
Acta Materialia 52 (2004) 1937–1951

www.actamat-journals.com
Interphase and intergranular stress generation in carbon steels

E.C. Oliver a,b,*, M.R. Daymond a, P.J. Withers b

a ISIS Facility, CLRC Rutherford Appleton Laboratory, Chilton, Didcot, Oxon OX11 0QX, UK
b Manchester Materials Science Centre, University of Manchester and UMIST, Grosvenor Street, Manchester M1 7HS, UK

Received 17 November 2003; received in revised form 17 December 2003; accepted 20 December 2003
Abstract

Neutron diffraction spectra have been acquired during tensile straining of high and low carbon steels, in order to compare the

evolution of internal stress in ferritic steel with and without a reinforcing phase. In low carbon steel, the generation of intergranular

stresses predominates, while in high carbon steel similar intergranular stresses among ferrite grain families are superposed upon a

large redistribution of stress between phases. Comparison is made to calculations using elastoplastic self-consistent and finite

element methods.

� 2004 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

In general terms, the internal stresses generated dur-

ing the plastic deformation of engineering alloys may be

attributed to their inhomogeneous mechanical proper-

ties. In multiphase materials, the greatest variation in

mechanical properties is commonly between the phases,

giving rise to interphase stresses [1], while in polycrys-

talline single phase materials, it is the variation of

mechanical responses among differently oriented crys-
tallites which predominates, leading to the development

of intergranular stresses [2]. In recent years, neutron

diffraction has been applied to the measurement of both

of these types of internal stress [3–5]. Rarely, however,

have comparative studies been performed in which the

influence of reinforcing particles on the generation of

intergranular stresses in a matrix phase has been inves-

tigated [6,7]. This paper describes such a study, in which
the evolution of internal stress is compared in ferritic

steels with and without a reinforcing phase.

The importance of internal stresses for the mechani-

cal behaviour of carbon steels has been recognised for a

long time, with X-ray diffraction studies by Wilson et al.
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[8,9] dating back as far as 1964. However, the capability

of conventional X-ray diffraction is limited in that it
reveals only the stress state close to the specimen sur-

face, which differs from that within the bulk material.

The neutron diffraction method overcomes this limita-

tion, due to the considerably greater penetration depth

of neutrons in engineering materials (�10 mm for iron,

compared to �10 lm for X-rays of comparable wave-

length). Bonner et al. [10], Daymond and Priesmeyer [7]

and Tomota et al. [11] have applied this technique to the
measurement of internal stresses in mainly pearlitic

steels, but not for the comparison of steels containing

different cementite volume fractions. In the present

study, a low carbon (LC) steel consisting essentially of

single phase ferrite is compared to a high carbon (HC)

steel with a significant cementite volume fraction.

Moreover, the HC steel has a spheroidised microstruc-

ture which more readily lends itself to simple modelling
than the lamellar structure typical of pearlite. Pang et al.

[12] and Tomota et al. [13] have also reported mea-

surements of intergranular strain in low carbon steels.

This subject remains of considerable interest; in partic-

ular, the origin of large intergranular strains measured

by these and other authors [7] transversely to the tensile

axis has not been clearly elucidated. We therefore ad-

dress the issue of intergranular strains in ferrite in some
detail, using an elastoplastic self-consistent (EPSC)
ll rights reserved.
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model as an interpretive tool. We also present a com-

bined analysis using finite element and EPSC models for

the prediction of ferrite strains in HC steel.
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Fig. 2. Typical diffractogram of HC steel: measured datapoints

(crosses) and Rietveld refinement (continuous line). Cementite and

ferrite peak positions are indicated by markers below the main plot.

Also shown below the main plot is the difference curve between the

measured spectrum and the Rietveld refinement.
2. Materials and experimental method

The compositions, in weight percent, were Fe–0.07C–

1.0Mn–0.25S–0.05Si for the selected LC steel, and Fe–

1.0C–0.35Mn–0.30Si–0.40Cr for the HC steel. Both

steels were austenitised at 900 �C for 10 h and oil-

quenched to avoid carbide network formation. They

were then spheroidised at 700 �C for 10 h and allowed to
furnace cool in order to minimise the generation of

thermal residual stresses. Micrographs representative of

the final microstructures are shown in Fig. 1. The LC

steel (Fig. 1(a)) has a ferrite grain size of �10 lm. There

is a small volume fraction of MnS (�2%), but this is a

soft, ductile phase which is not expected to provide

any reinforcing effect. In contrast, the HC material

(Fig. 1(b)) contains about 20 vol% cementite particles.
The micrograph in Fig. 1(b) does not have sufficient

contrast to resolve individual ferrite grains, but it was

possible to see these under the optical microscope. The

grain size is similar to the size of the cementite inclusions

– i.e. a few microns; significantly smaller than in the LC

steel.

Tensile test specimens were machined with gauge

length 50 mm and diameters 6 and 8 mm for the HC and
LC steels, respectively. In situ neutron diffraction lattice

strain measurements were made during uniaxial tensile

loading using the ENGIN strain measurement instru-

ment at the ISIS spallation neutron source, as described

in [7]. The instrument has two detector banks which are

centred on horizontal scattering angles of �90�. The

detectors measure time-resolved spectra, each Bragg

peak being produced by reflection from a different
family of grains, oriented such that the fhk lg plane

normal lies at �45� to the incident beam (to within a few
Fig. 1. Optical micrographs of (a) low carbon; (b) high carbon steel.
degrees). The load axis was aligned horizontally at +45�
to the incident beam, allowing simultaneous measure-

ment of lattice strains in directions both parallel and

perpendicular to the applied load. A boron carbide slit
of dimensions 5 mm high, 5 mm wide was used to define

the incident beam. Radial collimators in front of each

detector bank defined an exit aperture of approximately

1.5 mm. Measurements were made at a series of applied

loads, using count times of approximately 45 min. The

applied load was held constant during the measurement

intervals. Several unloads were performed during each

experiment in order to measure the evolution of residual
strain as a function of accumulated plastic strain.

Macroscopic strain was monitored over a gauge length

of 12.5 mm using an extensometer. The diffraction

spectra were analysed by single peak fits of individual

ferrite h k l reflections and by Rietveld refinement of the

complete spectrum, using the GSAS software package

[14]. A typical diffractogram for the HC steel is shown in

Fig. 2. Scattering from the cementite phase was too
weak to allow reasonable single peak fits, but acceptable

statistical uncertainties were obtained from the Rietveld

refinement. Lattice strains determined by Rietveld re-

finement without accounting for granular anisotropy

have been shown by Daymond et al. [15] to be repre-

sentative of the bulk polycrystalline elastic response.

From the axial and transverse diffraction spectra it was

evident that a moderate {1 1 0} fibre texture (maximum
pole intensity 1.8 times random) existed in the LC steel

but that the HC steel was nearly untextured.
3. Results and discussion

3.1. Macroscopic response

The macroscopic stress–strain curves recorded during

neutron data acquisition are shown in Fig. 3. The
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Fig. 3. Macroscopic stress–strain curves acquired during the neutron

diffraction experiment. One of several unload–load loops performed on

the HC steel is also shown. The inset shows this loop in greater detail.
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ig. 4. Lattice strains determined by Rietveld refinement as a function

f applied uniaxial tensile stress: (a) axial; (b) transverse strain. The

otted lines passing through the origin are best fits to the initial linear

lastic response of the ferrite phase in HC steel. Statistical fitting un-

ertainties are shown for cementite but are too small to represent for

he ferrite phase.
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macroscopically determined Young�s modulus is 210

GPa for the LC steel and 220 GPa for the HC steel. The
HC steel exhibits a substantially greater yield stress than

the LC steel. Since the data presented in this and earlier

work [10,16] demonstrate that cementite has similiar

elastic stiffness to ferrite, the greater yield stress of HC

steel is attributed to a smaller grain size rather than to

the influence of composite load sharing. Both steels

deform initially by L€uders band propagation. This is

manifested in the stress–strain curves by the plateaus
directly after yielding. Distinct upper and lower yield

points are not evident because the tests were performed

in load control. Due to the nature of the neutron ex-

periment, the stress–strain curves are composed of a

series of steps. The rising edge of each step corresponds

to an interval between diffraction measurements when

the load was increased; the flat part of the step to a

period over which the load was held constant. After
holding at load, it was necessary to increase the applied

stress by several MPa to continue plastic straining; this

suggests that some strain ageing occurs during holding.

3.2. Elastic phase strains

Elastic phase strains measured axially and transversely

to the applied load, as determined by Rietveld refine-
ment, are plotted as functions of applied stress in Fig. 4.

The reference lattice parameters are taken as those

measured prior to loading. For comparison, the re-

sponses of the LC and HC steels are shown on the same

graphs. In both cases, the responses below the macro-

scopic yield points are linear, as expected for materials

obeying Hooke�s Law. In the LC steel, the slope of the

axial ferrite response is 213 GPa, in good agreement with
the macroscopically determined Young�s modulus. The
F
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ratio of axial to transverse slopes gives a Poisson�s ratio
of 0.28. In HC steel, the axial linear elastic responses of

both phases have very similar gradients of 220 and 211

GPa for ferrite and cementite, respectively. Moreover,

the ratios of axial to transverse slopes are almost the same

for both phases: )0.28 for ferrite and )0.29 for cementite.
The similarity of the elastic stiffness of ferrite and ce-

mentite has been reported by other authors [10,16], and

helps to explain why themacroscopic stiffnesses of the LC

and HC steels are so similar.

For a single phase material, it is expected that the

volume-averaged elastic phase strain should remain

linear with applied stress even after the onset of plastic

flow, since no redistribution of load between phases is
possible. The axial and transverse ferrite responses in the

LC steel do indeed remain approximately linear through

the yield point, even though 2.5% plastic strain is
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Fig. 5. Residual elastic phase strains in ferrite and cementite phases of

HC steel, versus macroscopic plastic strain. Unfilled datapoints are

residual strains calculated from measurements at applied load, filled

datapoints are direct measurements after load removal. Dashed lines

show the axial strains predicted by an unrelaxed mean field model. The

solid lines are curves fitted through the axial (filled) datapoints, to

serve as guides to the eye. The dotted lines show the transverse residual

strains predicted from these curves using a multiplicative factor of

)1/2. For clarity, error bars are not shown; typical strain uncertainties

are 1:5� 10�4 for cementite and 2� 10�5 for ferrite.
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introduced between the measurements taken at stresses

just below and just above the yield point. There are,

however, slight deviations from linearity – a compressive

shift of approximately 2.0� 10�4 in the axial strain and

a tensile shift of approximately 1.2� 10�4 in the trans-
verse strain. Similar shifts have been observed previ-

ously and it has been suggested that they are due to

axially compressive residual stresses in the diffracting

material which are balanced by axially tensile residual

stresses in highly distorted regions which fail to diffract,

such as dislocation cell walls [8].

The deviations from linearity observed in the LC steel

are, however, very small when compared to the shifts
observed during yielding of the HC steel. In this case,

the axial ferrite response develops a large compressive

shift away from the elastic line, while there is a dramatic

tensile increase in the cementite axial strain. The trans-

verse strains also change dramatically, the ferrite and

cementite transverse strains exhibiting tensile and com-

pressive shifts, respectively.

These changes are consistent with the generation of
back stresses in the ferrite matrix as it flows plastically

while the cementite inclusions continue to deform elas-

tically. Neglecting any initial residual phase stresses and

assuming the phases to be elastically identical and iso-

tropic with Young�s modulus 215 GPa and Poisson�s
ratio 0.28, the volume-averaged axial stresses deter-

mined directly after yielding at an applied stress of 595

MPa are 420 MPa in ferrite and 1230 MPa in cementite.
Note that just before yielding, the average axial stress

was approximately 580 MPa in both phases, owing to

the nearly identical elastic constants. Thus the axial

stress in the ferrite phase actually falls between the

measurements taken before yielding and after L€uders
band propagation, even though the applied stress is

slightly increased. This demonstrates that the ferrite

undergoes a considerable yield point softening. The
composite as a whole does not soften to the same extent,

because the generation of back stresses provides a

source of work hardening.

The gradient of the axial cementite response after

yield (110 GPa) is shallower than the gradient before-

hand (211 GPa). This indicates that the phase bears an

increasing proportion of the applied load as plastic flow

continues. That is, back stress hardening continues to
operate, increasing the axially tensile residual stress in

cementite.

The generation of residual stresses is evident from the

elastic strains which remain when the applied stress is

removed. In LC steel, residual elastic strains of ap-

proximately �2� 10�4 in the axial direction and

1:5� 10�4 in the transverse direction develop during

L€uders band propagation, and remain approximately
constant with further plastic straining. Since these

strains are small and consistent with the shifts observed

under applied loading, they are not shown graphically
here. Fig. 5 shows the development of residual elastic

strain with plastic strain in both phases of the HC steel.

Two sets of measurements are presented. The unfilled
datapoints represent residual strains determined from

the measurements made under applied loading, after

subtraction of the linear elastic response. The filled da-

tapoints represent the residual strain measurements

made after the removal of applied stress. Chronologi-

cally, each at-load measurement was recorded directly

before the corresponding measurement made after load

removal. Although there is some scatter, there is a
general trend that the magnitudes of the strains recorded

at load are slightly greater than those recorded after the

removal of load, by approximately 5–10%. This indi-

cates that some relaxation of interphase stresses occurs

during unloading. Support for this statement is provided

by close inspection of a typical unloading and re-loading

macroscopic response, as shown by the inset in Fig. 3.

During unloading, the gradient becomes gradually
shallower, suggesting that reverse yielding is activated in

regions of matrix where the compressive residual stress

is particularly high. This would act to reduce the plastic

misfit between phases and lower the residual stresses.

During the dwell (�45 min) in the unloaded state, a

small amount of further strain recovery develops

(�0.01%), suggesting that some time-dependent relaxa-

tion also occurs. The re-loading curve begins more
steeply than the unloading curve, but forward plasticity

is evident several hundred MPa below the previously

attained stress.
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As noted, however, the interphase strain magnitudes

fall by only a small proportion during unloading, and

substantial residual strains remain after unloading.

Large, axially tensile and transversely compressive

strains develop in the cementite inclusions, balanced by
axially compressive and transversely tensile strains in the

ferrite matrix. Taking the same elastic constants for

both phases and applying stress balance, pairs of ferrite

and cementite datapoints are consistent with a cementite

volume fraction of between 18% and 22%. This is in

good agreement with the value determined by Rietveld

refinement, which is 19%. Although the L€uders band

propagation precluded measurements at low plastic
strains, it is clear from the measurements at 2.2% plastic

strain and subsequently that there is an initially high

rate of change of residual strain with plastic strain, but

that saturation occurs after a few percent plastic strain.

This agrees well with results of other authors [9]. The

cementite axial residual strain saturates at approxi-

mately 4� 10�3. Much greater cementite elastic strains

have previously been reported in steels with different
morphologies [10,11]. Moreover, the changes during

unloading suggest that plastic relaxation mechanisms

are operative in the HC steel studied here. These ob-

servations suggest that saturation occurs because of

plastic relaxation operating in the matrix rather than

other possible causes such as cementite plasticity, par-

ticle fracture or interface damage.

The residual strains can be compared to those cal-
culated from a simple model based upon the mean field

method [17,18]. Assuming homogeneous, isotropic

elasticity, a plastic misfit strain �Pij between matrix and

inclusions, and that the cementite inclusions are ran-

domly distributed, elastically deforming spheres, the

average matrix and inclusion residual strains, h�ijiM and

h�ijiI, respectively, are calculated as

h�ijiM ¼ �f
ð7� 5mÞ
15ð1� mÞ �

P
ij; ð1Þ

h�ijiI ¼ ð1� f Þ ð7� 5mÞ
15ð1� mÞ �

P
ij; ð2Þ

where m is the Poisson�s ratio and f is the inclusion

volume fraction. The conditions of axial symmetry and
volume constancy imply that the plastic misfit strain

tensor averaged over the matrix has the form

�Pij ¼ �P
�1=2 0 0

0 �1=2 0

0 0 1

0
@

1
A; ð3Þ

where �P is a scalar and the tensile axis is taken parallel

to the coordinate frame 3-axis. If the matrix plastic

strain is assumed to be uniform and completely unre-
laxed, then �P is given in terms of the macroscopic

plastic strain �mac by
�P ¼ �mac

ð1� f Þ : ð4Þ

Assuming a Poisson�s ratio of 0.28 and a cementite

volume fraction f ¼ 0:2, both determined from the

diffraction data, the axial residual strains predicted using

this unrelaxed assumption are shown in Fig. 5 as dashed

lines. For comparison to the experimental data, curves

are fitted through the axial (filled) datapoints, to serve as

guides to the eye, shown by solid lines. The initial slopes

of the fitted experimental curves are of comparable
magnitudes but slightly shallower than the gradients

predicted by the unrelaxed model. However, as plastic

strain increases, the measured strains begin to saturate

and are therefore increasingly overestimated by the

model predictions.

Whatever its origin (e.g. local matrix plastic flow or

cementite plasticity), saturation indicates that the misfit

between phases does not continue to grow linearly with
plastic strain. Nevertheless, since the origin of the misfit

is plastic deformation which conforms to volume con-

stancy, Eq. (3) correctly describes the form of the av-

erage misfit even if �P is no longer proportionally related

to the macroscopic strain by Eq. (4). Thus, even when

relaxation operates, the following relations should hold

between the axial and transverse residual strains, �k and
�?, respectively:

h�?iM ¼ � 1

2
h�kiM; ð5Þ

h�?iI ¼ � 1

2
h�kiI; ð6Þ

where h iM denotes the average in the matrix phase, and

h iI the average in the cementite inclusions. These pre-

dictions are tested in Fig. 5 by multiplying the fitted

axial strains (solid lines) by )1/2. The resulting trans-

verse strain predictions, shown by dotted lines, do in-

deed pass very close to the measured transverse strains.
3.3. Ferrite intergranular strains

In the following, the term ‘‘grain family’’ refers to the

subset of grains which contribute to a particular dif-

fraction reflection along a certain scattering direction.

That is, the axial hk l grain family comprises all grains in

which an {hk l} plane normal lies parallel to or within a

few degrees of the tensile axis. Similarly, the transverse
hk l grain family comprises all grains in which an {hk l}
normal lies within a few degrees of the transverse scat-

tering vector. Note that the axial and transverse families

for a given hk l reflection are composed of different grain

subsets. In particular, while all grains in an axial family

have a similar orientation with respect to the tensile axis,

the grains in a transverse family have a wide range of

crystallographic directions aligned axially.
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The average elastic strains in 110, 200, 310 ferrite

grain families are plotted against applied stress in Fig. 6

(filled datapoints). These families have been chosen be-

cause they cover the range of observed behaviours.

Consider firstly the slopes of the responses in the elastic
regime. For a grain family having hhk li aligned axially,

the resolved stiffness depends upon the cubic elastic

anisotropy factor Ah k l ¼ ðh2k2 þ k2l2 þ l2h2Þ=ðh2þ
k2 þ l2Þ2, where for ferrite, greater Ahk l implies greater

stiffness [19]. Thus we expect the stiffnesses of the axial

grain families to increase in the order 200, 310, 110,

since Ah k l evaluates to 0.00, 0.09, 0.25, respectively, for

these families. This trend is clearly seen in the HC steel
(Fig. 6(c)), and is also evident in LC steel (Fig. 6(a)),

although in this case the 200 and 310 slopes are not well

resolved.

For a randomly oriented ferrite polycrystal, greater

Ah k l also implies a steeper transverse strain response

(smaller magnitude Poisson strain for given applied

stress). This trend is seen in the HC steel (Fig. 6(d)),

although the LC data (Fig. 6(b)) is rather too noisy to
establish the trend reliably. However, it should be em-

phasised that the simple dependence of transverse slope

on Ah k l is only valid for randomly oriented polycrystals,
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Fig. 6. Average ferrite grain family elastic strains, plotted against applied str

unloading are shown by the straight lines extrapolating the datapoints at high

removal are shown by unfilled datapoints. For the maintenance of clarity, err

datapoints. (a): LC, axial; (b): LC, transverse; (c): HC, axial; (d): HC, trans
and that in fact the average response of some transverse

families is highly sensitive to texture. This is discussed

further in Section 4.1.

The yield stresses of the LC and HC steels are indi-

cated in Figs. 6(a)–(d) by horizontal dashed lines. After
yielding, the axial grain family responses in the LC steel

(Fig. 6(a)) diverge to a greater extent than in the elastic

regime. This can be interpreted in terms of load parti-

tioning in similar fashion to the origin of interphase

strains. That is, as some grain families begin to yield,

those which continue to deform elastically must bear

greater load. Thus, the elastic strain response of a grain

family which yields early will exhibit a compressive shift
relative to the linear elastic regime response, while that

of a family which yields late will exhibit a tensile shift. In

this case, compressive shifts are seen for the 110 and 310

families, while the 200 response remains approximately

linear, indicating that this family yields relatively late

compared to the other two. In accounting for this,

elastic anisotropy should be considered in addition to

plastic anisotropy. That is, a contributory reason to the
late yielding of the 200 family is that it bears less stress in

the elastic regime, being the elastically most compliant

family. This is discussed further in Section 4.1.2.
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Fig. 7. Ferrite grain family intergranular residual strains, after sub-

traction of the phase-averaged residual strain, for LC and HC steels, at

plastic strains of approximately 5% (exact plastic strains: LC 5.15%,

HC 4.29%).
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Yield point shifts of much greater magnitude are

observed in the strains measured transversely to the

tensile axis (Fig. 6(b)). The 110 transverse response

remains approximately linear through the yield point,

but the 310 transverse strain develops a tensile shift
during yielding, while the 200 transverse strain devel-

ops a particularly dramatic tensile shift of approxi-

mately 5� 10�4. This indicates that for grains in

which a h200i direction lies transversely, a large

component of tensile residual stress develops along

this transverse direction. Such a shift has been previ-

ously reported for ferrite [7,12] but a simple expla-

nation has not been given. We address this point in
Section 4.1.3. Interestingly, similar shifts have also

been observed for the 200 transverse family in fcc

polycrystals [5]. Although different slip systems oper-

ate in the two crystal structures, our analysis in Sec-

tion 4.1.3 demonstrates that these observations are in

fact related. Beyond the yield point, the 200 transverse

response is approximately vertical, indicating that the

tensile internal stress along the transverse h200i di-
rection continues to increase with further plastic

straining.

The residual strains measured after the final loading

step are also shown in Figs. 6(a)–(d), as unfilled da-

tapoints. Also shown, as thin straight lines, are the

unloading responses expected for purely elastic un-

loading (the gradients for which are found by straight

line fitting to the initial elastic regime responses).
Extrapolating these responses to zero applied stress, it

is seen that in general the measured strains are close

to those expected for elastic unloading. In comparison

to the intergranular strains which develop in alloys of

other crystal structures, e.g. titanium (hcp) [20], the

axial residual strains in the LC steel are notably small

(magnitude < 2� 10�4 for all families). However, the

transverse residual strains are much larger than the
axial strains, corresponding to the large shifts ob-

served during yielding.

In the axial response of the HC steel, all of the ferrite

grain family strains exhibit a compressive shift during

yielding. This is of course due to overall load transfer to

cementite. The relative magnitudes of the shifts are of

interest, however. The compressive shift is greater for

the 200 than the 110 family. After unloading, the 200
family has the more compressive residual strain. In

contrast, in the LC steel the 110 strain develops the more

compressive shift during yielding, and the more com-

pressive residual strain after unloading.

In the transverse direction, however, trends in yield

point shifts and residual strains for the HC steel are

similar to those for LC steel. All families exhibit a tensile

shift due to the introduction of transversely tensile re-
sidual phase stress, but the shift is by far the greatest for

the 200 family and smallest for the 110 family, in good

agreement with the trend seen in the LC steel. Corre-
spondingly, the tensile residual strain is greatest for the

200 and smallest for the 110 family.

To clarify the similarities and differences, the grain

family residual strains generated in the two steels after

approximately 5% plastic deformation are plotted to-
gether in Fig. 7 (these do not correspond exactly to

the final residual strains plotted in Fig. 6, since these

were acquired at different plastic strains for the two

samples). For a direct comparison of intergranular

strains, the average phase strains as determined by

Rietveld refinement have been subtracted. This shows

that the trend in the axial intergranular residual

strains in the LC steel is almost completely reversed in
the HC steel, but that the trend among the transverse

strains is the same for both steels. This apparent

conflict is resolved by consideration of the combined

effect of elastic anisotropy and the average phase

stresses. In the HC steel, the ferrite is in a state of

axially compressive residual stress. Since 200 is the

most compliant axial grain family, this stress produces

the greatest compressive residual strain in this family.
This competes against the effect of plastic misfit

among grain families which, as seen from the LC

data, results in the most tensile residual strain in the

200 family. However, since the intergranular strains

produced by grain-to-grain misfit are small, it appears

that the interphase effects dominate, explaining

why the trend in intergranular strains is reversed rel-

ative to that in LC steel. In the transverse direction,
however, the interphase stress merely accentuates the

trend due to intergranular misfit. Since 200 is the most

compliant family, the transversely tensile phase stress

produces the most tensile residual strain in this family,

which adds to the large tensile strain developed due to

intergranular misfit.
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4. Modelling of internal stress development

4.1. Intergranular stress in single phase ferrite

The EPSC model first proposed by Hill [21] has
proved successful in predicting intergranular strains in

polycrystals of different crystal structures [4,12,20]. In

this section, we describe EPSC simulations conducted

using the implementation written by Turner and Tom�e
[22], which is based upon the formulation of Hutchinson

[23]. The objective is to rationalise some of the observed

trends in intergranular stress development in ferrite.

Specifically, we present simulations which help to ex-
plain the relatively small tensile and large transverse

elastic strains which are developed among ferrite grain

families.

The EPSC model is described in detail elsewhere

[22,23], and therefore only a brief description is given

here. The polycrystalline aggregate is represented by a

discrete set of grain orientations, which are attributed

volume fractions to match the observed crystallographic
texture. Grains are attributed the single crystal elastic

constants and slip properties characteristic of the ma-

terial under study. They are regarded as ellipsoidal in-

clusions embedded within a homogeneous effective

medium which has the average properties of all grains.

The stress/strain response of each grain orientation to a

small increment of macroscopic stress or strain is esti-

mated from the elastic Eshelby solution for the response
of an ellipsoidal inhomogeneity. Since the properties of

the medium derive from the average response of all

grains, the calculation proceeds iteratively. The full ag-

gregate response is calculated by solving for many stress/

strain increments, taking account of single crystal

hardening. The model is a small strain formulation, in

which no grain rotation is incorporated.

For this work, we have used ferrite elastic stiffness
constants taken from the literature [24]: C11 ¼ 237,

C12 ¼ 141, C44 ¼ 116 GPa, with corresponding compli-

ance components S11 ¼ 0:0076, S12 ¼ �0:0028,
S44 ¼ 0:0086 GPa�1. We have assumed all grains to be

spherical. In bcc crystals, the slip direction is unambig-

uously h111i, but there are many possible slip planes

within the h111i zones [25,26]. We have assumed slip on

{1 1 0}, {1 1 2}, {1 2 3} planes but, as demonstrated by
Hutchinson [23], if the number of slip planes is large

enough and they are well distributed about the slip di-

rection, the model should be insensitive to the planes

explicitly specified. Moreover, we have assumed isotro-

pic hardening of slip systems. The model formulation

becomes unstable if negative hardening is specified and

hence the yield point softening and L€uders elongation

inherent to the LC steel cannot be simulated in the
model. Therefore, since the fine details of the macro-

scopic response cannot be captured, a simple linear

hardening law has been assumed, parameterised by
dsi ¼ h
X
j

dcj; ð7Þ

where dsi is the increment in the threshold shear stress

on the ith slip system, h is the hardening rate, and dcj is
the shear strain increment on the j system.

In order to represent the moderate {1 1 0} fibre tex-

ture of the LC steel, the initial axial and transverse

spectra were fitted in GSAS using a spherical harmonic
texture model, assuming axial symmetry [14]. A discrete

population of 3066 weighted orientations was generated

from the estimated texture using the popLA software

package [27]. The average lattice strain of the axial hk l
family was calculated as the elastic strain resolved along

the tensile axis, averaged over all grain orientations

having a hk l plane normal lying within 5� of the axial

direction. For the transverse lattice strains, the axial
symmetry was exploited to gain better statistical aver-

aging. This is important because application of the

model immediately reveals that the average transverse

strains are particularly sensitive to the exact grain pop-

ulation. A specific transverse direction was not specified.

Instead, the transverse hk l family strain was taken as

the elastic strain resolved along the projection of the hk l
plane normal onto the transverse plane, averaged over
all grain orientations having an hk l normal lying within

5� of the transverse plane. This method allows the

transverse strain to be evaluated using a much larger

sample of grain orientations.
4.1.1. Model validation

In order to assess the ability of the EPSC model to

reproduce the intergranular strains observed experi-
mentally, the model macroscopic response was firstly

fitted to the LC steel flow curve using the initial

threshold shear stress s0 (assumed the same for all slip

systems and grains) and hardening rate h as fitting pa-

rameters. The flow curve resulting from this procedure is

shown in Fig. 8(a) together with the experimental curve.

Although the post-yield plateau is not captured, the

calculated macroscopic stiffness is in excellent agreement
with the experimental stiffness, and the stress–strain re-

sponse is well captured at large plastic strains. Having

fitted the macroscopic curve, the model predictions for

average grain family elastic strains were compared to the

measured strains. The results are shown in Fig. 8(b).

Agreement is generally very good, considering the sim-

plicity of the hardening law used.

In the axial direction, the slopes of the initial linear
elastic responses are reasonably well reproduced. The

model effectively captures the compressive yield point

shifts from linearity of the 110 and 310 responses. The

final gradients of the responses are also consistent with

the experimental data. The model 200 response is most

interesting in the low plastic region, where unfortunately

datapoints could not be acquired. Nevertheless, the
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Fig. 8. Comparison of EPSC simulation of LC steel to experimental

data: (a) modelled and experimental macroscopic stress–strain curves;

(b) modelled and experimental evolution of average grain family elastic

strains, against applied stress. In (b), experimental measurements are

represented by large datapoints, model calculations by continuous

lines joined by small datapoints.
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response is in good agreement with the experimental
data at higher applied stresses.

In the transverse direction, the large tensile shift and

subsequent near-vertical gradient of the 200 response

are reproduced particularly well. The positive shift of

the 310 response is also well captured although the

model predicts too steep a gradient after the yield point

shift. The response of the 110 transverse family is least

well reproduced; the model predicts a negative shift
while the observed response remains approximately

linear through yield.

Since the model captures most of the major experi-

mental trends, we can be confident of its predictive

ability, and thus use it to gain further insight into the

generation of intergranular strains in ferrite. Applica-

tion of the model in this manner is described in the

remainder of this section.
4.1.2. Influence of elastic anisotropy

The model results support the assertion made from

the experimental data that the axial residual strains

which develop in single phase ferrite are small, at least in

comparison to the transverse strains. It has been noted
above that a competition between elastic and plastic

anisotropy may be in part responsible for this. The

EPSC model may be used to investigate this by simu-

lating a bcc polycrystal composed of grains which have

the same plastic properties used in the previous simu-

lation, but which are elastically isotropic. This is

achieved by setting the single crystal compliance com-

ponents according to

S11 ¼
1

E
; S12 ¼ � m

E
; S44 ¼

2ð1þ mÞ
E

; ð8Þ

where E and m are the Young�s modulus and Poisson�s
ratio, respectively. Taking these equal to the macro-

scopic values determined for LC steel, an EPSC simu-

lation of such an elastically isotropic polycrystal has

been performed. For a procedure of 5% tensile straining

followed by unloading, the calculation predicts residual

elastic strains of +1.61, )2.66, )1.78� 10�4 for the 110,

200 and 310 axial grain families, respectively. These

compare to values of )1.54, +0.82, )1.60� 10�4, re-
spectively, calculated for the elastically anisotropic

polycrystal. Thus it is seen that the removal of elastic

anisotropy almost completely reverses the trend in in-

tergranular strain generation: in the absence of elastic

anisotropy, the 200 family develops the most compres-

sive residual strain, while the 110 family develops a

tensile residual strain. This demonstrates that grains in

the 200 axial family are among the most favourably
oriented for slip while grains in the 110 axial family are

among the least favourably oriented, as supported by

Taylor model calculations, which show that the Taylor

factor is close to minimum for the 200 family and close

to maximum for the 110 family [28]. However, since in

the real elastically anisotropic polycrystal the latter

grains bear more stress within the elastic regime, they in

fact reach yield at lower applied macroscopic stress.
Thus it appears that elastic and plastic anisotropy do

indeed tend to influence intergranular strain develop-

ment in opposite ways, and therefore that their coupling

tends to reduce the magnitude of axial intergranular

strains in ferrite.
4.1.3. Transverse strains

As noted above, members of a transverse grain family
may have a range of orientations with respect to the

tensile axis. However, the diffraction method gives only

the resolved elastic strain averaged over all of the rele-

vant grain orientations (although additional informa-

tion about the distribution of strains is available from

analysis of the peak profile). The EPSC model may,

however, be used to evaluate the response of individual
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grains, and therefore to investigate the strains developed

among different members of a grain family. This can be

achieved systematically by adding grains of specific

orientations to the grain population, but attributing

zero weight to these orientations so that they do not
influence the average properties of the embedding

medium. Using this strategy, the EPSC-determined

transverse strains developed in specific (elastically an-

isotropic) grains spanning the range of possible orien-

tations of the 110 and 200 transverse families are shown

in Figs. 9(a) and (b), respectively. In Fig. 9(a), all grain

orientations have a common h110i transverse direction,
along which the strain is resolved. They differ in their
rotation about this direction, characterised by the angle

h1 – as illustrated by the inset. h1 varies from 0� when

h200i lies axially to 90� when another h110i direction

lies axially. In Fig. 9(b), the common transverse direc-
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Fig. 9. EPSC simulations of transverse lattice strain development with

applied stress in ferrite grains of specific orientations: strain resolved

along (a) h110i and (b) h200i transverse directions, for various rota-

tions h1 and h2, respectively, about these directions. The insets illus-

trate these rotations.
tion along which the strain is resolved is h200i and the

grains are rotated about this direction by an angle h2,
also illustrated by an inset. h2 varies from 0� when h200i
lies axially to 45� when h110i lies axially.

A difference which is immediately apparent between
Figs. 9(a) and (b) is that the elastic regime slopes vary

considerably among members of the 110 transverse

family, but not at all among members of the 200 family.

This result may be rationalised by considering the elastic

strain response of a single crystal. If a uniaxial stress r is

applied to a cubic crystal along a unit vector [l;m; n],
then the elastic strain �? developed along a unit vector

½u; v;w� perpendicular to [l;m; n] is given by

�?
r

¼ S12 þ S11

�
� S12 �

1

2
S44

�
F ; ð9Þ

where Sij is the elastic compliance tensor in contracted

matrix notation and F is a factor given by

F ¼ ðl2u2 þ m2v2 þ n2w2Þ ð10Þ
[29]. If ½u; v;w� ¼ ½1; 0; 0�, then F ¼ 0 for all possible

½l;m; n�. That is, the transverse strain developed along a

h100i direction is independent of the direction perpen-

dicular to this along which uniaxial stress is applied. In

fact, this result has been shown to be generally true in
any crystal structure for an axis which possesses n-fold
rotational symmetry, where n > 2 [30]. If however

½u; v;w� ¼ 1=
ffiffiffi
2

p
½1; 1; 0�, then F varies in the range

06 F 6 1=2, and the extremes of Eq. (9) are

�?=r ¼ S12 ¼ �2:8� 10�12 Pa�1 ð11Þ
when ½l;m; n� ¼ ½0; 0; 1�, and

�?=r ¼ 1

2
S11

�
þ S12 �

1

2
S44

�
¼ þ0:22� 10�12 Pa�1

ð12Þ
when ½l;m; n� ¼ 1

ffiffiffi
2

p
½1;�1; 0�. Surprisingly, depending

upon the direction of the tensile axis, the transverse

strain developed along h110i can be either negative or

positive. In a polycrystal, each grain is constrained by

the surrounding medium. As seen from Fig. 9(a), this

modifies the h110i transverse strains so that they are

always negative, but they still show considerable varia-

tion depending upon the orientation relative to the
tensile axis. This has some practical importance: the

effective Poisson�s ratio of the 110 family will as a con-

sequence be particularly sensitive to crystallographic

texture, and this must be appreciated if errors are not to

be made in the evaluation of residual stresses based

upon measurements of the 110 diffraction peak. Data

given by Pang et al. [12] support this assertion: they

measured elastic strain responses in textured ferritic steel
plate, subjected to uniaxial stress along the plate rolling

direction. The initial slopes of the lattice strain–stress

responses measured along the plate normal and trans-

verse directions differed by approximately 17% for the
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{2 2 0} reflection but by no more than 10% for any of the

other reflections measured (200, 112, 222). Evaluating

Eqs. (11) and (12) for other materials, it is found that the

h110i transverse strain also varies between positive and

negative depending upon the tensile axis orientation for
single crystals of a number of other cubic alloys in-

cluding stainless steel, nickel and copper. Thus caution

should be exercised when using the 110 diffraction peak

to evaluate residual stresses in a whole range of common

engineering materials.

Upon plastic straining, different members of the 110

transverse family respond in markedly different ways.

The strain response of the grain having h1 ¼ 0� re-
mains approximately linear, except for a slight devia-

tion in the early stage of plasticity. As h1 increases,

the lattice strain responses exhibit tensile shifts relative

to the elastic regime responses. However, as h1 in-

creases further, the shifts become compressive. The

greatest compressive shift is seen in the orientation

with h1 ¼ 90�, when the tensile axis is parallel to a

h110i direction. This is also the orientation with the
steepest response in the elastic regime. Since different

members of the family develop shifts of different

senses, the trend in the average response – whether

tensile or compressive – is very sensitive to the exact

distribution of grain orientations. Since the grain

population applied in the EPSC model only approxi-

mately represents the texture of the real material, it is

unsurprising that it does not reproduce the 110
transverse response accurately.

In the 200 transverse family however, with the ex-

ception of the orientation having h2 ¼ 0�, which remains

approximately linear, all members exhibit tensile shifts.

This explains why apparently all authors report large

tensile 200 transverse residual strains, regardless of

texture [7,12]. The magnitude of the shift increases

rapidly as h2 increases from 0�, but saturates so that the
responses with h2 ¼ 27� and h2 ¼ 45� are almost iden-

tical. Thus the magnitude of the shift is large for the

majority of grains contributing to the 200 transverse

reflection. This accounts for the large average residual

strain, as observed in the diffraction measurements.

It is straightforward to understand why large residual

strains develop in grains of some orientations but not in

others. Consider two spherical grains, denoted A and B,
whose orientations are shown schematically in Fig. 10.

Also marked on the schematics are the four h111i slip

directions, and the external reference frame, in which the

tensile direction is parallel to the 3-axis. Let us assume

that the average plastic strain among all grains (equal

to the macroscopic plastic strain) is axially symmetric,

given in the external reference frame by

�Pij ¼ �P
�1=2 0 0

0 �1=2 0

0
@

1
A: ð13Þ
0 0 1
Moreover, as justified by the small magnitude of the

measured axial residual strains, let us assume that all

grains develop the same axial plastic strain, �P. In grain

A, the tensile axis is parallel to a h200i direction and the

four h111i slip directions are symmetrically distributed

about this direction. If we assume the same threshold

shear stress on all slip systems, it is clear by symmetry
that in this grain the plastic strain is axially symmetric,

and thus equal to the macroscopic plastic strain, �Pij.
Thus on average there is no misfit between grains of type

A and the embedding medium. Choosing the transverse

scattering vector parallel to the labelled h110i direction,
grain A corresponds to the 110 transverse family mem-

ber with h1 ¼ 0�. Alternatively, if the transverse scat-

tering vector is chosen parallel to the labelled h200i
transverse direction, the grain corresponds to the 200

member with h2 ¼ 0�. Thus the lattice strain responses

of these members remain approximately linear through

yield.

In grain B, the tensile direction lies parallel to a h110i
direction. In this case, two of the h111i slip directions lie

perpendicular to the tensile axis (and thus have zero

Schmid factor) and the other two lie perpendicular to
the h110i transverse direction. Thus plastic strain can-

not be accommodated along this direction and the

plastic strain tensor of this grain has the form

�Bij ¼ �P
�1 0 0

0 0 0

0 0 1

0
@

1
A: ð14Þ

In grains of this orientation, the plastic contraction of

the grain along the transverse h200i direction is thus
twice that of the medium as a whole. This misfit must be

accommodated by a large tensile elastic strain in this

direction. Resolving along this direction, grain B cor-

responds to the 200 transverse family member with

h2 ¼ 45�, explaining why the resolved transverse residual

strain in grains of this type is large and tensile. Along the

h110i transverse direction, the contraction of the
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embedding medium is greater than that of the grain, and

the misfit must be accommodated by a large compressive

elastic strain. Resolving along this direction the grain

corresponds to the 110 member with h1 ¼ 90�, ac-

counting for the large compressive shift predicted by the
EPSC model in the lattice strain response of this 110

family member.

This analysis also helps to explain why large tensile

200 transverse intergranular strains are also commonly

observed in fcc materials. In this case, h111i is the slip

plane normal, rather than the slip direction. With this

modification, the arguments made in relation to Fig. 10

remain valid. Clausen [31] has also discussed the effect of
non-uniform transverse contraction on the transverse

intergranular strains in fcc polycrystals.

To summarise, the analysis presented here demon-

strates that large axial residual stresses do not develop in

single phase ferrite, but that this does not imply that

transverse residual stresses are also small. In fact, these

are large because the distribution of slip directions does

not facilitate uniform transverse contraction, causing
large transverse incompatibilities. This conclusion is

similar to that drawn by Pang et al. [32] in relation to

zircaloy-2 with rod texture. They measured minimal

axial intergranular strains, but strong transverse inter-

actions. This was rationalised by the fact that all grains

possess similar orientations relative to the tensile axis,

but that the hard c-axis direction is distributed ran-

domly within the transverse plane, causing incompati-
bilities between neighbouring grains in which its

direction differs.

4.2. Combined intergranular and interphase stress anal-

ysis of HC steel

The application of the finite element (FE) method for

modelling of interphase stresses in multiphase materials
is well established [1] while, as demonstrated above, the

EPSC model provides an instructive tool for examining

the generation of intergranular stresses within a single

phase. It is natural then to explore the possibility of

combining these approaches for the full prediction of

internal stresses in multiphase materials, using the FE

method for the prediction of bulk phase stresses, and the

EPSC model for the intergranular stresses correspond-
ing to these phase stresses. To this end, we have followed

a simple strategy for combining the outputs of FE and

EPSC models for the prediction of ferrite internal

stresses in HC steel. The approach is described in this

section and assessed by comparison to the diffraction

data acquired for HC steel.

A three-dimensional unit cell FE model was con-

structed, consisting of a cube containing one quadrant
of a spherical inclusion centred at one vertex (volume

fraction 20%), surrounded by matrix with perfect

bonding at the interface. By imposing boundary condi-
tions to constrain the unit cell to remain cuboidal during

deformation, and assigning appropriate constituent

properties, the model was taken to be representative of

an infinite simple cubic array of cementite inclusions

embedded within a ferrite matrix. The inclusions were
assigned perfectly elastic behaviour and the matrix el-

astoplastic behaviour. As supported by the diffraction

data, it was assumed that both phases have identical

elastic constants, specified as 215 GPa and 0.28 for the

Young�s modulus and Poisson�s ratio, respectively. The
matrix was attributed a von Mises yield criterion and

linear, isotropic hardening. To account for matrix soft-

ening, flow curves were defined at two nominal tem-
peratures. By switching the nominal temperature after

initial yielding, upper and lower yield stresses could be

introduced. The model was processed using the ABA-

QUS package.

The following strategy was adopted for combining

the FE and EPSC outputs. The matrix upper and lower

yield stresses and hardening parameter were used as

fitting parameters in the FE model to match the stress–
strain response to the experimental flow curve of HC

steel. Having determined the matrix properties in this

manner, the ferrite single crystal plasticity parameters

were varied within the EPSC model such that the EPSC-

calculated ferrite flow curve matched that determined

from the FE model as closely as possible. The FE output

was also used to map the applied uniaxial stress to the

triaxial matrix stress. This triaxial stress history was
then applied to the EPSC model to predict ferrite in-

tergranular stress as a function of applied stress. The

issue of matrix softening presents some difficulties. As

noted previously, the present EPSC implementation

cannot account for softening. The EPSC-determined

flow curve was therefore fitted only to the post-softening

part of the FE-determined flow curve. Moreover, due to

the softening effect, the mapping of applied stress to
matrix stress is not one-to-one. Just prior to yield, the

matrix experiences the uniaxial yield stress; after L€uders
band propagation, at the same applied stress, the matrix

experiences a lower axial stress, as well as a transverse

stress component. In order to reflect the two yield point

stress states and the change in matrix properties, two

separate EPSC simulations were performed. The first

run was a purely elastic simulation up to the macro-
scopic yield stress. In the second run, the matrix was

assigned the single crystal plasticity parameters fitted

according to the procedure described above.

The results of this approach are shown in Fig. 11.

Fig. 11(a) summarises the tailoring of the bulk matrix

and single crystal plasticity parameters. The thin, solid

line shows the matrix flow curve fitted for the FE model.

This has an upper yield stress of 580 MPa, a lower yield
stress of 470 MPa, and a subsequent hardening rate of

17.5 MPa/%. Using this matrix behaviour, the FE-cal-

culated macroscopic response of the overall composite



Fig. 11. Combined analysis of internal stresses in HC steel: (a) macroscopic stress–strain curves. The EPSC flow curve (dashed line) is fitted to the FE

matrix curve (thin, solid line). This in turn is tailored such that the FE composite flow curve (dot-dashed line) matches the experimental flow curve

(bold, solid line). (b) Modelled and experimental volume-averaged elastic phase strains, vs. applied stress. (c) modelled and experimental ferrite grain

family elastic strains, vs. applied stress. In (c), experimental measurements are represented by large datapoints, model calculations by continuous lines

joined by small datapoints.
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under monotonically increasing uniaxial tensile stress is

shown by the dot-dashed line. This matches the experi-

mental flow curve (bold, solid line) very well up to 6%

strain. In particular, the matrix softening gives rise to a

plateau directly after yield, which is well matched to the

plateau in the experimental curve. The fitted EPSC fer-
rite flow curve is shown by the dashed line. As noted

above, this cannot capture the initial softening as spec-

ified for ferrite in the FE model, but the EPSC flow

curve fits the FE matrix flow curve very closely above

1% strain.

Fig. 11(b) shows the FE-determined volume-averaged

axial and transverse elastic phase strains, compared to

those measured experimentally. As expected, the initial
linear responses are well matched. When yielding occurs,

the model qualitatively captures the sense of the lattice

strain changes observed experimentally. The axial ferrite

strain develops a compressive shift, and the axial
cementite strain a proportionally larger tensile shift.

Correspondingly, in the transverse direction, the ferrite

strain develops a tensile shift and the cementite a com-

pressive shift. However, in all cases, the predicted shifts

are not as great as those observed experimentally. It

might be anticipated that the specification of greater
matrix softening would increase the magnitudes of these

shifts. In practice, this is not the case: the post-yield

plateau in the composite flow curve extends to greater

plastic strain, but the lattice strain shifts are not signif-

icantly altered. This is because the model composite

cannot support the imposed load directly after yielding,

and must extend considerably so that the matrix may

work harden. The introduction of greater matrix soft-
ening does not significantly alter the back stresses gen-

erated within the composite, but merely requires the

model to elongate further in order that the matrix may

work harden to a greater extent. Since greater back
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stresses can be generated in the real material, this

demonstrates the efficacy of a random dispersion of in-

clusions in constraining matrix flow.

Proceeding to the final stage of the analysis, the

predicted evolution with applied stress of ferrite grain
family elastic strains is shown in Fig. 11(c), in compar-

ison to the experimental data. In the elastic regime, the

slopes are well reproduced. At yield, lattice strain shifts

are observed. Considering that the elastic and plastic

regimes correspond to different EPSC runs, this is

wholly unsurprising; nevertheless, the relative magni-

tudes of the shifts are of interest. In the transverse di-

rection, the relative magnitudes are in the correct order:
the 200 strain exhibiting by far the greatest shift and 110

the smallest. In the axial direction, however, the 200

strain exhibits the smallest shift, which is not the case in

the experimental data. Thus the model does not repro-

duce the effect of elastic anisotropy on the partitioning

of strains due to the ferrite back stress, as was discussed

in Section 3.3. Generally, however, considering the

simplicity of the analysis, its ability to identify the trends
of intergranular strain development is encouraging.

Therefore it is worth exploring the approach in greater

detail. This can be achieved by embedding the EPSC

code as a user-defined subroutine within the ABAQUS

framework. We are currently developing such a model,

which will offer the ability to predict intergranular

stresses in composites and geometrically complex engi-

neering components at a relatively low computational
expense.
5. Conclusions

Neutron diffraction and modelling have been applied

to compare the evolution of internal stresses in LC and

spheroidised HC steels during tensile deformation. The
principal conclusions of this study are listed below:

1. Ferrite plasticity and yield point softening in HC steel

gives rise to the generation of large interphase resid-

ual stresses. At low plastic strains, the stresses are

consistent with calculations using an unrelaxed mean

field model. The interphase stresses relax by approx-

imately 5–10% during unloading and reach saturation

after a few percent plastic strain.
2. In the absence of a reinforcing phase, internal stresses

in LC steel arise largely due to incompatibilities be-

tween differently oriented ferrite grains. Axial inter-

granular stresses are small but much larger stresses

develop transversely to the tensile axis. An elastoplas-

tic self-consistent model has been used to explain

these observations; revealing that competition be-

tween elastic and plastic anisotropy acts to reduce ax-
ial stresses, and that anisotropic contraction causes

large transverse incompatibilities. The model has also

demonstrated that the average strain response of the
110 transverse grain family is highly sensitive to crys-

tallographic texture.

3. Intergranular stresses are also generated in the ferrite

matrix of HC steel. In this case, the average phase

stress alters the partitioning of grain family residual
strains, due to the effect of elastic anisotropy. A com-

bined approach to the modelling of internal stresses

has been presented, coupling the finite element meth-

od for interphase stress determination with the elasto-

plastic self-consistent method for the calculation of

intergranular stresses.
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