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a  b  s  t  r  a  c  t

Experimental  measurements  are  a critical  component  of  model  development,  as  they  are  needed  to
validate  the  accuracy  of the  model  predictions.  Currently,  there  is  a deficiency  in the  availability  of
experimental  data  for laser  powder  bed  fusion  made  parts.  Here,  two  experimental  builds  of cylindrical
geometry,  one  using  a rotating  scan  pattern  and  the other  using  a constant  scan  pattern,  are  designed
to  provide  post-build  distortion  measurements.  Measurements  are  made  using  a  coordinate-measuring
machine  which  provides  distortion  profiles  along  the height  of  the  part at four  separate  locations.  Mea-
surements  show  that for these  cylindrical  thin  wall builds,  there  is no discernable  effect  on  distortion  from
using  the  rotating  versus  constant  scan patterns.  Project  Pan  finite  element  modeling  software  is  used  to
model  each  of  the experimental  builds.  The  simulation  results  show  good  agreement  with  experimen-
tal  measurements  of  post-build  deformation,  within  a 12%  percent  error  as  compared  to experimental
measurements.  Using  the  FE model,  the effect  of  a  flexible  versus  a  rigid  substrate  on  distortion  profile
is  examined.  The  FE model  is  validated  against  in  situ  experimental  measurements  of substrate  distor-
tion.  The  simulated  results  are  used  to  study  stress  and  distortion  evolution  during  the  build  process.

Internal  stresses  calculated  by  the  model  throughout  the  part  are  used  in  explaining  the  final  part  distor-
tion.  The  combination  of  experimental  and simulation  results  from  this  study  show  that  the  distortion  of
the  top  layer  is relatively  small  (less  than  30%)  throughout  the duration  of  the  build  process  compared
to  the  peak  distortion,  which  occurs  several  layers  below  the most  recently  deposited  layer.  For  these
geometries  once  the part is built  to  a  sufficient  height,  the  peak  distortion  magnitude  does  not  change.

© 2016  Published  by  Elsevier  B.V.
. Introduction

Recent developments in additive manufacturing (AM) allow for
he rapid production of end-use parts without the need for signifi-
ant post-build machining. In particular, the accuracy attainable by
aser powder bed fusion (LPBF) AM allows for parts to be built with
omplex interior geometry previously unattainable by traditional
anufacturing means. However, residual stresses caused by local-

zed thermal gradients in the parts often result in build failures.
uild failures include: delamination of layers, support structure

racture, part interference with the recoating mechanism, high lev-

ls of post-build distortion, voids in solid material, and lack of fusion
f deposited material [1–3]. In order to mitigate the several types
f failure associated with high levels of material deformation, an

∗ Corresponding author.
E-mail address: ajd315@psu.edu (A.J. Dunbar).

ttp://dx.doi.org/10.1016/j.addma.2016.08.003
214-8604/© 2016 Published by Elsevier B.V.
improved understanding of how deformation and residual stress
accumulate in AM parts is needed.

Much of the experimental research is focused on the micro-
scale, single lines and individual layers. Pohl et al. [4] varied laser
scan pattern and speed for a single layer and used post-process
experimental deflection results to compare and identify the best
build parameters. Work shown by Kempen et al. [5] utilizes a new
technique for in situ melt pool characterization. By analyzing the
melt pool in situ, ideal processing parameters are selected by per-
forming several single track tests. While experiments like these are
useful in the determination of ideal processing parameters required
to achieve fully dense and fused material, they do not address
geometry dependent structural stresses that build up in full-scale
LPBF built components.

While experiments may  be informative to the LPBF build pro-

cess, when extended to the larger scale this type of parametric
analysis proves to be expensive. In these cases, simulation can be
used to identify ideal parameters to be used in LPBF. Zhang et al.[6]
performed an analysis on processing parameters for the LPBF build

dx.doi.org/10.1016/j.addma.2016.08.003
http://www.sciencedirect.com/science/journal/22148604
http://www.elsevier.com/locate/addma
http://crossmark.crossref.org/dialog/?doi=10.1016/j.addma.2016.08.003&domain=pdf
mailto:ajd315@psu.edu
dx.doi.org/10.1016/j.addma.2016.08.003
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Fig. 1. Schematic of the deposition. Note that the build height is not constant for
both cases. Build height for Case 1 (rotating scan pattern) is 6.16 mm.  Build height
for Case 2 (constant scan pattern) is 12.70 mm.
A.J. Dunbar et al. / Additive M

rocess. The study focused on a W–Ni–Fe powder bed build where
 model was used to determine processing parameters required to
each a user specified melt pool depth. Another study performed
y Dai et al.[7] used simulations to predict melt pool size based off
f an input laser energy density. The work focused heavily on mea-
uring the size of the melt pool and determined that the melt pool
imensions are on the order of hundreds of microns for LPBF. These
tudies provide examples of how modeling can be used in the setup
tages of LPBF to identify processing parameters for a specific build
rocess without the need for expensive experiments.

Modeling of additive manufacturing has proven to be successful
n improving the understanding of the distortion accumulation dur-
ng the AM process and guiding the design process to reduce build
ailures [5,8–21]. For example, Denlinger et al. [22] demonstrates
he utility that FE modeling can have in the prevention part distor-
ion. Similar models are scarce in the powder bed field. Most models
hat are available are limited to simulating small build volumes
r single layers [16,17], melt pool dynamics [7] or have limited
heir analysis to the thermal side of the LPBF process [6,14,16].

hile each of referenced experiments provide utility to the field
f additive manufacturing, none has demonstrated capabilities for
art-scale modeling.

The aforementioned models are limited in implementation with
owder bed AM systems in that they are too computationally
xpensive for application in full part-scale modeling of LPBF. Mesh
efinement studies performed show that element size must be at
east the size of the melt pool radius or temperature equations

ill not properly converge [8]. For general purpose FE software
e.g., ANSYS, Abaqus) at least four elements are required per heat
ource radius [16]. Therefore, models that are applicable to alter-
ate AM processes, (e.g., Directed Energy Deposition) cannot be
irectly applied LPBF processes, as the heat source diameter is
pproximately 10 times smaller for LPBF as compared to Directed
nergy Deposition. This reduction in heat source diameter results
n a minimum 1000 fold increase in elements to capture a simi-
ar volume of material. Currently, there are two known available
oftware packages that are capable of modeling part-scale LPBF:
1) Diablo [11] and (2) Project Pan. To accurately model part-scale
PBF, special consideration must be made to include the complex
nter-layer effects, resulting from the complex thermal history of
he parts [23]. For that reason, Project Pan is used, as it allows for
ccurate modeling of inter-layer effects.

Many studies focus on the micro-scale (single tracks or layers)
f the LPBF process. While the smaller scale studies are necessary
n defining the mechanics of LPBF, understanding how a larger part
istorts as a result of the build process is an important step in build
ailure mitigation for LPBF. In contrast to the abundance of studies
ocusing on the melt pool, process parameters and microstructure,
ew have published final build geometry of LPBF made parts. Here,
wo experimental builds of a simple cylindrical geometry with dif-
ering scan patterns are deposited to measure final build geometry
nd distortion profiles for parts made with LPBF AM.  In addition
o experimental analysis, a finite element (FE) model is experi-

entally validated and applied. The experiment performed also
rovides necessary validation data for future LPBF models. The use
f modeling software for this work is to help further understanding
f stress and distortion evolution throughout the build process.

. Experiment

.1. Experimental setup
Two LPBF builds are used to measure the distortion profiles of
arts made using the LPBF build process. Experiments are designed
ith similar cross-sectional geometry with the goal of studying the
Fig. 2. Schematic of the constraints used to hold the substrates during the build
process.

effects scan pattern orientation. Parts are designed to be modeled to
allow for further analysis on the evolution of stress and distortion.
By reducing the complexity of the part, analysis is made easier as
part geometries are constant along the height of the part.

2.1.1. Description of experimental builds
Build dimensions and locations are defined by user cre-

ated computer aided design (CAD) files. Builds are completed
using interchangeable substrates. Interchangeable substrates allow
builds to be removed from the LPBF machine without requiring
post-build machining which will affect final build geometries. Fig. 1
is a schematic of build geometry and substrate for Case 1 and Case
2. The substrate dimensions are 88.9 mm × 38.1 mm × 3.18 mm in
each case. Both cases are cylindrical geometries with an outer diam-
eter of 15.88 mm and a cylinder wall thickness of 1.59 mm.  As a
result of a machine failure during production, build heights are
6.16 mm and 12.70 mm for Case 1 and Case 2, respectively. While
the difference in part height prevents direct comparisons between
the two cases, each case can still be analyzed as the build progressed
properly until failure. Substrates are attached to the vault mea-
surement system [23]. Substrates are constrained from underneath
using restraining bolts that are threaded into holes on substrates,
thereby restricting motion of the substrate without impacting the
recoater mechanism. Substrates are supported in the corner using
cone head set screws. Dimensions for constraints are shown in
Fig. 2.

Fig. 3 shows the fully built material for Cases 1 and 2 with their
substrates. In addition to differences in part height, Case 1 is built
with the machine default rotating laser scan pattern and Case 2

is built with a constant scan pattern parallel with the Y axis. The
rotating versus constant scan pattern are used to determine how
alteration of this build parameter affects final build geometry. A
schematic demonstrating a rotating versus constant scan pattern is
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Fig. 3. Completed build with substrate for: (a) Case 1 (rotating scan pattern) and (b)
Case 2 (constant scan pattern).

Fig. 4. Schematic of the scan pattern for: (a) Case 1 (rotating scan pattern) and (b)
Case 2 (constant scan pattern).

Table 1
Description of experimental cases.

Case number 1 2

Material Inconel®718 Inconel®718
Layer thickness (�m) 40 40

s
a

a
a

Laser speed (mm/s) 960 960
Hatch spacing (mm) 0.11 0.11
Rotating scan pattern Yes No

hown in Fig. 4. Descriptions of Case 1 and 2 processing parameters

re summarized in Table 1.

The substrate and powder materials are both Inconel® 718. The
verage powder diameter is 30.4 ± 7/22 �m.  Inconel® 718 is used
s it is a common superalloy used in AM across several industries
Fig. 5. Schematic of CMM  measurement locations for Case 1 and 2.

[24–28]. Both cases are built using the EOS M280 LPBF machine. The
EOS M280 machine uses a 4LR-400-SM-EOS laser that operates at
a wavelength of 1060–1100 nm with a power of 400 W.  Processing
parameters used for these experiments include a layer thickness of
40 �m,  a hatch spacing of 110 �m,  a laser travel speed of 960 mm/s,
and a laser power of 280 W.

2.1.2. Description of measurement equipment
Post-process measurements of the final build geometry are per-

formed to quantify final distortion in each of the cases. A Core®

RS-50 coordinate-measuring machine (CMM) is used to measure
the outside walls of each cylinder at 4 separate XY positions for
Case 1 and 2. The CMM  uses a positive contact probe to measure
the distortion profile along the height (Z) of the part. Measurement
locations are shown in the schematic in Fig. 5. Measurement loca-
tions are labeled as +X, +Y, -X, and -Y, which correspond to the X and
Y axis with an origin at the center of the build, these labels will be
used when comparing and contrasting results. Measurements are
made approximately every 0.05 mm  along the height of the part.
Measurements at the base of the part, lower than approximately
z = 1.5 mm,  were not captured due to the size of the measure-
ment probe used. A recent calibration, completed in accordance
ASME B894.1, Sections 5.3, 5.4.3, 5.5.2, and 5.5.4, shows a measure-
ment accuracy of ±0.0044 mm over 1200 mm,  ±0.0032 mm over
1000 mm,  and ±0.0020 mm over 750 mm in the x, y, and z direction
respectively. Distortion of the substrate during the build process
is captured using a Lord Microstrain M-DVRT-3 connected to a
DEMOD-DC 2 signal conditioner which translates displacements
into voltages which are recorded using a National Instruments USB-
6009 data acquisition (DAQ) system. This system provides in situ
measurements of substrate distortion in the Z direction with an
accuracy of ±15 �m.  The measurement location for the Z distortion
is found in Fig. 6.

2.2. Experimental results

Fig. 7(a) shows the experimental measurements for both Case
1 and Case 2 along the positive X measurement location (Fig. 5).
In this study, distortion is defined as the difference between the
prescribed and measured geometry for the specified measurement
location. For both cases, oscillation in the distortion measurements
is seen along the height of the part. Given the previously stated
accuracy of the CMM  machine, this is likely an effect of high surface
roughness, which is common for metal powder based AM [29,30].

The distortion measurement for Case 1 at the positive X location
distortion is nearly parabolic, with magnitude of distortion reach-

ing a peak (0.10 mm)  at only a single height (2.86 mm), whereas
the distortion profile for Case 2 (constant scan pattern) has a nearly
constant magnitude of distortion (0.92 mm)  along much of the
part height (from approximately 2 mm to 10 mm)  when excluding
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Fig. 6. Measurement location for in situ distortion mea

scillation due to surface roughness. Fig. 7(b) shows measurements
t the positive Y measurement location. Consistent distortion shape
rofiles are seen for both Case 1 (rotating scan pattern) and Case

 (constant scan pattern), with surface roughness affecting the
easurements for Case 1 (rotating scan pattern) between a part

eight of 2 mm and 4 mm.  Measurements of the negative X location
re shown in Fig. 7(c). Similar shape profiles are again present
or both Case 1 (rotating scan pattern) and Case 2 (constant scan
attern)as with Fig. 7(a) and (b). For both X measurement locations
Fig. 7(a) and (c)) indentations in distortion profile can be seen
etween build heights of 4–8 mm,  this is not seen on either of the Y

easurement locations (Fig. 7(b) and (d)). Measurements of the -Y
easurement location, shown in Fig. 7(d), compare well with the

ther measurement locations with similar magnitude and shape for
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Fig. 7. Distortion measurement results along the four measurement locations f
ents in the build direction (Z) during the build process.

both cases. For both cases and each measurement location, the part
distorts inward toward the center line of the cylindrical geometry.

Distortion values were compared for each of the four measure-
ment locations at several heights along the part for both cases. At
each height, a mean value of distortion is calculated, which is the
averaged magnitude of the measured distortion between the four
measurement locations. For those same heights, a percent devia-
tion from this mean is calculated for each measurement location,
to identify any trends in distortion profiles that may  align with
either the X or Y directions. These measurements are located in
Tables 2 and 3 for Case 1 (rotating scan pattern) and Case 2 (con-

stant scan pattern) respectively. To account for surface roughness,
measurements at specified heights are averaged with the 5 mea-
surement below and above selected height.
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or both Case 1 (rotating scan pattern) and Case 2 (constant scan pattern).
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Table 2
Case 1 (rotating scan pattern) peak distortion comparison by percent deviation with experimental measurements.

Part
height (mm)

Mean distortion
magnitude (mm)

Positive X
position (%)

Positive Y
position (%)

Negative X
position (%)

Negative Y
position (%)

Z = 2.0 0.079 1.3 2.3 1.6 2.6
Z  = 3.0 0.086 13.6 14.8 4.3 3.1
Z  = 4.0 0.083 1.5 6.3 1.6 6.5
Z  = 5.0 0.072 1.8 4.3 0.8 6.9
Z  = 5.5 0.063 0.6 0.7 5.2 5.2

Table 3
Case 2 (constant scan pattern) peak distortion comparison by percent deviation with experimental measurements.

Part
height (mm)

Mean distortion
magnitude (mm)

Positive X
position (%)

Positive Y
position (%)

Negative X
position (%)

Negative Y
position (%)

Z = 2.0 0.087 1.7 1.6 7.5 7.3
Z  = 4.0 0.098 12.7 7.8 3.3 8.1
Z  = 6.0 0.099 10.7 8.8 0.4 1.3

r
b
c
1
e
w
u
m
(
p
n
[
2
m
i
o

(
t
a
n
t
2
a
h
1
b
b
c
c
m
t
p
a
t
u

3

f
t
T

Z  = 8.0 0.103 1.4 

Z  = 10.0 0.102 6.8 

Z  = 12.0 0.082 13.3 

Direct comparison cannot be made between experimental
esults of Case 1 and Case 2, as a result of their differing build heights
ut, within each case the four measurement locations can still be
ompared to each other. Tables 2 and 3 show that for both Cases

 and 2 distortion measurements are consistent (under 15% differ-
nce) for each direction with no increased distortion trend aligned
ith either the X or Y directions. For Case 1, a rotating scan pattern is
sed, so isotropic distortion profiles are expected for each measure-
ent location. For Case 2, all laser scans are aligned with the Y-axis

Fig. 4) so an asymmetry is expected for the distortion profiles. In
articular, it is expected that the Y (longitudinal) distortion mag-
itudes would be larger than the X (transverse) distortion profiles
3]; however, no trend is found in the distortion profiles for Case

 (constant scan pattern). Instead, large deviations found in any
easurement location seem to be the result of localized defects,

dentified by large deviations from the mean distortion profile at
nly a single heights.

For each measurement location, distortion profiles for Case 2
constant scan pattern) plateau at a part height of 3 mm,  whereas
he distortion profile for Case 1 (rotating scan pattern) reaches

 peak distortion at one height resulting in a shape that is most
early parabolic and where no plateau is reached. This is a result of
heir relative build heights where Case 1 is 6.16 mm tall and Case

 is 12.70 mm tall. For the geometry used in these experiments,
t a height of 4 mm,  the rate at which distortion increases with
eight levels off until near the top of the part at approximately
0 mm.  At low build heights the deposited material is constrained
y the substrate thereby reducing the amount of distortion possi-
le. As the part increases in height during the build process, the
onstraining effects of the substrate are minimized, and the part
an distort freely. Distortion for these geometries is caused by the
elted material of the current layer solidifying and compressing

he material below it. For both cases, material near the top of the
art distortion decreases rapidly as there are not enough layers
bove this point to cause significant distortion. To further examine
hese effects, an FE model is used to provide analysis and to help
nderstand the distortion evolution throughout the build process.

. Powder bed fusion simulation
The thermal and mechanical histories are determined by per-
orming a three-dimensional transient thermal analysis and a
hree-dimensional quasi-static incremental analysis, respectively.
he thermal and mechanical analyses are performed independently
2.3 2.2 3.2
1.5 1.3 4.0
1.8 1.0 14.1

and are weakly coupled, meaning that the mechanical response has
no effect on the thermal history of the workpiece [31].

3.1. Thermal analysis

The governing heat transfer energy balance is written as:

�Cp
dT

dt
= −∇ · q(r, t) + Q (r, t) (1)

where � is the material density, Cp is the temperature dependent
specific heat capacity, T is the temperature, t is the time, Q is the
volumetric internal heat generation rate, x is the relative refer-
ence coordinate, and q is the heat flux vector. The Fourier heat flux
constitutive relation is:

q = −k∇T (2)

where k is the temperature dependent thermal conductivity.
Thermal radiation qrad is calculated using the Stefan-Boltzmann

law:

qrad = ε�(Ts
4 − T∞4) (3)

where ε is the surface emissivity, � is the Stefan-Boltzmann con-
stant, and Ts is the surface temperature of the workpiece.

Newton’s law of cooling calculates convective heat loss qconv:

qconv = h(Ts − T∞) (4)

where h is the convective heat transfer coefficient.

3.2. Mechanical analysis

A quasi-static mechanical analysis is performed to calculate the
mechanical response of the workpiece. The results of the thermal
analysis are imported as a thermal load into the mechanical analy-
sis. The governing stress equilibrium equation is:

∇ · � = 0 (5)

where � is the stress. The mechanical constitutive law is:

� = C�e (6)
Total strain �, assuming small deformation thermo-elasto-
plasticity, is decomposed as:

� = �e + �p + �T (7)
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Table  4
Temperature dependent thermal properties of solid Inconel® 718 [28,27].

T [◦C] ks [W/m/◦C] Cp [J/kg] εs

20 11.4 427 –
100 12.5 441 –
300 14.0 481 –
500 15.5 521 –
538 – – 0.28
649 – – 0.42
700 21.5 601 –
760 – – 0.58
1350 31.3 691 –

Table 5
Temperature dependent mechanical properties of solid Inconel® 718 [24].

T [◦C] E (GPa) �y (MPa)  ̨ (�m /m ◦C)

21 208 1172 12.8
93  205 1172 12.8
204 202 – 13.5
316 194 – 13.9
427 186 1089 14.2
538 179 1068 14.4
649 172 1034 15.1
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Table 6
As-used constant material properties and processing conditions.

Parameter Value

Ambient temperature T∞ [◦C] 25 [23]
Convection coefficient h [W/m2/◦C] 8
Density � [kg/m3] 8146 [28]
Laser absorptivity � 0.40 [32]
Poisson’s ratio � 0.30 [24]
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Experimental Constant Scan
FE Model Constant Scan
h=hx1.5
h=hx0.5
760 162 827 16.1
871 127 286 –
954 17.8 138 16.2

here C is the fourth-order material stiffness tensor, and �e, �p, �T,
nd �t are the elastic, plastic, and thermal strain, respectively. The
hermal strain is computed as:

T = �Tj (8)

T = ˛(T − Tref ) (9)

 =
[

1 1 1 0 0 0
]T

(10)

here  ̨ is the thermal expansion coefficient and Tref is reference
emperature. The plastic strain is computed by enforcing the von

ises yield criterion and the Prandtl-Reuss flow rule:

 = �m − �y(�q, T) ≤ 0 (11)

˙ p = �̇qa (12)

 =
(

∂f

∂�

)T

(13)

here f is the yield function, �m is Mises’ stress, �Y yield stress, �q

s the equivalent plastic strain, and a is the flow vector.

.3. Numerical implementation

The thermal and mechanical analyses are performed using
roject Pan (version 2.81) by Autodesk Inc. The analyses are done
n a series of time steps with the current time step taking the solu-
ion at the previous time step as the initial condition. At each time
tep, the discrete equilibrium equations are solved by using the
ewton-Raphson method.

Table 4 lists the temperature dependent thermal properties for
nconel® 718. Table 5 list the mechanical properties of the mate-
ial including the Elastic Modulus, E, yield stress, �y, and thermal
xpansion coefficient, ˛. Table 6 lists the as-used constant material
roperties and processing conditions for the analyses.

Loose powder that goes unmelted during the deposition process
s not included as part of the analysis. Conduction into the powder

s modeled by applying an artificial convective boundary condition
n the model. The value for the convection coefficient applied on all
urfaces is shown in Table 6. Simulations using varying convection
oefficients h were run in order to determine the sensitivity of the
Fig. 8. Sensitivity of post-build distortion to FE model convection coefficient for
constant scan pattern case (Case 2).

model to this unknown parameter. The result of these studies show
that for these build geometries, a 50% increase or decrease in the
value of convection coefficient result in less than 1% difference on
final distortion results shown in Fig. 8.

Fig. 9 shows the mesh used for the analysis. Meshing through
Project Pan is done automatically with adaptive meshing allow-
ing for coarse elements sufficiently far from the current layer and
appropriate refinement where necessary for simulation accuracy.
Three different mesh densities were simulated for each case to
determine if the simulations were mesh independent. A mesh
refinement study was completed for both temperature and dis-
tortion results, and for both cases the mesh used for the analysis
demonstrated monotonic convergence with a peak difference of
distortion magnitude under 2%.

The laser heat source Q is modeled using the double ellipsoid
model [33]:

Q = 6
√

3P�

abc�
√

�
e

−
[

3x2

a2 + 3y2

b2 + 3(z+vt)2

c2

]
(14)

where � is the absorbtion efficiency; x, y, and z are the local coor-
dinates; a, b, and c are the transverse, depth, and longitudinal
dimension of the ellipsoid respectively.

4. Results and discussion

4.1. Model comparison to experimental measurements

Simulation results were extracted at the experimental mea-
surement locations (Fig. 5). For ease of comparison and to reduce
noise from surface roughness, experimental measurements were
averaged in groups of 10 with the standard deviation indicated

by error bars. For these simulations, fixed substrate is used for
mechanical boundary conditions. These boundary conditions pre-
vent translation or distortion of the substrate. For the thermal
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Fig. 9. Mesh used for: (a) Case 1 (rotating scan pattern) simulation (b) Case 2 (con-
stant scan pattern) simulation.
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Table 7
Comparison of experimental measurements and simulation results for Case 1 (rotat-
ing  scan pattern). The error is averaged at each nodal location in the FE model along
the height of the part for each measurement location (Fig. 5). Measurements are
normalized by the experimental distortion measurement at each height.

Measurement
location

Averaged error in FE model
along the height of the part
(%)

Positive X Position 6.2
Positive Y Position 10.2
Negative X Position 5.1
Negative Y Position 9.0

Table 8
Comparison of experimental measurements and simulation results for Case 2 (Con-
stant  scan pattern). The error is averaged at each node in the FE model along the
height of the part for each measurement location (Fig. 5). Measurements are nor-
malized by experimental distortion measurement at each height.

Measurement
location

Averaged error in FE model
along the height of the part
(%)

Positive X Position 11.8
Positive Y Position 4.5

affected by part height. Inclusion of the flexible substrate in the
simulation improves the accuracy as compared with experimental
nalysis, initial conditions set the entire substrate to the ambient
emperate (T∞=25 ◦C).

A comparison between simulation results and experimental
easurements for both Case 1 (rotating scan pattern) and Case 2

constant scan pattern) can be found in Fig. 10(a) for the positive X
ocation. Similar comparison for the experimental measurements
nd simulation results for the positive Y measurement location can
e found in Fig. 10(b). Surface roughness, which cannot be cap-
ured by the model, affects the comparison between the model and
xperiments for Case 1 in Fig. 7(b) most notably at a height of 3 mm.
imulation results compared with experimental measurements are
hown in Fig. 10(c) for the negative X location. A significant part
efect, caused by earlier described surface effects common to AM,
or Case 2 at a part height of 7 mm causes a localized discrep-
ncy, but model results match experimental results outside of this
egion. The comparison for Case 1 is within measurement averaged
tandard deviation indicated by the error bars. The comparison of
he simulation results and experimental measurements for the neg-
tive Y location is shown in Fig. 10(d). For each case, the FE model
esults match the experimental measurements well in both trend
nd magnitude.

For quantitative comparison between experiment and simu-
ation, comparisons were made at along the height of the part
n the FE model. Simulation results were averaged at each nodal
eight along the height of the part for each measurement locations
e.g. +X,+Y,-X,-Y). Comparisons for Case 1 and Case 2 are shown in
ables 7 and 8 , respectively. On average, FE model results compare
ell with experimental measurements with the largest difference

etween simulation results and experimental measurements as
2% at the +X measurement location for Case 2. Measurement
ocations with the largest percent errors correlate with previously
iscussed defects and roughness in experimental build surfaces.
Negative X Position 7.6
Negative Y Position 7.6

4.2. Substrate deformation

Reviewing distortion measurements for Case 2 (constant scan
pattern) for the positive and negative X measurement locations,
an indentation in the distortion profile can be seen between a build
height of approximately 4 mm and 8 mm.  Simulations, shown in Fig.
10, modeled with a rigid substrate are unable to capture this feature
in the distortion profile. To further investigate, a simulation with a
flexible substrate that more closely matches the boundary condi-
tions defined in Fig. 2 was completed. To match these constraints,
translation in the Z direction is fixed at the cone set screw locations
shown in Fig. 2. In addition, the X, Y and Z translations were fixed at
the threaded bolt locations shown in Fig. 2. FE model results of the
distortion of the substrate in the build direction (Z) are compared
against in situ experimental measurements. A comparison of sim-
ulation results and experimental measurements of the distortion
in the build direction is found in Fig. 11. At approximately 2400 s,
the measurement equipment lost power and stopped recording,
this is identified in Fig. 11 by a vertical dotted line. The model
result for Z distortion is within 0.01 mm,  placing it within 10% of
the experimental measurement.

Results for each of the measurement directions are shown in
Fig. 12. From the results shown in Fig. 12, it can be surmised that
the localized indentation in the X measurement locations are likely
caused by the distortion of the flexible substrate. This effect is likely
driven by the X measurement locations being aligned with the long
dimension of the substrate. As the substrate distorts in the nega-
tive Z direction, it causes an indentation in the cylinder wall. This
result is concluded by comparing the X distortion profiles (shown in
Fig. 12(a) and (c)) and the Y distortion profiles (shown in Fig. 12(b)
and (b)). For the Y measurement locations, the inclusion of the
flexible substrate does not not change the shape of the distortion
profile, only the magnitude. However, for both of the X measure-
ment locations, a distinct change in the distortion profile can be
seen, which more closely matches the experimental distortion pro-
file for the X direction. As no indentation is observed for Case 1
(rotating scan pattern), it is also likely that the indentation is also
measurements. Table 9 presents quantitative results demonstrat-
ing improved accuracy of the flexible substrate simulation, using
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Fig. 10. Averaged CMM  measurements of post-build distortion compared against FE model results at the four measurement locations shown in Fig. 5.

Table 9
Comparison of experimental measurements and simulation results for Case 2 (con-
stant scan pattern) with and without a flexible substrate. The error is averaged at
each node in the FE model along the height of the part for each measurement location
(Fig. 5). Measurements are normalized by experimental distortion measurement at
each height.

Measurement
location

Averaged error in FE model
along the height of the part
fixed substrate (%)

Averaged error in FE model
along the height of the part
flexible substrate (%)

Positive X Position 11.8 8.6
Positive Y Position 4.5 7.8
Negative X Position 7.6 5.2
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Negative Y Position 7.6 9.4

he previously described method for determining model accuracy
o experimental measurements. Results shown in Table 9 show
ncreased simulation accuracy in the Positive X and Negative X
irections, but at a cost of accuracy in the Y directions.

.3. Extension of rotating scan pattern case
Due to a shortage of powder during the build process, the rotat-
ng scan pattern case was built shorter than designed. Using the
reviously validated model, the rotating scan pattern model was
Fig. 11. Comparison of experimental and FE model results for distortion of the
substrate in the build direction.

extended to its prescribed build height. The results of the extended

rotating scan pattern case are shown in Fig. 13.

Results from these simulations (shown in Fig. 13) confirm pre-
vious statements regarding the minimal effect of rotating scan



116 A.J. Dunbar et al. / Additive Manufacturing 12 (2016) 108–120

0 2 4 6 8 10 12 14

−0.12

−0.1

−0.08

−0.06

−0.04

−0.02

0

Height of part (mm)

D
is

to
rit

on
 o

f w
al

l(m
m

)

 

 
Experimental Constant Scan
FE Model Constant Scan
FE Model Constant Scan Flexible Substrate

0 2 4 6 8 10 12 14

−0.12

−0.1

−0.08

−0.06

−0.04

−0.02

0

Height of part (mm)

D
is

to
rit

on
 o

f w
al

l(m
m

)

 

 
Experimental Constant Scan
FE Model Constant Scan
FE Model Constant Scan Flexible Substrate

0 2 4 6 8 10 12 14
0

0.02

0.04

0.06

0.08

0.1

0.12

Height of part (mm)

D
is

to
rit

on
 o

f w
al

l(m
m

)

 

 

Experimental Constant Scan
FE Model Constant Scan
FE Model Constant Scan Flexible Substrate

0 2 4 6 8 10 12 14
0

0.02

0.04

0.06

0.08

0.1

0.12

Height of part (mm)

D
is

to
rit

on
 o

f w
al

l(m
m

)

 

 

Experimental Constant Scan
FE Model Constant Scan
FE Model Constant Scan Flexible Substrate

F  with

p
m
t
t
m
o
r
i

4

a
u
t
t
b
s
b
d
i
t
f
d
h
c
t

ig. 12. Distortion results for simulation of Case 2 (constant scan pattern) with and

attern for the thin-walled geometry presented. For each of the
easurement locations, the rotating scan pattern consistently dis-

orts less than the constant scan pattern, but the difference between
he two cases are on average 1–2%, well within the models deter-

ined accuracy. The use of the FE model to provide a comparison
f a part that was not successfully built with one that built cor-
ectly highlights another potential applications for FE model usage
n LPBF AM.

.4. Distortion evolution in time

For both cases, the final shape of the deposited cylinder flares out
t the bottom where attached to the substrate, and the top where
ncompressed by subsequent layers. Fig. 14 shows the simula-
ion prediction of the build geometry, with distortion magnified 10
imes, at the halfway (Fig. 14(a) and (c)) and final Fig. 14((b) and (d))
uild time for Cases 1 and 2. The distortion magnitude for the con-
tant scan pattern case (Case 2) indicates that at halfway through
uild, shown in Fig. 14(c)), the part has already reached the peak
istortion magnitude, whereas for the rotating scan pattern, max-

mum distortion at halfway through the build (Fig. 14(a)) is lower
han the final distortion values. The change in the profile of the part
rom Fig. 14(a) to (b) and Fig. 14(c) to (d) shows that the maximum

istortion is not located at the top layer; rather, it is located at a
eight several layers beneath the top layer. This strengthens the
onclusion that for this geometry, distortion is caused by the mul-
iple layers solidifying and compressing layers previously built. The
out a flexible substrate for each of the four measurement locations shown in Fig. 5.

accumulation of stresses induced by the cooling and contracting of
newly deposited material forces the middle height portion of the
part into compression. For all four contour plots, distortion is a local
minimum at the top layer whether halfway though the build or the
finished build.

Fig. 15 compares the distortion value of the current top layer and
the maximum distortion versus time for Case 2. At time t = 4000 s,
the build process is completed, and the simulation allows the part
to cool back to ambient temperature (T = 25 ◦C), causing the part to
contract, resulting in an increase of the magnitude of the distor-
tion profile. The importance of Fig. 15 is to demonstrate that from
extremely early in the build (approximately t = 100 s) peak distor-
tion is not at the top layer, but instead at a lower layer. Further
confirming that distortion in these geometries is not a single layer
effect, but instead it is the cumulative effect of multiple layers.

Fig. 16 shows the current height of the part and the height along
the wall where the peak distortion is located for Case 2. Although,
the location of the peak distortion continues to rise throughout the
build process, it climbs slower than the height of the part.

For the majority of the build process, peak distortion is not
found at the top layer, but instead at the layers below. During the
build process, initially the peak distortion is located at the current
layer, but once a sufficient part height is reached approximately

(6.5 mm), the part height where the current peak distortion is
located lags behind the height of the current layer. This can be seen
in Fig. 16. Additionally, once the build progresses to approximately
2000 s (build height of 6.24 mm),  the value of the peak distortion
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Fig. 13. Extension of the rotating scan pattern case to full build size for the four measurement locations shown in Fig. 5.

Fig. 14. Contour plots of distortion in mm (distortion magnified 10×) for: (a) Case 1 (rotating scan pattern) halfway through build, (b) Case 1 (rotating scan pattern) finished
build  after part has cooled to ambient temperature, (c) Case 2 (constant scan pattern) halfway through build, (d) Case 2 (constant scan pattern) finished build after part has
cooled  to ambient temperature.
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are shown in Fig. 17 at various heights through the build at halfway

F
b

ime for the negative X measurement location for Case 2 (constant scan pattern).

lateaus. The plateau of distortion shown in Fig. 16 shows that
nce a sufficient build height is reached, peak distortion will
ecome independent of part height. This effect determines the
nal shape of cylinders made in a LPBF build process which are

ared out at the bottom and top of the part as the part restricted
y the substrate below it and the top is relatively undistorted as
here is no material above it to compress it. Results from the model

ig. 17. Case 2 (constant scan pattern) contour plots of Cauchy stress in MPa  (distortion
uild  (Z = 6.3 mm), (b) Cauchy YY stress halfway through build (Z = 6.3 mm),  (c) Cauchy XX
Fig. 16. Comparison of the distortion of the top layer and the peak distortion value
versus time for the negative X measurement location for Case 2 (constant scan
pattern).

give insight to distortion accumulation process and how currently
added layers can affect previous layers.

Examining stress contours calculated by the model can help
explain the final shape of the part. X and Y principle Cauchy stresses
through the build process and for the completed part. Fig. 17 shows
the bottom and top layers are in tension with high stress mag-
nitudes. For each of the measurement locations, the distortion is

 magnified 2.5×) for: (a) Cauchy XX stress halfway through build halfway through
 stress for finished build and (d) Cauchy YY stress for finished build.
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inimal at the top and bottom of the part. In the middle of the
art compressive stresses dominate, reaching a maximum (approx-

mately −1600 MPa) between a part height of 2 mm and 10 mm.
istortion reaches its peak magnitude in this region. Cauchy XX
nd YY stress profiles shown in Fig. 17(c) and (d), demonstrate this
ransition from tension at the bottom to compression throughout

uch of the part height back to tension at the top of the part. The
esult of this is a part that is undistorted at the top and bottom and
ith significant distortion between those section, resulting in an
ourglass-like shape.

As is shown in Fig. 14, the built material final geometry resem-
les the previously described hourglass shape with distortion
oward the centerline of the cylinder’s geometry for the majority of
he height of the part. When comparing Cauchy XX Stress (Fig. 17(a)
ith Fig. 17(c)) and Cauchy YY stress (Fig. 17(b) with Fig. 17(d)) for

he halfway completed and fully completed builds, the maximum
nd minimum stress values at halfway through the build are within
% of the completed build minimum and maximum stresses. Stress
alculations are consistent with previous statements that the mag-
itude of distortion is independent of height, once a sufficient part
eight is reached for this geometry. For these parts, distortion and
tress are caused by the accumulation of compression effects from
ultiple layers.

. Conclusion

Two experimental builds with a simple cylindrical geometry are
anufactured in a LPBF machine, one built with a rotating scan pat-

ern and the other with a constant scan pattern, with the goal of
roviding measurements of the post-build distortion. CMM  mea-
urements of distortion show that for both cases, the parts distort
owards the center line of the cylinder with approximately equal

agnitude for each measurement location for both cases. Experi-
ental measurements are compared against Project Pan FE model

or validation purposes. FE model results compare well with exper-
mental measurements made. The highest averaged percent error
or any measurement location distortion profile falls within 12% of
he experimental measurement.

Project Pan has been demonstrated effectively model in situ dis-
ortion of the substrate in the direction of the build height (Z) within
0%. By completing simulations using both a rigid and flexible sub-
trate, it was determined that flexibility in the substrate affects the
hape of the distortion profile for the X-direction. The inclusion of
he flexible substrate for these simulations increases accuracy in the

 measurement locations by 2–3% albeit at the cost of accuracy in
he Y directions. Additional utility of the model is also demonstrated
n extension of the rotating scan pattern case (Case 1), which was
nder-built due to complication during the build process. The FE
odel first validated on the experimental build of Case 1, extended

he build height of that case to the predefined build height for com-
arison with the constant scan pattern (Case 2). Comparison of
he model results for these cases show little discrepancy, further
emonstrating that a rotating versus constant scan pattern does
ot have a significant impact on these geometries.

The FE model used for these simulation provides new informa-
ion regarding the evolution of distortion during the build process.
or these thin walled cylindrical geometries, distortion and residual
tress accumulation is caused by solidifying material in the cur-
ent layer compressing previous layers causing the part to distort
nwards. As a result, distortion in the current top layer typically

mall (less than 30% of the peak distortion) during the build process
nd peak distortion is typically several layers below the top layer.
tress profiles calculated using the FE model are used to further
xplain the distortion profile along the height of the part.
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