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ABSTRACT OF THE THESIS

Material Distortion in a Laser-based Additive Manufacturing Component of Fuel Cell:
Numerical Analysis and Parametric Study
by
Peixin He
Renewable Energy Resources Lab (RERL)
Department of Mechanical and Aerospace Engineering,
University of California, Irvine, 2020

Professor Yun Wang, Chair

Laser powder bed fusion (LPBF), as a popular additive manufacturing (AM) technique, has
gained a great deal of research attention and industrial application. Its capability of producing
complicated shapes and structures enables this technique to be favored for manufacturing critical
prototypes and complex parts. Meanwhile, LPBF techniques also have significant advantages over
many other AM processes that is they do not require support structure which allows more interest
in producing parts with higher complexity since overhangs and unconnected islands are supported
by surrounding unfused powder bed instead. However, in fabrication, the constant melting and
cooling of metal powders by layers leads to a large gradient and rapid evolution of temperature,
causing considerable residual stress and deformation. Fuel cells are widely regarded as a promising
candidate as the next-generation energy device, which electrochemically converts the chemical
energy in the injected fuel, such as hydrogen gas, directly to electricity. Fuel cell components are

required to be free of distortion to avoid leakage of reactant gases and contaminants and interfacial

ix



resistance. In this study, a three-dimensional thermal analysis model is employed to numerically
study the residual stress and deformation in the LPBF fabricated inlet/outlet of a fuel cell that
connects to its bipolar plate. Inconel 718 and stainless steel SS316L are used as the powder
materials, respectively. The results of distortion are validated against both experimental and other
modeling data. Additionally, the validated tool is employed to investigate several major parameters
in LPBF fabrication and their impacts on distortion, including the laser power, laser speed, and
layer thickness. It is found that the laser power and speed have a significant impact on the distortion
of the pipe wall, while the scan pattern shows little influence. Additionally, SS316L shows a much
less distortion (about 40 um) than that of In718 which is about 90 um for the maximum distortion

and a nearly 30% smaller average distortion at all measuring locations.



INTRODUCTION

Additive manufacturing (AM), as an important advanced manufacturing method, has
successfully been employed to fabricate a wide variety of products. Metal AM technology uses a
high-density energy beam heat source to realize the layer-by-layer fabrication of metal components
by melting powders. Several metal AM methods, such as Selective Laser Melting (SLM), Electron
Beam Melting (EBM), and Laser Engineered Net Shaping (LENS), are receiving a growing
attention in research and development (R&D) [1]. Laser Powder Bed Fusion (LPBF), also known
as Direct Metal Laser Melting (DMLM), is a subcategory of SLM, and is able to produce
prototypes directly from CAD files [2], and is one of the early commercialized AM technologies
[3].

Fuel cells are electrochemical devices, which directly convert the chemical energy stored in
fuels to electricity under high efficiency and low emissions. In fuel cell operation, fuel and air
reactants are injected to the anode and cathode flow channel systems via the inlets, respectively,
and remaining fuel, air, and products are removed out of the fuel cell via the outlets connecting to
the bipolar plates. Laser-based AM technology or, specifically, LPBF, can be used to fabricate fuel
cell components, such as the bipolar plates, inlet/outlet fitting, porous media flow field, and
membrane. Figure 1(a) to (c) demonstrate how LENS is used to build models using SS316L

powders.



Powder stream

Deposits

Figure 1. (a) SS316L powder feedstock; (b) Particle size distribution of the SS316L powders;
and (c) Schematic diagram of laser-based AM fabrication process using laser engineered net

shaping (LENS) as example [4].

In fuel cells such as polymer electrolyte membrane (PEM) fuel cells and solid oxide fuel cells
(SOFCs), reactants may operate under a pressurized condition to reduce the concentration loss.
Thus, their components need to be free of major distortion in fabrication to avoid assembly
mismatch, reactant leakage and contaminant intrusion. Figure 2(a) shows an experimental PEM
fuel cell with the inlet/outlet on the bipolar plate (BP). The core parts of a single PEM fuel cell can
be fabricated as thin as 1-2 mm with the PEM, CLs, diffusion media, and BPs around 0.02, 0.01,
0.2, and 1 mm, respectively [5] [6] [7] [8] [9] [10] [11]. However, as shown in Figure 1(c) the
bulky mechanical support plates need to be added to assemble the core parts of fuel cells and hold
fittings to connect with hydrogen and air lines, which considerably reduces fuel cell power density,
especially for single fuel cell or small stacks. LPBF technology is advantageous in fabricating
multiple fuel cell components together with integrity, reducing additional parts for cell assembly

and connection, as shown in Figure 2. In addition, the microstructures of porous components of



PEM fuel cells such as the porous media flow field [12] [13] [14] [15] [16] and even gas diffusion

media [17] [18] [19] [20] [21] can be digitally designed and 3D printed by LPBF.

AirIn/Out
Heater Heater

Thermocouple

Coolant

Gasket
Endplate 10, Fielg GDLMPL

Figure 2. (a) An experimental PEM fuel cell and its inlet/outlet fittings on sides [22]; (b) A small
PEM fuel cell with a 1 cm? MEA [23]; (¢) Design of a 3D printing bipolar plate (BP) with the

side view of the 3D printing plate with inlet/outlet fittings on the BP.

In the AM fabrication, large thermal gradients and nonhomogeneous cooling rates near the
molten pool induce considerable thermal strains [24, 25], which will build up residual stresses and
deformations in the final product. Novar et al. [26] investigated the effects of laser input power on
AM products, showing that high power could yield non-uniform shrinkage and curling of final
parts while low power could cause weak and partial sintering of powder bed. In addition,
undesirable effects could be avoided and mitigated by setting more suitable parameters in given
working conditions for specific building parts. Zhang et al. [4] employed a LENS system to
fabricate a SS316L rod, which exhibits a compressive residual stress of -197.4 MPa. Their SEM

images showed the layered and molten-pool footprints and dendritic grain growth in the building



direction. Thermal annealing was shown to significantly reduce the residual stress of the as-printed
product. In practice, AM processes are usually operated under experience-based optimized pre-
setting to reduce any unexpected stresses and distortions [27]. To investigate AM process in detail,
Leung et al. [28] employed in-situ X-ray imaging technique to reveal the underlying physical
phenomena during the deposition of the first and second layer melt tracks. They showed laser-
induced gas jets cause the formation of melt tracks and denuded zones by spattering and indicated
the mechanisms of pore migration by temperature-gradient-driven Marangoni flows, pore
dissolution and dispersion by laser re-melting. Martin et al. [29] used in-situ X-ray imaging and
physical modeling to elucidate the mechanism of pore formation and liquid/solid interface
dynamics during laser powder bed fusion. They explained that pores may form during laser scan
speed change due to the rapid formation then collapse of deep keyhole depressions in the surface.
They also developed mitigation strategy to eliminate pore formation and improve the AM quality.
Gouge et al. [30] discussed the thermal and mechanical equations for numerical analysis of AM
processes and a few issues in the numerical methods and implementation, including the boundary
conditions, model of material addition, temperature-dependent properties, meshing and validation.
Bikas et al. [27] discussed an AM-driven design framework which ensures full exploitation of the
AM design capabilities. The design framework avoids manufacturing issues of certain geometries
in conventional manufacturing, and exploits the full design-freedom potentials for AM. RUhmer
et al. [31] redesigned the first stage ring segment in a large gas turbine for SLM using IN939 to
reduce the cooling air consumption and to increase the gas turbine efficiency. The design was
assessed the mechanical integrity, such as low cycle fatigue (LCF), high cycle fatigue (HCF) and
creep, using 3D finite element analysis (FEA) and over 2.5 million quadratic tetrahedral elements.

Maksimov et al. [32] discussed ANSYS in studying the physical process of SLM with a goal to



create a set of mathematical models and user environment based on the ANSY'S FEA system solver.
They showed the capability of numerical prediction of manufacturing and residual stress fields
formation and displacements in the SLM process. Mayer et al. [33] evaluated the ANSYS Additive
Print and ANSYS Additive Suite for SLM AM, including validation in terms of residual
deformation. They showed that the former is more accessible and yields accurate results within the
calibrated regime, while the latter features a sounder physical basis and therefore allows for a more
robust extrapolation. Dunbar et al. [34] employed LPBF to build two parts of Inconel 718
cylindrical geometry using a rotating and a constant scan patterns, respectively, to investigate post-
build distortion. They also used a FE model to predict the distortion and compared favorably with
their experimental measurement.

Though serval attempts have been made numerically to investigate material distortion in AM
builds, few provided detailed validation against experimental data, such as distortion profiles, and
applied the validated tool to carry out extensive parametric study to assess the impacts of major
AM parameters on distortion for fuel cell components. In this study, we carried out a 3D numerical
study, using the ANSYS Additive Suite, to investigate the material distortion of a LPBF built
inlet/outlet fitting on the fuel cell bipolar plate, as shown in Figure 3. Both IN718 and SS316L are
used as the building materials, respectively (The selected material chemical compositions are listed
in Table 1). The results are validated against the literature experimental data in terms of distortion
profiles at four directions. AM parameters, including the laser speed, laser power, layer thickness
and scan strategies, on distortions are investigated. The potential impacts of distortions on fuel cell

operation are discussed.



38.1mm

44.45 mm

15.88 mm

__I _LSQ mm

19.05 mm

88.9 mm

Figure 3. Schematic diagram of building part.

Table 1. Chemical composition of IN718 and SS316L (wt. %).

IN718
Fe Cr Ni Mo Mn Si C Co P S Nb Ti Al
2.8 4.75- .65-  .20-
17- 50- .35 .35 .08 1.00 .015 .015
17 - 550 1.15 0.80
21 55 33 max max max max max max
SS316L
Fe Cr Ni Mo Mn Si C N P S
Bal 16.00- 10.00- 2.00- 2.00 .75 .03 .10 .045 .03
al.
18.00 14.00 3.00 max. max. max. max. max. max




Chapter 1: Background of PEMFCs and AM

1.1 PEM Fuel Cells

PEM (Polymer Electrolyte Membrane) fuel cell is a device that converts the chemical energy
from a fuel into electricity through a chemical reaction with oxygen or another oxidizing agent.
PEM fuel cells have received extensive attention for its high efficiency in energy converting and
emission reduction that are considered as an essential role in next energy revolution. Typically, a
PEM fuel cell has a water based, acidic polymer membrane as its electrolytes, with platinum-based
electrodes. As shown in Figure 4, the protons pass through the membrane to cathode side of the

cell while the electrons travel in an external circuit, generating the electrical output of the cell. The

overall reaction that involves in this process is: H, + 202 - H,0, with conducting iron H*.

Electric current

=P
Fuelin e J Air in
= t e <<=
R e_ ‘ _
' H+ e
HZZE>> <=
H* ©;
1 Unused
Excess air, water,
fuel out H0 and heat
<= _i
/ \
Anode | Cathode

Electrolyte

Figure 4. Vector diagram of PEM and FC operation

Hydrogen gas, methanol, alcohol and glucose are all capable to be fuels for PEM fuel cells

[35], whereas Hydrogen gas is pervasively applied in industries for its rapid reactivity. In operation



process, gas flow channels (GFCs) of cathode and anode are fed with hydrogen gas and air, and
then hydrogen and oxygen are electrochemically diffused to catalyst sites [35]. Since it does not
involve any combustion, the efficiency of energy converting is not decided by Carnot Cycle, thus
a much higher conversion rate is achieved at relatively low operation temperature.

Figure 5 displays the essential hardware components in PEM fuel cells are catalyst layers (CLs)
and gas diffusion layers (GDLs) where gas transports through. Hardware include gaskets, which
provide a seal around the MEA to prevent leakage of gases, and bipolar plates (BP), which are
used to assemble individual PEM fuel cells into a fuel cell stack and provide channels for the
gaseous fuel and air. One of the technical issues of PEM fuel cells is thermal and water
management, which is delicately discussed by Wang et al. [35]. In short, hydrating the electrolytes
so that reducing ionic resistance has certain conflicts with avoiding excessive liquid water so that

improving mass transportation.

Current CollectorPlate,
Collectsthe current producedin the fuel cell
Connectsthe fuel cell to externalloads

. Separator Plate,
Separate reactantgas — gasimpervious
Distribute reactantgas — embedded flow field
H H Conductcurrent
'

Gasket,

Adjust compression/pinch
Provide gas-tight seal

<
i
e \_ Gas Diffusion Layer (GDL),
Conductive porous materials
Enhancereactantgas diffusion
N CatalystLayer,

Perform s electrochemical reaction

Proton Exchange Membrane,
Transfer proton
Separate reactantgas

Me 1e Electrode A
(MEA),

Figure 5. Diagram of PEM fuel cell hardware [36].

1.2 Additive Manufacturing

As introduced in pervious sections, additive manufacturing is able to deliver parts of very

intricate and complex geometries with a minimum need for post-processing, so that it has massive



advantages over subtractive manufacturing methods in terms of precision fabrication and
production time-shorten. Namely, AM gives as much freedom of design as possible for product
designers and engineers. Forty years after its development since 1980s, this technology has been
applied in various industries and researches, such as automotive, medical, electronics, aerospace
and the like [37], it is foreseeable that in coming eras, AM will continue expanding market shares
in above fields while exploring more appliable divisions.

AM, based on the material processed, could be divided into six major types, metal matrix,
metallic alloys, ceramic matrix, polymer matrix, structural composites and nanocomposite, each
of these has their suitable scenarios. Besides, Table 2 summarizes current seven AM methods and
their brief characteristics by ASTM F42 Committee [38].

Table 2. Additive Manufacturing Categories defined by ASTM F42 Committee.

Category Description

Binder Jetting Liquid bonding agent deposited to join
powder

Material Jetting Droplets of build materials selectively
deposited

Powder Bed Fusion Thermal energy selectively fused regions of
powder bed

Directed Energy Deposition Focused thermal energy melts materials as
deposited

Sheet Lamination Sheet of material bonded together

Vat Photopolymerization Liquid photopolymer. selectively cured by

light activation

Material Extrusion Material selectively. dispended through
nozzle or orifice

Laser power bed fusion (LPBF), as an emerging technology among powder bed fusions, it has
gained more interests for lower technological complexity and less production time resulting in

lower capital investment and production costs [39]. Figure 6 prescribes the working principle of



LPBF, melting and fusion of material is obtained layer-by-layer, new powder is continuously
melting by laser with an immediate solidification as soon as laser moves to neighboring portion.
The final part is an ensemble of micron-size welding lines overlapping in the horizontal plane and

superimposed in the vertical plane.

COMPONENT

lecscscanees
xxxxxxxxx
LEXTITIIIXITX

POWDER BED

POWDER DELIVERY
SYSTEM

Figure 6. Schematics of a generic laser powder bed fusion system [1].

Nevertheless, there are also existing challenges that need to be optimized, such as distortions,
cracks and delamination caused by high level residual stresses; discontinuous scan tracks, balling
and other defects caused by incomplete fusion; micro surface roughness caused by partially

sintered metal particles [39].

1.3 Motivation

To explore more potential application of AM or, specifically, LPBF into the usage of coming
energy revolution, providing a potential solution to the rapid growing need of fuel cell production
and improvement, validation and process research are studied based on a PEMFC water/air
channel. A functional inlet/outlet component ensures the stable and uniform air or water flow,
which plays a fundamental role within fuel cells as well as a confirmation of combing AM and cell

production.
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Chapter 2: Method

2.1 LPBF in AAS

To investigate the distortion of AM inlet/outlet on the bipolar plate (BP), we consider a short
pipe fabricated on the center of a plate, diameters as shown in Figure 3 (a), (b). For validation
purpose, we follow the same dimension as the pipe in the experiment [34]. The model has a bipolar
plate (BP) with a dimension of 88.9 mmXx38.1mmxX3.18 mm and a hollow cylinder centered on
the top of the BP. The outer and inner diameter of the hollow cylinder are 15.88 mm and 12.70
mm, respectively. The build height that refers to the height of hollow inlet/outlet part above the
BP, is 6.16 mm for case 1 and 12.70 mm for case 2, other parameters remain the same. To conduct
future analysis and assessment of stress and distortion, the model was simplified to have constant
geometric features along the height dimension. The schematic of the validation model is shown in
both Figure 7 (a) and (b) , the highlighted four red lines in Figure 7(a) indicate the measurement
locations (X+, X-, Y+, Y-) for both cases, and the 3D coordinate system is set with the center of

the inlet/outlet on the top BP surface. The mesh used for the simulations are shown in Figure 7(b).

(a) (b)

Figure 7. Measurement locations of the building part



In AAS, the mesh size was decided by voxel size and voxel sample rate. For the consideration
of time and accuracy, voxel size 0.5mm was used to adequately capture part features while saving
unnecessary voxelization time. In Figure 8, voxel size and sample rate effects are demonstrated.
The red cube in Figure 8 (a) shows a single voxel and the yellow line represents the size of it, (b),
(c), (d) show how sample rate controls the number of subvoxels. The sample rate of 5 could
improve the accuracy when there is any portion of the part goes through a subvoxel, it is counted
as filled. Then the voxel density for this entire voxel will be determined by the ratio of the filled
subvoxels and total subvoxels. That is, if 70 subvoxels are filled in this case then the material
properties in the solution are scaled down to 70/125=56% for this individual voxel. Moreover, the
number of voxelization layers for case 1 would be the total height (3.18mm+6.16mm=9.34mm)
divided by voxel size (0.5mm), that is approximately 19 layers we will get in the ultimate result.
However, the printing layers that have different meaning as voxelization layers, are only depended
on the input layer thickness and total model height. For example, if input layer thickness is 40pum,

then the total number of printing layers will be about 233 layers for case 1.

(2) (b)  one voxel

(C) Sample Rate of 2 (d) Sample Rate of 5
=8 Subvoxels =125 Subvoxels

77 ]

Figure 8. Schematic of voxelization method

12



Scan patterns are set to rotating scan for case 1 and constant scan for case 2. Figure 9(a) shows
an internal scan path of a working laser beam during the printing process on a single layer.
Different scan patterns are achieved by setting different values for the start angle and layer rotation
angle. The rotating scan pattern has 0° and 120° as start angle and layer rotation angle; the constant
scan pattern has 0° and 180° as start angle and layer rotation angle. Figure 9(b) indicates pathways
of laser beam on a single layer, it helps to visualize variables that together decide the final scan
strategies, such as layer thickness, hatch spacing, stripe width, start angle, layer rotation angle and

the like.

(a) (b) v/’

Layer 1 Layer 2 Layer3 : (f@
Y @ W

Figure 9. Pathway of (a) different scan patterns, (b) single working laser beam

/, - Scan Lines

X Hatch Spacing < Layer Thickness

| Bidlrecnonal Scan__

X The next layer will have the scan
\ lines rotated by layer rotation angle

Start Angle

Z A( Laser Beam N
Have certain speed and power,

The material for the fuel cell channel and BP is Inconel 718. AAS has pre-defined material
property values at different temperature ranges that need to be considered, as the fact of
temperature dependency of these material properties and the fluctuating temperature of melting
and cooling cycles. The temperature dependency of elasticity modulus, thermal expansion

coefficient, material yield strength for Inconel 718 are listed in table 3.

Table 3. Temperature dependent material properties of Inconel 718 [40] [41].

Temperature Elastic Material Yield Thermal Expansion
[°C] Modulus [GPa] Strength [MPa] Coefficient [107°/°C]

13



21 208 - -

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
760 162 827 16.0
871 127 286 -

954 78 138 -

2.2 Thermal & Mechanical analysis

The thermal history is decided by performing a three-dimensional (3-D) transient thermal

analysis. The heat transfer governing equation is given by [42] [41]:

PCrgr =7 (KVT)+0Q, (M)

p 1s the density of the material, Cp is the temperature dependent specific heat capacity, T is the
temperature, t is time, @, is the volumetric internal heat generation rate, x is the relative
reference coordinate, and k is the thermal conductivity. Note that density, capacity, and thermal
conductivity are all a function of temperature. @, can be approximated by a moving heating source
with a heat flux following the Gaussian distribution [41]:

__ 2P

Qr =

r

(1 -Sexp 1 - (£)) @

To

rgH
where Q- is the input energy density (W/mm?), P the absorbed beam power (W), and ro, H, r, and
z are parameters regarding the size and penetration of a laser beam.

The cooling at the build surface is via the thermal radiation q,,; and convection q.,n,- The flux

of the former is given by:

Qrad = 50(T54 - T;) 3)

14



where ¢ is the surface emissivity, o is the Stefan-Boltzmann constant, and T is the surface
temperature of the building piece.
The latter is given by the Newton’s law of cooling:

Geony = h(Ty = Teo) )
where h is the convective heat transfer coefficient.
The spatial and temporal temperature variations lead to thermal distortion and consequently
materials failure. It has been established that thermal distortion is affected by several AM
conditions and can be evaluated using strain parameter (e*) [34] [41]:

&* =ﬁVTLI_I3/2 (5)

EI Ffp
where £ is the volumetric expansion coefficient, AT the difference between the peak and ambient
temperatures, t the total AM time, H the heat input per unit length, E7 the flexural rigidity of the
substrate, and F the Fourier number.
To analyze the stress and distortion in detail, a quasi-static mechanical analysis is also
performed, based on the stress equilibrium equation [42]:
V-a=0 (6)
where o is the stress. The mechanical constitutive law is:
o = Ce, (7)
Total strain is €, assuming small deformation thermo-elasto-plasticity, is total of:
€E=€,+€p+e€r (8)
C is the fourth-order material stiffness tensor, and €., €p, €7 are the elastic, plastic, and thermal

strain, respectively.

15



Chapter 3: Model Validation

3.1 Introduction to literature experimental data

For both case 1 and case 2, 25°C of ambient temperature, 280W of laser power, 960mm/s of
scan speed, 40um of layer thickness and 110um of hatch spacing are chosen in experiment and
other simulations. The scan patterns are rotating scan and constant scan for case 1 and case 2,
respectively. Distortion data is extracted at same measurement locations for all building models,
and experiment results are averaged in in groups of 10 with the standard deviation indicated by

error bars [34].

3.2 Distortion results comparison

Figure 10 compares the distortion predictions with the experimental measurements and other
simulation results at the four measuring locations for both case 1 and case 2. It can be seen that the
predictions of the present study agree very well with other simulation results with acceptable match
achieved for the experimental data. The discrepancy between the simulation curves and
experimental data is likely caused by surface roughness, which was ignored in the numerical
models, as also pointed out by Dunbar et al. [34]. The surface roughness variance can be related
to scan direction, gas flow and wiper movement [43], and other processing parameters [44]. To
achieve the comparison, the material properties of the Elastic Modulus, yield strength and thermal
expansion coefficient are set to 179 GPa, 1127 MPa and 12.8x107%/°C, respectively. It can be seen
that case 2 shows larger maximum distortions than case 1 due to its longer length and the constant
scan pattern. Their maximum distortions are about 0.011 mm and 0.09 mm, about 0.07% and 0.057%

of the outer diameter 15.88 mm, which are small but may contribute a major mismatch with the

16



hydrogen and air lines, if not well designed, and consequent reactant leakage under 1.5 or 2 atm

operating condition.
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Figure 10. Comparison of distortion data at different locations for experiment measurements and
validations, both case 1 and case 2. Both experimental and other simulation data are from
Dunbar et al. [34].

Moreover, a quantitative comparison of deviation between validation results and experimental
data was also made along the Z direction. The error rate of validation results was normalized by
experimental results and averaged at each measurement location (X+, X-, Y+, Y-). Table 4 shows

the averaged error rates of validation for case 1 and case 2, respectively. We can observe that the

largest difference is 10.4% at Y+ direction and Y directions are larger than X directions for case 1,
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which is consistent with the results in Figure 10 due to the surface defects as we discussed.

Table 4. Comparison of experimental measurement and validation results for case 1 and 2.

Measurement Averaged error rates of Averaged error rate of
location case 1 (%) case 2 (%)

X+ 4.8 9.9

X- 52 9.5

Y+ 10.4 9.3

Y- 10.1 8.9

Figure 11 (a) and (b) show the predicted final builds of both cases with 10 times magnified
distortion, along with distortion contours. For both cases and scan patterns, the peak distortion
occurs on the middle of the cylinder build. Again, both cases present a higher degree of
deformation in the middle of the build height instead of the top layers, due to the solidification and
compression of pervious layers, thus require additional consideration in the fitting design of the

reactant lines for perfect connection.

disp_(mm) Magnitude
disp_(mm) Mognitude
(a) 1303 005 01 015 02 025 30001 (b) fortactile Al °
I | !

015 025 30601
i

Figure 11. Predicted final geometry of (a) case 1 and (b) case 2, with 10 times magnified

To assist explaining the final shapes, Figure 12 displays the contours of the Cauchy XX and
YY stresses at multiple heights of the two builds. It can be seen that the bottom and top layers are

subject to tension with a stress magnitude as large as 1500 MPa. The middle the height is less
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stressed though the middle part has the largest distortion, as shown in Figure 12. For each
measurement location, the distortion is local minimal at top and bottom layers whereas the middle
part is dominated by compressive stress, which forms a “tension to compression and then to tension”

transition throughout the cylinder build. The result of it is a significant distortion occurs between

multiple top and bottom layers.

(b)

1 : i | = : 1 w‘ -.“ 1 |
i ﬁ

Figure 12. Cauchy XX and Y stresses at different measurement locations for (a, b) case 1 and

(c, d) case 2.
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Chapter 4: Parametric study

To reveal the different impacts introduced by material variations, both material Inconel 718

and stainless 316L were used on the model from case 1 and displayed in partial directions for

following study. Meanwhile, several properties and parameters, such as laser speed and power are

adjusted for evaluation. Table 5 summarizes the parameters that are related to all steps in LPBF.

Table 5. Parameters in 3D printing.

Types of parameters Variables
* Density * Elastic Modulus
Temperature dependent * Thermal *Yield Strength

material properties

conductivity « Thermal expansion

* Specific heat coefficient
Machine configurations * Laser power « Initial temperature
* Scan speed * Hatch spacing

Scan strategies

* Scan pattern « Stripe width
* Layer thickness

4.1 Scan speed effects

Scan strategy usually refers to the scan speed, scan pattern and layer thickness. Figure 13

shows the impact of the scan speed on the distortion at X+ and Y+ locations in the range of 500 to

4000 mm/s. It can be seen that as the scan speed increases from 500 to 4000 mm/s, the distortion

magnitude decreases from 0.1 to 0.07 mm for In718 and 0.05 to 0.03 mm for SS316L. This is due

to the fact that decreasing laser scan speeds leads to smaller temperature gradients [45] and smaller

cooling rates [46], thus lower residual stresses and distortion [47].
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Scan Speed Effect on In718

Y+ Direction

Scan Speed: 500mm/s
Scan Speed: 860mm/s
Scan Speed: 960mm/s
Scan Speed: 2000mm/s
Scan Speed: 4000mm/s

X+ Direction

Scan Speed: 500mm/s
Scan Speed: BBOmm/s
Scan Speed: 960mm/s
Scan Speed: 2000mm/s
Scan Speed: 4000mm/s

Distortion (mm)
5 .
=3
&

Distortion (mm)

. 5 .
o
@

-0.1 -0.1

-0.12 -0.12
o 1 2 3 4 5 6 T 0 1 2 3 4 5 6 7

Distance from substrate plate surface(mm) Distance from substrate plate surface(mm)

Scan Speed Effect on SS316L

Y+ Direction X+ Direction

—— Scan Speed: 500mm/s
—— Scan Speed: 860mm/s
— Scan Speed: 960mm/s
Scan Speed: 2000mm/s
— Scan Speed: 4000mm/s

Scan Speed: 500mmv/s
Scan Speed: 860mm/s
— Scan Speed: 960mm/s
Scan Speed: 2000mmvs
Scan Speed: 4000mm/s

Distortion (mm)
) 5 A
8
Distortion (mm)
. 5 .
a8

0.04 0.04 -
0.05 0.05
0.06 -0.06
[} 1 2 3 4 & 6 7 o] 1 2 3 4 5 6 7

Distance from substrate plate surface{(mm) Distance from substrate plate surface(mm)

Figure 13. Parametric effect on distortion for different scan speeds.

4.2 Scan pattern effects

The selected scan patterns are rotating scan and constant scan, as specified in Figure 2. Figure
14 plots the distortion results for these two scan patterns on the case 1’s geometry. It can be seen
that the rotating scan pattern exhibits a slightly less distort than that of the constant scan in the X

direction. Note that some local scan patterns may cause a significant difference on distortion [48]

21



Scan Pattern Effect on In718 & SS316L
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Figure 14. Parametric effect on distortion for different scan pattern.
4.3 Layer thickness effects

Figure 15 shows the distortions of the builds in the X+ and Y+ locations for the layer thickness
ranging from 20-80 m. For the layer thickness 20um, 40um and 60um, the distortion does decrease,
but the difference is very small about 0.2%-0.5% in average. This decreasing trend can be
explained by the fact that increasing the layer thickness reduces the residual stress due to reduction
in the cooling rate [49] [50]. Ali et al. [51] conducted experiments on three layer thicknesses (25
um, 50 um, and 75 um) and investigated their molten pools. It is reported that increasing layer
thickness leads to decreasing cooling rates and increasing porosity. Meanwhile, the maximum

molten pool temperature also increased due to the increasing layer thickness, thus the residual
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stress and distortion were decreased according to the temperature gradient mechanism [52] and

cool-down phase model [53].

Layer Thickness Effect on IN718
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Figure 15. Distortion profiles for four layer thicknesses in AM.

4.4 Laser power effects

Figure 16 plots the distortion profiles under three laser powers, respectively. It can be seen
that a higher laser power will lead to a larger distortion, which is due to the higher maximum
temperature of molten pools [46], [54], [55], and higher cooling rates [46] and lower residual stress
and distortion [56]. It is also important to have stable and desired molten pool characteristics during
the printing process. It has been widely accepted that a reasonable combination of the laser power
and scan speed will lead to efficient absorption of laser energy by the powder layer and sufficient

depth of the molten pools to avoid lack of fusion voids [34], [52].
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Laser Power Effect on In718
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Figure 16. Distortion profiles for three laser powers under 40um layer thickness and rotating

scan pattern.

Figure 17 (a) to (c) summarized all above parametric effects on maximum distortion of
building model for both materials, giving us a direct comparison and conclusion that SS316L
performs less distortion on final build than In718 for all ranged laser power, scan speed and layer

thickness. The average improvement rates for maximum distortions stay around 50%.

Max Distortion vs. Scan Speed Max Distortion vs. Laser Power Manx Distortion vs. Layer Thickness

012 || S 1n718 — Y- Dieotion [ S5316L— —Y- Direction
[ In718— —X- Direction [HEN S5316L— —X- Diraction

o012 -\nTIB——Y Direction [ S5316L— —Y- Diection
-\nna-—x Direction I SS316L— —X- Direction

o.12 |n7|a——\r Direction [ 58316L— —¥- Direction
|n71ﬂ——)( Direction [ SS316L— —X- Direction

A0k ELRh Bk

960 2000 4000 2
Scan Speed(mm/s) Laser Power(W) Laysr Thncknsss{um)
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and SS316L.
4.5 Material effects

Stainless steel 316L is a popular BP material for PEM fuel cell due to its mechanical
robustness, corrosion resistance, and low cost. Figure 18 (a), (b) shows the distortion profiles using
SS316L building material, indicative of similar deformation with the middle height subject to the
largest deformation. It can be seen that the maximum distortion is much smaller than that of the
In718 build with a value of 40 um versus 90 pm in the two locations under same environment
settings with In718. This is partially due to the smaller cooling rate and molten pool size in SS316L
[34]. Note that 40 pum is still larger than or comparable to the membrane and catalyst layer
thicknesses of PEM fuel cells, and may also lead to a large leakage under compressed operation

conditions [57].

In718 V.S SS316L
(a) Laser power: 280W, Layer thickness: 40 um, Scan pattern: Rotating (b)
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Figure 18. (a) Comparison of distortion using material SS316L and In718 under experiment

parameters. (b) Predicted final geometry of case 1 using SS316L, with 10x magnified.
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Chapter 5: Molten pool characteristics

5.1 Implemented study of molten pool size

Like the welding process, residual stresses are produced in selective laser melting (SLM)
processed part as the result of high temperature gradients, larger amount of thermal expansion and
shrinkage and non-uniform plastic deformation during the heating and cooling cycle [49], [58],
[59]. Substantial shrinkage of the moving melt pool during cooling and solidification is constrained
by the cooler underlying previously processed layers [60]. The geometry of the melt track and the
constitution of the melt pool significantly affects the dimensions of the final part. The melt pool
stability is critical for the quality of SLM-fabricated parts; melt pool instability results in an
irregular and discontinuous track, which leads to high surface roughness and volumetric porosity
due to balling in the fabricated parts [26]. Given the fact that melt pool plays an essential role in
affecting the simulation result, a single beam parametric simulation is implemented in AAS to
obtain information about the melt pool characteristics of selected material, Inconel 718. In Figure
19, the melt pool information of the combination of 280 W and 960 mm/s is plotted along the bead
after melt pool reached steady state. The convergence is reached within 0.3 to 0.5 mm. It also
shows the full progression along the bead length and summary of average and median melt pool
length, width, and reference depth for each permutation. One thing to be clear is that the reference
depth is the entire melt pool depth minus the layer thickness, starts from the bottom of the first

layer.
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Melt Pool Dimensions
Laser Power=280W, Scan Speed=960 mm/s
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Figure 19. Melt pool dimension of experimental model.

5.2 Premutation analysis for porosity

As we have discussed in chapter 3. The effect of final build distortion for laser power is
opposite with scan speed. Reducing laser power and increasing scan speed could both lead to lower
residual stresses and distortions [56]. Thus, there must be a range for scan speed and laser power
that interactively compromises to each other with a desirable neutralization for distortion. Figure
20 [52] summarizes such desirable combinations for these two parameters. In AAS we could also
conduct a series of permutation analysis on a single layer to explore the approximate range of
above-mentioned desirable window. Laser power is set between 80 to 430 in increment of 50, and
scan speed is set between 560 to 1760 in increments of 200. These 8 laser powers and 7 scan speeds

will have 56 different combinations with each other.
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Figure 20. Laser power vs. scan speed plot: ideal operating window in AM [52].

To summarize these 56 permutations, we apply following three criteria to select proper
combinations of laser power and scan speed [61]:

a). A penetration depth of about three layers through the thickness reduces porosity by re-
melting previous layers, so that we want a melt pool depth that reaches at least halfway through
the third layer. This means a good melt pool depth should be at least 0.1 mm, which leads to a melt
pool reference depth larger than 0.06 mm. Otherwise, a lack-of -fusion would occur between the
layers due to the high scan speed and low laser power.

b). A depth-to-width ratio above 0.95 indicates melt pools are too deep, and these
permutations usually have low scan speeds and high laser power, which also means high energy
density is applied and could lead to keyhole formation.

¢). A length-to-width ratio below 4.0 indicates melt pools are too long that usually is the result
of high scan speed and high laser power, which could potentially generate balling effect.

After selection based on above criteria, a chart summarizes all the combinations is shown in
Figure 21. The five green points represent good candidates at the range of 130W to 230W and

760mm/s to 1160mm/s.

28



Laser Power versus Scan Speed
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Figure 21. Result of different combinations of scan speed and laser power.

Porosity [62] is generally undesirable and considered as a material defect rather than a feature.
Porosity has significance impact on LPBF parts, such as fatigue life. It could be produced by a
variety of mechanisms including lack-of-fusion, keyhole-mode melting and gas absorption (i.e.
Balling). Porosity parametric study is also available in AAS and it is usually the extension of
material effect studies after single beam parametric simulation, it can offer more information about
the level of porosity for the chosen printing material under different scan patterns. In above
permutation studies, we get five candidates of combination of laser power and scan speed that are
considered as good. In following study, more insight of porosity is implemented. To be noted, only
lack-of-fusion porosity is considered and the criteria for result is solid ratio. An ideal solid would
have a solid ratio of 1, and anything that is not a solid is a void or powder. We identify the best
candidates as those have a less than 0.5% porosity and try to find the combination with the fastest
scan speed and widest hatching spacing [61]. The simulation is executed for 130W, 180W and

230W at three scan speeds and five hatch spacings in table 6, the unqualified candidates for solid
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ratio are abandoned.

We observe that lower scan speed will fix more hatch spacing values, and the same for
increasing laser power. Combining these results with permutation study, a laser power of 230W
with 960mm/s scan speed and a hatch spacing within 0.07mm to 0.11mm give us a more accurate

result for the chosen material Inconel 718 in terms of proper melt pool size and less porosity.

Table 6. Summary of porosity results for the five good candidates.

Laser Power (W) 130 180 230
Scan Speed (mm/s) 760 960 1160 760 960 1160 760 960 1160
Solid Ratio Solid Ratio Solid Ratio
Hatch 0.07 1 0.9997 | 0.999 1 1 1 1 1 1
Spacing 0.09 0.999 1 1 0.9997 1 1 1
(mm) 0.11 0.9997 1 0.9999 | 0.9991
0.13 0.9995
0.15

Another thing to notice is, for the laser power 280W and scan speed 960mm/s that was used
in pervious experiments and validations show a not deep enough melt pool based on Figure 21.
However, this combination shows a better performance in lack-of-fusion porosity for wider
parameter range, as shown in table 7.

Table 7. Porosity result for experiment and validation condition.

Laser Power (W) 280
Scan Speed (mm/s) 760 960 1160
Solid Ratio
Hatch 0.07 1 1 1
Spacing 0.09 1 1 1
(mm) 0.11 1 1 1
0.13 1 0.9998 | 0.9962
0.15 | 0.999
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Conclusion

In this study, we numerically investigated the distortions of LPBF builds of an inlet/outlet on
a BP of fuel cells under various manufacturing parameters including the laser speed, laser scan
pattern, laser power, build material, and powder layer thickness. The results of distortion prediction
were validated again literature data for In718, in terms of distortion profiles at four locations for
two geometries. The distortions at all measurement locations show a contraction toward the
cylinder center for both cases. The maximum error rate compares with experiments is 10.4%, and
average error rate is 8.4%. This could illustrate that the simulation in AAS performs an accurate
prediction of distortion on building parts. Besides, the predicted geometries after build are also
presented, giving a visualized idea of how residual stresses are distributed and accumulated in the
building parts. In these cases, the maximum distortions occur at several layers below the top layer.

After the validation, a parametric study was carried out for both In718 and SS316L on the
same building model together with few process parameters and their effects on final geometry.
These parameters are scan speed, scan pattern, layer thickness and laser power. For each parameter,
we have set control variable groups to present the changing distortion in certain range of parameter
values. Two major factors are scan speed and laser power, that could cause a 12%-20% difference
in distortions. Meanwhile, these are also two interactive variables that together decide an ideal
operating window to avoid too much porosity (Lack of fusion, keyhole, balling) in LPBF.
Moreover, we also prescribed the difference of resulted deformation between SS316L and Inconel
718, gives us the idea that different material types play an essential role in terms of building
geometry as well. In this case, SS316L performs better than In718 under all changing
configurations, which indicates its ability to be a more desirable chose to additively manufacture

fuel cell components. To achieve manufacturing perfection and controlling cost loss in fuel cell



components, all above investigated parameters need to be considered comprehensively while each
has interconnected effects on final building quality. AAS is a new package that released by ANSY'S
Inc. in 2019, related studies are still needed to examine the quality and accuracy.

Moreover, two implemented studies that focus on melt pool characteristics and porosity on a
single layer were expanded in AAS as well. In these studies, numerical analysis was extensively
conducted to explicate the features melt pools possessed. Under the condition of experimental
validations, melt pool dimensions are captured. Meanwhile, after analyzing 56 combinations of
different scan speeds and laser powers, a desirable operating window for these two values is
obtained, giving more insights on selecting reasonable process parameters based on the ultimate
need of building structures. Besides, one of the essential indices in LPBF—Porosity, is also studied.
It helps to decide a solution based on all previous validations and porosity criteria including as
many as parameters that involved in this LPBF for this fuel cell tube with material Inconel 718,
that is 260W of laser power, 960 mm/s of scan speed, 0.07mm to 0.11mm of hatch spacing with
reasonable scan pattern.

Above validations and investigations meant to provide a reference for all end-users and
operators by using a size-suitable part and to inspire more potential applications for AM by this
micro fuel cell component. The undesirable selection of material and process configurations could
bring unnecessary time and economic loss as a consequence. Future studies may focus on
exploring more combinations of different parameters and their effects on final geometries in

multiple layers or bulk models that more than on a single layer.
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Appendix
The whole process of 3-dimensional numerical analysis in AAS is reviewed here.
Following steps in Figure 22 shows the working flow in detail. In general, 12 steps are
employed in above studies, and each of the step and its setting interface is presented using the

validation case 1 as example for reproducibility and future research.

: Define : =
Build 3D > | Measurement . Slmul‘atlon . Model ln.put &
Model Locations Settings Meshing

) o
Support Results Scan Material
PR G s
Structure Output Strategy Selection
4 CE———
T
Environmental Distortion Final A
Parameters | == Numerical — Geometry — Paramdetrlc
Setting Analysis Prediction study

Figure 22. Steps of three-dimensional numerical analysis.

Build 3D Model: The desirable shapes and structures for AM simulation are able to be built in
most 3-dimensional design tools, such as SolidWorks, Pro/E, Autodesk Invertor and the like.
This study chose SolidWorks as design tool to obtain STL format files. To be noted, AAS and
ANSYS workbench are separate platforms so that SpaceClaim and Design Modeler are not
feasible for direct design and input of printing models into AAS like workbench does.

Define Measurement Locations: Measurement locations usually focus on area that has
massive distortion or residual stress, it could be along a line, a surface or partial volume of the
model. In our case, they are four lines along the contour of the cylinder height.

Simulation Settings: As Figure 23 shows, we select Thermal Strain Simulation in AAS that

has the highest accuracy to predict thermal effect from melting and cooling cycles. Simulation
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title can be anything as long as it clear for users. Number of cores ranges from 4-12, helps to

divide the number of process core to be used, the maximum value was chosen in all our cases.
Configure Thermal Strain Simulation

Details

Simulation Title *

Description

Number of Cores

Figure 23. Configure thermal strain simulation. [61]

Model Input & Meshing: Like other finite element analysis, meshing size decides the
accuracy and resolution ratio of final results after model input. In this stage, partial meshing
control is not available yet in ASS, so meshing size is applied to entirety. Depending on
computation resources, smaller meshing could capture part features as much as possible. Once
add the part that needs to be calculated, voxel size and sample rate together decides meshing
density. Here, default values for these are kept, more discussion about these concepts have

investigated in Chapter 2.
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Geometry Selection

Available Parts

0.1Cylinder Available 4/30/20, 10:20 PM Add
Ring Available 4/11/20, 10:23 PM Add
Cylinder 2 Available 2/8/20, 1:35 PM Add
Cylinder 1 Available 2/8i20, 1:35 PM Add

voxel Size (mm) ()
Voxel Sample Rate (sample rate®) ()

Mesh Resolution Factor ()

Figure 24. Geometry selection in AAS. [61]

Support Structure: Support is feasible to be user costumed (Input support model like the way
inputting building models), and it will associate with building model. Also, support can be
automatically generated if no special feature or overhang is concerned. Since the design of our

case already has a substrate along with it, simulation with supports is unclicked in our study.

Supports
[0 simulate With Supports

Support Type

General Parameters Thin Wall Parameters Thick Wall Parameters
Minimum Overhang Angle o Wall Thickness (um Minimum Wall Thickness (um
100
45
Maximum Wall Distance (um Maximum Wall Thickness (um

Minimum Support Height (mm)

Support Factor Of Safety )

Support Yield Strength Ratio * o

0.4375

Figure 25. Support option in AAS. [61]
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Environmental parameters setting: From this step, the model is already to be printed as long
as configurations are decided. The initial temperature of the building environment, specifically,
refers to the base temperature of the operation surface is set to default (room temperature).
Material Selection: In our case, IN718 and SS316L are selected from AAS material library,
respectively, as shown below.

Material Configuration

Material *

s - @
pec s Costcans () @)
pic S L@
p 2" @

Figure 26. Material configuration in AAS. [61]

Scan Strategy: As we have talked in thesis, scan strategy includes all major variables (layer
thickness, scan pattern, laser power, scan speed, hatch spacing, etc.) that brings different effect
on building model, and they are the objects for parametric studies. Their effects that contribute
to residual stress were also discussed. For the validation case 1, the values are given by the

experiments and setup as shown in Figure 27.
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Machine Configuration

Machine

Starting Layer Angle ( * ) *

Hatch Spacing (um) *

Slicing Stripe Width (mm) *

Scan Speed (mm/s) *

Figure 27. Machine configuration in AAS. [61]

Results Qutput: Most of FEA results for our study were produced in VTK files that include
displacement before/after cutoff from support structure (if there is), layer-by-layer stress and
displacement, etc. Our cases take the “before cutoff” results and convert them into visualized
three-dimensional figures, and then Distortion Numerical Analysis for selected measurement

locations and Predicted Final Geometries.

Outputs

Figure 28. Result outputs in AAS. [61]

Parametric Study: Following the same steps, different settings of scan strategies are computed

and processed into same presentation format.
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