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FEA Predictions of Residual Stress in Stainless Steel 
Compared with Neutron and X-ray Diffraction Measurements 

E. C. Rower*, S. R. MacEwen, " and T. M. Holden " 

"Lawrence Livermore National Laboratory, Livermare, CA. USA, 
"Atomic Energy of Canada, Ltd., Chain River, Ontario, Canada 

Residual stresses in a body arise from non-uniform plastic deformation 
and continue to be an important consideration in the design and the fabriction of 
metal components. The finite element method offers a potentially powerful tool 
for predicting these stresses. However, it Is important to firs! verify this 
method through careful analysis and experimentation. The following paper 
describes experiments using neutron and X-ray diffraction to provide 
quantative data to compare to finite element analysis predictions of deformation 
induced residual stress in a plane stress austenitic stainless steel ring. Good 
agreement was found between the experimental results and the numerical 
predictions. The effects of the formulation of the finite element model on the 
analysis, constitutive parameters and the effects of machining damage in the 
experiments will be addressed. 

1. Introduction 

Residual stress continues to be an important consideration in the design 
and fabrication of metal components. Residual stresses are present in 
virtually every manufactured article or assembled structure and arise from 
non-uniform plastic deformation. For example, stress-oorroison cracking 
that can greatly reduce the service life of a metal component is associated with 
residual stress as is springbacK, that occurs in cold formed pans. There are 
two main classes of residual stresses, micro and macro. Micro residual 
stresses form from grain to grain interaction stresses arid from dislocation 
interactions. The macro residual stresses are due to stress-induced strains 
across a, finite distance (spaning from a urn to cm), are the cc.-.cern of this 
study. • 

The finite element method has shown to be effective in determining the 
deformation response of metal components. If the plastic deformation is 
non-uniform and the loads are removed, a state of residual stress will remain 



ki the component. This work demonstrates the effectiveness of Finite Element 
Analysis, (FEA) to predict deformation Induced residual stress states In a 
metal component by comparison of numerical and experimental data. 

NIKE2D, |1] is a general purpose, Implicit, large-strain, nonlinear 
elastic-plastic finite element program developed at Lawrence Uvermore 
National Laboratory, Livermore, California. NIKE2D has been successfully 
applied 1o analyze plastic deformation in structures and components. 
In the study, FEA was first utilized to design the test specimen and determine 
the experimental procedure. FE predictions from the optimum specimen were 
then compared to the experimental data for evaluation. 

Several techniques are available to determine residual stresses by 
measuring "strain*, including blind hole drilling, sectioning, x-ray 
diffraction and the less common, neutron diffraction. Neutron diffraction was 
chosen for its reliability, [2,3] spacial resolution, 1-2mm 2 and 
compatability with the FE technique. 

Neutron diffraction is similiar to the more common X-ray diffraction. 
Both are based upon Bragg's Law of Diffraction, 2d sin 9 - X, where the 
interatomic spacing of crystallite lattices act as an internal strain gage. See 
figure I. Neutrons interact with the nuclei and X-rays with electrons. 
Neutrons can penetrate 1000 to 10,000 times more deeply than X-rays and 
provide "bulk" residual elastic strains as opposed to surface strains. 
The neutron measurements were made with a triple-axis crystal 
spectrometer at the NRU reactor, Atomic Energy cf Canada Limited, Chalk 
River, Ontario, Canada. The experimental technique will be described in more 
detail later in the paper. 
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Fig. 1. Principles of the neutron 
diffraction technique showing 
Bragg reflection from "d" spadng 
of crystal planes within a body. 

Fig. 2. Schematic of face-centered 
cubic crystal structure showing 
(111)and(001)planes. 



2. Experimental Procedure 

3.1 FEA Design of Test Specimen 

The test specimen had to be compatible with the experimental technique 
and the FE method. Some considerations were: rjiinimal boundary effects, good 
distribution of strain (no steep gradients) and reasonable strain values j 
around 0.C01 for relatively small amounts of deformation, less than 10%and 
preferably two-dimensional. N1KE2D proved to be a valuable tool in designing 
the optimum test specimen. By preliminary FEA we were able to preform 
"trial and error" via the computer to evaluate specimen geometries and 
consider different materials without actual fabrication. 

Geometries fcr the test specimen that were considered included a bend 
specimen, a formed cup, a tensile sheet specimen with hole, and the diametral 
compression of plane stress ring. Considering both modeling and 
experimental pitfalls it was determined that the diametral compression of a 
plane stress ring would be the best choice. This geometry produced a good 
distribution of stress throughout a thick section and was easily modeled in 
two-dimensions with a minimal amount of boundary uncertainiles. 

2.2 Fabrication of Test Specimen 

To avoid experimental uncertainties, the test specimen material needed to 
be as isotropic, homogeneous, fine grain and contain minimal fabrication 
stresses as possible. Materials evaluated were pure copper and stainless steel. 
The copper with its low yield strength required large deformations before 
residual strain values were in the range of 0.001 - 0.0001. Single phase, 
austenitic 21 Cr-6 Ni-9 Mn, stainless steel was chosen for the test specimen. 
It is similiar to the more common 304 and 316 stainless steel, but stronger 
due to additions of nitrogen. Second phase carbo-nitrides can precipitate at 
certain temperature regimes and as in many cubic systems, deformation can 
induce preferred crystal orientation ie., texturing. Thus a special 
thermomechanical procedure was developed for fabricating the test specimen. 
Rings, 127 mm OD, (outer-diameter), 76 mm ID, (inner-diameter) and 13 
mm thick were machined from these processed plates and specimens were 
made for mechanical testing, metallography, chemical and texture analysis. 
The final mean grain size was 2S.3 microns and no precipitates of second 
phase particles were present. The degree of texture present was determined at 
Chalk River by diffraction and thore was no preferred crystal orientation in 
the specimens. 

Mechanical properties of the 21 -6-9 stainless steel are shown in table 1. 



Tensinn Compression 

315 MPa 320 MPa 

340 MPa 340 Mpa 
194 GPa 197 GPa 
0.27 0.24 

Proportional limit 
Yield stress 
Elastic modulus 
Poisson's ratio 

Table 1. Mechanical properties of 21 -6-9 stainless steel plane stress ring. 

2.3 Fxngrirrmntal method 

Neutron diffraction and X-ray methods measure components of strain 
directly from changes in the lattice spacing of the crystals. These are residual 
elastic strains only, those left in the crystal after plastic deformation. 
Conversion to values of residual stress are made through the relationship of 
the crystallographic modulus and corresponding values of Poisson's ratio (4*. 
The information on the neutron diffraction technique presented here is only to 
aid in the interpretation of the results. There are several good papers that 
review this technique more thoroughly. [5,6 ] The important point for this 
study is that diffraction occurs on specific sets of crystallograhic planes that 
have unique values of elastic modulus. For this study, neutron diffraction 
measurements were made on the (111) planes and the (002) planes, see fig. 
2. In a Fe-Cr-Mn, fee system such as the 21 -6-9 stainless steel, the 
crystallographic modulus is reported to be around 319 GPa for the (111) 
planes and 128 GPa for the (002) planes. The FEA calculation uses a modulus 
derived from tensile and compressive test that represents an average modulus 
of all the crytallographic planes, (195 GPa). Therefore FEA predictions 
should lie between those measured on the "soft* (002) planes and the "hard* 
(111) planes. 

2.4 FEA results for experimental plan 

Results of the preliminary FEA plane stress ring model compressed 
approx. 2.5% total strain and unloaded, were used to guide where the 
experimental measurements were made. The stresses in the *Y\ horizontal 
plane and "Z* verticle plane are shown in the ring under compression in 3 a. 
and b. and after the load is removed, In 3 c, and d. Measurements were 
requested at the two primary locations of deformation on the ring, the pole and 
waist for the inplane radial and tangential strain components. In the neutron 
diffraction experiments, slits collimated the beam to sample a volume of 8mm3 

of material which averaged over a volume containing approx. 400,000 grains. 
However, in this volume there will be a smaller number of grains with the 
orientation for required diffraction. 



Hfl. 3. Contour plots of simple ring specimen. Compressed: a) horizontal 
(Y) stress b) verticle (Z) stress components. Residual stress: c) 
horizontal (Y) and. d) verticle (Z) stress components. (Pascal) 



3. Results 

3.1 PEA compared to neutron diffraction 

A FE mesh of the actual test specimen with symmetry around the vertical 
axis (including machined locator tlats) is shown In figure 4. A total of 
2010, four node, isoparametric elements were used with fifteen elements 
from ID to 00. The specimen was compressed by displacing the upper platen 
downward 3.4 mm. A small value for friction was included between the ring 
and platens. A simple rate and temperature independent plasticity model was 
used with a piece-wise fit of the actual uniaxial test data to a strain of 6% 
with the proportional limit determining the onset of yielding. The neutron 
diffraction measurements were made at 1.5 mm intervals traversing the 25.4 
mm from ID to 0 0 for each strain component. These values could then be 
conveniently compared to nodal values of residual elastic strain calculated by 
NIKE2D. No attempt was made to convert the measured values to stress. The 
comparison of the neutron diffraction measurements to the FEA calculations 
are graphically plotted as strain x 10 ""* for the North position figs. 5a,b. and 
West position, figs. 6a,b. There was good correlation in the trends and the 
peak values and the NIKE2D predictions generally fell between the two 
experimental values for the (111) planes and the (002) planes. NIKE2D did 
an excellent job in predicting the elastic core where the strain switches from 
peak tensile to peak compression. The radial peak values were 20% of the 
tangential peak values. The West radial experimental values on both planes 
were less than the predictions but the strains In this direction are very 
small. There also seemed to be a slight trend of the calculated tangential 
strains to be higher at the ID. 

A similiar phenomena has been reported by Stacey et. al. [7 ] when 
comparing an analytical solution of autofregettaged thick-wall steel tubing to 
neutron diffraction and Sachs boring method. The analytical solution 
predicted higher strain values at ths ID position than the experimental 
methods. There is possible indication that the presence of edges may effect 
experimental measurements 

Fig. 4. Two-dimensional, FE mesh of 
actual plane stress ring specimen. 
Modeled with symmetry along the 
vertide axis, 127 mm OD, 76 mm ID. 
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4. Addilional analysis and experimental measurements 

The agreement between the numerical and experimental results was very 
good, making it possible to further study the minor discrepancies via several 
approaches. These included a three-dimensional analysis to evaluate the plane , 
strass assumption, companion calculations with another FEE code, evaluation of 
ihe material model parameters and additional experimental measurements 
with X-ray diffraction. 

4.1 3-D Model 

Yhe three-dimensional analysis was performed with NIKE3Q \S[ 
modeling a quarter-section with 8-node brick elements, five elements 
through the one-half the thickness, fourteen elements from ID to OD. and 
twenty-eight elements from the pole 1o 90 degrees. Material properties and 
loading history were '.he same as the two-dimensional model. 

Results indicated that through thickness stresses and a strass gradient 
were present lhat decreased from the thickness centerline to the free surface. 
However, the the magnilude of these stresses were less than 20% of the 
inplane stresses. The plane stress assumption was approximately valid and did 
not seem to be associated with the discrepancy noted previously. 

4.2 Companion Calculations 

To eliminate the possibility that the formulation of th6 plane stress 
alogrithm in the NIKE2D code [9J could be the source of the discrepancy, 
companion calculations were made with Taylor's FEAP finite element program 
which uses a slightly different formulation [1fJJ. We compared results from 
plane stress and plane strain calculations for the simple ling specimen. 
Although minor differences were present, there was no indication that the 
numerical technique was erroneous. 

4.3 Materia' Model Parameters 

To evaluate whetf«r material parameters would have a strong effect on 
the strain values at 'he West ID., the yield behavior. Young's modulus and 
work hardening rata were varied in subsequent calcula'ions. These 
parameters tended to shift the amount of plasticity and residua! elastic strain 
while maintaining the same general strain profite, and hence could not account 
for the locally high strain values at the West ID. 



4.4 X-rav Diffraction 

To further characterize the ring specimen experimentally, X-ray 
diffraction measurements were taken at the same locations on the deformed, 
as-received ring and on the ring after a chemical etch. 

X-rays penetrate the surface, only 0.002 mm. The first measurements 
with X-ray diffraction showed poor agreement with the NIKE20 calculations. 
The values were considerably higher than both the nL'werical and neutron 
experimental values indicating significant surface stresses were present. 
These high stresses can be attributed to machinine damage. After 0.08 mm of 
material were removed, the X-ray values approached the NIKE2D and neutron 
determined values. 

The X-ray results were similiar to the neutron; predicting accurately the 
elastic core, general trends and peak values. X-ray diffraction measured 
lower tangential strains at both the North and West ID position similiar to the 
neutron diffraction results. 

5. Conclusions 

1) The neutron diffraction technique provided high quality experimental 
data which could effectively be compared to the FEA results. 

2) There was good overall correlation between the experimentally 
rneasi ired and the NIKE2D calculated values of residual elastic strain. 

3) A simple constitutive material model with confirmed material 
properties and a precise FEA model was adequate to predict deformation 
induced residual stresses in a homogeneous, isotropic metal component. 

4) Preliminary FEA to design the test specimen and experimental 
procedure eliminated experimental problems. Carefull fabrication and 
thorough characterization of the specimen eliminated experimental 
uncertainties. 

5) Discrepancies in the measured and calculated values at the ID were not 
easily attributed to the plane stress assumption, formulation of the plane 
stress algorithm, constitutive model parameters or concbsively, to the 
experimental technique. 

In summary, FEA has shown to predict deformation induced residual 
stresses In metal components. This capability can be extremely useful in the 
design stage of components, assisting In failure analysis and in cases where 
experimental techniques cannot be effectively used. 
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