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In an attempt to relate the laser-engineered net shaping (LENS) process parameters, laser power
and laser travel speed, to the quality of LENS-produced parts, strain measurements were taken
at several predetermined points within seven LENS AISI 410 thin plates using the neutron
di�raction method. The residual stresses at these points were then calculated using the measured
strain values to ascertain how the internal stress varies as a function of the input parameters and
location. It is found that the component of the stress in the vertical direction (i.e., perpendicular
to the raster direction of the laser/powder nozzle) is dominant, in agreement with previous
reports, and relatively insensitive to variations in process parameters. This was con“rmed with
numerical simulations performed with a thermomechanical model developed using the com-
mercial program SYSWELD. The simulations also showed a good qualitative agreement with
the measured simulated stresses.
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I. INTRODUCTION

PAST studies have employed di�erent techniques for
the measurement of internal residual stresses in parts
manufactured by the laser-engineered net shaping
(LENS) rapid fabrication process.[1,2] The results of
these studies revealed high levels of type I macroscopic
residual stress induced within the parts by the net
shaping process. However, little is yet known of how the
LENS input parameters a�ect the resulting levels and
distributions of internal stresses. A more thorough
understanding of the relationship between these param-
eters and residual stress could lead to better optimiza-
tion of the LENS process and the production of higher
quality components.

Using the method of neutron di�raction, strain
measurements were taken at the High Flux Isotope
Reactor Neutron Residual Stress Mapping Facility
(NRSF2) at Oak Ridge National Laboratory for seven
LENS-produced thin wall plates of stainless steel AISI
410. The dimensions of the plates were between 22- and
38-mm wide and 15 mm in height, with a width of 1 to
3 mm depending on the laser power. One of these plates

is shown in Figure 1. The samples were produced at the
facilities of Optomec (Albuquerque, NM). The plates
were made by varying three process parameters: laser
power, laser travel speed, and metal powder ”ow rate,
according to Table I . The goal of the neutron measure-
ments was to determine how the magnitude and
distribution of residual stresses in the plates were
a�ected by varying these input parameters.

II. OVERVIEW: NEUTRON DIFFRACTION

The neutron di�raction method for strain measure-
ment at a reactor source uses a monochromatic beam of
neutrons of known wavelength from a monochromator
crystal. The atomic planes of certain crystallographic
orientation { hkl} di�ract the neutrons at a scattering
angle of 2h. Then, using Bragg•s law of di�raction,

k ¼ 2dhkl sin h ½1�

where k is wavelength,dhkl is lattice spacing, andh is
di�raction angle.

The spacing between the lattice planes,dhkl, was found
by measurement of 2h. The di�racting lattice planes,
{hkl}, were those with the plane normal parallel to the
scattering vector,Q, that is de“ned as

Q ¼ qincident � qdiffracted ½2�

where qincident and qdi�racted are the neutron beam
vectors in the direction of the incoming and di�racted
neutrons.[3]

For these measurements, a silicon monochromator
with {330} planes was used, di�racting neutrons with
wavelengthk = 1.73 A� that gave a scattering angle of
2h = 94.6 deg from the sample. To identify the dif-
fracting {hkl}, X-ray di�raction was performed on one
of the sample plates and used to generate a plot of
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intensity vs 2h. The plot showed the {211} planes to be
di�racting for a 2 h of 94.6 deg.

III. EXPERIMENTAL PROCEDURE

Data was taken at prespeci“ed locations within each
sample. A total of 11 locations symmetrically arranged
along the horizontal and vertical centerlines of the plates
were selected, as shown in Figure2. The boxes in
Figure 2 represent gage volumes within the sample over
which all the measureddhkl values are averaged. The
dimensions of the gage volumes correspond to the cross
section of the incident and di�racted neutron beams.
The cross-sectional size was determined by the collima-
tors through which the incident and di�racted neutrons
pass, speci“cally, the areas of the rectangular collimator
slits. The sizes of the gage volumes were necessarily quite
small due to the geometry of the thin-walled plates.
Table II lists the slit sizes used for each of the samples.
The counting times were between 6 and 35 minutes per
location.

The placement of the gage volumes is similar to that
of a previous study of residual stress in LENS samples
conducted by Rangaswamyet al.,[2] which was intended
to show how stress varies as a function of position
within the coordinate system of the part. However, the
plates used in this study are 2 to 4 mm thinner than
those measured by Rangaswamyet al., allowing for
only one gage volume to be placed in theX direction, as
shown in Figure 2. By changing the orientation of the

sample with respect to the incoming neutron beam, the
di�raction vector, Q, was aligned with the three
orthogonal axes of the part. Thus, dhkl could be
measured for the X, Y, and Z directions of the part
coordinate system.

The gage volume was carefully embedded fully within
the thin plate specimens by using neutron intensity
measurements to accurately de“ne the sample surface.
The NRSF2 instrument uses seven detectors to collect
the di�racted peak pro“le. These seven detectors are
evenly spaced from approximately-15 to +15 deg out
of the horizontal plane of di�raction. From data
collected in these seven detectors, it was clear that the
number of grains contributing to di�raction was low
and the Debye ring was ••spotty.•• To reduce this e�ect,
an omega oscillation of the sample was employed to
improve the grain statistics and to reduce the random
errors in d-spacing measurements due to the spotty
Debye ring. This oscillation was shown to improve, but
not eliminate entirely, the random errors in dhkl mea-
surement. Data from the seven detectors were corrected
using corrections for detector intensity response, and
for detector out-of-plane angle and o�set, and then
summed together before “tting a di�raction pro“le and
determining the 2h, intensity, and full-width at half-
maximum.

To calculate strain, a small reference coupon, which
had been cut from another LENS plate to relieve
internal stresses, was measured along with each sample
plate to obtain the value do, the measure of strain-free
lattice spacing. Replicate measurements of the strain-
free do for each sample gave a range of root-mean-
square deviation from the average of 59 10-5 A� to

Table I. LENS Sample Process Parameters

Number

Laser
Power
(W)

Number of
Layers

Laser
Speed
(mm/s)

Sample
Length
(mm)

Powder
Flow Rate

(cm3/s)

1 300 25 2.54 38.1 37.85
2 300 25 2.54 22.1 37.85
3 300 25 4.23 25.4 44.16
4 600 25 2.54 25.4 37.85
5 600 25 4.23 25.4 44.16
6 450 25 2.54 25.4 37.85
7 450 25 4.23 25.4 50.47

Z

Y X
Z

Fig. 2„Data sampling points within AISI 410 LENS plates.

Table II. Slit Sizes and Offsets Used for Diffraction
Measurement

Sample

Soller Slits

Incident Diffracted

Area
(mm2)

Offset
(mm)

Width
(mm)

Offset
(mm)

2, 3, 4, 6, 7 0.79 5 30 0.7 50
1, 5 0.79 5 50 0.7 50

Fig. 1„LENS-produced thin-walled plate.
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4 9 10-4 A� . The three orthogonal strain components
were calculated from the measureddhkl componentsvia
Eq. [3]:

ei ¼
di � do

do
½3�

where the indexi corresponds tox, y, and z.
Here, di and do are the lattice spacing,dhkl, for the

sample and the reference coupon, respectively, in the
three orthogonal directions of the part coordinate
system for crystallites with orientation {hkl}. Also, ei
represents the corresponding strain in these directions.
Since the directions of the measureddhkl (dx, dy, dz)
coincided with the coordinate axes of the thin-walled
plates, the shear contributions to the strain tensor were
negated and the calculated strain valuesei were taken as
the principal strains.[4]

After calculating the strain with Eq. [3], the three
orthogonal stress components were found using
Hooke•s law:

ri ¼
Ehklei

(1þ mhklÞ
þ Ehklmhklðei þ ej þ ekÞ

(1þ mhkl)(1� 2mhkl)
½4�

where the indicesi, j, and k correspond to x, y, and z.
The di�raction elastic constants Ehkl and mhkl in Eq. [4]

are analogous to the bulk average Young•s modulus and
Poisson•s ratio, respectively, but are speci“c to planes of a
speci“c {hkl} orientation. Due to the presence of numer-
ous crystal orientations within a polycrystalline material,
Kro¨ner[5] developed a model for predicting the elastic
response in polycrystals composed of randomly oriented
crystallites. Behnken and Hauk[6] used the Kröner model
to develop an algorithm for calculating polycrystal,hkl-
speci“c elastic moduli using the known values of the
single-crystal compliance tensor of a material. This
algorithm was used here to determineEhkl and mhkl in
the {211} direction for a polycrystal from the single-
crystal elastic constants of alpha iron obtained from
Dever.[7] The use of elastic constants intended for cases of
random grain orientation is supported by the neutron
data, because no signi“cant variation in intensity was
observed that would be indicative of signi“cant textures,
despite the ±4 deg omega oscillation. The calculated
polycrystalline elastic constants, as well as the bulk elastic
constants for AISI 410 are shown in TableIII .

IV. MEASURED DATA AND DISCUSSION

Previous research conducted by Rangaswamyet al.[2]

on AISI 316 LENS plates revealed that the only

signi“cant observed strain was that along theZ-axis of
the part, which corresponds to the growth direction of
the LENS build process. Such was also the case for
residual stress measurements of welds conducted by
Holden et al.[8] Initial “ndings in our measurement of
strain in the X and Y directions for the AISI 410 samples
clearly show the stress in theZ direction to be dominant.
Figure 3 shows the stress componentsrx (normal), ry
(transverse), andrz (longitudinal) of sample 4 plotted
against position along the plateZ-axis in the center of
the part, where the free end is the last deposited layer
(i.e., the top surface of the plate). Based upon these
“ndings and the available time period for neutron
measurements, this analysis focused exclusively on the
strain and stress in theZ direction for all seven samples.

Figures 4 through 10 show how residual stress in the
growth direction (rz) changes as a function of position
along theZ-axis andY-axis of the LENS plates. For “ve
of the samples (sample numbers 2, 3, 5, 6, and 7), seven
data points were plotted along the plateZ-axis and “ve
points along the plate Y-axis, with each data point
corresponding to one of the gage volumes shown in
Figure 2. However, for samples 1 and 4, nine points
were measured along theZ-axis and seven points along

Table III. Polycrystalline {hkl}-Specific Elastic Constants

for {211} Reflection

{211}-Speci“c Elastic Constants ofa Fe
E211* 225 GPa
m211* 0.276
Bulk Elastic Constants of AISI 410
Ebulk 215 GPa
tbulk 0.33

Fig. 3„Stress components as functions of position along (a) Z-axis
of plate and (b) Y-axis of plate for sample 4.
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the Y-axis. The error bars shown in the “gures are
obtained by the propagation through Eqs. [1], [3], and
[4] of random errors in 2h and do measurements. The
variance in 2h measurements was estimated by the
NRSF2 peak “tting program, while that of do was
determined by replicate measurements on the reference
coupon. Since the dhkl and do values used for each
sample were taken during the same experimental run
and for the same set of di�racting planes, any systematic
errors are removed in Eq. [3].

In Figures 3(a) and 7(a), which plot stress in sample 4
along the Z-axis, a very large error is calculated for the
third gage volume from the free end. This error
corresponds to a large value of variance in 2h produced
by the NRSF2 software at this location and may be due
to the presence of a large grain within the gage volume.
In this instance, the Debye cone would not cross the
seven detectors uniformly, causing an arti“cial shift in
the peak that leads to the unusually large 2h variance.

Parts (a) of Figures4 through 10 show that stress in
the growth direction (Z-axis) is mostly compressive for
all of the measured samples. Within sample numbers 1
and 2, the stress becomes increasingly compressive along
the Z-axis with increasing distance from the free end,
while the stress pro“les for samples 3, 4, 5, and 6 are
more balanced, becoming highly compressive near the
plate center and then leveling o� closer to the substrate.

Sample 7 shows the reverse trend of samples 1 and 2,
becoming less compressive with increasing distance from
the free end.

Parts (b) for Figures 4 through 10 show that the
residual stresses along the plate width (Y-axis) are
mostly compressive near the center, becoming less
compressive with increasing distance from the center.
The stress at the center of sample 5 is slightly tensile, but
a large uncertainty is associated with this location.
Residual stresses at the plate edges must be tensile to
satisfy a balance of forces; however, because the
extremal gage volumes are 3 to 4 mm from the sample
surfaces, this transition could not be measured for either
direction. Also, the measurements are taken at the
centerlines of the plate and do not include the plate front
and back surface, where the stress could take tensile
values and contribute to the overall force balance.
Actually, Reference 16 shows that the stress is indeed
tensile on most of the plate surface.

Pronounced peaks that deviate from the overall
trends of the stress pro“les are observed at certain
locations within sample 1, 2, and 4 and can be seen in
Figures 4(a), 4(b), 5(a), 7(a), and 7(b). To determine if
these jumps are attributable to grain boundary e�ects,
sample 4 was mounted and polished and electron-
backscattered di�raction (EBSD) analysis performed on
a 0.3 mm 9 0.3 mm section using a “eld-emission gun
scanning electron microscope (FEG-SEM). The results,
shown in Figure 11, reveal a “ne grain structure with
approximately 90 pct of the grains being less than

Fig. 4„ rz as a function of position along (a) Z-axis of plate and (b)
Y-axis of plate for sample 1.

Fig. 5„ rz as a function of position along (a) Z-axis of plate and (b)
Y-axis of plate for sample 2.
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10 lm2 in size, which are quite small in comparison to
the cross section of the incoming beam (0.7 mm9
5 mm). Additionally, a review of the neutron data shows
that intensities measured by the seven detectors remain
consistent at all gage volumes in the samples. Accord-
ingly, the observed jumps in strain/stress are likely not
due to grain boundary e�ects. However, because all
seven detectors measured variations in 2h at these
locations as compared with the neighboring gage
volumes, the anomalies almost certainly originate in
the material and are not due to random instrumentation
error.

A metallographic analysis performed on another
mounted and polished plate sample revealed large,
irregularly shaped defects that appear to be pores.
These defects, which are shown in Figure12, were found
to be larger than 200lm in length and could a�ect the
averaging ofdhkl within the gage volumes. The observed
jumps may be attributable to these defects.

Table IV summarizes the maximum and average
values of the stress (which are compressive) obtained
from all of the measured stress values for each one of the
samples. An analysis of the data in TableIV reveals that
no de“nite trend can be established between the max-
imum stress measured in the sample and the process
parameters of laser power and travel speed. In other

words, for the range of parameters studied, there is no
evidence that the maximum residual stress in the sample
can be reduced by adjusting the power or travel speed of
the laser. When looking at average values, there seems
to be a trend to overall lower values of the stress for
lower laser powers. In order to contrast this observation
against an independent method of analysis, a numerical
model of the process was developed and used to perform
simulations for the geometry and parameters of the
experimental study. The results of this analysis are
described next.

V. COMPARISON WITH NUMERICAL
SIMULATIONS

A three-dimensional thermomechanical model of the
LENS process was developed using the commercial
program SYSWELD.[9] The model is based on the
thermal model presented in References10 through 14,
which was validated with experimental temperature
measurement of an actual deposition process.[15] This
model was used to predict the temperature distribution
and cooling rate for the LENS deposition of a thin-
walled structure (plate) of AISI 410 stainless steel. A
mechanical model based on SYSWELD•s material
library was coupled to the thermal formulation in order
to calculate deformation and stress during deposition
as well as the “nal residual stress of the built plate.

Fig. 6„ rz as a function of position along (a) Z-axis of plate and (b)
Y-axis of plate for sample 3.

Fig. 7„ rz as a function of position along (a) Z-axis of plate and (b)
Y-axis of plate for sample 4.
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The mechanical model uses an additive constitutive
relation for strains due to elastic, thermal, and plastic
deformation, including transformation-induced plastic-
ity. Details of the development and implementation of
the mechanical model are reported elsewhere.[16]

The geometry and “nite element mesh used for the
simulations are shown in Figure13. The structure was
built by overlapping 10 single tracks of material, each
with a length of 10.0 mm, a thickness of 0.5 mm, and a
width of 1.0 mm. This produced a plate 5-mm tall. The
plate was fabricated on the surface of a substrate that
was 1-mm thick, 4-mm wide, and 10-mm long. Although
smaller than the actual plates, the model con“guration
serves well the purpose of illustrating the sensitivity of
stress to process parameters, and the modeling results
will compare with the experimental measurements in a
qualitative way, in addition to saving considerable
computational time. The three-dimensional thermome-
chanical simulations are computationally rather costly,
with each ten-layer deposition calculation taking more
than a day of computer time in a medium fast
workstation.

The laser beam moves in the same direction (+Y
direction) for each pass. A dense mesh was used for the

plate and the contact area with the substrate, where
higher thermal gradients are expected. In order to
compensate for the heat-sink e�ect of the substrate,
an optimized laser power program, as described in
Reference12, was employed to achieve a steady size of
the molten pool during deposition. For the three values
of travel speed simulated (2.5, 4.2, and 8.5 mm/s), this
required average laser powers of 254, 285, and 344 W,
respectively.

Figure 14 shows the simulated distribution of resid-
ual stress rz after the plate has cooled to room
temperature, for the three values of the laser travel
speed. Figure14(a) shows the stress pro“le along the
laser travel direction for the third deposited layer, while
in Figure 14(b), the pro“le corresponds to the vertical
center line along the plate measured from the free end
toward the substrate. The stress values in individual
“nite element cells are indicated by points of di�erent
colors and shapes to di�erentiate the three travel speeds.
Fitting curves for each travel speed are also indicated, as
well as an average value of the overall stress level shown
as a horizontal dashed line in Figure14(a).

The stress pro“les shown in Figure14 follow the same
trends observed in the experiments. In the horizontal
direction, a compressive stress in the center region of the

Fig. 8„ rz as a function of position along (a) Z-axis of plate and (b)
Y-axis of plate for sample 5.

Fig. 9„ rz as a function of position along (a) Z-axis of plate and (b)
Y-axis of plate for sample 6.
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plate is observed, shifting to tensile or less compressive
values near the side edges, which has the same trends as
Figures 4(b) and 7(b). Along the vertical direction, the
compressive magnitude of the stress increases with
distance from the top free end and becomes less

compressive at locations close to the substrate, which
has the same trends as Figures6(a) and 7(a). Note that
there is a small increase in the center of the stress pro“le
along the horizontal direction (Figure 14(a)), some-
thing also observed in some of the measured samples
(Figures 5(b) and 6(b)) and attributed to the presence
of pores or grain boundaries. Since no such defects
are included in the model, there may also exist a
thermal contribution to these apparently anomalous
variations in the measured stress pro“les. From the

Fig. 10„ rz as a function of position along (a) Z-axis of plate and
(b) Y-axis of plate for sample 7.

Fig. 11„Area fraction of grains of di�erent sizes from plate sample
4, obtained by EBSD analysis.

Fig. 12„( a) and (b) Porosity observed in AISI 410 plate with optical
microscopy at 5 times magni“cation.

Table IV. Maximum and Average Compressive Stress
in Samples

Sample

Maximum
Stress
(MPa)

Average
Stress
(MPa)

Laser
Power
(W)

Laser
Speed
(mm/s)

1 -379.75 -151.43 300 2.5
2 -70.65 -39.88 300 2.5
3 -73.08 -43.77 300 4.2
4 -503.16 -266.13 600 2.5
5 -199.14 -118.31 600 4.2
6 -248.69 -143.35 450 2.5
7 -67.00 -41.78 450 4.2
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highly intertwined distribution of stress points corre-
sponding to di�erent travel speeds and the stress pro“le
curves shown in Figure14, there seems to be no de“nite
trend of the variation of this component of the stress
with laser travel speed, an observation also made from
the analysis of the experimental results.

A qualitative comparison between simulated results
and measured data is given in Figure15, which shows

stress pro“les for a laser travel speed of 4.2 mm/s. The
solid line is a “tting curve of simulated stress values
(hollow circular points), while the solid points are
measured residual stresses for di�erent levels of the laser
power. Because the real samples are taller and wider
than the simulated model sample, the horizontal pro“le
comparison is done for the “rst 5 mm measured from
the vertical centerline, while the vertical pro“le compar-
ison is done for the “rst 5 mm measured from the free
end. This limits the comparison to 3 or 4 measured data
points for each pro“le.

It can be observed that the simulated pro“les for both
the horizontal direction (Figure 15(a)) and vertical
direction (Figure 15(b)) agree rather well with the
measured data corresponding to a laser power of
300 W (sample 3), which is close to the average value
of 285 W used in the simulations through the optimized
laser power program. This is a noticeable agreement,
considering the several simpli“cations used in the
construction of the model. In particular, it seems to
indicate that the constitutive model used for the material
performs satisfactorily in predicting the overall level of
the rz residual stress. However, more experimental
validations in a wider range of process parameters
would be necessary to con“rm this observation.

10

Unit (mm)

4

1

Element: 
0.1x0.1x0.2

1

5

X Y

Z

Number of elements: 48252 

Number of nodes: 37944

Fig. 13„Geometry and meshing of thin plate and substrate used for
the thermomechanical model.

Fig. 14„ Z-component residual stress along the (a) travel direction
and (b) vertical direction as a function of laser travel speed.

Fig. 15„Simulated and measured Z-component residual stress along
the (a) travel direction and (b) vertical direction as a function of la-
ser power. Modeling results correspond to an average laser power of
285 W.
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VI. CONCLUSIONS

The residual stress of several AISI 410 thin plates
built with the LENS process under di�erent process
parameters was measured with the method of neutron
di�raction. In agreement with previous reports, the
component of the residual stress along the growth axis
was found to be compressive in most of the parts and
dominant with respect to the other components. The
stress changes considerably across the plate. The max-
imum value of the stress varied between 5 and 30 pct of
the yield point. Surprisingly, the magnitude of the stress
showed no signi“cant trend with the laser travel speed
and only a slight trend to increase with the value of the
laser power. A thermomechanical model was developed
to simulate the process and complement the experimen-
tal data. The simulation results compare well with the
measured stress and con“rm some of the experimental
“ndings. This study quanti“ed the e�ect of two of the
most important LENS parameters, laser power and
travel speed, on the residual stress level of built parts,
using a model and neutron di�raction stress measure-
ments.
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