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Residual Stress in Additive
Manufactured Nickel Alloy
625 Parts
One of the key barriers to widespread adoption of additive manufacturing (AM) for metal
parts is the build-up of residual stresses. In the laser-based powder bed fusion process, a
laser selectively fuses metal powder layer by layer, generating significant temperature
gradients that cause residual stress within the part. This can lead to parts exceeding tol-
erances and experiencing severe deformations. In order to develop strategies to reduce
the adverse effects of these stresses, the stresses first need to be quantified. Cylindrical
Nickel Alloy 625 samples were designed with varied outer diameters, inner diameters,
and heights. Neutron diffraction was used to characterize the three-dimensional (3D)
stress state throughout the parts. The stress state of the parts was generally comprised of
tensile exteriors and compressive interiors. Regardless of part height, only the topmost
scan height of each part experienced large reductions in axial and hoop stress. Improved
understanding of the residual stress trends will aid in model development and validation
leading to techniques to reduce negative effects of the residual stress.
[DOI: 10.1115/1.4039063]

1 Introduction

While additive manufacturing (AM) has increased in popularity
for efficiently manufacturing customizable parts through the
layer-by-layer fabrication approach, a potential for the build-up of
residual stress in metal parts limits design capabilities and product
robustness. Residual stress refers to extraneous stress left in parts
when they are in equilibrium with their environment, which can
be at the macro, micro (intergranular), and atomic level [1]. Shot-
peened materials utilize induced compressive surface residual
stress to improve fatigue resistance, and thermally toughened
materials use induced residual stress to improve static loading [1].
However, most residual stress leads to unwanted cracks, deforma-
tion, or unexpected failure commonly in the form of layer delami-
nation [2], warping, or lost part tolerances for AM parts [3]. This
study explores what stresses are present in a simple part geometry
and how geometric changes affect the three-dimensional (3D)
residual stress state within the part. Measured residual stress will
also be used to improve multiphysics models and simulations of
AM processes, which will enhance the development of methods
for reducing undesirable residual stress.

1.1 Causes of Residual Stress. The temperature gradient
mechanism, inherent in the laser-based powder bed fusion pro-
cess, illustrates one of the main causes of residual stress [4]. Dur-
ing this mechanism, the laser beam selectively fuses metal
powder causing a steep temperature gradient. This causes local
expansion in the melt pool region resulting in compression of the
material adjacent to the melt pool. Then, cooling creates a rapid
shrinking resulting in tension. Process variables known to influ-
ence residual stress include laser speed, power, and energy density
[5–9], laser focal diameter [7], melt pool size and shape [3,10],
deposition speed [5], deposition or scan strategy [2,6–8,11–15],
the presence of or cracks within a support structure [7,16], and
postprocessing [4]. Material properties [1,17,18], texture [19],
microstructure [3,8,20–27], part misfits [21], and part geometry
[7,9] are additionally shown to affect residual stress.

1.2 Prior Findings in Residual Stress Trends. Parts are fre-
quently comprised of tensile exterior stresses and compressive
interior stresses with tension also occasionally forming at the base
of the part [4–7,12,19,22,24,28]. On the other hand, some studies
found the opposite trend along the vertical direction [19,20,28].
Higher residual stresses were generally found at the surface layer
[4,5,7,18,29,30], along the deposition line or scanning direction
[2,10,31–33], in parts left on the build plate [4,32], and with con-
tinuous scanning [14]. Very thick or very thin parts tended to have
lower residual stress: while the many scan passes on thick parts
could act like heat treatment, thin specimens exhibited low
strength [30], which likely allowed for stress-relieving deforma-
tion. Material properties including yield strength and thermal
expansion coefficient increased residual stress while porosity low-
ered it [4,5,22,31,34]. There were also some conflicts among con-
clusions. One study found highest stresses perpendicular to the
scan direction [4], and another study found these stresses to be the
lowest [34]. The spiral-in deposition pattern led to highest stresses
in two studies [11,15] and the lowest stresses in one study [2].
Attributed to the fundamental differences arising from unique AM
processes, materials, part geometries, and build parameters, these
inconsistencies demonstrate the need for better understanding
these factors when assessing residual stress in metal AM products
since altering one factor could produce a completely different
trend.

1.3 Modeling Residual Stress. The expansion of stress-
modeling techniques continues to advance AM capabilities by
simulating expected trends in residual stress, which could allow
someone to modify regions of a part with stresses detrimental to
its integrity prior to part fabrication. Many previous studies have
obtained decent agreement between models and experimental
data. Accurate residual stress models were found to be greatly
dependent on factors including thermal gradients, exposure strat-
egy, layer thickness, or laser power [4,6,12,35–38]. Two-
dimensional (2D) stress fields have been mapped [10], and the
process map approach presents a 3D layout depicting relationships
among three distinct variables influencing residual stress [3,5].
Many studies have applied thermal or thermomechanical model-
ing approaches to analyze temperature or stress distributions
[11,15,17,36,39–45]. Other models have targeted deflection meas-
urements for different deposition parameters [2,13], and some
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have integrated investigations at the macro, meso, and micro lev-
els to simulate and assess residual stress in parts [46,47].

The newness of AM modeling poses challenges for its immedi-
ate use by AM industry. Figure 1 outlines current critical steps for
addressing residual stress in metal AM parts to ultimately achieve
improved AM efficiency. AM efficiency, in this case, refers to
fabricating high quality AM parts with minimized time and waste.
To minimize residual stress, an understanding of the stress distri-
bution within a part is essential. While physical experiments can
directly attain this knowledge, if a model can expose an array of
high stresses in a projected part, designers could alter the part
prior to the build, which would save time and resources. Further-
more, this understanding could lead to AM process improvements
by altering AM system elements, such as heating strategies, in
order to mitigate residual stress.

In these early stages of model development, effective modeling
techniques require validation of the simulations; therefore, certain
physical experiments should be carried out that represent a broad
spectrum of variables to serve as reference data for quantifying
residual stress and validating the models. Improved understanding
of the residual stress state will then inform model refinements.
Reference data sets require forethought and care in execution.
Experimental methods, machine settings, laser paths, sensor set-
tings and gains, and even units of measurement can affect the
results. Careful experimental records are necessary to ensure
appropriate comparisons are being made. Measurement uncer-
tainty is also critical to evaluate whether any differences in com-
parisons are significant. More innovative models and simulations
will motivate continued evolution of strategies to reduce residual
stress with minimal need for future physical product affirmation.

The goal of this study is to investigate residual stress in simple
powder bed fusion parts to gain a better understanding of factors
influencing the stress state. The study will also generate data that
can be used to help improve models and simulations. Generating
fundamental reference data sets is critical for the results to be gen-
eralizable to a multitude of design configurations. The study
focuses on changing structural geometry to evaluate changes in
residual stress. Most prior residual stress studies have used solid,
prismatic geometries. The only known residual stress study incor-
porating round samples focused on changing the heights of cylin-
ders with a consistent diameter as well as their positions on the
build tray [30]. Furthermore, while penetrations into parts, such as
what is necessary in the hole drilling method for stress

measurement, relax stresses [1,30], to the authors’ knowledge
there have been no studies with samples containing an intentional
hole to determine if the hole serves as a natural stress relaxer.
These gaps guided the decision to design cylindrical samples with
different heights and outer diameters that also include holes of
varied diameters. Evaluation of the residual stress in these parts
could reveal overarching trends applicable to confirming and
refining multiphysics models.

2 Background

2.1 Additive Manufacturing Build Process. Powder bed
fusion is an AM process during which thermal energy selectively
fuses regions of a powder bed [48]. As presented in Fig. 2, pistons
control the powder supply and build plate. After the recoater blade
spreads a fresh layer of metal powder over the build plate, mirrors
and lenses direct a laser to selectively sinter powder according to
the geometry of the respective cross-sectional layer of the part as
provided from a computer-aided design (CAD) model. The build
plate then lowers by the thickness of one layer, and the process
repeats, building the part layer by layer until it is fully fabricated.

2.2 Residual Stress Measurement. While literature presents
many residual stress measurement methods [1], neutron diffrac-
tion, one of the more well-established methods that many studies
have implemented [6,7,12,16,19,22,24,27,44], was selected for
this study. This method was selected because it is robust, nondes-
tructive, and has good resolution and accuracy. During neutron
diffraction, a beam of neutrons is directed into a part, and the dif-
fraction pattern reveals the part’s lattice spacing, which can fur-
ther be used to calculate residual stress. To find the lattice spacing
within the part, d, Bragg’s law is used

k ¼ 2dðsinhÞ (1)

where k is the wavelength of the neutron beam and h is half of the
angle of diffraction. Having also measured d0, the reference
stress-free lattice spacing, lattice strain, e, can be computed as

Fig. 1 Flowchart highlighting the progression of key steps for
physically measuring and modeling residual stress in metal AM
parts. While experimental validation of residual stress in parts
is currently necessary, model advancements will expedite the
process by reducing the need for physical experiments and iter-
ative validation. Fig. 2 Diagram of the laser-based powder bed fusion process
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e ¼ d � d0

d0

(2)

Since d0 is direction dependent, strains from Eq. (2) can be broken
down into components (ex; ey; ezÞ, and Hooke’s Law may be used
to relate the components of strain in each direction to the three
normal stress components (rx;ry; rzÞ in order to achieve and ana-
lyze the 3D stress components

rx ¼
E

ð1þ �Þð1� 2�Þ 1� �ð Þex þ � ey þ ezð Þ
h i

(3)

ry ¼
E

ð1þ �Þð1� 2�Þ 1� �ð Þey þ � ex þ ezð Þ
� �

(4)

rz ¼
E

ð1þ �Þð1� 2�Þ 1� �ð Þez þ � ex þ eyð Þ
h i

(5)

where E is Young’s modulus and � is Poisson’s ratio. In order to
determine the full 3D stress state, shear components must be con-
sidered. In many studies, shear stress is recognized to be negligi-
ble [9,19,22,31]. However, the rapid shrinkage as a layer cools
above another layer could introduce shearing effects, especially
when considering the diverse array of stress magnitudes that arise
by changing AM processes, materials, part geometries, and build
parameters. Measuring shear strain is outside of the scope of this
study as it requires additional measurements along nonorthogonal
directions. However, it could be useful to measure shear strains in
future studies to provide additional insight into the full residual
stress state of AM parts.

3 Experimental Procedures

3.1 Sample Fabrication. Cylindrical parts were designed
with the dimensions listed in Table 1. A part had either a small or
large outer diameter and was solid or had a central hole spanning
along the height (z) axis. Samples were either 10 mm, 25 mm, or
40 mm tall.

Figure 3(a) presents the CAD model of the build plate and sam-
ples, which were fabricated using Nickel Alloy 625. To arrange
the build plate for the laser-based powder bed fusion process and
avoid the potential for build defects, samples were centered on the
build plate, heights were distributed across the build plate, and
rows of samples were slightly angled relative to the build plate
edges.

The build process involved scans of the precontour, the internal
regions of the parts, and the postcontour. The precontour consisted
of one pass at 900 mm/s using a laser power of 100 W. The inter-
nal regions of the parts received exposure with a scan speed of
800 mm/s and a laser power of 195 W. During internal exposure, a
back-and-forth raster pattern created stripes as shown in Fig. 4.
Each stripe had a width, w, of 4 mm and a hatch spacing, h, of
0.1 mm. Adjacent stripes overlapped by 0.1 mm, and the direction
of the stripes was rotated by 67 deg for each layer to increase the
likelihood of fully dense, isotropic part properties. Afterward, the

Table 1 Geometric dimensions of the samples. An inner diam-
eter of 0 mm indicates a fully solid sample.

Sample
number

Outer
diameter (mm)

Inner
diameter (mm)

Height
(mm)

1 6 2 10
2 6 2 25
3 6 2 40
4 6 0 10
5 6 0 25
6 6 0 40
7 12 2 10
8 12 2 25
9 12 2 40
10 12 0 10
11 12 0 25
12 12 0 40

Fig. 3 Cylindrical samples: (a) as displayed from a CAD model and (b) as built. After fabrica-
tion, the build plate was cut as shown by the dotted lines in (a) to isolate each specimen for
stress measurements. The three specimens shown that have large inner diameters were not
used in this study due to difficulties with measuring stress within the thin walls.

Fig. 4 Progression of the laser beam in the internal exposure
rastering pattern
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postcontour, like the precontour, consisted of one pass at 900 mm/
s with a laser power of 100 W. The parts were built with a layer
thickness of 20 lm. Figure 3(b) shows the samples fully built.

Because removing the samples from the build plate likely
relaxes stresses, parts were left attached to the platform to best
represent the stresses resulting from the build. To accommodate
comprehensive measurement of the samples by neutron diffrac-
tion, the build plate was cut via wire electrical discharge machin-
ing such that every sample was isolated (see Fig. 3(a)). This
allowed the parts to retain their full stress state while enabling

close and consistent positioning of the neutron beam in relation to
each part without extraneous absorption.

3.2 Neutron Diffraction Parameters. Using the BT-8 resid-
ual stress diffractometer at the National Institute of Standards and
Technology (NIST) Center for Neutron Research, stress measure-
ments were taken at multiple heights spanning from two milli-
meters from the bottom of each part to two millimeters from the
top of each part. For each height level tested, the beam scanned

Fig. 5 Samples 1–3: (a) geometries and scan heights, (b) scan locations, (c) stresses in sam-
ples 1–2, and (d) stresses in sample 3
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from –y to þy (reference Fig. 3(a)) using a neutron wavelength of
1.588 Å and a gauge volume, or measured volume, of
1.5 mm� 1.5 mm� 1.5 mm. Since Nickel Alloy 625 has a face
centered cubic crystal structure, the (311) reflection plane at 2h ¼
96:68 deg was chosen to minimize the influence of intergranular
stresses on the diffraction measurements of macroscopic stress.
The stress-free lattice spacing, d0, was calculated for each sample
by utilizing near-surface measurements where the stress compo-
nent normal to the surface can be presumed to be zero. In this
case, radial stresses for the cylindrical samples were presumed to
be zero near the surface. For this study, d0 was estimated from
measurements with locations near the surface where rx ¼ 0, or
radial stress equals zero, for each sample. Each d0 estimate from
the individual samples was averaged to obtain a single d0 for the
corresponding sample. The d0 value varies with regard to build
direction because of the intergranular strains and texture arising

from the rapid cooling of the metal. Therefore, a stress balance
was also applied to further refine the measurement accuracy for
both axial and hoop directions. Axial and hoop forces across each
cross-sectional layer (y direction) were set to have zero net force.
In addition, symmetry was applied to the measurements due to the
cylindrical symmetry of the samples to further increase counting
statistics. By assuming axisymmetry, certain equilibrium equa-
tions have to be satisfied. When considering cylindrical compo-
nents (r,h; and z), the following equations apply:

drrr

dr
þ 1

r

drhr

dh
þ drzr

dz
þ rrr � rhh

r
¼ 0 (6)

drrh

dr
þ 1

r

drhh

dh
þ drzh

dz
þ 2rrh

r
¼ 0 (7)

Fig. 6 Samples 4–6: (a) geometries and scan heights, (b) scan locations, (c) stresses in sam-
ples 4–5, and (d) stresses in sample 6
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drrz

dr
þ 1

r

drhz

dh
þ drzz

dz
þ rrz

r
¼ 0 (8)

4 Results and Discussion

The residual stress trends for samples 1–3 are presented in Fig.
5. The error bars shown in this figure and subsequent figures rep-
resent one standard deviation of uncertainty. Figure 5(a) displays
the build geometries and scan heights while Fig. 5(b) reveals the
locations of each gauge volume that corresponds to a recorded
data point (six locations). Because cylindrical symmetry is
assumed, data points at corresponding y distances were averaged.
Figure 5(c) shows radial, hoop, and axial stresses for samples 1
and 2, and Fig. 5(d) shows these stresses in sample 3.

Across the y distance, these samples show regions of high axial
tension at the edges (�125 MPa) transitioning to high axial com-
pression internally (��200 MPa). When considering changes in
height within a single sample, only the topmost scan height indi-
cates a dissimilar trend where axial tension and compression sig-
nificantly decrease in magnitude. This is expected because the
axial stress is zero at the surface. The exterior tension and interior
compression trend is also observed in the hoop stresses but with
diminished magnitudes (not more than 6100 MPa). The radial
stresses in general have the lowest magnitudes (typically �0
MPa) although the topmost scan of sample 2 exhibits unusually
high internal radial stress. These same trends of tension transition-
ing to compression appear with varying magnitudes in samples
4–6 (Figs. 6(a)–6(d)), samples 7–9 (Figs. 7(a)–7(d)), and samples
10–12 (Figs. 8(a)–8(d)).

Fig. 7 Samples 7–9: (a) geometries and scan heights; (b) scan locations, (c) stresses in sam-
ples 7–8, and (d) stresses in sample 9
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Samples 4–6, displayed in Fig. 6, exhibit increased tensile and
compressive magnitudes for both axial stresses (��600 MPa to
400 MPa) and hoop stresses (not more than 6200 MPa). This
hints that the presence of a hole might serve as a natural stress
reliever. However, the gauge volume selected for this study lim-
ited the ability to distinguish the stress gradients near the inner
diameter. The relativity large gauge volume, as compared to the
wall thickness of the cylindrical sample, causes a large averaging
effect that smooths major stress gradients that may be present.
This limited the ability to understand the full effects caused by the
inner diameter on the stress state of the resultant sample.

Since samples 7–9, shown in Fig. 7, have larger diameters than
the previous ones, scans were only conducted from the inner
diameter to the outer diameter. The hoop and axial stresses here

are larger than those of the previous figures with axial stresses
now ranging from ��800 MPa to 600 MPa. These plots also indi-
cate a slight reduction in axial compression toward the center of
the parts, which was not evident in the other samples. The contour
method will be used in an upcoming study to investigate this fur-
ther. The contour method involves sectioning the part, which
allows stresses to relax. Then, the surface contour is measured to
calculate the residual stress that caused the surface deformations.
The result is a 2D map showing the residual stress across the
cross-sectional geometry. This will be beneficial to evaluate the
stress trends near the part edges.

Measurements for samples 10–12, in Fig. 8, were spaced out to
not overlap gauge volumes. They clearly show the significant
drop in axial stress magnitude in the topmost scan. While the

Fig. 8 Samples 10–12: (a) Geometries and scan heights, (b) scan locations, (c) stresses in
samples 10–11, and (d) stresses in sample 12
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middle and bottom scans hover at ��800 MPa to 600 MPa, the
topmost scan remains around 6200 MPa. The hoop stress also
indicates a slight decline at the topmost scan.

It can be noted from the plots that, in general, the radial stresses
are zero at the data points closest to the part edges, which makes
sense because this stress component must be zero at the free sur-
face. The axial stresses, when integrated over the cross section,
appear to result in a zero net force, which is also expected. To be
consistent with expectations from the equilibrium conditions, the
radial and hoop stresses should be coincident at the center of the
parts. Although no measurements were taken at the exact part cen-
ters, the trends imply that these stresses would not match up. This
is unexpected, and more measurements would be necessary to
explain the contradiction. One potential cause could lie with the
assumption of axisymmetry, which was done due to the geometry.
However, if the part is not axisymmetric with regard to stress, the
assumption could skew the results. A prior, similar residual stress
study at NIST with square samples did find the x- and y-stress
components consistent in the part center [7], further pointing to
geometry being the reason for the inconsistencies.

From a report by EWI of mechanical properties for Nickel
Alloy 625 manufactured via laser-based powder bed fusion, the
average yield strength calculated from the provided data was
548 MPa [49]. Residual axial stresses from the present study have
at times exceeded this value, which validates the need for
post processing to improve the mechanical properties of final
parts. Many suggest heat treatments of the part, build plate, or
powder bed to reduce residual stress [2–5,9,10,13,23,25,29,34,
42,45,50,51]; however, this expends time and energy. With the
increase in available experimental residual stress results for a vari-
ety of AM processes, materials, and parts, more accurate models
could pinpoint high-stress regions that could be redesigned to

ensure stresses remain far below the material yield strength and
thus minimize the need for this post processing.

The trends from this study indicate that height does not seem to
be a significant factor. Across samples with the same cross-
sectional geometry, the residual stress magnitudes remain consist-
ent (i.e., samples 1–3 ranged between �250 MPa and 150 MPa for
all scan heights; samples 4–6 ranged between �600 MPa and 400
MPa). Because stress does not vary with build height, volume also
cannot be a defining measure. An example of this can be seen
when comparing samples 3 and 4. Sample 3 is taller and has a
much larger volume than sample 4 but has greatly reduced stress.
Cross-sectional geometry, however, seems to influence the stress
magnitudes the most.

The unpredictability of stress magnitudes near the edges of the
parts should also be considered. Using the experimental results,
axial stress trends were developed using curve fitting. Figure 9
shows possible residual stress trends for samples 3 and 6. The
plotted points are averaged from the middle heights (i.e., 8 mm,
17 mm, 23 mm, and 32 mm). The results from sample 3 appear to
fit well with both a linear (Fig. 9(a)) and second-order polynomial
fit (Fig. 9(b)), and both models indicate the possibility of high
residual stress (up to 6800 MPa) even in the small-diameter sam-
ple. Sample 6 is presented with a second-order polynomial fit
(Fig. 9(c)), and if the stress trend were to continue, stresses up to
1200 MPa could be seen.

Similarly, Fig. 10 presents axial stress models for samples 9
and 12. Neither the linear (Fig. 10(a)) nor second-order polyno-
mial model (Fig. 10(b)) accurately assumes the trend of the exper-
imental data from sample 9, which could suggest a return to axial
tension at the inner wall. The contour method will need to be used
to validate and explore these trends further. The second-order
polynomial model resembles the data of sample 12 in Fig. 10(c).

Fig. 9 Projected axial residual stress trends for sample 3 with both (a) linear, (b) second-order
polynomial fits, and (c) sample 6 with a second-order polynomial fit
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As mentioned in Sec. 1.1, temperature gradients are one of the
main causes of residual stress. However, it is difficult to analyze
the relationship between residual stress and the heating cycles
because of the complexity of the laser-based powder bed fusion

process. Dunbar and coauthors were able to take in situ tempera-
ture and part distortion measurements for this process. They found
that temperature effects deviated as builds with varying scan strat-
egies and part distortions progressed [52]. This study further

Fig. 10 Projected axial residual stress trends for sample 9 with both (a) linear, (b) second-
order polynomial fits, and (c) sample 12 with a second-order polynomial fit

Table 2 Outcomes of literature most similar in nature to this study. Slight differences in material, geometry, AM process, or stress
measurement method are shown to change the magnitude of stresses found.

Author
Material/
geometry

AM
process

Stress
measurement

method

Axial stress findings
across part width

(maximum
magnitudes given)

Compared to
material yield

Rangaswamy et al. [22] 316 Stainless
Steel

Direct energy
deposition

Neutron
diffraction

� Largest magnitude
stresses in growth
direction

Up to 50% nominal
yield strength

Rectangular
prisms � Tension exterior

(�80 MPa) and com-
pression interior
(��380 MPa)

Sochalski-Kolbus et al. [19] Nickel Alloy 718 Laser-based pow-
der bed fusion

Neutron
diffraction

� Tension exterior
(�550 MPa) and
compression interior
(��550 MPa)

Well below yield
strengthRectangular

prisms

Wang et al. [44] Nickel Alloy 625 Direct energy
deposition

Neutron
diffraction

� Tension exterior
(�300 MPa) and
compression interior
(��600 MPa)

Below yield strength
Thin walls

Bass et al. Nickel Alloy 625 Laser-based pow-
der bed fusion

Neutron
diffraction

� Largest magnitude
stresses in growth
direction

At times exceeding by
<50 MPa in larger
parts

Cylinders

� Tension exterior
(�600 MPa) and
compression interior
(��800 MPa)
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emphasizes that every variable has the potential to cause a change
in residual stress profiles as there will be a different heating cycle
response for every case. While the exact results from this study
will not be extendable to other materials, geometries, and build
process parameters, a few trends are generalizable. For example,
because the heat source always comes from above the part, the
tops of parts should experience tensile stress and the bottoms
should be more compressive. This is confirmed by the literature
presented in Sec. 1.2.

While the trends of tensile exteriors and compressive interiors
align well with literature, the literature most similar in nature to
this study indicates subtle differences that cause variations in
stress magnitudes (Table 2). From these comparisons, it can be
concluded that a combination of factors including materials, part
geometry, and build process parameters jointly determine the final
outcomes of residual stress.

5 Conclusion

Residual stresses in cylindrical, additively manufactured Nickel
Alloy 625 parts were measured by neutron diffraction to gain a
better understanding of the 3D stress state in the parts. The key
findings are as follows:

� Across the diameter of the parts, axial and hoop stresses
were tensile on the exterior and compressive in the interior.

� Axial stresses had the greatest magnitudes, and radial
stresses had the lowest magnitudes.

� At the highest scan height of every part regardless of part
height, hoop and especially axial stresses lost magnitude.

� Residual stress was generally higher in parts with larger
diameters, but more research is needed to verify the effects
of various cross-sectional scan areas on residual stress.

� Maximum and minimum axial stress magnitudes were con-
sistent for samples with 12 mm outer diameters. Most of the
measured axial stresses for these samples were slightly above
the yield stress of the material.

� For samples with small outer diameters, there appeared to be
a reduction in stress with the inclusion of the hole, but this
was not replicated in the samples with large outer diameters,
and the contour method will be used to investigate this in
future studies.

� A second-order polynomial model fits the residual stress
trends found in samples that had no internal hole.

There is also the opportunity in future studies to investigate the
microstructure to support efforts in identifying stress-causing
factors.

Reference experimental data sets will progress future work by
validating multiphysics models and simulations that predict resid-
ual stress. Increased understanding about where residual stresses
occur will facilitate the development of strategies to lessen their
negative effects.
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