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Chapter 1 Introduction

Introduction

The additive manufacturing (AM) industry has grosignificantly since the first
patent was granted in 1986 [1]. The global metal polymer AM market size in 2021
was valued at EUR 8.33 billion [2]. AM has sinceobred into one of the most
promising future-oriented manufacturing technolagjg]. Because of the transition
of AM from rapid to functional prototyping [4], AMhas historically been used in
diverse industries, including aerospace and autde®b], [6], [7].

Among the AM techniques, directed energy deposif{idBD) is suitable not only
for part fabrication from scratch but also for disar metal joining, partial coating,
graded metal creation, repairing damaged parts,caedting functionally improved
materials [8], [9]. This is because DED allows dutdial materials to be added to an
existing workpiece in specific areas. To maximizege features and improve
productivity, a new type of hybridization that coinés DED with traditional
subtractive machining process has been studied [LBlis, DED has had a high
adoption level in industry, especially in aerospficq, [12].

DED enables the addition of high hardness matetatbe surface of inexpensive
base materials in critical areas, thereby reduamanufacturing costs and waste.
Consequently, DED applications have recently spipagkasingly into new industrial
fields, producing hard facing of molds and diesdu® cold press forming processes,
gear teeth, bearing seats, rotary cutting dies,md shaft [13], [14]. Furthermore,
wear resistant coating and cladding fabricatiorD3D has been rapidly increasing,
with alloy tool steels and other materials ofteafprred [15]. Specifically, high-speed
steel and Stellite, a Co-based superalloy, areallyi used in hard facing applications
[16], [17].

For these applications, maintaining both hardnesd preventing cracking is
paramount. However, a trade-off is made betweer higrdness and low crack
frequency. Predicting and controlling hardness analcks remains a challenge;
therefore, determining the appropriate depositionditions is crucial. To obtain the
appropriate deposition conditions, researchers ipusly focused on melt pool
condition as one index to predict the propertiea deposited workpiece and evaluate

the relationship between the melt pool conditiond geometry of the deposited test
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pieces [18]. The obtained results have been udlize control the laser power and
feed rate for maintaining the melt pool temperatatethe desired value during
deposition processes. However, achieving the dégjpometry does not necessarily
mean that better mechanical properties will be inletdh Therefore, understanding the
mechanical properties that are temperature-histependent is important because the
DED process includes melting and solidification legc

Some studies have attempted to obtain the depositiaditions for high hardness
materials through experiments. Rahman et al. fooudthat the micro-hardness of
laser metal deposited vanadium-rich high-speed stadd be improved by increasing
the laser processing speed [19]. Tekumalla et ralestigated the hardness and
microstructure of high-speed steel with differerdnadium content ratios [20].
However, few studies discuss how the temperatustohi should be controlled or
attempt to control or design the temperature hystdra practical level.

Moreover, many researchers have used various agpesain an attempt to
suppress or prevent cracking of the deposited natesubstrate material, or between
the two of them [15], [21]. Regarding the depositeatbased superalloys, although
substrate preheating effectively prevents crackigface hardness has been found
to decrease upon preheating, with a maximum deere&d40 HRC (171 HV) [22].
This negative outcome must be resolved becauseaSeebsuperalloys are beneficial
for hard facing applications.

The objective of this study is thus to develop noetilogies for achieving hard,
crack-free claddings in practical applications. Hpplicable materials focused on are
high-speed steel and Stellite, which are in higmded in hard facing applications in
industrial fields. To achieve this objective, thalédwing two methodologies are

applied.

1) This study investigates the range of cooling rated thermal histories that can
be achieved under practical deposition conditions.

2) This study clarifies the deposition strategy fooqucing hard, crack-free
depositions of high-speed steel and Stellite bysabaring the influence of the

cooling rate and thermal history.
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The organization of the thesis is as follows. Ckaf@ summarizes the status and
challenges of DED in hard facing applications. Byferring to past research, the
mechanisms that influence hardness and clackinghguteposition are described.
Thereafter, the main theme pertaining to the cdrdfaemperature history is stated.
Chapter 3 describes the investigation on the cgotate of the workpiece, which
influences the hardness and crack developmentadotigal applications of DED. A
methodology for estimating the cooling rate durittge deposition process was
developed. Chapter 4 describes the experimentadsiigyation on the deposition
condition for the Co-based super alloy, Stellitetééachieve hard, crack-free coatings.
The influence of laser power and preheating onhtén@lness and crack development
is discussed to clarify the decrease in hardness@to preheating that was reported
in a previous study. Chapter 5 describes the theamalysis model developed in this
study to estimate the thermal history of the defgolsworkpiece. The effectiveness of
the model for designing a deposition strategy gravents softening owing to thermal
effects is demonstrated by experiments using hjgged steel. Chapter 6 provides a
case study that shows a practical example of tigh lhiardness material cladding

fabricated by DED. Finally, the conclusions of gtady are outlined in Chapter 7.
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2 Demands and Issues in DED

2.1 Introduction

This chapter explains the objective and approadhisfstudy and summarizes the
current demands and issues in DED. The organizaifaiis chapter is as follows.
Section 2.2 provides an overview of hybrid DED, @hicombines DED with
subtractive machining, and describes its advantages applications in industrial
fields. Section 2.3 provides the specific applioatthat this study focuses on, that is,
the cladding of high hardness material, and dessrthe requirements and challenges
by referring to previous studies. Section 2.4 diéss the objective and approach of
this study toward these challenges. Finally, thectwsions of this chapter are outlined
in Section 2.5.

2.2 Hybrid DED

As mentioned in Chapter 1, DED can be used to perfpart restoration and
function addition. In addition, the development loybrid DED technology has
enabled a single machine to complete these appmit®t which were previously
performed off-site or by an external company usimgtiple machines.

One practical application of DED is in the mold agpprocess, as shown in Fig.
2.1 [23]. The damaged part of the mo&djuiring repairs identified and removed by
subtractive machining. The hard material is thepadited by DED, and the mold
repair is completed by finishing with subtractiveachining. Figure 2.2 shows a
comparison between the conventional repairing pgea@nd that using hybrid DED.
As shown in Fig. 2.2, hybrid DED can decrease thtu times and reduce the
processing time by almost half. Thus, manufactugnagductivity can be dramatically
increased. Moreover, the following advantages ds® &ighlighted: Historically,
large amounts of energy have been used to repdis gazat were either discarded or

remanufactured in conventional processes. As atresacks or defects were often
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found in the repaired part after subtractive maitgnresulting in the part needing to
be repaired again. In contrast, hybrid DED machie@sinate the need for rework
and reduce the man-hours required. Furthermor¢gbilgy caused by manual work
is eliminated, and the entire process can be peddrby a single chucking operation.
The hybrid DED-repaired molds last three times kemthan that of conventionally
manually repaired molds. In the past, many moldgpaere discarded or repaired by
hand or robot welding. Thus, in addition to reusidigcarded parts, restoration

machining using hybrid DED machines is expectedaee a great deal of energy.

1. Die condition 2. Target areas 3. Machined die
before repair for repair before deposition

ST

4. Repair in-process 5. Repaired die
Fig. 2.1 Mold restoration process using a hybridCDiaachine.
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Setup Setup Setup

Damaged . J_) . J_) .
Cutting TIG Welding Cutting
A _ .

Repeat several times Broken part

(a) Conventional repairing process

Damaged Cutting N Repairing by AM N Cutting
mold process
J

\ 30 min. 10 min. 120 min.
|
Process integration by hybrid DED machine

(b) Repairing process with hybrid DED

Fig. 2.2 Comparison between conventional and hybiidD repairing process.

A consensus has been reached among users thadtmicn of hybrid DED
reduced manufacturing costs, waste production, ematgy consumption, i.e., GO
emissions, achieving the social goal of Carbon radity and the circular economy
[24].

Here, another DED application, bimetallic depositias introduced. The DED
method allows a combination of dissimilar metalsid abimetallic deposition
sometimes deposits stainless steel on the outdidepart and a copper alloy on the
inside. By layering stainless steel with high heatl corrosion resistance on the
outside of a part and a copper alloy with high tharconductivity on the inside, the
functionality and value of heat exchangers canrbproved. For example, Fig. 2.3
shows images of the process for producing a biiethéat exchanger workpiece.
The introduction of a hybrid machine with a 5-axientrolled vertical machining
center allows the same machine to perform both sigipa and machining using DED,
enabling the production of this type of part inilagée production step. Applied cases
of this approach can be found across oil and gishare, and space industries.

Therefore, the practical application of the DED hglprocess is the focus of this
study, with the objective of providing a guidelifte the successful operation of DED.
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2. Cladding two
materials

Appearance of part
Dimension: ®200 % 250 mm
Processing time: 24 hours

- A

4. Cladding Cu 5. Cutting joint 6. Changeover,
alloy part drilling, finishing

Fig. 2.3 Fabrication of a bimetal heat exchangengis hybrid DED machine.

2.3 Targeted DED Application and Challenges

2.3.1Targeted DED Application

This study focuses on high hardness material cltegidFigure 2.4 shows an
example of an actual application of the additivéstsactive hybrid process wherein a
die cut roll is produced. In this application, abhigl DED machine is utilized to clad
high hardness, corrosion-resistant materials orciiperegions of the part. In the
conventional process, the raw material is a coomsesistant material (Fig. 2.4(a))
that is machined by a subtractive process to thaired shape. Thereafter, the portion
of the part requiring high hardness is coated waidind chrome-plating (Fig. 2.4(b)).
By contrast, when using a hybrid DED machine, axpensive material can be used
as the raw material (Fig. 2.4(a")). After machinitige material to the required shape,
high-hardness and corrosion-resistant materialslagded onto the specified regions
by DED (Fig. 2.4(b’)). This hybrid process contribs to sustainable manufacturing
because hard chrome-plating can be replaced by phixess, thus reducing
manufacturing costs. The recent demand for carkartrality and circular economy

also supports such processes.
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(a) (b) : ,
* High manufacturing costs
Current » * Long lead time

process

Corrosion-resistant Hard chrome * High environmental impact
material: Expensive plating * Manpower required
Cladding of high
(a’) (b’) hardness material Manufacturing cost
DED hybrid » * Lead time N
machine * Environmental impact
Inexpensive Cladding of corrosion-  « Labor shortages v
material resistant material

Fig. 2.4 Comparison of the conventional proces$ it innovative process using hybrid DED
in the production of a die cut roll part.

2.3.2 DED Process

Figure 2.5 shows the DED process with a metal powéich is the focus of this
study. A base material or deposited workpiece riadiated with the laser beam to
form the local heating area, referred to as thet p@bl. Metal powder transported by
carrier gas moves through the laser nozzle angldsrfto the melt pool. The deposited
material is shielded by a shielding gas to pretbkatpowder from entering the nozzle
and protect the laser optical lenses from powdartamination. An inert gas is
generally used to locally purge the atmosphere ftbenmelt pool area and prevent
oxidization. The laser nozzle is moved to depdsatrnaterial in specified geometries.
Thus, the DED process includes melting and solidiiibn cycles, and temperature
changes occur not only in the melting and solidifyiregions but also at specific
points far from these regions. Therefore, deposiaxkpieces have a complex
temperature history.

Here, terms related to deposition conditions tha eontrollable in the DED
process are defined in Table 2.1. Note that theggna@ensity E [J/mn¥], is expressed

asin Eq. (2.1).
60P

E=—— 2.1
F-D’ (2.1)
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whereP is the laser power [WF; is the nozzle feed rate [mm/min], abds the laser

spot diameter [mm]. When the energy density is geanthe degree of melting of the
powder and substrate changes. If the energy deissityt appropriate, the powder
does not melt sufficiently, resulting in voids, sisown in Fig. 2.6. These multiple

interdependent conditions complicate the DED preces

Nozzle feed
Laser beam direction
Shielding gas —
Laser nozzle Metal powder

+ Carrier gas

Deposited material
Melt pool

Dilution zone

..................... - ‘ Substrate
Fig. 2.5 DED process with a metal powder.

Table 2.1 Terms related to deposition conditions.

Term Unit Definition and description

Laser power [W] Amount of energy supplied per uirite
Energy density per unit area changes

Powder feed rate| [g/min] Amount of powder fed paitdime

Amount of energy fed to the object to be deposdieanges

Nozzle feed rate [mm/min]| Speed at which the noizlecanned
Energy density changes

Dwell time [s] Time interval between the currentdanext deposition
Temperature of the object to be deposited changes

Preheating Il Temperature input to object before deposition
Temperature of the object changes

Deposition path [-] Line spacing and nozzle feeckdiion

Temperature of the object to be deposited varies
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Not melted

sufficiently \ : :
e

(a) Deposited with appropriate energy density  (b) Deposited with inappropriate energy density

Void

Fig. 2.6 Cross-section of the beads deposited apipropriate and inappropriate energy
densities.

The terms related to the change in temperaturdtedontrol thereof for obtaining
the desired deposition are defined in Table 2.2.0Aghthem, the cooling rate for
solidification and thermal history are illustrated Fig. 2.7. Figure 2.7(a) shows a
thin-wall-shaped workpiece deposited by DED. FigRré(b) shows the temperature
distribution of the deposited workpiece and itsreundings, obtained using a thermal
camera. The thermal camera measured the temperdistabution during the
deposition process. Figure 2.7(c) shows the tentpera&hange over time at a specific
point, recorded after initial solidification of tlieeposited powder at the specific point
until the deposition process was finished. This gemture change over a
comparatively long span of time is defined as tharhmstory. Figure 2.7(d) shows a
magnified view of the temperature change shownim B.7(c). As shown in Fig.
2.7(d), the temperature change per unit time dusaldification is defined as the
cooling rate for solidification, which is a temparee change on the microscale, in
contrast to thermal history, which is temperatunarge on the macroscale.
Once the type and required specifications of thpodded material have been
determined, the deposition conditions are deterchaexording to the following steps.
i.  What type of structure and composition does theodipd material require to
meet the desired specifications? For example, densitic structure is required
to obtain high hardness.

ii. What physical field history should be specifiedotatain the required structure
and composition? For example, the deposition teatpee is maintained above
the martensitic transformation point during theimndeposition process and

then immediately cooled.

10
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iii. How can the specified physical field history belizsd? For example, deposition
is performed in succession.
iv. Determine the set of specific conditions for reialig the specified deposition
conditions.
Accordingly, (i) is defined as the material strate@nd (ii) through (iv) are

included in this study as the deposition strategy.

Table 2.2 Terms related to deposition conditions.

Term Definition and description
Cooling rate Temperature change per unit time during solidifimatin the region of
for solidification melting and solidification

= Temperature change on the microscale

Thermal history Temperature change over a long sfpdime after the first solidification

= Temperature change on the microscale

Material strategy Deposited material structure and composition rezfiito obtain the

desired specifications

Deposition strategy| Deposition conditions, coolirede, and thermal history considered|to

obtain the desired structure and composition

11
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. Laser nozzle \W ,

Worki;'le»c‘e' =
bl

. -
| 23.0°C 55.7°C
(a) Thin wall shaped workpiece (b) Temperature distribution of deposited
deposited by DED workpiece measured by a thermal camera
Tem];lerature |- Part B Tempoecrature i Cooling rate
[*C] [°C] for solidification
Solidification [\ \/ \
point
| ' J
Thermal history
I . i ) >
Time [s] Time [s]

(c) Temperature change during

deposition process at Point A (d) Magnified view of Part B

Fig. 2.7 Cooling rate and thermal history indicatederms of temperature change at a
specific point during the deposition of the thinlixgshaped workpiece.

2.3.3 Factors Contributing to Hardness and Cracking

For hard facing applications, the simultaneous taaiing of hardness and
prevention of cracking is paramount [13], [14], [1Figure 2.8 shows the factors
influencing the hardness and crack development gdigeconsidered. As shown in
Fig. 2.8, hardness and crack development can be attributechatallurgical and

thermo-mechanical phenomena. From the viewpoimhefallurgical phenomena, the

12
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hardness of deposited parts is known to be affeloyegrain size, microstructure, and
carbide precipitation. Crack occurrence in turninfluenced by the strength or
toughness of the material and thermal stress. Tkeipitation of brittle materials
such as carbide decreases the toughness of theriahatnd large temperature
gradients owing to rapid heating and cooling during process increase the thermal
stress. Furthermore, these influential factors gleaas the thermal history and cooling
rate change. In other words, the deposition stgategmportant for achieving hard,
crack-free deposition.

However, determining the optimal deposition corati is challenging owing to
the DED process, which involves complex melting aotldification cycles induced
by thermal energy. Therefore, various studies Hman conducted on the factors that

contribute to the hardness and crack developmedepbsited parts.

Governing phenomena Influential factors

Grain size

Metallurgical

phenomena Carbide precipitation

Hardness

Phase transformation

Thermal stress

Thermomechanical
phenomena

Thermal expansion
difference

Fig. 2.8 Factors and physical phenomenon influegnéiardness and cracking.

Zuback and DebRoy reviewed studies investigatirey rilationship between the
cooling rate and hardness of deposited parts [PBgy pointed out that, in general,
as the heat input increases, the cooling rate eslwaving to heat accumulation,

resulting in an increase in grain size and coarggnif the microstructure, which in

13
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turn reduces the hardness. In other words, a deeri@agrain size correlates with an
increase in hardness of the deposited part.

Furthermore, Li et al. conducted a microstructaalysis on parts deposited by
electron beam melting [26]. They pointed out thigthler cooling rates with reduced
line energy resulted in finer crystal grains anéqipitated carbides, which led to
improved micro-hardness.

To prevent crack development, many researchers hswé various approaches in
an attempt to suppress or prevent cracking of gpmdited material, substrate material,
or between the materials. Preheating is one ofntlagor countermeasures used for
suppressing crack development [27] because it dseethe cooling rate that results
in the smaller residual thermal stress. Zhou estabwed that the temperature gradient
in the deposited material could be decreased byeasing the average preheating
temperature [28]. However, the high preheating terajure led to increased dilution
of the substrate and deposited materials, which degrease the hardness of the
deposited material near the substrate [29], [30ypidal preheating has been
conducted by scanning the laser beam before thesitégn process [21], [27].
Induction heaters have also been used becauseiofhigh efficiency, fast heating,

safety, cleanness, and accurate controllability],[B32].

2.3.4 High-Speed Steel and Stellite Cladding

As discussed in Chapter 1, high-speed steel antlitStevhich are used in the
majority of the hard facing, are targeted in thisdy. For the cladding of these
materials, although experimental research for deiteing the deposition conditions
has been conducted thus far, knowledge necessagléct a deposition strategy is
lacking.

Locs et al. conducted an experimental study onDE® deposition of the high-
speed steel, M2, and demonstrated a hardness of@3R@r coating application [33].
Rahman et al. produced a high-speed steel alldgdsr cladding and highlighted the
occurrence of cracks in the case of multiple-lagarkadding [34]. Although cracking
was suppressed by preheating at 150 £(,he hardness of the intermediate layers
decreased owing to tempering by re-heating. Althotige reduction in hardness was
overcome by the addition of Co, this countermeasisrerestricted to certain

14
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applications. Another approach for preventing hasinreduction resulting from
tempering was proposed by Fukuyama et al. [35].yTinéroduced additional laser
heating processing to maintain the deposited wedgitemperature above the
martensitic transformation temperature throughapasition. However, whether or
not the actual temperature exceeded the marterisdtinsformation temperature was
not evaluated.

Costa et al. simulated the thermal history of trerkpiece through the single line
wall deposition of material SUS420, which is ndtigh-speed steel but a martensitic
material [36]. They reported that the temperaturaswmaintained above the
martensitic transformation temperature throughogpasition without an interpass
dwell time between the layers and that martengitnaoccurred only during cooling
after deposition, resulting in hardening. They aisdicated that to avoid temper
softening, the workpiece temperature during depmsishould not be decreased to
levels where a martensitic phase change can odounther words, martensitic
structure is also a factor influencing hardnessthéligh their simulation results
suggested an effective strategy for achieving Highdness and material strength,
experimental validation was not conducted. In addit the scalability of this
approach is limited because the simulation camibgh computational cost owing to
the consideration and calculation of temperatur @mase transition dependencies.

A few studies have investigated the depositiontstya for Stellite. The effect of
preheating on Co-based superalloys was investigayeMlimardani et al. and Fallah
et al., but the preheating process was conductestagning the laser beam across the
top surface of the substrate [27], [22]. Moreovlre surface hardness has been
confirmed to decrease by preheating in depositedb&®ed superalloys. The
maximum decrease found was 10 HRC (171 HV) [22]-b@eed superalloys are
beneficial for hard facing applications; thus, fusion for this hardness decrease must

be found.
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2.3.5 Techniques for Controlling Thermal HistoryDD

As described in the previous subsections, thernistioty is known to have a
significant effect on the quality of deposition,cbuas hardness and cracking. The
temperature range and time within a certain tentpeearange in the thermal history
are crucial because they significantly influence thicrostructure evolution. For high
hardness steels, the melting, austenitizing, andemsitic phase change temperatures
are important. The temperature history of DED imptex because the cyclic heating
and cooling periodically include remelting and ddication processes. In this
subsection, existing techniques for controlling ttheermal history of DED are
reviewed.

Farshidianfar et al. investigate controlling theaigr size and hardness of a
deposited material by measuring the cooling rateeial time and controlling the
nozzle feed rate at a target value in a closed [8@] [38]. In their study, an infrared
camera was mounted off-axis to the nozzle to meathue temperature of the melt
pool and its surroundings. The cooling rate waswaked by dividing the temperature
change at the point of interest by the intervalnastn consecutive images. Although
closed-loop control of the cooling rate improvee tiniformity of the microstructure
and hardness in thin-wall deposition, deviatiomaaamed owing to post-solidification
heating cycles of the subsequent layers. In othends; not only the temperature at
the time of deposition but also the temperatureonysof the heat-affected zone during
deposition of the subsequent layers influencedfithe hardness. In their study, the
cooling rate was controlled by adjusting the noZeled rate.

In addition to changing the nozzle feed rate, theling rate has been controlled
by changing the deposition parameters, such as peseer and powder feed rate [39],
[40]. However, controlling the geometry by changitige deposition conditions is
considered difficult because the deposition widtlheight can change.

Alternatively, to change the cooling rate, Kim &t &en et al., and Sefidi et al.
investigated the effect of changing the deposipath strategy on the thermal history
[41], [42], [43], and Yokota et al. used forced ting [44]. Moreover, Costa et al.
proposed changing the dimensions of the base nahtd6]. However, the effects
were limited by the workpiece geometry.

Controlling the cooling rate by adjusting the ingass dwell time, which is a resting
time interval between the deposition of layerscansidered a practical solution.
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Chapter 2 Demand and Issues in DED

Guévenouxa et al. investigated the effect of therpass dwell time between layers
on the microstructure of thin-wall deposition usihgonel 718 and confirmed by
electron back scattered diffraction (EBSD) analykist the grain size decreased with
dwell time [45]. Furthermore, they suggested thmdcific micro-structural gradients
at the interface between the original and repadteglosited parts could be controlled
by controlling the dwell time. However, their studply compared the presence and
absence of dwell time, and the effect of dwell tileegth itself was not investigated
and the cooling rate was not measured. Finally nteehanism of the effect of dwell

time on microstructure has not yet been elucidated.

2.4 Research Objective and Approach

Based on the background described in Section Be3reésearch objective of this
study is to solve the following challenges.

1) When the cooling rate and thermal history are cledngn consideration of
practical process constraints, it is effective @ uhe dwell time. However, the
range of the cooling rate and thermal history cleawgh the dwell time required
is not clear.

2) The exploration of deposition conditions for Steliis insufficient. The
mechanism of reduction of the hardness with prehgdtas not been clarified.

3) The relationship between hardness / cracking amdireg rate / thermal history is
not fully elucidated. Although simulation is effect for elucidating these
relationships and devising deposition strategié® s$imulation reported in a
previous study carries a high computational cost.

Approaches to solve the above three challengesahigve the research objective
are described in Chapters 3,4, and 5, respectively.

In Chapter 3: The cooling rate was measured by gimgnthe dwell time, and the
effect of the cooling rate on the hardness of tepasited part was investigated.
Therein, grain size was considered a factor affiechiardness. To exclude the effects
of phase transformation and carbides, SUS316L &l s the deposition material
because the austenite in SUS316L is in a (quaablstphase at both high and low
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temperatures, thus preventing martensitic transédion even when the material is
rapidly cooled, as in the case of DED. The tempgeadistribution of the melt pool
was measured, and the cooling rate was calculated the time variation of the
temperature distribution. To measure the tempeeadiistribution in the melt pool, a
DED system was developed in which an infrared canigrinstalled coaxially with
the laser for deposition. The difference in thisteyn from those of previous studies
is that the cooling rate can be measured withounhgaffected by the scanning
direction of the laser, and the installation of amera coaxially to the laser is
advantageous. Furthermore, using a thermal cantleeasurface temperature of the
workpiece during deposition was measured, and ffexts of the dwell time on it
were investigated.

In Chapter 4: Two types of deposition experimenterev conducted to
experimentally investigate the deposition condisiofor cladding Co-based
superalloys by DED while preventing cracking andiueed hardness. In one
experiment, the preheating temperature was chamgddthe laser power constant.
In the other experiment, the laser power was changéh the preheating temperate
contact. The material of interest was Stellite Tabased superalloy widely used in
die-cut rolls and screw shafts. Stellite has higtanwesistance and is suitable for parts
requiring excellent resistance to various formsvefir and high strength over a wide
temperature range [31]. An efficient induction hegtapparatus was employed in
these experiments. Because only the induction tagecimen was heated, heat loss
owing to surrounding elements was minimized andhhigmperatures could be
reached [46]. An induction heater was used for pagimg, and the effect of relatively
high preheating temperatures (400 to 600 compared to those of previous studies
was investigated. A compositional analysis was cmteld on the deposited workpiece
to investigate the factors causing cracking andihess changes.

In Chapter 5: The effect of thermal history on wgidce hardness and cracking in
the cladding of M2, a high-speed steel, was ingedéd through a combination of
numerical analyses and experimental techniquesofitain numerical results in a
practical time period, a simplified temperature giation model was employed that
ignored nonlinear phenomena such as phase tranatiorm Whether or not the model
could be used to determine a deposition strategy dbes not reduce hardness was

verified.
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2.5 Summary of Chapter 2

In this chapter, AM and DED are described holidtickkcom the viewpoint of their
history, market, and applications. Furthermore, thallenges associated with the
practical application of these technologies in isidial fields are addressed by
referring to past research. Finally, the objectivdsthis study are declared. The

contents are summarized as follows.

1) The application of DED technology for high hardnesating in industrial fields
is in high demand, not only to reduce manufacturoogts but also to reduce

environmental impacts.

2) For practical application, maintaining high hardnesithout cracking is a
challenge. Various studies have been conductednligiging the importance of
the cooling rate and thermal history during theas{ion process.

3) This study focuses on high-speed steel and Steliitel the objective is to
elucidate the influence of the cooling rate andried history on hardness and
mechanical cracking through a combination of nuwriand experimental

techniques.

19



Chapter 3 Effect of Cooling Rate on Hardness

3 Effect of Cooling Rate on Hardness

3.1 Introduction

One of the most promising AM technologies is DEDhieh excels at partial
coating and repairing with both standard and difgaimmetal depositing. However,
determining the optimal deposition parameters toaimbthe desired shapes and
mechanical properties is difficult because of tlnplex process of melting and
solidification cycles by thermal energy. Althougbnse studies have focused on the
cooling rate as a temperature change factor andsiiyated its relationship with
mechanical properties, they have not evaluatedrdéinge within which the cooling
rate changes.

In this chapter, a range of cooling rates and tirdiluence on hardness in DED
were investigated under practical conditions usthg austenitic stainless steel,
SUS316L. The goal was to control the hardness eftigposited part by adjusting the
cooling rate. Among the factors contributing to th@dness of the deposited part,
grain size is particularly affected by cooling mtélence, this study focused on grain
size to evaluate the effect of DED technology. Herea method is proposed for
calculating the cooling rate based on the tempeeatlistribution in the melt pool,
captured by a camera placed coaxially to the l@gam. The interpass dwell time,
which is a resting time interval between the deposiof layers, was varied, and the
effects thereof on the cooling rate and hardnes® wevestigated. Furthermore, the
surface temperature of the workpiece during depmsivas measured with a thermal
camera.

The organization of this chapter is as follows. t8et 3.2 provides the
experimental setup and method. Section 3.3 destribe results. Section 3.4
discusses the obtained results. Finally, the canehs of this chapter are outlined in
Section 3.5.
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3.2 Experimental Setup and Method

3.2.1 Experimental Setup and Materials

The purpose of the experiment was to investigagaéimge of cooling rates in DED
deposition, how the hardness and crystalline stimecthange within that range, and
the relationship between them. Figure 3.1 showshamatic of the experimental setup
used in this study. As shown in the figure, a thial shape was deposited on the base
metal. The laser used was a diode laser with a leagéh of 1020 nm and a spot size
of 3.0 mm. The metal powder is fed into the melbvlpflormed on the base material by
the laser through a nozzle and melted for depasitito prevent oxidation at the
deposition point, argon gas was supplied from thater of the nozzle to form a
protective area around the melt pool.

The metal powder used was SUS316L, an austendialsss steel. The grain size
ranged from 53 to 150m, and the powder was gas-atomized. Because therialat
did not undergo martensitic transformation, thedna&sss was strongly dependent on
the grain size, and the cooling rate during soiedifion was considered important.
The surface of the base material, carbon steel SB8C, was face-milled to a

roughness of Ra im and clamped to the machine table by a centerlamming

device.
A Deposition path
1
'<--<—<-{ —
. 4_'1‘__3 >3} <—— Laser On
: lk-- <€---- Laser Off
Deposited workpiece § %
|<5_> - . Lasernozzle
Base material 60 10\|,
>
Thermal camera 70 Z
W Y
100 (é X
Unit: mm

Fig. 3.1 Schematic of the measuring temperaturgpsanhd deposited layer size.
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A zigzag path was used for deposition, in whichdhrection of deposition changed
for each layer. To avoid the effect of acceleratil@teleration of the nozzle feed, the
nozzle was moved without laser irradiation for 5 mafore and after deposition. To
change the cooling rate, the interpass dwell tinges waried during the deposition
process. Table 3.1 lists the deposition conditions.

The surface temperature of the workpiece duringpdgfpn was measured using a
thermal camera. The maximum measurement temperafuhe thermal camera used

was 900°C, and the measurement wavelength ranged from & tori

Table 3.1 Deposition conditions.

Workpiece No. Wi w2 W3 W4 W5 W6
Laser power [W] 1800

Feed rate [mm/min] 1000

Powder feed [g/min] 12

Carrier gas flow [L/min] 6

Shielding-gas flow rate [L/min] 5

Layer height [mm] 0.4

Interpass dwell time [s] 0 3 6 9 12 24

3.2.2 Calculation Method

The cooling rate was calculated from the tempegatlistributions measured in and
around the melt pool. Figure 3.2 shows a schentftihe measurement system. A
charge-couple device (CCD) camera was installedxialg with the laser, and
measurements were taken directly from an angle eltbe melt pool. In addition, a
filter that only allowed light with a wavelength @40 nm to penetrate was installed
in front of the coaxial camera. This measuremesteay has the same configuration
as that used by Kledwig et al. [47]. For the cosiuam of light intensity captured by
the coaxial camera into temperature, Planck’s laag wpplied, as expressed by Eq.
(3.1) [48].
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L, T) = 2C,/[2° - {exp(Co/AT) — 1}], (3.1)

whereL(A, T) [W-sr’m™@] is the spectral radiance value from the objadi] is the
wavelength of radiation emitted from the obje{K] is the absolute temperature of
the object,C; [W-m?] is the first constant of radiation (&h = 5.9548x107), ¢,
[m-K] is the second constant of radiation ¢&/k = 0.014388)¢ is the speed of light
in vacuum (= 2.99792458xfqdm-s?]), h [J-s] is Planck's constant (= 6.6256xf))
andh is Boltzmann's constant (= 1.38054%%(J-K™]). Using Eq. (3.1), & of 740
nm and estimated temperature range of 900 to Z@D@re applied to obtain the
conversion curve shown in Fig. 3.3, assuming thatdpectral radiances at 900 and
2000 °C are equivalent to the minimum (= 0 digit) and mmaxim (= 4096 digits)
values in the grayscale of the CCD camera, respalgti Using this conversion curve,
any radiance value between 0 and 4096 digits ivexdad to temperature. It should
be noted that Planck’s law holds for black bodiggh an emissivity of 1. In actual
measurement objects, emissivity varies with temjpeea Therefore, the measurement
method using this conversion curve may have measemé errors. However, the
application of this temperature measurement metisidg only one wavelength was
shown in a previous study to have relatively sneatbrs [47].

The method used to calculate the cooling rate sedleed below. Figure 3.4 shows
an example of the temperature distribution meashyetthe camera. In the first image,
the average temperature is taken at the centéreaitage perpendicular to the nozzle
feed direction. In the second image, the averaggégature is taken at a positigd
from the center because the point at the centtreofirst image has moved to a distant
position based on the product of the nozzle fee¢el aad the camera’s frame capture

interval.
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Fig. 3.2 Measurement of melt pool temperature ifigtion with CCD camera mounted along

with the laser beam axis.
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Fig. 3.3 Light intensity and temperature conversionve.
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Melt pool Direction of nozzle feed

Inner diameter

of nozzle
Line on 1% image
Ad
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Line on nthimage

v [ J\J

Fig. 3.4 Temperature evaluation lines and melt mbgplacement per one frame delta d on a

melt pool image (length of the lines is 2.2 mm).

In this way, the average temperature at the limelmcalculated for all successive
nimages. In this study, the images were taken @tt20, and the nozzle feed rate was
1,000 mm/min; thus4d was 0.083 mm. The line length was 2.2 mm, anchthexage
temperature was calculated from 24 consecutive @sadgrigure 3.5 shows one
example of the calculated average temperature uilsgmethod. In Fig. 3.5, the
average temperature approximated by a quadratictium and function slope of
1400°C, that is, the solidification temperature of SUSB1#as calculated to be the
cooling rate. Furthermore, the approximation obdditry using a quadratic function
shows high fitness with a coefficient of determinat(R?) of 0.99. It should be noted
that there were other cases in which the averagpdeature was obtained only above
1400 °C. In such cases, extrapolation was performed wittuadratic function to
estimate the change below 14@0and calculate the cooling rate. In these cases, th
R? exceeds 0.9. Furthermore, Fig. 3.6 shows otheescas which the average
temperature was obtained below 1000 As shown in Fig. 3.6, a gradual decrease in
temperature over time is observed from approxinyat®00°C. This trend is observed
for all dwell time conditions at a deposition hetighf 0.4 mm. These data are
approximated by a quadratic function to approximemperature changes below
1000°C. Furthermore, the Rs 0.99, indicating a high degree of fit. The doglrate
for the data measured above 1200n Fig. 3.6 was also approximated by a quadratic
function, and no significant difference from theoliog rate approximated by a
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guadratic function was observed. This can sugdedtit is reasonable to extrapolate
or approximate the temperature variation up to apimmately 1400°C with a
guadratic function. The cooling rate was calculatedhree locations in the same

deposition layer, and the average was used asothiéeng rate for that layer.

2200
| —Line on 1% image
2000 B
/ . d .
— L — | I ——+—Lines on 2™ image
O 1800 [t
2 (ﬁé@ﬁ'g . .
o M%b\fx | _~Line on lastimage
3 1600 ' Y S
<
) 1N Solidification
2 1400 B
= N temperature
o 0 £
F
1200 )
Tangent line at 1400°C
1000 Slope,°C/s: Cooling rate
800 | ' —  Curvature fitted using
0 0.05 01 015 02 025 0.3 quadratic function

Time [s]

Fig. 3.5 Calculation results of the average temppgeaand estimation of the cooling rate for a

dwell time of 12 s and deposition height of 10 mm.
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Fig. 3.6 Calculation results of the average temjueeaand estimation of the cooling rate for a
dwell time of 9 s and deposition height of 0.4 mm.
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3.2.3 Evaluation Method

As shown in Fig. 3.7(a), the deposited specimensvesit at three positions to
measure the hardness. A wire electrical dischargehiming (EDM) was used to cut
the specimens, and the cross-sections were polidresheasurement. As shown in
Fig. 3.7(b), the hardness was measured at the rceftéhe cross-section of the
deposited part, with the surface of the base malteised as the reference height (0
mm). Figure 3.7(c) shows the heights of the measerg points. The measurement
interval near the base material-cladding interfages shorter than that in other
regions because the change in hardness in thairegas larger. The measurements
were taken at three cross-sections to obtain arageevalue for the hardness at each
height. Notably, because the deposited shapeg ditin one other, the measurement
intervals in region A differ at cutting positionshd Il of workpiece W1, the cutting
position 1l of workpiece W1, and those of the othesrkpieces, as shown in Fig.
3.7(c). As described in Subsection 3.3.1, the wag® W1 had a lower height than
the other workpieces and a concave shape at cytbsgion II.
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Unit: mm

(a) Workpiece and cutting positions, I, II and III (b) Interface of base material

and cladding part
<= Points for hardness measurement
i Region Wl W1 W2 to W6
j & Tand III 1 I to III
10 to 10 to 10 to
— A A 30 mm 20 mm 60 mm
10 mm increments
: B
j B 04,1,2,3,5mm
: | ¢ C -0.4 to 0 mm
X 0.1 mm increments
5 ] D -1.2, -0.7 mm
X D d

(c) Cross-section of workpiece and heights of points for hardness measurement for
each workpiece

Fig. 3.7 Hardness measurement schematic.

The measuring instrument used was the micro-Vickensiness tester (HMV-G-
FA-D, Shimadzu Corporation, Japan). After ion nmigjithe cross-section, the crystal
structure was observed using EBSD to evaluate trengsize and phase. A
compositional analysis was also performed using rggnedispersive X-ray

spectroscopy (EDX).
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3.3 Investigation

3.3.1 Deposition Results

Figure 3.8 shows an overview of the deposited spens. As shown in Fig. 3.8(a),
the specimen deposited without dwell time has aawa shape in the center, and the
deposition height is lower than the target depositieight. By contrast, as shown in
Fig. 3.8(b), the specimen deposited with a dwelletiof 6 s has a uniform rectangular
shape, and the target deposition height is achieved

(b)

Fig. 3.8 Overview of samples deposited with intasgpdwell times of (a) 0 and (b) 6 s.

3.3.2 Calculation Results

Cooling rates were calculated at heights of 0.4,®,20, 30, and 40 mm from the
base material. The calculated cooling rates argvalio Fig. 3.9. For each dwell time,
the cooling rate is highest at a height of 0.4 nmwhjch is near the interface. In
addition, the cooling rate decreases as the hdighter increases to 2 and 10 mm.
To investigate the effect of dwell time on the daglrate at various heights from the
base material, the relationship between the dwek &and cooling rate was evaluated,
as shown in Fig. 3.10. In Fig. 3.10(a), the cooliate tends to decrease slightly as
the dwell time increases for a height of 0.4 mmeTdooling rate decreased by
approximately 27% from a dwell time of O to 12 sgure 3.10(b) shows that the
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cooling rate also tends to slightly decrease addthell time increases at a height of
2 mm, with a decrease of approximately 14%. In astt Fig. 3.10(c) shows that at
a height of 10 mm, the cooling rate is less affddtg the dwell time and tends to

remain constant. Although longer dwell times areemted to result in cooler

temperatures for deposited parts and faster coodites for the subsequent deposition
layer, the opposite trend is observed. This outcaammnsidered to be owing to the
large effect that cooling by heat conduction hadlmncold base material. However,
at a height of 20 mm, the cooling rate tends tovsiown as the dwell time becomes
shorter, as shown in Fig. 3.10(d). As the heigithfer increases, from 30 to 40 mm,
the cooling rate increases for shorter dwell timas,shown in Fig. 3.10(e) to (f),

respectively.

12 | I
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° + Dwell 6s x Dwell 9s
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o £
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o
o)

Cooling rate [10° K/s]
N
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Distance from interface of base material and cladding part [mm]

Fig. 3.9 Cooling rate for each deposition conditadreach deposition height.
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Fig. 3.10 Cooling rate for each interpass dwellgioondition at each deposition height.
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3.3.3 Measurement Results of Hardness

Figure 3.11 shows the measured hardness. As showimeioverall view in Fig.
3.11(a), for all specimens, the hardness is higiear the interface and on the base
material side. In addition, the hardness graduddgreases from a height of 0 to 20
mm and tends to be almost constant when the hexgdgeds 20 mm. As shown in the
magnified view in Fig. 3.11(b), the highest hardnesat a height of approximately -
0.3 mm, presumed to be owing to the hardening efoise material. Furthermore, at
heights of 0.4 to 2 mm, the hardness appears tedee with increasing dwell time.
At these heights, the cooling rate tends to deeredth dwell time, as shown in Fig.
3.10(a) and (b). One can infer that the cooling rdé¢creases with increasing dwell
time, thereby increasing the grain size and dedngahe hardness. This suggests that,
under the conditions used in this study, for thagdr applications such as coatings, a
shorter dwell time would result in higher hardneshjch is preferable.
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Fig. 3.11 (a) Measured hardness of each workpiecéhke entire region and (b) magnification
of the near interface between the base materiacidting.
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3.3.4 Measurement Results of Workpiece Temperature

Figure 3.12 shows the history of the maximum woekg temperature during
deposition. The maximum workpiece temperature éstédmperature of the pixel that
exhibits the highest temperature in a thermal canm@age. The temperature rises in
the same manner regardless of dwell time up toghthef 3 to 4 mm. Thereafter, the
temperature continues to increase up until a heflapproximately 20 mm and then
plateaus at a constant temperature as the increakeell time is shortened.

Figure 3.13 shows the measured temperature histiooye specific pixel (2.1 mm
square) located at a height of 18.8 mm from thesbmaterial surface. Starting from
layer 47, the maximum temperature during the demosiof each subsequent layer
was plotted. For the layer-by-layer deposition, sherter the dwell time, the higher
the temperature of that area.

The cooling rate during solidification or microséopemperature change discussed
in Subsection 3.3.2 tended to be significantly ciéel by the deposition height,
whereas the effect of dwell time tends to be légsiBcant in comparison. That being
said, Figs. 3.12 and 3.13 show that the dwell tinfliences the maximum achievable
and surface temperatures of the deposited partther words, dwell time affects
macroscopic temperature changes, inferring thathds an effect on phase

transformation.
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Fig. 3.12 History of maximum workpiece temperattoeeach dwell time condition.
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3.4 Discussion

3.4.1 Grain Size and Microstructure Near the |ratesf

As shown in Subsection 3.3.1, the decrease in lessliof the upper layers with
and without dwell is considered to result from haatumulation in the upper layers
and the coarsening of the crystal grains in SUS316Lcontrast, a previous study
showed that the upper layers become harder [36% ifilsonsistency is considered to
stem from the fact that the SUS420 used in theipusvstudy was maintained at a
temperature higher than the martensitic transfoionattemperature by heat
accumulation, resulting in hardening by martensitensformation during cooling
with the occurrence of grain coarsening. In otherdg, heat accumulation is a
softening factor for SUS316L and both a hardenind softening factor for SUS420,
which may account for the difference between thevimus study and this study in
terms of hardness of the deposited part, apart tterdiluted portions.

To verify that the workpieces in this study hadeliént grain sizes and hardnesses,
EBSD analysis was performed. Figure 3.14 showsirilierse pole figures obtained
through EBSD. The inverse pole figures were obtdinkerough the grain size
evaluation method that uses the intercept methdicwis standardized in JIS G0551
(2020) to evaluate the grain size [49]. The metiwds follows. (1) The number of
grains (\) captured by a test line of known length is meaduwn the microstructure
image. (2)N is measured in five or more lines, and the averadee ofN is obtained.
(3) The average value ol is divided by the length of the test line on the
microstructure image to obtain “the mean numbaegrafns intercepted per millimeter.”
The reciprocal of this value is “the mean lineakentept length.” (4) The grain size
index is determined by comparing these values wightable “Number of grains as a
function of various parameters” in JIS G0551 (2028)d the average grain size is
obtained.

In this study, as shown in Fig. 3.15, the test dineere taken vertically and
horizontally, and the average of five lines wasetalas the average grain size. The
length of the test line was set to 0.5 mm for tigeife obtained at a height of 0 mm
and 1 mm for those obtained at other heights. EQui6 shows the grain size at each
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deposition height evaluated as described above.fighee shows that the grain size
is reduced by the dwell time. In particular, a fiowystal structure can be observed
near the interface with the base material. In addjtFig. 3.17 shows the phase maps
observed by EBSD. As shown in Fig. 3.17, the endieposited part is face center

cubic, and martensitization is unlikely to occur.

Z position W1 (Dwell 0s) W3 (Dwell 6s)

10 mm

5 mm

0 mm

fa i et | ENES __.!

Fig. 3.14 Inverse pole figures observed with EB®DwWorkpieces W1 and W3.

37



Chapter 3 Effect of Cooling Rate on Hardness

g B | FIRN
y ar V. E
b el o
§ |
E o
Line DO | @ | ® | ® | ® | Ave. (Horizontal) Ave.
N 1| 11 | 14 | 15 | 16 13.4 9
Line ® | @ ©) Ave. (Vertical) | Ave. grain size
N 5 5 4 4 5 4.6 88 um -125 pm

Fig. 3.15 Test lines on the inverse pole figuredwaluating grain size for W1, Z = 5 mm.
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Fig. 3.16 Grain size at each deposition heightwWorkpieces W1 and W3.
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Z position W1 (Dwell 0 s) W3 (Dwell 6 s)

10 mm

5 mm

- Face Centered Cubic Body Centered Cubic

Fig. 3.17 Phase maps observed by EBSD for workgi&¢é and W3.

As shown in Fig. 3.11, the hardness fluctuates tyewear the interface between
the base material and deposited part (height rémge -0.1 to 0.4 mm). This is due
to the effect of the cooling rate on the grain sidewever, as shown in Fig. 3.7, the
interface region is a dilution layer between thedaaterial and deposited part, and
this dilution of the base material may have andfte the different hardnesses under
each condition. To verify this assumption, an EDiXalysis was performed. The
results are shown in Fig. 3.18. The figure shoveg there is no significant change in
composition between W1 without dwell time and W3hwva dwell time of 6 s. This
suggests that grain size is a strong contributfercéihg the change in hardness at the
interface. It should be noted that grains grow ewsound the recrystallization
temperature, and grain growth is determined bytéhgperature and holding time. The
recrystallization temperature of SUS316L rangesnfrd00 to 950°C according to
Hirota et al. and Zhao et al [50], [51]. As shown Kig. 3.13, in this study, the
temperature exceeding 800 when the dwell time is O s is held for approxiniat&0
s, corresponding to a deposition time for 10 laydisis holding time is relatively
short for grains to adequately grow during recrlitation. Therefore, the effect of
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grain growth around the recrystallization temperatan the final grain size in the
deposition experiments of this study is considdoetde insignificant.

The hardness, phase composition, and grain sieadt height are schematically
shown in Fig. 3.19The changes in these characteristics accordingeighh are
considered attributable to the effect of the coglmte, which can be estimated by

measuring the temperature distribution near the pusdl.
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posiztion SEM, Maps (Fe, C) and Composition [wt %]
Wi
C 50 pm
Fe C Cr
15 mm 76.0 | 3.2 | 12.1
W3
SEM 50 pm
Fe C Cr Ni (0] Si S Mo P Mn
76.6 | 3.1 | 12.1 | 6.3 0.5 0.8 0.7 | 0.1 0.0 | 0.0
Wi
SEM
Fe C Cr
0 89.5 | 46 | 4.7
mm
W3 -
SEM C 0.5 mm
Fe C Cr Ni (0] Si S Mo P Mn
88.8 | 59 | 4.1 0 04 | 06 | 03 00 | 0.0 | 0.0

Fig. 3.18 Composition analysis results for workgiedV1l and W3 obtained by EDX.
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Deposited workpiece

70
Z Hardness
[mm] [HV] State
60 L 20~ | 160~ 180 | Austenite
+ large grain
— 1 0~ 110 Austenite
N )
250 small grain
Z 10 0.5~0 400 Hardened
100 ’ base material
L» X Base material Unit: mm

Fig. 3.19 Schematic of the hardness, phase coniposdnd grain size changes as well as

deposition height.
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3.4.2 Relationship between Cooling Rate and Harsines

Hardness [HVO0.1]

Figure 3.20 shows the relationship between the utaled cooling rate and
hardness. The figure shows that the hardness vhe®geen 160 and 220 HV under
the deposition conditions used in this study. Theling rate ranges from 3x1@o
10x1CG K/s. The order of magnitude is *LB/s, which is equivalent to that observed
in previous studies [38], [52]. Moreover, a lineaorrelation exists between the

cooling rate and hardness, both of which are a¢f@tty the deposition height.

240 |
230 L°® 7=0.4 mm
7=2 mm b
220 H P PY
¢ 7=10 mm L 0o
210 x 7=20 mm
200 + 7Z=30 mm N A
190 H 4o Z=40 mm +o
hd Jy‘x
180 ;<A
170 4 _:‘ -
160 +
150
0 2 4 6 8 10 12

Cooling rate [103 K/s]

Fig. 3.20 Relationship between cooling rate andsuead hardness.
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3.5 Summary of Chapter 3

To investigate the effect of the cooling rate oa thechanical properties of DED,
deposition tests were performed by varying the dtumle between the layers, and the
relationship between the cooling rate, hardness enystalline structure of the

specimens was evaluated. The following conclusiwase obtained.

1) The calculated cooling rates were larger near tiheriace and lower for heights
of 10 mm and higher. In contrast, the change owmghe dwell time at each
height was small. Therefore, the microscopic capliate during solidification
can be is not significantly affected by the dwathé but is affected by the
deposition height.

2) The shorter the dwell time, the higher the surfeamaperature of the workpiece
measured during deposition. Thus, the macroscepnpéerature change affecting

the crystal evolution and phase change was infledry the dwell time.
3) Under the deposition conditions in this study, tleeling rate ranged from 3x10

to 10x10 K/s. The hardness ranged from 160 to 220 HV, ancbmelation

between the cooling rate and hardness was observed.
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4 Influences of Substrate Preheating

4.1

4.2

Introduction

Chapter 3 clarifies the ranges wherein the intesphsgell time, cooling rate, and
hardness change in the practical application of DEHDwever, the dwell time or
cooling rate chosen for desirable hardness mayltr@sweracks easily occurring on
the workpiece. Determining the appropriate deposiparameters is crucial because
predicting and controlling cracking remains difficurhis chapter discusses the effect
of substrate preheating by investigating the inflee of an induction heater on crack
generation in Co-based superalloys during DED. Aduction heater was chosen
because of its high efficiency, low waste heat, abdiity to quickly and directly
induce high workpiece temperatures. The materialduis this study is Stellite 1,
which is widely used for die cut rolls and screvafih. To investigate the effect of
preheating, experiments were conducted by chandhey process parameters:
preheating temperature and laser power.

The organization of this chapter is as follows. t&et 4.2 provides the
experimental setup and method. Section 4.3 invasgythe influence of preheating
temperature and laser power on hardness and ceaadapment. Section 4.4 further
investigates the influence of microstructure, ddat and cooling rate. Finally, the

conclusions of this chapter are outlined in Sectdn

Experimental Setup and Method

Two experiments were conducted. The objective ef finst experiment was to
investigate the effect of substrate preheating @atlc generation in DED using an
induction heater. To achieve this purpose, theofelhg method was selected. The
hardness of the deposited material was investigatezt deposition with different
preheating temperatures, irrespective of whethacks developed or not.

The objective of the second experiment was to itigate how to prevent the

surface hardness from decreasing during preheaflings was accomplished by
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adjusting the laser energynd induction energy. The targeted mechanical ptogse
have been achieved with low laser energy and highdtion energy [53]. Hence, the
effect of laser power on surface hardness at theesaduction heating energy was

investigated in the second experiment.

4.2.1 Experimental Setup and Materials

Figure 4.1 shows a schematic of the DED procesh imiduction preheating. The
experimental setup used for this study consisteadlager, an optical system, a powder
nozzle, an induction heating device, and a radmatiiermometer.

The substrate plate was set on the insulated bloakinimize heat conduction
from the substrate to the table. The induction imgatlevice was placed below the
substrate plate. The temperature of the substriaie gide was measured using a
radiation thermometer because the temperature efsgecimen’s surface varied
owing to the influence of accumulated non-meltedger.

The type of laser was a fiber laser, with a maximpower of 8000 W. The spot
diameter of the optical system was 3.0 mm. The typpowder nozzle was a multi-
jet nozzle with four ports. Table 4.1 lists the sifieations of the induction heating
device and radiation thermometer. The substratee @ae was 100 mm x 100 mm x
10 mm, and the material was carbon steel, S50C.slinkaces of the substrate plate
were machined by face milling to a surface roughkrafsRa 6um.

Gas-atomized Stellite 1 powder of particle size B&3-um was used as the

deposition material. The chemical composition cflge 1 is listed in Table 4.2.

Laser \
Powder nozzle \

Powder stream

Radiation thermometer

Substrate plate
A\
Induction B LJ <

heating devi T

eating device IYYvvYVY i
Insulated block ~ '

Table o
TT7I77777777777777777777777

Fig. 4.1 Schematic of the DED process with inductfpweheating.
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Table 4.1 Specification of the experimental equiptne

Induction heating device = Maximum power 10.0 kW
Frequency 150-400 kHz
Coll size ®70 mm
Radiation thermometer Measurement range 400-3100 °C
Resolution 1°C
Response time (95%) 0.1s

Table 4.2 Chemical composition of Stellite 1 (in%j.

Co C Cr Ni w Si Fe Mn
48.6 2.50 33.0 1.00 12.5 1.30 1.00 0.10

4.2.2 Experimental Method

A schematic of the deposition process and pattepatre shown in Fig. 4.2. Figure
4.2(a) shows seven test pieces on the substragetebh pieces consisted of six tracks
under the following respective conditions. The tfitskack was deposited on the
substrate 5 mm from the front and 15 mm from thie lehe deposition length was 70
mm. The side-by-side overlap of the tracks was 5884, the width of each of the six
tracks was 10.5 mm. The distance between eachfssk @aracks was 2 mm. Laser
irradiation commenced at the start of each traak stopped at the end of the track.
Figure 4.2(b) shows the front view. As shown in.Fg(c), six tracks were deposited
in a zigzag path. The first path started from #f¢-hand side and the second from the
right-hand side, continuing back-and-forth untilodal of six tracks were deposited.
The arrow in Fig. 4.2 (c¢) indicates the deposititrection.

Table 4.3 lists the deposition conditions. Thesaditions were determined by
preliminary single-track experiments. The powdeederate was 25 g/min and
remained within £ 3% of this value throughout thgweriments. Argon gas, at a flow
rate of 4 L/min, was used as a carrier gas to éeliie powder to the process zone.
The same Argon gas, at a flow rate of 6 L/min, waed as a shield gas to protect the

optics.
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Fig. 4.2 Schematic of the deposition process arid pattern.

Table 4.3 Deposition conditions determined by séAghck preliminary experiments.

Feed Powder Carrier Shield Diameter
Power Rat Mass Gas Flow Gas Flow of Laser
[W] [mm /rﬁin] Flow Ar Ar Beam
[g/min] [L/min] [L/min] [mm]
2400 1000 25 4 6 3.0
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In the experiment investigating the influence o€ tbreheating temperature on
cracking and hardness, the preheating temperatues 400, 500, and 60C. In the
experiment investigating the effect of laser powsrthe hardness of the surface, the
preheating temperature was fixed at 500 and the laser power varied from 500 to
2400 W (500, 1000, 1500, 1750, 2000, and 2400 W).

4.2.3 Evaluation Method

This subsection describes the method used to eteatha deposited test pieces.
First, the crack generation process during depmsitvas observed. Figure 4.3 shows
a schematic of the measurement apparatus. As showine figure, a high-speed
camera, Phantom Miro LC311 (AMETEK, USA), was udedtake images of the
substrate from the front. The resolution was se€840 x 400 pixels at a frame rate of
500 fps. An appearance evaluation was conductedssess cracking. The deposited
test pieces were cleaned and polished before examithe cracking within the
deposited tracks.

Thereafter, the hardness of the test pieces wastigated. Each test piece was cut
by wire EDM, and the cross-sections of the test@sewere polished. The hardness
was measured on the polished surface by averagimgnieasurement results at five
points. The measuring device used to test the lessiwas an AAV500 micro-Vickers
hardness tester (Mitsutoyo, Japan). A load of 1.&d¢ applied to each indent. The
measured point was 0.5 mm above the depositioraserfo avoid influencing the
substrate plate. Finally, a microstructural obs&#ora using scanning electron
microscopy (SEM) Merlin VP Compact (Zeiss, Germarajd a compositional
analysis using EDX XFLAS6-30 (BRUKER, USA) were fzemed on the cross-

sections of the specimens.
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o Powder nozzle
Feed direction

4
| Y
High speed camera X

Fig. 4.3 Setup for crack observation using a highesl camera.

4.3 Investigation of Hardness and Cracks
4.3.1 Influence of Preheating on Hardness and Grack

Figure 4.4 shows an image of the test piece degasitith a laser power of 2400
W, but without preheating. As shown in the figuceacks occur perpendicular to the
deposition feed direction. All cracks are obsert@dxtend through all six tracks. The
conclusion can be drawn that crack generation @eduafter all six tracks were
deposited. Figure 4.5 shows the tracks deposited pieheating. As shown in the
figure, no cracks occurred in the test pieces &, 400, or 600C preheating. The
preheating mechanism having a profound effect acking is theorized to be a
mixture of a reduction in thermal stress and capliate [54]. The three respective
preheating temperatures were not observed to indswglestantially different
appearances.

Figure 4.6 shows the relationship between prehgatmperature and hardness.
The hardness without preheating was 770 HV. Comlgrsthe hardness with

preheating was approximately 600 HV, indicatingexre@ase of approximately 175
HV.
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10 mm

Fig. 4.4 Multiple cracks across a layer of Stellitedeposited on a S50C steel substrate
without preheating (laser power of 2400 W).

10 mm

Fig. 4.5 Appearance of the test pieces at prehgaémperature of (a) 400, (b) 500,
and (c) 600C (laser power of 2400 W).
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Fig. 4.6 Relationship between the preheating teaipiee and hardness of the test pieces
(laser power of 2400 W).
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4.3.2 Effect of Laser Power on Hardness and Cracks

Figure 4.7 shows the result of the appearance atialuin the second experiment
investigating the effect of laser power on the In@st of the surface, with the same
induction heating energy. A melt pool did not foan500 W (Fig. 4.7(a)) owing to a
lack of heat energy. Several cracks can be obseav@600 (Fig. 4.7(b)) and 1500 W
(Fig. 4.7(c)). No cracks occurred above 1750 W (Fg7(d)—(f)). The boundary
indicating whether cracks would or would not ocaas found to be in the laser power
range of 1500 to 1750 W in this test setup.

Figure 4.8 shows the relationship between lasergpg@md hardness. Hardness has
a negative correlation with laser power. The hasdnier 1000 and 1500 W exceeds
700 HV, thus closer to the hardness value of 770witout preheating.

The range of hardness for Stellite 1 is 51-60 HRZ3(697 HV) according to the
specification sheet provided by the powder supdbéi. Because the average of this
range is 612.5 HV, the hardness of the depositedpieces should preferably exceed
this average value. Although no cracks occurre@Cfi0 or 2400 W, the hardness
under these conditions was less than 600 HV. Thaiiness must be increased under
these conditions. Deposition at a laser power &01lW did not induce cracks, and
the hardness was 642.3 HV, which is 29.8 HV mom@ntbthe average 612.5 HV.
Therefore, the desired condition was 1750 W in &hiperiment.

The results of Subsections 4.3.1 and 4.3.2 showctfagks occur in the absence of
preheating and no cracks occur when preheatingrnslucted. However, preheating
decreases the hardness. When preheating is comduatecks occur, but hardness

increases when laser power is reduced.
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Cracks

Fig. 4.7 Appearance of the test pieces at a prafge&mperature of 508 and laser power
of (a) 500, (b) 1000, (c) 1500, (d) 1750, (e) 20a80d (f) 2400 W.
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Fig. 4.8 Relationship between laser power and hesdof the test pieces (preheating
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Figure 4.9 shows the results of the crack obsesmatising the high-speed camera
during deposition with no preheating and a lasexgroof 2400 W. In the figure, “0
frame” is the time at which the deposition of thetls track was completed and the
laser was turned off. In other words, the imagesewtaken after the powder nozzle
had already passed. Note that the powder nozazlatk tdirection was from right to
left, from the perspective of the camera, as showiig. 4.3. Figure 4.9(a), (b), (c),
and (d) show the deposited track before crack agment, a crack parallel to the
track, a crack parallel to the track 0.5 s aftdidéfication, and a crack perpendicular
to the track, respectively. Cracks can be obsebatld after deposition of all six tracks,

as shown in Fig. 4.4, and also immediately aftéidgfccation of one deposited track.

D eposr[ed track

(a) 0 frame (b) 300 frame
5

Fig. 4.9 Observation of cracks using images takéh @ high-speed camera:
(a) before crack generation at O frame, (b) parallack with path at 300 frame,

(c) 0.5 s after solidification at 600 frame, and ¥értical crack with path at 2200 frame.
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4.4 Investigation on Crack Occurrence and Hardness
Variation Mechanisms

4.4.1 Influence of Microstructure

Based on the results of a previous study, one nfer that carbide precipitates
influence crack development and hardness [56]h&t study, steel was coated with
Stellite 6 powder using high-speed flame sprayiflge microstructure of the coating
was described as consisting of Co-rich dendritegosinded by hard carbide particles
(Cr23Ce). This coating was found to reduce the tensilergith of the base metal.

In this study, microstructural observations by SBNMI composition mapping by
EDX were performed on the deposited specimens.rEiguL0 shows the SEM images
for the specimens deposited in the first experim@ime figure shows that, without
preheating, the precipitates extending needle-likthe direction of the substrate (Z
direction) are densely distributed in large quamesit In the upper part of the coating
(A), precipitates can be observed to be randomignded without any direction. The
thickness of the precipitates increases with ingirgapreheating temperature, and the
density of the precipitates decreases.

Compositional mapping by EDX was performed to irtigege the composition of
the precipitates. Figure 4.11 shows the resultaiobd for the middle part of the
coating (B) of the test piece deposited in thetfegperiment with a preheating
temperature of 500C and a laser power of 2400 W. A comparison betweigs.
4.11(a) and 4.10 reveals that the precipitate @-aich phase. Figure 4.11(b) shows
that the Cr-rich phase also contains carbon,the.phase is presumed to be composed
of carbide particles such as£s or CrrCs. In other words, without preheating, the
amount of hard, brittle carbide particles increasedhe deposited material. This
increase resulted in an increase in hardness aamkiog susceptibility, eventually
leading to crack formation. As shown in Fig. 4.11(€o, a major component of
Stellite 1, is found in higher concentrations, wées Cr is not, and vice-versa.

For a more detailed investigation, the obtained SiEEMges were binarized to
guantify the ratio of the Cr-rich phase in the deiped material. Figure 4.12(a) shows
the SEM images of the middle part of the coatiny 4Bd binarized images from the

first experiment with different preheating temperas. Figure 4.12(b) shows the
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SEM images from the second experiment, in which ldser power was varied
combined with preheating. In the SEM images, thecrostructure appears to
transition into a fine needle-like structure, ahd tensity of the precipitates increases
as the laser power or prehearing temperature deesed his trend is similar to that
observed in Fig. 4.10, which shows the results wdthd without preheating,
suggesting that the cooling rate influenced theeobesd microstructure. These
outcomes are consistent with the results of a previstudy that reported higher
material hardness when needle-like precipitatesevdemsely distributed, as well as
cellular growth owing to a large temperature gratiand equiaxed dendrite growth
owing to a small temperature gradient (Smoqi et2022) [18]. The top surface of
the coating was observed to have a shape simildwatoof an equiaxed dendrite owing

to slow cooling.
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Fig. 4.10 SEM images for each test piece deposit¢itl different preheating temperatures.
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Fig. 4.11 EDX mapping images of the test piece ddpd with a preheating temperature of
500°C and laser power of 2400 W (measurement area is fBraFig. 4.10).
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Fig. 4.12 SEM and its binarized images.
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The binarized images shown in Fig. 4.12 reveal iCh-mareas, shown in white,
indicating that the previously discussed carbiddipl@s contribute to a more brittle
yet hard material. The ratio of the white part be trest of the image was used to
express the relationship in Fig. 4.13, which shdhs ratio of the Cr-rich phase
obtained by binarization and the hardness in thst fand second experiments,
respectively. Figure 4.13 reveals a correlatiomieen the ratio of the Cr-rich phase
and the hardness of Stellite 1. The black areabénbinarized images indicate that
the amount of Cr in these areas is lower than th#enareas. Thus, the black areas
are Co-rich phases; the Cr is presumed to have biesolved in the Co as pointed

out in previous research [57].
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Fig. 4.13 Relationship between hardness and thecBirphase ratio for each test piece.
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4.4.2 Influence of Dilution

Surface

Deposited

material 2

Substrate —>

(a) Example of EDX line mapping result

The possibility of a reduction in hardness owinglilution was also investigated.
The relationship between the intensity of Fe angthlevas investigated using EDX
line mapping. Figure 4.14 shows an example of tBXHEne mapping results and a
schematic thereof. In Fig. 4.14(a), the cyan lindi¢ates the intensity of Fe in the
SEM image shown in the background. In Fig. 4.141g, horizontal axis indicates Fe
intensity, and the vertical axis indicates the gosiin the depth direction from the
surface of the deposited material. Below depthh®, Ee intensity is high because of
the S50C substrate. However, Fe intensity decrefasesdepth A to depth B before
ultimately becoming constant. The low Fe intensépresents the deposited Stellite,
and the transition from depth A to depth B représéime dilution zone. Therefore, the
distance between depth A and depth B representdililntton zone depth.

Figure 4.15 shows the measurement results for geximens deposited with
different preheating temperatures and their assediastimated dilution zone depths.
The figure demonstrates that the degree of diludoes not change significantly,
regardless of the preheating temperature. In otfeeds, the substrate component is
not likely to diffuse and influence the compositiohthe deposited material. Thus,

dilution does not have a considerable effect omlhass and crack development.

_,

Intensity of Fe

Dilution zone depth

Position in depth direction

(b) Schematic diagram of
EDX line mapping result

Fig. 4.14 EDX line mapping example of Fe intensityd a schematic thereof.
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Dilution zone depth:}
Approx. 40 um

IDilution zone depth: .
Approx. 20 pm

Dilution zone depth:
Approx. 20 pm

Dilution zone depth:
Approx. 50 um %

(c) Preheating temp. 500 °C (d) Preheating temp. 600 °C

Fig. 4.15 Dilution zone depth estimated by EDX Imapping for each test piece deposited with
different preheating temperatures.

4.4.3 Influence of Cooling Rate

The change in material properties owing to carlpdeticle precipitation can be
inferred to affect hardness and crack developm&tdreover, the magnitude of
thermal stress is considered to influence the dmmknt of cracks or lack thereof.
Thermal strain is known to decrease when the cgadiate is low [58], indicating that
it is dependent on the cooling rate.

Hence, to investigate the cooling rate, the spamhghe dendrite arms was
investigated. In a previous study, dendrite arncepawas measured using the SEM
images of specimen cross-sections to obtain thérgpoate; the study highlighted a
negative correlation between arm spacing and thairp rate [18]. They also
calculated the cooling rate from the following r&daship,

A, = 80(£7033), (4.1)
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where4, is the dendrite arm spacingm], ande is the cooling rate [K/s]. Using this
equation, the cooling rate can be expressed asdifun of the dendrite arm spacing

as follows:

£ = (1,/80) 5. (4.2)

In this study, dendrite arm spacing was measurawyuspecimens deposited in the
first and second experiments. The cooling ratesveaidculated using Eq. (4.2). The
results are shown in Figs. 4.16 and 4.17. NoteHugat(4.1) was proposed for stainless
steels and thus requires further investigation stneate the exact cooling rate for
Stellite 1, which was used in this study.

To confirm the validity of the relationship betwethe dendrite arm spacing and
cooling rate, the results were compared with thafsgrevious research. The dendrite
arm spacing in this study, ranging from 2.0 to 8, was relatively higher than that
observed in previous research of 1.0 todn® [59]. The difference can be attributed
to the feed rate used in the previous research06040 6000 mm/min which was
higher than the 21000 mm/min in this study, as wselthe finer microstructure obtained
by the higher speed feed rate in the previous rekedn this study, the cooling rate
ranged from 0.2x10to 3.5x10d K/s, thus outside the range typically associatéth w
laser cladding of 5xT0to 5x10G K/s, as defined by previous research [52].
Considering that Vilar also states that the rangedépendent on the processing
parameters, the lower cooling rate is assumed ta bgect result of the preheating
performed during the experiments in this study.ufés 4.16 and 4.17 show that the
dendrite arm spacing tends to become narrowereanctise of no preheating or with
lower laser power in the case with preheating. lremhore, under these conditions,
the cooling rate is higher and the thermal stresssumed to be higher, thus cracking

ocCcurs.
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Fig. 4.16 Relationship between preheating tempeeadnd the dendrite arm spacing and

cooling rate.
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Fig. 4.17 Relationship between laser power andd#redrite arm spacing and cooling rate.
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4.5 Summary of Chapter 4

In this chapter, the effects of substrate prehgatiith an induction heater and

laser power on crack development in DED for Co-baseperalloy Stellite 1 were

investigated. The findings of this chapter are swarired as follows.

1)

2)

3)

For a laser power of 2400 W, cracks did not develdmen the preheating
temperature was 40@ or higher. For a laser power of 1750 W or highleacks
did not develop when the preheating temperature @8 °C. Among the
deposition conditions, a sufficient hardness of .842V was obtained when the

preheating temperature and laser power were°60ind 1750 W, respectively.

Although cracking did not occur when the preheatemperature or laser power was
high, the hardness decreasédirade-off exists between high hardness and low
crack frequency that is considered to be influenbgdthermal stress and the
amount of precipitated chromium carbide, which ikaad and brittle material.
These two factors are affected by the cooling cdtdeposition. The higher the
cooling rate, the more chromium carbides precipitand the harder the deposited
material, the more likely cracks are to developadidition, the higher the cooling

rate, the greater the thermal stress.

Controlling the cooling rate is important for prenig cracking and hardness
reduction. The results presented in this study peovide a guideline for the
coating and cladding of Co-based superalloys by D&DCo-based superalloys

are widely used for die-cut rolls or screw shafts.
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5 Influence of Thermal Ktory

5.1 Introduction

In this chapter, the effects of thermal historywarkpiece hardness and cracking
in the cladding of M2 high-speed steel were invgetied through a combination of
numerical and experimental techniques. A simplerttad model was developed to
simulate the workpiece temperature during depasitio

The organization of this chapter is as follows. tBat 5.2 explains the thermal
simulation model used in this study and discusbesvalidity thereof. Section 5.3
describes the experimental setup and method. Sebt provides the experimental
results. Section 5.5 discusses the influence ofntlé history on the quality of the
workpiece deposited by DED based on the obtainedlt® Finally, the conclusions

of this chapter are outlined in Section 5.6.

5.2 Thermal Simulation

5.2.1Simulation Specifications

This subsection describes the numerical analysigdenhdor simulating the
temperature history of a workpiece. In this anaysiie temperature evolutions of the
deposited material and starting substrate are ttkedi from the transient heat input
generated by the laser source. The governing emudtr the analysis is a three-
dimensional heat conduction equation derived frdra tonservation of thermal

energy in the material and is expressed as follows:

M _Kprpd (5.1)
ot pc pc’
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where T denotes temperature, denotes timek denotes thermal conductivity,
denotes density, denotes specific heat, agdienotes heat generation per unit volume
per unit time. Normally, material coefficients suab thermal conductivity, specific
heat, and density are a function of temperaturesiimplicity, these coefficients are
fixed at room temperature in this analytical modeladdition, to simplify the model
as far as possible for the thermal analysis of Daflly heat conduction in the rigid
body is considered. The heat input from the lased heat dissipation from the
deposited workpiece are combined to calcutptés shown in Eq. (5.2), the heat input
from the laser is assumed to follow the Bouguer—hart+-Beer Law [60]. In addition,
two types of heat dissipation from the depositedipece are considered: convective

heat transfer and radiation, as shown in Eqs. @n8)(5.4).

x% +y?
Quaser (%, ¥,2,t) = (1 = R)qoexp | ———— | exp(—az), (5.2)
0
Geonvection(6, Y, 2,t) = h(T — Tgr), (5.3)
QTadiation(x: Y,z t) = €J(T4 - T:ir)' (54)

whereR denotes reflectancgy denotes incident laser density denotes laser radius,

a denotes absorption coefficiemt, ection d€NOtEs the convective heat transfer per
unit areaz denotes the heat transfer coefficient of the aphese,T,;,- denotes the
temperature of the atmosphetg, i.:ion denotes the thermal radiation per unit area,
ando denotes the Stefan—Boltzmann constant. Heir,Eq. (5.2) is the coordinate
axis taken from the laser irradiation point to thside of the workpiece, andandy

are axes so that the system is right-handed, asrshoFig. 5.1. Eq. (5.5) is used to
calculateg in Eq. (5.1).

acIlaser

— (5.5)

q(x,¥,2,t) = qconvection T radiation +

A finite difference method is used for the numetricalculations. The program is

designed to use a computational domain correspgnttirthe deposited workpiece,

66



Chapter 5 Influence of Thermal History

which follows the laser path trajectory. A schematf the algorithm flow of this

program is shown in Fig. 5.2.

Qlaser

Fig. 5.1 Schematic of the local coordinate systerthie laser heat input equation.

Time step loop

.

Laser center moving
Activation of deposited cells
Calculating laser heat input for around cells

Calculating heat convection and radiation for surface cells

Calculating heat conservation for all cells
Update temperature distribution

A

Fig. 5.2 Algorithm flow for heat transfer simulatio
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The program has the following features:
1) The laser irradiation point moves along the lasathpwith the time evolution;
concurrently, the heat input calculation is perfednon the cells around the

irradiation point.

2) The group of cells to be deposited is preparedfeefioe calculation begins, and
cell activation is performed at each time stephia Yicinity of the laser irradiation
point. This allows the DED process to be modelethascalculation area is added

as time evolves.

The aim of this program is to build a model thatsimple enough to perform a
temperature analysis of the DED process. In padicunote that the following points

are not considered.

- Solid-liquid phase changes and associated chanmgehysical quantities and
governing equations

- Formation and transformation of the crystal stroetand associated changes in
various physical quantities

- Temperature dependence of physical quantities ascdpecific heat and thermal
conductivity

- Cracks and voids in depositions and deformationngwo strain

- Changes in height and shape of the deposit owirdgpmsition defects

- Simulation of fluid motion inside a melt pool

- Change in reflectance of materials depending oratitge of laser incidence

- Influence of spatter and unmelted powder adheringljects

In the next section, the qualitative and quantiativalidity of the model are

discussed.

5.2.2 Simulation Validation

To confirm the validity of the thermal analysis,ethhemperature measurement
results of the simulation were compared with thob¢éhe deposition experiment. A
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thin-wall deposit was produced using SUS304 asbie material and SUS316L as
the deposited material. As shown in Fig. 5.3, thdaxce temperature of the wall was
measured by an infrared thermometer to record olanduring deposition. A
numerical analysis was performed under the samegigpn conditions. The average
temperature in the same area as the measured raageoutput at 30 Hz. For
computational efficiency, the mesh size was sduig 4y, and4z) = (0.5, 1, and 0.1
mm).

Figure 5.4 compares the measured and numericaltsedBioth models show
gualitative agreement, with an initial temperatimerease to a peak followed by a
gradual temperature decrease. Quantitatively, ferdifice of up to 20 % is observed;
this accuracy is considered sufficient for an as@lyapproach using a simplified
model that does not consider temperature dependeanges in thermodynamic
coefficients or phase changes. To further improke &ccuracy, the mesh size
resolution could be increased to capture powddluadt movements in the melt pool.
However, decreasing the mesh size down tend for improved resolution would
increase the computation time by an estimated 1f@s The accuracy achieved
under the current simulation conditions is therefaronsidered a good balance

between accuracy and computation time.

Y N . .
. 3 pr—— Nozzle feed direction
Deposited e
workpiece 60 Infrared thermometer
35 measurement area
Base material (150 layers) %—%e// (®10 mm)
Z Z 5 AN
25 10 70 15
| > Y 50 | 5> X 100 Unit [mm)]

Fig. 5.3 Schematic of the wall deposition experimen
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Fig. 5.4 Comparison between the measured and sietul@orkpiece temperatures during thin-

wall deposition.

5.3 Experimental Setup and Method

5.3.1 Experimental Setup and Method

The purpose of the experiment was to investigageetifiects of thermal history on
crack development and hardness within the depwsttimacks and overall workpiece.
The experimental apparatus used in this study @vshin Fig. 5.5. The laser beam
was irradiated from the deposition head throughddueter of the laser nozzle with a
shield gas to form a melt pool on the base mateMatal powder was simultaneously
fed through axisymmetric nozzles for the additidnmaterial. The powder used was
M2, a type of high-speed steel that is commonlydusecladding applications. A
rectangular block was deposited by fabricating Bniital layers with 6 linear
depositions per layer. The thermal history wasegby changing the interpass dwell
time between the lines and layers. Table 5.1 Itkes deposition parameters and

conditions. The workpieces are hereafter refercedst N1 to N5.
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Nozzle feed direction ? Beads Points for hardness i
s P measurement !
Laser nozzle @E | :
| N / /1/ : 55 :
Deposited - ! (5 layers) :
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2 100 N 1.5 0.5 | 0.5 (1 layer) |
Y A overla '
| ¢ 1 3.0 | (overlap) . .
X Base material N 10.5 Unit [mm] |
e e - e e e e e e e e e e e P e, ————————— ——— J
Fig. 5.5 Experimental setup.
Table 5.1 Deposition parameters and conditionsfarh workpiece.
Workpiece No. N1 N2 N3 N4 N5
Laser power [W] 2200 (1st layer), 1600 (2nd to 5th layer)
Feed rate [mm/min] 1000
Powder feed [g/min] 12
Layer thickness [mm] 1.1
Interpass dwell time on a path level [s] 0 3 6 6 6
Interpass dwell time on a layer level [s] 0 0 0 12 24

5.3.2 Evaluation Method

After deposition, the workpiece was sectioned veitgrinding disc, and the cross-
section was polished. Hardness was measured anf5Sntervals in the build and
horizontal directions. The interface between thesebanaterial and deposited
workpiece was used as the height reference (0 mrile hardness measurement. The
measuring instrument used was an AAV500 micro-Viskerdness tester (Mitsutoyo,
Japan).
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5.4 Investigation

Figure. 5.6 shows images of the deposited workpidseshown in the figure, no
visible cracking occurred in N1 (zero dwell tim&or N2, with an interpass dwell
time on a path level of 3 s, a 6 mm visible craak be observed in the perpendicular
direction with respect to the toolpath directiomr W3, with a dwell time of 6 s, the
number of visible cracks increased to two, alsouokdng in the middle of the
workpiece in the longitudinal direction. For N4,ttvian interpass dwell time on the
layer level of 12 s, an additional visible crackrfed on the right-hand side of the
figure, thus totaling three cracks. The cracks waygerved to increase in length and
span the width. Compared to N4, no change was wbdefior N5, with an interpass
dwell time on the layer level of 24 s. These teraes observed in terms of number,
position, and length of cracking were also obsemeather samples deposited under
the same deposition conditions.

Figure. 5.7 shows the measurement results for thieeechardness map of the N5
cross-section. More variations in the build andibmmtal directions were observed;
therefore, finer linear interval hardness measurégm#ere taken. Figs. 5.8 and 5.9
show the hardness distribution in the horizontaéclion at a height of 0.5 mm and
in the build direction at the mid position of thess-section, respectively. Although
the hardness distributions in both directions eithiperiodic fluctuations, the
amplitude of the hardness distribution in the budidection of approximately 200 HV
is larger than that in the horizontal direction gegximately 100 HV). Given the
higher fluctuation amplitudes in the build directjicubsequent work focused on this
orientation. Note that the hardness distributiors \abso measured for other samples,
resulting in similar periodic fluctuations in th&ektions shown in Figs. 5.8 and 5.9.

As shown in Fig. 5.9(a), the workpieces without tiwéme exhibit uniform
hardness, whereas cyclic hardness fluctuationslaserved for N2, with an interpass
dwell time on the path level of 3 s. This is pautarly evident within the first layer.
For N3, with a dwell time of 6 s, hardness fluctaas are also observed in the second
layer. In contrast, as shown in Fig. 5.9(b), thedhass and periodic fluctuation trend
did not change when the interpass dwell time chdragethe layer level or when the
dwell time on the path level was fixed at 6 s. Ntitat although the EBSD analysis
of the workpiece cross-section was performed, gaificant difference in grain size

was observed at the positions where hardness fitiotus were observed.
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Fig. 5.7 Entire hardness map of the N5 cross-sectio
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Fig. 5.8 Hardness distribution in the horizontakedtion for N5 (0.5 mm height).
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Fig. 5.9 Measured hardnesses for (a) all samplbgssgmples deposited with the same dwell
time on the path level and different dwell timesthe layer level.

5.5 Discussion

5.5.1 Mechanism Hypothesis

Based on the findings of Costa et al., the vertialiation in hardness can be

attributed to tempering [36]. If the hardness measient point is higher (as in the
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case of the build direction) within the sample ere®ction, tempering is less likely
to occur at that point. This is because the thefmgtbry at that point is less likely to
have a temperature lower than the martensitic pbhaage temperature (hereinafter
referred to as Ms point). In the next subsectitiese hypotheses will be evaluated

based on the results of the temperature simulation.

5.5.2 Thermal History Analysis

To calculate the temperature distribution inside thamples, the simulation
described in Section 5.2 was performed under timeseonditions as the deposition
experiment described in Section 5.3. Figure 5.16wshthe results of the thermal
history analysis at different build heights. Nobat the Ms point was set to 250,
[61]. Figure 5.10(a) shows that the Ms point is erehigher than the temperature for
the "no dwell time" condition experiment. In othewords, the entire sample was
considered to have cooled and quenched to the Mg pfter the deposition process
was completed, and the cyclic hardness changeinee condition with dwell time
did not occur. Moreover, Figs. 5.10(b) and (c) shbat in experiments with non-zero
dwell times, the temperature is below the Ms pdiefore initiation of the first
deposition track of the third layer. Therefore, tle phase change is considered to
have occurred during deposition. In other wordg, ltlardness is considered to have

changed owing to thermal cycling in the subsequaygrs.
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Fig. 5.10 Thermal history simulated by thermal gs& for (a) N1 (0.1 mm height), (b) N5 (0.3
mm height), and (c) N5 (0.6 mm height).
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In thermal cycling, remelting of the existing layisrimportant because the effect
of thermal cycling is reset when the material isltedt The bottom position of the
melt pool was estimated using the following methiéidst, the thermal history at each
point along the height of the cross-section atabeter of the sample was simulated.
Thereafter, the points where the peak temperatyceedled 1225C at the time of
heat input were considered melted. Note that ’22fwas used to estimate the bottom
position of the melt pool rather than 14@0 which is the actual melting temperature
of the material, considering that the analysis 4d®.5% error in the maximum value,
as described in Subsection 5.2.2. Figure 5.11 coespthe hardness distribution and
estimated height of the bottom of the melt poolidgrthe deposition of layers 3, 4,
and 5. Here, hardness was measured at interv@ld ohm for a detailed comparison.
The melting area is estimated to extend two layp&iew into deposition layers 3 to
5. The bottom of the melt pool is at a height &,01.7, and 2.7 mm in deposition
layers 3, 4, and 5, respectively.

Figure 5.11 shows that the hardness decreases liblWwottom position of the
melt pool estimated by the simulation, that is,tliwe heat-affected region where
tempering takes place at a higher temperature. Fhiggests that the hardness
variation results from thermal effects in the nextsubsequent layers. In this case,
owing to heat input from the next and subsequeyerks, the hardness is found to be
high in most melted areas as the layers are cambdeldquenched together. However,
the hardness in the area 0.2 to 0.3 mm below timeltes lower owing to tempering
at high temperature for a short time, resultingpémiodic fluctuations.

To investigate the cause of cracking with and withdwell time, the thermal
history near the surface (4.5 mm height) was comghafs shown in Fig. 5.12, in the
condition without dwell time, the temperature drdpgow the Ms point for the first
time after deposition is completed, whereas in ¢badition with dwell time, the
temperature drops below the Ms point and then risgbe tempering embrittlement
temperature. This thermal history can be considesed of the factors causing

cracking, as reported by Li et al. [62].

77



1000
900
800
700
600
500
400
300
200
100

Hardness [HV]

Chapter 5 Influence of Thermal History

Ist layer i 2nd layer ] 3rd layer ] 4th layer I Sth layer !
N A e R
[ = .T'. .l.ll+l....-....-:..-....I .T.--..I.
R | |
a" I | | [
- : | T
| 1 l 1
i l Bottom position of melt pool at 5th layer
| - I I
- : : |“ | |
B | Bottom position of melt pool at 4th layer
| < | |
| Bottom position of melt pool at 3rd layer
ol | | ?
0 05 1 .5 2 25 3 35 4 45 5 55

Distance from interface of base material and cladding part [mm]

Fig. 5.11 Comparison between the measured hardmabbottom position of the melt pool at

~
o
N

Temperature [°C]

each deposition layer estimated by thermal historaglysis for N5.

2000 (b) 2000
1800 | 1800 |
1600 | | %) 1600
1400 - = 1400
1200 | £ 1200 |
1000 | £ 1000 |
800 | _E 800
600 | = 600 |
400 A - 400 t o
200 F 200 F N N
0 0
100 150 350 450
Time [s] Time [s]

Melting temp. (1400°C)

Austenite transformation
temp. (750°C)

Temp. peak of tempering for
/ secondary hardening (550°C)

Temp. peak of tempering
for brittleness (400°C)

Martensitic phase change

\_ temp. (250°C)

Fig. 5.12 Thermal history simulated by thermal gsa for (a) N1 and (b) N5
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5.6 Summary of Chapter 5

In this chapter, the relationship between the tredtmstory, cracking, and hardness

of M2, a type of high-speed steel, was investigatsd performing deposition

experiments using DED apparatus with systematicadlying interpass dwell times.

The following conclusions were obtained.

1) The workpieces deposited without any dwell time ibkbd no cracking and a

2)

3)

uniform distribution of high hardness. The workpmeavith non-zero dwell times
demonstrated cracking and hardness variations th thee build and horizontal

directions.

Costa's suggestion regarding the stainless st&$430, was also valid for M2
[36]. The workpiece temperature should be mainthinbove the Ms point by
continuously applying heat. If the temperature dréygbw the Ms point even
once, temper softening is inevitable in the upper layers. Thus, the interpass
dwell time between adjacent lines has a dominant effect on the deposition of

three-dimensional shapes.
The simplified temperature simulation in this studyeffective for the practical

analysis of the deposition path strategy becauseait predict where temper

softening will occur.
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6 Case Study

6.1 Introduction

As explained in Section 2.6, the demands for highdhess, crack-free coatings,
especially as an alternative to hard chromium ptatiare increasing because of
environmental issues and carbon dioxide emissiofise surface hardness of
chromium plating has a high Rockwell hardness (HR&ye of 65 to 68 and is used
for sliding parts that require high hardness.

In this thesis, Chapters 3, 4, and 5 investigaheddevelopment of practical high
hardness coatings by DED to provide a solutiorttierabove demands. In this chapter,
a case study will be presented based on the fisdifighe preceding three chapters.

The organization of this chapter is as follows. t8etr 6.2 describes the target
workpiece of the case study and requirements factigal use. Section 6.3 reviews
the findings of the preceding three chapters anglaems the predications for
successful hard coating fabrication by DED in teohthermal history and deposition
conditions. Section 6.4 describes the experimesgtip and method for validating
the predictions. Section 6.5 evaluates the qualftyhe workpiece deposited in the
experiment. Section 6.6 evaluates the influence¢hef proposed application on the

environment. Finally, conclusions of this chapter autlined in Section 6.7.

6.2 Target Workpiece and its Application

The drawbar is the targeted workpiece for the cdady. Figure 6.1 shows the
appearance of a drawbar and disc springs. The dnaigba core component of the
milling spindle of a CNC machine tool and esserfmalclamping and unclamping the
tool holder. As shown in Fig. 6.1, drawbars requireard surface for wear resistance
against the abrasion of disc springs that slideglihe drawbar during clamping and

unclamping.
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To obtain a hard surface, drawbars have conventiomeen treated with hard
chromium plating in the production processes, t@sglin a long lead time. Therefore,
fabrication of the drawbar in the conventional mse requires multiple specialized
machines for cutting, heat treatment, strain rerhasteromium plating, and grinding.

If DED is utilized and the processes shortened,|¢lael time can be dramatically
shortened and the environmental issues associatbhdnard chromium plating may
be resolved. Hence, the draw bar is a suitable piede to realize process integration
with the hybrid DED machine described in Chapter 2.

The alternative to hard chromium plating must havhigh hardness exceeding
HRC 65 on the surface of a drawer. The Co-basedrsalfoy Stellite cannot achieve

HRC 65, while the high-speed steel M2 may possdulyieve HRC 65. Therefore, M2
was selected as the deposited material.

o0

!
273 mm

460 mm Hard surface is required

Fig. 6.1 Appearance of a drawbar and disc springs.
6.3 Deposition Strategy

To obtain the required hardness, the factors tadresidered are whether dwell
time is required, how long the dwell time should ibeequired, and what type of
thermal history is required. Therefore, this settidiscusses the thermal history
simulation performed to predict the methods foriaeing HRC 65 with no cracks

and the selected deposition conditions.
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6.3.1 Thermal History Simulation

The model of the drawbar used for the thermal satiah is shown in Fig. 6.2. As
shown in the figure, the portion to be deposited l@apipe shape with an outer
diameter of 18.3 mm, inner diameter of 6 mm, anmtgth of 237 mm. The thickness
of the cladding was 0.6 to 0.7 mm, similar to thaft chrome-plating in the
conventional process.

The deposition path is shown in Fig. 6.2. To move kaser nozzle continuously
and perform deposition efficiently, the movementtog nozzle in the axial direction
of the drawbar was synchronized with the rotatidrthe drawbar. The movement
distance per rotation, which was equivalent toititerval of depaosition lines, was set
to 1.8 mm.

As described in Section 2.6 and Chapter 5, maiirtgithe deposited workpiece
temperate above the Ms point during the deposipimtess is important to prevent
temper softening. The relative feed rate to théamer to be deposited should be high
to ensure subsequent lines are deposited beforpréideposited line has cooled. In
addition, high laser power is preferrable to prdveracking and ensure the base
material and supplied powder are adequately melsdliscussed in Chapter 4. The
deposition parameters listed in Table 6.1. for tdse study were selected based on
these findings.

Interpass dwell time is defined as the time intebaetween the depositions of one
rotation and the next. In this study, interpass ltitimes of 0 and 6 s were selected,
and thermal simulation was performed to estimagettiermal history of the deposited
workpiece and investigate the influence of dwetigion the thermal history.
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Laser nozzle

Nozzle feed direction

Point A

Rotation of (Deposition start point)

base material

Unit: mm

Deposited portion

Fig. 6.2 Schematic of DED cladding on a drawbar.

Table 6.1 Deposition parameters and conditions uselde thermal simulation of the DED

coating on the drawbar.

Workpiece No. B1 B2
Laser power [W] 1600
Relative feed rate to surface to be deposited [mm/min] 5000
Rotation speed of base material [min!] 87
Nozzle feed rate [mm/min] 157
Powder feed [g/min] 35
Interpass dwell time [s] 0 6

The results of the thermal history analysis atdtet of deposition are shown in
Fig. 6.3. The zero dwell time result is shown ig.F6.3(a), and 6 s dwell time result
is shown in Fig. 6.3(b). In the case of zero dwéte, the thermal history was
calculated from the start of deposition to air é¢ogluntil 120 s after the end of
deposition. In the case of a dwell time of 6 s, tiermal history was calculated from
the start to the end of deposition. The result€béapter 5 indicate that to maintain
high hardness, the temperature must not fall be2&@ °C, that is, the martensitic
transformation temperature, even once during déjposi and that the deposited

workpiece will be cooled and transformed only affeposition has ended. As shown
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in the thermal analysis in Fig. 6.3(b), when thestisime is set to 6 s, the temperature
cools to approximately 100C after each rotation of the drawbar. Therefore, the
hardness of the deposited material can be infetwediecrease because of reheating
after martensitic transformation, with thermal bist preventing uniform
martensitization. This hardness decrease may biwaqut to that in the first layer of
N5, described in Chapter 5. On the other hand,itopht the result of Fig. 6.3(a) with
zero dwell time, the subsequent layer is depodiefdre the layer has cooled as per
the deposition conditions selected. Thus, the teatpee drop is suppressed to 260

In addition, over time the deposition points moweag from the starting point and
the temperature drops to 280, which is the martensitic transformation temperatu
This is similar to the thermal history of N1 in Qlar 5. The decrease in hardness is
thought not to result from temper softening under heat-affected region, and the

deposited portion is uniformly martensitized andwh high hardness.
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Fig. 6.3 Thermal history of Point A (shown in F§2) estimated by thermal simulation for
dwell times of (a) 0 and (b) 6 s.

6.3.2 Selected Experimental Conditions
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This hypothesis, if correct, will be evaluated iec8on 6.5

Based on the simulation results of the previousseation and the findings of
Chapters 3, 4, and 5, the deposition parametersamnditions listed in Table 6.2 were

selected for the deposition experiment, which Wil described in the next section.
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Table 6.2 Deposition parameters and conditiongHerdeposition experiment.

Laser power [W] 2500
Feed rate [mm/min] 5000
Powder feed [g/min] 35
Interpass dwell time [s] 0

6.4 Experimental Setup and Method

6.4.1 Experimental Setup and Materials

Figure 6.4 shows the experimental setup. The hybiiD machine, LASERTEC
3000 DED hybrid (DMG MORI, Japan), was used. Thelnae is a hybrid machine
based on a turn-mill machine, with 5-axis cont®linear axes, 1 inclined axis on the
tool side, and rotation axis on the workpiece sMgling was conducted by clamping
the milling tool to the tool spindle, and turnin@ohining was conducted by clamping
the turning tool and rotating the workpiece at higeed. Furthermore, clamping
allowed laser head deposition to be performed.yFalitomatic mounting of the laser
head to the tool spindle enabled machining withrgle chucking operation. The
maximum deposited workpiece size wa#®00 mm x 1,321 mm when the AM head
was vertically oriented downward ar@é70 mm x 932 mm when the AM head was
horizontally oriented. In contrast to the large deifion size of the LASERTEC 3000
DED hybrid, its footprint is rather compact at 668vim x 4,510 mm, and the machine
height is only 2,750 mm.
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AM head clamped
on tool spindle

Laser nozzle
Chuck

on right spindle
Base material

(Drawbar)

Tailstock on
turret

Fig. 6.4 Experimental setup for the DED coatingtlh@ drawbar using the LASERTEC 3000
DED hybrid machine.

6.4.2 Experimental Method

The drawbar was clamped to the turning spindlehef tASERTEC 3000 DED
hybrid and coated with high-speed steel where it peeviously hardened and been
chrome-plated. The coating process took approxim&enin, which is an incredibly
short time. In addition to the chrome-plating pregethe coating was applied to a
material that had not been quenched to omit thenchieg process.

The portion of the drawbar to be coated by DED ttha&ssame as that in the thermal
simulation, as shown in Fig. 6.2. Figure 6.4 shaavphoto captured during the

experiment.
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Fig. 6.4 View of the high-speed steel coating af thawbar.

6.4.3 Evaluation Method

After deposition, a hardness measurement was pegdr The deposited
workpiece was sectioned with a grinding disc, ane ¢tross-section was polished.
Hardness was measured at 0.1 mm intervals in tHd Hdirection, and the maximum
value was taken to be the hardness of DED coafihg. measuring instrument used
was an AAV500 micro-Vickers hardness tester (Mibsat, Japan).

The internal defects were also evaluated by X-rdys€Can using a METROTOM
1500 G3 (Carl Zeiss, Germany). Figure 6.5 showsnieasurement portion of the
drawbar. Measurements were taken every 10 mm Wighend face of the deposited
portion designated as Z0. The voxel size was afprately 50 um and could detect

defects as small as 50 um. Figure 6.6 shows andmfthe detected defects.

X-ray CT scan measurement portion

7-0 7=237

Fig. 6.5 Measurement portion of the X-ray CT scéthe drawbar.
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Defect \‘

Fig. 6.6 Example image of the X-ray CT scan whezfedts were detected.

Finally, to evaluate the endurance of the drawleamtien coated with high-speed
steel by DED, tests were conducted by sliding @iskings on the sliding portion of
the drawbar to simulate the actual usage environmém to 5 million cycles were
conducted, which is the target value for enduratesting, and two drawbars were
compared and evaluated. One drawbar was made bticaed and hardened SCM
material with chrome-plating, which is the currgmdlvailable product. The other was
made of an S45C base material with high-speed $fi@etoated on the surface by
DED to reduce material costs. After testing, théeowliameter of the sliding surface
was measured, and the change from the originalevelas calculated, representing
the amount of wear, to evaluate the wear resistafnlse wear condition of the disc
springs was also observed under a microscope, lenéffect of wear on the mating
material was evaluated. The durability of the mialer was evaluated by three-

dimensional measurement.

6.5 Experimental Results

6.5.1 Hardness Measurement Result

Figure 6.7 shows the hardness measurement resuthdwn in the figure, the hard
values were 0.1 to 0.3 mm from the surface. Theimam hardness of HV 845
(equivalent to HRC 65.5) was 0.1 mm. The base ri@te850C, was confirmed as
having also increased to HV 600, which is assunoeldet a result of the temperature

increase to the quenched temperature during deposit
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Fig. 6.7 Hardness measurement result of the drawbating by DED.

6.5.2 Crack Development Evaluation

Before the endurance test, as in Subsection 6tBelcross-section was polished
after cutting and then observed under a microscdpe.cut was made at a point 100
mm from the end face of the deposition start poig.shown in Fig. 6.8, no large

defects of 5qum are observed on the coated high-speed steel.

- Deposited material
~ (High speed steel)

2Ly T8 s R :
Fig. 6.8 Cross-section of the drawbar cladding DD
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The specimens were also color-checked after cuttingvaluate crack existence.
The evaluation method is shown in Fig. 6.9 as perdtandard in JIS Z2343-1:2017
[63]. The method is described as follows. (1) A gant application of red paint is
applied to the deposited workpiece and penetratefase discontinuities such as
scratches, cracks, and voids. (2) A developer appbn is applied to bring out the
red color of the penetrant application. (3) If therkpiece has any scratches or cracks,
the penetrant application that permeated the nadteill show these as red markings.

As shown in Fig. 6.9, no red flaws are observedhmnworkpiece, indicating that

no defects or cracks developed in the depositeld-bjgeed steel, M2.

Penetrant application Developer application

Deposited portion

Surface discontinuities

Fig. 6.9 Color-check procedures and result fordrewbar cladding by DED.

Figure 6.10 shows a cross-section view of the X@dyimaging result. This result
was obtained after 5 million cycles of endurancgtitey. Internal defects and cracks
not visible with the naked eye were revealed dutimg endurance test. The cross-
sections at Z = 20 and Z = 190, in which slidingrksawere particularly visible, are
shown as representatives of the result. Voidshasve in Fig. 6.6, were not found in

the coating area, indicating that no internal defdormed during the endurance test.
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Fig 6.10 Internal crack evaluation by X-ray CT scan

6.5.3 Evaluation of Wear Resistance

Figure 6.11 shows the results of the wear resigt@valuation. Figure 6.12 shows
photos of the drawbar at each sliding time. Thegarés reveal that the amount of
wear on the drawbar sliding surface coated by DE3 as low as that of the currently
available product.

In addition, because a small coefficient of frictimay damage the mating disc
springs, which are the sliding part, the amountvefr on the disc springs was also
evaluated under a microscope. The amount of weas feand to not differ
significantly from that of the disc springs usediwihe currently available chrome-
plated drawbar, suggesting that DED can be usedifgit-speed steel coating as a
replacement process for hard chrome-plating.
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Fig. 6.11 Wear resistance evaluation result fomdra cladding by DED.
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Fig. 6.12 Photos of the drawbar at each slidingetoring the endurance test

(OD: outer diameter, AW: amount of wear).
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6.6 Lead Time and Power Consumption Reductions by
Proposed Method

The LASERTEC 3000 DED hybrid machine can producatiogs with a durability
equivalent to that of hard chrome-plating, as désed in Subsection 6.4.3. Because
the process can be integrated, the quenching psogererally performed before
chrome-plating can be omitted. This machine thukesaa strong contribution to
energy conservation. Figure 6.13 shows the compati®€tween the conventional and
integration processes for drawbar manufacturing.

The lead time for the conventional sequence, motthly for chrome-plating and
transportation to and from the supplier, is 14 ¢. d@ntrast, because the surfacing
step was conducted by the hybrid machine, evergrostep could be performed by
the hybrid machine as well. Thus, the drawbar maotufring lead time was not
measured in days, but rather took only 2 h.

Regarding environmental impact, accounting for oarbdioxide emissions
revealed gains that were nearly as advantageouhelrurrently available process,
chrome-plating is the step with by far the largestver consumption. Stress relieving
and induction heating are second and third. By igléiting these three steps, the power
consumption to fabricate each drawbar was redued £99.7 to 98.8 kWh. For the
Chubu Electric Power plant that serves the Iga petidn site, DMG MORI says this
translates to a drop of 76.7 kg in carbon dioxideteed per drawbar.
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Current process

@ ® ®
Roughing Hardenmg Straln Flmshmg Chromium Grinding

(Turning) furnace removal (Turning)
v" Need to setup for each process |:| ,,,,,,
. : Setup -
v' Chrome plating process:
* Lead time of S days or more due to outsourcing T
* Low yield rate due to vacancies inside the plating .-~ :
Process Integration )
LASERTEC 3000 DED hybrid | .~
(DRoughing @AM |
(Finishing @Grinding | .-~

v Without setup between each process

v" Replacement of chrome plating process by DED
* Coating time 2 min
» Stable quality

Fig. 6.13 Conventional and integration processeslifawbar manufacturing.
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6.7 Summary of Chapter 6

In this chapter, the case study was presented baselde findings of Chapters 3

to 5. A drawbar, which is a key component of théndfe unit, was selected, and

deposition conditions were selected based on taerthl simulation. Thereafter, the

actual deposition experiment was performed, and dbality of the deposited

workpiece was evaluated. The findings of this cekapégarding DED for hard coating

are summarized as follows.

1)

2)

3)

Thermal simulations were performed and showed tth@tvorkpiece temperature
could be maintained above Ms during deposition wvzieho dwell time, whereas
the temperature drops with a dwell time of 6 s. §ithe zero dwell time condition

was selected for the deposition experiment.

After conducting the deposition experiment, the lgyaof the deposited
workpiece was evaluated. A high hardness of HRG 6%as obtained with no
cracks. Furthermore, the amount of wear after thidueance test was equivalent

to that of conventional products.

From the viewpoint of the environmental impact, dantrast to conventional
chrome-plating, DED cladding and its integratiotoima subtractive machine tool
make a strong contribution to energy conservatianthis case study, the lead
time reduction was estimated to be almost 14 d, #wedpowder consumption

could be reduced by approximately one-third.
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7 Conclusions and Future Work

This thesis aimed to use DED to fabricate hard¢cliface coatings for practical

application in industrial fields by focusing on higpeed steel and Stellite as the

applicable materials. The influence of the cooliate and thermal history on hardness

and crack development was investigated mechanidaltgugh a combination of

numerical and experimental techniques. The achiensslilits are summarized as

follows.

1)

2)

3)

For the deposition of a thin-wall-shaped workpieséng SUS316L, the cooling
rate for solidification ranged from 3x3@o 10x18 K/s and the hardness ranged
from 160 to 220 HV. A correlation was found betwettve cooling rate and
hardness in the melting and solidification regioRsrthermore, the cooling rate
was not significantly affected by the dwell timehieh is a deposition condition

that can be changed in practical applications.

For the cladding of Stellite, a sufficient hardne§$42.3 HV was obtained when
the preheating temperature was 500and the laser power was 1750 W. A trade-
off between high hardness and low crack frequencys vapparent. The
composition analysis clarified that this trade-wfis influenced by the amount of
precipitated chromium carbides, which are hard lanitlle materials. The amount
of embrittlement chromium phase should be approxiyat0% or less to ensure

hard, crack-free deposition.

In the cladding of M2, which is a high-speed steal,simple temperature
simulation was developed and used to determinalédp®sition conditions under
which the deposition temperature can be maintameave Ms by continuously
applying heat. The deposition experiments showatuhiform and high hardness
was achieved under the obtained deposition conditidhe results show that the
simple temperature simulation developed is effecfior predicting where heat-
induced softening will occur in a practical timarine and for designing deposition

strategies to avoid heat-induced softening.
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1)

2)

3)

4)

Chapter 7 Conclusions and Future Work

A case study was conducted on drawbars to verdyaghplicability of the obtained
knowledge for the production of actual parts. Therkpiece deposited under the
obtained deposition conditions had a hardness of l8R.5 and met the required
specifications. The results show a practical exangfl high hardness material
cladding by DED rather than conventional hard cheguhating.

Future work should address the following.

In the case study, the laser power and nozzle fadwere determined based on
beads shape and porosity, and dwell time was sldcdm a simple temperature
simulation. Whether this deposition strategy carubed in other practical cases

should be verified.

The dwell time was selected to achieve the dedinedmal history. In addition,

the preheating temperature should be determined.

For the development of a simple temperature sinmiaa balance exists between
accuracy and computation time. More accuracy shbelgchieved in a similar

timeframe.

In Chapter 5, two factors, hardness variation aratck occurrence, with and
without dwell time, are discussed in terms of thertal history obtained from
the simulation. From the temperature history, oana infer that the material is
embrittled because the tempering embrittlement enaijoire is exceeded after the
temperature drops below the Ms point. Confirmatafnthis finding must be
obtained through actual observation of the micradtrre. The creation of a
database of standard specimens would be benefioiainore precisely and
effectively investigate the relationship betweenmperature history and
microstructure. For example, while measuring terapges with a thermal camera,
heat treatment can be performed using only onedingtacking and a laser. The
relationship between heat treatment and the hasdaed microstructure should
be added to the database to allow comparisonsagitial workpieces in the actual

process.
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5) Fracture toughness and residual stress should dleaed as a measure of crack

resistance.
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A.1 Additive Manufacturing (AM)

The AM industry has developed remarkably since fingt patent rights were
granted in 1986 [1]. The entire metal and polym&t market size in 2021 was valued
at EUR 8.33 billion [1], [2]. AM processes are dled into seven categories, as
defined by the American Society for Testing and &tatls (ASTM) International
Committee F42 [Al]. The substantial growth in AMKeology has partly been driven
by commercial and performance benefits in the geos industry [5], [6]. However,
AM is not only increasing in aerospace fields, &lsb in vehicular fields, [7]. People's
interests have shifted from rapid prototyping fdretpurpose of accelerating
development to functional prototyping to developimew technologies [4].

In recent years, metal AM has been expanding iet@sal industrial fields because
of the various opportunities in terms of improvebkxibility of design and
manufacturing and improved productivity. AM has egpd to various industries,
introducing new capabilities. In addition, simutats enhance the metal AM
optimization process, as well as a potential modgeliworkflow for process
optimization [A2].

Papers have reviewed the published data on the anézdl properties of AM
metallic materials because more and more indusarnedrying to utilize metal AM in
practical industrial applications [A3]. Several pap focused on sustainability
assessment studies of metal AM from a life cyclespective [A4]. However, as-built
components still face various issues to dimensioaueacy, surface quality, and
mechanical properties such as internal defectscda® monitoring and control are
considered for achieving high-quality parts [A5]. Wew type of hybridization
combining AM with traditional manufacturing processhas emerged [10]. The
demands for practical application have been broumgbtexistence by these studies.

Metal hybrid laser additive manufacturing (LAM) tewlogy includes multi-
process hybrid laser AM, additive-subtractive hgbmanufacturing, multi-energy

hybrid AM, and multi-material hybrid AM [A6]. Lasas mainly used for metal AM,
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popular LAM techniques such as selective laseresing/melting, laser directed
energy deposition, and laser direct writing [A7].né® of the criterions that
distinguishes different AM processes is the depmsitnethod. Metal AM processes
can be divided into four classes: local meltingntsiing, sheet forming, and
electrochemical methods [A8]. Metal AM can alsodieided according to the type
of material used. One of the most used materialsoider. In powder-based AM,
powder is bonded together to create solid functigaats [A9].

Figure A.1.2 shows the global metal and polymer Aldrket trends and forecasts
[A10]. As shown in Fig. A.1.2, the metal and polym&M market had a compound
annual growth rate (CAGR) of 15.3% between 2020 2082. In 2023, the market
size reached EUR 10.50 billion, representing a CAGR10.3% from 2022. In
addition, a CAGR of 13.9% by 2028 is predicted, aimel total market is expected to
generate a revenue of EUR 20.20 billion by 2028.

Part Manufacturing 20.20
Material
® Equipment
CAGR
10.8% 13.9%
15.3% 10.50
9.53
8.33
7.17

Source: additive-manufacturing-report.com
© Copyright 2024, AMPOWER GmbH & Co. KG

2020 2021 2022 2023 2028

Fig.A.1.2 Global metal and polymer AM market fro2D to 2023 and forecast to 2028 [EUR
billion] (AMPOWER REPORT 2024 Management Summary).
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Powder bed fusion (PBF) is highly compatible withpology optimization and
other benefits such as the ability to integrateiinal piping. Therefore, it is not hard
to imagine applications increasing more and morthanfuture. However, designing
to take full advantage of AM is a challenge thataskled by the discipline ‘Design
for AM’. Changing existing designs is a big job. WMever, with DED, often changes
to the geometry of the product are not requirece @doption of DED has led to the
consensus that DED is cheaper, produces less veastegduces energy consumption,
that is, CQ emissions, with little or no changes to the oviemenufacturing process.
This low adoption hurdle has led to the market exaton the CARG of DED will be
the highest among various AMs. Carbon neutralitgt Hre circular economy are new
and driving forces within today’s industry landseaaccording to the 2021 White
Paper on Environment, Circular Society, and Biodsity [A11].

The Paris Agreement has triggered a global trendrancorporations and financial
institutions to incorporate decarbonization intorpmrate management (decarbon
management), coupled with the environmental, so@atl governance finance
movement. Professor Umeda, a senior researchbe &list Century Policy Research
Institute, cites the transformation of the way ihigh manufacturing is done and life
cycle thinking in product design as possible futements in the idea of circular
economy in his book ‘Circular economy’ [24]. DEDs a manufacturing method that
will lead to these major goals, is truly attractiaggention today. Optimizing carbon
emissions in DED manufacturing has gained significattention [A12]. Life cycle
assessment is a valuable tool for determining emvirental impacts and comparing
systems [A13].

In particular, DED has achieved high adoption witlm the aerospace industry
[11], [12]. High deposition rate laser directed anyedeposition technology has been
investigated by many researchers in an attempilfd the requirements of rapid and
near-net manufacturing for large-scale and higlgrerance components [Al4].
Characteristics of the primary defects in DED pssm materials and their
characterization techniques have been reported JJAIBe stepover of adjacent
deposition beads is also important to minimize gaidthe parts produced by the DED
process [A16]. DED is known for the fabrication ligh-value metallic alloys in
addition to the exploration of multi-material congii@s and components [A17]. The
comparison has been made by papers with emphagkedgpical microstructures of

PBF, DED, and conventional methods [A18]. Otheresmsh to bring DED into
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practical use are proceeding [A19], [30], [A20]gkie A.1.2 shows the relationship
between the technology matures and industrialiratidexes. As shown in Fig. A.1.2,
DED is now positioned as a technology that has bedeady matured and

industrialized [A21].

Time until industrial use LB-PBF
Index reached

Less than 2 years
4 Wire Electric/
2to Syears Plasma Arc

@® More than 5 years Deposition
Powder Laser
Fitament FDM Deposition

Wire Electron

EB-PBF

Binder Jetting

Deposition
H Coldspray P
2 Wire Laser Deposition
= Pellet FDM
2 Friction Deposition Mo SRETY Depasiticn
5
= 2 Liquid Metal Printing Resistance Welding
z Ultrasonic Weldin:
2 Powder Metallurgy Jetting P g

Metal SLS
Nano Particle Jetting Metal Lithography

Source: additivemanufactuin g-report.com
© Copyrigit 2021, Ampower GmbH & Co. KG

0 1 2 3 4 5
Technology Maturity Index

Fig. A.1.2 Comparison of the various AM methodoldagpes until achieving industrial use
(AM POWER REPORT 2021 Metal Additive Manufactur)ng

A.2 Numerical calculation of stress distribution

The same thermal analysis simulation as that irtiGe&.3 was used to select the
deposition parameters. The coating process fodtagvbar was calculated to check
whether the melt pool was properly formed. The gsialconditions are listed in Table
A.2.1. The results of the temperature distributoalysis of the drawbar immediately

after completion of deposition using these paranseaee also shown in Fig. A.2.1.
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Table A.2.1Parameters for the thermal calculation.

Laser power [W] 1600

Feed rate [mm/min] 1000

Layer thickness [mm] 0.6

Laser radius [mm] 1.5

Base material S45C
Powder material M2

The number of grids 100 x 100 x 300
Time step [s] 0.001

— 1.6e+03

— 1400

— 1200
1000

800
600
400

200
2.5e+01

Temperature

Fig. A.2.1 Temperature distribution of the drawlramediately after completion of

deposition.

The temperature of the area where the laser had besdiated until just before
exceeds the melting point of the base material aygsoximately 1500C, indicating
that a melt pool had been formed. By contrast, tdraperature of the area where
deposition has already been completed was appraglyna200°C at the maximum,
indicating that solidified had already occurreccaimpletion of deposition.

Based on these results, a setting was devised ichwthe laser power was
increased only at the start of deposition, whenbihge material temperature was low

and then maintained at a constant 1600 W. Shiedchgd carrier gas flow rates, which
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are not taken into account in the simulation, weeéermined separately using past
empirical rules.

Thereafter, the stress distribution for the selégparameters was numerically
calculated to determine whether there was anyaiskacking or delamination. Ansys
additive was used for the numerical analysis. Themmercial numerical analysis
software allowed the stress to be analyzed whitiregldeposited portions according
to the deposition path. Stress calculations weréopmed using the settings listed in
Table A.2.2. The final stress distribution aftemih of air cooling on completion of

deposition is shown in Fig. A.2.2.

Table A.2.2 Parameters of the stress calculation.

Volume rate [mn¥s] 105
Volume cluster [mnj 18
Print cross-sectional area [mMjm 0.7x1.8
Base material S45C
Powder material M2
The number of elements 12761

B: AM DED &

BE5H 2

947 HHA (von-Mises
H{i: MPa

B3R8: 33013 s

2024/05/28 15:44

27844 BX
24753
2166.2

e
2.5013 /b

Fig. A.2.2 Stress distribution of the drawbar aftempletion of deposition.
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