conditions, the points on the inner and
outer surfaces were given weights of 1000 to force the curve
through zefo.

The coefficients of the appropriately chosen regression
polynomial were used to calculate the residual stress components
at points across the specimen wall by Sachs' equations in the
form suggested by Barker and Illardy. The resulting residual
stress distributions for each specimen are illustrated in
Figs 11 to 18. |

The calculation of the axial and tangential residual
stress components involve first derivatives of the fitted
functions and a meaningful error bound on the computed stress
values is thus not readily found. Probable errors in the
coefficients for the fitted functions could be used to calculate
the extreme bounds of the differentiated polynomial, but these
are likely to provide over-conservative estimates of the
probable error in the slopes. An empirical approach to error
estimation has therefore been adopted by superimposing the
residual stress patterns of the five 500 houf specimens, as
calculated by Sach's equations for a fixed value of Youngs
Modulus, and an estimate made from the bounds of these curves.
This is shown in Fig 19, together with the predicted stress

distributions.
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CHAPTER 6

DISCUSSION AND CONCLUSIONS

As illustrated in the previous chapter, agreement between
experiment and theory was found to be poor. This is parti-
cularly noticeable at the outer surface of the cylinder.

It might be argued that despite this discrepancy on the outer
surface, the prediction is close enough in the region of
greatest importance - 1ie, where the stresses are highest.

It is nevertheless necessary to examine possible causes of

this apparent difference.between experimental and analytical
stress fields. There is some doubt as to whether the fault
lies with the analytical method or the experimental measure-
ments and with the benefit of hind-sight, it is regretted

that the stress at the outer surface of at least one specimen
was not verified experimentally. This could have been achieved

(32)

by the method of Rimrott and Weikinger in which strain
gauges are bonded to the outer surface and two thin grooves
are cut into the surface at the ends of the strain gauge
by chemical milling. The grooves are not required to penetrate
very far below the surface in order to achieve complete
relaxation of the surface stresses beneath the strain gaudes
and therefore this process could have been combined with the
Sachs process, at least on one specimen. Alternatively
the simpler hole drilling technique of surface residual
stress determination could have been employed.

It might be contended that the error lies entirely in

the experimentally obtained stress field, arising from

measurement errors or systematic errors in the Sachs theory,
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or both. By the arguments already put forward in Chapter 5,

the systematic errors in the surface strain readings are cléimed
to have been maintained at an insignificant level. Scatter

due to random variations in the measurement showed an increase
as layer removal progressed, hence giving greater significance
to the strain readings corresponding to the outermost layers -
i.e. the first layers removed in the chemical milling. The
discrepancy between the measured and calculated stresses 1is
greater in these outer layers and therefore is not likely to

be due to errors in the actual surface strain measurement.

The Sachs eéuations used to calculate the residual stress
pattern from the surface strain readings are described in
Chapter 4. This method has been well tested and has been
used successfully for a wide variety of axisymmetric cylin-
drical components. However, it is clear that if the inherent
assumptions in the method are violated, the Sachs equations
will fail to produce a reliable evaluation of the component
residual stress pattern. This is well illustrated, for example,

(33) in which a modified version

in the work of Olsen and Bert
of Sach's equations (for the boring out process) was derived

to make allowance for several cylindrically anisotropic

cases. It was found in a residual stress study of ZTA grade
graphite based on Sach's equations, that an error of approximately
80 per cent in the tangential stress could result, and between

25 and 35 per cent error in the radial stress, depending on

the surface strain ratios encountered. With an orthotropic

ratio EZ/Er = 0.275, this is perhaps an extreme example, but

it serves to indicate the magnitude of error that can arise

due to anisotropy. In the case of the Wimonic cylinders

examined in this project, such a high degree of anisotropy
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would not be expected. Any anisotropy present in the material
would originate frdm the manufacturing process and the
overageing during the loading cycle. The former has been
discussed in Chapter 2 with respect to creep behaviour, and
the same arguments might be applied to the'case of the elastic
moduli, namely, that the extrusion process is completed at

a temperature high enough for recrystalization to take place
and so, at least partially, the effect of preferred crystal
orientation from the extrusion is nullified.

Anisotropy from the extrusion process would be manifeét
in a micros¢opié~examination of the grain structure but in
the material used for the cylindrical specimens, no such
evidence was observed. It is unfortunate that tests on the
tensile specimens cut from the longitudinal and transverse
directions of extrusion could not be completed in time for
inclusion here. This would have permitted a more definite
conclusion in this regard. On the strength of the available
evidence, it appears that any anisotropy resulting from the
manufacturing process was not likely to be significant.

The other source of anisotropic elastic moduli is-
metallurgical, rather than physical.. It has been observed

(34) and others(35)

by Cox that overageing at high temperatures
in Nimonic 80A can result in a change in the value of Young's
Modulus at that temperature. In one case, a 20% decrease

in Young's Modulus at 800°C was observed after 800 hours.
However, the room temperature value of Young's Modulus is
hardly affected and in the same case, it was only approximately

7% lower after the 800 hours. The reason for this change is

not readily explicable and indeed the effect has hardly been
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investigated beyond mere observation. The room temperature
value of Young's Modulus obfained from some of the 500 hour
remnant shells, as described in Chapter 5, was similar to
the values quoted by the manufactureres for the standard
heat-treated material.

If this change in elastic properties with overaging at
high temperatures is a characteristic of this material, then
it goes some way toward explaining the discrepancy between
analysis and experiment. The thermal elastic stress distribu-
tion in the cylinder could alter significantly with a non-
uniform change in the elastic constants across the wall, but
this process would have to be quite sensitive to the ageing
temperature to produce a noticeable affect, in this particular
application. The room temperature residual stress pattern
would be further altered with any subsequeﬁt relative change
in the elastic moduli on cooling. It is regretted that
metallographic examinations of the cylindrical specimens were
not performed before commencing the layer removal procedure,
as these may have thrown some light on the problem.

A hardness survey on a cylinder used in preliminary
tests showed a definite decrease in hardness across the wall
from the outer surface inwards. This may not be a direct
indication of the variation in the elastic moduli, but
it does confirm a change in the metallurgical condition
observed in over-ageind.

From the foregoing it might be réasonably concluded that
the error does not lie entirely with the experimental results.

It is accepted that the experimentally obtained residual



stress patterns are subject to some error, but at the same
time, the short-comings of the computational model will also
contribute to the discrepancy. The inability of the model

to accomodate time-varying property changes such as strain
‘ageing and recovery can result in unrealistic predictions

at elevated temperatures, as might also the effect of negative
creep on reduction of the load, although in this particular
case it would tend to accentuate the discrepancy. The simple
time- and strain-hardening theories led to similar predictions
in this case, but the observed deviation from experiment

seems to warrant.some sceptecism as to the range of application

of the computational model.

Conclusions and Recommendations for Further Work.

A satisfactory procedure for applying a chemical milling
process for layer removal in the Sachs method of residual
stress determination has been developed. Replication of the
test conditions indicated that the random errors in the measure-
ment of the surface strain changes had been reduced to an
acceptable level. The systematic errors cannot be checked
absolutely, pbut a reasonable degree of confidence has been
placed in the readings from the checks that could be made
in tnis regard.

The predicted stress redistribution in the cylindrical
component after a single complex loading cycle differs
appreciably from that obtained expefimentally, especially
near tne outer surface of tne cylinder wall. Further tcsts
necessary to evaluate the accuracy of the experimental values

in this region could not be completed in the allotted time.
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Neithervwas it possible to verify the possible explanations
for this differcnce.

In view of the importance of the effects of cyclic loading
at high temperatures and the lack of related experimentation,
it is thought worthwhile to persist in this iine of research.
The scope of the investigation ought now to be.extended by
building a second rig in‘which additional forms of loading
may be applied to the component, for example, an internal
pressure. The possibility of using convective heat transfer
ought to be considered as this will allow a high radial flux
to be obtained with a lower surface temperature. (A thinner
wall in the specimen might also be considered.) This would
enable studies to be made of other component materials - type
316 Stainless Steel, which has potential application in
FFast Reactor structures, has been suggested. fhe complex
metallurgical nature of Nimonic 80A strongly favours the
adoption of another component material.

Agreement between theoretically and experimentally
obtained stresses after a series of load cycles would be a

great encouragement to design engineers.
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TABLE 1

SPECIMEN 1

Radial Temperature Distribution (OC)
Time at Radius (cms)
Load Change

(hrs) 3.51 2.56 2.09 1.67 1.42
12 760 785 800 817 830
88 748 770 785 802 815
96 672 695 711 729 741
118 681 705 720 739 751
142 704 729 745 763 775
154, G690 718 732 750 762
167 575 588 599 6lo 617
178 658 675 690 704 714
190 756 777 792 810 822
213 760 785 800 817 830
236 744 797 781 766 809
263 716 736 751 768 779
345 698 716 728 742 752
392 656 673 686 700 708
422% 747 770 780 797 811
557 721 745 758 773 789
656 713 739 751 768 781
845 726 752 768 784 798
902 723 751 766 782 795
940 584 600 610 618 629
541 20 20 20 20 20

*Pirst Platinum Heater Installed.
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TABLE 2
SPECIMEN 2

Radial Temperature Distribution (oc)
Time at Radius (cms)
Load Change
(hrs) 3.55 2.56 2.09 1.67 1.42
224 738 756 775 798 807
672 750 772 790 812 820
675%* 738 759 778 799 806
1025 750 772 790 812 820
1026 20 20 20 20 20
*Yacuum Pump Failure.
SPECIMEN 3
Radial Temperature Distribution ( C)
Time at Radius (cms)
Load Change
(hrs) 3.55 2.56 2.09 1.67 1.42
172** 731 757 777 794 803
222 740 748 770 787 798
1005 767 777 800 812 831
1006 20 20 20 20 20
** Heater Terminal Failure.
SPECIMENS 4 - 8
Radial Temperature Distributiocn (OC)
Loading Radius (cms)
Period
(hrs) 3.55 2.56 2.09 1.67 1.42
500 7521 7741t 7881 807t 81lot
500 728 770t 768 782 810t
500 732 7721 775 788 8081
500 728 770t 780 792 813t
500 737 7741 782 798 813t

t Termocouples extended into top of Specimen.

Specimen
Specimen
Specimen
Specimen

Specimen

A 3 O n b
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TABLE 3
SPECIMEN 1
Hoop Gauges Axial Gauges
Cylindex Gauge Gauge Gauge Gauge Gauge Gauge
Diameterx 2 4 6 1 3 5
(cms.) (microstrain) {microstrain)
7.62 0 0 0 0 0 0
7.21 -29 -40 -31 -40 -41 -14
-30 -39 -33 -42 —40 -15
723 | -39 |7 TIa7 | Cao | -so | -47 -12
-40 -48 -40 -50 -47 ~-13
7.09 52 ~60 S1 |7 ceo | Cas | -3
-51 -61 -56 -62 ~52 -8
6.97 66 ~74 il 76| Zes | -1
-65 -78 -70 -74 -62 -8
6.91 -89 -82 2337 eo T e | -2 |
" -70 -83 -75 -80 -62 -2
T esi | e | T Zao | s | —er | -72 | v
-83 -99 -88 -91 -73
.71 | ~o1| -“110| -103| -lo1 | -83 |
-92 -111 -103 -101 -85
T 6.63 100 | -126 | ~-119 ] -112 ~96°| N
-103 -121 ~120 -112 -97
S B S Bt B 0 D
3.55 -112 ~131 -129 -121 -101
-113 ~133 ~131 ~120 -100
b e = J U S oo . .- . e e e d
6.47 ~117 141 -140 -127 ~102
-118 ~141 -141 ~127 -101
6.44% ~112%  =139%]  -138*%| -135% -112* ]
~113%|  -139y*| =-133*% -136%| -11lo*
.28 134 | 170 | -161| -142 -102 )
-135 ~169 ~167 -143 ~103
 6.01 2160 | -205 | -196 | -160 -101 T
| -161 -204 -201 -159 -101
5.97% _160*%|  -207%| -198%| -173% -110%] |
-160%| -205% -200%| -174% -110%
" 5.84 184 | -233 | -225 -181 | -120| |
-188 -234 ~228 -180 ~120
T 5.5 | -208 | -262 | =-249 -201 | =130 S
] -210 -263 ~253 -200 -132
T 5,51 919 | -283 | -261 | -210 | -141|
-220 -284 -265 -210 ~143
[ 5.36 C Zoao | -308 | -201 | =227 | -1s1|
-240 -309 -292 -225 -152
[ 5.24 260 | =328 | =322 | -239 | -166 B
~260 -329 -325 -240 -168
5.18% Zoeox|  -320%| -322%¢| —253%] -179%|
_o59%|  =327%| -321* -252% -173*

t Gauge defective.

*

Readings taken after machining.
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SPECIMEN 1 (contd)

Hoop Gauges Axial Gauges
Cylinder Gauge Gauge Gauge Gauge Gauge Gauge
Diameter 2 4 6 1 3 5
{cms.) (microstrain) (microstrain)
5.04 -281 -362 -368 -262 -177
-281 -363 -372 -261 -175
4.91 399 | -383| -385| -280]| -195
- =208 -480 -386 -280 - =197
4.74 315 | Caos | -d07 | -208 | 212 | |
-319 -410 -408 -298 ~-202
4.46 | <333 | <440 | -a32 | -308 | =249
-333 -441 -438 -310 ~-260
2.13 | 385 | ooz | -484 | -360 | -276
-383 -503 -487 -360 -270
3.99% T 30ax|  -sigx| -aos*| -41e%| -338%| . |
-396%* -516* -500* -415* -430%
374 | -ae0 | <02 | -ses | -447 | -360 |
-470 -590 -568 -449 -359
3.38 -526 -676 -610 -520 -404
-528 -670 -644 -518 -415
T 3.20% | -498%| -658% -628%| -Sg2x| -431%
-500% -650%* -626* -480* -435%
3.18 Tho8 | T-eaa | Ze28 | -s66 | -44a | ]
-498 -644 -630 -566 -546
- 3.00 “ias T Z702 | Zeso | -sse | -4s0 |
-522 ~-702 -685 -556 -455
T 260 7| s | 7ae | <726 | -s574 | -a%0 | |
-540 -750 -724 -578 -500

* Readings taken

after machining.
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TABLE 4
SPECIMEN 2
Hoop Gauges Axial Gauges
Cylinder Gauge Gauge Gauge Gauge Gauge Gauge
Diameter 3 5 8 2 4 7
(cms.) {(microstrain) (microstrain)

7.62 o o o 0 o 0
7.40 —40 _52 51| -73 | 38 -32
_a1 -52 -52 -69 -39 -35
7.29 -80 -76 -73 -57 -55 -60
-82 -78 —72 -58 _56 -61
7.13 100 | -110| -lo2 86| -85 -83
100 | -111| -103 -85 -86 -84

T 6.92 151 | Ciso | 132 | -126 ) -117 T 119 |
150 | -151| -132| -126| -118 -119

6.75 _158 | -184 | -162 | -157| -150 " Tis0
~158 | -183| -161 ] -157 | -149 -150

6.65 172 | 200 | T -181 | -171 |  -164 172
171 | -198| -179 | -170| -162 -169
.54 C.189 | T =210 | <199 | -197| -178 T o182
_188.| -219| -191| -205| ~-185 -183
6.45 T o001 | 2243 ] =209 | -197 | -197 | 17 =197
200 | -241| =-207| -194| -197 -195

6.23 Cos3 | T o7 1T =239 | -287 | -223 | ~237 |
257 | -264 | -241] -257| 227 -239

.02 280 1 Zoo0 | T-2707| -295 | -255 | -284 T 279 |
279 | =291 | -270{ -2905| -254 -279
5077 _313 | -326| =-208 | =-325| -287 ~305

314! -328 | -206| -327| =-201 —3034
T s5.63 350 | —352.1 TZ328 | -347 1 T -313 -335
-350 | =355 | -328| =-349| -315 -331

5.21 368 | -400 | -a07 | -435| -418 T o413 |
-367 -298 -405 -435 -422 -409

5.14% _386%  —423%  -a28%  -425%  -410% - T-a04%
_387%  -422%  -427%| -425%  -412% ~401 *

4.91 -437 | -459 | ~as5 | -478 | -472 476 |
-426 | -463 | -453 | -480| -475 -481

4.61 -486 | -507| -493| -530| =527 527 |
_ag3 | =510 | -492 | =531 -526 -534

o .
4.34 530 | =546 | -%44 | -563 | -507 ~575
.530 | -548 | -535| -565| ~-5G8 _574

4.10 _vea| -581] -555| -e06| -607 | -624| - ~610 |
553 | -583| -553| -608| -608 -609

3.89 598 | -615] -593| -644| =-633 646 |
614 | -612| -592| -644| -632 -646

3.61 662 | -655| -640| -697| -672 ~691 |
—666 | -663| -637| -697| -673 -698

3.43 _686 | -690| -665| =-715| -706 712 |
688 | -692| -665| -717| -718 -710
3.16 80| -6831 -680| -696| -696 -696
1. -698 | -685 ~680 | -694| -698 -702

* Readings taken after machin’ing
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TABLE 5§

SPECIMEN 3

Hoop Gauges

Axial Gauges

Cylinder Gauge Gauge Gauge Gauge Gauge Gauge Gauge Gauge
Diameter 2 4 5 7 1 3 6 8
(cms.) (microstrain) (microstrain)

7.51 (o] 0] O (o] (@] (o] (o] (o]
7.34 -27 ~24 -36 -34 -39 -35 -30 -36
~29 -23 -36 -31 ~40 -31 -40 -36
7.19 47 | -48 -50 -39 -68 -52 -64 -49
-51 -50 -53 -40 -65 -49 -61 -50
7.05 -60 -60 -63 -61 -68 -73 -74 —74
-59 ~57 -60 -58 -68 -73 _74 -71
6.87 -81 -79 -86 8o | -1ol1| -lo6 | -105 | -lo4
-80 -78 -84 80| -loo| -lo4 | -105]| -105
6.73 -9l 92| -107 -oL | -119 92 | -124 | -118
-90 oL | ~107 90| -118 91 | -124 | -118

6.60* T los*|  Zio7#  Tloo¥  Zirix|  -127%|  -—97%| -128% -125%

-106%| -106% -1loM -108% -125%  -96% -129% -127*
6.58 T loo | 107 | 121 | Tiis | -isi| -156 | -148 | -148
109 | -108| -118| -110]| -147! -150| =-147 | -145

6.50 T3 1 C17 |7 Zies | Cizs | -ie0 | 166 | -164 | ~165 |
121 | -125| =-128| =-12a| -158| -165| =-165| ~-165

c o1 | liso !l Tias | “ise | <~146 | 198 | 201 | -202 | ~-199
156 | -15L| ~-1e61| -155| =-20L| =-206 | -204 | -205

con |70 T iU T Ciel | iee | “221 | t226 | -222 | -219
173 | -169| -18L1 -169| =-226| =-228 | =221 | =219
5.87 192 | -188 | <-206 | -187 | -246 | -247 | -247 | -237
-193 188 | -20L| -186| -244 | -246| -245| -238

oo I | —207 | c228 1 Tlaos | <271 | L2788 | 275 | -258 |
-213 209 | =-2271 -206| -260| -276| -269| -257

Cas T T 044 Loa3| -260 ] 240 | <320 | <320 | -326 | -320 |
242 | -242 | =-260| -242| -318| -321| =326 | =319

501 | Zu73| -260 | —201 | 259 | <358 | -343 | -382| -358
273 | -260| =-20L| -250| -353] -340| -378| -353
4.97 2303 | 288 | -322| ~-283| -392| -381| -413 -389
306 | -201| -324| -288| -304| -387| =-417| -39

4.72 Z331 | -322] 30| 325 | Cazo | -a22 | -444 | 240 |
-330 | -325| -339| -325| =-421| -~427| -441 -440

dcor 1 Zamss| —3784 “3074]  S376%  -azax] a2 oassx| —a4ax
_381%  -377%  -305%  -376% -435% 427* | -455% -44a*
4.32 Z374 | -382| -400| -379| -498| -498| -514| -482
~377 -382| -402| -380| -499 | -471| -513 -482

doa 1 lazg | -433] 467 | Z423| <sss| -547 | -s80| -536
437 | -432 | -a68| -424| -s558 | -536| -581 -537
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SPECIMEN 3

(contd)

Hoop Gauges

Axial Gauges

Cylinder Gauge Gauge Gauge Gauge Gauge Gauge Gauge Gauge
Diameter 2 4 5 7 1 3 6 8
(cms. ) (microstrain) (microstrain)

3.83 -480 -475 -522 -463 -602 -584 -638 -575
-482 -475 -522 -463 -603 -586 ~-636 -577

3.59 Zsi8 | -s12 | -s80 | -503 | -650| -640| -684 | -617
-520 -512 -578 -505 -652 -644 -684 -617

2.70 “ssg | <551 | -6l2 | -540| -692| -690| -730| -649
~-561 -553 -622 -543 -694 ~-690 -736 ~-649

2.52 504 | -s85| <658 | -574| -730| -732| ~-770 | -685
-593 . =586 -670 -577 -734 -738 -770 ~-685

*Readings taken after machining.
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TABLE 6

SPECIMEN 4

Hoop Gauges

Axial Gauges

Cylinder Gauge Gauge Gauge Gauge Gauge Gauge Gauge Gauge
Diameter 2 4 5 7 1 3 6 8
{cms.) (microstrain) (microstrain)

7.51 o o 0 o o} 0 o o
7.28 ~30 33 | -a7 ~46 ~45 -a7 | =55 -60
-30 -32 -48 -47 -47 -49 ~57 -62
7.12 =35 -64 -68 -69 -70 -80 | -82 -92
-36 '-59 -71 -72 -70 -80 -82 -91
7.02 -59 69 | -82 -88 | -69 -133 | -102 -114
-59 -69 -81 -88 -70 -130 -102 -116

78 | l707 o1 | 102 [ 100 | 112 ] -117 | -136 | -142 |
-70 -90 -101 -100 -112 -118 -137 -142

I 6.64 | -89 | -107 | -119| -116 | -131 | -139 -160 | -161 |
-89 =107 -119 -116 -131 -140 -lel -161

T 654 | Tioo | <1201 132 | -127 | -1a7 | -1s8 | -179 | 173
-11I -120 -131 -128 -148 -160 -181 -178

6.46 99 | -82 Z1a0 | -160 | T-149 | ‘149 | -180 | -194 |
-98 -89 -139 -159 -150 -152 -190 -195

6.18 ST T T Aes | -180 | “loss | 247 |
! ' -207 -183 ! ' -257 -248
" s5.90 | ST 218 | -202 N -292 | -269
-218 -195 -288 -268

—_ —_ U DU S _ s - e S
5.72 -243 -252 -314 -293
-242 -251 -314 -291

[ s.69¢ | ) _250%|  -270%| -312%| -200*
-257*  -269% -313%| -289%*

 s.s1 | Tl o262 | -26L -337 | -322
-264 -265 -335 -325
[ 5.10 o 300 | -314 1 -369 | -385
-300 -312 -370 -383
4,74 | 320 -328 | -406 | -430
-323 -327 -405 -429

[ a.54 C -349 | -36L | 2437 | —455
-340 -365 -438 -455
4.20 2389 | -404 -485 -496
-390 -402 -487 -497
3.96 ~421 | -a38 -521 | -525
-424 —441 -522 -527

372 | -453 | -460 -539 | -53L |
-453 -463 -540 -533
3.58 o “_a80 | -a%0 -560 | =555
-479 -491 -561 -555

3,42 | -497 | -509 | -580 | -567
-501 -509 -580 -566

T 3.28 | "~ -494 | -510 2573 | -565. |
] -510 -521 -572 -565

t Gauge defective.

*Readings taken after machining.
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TABLE 7
SPECIMEN 5

Hoop Gauges Axial Gauges
Cylinder Gauge Gauge Gauge Gauge Gauge Gauge Gauge Gauge
Diameter 2 4 5 7 1 3 © 8
(cms.) (microstrain) (microstrain)
7.51 (0] O O (0] O (0] (0] O
7.25 -42 | -40 -46 -42 -49 ~44 |- -60 -54
-44 -43 -48 -44 -51 -48 -60 -59
7.04 - =74 -67 -72 -71 -92 -88 -100 -97
-68 -69 ~-76 -80 -97 -91 -102 -101
6. 88 -96 -92 -96 ~1l0l1 -128 -120 ~127 ~-128
-98 -95 ~102 ~-101 -128 -121 -128 -132
6.73 -118 -112 -126 -121 -162 _148 -152 -155
-117 -115 ~-126 -122 -158 -147 -152 ~155 1
6.55 “139 | -133 | -148 | -143| ~-188| ~-177 | -185 | -188 |
’ -142 ~135 -146 -146 -190 -178 -186 -188
6.32 —i68 —iﬁéﬁ—v —iéG 7"—136“-m—?224 '>—203 o220 | - :555

-169 -155 -169 -172 -225 -207 =221 -226

6.12 T lles | Z177 | T iio2 | -197 | -287 | -237 | -250| -255
195 | -178 | -195| =-199| -256| =-237 | -250]| =255,

5.91 T593 1 202 | Towo | <222 | -286 | <265 | -278 | -285
o4 | —voa | -2:0| -223] -2861 -263| =-279| -288

5.65 Zo33 | —234 | Z239 | 246 | -306 | -281 | -310| =317

~236 -234 -241 -245 -306 ~-282 =311 -318

5.38 262 | -275 | -2718 | -279 | -323| -325 | -342 | -347
266 | - -278 | -280 | -282| -323| -328 | -347 | -357

5.21 -280 -293 -291 -292 -368 -355 -368 -374
-281 -293 -292 -292 -348 ~-354 -369 -374 .

5.04 -290 -301 -302 -304 -371 -379 -3%0 -397
-290 -301 -302 -303 -371 -378 ~-391 -403
4.81 -316 -322 -323 -326 -404 -411 -424 -429
-317 -323 =324 ~328 -406 -411 -422 -432
4.55 -342 -343 ~352 -352 -439 -448 -461 -470 |
~-344 ~343 -352 -352 ~-437 ~-445 ~-461 -472

4.28 ~378 | -373 1 -389 | 301 | -474| -4s0| -500! -504
378 | -372 | -389| =-389| -479| -496 | -501| =-505

4.00 —q08 | -ac2 | -a28 1 Za27'| -s10| =-s22 | ~-s38| -Baa
-408 | -a02 | -aza | -a25| -s17| -526| -540| -545
398 | -430 | -423 453 | -as55 | =541 550 | -570 | -572
429 | -422 | -450| =-453| -538| -550 | =-570| =571
3.51 _a68 | -454 | _—a99 | -499 | -570| -576| -608 | -612
~468 | -a453 | -499 | -a28| -s70| -576 | -6l0| -616
T 3.24 | -49 —487 | -533 | -538 -587 -588 | -639 | -632

~-498 -487 -531 -538 -598 -592 -638 ~-637
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TABLE 8
SPECIMEN 6

Hoop Gauges Axial Gauges

Cylinder Gauge Gauge Gauge Gauge Gauge Gauge Gauge Gauge
Diameter 2 4 5 7 1 3 6 8

(cms.) (microstrain) (microstrain)
7.51 0 O 0 0 0] O 0] 0
7.21 -55 -50 -47 -45 -56 -59 -54 -65
-55 -50 -44 -51 -56 -60 - =55 -65
7.00 —~95 -84 -80 -79 -102 -103 -98 -104
-90 -87 -83 =75 -100 -101 -100 -103
6.87 -120 ~104 -98 -94 -126 ~-125 -121 -129
-110 -105 -101 -95 -124 =124 -123 -130
6.71 -135 -126 -119 -115 -150 ~154 ~151 -159
~-140 -130 -120 -118 -152 -153 -151 ~-160
6.62 ~-150 -140 -132 -129 -169 -169 -168 -176
-145 -141 -138 -130 -169 -171 -169 =177
6.35 -185 -178 -170 -161 -215 -215 -215 -219
-185 -177 -170 -160 ~215 -214 -216 ~219
G.14 -220 -203 -194 -183 -248 ~245 # -248 ~250
-210 -203 ~194 ~184 ~248 =247 ' =247 -250
5.89 -240 -235 -220 -210 -286 ~283 ~279 -284
-240 -235 ~-228 ~212 -289 -283 -283 ~287
5.66 -270 ~257 -252 ~235 -316 -309 -312 -316
%—_ -275 -263 ~260 -239 -317 -314 -318 ~319
5.30 -315 -304 -294 -274 -354 -354 -350 -358
-315 -304 ~298 =273 ~351 ~353 -354 -367
5.14 -320 -322 -314 -285 -370 ~374 -438 ~379
-325 ' -324 -314 -286 -375 -375 -379 -382

R o T P T . .
4.89 -360 -334 -340 -307 -421 -388 -407 -414
~355 -332 -342 -311 -417 -388 ~-408 -415
4,66 -390 -358 -362 -331 -439 -419 ~-441 -447
-390 -356 -362 -331 -448 -423 -441 -447
4.44 -410 -380 -394 -359 -475 -454 -463 -473
-420 -372 -394 -355 -490 -454 -472 -475
4.11 -450 -424 -434 -395 -513 -501 -520 | -521
i -455 -408 -434 -396 -525 ~-505 -518 -523
3.82 -485 | -444 -466 -431 -613 -543 -552 -553
-485 -470 -476 -431 -615 ~552 -554 -553
3.59 -520 -522 -536 -482 -596 -552 -604 -595
-510 ~520 -536 -479 -618 -556 -606 -595
[ 3.33 575 | -542 | -578 | -513 | =605 | -582 | =636 | =629
-575 -540 -574 -511 -606 -577 -636 -625
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TABLE g

SPECIMEN 7

Hoop Gauges Axial Gauges
Cylinder Gauge Gauge Gauge Gauge Gauge Gauge Gauge Gauge
Diameter 2 4 5 7 i 3 6 8
(cms.) (microstrain) (microstrain)
7.51 0 (0] 0 0] 0] 0 0 0]
7.24 -45 -52 -53 -47 -40 -36 -43 -57
-49 =53 -57 -48 -45 -44 -48, -50
7.03 ~-76 -81 -80 -81. -79 -76 -82 -84
-78 -86 -81 -82 -79 ~78 -82 -86
6. 80 -110 ~118 ~115 -1l1l6 =121 -118 -124 -127
~-108 -118 -113 ~115 ~114 -11l6 ~124 -129
6.62 137 U T1aa T Clao | Ciaa | “1ae | -154 | <156 | -161 |
-140 -143 ~142 -144 -147 -154 ~160 ~163
6.37 -161 -174 =165 ~170 -175 -188 ~193 -199
-164 | -176 -171 | -170 | -177 -188 -194 ~201
6.14 -188 -204 ~194 -196 -213 -226 -229 ~232
-188 -206 -200 -198 -212 -226 -232 -239
5.92 -215 -236 -224 -226 -243 ~262 -261 -269
-217 -238 | -225 | -224 | ~-242 | -267 -263 | -268
5.63 -246 -266 -256 -256 -277 -297 . -294 -303
-244 -272 -256 -256 -276 -297 -298 -305
5.35 -274 -300 ~285 -286 -314 -337 -333 -339
-276 - 304 -286 -285 -314 -337 -334 _341J
4 .96 -308 -342 ~-327 -326 -369 -387 -385 -393
-302 -346 -330 -326 -365 -387 - =394 -391
4.67 -335 -370 -356 ~355 -401 -432 ~432 -435
-337 -378 -357 -353 ~-401 -432 -437 ~435
4.44 -364 - -402 -388 ~378 -437 -472 -472 -471
-363 -404 -383 -373 ~437 ~-472 -470 -471
4.21 -386 -448 -414 ~404 -465 -497 -504 -499
-383 -444 ~414 -404 -467 -497 -504 -499
3.91 -425 -488 -457 -448 -501 -547 -542 -541
~-425 -494 -461 ~448 -499 -542 -546 —539J
3.65 _a78 | o7 | ~a07 | lag2 | -s3a | -se2| -sso| -578
F- -480 ~-527 -496 ~489 ~534 -582 ~581 -574
3.49 -498 ~569 ~514 -517 -552 | -612 -607 -602
L -50L | =~%71 | =519 | -516| =554 | =607 | -611| -604
3.24 -426 ~-625 -554 -559 -574 -637 -643 -634
-428 ~-623 -556 -557 -576 -637 -643 -636
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TABLE 10
SPECIMEN 8
Hoop Gauges Axial Gauges

Cylinderxr Gauge Gauge Gauge Gauge Gauge Gauge Gauge Gauge

Diameter 2 4 5 7 1 3 6 8

(cms.) (microstrain) (microstrain)

7.51 0 0 0 (o] 0 (o] (o] (o]
7.18 -53 -42 ~52 -50 -67 -59 -40 §-22
-54 -57 -52 -50 -47 -42 =35 -24
6.93 -75 -73 -83 -85 -87 -83 -80 -64
-79 -76 -85 -85 -91 -85 -81 -70
6.72 -117 -111 -114 -120 -132 -131 - -128 -110
-118 -112 | =117 -120 -136 -129 -124 -108
6.53 -142 -139 -141 -143 ~-164 -159 -153 <144
-150 -146 -141 =143 -165 -163 =155 -142
6.32 . -169 -170 -160 -168 -199 -196 -187 -182
' -172 -170 -163 -170 200 -199 -190 —1804
6.12 -196 -202 -184 -192 -229 -227 -217 -208
-191 -200 -185 -192 -230 -228 -217 -208
5.96 -216 =220 =202 -210 -250 -252 -242 -238
-218 -226 -204 -211 -254 -254 -242 -240
5.68 -246 -255 -232 -240 -295 -296 -278 -276
-251 -262 -232 -241 -291 ~296 -278 -278
5.29 -290 -302 -274 -285 ~-346 -342 -332 -332
-287 -297 -274 -283 -349 -344 -332 -332
5.04 -306 -322 -294 -310 -377 -380 -366 -372
-308 -322 -296 -310 -381 -378 -366 -372
4.83 -329 -348 -314 -334 -409 -412 =396 -397
-332 -350 -314 -335 -411 -412 -396 -397
4.54 -367 -391 -351 -372 -457 -460 -444 -442
-366 -391 -350 -372 -463 -460 -444 -447
4.34 -391 -415 -371 -400 -493 -490 -472 -477
-391 -413 -373 -400 -495 -490 -476 -482
4.03 -429 ~-465 -417 -448 -537 -536 -516 -527
-436 -462 -417 -448 -537 -534 -516 -527
3.77 -471 -505 -457 -487 -577 -580 -558 ~-567
-467 -517 -457 -486 -573 -580 -558 -567
3.59 -507 -544 -489 -516 -605 -614 -588 -592
-50% -542 -489 -517 -601 -614 -588 ~-592
3.37 ~-546 -596 -533 -557 -641 -656 -626 -632
~-544 -592 -531 -553 -641 -654 -624 ~-632
3.23 -564 -6l6 -551 -570 -653 -678 -644 -647
-564 -618 ~-553 -571 -653 -674 -642 -647
3.06 -564 -626 ~-587 -598 -643 -670 -630 ~632
-564 -622 -589 -598 -653 -674 -632 ~-637




