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The term “hybrid” has been widely applied to many areas of manufacturing.
Naturally, that term has found a home in additive manufacturing as well. Hybrid additive
manufacturing or hybrid-AM has been used to describe multi-material printing, combined
machines (e.g., deposition printing and milling machine center), and combined processes
(e.g., printing and interlayer laser re-melting). The capabilities afforded by hybrid-AM
are rewriting the design rules for materials and adding a new dimension in the design for
additive manufacturing paradigm. This work focuses on hybrid-AM processes, which are
defined as the use of additive manufacturing (AM) with one or more secondary processes
or energy sources that are fully coupled and synergistically affect part quality,
functionality, and/or process performance. Secondary processes and energy sources
include subtractive and transformative manufacturing technologies, such as machining,
re-melting, peening, rolling, and friction stir processing. Of particular interest to this
research is combining additive manufacturing with laser shock peening (LSP) in a cyclic
process chain to print 3D mechanical properties. Additive manufacturing of metals often
results in parts with unfavorable mechanical properties. Laser shock peening is a high
strain rate mechanical surface treatment that hammers a work piece and induces favorable
mechanical properties. Peening strain hardens a surface and imparts compressive residual

stresses improving the mechanical properties of material. The overarching objective of



this work is to investigate the role LSP has on layer-by-layer processing of 3D printed
metals. As a first study in this field, this thesis primarily focuses on the following:

(1) defining hybrid-AM in relation to hybrid manufacturing and classifying hybrid-AM
processes and (2) modeling hybrid-AM by LSP to understand the role of hybrid process
parameters on temporal and spatial residual stress development. A finite element model
was developed to help understand thermal and mechanical cancellation of residual stress
when cyclically coupling printing and peening. Results indicate layer peening frequency
is a critical process parameter and highly interdependent on the heat generated by the
printing laser source. Optimum hybrid process conditions were found to exists that
favorably enhance mechanical properties. With this demonstration, hybrid-AM has
ushered in the next evolutionary step in additive manufacturing and has the potential to

profoundly change the way high value metal goods are manufactured.
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PREFACE

There exist a need to print functional mechanical properties in a material. One
solution to accomplish functionally gradient mechanical properties is hybrid additive
manufacturing (hybrid-AM). By coupling additive manufacturing with a secondary
process in a cyclic process chain, layer-by-layer cold working or thermal treatments are
possible to functionalize local properties. The research area of hybrid-AM is in its
infancy. Therefore, one primary focus of this work is to define the field of hybrid-AM
and provide a literature review on efforts in this area. One of the most important
questions related to hybrid processing is to know which layers need secondary
processing. It is often too costly and impractical to secondarily process every layer.
Therefore, the second focus of this work is to begin understanding which layers require
processing in order to achieve the desired residual stress field.

The two main contributions of my work are the following: 1) defining hybrid-A
processing and a literature review on different hybrid-AM processes and 2) modeling
residual stress development in hybrid processing by additive manufacturing and laser
shock peening using the finite element method. The end result for these efforts is to
develop a hybrid processing design platform that can be applied to any loading

conditions, geometry, or material.

Organization of thesis
Chapter 1 focuses on defining hybrid additive manufacturing (hybrid-AM)
processes and how it is different from the current established definition of hybrid

manufacturing. In this chapter, a literature review was completed on currently available

XV

M



XVi

hybrid-AM processes and other manufacturing processes that have the capacity to
become hybridized with additive manufacturing. A secondary process of interest in this
research is laser shock peening. Chapter 2 describes how the additive manufacturing
process known as directed energy deposition (DED) and the surface treatment process
known as laser shock peening (LSP) were modeled in literature. Key process parameters
from DED and LSP will be examined in order to identify key hybrid process parameters.
Chapter 3 examines the effect of layer thickness and peening pressure on residual
stresses during hybrid processing by selective laser melting (SLM) and laser shock
peening (LSP). Layer thickness and peening pressure were proposed as critical
parameters in hybrid-AM for residual stress development in layers. Chapter 4 focuses on
the effect of layer peening frequency on residual stress development in hybrid-AM by
DED and LSP. In this chapter, thermal and mechanical cancellation of residual stresses
were defined and were quantified after layer peening frequencies of 1, 3, 5, 10, and 20
layers. Thermal and mechanical cancellation was highly dependent on layer peening
frequency. Finally, Chapter 5 provides a summary and the conclusions from this work.
Future work is proposed that more directly validates the magnitudes of residual stresses

from hybrid processing.
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[1] M.P. Sealy, G. Madireddy, R.E. Williams, P. Rao, M. Toursangsaraki, (2018)
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[2] M.P. Sealy, G. Madireddy, C. Li, Y.B. Guo, (2016) “Finite element modeling of
hybrid additive manufacturing by laser shock peening,” Solid Freeform
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CHAPTER 1

HYBRID PROCESSES IN ADDITIVE MANUFACTURING

1.1 Introduction

The term “hybrid” has been widely applied to many areas of manufacturing.
Naturally, that term has found a home in additive manufacturing as well [1-4]. Hybrid
additive manufacturing or hybrid-AM has been used to describe multi-material printing,
combined machines (e.g., deposition printing and milling machine center), and combined
processes (e.g., printing and interlayer laser re-melting). These capabilities afforded by
hybrid-AM are rewriting the design rules for materials and adding a new dimension in the
design for additive manufacturing paradigm. This thesis primarily focuses on defining
hybrid-AM in relation to hybrid manufacturing and classifying hybrid-AM processes.
Hybrid-AM processes are defined as the use of AM with one or more secondary
processes or energy sources that are fully coupled and synergistically affect part quality,
functionality, and/or process performance. By their nature, these hybrid-AM processes do
not often meet the International Academy for Production Engineering’s (CIRP) definition
of hybrid processes; i.e., the simultaneous and controlled interaction of process
mechanisms and/or energy sources/tools having a significant effect on process
performance [5]. Hybrid-AM processes are typically a cyclical process chain rather than
simultaneous processes and rarely influence the primary manufacturing process. In fact,
hybrid-AM processes are more commonly designed to enhance part performance or
functionality rather than the primary build process itself. The following sections describe

how this definition was derived, and examples of hybrid-AM processes are provided.



1.2 Hybrid Manufacturing

In order to define hybrid additive manufacturing (hybrid-AM), it is important to
have a clear understanding of hybrid manufacturing (HM). The concept of hybrid
manufacturing has been in use for many years as a solution for improving part quality
and productivity via the use of two or more methodologies [6, 7]. The terminology has
been widely applied in literature to describe several hybrid techniques: (1) hybrid
processes, (2) hybrid machines, and (3) hybrid materials, structures, or functions, see

Figure 1.1 [5, 8, 9].

e Milling & turning e Laser assisted

centers machining
e 3D printer & . ¢ Vibration assisted
milling Hvbrid sl machining
machine ybri Processes .
Machines o Elgcotl_rochemlcal
grinding

e ECAP and extrusion

Hybrid Material,
Structure, or
Function

e Carbon fiber reinforced aluminum
e Hybrid circuits
e Composite layer printing

Fig. 1.1 Hybrid manufacturing methodologies. Modified from [5, 8].

Hybrid processes refers to the ever-increasing list of methods to coalesce two or
more manufacturing processes. According to Kozak and Rajurkar, hybrid processes,
namely machining, must make use of the combined or mutually enhanced advantages as
well as avoid or reduce adverse effects the constituent processes produce when applied
individually [10]. A similar interpretation is that the sum of the hybrid process is greater

than the sum of the individual processes, i.e., the “1+1=3" effect [8]. The International



Academy for Production Engineering (CIRP) further elaborates on the definition of
hybrid processes to be the simultaneous and controlled interaction of process mechanisms
and/or energy sources/tools having a significant effect on process performance [5]. One
of the most commonly used examples is laser-assisted turning, whereby a laser
simultaneously acts in conjunction with turning to improve the cutting process.

Hybrid processes are not to be confused with hybrid machines. Hybrid machines
include multiple manufacturing processes in one machine platform. For example, a
combined milling and turning machining center or a combined 3D printer and milling
machine. The salient point is that hybrid machines refers to the machine platform rather
than the constituent processes.

Hybrid materials, structures, or functions are concerned with combining one or
more materials to have a hybrid composition, structure, or function [11, 12]. A hybrid
material should result in either enhanced or completely new properties. Hybrid materials,
structures, and functions have been widely investigated in literature across multiple fields
of science and engineering for several decades. This work focuses namely on hybrid-AM
processes, and therefore has limited discussion on hybrid materials, structures, or
functions as related to additive manufacturing. Examples of hybrid materials include
composite, sandwich, lattice, and segmented structures [11].

One of the primary objectives of this thesis are to define hybrid additive
manufacturing (hybrid-AM) and summarize hybrid-AM processes reported in literature.
In order to do so, hybrid manufacturing processes will be introduced and compared to

hybrid additive manufacturing (hybrid-AM) processes. For completeness in defining the



field of hybrid additive manufacturing, hybridization of materials, structures, function,

and machines as related to additive manufacturing will be defined and briefly discussed.

1.3 Hybrid Manufacturing Processes

According to CIRP’s most recent classification efforts, there are two major types

of hybrid manufacturing (HM) processes: (1) assisted processes and (2) mixed or
combined processes, see Figure 1.2. In assisted processes, a secondary process or energy
source assists the primary process for the purpose of enhancing the total process
performance. Three primary assisting processes frequently found in literature include:
(1) vibration-assisted machining (implements vibration to assist with material removal or
byproduct/waste removal or disposal) [13, 14]; laser-assisted machining (eases machining
forces by softening the workpiece) [15-20]; and (3) media-assisted manufacturing (uses a
coolant or lubricant to assist the primary process) [21-24].

In mixed processes, two or more processes are combined and occur somewhat
simultaneously [5]. Examples include (1) combining electrochemical machining (ECM)
or electrical discharge machining (EDM) with grinding [5, 10, 29-33] or (2) combining
equal channel angular pressing (ECAP) with extrusion [34, 35].

Whether referring to assisted or mixed processes, hybrid manufacturing (HM)
processes have traditionally targeted efficiency and productivity of the process as
improvement criteria. The central theme to hybrid processing is that the process
performance is improved by the hybrid approach. However, the emergence of additive

manufacturing to print functional parts has expanded the possibilities for a hybrid



approach in this field, where improvement is focused primarily on part quality and

subsequent functionality rather than solely on the process.

Laser Abrasive  Wire Core

grain Y\

Grinding and EDM

Vibration assisted machining ECAP and Extrusion
(a) Assisted HM Processes (b) Mixed & Combined HM Processes

Fig. 1.2 Hybrid manufacturing (HM) processes: (a) assisted HM processes and (b) mixed
or combined HM processes. Adapted from [25-28].

1.4 Hybrid Additive Manufacturing (Hybrid-AM) Processes

Analogous to hybrid manufacturing as identified by [5], hybrid-AM is concerned
with several hybrid methodologies related to processes, materials, and machines. The
following sections define hybrid-AM processes and explore multiple hybrid-AM

processes in depth.



In this work, hybrid-AM processes are defined as the use of AM with one or more
secondary processes or energy sources that are fully coupled and synergistically affect part
quality, functionality, and/or process performance. Three key features to this definition

include: (a) fully coupled processes, (b) synergy, and (c) part and/or process improvement.

1.4.1 Fully coupled processes

The first key feature of this definition relates to the fully coupled nature of the two (or
more) processes. To be precise, the secondary process cannot be decoupled from the AM
process during the build. Processes that occur pre- or post-printing are not considered
coupled. The intent is to separate hybrid-AM processes from those considered to be pre-
processing steps prior to layer assembly and post-processing steps once the build is complete.

An example of pre-processing that does not meet the fully coupled criterion is
CIRTES Stratoconception® process [36]. In this case, individual layers called strata are pre-
cut by milling or laser cutting prior to assembly. Two common examples of post-processing
after 3D printing that typically would not comply with the fully coupled criterion are hot
isostatic pressing (HIP) and abrasive flow machining (AFM). Both processes are often used
on 3D printed parts to reduce porosity (e.g., HIPing) or to reduce surface roughness and

sealing of conformal heating and cooling passages (e.g., AFM) [37, 38].

14.2 Synergy
The second key feature to this definition relates to the synergistic nature between
the two or more processes. That is, the secondary process and the AM process work

together either simultaneously or as a cyclical process chain to produce an enhanced



result that is unachievable by the individual processes. This is analogous to the “1+1=3"
effect. An example of simultaneous process synergy would be laser-assisted plasma
deposition. A laser provides a second energy source to enhance the deposition process.
The majority of hybrid-AM processes are not typically simultaneous and therefore take
place in a cyclic sequence of steps, i.e., a cyclic process chain. An example of synergy
using a process chain would be cyclically alternating laser shock peening (LSP) and 3D
printing. The secondary LSP process imparts deep compressive residual stresses and is
fully coupled since it occurs between printed layers. Coupling two processes results in a

part with improved mechanical properties throughout the entire build volume.

1.4.3 Part and/or process improvement

Lastly, the third key feature of this definition relates to how the hybrid-AM
process affects one or more of the following: part quality, part functionality, or process
performance. Traditionally, hybrid manufacturing processes benefit process performance
(e.g., increase material removal rate or prolong tool life). Some hybrid processes benefit
part quality and functionality as well. For example, combining ECAP and extrusion
improves strength and ductility [28, 39].

In contrast to hybrid manufacturing processes, the majority of secondary
processes in hybrid-AM do not assist the build process. Rather, the primary benefit is to
the part or its functionality. Using the same example above, cyclically alternating laser
shock peening (LSP) and additive manufacturing (AM) results in a part with improved
mechanical properties. In this example, the primary objective is to enhance part quality

and functionality rather than the build process. Even though LSP has no effect on the



build process, the two processes must be coupled in a cyclic process chain during the
build in order to achieve the desired result.

There are some hybrid-AM processes where the objective is to benefit the build
process rather than improving the part. An example of a secondary process improving the
build process is laser-assisted plasma deposition (LAPD) [40] and is discussed further in
Section 4.1.5. In LAPD, an assisting laser provides a secondary heat source in addition to
the heat generated by the plasma arc in order to decrease melt pool diameter and improve
plasma arc stability. In doing so, the primary build process was affected by the secondary

manufacturing process.

1.5  Classification of Hybrid-AM processes

Each of these hybrid-AM processes can be classified several ways and are a unique
subset of hybrid manufacturing processes where many do not meet the consensus definition
from CIRP. The most common class of hybrid-AM processes is machining, where the
primary goal is usually to improve surface finish and geometrical accuracy [1]. The second
most common class of hybrid-AM processes are thermal in nature and include (1) laser-
assisted melting [40] and (2) surface treatments such as laser re-melting or erosion [41-46].
These secondary processes employ thermal energy to improve the printing process or
recondition the material properties of a previously deposited layer. Another class of
secondary processes includes mechanical surface treatments such as peening [47-59] or
rolling [60-71]. These processes re-form the printed layer and can result in improved
surface finishes, refined microstructures, minimized distortion, increased hardness,

improved part density, favorable compressive residual stresses, and stress relieving. A



lesser-explored class of hybrid-AM processing is solid state stirring. Combining additive
manufacturing with friction stir processing can result in enhanced mechanical properties by
refining the microstructure. The following sections survey the literature on hybrid additive
manufacturing (hybrid-AM) processes beginning with machining. A process schematic is

presented along with an analysis of each hybrid-AM process.

1.5.1 Hybrid-AM by machining

Hybrid additive manufacturing (hybrid-AM) by machining is most widely
investigated hybrid-AM process. In this process machining is done between layer
intervals for complex geometries or internal features. Machining simple geometries with
easily accessible external surfaces would most likely occur post-printing and would not
be considered as a hybrid-AM process. Hybrid-AM by machining requires an AM
process coupled with material removal process (milling or turning). AM process provides
near net shape parts while machining sequential layer intervals provides improved
surface finish and better geometrical accuracy.

The first hybrid-AM machining processes were developed in the area of welding
[50, 72, 73]. The additive processes that have been coupled to machining include
selective laser welding, MIG welding, ultrasonic welding, laser melting, laser deposition,
laser cladding, plasma deposition, and sheet lamination. All these AM processes can be
categorized into three primary AM processes: directed energy deposition (DED), powder
bed fusion (PBF), and sheet lamination. Table 1.1 classifies hybrid-AM machining
processes by AM energy sources and indicates process category based on ISO/ASTM

52900:2015 terminology [74]. In DED, material in the form powder or wire is melted by



10

a heat source and deposited on a substrate to form layers. In PBF, thin layers of powder
are melted onto a substrate using a laser or electron beam. In case of sheet laminations,
sheets of metal are stacked and bonded together by oscillatory shear stresses at ultrasonic
frequencies. This is a solid state fusion process where coalescence is achieved by forming
a strong metallurgical bonds between the surfaces. Once one or more layers have been

printed, the next step is to mill the deposited layers to achieve precise dimensions.

Table 1.1 Classification of Hybrid-AM Machining Processes

AM Process  Material Type of Material
Category  Feedstock Material Distribution
Laser
Laser welding + Machining DED Powder Metal Deposition  [72,73,75-
nozzle 78]
Laser cladding + Milling DED Powder Metal Deposition  [79, 80]
nozzle
Laser deposition + Milling DED Powder Metal Deposition  [81]
nozzle
Selective laser sintering + Milling PBF Powder Metal Powder bed [82]
Plasma / Arc
3D Welding + Milling DED Wire Metal Deposition  [72, 83-86]
nozzle
Plasma deposition + Milling DED Powder Metal Deposition  [87, 88]
nozzle
Microcasting + Milling + Shot DED Powder Metal Deposition  [50, 89]
Peening nozzle
Solid State Fusion
Ultrasonic welding + Milling Sheet Sheet Metal Sheet stack [73, 90, 91]
lamination
Layered compaction manufacturing + PBF Powder Ceramic  High density [92]
Milling + Sintering green
compact

ISO/ASTM 52900:2015(E)
DED: directed energy deposition
PBF: powder bed fusion

The most common machining reported in literature is milling. In most cases, the

objective of milling is to improve the sidewall’s surface finish on one or more layers
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using end mill (Figure 1.3a). In other cases, the objective is to face mill the top surface of
a printed layer to provide a smooth, fresh surface for subsequent printing (Figure 1.3b)
[83, 84, 86, 87, 93]. The purpose of end milling is to improve surface finish of final part
while the purpose of face milling the top of each layer is to maintain constant layer

thickness improving Z-axis accuracy.

Milling top
surface

l,

Milling side | ‘
surface v E’ O

(@) (b)

Fig. 1.3 Schematic of a hybrid-AM machining process on (a) side surface and (b) top
surface.

Usually machining the surface does not affect build process; however,
Karunakaran et al. reported that face milling removed oxidized layer that negatively
impacted the build process (in this case, arc welding) and provided for a more stabilized

arc and consistent weld bead [83, 86].

1.5.2 Hybrid-AM by ablation or erosion

This hybrid-AM process uses a laser electron beam as a secondary energy source
to ablate or erode the top layer of deposited material (Figure 1.4). Ablation between
printed layers is a fully coupled non-contact process that synergistically affects part

quality and performance. Similar to hybrid-AM by machining, this subtractive process
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can create smooth and precise surfaces by material removal. Furthermore, this approach
can be applied towards micro-machining of interlayer features in additive manufacturing

since the energy source erodes material.

Selective
laser
melting

Eroding
deposited
layers

Fig. 1.4 Selective laser erosion of SLM printed part.

Yasa et al. investigated hybrid-AM by ablation on AISI 316L stainless steel with
the use of selective laser melting (SLM) coupled to a pulsed Q-switched Nd:YAG laser
(A = 1094 nm) for selective laser erosion [45, 94]. Using this hybrid approach, the accuracy
in the build direction (z-direction) can be improved by reducing the layer thickness or

removing irregularities. The authors report that a 50% reduction in roughness is achievable.

1.5.3 Hybrid-AM by re-melting

Hybrid-AM by re-melting uses an energy source (e.g., laser or electron beam) to
re-melt previously fused material (Figure 1.5). As the laser power is low, instead of
vaporizing the material the laser re-melts the previously deposited layer. This re-melting
fill the pores formed during 3D printing increasing part density greater than 99%. Re-

melting can take place after each layer or a sequence of layers. For a given material, the



13

mechanical, physical, and chemical changes to the re-melted region depends on the laser

scanning speed, scan pattern, and laser power.

Selective
laser
melting

Re-melting
deposited
layers

Fig. 1.5 Selective laser re-melting of SLM printed part.

The advantages of laser re-melting are (1) increased part density, (2) relief of
residual stresses [95], and (3) modified material properties. The disadvantages to this
process include increased processing time, since the energy beam should make at least
twice the number of scans and added energy input required for processing.

Yasa et al. investigated the effect of laser re-melting SLM parts [43-45] on part
density, microstructure, hardness, and external surface roughness (Figure 1.6). Although
authors investigated improving external surface roughness, the same approach could be
applied layer-by-layer (or multiples thereof) to provide a smooth layer, improved part
density, and refined grain structure to improve properties of material. Roughness
decreased 50% to 75% depending on process conditions. Ra was 2 um to 8 um after re-
melting. The authors also showed that re-melting decreased the average porosity from
0.77% (SLM-only part) to 0.032% (re-melted part) using optimal laser parameters, i.e.,

low laser power (85 W) and high scanning speed (100-200 mm/s). Interestingly, multiple
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passes for laser re-melting (up to three) did not significantly decrease porosity. The
microstructure changed to a lamellar pattern with a refined grain size that typically

exhibited an increased microhardness if sufficient energy was applied [44].

] Building axis

(b)

Fig. 1.6 Cross-sectional optical microscopy image of (a) only-SLM part (b) SLM with
laser re-melting [43].

1.5.4 Hybrid-AM by laser assisted plasma deposition

Unlike the other processes mentioned above, this hybrid-AM process employs an
assisting laser during plasma deposition (Figure 1.7). Plasma deposition deposits material
and a laser adds a secondary energy source applied simultaneously at the same location to

assist the build process and improve build quality.

l Plasma
. deposition

Assisting
laser

Fig. 1.7 Laser-assisted plasma deposition.
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Qian et al. investigated effect of using a laser as an assisting heat source in
plasma-arc deposition [40]. This example demonstrates the use of an assisting energy
source in additive manufacturing to improve both process performance and part quality.
The laser entered the plasma arc beam to provide more thermal energy. Shielding gas
used in plasma arc deposition absorbed the energy and ionized gas molecules. The energy
density of the plasma arc was improved, and the plasma arc diameter favorably
decreased, which improved accuracy of the part. At the same time, arc igniting became
easier because of plasma induced by laser. With more energy, the depth of melt pool

increased and improved the microstructure and decreased porosity.

1.5.5 Hybrid-AM by peening

Hybrid additive manufacturing using surface treatments is a widely unexplored
research area. There have been a few patents issued in USA, Europe, and Canada, for last
25 years [48, 53-58]. But, there exists a major knowledge gap in use of surface treatments
in additive manufacturing. Using surface treatments, such as peening, to print
functionally gradient material properties in additive manufacturing is poorly understood
and of critical importance for military, aerospace, automotive, and biomedical
applications. The following sections identify research activity related to different peening

surface treatments.

(@) Laser shock peening
Hybrid-AM by laser shock peening (LSP) is the combination of any additive

manufacturing process with laser shock peening, also known as laser shot peening or
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laser peening. Similar to previously mentioned hybrid-AM processes, the secondary
peening process occurs layer-by-layer or multiples thereof as a cyclic process chain.
After a laser is peened, another layer or set of layers is printed and the cycle repeats until
the completion of the build. This approach allows for functionally gradient properties

throughout the build volume. Figure 1.8 is a schematic of hybrid-AM by LSP.

Fig. 1.8 Hybrid-AM by laser shock peening (LSP).

LSP is a surface treatment where shock waves from rapidly expanding plasma
plastically deform a work piece. Plasma forms from the interaction of the work piece
with a pulsed nanosecond range laser. An ablative layer is typically used as a protective
coating to prevent thermal damage from laser on the surface of work piece, making the
process mechanical. However, LSP becomes thermo-mechanical phenomenon without an
ablative layer, leading to re-melted and re-cast material in addition to shock wave.

M. Sealy’s group at University of Nebraska-Lincoln are currently investigating
the use of LSP during powder bed fusion (PBF) and directed energy deposition (DED)

processes to understand thermal cancellation of favorable stress fields [47]. The objective
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is to print favorable mechanical properties such as compressive residual stress and
increased microhardness to improve performance of AM parts.

R. Logé’s group at the Laboratory of Thermomechanical Metallurgy at the Ecole
Polytechnique Federale De Lausanne (EPFL) in Switzerland is investigating the use of
LSP in selective laser melting to control residual stress [59]. Experimentally measured
residual stress profiles using the hole drilling technique after hybrid-AM by laser shock
peening is shown in Figure 1.9 [59]. Austenitic SS 316L was printed on a Concept Laser,
GmbH in Germany. Once a prescribed number of layers were built, the samples were re-
introduced to the build chamber for subsequent printing. The results compared an as-built
sample (without laser peening) to ones that were laser peened on external surface (Imm
spot size with 40% and 80% overlap) and hybrid-AM samples (3D LSP samples; 1 mm
spot size with 40% and 80% overlap) where laser peening occurred every 1, 3, or 10 layers.
At 40% overlap (Figure 1.9a), the maximum compressive residual stress (CRS) and depth
of the CRS increased 34% and 69% on average, respectively. At 80% overlap
(Figure 1.9b), the magnitude of the CRS did not increase significantly compared to
externally peened surface; however, the depth of the CRS increased for the hybrid-AM
samples and may have indicated saturation point was reached due to the high amount of
overlap. Interestingly, peening every 10 layers was shown to have deeper residual stresses
than peening every one or three layers at 80% overlap. These results showed that hybrid-
AM by LSP can improve the properties of material by inducing favorable CRS into the
layers. Also, thermal cancellation from subsequent printing did not relax away all of the
favorable CRS. Since this was a powder bed fusion (PBF) process, the heat affected zone

was minimal compared to a directed energy deposition (DED) process.
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Fig. 1.9 Experimentally measured residual stress (hole drilling technique) on austenitic

(b)

SS 316L after hybrid-AM by laser shock peening using M2 PBF printer; (a)
40% and (b) 80% overlap ratios. Circles indicate depth at laser peened layers.
Modified from [59].

Ultrasonic peening

Hybrid-AM by ultrasonic peening (UP) applies ultrasonic energy to a work piece

using an electro-mechanical transducer layer-by-layer or multiples thereof, see

Figure 1.10. This mechanical/acoustic surface treatment is also known as ultrasonic

impact treatment (UTT) and is capable of imparting compressive residual stress, stress
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relief, and microstructural grain refinement. UP can improve the fatigue, corrosion, and

tribological performance of AM components.

Ultrasonic
peening

>

Fig. 1.10 Hybrid-AM using ultrasonic peening (UP).

The use of UP in hybrid-AM is a low cost, quick, and simple solution to improve
properties in practically any AM process. A. Achutan’s group from Clarkson University
investigated ultrasonic peening (UP) layer-by-layer to strengthen selective laser melted
(SLM) parts [96]. The results showed that hybrid-AM by UP was able to increase the

yield strength and refine the microstructure of Inconel and stainless steel.

(© Shot peening

Shot peening is a surface treatment that improves the mechanical properties of a
near surface layer by directing a stochastic stream of beads at high velocities under
controlled coverage conditions. The impact of bead on the surface induces plastic
deformation that results in strain hardening and compressive residual stress. Depending

on material of interest, beads can be composed of glass, metal, or ceramic.
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Shot peening external surfaces of additive parts has been investigated in academia
[50, 89, 97-100] and widely applied in industry to improve surface integrity. Intra-layer
shot peening as a hybrid-AM process has not been widely explored. M. Sangid’s group at
Purdue University investigated the use of fine particle shot peening (FPSP) on AlSi10Mg
during powder bed fusion (PBF) process [101]. Incorporating shot peening during the
build cycle as shown in Figure 1.11 has several benefits and also introduces new
processing challenges. For example, shot peening is a relatively low cost and quick (in
terms of processing time) solution to improve surface integrity; however, bead size is
often one to three orders of magnitude larger than powders used in AM processes and
requires additional sifting from recycled powder and cutting chips in hybrid-AM
machines. Traditional shot peening is ideally suited for directed energy deposition, sheet
lamination, or material extrusion processes since particle size can be much larger and will
not directly interfere with subsequent printing. In PBF, shot peening can become more
problematic if a secondary material is introduced as the peening media because of part
contamination issues. An alternative is to use the AM powder itself as the peening media.
Current literature has indicated a minimal or negligible effect from AM powder bed
peening [101]. Referred to as fine particle shot peening (FPSP), the process limits the
penetration depth for micro-hardness and compressive residual stress such that any
favorable mechanical properties may become thermally cancelled by subsequent printing
[101]. Furthermore, peening soft materials with soft powders, for example aluminum
alloys with an aluminum alloy powder, may not generate enough contact pressure

because the limited strength and hardness of the peening media.
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additive manufacturing [102]. High powered pulsed lasers have been used for many
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Fig. 1.11 Hybrid-AM using shot peening (SP).

Pulsed laser deposition
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The use of pulsed lasers as opposed to continuous lasers is continuing to grow in

years as a method to print thin layers of material on a substrate [103, 104]. This process is

known as pulsed laser deposition (PLD). When a pulsed laser impinges the powder, rapid

heating and vaporization occurs and is accompanied by the formation of plasma plume

(see Figure 1.12). The plasma plume creates a shock wave that plastically deforms the

surface during printing [105]. In fact, the principle mechanism of PLD is similar to LSP.

The key distinction is that PLD combines printing and peening processes into a single

laser source. Favorable compressive residual stresses are possible by PLD [106].

Recolil pressure?
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Fig. 1.12 Hybrid-AM using pulsed laser deposition (PLD) that combines printing and

peening using a single laser source.
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1.5.6 Hybrid-AM by rolling & burnishing

Another class of hybrid-AM processes that form (i.e., shape) and improve
properties of work piece are rolling and burnishing, see Figure 1.13. Hybrid-AM by
rolling solves two of the major problems of additive manufacturing. Firstly, inaccuracies
due to beads or layers overlap. This can be eliminated by machining but, with rolling
these inaccuracies can be reduced without removing the material. Secondly, undesired
residual stresses from building process. Although the previous peening surface treatments
relieve internal stresses, rolling achieves both stress relaxation and forming for

dimensional accuracy without removing material.

Grain {}
refinement

due to
rolling

R

Fig. 1.13 Microstructural grain refinement during hybrid-AM by rolling.

There are two primary research groups active in hybrid-AM by rolling:
P.Colegrove’s group from Cranfield University in U.K. [63-66] and H. Zhang’s group
from Huazhong University of Science and Technology in China [67-71]. Colegrove’s
group used wire-arc AM and applied profiled and slotted rolling tools after deposition of
each layer. Results showed decreased distortion, grain refinement, and improved

mechanical properties (see Figures 1.14 & 1.15). Maximum strength, hardness, and
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elongation of hybrid-AM rolled samples were higher than as-cast material. In addition,

rolling reduced tensile stresses in the samples.
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Fig. 1.14 Comparison of microstructure for (a) non-rolled sample, (b) rolled sample with
a 50 kN rolling force, and (c) rolled sample with a 75 kN rolling force [63];
(d) grain size as a function of rolling force [64].
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Fig. 1.15 Micro-hardness as a function of rolling force using profiled and slotted
rollers [64].

Zhang’s group used a metamorphic hot-rolling tool that was adaptable to rolling
one, two, or three sides of a component. A metamorphic rolling tool has three rollers: one
horizontal and two vertical rollers. The horizontal roller acts on the top planar surface

while the vertical rollers act on the vertical faces of workpiece. Results showed that hot
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rolling (rolling temperature above recrystallization temperature) resulted in a refined
grain structure, instead tensile strength (approximately 33% over conventional sample),
and improved dimensional accuracy.

Similar to rolling, burnishing is a surface treatment process to improve surface
integrity (surface roughness, residual stresses, microstructure, and hardness) of a part.
Burnishing consists of a rolling/sliding tool (e.g., ball or cylinder). The tool moves on the
surface of material causing plastic deformation in a thin surface layer. This plastic
deformation causes material to flow such that peaks and valleys in the surface diminish.
If burnishing occurs between printed layers, there is a possibility of producing
functionally graded properties (similar to hybrid-AM by peening) with dimensionally
accurate parts.

Book and Sangid used a variation of burnishing, referred to as sliding severe
plastic deformation (SPD), on AlSi1l0Mg to test the feasibility of intra-layer processing
[101]. SPD employs a highly negative rake angle tool that severely deforms the
workpiece without generating a cutting chip. The surface is compressed in a similar
manner to a ball-burnishing tool. The end result is strain-hardened surface up to a depth
of 1 to 2 mm that is highly plasticized and significantly rougher. If thermal cancellation
can be avoided from subsequent printing of layers, SPD is a suitable process to generate
intra-layer rough surfaces with enhanced mechanical and metallurgical properties.

Surface treatments such as rolling or burnishing do not affect the AM process;
however, without the use of a cyclical process chain that included rolling/burnishing,

beneficial effects for fatigue, corrosion, or wear cannot be fully realized. Therefore, these
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processes must be fully coupled in hybrid-AM in order to synergistically affect part
performance.
1.5.7 Hybrid-AM by friction stir processing (FSP)

Friction stir additive manufacturing (FSAM) is an additive process where the primary
principle is based on friction stir welding (FSW) to permanently join two surfaces. In FSAM,
a rotating non-consumable tool consisting of a pin and shoulder made from refractory
materials plunges into a work piece [107]. The tool crosses the surface of the part creating
heat and considerable plastic deformation that joins two layers by mixing the highly
plasticized material. Similar to FSW, the workpiece does not melt to achieve coalescence.
The result in metals is typically significant grain refinement and recrystallization. These
improvements to metallurgical properties have translated into better mechanical and fatigue
performance. In addition to metals, FSW has been successfully demonstrated on polymers
and composites. The same approach could be extended to FSAM. Although FSAM is not a
hybrid-AM process, friction stirring can be easily applied layer-by-layer to parts built using
other additive processes (Figure 1.16), such as directed energy deposition (DED) or material

extrusion, to improve mechanical, metallurgical, and chemical properties.
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Fig. 1.16 Intra-layer friction stir additive manufacturing (iIFSAM).



26

Francis et al. investigated the effect of friction stir processing (FSP) on Ti-6Al-4V
parts produced by directed energy deposition [108]. The grains were refined and the
hardness increased. The authors also mentioned that fatigue life would be improved
based on figure studies of similar microstructures. Hybrid-AM by FSP is another
example where the secondary process has no direct influence on the primary build
process; however, a cyclic process chain is required in order to achieve the desired

mechanical, chemical, and physical properties.
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CHAPTER 2

LITERATURE REVIEW

The following literature review consists of two parts: (1) laser shock peening and
(11) directed energy deposition. Each part describes the process mechanism and examines

how each process has been modeled in literature.

PART I: LASER SHOCK PEENING
2.1 Introduction to Laser Shock Peening

Laser shock peening (LSP) is a surface treatment technique to improve
mechanical properties of metal components. LSP improves the fatigue strength and life of
metallic components by inducing compressive residual stresses below the surface of a
material. Improvements in hardness and yield strength of metal parts is attributed to high
density array of dislocations generated by a shock wave.

The ability of a shock wave to plastically deform metal parts to improve
properties was first investigated in 1963 and was later developed over the years for
commercial applications [109]. Although traditional shot peening existed in industry, the
ability of LSP to reach complex shaped parts and induce higher compressive stresses than
shot peening made this process a desirable substitute for shot peening. LSP is used in the
aviation industry to decrease foreign object damage and the tooling industry to improve
the life of tools. Recently, applications of LSP have expanded to biomedical field for

controlling corrosion rate of medical implants [110, 111].
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2.2  Process Mechanism of Laser Shock Peening

A schematic representation of the laser shock peening (LSP) process is shown in
Figure 2.1. When a laser pulse with sufficient intensity irradiates a metal surface with an
energy absorbent coating through a confining layer for short period of time (= 30 ns), the
coating is vaporized and reaches temperatures above 10,000 °C. At these temperatures,
the vapor is transformed into high-energy plasma by ionization. This plasma continues to
absorb the laser energy until the end of deposition time. The plasma energy is confined
on to the metal surface by the confining layer and is transmitted into the metal surface in
the form of shock waves. When pressure from shock waves exceed the dynamic yield
strength of a material, plastic deformation occurs, which consequently modifies

subsurface microstructure and properties.

Laser beam

Plasma
Ablative layer

Shock waves

Work piece

Fig. 2.1 Schematic representation of laser shock peening.

Usually LSP is applied with a confining layer on surface, such as water, glass, or

any other transparent material. The interaction of plasma in the presence of a confined



29

layer is called “confined ablation.” Without the confined layer, the interaction of plasma
with the surface is “direct ablation.” In confined ablation, the layer traps the expanding
plasma over the surface causing very high plasma pressures ranging from 1 GPa-10 GPa
depending on the laser parameters and the material. In direct ablation, only some tenths
of a gigapascal pressure is achieved [112].

On the surface of metal parts, a thermal protective layer or an absorbent layer is
used. The function of this absorbent layer is to increase shockwave intensity in addition
to protecting the metal surface from laser ablation and melting. Metallic foils, organic

paints, or a flat black paint can be used as a sacrificial coating.

2.3  Literature Review on Laser Shock Peening

Since the development of laser shock peening (LSP), several researchers have
investigated the effect of different process parameters on a wide array of metals and their
alloys. Process parameters of interests includes: laser power and spot size; multiple laser
peening (i.e., coverage); overlap, and ablative and confining layers. This review gives an
outlook on effect of LSP on surface integrity and performance of metal parts and to
provide insight as how it might affect a material when coupled with additive
manufacturing layer-by-layer. Later in this section it was given how LSP was modeled in

literature.

2.3.1 Effect of LSP on surface integrity
Surface integrity is the study and control of the surface and subsurface layer and

the changes in it that occur during processing which may influence the performance of a
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finished part or product [113]. Surface integrity of a material includes, but is not limited
to, topography, microhardness, microstructure, and residual stress. The plastic
deformation of metal due to a pressure shock wave from LSP affects surface roughness,
hardness, residual stresses, etc. The following sections explore the effects of LSP on

surface integrity of different metals.

(@) Topography

When a laser shock peening was applied on the surface of a metal, the plasma
formed applies pressure in the form of shock waves. These shock waves push the surface
layers of material by plastic deformation. This deformation on the surface creates a
rougher surface. The study of topography of a laser peened material is important as the
surface roughness of material increases the willingness to corrode a material in a
particular environment increases, thereby decreasing the life of part. To understand how
surface roughness varies with LSP, Peyre et al. applied multiple LSP on aluminum
alloys. The average and peak surface roughness was higher than as-milled samples [114].
When compared to the roughness created by other surface treatment process like shot
peening, the roughness values are relatively low. Similarly, Salimianrizi et al.
investigated effect of peening overlap on surface roughness [115]. He observed that with
an increase in peening overlap ratio from 20% to 50%, the surface roughness decreased.
Interestingly, further increasing the overlap ratio beyond 50% caused the surface
roughness to increase due to the formation of dimples from local plastic deformation,

forming a texture like surface (Figure 2.2).
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Fig. 2.2 Change in roughness of laser peened Al6061-T6 alloy at 1.2 J laser pulse with
increase in overlap ratio [115].

(b) Microhardness

Hardness reduces fatigue crack propagation in a material. LSP improves the
material properties by hardening the surface below the laser irradiated area. The
magnitude of hardness depends on laser parameters, type of metals, alloys, and their
microstructure. LSP has shown to increase hardness by at least 10% for some materials
and more than double for others [114, 116, 117]. The percentage increase in hardness
depends on type of metal and its microstructure, multiple LSP, and overlap ratio.
Zhang et al. showed that double peening the same spot on Ti-6Al-4V material resulted in

a 24% increase in hardness [118] (Figure 2.3).
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Fig. 2.3 Vickers micro-hardness along the surface from laser shock peening Ti-6Al-4V
with single and double pulses [118].

Similarly, increasing the pulse overlap also increases the microhardness in the
subsurface of materials. Hu et al. investigated effect of pulse overlap on AISI 1040 steel
and found that the hardness increased from 12% to 20% with increase in pulse overlap

from 50% to 90% [119].

(©) Residual stresses

Stresses that remain in a material after the original cause of stress is removed is
referred to as residual stress. When a surface treatment like LSP is applied on a metal
surface, the material undergoes plastic deformation. This plastic deformation in material
induces compressive residual stresses in the material. These compressive residual stresses
increase fatigue life by decreasing the rate of crack propagation. This improves the life of
a metal part. Similar to hardness, residual stresses also depend on laser parameters, laser

overlap, and material.
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Zhang et al. investigated the effect of one and two peenings on Ti-6Al-4V and the
resulting residual stress profile is shown in Figure 2.4 [118]. He found that as the number
on peens on the same spot increases the residual stresses in material increases. The
magnitude of compressive residual stresses in a material also depends on other laser

peening conditions such as laser power, spot size etc.
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Fig 2.4 Residual stresses in Ti-6Al-4V alloy due to LSP with different number
of shocks.

2.3.2 Effect of LSP on performance
(@) Fatigue

In 1996, Peyre et al. investigated the effect of laser shock peening on fatigue
behavior of aluminum alloys [114]. For these experiments, Peyre used a notched sample
to localize the crack initiation, and laser shock peening was applied with 50% overlap at
the notch. Under high cycle fatigue test of samples using three point bending test, he

found that for a fatigue life of 10 million cycles, the fatigue limit was increased 36% for
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A356-T6, 22% for Al12Si-T6, and 23% for AlI7075 and the corresponding plots are

shown below in Figure 2.5.

G___(MPa) O max (MPa) O 0x (MPa)

0 180 Iy -
AS12UNG-T6

220 { C
300

A356-T6 :
200[ P N o 1609 N
LSP 2,3 GW/cm2 : LSP- 2,5 GW/em2 _—
180 ] [ T 140 e N

707.5-T73Si

! g0 T £ . 38 GW/em2
1 1 a 260 - 2 —
160} g I R - O = = / Fﬂ .
= 0= 150 mpa 120 i 'DBZ—?> 1t 240 o iR fhy>-236 - MP,
140 AN e B L P H xs .peened
‘1 100 : B S 103 MPa 220 A TS
120 . S P2 200 .-\\ .
* Op= 110 MPa 3 ; - ~ s
D 80 untreated | ~—w.=-i. 191 MPa
100 | = Y S ¥ : ‘—2)‘ - st
L - | 60 | |
8 160
5 6 7 8 5 6 7 8
10 10 - 10 10 10000 10 loN 10 10 10000 ¢ 16 . 1d ¢

Fig. 2.5 omax-N curves for unshocked and shock peened aluminum alloys [114].

(b) Corrosion

Laser shock peening can also be used for improving the corrosion resistance of
metallic materials. Several researchers have worked on the effect of laser shock peening
on corrosion behavior of biodegradable magnesium alloys [111, 120] and stress corrosion
cracking in steel alloys [121]. Sealy et al. has performed corrosion tests on laser shock
peened MgCa alloy using potentiodynamic test in Hank’s solution [111]. The correlation
between laser shock peening, surface integrity, and corrosion was established in this
paper. From the Figure 2.6a, the corrosion rate of MgCa decreased with the application
laser shock peening at 3W and 25% overlap and decreased further with increase in
overlap ratio. But, the corrosion at 8W was higher than 3W due to the increase in surface
roughness at higher laser power. Similarly, the corrosion potential also decreased with the

application of laser shock peening and the trend can be seen in Figure 2.6b.
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Fig. 2.6 Corrosion rate and corrosion potentials of MgCa samples [111].

2.3.3 Modeling LSP

In order to create a finite element model of LSP it is better to understand how the
load is applied on a surface and dynamic response of the material under the high strain
rates and the residual stresses formation due to the applied load. The following

subsections explain each of these and how these were used in literature to model LSP.

(@) Solver

Commercial finite element code Abaqus can be used to determine both short
duration shock wave response and resulting residual stresses. Abaqus/explicit is a non-
linear elastic-plastic time integration finite element code specifically designed for short
duration transient analysis. Whereas, Abaqus/Standard is a non-linear elastic-plastic
implicit time integration code used for static calculations. Abagqus/Explicit can be used
for both dynamic response of the material and determining the residual stresses in
material but, the plastic deformation in material during LSP takes much longer than pulse
duration and the convergence towards the residuals stress state is extremely slow.

Abaqus/Standard can also be used for simulating the dynamic response of material and
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determining the residual stresses in material but, the computational expense of

determining the residual stresses is very-high. So, in order to simulate LSP both Explicit

and Standard codes are used. Explicit is used to determine the dynamic response of

material and the data is transferred to Standard for residual stress calculation. The flow

chart of the simulation procedure is shown in Figure 2.7.
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* Foreign Object Damage
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Fig. 2.7 LSP analysis procedure using Abaqus [122].

Similarly, finite element simulation of LSP including dynamic analysis can also

be done using LS-DYNA for dynamic response of material and static stress analysis can

be done using ANSYS, the simulation flow chart is shown in Figure 2.8 below.
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Fig. 2.8 LSP analysis procedure using LS-DYNA and ANSYS [123].

(b) Material model
For modeling high strain rate behavior of the materials due to LSP, the most
common material model was Johnson-Cook (JC). The expression for equivalent strength

for a given temperature T is given by

Ooq = (A + Bel,) [1 +Cln (g)] [1 — (ﬂﬂ (2.1)

Tmelt - TO

where To is the reference temperature, Ty, is the melting temperature of material, e, is

the equivalent plastic strain, € is the plastic strain rate, &, plastic strain rate in quasi-static
state of the material and 4, B, ¢, n, m are the material constants in Johnson-Cook model.

This model is considered as simplified representation of material’s stress-strain
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characteristic. In this model the equivalent strength depends on strain hardening, strain
rate, and temperature but, the model did not include interdependency of the terms.
Bammann has developed an internal state variable (ISV) plasticity model for high
strain rate, temperature, and hardening dependent constitutive model [124-126]. This
constitutive model can predict deformation and failure in a material. LSP requires a
material model that accounts for dynamic yield stress. A material user subroutine
UMAT/VUMAT was coded to incorporate it into Abaqus. Below are the corresponding

constitutive equations.

o = Atr(D®)I + 2uD* (2.2)
D¢=D-DP (2.3)
_ . ||g—g||—{R+Y(T)}] o—a
e = 9
o 2
a=h("D’ - ﬁrdmlly’ll +1,(7) | ||| (2.5)
R = H(T)D" - ﬁRd(T)IIQPII + RS(T)] R? (2.6)

where é is the flow stress which is a function of elastic strain D®. The evolution
equations for the internal state variables a and R are motivated from dislocation
mechanics and are in a hardening-minus-recovery format. The kinematic hardening
internal state variable a, representing directional hardening, is related to the dislocations
in cell interior. The variable captures the softening effect due to unloading, also termed as

Bauschinger’s effect. The isotropic hardening internal state variable R is related to the
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dislocation in walls and it captures the continued hardening at large strains. The use of
internal state variable and evolution equations enable the prediction of strain rate history
and temperature history effects.

The model uses nine temperature dependent functions to describe the inelastic
response. They can be classified into three basic type: those associated with the initial
yield, the hardening functions, and the recovery functions. The rate-independent yield
stress Y (T), the function f(T') which determines when the rate-dependence affects after
initial yielding, and the magnitude of rate-dependence of yielding V (T') are assumed to be

of the form:

V(T) = €y exp(—=C,/T) 2.7)
Y(T) = C5exp(C4/T) (2.8)
f(T) = Cs exp(—Cq/T) (2.9)

The kinematic hardening internal state variable, o reflects the effect of anisotropic
dislocation density, and the isotropic hardening internal state variable R, reflects the
effect of the global dislocation density. As such, the hardenings are cast in a hardening-
recovery format that includes dynamic and static recovery. The functions 7, (T) and R,(T)
are scalar in nature and describe the diffusion-controlled static or thermal recovery, while
r4(T) and R;(T) are scalar functions describing dynamic recovery. Hence, the two main
types of recovery that are exhibited by populations of dislocations within crystallographic
materials are captured in the ISVs. The anisotropic hardening modulus h(T), and the
isotropic hardening modulus is H(T). The description of individual constants C;-Cz are

given in Appendix.
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h(T) = Co — C1oT (2.10)
H(T) = Cy5 — Cy6T (2.11)
r4(T) = C, exp(—Cg/T) (2.12)
R4(T) = Cy3 exp(—Cy4/T) (2.13)
15(T) = C11 exp(—Cy2/T) (2.14)
R¢(T) = Cy7 exp(—Cyg/T) (2.15)

(© LSP Loading

In modeling laser peening (LSP), instead of simulating laser material interaction,
the pressure wave that was generated during this process was simulated. During LSP, as
the laser hits the metal surface, the plasma formed on the surface continues to absorb
laser energy and releases that energy into metal surface as a pressure wave. This pressure
wave was modeled as a function of both radial distance and peening time and is defined

as follows [127, 128].
TZ
P(r,t) = P(t) exp (— ﬁ) (2.16)

where P(t) is the magnitude of pressure at any time t, r is the radial distance from the
center of the spot, and R is the spot size. Each of these parameters significantly affect the
compressive residual stresses induced in the material. For example, Peyre et al. observed
that with increase in the laser spot size, the depth of compressive residual stresses
increases significantly even though there was not a significant change in magnitude

[129]. The pressure time history is defined using Gaussian temporal profile with short
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rise time [114, 130-133]. Although the temporal profile was described as Gaussian,
Braisted and Brockman used a triangular pulse because of very narrow pulse

duration [122] (Figure 2.9). These spatial and temporal pressure distributions during LSP
is neither uniform nor linear, so a subroutine DLOAD/VDLOAD can be used to apply
these non-uniform shock pressure [128, 134]. This subroutine allows the pressure to vary

with respect to both the radius of laser spot and time.
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Fig. 2.9 Pressure-time profile of single LSP.

The depth and magnitude of compressive residual stresses in material depends on
pulse pressure, spot size, pulse overlap, and pulse duration. These parameters affect the
residual stresses generated in the material. However, the most important parameter is the
pulse pressure which depends on the laser power and intensity. Increasing the laser
intensity increases both depth and magnitude of compressive residual stresses but, the
stresses in material reach saturation point after a particular laser intensity [114].

Warren et al. has simulated laser shock peening on AISI 52100 with laser spot size as

9 um and has observed that the residual stresses (Figure 2.10) in material increases as the
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laser intensity increases but they saturate after 4 GW/cm? as the peak compressive

residual stresses did not change significantly.
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Fig 2.10 Effect of laser intensity on residual stresses in AlSI 52100 shock peened for
40 ns with 9 um spot size.
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PART Il: DIRECTED ENERGY DEPOSITION

2.4 Introduction to Directed Energy Deposition

According to ISO/ASTM 52900, directed energy deposition (DED) is defined as
an AM process in which focused thermal energy fuses materials by melting as layers are
being deposited [74]. In DED, raw materials can be in the form of metal powder or
filament and the focused thermal energy to melt and deposit layers can be laser beam,
electron beam, or plasma arc. Metal additive manufacturing is classified mainly into three
categories: (1) directed energy deposition (DED), (2) powder bed fusion (PBF), and (3)
sheet lamination. In DED, focused thermal energy is used to fuse materials by melting as
they are being deposited. In contrast, PBF directs a thermal energy source onto a
stationary bed of metal powder and thereby selectively fusing powder to form a layer.
Sheet lamination ultrasonically bonds sheets of metal to form a final part. One of the
main advantages of DED compared to PBF is that the build rate is typically 10 times
faster. Also, the material composition can be changed on the fly. The disadvantage of
DED is that surface finish is poor and requires additional post-processing. Also, internal

features, such as conformal cooling channels, are difficult to print with DED.

2.5  Process Mechanism of Directed Energy Deposition

Laser Engineered Net Shaping (LENS™) is one type of a DED process that was
developed by Sandia National Laboratories in the 1990’s. Optomec in Albuquerque, New
Mexico, USA later commercialized the LENS™ process. A LENS™ system consists of a

high-powered laser, a powder delivery system, a controlled atmosphere (optional), and a
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computer-controlled positioning system. A schematic representation is shown in

Figure 2.11 below.

Powder

o« metal
Ko :Melt pool

High power

Fig. 2.11 Schematic representation of LENS™ process [135].

A solid substrate is used as a base plate for building the part, and the laser beam is
applied on the substrate creating a melt pool. The powder particles are simultaneously
injected into the melt pool through a powder delivery system. Next, the substrate is
moved beneath the laser beam leaving behind a narrow deposit of material of prescribed
thickness and height. Substrate height is adjusted to maintain constant focusing position.
The same procedure is repeated until all the layers are printed creating the part. Powder is
supplied to the deposition region via a carrier gas, and powder volume is regulated by
powder delivery unit [136].

During the addition of layers in DED, residual stresses can develop in a part,
which subsequently affect mechanical properties. Residual stresses developed in a
material can be predicted by modeling the DED process. Modelling DED requires the
following: (1) a moving thermal source (laser or electron beam), (2) a technique for

addition of new layers, (3) a model for boundary conditions, and (4) a material model to
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define material properties at elevated temperatures. Researchers have simulated different
types of DED processes, including laser engineered net shaping (LENS™) [137-145],
direct laser metal deposition (DLMD) [146, 147], shape metal deposition (SMD) [148,

149], and laser cladding [150-152].

2.6  Literature Review on Modeling DED
2.6.1 Heat flux

A heat flux is typically used to model the heat source from additive
manufacturing. The input heat flux applied on layers in DED is modeled based on the
input energy source (e.g., laser, electron beam, plasma arc). Heat flux models found in
literature are provided in Table 2.1. These heat flux models are used in different
processes like laser engineered net shaping (LENS™), laser cladding, and laser metal
deposition and welding processes.

The most common heat flux model in a DED process is a Gaussian distribution
function. This model was first proposed by Pavelic for modeling welding processes. It
has the capability to model various melt pool parameters by changing few variables in the
Gaussian function. The heat flux equation is given in Table 2.1. The constant cin the
equation represents the effects of reflectivity, beam distribution parameter, and the
absorptivity of the workpiece material. The parameter 2 in the model changes to
r? = x? + y2 for 3D models.

The other common heat flux model is a double ellipsoidal model proposed by
Goldak et al. [153]. The main feature of this model is that it can be easily changed to

represent both shallow penetration of an arc in welding and deeper penetration from a
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laser and electron beam processes. The constants a, b, and ¢ define the melt pool
dimensions and these values are different for front and rear ellipsoids. The values of these

constants depends on the specific heat source and material being modeled.

Table 2.1 Heat Flux (Q) Models

Heat flux equations Ref.
cP _(ﬁ) Gaussian heat flux [114357, llfg, igg,
—_ rz H 1 1 1 ] il il
Q=—7e \™ distribution function 152, 154, 155]
g
where, ¢ = absorption coefficient
P = laser power
ro = initial radius
r = current radius
6\/_ pnf x? 3y2 3(z+vyt)? Double ellipsoid model [139, 148, 149,
+= 2 156, 157]
as laser heat source

" abc m/_

where, P = Laser power
n = absorption efficiency
f=process scaling factor
a = transverse dimension of ellipsoid
b = depth of melt pool
¢ = longitudinal dimension of ellipsoid
t =time
vw = heat source travel speed

2.6.2 Material deposition

In order to model deposition of layers during directed energy deposition (DED),
most researchers use two types of techniques: quiet element method and inactive element
method [137, 139, 143, 145, 147, 151, 154, 156-158]. In the quiet element method,
unprinted elements are present in the model, but they are assigned reduced material
properties. These properties are obtained by multiplying with a scaling factor. Elements

with reduced properties will not affect the analysis. As the analysis progresses and these
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quiet elements are ready to be “printed”, actual material properties are assigned to the
quiet elements to establish their presence in the model.

Inactive elements is another approach that is similar to the quiet element method.
However, the difference is that all the elements in layers that are to be deposited during
DED process are deactivated at beginning of the analysis. Elements in each layer are
activated in each step individually as the heat source acts upon that layer. Layers are

reactivated one by one as the material is being deposited.

2.6.3 Boundary conditions

In DED, it is important to have boundary conditions to accurately calculate
temperatures developed in layers during material deposition. These boundary conditions
depend on the surrounding environment of the build platform. Most thermal models in
literature have both convective and radiation heat transfer conditions on all surfaces [138,
139, 145-147, 149-151, 154, 157-159]. This allows for heat to escape the part into the
surrounding medium (typically air, nitrogen, or argon). In a vacuum, Denlinger et al. did not
use convective heat transfer boundary conditions in modeling electron beam direct
manufacturing [156]. Only radiation heat transfer was considered. Other researchers included
initial conditions for the model and maintained a base plate at constant temperature along

with convective and radiation heat transfer boundary conditions [140, 145, 155].

2.6.4 Material properties
Due to thermal characteristics of the DED process, temperature-dependent

properties of a material should be incorporated into the simulation. These temperature-
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dependent properties account for phase transformation, melting, and re-solidification of
the material. The transformation of material from liquid phase to solid phase can be
defined by latent heat and specific heat. Most researchers used temperature dependent
thermal conductivity, specific heat, and density [143, 145, 146, 160]. Other mechanical
properties, such as a temperature dependent elastic modulus or thermal expansion, can be
used to determine stresses and deformations developed in a model due to material

deposition.
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CHAPTER 3
EFFECT OF LAYER THICKNESS AND PEENING PRESSURE ON RESIDUAL

STRESSES IN HYBRID PROCESSING BY LASER SHOCK PEENING

3.1 Introduction

| have developed this finite element model as a preliminary study to understand
the effect of laser shock peening (LSP) in hybrid-AM process using selective laser
melting. Many researchers have investigated the effect of LSP on different materials and
confirmed that LSP can improve the properties by inducing compressive residual stresses
[112, 122, 127, 161]. Additive manufacturing is a process of joining materials to make
parts from a 3D model, usually layer upon layer, as opposed to subtractive manufacturing
and formative manufacturing methodologies. Additive manufacturing processes, such as
selective laser melting (SLM), selective laser sintering (SLS), and electron beam melting
(EBM), can produce products with tensile residual stresses [95, 162]. It is hypothesized
that these tensile stresses can be altered by employing laser shock peening between
printed layers. With the change in residual stresses and increased hardness, the
performance of a part can be improved or manipulated. This hybrid additive
manufacturing approach enables one to design and print preferential mechanical
properties for specific applications. In this study, hybrid additive manufacturing via
powder bed fusion and laser shock peening was modeled in Abaqus. The effects of layer

thickness and peening pressure on the residual stresses were studied.
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3.2  Finite Element Modeling
3.2.1 Model geometry

A series of two-dimensional finite element models were developed in Abaqus
Standard to simulate consecutive layers of selective laser melting (SLM) followed by
laser shock peening (LSP) on Ti64. The simulation was based on the work from Sealy
and Guo [110, 128] and Chao and Guo [163]. The objective was to model a hybrid
additive manufacturing process, i.e. SLM and LSP, to determine the effect of successive
printed layers on the enhanced mechanical properties from LSP. The simulation
procedure applied a moving heat flux in a thermal model and imported the resulting
temperatures into a stress model. Importing temperatures accounted for thermal strains
caused by the heat flux. After allowing the temperatures to cool for 5 seconds, laser
shock peening was applied to each printed layer via a shock pressure load. This process
was repeated for each printed layer.

The work piece was divided into four parts: substrate, layer 1, layer 2, and layer 3,
see Figure 3.1. The substrate was 4 mm (length) by 1 mm (thickness). Each layer was
2 mm long. Three different layer thicknesses were investigated: 100 um, 300 pm, and
600 um. In each model, three layers were printed and subsequently peened. Layer build-
up was accomplished by first deactivating the entire mesh and then activating each layer
in each active heat flux step. The thermal model used 4-node linear diffusive heat transfer
elements (DC2D4), and the stress model used 4-node bilinear plain stress elements with
reduced integration (CPS4R). Plain stress elements were chosen as one single printed line

was assumed to be a thin body.
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Fig. 3.1 Two-dimensional model of hybrid additive manufacturing by SLM and LSP.

3.2.2 Material model

The material used for this model was Ti64. The physical and thermal properties as
well as the temperature dependent thermal and mechanical properties used in the analysis
are shown in the Appendix [164-167]. At room temperature, the elastic modulus was
110 GPa and the yield strength was 910 MPa. At 1655 °C, the elastic modulus and yield
strength decreased to 10% of that at room temperature. Since laser peening involves high
strain rates (on the order of 10°) that significantly affects the flow stress, future studies
will incorporate more complex material models such as Johnson-Cook or an Internal

State Variable (ISV) plasticity model to capture such rate dependent effects.
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3.2.3 Thermal and mechanical loading
Thermal Model: The heat flux in the thermal model was applied using a DFLUX
user subroutine in Abaqus/Standard. The output of the heat flux (Q) as a function of

position (x) and time (t) was given by the following:

0= LT (3.1)

7

where C is the absorption factor, P is laser power in watts, r is the laser beam radius in
meters, and v was the scanning speed of the heat flux [168]. The process parameters for

the applied heat flux during selective laser melting are given in Table 3.1.

Table 3.1 Heat Flux Process Parameters during Selective Laser Melting

Laser power Scan speed Layer thickness Laser spotradius Scan length

(W) (mm/s) (km) (um) (mm)
20 50 100, 300, 600 36 2

Stress Model: Laser peening was applied in the stress analysis after selective laser
melting. To model laser shock peening, a simplified pressure load was applied to capture
the highly transient, dynamic nature of a shock wave produced by plasma expansion. The
laser spot size from peening was 500 um. The pressure pulse was assumed to be 2 to 3
times longer than a typical 5 to 7 ns laser pulse [130, 169]. The pressure pulse width was
20 ns, and the peak pressure was 1 GPa or 2 GPa. The peening pressure P(r,t) as a

function of both radial position and time is given by

P(r,t) = P(t)e2” (3.2)
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where P(t) represents pressure at any time t, and r is the radius of the laser spot [170].
Typically, the pressure pulse as a function of time has a Gaussian profile with a short rise
time [130-133]. In this study, a simplified triangular pulse of the pressure as a function of

time was used (Figure 3.2). The pressure was applied in the center of the mesh.
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Fig. 3.2 Pressure-time history of a single pressure pulse from LSP.

3.2.4 Initial and boundary conditions

The initial temperature of the model was 20 °C. During the stress analysis, the
nodal temperatures were imported from the thermal model as a prescribed condition
during the active heat flux step. Heat was allowed to conduct through the material. No
heat transfer boundary conditions were prescribed. The displacement and rotation degrees

of freedom along the bottom of the substrate were constrained in the analysis.

3.3 Results and Discussion
The temperature and stress fields are plotted along the depth direction at the

center of the mesh, i.e. along Line A in Figure 3.1. The temperature profiles are shown
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when the heat flux was directly over Line A. For the stress profiles, the heat flux passed

over the layer and the stress S11 was plotted 0.1 ms after the pressure pulse.

3.3.1 Displacement

The magnitude of displacement (U) for a 100 pum, 300 um, and 600 um layer
thickness exposed to a 1 GPa and 2 GPa peening pressure is shown in Figure 3.3. It was
observed that 1 GPa peening pressure did not cause severe plastic deformation. The
maximum transient deformation was approximately 10 um during peening. The
maximum deformation after relaxation was approximately 2-3 um. At 2 GPa, the
deformation was considerably higher. The deformation following relaxation was greater
than 200 um. Also, it was observed that deformation in 300 um layer model was higher

than in the 600 um layer model. This may be attributed to the expansion during the
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Fig. 3.3 Magnitude of deformation in a 100 pum, 300 um, and 600 pm layer thickness
model exposed to a 1 GPa and 2 GPa peening pressure.
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3.3.2 Nodal temperatures

Nodal temperatures from the applied heat flux for a 100 um, 300 um, and 600 um
layer thickness are shown in Figure 3.4. The blue triangles represent the temperatures
while printing layer 1, the red squares represent the temperature while printing layer 2,
and the black circles represent the temperature while printing layer 3. In selective laser
melting, the top surface is constantly changing by adding subsequent layers. Therefore,
note that a zero depth corresponds to the top of layer 3. If the layer thickness is 100 pm
(Figure 3.4a), the top of layer 1 corresponds to a depth of 200 um. For a 600 um layer
thickness (Figure 3.4c), the top of layer 1 corresponds to a depth of 1200 pum.

The nodal temperatures exceeded 3000 °C on the top surface. For the given heat
flux conditions, the results indicated that when the layer thickness was 100 um
(Figure 3.4a), the temperature in layer 1 while printing layer 2 was between 800 °C and
1800 °C. The temperature was relatively high considering that the solidus temperature of
Ti64 was 1605 °C. This indicates that part of layer 1 was re-melted during the printing of

layer 2. When printing layer 3, the temperature in layer 1 ranged from 200 °C to 600 °C.

Nodal Temperature (°C) Nodal Temperature (°C) Nodal Temperature (°C)
0 2000 4000 0 2000 4000 0 2000 4000
0 0
ayer 3
£ Jayer 2
250 + '1 layer 1 500
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8
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750 1500 * —/v=—Heat L1
—0O=—Heat L3 —0O=—Heat L3 —O—Heat L3
1000 2000 3000

Fig. 3.4 Nodal temperatures (NT11) along the depth direction below applied heat flux
for a (a) 100 pm, (b) 300 um, and (c) 600 um layer thickness.
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When the layer thickness was 300 pum, the maximum temperature in layer 1 while
printing layer 2 was approximately 450 °C. The maximum temperature in layer 1 while
printing layer 3 was 75 °C. As the layer thickness increased to 600 um, the temperatures
in layer 1 while printing layer 2 was nearly room temperature. The results indicated that
for the given heat flux in this study, the layer thickness needs to be greater than 300 pum
to avoid significantly raising the temperature of previously laser peened layers. Models
such as this can help determine the critical layer thickness for hybrid additive
manufacturing processes so that thermal loads from SLM do not negate enhanced

mechanical or physical properties in prior layers.

3.3.3 Residual stress after LSP

The residual stress (S11) along the depth direction after laser shock peening with
a pressure of 1 GPa (Figure 3.5) and 2 GPa (Figure 3.6) with a layer thickness of 100 um,
300 um, and 600 pum is shown below. For a layer thickness of 100 um, 1 GPa was not
significant enough to cause compressive residual stress in the printed layer, see
Figure 3.5a. The stress in each layer was a tensile and between 400 MPa and 800 MPa.
When the pressure increased to 2 GPa (Figure 3.6a), significant compressive residual
stresses were imparted in layers 1, 2, and 3. When printing subsequent layers, e.g. layer 3,
the heat flux caused the compressive stress from peening in layers 1 and 2 to turn tensile.
The layer thickness was relatively small such that the thermal load from the subsequent
layer’s heat flux may be expanding the work piece such that the compressive residual
stresses are reversed. Furthermore, the higher pressure (2 GPa) coupled with such a thin

layer resulted in layer 1 shifting to compression when layer 3 was peened.
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Fig. 3.5 S11 along the depth direction after laser peening with a pressure of 1 GPa for (a)
100 pm, (b) 300 pm, and (c) 600 um layer thickness.
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Fig. 3.6 S11 along the depth direction after laser peening with a pressure of 2 GPa for (a)
100 pm, (b) 300 pm, and (c) 600 um layer thickness.

In the 300 um layer thick model, a similar trend was observed. The high tensile
stresses in between the layers were due to the fact that the heat flux from a subsequent
layer caused significant thermal expansion and resulted in high tensile stresses. With

2 GPa peening pressures, the maximum compressive stress was more than 900 MPa. The
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tensile stresses in layer 1 developed during thermal loading of layer 2 remained tensile
even after the peening layer 2.

Similarly, in the 600 um layer thick model, the tensile stresses joining two layers
were due to the thermal loads and the compressive stresses within the layers were due to
peening. The compressive stresses were not as high as those in the 300 um layer thick
model because all of the heat energy accumulated in one thick layer. Significant thermal
expansion ensued and led to tensile stresses on the order of 500 MPa. Subsequent
peening did not have a significant effect because the layers were much thicker.

The maximum tensile stresses occurred at the boundary between layers. This was
due to an excessive amount of thermal expansion during thermal loading and the fact that
layers were added as plates on one another. In reality, the starting material in SLM is
powder which would be deposited and melted to the substrate. In that case, there should

be less thermal expansion than what was observed in a plate.

3.4  Summary and Conclusions

This work presents a finite element model of a hybrid additive manufacturing
process that couples selective laser melting (SLM) and laser shock peening (LSP). The
model adds a new layer that is subsequently laser peened. The process is repeated for
three layers. The objective was to quantify the effects of single shot LSP after printing
multiple layers. In other words, how does the thermal load from subsequent printed layers
influence the residual stress imparted by LSP in prior layers? The effects of laser peening
pressure and layer thickness on the residual stress fields were analyzed. This model

established the fact that layer thickness plays a critical role on the resulting residual stress
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fields. If a layer is thicker than a critical value, the thermal loads from printing more
layers will not significantly alter the residual stress field in previous layers. For thinner
layers, more substantial pressures are needed to cause deeper compressive residual
stresses. The results suggest that peening conditions can eventually be optimized to have
the desired residual stress contour for a given application. Further studies are needed to

incorporate microstructural evolution from hybrid printing multiple layers in a model.
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CHAPTER 4
EFFECT OF LAYER PEENING FREQUENCY ON RESIDUAL STRESSES

DEVELOPMENT IN HYBRID PROCESSING BY LASER SHOCK PEENING

4.1 Introduction

The overarching objective of this chapter is to investigate the role laser
peening (LSP) has on layer-by-layer processing of 3D printed metals. This chapter
primarily focuses modeling hybrid-AM by coupling directed energy deposition (DED)
and LSP to understand the role of hybrid process parameters on temporal and spatial
residual stress development. A finite element model was developed to help understand
thermal and mechanical cancellation of residual stress when cyclically coupling printing
and peening. Results indicate layer peening frequency is a critical process parameter and
highly interdependent on the heat generated by the printing laser source. Optimum hybrid
process conditions were found to exists that favorably enhance mechanical properties.
With this demonstration, hybrid-AM has ushered in the next evolutionary step in additive
manufacturing and has the potential to profoundly change the way high value metal
goods are manufactured.

Recall that hybrid additive manufacturing (hybrid-AM) processes are defined as
the use of additive manufacturing (AM) with one or more secondary processes or energy
sources that are fully coupled and synergistically affect part quality and/or process
performance. The explanation of this definition was presented in Chapter 1. In this
chapter, laser engineered net shaping (LENS™) process was coupled with laser peening

(LSP) as the secondary process. The schematic of this hybrid-AM is shown in Figure 4.1.
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Fig. 4.1 Schematic representation of hybrid-AM by laser peening.

Although this hybrid-AM process has the capability to improve mechanical
properties, there are new manufacturing challenges associated with coupling peening and
3D printing. Thermal and mechanical cancellation must be better understood for this
approach to meaningfully impact the manufacturing industry. Thermal cancellation refers
to the loss of favorable residual stress from heat. Mechanical cancellation refers to the
loss of favorable residual stresses from unfavorable stress redistribution.

In hybrid-AM, thermal cancellation occurs when a new layer is added on a peened
surface (Figure 4.2a); the heat generated during material deposition has the potential to
cancel any beneficial mechanical properties induced by LSP. This will eliminate bulk
property generation in layers. This phenomenon of eliminating/reducing the magnitude of
favorable compressive residual stresses from the additive manufacturing heat source is
referred to as “thermal cancellation.”

Mechanical cancellation in hybrid-AM is the reduction of compressive residual
stresses present below the surface due to application of LSP on subsequent layers. Since
peening induces both compressive and tensile residual stresses below the surface of parts,

peening new layers on top of previously peened layers redistributes residual stresses
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fields. The tensile component of peening one layer may diminish the magnitude of
compressive residual stress of a previous layer. Consider the case in Figure 4.2b, when a
new LSP is applied on the top surface the stress profile developed by new LSP

redistributes/cancels the magnitude of compressive residual stress from previous LSP.

== Heat flux

New layer.
Peened layer. 2.2
7= (

: Laser shock peening
Newly peened layer
(
AN

Peened layer 22N

Thermal cancellation of Mechanical cancellation of
residual stresses from compressive residual stress
applied heat flux when a by new LSP in previously
new layer is added on a peened layer

peened layer

Fig. 4.2 Schematic representation of (a) thermal cancellation and
(b) mechanical cancellation.

AISI 52100 steel was used as material to model thermal and mechanical
cancellation in hybrid-AM by DED and laser peening. This type of steel is mainly used in
tool and die industry. The main problem with current tools is the easy crack propagation
in tool reduces fatigue life of tool steels. It is well known that with laser peening
compressive residual stresses are induced in subsurface of material reducing crack
propagation by improving fatigue life. Hybrid-AM by laser peening improves bulk
mechanical properties of tool by inducing preferential compressive residual stresses.
Compressive residual stresses in materials do not allow cracks to propagate, improving

the fatigue life of tool.
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The objective of this chapter is to introduce thermal and mechanical cancellation
of residual stresses in hybrid-AM by laser peening and to begin understanding the
phenomenon through finite element (FE) analysis. A two-dimensional finite element
model of hybrid-AM by laser peening was developed in Abaqus to examine thermal and
mechanical cancellation with varying the layer peening frequency. The evolution of
residual stresses from different peening frequencies and its effect on thermal and

mechanical cancellation were studied.

4.2  Finite Element Modeling
4.2.1 Model geometry

In this study | have developed a two-dimensional model as shown in the
Figure 4.3. Total number of layers deposited on the substrate were 20; each layer was 30
mm wide and 0.3 mm thick. Only 20 layers were added to model residual stress
development in hybrid-AM process to study thermal and mechanical cancellation without
increasing computational cost. The substrate below the layers had dimensions of 30 mm
by 8 mm. The elements in the thermal model used to evaluate temperatures developed
during the application of moving heat source were DC2D4 type, which stands for 4-node
diffusive conductive heat transfer. The elements in the stress models were CPE4 which is
4-node bilinear plane strain element to capture the stresses due to the heat source and due
to application of laser peening. Plane strain elements were used assuming there was no
strain in the Z-direction (perpendicular to the plane formed by axis 1 and 2). The element
size in the layers was 20 x 20 um, and a gradient mesh rule was given to the elements

along axis-2 in the substrate to accurately capture all the temperatures and stresses in
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layers while not increasing the computational time. The addition of material during AM
was simulated by means of successive discrete activation of new set of elements in the

model at the beginning of each step.
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Fig. 4.3 Schematic of hybrid-AM model with thermal and mechanical
boundary conditions.

This model also proves that the dynamic response of the material from LSP and
formation of residual stresses in material can be modeled using Abaqus/Standard. Unlike
it was mentioned in literature review where most of the researchers used Abaqus/Explicit
to model LSP. Because, in this thesis hybrid-AM model was developed where modeling
AM process includes deactivation and activation of elements for the addition of layers.
Abaqus/Explicit does not allow to deactivate and activate elements during a simulation as

explicit solves the equations based on previous steps. If the elements were absent in the
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next step the explicit solver will not be able to solve the equation. While the standard
solver uses all the equations present in the model to solve the equations and when a new
set of elements were added standard calculates the equations based on the new equations.

So, in this thesis standard solver was used to both AM and simulate laser shock peening.

4.2.2 Material model

Hardened steel AISI 52100 was considered for this simulation because of its wide
range of applications in tool and die industry. In heat transfer analysis, thermo-physical
properties were used to evaluate temperatures and can be found in the Appendix. In stress
analysis without LSP, temperature dependent elastic and plastic properties (young’s
modulus, Poisson’s ratio, yield strength) were give along with temperature-dependent
thermal expansion of the material. For the stress analysis with LSP, internal state variable

plasticity model (ISV model) was used (see Appendix).

4.2.3 Loading and boundary conditions

Heat transfer analysis: The schematic (Figure 4.3) above shows different loading
and boundary conditions in the analysis. On top of each layer, a moving heat flux was
applied to simulate the temperatures developed in the DED process. The heat flux was
modeled as a non-uniform distributed flux as a function of position and time. The heat
flux given by the equation below follows Gaussian distribution and was modeled using

the Abaqus user subroutine DFLUX.

CP -2(x-vt)?
Q=—e T2 (41)
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where C is absorption coefficient, P is laser power in watts, r is the radius of laser beam
in meters, v is scanning speed of heat flux in m/s. Table 4.1 identifies LENS™ process

parameters that were used to simulate AM in this chapter.

Table 4.1 Heat Flux Process Parameters

Laser power Laser spotsize  Scanspeed Scan length

(W) (mm) (mm/s) (mm)
400 1.36 10 30

Thermal boundary conditions were applied on model in terms of conduction,
convection, and radiation. Heat transfer in between the layers was given in terms of a
conduction coefficient (k). The heat conducted into the substrate was given in terms of
convection at the bottom of the substrate (hz = 1000 W/m? K). A forced convection and
radiation heat transfer boundary conditions were given on the top surface of each layer
while depositing (h1 = 100 W/m?K, £ = 0.62) to account for heat transferred through inert
gas blown into the melt pool and through radiation to the surrounding environment. Free
convection to the surrounding environment was given as a boundary condition on the
edges of layers and substrate (h2 = 25 W/m?K).

Stress analysis: The pressure wave from LSP was modeled as a function of radial
distance and peening time as mentioned in literature review. The pressure varying with
peening time follows a short rise time pulse as shown in figure below. It was assumed that
the pressure duration was three time longer than pulse duration and glass was used as
confining layer. Under these assumptions a peak pressure of 5.17 GPa was applied during

laser shock peening to induce compressive residual stresses into the material. The load was
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applied on material for 30 ns in loading step and was allowed to relax for 10 s for the

material to relax and form residual stresses in material.

P(t) (GPa)
N SR AN

Time (ns)
Fig. 4.4 Variation of pressure with respect to time.

Table 4.2 LSP Process Parameters

Pressure  Spot Peak Pulse Laser Laser
duration  size  pressure duration intensity = power
(ns) (mm) (GPa) (ns) (GW/cm?) J)

30 2.25 5.177 10 3.59 1.42

4.2.4 Simulation procedure

A commercial finite element software Abaqus/Standard was used to simulate
hybrid processing by directed energy deposition (DED) and laser peening. The simulation
procedure is shown in the flow chart (Figure 4.5) below. To simulate this process, two
models of identical geometry were developed: one model for heat transfer analysis with
DC2D4 elements and the other for stress analysis with CPE4 elements. In the heat
transfer analysis, temperatures developed during DED were computed and imported to a
stress analysis. The stresses from the temperatures and LSP were determined using

static/general stress analysis.
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Fig. 4.5 Flow chart for simulation procedure of hybrid-AM by LSP.

In hybrid-AM by laser peening, first a heat transfer analysis was developed. The

temperatures developed in heat transfer were imported to stress analysis to calculate

stresses from temperatures. Now in the laser peening analysis, the stresses from adding

layers were imported as initial conditions, and laser peening was applied completing the

first peening cycle. In the next cycle, another set of layers were added in heat transfer

analysis and stresses from those temperatures were calculated with stresses from previous
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laser peening as initial conditions followed by a laser peening analysis. The same cycle
was repeated until all layers were printed.

Case study (Ci = 5, nt = 20): To explain the simulation procedure, a case study
was done with laser peening on every fifth layer (number of printing layers in each cycle
Ci = 5) until twenty layers were deposited (n¢ = 20). In this simulation, there were four
cycles/iterations. Each cycle contained a heat transfer analysis, a stress analysis, and a
laser peening analysis. In the first heat transfer analysis, layers 1-5 were added one-by-
one and heat flux was applied on each layer to incorporate temperatures generated in an
AM process along with the thermal boundary conditions. These temperatures were
imported to a stress analysis of five printed layers to compute stresses. Now, the stresses
generated by adding 1-5 layers in AM process were imported to a laser peening analysis
as initial conditions. In laser peening analysis, a single laser peening was applied on the
fifth layer and stresses developed were computed. This completes one of the four cycles
of hybrid-AM process. In second heat transfer analysis, layers 6-10 were added one-by-
one with heat flux applied on each layer. Next, similar to previous stress analysis, the
temperatures were imported to evaluate stresses developed, but here along with
temperatures, stresses were also imported from previous laser peening analysis as initial
conditions. This was to determine the effect of addition of new layers on a laser peened
surface in terms of residual stresses. The stresses from stress analysis of 1-10 printed
layers were imported as initial conditions and laser peening was applied on tenth layer
inducing compressive stresses. This completes the second cycle. Like the second cycle, in
third cycle, layers 11-15 were added, and stresses were calculated by importing

temperatures as predefined fields and stresses from second laser peening as initial
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conditions and laser peening is applied on the fifteenth layer. Similarly, the final set of

layers were added, and stresses were computed.

4.3  Results
4.3.1 Final residual stresses from different layer peening frequencies

The final residual stresses developed in each model are plotted below (Figure 4.6).
In the plot, the curve 20L SA represents stresses in a AM model with no LSP and the
curves 20L LSP, 10L LSP, 5L LSP, 3L LSP, 1L LSP represents laser peening after every
20 layers (equivalent to an external surface treatment in this model), 10 layers, 5 layers, 3
layers, and 1 layer, respectively. The stresses developed in direction-1 for all the models
developed, and were plotted along a vertical line at the center of the model. A full residual

stress field map is shown in Figure 4.7 for each condition.
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Fig. 4.6 Stress profiles comparison of AM model with hybrid-AM models.

In the Figure 4.6, 20L SA represents the stress model of DED process without any

LSP. From the plot, it was observed that the stresses in layers were tensile because of the



continuous application of heat flux on layers. This flux expands the material and forms
tensile residual stresses in layers. The magnitude of stresses in layers varied from 600
MPa to 1325 MPa.

The next curve in the plot (Figure 4.6) was 20L LSP i.e., a single laser shock
peening was applied on the surface after twenty layers were added in DED process. The
tensile stresses from adding layers were turned compressive and a peak compressive
residual stress of -1120 MPa was developed. The residual stress field from 20L LSP is
shown in Figure 4.7. The compressive residual stresses from a single laser shock peening
on a DED part reached a depth of 4.9 mm before turning tensile. This case is not a
hybrid-AM process as laser peening was done only on the top surface. Therefore, the
peening was not fully coupled; rather they were sequentially coupled as would be the

case in a traditional surface treatment.

Fig. 4.7 Residual stress fields developed in each model.

The next plots were four hybrid-AM by LSP processes with different layer peening

frequencies. From the plot, it was observed the depth of compressive residual stresses
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increases as the peening frequency increases from peening every 20 layers (4.9 mm) to
peening every 5 layers (6.5 mm). Further decreasing peening frequency to every 3 layers
slightly increased the reversal depth to 6.58 mm. This may be due to saturation of residual
stresses. For peening every layer, the depth decreased to 6.3 mm. The magnitude of
compressive stress for all the cases were in the range of -1120 MPa to -1220 MPa.

The Table 4.1 below shows the width and depth of compressive residual stresses
with a magnitude of -650 MPa or higher. Figure 4.7 shows a 2D the residual stress field
distribution. The blue regions correspond to stress fields greater than -650 MPa. From the
table and figure below, it was observed that as the peening frequency decreases, the width
and depth of residual stress regions were increasing. This was because as the frequency
decreased the layers were peened more number of times increasing the compressive
residual stress regions. That is, more frequent peening resulted in a more sustained
residual stress band.

Table. 4.1 Width and Depth of Compressive Residual Stress Region Greater
than -650 MPa

Model Width Depth
(mm) (mm)

20L SA n/a n/a
20L LSP 12.22 2.54
10L LSP 15.29 2.59
5L LSP 16.53 3.18
3L LSP 18.54 3.54
1L LSP 22.09 3.66

4.3.2 Residual stress evolution
(@) LSP every 10 layers
In this case of hybrid-AM by LSP, the curves (Figure 4.8) were plotted along the

dotted line shows the stress profile development in direction-1 along the depth below the
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surface as the layers were being added. The stress profile when a new layer added was
represented as solid line and laser peened layer was represented with dotted line (this

applies to all the stress vs depth plots in this paper).
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Fig. 4.8 Stress profile evolution of hybrid-AM model with laser peening every 10 layers.

In the Figure 4.8a, the line L10 represents stresses in layers after printing ten
layers. This was similar to the DED only model curve (i.e., 20L SA in Figure 4.6), and
maximum tensile stresses developed in layers was 1900 MPa. The peening layer 10 in
Figure 4.8b represents the stresses after the laser peening was done on tenth layer. From
this curve, it was observed that all the tensile stresses present in ten layers were converted
to compressive after tenth layer was laser peened, and the peak compressive stress
induced was -1110 MPa. Now, a new layer (11" layer) was added on the laser peened
layer (i.e., 10" layer). Here some interesting process phenomenon were observed. In the

newly added layer, tensile stresses were developed as expected from an AM process, but
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in the laser peened layer below it, the peak compressive stress reduced from -1100 MPa
to -490 MPa. This reduction in peak compressive stress when a new layer was added on
laser peened layer was called “thermal cancellation” (see Figure 4.8b). This was due to
the heat conduction from layer 11 to layer 10 causing an expansion of material in layer 10
and reducing the amount of compressive stress. In the next step, the 12™" layer was added.
Similar to the previous layer, tensile stresses were developed in layer 12, but in the laser
peened layer (10" layer) the compressive stresses increased from -490 MPa to -590 MPa.
This increase in compressive stress in the peened layer due to the addition of new layers
was called “thermal addition.” At the end of adding the 20" layer, there was a peak
tensile stress of 1660 MPa in layers 11-20 and compressive stress was approximately
-938 MPa in the 10" layer, implying there was an increase of -448 MPa in the 10" layer
due to thermal addition. Next, another laser peening was applied on layer 20. This laser
peening induced a peak compressive stress of -1170 MPa. Another interesting
phenomenon observed here was the compressive stress in the 10" layer before applying
laser peening on the 20™ layer was -938 MPa, but after the 20" layer was laser peened
this compressive stress in the 10™ layer reduced to -456 MPa. This reduction in
compressive stress in layer 10 after the 20" layer was laser peened is called “mechanical
cancellation.” This may be due to the hook shape development of stress profile after laser
peening. This makes the stresses tensile after a certain depth. As there exist compressive
stresses before applying LSP on the 20™ layer, this made the new stress profile more
compressive than previous model (20 LSP). This may be the reason why the depth of
compressive stresses in peening every 10 layers model was 6.25 mm while it was 4.9 mm

in LSP on 20™ layer only case.
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(b) LSP every 5 layers

In this case, laser peening was applied every fifth layer. Next, another five layers
were added, and laser peening was applied on the tenth layer. The process was repeated
until all 20 layers were added. Figure 4.9 shows stress profile evolution in the 1-direction
along the depth as new layers were added on a peened surface.

The curve L5 in Figure 4.9a represents the stress profile after adding five layers.
When LSP was applied on the fifth layer, the tensile stresses present in layers 1-5 turned
compressive. In the next step, the 6 layer was added, and stresses in the 6" layer were
tensile toward the surface as expected; however, stresses further below the surface where
laser peening was applied were more compressive (Figure 4.9a). Instead of thermal
cancellation as observed in the previous case (LSP on every 10 layers), thermal addition
made the stresses more compressive at this depth. This thermal addition was continued
until the 10" layer was added. On the 10" layer, LSP was applied, and mechanical
cancellation was observed. A similar trend of thermal addition and mechanical
cancellation were observed for the next cycle: layers 11-15. In the next step, the 16™ layer
was added. Thermal cancellation was first observed followed by thermal addition as the
layers were being added until layer 20. Laser shock peening was applied on the 20" layer.
Instead of mechanical cancellation, mechanical addition was observed in laser peened
layer (layer 15). When laser peening was applied on the 20" layer, instead of mechanical
cancellation as we have seen in all the plots above, “mechanical addition” was observed
(Figure 4.9b). Mechanical addition is defined as addition of compressive stresses in

previously peened layers when a newly added layer in AM process was peened.
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Fig. 4.9 Stress profile evolution of hybrid-AM model with laser peening every 5 layers.

(©) LSP every 3 layers

In this case, laser peening was applied every 3 layers. After the addition of 3
layers, laser peening was applied on it, and compressive stresses were developed. Next, a
fourth layer was added inducing tensile stresses in it and reducing compressive stresses in
laser peened layer by thermal cancellation. Two more layers were added which increased
the compressive stresses in the peened layer (i.e., thermal addition), and then laser
peening was applied on layer 6. This induced compressive stress in layer 6 and increased
the magnitude of compressive stresses in layer 3, which is referred to as mechanical
addition (Figure 4.10b). Mechanical addition was observed because of increased peening
frequency. In this case, every third layer was peened. The thickness of three layers was

0.9 mm, whereas the depth of peak compressive stress induced by LSP was greater than 1
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mm. Therefore, mechanical addition was observed. In the next step, three more layers
were added and peened and the same phenomenon (i.e., thermal cancellation, thermal
addition, and mechanical addition) were observed in the same order for all the cycles

until 18 layers were added.

Layers 1-20 Substrate

— New added layer
3 =-Peened layer

Depth (mm)

(a) (b)
—— New added layer =~ === Thermal cancellation === Mechanical addition

---- Peened layer === Thermal addition

Fig. 4.10 Stress profile evolution of hybrid-AM model with laser peening every 3 layers.

(d) LSP every layer

In this case, laser peening was applied on every layer. When a new layer was
added on a peened layer, the compressive stresses in the peened layer decreased (i.e.,
thermal cancellation). After LSP, compressive stresses increase in a peened layer (i.e.,
mechanical addition). The same cycle of thermal cancellation and mechanical addition

was observed for all 20 layers. This stress evolution is plotted below (Figure 4.11).
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Fig. 4.11 Stress profile evolution of hybrid-AM model with laser peening every layer.

4.3.3 Step history evolution of stresses

All the plots until this point are local time histories of individual models, but the
step histories of these models conveys more information. The following sections
represent the residual stress variation at element 44250, which is at the center of the top
center of the substrate. This element was chosen in order to have a comparable location
across all models. These plots show the changes in stress values as the number of layers
are being added. Each step corresponds to the addition of a new layer or laser peening of

a layer.

(@) LSP every 10 layers

Figure 4.12 shows the step history after laser peening every 10 layers. In the plot,
the first 10 steps indicate the variation of stresses at element 44250 as the layers 1
through 10 were added. The 11" step indicates the application of LSP on layer 10 and is

represented by blue circles in the plot. The stress in the element was a tensile 1500 MPa
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until the addition of layer 10. When LSP was applied on layer 10, the stress decreased to
-670 MPa. The change in stress was approximately 2.17 GPa. Further addition of layers
from 11 to 20 maintained the stresses as compressive. When LSP was applied on the 20"
layer, the compressive stress decreased from -1250 MPa to -75 MPa. With the application
of LSP every 10 layers, the stresses changed from tensile to compressive and then back
tensile. Each time the change in stresses were on the order of gigapascals, which is

significant for stress overloading.
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Fig. 4.12 Variation of residual stresses at element 44250 in laser peening every
10 layer model.

(b) LSP every 5 layers

In this model, the stress at element 44250 changed from tensile to compressive
after layer 5 was peened. With LSP, a tensile stress of 1500 MPa turned compressive and
a stress of -1120 MPa was observed implying a change in stress of 2.6 GPa (Figure 4.13).

As the layers were being added, the stresses in the element remained compressive until a
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peening was applied on 10" layer (step 12), which decreased the magnitude of
compressive stresses by 650 MPa. This change in magnitude further increased to

1100 MPa when the 15" layer was peened (step 18). When LSP was applied on the 20"
layer (step 24), the reversal in stress between printing and peening further increased to
1500 MPa. This is significant because the dramatic reversals in stresses between printing

and peening can affect performance based on the step history of the stresses.
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Fig. 4.13 Variation of residual stresses at element 44250 in laser peening every
5 layer model.

(© LSP every 3 layers

Figure 4.14 represents the step history evolution of stresses in hybrid-AM by laser
peening every 3 layers. From the plot, it can be observed that the stresses were tensile
with a magnitude of 1435 MPa after the first three layers were added. With the
application of LSP, these tensile stresses turned compressive to -1090 MPa. After the

addition of 4™ layer on the peened surface (step 5), the stresses became tensile (325 MPa)
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unlike the models above which stayed compressive. This may be because of the heat
from addition of 4" layer conducting into the layers below allowing the material to
expand thereby inducing tensile stresses. After LSP was applied on the 6 layer (step 8),
and the stresses remained compressive with the addition of new layers. After printing the
o layer (step 11), the stresses at the element became more compressive as new layers
were added and less compressive as the layers were being peened. By the end of the

simulation, the stresses were tending to tensile.
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Fig. 4.14 Variation of residual stresses at element 44250 in laser peening every
3 layer model.

(d) LSP every layer

In Figure 4.15, the odd number steps indicate the stress values after the addition
of new layers, and the even step numbers indicate the stress values after the particular
layers were peened. In this case of hybrid-AM by peening every layer model, large

changes in stress were observed. For example, after the addition of a layer, the stress was
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approximately 1900 MPa. After LSP was applied on layer 1, the stress dropped

to -200 MPa, i.e., with the application of LSP there was a change in stress of 2.1 GPa.

Similarly, the change in stress varied from 2.1 GPa to a few hundreds of megapascals as

the layers were being added. Until this point, the new added layers induced tensile

stresses while the LSP induced compressive stresses. After the addition of the 11" layer,

this trend was reversed. That is, after adding 11 layer, the stresses became compressive

instead of tensile while the stress due to LSP became tensile instead of compressive. This

trend continued until all the remaining layers were added.
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Fig. 4.15 Variation of residual stresses at element 44250 in laser peening every one

layer model.

Experimental work done by R. Logé’s group at the Laboratory of

Thermomechanical Metallurgy at the Ecole Polytechnique Federale De Lausanne (EPFL)

in Switzerland was used to validate trends observed in the model [59]. R. Logé’s group

investigated the use of LSP in selective laser melting to control residual stress.
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Experimentally measured residual stress profiles using the hole drilling technique after
hybrid-AM by laser shock peening is shown in Figure 4.16 [59]. Austenitic SS 316L was
printed on a Concept Laser, GmbH in Germany. Once a prescribed number of layers were

built, the samples were re-introduced to the build chamber for subsequent printing.
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Fig. 4.16 Experimentally measured residual stress (hole drilling technique) on austenitic
SS 316L after hybrid-AM by laser shock peening using M2 PBF printer;
(a) 40% and (b) 80% overlap ratios. Circles indicate depth at laser peened
layers. Modified from [59].
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The results compared an as-built sample (without laser peening) to ones that were
laser peened on the external surface (1 mm spot size with 40% and 80% overlap) and
hybrid-AM samples (3D LSP samples; 1 mm spot size with 40% and 80% overlap) where
laser peening occurred every 1, 3, or 10 layers. At 40% overlap (Figure 4.16a), the
maximum compressive residual stress (CRS) and depth of the CRS increased 34% and
69% on average, respectively. At 80% overlap (Figure 4.16b), the magnitude of the CRS
did not increase significantly compared to externally peened surface; however, the depth
of the CRS increased for the hybrid-AM samples and may have indicated saturation point
was reached due to the high amount of overlap. Interestingly, peening every 10 layers
was shown to have deeper residual stresses than peening every one or three layers at 80%
overlap. These results showed that hybrid-AM by LSP can improve the properties of
material by inducing favorable CRS into the layers.

Certain similarities and differences were observed when the experimental results
were compared to simulation results from this chapter. The similarities include the
secondary process which is LSP, formation of tensile stresses in layers without the
application of LSP, and the formation of residual stresses in the material from hybrid-AM
process.

There were some dissimilarities between experimental results and simulations.
First and foremost was that the primary AM process, which was powder bed fusion
(PBF) in the experiments and directed energy deposition (DED) in the simulation. The
main difference was the heat affected zone between PBF and DED. The heat affected

zone in PBF was minimal compared to a directed energy deposition (DED) process.
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The next difference was the type of material. Even though both materials are
steels, the AIS1 52100 used in simulations has very high yield strength of 2 GPa, thereby
increasing the magnitude of compressive residual stresses either during the addition of
layer or during the hybrid-AM process.

It should also be mentioned that the model used a single peening while the
experimental data used overlapping peening. Single peening ignores the effects from
neighboring peens that will influence the final residual stress profile. Future finite
element models will include overlapping laser peening to more accurately capture the
final stress field.

By comparing the experimental and simulation model, it can be summarized that
even though the processes or the processing conditions are different in both hybrid-AM
cases, favorable compressive residual stresses were observed. In the simulated results,
peening at a higher layer frequency with DED increased the depth of the compressive
residual stress until a saturation point was reached. In the experimental data, the opposite
trend was observed. The experiment using PBF showed that less frequent layer intervals
produced deeper compressive residual stresses. The reason for the difference is likely
attributed to the heat affected zone created by each AM process. Both the simulation and
the model show that there are not significant changes in the magnitude of the residual

stress from layer-by-layer peening.
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CHAPTER 5

SUMMARY, CONCLUSIONS, AND FUTURE WORK

This work aims to accomplish the following: (1) define hybrid additive
manufacturing (hybrid-AM) in relation to the well-established definition of hybrid
manufacturing from the International Academy of Production Engineering (CIRP);

(2) survey the literature on hybrid-AM processes; (3) develop a finite element model of
hybrid-AM by laser shock peening (LSP); and (4) understand thermal and mechanical
cancellation of residual stresses during hybrid-AM processing. Understanding thermal
and mechanical cancellation is new manufacturing knowledge that could benefit several
industries, including medical, aerospace, automotive, and tooling and die.

From the 2D finite element model of hybrid-AM by DED and LSP, it was shown
that layer-by-layer peening during additive manufacturing (AM) induced compressive
residual stresses in the workpiece that were not completely cancelled from heat or
mechanical redistribution. Critical hybrid process parameters were identified, such as
layer peening frequency, peening intensity (includes laser power and spot size), and layer
thickness. It was shown that decreasing layer peening frequency (i.e., peening more
frequently) from 20 to 5 increases the depth of compressive residual stresses (CRS). The
depth of CRS saturated below a peening frequency of every 5 layers. That is, peening
more frequently than every 5 layers did not improve the depth of CRS. In single peening
mode, the peak CRS below the surface was similar (+/- 100 MPa) for all layer peening
frequencies. Interestingly, the width and thickness of the CRS, referred to as the CRS
band, increased with more frequent layer peening. Peening every layer had the widest and

thickest CRS band. Based on these results, it is hypothesized that peening fewer layers
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with multiple peenings would be equivalent to peening every layer with a single peening.
Multiple peenings should increase the width and thickness of the CRS band.

The stress profile evolution in the model with a layer peening frequency of 10
exhibited thermal cancellation, thermal addition, and mechanical cancellation. When
peening every 5 layers, in layers 5 and 10, thermal addition and mechanical cancellation
were observed. In layer 15, thermal cancellation and mechanical addition were observed.
When peening every 3 layers and 1 layer, no mechanical cancellation was observed. This
may be due to high peening frequency. The depth of the peak CRS from peening a layers
reached the previously peened layers below and resulted in an increased CRS. This
indicates complex residual stress histories exist that are dependent on the location in the
workpiece. Understanding these histories may be important in designing for performance.
In tool steels, the reversals in stress from thermal and mechanical cancellation were
observed to be ranging from 100’s of megapascals to a few gigapascals. Hybrid
processing of a tool steel may result in short cycle fatigue failure when coupling printing
and peening because of the dramatic reversals in CRS.

The future work includes the validation of results from these simulations by
conducting experiments based on the simulation parameters. The simulations concluded
that thermal and mechanical cancellation of the residual stresses exist during the hybrid-
AM process and these phenomena have to be verified experimentally by measuring the
stresses in build after the addition of layers on a peened surface. Another future work
includes determining the effect of cyclic thermal and mechanical loading on the
microstructure of steel. In this thesis, a single laser peening was applied on layers, further

studies include multiple laser shock peenings on each layers with LSP overlap and find
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the effect of change in overlap ratio of these multiple peenings to have maximum
compressive residual stresses. Another future study includes to find maximum distance
between the peens on a layer to have minimum favorable stresses in layers. That is, how

far can the peens be placed to have favorable stresses?
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APPENDIX

Material properties of AISI 52100

Table A.1 Physical Properties of AISI 52100

Latent heat of fusion (KJd/kg) 276

Latent heat of vaporization (KJ/kg) 6290
Melting point (K) 1640
Boiling point (K) 2750
Density (kg/m3) 7827

Table A.2 Temperature Dependent Thermal Expansion [171]

Thermal expansion Temperature
(MK (K)
11.5 298
12.6 477
13.6 671
14.9 977
15.3 1077

Table A.3 Temperature dependent elastic properties [172]

Young’s Modulus Poisson’s ratio Temperature

(GPa) (K)

201.33 0.277 295
178.58 0.269 473
162.72 0.255 673
103.42 0.342 873
86.87 0.396 1073
66.88 0.490 1273

Table A.4 Temperature dependent plastic properties [172]

Yield Stress  Plastic strain  Temperature

(MPa) (K)
1600 0 293
1900 0.002 293
2000 0 493
2300 0.025 493
1180 0 693
1220 0.045 693

20 0 5000

23 0.02 5000
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Table A.5 ISV Constants for AISI 52100 [173]

Material Constants

Shear Modulus (G)

a
Bulk Modulus (K)
b

Melting Point

Cs1

C2

Cs

Ca

Cs

Cs

Cr

Cs

Co

Cio

Cu

Ci2

Cu3

Cus

Cis

Cie

C17

Cis

Cio

C20

Initial Temperature
Heat coefficient
Initial damage
Damage exponent

(MPa)
(MPa)

(K)
(MPa)
(K)
(MPa)
(K)
(1/s)

(K)
(1/MPa)
(K)
(MPa)
(MPa/K)
(1/MPa)
(K)
(1/MPa)
(K)
(MPa)
(MPa/K)
(MPa/s)
(K)
(2/K)
(K)

(K)
m3K/J

78500
1.23
152000
-1.85E10
1640

1

1

1070
58.5

1

-12000
0.04

0

5600

9
0.002385
400

0.05

0

150

-14
0.0027

0
0.004148
665

293
2.43E-07
0.01

3
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Description of constants in ISV model

C1

Co

Cs

Cs4

Cs

Cs
Cy
Cs

Co

Cao
Cu
Cr2
Cas
Caa
Cis
Cis
Cur
Cis

Cio

Ca0

Constant term in V(T) Arrhenius-type equation which determines the magnitude
of rate dependence on yielding

Temperature dependent activation term in V(T) Arrhenius-type equation

Constant term in Y(T) Arrhenius-type equation which is the rate independent
yield stress

Temperature dependent activation term in Y(T) Arrhenius-type equation

Constant term in f(T) Arrhenius-type equation which determined the transition
strain rate from rate independent to dependent yield

Temperature dependent activation term in f(T) Arrhenius-type equation
Constant term in rq; equation which described kinematic dynamic recovery
Temperature dependent activation term in rq: equation

Constant term in hy equation which describes the kinematic anisotropic hardening
modulus

v term in h(T) equation

Constant term in rs(T) equation which describes the kinematic static recovery
Temperature dependent activation term in rs(T) equation

Constant term in Rq(T) equation which describes the isotropic dynamic recovery
Temperature dependent activation term in Rq(T) equation

Constant term in H(T) equation which describes the isotropic hardening modulus
Temperature dependent activation term in H(T) equation

Constant term in Rs(T) which describes the isotropic static recovery
Temperature dependent activation term in Rs(T) equation

Multiplication term in equation 1+tanh(C19(C20-T)), which is an adjustment to the
yield strength over a large temperature range

Used in yield strength adjustment equation



Table A.6 Temperature dependent specific heat [171]

Specific heat Temperature

(I/kg.K) (K)
458 300
640 473
745 699
798 810

Table A.7 Temperature dependent conductivity [174]

Conductivity Temperature

(W/mK) (K)
37 273
41 373
40 473
38 573
36 673
34 773
33 823
32 883
30 923
29 973
25 1023

25.5 1173
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Material properties of Ti-6Al-4V

Table A.7 Physical and Thermal Properties of Ti64

Density (kg/m3) 4428
Latent heat (J/kg) 365200
Solidus Temp (°C) 1605
Liguidus Temp (°C) 1655

Table A.8 Temperature Dependent Thermal Properties of Ti64

Temp. Specific Temp. Thermal Temp.  Thermal
Heat Conductivity Expansion
(CC)  (Jkg-K) (W) (W/m-K) cC) (°CH
20 580 27 7.2 20 1.28x10°
205 610 100 8.2 538 1.40%10°
425 670 200 9.4 927 1.62x10°
650 760 500 13.3
870 930 876 18.2
1000 936 1000 19.8
1200 1016 1500 26.3
1400 1095 1655 28.3
1655 1126 2126 37
2427 42

Table A.9 Temperature Dependent Elastic and Plastic Properties of Ti64

Elastic Plastic
Temp. Young’s Poisson’s Yield Plastic
Modulus Ratio Strength  Strain
(°C) (GPa) (MPa)
21 110 0.41 910 0.00
1035 0.023
1655 11 0.45 91 0.00

103.5 0.023
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