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Abstract

Applied and residual lattice strains were determined by neutron diffraction during a tensile test of a weakly textured austenitic

stainless steel and were compared to the predictions of a self-consistent polycrystal deformation model. Parallel to the tensile axis

the model predictions are generally within the resolution of the diffraction measurements, but perpendicular to the tensile axis

discrepancies are noted. Discrepancies between model and measurements were greater for the residual lattice strains than during

loading. It is postulated that this is because the model does not predict reverse plasticity during unload. © 1999 Elsevier Science

S.A. All rights reserved.
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1. Introduction

The macroscopic and microscopic deformation of a

polycrystal due to an applied load can be modeled

using a so-called self-consistent model, coupled with

single crystal mechanical properties. However, while the

macroscopic predictions can easily be validated, verifi-

cation at the microscopic level, i.e. whether the stresses

and strains in the individual grains are determined

correctly, is harder to achieve. Lattice strain predictions

of a self-consistent polycrystal deformation model [1,2]

have been treated theoretically [3] but here the predic-

tions are compared with experimentally determined lat-

tice strains. Neutron diffraction provides an unique tool

for in-situ non-destructive characterization of lattice

strains in polycrystalline materials, and has been widely

reported, [4–8]. For this study the advantage of using

neutrons, rather than conventional X-rays, is the high

penetration power, which allows bulk average determi-

nation of the hkl specific lattice strains.

2. Material characteristics

The material used in the present work was an

austenitic stainless steel alloy with the composition

given in Table 1. The material was supplied in the form

of a rolled plate, from which tensile specimens were cut

with the longitudinal axis parallel to the rolling

direction.

The initial texture of the material affects both the

macroscopic behavior and the lattice strain develop-

ment, and in order that adequate comparisons can be

made between theory and experiments, it is necessary

that the calculations are based on the actual texture of

the material. Therefore an experimental characteriza-

tion of the texture is required, which can also be done

using neutron diffraction. By measuring three pole

figures [9] it is possible to establish the orientation

distribution function (ODF). The ODF of the material

in question, presented in Fig. 1, shows a relatively weak

cube texture with a maximum level of about two times

random.

Analysis of the microstructure of the material is also

necessary to confirm the validity of the neutron diffrac-

tion results. The average grain size was measured to be

28 mm, but as seen in Fig. 2 the grain size distribution
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is rather broad. This small grain size ensures that the

diffraction experiments allow powder diffraction as-

sumptions, since there is a sufficiently large number of

grains in the gauge volume to give acceptable volume

averages of the specific lattice strains.

3. Experimental procedure

The diffraction measurements were carried out using

the Neutron Powder Diffractometer (NPD) at the Lu-

jan Center at Los Alamos National Laboratory using

the time-of-flight (TOF) technique. Elastic lattice

strains were measured simultaneously for 15 hkl reflec-

tions parallel () and perpendicular (Þ) to the tensile

axis, using a stress-rig designed for use on the NPD

instrument, [10].

The stainless steel sample was loaded in tension to a

maximum stress of 330 MPa, and in-situ strain mea-

surements were made at the load levels shown by the

symbols in Fig. 3. A nominal load of 5 MPa was used

as the zero point to preclude any slight movement of

the sample on load or unload (that might result in

artificial strain due to the change in scattering geome-

try). Accordingly the stress-free reference values for

each reflection were taken at 5 MPa tensile load. By

doing so any residual strains present prior to loading

are ignored. During the load cycle the sample was

unloaded at 0.2, 0.7, 1.2 and 2.0% plastic strain (indi-

cated by the dotted lines in Fig. 3) to allow measure-

ment of the evolving residual lattice strains. The test

was performed under load control, and some room

temperature creep was noted during the necessary hold-

ing time to record the diffraction pattern, i.e. at 330

MPa it crept 0.37% while creep was negligible at 220

MPa. Stainless steel is a relatively good neutron scatter

and the measurement of a complete diffraction pattern

was possible in 90 min.

The sample is placed in the stress-rig at a 45° angle to

the incident beam which is defined by the slits, S. The

two detector banks (D) at plus and minus 90° measure

the transverse, and longitudinal strain components, re-

spectively. A typical diffraction pattern is shown in Fig.

4(b) where the symbols represent the measured intensity

and the line is the fit predicted by the Rietveld least

squares refinement [13,14]. The lower curve is the dif-

ference between the measured and Rietveld predicted

intensities.

Fig. 1. Orientation distribution function for the stainless steel.

The Rietveld analysis fits the entire diffraction pat-

tern to determine an overall crystal structure with mul-

tiple variables including the atom positions and lattice

parameters. However, this study addresses the strain

development measured using specific hkl reflections and

therefore we used single peak fits, as described in [14],

to determine the peak positions and thereby the lattice

spacings, dhkl. A comparison between Rietveld and sin-

gle peak fits is made in [15].

In the TOF measurements the full diffraction pattern

is recorded simultaneously (from 0.4 to 4 Å), but the

chosen counting time and the overlapping of peaks at

low d values (lattice spacing) limited the number of

peaks which were measured with acceptable accuracy to

about 15. The smallest d spacing is about 0.544 Å for

the 622 reflection. In this work, however, only eight hkl

reflections have been compared with the self-consistent

model calculations (111, 200, 220, 311, 331, 420, 422,

531). Higher order reflections (222, 400 etc.) and reflec-

tions corresponding to two families of lattice planes

were ignored (511 and 333, 442 and 600). This means

that the reflections with Miller indices up to (531),

which is the asymmetrical fcc reflection (48 permuta-

tions) with the lowest indices, are used. The omitted

reflections (620, 533 and 622) showed similar accuracy

to the other peaks, but are not reported for clarity in

the illustrations.

Table 1

Chemical composition of the stainless steel in weight percent

MoNiCr Mn Si C

1.48Stainless steel 0.4418.25 0.0213.42 3.66
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Fig. 2. Micrograph of the stainless steel (×100).

The 90° detectors on NPD sublend a total angle in

2u of 84.5 to 95.5°. Accordingly the measured elastic

lattice strains are averaged over an angle of 5.5° within

the scattering plane. In order to minimize differences in

the comparison between measurements and model pre-

dictions we averaged the calculated elastic strain over a

similar angular range.

4. Model

In the model calculations the initial critical resolved

shear stress, t0, and the hardening parameters, q, hfinal,

hratio, and hexp, for the exponentially decreasing harden-

ing law described in [2,3], were used as fitting parame-

ters to ensure that the calculated macroscopic stress

strain curve resembled the measured polycrystal behav-

ior as closely as possible. As seen in Fig. 3, the expo-

nential decreasing hardening law enables a very

accurate representation of the measured macroscopic

stress strain curve using the fitting parameters shown in

Table 2.

Having ensured an identical macroscopic material

response, we proceed to evaluate the model predictions

on a microscopic scale; here by correlating the develop-

ment of lattice strains in the grains.

From the experimentally determined ODF of the

stainless steel sample a set of :5700 grains is gener-

ated following the procedure described by [11]. The

single crystal stiffnesses are also needed in the model

calculations, though these material parameters are not

readily available for all steels. In the present calcula-

tions, values were taken from a FeCrNi alloy, [12], with

a slightly different composition (19%Cr and 10%Ni)

than the present stainless steel, see Table 1. This is

assumed to have a negligible effect on the outcome of

the comparison between theory and experiments.

The single crystal stiffnesses of this FeCrNi alloy are:

C11=204.6 GPa, C12=137.7 GPa and C44=126.2

GPa, resulting in an anisotropy factor (2C44/(C11+

C12)) of 3.77. This shows that the austenitic stainless

steel has a relatively high degree of elastic anisotropy

which is desirable in the present investigations since we

are focusing on the interplay between the elastic and

plastic anisotropy and the bearing that this has on the

evolution of lattice strains.
Fig. 3. Measured and calculated macroscopic stress strain curve. The

dotted lines indicate unloads for residual lattice strain measurements.
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Fig. 4. The experimental set-up and a typical diffraction pattern for the NPD at the Lujan center.

5. Comparison between model and experiment

The in-situ lattice strains measured under load, paral-

lel () and perpendicular (Þ) to the tensile axis are

presented in Fig. 5. The applied stress is shown as a

function of the measured and calculated elastic lattice

strains.

The comparison between the model and measure-

ments is simple to make due to the similarities between

some of the assumptions in the modeling scheme and

the characteristics of the neutron diffraction

measurements.

The grains that participate in a neutron diffraction

measurement have different neighboring grains and sur-

roundings, and the measured average strain for a reflec-

tion is therefore determined for an ‘average

surrounding’ which is very similar to the homogeneous

equivalent medium (HEM) assumption used in the

Eshelby calculations in the modeling scheme.

5.1. Elastic regime

The dotted horizontal lines in Fig. 5 at an applied

load of 265 MPa marks the macroscopic s0.2 yield limit,

but it can be seen that the non-linear behavior of the

lattice strain response starts before macroscopic yield

for most of the reflections. In practice from Fig. 5 it

appears that the ‘truly’ elastic regime before the reflec-

tions starts to show deviations from linearity in the

applied stress versus elastic lattice strain plot, extends

only to about 200 MPa. In this truly elastic regime the

predicted elastic stiffness of the grain sub-sets in the

polycrystalline aggregate are good approximations of

the measured diffraction elastic constants (DEC), in

both directions ( and Þ), as seen from Fig. 5 and

Table 3.

The calculated DEC for single orientations and for

the grain sub-sets (the reflections shown in Fig. 5) are

shown in Table 3. The DEC for the 111 and 200

reflections are less extreme than the single crystal stiff-

ness for these orientations as the grains are each mod-

eled as being embedded in a HEM, [3], and therefore

experience the presence of the other grains, resulting in

a less extreme response. It should furthermore be noted

that the calculated DEC for the reflections are less

extreme than the ones calculated for the single orienta-

tions. This is due to the averaging over the grains

within the sub-sets that represent the reflections. The

calculated DEC values for the reflections are all within

910% of the measured values.

5.2. Plastic regime

Fig. 5 shows that the development of lattice strain is

very non-linear once the specimen enters the plastic

regime. As grain sub-sets become plastic, they do not

accumulate elastic load at the same rate as when they

where elastic, causing changes in the partitioning of an

incremental load increase between the different grain

orientations. In Fig. 5(b) the first measurements that

show evidence of the onset of plasticity are for the 531

and 331 reflections which show an upward inflection at

about 200 MPa. Although it is hard to see in the figure,

the model predictions show the same result.

Table 2

Fitting parameters used in the calculations

hfinal (MPa) hexpqt0 (MPa) hratio

Stainless steel 87.0 1.01 300 5.0 120
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Fig. 5. The applied stress versus the elastic lattice strain. Symbols are measuredand lines are calculated. For clarity the data is presented in two

graphs for parallel (a,b) and two graphs for perpendicular (c,d). The horizontal dotted line represent the macroscopic 0.2% yield limit.

To examine at which orientations slip is initiated

first we present, in Fig. 6, the number of active slip

systems in the grains as a function of the grain orien-

tation for two plastic strain levels (0.001 and 0.01%).

Fig. 6(a) is the first step (between 153.5 and 154.9

MPa) in the calculation for which some slip systems

were activated. Only grains close to the 531 and 331

orientations (indicated by symbols in the figure) have

become plastic. When the first grain orientations

yield, the remaining orientations, that are still elastic,

bear a larger elastic strain to carry the higher load.

The 200 reflection stays elastic the longest due to the

high elastic anisotropy in stainless steel, as shown in

Fig. 6(b). As it is also the softest of the reflections, it

shows the largest deviation from linearity (Fig. 5(a)).

When all the grains have become plastic, the lattice

strain response for the reflections becomes almost lin-

ear again, with gradients determined by a combina-

tion of the elastic and plastic anisotropy of the

material.
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Table 3

Single crystal stiffnesses, calculated diffraction elastic constants for single orientations and hkl reflections, and measured diffraction elastic

constants

E331 E531E422E420E111 E200 E220 E311

215.8 140.0 193.6Single crystal stiffnesses 166.3299.8 93.8 193.6 138.7

175.0 227.4Single orientations 291.5 109.7 227.0 173.8 243.4 202.2

199.2183.8Reflections 212.0246.2 220.9149.8 212.0 183.8

243.9 195.4 238.9Measured 261.3 155.0 222.3 205.9192.6

Parallel () to the tensile axis, only the predictions for

the 331 reflection deviate significantly from the mea-

sured lattice strain response. Perpendicular (Þ) to the

tensile axis the discrepancies between model calcula-

tions and measurements are more pronounced. Some of

the reflections (111, 200, 220 and 420), (see Fig. 5(c)

and Fig. 5(d)), show the same good agreement with the

measurements as for the parallel case, however, the

remaining reflections (311, 331, 422 and 531) are pre-

dicted to become stiffer in the plastic regime, where as

the measurements show that they in fact becomes

slightly softer. This illustrates one of the shortcomings

of the present model.

5.3. Residual strain

The development of residual lattice strain (predicted

and measured) at the unloads indicated by the dotted

lines in Fig. 3 is presented in Fig. 7. Parallel () to the

tensile axis, the development of residual strains for the

reflections are predicted well by the model, though the

numerical accuracy for some of the reflections is only

within 100×10−6 and the 200 reflection, which experi-

enced the largest deviations from linearity under load,

is within 175×10−6 of the measured levels.

Perpendicular (Þ) to the tensile axis only the residual

strain evolution for the 111, 200, 220 and 420 reflec-

tions is predicted with acceptable accuracy, Fig. 7(c)

and Fig. 7(d), as the remaining reflections show consid-

erable error, even in sign. This is caused by the fact that

they were predicted to become stiffer in the plastic

regime by the model, but actually they became slightly

softer as was shown in Fig. 5(c) and Fig. 5(d).

6. Discussion

This comparison between neutron diffraction mea-

surements and predictions of a self-consistent model

has shown that the model predictions of the lattice

strains under load show agreement with experiments to

within the measurement accuracy of 150×10−6. The

good agreement between measured and predicted dif-

fraction elastic constants for the reflections (within

2–10%), shown in Table 3, suggest that the single

crystal constants used in the calculations were a reason-

able choice. The residual lattice strains for both direc-

tions ( and Þ), generally show poorer agreement

between model predictions and measurements than the

lattice strains determined under load. The explanation

Fig. 6. The number of active slip systems in the grains as a function of the orientation. (a) Plasticity starts close to the 531 and 331 orientations.

(b) The 100 orientation is the last to become plastic.
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Fig. 7. The residual lattice strain as a function of the plastic strain. Symbols aremeasured and lines are calculated.

for the poorer agreement may derive from the fact that

the present self-consistent model does not predict slip

during unloading. However, the experimental macro-

scopic measurements show a slight reverse plasticity

during the unloads close to zero stress, and some

discrepancies between the model predictions and the

measurements must therefore be expected. The model-

ing scheme does predict reverse plasticity when sub-

jected to reverse loading (i.e. compressive), but not for

an unload to zero stress.

Another source of uncertainty is the influence of

twinning during plastic deformation. The microstruc-

ture study revealed that the material does not solely

deform by simple crystallographic slip on the well

known fcc slip systems �111� (110). Twinning was

observed in some grains, though it was by no means the

dominant deformation mechanism. An approximation

to the effect of twinning has been included in similar

self-consistent models, but only for large strain vis-

coplasticity calculations, [16]. For the low levels of
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plastic strain in the present investigations the volume

fraction of twined grains is small (:10%) and there-

fore is expected to have a relatively small effect on the

overall deformation.

The weakest link in the modeling scheme is the

description of the hardening in the constituents, espe-

cially the latent hardening—or the interaction harden-

ing—between slip systems. In the present calculations

the hardening matrix, hij, is assumed to be almost

isotropic (Taylor hardening). As known from disloca-

tion theory, different junctions between slip systems

develop different types of kinks and jogs which again

can arrest, or glide undisturbed. This indicates that the

matrix should, in fact, be very anisotropic to fully

describe the different hardening behavior of the

systems.

It is very difficult to measure directly the hardening

associated with multiple slip and it is envisaged that

comparisons of the type described in this paper can

facilitate the investigation of the multislip phenomena

in polycrystals. By using different types of hardening

laws which do incorporate the dislocation theory

(e.g.[17]), and observing the influence on the lattice

strain development, it is possible, by following the

procedure described in the present work, to investigate

the multi slip hardening in polycrystal deformation

albeit in a somewhat indirect manner.

At the same time the predictions of the modeling

scheme can be very useful in the interpretation of

neutron diffraction measurements. In normal engineer-

ing measurements the macroscopic stress state is of

interest, but the conversion of the measured lattice

strains into an overall stress state is not trivial. The

influence of the intergranular strains must be consid-

ered, and in these cases the modeling scheme can

provide the information needed in the calculations.

7. Conclusion

The predictions of a one site self-consistent elastic–

plastic polycrystal deformation model have been evalu-

ated using neutron diffraction measurements of elastic

lattice strains in grain sub-sets within a stainless steel

polycrystal subjected to uniaxial tensile loading. Com-

parisons between the measured and calculated lattice

strains show that the model, with an isotropic exponen-

tial decreasing hardening law, can predict the uniaxial

deformation of fcc polycrystals with acceptable accu-

racy. Predictions of the lattice strain response parallel

() to the tensile axis are especially accurate. Perpendic-

ular to the tensile axis greater discrepancies are noted.

This is partly attributed to the relatively primitive de-

scription of the multi slip hardening incorporated in

current self-consistent modeling schemes. The generally

poorer agreement between predictions and measure-

ments of residual lattice strain is due to the failure to

account for reverse yield phenomena on unload.
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