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Intergranular Stresses In Incoloy-800

T. M. HOLDEN, R. A. HOLT and A. P. CLARKE *

AECL, Chalk River Laboratories, Chalk River, Ontario, Canada KOJ1J0

The generation of intergranular residual strains under uniaxial loading conditions in the plas-
tic regime has been measured in detail by neutron diffraction in Incoloy-800. A relatively sim-
ple theory, based on the Taylor model, gives a good semiquantitative' account of the
magnitudes of the strains. The results clarify the interpretation of measurements made earlier
on Incoloy-800 steam generator tubes.

1 INTRODUCTION

In a diffraction determination of residual strain the average strain is mea-
sured in the set of grains, specified by Miller indices (hkl), which are cor-
rectly oriented to fulfill the diffraction conditions. In general neither the
strains nor the stresses in different crystallographic orientations of grains
in a given sample direction are equal. In the case of an initially stress free
tensile test sample loaded to a given stress less than the elastic limit, the
strains in different crystallographic orientations will differ simply accord-
ing to the diffraction elastic constants. The analysis of these strains, if the
diffraction constants are known, would lead to a unique stress field. How-
ever, where the applied stress exceeds the elastic limit the behaviour is very
different because plastic deformation of the crystal lattice is inherently
anisotropic. Different crystallographic orientations of grains deform plasti-
cally and elastically by different amounts, and therefore fulfill the require-
ment for inhomogeneous plastic deformation. When the tensile test sample
is unloaded the different crystal orientations retain different residual
strains on the length scale of the grains, 10 to 100 um. The stresses in
the grains corresponding to these strains are not zero, but when they are
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integrated over all crystal orientations in a small element they balance to
zero and so yield zero macroscopic stress field.

The measurement of these microstrains is the subject of this paper. A
relatively simple way of estimating the magnitude of the microstrains which
appears to be qualitatively in agreement with experiment is presented.
Because of the influence of the microstrains on the interpretation of resid-
ual strain fields we consider them in the context of measurements of the
stress field in Incoloy-800 steam generator tubes [1], This earlier work
raised puzzling, questions about the magnitude of the stress in different
grain orientations. The present work provides answers to these questions.

In the case of a bent tube, for example, the stresses applied to bend the
tube generate plastic deformation on two length scales. The region close to
the neutral axis, within a few degrees, will deform elastically, but further
towards the outside and inside of the bend, the material will deform plasti-
cally. Because of the anisotropic elastic moduli of nickel-based austenitic
alloys and because plastic deformation is inherently anisotropic, different
crystallographic orientations of grains deform plastically and elastically by
different amounts. When the tube is unloaded, the residual stresses in the
different orientations of grains include both a macroscopic stress field con-
tribution as well as an intergranular stress characteristic of the crystal-
lographic orientation.

Very large differences were observed between axial strains measured in
bent Incoloy-800 steam generator tubing made with the aid of the (111)
and (002) reflections [1]. Figure 3 of Ref. [1], which shows the measured
strains in a bent Incoloy tube is reproduced as Fig. 1. For example the
axial strain in (111) grains just above the neutral axis is 7.5 x 10~4 com-
pared with 15.0 x 10~~4 for the strain in (002) grains. At the extrados of the
bent tube the strain in (111) grains is —2.5 x 10~4 while that in (002) grains
is +4 .0x 10~4. It is conceivable that a diffraction elastic constant differ-
ence can reconcile the tensile stresses close to the neutral axis, but differ-
ences in sign near the extrados cannot be consistently understood. The
existence of grain interaction stresses produced by bending and then
unloading a polycrystalline sample in which each grain orientation, spe-
cified by (hkl), is elastically and plastically anisotropic was recognized in
Ref. [1]. In order to obtain the true macrostrains and hence obtain the
macrostress field, the microstrains have to be measured and a quantitative
understanding of how they arise is required.

This paper provides experimental intergranular strain data during and
after loading in uniaxial tension. The generation of intergranular strains by
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FIGURE 1 Residual strains determined in the axial, hoop and radial directions in an
Incoloy-800 tube versus angular position, u>, around the tube circumference. Large differences
are observed between the strains measured with different reflections.

plastic deformation was recognized many years ago (see, for example, the
discussion by Hill [2]), and it is a very important topic for properly under-
standing the relationship between strains measured by diffraction and the
macroscopic stress field which the engineer requires. An analysis based on
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the Taylor model [3] gives good estimates of the magnitudes and signs of
the intergranular strains. The data should provide a benchmark for testing
models for intergranular stress such as the Taylor model [3] or the self-
consistent model [4] as well as providing a sound basis for constitutive
models of the material.

2 MATERIAL PROPERTIES

2.1 Elastic and Plastic Properties

The single crystal elastic constants of Incoloy-800, with composition
Feo.45Nio.33Cro.22 by wt. have not yet been measured. They were estimated,
[1] however, by extrapolation from single crystal data for NiFe alloys and
for NiFeCr alloys. The diffraction elastic constants for the (111), (002),
(220) and (113) reflections calculated by the method of Kroner [5] with the'
algorithm of Behnken and Hauk [6] from the estimated [1] elastic con-
stants are given in Table I. The measured diffraction elastic constants
determined from the present experiments and the bulk elastic constants
taken from the literature [7] are also included in Table I. The experimental
values were consistently below the estimates suggesting that the extra-
polated single crystal constants were too high by 15%. The experimental
and calculated values of the diffraction elastic constants were brought into
approximate agreement by scaling down the single crystal elastic constants
by 15% so that the calculated and measured bulk elastic constants [7] are
equal.

TABLE I Elastic and plastic properties of Incoloy-800

Cu=258GPa C,2=167GPa C44 = 136GPa

C*» led=218GPa Cffled = 141 GPa C£?led =115GPa

hkl

111
002
220
113
bulk
experiment7 (bulk)

£kr(GPa)

280
183
247
219
232
196

"kr

0.263
0.346
0.291
0.315
0.304
0.334

p scaled

(GPa)

238
155
210
186
196

,, scaled
"k r

0.262
0.345
0.290
0.314
0.303

EHkl (GPa)
Experiment

204±8
148±11
229 ±15
176± 10
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0.2% offset yield
a T

(MPa) (MPa)
Annealed7 (983°C) 294 96
Cold drawn7 700 229

According to the literature the 0.2% offset yield point for Incoloy-800
lies in the range 300-700 MPa depending on the degree of cold work and
recrystallization of the sample [7] and is higher for more cold worked
material. The 0.2% offset yield point for the samples studied here was
200 MPa which is outside this range.

3 EXPERIMENTS AND RESULTS

3.1 Heat Treatment and Metallography

Incoloy-800 plate was obtained from Ontario Hydro Research in an
uncharacterized metallurgical state. The plate was heat treated in order to
simulate the annealing process used in the manufacture of steam generator
tubes. The temperature of the plate was raised to 980°C in 90s, held for
60 s and then cooled in air. Metallographic examinations before and after
heat treatment revealed no recrystallization or grain growth in the micro-
structure (Fig. 2). The average grain size was about 80 um.

3.2 Neutron Diffraction

The experiments were carried out on the L3 spectrometer at the NRU
reactor employing neutrons of wavelength 1.5524 A reflected from the
(115) planes of a gsrmanium crystal at an angle of 90.94°. Soller slit colli-
mators of angular divergence 0.31° and 0.38° were used to define the
divergences of the incident and scattered beams. Samples were cut from the
plate material in the form of tensile samples of square section (7.0 x 7.0 mm2).
The sample was mounted on a Universal Testing Machine (Applied Test
Systems) on the spectrometer with the bisector of the.incident and scat-
tered beams, the scattering vector, placed along the load direction, corre-
sponding to a measurement of Young's modulus. An axial extensometer
(MTS Systems Corp. model 632.26F-20) was attached to the sample in
order to measure the total strain under load.'The stress applied to the sam-
ple was obtained from the calibrated load cell readings of the applied load
and the known initial cross-sections of the samples and was corrected for
the dimensional changes in the sample as given by the extensometer.
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Incoly 800 (#8) as received. 50X

-4-"-3'-VI

Incoly 800, heat treated 9X<XC, 1 min., A/C. 50X.

FIGURE 2 Microstructure of Incoloy-800 before and after heat treatment.
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The experimental data in the form of intensity versus angle were fitted
to a Gaussian function on a sloping background to obtain the diffraction
angle, 29hkh the full width at half-height of the peak and the integrated
intensity. The lattice spacing was obtained from Bragg's law,

A = sin (1)

with the wavelength of the neutron beam, A, as given above and then the
lattice parameter <4M X Vh2 + k2 + I2) was computed. Straight lines
were fitted to the initial variation of lattice parameter with stress, for stresses
well below the yield point, to obtain the best estimates of the initial load-free
lattice parameters, a°hkl, and the diffraction elastic constants of Incoloy-800.
The strains Ef,ki, were calculated for each reflection with these initial spacings
with the aid of

£hki = (2)

The observed lattice strains as a function of applied stress for the (111),
(002), (220) and (113) reflections are plotted in Figs. 3 and 4. The bold lines

36 40 - 8 -4
LATTICE STRAIN I IO"*1

FIGURE 3 The observed lattice strain as a function of applied stress for (111) and (002)
reflections of Incoloy-800. Solid symbols indicate stress increasing and open symbols indicate
stress decreasing. The faint lines are guides to the eye for the decreasing stress. Bold lino,
indicate the initial elastic response.
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FIGURE 4 The observed latticed strain as a function of applied stress for (220) and (113)
reflections of Incoloy-800. Solid symbols indicate stress increasing and open symbols indicate
stress decreasing. Faint lines are guides to the eye for decreasing stress. Bold lines indicate the
initial elastic response.

on each graph represent the initial elastic response correspcnding to the
diffraction elastic constant. The measurements were made in a cyclic
fashion. The applied stress was increased from zero step-wise to pre-
determined values of 300, 355, 400 and 480 MPa and then was reduced step-
wise to zero after each pre-determined stress was reached. The solid and
open symbols (Figs. 3 and 4) denote the response while the stress was being
increased and decreased respectively.

The largest effects are shown by the (002) reflection. Above 200 MPa the
response curve veers to the right of the initial elastic response and when
the sample is unloaded a tensile residual strain is observed. This tensile
strain is a strong function of applied stress, and hence the plastic deforma-
tion, with a maximum of 8 x 10~4. On the other hand, for the (111) reflec-
tion the response veers to the left of the initial elastic response above
200 MPa and on unloading a compressive residual strain is observed. In
this case the residual strain does not increase systematically with stress.
The strain response simply follows a locus which is slightly shifted in a
compressive sense from the initial elastic response.
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The (113) reflection follows the (002) pattern but the residual strains afe
about four times smaller. The response observed with the (220) reflection
follows the pattern of the (111) response but the compressive residual
strains are greater. The (220) reflection is weak, however and becomes
weaker as the stress and hence the plastic deformation increases, so that
the precision of the measurements is worse in this case than for the other
reflection.

The variation of the total strain versus applied stress is shown in Fig. 5.
Th£ canonical behaviour expected for face-centred cubic alloys is observed',

500

0 2OO 400 600 800 1000 1200
TOTAL STRAIN, € p + € , , (IO"«)

FIGURE 5 The total, elastic plus plastic, strain as a function of applied stress for Incoloy-
800. Solid symbols indicate increasing stress and open symbols indicate decreasing stress. The
numbers label the cycle.
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but the 0.2% offset stress is less than 200 MPa for our sample, con-
siderably less than the literature values [7]. However, the behaviour 'of the
elastic lattice strains as shown in Figs. 2 and 3 does indicate that the devia-
tions from a linear elastic response, corresponding to plastic deformation
and load redistribution, also occur close to 200 MPa.

In order to display the microstrains arising from intergranular con-
straints more clearly, the purely elastic response, as calculated from the
experimental diffraction elastic constants and the applied stress, was sub-
tracted from the measured lattice strain under load and the difference, Ae,
was plotted against the applied stress in Figs. 6 and 7. We identify this
difference as the microstrain.

For the (111) reflection a net compressive shift of about — 3.5 x 10~4

occurs on raising the applied stress to 100 MPa above the yield point. On
decreasing the load to zero the net compressive strain decreases to about
-1.7 x 10~4. On reloading up to the previous maximum stress, the mea-
sured shift is identical with its previous value. On loading further, "the var-
iation" of microstrain, Ae, with stress follows the same locus established in
the first cycle, in this case a locus for which the microstrain is independent

- 2 - 1 0 1 9 -8 -7 - 6 -5 -4 -3 -2 -I
LATTICE STRAIN LESS ELASTIC ACCOMODATION. be HO"*!

FIGURE 6 The difference, Ae, between the total lattice strain and the initial, purely elastic,
response as a function of applied stress for the (111) and (220) reflections of lncoloy-800.
Faint lines are guides to the eye for decreasing stress. Bold lines indicates the locus of the
response for increasing stress. The residual strains at zero stress are labelled by the cycle
number.
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I 2 "3 0 1 2 3 4 5
LATTICE STRAIN LESS ELASTIC ACCOMOOATION, A€ ( I0"4 )

FIGURE 7 The difference, Ae, between the total lattice strain and the initial, purely elastic
response as a function of applied stress for the (113) and (002) reflections of Incoloy-800.
Faint lines are guides to the eye for decreasing stress. Bold lines indicate the locus of the
response for increasing stress. The residual strains at zero stress are labelled by the cycle
number.

of stress within the experimental accuracy. On unloading from higher and
higher stresses the quantity Ae always becomes less compressive and falls
in a band as wide as the experimental uncertainty, i.e., to within the
experimental accuracy it follows a single unloading path. The average
residual intergranular strain at zero load for the four cycles is
(-1.6±0.5)xl(T 4 .

For the (002) reflection a net tensile strain of about 3 x 10~4 occurs on
raising the applied stress to 100 MPa above the yield point. On decreasing
the load to zero the residual strain is 2.2 x 10~4. On reloading to the pre-
vious maximum stress, the microstrain, Ae, is identical with its previous
value. On loading further, the variation of Ae with stress follows a con-
tinuation of the same locus, approximately linear, established in the first
cycle. On unloading from successively higher stresses the residual strain at
zero load increases progressively becoming as large as 8 x 10~~4. The
unloading curves shown in Fig. 7 all have a net positive slope, but the
reloading curves all show a negative slope as shown by the dashed lines.
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For each unloading and loading cycle a hysteresis loop is observed. The
experimental uncertainties for the (002) lattice strains are between 30 and
50% of the width of the loops so the hysteretic behaviour is well-estab-
lished statistically.

The (113) reflection only shows a small tensile strain, less than
+ 1 x 10~4, when the stress is raised 100 MPa above the yield point. On
unloading a residual tensile strain of about the same magnitude is
observed. On reloading to the previous maximum stress, the microstrain
Ae is identical with its first value and on further load-cycling the tensile
effects gradually decrease to zero at high loads. On unloading to zero
stress, the residual strain becomes increasingly tensile although the increase
between the first and last cycle is no larger than two standard errors. The
unloading curves all are negative in slope.

Finally for the (220) reflection, an applied stress of 100 MPa above the
yield point generates a net compressive shift of about - 5 x 10~4. On
unloading a residual compressive strain of - 3 x 10~4 is observed. On
reloading, the microstrain, Ae, follows a line which becomes progressively
more compressive, reaching values of — 8 x 10~4, or more at high applied
stresses. To within the large experimental uncertainty, originating in the
low intensity of the (220) peak, the average unloaded strain is constant
and independent of plastic deformation with a value of —(4.7 ± 2.0) x 10.

Microstrains arising from intergranular constraints develop in response
to plastic deformation and hence the intergranular strains for the four
reflections examined are plotted against total strain in Fig. 8. A large frac-
tion of the residual strain is established rapidly at deformations less than
2%. The tensile residual strain exhibited by (002) grains increases with
plastic deformation and the (220) residual strain becomes more compres-
sive. The microstrains in (111) and (113) grains are practically independent
of plastic deformation. The near vertical deviations on unloading (Fig. 8)
are significant. If the grains individually unloaded elastically, the micro-
strain, Ae, would remain constant as the applied load was removed. That
the microstrain changes, shows directly that there is also a redistribution
of both plastic and elastic deformation on the grains during the loading
and unloading phases. When the (002) grains are unloaded, as shown by
the near vertical loci in Fig. 8, their net residual strain becomes less tensile,
but the other three crystal orientations show strains which become more
tensile, as if the redistribution during unloading is balanced among these
sets of grains.

The widths of the diffraction lines are expected to increase and the inte-
grated intensities are expected to change with plastic deformation. The
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FIGURE 8 The difference, Ae "between the total elastic lattice strain and the initial elastic,
response plotted versus total strain. Solid and dashed curves represent calculations based on
the Taylor model. Closed symbols indicate stress increasing open symbols indicate stress
decreasing.

measured widths are shown in Fig. 9 for the four reflections. The widths at
zero applied stress correspond to the instrumental resolution and the width
increases under stress once the yield point is exceeded. The clearest effects
are seen for the (002) and (113) reflections. If we subtract the width at zero
stress from the width at 480 MPa we find width increases of 0.22 ± 0.04°
and 0.41 ±0.03° for (002) and (113) respectively. These correspond to root
mean square widths in wavevector, AQ/Q, of 0.0040 ± 0.0008 and
0.0036 ± 0.0003 for the two reflections where the wavevector Q is given by
47rsin#/A. Since the intrinsic widths AQ are linearly dependent on Q, to



254 T. M. HOLDEN et al.

5

4
: 0.7

0.6

S 0.5' I-

0.4

T
in

O 002
D 220
A 113

D a
o

o o o o
o « o o o o ° - #

100 200 300
APPLIED STRESS (MPo)

400 500

FIGURE 9 Linewidths of the (111), (002), (220) and (113) diffraction lines as a function of
applied stress.
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FIGURE 10 Integrated intensities of the (111), (002), (220) and (113) diffraction lines as a
function of applied stress.

within the error the widths originate primarily in strain distributions rather
than small particle effects, which would give a constant width AQ inde-
pendent of wavevector. Thus as plastic deformation proceeds, a wider dis-
tribution of elastic strains is permitted about the average strain exhibited
by a given crystal orientation.

The integrated intensities of the four reflections studied are shown in
Fig. 10. The intensity begins to change at around 200 MPa, where the
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intergranular differences first occur. The (113) and (002) intensities rapidly
reach a plateau whereas the (111) intensity continues to increase linearly
and the (220) continues to diminish. Clearly the crystallographic texture is
strongly modified by the plastic deformation.

3.3 Texture

The (111), (002) and (220) pole figures for the undeformed Incoloy-800
plate material are shown in Fig. 11. The texture is qualitatively similar to
that of the Incoloy-800 steam generator tube [1] but less pronounced. The
number of grains with a [111] direction in the rolling direction of the plate

X Incoloy

(HI)

X Incoloy

(J00)

CCNTK IS N
CONTOUR st.nto.va*: o.so « RANDOM

CENTRE IS N
CONTOUR SEPARATION: 0.20 x RANDOM

X Incoloy

(MO)

CENTRE IS N
CONTOUR SEPARATION: O.SO « RANDOM

FIGURE 11 The (111), (002) and (220) pole figures for Incoloy-800 plate material.
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is 3.5 times random compared with 4 times random for [111] grains
aligned along the tube axis and in both cases there is a concentration of
intensity tilted about 30° from the plate normal towards the rolling direc-
tion. The plate normal corresponds to the radial direction in the tube. The
(002) pole figures both have an intensity maximum tilted 30° from the nor-
mal towards the rolling direction. At this angle the number of grains with
[002] directions is two times random for the plate and three times random
for the tube.

4 THEORY

4.1 Elastic Properties

There are three methods of calculating the diffraction elastic constants, i.e.
the elastic strain response in a given crystallographic direction to an
applied stress. In the Voigt method [3,8,9] the strain is assumed to be the
same in all crystallographic orientations of grains and this ignores stress
discontinuities at the boundaries. In the Reuss method [10,11] the stress is
assumed to be the same in all orientations of grains and this ignores strain
incompatibilities at the boundaries. The Kroner method [5] provides self-
consistent boundary conditions with no strain or stress incompatibilities at
the boundaries between the grains and is generally in closer agreement
with experiment (typically about 5%) than the other two methods [12].

4.2 Plastic Properties

The Taylor model of plasticity may be applied to the calculation of inter-
granular strains and a useful discussion of the model for uniaxial tension is
given by Hosford. [13] Taylor's theory satisfies the strain compatibility cri-
terion under plastic deformation by assuming that all grains undergo the
same shape and strain change as the entire polycrystalline aggregate. Slip
in face-centered cubic crystals occurs in <110> directions on close-packed
{111} planes and there are twelve such slip systems. To accommodate a
general shape change at least five independent slip systems must operate.
Within the Taylor model, the applied stress in a particular crystallographic
direction is related linearly to r, the critical resolved shear stress required
to generate slip on one of the slip systems, through a constant of pro-
portionality, M, known as the Taylor factor,

oz = Mr. (3)
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By calculating M for all orientations and taking the average value, M, the
relationship between the applied stress and the critical resolved shear stress
(az = Mr) may be obtained for a random polycrystal or any other dis-
tribution of texture. The value of M for a randomly oriented polycrystal is
3.067. This leads to a range of estimates of r from Table I between 95 and
200 MPa and for our material 65 MPa.

Bishop and Hill [14] identified all the stress states in terms of a set of
stresses in the cubic crystal coordinate system (c\\, on, cr33, cr23> cr31, a\-i)
which could activate five or more slip systems simultaneously. For uniaxial
tension only 5 out of the possible 56 stress states are required and these
are given in Table II. Figure 12, after Chin and Mammel [15] shows the
areas within the basic stereographic triangle where the stress states apply.
A further assumption is needed to obtain magnitudes of stresses, since
yield only depends on the differences between the principle stress compo-
nents. We have therefore assumed that the first invariant of the stress is
the same in the individual grains at yield and in the sample as a whole and
this assumption takes the form for uniaxial tension of

•crii + (733 = Mr. (4)

With these assumptions the stress tensor for each state, which scales
with T, may be found in crystal coordinates for a given applied stress. The
strain tensor may be calculated with the single crystal compliances. Sy.
Finally we may resolve the strain into the direction of the plane normal of

Region

TABLE II Stress states and M values for axially symmetric flow

B H In Units of M/V6

9
4

23

-1
-1

0
-1/2

1
1/2

0
1/2

0
1/2

0
0

0
1/2

1
1/2

0
0
0

-1/2

0
0
0
0

-27 0 -1/2 1/2 1/2

1 -3/2(sin2 0 + cos2 0 sin2 9)
3/4 cps2 0[1 + 2 sin 9 (cos 0-sin 9)]

3 cos20 sine
l/2-3/4(cds2'0 sin2 9 sin2 0) +

3/2(cos 0 cos 0)(cos 0 sin 9 + sin 0)
3/2(cos 0 sin 0 sin 9 + cos 0 sin 0

cos 9 + cos2 0 cos 9 sin.#)

where

A =

C =

<722 ~ <

^33 — O\ 1

V/6T
o\ i — an

F =

G =

Q-23

an
•Jlr
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FIGURE 12 The dependence of the Taylor factor with orientation within the basic
stereographic triangle (after Ref. [15]).

measurement. For a given plane normal direction, the resolved strain is
always the same within the boundaries, shown in Fig. 12, of a given stress
state.

At this point we have the strain response for, say (002), along the z-axis
at a known applied stress az = Mr. In order to find the microstrain we
must subtract from this the strain in the (002) grain when the strains in all
the other grains in the sample "are accommodated elastically and self con-
sistently, which is just the applied stress divided by the diffraction elastic
constant.

5 DISCUSSION OF RESULTS

5.1 A Simple Model

A very simple model shows that we must consider the grains in a constrain-
ed environment when we deal with a polycrystalline aggregate. Moreover
both the elastic as well as the plastic anisotropy have to be included. The
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model shows that the (002) residual strains are the largest tensile strains
encountered and that (111) displays low strains for the case of strain
response parallel to the applied stress. At first sight, the .Taylor model
would have suggested that [002] grains would yield first since the Taylor
factor is smallest for (002), but this neglects the constraint supplied by the
polycrystalline environment.

We consider an aggregate of grains with orientation [111], [002], [220]
and [113] along the stress axis subject to a common load and having no
lateral constraints. These orientations have multiplicities 8, 6, 12 and 24
for a random aggregate and so we consider a total of 50 grains. We con-
strain the strain to be the same in every grain i.e. we use the Voigt
approach in the elastic regime and the Taylor approach in the plastic
regime. The value of r is taken to be 95 MPa corresponding to an applied
stress of 300 MPa and the elastic constants were taken to be the scaled sin-
gle crystal elastic constants of Table I.

The relation between the applied stress, a^pp and the stresses in the
grains, ahkh is

{ 8 6 + 12 24 } ( 5 )

Below the yield point for each grain (a^ = M^r where Mhki is the
appropriate Taylor factor) we may write

<jhki = Ehkie (6)

where £/,*/ is the diffraction elastic constant and e is the strain. Above the
yield point for a particular grain, we assume that the stress in that grain
remains constant. Any increase of strain over the value at yield, oy

hkljEhku
occurs by plastic deformation without change in the elastic component
measured in a diffraction experiment. If we consider, for example, an
applied stress of 200 MPa, which is below the yield point, we find the net
strain to be e = 11.3 x 10~4 and the stresses in the grains to be 316, 120, 224
and 170MPa for the [111], [002], [220] and [113] directions chosen. Thus, in
spite of [002] having the lowest yield point (233 MPa) as given by the Taylor
factor, it emerges, because of elastic anisotropy in a constrained situation,
that grains with [111] directions will yield first at 349MPa since the stress is
highest in this case. This corresponds with our observations.

The lattice strain as a function of applied stress for this simple model is
shown in Fig. 13. Under the constraint of constant strain the [111] grains
are the first to yield at an applied stress of 220 MPa. Thereafter in this
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FIGURE 13 Model calculations for Incoloy-800 based on a very simple constrained crystal
model including anisotropic yield and anisotropic elasticity.

model, the elastic strain in grains with a [111] direction along the stress
axis remains the same and the difference between the net strain in the
aggregate and the elastic strain is accommodated plastically. The response
curves begin to bend towards the abscissa for the remaining elastically
deforming grain orientations. The [113] grains are the next to yield at
270 MPa and thereafter the load is then carried by [220] and [002] grains.
The [220] grains yield at 280 MPa and since the load is being carried by the
[002] grains, yield in this system quickly follows at 284 MPa. If we assume
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that the grains all unload elastically we may calculate the residual strains
as shown in Fig. 13 and these are —3.5, 0.2, 1.5 and 5.8 x 10~4 for the
(111), (113), (220) and (002) grains respectively. The magnitudes are quali-
tatively correct and so are the signs. The model, for all its simplicity,
demonstrates load-sharing 'and constraint and elastic and plastic aniso-
tropy and is qualitatively correct.

5.2 The Taylor Model Calculation

The obvious defects of the previous model are that it ignores the trans-
verse constraint and the multi-axial stresses that exist in the grains due to
slip. Following the discussion of the Taylor model in Section 4.2, the inter-
granular strains were calculated as a function of applied stress. From the
relationship between plastic deformation and applied stress as given by the
true stress-true strain curve of Fig. 5 the intergranular strains may be dis-
played as a function of plastic deformation as shown in Fig. 8 where they
are compared with the experimental results. Results for two values of M
are shown in Fig. 8 namely 3.067, corresponding to a random polycrystal-
line aggregate and shown as a solid curve and M = 2.9 corresponding to a
texture enhanced in (002) grains shown as a dashed curve. The model
results are in qualitative agreement with experiment giving a strong tensile
residual strain for (002), a small compressive strain for (111), a larger com-
pressive strain for (220) and a small effect for (113) grains. Changing the
value of M from 3.067 to 2.9 however does not systematically improve the
agreement between calculation and experiment for all the reflections.
Within the Taylor model the intergranular strains should be identical in
the loaded and unloaded conditions. The fact that the net residual strains
in the loaded and unloaded conditions are different, i.e., that there is a
hysteresis behaviour, suggests a re-arrangement of plastic strains among
the grains on removing the applied stress.

5.3 Calculation of Stresses and Strains in Incoloy
Steam Generator Tubes

Part of the motivation for this work was to explain the unusual observa-
tions of very high residual strains in (002) grains originally made in bent
Incoloy-800 steam generator tubes. [1] With the macroscopic stress-strain
curve presented here it is easy to calculate the residual stress field in a bent
tube of known radius with no adjustable parameters. The average radius
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of the Incoloy-800 tube was 7.4 mm and the curvature K was 1/121 mm"1

[1]. The total strain as a function of angular distance from the neutral axis
is given by K r sin 6 and the maximum strain encountered near the extrados
and intrados was ±0.06. From the stress-strain curve of Fig. 5 we may
obtain the stress, og, in the loaded condition at every angular position and
this is shown in Fig. 14 as the dashed curve. The total bending moment
under load is given by

MB = 4tr2 / a9 sin6dO (9)
Je=o

where r is the tube radius and t is the tube thickness. Numerical integration
yields MB — 87500 MPamm3. We assume that the tube unloads elastically so
that the unloading stress, a'e, is a linear function of distance from the neutral
axis and may be written,

^ = <r;/2sine (10)

where a',2 is the value of the stress at 6 — TT/2. The bending moment
corresponding to this variation of is a'e is given by

M'B = vtr2*^. (11)

Since the bending moment is equal and opposite to the unbending moment
M' = —M'B, the value of a^j2 is found to be -423.9 MPa. The stress under
load is shown by the dashed curve, the unloading stress, a'e, is shown by the
dot-dash curve and the residual stress, the sum of the two curves is shown by
the solid curve in Fig. 14.

To obtain the experimental macroscopic residual stress field in the tube
we must extract the macrostrain component from the measured strain. We
assume that the measured strains may be corrected by subtracting the
intergranular strains in the (111) and (002) grains determined from the
graph of lattice strain versus plastic deformation (Fig. 8). We make use of
the fact that the total strain, K r sin 9, is known at all positions around the
circumference. We take the measured microstrain at zero load.

The uniaxial stresses calculated from the macrostrains for the two grain
orientations with the appropriate experimental diffraction elastic constants
are shown in Fig. 14. The major part of the discrepancy between positive
stresses in (002) grains and negative stresses in (111) grains has been
removed by accounting for intergranular effects. However, the measured
stresses are not in very close agreement with theory at the extrados and
intrados since the experiments indicate much smaller stresses.
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FIGURE 14 Computed macrostress fields for Incoloy-800 tube, based on the interpretation
of the uniaxial tensile tests. The dashed curve represents the stresses in the tube when it is
under load, the short-dashed curve represents the unloading stresses and the solid curve is the
residual stress. The experimental macrostresses are indicated by closed circles.

It is recognized that the assumption that the measured strain in the tube
is a sirnple sum of an intergranular and a macrostrain is an over simplifi-
cation. As mentioned previously, the experimental results indicate a plastic
and elastic redistribution on unloading and the above assumption is
equivalent to saying that the unloading is elastic only. An understanding
of this behaviour does require sophisticated modelling beyond the scope of
this paper.

6 CONCLUSIONS

The tensile test experiments established the existence of large intergranular
strains in grains whose [002] crystallographic axis is aligned with the
tensile axis. These grow systematically with applied stress and hence plastic
deformation once yield is exceeded. These strains are balanced by com-
pressive stresses in other grains such as those with [220] or [111] crystal-
lographic axes aligned with the tensile axis.

The origin of the intergranular strains is the anisotropy of plastic defor-
mation in the different crystallographic grain orientations. Precisely which
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crystallographic orientations develop tensile and compressive strains
depends on the anisotropy of the elastic modulus. For austenitic alloys
where Young's modulus is much less for the [002] direction than the [111]
direction, the (002) grains develop the highest tensile strains. This conclu-
sion is borne out by the Taylor model as well as a simple model of con-
straint. The Taylor model gives a good description of the sign of the
residual strains as well as their approximate magnitudes to within on aver-
age, 2 x 10~4, or about 50%.

The data explains the anomalously large strains observed for grains
oriented with [002] crystallographic axes along the axis of the bent tube as
originating in large intergranular effects superposed on the macrostrain
field. The calculated stress in the bent steam generator tube, obtained from
the stress-strain curve is in fair agreement with the stress derived from the
experimental measurement for (111) and (002) grains with the newly deter-
mined diffraction elastic constants for Incoloy-800.
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