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Abstract

Additive manufacturing (AM) technology provides unique opportunities for producing net-shape
geometries at the macroscale through microscale processing. This level of control presents
inherent trade-offs necessitating the establishment of quality controls aimed at minimizing
undesirable properties, such as porosity and residual stresses. Here, we perform a parametric
study into the effects of laser scanning pattern, power, speed, and build direction in powder bed
fusion AM on residual stress. In an effort to better understand the factors influencing macroscale
residual stresses, a destructive surface residual stress measurement technique (digital image
correlation in conjunction with build plate removal and sectioning) has been coupled with a
nondestructive volumetric evaluation method (i.e., neutron diffraction). Good agreement
between the two measurement techniques is observed. Furthermore, a reduction in residual stress
is obtained by decreasing scan island size, increasing island to wall rotation to 45° and increasing
applied energy per unit length (laser power/speed). Neutron diffraction measurements reveal
that, while in-plane residual stresses are affected by scan island rotation, axial residual stresses
are unchanged. We attribute this in-plane behavior to misalignment between the greatest thermal
stresses (scan direction) and largest part dimension.

Introduction

Additive manufacturing (AM) refers to a family of layer-by-layer building methodologies
capable of producing three-dimensional structures from a precursor material>. While the focus
of this work is on metal-based powder bed fusion additive manufacturing, AM methods have
found applications in metals’, polymers, and ceramics™ due to their ability to create complex,
net shape parts with little waste material using a single automated process. Despite over two
decades of AM technology, significant challenges for large-scale incorporation of AM
methodologies remain. Inherent trade-offs between achieving fast processing times, full-density,
relatively stress free structures and good microstructural and mechanical integrity have created a
demand for process optimization.

In powder bed fusion AM, a very thin powder layer is distributed and selectively melted by a
controlled laser; this procedure is repeated until a complete part is built. Powder size and
packing, material, laser settings (power, spot size, speed) and scanning parameters (pattern,
orientation angle, overlaps) must be selected such that the powder layer is fully melted locally
and bonded to the substrate. However, the development of large thermal gradients near the laser
spot®, rapid cooling and repetition of this process gives rise to localized compression and tension,
resulting in AM parts with significant residual stresses. The thermal gradients present during
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building are affected by many process parameters (part size, build time, build plate/powder bed
temperature, atmosphere, powder thermal characteristics, melt pool size, etc.). Aside from their
potential impact on the mechanical performance and structural integrity of AM parts, residual
stresses developed during processing may cause localized deformations resulting in a loss of net
shape, detachment from support structures, or failure of the AM part.

Parametric effects on residual stress

The growing importance of AM technologies in industry calls for a concentrated, systematic
effort to understand the effect of and coupling between each component in the powder bed fusion
AM parameter space with residual stress development. However, the confounding behavior
inherent in parameter optimization for full density, microstructure/mechanical performance and
residual stress must not be neglected.

It is a well-documented fact that powder bed fusion AM processing can lead to residual stresses
as high as the bulk yield strength of the AM material® and, sometimes, in excess of such’. Due to
limitations in available laser power settings, rather than investigate melt-pool-size related effects
on residual stress, recent experimental efforts focused on minimizing residual stresses by
tailoring the laser scanning pattern. The reduction in residual stresses with the use of shorter scan
lines®, scan vector reduction’ and island scanning (which can result in a 40% reduction in
residual stress'’) has been well-documented. The potential to minimize residual stresses by
altering scanning orientation exists®’ and laser path optimization based on inherent substrate
(i.e., build plate) preheating has been proposed and demonstrated by Klingbeil et al.''.

Since residual stresses are such an undesirable phenomenon in AM processing, many studies into
their characterization have prompted the development of process modifications aimed at their
mitigation. While in situ heating (e.g., build plate heating; reheating of the melt pool) has been
shown to reduce residual stresses in AM parts'>"®, a more common approach is ex situ
annealing'*, which has demonstrated a 70% reduction in residual stresses.

Residual stress measurement methodologies

Residual stress measurements can be categorized as either nondestructive' or destructive; both
categories have benefits and drawbacks and tend to be application specific'®. The most
commonly used nondestructive methods are X-ray'’ and neutron diffraction'®, which are capable
of providing near-surface and volumetric residual stress measurements in crystalline materials,
respectively'”. These methods provide accurate residual stress measurements without the need
for numerical analysis (e.g., finite element analysis (FEA)) yet require specialized equipment
(i.e., synchrotron or neutron sources). Other nondestructive methods include ultrasonics®,
electrical resistivity”', magnetic behavior’*, and piezo-spectroscopy in thin films***; these are
material and geometry specific. While these methods are largely used ex situ, X-ray diffraction
has been used to evaluate other types of process-induced residual stresses in situ (thin films®,

welded materials®® and composites®’).

Destructive methods mainly revolve around creating free surfaces in a part and relating resultant
deformations back to residual stresses (e.g., hole drilling®®, sectioning or contouring® and crack
compliance or slitting””). Aside from traditional strain gages, newer, whole-surface measurement
methods have been used in this endeavor, including digital image correlation (in conjunction
with hole drilling’'*, before-and-after thermal coating application® and even focused ion
milling**>®*) and electronic speckle pattern interferometry (ESPI) (in conjunction with hole
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drilling®**. Indentation™ has been used to measure surface-level residual stresses as well. While

destructive methods are capable of providing location-specific residual stress information, they
typically require the use of additional analysis (e.g., FEA) to determine residual stresses from
deformation behavior.

Qualitative evaluations are often practical, given the large parameter space and need for
comparison among AM parts (e.g., process-induced warping'' and the bridge method/warping
upon build plate removal’**. These indirect methods provide a parameter (i.e., deflection angle)
which is used as a basis for comparison of various AM parts without the need for FEA.

In this study, we explored the ability of DIC used in conjunction with sectioning to provide
quantitative, surface-level residual stress measurements (also without FEA) in thick section parts
and validated this approach using near-surface measurements made via neutron diffraction. DIC
was selected due to its ability to obtain fast, accurate, non-contact surface measurements without
surface conditioning. Neutron diffraction provided accurate, nondestructive internal residual
strain measurements. These experimental techniques were performed to (1) demonstrate the
ability of DIC to function as a residual stress measurement technique, (2) measure quantitatively
the residual stress distributions and relate such to deformation behavior upon sectioning/build
plate removal, (3) understand the effect of laser scanning pattern, power, and speed on residual
stresses in AM 316L stainless steel and (4) draw conclusions on the factors influencing residual
stresses in powder bed fusion AM parts.

Materials and Methods

Specimen Preparation

All AM specimens were processed using 316L stainless steel powder (Concept Laser, CL-20)
with a 30 pm powder layer. L-shaped rectangular and quadrilateral prism (Fig. 1) specimens
were built using a Concept Laser M2 (50 pm, D4Sigma Gaussian beam) with power and speed
parameters selected based on a density optimization study by Kamath et al.*’. The L-shaped
specimens were designed to facilitate neutron diffraction measurements; additionally, they
possess interesting in-plane and axial residual stress gradients. Prism specimens were selected to
highlight the effect of length scale on residual stress development. The 5 x 5 mm island scanning
strategy, patented by Concept Laser GmbH, and discussed by Kruth et al.'' was adopted in the
preparation of the L-shaped specimens. In the case of the prisms, scanning pattern was varied
between a continuous scan (perpendicular to the base, in the case of horizontally-built
specimens, with scan lines overlapping), 3 x 3 mm islands, and 5 x 5 mm islands (with a hatch
angle perpendicular to the base in both cases).

Mechanical Behavior and Porosity

Laser-based additive manufacturing gives rise to non-homogeneous morphologies and,
sometimes, anisotropic*® grain structures often with some degree of porosity. The microstructure
of 316L stainless steel specimens processed at 400W using different scanning strategies is shown
in Fig. 2. Here, the dark spots represent pores formed during processing. Melt pool lines non-
epitaxial growth is evident in Fig. 2¢ and Fig. 2f.

In order to accurately calculate residual stresses based on measured deformations/strains, it is
necessary to characterize the bulk mechanical properties of AM specimens. AM metals often
exhibit higher-than-average yield stresses*’, likely due to the nucleation of dislocations driven by
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the extreme stresses induced during processing (consequent melting/expansion and
solidification/shrinking). The elastic modulus, yield stress and porosity have been measured
respectively via resonance ultrasound spectroscopy (RUS), mechanical axial compressive
loading and Archimedes' Principle in conjunction with image analysis, respectively, as a function
of scanning pattern (Table 1). Small specimens (0.5 cm) were evaluated in order to minimize any
residual stress-related measurement artifacts.

Elastic modulus measurements are used in the following sections to calculate residual stresses
from DIC measured strains. Note that elastic modulus decreases with porosity in an expected
manner. An extensive review of porosity-elastic modulus relationships can be found in the
manuscript by Choren et al.*®.

L-shaped specimens built at various laser power and speed settings yielding porosity values
<1.5% (Table 2). Since laser power and speed are coupled, it is beneficial to use a single
parameter to describe the overall effect of each power/speed setting explored. We have
considered volumetric energy density’’ and normalized enthalpy (Eq. 1)*". However, the former
does not account for beam size, while the latter requires accurate measurements of thermal
properties, which are not currently available. The melt pool geometry for each laser power/speed
setting of interest has also been estimated using the Eager-Tsai model’'. These parameters are
reported in Table 2; however, the most straightforward method for comparison consisting of the
least number of assumptions is energy per unit length (laser power divided by speed).

S Eq. 1

Neutron Diffraction

Neutron diffraction measurements were performed on the SMARTS diffractometer at the Lujan
Center at the Los Alamos Neutron Science Center (LANSCE), Los Alamos National Laboratory,
following the procedure described in detail by Brown et al.'®.

Digital Image Correlation

In an effort to characterize the surface residual stresses affecting the specimens described above,
a modified contour method has been adopted. A non-contact optical measurement system
(ARAMIS, GOM mbH) was used to evaluate the strain resulting from sectioning and build plate
removal. This analysis is performed by digitally comparing images acquired before and after
localized stress relief due to sectioning. Specifically, a black and white speckle pattern is applied
to the AM specimen, which enables the ARAMIS software to divide an image of the part into a
specified number of facets. Localized deformation of these facets is measured and used to
calculate the strain components over facets across the part. The stress giving rise to the observed
strain is representative of the surface-level residual stresses in the specimen, local to the cut
surface.

A facet size of 100 pixels was found to provide optimal displacement measurements with
minimal edge loss (based on a calculation matrix of 5x5 facets) for our speckled AM specimens.
These parameters yielded a maximum noise of <0.03% strain. Noncontact wire EDM was used
for all sectioning in order to prevent localized plastic deformation typically introduced through
conventional machiningzg; however, this method has been shown to induce localized tensile
residual stresses up to a maximum depth of 50 pm in C45 steel’. Despite this, wire EDM is
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considered a standard for stress-relieving residual stress measurement techniques, as
deformations arising from sectioning-induced strain relief in AM parts are observed to be about
60 times larger than the surface wire EDM interaction layer.

Results and Discussion
Residual Stress

1. Prism surface displacements

Digital image correlation in conjunction with sectioning and build plate removal was used in an
effort to evaluate the effect of build direction and scanning strategy on residual stress
development in 316L stainless steel specimens built at a laser power and speed setting of 400W
and 1800mm/s, respectively. Both “horizontally”- (z-direction) (Fig. 3) and “vertically”-built (y-
direction) (Fig. 4) specimens experienced spherical deflection upon build plate removal, with
edges “peeling up” away from the plate. Specifically, in horizontal builds, shrinking in x (Fig.
3a) and y (Fig. 3b), accompanied by spherical deflection in z is observed.

The lower 2 cm of vertically-built specimens (Fig. 4) experiences deformation upon build plate
removal. Specifically, expansion in x (Fig. 4a) near the base and contraction in the bottom half of
the prism is observed. This behavior, coupled with the positive bending moment in y (Fig. 4b)
points to similar spherical deformation local to the base of the specimen. The lack of
displacement at the top half of the specimen does not imply that there are zero residual stresses
in this region; rather, it is a feature of the specimen’s ability to self-relieve elastically upon the
removal of a constraint.

2. Prism internal strains

Neutron diffraction scans (Fig. 5) indicate significant in-plane (cxx and oyy) residual stresses near
the top of the prism, which abate near the stress-relieved face (base). The axial (Fig. 5b) residual
stresses also abate near the base; however, there is a significant tensile component on one side of
the specimen. This asymmetry could either be attributed to post-processing surface preparation
(polishing) on this face or a bending moment within the vertical specimen.

3. L-shaped specimen DIC and neutron diffraction measurements

To better understand the in-plane residual stress distributions established during powder bed
fusion AM, neutron diffraction measurements of an L-shaped specimen (400W, 1800mm/s, 5x5
mm island pattern at 45° to the part edge) are provided as a function of position in Fig. 6. Near
the top surface of the part (Fig. 6a-6¢), significant axial residual stresses are present. In-plane
residual stresses are greatest along the largest part geometry—o, in the x-direction and oyy in the
y-direction. The evolution of the in-plane residual stress from high (Fig. 6b) to lower and near-
zero (Fig. 6e) tensile values translates into the “peeling away” (downward curvature when
observed from the top surface) observed upon horizontal sectioning of these parts.

The axial residual stress gradient becomes well-established at 15 mm height (Fig. 6f); note that
residual stresses are compressive at the center of each arm and tensile at the corners with the
exception of the interior corner. We observe this to be typical in our as-processed powder bed
fusion AM structures.



A composite cross-section has been compiled based on stresses calculated from neutron
diffraction and DIC-measured displacements (Fig. 7a) acquired at mid-height in an L-shaped
specimen. The combination of methods provides a complete view of surface and volumetric axial
residual stresses. This is important due to the significant variation in residual stress, which is
highly compressive near the center of the part and highly tensile at corners (Fig. 7b). A notable
exception is the interior corner, which possesses near-zero axial (6,,) residual stresses, providing
a good example of the effect that part geometry can have on residual stress development.

Axial (o,,) neutron diffraction scans were performed in three locations along this corner region
(Fig. 8). Here, it is evident that axial strains ([],) are largest near the build plate, near-zero at the
top free surface, and vary from tensile to compressive as a function of distance from exterior
corner and from the build plate.

4. Scan strategy

4.1 Island size

Significant tensile stresses are observed at the surface of AM parts (Fig. 9); this is in agreement
with the findings of Mercelis and Kruth®, in which sector scanning strategies aimed at reducing
the large tensile residual stresses in the top portion of the part are discussed. A decrease in tensile
residual stresses upon reducing the island size from 5 x 5 mm to 3 x 3 mm is observed. Kruth et
al.” observed qualitatively that a reduction in scan vector length resulted in a reduction of curling
angle in bridge-like specimens upon build plate removal, concluding that residual stresses were
lower for smaller scan vectors. While their analysis did not capture an effect of decreasing island
size, these results are consistent with their findings on scan vector length. Lower tensile residual
stress observed in the continuously scanned prism specimen is attributed to self-relieving due to
significant internal free surfaces (high porosity), as well as the lower effective elastic modulus
measurement used in the calculation of residual stresses from DIC measured strains.

Measurements of tensile residual stresses in excess of yield have been reported for AM
specimens previously’. Here, we make the assertion that bulk yield strength measurements may
not be appropriate for comparison with residual stresses in AM parts, which are non-uniform and
thus expected to affect bulk yield strength measurements.

4.2 Island rotation

A comparison of residual strains within the 9 mm arm of three L-shaped specimens is provided
in Fig. 10. Observe that island orientation/power/speed affect the in-plane strain components ([
and [y), while axial strains ([/,) remain unaffected. Specifically, a significant decrease in tensile
residual strains in the y-direction is apparent between specimens built at 400 W, 1800 mm/s and
250 W, 1800 mm/s. Rather than attribute this phenomenon to an increase in laser power, we
attribute it to island rotation from 0° to 45° from the part wall. This conclusion is in agreement
with the results of the qualitative residual stress evaluation performed by Kruth et al’. We
attribute this in-plane behavior to misalignment between the greatest thermal stresses (scan
direction) and largest part dimension. By contrast, the axial thermal gradients are unaffected by
island rotation and remain controlled by laser settings/enthalpy, geometry and boundary
conditions.



5. Laser power

The effects of laser settings are less straightforward to evaluate than scanning strategy, due to
their numerous and coupled effects. At a given laser power, fast scanning will result in
insufficient melting and poor density while too slow scanning will result in overheating and
keyholing®, which leads to voids in sub-surface layers and, once again, poor density. These
parameters also affect thermal gradients, cooling rates and build time, all of which affect residual
stress development. Therefore, understanding their contribution is critical in process
optimization. However, there are few studies aimed at such’ and less which evaluate laser
powers greater than 200W.

A qualitative assessment can be made using the DIC measured deflection of an exposed surface
within these parts. A decrease in residual stress-induced deflection is observed in parts built at
increasing energy per unit length, with the least amount of deflection occurring in parts built at a
laser power and speed of 100 W and 400 mm/s, respectively. Furthermore, this approach
confirms the role of island rotation in reducing residual stresses in parts built at 400 W and 1800
mmy/s.

Conclusions

A digital image correlation based method for measuring surface level residual stresses is
presented and used in conjunction with neutron diffraction to assess the effect of specimen
geometry and AM parameters, specifically scanning pattern and laser power/speed, on residual
stress development. Combined stress-relief-via-sectioning and digital image correlation provide
surface residual stress measurements without surface conditioning or finite element analysis.
Results obtained using this approach are in good agreement with near-surface neutron diffraction
measurements made on the same part (Fig. 7), thus demonstrating the ability of this method to
provide not only qualitative insight into process-induced residual stresses (Fig. 11), but also
quantitative surface level residual stress measurements (Fig. 9).

Powder bed fusion AM results in residual stresses which, in the absence of annealing, cause
spherical deformation upon sectioning/build plate removal in the prism and L-shaped specimens
studied herein. This deformation is highly pronounced in horizontally-built prism specimens and
is more localized in vertically-built prisms. Findings of this study are consistent with the
literature in that residual stresses generated during AM processing tend to be compressive near
the center of AM specimens and tensile near surfaces® and that scan vector length and island
rotation’ play a significant role in residual stress development. Experimental observations on the
effects of processing parameters are summarized below.

1. A decrease in tensile residual stresses is observed for specimens built using 3x3 mm
islands (as compared with 5x5 mm islands). Further reduced residual stresses are
observed for continuously scanned prisms (Fig. 10)—this is attributed to a significant
quantity of pores introduced during processing (Fig. 2b), which aid stress relief and
decrease elastic modulus (thus reducing calculated residual stress).

2. Neutron diffraction measurements reveal that in-plane residual strains are affected by
island rotation, while axial residual strains remain unchanged. We assert that this
reduction in residual stresses through the use of 45° off-axis scanning creates a beneficial
misalignment between the greatest thermal stresses (scan direction) and largest part
dimension.



3. In-plane tensile residual strains measured via neutron diffraction increase with proximity
to the top surface of our AM parts, causing them to deform spherically with the edges
“peeling up” upon sectioning/build plate removal. We attribute this behavior to constraint
against in-plane shrinkage imposed by sub-surface layers, coupled with reheating effects
of the sub-surface layers.

4. Investigations into the coupled effect of laser power and speed reveal that as energy per
unit length is increased, residual stress induced deflection upon sectioning is decreased.
These processing parameters have multiple effects, including altering the temperature of
the substrate/sub-surface layer and the size of the heat affected zone. These results
indicate that increasing both of these results in lower residual stresses in powder bed
fusion parts.
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Table 1. Mechanical and physical properties of AM specimens processed at a laser power and
speed of 400W and 1800mm/s as a function of scanning strategy

Processing Conditions Elastic Modulus (GPa) Yield Stress  Porosity (%)
compression RUS 0.2% offset
(MPa)

5x5 mm islands® 187° 190 422° 1.2+0.1
3x3 mm islands® 183 467" 1.3

3x3 mm islands" 184 437 1.3
Continuous scanning 173 345¢ 5.1
Wrought 193 N/A 170 0

*x-y shift of 1 mm between layers

®x-y shift of 0.6 mm between layers

‘Measurement acquired using three strain gages at 120° around the specimen diameter;
experiment performed for the 5x5 mm case only

Measured under compressive loading

Table 2. Porosity and calculated AM characteristics in specimens processed using the 5x5 mm
island scanning strategy for specified function of laser settings

. . Energy/Unit . Melt Pool Melt Pool Melt Pool
Processing Porosity Normalized .
Conditions (%) Length Enthalpy Width Length Depth
(J/m) (nm) (nm) (nm)
100W, 400mm/s 0.93 250 324 129.6 212.4 59.5
250W, 1500mm/s 0.9 167 41.8 105.6 526.0 52.8
250W, 1800mm/s 1.39 139 38.2 100.8 523.5 48.0
400W, 1800mm/s 1.19+0.09 222 61.1 129.6 846.4 60.0

*From Kamath et al."”

Table 3. Laser parameters and AM specimen material properties

parameter symbol 316L
Surface absorptivity n 0.4

Power P variable
Density at melting p 7978 kg/m’
Enthalpy at melting hy 1.2 (10%*7J
Thermal diffusivity o 5.38 (10°) m%/s
Half width of Gaussian beam c 1.3(10%) m
at surface

Speed U variable
Specific energy/kg AH variable
“From Rai et al.>
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Fig. 3. (a)-(c) Top surface displacements with local (surface) coordinate system for horizontal
specimens scanned using a 5x5 mm island pattern 0° from the base wall; (d) exaggerated
deformation schematic
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Fig. 4. (a)-(c) Side face displacements with local (surface) coordinate system for vertical
specimens scanned using a 5x5 mm island pattern 0° from the base wall; (d) exaggerated
deformation schematic
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Fig. 5. Neutron diffraction measurements along (a) the axis of a vertically-built prism with one
polished face yield residual stress components (b-d).
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Fig. 6. Residual stress components measured via neutron diffraction at (a-c) 4 mm and (d-f) 15
mm from the top of the specimen. See Fig. 1 for coordinate system and neutron diffraction scan
locations.
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Fig. 7. Comparison of surface and volumetric axial residual stresses measured via
DIC/sectioning and neutron diffraction, respectively, at z=15 mm in an L-shaped bracket
specimen built at 400 W and 1800 mm/s shown as a (a) 3D and (b) contour plot
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