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ABSTRACT OF THE THESIS

The effect of heat treatments on the microstructure and hardness of hot-work chromium tool
steels manufactured by wire arc additive manufacturing

by
Taiki Thomas Shirai
Master of Science in Materials Science and Engineering
University of California, Irvine, 2022

Professor Diran Apelian, Chair

High pressure die casting remains a fast, cost-effective technique for manufacturing
complex automotive parts. The harsh working conditions that the molds endure make them
susceptible to corrosion and thermal fatigue. The metals utilized in molds are often expensive
and difficult to machine, necessitating proper maintenance to extend their lifespans. Straight
cooling channels in molds have been effective in extending the lifespans of these molds by
managing the temperature of vulnerable spots. However, straight channels are ineffective when
cooling complex geometries. In recent years, additive manufacturing (AM) has been deemed a
promising solution due to its ability to create near net shape parts with complex internal
geometries. Leveraging this ability, complex cooling channels can be created that conform to the
geometry of the mold. Research has been done on the additive manufacturing of a popular mold
material, H13 tool steel, using laser powder bed fusion. Unfortunately, the resulting parts have
issues with cracks and delamination from the substrate plate.

An emerging AM technique known as wire arc additive manufacturing (WAAM) has
demonstrated its ability to print H13 tool steel without cracks. Although successful, no work has

been done on heat treating these as-built structures to achieve the desired microstructure needed
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for use in high pressure die casting applications. In addition, most of the research has been done
solely on H13. In this study, H13 tool steel and two other hot-work chromium tool steels were
manufactured with WAAM and subjected to a conventional heat treatment consisting of:
annealing, austenitizing, and tempering. Due to the high hardness of the as-built condition,
samples were also taken directly through a tempering cycle after printing to determine the
viability of reducing the post processing time by more than 30 hours. The microstructures after
each heat treatment condition were analyzed and hardness tested. Despite their microstructural
differences when compared to the wrought state, the tool steels studied were able to be heat
treated conventionally and directly from the as-built condition to a desired range of 44 to 48. The
size of the alloy carbides strongly influenced the hardness of each tool steel after each heat

treatment.



Chapter 1: Introduction

1.1 Additive Manufacturing

Additive manufacturing (AM) is a process in which a three-dimensional object is built
layer by layer. Three-dimensional objects are designed with computer aided design (CAD) and
processed where the design is broken down a file layer-by-layer. A machine reads the layer-by-
layer file to manufacture the object. AM has several advantages. Since AM is based on CAD
files, anything that can be designed in CAD can be manufactured. Complex shapes with intricate
geometries that are impossible to attain with conventional manufacturing processes can be easily
created using AM. With this, multiple parts can be re-designed as one to reduce the overall
number of parts required for the assembly of a larger component [1]. For example using AM,
General Electric was able to reduce the part count on their fuel nozzle from 20 parts to a single
part as seen in Figure 1 [2]. This resulted in cost savings and eliminated the assembly of this fuel
nozzle, thus reducing manufacturing and lead times. Objects manufactured by AM are near net
shape, eliminating the need for extensive post process machining. Expensive, difficult to
machine materials such as titanium and hardened steels are of interest to save on machining time
and expensive equipment. While post-processing is still required for parts manufactured by AM
due to its step-wise surface finish, the scrap is significantly reduced. Parts manufactured
conventionally can yield scrap ratios up to 90% while parts manufactured by additive
technologies can yield scrap ratios up to 10% [3]. Parts can be produced on demand by AM so
long as feedstock materials are available. This advantage was highlighted when the world’s
supply chain fell apart during the COVID-19 pandemic, as businesses struggled to acquire the

necessary parts needed to continue their production. Businesses shifted their attention to AM as a



remedy to their supply chain issues. This shift has industry and researchers heavily invested in

AM to hasten its maturation as a viable production process.

Figure 1: GE fuel nozzle [2].
With the growing interest in additive manufacturing numerous techniques have been
developed over the past decade. The joint classification by the International Standards
Organization and the American Society of Testing and Materials (ISO/ASTM 52900:2015)
classifies these techniques into seven broad categories: binder jetting, directed energy deposition,
material extrusion, material jetting, powder bed fusion, sheet lamination, and vat
photopolymerization [4]. These categories can be further classified by their feedstock material or
their energy source. Several of these techniques can process materials such as ceramics,
polymers, and metals. A significant area of interest by universities and industry has been in the
processing of metals with AM. The techniques utilized in metal AM are binder jetting, directed
energy deposition, powder bed fusion, and a technique not captured by the ASTM classification
known as cold spray, a solid-state deposition process which relies on metallurgical bonding and
mechanical interlocking caused by the plastic deformation of powders upon impact [5]. A bulk

of research in metal AM has focused on powder bed fusion. However, due to its restrictions on



build volume and low deposition rate its applications are limited. While there have been many
efforts to increase the deposition rate of powder bed fusion, directed energy deposition (DED)
overcomes these limitations. DED is a process in which a focused heat source melts feedstock
material as it is deposited [6]. DED can be further subdivided based on its type of feedstock
material and heat source.

1.2 Wire Arc Additive Manufacturing

A technique similar in concept to DED that has gained recent attention is wire arc
additive manufacturing (WAAM). WAAM draws technology from traditional arc welding
processes such as gas metal arc welding (GMAW), gas tungsten arc welding (GTAW), and
plasma arc welding (PAW). Instead of joining pieces, the electric arc is used to melt wire
feedstock on to a substrate and previously deposited layers to form a three-dimensional object.

Figure 2 displays a simple schematic of the WAAM process.

Component_, =~

Substrate
Figure 2: Schematic of wire arc additive manufacturing process [7].

WAAM has been utilized as an AM process since the 1990°s and systems used standard
off the shelf welding equipment: welding power source, welding torch, and wire feeding systems
[8]. A robotic system moves the torch and wire feeding system, allowing for the deposition of the
melted material. In comparison to other metal AM processes, WAAM excels in deposition rate

as shown in Figure 3. WAAM owes its high deposition rate to its ability to print at the largest



layer thicknesses of all the metal AM process as seen in Table 1. Its deposition rate falls in
comparison to cold spray, but possesses better featural resolution. While cold spray possesses the
highest deposition rate it is also limited to processing only ductile metals since it relies on the
plasticity of the feedstock material. WA AM has the ability to handle any type of feedstock, even
brittle metals. In addition, WAAM does not require a protective enclosure to operate, thus

eliminating the restrictions on build volume.

1000 ¢

=

PBF

PBF — Powder bed fusion

10 DED - Directed metal deposition
WAAM - Wire arc additive
manufacturing

CS — Cold spray
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1

10 100 1000 10000
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Figure 3: Comparison of deposition rates and resolution between metal AM techniques [9].

Table 1: Comparison of commonly studied metal AM techniques.

DED LPBF WAAM Cold Spray
Max layer thickness (um) | 500 100 2000 1000
Maximum Build volume | 2000 x 1500 x 500 x 280 x  Theoretically 1000 x 1000 x
(mm x mm x mm) 750 320 Limitless 700
Surface Roughness (um) \ 25 20 500 40
References | [6] [10], [11] [11] [12]-[14]

With a high deposition rate and a theoretically limitless build volume, WAAM is extremely
attractive for the production of large structures. An example of this can be seen in Figure 4 where

MX3D constructed a 12-meter-long stainless-steel bridge in Amsterdam using WAAM [15].
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Figﬁre 4: MX3D Bridge in Amsterdam [15].

Despite its advantages, the electric arc used in WAAM produces an extensive amount of
heat that cause previously deposited layers to reheat and form thermal stresses. In some cases,
these stresses can exceed the yield stress of the material causing the part to delaminate and fail.
Furthermore, due to the large layer thicknesses structures manufactured by WAAM, parts are
often met with poor surface roughness. Ultimately, this necessitates post-machining and stress
relief cycles on all WAAM parts to achieve quality parts. Expensive, difficult to machine
materials such as titanium and hardened steels have been the focus of much research on WAAM
due to its potential for cost and material savings. The research done in this work will focus on
using WAAM to process one of these materials: tool steels.

1.3 Tool Steels

A tool steel is defined as any steel used to make cutting, forming, or shaping tools [16].
The major alloying elements in tool steels are tungsten, chromium, molybdenum, and vanadium.
These elements react with carbon to form high temperature carbides that increase the hardness of
the steels [16]. This is necessary since tool steels are subjected to extremely rapid, high loads and
high temperatures. Tool steels that are involved with forming metals at high temperatures are

known as hot work tool steels [17]. Hot work tool steels are heavily used in high pressure die
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casting, where a piston transports molten metal at a high velocity into a steel die [18]. Due to the
high temperature, high forces acting on the material there is a persistent desire to control the
thermal conditions in order to decrease cycle time and extend the life of molds [19]. Decreasing
cycle times and extending the lifetime of molds results in major cost savings. Straight line
cooling channels have conventionally been introduced into molds through drilling [20].
However, these are ineffective especially on curved cavities since the distance between the
cavity and the cooling line varies along its length as seen in Figure 5a, causing non-uniform
cooling rates. Non-uniform cooling rates can cause some areas to accumulate heat and be

vulnerable to thermal fatigue.
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Figure 5: Schematic of (a) straight drilled cooling channel, (b) conformal cooling channel [21].

With the ability to create complex internal geometries, industry has looked to additive
manufacturing to produce molds and dies with integrated cooling channels that conform to the
mold geometry, known as conformal cooling channels. These channels would be designed to be
equidistant with the features of the mold to provide uniform cooling rates across the cooling line
as seen in Figure 5b. While much literature has printed hot work tool steels with laser powder

bed fusion, a common issue is the formation of cracks in the printed microstructure [22].



In the limited literature on tool steels processed by WAAM cracking does not arise,
making WAAM attractive for conformal cooling applications. Most of the literature focuses on
H13. H13 has high hardness, toughness, and excellent thermal shock and fatigue resistance
making it an ideal material for molds and dies for casting applications [23]. All of the work done
with H13 report different microstructures. Wang et al. printed a thin wall of H13 tool steel and
found an mixed microstructure of martensite and bainite [24]. The authors concluded this
microstructure was caused by variations in local thermal history with no further elaboration. It is
unclear from the manuscript what these local thermal histories are and how they influenced the
formation of bainite and martensite in separate regions. The microstructures observed in H13
were further investigated by Ali et al. In their thin wall sample, the authors found a combination
of martensite, retained austenite, and tempered martensite in the bulk of the sample, while the top
was composed of martensite, carbides, and retained austenite [25]. They concluded this was due
to the distribution of heat during remelting. Remelting occurs in AM since the heat produced by
the heat source not only transfers to the feedstock material, but also to the substrate and
previously deposited layers through conduction. Remelting increases the temperature of the
lower layers to values above the martensite start temperature, initiating the transformation of
retained austenite to martensite while also tempering the previously formed martensite, thus
softening the layers [25]. Remelting also occurs in the overlap region between two depositions.
Ge et al. studied the effect of remelting in the overlap region by printing a block specimen. In the
overlap region the authors found ferrite and martensite, which contributed to fairly ductile tensile
behavior [26]. This contrasted the research done by Hackenhaar et al. who evaluated the effect of
three different deposition modes on the properties of H13. Hackenhaar et al. observed the same

tensile behavior for the modes evaluated: brittle tensile behavior [27]. While much preliminary



work focused on room temperature mechanical properties, Tanvir et al. studied the performance
of WAAM produced H13 at elevated temperatures. They discovered that these phases remain at
600 °C, but observed tensile properties below that of wrought values [28]. This is interesting
since the authors are comparing as-built properties with wrought material that has undergone
post processing heat treatment to attain a certain phase distribution. The as-built microstructures
are expected to differ from wrought microstructures, so a difference in mechanical properties is
expected. In order to truly compare wrought and WAAM processed tool steel the as-built
samples should undergo a heat treatment to achieve the desired microstructure for use in high
pressure die casting applications.

The conventional heat treatment process for tool steels is a multi-step process. First, parts
are taken through an annealing step to promote the growth of softer phases: ferrite and cementite.
This softens the parts for rough machining or cold working. After rough machining, parts are
taken to above the austenite formation temperature (As3) into the austenitizing region as seen in
the iron carbon phase diagram in Figure 6 to transform the body-centered cubic to a fully face-
centered cubic austenitic microstructure [29]. While at this high temperature the carbides begin
to dissolve and carbon atoms diffuse into the iron matrix [30]. The parts are then quenched
rapidly to initiate the martensite transformation for strengthening. During rapid quenching,
carbon does have enough time to escape the interstitial sites in iron and subsequently remain in
the lattice, causing the lattice to distort resulting in a change of crystal structure from a face-
centered cubic to a body-centered tetragonal [30]. This transformation strains the crystal lattice.
Since the martensite finish temperature is below room temperature, not all of the austenite is

transformed to martensite. The remaining austenite after quenching is called retained austenite.
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After the part has cooled from austenitizing it is taken to a temperature below the critical
temperature austenite formation temperature (A1). This is known as a tempering cycle. Here
interstitial carbon is allowed to diffuse out from the martensite to form alloy carbides or
cementite; alleviating the strain on the lattice while improving the toughness of the material [31].
Upon quenching, retained austenite goes through martensitic transformation. A secondary temper
is often used for applications where extremely low retained austenite content is required. Figure

7 displays the conventional heat treatment from start to finish.
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Figure 7: Conventional heat treatment process for tool steels.

This problem with the conventional heat treatment is its long duration. AM already
suffers from slow manufacturing speeds so a long post-processing heat treatment cycle makes
AM a less economically attractive manufacturing process [32]. Since AM produces structures at
hardness values similar to what is observed after austenitizing, there is interest in understanding
the feasibility of bypassing the annealing and austenitizing cycles and taking the as-built
structure directly to tempering. Eliminating the annealing and austenitizing step would cut the
post heat treatment time down by at least 30 hours or even more depending on the part geometry.
Since tempering alleviates lattice stresses, directly tempering would aid in stress relieving parts
manufactured by WAAM.

Therefore, the goal of this work is to understand the feasibility of taking tool steel parts
manufactured by WAAM through both a conventional heat treatment like a wrought material,
and a direct temper. The microstructure at each heat treatment step will be evaluated to
understand how the as-built microstructure responds to each heat treatment. The final

microstructures after a conventional heat treatment and a direct temper will be compared.
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Wrought H13 will undergo the same heat treatments to compare and contrast with the tool steels
manufactured by WAAM. This study will also aim to demonstrate the ability to print hot-work

chromium tool steel other than H13.
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Chapter 2: Materials and Experimental Methods

2.1 Materials

The H13 wire feedstock used in these experiments was provided by Eureka Welding
Alloys. Eureka Welding Alloys names their H13 wires, Eureka 31. Two types of H13 wire
feedstock were evaluated: cored and solid. The H13 cored wire is composed of a mild steel
sheath and core filled with deoxidizers, arc stabilizers, and elemental powder that make up the
H13 composition. Because of this, the price of the H13 cored wire from Eureka Welding Alloys
is one-third the price of the H13 solid wire. Figure 8 displays cross sections of cored and solid
wires for comparison. For comparison, wrought H13 was purchased from Tool Steel Service,
Inc. The supplied wrought H13 was delivered in its annealed state so there will be no

microstructural comparisons between the as-built condition and the wrought material.

Metal Cored Wire Solid Wire

Mild steel Elemental powder  H13 Alloy

Figure 8: Cross sections of metal H13 cored wire and solid H13 wire.

Two additional hot work chromium tool steels were evaluated for their excellent
properties in high pressure die casting systems: Dievar and QRO 90. These two feedstocks were
provided by Uddeholm. Dievar is a premium hot work tool steel developed by Uddeholm that
boasts excellent resistance to heat checking due to its superior ductility [33]. Heat checking is
surface cracking that occurs from repeated thermal fluctuations that commonly occur during high

pressure die casting [34]. QRO 90 is another premium hot work tool steel developed by
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Uddeholm that boasts improved resistance to heat checking due to its excellent high temperature
strength [35]. QRO 90 also possesses a higher thermal conductivity than other hot work tool
steels, allowing for the possibility of reducing cycle times and increasing productivity [35].
Wrought forms of these Uddeholm materials were not able to be purchased in time to conduct a
comparison, but is the subject of future work. A comparison of the chemical compositions is
listed in Table 2 below. For consistency all wire feedstocks had a diameter of 1.2 mm.

Table 2: Chemical compositions of the hot work tool steels studied in this work.

C Si Mn Cr Mo V Fe

H13 Cored [36] \ 0.35 0.80 0.80 5.00 1.50 1.00 Bal
H13 Solid [37] \ 0.35 0.80 0.80 5.00 1.50 1.00 Bal
Dievar [33] \ 0.35 0.20 0.50 5.00 2.30 0.60 Bal
ORO 90 [35] \ 0.38 0.30 0.75 2.60 2.25 0.90 Bal

2.2 Experimental Methods

Samples of each material were manufactured using a custom WAAM system developed
by Michigan Technological University. The system consists of a S350 Advanced Process Welder
power source from Lincoln Electric, Power Feed 25M Semi-Automatic Wire Feeder wire feeder
from Lincoln Electric, that are attached to a 3-axis CNC machine as shown in Figure 9. A part of
their custom WAAM system is a unique proprietary substrate plate. This along with a custom

print head are blocked out and will not be further discussed.
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Lincoln Electric’s Surface Tension Transfer® (STT) process was utilized. STT welding
is a Lincoln Electric developed short circuit transfer version of the GMAW process. In STT, only
current is adjusted to control the heat input. An initial background current is established to heat
the base metal and establish the arc. After the electrode contacts with the molten pool, the current
is reduced to ensure short circuiting. The current is then steadily ramped, this is known as a
pinch current, to initiate the separation between the metal droplet and the electrode. Right before
separation the current is reduced to induce droplet transfer to the substrate. Once the arc is re-
established, a high peak current is applied to push down the weld pool to prevent shorting and to

heat the deposition. The current exponentially decreases or tails out to the background current to
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regulate thermal input [38]. Figure 10 graphically displays the changes in current during STT. By
reducing the current at different times during the deposition process, the overall heat input of the

process is reduced. A lower heat input can reduce residual stresses, spatter, and solidification

defects.
PEAK TIME —| -——
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Figure 10: Graphical depiction of current values during the STT process [38].

BACKGROUND
CURRENT

Due to the vast changes in current, it was not recorded. The collaborators also wished to
keep the welding parameters confidential. The unique mild steel substrate was not preheated and
100% industrial grade argon was used as a shielding gas. To create an 85 mm x 15 mm x 110
mm sample, the deposition of each layer started at (0, 0, z) on to the proprietary mild steel
substrate. A single continuous bead that traced the perimeter of sample was deposited followed
by a straight, continuous bead to fill in the inside. Figure 11 displays the deposition path. Prior to
the deposition of the next layer, the electrode moves back to the origin and raises a specified z
height. There was no dwell time between layers. The printed samples of H13 Cored, H13 Solid,

Dievar, and QRO 90 are displayed in Figure 12(a), (b), (c), and (d) respectively.
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Figure 11: Deposition path used to print the as-built samples. The X denotes the starting point for
each layer. The red arrow represents the initial straight bead and the blue arrows represent the
subsequent deposition along the perimeter of the first deposition.

o

Figure 12: Images of the as-deposited samples for (a) H13 Cored, (b) H13 Solid, (c) Dievar, and
(d) QRO 90 produced by Michigan Technological University.
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Samples were sectioned using the Buehler AbrasiveMet M for use in microstructure and
mechanical property evaluation. Sections of the as-built walls were chemically analyzed using
the SPECTROLAB S arc spark optical emission spectrometry (OES) to observe any changes in
composition that may occur during the printing process. Three hardness measurements using the
Rockwell C scale were taken along the height of the build with the Wilson Rockwell 574
machine to observe any variations. Prior to all heat treatments, samples were protected in
stainless steel tool wrap with paper to mitigate decarburization. After quenching, all samples
were lightly ground to remove any possible decarburization layer. H13 samples were annealed at
850 °C for 30 minutes and slow cooled at a rate of 30 °C/hour until a temperature of 432 °C, then
quenched in still air. Dievar samples were annealed at 850 °C, slow cooled at a rate of 10
°C/hour until a temperature of 600 °C, and then quenched in still air. QRO 90 samples were
annealed at 820 °C, slow cooled at a rate of 10 °C/hour until a temperature of 650 °C, and then
quenched in still air. All annealing treatments took place in a Nabertherm convection furnace.
After annealing, samples were austenitized at various temperatures between 1000 °C and 1050
°C with a Thermolyne 30400 muffle furnace. The temperatures trialed for each material is listed
in Table 3 below. All of the annealed samples were preheated to 600 °C, 850 °C, then to the
desired temperature to prevent thermal shock that may occur due to the change in volume when
ferrite transforms to austenite [34]. Samples were soaked at temperature for 30 minutes and then
quenched in still air. Austenitizing temperatures that would provide the as-built hardness were
chosen based on curves from technical data sheets from an H13 database and Uddeholm. These
curves are shown in Appendix A. Temperatures were varied to in case the different starting
microstructure affected the response to austenitizing. After quenching, hardness was measured to

identify which temperatures reached the as-built hardness.
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Table 3: Temperatures used for the austenitizing trials (AT).

ATI AT2 AT3
HI13 Cored \ 1010 °C 1030 °C 1050 °C
H13 Solid \ 1010 °C 1020 °C 1030 °C
Dievar \ 1000 °C 1010 °C 1020 °C
ORO 90 \ 1010 °C 1020 °C 1030 °C

New sections were annealed, austenitized, for the tempering trials. Tempering
temperatures that were expected to reach a hardness value within the range of 44 to 48 Rockwell
C were chosen based on curves from technical data sheets from Eureka Welding Alloys and
Uddeholm. These curves are shown in Appendix B. As-built samples were subjected to the same
tempering temperatures as in Table 4. After tempering, all samples underwent hardness testing.

Table 4: Temperatures used for the tempering trials (T).

T1 172 13
HI13 Cored \ 615 °C 625 °C 635 °C
H13 Solid \ 615 °C 625 °C 635 °C
Dievar \ 580 °C 600 °C 620 °C
QORO90 \ 610 °C 630 °C 650 °C

All of the samples from each heat treatment step were mounted in phenolic mounting
powder by the Buehler Simplimet 4000 hot mounting system. Samples were ground, then
polished to mirror like finishes using the Buehler AutoMet 250. Samples were etched using a
solution of 2% Nital reagent, rinsed in deionized water, and then in 4% Picral reagent to evaluate
the phases produced from each heat treatment step. Etching times varied between samples and
was done until the microstructure was observed. Images were taken at 2000X using the Evident

Scientific digital microscope to view microstructural features.
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Chapter 3: Results and Discussion

3.1 Evaluation of the as-built condition

Table 5 displays the expected and measured chemical composition of each tool steel in
the as-built condition. The expected chemical compositions were taken from technical data
sheets provided by Eureka Welding Alloys and Uddeholm. The as-built H13 cored sample
showed no major differences in chemical composition from its expected values. The silicon
content is slightly higher than the expected value but is still within the acceptable range set by
ASTM A681-08 [39]. The silicon content for H13 can be as high as 1.25 wt%. The as-built H13
solid sample showed some significant differences. The measured manganese content is lower
than expected. Manganese losses have been observed in welding of steels since its vapor
pressure 1s much higher than that of iron so it has a greater tendency to evaporate [40]. The
power inputted into the deposition of the H13 solid sample may be too high and cause
evaporation of the manganese. Since there was no dwell time, manganese evaporation could
happen. The major alloying elements in the as-built Dievar did not vary significantly from its
expected chemical composition. The as-built QRO 90 sample deviated greatly from its expected
chemical composition. Silicon, manganese, and molybdenum were measured higher than
expected. A conversation with Uddeholm revealed that these elements are intentionally raised in
their QRO 90 wires so that the tempering curve of base material and wire match when the weld

rod is welded to QRO90. The measured values for those elements in QRO 90 were expected.
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Table 5: Comparison between the expected chemical compositions from technical data sheets
and chemical compositions measured via OES for H13 Cored, H13 Solid, Dievar, and QRO 90.
The measured values in green are within the specification while the values in red are outside the

specification.

C Si Mn Cr Mo V Cu Fe

Expected [36] 035 080 0.80 500 150 1.00 <0.10 Bal
Measured 035 1.02 076 500 143 104 004 Bal
Expected [37] 035 080 0.80 500 150 1.00 <0.10 Bal
Measured 036 087 030 526 123 089 043 Bal
. Expected [33] 035 020 050 500 230 060 004 Bal
Dievar Measured 030 0.18 041 512 238 051 085 Bal
Expected [35] 038 030 075 260 225 090 004 Bal
Measured 030 085 130 285 289 087 034 Bal

HI3 Cored

H13 Solid

ORO 90

While the major alloying elements were relatively within expectations, samples built
from H13 solid, Dievar, and QRO 90 reported unexpected amounts of copper. The sample made
of H13 cored wire feedstock showed minimal presence of copper. In order to understand if the
presence of copper in these samples was a result of equipment error, wrought H13 was analyzed
using ark spark OES. Table 6 compares the expected and measured chemical compositions of
wrought H13. The measured chemical compositions of wrought H13 agree well with the
expected composition.

Table 6: Comparison between expected chemical compositions from technical data sheets and
chemical compositions measured via OES for wrought H13.

C Si Mn Cr Mo |14 Cu Fe

‘ Expected 040 1.05 042 520 128 095 <0.10 Bal

Wrought 113 Measured 038 098 039 501 129 091 006 Bal

A discussion with the collaborators at Michigan Technological University revealed that a
copper coating was added to the H13 solid, Dievar, and QRO 90 wire feedstocks. Coating wires
with copper is a common practice in traditional welding to improve the conductivity of the wire.

The H13 cored wire feedstock was coated with graphite to improve its conductivity. Improved
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conductivity allows for a more stable; a consistent arc reduces the formation of imperfections in
the deposition [40]. As a result, the presence of copper in those three feedstocks are expected.
Literature suggests that copper content affects the microstructure of tool steels. In cold
work tool steels, Kang et al. observed that the microstructure after austenitizing had an increased
fraction of retained austenite resulting in a decreased hardness value. The authors theorized this
was because copper stabilizes austenite so during quenching more austenite will be retained [41].
More retained austenite in the quenched condition means that during tempering the steel might
experience hardening as more martensitic transformation occurs. A secondary temper becomes
necessary to soften the newly formed martensite. The authors also observed that copper
suppressed the formation of M23Cg carbide, affecting the strengthening this precipitates provides
[41]. Unfortunately, no mechanical testing was done to understand the influence of these
precipitates on the mechanical properties. From literature, it can be inferred that the
microstructures of the wire feedstocks with copper will have contain more retained austenite.
After chemical analysis, hardness measurements were taken on the as-built condition
along the height of the sample. In Figure 13, hardness measurements slightly increase along the
build height for all four tool steels. This softening of lower layers is a result of reheating. During
the deposition of a new layer, heat generated by the arc is applied to the feedstock. This heat also
reheats previously deposited layers. The solidified layers reach a range of temperatures often
depending on the distance from the new layer. Locations further away from the latest deposition
may reach temperatures that cause grain and precipitate growth while locations closer to the
latest deposition can experience temperatures above melting and re-solidify with the latest layer.
This is known as reheating and occurs in all molten additive manufacturing processes. In steels,

the martensite transformation starts at a certain temperature. For the tool steels studied, the start
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temperature sits between 300 °C and 400 °C [33]—-[35]. As the freshly deposited layer cools, the
martensite transformation temperature is reached, causing the austenite to transform to
martensite. Since the martensite finish temperature is below room temperature for H13 and
Dievar, some austenite does not transform. This is known as retained austenite. The martensite
finish temperature for QRO 90 is above room temperature, so retained austenite should not be
present [35]. As the build increases in height, layers close to the deposition reach temperatures
either above melting or below. Parts of the layers that do reach the melting temperature simply
remelt and solidify with the latest deposition. Parts that do not reach the melting temperature but
are heated to within the austenitizing temperature range experience austenitic transformation
[25]. Parts that do not reach the austenitizing temperature range experience martensitic
transformation and martensite tempering [25]. Even though the layers are not kept at temperature
for a sufficient duration of time, some softening is expected. The last layers to be deposited are
not reheated and do not undergo any martensite tempering. As a result, the hardness of the

samples increases along the build direction.
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Figure 13: Rockwell Hardness Scale C measurements along the height of each sectioned
specimen at 15 mm, 70 mm, and 110 mm from the substrate.

Upon sectioning the samples from Figure 12 large amounts of porosity were revealed at
various locations in the build. Figure 14 displays these cross sections and the red circles highlight
the defects found in the sample. Samples of H13 Cored and Dievar had defects as large as 2 mm
in length, while samples of H13 Solid and QRO 90 both had a defect as large as 10 mm in
length. Defects as large as these would be detrimental to the mechanical properties of the sample,

so these samples were not machined into test coupons [42].
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Figure 14:\ Créss sections o a) H13 Cored, (b) H13 -Sdlid, (c) Dievar, and (d) QRO 90 with red
ovals showing large sized porosity at different locations in the builds.
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Samples were further sectioned into 15 mm thick samples for metallographic inspection.
Figure 15 shows the unetched optical micrographs from around 70 mm from the substrate in the
as-built condition. All tool steels were produced with porosity and without cracks. In the sections
analyzed, image analysis calculated that all the samples had relative densities higher than 99.5%.
Porosity in WAAM is either categorized as raw-material induced or process-induced [43].
Spherical pores mainly originate from the wire feedstock and substrate plates. These surfaces can
be contaminated due to improper handling. Moisture, grease, and other hydrocarbons can be
easily absorbed into the molten pool and create gas bubbles that get trapped in the metal during
solidification [44]. Cleaning the feedstock and substrate materials with acetone or surface
grinding can mitigate the formation of these defects. Pores can also form due to the evaporation
of high vaporization pressure elements [45]. Enforcing a dwell time between layers would allow
for some of the gas pores to escape during solidification. Samples in Figure 15 (a) and (b)
contain spherical pores. The wires and substrate were not cleaned prior to deposition so those
spherical pores are a result of contamination. The pores in the H13 solid sample could also be
formed from the evaporation of manganese. Irregularly shaped pores are processed-induced. If
the power is not sufficient, incomplete melting or spattering may occur during deposition [46]. If
not fully melted, the feedstock will not be able to fill the gaps between depositions, leaving
behind large voids, known in AM as lack of fusion voids. Process-induced porosity can be
remedied through adjustments in processing parameters to ensure complete melting or the
reduction of space between deposition tracks. Figure 15(c) shows a lack of fusion void.
Increasing the power used to melt the wire feedstock or reducing the distance between

depositions would eliminate this defect.

25



Figure 15: Stitched micrographs of the as-built condition (a) H13 Cored, (b) H13 Solid, (¢)
Dievar, and (d) QRO 90 in bright field.

Figure 16 displays the etched optical micrographs of the as-built samples in dark field
imaging. Dark field imaging provided a better view of the grain structure. All four tool steels in
the as-built condition possess large, vertically oriented columnar grains. Some of the columnar
grains are millimeters in length. Coarse, columnar grains are typical in materials processed by
AM [47]-[49]. During solidification, grains tend to grow epitaxially following the direction of
the maximum temperature gradient formed from the welding torch [50]. Once formed, reheating
of subsequent layers allows for these columnar grains to grow. Growth occurs along the <100>
direction parallel to the local heat flow direction for cubic materials [51]. This results in the

formation of large, vertically oriented columnar grains. The unidirectional orientation of the
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grains results in anisotropic mechanical properties as observed by Wang et al. [24]. Anisotropic
properties create complexity when it comes to part design. Each orientation must be tested and
analyzed to provide engineers an understanding of whether the proposed design will survive
expected load cases. Columnar grains are advantageous in parts like blades where unidirectional

properties are desired. In most cases isotropic mechanical properties are desired to erase the

complexity that arises from anisotropy.

Figure 16: titched optil irographs of etched H13 Coed, H13 Sold, Dievar, and QRO 90
taken in dark field.

Figure 17(a-d) display the microstructures of the etched samples at 2000X using
differential interference contrast (DIC). DIC was used to further contrast the martensite and

austenite. Figure 17(a) displays the microstructure of H13 cored. The phases visible under
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optical microscopy are austenitic grain boundaries, tempered martensite, and ferrite. The
tempered martensite is represented by the coarse laths. A group of needle-like martensitic laths
that follow the same direction is called a martensitic lath packet [52]. The martensite packet is
represented by the textured, elevated regions while the globular, shallow regions are ferrite.
Since the examined sample was taken at the middle of the build height, the martensite was
tempered due to exposure to high temperatures from remelting. Since the martensite finish
temperature for H13 is below room temperature, retained austenite should be present in the
microstructure. It is possible that the amount of retained austenite is too low to observed with
optical microscopy as values below 15% are difficult to view with optical microscopy [53]. X-
ray diffraction is commonly used to calculate the amount of retained austenite in ferrous metals
with high accuracy.

The H13 solid sample in Figure 17(b) shows a network of smooth shallow regions.
Tanvir et al. observes these features in their H13 samples processed by WAAM and verified this
was austenite through energy dispersive spectroscopy (EDS) [28]. Furthermore, cast H13 tool
steel possessed these same white networks after etching [45]. These smooth, shallow regions are
white when imaged in bright field. These images are located in Appendix C. Thus, it can be
reasonably assumed that these features in this work are retained austenite. The H13 solid wire
contained more copper which stabilizes austenite. Thus, less austenite is transformed into
martensite resulting in more retained austenite in the microstructure after cooling. The sample
made of Dievar in Figure 17(c) had similar microstructure as the H13 solid sample. The Dievar
wire feedstock was also copper coated so a similar fraction of retained austenite is to be
expected. The QRO 90 sample had the least amount of retained austenite out of all four tool

steels. Since the martensite finish temperature is above room temperature little retained austenite
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should be present in the final microstructure. The globular shallow regions in Figure 17(d) may

be ferrite.

Figure 17: Optical micrographs using differential interference contrast of the microstructure of
(a) H13 cored, (b) H13 solid, (c) Dievar, and (d) QRO 90 at 2000X. The scale bars on each
image are 20um in length.

Spherical particles are observed in all four feedstocks. It is important to distinguish

whether these particles are carbides, pores, or a combination of both. Picral reagent outlines the

carbides in tool steels [53]. As shown in the bright field images in Appendix C, the spherical
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particles were not affected by the etching process. The samples etched sufficiently in Picral
because of its success in etching the annealed microstructures that shown in the next section. It is
believed that these observed spherical particles must be pores. Ge et al. characterized the
porosity using X-ray computerized tomography and observed spherical gas pores sized as low as
2.8 um [55]. Image analysis on the unetched images measured the sizes of the spherical particles
and the measurements are displayed in Table 7. These particles are close to the diameters
measured by Ge. From literature, the size of the carbides in additively manufactured tool steels
are observed as small as 5 nm and as large as 100 nm [28], [55], [56]. Carbides have been
observed to be rod like in shape with lengths as long as 225 nm [28]. The diameters measured in
the current work are vastly different from those measured in literature. As a result, the spherical
particles are likely gas pores.

Table 7: Average diameters of the spherical particles in the unetched micrographs of all four as-

built microstructures.
Average diameter (um)

HI3 Cored | 1.861
HI3 Solid | 0.707
Dievar | 0.982
QRO 90 | 1.115

Carbides should be present in all four microstructures. The most common carbides that
exist in hot work chromium tool steels are MC, MsC, M7Cs, and M23Cs [57]. This distribution of
each varies with chemical composition. As observed by Tanvir et al. and Huang et al. using
scanning electron microscopy (SEM) the carbides are located on the ferrite, retained austenite,
and along the austenitic grain boundaries [28], [54]. Visualizing and identifying each carbide is
impossible without the aid of scanning electron microscopy and EDS. Understanding the

differences in the distribution of carbides in all four microstructures would contribute to a total
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understanding of how the microstructure is different from wrought and its response to heat
treatments.

In summary, all four wire feedstocks were printed successfully without the presence of
cracks. While the as-built condition of all four tool steels possessed porosity, process parameters
can be adjusted and feedstocks can be properly prepared to eliminate these defects. Three-
dimensional non-destructive testing such as computed tomography (CT) would provide a
detailed understanding of the defects size, shape, and location for an entire part for a given
parameter set. CT would be a more systematic method for detecting defects than cross
sectioning, ensuring that an ideal processing parameter set would produce defect free parts.

The high heat input generated by WAAM resulted in large, columnar grains for all four tool
steels, signaling anisotropic mechanical properties. In addition, the high heat input also reheats
previously deposited layers to temperatures in the tempering range, softening the martensite. As
a result, the hardness of the sample decreases down towards the substrate. Along with softened
martensite, the microstructure of all four feedstocks contains retained austenite, newly formed
martensite, ferrite, and carbides. Copper was seen to promote the retention of austenite in H13
solid and Dievar microstructures. Its absence in the H13 cored microstructure promoted its
transformation to martensite during remelting. QRO 90 has a martensite finish temperature
above room temperature so despite its high copper content, most of the austenite was
transformed to martensite upon quenching.

3.2 Comparison of the wrought and WAAM processed microstructure in the annealed
condition

Tool steels are commonly hot worked to produce fine, equiaxed grains and then annealed
to relieve stresses formed and soften the material [58]. Figure 18(a) displays the microstructure

of wrought H13 sample in its as-received annealed condition. The grains are so fine that they
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cannot be seen in the overview image. At 2000X the ferrite grains can be seen in Figure 18(b).
These grains are microns in diameter and are equiaxed. The carbides and cementite are
represented by the barely visible dots in the matrix. The soft ferrite matrix in the annealed state

makes machining tool steels easier.

Figure 18: Micrographs of wrought annealed H13 (a) stitched overview image and (b) image at
2000X magnification in differential interference contrast to highlight ferrite grain structure.

LR Ve

Figure 19 displays the etched micrographs of all four tool steels after annealing heat
treatment. It is apparent that the columnar grains are not eliminated after annealing. More energy
to trigger recrystallization in the form of higher temperatures and/or soak times must be used to

break down the columnar grains as demonstrated by Asala et al. [59].
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Figure 19: Stitched optical micrographs of etched annealed (a) H13 Cored, (b) H13 Solid, (¢)
Dievar, (d) and QRO 90 taken in dark field.

While the columnar grains did not change, the microstructural phases desired appeared in
all four samples after annealing. The micrographs of all four feedstocks in Figure 20 display
ferrite grains. The ferrite grains are slightly elongated and oriented with respect to the large
columnar structures. Since recrystallization did not occur the grains keep their orientation which
is parallel to the heat source during deposition. The carbides were prevalent in the H13 solid and
Dievar sample and are represented by the dark circular outlines in between ferrite grains. The
carbides are less distinguishable in the H13 cored and QRO 90 sample as they are represented by
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the extremely fine dots in the microstructures. The carbides seen in the WAAM processed tool
steels are all larger than the carbides seen in the wrought form. This is likely because of
differences in starting microstructure prior to annealing. The hot-working procedure prior to
annealing the wrought H13 sample must have produced carbides finer than those produced by
WAAM. Distinguishing between alloy carbides and cementite is impossible using light
microscopy; SEM would provide identification of the precipitates present in the microstructure.
Hardness was measured on these annealed samples, but the values were very low that the
machine could not measure the indents on the Rockwell C scale. Thus, hardness values are not

displayed in this research for the annealed samples.
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Figure 20: Bright field optical miaphe microstructure 0 (a) H13 ored, (b) H13 slid,
(¢) Dievar, and (d) QRO 90 at 2000X. The scale bars on each image are 20um in length.

In summary, wrought H13 and tool steels processed by WAAM exhibit different grain
structures. Wrought H13 has fine, equiaxed grains while H13 processed by WAAM has coarse,
columnar grains. The annealing process did not transform the columnar grains to equiaxed grains
because there was not enough energy to initiate recrystallization. Higher temperatures and soak

times are required to transform the columnar grains in tool steels processed by WAAM. The

carbide sizes in the WAAM processed tool steels appeared larger than that of the wrought H13
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sample. This is likely due to differences in starting microstructure. While the grain structures and
carbide sizes were different, the phases formed during the annealing procedure are similar for
both the wrought and WAAM processed. The desired ferrite grains and carbides are observed in
both the wrought and WA AM processed tool steel microstructures. As a result, the standard
annealing procedure can be used on tool steels manufactured by WAAM.

3.3 The effect of increasing austenitizing temperature on hardness
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Figure 21: Rockwell hardness measurements at each austenitizing temperature for all four tool
steel feedstocks.

Figure 21 displays the hardness measurements at austenitizing temperatures between
1000 °C and 1050 °C. For both H13 feedstocks, the hardness increased with increasing
austenitizing temperature. This increase is likely due to strengthening of the martensite. When
steel is heated into the austenite region, a fully austenitic matrix is formed. The carbides formed
from annealing start to dissolve and carbon starts to diffuse into the austenite matrix [60]. During
fast quenching the carbon rich austenite retains much of the carbon during martensitic

transformation [61]. An increase in temperature would facilitate a faster dissolution rate of
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carbides and a faster diffusion of carbon to the austenite since diffusion is driven by temperature
[62]. Increasing carbon content in the martensite strengthens it [63]. Measuring the carbon
content in the martensitic areas with EDS would validate if more carbon was present in the
martensite at increasing austenitizing temperatures. Nanoindentation on the martensite packets
for each austenitizing temperature would validate the strengthening of the martensite as a result
of this increased carbon content. While the increased carbon content stabilizes the austenite
against phase transformation, the increased amount of retained austenite is not large enough to
significantly soften the matrix due to the low carbon content of H13 [64]. A change in the
fraction of retained austenite was not seen in the microstructures for both H13 feedstocks in
Figure 22. X-ray diffraction (XRD) would provide a quantitative insight on the evolution of
retained austenite at increasing austenitizing temperatures. As a result, the higher austenitizing
temperatures hardened both H13 feedstocks.

It was observed in Figure 21 that at 1010 °C, the H13 cored feedstock was harder than
the H13 solid feedstock. The lower hardness of H13 solid feedstock is likely because of the
increased copper content. Similarly, to how the as-built condition of H13 solid had more retained
austenite than the H13 cored microstructure, copper stabilizes the austenite and slows the
martensitic transformation during quenching from the heat-treatment [41]. At 1030 °C however,
the H13 solid was harder than the H13 cored. This is likely due to grain growth in the H13 cored
sample at this temperature. Copper in low carbon steels has been shown to refine the austenite
grain size by enhanced solute drag [65]. Kang et al. saw grain refinement in high-carbon, high-
chromium martensitic steels with increasing copper contents [41]. Because H13 solid has more

copper than H13 cored, it is plausible that at this temperature the grains in H13 cored grew while
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the grains in H13 solid did not grow. Finer grain sizes provide strengthening so the H13 solid

would be harder than the H13 cored.

ATI AT2 AT3

H13 Cored

H13 Solid

Figure 22: Microstructures of H13 Cored and H13 Solid at increasing austenitizing temperatures.
The scale bars on each image are 20um in length.

As observed in literature this trend of increased hardness with increasing temperature is
not expected to maintain at higher austenitizing temperatures. At a certain high enough
temperature, the carbides completely dissolve and the material will lose the strengthening effects
from secondary hardening [66]. Furthermore, grain growth occurs at elevated temperatures.
While the grains did not grow significantly with the austenitizing range tested, they are expected
to grow at increased temperatures [63]. A complete dissolution of carbides and grain growth
contribute to softening of the tool steel at elevated austenitizing temperatures. It is expected that

a maximum hardness where the strengthening and softening mechanisms will reach equilibrium.
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Looking at the hardness measurements from Dievar and QRO 90 in Figure 21 it appears
that this maximum hardness was achieved. For Dievar the hardness plateaus between 1000 °C
and 1020 °C while QRO 90 observed the same results between 1010 °C and 1020 °C. No
obvious differences in martensite or retained austenite content were detected in Dievar and QRO
90 across all austenitizing temperatures as shown in Figure 23. In addition, both Dievar and
QRO 90 feedstocks contain copper so theoretically grain growth should not occur [41]. This
hardness plateau is most likely due to the behavior of the carbides at temperature. The Dievar
and QRO 90 feedstocks have twice as much molybdenum than the H13 feedstocks. In tool steels,
molybdenum reacts with carbon to form M,C carbides [67]. These carbides dissolve at
temperatures above 750 °C and react with iron to form MsC carbides [67]. M¢C carbides
dissolve at temperatures above 1150 °C and have dissolution rates that are slower than the other
metal carbides like M23Cg [68]. With increased molybdenum contents, Dievar and QRO 90
should have a larger distribution of M>C and thus, more MsC carbides during austenitizing. The
temperatures used for Dievar and QRO 90 are lower than the M¢C dissolution temperature, so
the M¢C carbides should not dissolve. If the carbide dissolution is low, the amount of dissolved
carbon present in the austenite should remain relatively constant. The carbon content in the
martensite then should remain constant at increasing temperatures. As a result, the martensite
should not strengthen as seen in the hardness measurements from Dievar and QRO 90. SEM and
EDS would be needed to image and identify the carbides to compare their sizes at increasing
temperatures and compare the MsC distribution with the H13 feedstock.

Since the hardness values measured for QRO 90 were lower than that of the as-built, an
alternative quenching media was used. A sample of QRO 90 was heated to 1030 °C and then

quenched with forced air. Forced air was used to accelerate the cooling rate. A faster cooling rate
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results in stronger martensite as less carbon is allowed to escape the austenite so more carbon
remains in the lattice structure as it transforms to the BCT martensite structure [69]. Quenching
in forced air resulted in an increase in hardness close to the as-built hardness. Comparing the
carbon contents in formed martensite during still air quenching and forced air quenching would
validate this result. The cooling rate needs to be measured so that it may be replicated when

quenching larger sized QRO 90 parts.

AT1 AT2 AT3

Dievar

QRO 90

Figure 23: Microstructures of Dievar and QRO 90 at increasing austenitizing temperatures.
QRO 90 at AT3 was heated to 1030 °C, but quenched in forced air to promote martensite
transformation. The scale bars on each image are 20um in length.

3.4 Comparison of the microstructures from the as-built and the austenitized condition

Even though austenitizing has demonstrated the ability to reach the same measured
hardness as the as-built condition, the microstructures are different. This is expected as both

conditions have different thermal histories. To understand how these differences result in similar
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hardness measurements the quenched microstructure must be analyzed and compared to the as-
built condition. As mentioned in section 3.1, the as-built microstructure consists of martensite,
tempered martensite, retained austenite, fine carbides, and ferrite.

Looking at the austenitized microstructures in Figure 24, the quenched martensite appears
finer than the as-built condition, indicating that these are un-tempered. Tempered martensite is
not expected after this heat treatment cycle since the newly formed martensite is not reheated
after quenching like in the as-built condition. The H13 solid and Dievar samples have the same
smooth network regions as the as-built condition. Surprisingly enough, the austenitized QRO 90
looks to have these same features as well. This is expected since all three feedstocks contain
copper which stabilizes austenite. Optically, the amount of retained austenite in austenitized H13
solid and Dievar look similar to their as-built conditions. A more quantitative comparison of the
retained austenite should be done with XRD measurements in order to make a conclusion. QRO
90 in the austenitized condition has more retained austenite than its as-built condition. This
difference is likely attributed to the differences in thermal history. The heat-treated samples are
removed from the furnace and cooled uniformly to room temperature. However, during additive
manufacturing the retained austenite is reheated to high enough temperatures to cause martensitic
transformation. Since the heat-treated QRO 90 was not reheated after quenching it should
contain more retained austenite than its as-built condition.

It 1s difficult to compare the H13 cored sample due to large fraction of porosity in both
samples, but it is likely that the austenitized sample has more retained austenite than the as-built
for reasons similar to QRO 90. While not visible with optical microscopy, the size of the
carbides in both microstructures must differ. The as-built condition has a distribution of fine

cementite and carbides. During annealing the M>C carbides dissolve to form MeC, while
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cementite and the other carbides grow. As previously mentioned the M>C carbides dissolve to
form M¢C carbides [67]. During austenitizing, the remaining M7C3 and M23Cs carbides start to
dissolve. Complete dissolution is not expected until 1100 °C for these carbides [70]. The MsC
and MC carbides may grow as their dissolution temperature exceeds 1100 °C; the temperatures
used for austenitizing do not exceed 1050 °C in this work[67], [71]. The MsC and MC carbides
after quenching are larger than the sizes of the carbides in the as-built condition. The degree of
dissolution of the M7C3 and M23Cs carbides is unknown so they could be larger or smaller than
their sizes in the as-built state.

It is likely that the matching hardness values of the as-built and austenitized condition are
a result of differing, but equal in magnitude strengthening and softening mechanisms. It is
possible that the strengthening from martensite formation during austenitizing is equivalent to
the secondary hardening from the fine carbides in the as-built condition. It is also possible that
the softening from the larger carbide size after austenitizing is equivalent to the softening from
martensite tempering. This would explain how equivalent hardness values can be achieved with
differing microstructures in tool steels. An in-depth characterization of the carbide sizes with

SEM is required to verify these points.
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Dievar H13 Solid H13 Cored

QRO 90

Figure 24: Microstructural comparison between the as-built and austenitized condition with
equivalent hardness values. The scale bars on each image are 20um in length.
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The wrought H13 sample was austenitized under the same conditions as the H13 solid
sample. The wrought H13 sample had a hardness of 55 HRC which is slightly harder than that of
the hardened WA AM processed sample. Since the quenching conditions were the same, the
discrepancy in hardness must be due to the differences in grain size. Figure 25(a-b) displays the
microstructure of hardened wrought H13 and hardened WAAM processed H13. After
austenitizing the grains in the WAAM processed H13 remains large, columnar while the grains
in the wrought form are too fine to see at this magnification. Figure 25(c) shows a magnified
view of the wrought microstructure where the fine grains are revealed. While an accurate
measurement of the grain size was not done, it can be seen that the WAAM processed grains
millimeters in size while the wrought grains are micrometers in size. Finer grain sizes typically
result in higher hardness values [72]. Thus, the wrought H13 sample is harder than the WAAM

processed H13 sample due to its fine grains.

44



3 HL o (RS

Figure 25: Images of the austenitized microstru?:ttires of the (a) WAAM processed H13, (b)

wrought H13, (c) wrought H13 viewed at 2000X in bright field imaging. The scale bar in (c) is
20um in length.

In summary, it was demonstrated that annealed WAAM processed tool steels can be
hardened back to their as-built hardness. Two trends were observed with increasing austenitizing
temperature. The H13 feedstocks observed an increase in hardness with increasing temperature,
due to the strengthening of martensite. The Dievar and QRO 90 observed no change in hardness
with increasing temperature as the martensite was not strengthened as a result of the decreased

dissolution of carbides during austenitizing. While increasing temperature did not increase the

hardness for QRO 90, increasing the quench rate was successful. The microstructures of the
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austenitized WAAM processed tool steels consisted of un-tempered martensite, ferrite, retained
austenite, and carbides. The austenitized microstructures consisted of a smaller fraction of
retained austenite, ferrite, and larger carbides than the as-built microstructure. Different thermal
histories caused this difference in microstructures. When comparing the WAAM processed H13
with wrought H13 under the same heat-treatment conditions, wrought H13 was harder due to its
finer grain size.

3.5 The effect of tempering temperature on the hardness of conventionally heat-treated
samples

570 580 590 600 610 620 630 640 650 660
Tempering Temperature (°C)

——H13 Cored ——HI13 Solid —e—Dievar —e—QRO90

Figure 26: Rockwell hardness measurements at each tempering temperature after austenitizing
for all four tool steel feedstocks.

Figure 26 displays the hardness measurements at each tempering temperature. It is shown
that tempering WAAM processed tool steels was able to soften the material down to the
desirable hardness range of 44 to 48 HRC. This was expected since at temperature, carbon
diffuses out from the martensite structure to form ferrite, cementite, and alloy carbides [62].
Dislocations induced from the martensite transformation are also annihilated, reducing the

hardness [73]. Each tool steel saw a decrease in hardness as temperatures increased. This can be
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explained with the concept of diffusion. Since diffusion is driven heavily by temperature,
diffusion occurs rapidly at higher temperatures [62]. Increasing temperatures accelerates carbon
diffusion out of the martensite, providing more carbon atoms to the carbides promoting growth
[63]. Less carbon in the martensite decreases its strength [74]. As a result, the coarsening of
carbides indicates weakening of the martensitic structure. The presence of carbides large enough
to observe can be seen in Figure 27. In tempered microstructures the carbides form in between
martensitic laths and along grain boundaries [75]. After all the tempering trials for H13 solid and
QRO 90, the carbides are represented as the brown-colored regions in the tempered martensitic
regions and along grain boundaries in Figure 27. The carbides in these two feedstocks are visible
because they have coarsened to a size observable with light microscopy. The brown-colored
regions grow larger with increasing temperature as well. The carbides in H13 cored and Dievar
are not visible because they might still be small and not observable with light microscopy. SEM
would provide details on the size of these carbides. With large carbides it is expected that the
H13 solid and QRO 90 would have low hardness values. As shown in Figure 26, H13 solid and
QRO 90 have lower hardness values than H13 cored and Dievar. The difference in carbide size
also explains why H13 cored is harder than H13 solid after identical tempering treatments. In
order for H13 cored and Dievar to reach the same hardness values, temperatures for tempering
have to increase to grow the carbides. As a result, an increase in temperature produces a weaker
martensite, larger carbides and a lower hardness value.

Since the martensite start temperature sits around 300 °C, retained austenite transforms to
martensite upon quenching from tempering. Thus, the tempered microstructure should have a
significantly reduced amount of retained austenite. The microstructures for each tool steel at each

tempering temperature is displayed in Figure 27. As shown the smooth network-like features are
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absent from all the tool steel microstructures, suggesting a significantly reduced amount of
retained austenite. As previously mentioned, retained austenite under 15 percent is difficult to
view with optical microscopy, so it can be concluded that all four feedstocks after tempering
have less than 15% retained austenite. XRD would provide quantitative results on the retained
austenite content after tempering. Although martensite formed during quenching, the
strengthening from martensite transformation is outweighed by the tempered martensite and
coarsened carbides. The fraction of retained austenite present after hardening is very low
compared to the fraction of martensite. A low fraction of martensite will be formed during
quenching compared to the large fraction of the matrix that was softened during tempering. Thus,
all four tool steel feedstocks experienced softening after tempering.

Some of the microstructures in Figure 27 have porosity. These pores are not a result of
heat treatment. Since the process parameters have not been optimized and the feedstock not

thoroughly cleaned, the as-built samples are expected to have gas porosity.
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Hardened

Figure 27: Tool steel microstructures at increasing tempering temperatures The leftmost column
shows the microstructure in the as-built state. The scale bars on each image are 20um in length.
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3.6 The effect of tempering temperature on the hardness of samples in the as-built
condition

54
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Figure 28: Rockwell hardness measurements at each tempering temperature when taken directly
from the as-built state for all four tool steel feedstocks.

Figure 28 displays the hardness measurements at each tempering temperature. Similar to
the conventionally heat-treated samples, tempering directly from the as-built state can soften the
material down to the desirable hardness range of 44 to 48 HRC. Softening occurs because of the
diffusion of carbon from the tempered martensite to the fine carbides, coarsening them [75].
Residual stresses that formed during the deposition process may have also been relieved while
tempering [40]. The hardness decreased with increasing temperature much like the
conventionally heat-treated samples. The discussion of temperature’s impact on the rate of
carbon diffusion in the previous section applies to this trend as well. SEM and EDS of the
martensite and carbides would help to verify the distribution of carbon in martensite and

coarsening of the carbides. Since the as-built condition has retained austenite, martensitic

50



transformation upon quenching is expected. Like the conventionally heat-treated samples, the
smooth network like structures in the as-built state are also absent after each tempering trial as
shown in Figure 29. With the absence of these features, the retained austenite content must be
less than 15%. Further analysis with XRD would provide a quantitative measurement of the
retained austenite content. The directly tempered microstructures exhibit the same coarsening of
carbides in the H13 solid and QRO 90 samples. The carbides are the brown-colored regions in
between the martensitic laths and along grain boundaries. Similarly, increased tempering
temperature resulted in larger carbides in both feedstocks. Hardness measurements decreased as
the carbide regions became more visible. Because of this it is fair to assume the decrease in
hardness for H13 cored and Dievar feedstocks are a result of coarsening carbides. The carbides
are still fine enough to where they are not observable with optical microscopy, but SEM would

be used to understand the sizes of them.
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Figure 29: Microstructures of tool steel feedstock that were tempered from the as-bullt state. The
leftmost column shows the microstructure in the as-built state. The scale bars on each image are
20um in length.

While both H13 feedstocks and QRO 90 softened as expected during tempering, as-built
Dievar strengthened during tempering at 580 °C and 600 °C. For reference, the as-built hardness

was 50 HRC. This strengthening may be attributed to martensitic transformation upon quenching

from heat-treatment. However, the H13 solid and Dievar as-built microstructures similar
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contents of retained austenite, so it may not be from the strengthening from martensite formation.
It has been shown that the tempering response is dominated by strengthening due to martensitic
transformation rather than softening in steels with high copper contents [41]. However, this
strengthening was only observed when tempering Dievar directly from the as-built condition.
Both the H13 solid and QRO 90 samples softened after tempering. Furthermore, the H13 solid
and Dievar as-built microstructures while had differing copper contents, but similar contents of
retained austenite, so strengthening from martensite formation does not seem to be the cause.

A look into the differences in chemical composition might shed light on this observation.
Since H13 and Dievar have different molybdenum and silicon contents, the type and size of
carbides formed is expected to be different. Molybdenum in tool steels tends to form M>C
carbides and silicon promotes the formation of MsC carbides [67]. With double the amount of
Mo and significantly less silicon in Dievar than H13, it is possible that more M>C carbides
precipitated out in Dievar during tempering compared to MsC carbides. M>C carbides are harder
than MeC carbides, which may suggest why Dievar experienced hardening after tempering as
opposed to the other feedstocks [57]. Understanding the size and distribution of these carbides in
SEM or TEM would further support this explanation.

In an attempt to soften as-built Dievar to the desirable hardness range, the as-built sample
was subjected two tempering cycles at 600 °C and 620 °C. As shown in Figure 28, the second
tempering cycle softened Dievar to the desirable hardness range. During the second tempering
cycle, the martensite formed from the first temper softened due to carbon diffusion and growth of
carbides. The microstructures of Dievar from each tempering cycle is shown in Figure 30. The

carbide regions are larger to a point where they can be observed with light microscopy at each
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temperature after a secondary temper. Therefore, taking as-built Dievar through a secondary

temper caused the carbides to coarsen significantly, resulting in the lower hardness values.

600 °C 620 °C

Single Temper

Double Temper

Figure 30: Microstructural comparison between a single and double temper on WAAM
processed Dievar at 600 °C and 620 °C. The scale bars on each image are 20um in length.

3.6 Comparison of the conventional heat treatment cycle and the directly tempered cycle

It can be inferred from Figure 26 and Figure 28 that the tempering responses of the
austenitized and the directly tempered samples differed. The deviation of hardness measurements
at each temperature for the conventionally heat-treated tool steels was much lower than that of
the directly tempered. This can be attributed to the uniform microstructure of ferrite and carbides
produced from annealing. Subsequent heat-treatments will yield a uniform as a result. In the as-
built condition, the microstructure is non-uniform. Due to remelting, the microstructure can vary

along the height of the build. As a result, the hardness will vary slightly.

54



The average hardness values for the directly tempered samples were higher than those for
the conventionally heat-treated samples. This is likely due to the difference in size of the
carbides prior to tempering. Up to a certain size, the carbides in tool steels are coherent with the
matrix [76]-[78]. After this critical size, the carbides lose coherency with the matrix and
decrease the effect of secondary hardening [79]. Since the austenitized carbides are thought to be
larger than the as-built carbides, tempering would only further grow the remaining M7C3, M23Cs,
MC, and MC carbides, making them more incoherent with the matrix. As a result, the carbides
after a conventional heat treatment are larger than those after a direct temper and contribute to
this difference in hardness. The fact that the tempering response between the conventionally
treated and directly tempered Dievar differed weakens the argument that the differences in initial
retained austenite content caused this difference in hardness after tempering. It is possible that
carbides in the as-built Dievar condition grew to the critical size after a single temper at 580 °C
and 600 °C and then lost coherency at 620 °C. Understanding the evolution of carbide size
during heat-treatment with SEM or TEM is necessary to further these claims.

The wrought H13 sample was austenitized at 1030 °C and tempered at 615 °C for two
hours so that a direct comparison can be made to the WAAM processed H13 solid sample.
Figure 31 showcases the resulting microstructure in DIC. The prior austenite grain boundaries
appear to have a brown color which was assumed to be a chain of carbides. Visible carbide
regions and small ferritic regions indicates a soft matrix. The measured hardness for this sample
was 44 HRC which is softer than the WAAM processed H13 after conventional heat treatment
and direct temper. When comparing the microstructures, the wrought H13 had coarser carbides
and more ferrite. It is likely that due to the fine grains, the carbon atoms travel a shorter distance

to the grain boundaries where carbides remain after tempering [75]. A decrease in distance

55



would increase the concentration gradient between the carbides in the grain boundaries and the
carbon in the martensite. The concentration gradient is the driving force for diffusion so at this
temperature diffusion occurred sooner than the WAAM samples resulting in an increased
migration of carbon atoms to the boundaries, thus coarsening the carbides to sizes larger than the
WAAM processed ones [62]. With larger carbides and more ferrite, wrought H13 has a lower

hardness value than WAAM processed H13.

'y

Figure 31: Microstructure of Wrogt H13 after tempering at 615 °C for 2 hours. The scale bars
in this image is 20um in length.

In summary, the tempering cycles both in the as-built state and after austenitizing were
able to soften all four feedstocks down to the desirable range of 44 to 48 HRC. Both conditions
experienced increased softening with increased tempering temperature due to internal stress
relief and carbide coarsening. However, the as-built Dievar hardened when exposed to the first
tempering cycle, so a secondary tempering cycle was used to achieve the desired hardness value.
This is likely due to the growth of the carbides to the critical size causing an increase in strength
due to secondary hardening. An additional temper or higher temperatures is necessary to overage

the carbides so that they are incoherent with the matrix. The hardness values from the directly
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tempered samples were on average higher than those of the conventionally heat-treated samples.
The carbides before tempering were larger in the conventionally heat-treated samples, leading to
an overall decrease in hardness. When compared to both WAAM processed H13, wrought

tempered samples were softer due to larger carbide sizes and more ferrite regions.
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Chapter 4: Conclusions

In this work two types of H13 feedstock, Dievar, and QRO 90 were printed using

WAAM without the presence of cracks. Gas porosity and lack-of-fusion defects remained an

issue, but can be remedied with proper preparation of the feedstock material and process

optimization. All of the WAAM processed tool steels underwent a conventional heat treatment

cycle and were able to achieve the desirable hardness range of 44 to 48 HRC. WAAM processed

tool steels were also subjected to a single temper from the as-built state and achieved the same

desired hardness range. In addition to these main conclusions, this work was able to demonstrate

the following conclusions:

Cored H13 wire feedstock performed similarly to the solid H13 wire feedstock. Slight
differences in the austenitizing and tempering behavior are a result of the copper content
in the H13 solid feedstock.

Copper in H13 feedstock stabilized the austenite which resulted in more retained
austenite contents than the graphite coated H13 cored feedstock.

While the annealing procedure softened all four feedstocks, the columnar grain structure
remained. It is necessary to increase the temperature and/or soak times to drive the
recrystallization of equiaxed grains.

Annealed WAAM processed tool steels can be hardened back to its as-built hardness.
Increased austenitizing temperature resulted in an increase in hardness for both H13
feedstocks likely due to the strengthening of the martensite from carbide dissolution.
Increased austenitizing temperature had no effect on the hardness for Dievar and QRO 90
feedstocks since the highly thermal stable carbides did not dissolve. A consistent carbon

content remained in the austenite and thus the martensite was not strengthened.
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Most single tempers on the austenitized and as-built conditions were successful in
achieving the desired hardness range of 44 to 48 HRC. The as-built Dievar was the only
sample that did not soften to this range. A second tempering cycle was successful in
softening the as-built Dievar to the desired hardness range.

Increased tempering temperature resulted in a decrease in hardness for most of the tool
steel feedstocks due to the depletion of carbon in the martensite, carbide coarsening, and
relief of internal stresses from the martensitic transformation. The as-built Dievar
experienced strengthening likely due to the carbides coarsening to the critical precipitate
size.

Wrought H13 consisted of fine, equiaxed grains while the WAAM processed H13 had
large, columnar grains. The fine grains contributed to the higher hardness value after
austenitizing when compared to the WAAM processed samples at the same condition.
The fine grains increased the driving force of carbon diffusion to the carbides causing

them to coarsen at a faster rate than the WAAM processed samples.
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Chapter 5: Future Work

While hardness measurements correlate with the strength of the material, tensile
properties are necessary to truly understand the mechanical properties of the material. Another
property that is critical in casting applications is toughness. In high pressure die casting, dies
need to have high toughness to prevent the formation of cracks from thermal fatigue at the tool
surface [34]. To measure toughness, Charpy impact samples should be made and tested.
Furthermore, due to the columnar grains anisotropy in mechanical properties is expected. Tensile
and Charpy impact samples along the build direction and perpendicular to the build direction
need to be created to evaluate the anisotropy. These tests must be carried out to truly understand
the differences between the conventional heat treatment and the directly tempered heat treatment,
the difference between cored and solid H13 feedstock, and the effect of copper on the
mechanical properties. These mechanical properties should be compared to wrought values to
determine if WAAM processed tool steels are superior to wrought tool steels.

The feedstock material and substrate material should be properly cleaned to eliminate the
moisture and grease that create gas porosity. Process optimization must be done to eliminate the
large lack-of-fusion defects because of their detrimental effect on mechanical performance. By
varying the voltage and travel speed, the inputted powers that produce defect free
microstructures would be revealed. Varying the wire feed rate is another parameter to look at as
it determines how much is deposited per time interval. X-ray CT on each sample should be
considered as it would be a more reliable tool in porosity detection than cross-sectioning.

Once a defect free microstructure is achieved, the microstructure of each tool steel should
be evaluated with advanced characterization techniques. The identity and size of the carbides at

each condition should be evaluated with SEM and EDS. For fine carbides TEM might be a more

60



trustworthy technique for identification and measurements. By understanding the distribution
and size of the carbides, the differences in tempering response for the conventionally heat treated
and directly tempered samples can be more definitively understood.

To have a complete understanding of the effect of copper on the microstructure and
mechanical properties, feedstocks of the same material should have wires with and without a
copper coating. For example, an additional H13 cored wire with a similar copper coating should
be evaluated to provide a direct comparison. Additionally, wrought Dievar and QRO 90 samples
should be evaluated and heat treated to compare with the WAAM processed feedstocks. Using
XRD to quantitatively measure the retained austenite contents in all conditions would provide a
better understanding of the effect of copper on the amount of retained austenite after heat
treatments as well as how effective the single temper was in reducing the retained austenite

content.
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Appendix A: Austenitizing Curves
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Figure 32: Effect of austenitizing temperature on hardness of hot-work chromium tool steels
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Figure 33: Hardness, grain size, and retained austenite as functions of austenitizing temperature
for Uddeholm Dievar [33].
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Figure 34: Hardness, grain size, and retained austenite as functions of austenitizing temperature
for Uddeholm QRO 90 [35].
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Appendix B: Tempering Curves
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Figure 35: Tempering curves for H13 tool steel [34].
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Figure 36: Tempering curves for Uddeholm Dievar [33].
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Figure 37: Tempering curves for Uddeholm QRO 90 Supreme [35].
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Appendix C: Bright field images of the as-built condition

Figure 38: Etched microstructures of (a) H13 cored, (b) H13 solid, (¢) Dievar, and (d) QRO 90 at
2000X using bright field imaging to show the smooth white network regions. The scale bars on
each image are 20um in length.
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