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Abstract

Owing to good combination of high hot hardness, wear resistance, toughness, and fairly
low material cost in comparison to its counterparts, AlSI H13 tool steel is commonly used
in the manufacture of tooling and dies in different industries. Due to the layer-wise nature
of the additive manufacturing (AM) techniques such as Laser Powder Bed Fusion (LPBF),
they offer substantial geometric design freedom in comparison with conventional
subtractive manufacturing methods, thereby enabling construction of complex near-net
shape parts with internal cavities like conformal cooling channels.

In the context of AM, processing H13 tool steel is quite challenging, which in turn hurdles
its implementation in industrial practices to manufacture reliable tools and dies. Because
of the presence of martensite phase (as a brittle phase) and the considerable thermal stresses
during the process, H13 tool steel has a high propensity to developing cracks in the final
parts. Porosity, and surface quality are other major issues that must be appropriately dealt
with. On the other hand, the presence of the residual stresses in the final part begs the
guestion whether the costly stress-relief post-processing is mandatory. After meeting these
challenges to get a defect-free parts, it would be of great interest to know if it is possible to
utilize the capabilities of AM to design functional materials to enhance wear resistance of
the monolithic H13. The following is the synopsis of the obtained results in regards to the
abovementioned discussion.

First, the relative density, surface roughness, crack formation, microstructure, and hardness
were evaluated. The relative density is shown to increase with increasing the volumetric

energy density and then no significant increase could be pointed out; the maximum relative
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density of 99.7% was obtained. A preheating of 200°C generally aided to increase the
relative density and eliminated the crack formation in the final parts. The microstructure of
as-built samples showed a fine cellular-dendritic structure composed of martensite as the
predominant phase, and some retained austenite. The microhardness of the as-built samples
was found to vary from 650 to 689 HV o2, which is superior to a conventionally produced
H13 tool steel.

Second, residual stresses, as the other important defect developed during the laser powder
bed fusion processing of H13 tool steel was thoroughly examined via experiment and part-
level simulations. Twin-cantilever beams and cubic coupons were printed in a wide range
of process parameters to characterize the nature of residual stresses and contributing factors
under preheated and non-preheated conditions. The residual stresses were assessed using
X-ray diffraction method (XRD) as a direct way of getting the residual stress figures at
distinct spots and along the depth of cubic coupons. Moreover, the level of beam
deflections, as an indication of the magnitude of residual stresses, were both measured and
simulated to gain an insight into the accuracy of the part-level simulation. The XRD and
beam deflection measurement results revealed the significant role of martensitic phase
transformation, process parameters, densification level, and preheating condition on the
final residual stress regime and consequently beam deflections. Neglecting the martensitic
phase transformation and defects in the deflection modelling introduced a discrepancy
between the predictions and experimental measurements. The knowledge gained from the
microstructure and residual stress characterizations unraveled that 200°C of preheating
eliminates not only the cracks but also the need for stress-relief post-processing.

At last, the feasibility of fabricating defect-free functionally graded bi-materials (FGMs)

with enhanced wear resistance via incorporation of vanadium carbide (VVC) into H13 tool
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steel was investigated. Three distinct composite powders containing 1, 3, and 5wt.%VC
were prepared through ball-milling and subjected to laser powder bed fusion (LPBF)
process to print different composites on top of monolithic H13 in a wide range of process
parameters. Almost fully-dense parts were achieved (maximum of 99.8, 99.8, and 99.5%
for 1, 3 and 5wt.%VC composite systems, respectively); however, the increase in VC
content narrowed down the processability window range from 60 Jmm3 for 1, and
3wt.%VC systems to 30 J/mm3 for 5wt.%VC system. The mechanical properties of
optimum samples were characterized through microhardness, nanohardness, and wear
tests. The incorporation of VVC significantly improved the mechanical properties, 17-40%
in microhardness, 10-40% in nanohardness, and 20-53% in wear resistance. The underlying
reasons behind such an improvement were correlated to the dissolution of VVC during the
heating stage of the LPBF process and the formation of (V+C)-supersaturated solid
solution in large extents as a result of extremely high cooling rates. This study introduces
LPBF-processed FGMs as promising candidates for applications in which wear resistance

is paramount.
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Preface

This thesis deals with the LPBF processing of H13 tool steel for tooling applications. The
thesis is composed of three journal papers and one conference paper (dedicated to the

results of an industrial project). The followings list them in the order of the year:

Chapter 2: A version of this chapter is published in VMPT conference, McMaster
university, Hamilton, Ontario. Narvan, M., and M. A. Elbestawi. "Metal Additive

Manufacturing for Automotive Applications.” (2018).

Chapter 3: A version of this chapter is published as a research paper: Narvan, Morteza,
Kassim S. Al-Rubaie, and Mohamed Elbestawi. "Process-structure-property relationships
of AISI H13 tool steel processed with selective laser melting." Materials 12.14 (2019):

2284.

Chapter 4: A version of this chapter is under-review in the Materials & Design journal as
a research paper: Narvan, Morteza, Ali Ghasemi, Eskandar Fereiduni, and Mohamed
Elbestawi. "Part level deflections and residual stresses in laser powder bed fusion of AISI

H13 tool steel. " submitted to the Materials & Design journal. (2021)

Chapter 5: A version of this chapter is published as a research paper: Narvan, Morteza, et
al. "Laser powder bed fusion of functionally graded bi-materials: Role of VC on

functionalizing AISI H13 tool steel.” Materials & Design (2021): 109503.
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Introduction

1.1 Background

Since its advent in the late 1980s, additive manufacturing (AM) technology has
experienced years of development and is currently one of the rapidly growing advanced
manufacturing techniques in the world [1, 2]. Contrary to the traditional manufacturing
routes, AM implements a different path in achieving the final geometry of the part. AM
encompasses shaping and consolidation of feedstock (predominantly powder materials) to
arbitrary configurations in a layer-wise fashion, using a computer-controlled energy
resource [3]. Initially, the computer aided design (CAD) model of the part to be produced
is sliced into thin layers. The final geometry is then created by selective consolidation of
the deposited material layers with a scanning laser energy source. Each shaped layer
represents a cross-section of the sliced CAD model. Additive manufacturing technology,
which involves a comprehensive integration of materials science, mechanical engineering,

and laser technology, is regarded as an important revolution in manufacturing industry [4].

According to ASTM F2792-12a [5], AM technologies have been categorized into seven
distinct groups. These techniques are used to print parts from a variety of materials
including metals, polymers, and ceramics across a multitude of industries [6]. Powder Bed
Fusion (PBF) process belongs to a category of AM processes that is widely used for
fabrication of metallic components. In this process, a powder bed of predefined thickness
is spread by raking the powder across the substrate. The heat source (electron beam or laser

beam) delivers energy to the surface of the bed melting/sintering the powder on the specific
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locations based on the data from the sliced CAD model. Once processing of the layer is
accomplished, the substrate moves downwards one nominal layer thickness and the
recoater spreads another powder layer for processing. The heat source engages to process
the freshly spread layer. These steps would continue until the final shape of the component
is achieved. The advantages of this system include its ability to produce high resolution

features, internal features, and maintain dimensional control [7].

- e
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Figure 1-1 Illustration od a typical LPBF process.

One of the fields that LPBF process has greatly influenced is the possibility of applying a
concept namely—‘conformal cooling systems” to the dies and molds [8-10]. The main idea
behind a conformal cooling system is that the cooling lines in the mold “conform” to the
contours of the part leading into shorter cycle times and lower scrap rate originating from
uniform cooling. However, the application of such a concept via conventional

manufacturing routes might be challenging, if not impossible. The geometric freedom in
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design that is brought readily by AM paves the way for application of such cost-saving

ideas into real tooling applications.

Notwithstanding, full-scale implantation of such beneficial concepts might be hurdled by
other determining factors. Materials aspect has always been a challenge in metal AM [11].
The presence of concentrated heat source (laser spot size in the order of hundredths of
microns) in tandem with fast scanning speeds cause fast heating/cooling rates (in the order
of ~10%-10°% K/s [12]). Such an adverse conditions experienced during the process leads
into emerging a whole list of defects that might render the resultant parts useless. Currently,
merely a few alloys can be printed reliably, AlSilOMg, Ti6Al4V, CoCr, and IN718, to
name a few [13]. Due to development of undesirable microstructures, large columnar
grains (anisotropic properties), and periodic cracks, a vast majority of more than 5500

industrial alloys cannot be processed with AM [14-16].

AISI H13 tool steel, in specific, is a Cr-Mo hot work tool steel that has found its way in a
wide variety of technological fields owing to its high wear resistance, outstanding thermal
fatigue stability, superior strength at elevated temperatures and cost advantages [17-20].
The excellent balance of these properties has introduced H13 tool steel as a prime candidate
in many applications including, plastic injection molding, die casting, and hot-extrusion
industries [21-24]. In the context of AM, LPBF processing of H13 tool steel could be quite
challenging. H13 tool steel has been designed to be processed via conventional
manufacturing routes, like machining processes. H13 tool steel exhibits poor printability
with LPBF process (as well as low weldability) due to its high hardenability. Once the laser
moves away from the location of interest, the material in that location undergoes fast
cooling, and hence, hardens. Such a transformation brings about stresses since the
consolidated material is highly constrained, with a concomitant risk for cracking [25]. To

3
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make matters worse, the as-built parts usually suffer from pores, rough surfaces, distortions
originating from residual stresses, and loss of alloying elements [7], should the process
parameters are not chosen carefully. It is worthwhile mentioning that full-scale
implementation of AM technologies such as LPBF process in the tooling and die making
industry requires close attention.

As discussed above, freedom in design is enabled by the capabilities of AM technology.
However, the word “design” does not exclusively refer to the “geometric design”.
Materials with changing composition, microstructure, or porosity across the bulk of the
material could be fabricated with AM technology. The design of functional materials is
also a strength of AM technology. Fabrication of Functionally Graded Materials (FGMs)
by implementing AM technology is a prime example of such capability. For instance,
owing to its low heat conduction coefficient, H13 is not efficient from a thermal
management perspective for certain part geometries. The use of functionally grading
scheme to disperse copper (as a highly conductive material) to specific regions of the die
could lead to enhanced heat dissipation [26].

It is worth mentioning that currently the materials used for tools, dies and equipment in
automotive industry have performed adequately for many years, thus, their application
represents a weak link to the current objectives related to increasing manufacturing
efficiency and reducing energy consumption. In many applications, monolithic tooling
materials have reached the limit of their usefulness. Tooling failures due to the low wear
performance reduce tool life, and in turn, impose reduced machine uptime and reduced
overall plant efficiency [27]. The possible solution to this shortcoming could be fabrication

of FGMs utilizing AM technology.
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The present thesis sets out to investigate processability of H13 tool steel in the context of
LPBF process. The flaw development of the alloy including, densification behavior,
cracking, surface roughness, and residual stresses will be investigated in detail. Such an
effort will eliminate the barriers in front of the reliable printing of H13 tool steel in tooling
industry. As mentioned above, freedom in geometric design is not the sole stronghold of
AM technology. In order to materialize the full scope of AM capabilities in the tooling and
die making industry, FGM will be fabricated targeting improvement in wear performance

of the H13 tool steel.

1.2 Motivation

Canadian companies have always dominated the North American tool and mold
manufacturers. In early November 2019, Michigan-based research firm Harbour Results
released a report predicting that North American automotive tooling spending would worth

roughly $6.5 billion to $8 billion per annum in the next five years [28].

Considering such huge market values on one hand, and the fact that current tools, dies and
processing equipment used in industry are inefficiently manufactured using antiquated high
energy processes and tooling materials developed in the 1940's and 1950's on the other
hand, developing more robust techniques and materials for tool and die making industry is

imperative.
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1.3 Research objectives

The core aim of the current research is to use the full scope of additive manufacturing
technology in tool and die making in automotive industry. AISI H13, as one of the most
commonly used tool steels, will be the central focus of the current thesis. The objective of

this work could be refined into the followings:

1) Develop a cost-effect solution to eradication of cracks in LPBF processing of H13
tool steel.

2) Characterize the different defect types in H13 tool steel components developed
during the LPBF process.

3) Assess the Process-Structure-Property (PSP) relationships of H13 tool steel. By
studying the effect of volumetric energy density and LPBF process parameters on
the quality of H13 tool steel parts.

4) Characterize the residual stresses developed during the process and gain a clear
understanding of the nature and the origin of such stresses. Investigating the effect
of preheating on the status of the residual stresses in the LPBF process.

5) Develop Functionally Graded Materials (FGMs) to improve the wear performance

of the H13 tool steel for the applications that wear resistance is highly demanded.
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1.4 Thesis outline

Overall, the main results of this thesis have been prepared into three journal papers and a
conference paper, in which two journal papers have already been published. One of the

three journal papers is still under review. The thesis is comprised of the following chapters:

Chapter 1 introduces the background, motivation, and objectives of the research,

to frame the scope of the thesis.

Chapter 2 entails summary of a conference paper that deals with an industrial
project on the application of conformal cooling channels. The feasibility of application of
conformal cooling channels into an existing die in the automotive industry has been
investigated. This case study highlights the potential benefits of AM technology in the

tooling and die making in automotive industry.

Chapter 3 is the first published journal article. This chapter targets Process-
Structure-Property relationships for the H13 tool steel. Unlike alloying method, preheating
of the substrate is suggested as a cost-effective solution to eradicate the cracking problem
in the as-built H13 tool steel. The chapter describes in detail defect characterization of
LPBF-processed samples. Moreover, the chapter presents the effect of different volumetric

energy density (VED) on the quality of printed samples.

Chapter 4 is an under-review research that deals with in depth characterization
of the residual stresses developed during the LPBF process. It helps to gain a clear
understanding of the nature and the origin of such stresses in the as-built parts.
Investigating the effect of preheating on the status of the residual stresses in the LPBF

process was the other focus of this chapter.
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Chapter 5 is the third accepted journal article. The chapter discusses the
feasibility of creating FGM via implementing capabilities of AM to address a need in wear
resistance in the case of H13 tool steel. Moreover, it presents thorough explanation on the
hardening mechanisms that led to the improvement in the wear performance of the H13

tool steel.

Chapter 6 summarizes the main conclusions and contribution of the thesis,
highlights the strength and limitations, and presents some suggestions for future work.

Finally, it defines the contribution of this thesis to the literature.
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Abstract:

Tooling is currently one of the promising applications of metal additive manufacturing in
the automotive industry. Cooling is an important stage in injection molding processes.
Cooling channels that conform to the geometry of the cavity feature better thermal
management and consequently shorter cycle times and improved quality of parts. In the
current work, four interior parts of an automobile were studied by the means of simulations
using Moldex3D software. The current configuration of cooling channels was simulated
and validated against the data from the experiment. Afterwards, the current cooling
configuration was replaced with the devised conformal cooling channels. The results

revealed, on the average, %28 reduction in cycle time and % 54 reduction in the warpage.

Keywords:
Additive Manufacturing, Conformal Cooling System, Productivity, Plastic Injection

molding
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1.1 Introduction

Automotive Industry has been a fertile ground for AM to be adopted as a manufacturing
route to fabricate a variety of components addressing a plethora of needs. The automotive
industry is one of the most competitive business arenas where mitigating time-to-tooling
and time-to-market without having significant impact on the costs and lead time is
paramount [1, 2]. Automotive companies are developing new models and concept designs
every day, motivated by new design trends and technological evolution where aesthetics,
aerodynamics, safety, and weight reduction of the vehicle are key issues [3]. Additive
manufacturing has proven to be one of the most promising answers concerning rapid
responses to market requirements. Other than the numerous advantages that AM has made
possible on design grounds; it can contribute to increasing the productivity of the tooling
used in the conventional manufacturing routes as well. For instance, one of the most
noticeable applications of AM in tooling industry is the feasibility of incorporating
conformal cooling channels. Conventional cooling channels are drilled in straight lines
into the body of the die. In the case of freeform parts with complex geometries, these
cooling channels fail to provide efficient cooling in the manufacturing process. Due to lack
of uniform cooling across the part, long cycle time and warpage, result in appreciable
increase in the scrap rate [4-6]. Moreover, conformal cooling channels follow the contours
of the part leading to more efficient thermal management in the die and consequently better

productivity.

Conformal cooling channels are gaining more attention as the AM technology continues to
find its way into practical applications in industry. The current chapter summarizes the
results of an industrial project dealing with the potential application of AM technology in
automotive industry. An existing conventional design of cooling system was replaced an

14
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appropriate conformal cooling design for a plastic injection mold. The cycle time and

warpage status of the parts cooled with conventional and conformal case was compared.

2.1 Conformal cooling channels for a die in automotive industry:

A case study

One of the most promising applications of additive manufacturing in automotive industry
is the ability of incorporating conformal cooling system into the die. Injection molding has
been the most popular method for making plastic products due to high efficiency and
manufacturability. The injection molding process includes three significant stages: filling
and packing stage, cooling stage, and ejection stage. Among these stages, the cooling stage
is very important because it affects the productivity and molding quality. Normally, 70-
80% of the molding cycle is taken up by the cooling stage. An appropriate cooling channels
design can considerably reduce the cooling time and increase the productivity of the
injection molding process. In addition, an efficient cooling system which achieves a
uniform temperature distribution can minimize the undesired defects that influence the
quality of molded part such as hot spots, differential shrinkage, thermal residual stress, and
warpage. Moldex3D software was used to simulate and analyze the effect of conformal
cooling application. The problem at hand is coupled-CFD analysis. It helps the user to

define the thermal cycle of the molds, analyze the cycle time, and estimate the warpage.
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2.1.1 Governing equations
In Moldex3D, the fluids are considered to be incompressible, Newtonian (for coolant) or
generalized Newtonian (for the molten polymer). The governing equations for 3D transient

non-isothermal motion are [7]:

ap _

Pl V.pu=0 Eq.l1
‘%(pu) +V.(puu+1t) =—-Vp+ pg Eq.2
pCy (3 +w.VT) = V(VT) + ny? Eq.3

where u is velocity vector, T is temperature, t is time, p is pressure, 7 is stress tensor, p is
density, # is viscosity, k is thermal conductivity, Cp is specific heat and is shear rate. For
the polymer melt, the stress tensor can be expressed as:

T=-n(Vu+ Vul) Eq.4

The modified-Cross model with Arrhenius temperature dependence is employed to

describe the viscosity of polymer melt:

n(T,y) = —20 Eq.5

()
1o(T) = Bexp(-2) Eq.6
where n is the power law index, n, is the zero-shear viscosity, T is the parameter that
describes the transition region between zero shear rate and the power law region of the

viscosity curve. For the flow inside cooling channels, an incompressible Raynolds-

averaged Navier-Stoke (RANS) model was applied [8].
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2.1.2 Model description and results

The model used in this study was four plastic parts belonging to interior design of an
automobile. The average dimensions of the parts were 425mm (L) x82mm. The major
thickness of the part was 5mm. Figure 2-1 illustrates the conventional and the devised
conformal cooling systems layout. As it is apparent in Figure 2-1(a), the conventional
design consists of straight cooling lines and baffles. The A 5-layer boundary layer meshing
(BLM) scheme was adopted for the cooling channels and the part to capture the thermal
and flow-related features in the process. The whole model consisted of 2682600 solid mesh
elements. The parts were made up of ABS, (Lustran ABS PG298 marketed by INEOS
Styrolution). All required material-related properties were extracted from material library
of Moldex3D. For both cases, the process parameters were as follows (In accordance with
actual process parameters used in the plant to manufacture the parts): The filling time was
1.46 seconds. Maximum injection pressure was 60MPa. Melt temperature at sprue entrance
was 240°C. Packing time and maximum packing pressure were 25 seconds and 90MPa,
respectively. Ejection temperature was 63°C. According to the experimental the total cycle
time was around 73.7 seconds; the 40 seconds of which was cooling time. Initial mold
temperature was 55°C. Mold open time was 5 seconds and air temperature were considered
25°C. The mold material was H13; a common tool steel used in injection molding industry.
At last, the temperature and flow rate of the water in the cooling system were 50°C and

120cm?s respectively.

As the initial step, the current configuration of the die was simulated making sure that
simulation results match up the experimental results. Figure 2-2 shows the simulated 3
cycles of the current design and the one with conformal cooling channels. The simulated

results for the conventional design are consistent with the ones obtained in practice (cycle
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time in actual practice~ 73 seconds). As it is evident from the simulated results, parts under
conformal cooling system experience much lower average peak temperatures. This

contributes to significant improvements in the final quality of the produced parts.

oss Deson_1 30
197,648 £m=12,099,398 SMixec, 15001

Figure 2-1 a) Conventional cooling system of the current design b) Devised conformal

cooling system.
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Figure 2-2. simulated results for 3 cycles in a) Current design b) Design with

conformal cooling

Figure 2-3 presents the total displacement modified die and the original design. The

modified design features total displacement range between 0.267-1.74 mm corresponding

to an average amount of 0.616 mm, as opposed to the original design with displacement of

0.428-4.36 mm averaging to 1.34 mm. Through drawing comparison between two designs,

it is clear that conformal cooling system, by creating a much more uniform and lower

temperature distribution across the part, improves the warpage status by %54. Residual

stresses are the stresses remaining inside the moulded product under condition of no
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external loads. Internal stresses are frozen inside the part in the moulding process. Residual
stresses affect a part similarly to externally applied stresses and are the main cause of part
shrinkage and warpage. The average thermally induced residual stress in the modified
design decreased from 3.1 MPa in the initial design down to 1.7 MPa which explains the

improvement in the warpage status.

Moldex

Figure 2-3 Warpage status (a, c) the total displacement in the conventional cooling

system (b, d) total displacement in the conformally cooled part.
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2.2 Conclusions

This research work evaluates the feasibility of the incorporation of conformal cooling
system into an existing plastic injection molding die with conventional cooling system to
manufacture automobile parts made of ABS. A three-dimensional numerical scheme was
implemented to prove the advantages of the application of the conformal cooling system.
The results revealed, on the average, %28 reduction in cycle time and % 54 reduction in
the warpage. This is attributable to improved heat dissipation and uniform cooling provided

by the conformal cooling system.
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Abstract:

Due to a good combination of high hardness, wear resistance, toughness, resistance to high
operating temperatures, and fairly low material cost, AISI H13 tool steel is commonly used
in the manufacture of injection molds. Additive manufacturing (AM) such as selective laser
melting (SLM), due to the layer-wise nature of the process, offers substantial geometric
design freedom in comparison with conventional subtractive manufacturing methods,
thereby enabling a construction of complex near-net shape parts with internal cavities like
conformal cooling channels. The quality of SLM-manufactured parts mainly depends on
the part geometry, build orientation and scanning strategy, and processing parameters. In
this study, samples of H13 tool steel with a size of 10x10x15 mm?® were SLM-
manufactured using a laser power of 100, 200, and 300 W; scanning speed of 200, 400,
600, 800, 1000, and 1200 mm/s; and hatch spacing of 80 and 120 um. A constant layer
thickness of 40 um, 67° scanning rotation between subsequent layers, and a stripe scanning
strategy were maintained during the process. The samples were built considering a
preheating of 200°C. The relative density, surface roughness, crack formation,
microstructure, and hardness were evaluated. The relative density is shown to increase with
increasing the volumetric energy density up to a value of about 60 J/Jmm? and then no
significant increase can be pointed out; the maximum relative density of 99.7% was
obtained. A preheating of 200°C generally aids to increase the relative density and
eliminate the crack formation. The microstructure of built samples shows fine equiaxed
cellular-dendritic structure with martensite and some retained austenite. The microhardness
of the as-built samples was found to vary from 650 to 689 HV ¢, which is comparable to

a conventionally produced H13 tool steel.
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3.1 Introduction

Owing to the layer-wise nature of the process, additive manufacturing (AM) technology
allows with a high degree of accuracy for the manufacture of complex-shape geometries,
quite difficult or impossible to obtain using conventional material-removal processes,
hence opening significant opportunities up for the design of novel geometries and complex
internal structures. The manufacture of a given part using AM technique is based on the
slicing its 3D CAD model into multiple layers, creating a tool path for each layer, uploading
the data in the AM machine, and building the part up layer by layer, following the sliced
model [1, 2]. To build a layer of predefined geometry, the powder is melted by a focused
heat source provided by an electron beam, laser, plasma or electric welding arc, etc. The
fabrication of a component by AM technology does therefore aid to eliminate the need for
molds and dies or any additional fixtures, coolants and cutting tools, with minimal finishing
operations, resulting in a significant reduction in lead-time, material wastes, energy, and
costs. Due to its vast advantages, AM has become a crucial alternative manufacturing
technique for small quantities of components having complex geometries [1]. In addition
to polymers, ceramics, and composites, a variety of metallic materials can be fabricated by
AM. Of several AM processes, selective laser melting (SLM) has gained an essential role
in the field of metallic materials. SLM implies that a laser beam selectively melts and fuses

accumulating layers of powder.

The SLM technique has recently attracted the attention of the tool and die manufacturers,
owing to the possibility of producing tool inserts with sophisticated features like conformal
cooling channels [3-5]. The idea behind the conformal cooling system is to conform the
3D geometry of the cooling channels to the contours of the part, aiming at maximizing heat

dissipation, uniform cooling, ultimately, higher productivity. However, the response of the
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conventional alloys to the acute conditions experienced in the process could restrict full
implementation of conformal cooling systems. In comparison to the traditional
manufacturing routes, materials fabricated by SLM display distinctive microstructures,
being direct result of the interaction of a focused high energy laser beam with the material
that leads to high heating and cooling rates, rapid solidification, and large thermal gradients
within the melt pools [6]. By far, despite the high interest in this technology, only few
alloys have been processed reliably by the SLM [7] and, in particular, very limited studies
have been published on the high strength steels for tooling. Some studies have targeted
maraging steels, investigating the material processing and the effects of post-process heat
treatments on the microstructure and mechanical properties [8-10]. In other studies,
processing parameters and microstructural features of SLM-manufactured M2 high speed
tool steel, some grades of cold-work tool steels, and H11 hot-work tool steel have been

investigated [11-16].

Due to a good combination of high hardness, wear resistance, toughness, resistance to high
operating temperatures and thermal fatigue, and fairly low material cost, AlSI H13 hot-
work tool steel is commonly used in the manufacture of injection molds. H13 tool steel
finds its core applications in processes such as plastic injection molding, die casting,
forging, and extrusion [17]. H13 tool steel exhibits a complex processing behavior owing
to its high hardenability resulting from the high carbon level and alloying elements. The
change in specific volume during phase transformation in the solid state can bring about

additional stresses, consequently, promoting crack propagation and distortion.

Although SLM has benefited the industry by providing the designers with a significant
freedom in design, its full implementation is restricted by common defects generated

during the process. Porosity, cracking, surface roughness, loss of alloying elements, and
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residual stresses are commonly known defects in SLM [18]. Understanding the behavior
of the material in response to the processing parameters and subsequently finding a safe
processing window to avoid these defects is paramount. This work aims to study the
behavior of SLM-manufactured H13 hot-work tool steel under a wide variety of processing
parameters. Moreover, preheating is investigated as an effective way to diminish the

developed defects during the process.

3.2 Experimental procedures

3.2.1 Powder material

The gas-atomized AISI H13 powder used in this work was supplied by LPW Company
(United Kingdom). The particle size distribution (PSD) was measured using the laser
diffraction wet method via the Master Sizer 3000 (Malvern, Worcestershire, UK)
instrument with the powder dispersed in water. PSD is quantified by D (o), which
represents the diameter of the measured particle, where a is the volume percentage of the
particles that have a smaller diameter than D. The powder morphology was investigated
using a TESCAN VP (TESCAN, Brno, Czech Republic) scanning electron microscope
(SEM). Figure 3-1 shows the morphology and PSD of the powder material used in this
work. The chemical composition of the powder used in this study was measured using ICP-

OES by digestion. Table 3-1 shows the chemical composition of AISI H13 powder.
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Figure 3-1 Characteristics of H13 powder: (a,b) Powder morphology; (c) particle size
distribution (PSD) analysis; and (d) cross-section of the powder particle.

Table 3-1 Chemical composition of AISI H13 powder.

Element (wt.%) Cr Mo Si \Y Mn C Fe
ASTM-A681 47555 110-1.75 08125 0812 0206 032-045 Bal
Reported by Supplier 5.36 1.38 1.12 1.05 0.42 0.39 Bal.
ICP-OES 5.27 1.34 1.08 0.97 0.40 0.39 Bal.
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3.2.2 SLM processing parameters

AISI H13 samples were fabricated using the SLM process on an EOS M280 machine (EOS,
Krailling, Germany) equipped with a fiber laser system delivering power levels of up to a
maximum of 400 W. An atmosphere of nitrogen gas was applied to reduce the oxygen
content in the build chamber to less than 0.1%, hence reducing the oxidation during the
melting process. The most important SLM process parameters include laser power,
scanning speed, hatch spacing, and layer thickness, as shown in Figure 3-2(a). These

parameters can be combined to calculate the volumetric laser energy density using Eq.1:

p ]
E, = |-Z| Eq.1
vXhxt Llmm
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Figure 3-2 Schematic presentation of selective laser melting (SLM) processing: (a) SLM

My

Building Direction

¥
X

process parameters; and (b) scanning strategy.
where: E,: Volumetric laser energy density (J/mm?3), P: Laser power (W), v: Scanning

speed (mm/s), h: Hatch spacing (mm), and t: Layer thickness (mm).

In this study, samples of H13 tool steel with a size of 10x10x15 mm? were SLM-
manufactured using a laser power of 100, 200, and 300 W; scanning speed of 200, 400,

600, 800, 1000, and 1200 mm/s; and hatch spacing of 80 and 120 pm. A full factorial
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design of experiments (DOE) was adapted to design the experimental matrix. Each run was
repeated 3 times. In order to investigate the effect of preheating on the flaw development
of the material at hand, the same set of process parameters in the devised DOE was printed
applying a preheating of 200°C to the build plate. The samples were produced directly on
the build plate and did not undergo any post-processing procedures. A constant layer
thickness of 40 um, 67° scanning rotation between subsequent layers (Figure 3-2(b)), and
a stripe scanning strategy were maintained during the process. The contouring, up-skin,
and down-skin parameters were deactivated so that only the hatching parameters were
considered. Table 3-2 presents the design of test matrix and Figure 3-3 shows the calculated
volumetric energy density across the design matrix against scanning speed. The devised

design matrix encompasses volumetric energy densities ranging from 17.36-465.75 J/mm?®,

The sample codes having the prefix P have been printed with preheating of 200°C.

Table 3-2 Design of experiments implemented in this work.

Sample P(W) v(mm/s) h(um) Sample P(W) v(mm/s) h(um) Sample P(W) v(mm/s) h(um)
Code Code Code
Al 100 200 30 B1 200 200 80 C1 300 200 80
A2 100 200 120 B2 200 200 120 C2 300 200 120
A3 100 400 80 B3 200 400 80 C3 300 400 80
A4 100 400 120 B4 200 400 120 C4 300 400 120
A5 100 600 80 BS5 200 600 80 C5 300 600 80
A6 100 600 120 B6 200 600 120 C6 300 600 120
A7 100 800 80 B7 200 800 30 C7 300 800 80
A8 100 800 120 B8 200 800 120 C8 300 800 120
A9 100 1000 80 B9 200 1000 80 C9 300 1000 80
Al0 100 1000 120 B10 200 1000 120 C10 300 1000 120
All 100 1200 80 B11 200 1200 30 Cl11 300 1200 80
Al12 100 1200 120 B12 200 1200 120 C12 300 1200 120
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Figure 3-3 VVolumetric energy density variation across the design matrix.

3.2.3 Sample characterization methods

The density of the as-built samples was measured using Archimedes principle with the aid
of a scale with accuracy of £0.1 mg. The Keyence (Osaka, Japan) VHX series of digital
microscopes, a digital optical microscope, was used to investigate the cracks and
observable microstructural features. The Alicona G5 “Infinite Focus™ (Bruker alicona,
Graz, Austria), a focus variation measuring instrument, was used to quantify the surface
roughness of the samples. The Verios XHR scanning electron microscope from Thermo-
Fisher Scientific (Waltham, MA, USA) was used to perform electron backscatter
diffraction (EBSD) and energy-dispersive X-ray spectroscopy (EDS). To detect the phases
present in the microstructure of SLM-manufactured samples, X-ray Diffraction (XRD) was
carried out using a Bruker D8 DISCOVER (Billerica, MA, USA) with a DAVINCI design
diffractometer equipped with a cobalt sealed tube source (wavelength of 1.7902 A) and a
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VANTEC-500 area detector. For these measurements, a range of 20—130° 26 with a step
size of 0.01° and an acquisition time of 2 s per increment were used. Pattern analysis was
performed with the software DIFFRAC.EVA V3.0 (Billerica, MA, USA).

For microstructural analysis, samples were cut via wire-cut EDM along the build direction.
Then, the samples were ground using SiC abrasive papers with a mesh of 600, 800, 1200,
2400, and 4000 followed by a polishing process using a diamond paste of a size 6, 3, and
1 um. In addition, the samples were chemically etched with 4% nital reagent and evaluated
using SEM and a Nikon LWV100 optical microscope. For EBSD analysis, the
aforementioned procedure of the samples was followed by a 5-min polishing on a chemical
resistant cloth with a colloidal silica suspension, and finally a 4-h vibratory polishing with
the same suspension. Vickers micro-indentations were made using a load of 200 gf. Six
measurements on the polished surface of each sample were carried out and the average was
used. Moreover, nano-indentations were made using Anton Paar NHT3 nano-indentation
tester (Anton Paar, Graz, Austria), in which the testing parameters were as follows:
Maximum load used = 50 mN, loading and unloading rate = 100 mN/min, and the dwell

time was 5 s.

3.3 Results and discussion

The manufacturing process to build the batch of samples took a continuous 22 h to finish;
however, as can be observed in Figure 3-4(a), nine samples failed in every three repetitions.
The main reason for this failure was the collision of these 10 samples and the powder
recoater. The referenced samples were excluded from the batch in the first hour of the
printing operation, since this interference could have resulted in imminent damage to the
ceramic recoater, a very fragile component of the machine. The root cause of the printing
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failure of these samples is related to the fact that these samples have high laser energy
density, ranging from 150 to 480 J/mm3. Thus, on each layer, the molten material
accumulates on the border due to heat and mass transport, resulting in a thick solidified
“protrusion”, on all four edges of the samples, as indicated in Figure 3-4(b). It is worth
mentioning that the same parts, i.e., associated with the volumetric energy densities of

above 150 J/mm?, also failed under preheating condition.

Protruding Edg

/ X ’ B T
i) -
- es g
% o N7

A-100w B-200w  C-300W

Figure 3-4 SLM-processed samples: (a) Failed parts are within the red ellipse; and (b)
protruding edges of the failed parts.

3.3.1 Densification behavior

Figure 3-5 shows the effect of volumetric energy density on the relative density of the
SLM-processed H13 parts. With and without substrate preheating of 200 °C, the results
showed that increasing the energy density level sharply increases the relative density of the
samples in a non-linear fashion up to a value of approximately of 60 J/mm? and then no
significant increase can be seen. The increase in relative density was found to be higher for

the samples with preheating process than those without preheating. The effectiveness of
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increasing laser energy density on increasing the relative density has been confirmed for

different materials [19-21].

Porosity and lack of fusion are common defects that develop during additive manufacturing
processes. If not reduced or eliminated, they could adversely affect the mechanical
properties of the components [22]. There are a couple of mechanisms enhancing the

development of porosity in additive manufacturing.
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Figure 3-5 Effect of energy density on the relative density of the parts with and without

preheating.

Operating in the keyhole mode associated with higher energy densities, entrapped gas
porosities inside the powder particles during the atomization process that leave micro-
porosities in the part, interaction of the shielding gas or vaporization products with the
melt, and lack of fusion defects that are attributed to low energy inputs insufficient to create

full melting [18].
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Figure 3-6 illustrates the influence of individual process parameters in a one-factor-at-a-
time (OFAT) manner. Increasing the scanning speed at the same power level has a hegative
effect on the relative density of the parts because at higher scanning speeds the laser energy
is insufficient for complete melting of the powder bed, thereby resulting in a lack of fusion

between layers.

Figure 3-6 Effect of process parameters on the relative density of the samples, optical

micrographs of the cross-sections: (a) Sample A2; (b) sample A10; (c) sample C10; and
(d) sample C9. SEM micrographs of the top surfaces of samples: (e) Sample A2; (f)
sample A10; (g) sample C10; and (h) sample C9.

This lack of fusion leads to increased pores and voids, which in turn tend to decrease the

relative density. As it is shown in Figure 3-6(a,b) that corresponds to parts A2 (P =100 W,
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v =200 mm/s, h =120 pum) and A10 (P =100 W, v = 1000 mm/s, h = 120 um) respectively,
sample A10 features more porosity due to incomplete melting which is evident in the
Figure 3-6(f). Whereas, sample A2 suffers from severe balling shown in Figure 3-6(e).
Figure 3-6(c,d) correspond to parts C10 (P = 300 W, v = 1000 mm/s, h = 120 um) and C9
(P =300W, v=1000 mm/s, h=_80 um), respectively. A comparison between Figure 3-6(a—
d) clearly shows the influence of increasing laser power on the part quality. In this work, a
considerable jump in relative density level was observed in transition from a laser power
of 100 W to 200 W. This difference became less significant from 200 W to 300 W.
Although hatch spacing is an important factor that could strongly affect the relative density
of the SLM-built parts [23], increasing the hatch spacing from 80 and 120 um brought
about no significant difference in the density results. This is because the chosen hatch

spacing levels are both equally optimum.

The preheating process can affect the part density, depending on the temperature applied.
Upon application of preheating, less heat input is needed from the laser source to melt the
powder. That is why, with the use of preheating process, higher scan speeds can be used to
produce equally dense parts. In this case, additional post processing may be avoided, thus
leading to a more time and cost efficient SLM process [17]. As shown in Figure 3-5, the
differences between the relative density values of the preheated and non-preheated parts
are not too high. However, significant differences may be expected on increasing the

preheating temperature to higher values.
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3.3.2 Cracking behavior

Cracking is another commonly encountered defect in additive manufactured parts that, if
not accounted for, could seriously limit parts performance in service. When fabricating
H13 tool steel by SLM process, high thermal stresses associated with the process can bring
about cracking and delamination from the baseplate. Figure 3-7 illustrates the mechanism
by which thermal stresses can trigger thermally-induced cracking in each layer during the
SLM process. Due to the high temperature in the upper layers of the solid substrate, these
upper layers will expand, while the colder underlying solidified layers will restrict this
expansion. This induces compressive stresses in the upper layers of the substrate that may
rise above the yield strength of the material and cause plastic upsetting in upper layers.
When the yield strength is reached, the compressive stresses cause plastic deformation in
the upper layers. When these plastically deformed layers cool down, their compressive
state is converted into residual tensile stresses. These residual stresses may induce cracking
of the part. Furthermore, the melted top layers tend to shrink due to thermal contraction.
This deformation is again prohibited by the underlying layers, thus introducing tensile

stresses in the top layers, and compressive stresses below [11].
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Figure 3-7 Thermal stresses in SLM and origin of thermally induced cracks (adapted
from [24]).

Figure 3-8 shows the cracking behavior of some of the parts in the design matrix that
already featured acceptable densities. As it is evident from the Figure 3-8, preheating has
proved to be effective in eliminating the cracks. Preheating the base plate to reduce the
steep thermal gradients has been implemented by many researchers. Kempen et al. [11]
used a preheating of 200°C to reduce the extent of cracking and delamination in the case
of M2 HSS tool steel. Martens et al. [17] investigated the effect of preheating temperatures
of 100, 200, 300, and 400°C on the SLM-fabricated H13 parts. According to their findings,
the residual stresses evolve from compressive at low preheating temperatures to tensile
stresses as the preheating temperatures increases. However, better mechanical properties
including ultimate tensile strength comparable to those of conventionally fabricated and
heat-treated parts were achieved. Krell et al. [25] also investigated the effect of preheating

on the properties of SLM-produced H13 tool steel. They found a significant reduction in
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cracking density by applying preheating of 300°C. Their results revealed that increasing
the preheating temperature will lead into more oxygen uptake in the final parts, which

might result in weakening of the mechanical properties.
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Figure 3-8 Effect of preheating of 200 °C on dense parts: (a) Sample C8; (b) sample PCS;
(c) sample C10; (d) sample PC10; (e) sample C9; (f) sample PC9; (g) sample C11; and
(h) sample PC11.
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The total strain developed in the cooling phase has four major contributors, namely elastic
(ge), plastic (gp), thermal [er = a (T — To)] in which a is the coefficient of thermal expansion;
T is the local temperature; and To is the initial temperature, and phase transformations (&pr)
[26]. Application of a preheating temperature reduces the temperature difference at each
point resulting the reduction of thermal contribution to the total strain, and ultimately
mitigating the residual stresses. The results of the current study revealed that the direction
of the density and thermally-induced cracking improvements are opposite. At laser power
of 100 W, little, if any, cracks are present but the material suffers from severe porosity. On
the other hand, at higher laser powers, the material possesses good density, while suffering
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from aggravated cracking. Preheating of the build plate proved to be a good way of

widening the safe processing windows of H13 tool steel.

3.3.3 Surface roughness

Surface roughness is one of the most important features of complex geometries produced
by AM. There are two main mechanisms bringing about rough surfaces in additively
manufactured parts. “Staircase effect” is one of the mechanisms that finds its roots in the
stepped approximation by layers of curved and inclined surfaces in complex geometries
[27]. In the current study, because the geometry of the build parts are upright coupons, this
effect is absent. The other mechanism, which is related to process parameters, is the
insufficient melting of the powder particles on the bed and balling phenomenon [28, 29].
Surface roughness is measured using a profilometer or analyzing the surface morphology
using SEM. On the surface, the height of a peak or the depth of a valley (f,) is measured at
N locations along the profile length L. Consequently, the average surface roughness (Ra)

is calculated using Eq.2 as [30]:
1
Ry =~ 2L Ifal Eq.2

Figure 3-9 shows the surface roughness measurements of the samples presented in the
design matrix. Samples A3, A2 and A4 (Table 3-2) suffer from severe balling that leaves
big lumps of solidified material on the surface, leading into aggravation of surface
roughness. The balling effect and insufficient melting of powders in the case of the SLM-
parts processed with a laser power of 100 W at all the scanning speeds used seem to be

responsible for featuring rough surfaces. Increasing laser power, particularly from 200 to
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300 W, at all hatch spacing and scanning speeds led into mitigation of surface roughness,

which is in agreement with the literature [31, 32].
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Figure 3-9 Surface roughness measurements: (a) h = 80 um and (b) h = 120 um.

The decrease in the average roughness may be attributed to the increase in heat input

provided by the laser power which in turn yields a wider melt pool causing a better overlap

between adjacent scan tracks. Figure 3-10 shows surface texture scans along with the SEM

image and the surface scan of the top surfaces of the samples A9, B9, and C9 built at

constant scanning speed of 1000 mm/s and hatch spacing of 80 um, and a laser power of

100, 200, and 300 W, respectively. The best surface roughness achieved is 6.1 um. The

further improvement of the surface roughness is limited by the large un-melted powders

left on the surface (Figure 3-10(e,h)). As may be seen from Figure 3-10, increasing the

laser power, when the other process parameters are kept unchanged, generally tends to
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decrease the surface roughness of SLM-manufactured samples. Preheating of 200°C used

in this study has no substantial effect on quality of the obtained surfaces.

Figure 3-10 Surface texture scan and SEM micrographs: (a—c) Sample A9, (d—f) sample
B9, and (g-i) sample C9.

3.3.4 Microstructural analysis

Figure 3-11 depicts the XRD analysis of two SLM-manufactured samples as follows:
Sample C9 without preheating (Figure 3-11(a)) and sample PC9 with preheating of 200 °C
(Figure 3-11(b)) under the same processing parameters. Both the samples possess a

volumetric energy density of 62.5 J/mm?. Figure 3-11(c)shows the XRD analysis of the as-
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cast sample, used for a comparison. For the XRD testing, the cross section of the samples

along the build direction were polished and then examined.
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Figure 3-11 XRD analysis: (a) Sample C9 without preheating; (b) sample PC9 with 200

°C preheating; and (c) as-cast sample.

It was found that the as-cast sample contains predominantly a-Fe with vanadium and

chromium carbides. Generally, all the SLM-fabricated parts across the design matrix

revealed the same phases. The microstructures of as-built samples contain martensite (a =

2.8 A) as the dominant phase and some amount of retained austenite (a = 3.6 A) for both

printing conditions, with and without preheating. This is consistent with the observations
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from the previously studies [17, 33]. Using the Rietveld method, the phase quantification
of the XRD patterns was performed. The results showed that the retained austenite content
in the matrix of the sample PC9 built with a preheating of 200 °C was about 66% higher
than that measured in the matrix of the sample C9 processed without preheating. This may
be related with the less fast quenching being occurred with an application of preheating
process. Disappearance of the carbides may be attributed to the high cooling rates
experienced during the SLM process that significantly restricts the diffusion mechanisms,
thereby impeding precipitation of the carbides. However, in conventionally processed H13,

these carbides are evident inside and along grain boundaries.

Microstructural analysis was performed on the as-built parts fabricated with the SLM
process. Optical microscope observation of etched samples was performed to reveal the
melt pool shapes and laser tracks along the build direction (Z direction), as shown in the
(Figure 3-12(a)). There are some oddly shaped melt pools in the micrograph due to
scanning direction changes 67° in each layer and therefore the micrograph shows the
intersection of the melt pool with the sectioning plane along the build direction. The melt
pool cross-sectional view reveals curved morphology which reflects the laser’s Gaussian
energy profile. Figure 3-12(b—d) illustrate the SEM micrographs of the etched sample
through which two types of crystals, produced during the solidification process, may be
seen. These are equiaxed (Figure 3-12(c)) and columnar crystals (Figure 3-12(c)),

irregularly distributed within the structure.
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(b)

Figure 3-12 Microstructure of SLM-processed sample in as-built condition along the
build direction: (a) Optical microscopy of a cross-section; (b) SEM micrograph of a melt-
pool; (c) higher magnification of an area showing fine equiaxed dendrite; and (d) higher

magnification of an area representing columnar dendrite.

XRD and EBSD measurements were carried out to characterize the phases present in the
microstructure. Generally, two phases (bright and dark) may be seen. The bright phase was
identified to be primarily fcc (austenite) and the darker phase bcc-structured which is
martensite. A dominant cell-like morphology is observed for both preheated and non-
preheated samples. The size of these bce-structures cells varies from 600 nm up to 1 pm,
whereas the wall thickness of the fcc structures varies from 100 to 200 nm. In some regions
in the melt pool, due to different thermal regime, these cell-like microstructures get
stretched (Figure 3-12(d)) along the direction of maximum thermal gradient. The results of

the microstructural investigation revealed that, other than the amount of martensite and
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retained austenite, the preheating process of 200°C has no significant effect on the cellular
structure in comparing with that of the non-preheated samples. These results are consistent
with those findings on the processing of H13 tool steel cited in [17, 25]. Considering high
cooling rates experienced in SLM, it is expected to have a fully martensitic microstructure
at room temperature. However, a considerable amount of retained austenite is detected
using XRD and EBSD methods. Two mechanisms may be adapted to explain the presence
of some amount of austenite in the structure of SLM-processed H13. The first is given by
Holzweissig et al. [33]. They postulated that SLM process is similar to Quench and
Partitioning (Q + P) process in which the martensitic structure evolves as a result of high
cooling rates associated with the SLM process. Upon melting of next layer, the previously
solidified microstructure gets austenitized and quenched again. In this process, due to
diffusion of carbon, which is a strong austenite stabilizer, some austenite is stabilized and
remains in the room-temperature microstructure. The second mechanism, suggested by
Zhong et al. [34], for the case of SLM-manufactured 316 L stainless steel, is related to a
segregation during solidification that accounts for local stabilization of austenite in the

microstructure.

In order to identify the elemental composition of the formed morphologies of SLM-
processed H13 tool steel, SEM-EDS analysis was performed on six points, as shown in
Figure 3-13(a). Three points were located inside the cells (1, 3, and 5) and the other three
were on the walls of the cells (2, 4, and 6). Table 3-3 presents the composition of the
measured points. Figure 3-13(b—f) illustrates the EDS maps of the major alloying elements,

C, Si, V, Mo, and Cr, respectively.
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() (3)

Figure 3-13 Energy-dispersive X-ray spectroscopy (EDS) maps of the formed
morphologies along the build direction: (a) Location of points; (b) C element; (c) Si
element; (d) V element; () Mo element; and (f) Cr element.

Table 3-3 EDS analysis, composition (wt %) of the tested points.

Element Point 1 Point 2 Point 3 Point 4 Point 5 Point 6
C 6.17 7.42 5.84 7.58 6.17 7.24
Si 0.92 1.01 1.01 0.9 0.99 1.02
V 1.06 1.00 1.13 1.01 0.95 1.14
Mo 1.29 1.53 161 1.62 1.69 1.67
Cr 5.15 5.28 5.12 54 5.09 5.34
Fe 85.41 83.76 85.29 83.49 85.11 83.59
Total 100 100 100 100 100 100

As it is evident from the Figure 3-13(b) and Table 3-3, the concentration of C is much

higher in the cell walls, where the austenite phase is present, than inside the cell. Such a
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high carbon concentration may explain the stabilization of austenite phase at room
temperature, since C is a strong austenite stabilizer. The other alloying elements (Si, V,
Mo, and Cr) are seen from Figure 3-13(c—f) and Table 3-3to partition about equally inside

the cells and in the walls of the cells.

Figure 3-14(a,b) depict the color maps obtained by electron-backscatter diffraction (EBSD)
from cross sections along the build direction (Z) for the samples PC9 and C9 (Table 3-2).
Figure 3-14(c,d) show the phases detected by EBSD over a relatively small part of the as-
built samples (scan step size: 150 nm). As discussed earlier, a considerable amount of
retained austenite is present in the SLM-processed H13 tool steel. Comparing the
morphologies of the retained austenite shown in Figure 3-12 and Figure 3-14, it is evident
that the morphology in the Figure 3-12 is continuous and that in Figure 3-14 is found to be
discontinuous. The reason behind it is the low amount of certainty index (CI) in the
unprocessed data that is related to the high density of dislocations in the microstructure
limiting the quality of the Kikuchi patterns. The post-processing of data excludes the data
points with low ClI, leaving the morphologies discontinuous in the phase maps. The cross
sections show a fine grain structure with an average size of 0.52 um as a result of the rapid
solidification. The microstructure when viewed from the side, shows epitaxial columnar
grains oriented along the SLM building direction. These grains formed during the
solidification of the previous layer elongated toward the building direction of heat
conduction through the laser scan with the same orientation. Rotation of the scanning

direction by 67° usually breaks up the defined epitaxial columnar structure [35].
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Figure 3-14 Electron backscatter diffraction (EBSD) grain orientation maps of the
sections along the build direction: (a) Sample PC9 and (b) sample C9. Spatial distribution
of phases: (c) Sample PC9 and (d) sample C9.

3.3.5 Hardness

Hardness is one of the most commonly used for the characterization of mechanical
properties because hardness measurements are quick, relatively inexpensive and provide
insight to other properties such as yield strength and wear resistance [36, 37]. Micro-
hardness tests were conducted on the samples representing different process parameters.
No significant difference was found in the hardness of the samples and its value ranged

from minimum of 650 to 689 HV o,. This may be due to the high cooling rates during the
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process that leaves the martensitic phase in large portions. Apart from that, the size of the
grains also plays a role in the high and uniform values of hardness. Such fine and uniform
structures reflect in little differences in the microhardness values of the as-built samples.
Figure 3-15 shows the microhardness indentations made in the top most layer of the PC9
sample, targeting the height of the melt pool (Figure 3-15(a)), re-melted region between
two adjacent melt-pools (Figure 3-15(b)), and heat affected zone (HAZ) region (Figure
3-15(c)). On the average, the whole set of points yields 618 HV ¢ (~56 HRC). The uniform
distribution of the hardness in the as-built samples can be attributed to the high amount of

martensite phase.

Figure 3-15 Vickers microhardness indentations in the topmost layer of PC9 sample

along the build direction: (a) Along the melt-pool; (b) re-melted boundary; and (c) heat
affected zone (HAZ).
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Local mechanical properties including nano-hardness and Young’s modulus of the as-built
samples were measured via nano-indentation. The indenter was a Berkovich diamond
three-sided pyramid with a nominal angle of 65.3° and a radius of about 100 nm. The
maximum load used was 50 mN. The loading and unloading rate were 100 mN/min and
the dwell time was 5 s. The nano-indenter precisely measured the continuous displacement
and force of the indenter towards and into the specimen, with displacement and force errors
about 1 nm and 1 puN, respectively. The hardness and modulus values were calculated from

the load—displacement curve for each indentation using Eq.3 [36]:

_Ssvm 1 1-v? | 1-vf
T 2BVA’' E.  E E;

Eq.3

where S, is the slope of the unloading curve at the maximum depth; E; is the reduced
modulus; E and v are the Young’s modulus and Poisson ratio of the material, respectively,
and E; and v; are those for the indenter tip; B is a constant dependent on the indenter
geometry (B = 1.034 for a Berkovich indenter); A is the projected contact area, which is a
function of contact depth (A = 24.5 hZ%;). The relationship between contact depth h and the

maximum depth, hmax is given in Eq.4 as:

Pmax
he = hpax —hg = hipax — € Eq.4

where hq is the depth of elastic deflection, ¢ is a constant dependent on the indenter
geometry, and Pmax is the peak load. The hardness H defined as the applied load divided by

the projected area of contact can be calculated according to Eq.5 as:

Pmax
= Ao Eq.5
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Figure 3-16 shows the distribution of nano-hardness and Young’s modulus in the
designated area in the picture located at the surface of the sample PC9 (P = 300 W, v =
1000 mm/s, and h = 80 um) processed with a preheating temperature of 200 °C. The map
contains 100 indentations. As seen in the figure, the greatest nano-hardness values were
obtained at the top layers of the sample. This may be attributed to the formation of hard
martensite in each newly solidified layer due to high cooling rates during SLM process.
The hardness significantly decreased when moving away from the top surface and the
lowest hardness was found to be 575. Such a decrease in hardness may be related to the

tempering of martensite. These findings are in a good agreement with those found by

Mertens et al. [17].
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Figure 3-16 Mechanical properties of the PC9 sample along the build direction: (a)
Indention array; (b) distribution of nano-hardness; and (c¢) Young’s modulus distribution.
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3.4 Conclusions

In this study, samples of H13 tool steel with a size of 10 x 10 x 15 mm?® were SLM-
manufactured using a laser power of 100, 200, and 300 W; scanning speed of 200, 400,
600, 800, 1000, and 1200 mm/s; and hatch spacing of 80 and 120 um. A constant layer
thickness of 40 um, 67° scanning rotation between subsequent layers, and a stripe scanning
strategy were maintained during the process. A preheating process of 200 °C was

considered. The main conclusions can be drawn as follows:

(i) The relative density of the as-built material, processed with and without preheating
of 200 °C, increased non-linearly with increasing the volumetric energy density up
to a value of about 60 J/mm? and then no significant increase was seen.

(i) The relative densities of the samples processed with preheating were relatively
higher when compared with those of the non-preheated samples; a relative density
of 99.7% was achieved.

(iii) Application of the preheating process not only enhanced the relative density, but
also it helped in eliminating the thermally-induced cracks. In fact, preheating of
the base plate broadens the safe processing window of SLM-manufactured H13
tool steel.

(iv) The best surface roughness achieved in this work was 6.1 um, corresponding to
the sample B5 (P = 200 W, v = 600 mm/s, and h = 80 um). Due to un-melted
powders, further improvements in the surface roughness were not possible and
parts need to go through post-processing in case better finishes are required.

(v) The microstructure of the as-built samples showed fine equiaxed cellular-dendritic

structure (600 nm up to 1um). All the samples studied showed both a dominant

54



Ph.D. Thesis — Morteza Narvan McMaster University - Mechanical Engineering

martensite and varying retained austenite contents. The preheating temperature of
200 °C led to an increase in the amount of retained austenite. For example, the
amount of retained austenite in a preheating sample PC9 was found to be 66%
higher when compared to that of the non-preheated sample C9.

(vi) The microhardness of the as-built samples was found to vary from 650 to 689 HV

0.2, which is comparable to a conventionally produced H13 tool steel.
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Abstract

This study aims at a comprehensive investigation of the residual stresses in laser powder
bed fusion processing of H13 tool steel through experiment and part-level simulation.
Twin-cantilever beams and cubic coupons were printed in a wide range of process
parameters to characterize the nature of residual stresses and contributing factors under
preheated and non-preheated conditions. The residual stresses were assessed using X-ray
diffraction method (XRD) as a direct way of getting the residual stress figures at distinct
spots and along the depth of cubic coupons. Moreover, the level of beam deflection, as an
indication of the magnitude of residual stresses, were both measured and simulated to gain
an insight into the accuracy of the part-level simulation. The XRD and beam deflection
measurement results revealed the significant role of martensitic phase transformation,
process parameters, densification level, and preheating condition on the final residual stress
regime and consequently beam deflections. Neglecting the martensitic phase
transformation and defects in the deflection modelling introduced a discrepancy between
the predictions and experimental measurements. The knowledge gained from the
microstructure and residual stress characterizations unraveled that 200°C of preheating

eliminates not only the cracks but also the need for stress-relief post-processing.

Keywords:
Laser powder bed fusion; H13 tool steel, residual stress, deflection, martensitic phase

transformation, XRD analysis.
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4.1 Introduction

Tool steels are considered as novel engineering alloys with tailorable properties, meeting
a part of the growing industrial demands. AISI H13 tool steel, in specific, is a Cr-Mo hot
work tool steel that has found its way in a wide variety of technological fields owing to its
high wear resistance, outstanding thermal fatigue stability, superior strength at elevated
temperatures and cost advantages [1-4]. The excellent balance of these properties has
introduced H13 tool steel as a prime candidate in many applications including, plastic
injection molding, die casting, and hot-extrusion industries [5-9]. To meet these service
requirements, H13 components need to be free from not only defects but also the tensile
residual stress. While defects adversely affect the mechanical properties by acting as crack
nucleation sites, the tensile residual stress increases the overall stress applied to the
component, which leads to the premature failure during static and dynamic loadings [10-
12].

Although the influence of conventional processing and post-processing routes on the
densification level, residual stress, and properties of H13 alloy has been intensively
explored, developed, and documented in the literature, fabrication of parts with
complicated geometries as well as fine features is difficult or impossible through these
techniques [13, 14]. This can be solved by the application of powder bed fusion additive
manufacturing (PBF-AM) techniques as the production method. Laser powder bed fusion
(LPBF), with a PBF nature, is the most promising AM technique, which has drawn a great
deal of attention in recent years for fabricating complex shape, custom-designed, and cost-
effective components through a layer-by-layer manner [15-18]. However, the development

of thermal stresses caused by the temperature gradient during the sample built up is
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believed to be one of the most important obstacles toward the commercialization of the

LPBF-manufactured components [19].

The underlying concept behind the formation of thermal stress can be explained by
considering the formation of a random track during the LBPF process (Figure 4-1). As it
is evident, a localized laser beam melts the powder bed along a specific line to create a
single track having a reasonable overlap with the adjacent track and the previously
consolidated layer. During the heating stage and formation of the melt pool, not only the
temperature of the area underneath the laser beam but also the temperature of the
surrounding material increases, since the formation of the melt pool takes place in a
conductive metallic medium [20]. During the cooling stage (Figure 4-1(b)), the newly
consolidated track shows a higher contraction propensity than the surrounding area owing
to its larger temperature drop. However, the contraction of the consolidated track is
restrained by the cooler regions further away from the track (i.e., adjacent tracks and layers)
due to the lower likelihood of contraction caused by their lower temperature. This leads to
the creation of a thermally-induced internal tensile stress opposing the further contraction
of the solidified track, which cannot be dissipated since the track is in the solid form [21,
22]. The level of the stress at ambient temperature is known as the "residual stress" which

is usually in the order of the yield strength of the material.
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Figure 4-1 The overview of the LPBF process. The development of tensile thermal

stresses during the cooling stage due to the presence of constraints is shown in (b).

The developed thermal stresses, coupled with the metallurgical factors, make the LPBF
processing of H13 tool steel rather difficult and challenging. To clarify, the rapid
solidification of the localized melt pool during the LPBF process results in the formation
of the non-equilibrium martensite phase with negligible plastic deformability in the
microstructure of the H13 tool steel. Henceforth, the material fails to deform under the
applied thermally-induced tensile stresses, and macro-cracks, known as "cold cracks," are
formed [23, 24]. According to a previous research study conducted by the same authors
[23], the formation of these cracks can be mitigated by preheating the build plate up to
200°C prior to the printing. However, still, the residual stresses are present, and the
distortion may play a role depending on the scanning strategy, geometry, and height of the
LPBF-fabricated component. Since the level of the residual stress is a dominant factor
dictating whether or not the stress-relief treatment is required, its in-depth analysis and

characterization are essential.

According to the literature, the analysis of the residual stresses developed in the LPBF-
processed parts is carried out through experimental and numerical methods [25-28]. From

the experimental standpoint, one of the efficient ways of investigating the magnitude of the
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residual stresses is to print a beam geometry (e.g. cantilever or bridge) that would deflect
upon cutting from specific locations, the magnitude of which is indicative of the magnitude
of the residual stresses stored in the part during the LPBF processing [29, 30]. It is worth
noting that although several other methods are also available to directly measure the
magnitude of residual stresses, they all fail to present a comprehensive picture of the status
of residual stresses on part level. Currently, experimental methods are facing expensive
trial and errors through manipulation of the process variables to achieve a condition with
minimal residual stresses. This implies high manufacturing costs [31]. Hence, predictive
methods such as numerical studies are crucial to predict and control the residual stresses

even at the design stage.

Thermo-mechanical modelling of AM processes is a useful tool to efficiently deal with
these challenges in a cost-effective manner. AM process simulation is a multiscale problem
in both time and space. The simulation scale and the solution fidelity can be controlled by
choosing an appropriate time incrementation and mesh size. In general, there are two types
of simulation at different ends of the fidelity spectrum: process-level simulations (high
fidelity) versus part-level simulations (low fidelity). Detailed process-level simulations
were performed on Iron-based alloys [27, 28, 32, 33] by using a small time increment and
a fine mesh with at least one element per printing layer thickness and a few elements across
an action zone where fusion occurs. Simulations in this scale capture the rapidly evolving
temperature, and high-temperature gradients typically found within and near action zones
and, thus, provide accurate predictions of both residual stresses and distortions. A process-
level simulation can model detailed physics of AM processes and provide accurate results,
but it typically has a high computational cost and can be affected by convergence

difficulties due to the use of temperature-dependent nonlinear material properties under
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rapidly changing temperature conditions. Moreover, the process-level simulations are
currently restricted to scanning volume of 100 mma3 [34]. On the other hand, a part-level
simulation is performed by appropriately averaging (lumping) the time sequence of events
and using coarser meshes. For example, the model could have an element size that is a few
times larger than the physical printing layer thickness and uses only one or several time
increments for printing one element layer. Although the part-level simulations are
accompanied by major simplifications, they enable part-level deflection analysis which is

directly indicative of the magnitude of the residual stresses in the printed parts [30, 35].

While the literature lacks a systematic study on the residual stress characterization of H13
tool steel, other materials such as Ti-6Al-4V [35-38], AISilOMg [39-41], Ni-based
superalloys [29, 42-44], Maraging steels [44, 45] have been widely investigated. However,

the effect of the following factors still remains a vacancy in the literature:

(i) Process parameters: Most of the research studies have targeted the characterization

of the residual stresses in parts manufactured by the optimum process parameters.
Even when the effect of process parameters was concerned, a relatively narrow
range of process parameters was investigated [21]. It is worth noting that a
different combination of process parameters might lead to optimum parts in terms
of densification level with different status of residual stresses that has been
neglected in the literature. These facts clearly show the necessity of studying the

residual stresses in a wide range of process parameters.

(ii) Defects and densification: With a few exceptions, the literature lacks a systematic
study exploring the effect of cracks and porosities on the residual stress status and
part-level deflections of the LPBF-manufactured parts. Although it is well known
that the presence of porosities and cracks in the parts reduces the magnitude of the
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residual stresses, their contribution in altering the residual stress regime has not
been yet fully understood.

(iii) Phase transformations: One of the key contributors to the status of the residual

stresses is the phase transformations which happen on a microscopic scale [46, 47].
Including such a phenomenon in the part-level simulations of residual stresses is
computationally expensive. The majority of the research dealing with the
simulation of the residual stresses has been done on materials featuring no phase
transformations in which the simulation results underestimate those of the
experiment. On the other hand, the potential of the part-level simulation methods
to predict residual stresses and deflections in the case of the materials with high
strain transformations (e.g., low-temperature martensitic transformation in high

carbon steels) is still unknown.

This study aims at a systematic understanding of the cumulative residual stress profile in
the LPBF-processed H13 tool steel with a part-level approach. ABAQUS software is
utilized to obtain the temperature field during the LPBF process and calculate the resulting
strain field by using a thermo-mechanical coupling model, the output of which is the beam
deflection. An experimental methodology is applied to measure the resultant deflections
and validate the model. The residual stresses are also directly measured on the top surface
and along the depth of the printed components using the X-ray diffraction method,
according to the ASTM E915-96/E1426-98 standard [48]. The link between the beam
deflections and residual stress magnitude was established. The effect of a wide range of
process parameters on the residual stresses and part-level deflection were studied, and the
contribution of developed defects, including porosities and cracks, was highlighted.

Moreover, the impact of preheating on the regime of the residual stress and magnitude of
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beam deflections was scrutinized. The discrepancy between the experimental and
numerical outcomes was attributed to the martensitic phase transformation in LPBF-
processed H13 tool steel. By providing a comprehensive insight into the residual stress
formation and important contributing factors, this research work reinforces the idea that
the end-use H13 parts could be manufactured with no excessive post-processing by

application of a suitable preheating temperature.

4.2 Materials and methods

4.2.1 LPBF process

The powder used in this research was gas atomized AISI H13 alloy with the particle size
distribution, chemical composition, morphology and microstructure reported in [23]. As
previously discussed, this study aims to investigate the effect of process parameters and
preheating on the part-level beam deflection and the residual stress of LPBF manufactured
test samples. For this purpose, two sets of samples, including cantilever beams and cubic
coupons, were printed using various process parameters with or without preheating the
substrate. Each set contained 12 cubic samples with a size of 10x10x10 mm? and 12
cantilever beams. As listed in Table 4-1, the hatch spacing (h) and the powder layer
thickness (t) were kept constant, while the laser power (P) and the scanning speed (v) were
changed, leading into various volumetric energy densities (E,,) calculated based on Eq. 1

[49]:

P

= () Eq.1

mm3
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The same set of samples as those listed in Table 4-1 were also printed with the application
of 200°C preheating to the build plate. The prefix "P" refers to these samples throughout

this chapter.

The LPBF machine used in this study was EOSIN M280 equipped with a Yb-fiber laser
with a spot size of 100 um and a maximum power of 400 W. An atmosphere of N2 gas was
applied to reduce the oxygen content in the build chamber to less than 0.8%, hence reducing
the oxidation during the melting process. Scanning of layers was conducted using a
continuous laser mode according to a stripe hatching pattern alternating 67° between two
successive layers, as illustrated in Figure 4-2. For the build with preheating, the preheating
temperature was selected to be 200 °C based on [23] to avoid cracking.

Table 4-1 Process parameters employed in this study to fabricate test samples.

Sample P (W) v (mm/s) h (mm) t (mm) Ev (3/mmd)
Al 300 1000 0.12 0.04 62.5
A2 300 600 0.12 0.04 104.2
A3 300 800 0.12 0.04 78.1
B1 250 800 0.12 0.04 65.1
B2 250 600 0.12 0.04 86.8
B3 250 400 0.12 0.04 130.2
c1 200 800 0.12 0.04 52.1
C2 200 600 0.12 0.04 69.4
C3 200 400 0.12 0.04 104.2
D1 150 800 0.12 0.04 39.1
D2 150 600 0.12 0.04 52.1
D3 150 400 0.12 0.04 78.1
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Figure 4-2 Schematic view of: (a) the stripe hatching pattern scanning strategy with 67°
rotation between successive layers, and (b) the SLM-fabricated cubic parts showing x-y
(top), y-z (front) and x-z (side) views.

Schematic illustration of the cantilever geometry is provided in Figure 4-3. As observed,
twin cantilevers are printed with supports in the overhang area. Due to its geometry, the
twin cantilever is highly sensitive to distortion, and therefore, can be adopted to investigate
the magnitude of deflections and residual stresses in the additively manufactures
components. The LPBF fabricated cantilevers were marked at 11 different points (5 on
each side) after the printing process along the middle axis of each beam with a spacing of
5 mm between every two adjacent points. In order to visualize and measure the amount of
deflection caused by the thermally induced residual stresses, the LPBF fabricated twin
cantilevers were separated from the supports by wire electrical discharge machining. The
difference between the Z positions of points before and after the separation of cantilevers
from the substrate was measured to characterize the deflection magnitude along the length
of the twin cantilevers. These measurements were made using the Zeiss Eclipse CMM

equipment. The measurements were accomplished in accordance with the guidelines for
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calibration and traceability as per the National Institute of Standards and Technology

(NIST).
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Figure 4-3 The geometry of a twin-cantilever beam (all dimensions are in mm)

implemented to study the beam deflection.

4.2.2 Residual stress

The residual stress of the cubic samples was measured using X-ray Diffraction (XRD) on
a Stresstech Xstress DR45 diffractometer equipped with a Cr-K, radiation source, tube
power of 3 KeV at 9 mA, and the exposure time of 0.1 s. Equipment used a modified y as
the measurement geometry, and the exposures were made at 4 tilts in both the positive and
negative 1 directions. The residual stress measurements were carried out at a spot located
at the center on the top surface of all samples. Note that each surface measurement was
repeated three times without removing the sample to ensure repeatability. For three samples
of each set (with and without preheating) the residual stress profile was measured along
the Z-direction starting from the top surface as illustrated in Figure 4-4. The profile
measurements were made by continuous electro-polishing of a tiny spot on the surface to
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avoid the residual stress being affected or released. The large volume of the part relative to
the removed material retains the residual stresses, and the electrochemical material removal
does not introduce any new stresses. The measurements, including normal stress (on), Shear
stress, and full width at half maximum (FWHM) were made at three different orientations

of 0, 45, and 90 degrees.

The density of the as-built samples was measured using the Archimedes method with the
aid of a scale with an accuracy of + 0.1 mg. Front sections of the cubic parts were ground
and polished according to the standard metallography procedure. The defects of the cubic
parts were characterized by observing the non-etched sections using a Keyence VHX
digital optical microscope. For microstructural characterizations, the polished sections
were chemically etched using 4% Nital reagent and were evaluated using a Verios XHR
scanning electron microscope (FE-SEM) from Thermo-Fisher Scientific equipped with an

electron backscatter diffraction (EBSD).
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Figure 4-4 The procedure of depth profile residual stress measurement of the LPBF-
manufactured cubic samples. The measurements were performed in a step-wise manner
by removing a small spot via electro-polishing along the Z-direction. At each step, the
residual stress measurements were made at three different orientations of 0, 45, and 90°.

The residual stress was quantified up until the maximum depth of 1 mm.

4.3 Finite element modeling method

4.3.1 Thermomechanical simulation of LPBF process

A sequential thermal-stress analysis of LPBF process consists of a transient heat transfer
analysis of thermal loads introduced by the process on a printing part followed by a static
structural analysis that is driven by the temperature field from the thermal analysis. The
analysis can also include support structures (if required for the build) and a substrate where
the part and support are built to consider their influences on thermal conduction, part
deflections, and residual stresses. Due to the inability of the process-level simulation

approach to predict macro-scale deflections and residual stresses, a part-level simulation
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approach was implemented in this study to characterize the deflections and residual stresses
using the scheme provided in Figure 4-5. The part-level simulation is computationally
efficient for the prediction of deflections and stresses in printing parts with reasonable
accuracy [50]. In this approach, the heat transfer analysis can usually capture far-field
temperature evolutions (away from action zones) as long as the thermal energy balance of
progressive heating and cooling is modeled correctly. However, the simulation may not
capture local rapid temperature evolutions properly because the specified sequence of
concentrated, fast-moving heat sources is lumped over both time and space. In other words,
the temperature results do not usually contain an accurate history of melting and
solidification. In this case, to model the annealing or melting effects in the stress analysis
correctly, an initial temperature representing a relaxation temperature above which thermal
straining induces negligible thermal stress in the printing part must be assigned. Upon
element activation, the relaxation temperature is the temperature from which the initial

thermal contraction occurs.
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Figure 4-5 The overview of the sequentially coupled thermomechanical analysis.
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4.3.2 Governing equations
The governing equation for thermal analysis in the detailed process simulation is the heat

conduction equation [42]:

perGe =5 (K5) + 35 (k35) + 3 (k3) + @ Eq:2
where p is the material density, T is the temperature, c; is the temperature-dependent heat
capacity, tis time, k is the temperature-dependent thermal conductivity of the material, and
Q is the point heat input term. Initial condition and boundary conditions of the governing
equation

are shown in Egs. 3-5, respectively:

T(x,y,z,ty) =Ty, (x,y,2) €EQ Eq. 3
T=T, (x,vz) €0Q Eq. 4
—kVT.n = h(T —T,), (x,y,z) € 0Q4 Eqg. 5

where To denotes the initial temperature. Since in this study the analysis is performed under
two conditions of with and without preheating, the initial temperature was set to 200 °C
and 25 °C in detailed process modeling. Egs. 4 and 5 define the Dirichlet boundary (6Qo)
and Robin or convection boundary (6Qr), respectively, and 0Q = 0Qp U 0Qr. The heat loss

due to the radiation is given by Eq. 6:

—kVT.n = o{(T* - Tg) Eq. 6
where 6 is the Stephan-Boltzmann constant and  is the emissivity.

A quasi-static mechanical analysis is conducted in sequential thermal load steps using the

temperature history obtained to solve the mechanical response. The governing equation for

the mechanical analysis is the stress equilibrium equation written as:
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V.o+pb=0 Eq. 7

where o is the stress tensor and b is the body force per unit volume. The boundary condition

is defined as:
U="0, (x,y,z) € 0T, Eq. 8
on=t, (x,y,2) €0l Eq. 9

where the displacement vector U on boundary oI’y is specified as U and the surface vector
on boundary oI't is defined as . In the mechanical analysis, the material constitutive model

is assumed to be elastic and perfect plastic with von Mises plasticity law:

0 = C: €eqstic Eqg. 10

Etotal = €elastic T Eplastic t Ethermal Eq- 11

Ethermal = A-AT Eq. 12
i 3 1

fJ/leld = \/E 0ij0ij — 5 OkkOkk — Oy Eqg. 13

where C is the fourth-order stiffness tensor, and &eiastic IS the elastic strain tensor. The stress
tensor can be expressed as the double-dot product of the stiffness tensor and elastic strain
tensor. Total strain g is the sum of elastic strain geasiic, plastic strain gpiasiic and thermal
strain emermar. o is the temperature-dependent coefficient of thermal expansion (CTE), and
AT denotes the change in temperature. When f ¥¢!9 = 0, yielding occurs and then generates

plastic strains.
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4.3.3 Model description

ABAQUS software was utilized to carry out the modeling. The part geometry for
simulation of the deflections and residual stresses is a simple twin-cantilever structure of
dimensions 50 mm, 10 mm, and 10 mm in length, width, and height, respectively (Figure

4-3).

For each build process, 12 parts were built on the same substrate. However, as spacing is
sufficient between parts such that the build of an adjacent part has a negligible effect on
the thermal history of the current part, the model is reduced to a single part, saving on
computation time. Nevertheless, it is important to consider the entire build layout when
calculating the cooling time between layers (120 s), as this will have a first-order impact
on the thermal history of the part and consequently the residual strain field. The reduced
model is a single part, mounted on a section of the substrate. The section is taken to be 100

x 45 x 15 mm?3 (length x widthx height).

In order to achieve a structured mesh, the build part was partitioned. Throughout the
thermal analysis, linear hexahedron (DC3D8) elements were implemented. An identical
mesh was used in the structural analysis, to allow the analysis to take place on a compatible
mesh. The characteristic element size of the build was 0.20 mm (Figure 4-6). Hence, each
element accounted for approximately 10 real layers. Single element layers were unfeasible
due to the large number of layers within the model. The element size was chosen as a
compromise between accuracy and run time. The partial integration and homogenization
modeling techniques in the ABAQUS 2019 solver were leveraged to mitigate the

discrepancy between element size and layer thickness.
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Figure 4-6 Illustration of the twin-cantilever beam with structured mesh shown in the inset.

Figure 4-7 gives the values of the temperature-dependent properties of H13 tool steel,
including thermal conductivity, specific heat capacity, Young's modulus, Poisson's ratio,
and coefficient of thermal expansion (CTE). In general, for manufacturing process
simulations, the temperature-dependent plasticity behavior of the material under
consideration is required. For example, temperature-dependent stress-strain curves should
be implemented in the finite element solver to accurately account for the softening response
at elevated temperatures. However, due to the range of temperatures that are experienced
by the material as a result of the time integration method used, the plastic behavior exhibits
only a small dependency on temperature. The room temperature plastic properties of the
LPBF-manufactured H13 tool steel in as-build condition as per [6] were used in the
simulation. The rest of the parameters used in the simulation are listed in Table 4-2. In this
study, the relaxation temperature was taken as 70% of the H13 tool steel annealing

temperature, which amounts to 800 K.
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Table 4-2 List of parameters used in the simulation for H13 tool steel.

2500

Parameters Values
Laser Power (W) 300
Scan speed (mm/s) 800
Hatch spacing (mm) 0.12
Absorption efficiency (%) 60
Thermal initial condition (K) 298, 498
Relaxation temperature (K) 800, 550
Emissivity 0.85 [52]
Convection coefficient (W/m2K) 20 [52]

4.4 Experimental results

4.4.1 Densification level-volumetric energy density relationship

Figure 4-8 shows the variation in the density as a function of the employed Ev. As being

observed, the density showed an ascending trend with enhancing Ev up to about 80 J/mm3,

80



Ph.D. Thesis — Morteza Narvan McMaster University - Mechanical Engineering

followed by a slight decrease. The process parameters leading to the highest densification
level were introduced as the optimum condition, referring to samples A3 and PA3 with Ev
of 78.1 J/mma3 featuring relative densities of 98% and 99.2%, respectively. It is self-evident
that samples subjected to the preheating benefit from densities higher than those of the no
preheat condition, regardless of the employed Ev. According to the cross-sectional optical
micrographs presented in Figure 4-8, the Ev lower (Figure 4-8(b), (e)) and higher (Figure
4-8(d), (g)) than the optimum value resulted in the decreased densification level. The
difference in size, shape, and volume fraction of the defects formed in parts gives evidence
of their significant dependence on the applied E,. For instance, while the samples fabricated
with relatively low E, suffer from irregular-shape defects, those with extremely high E, are
characterized by their spherical voids. Except for D1 sample, cracks are perceptible in the

no preheat scenario. However, the application of preheating eradicated the cracking in all

samples.
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Figure 4-8 The variation in the relative density of the LPBF-fabricated H13 tool steel
parts versus the volumetric energy density (E.) for "preheat" and "no preheat™ conditions.
(b-g) show cross-sectional optical micrographs of: (b) D1, (c) A3, (d) B3, (e) PD1, (f)
PA3, and (g) PB3 samples.
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4.4.2 Beam deflection and residual stress measurements

After cutting the supports from the substrate, CMM measurements were conducted on all
of the cantilevers along their length at 11 distinct points in the Z-direction. Figure 4-9(b)
and (c) represents examples of such measurements on deflection curves obtained. The
maximum deflection of twin-cantilever beams measured at a point located either on the
utmost right or left of the beams are shown in Figure 4-9(a). As it is evident from Figure
4-9(a), the maximum deflection is significantly smaller for almost all preheated samples
compared to their non-preheated counterparts. The few anomalies observed may be
attributed to the presence of cracks and subsequent release of residual stresses in the non-
preheated beams. The maximum and minimum beam deflections in the non-preheated
scenario were for A1 and B3 samples, respectively. On the other hand, those for the

preheated case were A2 and C2 samples, respectively.
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Figure 4-9 (a) Maximum deflection of twin-cantilever beams along the Z-direction in
different samples for both preheat and no preheat conditions. Deflection curves along the
length of the twin-cantilevers for Al and PA1 samples are shown in (b) and (c),

respectively.
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The results of normal residual stress measured at the center of the top surface for all cubic
coupons in three distinct orientations of 0, 45 and 90° are presented in Figure 4-10.
Regardless of process parameters and preheating condition employed, almost all samples
featured compressive residual stress on their top surface. The measurements in all
orientations suggest that the magnitude of compressive stress is conspicuously larger in the
non-preheated condition compared to the preheated scenario. For non-preheated samples
(C3 and D1) with a low magnitude of compressive stress, the residual stress regime
changed to tensile upon preheating. It is worth noting that although the residual stress
measurement results in different orientations follow the same trend, the difference in their

magnitudes gives evidence of in-plane anisotropy on the top surface.

Based on density measurement results and optical microscopy observations provided in
Figure 4-8, three samples with low (D1, PD1), optimum (A3, PA3), and high (B3, PB3) Ev
were selected for depth profile residual stress measurements in both preheat and no preheat
conditions. Figure 4-11(a-c) shows the depth profile of the residual stresses up to 1 mm
below the top surface of cubic coupons in three different orientations (0, 45, and 90°). The
minimum and maximum principal stresses, along with the absolute value of the equivalent
residual stresses were derived from the measurements in different orientations and are
shown in Figure 4-11(d-f). It is self-evident that the nature of residual stresses changes
from compressive to tensile immediately below the top surface (~0.1 mm) of the test
coupons for highly porous samples (D1, PD1) fabricated at low E,. However, entering the
tensile zone lags behind by increasing the Ev. For highly dense samples (A3, PA3) and
those printed with comparatively higher Ev (B3, PB3), the residual stresses transform from

compressive to tensile at a depth corresponding to ~0.2 and ~0.3 mm, respectively.
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Figure 4-10 Normal residual stress measurement results on the top surface of cubic
coupons at orientations of: (a) 0°, (b) 45°, and (c) 90°. The test is performed at the center

of the top surface designated by the yellow spot in the figures.

After transforming from compressive to tensile, the nature of residual stresses remains
tensile up to 1 mm below the top surface. This trend holds for all measured and derived
residual stresses shown in Figure 4-11. In the compressive zone, the magnitude of residual
stresses for parts subjected to preheating was lower than the corresponding ones printed
without preheating, while the opposite is perceptible in the tensile zone. In other words,
preheating led to higher residual stresses in the tensile zone. It is of note that except for the

D1 and PD1 samples, the difference between the residual stresses for with and without

84



Ph.D. Thesis — Morteza Narvan

McMaster University - Mechanical Engineering

preheating conditions is highly significant. However, such a difference is less pronounced

in the tensile zone.
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Figure 4-11 Depth profile residual stress measurement results of cubic coupons at

orientations of (a) 0°, (b) 45°, and (c) 90°. The test is performed along the Z-axis in

orientations designated by the black arrows in the figures. The derived minimum and

maximum principal stresses along with the absolute equivalent stress are shown in (d), ()

and (f),

respectively.
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4.5 Simulation results

Beam deflections of samples in both preheat and no preheat conditions were simulated to
investigate the ability of the model to predict the magnitude of deflections. The process
parameters that led to almost fully dense samples (A3, PA3) were used for the simulation
to mitigate the influence of the defects on the prediction outcomes. Figure 4-12 shows the
results of the beam deflections in the Z-direction along the length of the twin-cantilever
beam when the relaxation temperature was set to be 800 K. As it is evident, the magnitude
of the beam deflection in the case of the preheating is noticeably lower than that of the non-

preheated condition.

The maximum deflection decreased from 0.75 mm to 0.45 mm upon applying 200 °C
preheat, which is attributable to the lower temperature gradients and consequently reduced
residual stresses in the latter scenario. In order to accomplish a part-level simulation for
H13 tool steel, the model excludes the influence of defects and martensitic phase
transformation. Their absence in the model, martensitic phase transformation, in particular,
caused the model overestimating the magnitude of deflections compared to those of

measurements made by CMM.
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Figure 4-12 Finite element analysis (FEA) results of the twin-cantilever beam
displacement field in the Z-direction (U3) showing: (a) and (d) the overview after cutting,
(b) and (e) the front view of the deflection in the ZX plane, (c) and (f) deflection profiles

along the length of the beams in (b) and (e), respectively. (a-c) sample A3 and (d-f)

sample PA3. The implemented relaxation temperature was 800 K.
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4.6 Discussion

As mentioned before, the layer-wise nature of the LPBF process introduces large thermal
gradients, which in turn causes the formation of residual stresses in the final printed parts.
There are multiple contributing factors that would affect the status of the developed
residual stresses and consequently beam deflections of LPBF processed H13 tool steel,
namely, preheating condition, densification level, process parameters, and martensitic
phase transformation. These factors are simultaneously affecting the status of residual
stresses and could not be isolated to be investigated individually. However, in the wide
range of processing window implemented in this study, there are a few occasions in which
one factor is significantly contributing while the others are constant or have a negligible
impact. In the following sections, the role of each factor will be discussed to understand
the general trends regardless of the influence of the other involving factors. This helps to
justify the residual stress and beam deflection measurement results when only one
contributing factor plays a crucial role. For other cases, the combination of all contributing

factors will be taken into account to elucidate the obtained results.

4.6.1 Role of martensitic phase transformation

According to Figure 4-1, the contractions associated with the liquid to solid transformation
as well as the decrease in the temperature during the cooling stage will be constrained by
the surrounding consolidated tracks and layers, which results in the development of tensile
residual stresses on the top surface. However, as it is apparent in Figure 4-10 and Figure
4-11, the nature of the residual stresses on the top surface is compressive for almost all

cases in the H13 tool steel. This unexpected result could be explained by taking the
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influence of the martensitic phase transformation into consideration. During LPBF
processing of H13 tool steel (with 0.39 wt.% C), the material experiences the following

solidification path [53]:

L-y+L->y—->M+y

in which L, y, M, and v denote the liquid, austenite, martensite and retained austenite
phases, respectively. The microstructural observations provided in Figure 4-13(a) and (b)
reveals a cellular microstructure in which the core of the cells and the cell boundaries are
composed of martensite and retained austenite, respectively. EBSD results shown in Figure
4-13(c) as well as the XRD results [23] confirm that martensite is the predominant phase
in the microstructure of LPBF-processed H13 tool steel. The transformation of the already
solidified austenite to martensite is accompanied by a volume expansion of 1.03% [47],
which will be constrained by the surrounding solid material with a martensitic
microstructure. This, consequently, leaves behind compressive residual stress in the

material.

According to the abovementioned discussion, the nature of the resultant residual stresses
is determined by the competition between two opposing phenomena: (i) tensile residual
stress caused by the contraction during solidification as well as the temperature drop, and
(ii) compressive residual stress due to the expansion originating from the martensitic phase
transformation. Given the fact that almost all the measured residual stresses were

compressive on the top surface, the dominancy of the latter is deduced.

89



Ph.D. Thesis — Morteza Narvan McMaster University - Mechanical Engineering

Figure 4-13 (a) and (b) SEM micrographs of the LPBF-processed H13 tool steel showing

a cellular microstructure with the cell cores and boundaries being martensite (M) and

retained austenite (y), respectively.

According to Figure 4-11, the compressive residual stresses shift to tensile residual stresses
immediately below the top surface. It is interesting to highlight that there is a correlation
between this transition depth and the E, for both preheated and non-preheated scenarios.
For E, levels corresponding to 39.1 (D1, PD1), 78.1 (A3, PA3), and 130.2 J/mm? (B3,

PB3), the transition depth is approximately 0.1, 0.2, and 0.3 mm, respectively. Figure 4-14
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shows the last consolidated layer for the non-preheated scenario. As it is apparent, the
transition depth is almost identical to the thickness of the last consolidated layer. Therefore,
the residual stresses are only compressive at the last layer and would enter the tensile zone

immediately upon adding the next layer on top of them.

Figure 4-14 Optical micrographs showing the front views of: (a) D1, (b) A3, and (c) B3

samples.

This sharp transition from compressive to tensile residual stresses could be elaborated
based on the schematic provided in Figure 4-15. As shown in Figure 4-15(a), the residual
stresses in an as-consolidated layer (layer (n-1)) are compressive due to the dominancy of
compressive residual stresses caused by the martensitic phase transformation. Upon adding
a new layer (layer (n)), the same compressive residual stresses would be generated in the
new layer (Figure 4-15 (b)). However, due to the expansion associated with the martensitic
phase transformation, layer (n) exerts tensile stress to previous layers acting as a constraint
on it. According to Figure 4-11, not only this tensile stress could cancel out the previously
formed compressive stresses but also led to the creation of tensile residual stresses below
the last consolidated layer. Although all samples have only tensile residual stresses up to 1
mm below the last layer, the nature of the residual stresses might change further down.

This is attributed to the complex thermal cycling of LPBF process.
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Figure 4-15 Schematic illustration of: (a) compressive residual stresses generated the

LPBF process for the last two layers.

4.6.2 Role of preheating

Referring to Figure 4-10 and Figure 4-11, much lower magnitudes of compressive residual
stresses are perceptible in the preheat scenario. In H13 tool steel, the martensitic phase
transformation starts (Ms) and finishes (My) at 285°C [24] and 50°C, respectively [54].
When no preheat is applied, H13 cools down rapidly to the ambient temperature (below
My) which provides an opportunity for the full transformation of y to M. Although the
recent research studies performed on LPBF processing of H13 tool steel have shown the
existence of a small amount of y’in the final microstructure [23, 55], they have all confirmed
an almost fully martensitic microstructure. 200°C of preheating, on the other hand, limits
the progression of martensitic phase transformation owing to this fact that the minimum
temperature during processing is noticeably higher than Ms. Therefore, a lower magnitude
of compressive residual stresses is expected to be generated due to the lower fraction of M
formed in the consolidated layer during the LPBF process. The fraction of martensite as a
function of temperature can be expressed based on the Koistinen—Marburger (KM)

equation [56]:
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f=1—exp(=am(Tyy — T)) Eq. 14

where f, a,,, and Tk, are the volume fraction of martensite, rate parameter, and the
theoretical martensite-start temperature (lower than Ms), respectively. The «,,,, and Ty

terms can be calculated as follows [57]:

am (K1) = 0.0224 — 0.0107x, — 0.00072x3;, — 0.00005x; — 0.00012x, —

0.0001x,, Eq. 15
Tim (°C) = 462 — 273x; — 26Xyn — 16xy; — 13%¢r — 30240 Eq. 16

By substituting the chemical composition of the H13 tool steel used in this study [23] into
Eg. 15 and Eq. 16, the a,, and Ty, were calculated to be 0.017K~! and 234°C,
respectively. Using Eqg. 14, the volume fraction of martensite (f) was determined 97% at
room temperature and 44% at 200°C. The significantly lower volume fraction of martensite
in the preheated condition (53%) is the main reason behind the lower magnitudes of
compressive residual stresses in this case. Although the martensitic phase transformation
continues by further cooling of the material from 200°C to room temperature, almost no
additional thermally induced compressive residual stresses will be generated. This can be
ascribed by considering the absence of mechanical constraints in this stage since the whole
printed part and the attached substrate experience this drop in the temperature

simultaneously.

It should be borne in mind that unlike the no preheat scenario, the parts printed with the
application of 200°C of preheating cool down to this temperature rather than room
temperature, which in turn results in shallower temperature gradients and consequently

lower thermal strains (As” = a(T — T,)). As mentioned in section 4.6.1, the temperature
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gradient during the laser-wise fabrication in LPBF process is responsible for the creation
of tensile residual stresses. Therefore, compared to the non-preheated case, 200°C of
preheating brings about lower thermal strains and tensile residual stresses. Therefore, both
tensile and compressive residual stresses decreased when 200°C of preheating was applied.
However, the reduction in compressive residual stresses is more noticeable than the tensile

ones, as suggested by Figure 4-10 and Figure 4-11.

The results of the maximum beam deflections measured by CMM are provided in Figure
4-9. Since the residual stresses are more compressive on the top surface of non-preheated
samples, they are expected to feature a lower magnitude of deflections. However, the
contrary is the case. This can be justified based on the results shown in Figure 4-16, in
which the residual stress profile measurements have been extended to a higher depth of 1.6
mm for PB3 cubic coupon in three different orientations (0, 45, and 90°). As it is evident,
although the top surface residual stresses in the case of preheated samples are less
compressive compared to their non-preheated counterparts (Figure 4-9), the residual
stresses are highly compressive in the bulk of the preheated ones. Due to the fact that the
beam deflections reflect the overall residual stresses in the whole part, the depth profile
residual stress measurements (Figure 4-16) are a better representative of the deflection state
of the parts. In conclusion, despite the fact that the top surface residual stresses are a
suitable criterion for comparing beam deflections of the samples in the same category
(preheat and no-preheat), they might be misleading when it comes to inter-category

comparison.
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Figure 4-16 Depth profile residual stress measurement results along the Z-axis of PB3

cubic coupon at orientations of 0°,45°, and 90°.

4.6.3 Role of process parameters

In this study, a wide range of process parameters was applied by changing the laser power
and scanning velocity, while the other parameters (e.g., hatch spacing and powder layer
thickness) were kept constant. The process parameters are combined into Ev, represented
by Eq. 1. Figure 4-17 illustrates the variation of normal residual stress (on one spot at the
top surface) in terms of Ev for three orientations of 0, 45, and 90°. As could be seen, the

residual stresses on the top surface of almost all test coupons are compressive due to the
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martensitic phase transformation. In general, the normal residual stresses continuously
grow compressive as the Ev increases for no preheat condition. As mentioned earlier, the
residual stress in the LPBF-processed H13 tool steel consists of tensile and compressive
components. Since the microstructure of all non-preheated samples is mainly comprised of
martensite regardless of the process parameters employed, it is reasonable to conclude that
the contribution of compressive residual stress remains unchanged with varying Ev.
Therefore, the difference in the magnitude of residual stresses across Ev spectrum is
attributable to the variations in tensile residual stresses. According to Figure 4-17, the
increase in Ev led to larger compressive residual stresses. This can only be traced back to
the decrease in the contribution of tensile residual stress constituent in the overall residual
stress regime. Since the melt pool forms in a conductive medium during LPBF process, the
increase in the Ey would result in larger melt pools, having hotter surrounding material
which in turn creates a shallower temperature gradient during the cooling stage. This
shallower temperature gradient is responsible for smaller tensile residual stresses which are
reflected in larger compressive stresses. It is worth mentioning that although Figure 4-17
depicts the effect of Ev on the top surface residual stresses, the impact of defects is also
lurking in the results. Nevertheless, due to the presence of macro-cracks in almost all of
the non-preheated test samples (Figure 4-8), it is believed that this factor does not play a
major role in the general trends observed. Therefore, Ev could be held accountable for such

a variation.
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Figure 4-17 The variation in the normal residual stress on the top surface as a function of
the Ev at orientations of: (a) 0°, (b) 45°, and (c) 90°. The test was performed at the center

of the top surface designated by the yellow spot in the figures.

In comparison to their non-preheated counterparts, the residual stresses of preheated
samples reveal no sharp changes across the investigated E, spectrum. In other words, the
differences are not statistically significant. Due to the lower magnitude of residual stresses
in the case of preheating, the values seem to be more sensitive to the level of defects

compared to the no-preheat condition.

The aforementioned discussion also holds for the magnitude of deflection measured along
the length of the beams. Figure 4-18 shows the maximum beam deflections versus the Ev.
By comparing Figure 4-17 and Figure 4-18, it can be concluded that larger compressive

residual stresses led to lower beam deflections in the no preheat scenario. Similar to the
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residual stress-E, plot of preheated samples, the beam deflections demonstrates no

meaningful trend.
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Figure 4-18 The variation of maximum beam deflection as a function of the Ev

4.6.4 Role of defects

The dominant defects in the LPBF-processed H13 tool steel are porosities and cracks. Both
of these defects affect the level of residual stresses in the final parts. Porosities that are
empty spots in the bulk of the material do not bear loads, which in turn lower the residual
stresses based on their extent. Cracks, on the other hand, form as a result of thermal stress
accumulation, when exceeding the ultimate tensile strength of the material at any
temperature. Crack formation is accompanied by significant stress relieving, causing a
drastic change in the residual stress regime. Referring to Figure 4-8(a), the density of the
preheated samples is higher than that of the non-preheated ones for any given Ey, meaning

that the extent of the defects is greater in the latter. Moreover, all of the non-preheated
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samples, except D1, have macro-cracks (Figure 4-8(b-d)) which is a direct indicative of the
presence of tensile thermal stresses larger than the ultimate tensile strength of the material
during the LPBF process. The lower tensile thermal stresses due to shallower thermal
gradients associated with the preheating condition could successfully eradicate the crack
formation. However, the porosities still exist in the fabricated parts. The measured residual
stresses (Figure 4-10 and Figure 4-11) and maximum beam deflections (Figure 4-9)

describe their status after the formation of these defects.

Figure 4-19 shows the variation in the top surface residual stress of the cubic coupons with
respect to their relative density at different orientations. In the non-preheated samples with
relative densities almost as low as ~93%, the increase in the relative density resulted in the
enhancement of the magnitude of the compressive residual stresses, proving the influence
of defects on the stress relieving. However, when it comes to densities above 97%, the
residual stresses are independent of the relative density. Since the maximum difference
between the relative densities of nearly dense samples (densities > 97%) shown in the
dashed ovals is only ~1.3%, this finding is justifiable. It should be noted that the magnitude
of residual stresses was found to be considerably reliant on the E, for the non-preheated
scenario, revealing the dominancy of this factor over the densification level. For preheated
samples in which almost all of the samples possess relative densities higher than ~97.5%,
the same discussion provided for the nearly dense samples of the non-preheated case is

valid.
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Figure 4-19 The variation in the normal residual stress on the top surface as a function of
the relative density at orientations of: (a) 0°, (b) 45°, and (c) 90°. The test was performed
at the center of the top surface designated by the yellow spot in the figures.

4.6.5 Aggregate effect of all contributing factors

This section combines all of the abovementioned contributing factors to discuss the
measured residual stress profiles shown in Figure 4-11. Nevertheless, the provided
arguments are also valid to compare the residual stress state and beam deflection of any

other sample. Referring to Figure 4-11, the followings can be inferred:

(i) Residual stress profile shape: all of the samples share the same residual stress

profile shape up to 1 mm below the top surface, starting from compressive stresses
and shifting towards tensile stresses at a specific depth dictated by the employed
Ev. Compressive residual stresses are observable at the very top layer in all
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samples, meaning that the compressive residual stresses formed as a result of the
martensitic phase transformation are dominant over the tensile ones in the currently
solidified layer. As the build progresses, the previously consolidated layers with
compressive nature of residual stresses undergo a complicated thermal cycle due
to the layer-wise fashion of the LPBF process. This continuous thermal cycling of
the previous layers will change the regime of residual stresses. That is why the
compressive residual stresses turn into tensile below a specific depth dictated by
the Ev. The residual stresses may continue to change periodically further from the
top surface (Figure 4-16).

(ii) _In-plane isotropic residual stress: By comparing the residual stress profiles for

each sample in different orientations of 0, 45, and 90°, it can be concluded that the
magnitude of residual stresses in every single plane of measurement along the Z-
axis is independent of measurement orientation. This gives evidence of in-plane
residual stress isotropy, which is a direct consequence of choosing a 67° rotation
between consequent layers. This scanning strategy is believed to alleviate the
formation of intense heating directionality between subsequent layers by repeating
the same scanning direction every 180 layers [58].

(iii) _Effect of preheating: As discussed earlier application of 200°C of preheating

eliminated the cracking and improved the densification of the samples in one hand
and reduced the contribution of martensitic phase transformation on the other hand.
While the former led to the higher tensile residual stresses in the tensile zone, the
latter created a lower magnitude of compressive stresses.

(iv) Residual stress trends in each category: among the parts D1, A3, and B3, the

first one has the lowest magnitude of residual stress in both compressive and tensile
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zones. The reason behind the lower compressive stress of this sample is lower Ey
in conjunction with a lower level of densification. A3 and B3 samples have almost
the same magnitude of the residual stresses in both compressive and tensile zones.
From an E, perspective, the residual stress needs to be more compressive in the B3
sample. However, since having a density lower than that of A3, B3 sample is
expected to show a lower magnitude of the residual stresses. The balance of these
two opposing factors causes the residual stresses to be close to each other. A

parallel discussion is valid for the preheated samples.

4.6.6 Experimental vs simulation results

Figure 4-20 shows the CMM measurement as well as the FEA results of deflection profile
in the Z-direction, along the length of the twin-cantilever beams for both with and without
preheating conditions (A3 and PA3). Regardless of the preheating condition, the
implemented model overestimated the level of beam deflection. It is mainly attributed to
ignoring the martensitic phase transformation in the part-level analysis of the beam
deflection of H13 tool steel due to the computational infeasibility of incorporating
martensitic phase transformation, happening in a micro-scale. As thoroughly covered in
section 4.6.1, the martensitic phase transformation causes significant compressive residual
stresses (Figure 4-10 and Figure 4-11), especially in the non-preheated case. Absence of
these compressive stresses resulted in larger beam deflections in the FEA model compared
to the experimental measurements. In addition, the presence of macro-cracks in the A3
sample (Figure 4-8(c)) released some portion of the accumulated residual stresses in the

fabricated part, which further increased the discrepancy between the model outcomes and
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experimental measurement results. Since the PA3 sample is defect-free (Figure 4-8(f)), the

defects cannot play a role in the observed difference between the model and experimental

results.
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Figure 4-20 Experimental beam deflection measurement results versus the FEA of the
twin-cantilever beam displacement in the Z-direction (U3) for (a) A3, and (b) PA3

samples. The implemented relaxation temperature was 800 K.

In the FEA results shown in Figure 4-20, the relaxation temperature, defined as a
temperature above which thermal straining induces negligible thermal stress in the printing
part, was set to be 800 K (Table 4-2). According to the part-level simulation of a twin-
cantilever beam performed in ABAQUS (NIST AM Benchmark 2018 [29]) on IN625, the
relaxation temperature was taken as 1023 K which is 70% of the annealing temperature of
this alloy. The same percentage of the annealing temperature of H13 (1144 K) was
implemented to obtain the FEA results in Figure 4-20. Although such a relation
temperature selection worked reasonably well for IN625, it failed in the case of H13 tool
steel in which a low-temperature martensitic phase transformation plays a crucial role in

the regime of the residual stresses and the beam deflections. Therefore, to resolve the
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observed discrepancies between the FEA and experimental results, a new relaxation
temperature considering the microstructural evolutions should be introduced. Figure
4-21(a) schematically shows the variation of stress levels as a function of temperature
during the cooling stage of the LPBF-processed H13 tool steel. Referring to Figure
4-1(thermal gradient model), the solidification of each track during LPBF process is
accompanied by the generation of tensile thermal stresses since the previously consolidated
layers oppose the contraction of the as-solidified material. The magnitude of these tensile
thermal stresses shows an ascending trend as the temperature drops. When the Ms of H13
tool steel is reached, the further temperature drop is accompanied by the development of
compressive stresses due to the martensitic phase transformation (Figure 4-15 (a)). These
phase transformation-induced compressive stresses not only offset the tensile thermal
stresses but also leave behind relatively large compressive stresses in the as-consolidated
layer (Figure 4-10). A transition from tensile zone to the compressive implies a point in
which the resultant stress is zero (Figure 4-21 (a)). The temperature at this point which is
around the Ms of H13 tool steel could be used as the relaxation temperature for the FEA.
As shown in Figure 4-21(b), there is a great agreement between the FEA results
implementing this relaxation temperature (550 K) and the experimental measurements for
the PA3 sample. This paves the way for a reliable simulation of beam deflection in LPBF

processing of steels having low-temperature martensitic phase transformation.
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Figure 4-21 (a) Schematic illustration of the stress level as a function of the temperature
during the cooling stage of the LPBF-processed H13 tool steel, and (b) experimental
beam deflection measurement results versus the FEA of the twin-cantilever beam
displacement in the Z-direction (U3) for PA3 sample. The implemented relaxation
temperature was 550 K.

4.7 Conclusions

This study targeted the investigation of the residual stresses in the LPBF-processed H13
tool steel through direct (i.e., XRD) and indirect (i.e., twin-cantilever beam deflection)
experimental measurements combined with the simulation. The following conclusions

were drawn from the experimental and simulation results:

i. Significant contribution of martensitic phase transformation: The residual stress

in the as-consolidated layer in LPBF process is usually tensile in nature. However,
in the case of H13 tool steel, the martensitic phase transformation not only offsets
the tensile stresses but also leaves behind a considerable amount of compressive

residual stresses, especially in the non-preheated scenario. The impact of
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martensitic phase transformation on the residual stress regime gets alleviated when
preheating is applied. The complex nature of thermal cycling experienced by each
consolidated layer during the build process can change the magnitude or nature of
this compressive residual stress. Ignoring the martensitic phase transformation in
the part-level simulation caused a discrepancy between the experimental and
simulation results of beam deflections.

Direct proportionality between compressive residual stresses and Ey: The residual

stresses on the top surface of non-preheated test coupons grew more compressive
by increasing the E, in the range studied (40-130 J/mm?3). The shallower thermal
gradients associated with higher E, acts to decrease the tensile component of the
residual stress, which in turn leads to the further dominancy of the pre-existing
compressive component originating from the martensitic phase transformation.

Dependency of residual stresses on defects at low densification levels: Increase in

the densification level from 93% up to 97% resulted in larger residual stresses
owing to the absence of porosities as empty spots with no load-bearing capability.
However, above 97% relative density, the residual stress magnitude was
independent of the extent of porosities. The same is valid for almost all of the
preheated test samples with relative densities higher than 97.5%.

Formation of macro-cracks in non-preheated condition: Almost all of the non-

preheated samples had macro-cracks, giving evidence of thermal stresses
exceeding the ultimate tensile strength of H13 tool steel. Formation of such cracks
in the parts released a significant amount of accumulated stresses. Therefore, the

residual stress measurement results of these samples demonstrate the aftermath of
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cracking, which explains their lower magnitude compared to the preheated samples

in the tensile zone of residual stress profiles.

Eliminating the need for stress-relief post-processing in the case of preheating:

Application of 200°C preheating not only helped to avoid the formation of cracks but also
led to the tensile stresses in the order of 300 MPa which are far away from the ultimate
tensile strength of the H13 tool steel. Hence, the fabricated as-built part can be regarded as
end-use components with no need for costly and time-consuming stress-relief post-

processing treatments.
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Abstract:

This study investigates the feasibility of fabricating defect-free functionally graded bi-
materials (FGMs) with enhanced wear resistance via incorporation of vanadium carbide
(VC) into H13 tool steel. Three distinct composite powders containing 1, 3, and 5wt.%VC
were prepared through ball-milling and subjected to laser powder bed fusion (LPBF)
process to print different composites on top of monolithic H13 in a wide range of process
parameters. Almost fully-dense parts were achieved (maximum of 99.8, 99.8, and 99.5%
for 1, 3 and 5wt.%VC composite systems, respectively); however, the increase in VC
content narrowed down the processability window range from 60 Jmm3 for 1, and
3wt.%VC systems to 30 J/mm3 for 5wt.%VC system. The mechanical properties of
optimum samples were characterized through microhardness, nanohardness, and wear
tests. The incorporation of VVC significantly improved the mechanical properties, 17-40%
in microhardness, 10-40% in nanohardness, and 20-53% in wear resistance. The underlying
reasons behind such an improvement were correlated to the dissolution of VVC during the
heating stage of the LPBF process and the formation of (V+C)-supersaturated solid
solution in large extents as a result of extremely high cooling rates. This study introduces
LPBF-processed FGMs as promising candidates for applications in which wear resistance

is paramount.

Keywords:

Laser powder bed fusion (LPBF); functionally graded material (FGM); Wear resistance;

H13 tool steel; vanadium carbide (VC) ceramic particles; Supersaturated solid solution.
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5.1 Introduction

The emergence of laser powder bed fusion (LPBF) as a novel layer-by-layer additive
manufacturing (AM) technique has provided an unprecedented opportunity in many
technological fields, including injection molding applications to change the concept of
design from "design for manufacturing” to "design for performance" [1-4]. The
manufacturing of the conformally-cooled injection molds with 20-50% improvement in the
cooling efficiency compared to the conventional molds with machined cooling channels
can be considered as one of the revolutions in the injection molding industry, which became
feasible after the birth of LPBF [5-7]. Based on the printability studies focused on LPBF
of stainless steels (e.g., AlSI 316) [8, 9], maraging steels (e.g., maraging 300) [10-13] and
tool steels (e.g., H11 and H13) [14-18] as the suitable candidates for injection molding
applications, it can be concluded that the manufacturing of almost defect-free components

with high dimensional accuracy is possible through the LPBF process.

Among the various studied materials, the H13 tool steel has found a great deal of attention
as the prime nominee for injection molding applications due to the higher hardness and
wear resistance compared to the AISI 316 stainless steel and cost advantages over the
maraging steels and many other tool steels [6, 19]. The combination of toughness, moderate
hardness, and heat check resistance, defined as the resistance to the quench cracking
phenomenon occurring as a result of the dynamic heating and cooling of the molds, is
believed to be the major reason behind the widespread acceptance of H13 as a versatile
steel for molding applications [20, 21]. However, compared to the other members of the
tool steel family, H13 has the minimum hardness, which increases the chance of the wear
damage failure in service. Although a hardness value up to 52 HRC at ambient temperature
is achievable in as-built LPBF parts or through heat treatment of wrought H13 tool steel
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[22, 23], it is still considerably lower than the average hardness value of highly wear-
resistant tool steels (higher than 60 HRC) [24, 25]. The design requirements and the interest
in life extension of the molds necessitate enhancing wear resistance of H13 to improve the
molds' performance and reduce the repair/replacement costs [26, 27]. At the current stage,
the service temperature of H13 cannot exceed 550°C due to the sharp decrease in the
hardness and therefore wear resistance of this alloy over this critical temperature (40 HRC
at 625°C) [28, 29]. Therefore, the enhancement of high-temperature hardness is also

essential to widen the allowable working temperature of H13 molds.

As a general rule, the wear resistance of tool steels is tied to the concentration of carbon
and their carbide former alloying elements since they promote the formation of carbides as
the hard particles and consequently enhance the hardness of the alloy [29, 30]. Therefore,
one approach to improve the limited wear resistance of H13 is to increase the volume
fraction of carbides through "alloying™ or "reinforcing" mechanisms by either addition of
strong carbide former elements (e.g., vanadium) to manipulate the chemical composition
of H13 or incorporation of hard carbide particles (e.g., VC) to create a metal matrix
composite (MMC) [31-33]. By considering the flexibility in alloy and composite design
through the LPBF process simply by utilizing the alloying agent/H13 or reinforcing
agent/H13 powder mixtures, this approach is completely feasible. However, it should be
borne in mind that the increase in the volume fraction of carbides should be controlled to
have the least influence on the toughness of H13. Otherwise, the limited toughness can also
cause premature failure of the molds. According to the knowledge gained from the
chemistry of H13 (V is in the alloying recipe) and other tool steels such as CPM-xV alloys,
the addition of carbon and vanadium (i.e., VC carbide) to H13 can be an effective strategy

to end up with a material having comparable toughness to that of H13 along with the
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significantly higher wear resistance [34, 35]. The sharp decrease in the hardness of the H13
over 550°C can also be compensated by the increase in hardness caused by the presence of

the reinforcing VC particles, enabling higher working temperatures.

While the literature has mostly focused on improving the mechanical properties of
austenitic stainless steels by incorporating hard TiB2, TiC, or VC particles [33-36],
reinforcing H13 to enhance its wear resistance has received only scant attention. Yet there
is a few published information on the subject, most of which was reported before the
emergence of additive manufacturing or centered around other manufacturing techniques
[32, 36, 37]. This paper aims at answering this question that whether or not the wear
resistance of the H13 can be upgraded by the addition of hard VC particles. Three different
VC/H13 composite powder systems with varying VC concentrations ranging from 1-5
wt.% were pre-processed and subjected to the LPBF process in a wide range of process
parameters. Density measurement results revealed that the sound composite parts having
densities higher than 99.5% are achievable by proper selection of the process parameters.
The optimum fabricated composites were compared in terms of microhardness,
nanohardness, wear resistance, and coefficient of friction. The obtained trends in different
mechanical properties were backed up by in-depth microstructural characterizations. It is
believed that the surface modification of the current H13 molds with the proposed optimum
VC/H13 composite system can not only increase the lifetime of the molds but also enhance

their allowable working temperature.
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5.1 Materials and methods

5.1.1 Composite powder preparation

The powders used in this study were H13 with the nominal chemical composition and
particle size distribution provided in [14] and VC with 99.9% purity and particle size <
2um. The morphology of these powders can be observed in Figure 5-1. The H13 powder
has been fabricated by the gas atomization process and is characterized by highly spherical
particles (Figure 5-1 (a)). However, non-spherical particles, as well as satellites, can also
be found in this powder. As shown in Figure 5-1 (b), VC powder particles are irregular in
shape and tend to form agglomerates due to their relatively high surface-to-volume ratio
(i.e., high van der Waals attraction force). The ball milling process was performed using a
high-performance planetary Pulverisette 6 machine to prepare the composite powder
feedstock containing 1, 3, and 5wt.% VC, using a fixed rotational speed of 200 rpm and a
mixing time of 1-3 h. The ball-to-powder weight ratio was 5:1, and every 30 min of mixing
was followed by a 15 min break to avoid the temperature rise during the process. The added

balls were made of hardened stainless steel with a diameter of 10 mm.

Figure 5-1 SEM micrographs of: (a) H13, and (b) VC powders.

119



Ph.D. Thesis — Morteza Narvan McMaster University - Mechanical Engineering

5.1.2 Powder characterization

The optical absorption of H13 powder, as well as the developed composite powders, were
measured in the wavelength range of 400-1400 nm by means of diffuse reflectance
spectroscopy (DRS) wusing a UV-Visible-NIR LAMBDA 950 Perkin Elmer
spectrophotometer equipped with a 150 mm diameter integrating sphere coated with
Spectralon with a spectral resolution of 1 nm. To perform the test, powder samples were
placed in a quartz cuvette and sealed prior to mounting on a Teflon sample holder. The
reference material was Barium Sulfate powder with a reflectance of 100%, and the light
sources were Deuterium (D2) and Tungsten with the wavelength ranges of 200-320 and
320-2500 nm, respectively. Photon Counting photomultiplier tubes (PMT) and Lead
Sulfide (PbS), applicable in the wavelength ranges of 200-860 and 860-2500 nm,
respectively were used as detectors.

The flowability and packing density of H13 and composite powders were assessed using
the specific energy (SE) and the conditioned bulk density (CBD) indices of the FT4
Freeman powder rheometer, as thoroughly explained in [38, 39]. The precision blade's
interaction with the powder in this technique resembles that of recoater/powder in the

LPBF process.

5.1.3 LPBF processing

The LPBF machine used in this study was an EOS M280 (EQOS, Krailling, Germany)
equipped with a Yb-fiber laser system and delivers power levels of up to 400 W. High
purity N2 was used to reduce the oxygen content in the build chamber to less than 0.8%.
For microstructural characterizations, functionally graded bi-material (FGM) cylindrical

parts with a diameter of 10 mm and the height of 6.3 mm were printed on a steel build plate
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preheated to 200 °C. Wear test specimens were also printed on the same plate with the
same height but with a different diameter of 30 mm. For all sets of samples, the material
for the first 3.3 mm of the height was non-reinforced H13, which was printed with the
optimum process parameters reported in [14]. However, the next 3 mm was manufactured
using 1, 3, and 5wt.%VC-H13 composite powder and various process parameters, as listed
in Table 5-1. Using the same layer thickness and hatch spacing as those of the non-
reinforced H13, different combinations of laser power and scanning speed were employed
in the composite case to obtain volumetric energy densities lower and higher than the
optimum value found in [14]. Scanning of layers was conducted using a stripe scanning
strategy alternating 67° between subsequent layers. Samples were cut off the build plate

via wire-cut electric discharge machining (EDM).

Table 5-1 Process parameters used in this study to fabricate the composite side of the FGMs

Sample P (W) v (mm/s) h (mm) t (mm) ev (J/mmd)
1 200 600 0.08 0.04 104.2
2 200 800 0.08 0.04 78.1
3 200 1000 0.08 0.04 62.5
4 200 1200 0.08 0.04 52.1
5 250 600 0.08 0.04 130.2
6 250 800 0.08 0.04 97.6
7 250 1000 0.08 0.04 78.1
8 250 1200 0.08 0.04 65.1
9 300 600 0.08 0.04 156.2
10 300 800 0.08 0.04 117.2
11 300 1000 0.08 0.04 93.7
12 300 1200 0.08 0.04 78.1
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According to the literature, the volumetric energy density can be obtained based on the

following well-known equation [40]:

ey, =— Eq.1
in which P, v, h, and t denote the laser power, scanning speed, hatch spacing, and the
nominal powder layer thickness, respectively. The platform displacement during the LPBF
process is mistakenly referred to as the powder layer thickness [41]. Although this
definition works for the first deposited powder layer, it is not valid for the other layers due
to the presence of inter-particle pores in the powder bed. In other words, consolidation of
the first powder layer after laser processing is accompanied by a shrinkage since the liquid
formed during the melting stage fills the interstices and creates a dense layer with a lower
thickness (Figure 5-2(a,b)). Consequently, a gap is formed between the recoating blade and
the top surface of the consolidated layer, which should be filled by powder during the
second layer's deposition (Figure 5-2(c,d)). This simply means that the powder layer
thickness will deviate from the nominal value (platform displacement) after the first layer's
consolidation. The amount of increase in the powder layer thickness follows a descending
trend in the consequent layers and finally approaches a constant value. This constant value
is known as “effective powder layer thickness (terr)” (actual powder layer thickness) [42]

and is higher than the nominal value (platform displacement).

In this study, instead of using nominal powder layer thickness, tef is substituted in Eq.1.
Besides, since only a fraction of the laser power is absorbed by the powder, the laser
absorptivity coefficient (A) is added to this equation, which can be measured through the
diffusion reflectance spectroscopy (DRS) test (section 5.1.2). The modified equation is as

follows [38]:
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This modified equation takes the effect of not only the process parameters but also the
powder properties and laser-powder interactions into consideration. In most of the research
studies where a fixed powder system is used, the application of this equation would only
shift the energy input results to lower values. However, when it comes to comparing a
monolithic powder and its composites, application of Eq. 1 would be misleading.
Therefore, in addition to e,, the E,, (Eq. 2) was also used in this study to provide a more
accurate insight into the effect of energy density on the processability of different powder

systems.
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Figure 5-2 Schematic illustration of powder deposition and consolidation for a powder
bed with a platform displacement of t: (a) deposition of the first powder layer with a
thickness equal to that of the platform displacement (tpowder=t), (b) consolidation of the
first layer after laser processing and formation of a free height (h), (c) incremental
downward movement of the platform (t) before deposition of the next layer, and (d)
deposition of the second powder layer with a thickness higher than the nominal value due

to the formation of the free height after the solidification of the previous layer.

123



Ph.D. Thesis — Morteza Narvan McMaster University - Mechanical Engineering

5.1.4 Microstructural observations

For microstructural characterization, the 10 mm diameter specimens were sectioned along
their height and were ground using SiC papers with different meshes followed by polishing
according to the standard metallographic procedure. The non-etched polished sections were
analyzed by a Keyence (Osaka, Japan) VHX digital optical microscope to observe the
defects in parts. Images acquired by the optical microscopy were used to measure the
relative density of the composite sides of the FGMs via image processing. The polished
sections were then chemically etched with 4% Nital reagent and were characterized using
a Nikon LV100 optical microscope and a Vega Tescan scanning electron microscope
(SEM) equipped with energy-dispersive X-ray spectroscopy (EDS). For the electron
backscattered diffraction (EBSD) analysis, JEOL JSM-7000F equipped with a Schottky
field emission gun was employed. The aforementioned sample preparation was followed
by a 5 min of polishing on a chemical resistant cloth with a colloidal silica suspension, and
finally a 4 h vibratory polishing with the same suspension. The data collection was
performed using a 0.1 um step size on an area of 50x50 pm?2. AZtecHKL software was
used to post-process the collected data. The phase analysis was carried out using X-ray
Diffraction (XRD) on a Bruker D8 DISCOVER with a DAVINCI design diffractometer

equipped with a copper sealed tube source and a VANTEC-500 area detector.

5.1.5 Mechanical testing

The mechanical properties of fabricated parts were evaluated using microhardness and
nanohardness measurements. Microhardness measurements were utilized using a

Matsuzawa microhardness testing machine with a load of 500 g being applied for 10 s. The
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reported microhardness value for each specimen represents an average of at least 5 distinct
measurements.

Nanoindentation measurements were made using an Anton Paar NHT? nanoindentation
tester (Anton Paar, Graz, Austria) equipped with a Berkovich pyramidal-shaped indenter
tip. Calibration was performed before nanoindentation tests using a Fused Silica reference
sample. The nanoindentation test was performed on the polished surface of the X-Z plane
for both non-reinforced H13 and 1, 3, and 5wt.%VC-H13 composite parts. The maximum
load, loading/unloading rate and the pause at the maximum load were 40 mN, 80 mN/min
and 10 s, respectively. To determine the hardness and elastic modulus, the Oliver-Pharr
method was used.

Anton Paar, standard TRB? tribometer was utilized to perform ball-on-disk wear test
according to ASTM G99-95a [43]. A 6 mm diameter alumina ball subjected to a normal
load of 10 N rubbed against the top surface of samples at 25°C and 43.55% room
temperature and atmospheric humidity, respectively. The tests were performed on three
distinct radii of 4, 6, and 8 mm on the surface of each sample. The rotation speed and the
acquisition rate were set to be 150 rpm and 100 Hz. Worn tacks were investigated with an
Alicona microscope to get the wear depth and width on three distinct spots for each radius

to calculate the wear rate.
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5.2 Results and discussions
5.2.1 Powder characterization

5.2.1.1 Selection of the appropriate composite powder feedstock

Figure 5-3 shows the 1wt.%VC-H13 composite powders' micrographs developed by 1, 2
and 3 h of ball milling. As can be observed in Figure 5-3(a,b), most of the H13 powder
particles preserved their spherical shape; however, some particles showed a slight deviation
from their starting spherical shape. The increase in the mixing time to 2 h was found to
change the shape of a noticeable amount of H13 particles from spherical to
irregular/flattened (Figure 5-3(c,d)). Further enhancement of the mixing time to 3 h led to
much more powder particles losing their spherical morphology (Figure 5-3(e,f)). The
change in H13 powder particles' shape can be attributed to the plastic deformation imparted
to the composite powder system during the ball milling process. Longer milling times
caused the deformation of more H13 powder particles in the composite powder system by
enhancing the number of collisions (ball-powder-ball and ball-powder-wall).
Microstructural observations also revealed that VVC particles were almost fully attached to
H13 powder particles' surface in the 1 h milled composite powder (Figure 5-3(b)). While
most of the VC particles could still be observed on the surface of H13 particles in the 2 and
3 h milled systems, the increase in the mixing time favored their embedment in the H13
particles. This can be confirmed by the presence of lower numbers of VC particles existing
on the surface of H13 particles in the 3 h milled composite powder compared to those in

the 1 h milled case (Figure 5-3(b,f)).
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Figure 5-3 SEM micrographs of the 1wt.%VC-H13 composite powders produced by ball

milling with mixing times of: (a, b) 1, (c, d) 2 and (e, f) 3 h. Enclosed view of the
selected squares in (a), (c) and (e) are provided in (b), (d) and (f), respectively.
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The composite powder obtained by 1 h of ball milling was used in this study for LPBF

processing due to two major reasons:

(1) Almost all of the VC particles have adhered to the surface of H13 powder particles.
This attachment is required in the composite powders since it avoids the separation
[39] of powder constituents caused by the difference in their density, and it
decreases the agglomeration probability of the VVC particles [44].

(i) Most of the H13 particles have preserved their spherical morphology. In general,
the deviation from the fully spherical morphology results in the decreased powder
flowability due to the increased surface-to-volume ratio and consequently the
elevated inter-particle friction. Therefore, compared to the 2 and 3 h milled
powders, the composite system subjected to 1 h of milling is believed to show a

flowability closer to that of the monolithic H13 powder (Section 5.2.1.2).

The mixing time of 1 h, as the optimum mixing time, was also employed to produce
composite powders containing 3 and 5wt.%VC. As shown in Figure 5-4, these composite
powders share the same features as those of the 1wt.%VC-H13 composite powder, with
the only difference being that some VC particles remained non-attached to the surface of
H13 particles. Although this might decrease the flowability of the developed composite
powders, full attachment of VVC particles through the application of longer milling times
may not be helpful since the deviation from the spherical morphology can significantly

worsen the flowability [39].
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(@)
Figure 5-4 SEM micrographs of the: (a) 3wt.%VC-H13 and (b) 5wt.%VC-H13 composite
powders produced by 1 h of ball milling.

5.2.1.2 Flowability and packing density

The flowability and packing density of powders play significant roles in the quality of the
LPBF-processed parts. Figure 5-5(a) compares the flowability of the developed composite
powders with that of the monolithic H13 powder in terms of specific energy (SE). Higher
SE represents a lower powder flowability. Composite powders with 1, 3, and 5wt.%VC
showed 18.4, 45.9, and 59% higher SE than that of the monolithic H13 powder,
respectively. Since most of the H13 powder particles in the composite systems have
preserved their spherical shape, the observed reduction in the flowability of composite
powders should be traced back to the decorating VC particles. By acting as mechanical
interlocking sites [45], these particles adversely affect the free flow of powder particles.
The higher fraction of decorating VC particles is accompanied by creating much more

particle entanglement, which justifies the trend observed in Figure 5-5(a).
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Figure 5-5 (a) The flowability in terms of specific energy (SE) index, and (b) the
conditioned bulk density (CBD) of monolithic H13 and composite powders containing 1,
3, and 5wt.% VC.

5.2.1.3 Optical absorption

The laser absorptivity, defined as the ratio of the absorbed to the incident laser irradiation,
is believed to be a direct indicative of the LPBF processability of a material. The optical
absorption versus the wavelength is shown in Figure 5-6 for the monolithic H13 as well as
the developed composite powder systems. As it is evident, the optical absorption of
composite powders is higher than that of the monolithic H13 regardless of the investigated
wavelength. In addition, the optical absorption showed an ascending trend by increasing
the amount of VC constituent. At the wavelength of the LPBF machine used in this study
(1070 nm), the addition of 1, 3, and 5wt.% VC increased the optical absorption of H13

from 61.5% to 71, 77.1, and 79.9%, respectively. This can be attributed to:

0] Decoration of H13 particles by highly absorptive ceramic particles (i.e., VC): The

laser-powder interaction is known to be a surface phenomenon. The decoration of

H13 powder particles by VC particles introduces new sources of laser-material
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(i)

interaction on the surface of H13 particles. Due to the higher optical absorption of
the VVC than that of the H13 powder, the substitution of H13 by VVC on the surface
leads to the increased optical absorption. The enhanced surface coverage of H13
powder particles (Figure 5-3(b) and Figure 5-4) caused by the increase in VC
content elevates the overall optical absorption of the composite powders. Based
on the image analysis results, the surface decoration percentage increased from
5.5+1.12 to 11.1+2.56 and then 16.5+4.87 when increasing the VC content from
1 to 3 and 5wt.% in the composite powder systems.

Multiple absorptions and reflections during the optical ray-powder interactions:

Regardless of the type of the second powder constituent incorporated into the
composite powder systems, decoration of the metallic powder by the ceramic
particles has been shown to escalate the frequency of laser absorptions and

reflections during the laser-powder interactions [46].
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Figure 5-6 The optical absorption versus the wavelength for monolithic H13 and

composite powders containing 1, 3, and 5wt.% VC. 1070 nm line indicates the

wavelength of the laser in the LPBF machine used in this study.
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5.2.2 Processability of FGMs

As mentioned before, the fabricated FGMs are composed of two sections of monolithic
H13 (bottom) and VC-H13 composite (top). The H13 side in all of the FGMs was
fabricated by the optimum set of process parameters (P = 300 W, v = 1000 mm/s, h =0.08
mm, and t = 0.04 mm with an e, equal to 93 JJmm?) [14]. However, a wide range of process
parameters was employed to fabricate the composite side of the FGMs. Figure 5-7 shows
the relative density of the composite side of FGMs as a function of the employed ey, which
only considers the influence of process parameters. In all cases, the relative density first
increased and then followed a decreasing trend by increasing the e,. The optical
micrographs corresponding to FGM-1wt.%VC, FGM-3wt.%VC, and FGM-5wt.%VC
samples are also shown in Figure 5-8, Figure 5-9, and Figure 5-10, respectively. Parts with
relative densities higher than 99% were achievable within a wide range of e, for FGM-
1wt.%VC and FGM-3wt.%VC cases. Only three of the fabricated samples showed relative
densities lower than 99% in these systems. However, the 5wt.%VC-H13 system featured
inferior processability, where only a few samples possessed a relative density exceeding
99%. Therefore, it is reasonable to conclude that the e, range leading to highly dense
samples becomes narrower as the content of VC increases. It is interesting to note that the
processability of 3wt.%VC-H13 and 5wt.%VC- H13 composites was slightly better than
that of the 1wt.%VC-H13 at e, levels higher than 100 and 130 J/mm?, respectively. This is
due to the fact that the onset of the decreasing trend, where the highest relative density is
obtained, shifts towards higher e, levels with an increase in the VC content. Hence, the e,
values that are considered higher than optimum for the 1wt.%VC-H13 are still in the
processable window for 3wt.%VC-H13 and 5wt.%VC-H13 systems. The optimum

samples for the 1, 3 and 5wt.%VC composite systems had relative densities of 99.8, 99.8,
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and 99.5% which were achieved at e, levels corresponding to 104.2 (sample 1), 117.2

(sample 10), and 130.2 JJmm3 (sample 5), respectively (Table 5-1).
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Figure 5-7 The relative density versus e, for the composite side of the FGMs containing

1, 3, and 5wt.%VC.

At low e, levels, the perceptible irregular-shape porosities originating from the lack of

sufficient overlap between two successive tracks and/or layers are the main reason behind

the relatively low density of the fabricated samples [47] (see insets in Figure 5-8(d), Figure

5-9(d), and Figure 5-10(d)). At relatively high ev levels, on the other hand, another

mechanism of defect formation came into action, known as keyhole effect. The instability,

as well as repeated formation and collapse of these keyholes, results in the generation of

gas bubbles in the melt pool, which may lead to porosities in the final part if captured by

the solidification interface. The porosities formed under such mechanism are characterized

by their spherical/semi-spherical shape [48] (see the inset in Figure 5-8(i)).
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Figure 5-8 Optical micrographs of the FGM-1wt.%VC samples fabricated by the process

parameters corresponding to (1-12) samples listed in Table 5-1. The insets in (d) and (i)

show higher magnification images of the corresponding composite side.

According to the abovementioned results, increasing the VC content would enhance the e,

required to obtain optimum samples in terms of the densification level. To gain a better

understanding of the observed trend, it is essential to consider not only the process

parameters but also the powder behavior as well as powder-laser interactions during the

LPBF process by implementing the modified energy density equation (Eg. 2). By

substituting t.rr = pL in Eg. 2 and rearranging the formula, the following relationship
bed

can be established between Eqg. 1 and Eq. 2:

E, = (A- pbed)ev

134



Ph.D. Thesis — Morteza Narvan McMaster University - Mechanical Engineering

where py.4 IS the relative powder bed packing density, which can be represented by CBD

(Figure 5-5(b)) measured by FT4 test (opea = CBD/ppuir)-
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Figure 5-9 Optical micrographs of the FGM-3wt.%VC samples fabricated by the process

parameters corresponding to (1-12) samples listed in Table 5-1. The insets in (d) and (i)

show higher magnification images of the corresponding composite side.

Referring to Eqg. 3, it can be inferred that powder systems with higher values of A. p,.4 are
expected to require lower e, levels to achieve optimum E,. The calculated A. ppeq Values
for the monolithic H13 and composite powder systems, based on the measured values
provided in Figure 5-5(b) and Figure 5-6, were 0.35 and 0.39 (regardless of the VC
content), respectively. Since this value is higher in the case of composite powders, lower

levels of e, were anticipated to get the optimum sample. However, the results of this study
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showed the contrary. Such a discrepancy can be explained by considering the dissolution
of VC particles in the composite systems during the LPBF process.

The fundamental concepts behind the dissolution of the VC powder particles below their
melting temperature can be explained by considering the peak temperature experienced by
the material during the LPBF process. The melt pool temperature is believed to be much
higher than the liquidus temperature of H13 constituent. Nevertheless, the degree of
overheating is not enough to cause melting of VC particles since their melting point (2810
°C) is almost equal to the boiling temperature of the iron (2862 °C). Therefore, the melt
pool consists of the solid VC particles embedded in the molten H13 medium for a short
period. Although the melt pool condition is not suitable for the VC particles to undergo
melting, their dissolution may take place due to the lack of equilibrium conditions at the
solid VC/liquid H13 interface. The amount of dissolution experienced by the VC particles
is governed by their size as well as the applied process parameters. In other words, higher
laser energy densities provide higher melt pool temperatures and a longer period that the
liquid phase lasts, which both act to enhance the dissolution of the VVC particles. Given the
fact that the dissolution process is endothermic in nature, the presence of VC particles in
the system would consume a fraction of the energy input without participating in the
melting process. Hence, higher ey levels are needed in the composite systems to melt the
H13 particles and obtain highly dense samples efficiently. Due to the higher energy
consumption in composite systems with higher VC content, the observed trend in Figure
5-7 is justifiable. Microstructural observations, along with the XRD analysis results
provided in section 5.2.4, give evidence of such dissolution in the LPBF-processed

samples.
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Figure 5-10 Optical micrographs of the FGM-5wt.%VC samples fabricated by the

process parameters corresponding to (1-12) samples listed in Table 5-1. The insets in (d)

and (i) show higher magnification images of the corresponding composite side.

5.2.3 Surface quality

Figure 5-11 shows the top surface topography of the optimum (from the densification level
viewpoint) composites and monolithic H13 along with their arithmetic mean surface
roughness values (Sa). Compared to the composite parts with the S, values in the range of
6.2-7.9 pum, the monolithic H13 had a moderately higher S, of 10.1 um. This reveals the

superior surface quality of the optimum composite samples compared to their monolithic

137



Ph.D. Thesis — Morteza Narvan McMaster University - Mechanical Engineering

H13 counterpart. The obtained results are consistent with the findings of other research
studies performed on the LPBF of composites. According to the literature, the addition of
ceramic particles to the metallic materials up to a critical fraction can improve the surface
guality. For instance, Dadbakhsh et al. [49] showed that the addition of Fe,Os up to 10wt.%
to aluminum could reduce the surface roughness while 15wt.% Fe,O3 acted to increase
surface roughness. Based on another study conducted by Kang et al. [50] on LPBF
processing of WC/maraging steel composites, the addition of WC up to a critical amount
(10wt.%) resulted in superior surface quality compared to the monolithic maraging steel
counterparts. The underlying reasons behind the improved surface quality of composites

can be justified as follows:

(i) Increase in the temperature of the melt pool, which leads to lower viscosity of the
melt, and consequently facilitates the free flow of the molten material to fill inter-
track gaps and pores [51].

(ii) Enlargement of the melt pool caused by the enhanced absorptivity (Figure 5-6)
of the composite powder compared to its monolithic system.

(iii) Enhanced thermal conductivity of the powder and consolidated composite when
the reinforcing agent has higher thermal conductivity than the monolithic system

[50].

In this study, the addition of VC up to 5wt.% to the H13 tool steel was found to decrease
the surface roughness, meaning that the critical value beyond which the increase in VC
content would reduce the surface quality in this system is higher than 5wt.%. As discussed
in section 5.2.2, the optimum samples in the composites and monolithic H13 needed quite
different energy densities to be achieved. Therefore, when comparing the surface quality
of samples, the process parameters employed for their fabrication need to be also taken into
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consideration. Higher energy densities generally lead to melt pools with higher
temperatures and lower viscosities. The improved flow of the molten material under such
condition is one of the major factors which promotes obtaining a track with a smoother
surface and subsequently a layer with lower roughness. Besides, a higher temperature is
accompanied by larger melt pool dimensions, leading to increased inter-track overlap, and

consequently decreased surface roughness.
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Figure 5-11 3D surface topography from the top surface of optimum samples in (a)
1wt.%VC-H13, (b) 3wt.%VC-H13, and (c) 5wt.%VC-H13 samples in the as-built
condition. The image shown in (d) represents the top surface of monolithic H13 before
printing composite on top of it.
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5.2.4 Microstructural characterization

The XRD analysis results of the monolithic H13 as well as the 1wt.%VC-H13, 3wt.%VC-
H13, and 5wt.%VC-H13 composites are provided in Figure 5-12. The semi-quantitative
phase analysis results of the constituents present in the microstructures are listed in Table
5-2. All samples shared almost the same microstructure, predominantly consisted of
martensite. Except for the 5wt.%VC-H13 with a relatively low percentage of retained
austenite (=5wt.%), a considerable amount of retained austenite was also detected in the
microstructure of all samples (=20wt.%). The VC contents detected by XRD in the
fabricated composites were well below those of the starting composite powders. This
confirms their dissolution in the liquid H13 during the heating stage and then the inability
of the dissolved particles to fully precipitate in the cooling stage as a result of high cooling
rates associated with the process. The enrichment of the matrix with V and C elements
influences the martensite start (Ms) and finish (M) temperatures. While C decreases both
M;s and M;[52], the contrary is the case for V [53]. Up to 3wt.%VC, these two competing
effects seem to cancel out each other, leading to almost the same retained austenite content.
When it comes to the 5wt.%VC-H13 system, the dominancy of the effect of V seems to be
prevailing. However, the exact reason behind this sharp decrease in the fraction of the

retained austenite requires further investigation.

Phase analysis results also confirmed the presence of VC in the 3wt.%VC-H13 and
5wt.%VC-H13 composites (Figure 5-12 and Table 5-2). However, this phase was absent
in the case of monolithic H13 and 1wt.%VC-H13 systems. Although fast cooling rates
during the LPBF process hinder precipitation of VVC in the matrix in all cases, thermal
effects of upcoming layers on the previously consolidated layers can encourage the

precipitation of VC depending on the level of supersaturation. For instance, the level of
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supersaturation for 1wt.%VC-H13 was not high enough to trigger the precipitation of VC
upon exposure to thermal cycling. That is why negligible amounts of VC could be observed
in its final microstructure which would not be detected by XRD due to limitations with the
size and weight fraction resolution of this method. However, the precipitation was more
pronounced in 3wt.%VC-H13 and 5wt.%VC-H13 composites due to the higher levels of
(V+C) supersaturation. It should be borne in mind that limited precipitation of VC phase
occurs because of thermal cycling, meaning that considerable levels of (V+C)

supersaturation are still present in the matrix of all composites.

Table 5-2 Semi-quantitative phase analysis of the constituent phases in the microstructure

of the monolithic H13 and composites

) Volume percentage (vol.%)-
Weight percentage (wt.%)-Measured

Calculated
Sample Retained
Martensite . VC VC
austenite
H13 80.23 19.76 - -
1%VC-H13 75.02 24.98 - -
3%VC-H13 77.82 20.64 154 2.07
5%VC-H13 93.03 4.69 2.28 3.06
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Figure 5-12 XRD patterns of: (a) monolithic H13, (b) 1wt.%VC-H13, (c) 3wt.%VC-H13,
and (d) 5wt.%VC-H13 samples in the as-built condition. The insets in (c) and (d) are the

magnified views of the selected squares.
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5.2.4.1 Microstructure of the H13 side of FGMs

Figure 5-13(a) shows the overview of the microstructure for the monolithic H13 side of the
FGMs. Based on the micrograph at higher magnification provided in Figure 5-13(b), a
cellular microstructure is perceptible in which the core of the cells and the cell boundaries
are composed of martensite and austenite phases, respectively [54]. The band contrast
along with the inverse pole figures (IPFs) of the martensite phase in X, Y, and Z directions
are shown in Figure 5-13(c-f) to characterize the morphology of the martensite phase. The
prior austenite grains with almost equiaxed morphology are designated with a dotted line
in Figure 5-13(f). Figure 5-13(d-f) confirms the presence of lath-type martensite in the
microstructure of the monolithic H13. According to the literature, depending on the carbon
content, lath-type (<0.6wt.% C), plate-type (>1wt.% C) or a mix of them (0.6<wt.% C<1)
is expected to be found in the microstructure [55]. Since the carbon content in the

monolithic H13 is about 0.4wt.%, this observation is justifiable.
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Figure 5-13 SEM micrographs of monolithic H13: (a) overview, and (b) high-
magnification image of the dashed square shown in (a). EBSD micrographs: (c) band
contrast, (d) IPFX, (e) IPFY, and (f) IPFZ. “BD” refers to the building direction
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5.2.4.2  Microstructure of the composite side of FGMs

The SEM and EBSD micrographs of the 1wt.%VC-H13, 3wt.%VC-H13, and 5wt.%VC-
H13 composites are shown in Figure 5-14, Figure 5-15, and Figure 5-16, respectively.
Referring to Figure 5-14(a,b), the microstructure is fully cellular, meaning that the addition
of 1wt.%VC to the monolithic H13 did not change the solidification mode. The
microstructure of 3wt.%VC-H13 can still be characterized as cellular (Figure 5-15(a,b)),
the only difference being that the cell boundaries show some degrees of discontinuity.
When it comes to 5wt.%VC-H13, only a small region at the melt pool boundaries features
a cellular microstructure (Figure 5-16(a,b)), while columnar dendritic solidification mode

is dominant within the rest of the melt pool.

Based on the IPFs provided in Figure 5-14(d-f), the microstructure features lath-type
martensite similar to that of the monolithic H13. Referring to the XRD analysis results of
the 1wt.%VC-H13 system presented in Figure 5-12(b), the final microstructure was free
from VC precipitates, confirming the presence of dissolved V and C elements as
supersaturated solid solution in the matrix. The C content of 0.58wt.% was calculated in
the 1wt.%VC-H13 system, which falls within the lath-type martensite region. By excluding
the portion of C existing in the precipitated VC in 3wt.%VC-H13 and 5wt.%VC-H13
systems, the total amount of C present in the form of the supersaturated solid solution was
calculated to be 0.67 and 0.91wt.%, respectively, which both lie within the mixed
(lath+plate)-type martensite region. The IPFs presented in Figure 5-15, and Figure 5-16
confirm the presence of both martensite types in the final microstructure. It is worth
mentioning that the change in the type of martensite caused by the increase in the
incorporated VC validates the existence of a major portion of C (originating from VC

dissolution) as a supersaturated solid solution in the matrix.
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Figure 5-14 SEM micrographs of 1wt.%VC-H13: (a) overview, and (b) high-
magnification image of the dashed square shown in (a). EBSD micrographs: (c) band
contrast, (d) IPFX, (e) IPFY, and (f) IPFZ. “BD” refers to the building direction.
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Figure 5-15 SEM micrographs of 3wt.%VC-H13: (a) overview, and (b) high-
magnification image of the dashed square shown in (a). EBSD micrographs: (c) band
contrast, (d) IPFX, (e) IPFY, and (f) IPFZ. “BD” refers to the building direction.
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Figure 5-16 SEM micrographs of 1wt.%VC-H13: (a) overview, and (b) high-
magnification image of the dashed square shown in (a). EBSD micrographs: (c) band
contrast, (d) IPFX, (e) IPFY, and (f) IPFZ. “BD” refers to the building direction.
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5.2.43 Characterization of the interface in FGMs

According to Figure 5-8, Figure 5-9, and Figure 5-10, no sign of cracking or delamination
was observed at the interface, proving that the interface between the monolithic H13 and
composites is sound. The porosities in the composite side might also be present at the
interface. These porosities are associated with the process parameters and do not originate

from incompatibility between the two materials.

EDS line-scan analysis results revealed that there is a transition zone (TZ) at the interface
of the monolithic H13 and composites. In this zone, the composite powder deposited during
the LPBF process is diluted by the existing unprocessed H13 powder, which causes the
deviation of the VC content from the nominal value of the composite powder system. Such
deviation would fade away as the build progresses until it reaches the VC-H13 composite
zone. Figure 5-17 shows the variation in the V and Cr elements along the build direction
in a length of 3 mm covering the TZ. As it is evident, the intensity of Cr is almost constant
along the scanned line. However, the V content undergoes a sharp drop in TZ. The

thickness of the TZ in all FGMs is about 0.4 mm corresponding to 10 powder layers.
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Figure 5-17 Line-scan EDS analysis results of vanadium (V) and chromium (Cr)
elements in: (a) FGM-1wt%VC, (b) FGM-3wt%VC, and (¢) FGM-5%wtVC.
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5.2.5 Mechanical properties

5.25.1 Microhardness

The variation in the microhardness along the build direction (Z-axis) of the FGMs is
provided in Figure 5-18. Three distinct zones of monolithic H13, TZ, and VC-H13
composite can be distinguished based on the observed trend. As it is evident, the
microhardness in the H13 zone maintains the average of 600 HV, whereas, in the TZ, such
a value undergoes a sharp change due to the VC content variation from zero up to its
nominal value in each composite system. The level of jJump in the microhardness of this
zone was 76, 165, and 229 HV for FGMs containing 1, 3, and 5wt.%VC, respectively. The
microhardness profile in each FGM approaches an almost constant value in the VC-H13
zone. The average microhardness values corresponding to the composite zone of FGMs
with 1, 3, and 5wt.%VC were 700, 785, and 840 HV, respectively which are 17, 31, and

40% higher than that of the monolithic H13.
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Figure 5-18 The microhardness profile along the Z-axis (build direction) for FGMs
containing 1, 3, and 5wt.% VC.
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5.25.2 Nanohardness

Nanoindentation test was also performed to investigate the nano-mechanical properties of
the LPBF-processed FGMs. Figure 5-19(a) shows representative nanoindentation load-
displacement curves of monolithic H13 as well as composite sides of different FGMs. The
maximum penetration depth decreased from 536 nm to 515, 489, and 470 nm when 1, 3,
and 5wt.%VC are added to the monolithic H13. The lower penetration depth in the
composite side of FGMs clearly confirms their higher hardness compared to the H13 side.
The average nanohardness values obtained by several measurements in each side are
presented in Figure 5-19(b). The same trend as the microhardness is perceptible in the
nanohardness measurement results, the only difference being that the nanohardness values
were moderately greater than the corresponding microhardness values due to the well-

known indentation size effect [56, 57].
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Figure 5-19 (a) Representative nanoindentation load-displacement curves, and (b)
average nanohardness of monolithic H13 and 1wt%VC-H13, 3wt%VC-H13, and
5wt%VC-H13 composites.
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5.2.5.3 Hardening mechanism

As discussed before, the starting VC reinforcing agent experiences dissolution (rather than
melting) during the heating stage of the LPBF process. Due to the rapid solidification as
well as the thermal cycling induced by the layer-wise nature of the process, only a fraction
of the dissolved VC particles can find the chance to precipitate during the cooling stage, as
revealed by XRD analysis results (Figure 5-12 and Table 5-2). Therefore, the final
microstructure of composites is composed of a (V+C)-supersaturated solid solution
martensitic matrix along with small amounts of VVC precipitates dispersed in it. Although
the literature suggests the significant contribution of carbide forming elements (i.e., V, Cr,
and Mo) on the hardness improvement of tool steels through carbide formation, the results
obtained in this study demonstrated otherwise. To clarify, despite the negligible content of
VC reinforcement in the matrix of the fabricated composites (=0, 1.54, 2.28wt.%), the
hardness increased up to 250 HV based on the microhardness and nanohardness
measurement results. This clearly gives evidence of other factors playing a major role in
hardening of LPBF-processed VC-H13 composites. In the following, the contribution of
load-bearing (caused by the presence of reinforcement), non-equilibrium phase
transformation, and (V+C)-supersaturation hardening mechanisms are thoroughly

elucidated for the developed composites containing 1, 3, and 5wt.%VC.

Load-bearing mechanism: Incorporation of harder reinforcement into the softer matrix

generally leads to the improvement in hardness based on the rule of mixture [58-60]:

Hymc = V.Hy + VHpy, Eq. 4
where Hyye, Hy-, and H,, represent the hardness of the composite, reinforcement and
matrix, respectively. V,,, and ;. signify the volume fraction of matrix and reinforcement,

respectively in which V. is defined as (1-V;,).
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The term (V,.H,)) in Eq. 4 represents the hardness improvement through the load-bearing
mechanism. Therefore:

AHpoaa-bearing = VrHy Eqg.5
In order to analyze the hardening potential of VC reinforcement, the monolithic H13, as
well as the developed composites, were subjected to the standard austenitizing heat
treatment at 1050°C/30 min followed by furnace cooling down to the ambient temperature.
This thermal cycle allows the supersaturated V, and C elements to fully precipitate in the
matrix (Figure 5-21(b,c)). In addition, the martensite in the as-build condition transforms
to ferrite as a result of the furnace cooling. Therefore, the experienced phase
transformations during the heat treatment cycle can be summarized as follows:

M-y—a + carbides

According to the XRD measurement results in Figure 5-20, the dominant carbides in the
heat-treated samples were VC, while scant amounts of chromium carbides (e.g., CrsC,,
Cry3Cs, CrsCs) were also present. The semi-quantitative analysis results, including the
weight percentage of ferrite and VC phases, are listed in Table 5-3. As can be seen, the
monolithic H13 contains 1.12wt.% VC in equilibrium condition. Addition of 1, 3, and
5wt.%VC to H13 has increased the VC content of HT samples by 1.62, 2.8, and 4.22wt.%,
respectively. Figure 5-21(a) shows the microhardness measurement results on the heat-
treated FGMs. The difference between the microhardness of the monolithic H13 and
composite sides is merely attributable to the presence of a higher fraction of VC in the
latter. The average microhardness of H13 increased from 206 HV to 216, 221, and 230 HV
for 1, 3, and 5wt.% VC composites, respectively. This clearly shows the insignificant
contribution of VC to hardening behavior. Figure 5-22 shows the level of improvement in

hardness caused by higher volume fraction of VC in composites compared to the
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monolithic H13 in the heat-treated condition. The hardness improvement predicted based
on the rule of the mixture is also incorporated in this figure. It is self-evident that the

predicted values considerably overestimate the improvement in hardness due to the

presence of VC.
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Figure 5-20 XRD patterns of heat-treated: (a) monolithic H13, (b) 1wt.%VC-H13, (c)
3wt.%VC-H13, and (d) 5wt.%VC-H13 samples. The insets in (a) and (b) are the
magnified views of the selected squares.

Table 5-3 The weight/volume percentage of ferrite and VC phases in the heat-treated

monolithic H13 and composites containing 1, 3, and 5wt.% VC.

. Volume percentage (Vol.%)-
Weight percentage (wt.%)-Measured

Sample Calculated
Ferrite VC Ferrite VC
H13-HT 98.88+0.133 1.12+0.133 98.49 151
1%VC-H13-
97.16+0.151 2.7440.151 96.33 3.67
HT
3%VC-H13-
96.08+0.168 3.92+0.168 94.77 5.23
HT
5%VC-H13-
HT 94.66+0.188 5.34+0.188 92.92 7.08
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Figure 5-21 The microhardness profile along the Z-axis (build direction) for heat-treated
FGMs containing 1, 3, and 5wt.%VC.
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Figure 5-22 The improvement in microhardness of fabricated composites as a function of

the increase in VC content over that of the monolithic H13.

The reference line obtained to determine the contribution of VC reinforcement on the
hardness improvement (solid line in Figure 5-22) can be utilized to calculate the role of
load-bearing mechanism in the as-built composites. Referring to Table 5-2, the VC phase
is absent in 1wt.%VC-H13 composite; therefore, the hardening does not occur through the
load-bearing mechanism for this sample. In composites containing 3, and 5wt.%VC, the
increase in the volume fraction of VC compared to the monolithic H13 in the as-build
condition was 2.07 and 3.06%, corresponding to less than 10 HV improvement in

microhardness (Figure 5-22).

(V+C)-Supersaturation: The solid solution hardening is related to the interaction between

the mobile dislocations and the solute atoms. While several theories have been suggested
for explaining solid solution strengthening, the most relevant mechanisms are the elastic
interactions due to: (i) the size misfit, in which the difference between the size of solute

and matrix atoms induces a strain field, and (ii) the modulus misfit, where the difference
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in shear modulus of the solute and matrix atoms creates a hard or soft “spot” in the matrix
[61-63]. The formed local strain fields interact with dislocations and impede their motion,
resulting in the enhanced hardness [64, 65]. Compared to conventional manufacturing
processes with equilibrium condition, the non-equilibrium nature of LPBF process caused
by its extremely fast cooling rates can noticeably extend the solid solubility limit of
alloying elements in the matrix and lead to intensified solid solution hardening [66, 67]. In
comparison to the substitutional alloying elements, the larger size misfit
(Irmatrix — Tsotute)/ Tmatrixl,» Where r represents the atomic radius) provided by
interstitial alloying elements (i.e., carbon) can generate significantly stronger obstacles for
the movement of dislocations, leading to higher levels of solid solution strengthening [68].
Referring to the XRD results in Table 5-2, the VC contents in the composites were
noticeably lower than the contents added to the starting H13 monolithic powder, proving
the entrapment of V and C elements in the matrix caused by the fast cooling rates during
the LPBF process. Since the limited VC phase precipitated during the process in the
3wt.%VC-H13, and 5wt.%VC-H13 composites showed to have a negligible influence on
the hardness improvement (Figure 5-22), the significantly higher microhardness in these
cases (Figure 5-18) is mainly attributable to the presence of (V+C) in the form of
supersaturated solid solution. Figure 5-23 shows the hardness improvement as a function
of the atomic fraction of (V+C) in the form of supersaturated solid-solution in the matrix.
The supersaturation level was calculated from the difference between the VVC content added
to the monolithic H13 powder and the VC content in the composite parts after LPBF
processing obtained by XRD (Table 5-2). As shown in Figure 5-23, a linear correlation can
be established between the hardness improvement and the level of (V+C) supersaturation

(at.%) within the range of VC contents investigated in this study.
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Figure 5-23 The improvement in microhardness of fabricated composites as a function of
the increase in the level of (V+C) supersaturation over that of the monolithic H13.
It should be noted that the fraction of retained austenite is almost the same as that of the
monolithic H13 for 1wt.%VC-H13 and 3wt.%VC-H13 composites. Therefore, the whole
hardness improvement can be attributed to the supersaturation of V and C elements.
However, in the case of 5wt.%VC-H13, the fraction of retained austenite was noticeably
lower than other cases, which also can act to increase the hardness. In other words, the
hardness improvement reported in Figure 5-23 for this sample is overestimating the impact
of (V+C) supersaturation solid solution mechanism. On the other hand, as microstructural
characterizations revealed in Figure 5-14, Figure 5-15, and Figure 5-16 incorporation of
VC to H13 did not significantly affect the primary austenite grain size, meaning that the
hardness improvement through the Hall-Petch hardening mechanism is negligible for the

VC-H13 systems.
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5.25.4 Wear resistance

In order to investigate the wear resistance of the fabricated FGMs, ball-on-disk wear test
was performed in three different radii of 4, 6, and 8 mm for every single case to ensure
consistency and repeatability. The coefficient of friction (COF) as a function of the sliding
distance is shown in Figure 5-24(a-c). The mean values of COF in each composite, as well
as the monolithic H13, is provided in Table 5-4. Regardless of the VVC content, the mean
value of COF for all composites was almost the same as that of the monolithic H13.
Therefore, the addition of VC up to 5wt.% to H13 tool steel does not seem to influence the
magnitude of COF in LPBF-processed parts. Figure 5-24(d) represents the typical
measured depth profile of the worn tracks. The width and depth of the tracks were obtained
and used to calculate the wear rates listed in Table 5-4. The results revealed that the
incorporation of VC progressively improves the wear resistance of H13 up to 53%

corresponding to the 5wt.%VC-H13 composite.

The same discussion provided in Section 5.2.5.3 for the higher hardness of composites
compared to the monolithic H13 is also valid for their higher wear resistance. Figure
5-25(a) shows the COF versus sliding distance for 1wt.%VC-H13-HT at three different
radii of 4, 6, and 8 mm. By comparing the depth and width of the worn track in the as-build
(Figure 5-24(d)) and heat-treated (Figure 5-25(b)) 1wt.%VC-H13, it can be concluded that
the wear resistance significantly dropped in the heat-treated case. The wear rate in the heat-
treated sample was determined to be 76.7x10-5 mm?3/N.m, which is an order of magnitude
higher than the corresponding composite in the as-built condition. This clearly reveals that
the VC particles (also other carbides) precipitated in the ferritic matrix yield a noticeably

inferior wear resistance compared to that of the (V+C)-supersaturated martensitic matrix.
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It is worth noting that the mean COF after heat-treatment (0.66) is comparable to that of

the composite in the as-built condition.
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Figure 5-24 Coefficient of friction (COF) versus sliding distance in the radius of (a) 4

mm, (b) 6 mm, and (c) 8 mm. The depth profile for a typical worn track is shown in (d).

Table 5-4 The coefficient of friction (COF) and wear rate of monolithic H13 and

composites containing 1, 3, and 5wt.% VC.

Coefficient of friction (l) Wear rate [mm3/N.m]x10-°
Sample Standard Standard
Mean o Mean o
deviation deviation
H13 0.70 0.116 2.575 0.505
1%VC-H13 0.74 0.091 2.057 0.188
3%VC-H13 0.73 0.092 1.513 0.469
5%VC-H13 0.72 0.090 1.214 0.21
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Figure 5-25 (a) Coefficient of friction (COF) versus sliding distance in three different
radii of 4, 6, and 8 mm, and (b) the depth profile for the worn track of for the heat-treated
1wt.%VC-H13 composite.

5.3 Conclusions

In this study, functionally graded bi-materials having monolithic H13 at the bottom and
VC-H13 composites on top were fabricated via the LPBF process to assess the possibility
of improving the wear resistance of H13 tool steel. The following summarizes the main

outcomes:

1- Ideal composite powders (containing 1, 3, and 5wt.%VC) with almost spherical
H13 particles fully decorated by VC were successfully prepared by 1 h of ball
milling. Although decreasing the powder flowability (18-60% increase in the
specific energy) and conditioned bulk density (5-17%), the increase in the VC
content led to the enhanced optical absorption (15-30%) of the developed
composite powders compared to the monolithic H13 powder.

2- 1wt.%VC-H13 and 3wt.%VC-H13 were found to be highly processable since

almost defect-free parts (>99.5% relative density) were achievable in a wide range
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of energy densities. However, the addition of 5wt.%VC significantly degraded the
processability by narrowing down the energy density range leading to highly dense
parts. As the VC content increased, higher energy density levels were required to
obtain samples with the highest density. This was attributed to the endothermic
nature of the VC dissolution during the LPBF processing of composites which
consumes a fraction of the heat input subjected to the system.

In addition to their high density, the fabricated composites benefitted from surface
quality superior to that of the monolithic H13 counterpart (Sa of 6.2-7.9 um for
composites versus 10.1 um for H13).

The dominant phase in the microstructure of all samples was martensite. Except
for the 5wt.%VC-H13 system, a considerable amount of retained austenite was
also detected in all samples by the XRD analysis. The martensite type in 3wt.%VC-
H13 and 5wt.%VC-H13 changed to a mix of lath and plate compared to the lath-
type martensite in the monolithic H13 and 1wt.%VC-H13 cases. This confirms the
presence of C originating from dissolved VC particles in the form of a
supersaturated solid solution.

The hardening mechanism governing the improved microhardness, nanohardness,
and wear resistance was attributable to V and C elements as supersaturated solid
solutions in the matrix rather than precipitated VC particles.

Since all of the FGMs in this study could be successfully processed, selecting the
appropriate VC content depends on the level of improvements required for
hardness and wear resistance. Although the 5wt.%VC composite system possessed
the highest hardness and wear resistance among the others, its processability was

found to be limited to a relatively narrow window.
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Chapter 6

Summary and Conclusions

6.1 Summary and conclusive remarks

AISI H13 tool steel, is a Cr-Mo hot work tool steel that has found its way in a wide variety
of tooling applications owing to its high wear resistance, outstanding thermal fatigue
stability, and cost advantages. The excellent balance of these properties has introduced H13
tool steel as a prime candidate in many applications including, plastic injection molding,
die casting, and hot-extrusion industries. In the context of AM, LPBF processing of H13
tool steel could be quite challenging. H13 tool steel has been designed to be processed via
conventional manufacturing routes, like machining processes. H13 tool steel exhibits poor
printability with LPBF process (as well as low weldability) due to its high hardenability.
Once the laser moves away from the location of interest, the material in that location
undergoes fast cooling, and hence, hardens. Such a hardening brings about stresses since
the consolidated material is highly constrained, with a concomitant risk for cracking. To
make matters worse, the as-built parts usually suffer from pores, rough surfaces, distortions
originating from residual stresses, and loss of alloying elements, should the process

parameters are not chosen carefully.

The LPBF processing of H13 tool steel parts has been studied in the past decade. Most of

the studies concentrated on densification behavior of this alloy without bringing attention
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to the main hurdle in its application to the tooling industry which is its high cracking
propensity. This thesis focuses on defect development in LPBF processing of H13 tool
steel, through characterization of the as-built parts, and finally improving the wear
resistance of the monolithic alloy by developing FGM, via LPBF process.

The Process-Structure-Property (PSP) relationship of the H13 tool steel printed using
LPBF process was investigated. The H13 tool steel parts were printed over a broad range
of volumetric energy densities (VED). The relative density of the as-built material,
processed with and without preheating of 200°C, increased non-linearly with increasing
the volumetric energy density up to a value of about 60 JJmm? and then no significant
increase was observed. Application of the preheating not only enhanced the relative
density, but also it helped in eliminating the thermally-induced cracks. In fact, preheating
of the base plate was found to broaden the safe processing window of LPBF-manufactured
H13 tool steel. The best surface roughness achieved was 6.1 um. Due to un-melted
powders, further improvements in the surface roughness were not possible and parts need
to go through post-processing in case better finishes are required.

Moreover, as the other defect in the LPBF processing of the H13 tool steel, residual stresses
were investigated thoroughly via direct (i.e., XRD) and indirect (i.e., twin-cantilever beam
deflection) experimental measurements combined with the part-level simulations.
Contributing factors to the regime and magnitude of residual stresses in the LPBF-
processing of the alloy at hand were determined. According to the thermal gradient model,
the residual stress in the as-consolidated layer in LPBF process is usually tensile in nature.
However, in the case of H13 tool steel, the martensitic phase transformation not only
offsets the tensile stresses but also leaves behind a considerable amount of compressive

residual stresses, especially in the non-preheated scenario. The impact of martensitic phase
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transformation on the residual stress regime gets alleviated when preheating is applied.
Application of 200°C preheating not only helped to avoid the formation of cracks but also
led to the tensile stresses in the order of 300 MPa which are far away from the ultimate
tensile strength of the H13 tool steel. Hence, the fabricated as-built part can be regarded as
end-use components with no need for costly and time-consuming stress-relief post-
processing treatments. A sequentially-coupled finite element model was developed to
predict the beam deflections. It was found that ignoring the martensitic phase
transformation in the part-level simulation caused a discrepancy between the experimental
and simulation results of beam deflections. A solution was proposed to account for the
discrepancy between the experiment and the finite element results.

Finally, functionally graded bi-materials (FGM) having monolithic H13 at the bottom and
VC-H13 composites with VC contents corresponding to 1, 3, and 5wt.% on top were
fabricated via the LPBF process aiming at improving the wear resistance of H13 tool steel.
1wt.%VC-H13 and 3wt.%VC-H13 were found to be highly processable since almost
defect-free parts (>99.5% relative density) were achievable in a wide range of energy
densities. However, the addition of 5wt.%VC significantly degraded the processability by
narrowing down the energy density range leading to highly dense parts. As the VC content
increased, higher energy density levels were required to obtain samples with the highest
density. This was attributed to the endothermic nature of the VC dissolution during the
LPBF processing of composites which consumes a fraction of the heat input subjected to
the system. The mechanical properties of optimum samples were characterized through
microhardness, nanohardness, and wear tests. The incorporation of VC significantly
improved the mechanical properties, 17-40% in microhardness, 10-40% in nanohardness,

and 20-53% in wear resistance. The underlying reasons behind such an improvement were

172



Ph.D. Thesis — Morteza Narvan McMaster University - Mechanical Engineering

correlated to the dissolution of VC during the heating stage of the LPBF process and the
formation of (V+C)-supersaturated solid solution in large extents as a result of extremely
high cooling rates. These improvements introduce LPBF-processed FGMs as promising

candidates for applications in which wear resistance is paramount.

6.2 Strength, limitations, and future work

The effect of process parameters on the defect development during the LPBF processing
of H13 tool steel investigated in the current thesis helps to guarantee the reliable fabrication
of tools and dies, which in turn, facilitates the full-scale implementation of AM in the tool
and die making industry. Application of 200°C of preheating to the substrate not only
proves to be a cost-effective solution to the cracking problem of H13 tool steel in the LPBF
process (as apposed to the alloying method), but also improves the quality of the parts and
eliminates the need for costly stress-relief post-processing steps. A numerical model was
developed to predict the beam deflection of the LPBF-processed H13 tool steel. Moreover,
taking advantage of the unique capabilities of LPBF process in creating functional
materials, FGMs in this case, wear performance of the monolithic H13 was improved by
adding VC particles. This would imply enhanced productivity in an industrial application
which renders the obtained results in this research quite valuable.

On the flip side, there are still some limitations to the obtained results that would invoke
the necessity of the further studies as the future work. The finite element model proposed
in this thesis to predict the beam deflections in the LPBF-processed H13 tool steel applies
to a part-level analysis. Considering the multi-scale nature of AM processes, from a

computational perspective, incorporation of important physics that take place on a different
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scale to obtain accurate results, still remains a challenge. In this case, martensitic phase
transformation that occurs on a micron level brought about a large discrepancy between
the experimental and numerical results. Despite the fact that a customed solution (Only
applicable to H13 tool steel) to account for such a discrepancy was proposed in this thesis,
it is worthwhile to note that, a comprehensive finite element model that is applicable to
various materials still remains a void in the literature.

H13 tool steel is famous for its high toughness. However, the obtained high hardness in the
as-built condition (~52-56 HRC) after LPBF-processing might compromise this
stronghold. Of course, the required properties for the end-use components are directly
dictated by the nature of the application. In the applications such as plastic injection
molding where wear resistance is more needed that toughness, the as-built parts processed
with LPBF could potentially be regarded as end-use components. On the other hand, the
necessity of the proper heat-treatment cycles to attain a suitable balance between toughness
and hardness becomes obvious in the case of applications like close-die forging where
impact toughness of the die components plays a crucial role in the longevity of the tooling.
In this case, as-built components must be put through complicated and costly heat-
treatment post-processing. The same rationale applies to the case of the FGMs fabricated
with LPBF process in this thesis. The design of a proper heat-treatment cycles to obtain
desired properties for the case of FGMs with supersaturated-(V+C) in the martensitic
matrix would be an interesting topic of future work. Upon heat-treatment, VC would
precipitate in the matrix. Controlling the size of these precipitates and extent of
precipitation could potentially have significant role on the mechanical properties of the

components.
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Finally, the FGMs fabricated in this thesis are simple cylindrical samples that would act as
a proof of concept that how LPBF process can contribute to design of functional materials.
However, in the real industrial applications, the dies and the associated components posses
complex freeform geometries. Without a doubt, fabrication of functionally graded tools
and die with complex geometries with the current LPBF machines that have the capability
of delivering a monolithic powder would be a challenge. Retrofitting the current machines
with reliable powder delivery systems that can support multiple materials, is a technical

challenge that needs adequate attention.

6.3 Contribution

This thesis serves as an important step in dealing with the materials aspect of LPBF
processing of AISI H13 tool steel. The findings of this study have contributed to
understanding the influence of the LPBF processing parameters on the flaw development
of this commonly used hot-work tool steel. Also, this thesis extends the applicability of the
AM technology from “geometric design” to “functional material design”. Thus, paves the

way for the full-scale implementation of AM technology in tooling applications.
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