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A B S T R A C T

Disk-shaped 316L stainless steel parts with various diameters and heights were additively manufactured using a
direct metal laser sintering (DMLS) technique. Neutron diffraction was used to profile the residual stresses in the
samples before and after removal of the build plate and support structures. Moreover, distortion level of the parts
before and after the removal was quantified using a coordinate measuring machine (CMM). Large tensile in-
plane stresses (up to ≈ 400 MPa) were measured near the as-built disk top surfaces, where the stress magnitude
decreased from the disk center to the edges. The stress gradient was steeper for the disks with smaller diameters
and heights. Following the removal of the build plate and support structures, the magnitude of the in-plane
residual stresses decreased dramatically (up to 330 MPa) whereas the axial stress magnitude did not change
significantly. The stress relaxation caused the disks to distort, where the distortion metric was higher for the
disks with smaller diameters and heights. The distribution of the residual stresses revealed a marked breakdown
of self-similarity in their distribution even comparing disk-shaped samples that were fabricated under identical
printing parameters; the stress field profiles were not linearly scaled as a function of height and diameter.

1. Introduction

Additive manufacturing (AM) has received considerable attention in
recent years due to its ability to create complex near-net-shape geo-
metries that are difficult to achieve using conventional manufacturing
techniques. In contrast to machining processes where excess material is
removed from a large workpiece to achieve the desired geometry,
during AM, the near-net-shape part is fabricated in a layer-by-layer
manner. Various AM techniques have been developed over the last
three decades, and exhibited beneficial results [1–3]. AM offers a fra-
mework for transcending conventional constraints placed on designs
due to the reliance on subtractive processes. For example, highly in-
terdigitated, re-entrant shapes that are difficult to fabricate using tra-
ditional processes become realizable via AM. In metals-based AM, di-
rect metal laser sintering (DMLS) is the most widespread process at
present owing to its capability to build full dense components with
mechanical properties insignificantly different from those exhibited by

wrought parts. In this technique, a focused laser beam is used as a heat
source to sinter or melt successive layers of metallic powder on top of
one another [4,5]. Different metallic materials have been used in DMLS
including nickel-based superalloys [6–8], steels [9–12], titanium alloys
[13,14] and aluminum alloys [15,16]. However, the high temperature
gradients imposed by DMLS limit the integrity and microstructural
homogeneity of the resulting components. Each powder layer under-
goes preheating, melting, rapid solidification, and partial remelting.
The severe temperature gradients induce large residual stresses within
the as-built parts, which can exceed the material yield strength in some
cases. These stresses can lead to reduction in the strength of the com-
ponent, and may favor propagation of micro-cracks. Moreover, residual
stresses can cause significant distortion of the component after build
plate removal [17].

Various techniques have been used for measuring residual stresses
in additively manufactured components [9,11,17–34]. These techni-
ques can be divided into destructive and non-destructive ones. One of
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the destructive techniques is hole-drilling [19,21,22,35], in which a
specific amount of material is removed by drilling, and the resulting
deformation (or strain) is measured to calculate the stress. A more re-
cent destructive technique is the contour method [24–27,30,33,36]
which involves three steps: specimen cutting by electric discharge
machining (EDM), measuring contours of both cut surfaces using co-
ordinate measuring machine (CMM), and calculating stresses using fi-
nite element modeling. Crack compliance method [17,37] is another
destructive technique, which utilizes metallic foil strain gauges to
measure the strain released during successive extension of a slot into
the depth of the part. The main drawback of these techniques is their
destructive nature that does not allow for sequential measurements of
residual stress in the same part after multiple processes such as build
plate removal or heat treatments. The most widely used non-destructive
techniques for residual stress measurements revolve around Bragg's law
of diffraction, which can be used to measure the lattice interplanar
spacing, dhkl, in the stressed and stress-free specimens. The elastic strain
is calculated from the change in dhkl due to tensile or compressive stress
within the material. X-ray diffraction (XRD) technique [9,17,23,34] is
limited to near-surface stress measurements due to relatively low pe-
netration depth of X-ray beams (≈ 5 µm for steels). However, neutron
diffraction [11,18–20,25–29,31–33] has commonly been applied for
measuring volumetric residual stresses owing to deep penetration of
neutrons into metals (≈ 50 mm for steels). More recently, high energy
(> 80 keV) synchrotron X-ray sources have provided the capability to
measure stresses at depth. However, due to the short wavelengths (≈
0.1 Å) associated with high energy X-rays, their diffraction angles are
relatively low (2–20°) leading to an elongated prism shape for the
sampled gauge volume [38]. Thus, it is difficult to measure strain along
three principal directions at each point without any extrapolations. By
contrast, the diffraction angle for neutron technique is usually 90° re-
sulting in a cuboidal sampled gauge volume, which makes it feasible to
measure all strain components at each point of interest [39].

Several residual stress and distortion studies have been conducted
on additively manufactured stainless steels [9,11,17,23,27,31,33,34].
Rangaswamy et al. [27] profiled residual stresses in 316 L stainless steel
thin walls and pillars with rectangular and square cross-sections, re-
spectively. They found negligible in-plane stresses but significant
compressive axial stresses at most locations [27]. Wu et al. [33] in-
vestigated the effect of AM process parameters on residual stresses in
prism and L-shaped components. They found significant tensile in-plane
stresses near the top surface of the components, and concluded that this
causes the parts to distort after build plate removal. Moreover, their
observations revealed that in-plane residual stresses are influenced by

scan pattern whereas axial residual stresses remain unaffected [33]. In a
more recent study, Brown et al. [11] mapped residual stresses in GP-1
stainless steel parts having a Charpy test sample geometry. They re-
ported that presence of a notch in the part geometry caused an asym-
metry stress state, which remained after removal of build plate and
support structures [11].

The objective of the present contribution is to examine the influence
of component dimensions on residual stress and distortion distribution.
Several 316 L stainless steel components with the same geometry (disk)
but different dimensions (diameters of 25–80 mm and heights of
1–30 mm) were fabricated by DMLS with the same process parameters.
The disk geometry simplified quantification of distortion level. Change
in the disk diameter and height (number of powder layers) was ex-
pected to affect the temperature distribution within the part, and con-
sequently the residual stresses and distortion level. Neutron diffraction
was used to map residual stresses within the components both before
and after build plate removal of base plate and support structures.
Furthermore, a coordinate measuring machine (CMM) was used to
quantify distortion level of the parts before and after the removal.

2. Experimental procedure

2.1. Artifacts

Disk artifacts were printed with different diameters and heights, as
listed in Table 1. One sample was printed for each case. All 14 samples
were built on top of Materialise Magics block style support structures.
The location of the support structure with respect to an individual
sample and base plate as well as the support structure parameters is
schematically illustrated in Fig. 1. The support structure parameters
were the same for all samples and are listed in Table 2. The support
structures were used to facilitate the removal of samples from the build
plate and also reduce distortion arising from thermal stresses. After
measurements of residual stress and distortion on the as-built samples,
they were removed from the base plate and support structures using a
cut off wheel and an EDM wire, respectively.

2.2. Feedstock powder and AM technique

A prealloyed gas atomized 316L stainless steel powder was used as
the feedstock material in this study. The chemical composition of the
powder is shown in Table 3. All disk-shaped specimens were built
through DMLS technique using an EOS M290 machine. A powder layer
thickness of 20 µm was employed with an Yb-fiber laser power of

Table 1
Catalog of printed disk artifacts. Y and N denote “Yes” and “No”, respectively.

Case Number 1 2 3 4 5 6 7 8 9 10 11 12 13 14

Diameter (mm) 25 35 45 55 65 70 75 80 45 45 45 45 45 45
Height (mm) 5 5 5 5 5 5 5 5 1 3 10 15 20 30
Stress Measurement N N Y N N Y N Y N N Y Y N N
Distortion Measurement Y Y Y Y Y Y Y Y Y Y Y Y Y Y

(a) (b) (c)

Height

Diameter

Fig. 1. (a) Schematic of support structure location with respect to an individual sample and base plate. (b) and (c) Schematic of support structure parameters.
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195 W and a scan speed of 1083 mm/s. An alternating scan pattern was
applied, where the hatching direction was rotated by 67° between the
consecutive layers. An ultra-high purity argon gas was purged into the
chamber during printing to keep the oxygen content less than 0.1%. To
reduce stresses imposed by thermal cycles, the build plate temperature
was maintained at 80 °C. The build plate was a hot rolled mild steel
panel with dimensions of 252 mm × 252 mm × 18 mm.

2.3. Residual stress measurements

Neutron diffraction residual stress measurements were performed
on the L3 diffractometer of the Canadian Neutron Beam Center, located
in the NRU reactor, at Canadian Nuclear Laboratories. Neutrons with
wavelength of 1.508 Å diffracted from the {511} planes of a germanium
monochromator were employed. The incident beam cross-section was
set using 2 mm × 2 mm apertures. Neutron diffraction provides the
capability to non-destructively measure residual stresses within bulk of
many engineering materials. The technique uses Bragg's law for
yielding residual elastic strains along principal directions, from which
the corresponding residual stresses can be computed. The elastic lattice
strain in the sampled gauge volume for a specific {hkl} planes can be
calculated using [39]:

=
−

ε
d d

dhkl
hkl hkl

hkl

0,

0, (1)

where dhkl and d0,hkl are lattice interplanar spacing for the sample under
study, and a stress-free reference sample, respectively. There are several
methods to determine a stress-free reference [40]. A common method is
to cut small cubes or matchsticks from the sample under investigation
or a duplicate. In the present contribution, two coupons with dimen-
sions of 20 mm × 2 mm × 2.5 mm were cut from a sister sample along
the length and width direction by EDM. To ensure that the extracted

coupons were stress-free, another pair of them was annealed under
argon atmosphere at 900 °C for 1 h, followed by furnace cooling. The
values of dhkl,0 for these four coupons were insignificantly (less than
3%) different, indicating that even the non-heat treated coupons were
strain-free. Thus, their average was taken for lattice strain calculations
in this study. The principal stresses (e.g. σxx, σyy, and σzz) can be cal-
culated from measured lattice strains (e.g. εxx, εyy, and εzz) using Hook's
law:

=
+ −

− + +σ E
ν ν

ν ε ν ε ε
(1 )(1 2 )

[(1 ) ( )]ii
hkl

hkl hkl
hkl ii hkl jj kk (2)

where Ehkl and νhkl are {hkl} diffraction peak specific elastic modulus
and Poisson ratio, respectively.

Based on length scale, residual stresses can be categorized into two
types: Type I stresses, or macro-scale stresses, which change over large
distances comparable to the dimensions of the work-piece, and Type II
stresses, or micro-scale stresses, which change over the order of grains.
Type II stresses, or intergranular stresses, originate from anisotropy in
different crystallographic orientations at the grains. Thus, it is of im-
portance for macroscopic residual stress measurements to choose an
{hkl} diffraction peak with minimum contribution from Type II stresses
[27,38]. In the case of austenitic stainless steel, {311} diffraction peak
has shown to have little sensitivity to intergranular stresses [41]. Thus,
this diffraction peak was used for residual stress measurements in this
contribution. The elastic constants for the {311} planes, E311 and ν311,
were taken to be 184 GPa and 0.294, respectively [27].

The residual stresses within the additively manufactured samples
were measured before and after removal of both build plate and sup-
port. For each sample, measurements were performed at a series of
locations along longitudinal (x) and transverse (y) directions at three
different heights, as schematically illustrated in Fig. 2. In this way, the
disk center points (X = Y = 0) were measured two times. For the other
locations, however, one measurement at each point was performed. The
uncertainty in the residual strain measurements was estimated based on
fitting the diffraction peaks by symmetrical Gaussian profiles. Each
location was measured in three different orientations to allow the cal-
culation of the stress along three principal directions.

2.4. Distortion measurements

The geometrical characteristics of the printed samples were mea-
sured using a coordinate measuring machine (CMM), Renishaw Cyclone
Series 2, before and after removal of both build plate and support
structures. The machine had a 1-µm position resolution with axial re-
peatability of± 2 µm within its full travel area. In all cases, contact
scanning was carried out using a Renishaw's SP620 touch trigger probe
with a 3-mm tip diameter and a length of 140 mm. For each sample,
three measurements were performed with different datum locations.
Renishaw's Tracecut 24a software was used for point cloud data ac-
quisition. Fig. 3 presents typical point clouds for top surface of a disk
with diameter of 45 mm and height of 5 mm before and after removal of

Table 2
Support structure parameters (mm).

Total
height

Fragmentation Hatching Teeth
height

Teeth
base
interval

Teeth
base
length

Teeth
top
length

5 X-interval = 4 X = 0.8 0.5 0 0.5 0.2
Y = 0.8 Y = 0.8
separation width
= 0.2

Table 3
Chemical composition of 316L stainless steel powder used as the feedstock material (wt
%).

C Cr Mn Mo N Ni O S Si Fe

0.03 17.9 2.0 2.4 0.1 13.9 0.04 0.01 0.75 Balance

Fig. 2. Schematic illustration of measurement point locations; (a) horizontal section (top view), (b) vertical section (front view), and (c) vertical section (side view).

M. Ghasri-Khouzani et al. Materials Science & Engineering A 707 (2017) 689–700

691



the build plate and support structures. The point clouds after removal
had a half-sphere geometry. Thus, the distortion level was defined by a
single metric, the radius of curvature of a sphere fit to the point cloud. A
search algorithm

Jmin x y z r, , ,c c c (3)

was applied to minimize an objective function, J, which was defined as
the square of the distance between point-cloud data points, (xi, yi, zi),
and a sphere centered at (xc, yc, zc) with radius r:

∑= − + − + − −J x x y y z z r[( ) ( ) ( ) ] .i c i c i c
2 2 2 2 2

(4)

Radius r was taken as the radius of curvature (ROC) for each disk.
The higher the ROC value, the lower the distortion level.

3. Results

3.1. Residual stresses before removal of build plate and support structures

Fig. 4 depicts the three residual stress components (σxx, σyy, and σzz)
for a disk with a height of 5 mm and diameter of 80 mm as a function of
position along x and y directions. The stress changes along x and y

direction were relatively similar, though some inconsistencies were
observed close to edges. The similarity of the stress profiles was at-
tributed to the symmetric sample geometry as well as the applied scan
pattern during DMLS, where the scan direction was rotated by 67° be-
tween consecutive layers. For the remaining experimental samples, the
stress profiles along one direction (either x or y) will be presented to
avoid repetition. From Fig. 4, it can also be seen that the x and y stress
components (σxx and σyy) profiles were similar to each other with
changing from tension near the top surface to compression near the
bottom surface for all measurement locations along both x and y di-
rections. The bending moment was asymmetric, where most stress-free
points were shifted from the sample mid-height (Z = 2.5 mm) towards
its bottom surface due to constraint from the build plate and support
structures. The z component stresses (σzz), however, were close to zero
in all locations.

Further inspection of Fig. 4 reveals that at both 2.5 mm and
3.75 mm heights from the bottom surface, the tensile in-plane stress
(σxx and σyy) magnitude decreased dramatically from the center (X = Y
= 0 mm) to the edges (X =±35 mm or Y =±35 mm) along both x
and y directions. This change was so sharp in some cases that the
stresses became compressive near the sample edges. The largest tensile

X (mm)

Y
 (

m
m

)

X (mm)

Y
 (

m
m

)

Z
 (

m
m

)

Z
 (

m
m

)

(a) (b)
Fig. 3. Coordinate point clouds for top surface of a
disk with diameter and height of 45 mm and 5 mm,
respectively before (a) and after (b) removal of the
build plate and support structures.

Fig. 4. Stress profiles along x (a-c) and y (d-f) directions at different heights for a disk with diameter and height of 80 mm and 5 mm, respectively, while still attached to support structures
and build plate.
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stress was observed near the top surface (Z = 3.75 mm) at the disk
center with an average value of 369±35 MPa.

The stress profiles along y direction for a disk with a diameter of
70 mm and height of 5 mm are shown in Fig. 5. Both in-plane and axial
stress profiles were similar those observed for the 80 mm diameter disk
(Fig. 4) with a bending moment of in-plane stresses and negligible axial
ones.

Fig. 6 shows the X, Y, and Z components of the residual stresses
profiled along y direction in a sample with diameter and height of
45 mm and 5 mm, respectively. Near the top surface of the disk (Z =
3.75 mm), large tensile in-plane stresses (≈ 350 MPa) were present at
the center (Y = 0 mm) and symmetrically approached zero at the edges
(Y =±18 mm). At the mid-height of the disk (Z = 2.5 mm), the in-
plane stresses changed from tension (≈ 230 MPa) at the center to
compression (roughly −200 MPa) at the edges. Near the bottom sur-
face of the disk (Z = 1.25 mm), an approximate parabolic distribution
of compressive in-plane stresses were observed. The magnitude of the
compressive stress was approximately 190 MPa and 0 MPa at the center
and edges, respectively. In the case of the axial stresses, the residual
stress magnitude in all locations was negligible. Comparison of Fig. 6
with Figs. 4 and 5 reveals that the in-plane residual stress gradient of
the 45 mm-diameter disk was three times steeper than that of the
70 mm and 80 mm diameter ones. This can be attributed to the cooling
rate difference between the part center and edges, where the difference
for 45 mm diameter disk is significantly greater than that of the 70 mm
and 80 mm diameter ones.

Residual stress profiles of a disk with a diameter of 45 mm and
height of 10 mm are provided as a function of position in Fig. 7. Tensile

in-plane stresses were observed near the top and bottom surfaces of the
disk, whereas compressive in-plane stresses were present at mid-height
of the sample (Z = 5 mm). Based on this residual stress distribution,
there seemed to be two neural manifolds at the sample; one above of
the mid-height and another below it. To ensure about this, two extra
points were measured at the disk center (X = Y= 0 mm) and heights of
Z = 3 mm and Z = 7 mm, as shown in Fig. 7. The in-plane stresses at
these two points were close to zero, confirming presence of two neutral
manifolds. This trend was dramatically different from the one observed
for the 5 mm-height disks (Figs. 4–6), where the in-plane stresses
changed from tension near the disk top surface to compression near the
bottom surface and formed a bending moment with a single neutral
manifold. The breakdown of the profile of the stress field through the
height as a function of the geometry is noteworthy. The doubling of the
height of the sample does not result in simple scaling the profile of the
stress-field. Instead, a non-linear variation emerges.

Further inspection of Fig. 7 shows that the magnitude of the tensile
in-plane stresses near the disk top surface (Z = 8.75 mm) oscillated
around 300 MPa along y direction. Near the bottom surface of the disk
(Z = 1.25 mm), however, the in-plane stress magnitude increased from
≈ 100 MPa at the center (X = Y = 0 mm) to ≈ 220 MPa at the edges
(Y =±18 mm). The magnitude of the compressive in-plane stresses at
mid-height of the disk (Z = 8.75 mm) was roughly 200 MPa at all lo-
cations along x axis. Z component residual stresses were around zero in
all measurement locations of the sample, similar to the trend observed
for the 5 mm-height disks (Figs. 4–6).

Fig. 8 depicts the three residual stress components (σxx, σyy, and σzz)
for a disk with a height of 15 mm and diameter of 45 mm as a function

Fig. 5. X, Y, and Z components of stress as a function of position along y direction in a disk with diameter and height of 70 mm and 5 mm, respectively before removal from build plate
and support structures.
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of position along x direction. Near the bottom and top surfaces of the
disk (Z = 1.25 mm and Z = 13.75 mm), large tensile in-plane stresses
(≈ 350 MPa) were present at all locations along x direction. At the mid-
height of the disk (Z = 7.5 mm), however, compressive in-plane
stresses were observed, whose magnitude decreased from ≈ 200 MPa
at the center (X = 0) to ≈ 0 MPa at the edges (Y =±18 mm). From
the distribution of the in-planes residual stresses, two neutral manifolds
seemed to be present in this sample, similar to what observed for the
10 mm-height disk in Fig. 7.

From Fig. 8(c), it can be seen that the axial residual stresses were
around 0 MPa and 100 MPa near the bottom and top surfaces of the
disk, respectively. At the mid-height of the disk, the magnitude of the
tensile axial stresses rose from ≈ 50 MPa at the center (X = 0) to ≈
100 MPa at the edges (Y =±18 mm).

3.2. Residual stresses after removal of build plate and support structures

Fig. 9 shows the residual stress profiles for the disk with height of
5 mm and diameter of 70 mm after parting from the build plate and
support structures. The stress changes along x and y direction were
relatively similar, though some inconsistencies were observed close to
edges. This indicates that the residual stress distribution remained
symmetric after removal of the base plate and support structures. For
the remaining experimental samples, the stress profiles along one di-
rection (either x or y) will be presented to avoid repetition. From Fig. 9,
it can also be seen that the x and y stress components (σxx and σyy)
profiles were insignificantly different from each other.

Further inspection of Fig. 9 reveals that at both 2.5 mm and
3.75 mm heights from the disk bottom surface, the in-plane residual
stresses (σxx and σyy) altered from tension at the center (X = Y =
0 mm) to compression at the edges (X =±30 mm or Y =±30 mm)

along both x and y directions. However, the stress gradient at disk mid-
thickness (Z = 2.5 mm) was steeper than near the top surface (Z =
3.75 mm). Near the disk bottom surface (Z = 1.25 mm), the in-plane
residual stresses were around 50 MPa in all locations. Comparison of
Fig. 9 with Fig. 5 will show that the magnitude of the in-plane residual
stresses in most locations decreased dramatically (up to 300 MPa) fol-
lowing the removal of the build plate and support structures. However,
the stress relaxation at the disk edges was less significant compared to
the center. The axial residual stresses did not change significantly after
the base plate and support structure removal.

Residual stress profiles of the disk with diameter of 45 mm and
height of 5 mm as a function of position after removal of the build plate
and support structures are provided in Fig. 10. Near the top surface (Z
= 3.75 mm) and mid-height (Z = 2.5 mm) of the disk, the in-plane
stresses changed from tension at the center (Y = 0) to compression at
the edges (Y =±18 mm). However, the stress gradient near the disk
top surface was more stabilized than that at the mid-height. The in-
plane residual stresses in all locations near the disk bottom surface (Z =
1.25 mm) were tension with a magnitude oscillating around 80 MPa. In
the case of the axial residual stresses (Fig. 10(c)), tensile stress mag-
nitude increased from zero near the top surface to ≈ 150 MPa near the
bottom surface. Comparison of Figs. 6 and 10 reveals that the removal
of the build plate and support structures resulted in a dramatic in-plane
stress relaxation (up to 330 MPa). However, the stress relaxation was
not identical for all locations along y direction with being more sig-
nificant at the disk center compared to the edges. The removal of the
build plate and support structures also led to an increase (≈ 100 MPa)
in the magnitude of the axial stresses near the disk bottom surface.

Fig. 11 depicts the three residual stress components (σxx, σyy, and
σzz) for the disk with height of 10 mm and diameter of 45 mm as a
function of position along y direction following the removal of the base

Fig. 6. Residual stresses along y direction for a disk with diameter and height of 45 mm and 5 mm, respectively, while still attached to support structures and build plate.
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plate and support structures. To avoid confusion, the data are also listed
in Table 4. The in-plane residual stresses were tensile near the top and
bottom surfaces of the disk, and compressive at mid-height of the
sample. Based on this residual stress distribution, it can be found that
there were two neutral manifolds at the disk, similar to that observed
before the removal of the build plate and support structures (Fig. 7).
However, the removal led to a significant decrease in the magnitude of
in-plane stresses near the disk top surface. It also stabilized the in-plane
stress gradient near the disk bottom surface. Nevertheless, the in-plane
residual stresses at the disk mid-height remained unchanged after the
removal. In the case of the axial residual stresses, the stress magnitude
at Z = 1.25, 3 and 5 mm and −8<Y<8 increased following the
removal.

3.3. Distortion analysis

CMM was performed on the DMLS fabricated parts before and after
removal of the build plate and support structures to quantify the dis-
tortion level. When the parts were attached to the base plate and sup-
port structures, their top surface was almost flat (Fig. 3(a)), and it was
not possible to fit a sphere to their point clouds. Removal of the base
plate and support structures, however, caused significant distortion in
most parts, as representatively shown for the disk with the diameter of
45 mm and height of 5 mm in Fig. 3(b). Thus, the parts point clouds
were fitted by a sphere to obtain the radius of curvature (ROC). Fig. 12
presents the ROC values for the disks with various dimensions. The
distortion level of the disks decreased significantly (ROC increased)
when their diameter or height became larger. This can be explained by
the observed residual stress profiles before removal of the build plate
and support structures, where the in-plane stress gradient from the disk

center to the edges was steeper for the disks with smaller diameter or
heights. This is in agreement with findings of Wu et al. [33] for addi-
tively manufactured 316 L stainless steel parts with prism geometry.
The higher distortion level of 5 mm height disk than that of the 10 mm
height one (Fig. 12(b)) can also be attributed to the more significant
stress relaxation observed for the former one.

Further inspection of Fig. 12 reveals that the ROC-height plot had a
greater slope than the ROC-diameter one, and saturated when the disk
height approached 15 mm. The ROC-diameter plot (Fig. 12(a)) is also
expected to saturate when the ROC reaches 3000 mm, meaning the
disks are almost flat.

4. Discussion

4.1. Explanation of the observed residual stress distributions

Residual stresses and distortion in the DMLS fabricated disk-shaped
components were measured via neutron diffraction and CMM, respec-
tively. When the disks were attached to the support structures and build
plate, the maximum measured stress magnitude was roughly 400 MPa,
close to the material yield stress (456±17 MPa [42]), which is similar
to that reported for rectangular plates [27], Charpy test specimens [11],
cuboid [17], prism and L-shaped parts [33]. Thus, it can be concluded
that the maximum residual stresses within the AM fabricated compo-
nents is close to the feedstock materials yield point regardless of the
component geometry and dimensions. It should be noted that the
measurement points were ≈ 1.25 mm far from the sample top and
bottom surfaces. Thus, it is likely that the in-plane stresses reach the
yield point at these free surfaces. The distribution of the residual
stresses seems to be highly dependent on the part dimensions. For the 5-

Fig. 7. Stress profiles along y direction at different heights for a disk with diameter and height of 45 mm and 10 mm, respectively before removal from build plate and support structures.
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Fig. 8. X, Y, and Z components of stress as a function of position along x direction in a disk with diameter and height of 45 mm and 15 mm, while still attached to support structures and
build plate.

Fig. 9. Stress profiles along x (a-c) and y (d-f) directions at different heights for a disk with diameter and height of 70 mm and 5 mm, respectively after removal from the support
structures and build plate.
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mm height disks in this study, the in-plane residual stresses changed
from tension near the top surface of the disks to compression near the
bottom surface of the disks before removal of the build plate and sup-
port structures. The bending moment, which was also observed in the
DMLS fabricated Charpy test specimens [11], can be explained in terms
of localized thermal contraction during the DMLS process. When
molten metal is deposited on a cold build plate in early stages of DMLS,
it tries to shrink during solidification. However, this thermal contrac-
tion is constrained by the cold, rigid build plate, leading to creation of
tensile in-plane stresses in the early deposited layers and compressive
ones in the build plate. When a significant number of layers are de-
posited, the early layers are annealed and their tensile residual stresses
are relieved. However, the solidification of newly added layers creates
compressive in-plane stresses in both the build plate and early de-
posited layers (near the disk bottom surface). The last deposited layers
(near the disk top surface) exhibit the greatest tensile in-plane stresses
because they do not experience significant annealing whereas their
contraction is constrained by a thick, cold metal.

In the case of the 10 mm and 15 mm height disks, the in-plane re-
sidual stresses were tension near both the top and bottom surfaces of
the parts and compression at the mid-height. This residual stress profile
is in agreement with that observed for a SLM fabricated 316 L stainless
steel cuboid with a height of 10 mm [17]. It is believed that the part
height (number of powder layers) is one of the most important para-
meters determining the magnitude and distribution of the residual
stresses [17,19]. For instance, it was reported that the magnitude of
tensile in-plane residual stresses increased by four times when the part
height rose from 5 mm to 10 mm [17]. For tall components, the thermal
contraction of the last deposit layers is mainly constrained by the
component rather than the build plate. In the case of 5 mm height disks,

the contraction was constrained by the bottom zone of the disk (5 mm
far from the disk top surface). In the case of 10 mm height disks, 5 mm
far from the disk top surface corresponds to the mid-height. Thus, the
thermal contraction of the upper zone of the disk is constrained by the
mid-height zone, resulting in creation of tensile residual stresses near
the top surface and compressive one at the mid-height. Presence of
tensile in-plane residual stresses near the bottom surface of 10 and
15 mm height disks seems to be attributed to the increased disk height,
where their magnitude increased from roughly 150 MPa for the 10 mm
height disk to approximately 350 MPa the 15 mm height one. Based on
the observed dramatic change in the residual stress magnitude and
distribution with the number of powder layers in this contribution and
other studies [17,19], it seems that the stress states of the deposited
layers evolve several times during the DMLS process. Thus, in-situ
measurement of the residual stresses during the layer deposition should
the subject of future study.

4.2. Correlation between the residual stresses and distortions

When the 5 mm height disks were attached to the build plate and
support structures, the magnitude of the in-plane tensile stresses near
the disk top surface (Z = 3.75 mm) and mid-height (Z = 2.5 mm)
decreased significantly from the sample center (X = Y = 0) to the
edges. The residual stress gradient was so sharp in some cases that the
stress state changed from tension at the center to compression at the
edges. This stress gradient which is also observed in the case of
quenching [43] and welding [44] can be explained by temperature
distribution within the component, where edges are colder and cool
faster compared to the center [45]. The in-plane stress gradient can
cause component distortion in both AM [11,19,22,25,29,33] and

Fig. 10. Residual stresses along y direction for a disk with diameter and height of 45 mm and 5 mm, respectively after removal of the build plate and support structures.
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welding [44]; in the latter, heating the part edges during the process
can stabilize the stress gradient and consequently mitigate the distor-
tion. The experimental samples in this contribution distorted after re-
moval of the build plate and support structures. In particular, part edges
bent up with exhibiting spherical deflection similar to that observed for
the additively manufactured components with Charpy test specimen
[11], wall [22,25,29] and prism [33] geometries. The distortion level
decreased when part became taller and larger in diameter, as shown in

Fig. 12. This can be understood given the residual stress profiles for the
parts, where the in-plane stress gradient became less steep as part
diameter and height increased.

4.3. Stress-free locations

Before removal of the build plate and support structures, the mag-
nitude of the in-plane tensile stresses in all disks was significantly
greater than that of the compressive ones. In the case of 5 mm height
disks, the neutral manifold seemed to be present below the disk mid-
height as a consequence of constrain from the build plate and support
structures. From in-plane stress distribution of the 10 mm and 15 mm
height disks, two neutral manifolds seemed to be present in each disk,
one above and the other below the mid-height. To determine the stress-
free locations, the in-plane stress as a function of position along the disk
height (Z) was plotted separately for all the disks. Then, the plots were
fitted by a single line for the 5 mm height disks and two different lines
in the case of 10 mm and 15 mm height samples. The x-intercepts of the
lines were taken as the heights at which the in-plane stresses were zero.
The zero-stress locations for the as-built disks with different dimensions
are depicted in Fig. 13. For 5 mm height disks (Fig. 13(a)), most stress-
free points (except for the disk edges) were located below the disk mid-
height, where the distance from the mid-height increased as the disks
became larger in diameter. Near the disk edges, however, the stress-free
points were slightly above the disk mid-height. The change in the lo-
cation of the stress-free points is a consequence of the observed in-plane
stress gradient from the disk center to the edges. In the case of 10 mm
and 15 mm height disks, two series of stress-free points were de-
termined. The location of these points were shifted further away from

Fig. 11. X, Y, and Z components of stress as a function of position along y direction in a disk with diameter and height of 45 mm and 10 mm, respectively after removal from the build
plate and support structures.

Table 4
Residual stress data for a disk with diameter and height of 45 mm and 10 mm, respec-
tively after removal of the support structures and build plate.

X (mm) Y (mm) Z (mm) σxx (MPa) σyy (MPa) σzz (MPa)

0 −17 1.25 214.62 233.49 95.68
0 −8 1.25 221.31 226.58 159.57
0 0 1.25 207.19 203.99 144.65
0 8 1.25 202.48 201.06 139.18
0 17 1.25 219.58 218.51 87.39
0 −17 5 −167.54 −205.15 −2.78
0 −8 5 −155.71 −166.73 126.24
0 0 5 −110.62 −119.80 147.72
0 8 5 −178.12 −160.79 117.74
0 17 5 −147.32 −164.61 58.76
0 −17 8.75 238.70 239.93 77.11
0 −8 8.75 202.59 196.94 61.07
0 0 8.75 147.43 145.84 58.90
0 8 8.75 172.90 204.43 50.17
0 17 8.75 189.66 205.46 48.89
0 0 3 49.16 53.96 186.78
0 0 7 −19.33 −16.02 104.86
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the mid-height when the disks became taller because the magnitude of
the tensile residual stresses near the top and bottom surfaces of the disk
increased.

5. Conclusions

Residual stresses and distortion in the DMLS fabricated disk-shaped
316 L stainless steel components were experimentally measured via
neutron diffraction and CMM, respectively. When the disks were at-
tached to the support structures and build plate, the maximum stress

magnitude was observed in the longitudinal and transverse directions
and was roughly 400 MPa (close to the material yield stress). The in-
plane stresses changed from tension near the disk top surface to com-
pression near the bottom surface for the 5 mm height disks. In the case
of 10 mm height disks, however, in-plane residual stresses were found
to alter from tension near both the top and bottom surfaces to com-
pression at the sample mid-height. The axial residual stresses were
negligible for all as-built disks. The magnitude of the in-plane stresses
decreased dramatically (up to ≈ 330 MPa) after removal of the build
plate and support structures. The stress relaxation for the 5 mm height

Fig. 12. ROC values for the experimental disks after parting from the base plate and support structures; (a) 5 mm height disks with different diameters, (b) 45 mm diameter disks with
various heights.

Fig. 13. Location of stress-free points within the (a) 5 mm height, (b) 10 mm height, and (c) 15 mm height disks. Dashed lines denote the disk mid-height locations.
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disks was more significant than that of 10 mm height ones, leading to a
higher distortion level (lower ROC values) for the former. In the case of
5 mm height disks, the stress relaxation increased from the disk edges to
the center, where the gradient became steeper for the smaller diameter
disks resulting in them displaying higher distortions. The simple geo-
metry employed in this contribution and the achieved data can be used
for validation of theoretical models for predicting distortion and re-
sidual stresses within DMLS fabricated components.
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