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Abstract: Mitigation of residual stresses and distortions in additive manufactured parts is of great
interest to industry. In this study, an arch-shaped geometry is simulated using the general purpose
finite element code Abaqus® in order to predict stresses and distortions for a laser powder bed
fusion (LPBF) manufacturing process. A sequential thermal-mechanical coupling is adopted, in
which temperatures are predicted first and then used as inputs in the static stress analysis. The
printed part is modeled as an elasto-visco-plastic material, whose parameters are estimated using
high temperature mechanical measurements from the literature. The layer-by-layer printing
process is simulated by progressive element activation in conjunction with a moving heat source.
After removal from the build plate, the simulations predict an outward distortion of the arch legs
which qualitatively matches experimental observations of a similar geometry.

Keywords: additive manufacturing, laser powder bed fusion, 17-4 PH stainless steel, Abaqus,
finite element, residual stresses.

1. Introduction

Laser powder bed fusion (LPBF) is an additive manufacturing technique that produces a 3D metal
part in a layer-by-layer fashion. For each new layer, a coating of metal powder is applied over the
previous layer and then, utilizing a laser, selectively melted based on a CAD file. The laser power
is such that the sub-layer also experiences melting, causing each new layer to be fused to the
previous one. After the final layer is produced, the un-melted powder is shaken off, leaving behind
the printed part.

LPBF has several advantages over traditional manufacturing processes. In many cases, a complex
geometry can be produced as a single part when utilizing LPBF, whereas traditional processes
require the assembly of many parts to produce the same geometry. With the ability to produce
such complex parts, LPBF can also be coupled with topology optimization to build parts that
maximize performance in regards to strength-to-weight ratio, heat transfer, fluid flow, etc. In
addition, the small size (10s of microns) of the powder metal particles and laser beam diameter
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enable the production of parts with extremely fine features. Also, LPBF produces near-net shaped
parts that require minimal post-manufacturing processes (i.e., welding, machining, grinding).

Unfortunately, the highly focused laser beam subjects the part to localized rapid heating and
cooling, generating large temperature gradients and inducing considerable stresses. This may lead
to undesirable results such as large plastic strains or residual stresses and diminish the part life.

The purpose of this study is to predict distortions and residual stresses in a 17-4 PH stainless steel
produced by a laser powder bed fusion manufacturing process. For the simulations, variations of a
simple arch geometry are used, as well as two scanning strategies to predict different levels of
stresses. A sequential thermal-mechanical coupling is utilized, in which temperatures are predicted
first and then used as inputs for a static stress analysis. Both analyses are performed using the
general purpose finite element code Abaqus®. The temperature-dependent properties used for the
heat transfer and stress analyses are estimated using thermodynamic software and high
temperature mechanical data from the literature, respectively. The finite element predictions
demonstrate the capability of the Abaqus® additive manufacturing module.

2. Simulation Model Setup

For the simulations, three variations of a simple arch design were chosen, whose geometries are
shown in Figure 1. The outer dimensions of each arch is identical (30 mm length x 21.32 mm
height x 5 mm width). The main difference between the arches is that their top length (see Figure
1(c)) varies (7.5 mm, 15 mm, and 30 mm for arches 1, 2, and 3, respectively). A 1 mm radius was
used to reduce stress concentrations on the underside of the arch, where the legs converge. The
portion of the arches above the legs is denoted the arch “body”, which is 5 mm in height for all
arches.
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Figure 1. Arch geometries. Dimensions are in mm.
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Two scan strategies (termed “0 degree” and “90 degree”) were selected for the simulations and are
shown in Figure 2. The simulation design was motivated by the work from Kruth et al. [1], who
found that the tensile stresses in the printed part increase with an increasing scan vector. For
example, using the 0 degree scan strategy for arch 3 (scan vector = 30 mm) can expected to
generate the largest tensile stress along the length of the body, whereas the same scan strategy for
arch 1 (maximum scan vector = 7.5 mm) should generate the smallest tensile stresses. Conversely,
using the 90 degree scan strategy for arch 3 can be expected to generate lower tensile stresses in
the lengthwise direction than the O degree strategy. Thus, four cases were chosen: 1) arch 1 with a
0 degree scan strategy, 2) arch 2 with a 0 degree scan strategy, 3) arch 3 with a 0 degree scan
strategy, and 4) arch 3 with a 90 degree scan strategy. These cases are summarized in Table 1.

For each case, a sequential thermo-mechanical coupling was utilized, in which temperatures were
predicted first and then used an inputs in the stress analysis. Simulation models for each analysis
are shown in Figure 3. For the heat transfer analysis (Figure 3(a)), the powder bed was included to
simulate heat conduction from the part into the powder bed. The height of the powder bed (21.32
mm) was the same as the part height. For the stress analysis, the powder bed was not included, as
the metal powder can be expected to have minimal impact on the stresses in the arches. Build plate
dimensions are shown in Figure 3(b). For the meshes, linear brick elements (DC3D8) were used
for the arch in the heat transfer analysis, whereas linear tetrahedral elements (DC3C4) were used
for the build plate and powder bed. Figure 4 shows the mesh for the stress analysis, in which linear
brick elements (C3D8) were utilized for both the arch and build plate. Characteristic lengths for
the arch elements were approximately 0.5 mm. Roughly speaking, approximately 100,000 nodes
and 400,000 elements were used to run the heat transfer analysis, whereas 70,000 nodes as 60,000
were used in the stress analysis. The models shown in Figure 3 comprise a single part containing
different sections that define the material properties for the arch, powder bed, and build plate.
Thus, no contact resistance was considered between the arch and powder bed.

Plane A Plane A
build direction
DD N B B B B B R wmwu
Plane B Plane B
laseron __ laser off —_ laseron ___  laser off __ lengthwise direction

Figure 2. Schematics of the 0 (a) and 90 (b) degree scan strategies are depicted
on the slice planes shown in (c).
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Table 1. Simulation cases.

Case Arch Scan Strategy

1 1 0 degree
2 2 0 degree
3 3 0 degree
4 4 90 degree

Two event series (roller and laser power) were constructed to govern 1) the application of powder
layers, and 2) heat input from the laser as a function of position and time. Progressive element
activation was utilized to simulate building of the part in a layer-by-layer fashion. The time to
apply each powder layer was estimated to be 8 s. For the heat transfer analysis, the powder bed
and arch element activations coincided with the roller event series, whereas only the arch was
activated for the stress simulation (since the powder bed was not included in the stress analysis).
For the laser power event series, the heat input data was extracted from the software package
Phenix Processing®, which is used to build the sliced CAD files for 3D Systems® printing
machines. For the simulations, a single time increment was used for both the layer application (8
s) and for the duration of the moving heat source for each layer, which varied between 1 and 2.5 s.

(a) Heat Transfer Model (b) Stress Model

Figure 3. Abaqus models for the heat transfer (a) and stress (b) simulations for
arch 3. The powder bed was not included in the stress simulation. Dimensions

2017 Science in the Age of Experience 202



(@) Complete mesh (b) Arch mesh

Figure 4. The Abaqus mesh for stress simulations utilized linear brick elements
(C3D8) for the aches and build plate.

3. Heat Transfer Simulations

For the heat transfer analysis, thermophysical properties for the arch and build plate were
determined from the thermodynamic software package IDS [2] using the 17-4 PH stainless steel
chemistry shown in Table 2. The calculated properties are shown in Figure 5. The effects of latent
heat of solidification and the solid state phase transformation were combined with the specific heat
by taking the discreet temperature derivative of the predicted enthalpy and shown as the effective
specific heat in Figure 5(b). The latent heat effects of solidification and solid state phase
transformation can be seen as spikes in the curve at the liquidus temperature (T“q) and 610°C,

respectively. For other heat transfer parameters, the emissivity was set to 0.25 and the absorption
coefficient was set to 0.45.

For the powder bed, the study of Moser et al. [3] was used to estimate the effective thermal
conductivity of the powder bed as a function of temperature, particle size, solid conductivity, and
atmospheric gas conductivity (nitrogen). The powder bed density was estimated by measuring the
room temperature value and extrapolating the room temperature density ratio (pSoli (/ppow dor be d) to
high temperatures. The effective specific heat for the powder bed was set to the value of the solid
material.

Results for the heat transfer simulation are shown in Figure 6 at various build heights. These
images show the maximum temperature in the layer, which occurs immediately after the laser is
turned off. In general, the predicted temperatures range between room temperature and 300°C,
with the exception of the 16.32 mm height, for which temperatures can be seen approaching
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Table 2. 17-4 PH stainless steel chemistry used to determine thermophysical properties.

%Cr %Ni %Mn %Si %Nb %Cu %P %C %S %Fe
17.5 5 1 1 0.15 5 0.04 0.07 0.03 70.21
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Figure 5. Temperature dependent thermophysical properties were estimated
with IDS [ref] software using the chemistry shown in Table 1. The effective
specific heat includes latent heat effects for solidification and the solid state

phase transformation.
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Figure 6. Predicted temperatures at various build heights for simulations using
a single time increment during melting for each layer.
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500°C. These higher temperatures are due to a lack of solid material to conduct heat away
immediately when a bridge between the two legs is formed. The relatively low temperature
predictions are due mainly to the large increments taken while the laser is on. Larger predicted
temperatures can be expected for smaller time increments. A parametric study will be performed
to investigate the effect of the time increment on maximum predicted temperatures. Also, the large
increments prevented any discernible difference to be seen between the 0 and 90 degree scan
strategies, i.e., no scan vectors could be seen.

Figure 7 shows an example (for arch 1) of the change in predicted temperatures
immediately before the laser is activated and after the laser is deactivated. This illustrates the
predicted cooling that occurs while a new layer of powder is applied. From the figure, it can be
seen that the arch cools from a maximum temperature of 500°C at a height of 16.32 mm to less
than 150°C after the roller has finished applying a new layer. Again, due to the large time
increment, the actual temperature fluctuations in a real part are expected to be much larger.
Nevertheless, this demonstrates the thermal cycling that is associated with laser powder bed
fusion. Such variations can be expected to have a considerable effect on the microstructure.

Temperature (°C)

+5,000e+02
B . 604e+02
| +4.208e+02
+3.813e+02
+3.417e+02
+3.021e+02
+2.6250+02
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+1.833e+02
+1.437e+02
+1.042e+02
+6.458e+01
+2.500e+01

(a) Prior to laser (b) After laser deactivation
activation

Figure 7. Predicted temperatures for arch 1 immediately before laser activation
(a) and after laser deactivation (b).

4. Static Stress Simulations

The stress model solves for the evolution of stresses and displacements in the arch and build plate.
The small strain assumption is adopted for the present study. Assuming negligible inertial effects,

body forces, and momentum transport between the solid and liquid during solidification, the solid
momentum equation is reduced to a zero divergence of the stress tensor (¢), i.e., V-6 =0. The

strain tensor (¢) is additively decomposed into its elastic (ee), inelastic (sin), and thermal (‘gm)

components.

The build plated was modeled as an isotropic, homogeneous elastic material, as stresses in the arch
are unlikely to cause yielding in the build plate. The constitutive law for the arches considers rate,
hardening, and temperature affects and is modeled as a pressure-dependent material during
solidification. Below the solidus temperature, the model reduces to a standard elasto-visco-plastic
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constitutive law. The model is adopted from Monroe and coworkers [4,5] and is reviewed by
Galles and Beckermann [6].

For the elastic properties, Young’s modulus was taken from Koric and Thomas [7] and is shown in
Figure 8(a). A constant Poisson’s ratio of 0.3 was used.

Thermal strains were calculated using the relation &, = (T —T,, )1, where T is the

temperature, Ty, is the temperature at the onset of thermal contraction, 1 is the 2" order identity
tensor. The total linear thermal expansion coefficient, «,, , was determined from the density

(calculated by IDS) and is shown in Figure 8(b).
Upon yielding, the stress-strain relation for the arches are governed by

n . m
Gy = 00[1+ %J [1+ %J [1]
0 0

where o, is the dynamic yield stress, o, is the initial yield stress, ¢, is the equivalent plastic
strain, &, is the reference strain, n is the hardening exponent, &, is the equivalent plastic strain
rate, £,is the reference strain rate, and m is the strain rate sensitivity exponent. These parameters

200 Roricand Thomas (2006) Fe 4 :
NA
L o |
B 160 L 9 Onset of thermal ——|
% Xg 3 contraction, T,
W i °
120 ¢ 5 :
g 9 2 |
> 80 | i !
2 I 3 I
3 5 11 '
£ a0t £ :
i = |
s I
|:| 1 1 1 1 1 1 1 '9 0 L I L I L I 1.
0 400 800 1200 1600 0 400 800 1200 1600
Temperature, T (°C) Temperature, T (°C)
(&) Young’'s Modulus (b) Total Linear Thermal
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Figure 8. Young's Modulus (a) was taken from Koric and Thomas [7]. The total
linear thermal expansion coefficient (b) was calculated from the temperature
dependent density predicted by IDS [2].

were estimated from the high temperature mechanical tests performed on reheated samples of 17-4
PH stainless steel between for temperatures between 950°C and 1150°C and strain rates ranging
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from 10 ’ tols ' [8] using a Levenberg-Marquardt nonlinear parameter estimation algorithm. The
complete details are described elsewhere [6]. The estimated parameters were then extrapolated to
include the range from the liquidus temperature (1435°C) down to the solid state phase
transformation at 610°C and are plotted as functions of temperature in Figure 9. Below 610°C, the
material was assumed to be rate-independent (i.e., m was set to zero), causing the rate-dependent
term to vanish from Equation 1. The remaining parameters (o, , n, &,) were determined from a

room temperature tensile test. Between room temperature and 610°C, values were linearly
interpolated.

In order to evaluate the fit, Equation 1 was used to predict the stresses using the mechanical test
data from which the parameters were estimated. Figure 10 shows a comparison between the
measured and predicted stresses using the experimental viscoplastic strains and strain rates. In
general, the model predicts the material response well. At lower strain rates, however, the model
slightly under-predicts the stress response. Further tuning of the estimated parameters may needed
to achieve better agreement. As a first estimate, though, the estimated parameters are reasonable.

Stress and equivalent plastic strain contours are shown for all simulations in Figure 11. Distortions
are magnified 5x. Contours are shown after the part has been built but before removal from the
build plate. Large von Mises stresses (> 500 MPa) are predicted throughout the arches, with
localized values near the top of the overhang area greater than 2000 MPa. Normal stresses in the
lengthwise direction (see Figure 2(c)) are predominantly tensile with most regions also over 500
MPa. Larger tensile stress variations are seen in the build direction, as large stress concentrations
are predicted near the outsides of the legs and along the build height. The predicted equivalent
plastic strains are also large, with values mostly exceeding 0.2 throughout the arches.

Using *Model Change, the arches were removed from the build plate after the build had
completed. Some amount of stress relaxation can be expected from this procedure depending on
the level of residual stresses in the arches. Figure 12 shows an outward “spring back” of
approximately 0.15 mm for the case 4 (arch 3, 0 degree) legs after removal. This prediction is in
line with the experimental observations by Kruth et al. [1]. The spring back for all arches is shown
in Figure 13. The arch 1 simulation predicted the largest spring back, whereas arch 3 predicted the
smallest amount. These results are unexpected. The longer scan vectors used in arch 3 were
expected to produce the largest tensile stresses in the body of the arch, which would in turn
generate the largest amount of spring back. Possibly, the extra material in arch 3 provided restraint
and minimized the amount of pushout of the legs. The large tensile stresses seen in the build
direction near the outsides of the legs (see Figure 11(c)) may have caused the larger spring back
that was predicted for arch 1.

Negligible differences can be seen between the 0 and 90 degree scan strategies for arch 3. Since
only 1 increment was used during melting for each layer, the scan directions were not considered
by the simulation. Thus, the similarity in the results for the 0 and 90 degree strategies is not
unexpected.
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Figure 9. Estimations for the viscoplastic model parameters used in Equation 1.
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5. Conclusions and Future Work

In this study, a laser powder bed fusion process was simulated in Abaqus® to predict stresses and

distortions in a 3D-printed 17-4 PH stainless steel part. Three variations of an arch and two

different scan strategies were utilized for the purpose of predicting different amounts of stress and

associated distortions. Progressive element activation and a moving heat source were used to

simulate the process. Due to the coarse time increments, maximum temperatures of only 500°C
were predicted in the arches, compared to a melting temperature of nearly 1300°C. In spite of this,

the predicted behavior of the arches after removal from the build plate followed the observed
trends from the literature.

For future work, validation experiments will be performed, at which time quantitative
comparisons can be made to determine the accuracy of the computational model. In addition,

experiments are planned to measure the effective thermal conductivity in the powder bed. This

experimental work will be crucial for model validation as well as guide future experimental and

simulation design.

6. References

1. Kruth J.P., Deckers J., Yasa E., and Wauthle, R., “Assessing and Comparing Influencing

Factors of Residual Stresses in Selective Laser Melting Using a Novel Analysis Method,”

Proc IMechE Part B: J Engineering Manufacture. vol 226, no. 6, 2012, pp. 980-91 .

2. Miettinen J., “Calculation of Solidification-related Thermophysical Properties for Steels,”

Metall Mat Trans B, vol. 28, 1997, pp. 281-97.

3. Moser D., Pannala S., and Murthy J., “Computation of Effective Thermal Conductivity of

Powders for Selective Laser Sintering Simulations,” J Heat Transfer, vol. 138, 2016.
4. Monroe C., Ph.D. Thesis, University of lowa, lowa City, 1A, 2009.

5. Pokorny M., Monroe C., Beckermann C., Bichler L., and Ravindran C., “Prediction of Hot
Tear Formation in a Magnesium Alloy Permanent Mold Casting,” Int J Metalcasting, vol. 2,

no. 4, 2008, pp. 41-53.

6. Galles D. and Beckermann C., “In Situ Measurement and Prediction of Stresses and Strains

During Casting of Steel,” Metall and Mat Trans A, vol. 47, no. 2, 2016, pp. 811-29.

7. Koric S. and Thomas B.G., “Efficient Thermo-mechanical Model for Solidification
Processes,” Int J Numer Methods Eng, vol. 66, 2006, pp. 1955-89.

8. Mirzadeh H. and Najafizadeh A., “Flow Stress Prediction at Hot Working Conditions,” Mat

Sci Eng A, vol. 527, 2010, pp. 1160-4.

2017 Science in the Age of Experience

213



	TermsOfUse
	TOC
	AerospaceDefense
	AD_ATAEngineering_Blades
	A Computational Framework for the Analysis of an Aero-Thermochemical-Elastic Eroding Nozzle
	1. Introduction
	2. Overview of the Multiphysics Framework Coupling Methodology
	2.1 CHEM-CHAR Coupling
	2.2 CHEM-CHAR-Abaqus Coupling (No Mechanical Degrees of Freedom)
	2.3 CHEM-CHAR-Abaqus Coupling (Mechanical Degrees of Freedom)

	3. Temporal Coupling Options for the Multiphysics Framework

	AD_NASA_C. LEE
	AD_Purdue_Favaloro_Flow
	Anisotropic Viscous Flow Simulation in Abaqus
	1. Introduction
	2. Method Description
	3. Implementation Details
	4. Example: Squeeze Flow of a Circular Disk in /Standard
	5. Example: Center Gated Disk Flow in /Explicit using SPH
	6. Conclusions
	7. Acknowledgements
	8. References

	AD_U.S. Army - ARDEC_Galles
	1. Introduction
	2. Simulation Model Setup
	3. Heat Transfer Simulations
	4. Static Stress Simulations
	5. Conclusions and Future Work
	6. References

	AD_U.S.Army_PCarlucci
	AD_UNIVHANOI_THAI
	AD_UNIVZAGREB_SMOJVER
	Numerical Analysis of Ballistic Impact Damage in Layered Isotropic Plates
	1. Introduction
	2. Numerical framework
	2.1 Numerical model of the impacted plate
	2.2 Numerical model of the impactor

	3. Analysis
	4. Results
	4.1 Validation of the numerical model
	4.2 Effect of impact incidence angle
	4.3 Effects of impactor shape and target configurations

	5. Conclusions
	6. References

	CPGR_Kimberly-Clark Corp_Hollingsworth
	Failure is Good:
	Perforation Patterns and Stretchy Paper Towels
	1. Introduction
	2. Material Characterization
	2.1 Cyclic Tensile Test
	2.2 Trapezoid Tear Test

	3. Material Model and Fitting Procedure
	3.1 Cyclic Tensile Test
	3.2 Trapezoid Tear Test

	4. Scripting and Parameterization
	5. Dispensing Model
	6. References
	7. Acknowledgment

	HT_BEIJING SYTNA_LI
	Defect Detection and Localization by  Lamb Wave Simulation
	1. Introduction
	1.1 Acousto-ultrasound Method
	1.2 PZT
	1.3 Lamb Wave Propagation

	2. Derivation of Strong and Weak Form
	3. Lamb Wave Simulation
	3.1 Abaqus Model of the Plate and Sensors
	3.2 Sweep the Plate without and with Crack

	4. Defect Detection and Localization
	4.1 Defect Detection with Correlation Analysis and RAPID
	4.2 Results

	5. Summary
	6. Reference

	IE_Singapore Institute of Manufacturing Technology_Feih
	1. Introduction
	2. Experimental Details
	2.1 Cylinder Geometries
	2.2 Build Process Parameters
	2.3 Solid Material Properties
	2.4 Powder Properties

	3. Simulation Details
	3.1 Additive Manufacturing Methodology
	3.2 Heat Source Framework
	3.3 Nodal Flux Simulation
	3.4 Laser Path and Powder Deposition Event Series Generation
	3.5 Energy Balance
	3.6 Mesh Size Refinement for Nodal Flux Model
	3.7 Influence of Surrounding Powder
	3.8 Influence of Time Incrementation
	3.9 Influence of Build Platform
	3.10 Comparison to Goldak Model

	4. Discussion
	4.1 Influence of Build Height and Cylinder Width on Microstructure and Mechanical Properties
	4.2 Temperature Profile Analysis

	5. Conclusions and Outlook
	6. Acknowledgement

	IE_TWI_LONDON
	1. Introduction
	2. Experimental Approach
	2.1 Geometry and SLM Build Parameters
	2.2 Post-processing and heat treatment
	2.3 Metallographic examination

	3. Modelling Approach
	3.1 Overview of the computational framework
	3.2 Geometry and finite element mesh
	3.3 Material properties
	3.4 Loads and boundary conditions
	3.5 Prediction of microstructural characteristics

	4. Summary of Findings
	5. Future work
	6. References
	7. Acknowledgement

	IE_University of Massachusetts at Lowell_SiddarthDev
	Mechanical Testing of FDM Parts for Process Simulation
	1. Introduction
	2. Experimental characterization of FDM printed parts
	2.1 Materials and Fabrication
	2.2 Experimental Setup
	2.3 Characterization of Bead Shape and Volume Fraction
	2.4 Experimental results
	3 Virtual Characterization of FDM Printed Parts
	4 Discussion
	5 Conclusion and Future Work
	6 References

	LS_Dayananda Sagar College of Dental Sciences_ShobhaES
	Contact conditions:
	Loads and boundary conditions:
	Figure 10: Types of Fixations

	LS_Illinois Institute of Tech-Cammino
	TM_DUPONT_SHOJAEI
	TM_GM_NEELA
	1. Introduction
	2. Procedure
	3. Results and discussion
	3.1 Front Door - Spot weld failure at upper hinge region
	3.2 Rear Door - Spot weld failure at checklink region

	4. Conclusions
	5. Acknowledgments
	6. References

	TM_PanAsia_Xu
	1. Introduction
	2. Finite Element Simulation
	2.1 Thermal Stress Analysis
	2.2 Dynamic Stress Analysis
	2.3 Finite Element Analysis Results

	3. Fatigue Safety Factor Calculation
	4. Conclusions
	5. References

	TM_PRINCIPIA_RODRIGUEZ
	Modelling Rubber Bushings Using the Parallel Rheological Framework
	1. Introduction
	2. Material model
	2.1 Long-term static behaviour
	2.2 Viscoelastic behaviour

	3. Static analysis
	3.1 Methodology
	3.2 Results

	4. Cyclic analysis
	4.1 Methodology
	4.2 Initial results
	4.3 Sensitivity to the swaging process
	4.4 Discussion

	5. Conclusions
	6. References

	TM_Toyota_Satoshi_Ito
	Development of the high-performance Bushing model using Abaqus
	1. Introduction
	2. Rubber material model
	2.1 Basic concept of the new rubber material model
	2.2 Identification of material coefficients
	2.3 Validation of material coefficients

	3. Suspension arm validation
	3.1 Suspension arm model
	3.2  Validation testing
	3.3 Accuracy validation for transient inputs

	4. New Low DOF Bushing Model
	5. Calculation of the matrix coefficient
	6. Process for estimating dynamic coefficients
	7. Validation of rubber bushing component
	8. Validation of front suspension model
	9. Summary
	10. References
	11. Acknowledgment

	AD_Purdue_Favaloro_Flow.pdf
	AD_UNIVZAGREB_SMOJVER.pdf
	AD_U.S. Army - ARDEC_Galles.pdf
	CPGR_Kimberly-Clark Corp_Hollingsworth.pdf
	IE_Singapore Institute of Manufacturing Technology_Feih.pdf
	IE_University of Massachusetts at Lowell_SiddarthDev.pdf
	Mechanical Testing of FDM Parts for Process Simulation
	1. Introduction
	2. Experimental characterization of FDM printed parts
	2.1 Materials and Fabrication
	2.2 Experimental Setup
	2.3 Characterization of Bead Shape and Volume Fraction
	2.4 Experimental results
	3 Virtual Characterization of FDM Printed Parts
	4 Discussion
	5 Conclusion and Future Work
	6 References

	IE_University of Massachusetts at Lowell_SiddarthDev.pdf
	IE_TWI_LONDON.pdf
	LS_Dayananda Sagar College of Dental Sciences_ShobhaES.pdf
	TM_DANA_RAMKUMAR.pdf
	Designing Cylinder Head Gaskets for New Generation Powertrains
	1. Introduction
	2. Cylinder Head Gasket Technology
	3. “First-Time Right” Gasket Design
	3.1 Optimization of Stopper Height
	3.2 Optimizing Stopper Topography
	3.3 Fatigue Analysis Method
	3.4 Variable Amplitude Fatigue Study

	4. Conclusions
	5. References

	TM_Toyota_Satoshi_Ito.pdf
	11. Acknowledgment

	LS_Illinois Institute of Tech_Cammino.pdf
	HT_BEIJING SYTNA_LI.pdf
	Defect Detection and Localization by  Lamb Wave Simulation
	1. Introduction
	1.1 Acousto-ultrasound Method
	1.2 PZT
	1.3 Lamb Wave Propagation

	2. Derivation of Strong and Weak Form
	3. Lamb Wave Simulation
	3.1 Abaqus Model of the Plate and Sensors
	3.2 Sweep the Plate without and with Crack

	4. Defect Detection and Localization
	4.1 Defect Detection with Correlation Analysis and RAPID
	4.2 Results

	5. Summary
	6. Reference

	TM_PRINCIPIA_RODRIGUEZ.pdf

