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SUMMARY

Cooling timebetween plastic injection and part ejectinrthe injection moldingtooling
industry can accountfor 50-70% of the cycle time for molded components. It has been
determined cooling time can be decreased by 35% with conformal cooling channels and 29%
with copper inserts. The rapid development of commercially available hybrid machinevithols
integrated additive and subtractive manufacturing capabiliéeables the possibility of
manufacturing high precision monolithic, meidtiaterial componentgor the tool and die
industry which utilize conformalfluid channels and coppehowever processing strategies to
produce such components are not well established. This research investigates the use of
interleaved conductive material, such as copper, within a monolithic mibkd integrated
conformal fluid channels for increased thermal performance of tooling. Enabled by hybrid
manufacturing, the integration of additive and subtractive procesdlogs the manufacture of
complex shapes with multhaterial structures which are traditionally unmanufacturable with
improved surface finish required by tooling applications. While the potential implementation of
hybrid directed energy depositioDED) has been acknowledged to address this need, the
manufacturability of a conductive and heat treatable material interface, process planding
tool path design considerations for varied conforfhatl channel geometries, and-tiaterial
monolithic structure manufacturing for enhanced thermal performance manufacturability is
either undeideveloped or not yet fully understoodhis investigation will begin with the
processstructureproperty analysis of 24PH pure copperand acompositemixture of the two
at varied ratios The investigation will continue by evaluating the interface between the two
materials whenl7-4PH is deposited on top opure copperand a copper compositdhe
investigation will be complete when various manufacturing strategies for conformal fluid

Xvili



channels izonductedWith the understanding developed through each step of this investigation,
an analysis of an application of a muitiaterial conformal fluid channel mold insert will be

conducted.
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CHAPTER 1. INTRODUCTION

1.1 Motivation

Tooling is used for high volume part manufacturing, often floming or injection
molding of metal and plasticomponentand forming hot metal or plastic sheetéis forming
technology is used to manufacture components for the aerospace, automotive, and consumer
markets. Many times, these tools are used to form materials at elevated temperatures and require
cooling to retain structural integrity of the tool as well as component integrity for ejection. This
cooling time accounts for 500% of the part cycle timgl]. Copper inserts as well as conformal
fluid channels have been utilized for increased cooling efficighc®]. Copper tubing has also
been used to line the cooling channels of a Mm@jldinvestigations have been conducted on how
to manufacture conformal fluid chanador tooling purposes, often utilizing laser powder bed
fusion (LPBF)or binder jettechnologies due to the high resolution and overhang printability
capability [4-6]. While these technologies have the ability to print relatively high resolution
surface detalils, it is often not adequate for molding purposes, where surface finishing through
machining, grinding, and polishing is often requiféd LPBF systems are also not traditionally

designed to manufacture mufiiaterial components.

Hybrid manufacturing, théntegration of additive and subtractimeanufacturingn one
machine tool with one work offset, enables the interleaving of the two processes as well-as multi
material within a monolithic componer{B8-11]. These systems have been used for the
manufacture of freéorm components, component repurposing, and component [&gdlid].

Many researchers have evaluated strategies of component decomposition to maximize the part
consolidation capability of hybrid manufacturinfl5-18]. Traditionally, multimaterial

components are manufactured through the fusing of other materials utilizing welding, brazing,

1



pressing, or friction stir welding of the material into the component, such as copper sleeves or
pins in mold componeni4, 19]. DED enables the integration of the muitaterial layers within

a monolithic componenf20-22]. Multi-axis DED systems also have the capacity to orient
components in the most advantageous position relative to the deposition nozzle for the effective

manufacture of complex geometri@s, 24].

Hybrid manufacturingwith integratel DED systems witim the working envelope of
computer numeric control (CNC) machirtess been identifebas a potential platforrfor multi-
material, conformal cooling channel mold manufactfife 11, 17, 25, 26]. These recently
available commercial platforms are capable of depositing metal in net shape and maohining
tolerance as well as surface specificatidtybrid processingenabls the production of
components thawvere notpreviouslypossible such as interleayedulti-material components as
a monolithic partinternal machined geometry, and interleaved deposition and finishing during
the manufacture of a compondi7, 28]. The rapid development of commercially available
hybrid machine tools enables the possibility of manufacturing high precision monolithic; multi
material componentdhowever processing strategies to produce such components are not well
established[29]. This work will develop effective strategies for the manufacture of multi

material mold components with conformal fluid channels.

1.2 Problem Statement and Objectives

This work investigats three research objectives to better understand the effective
manufacture of tooling components with conformal fluid channels integrating increased

thermally conductive material for faster thermal cycling of toolingpugh the utilization of



hybrid manufacturing technologiach objective corresponds with work presented in chapters 3,

4, and 5.

1.2.10bjective 1: Determine the material properties of the chosen deposited material at various

energy densities.

Research QuestioWhat is theprocessstructureproperty data set for 1°/4PH and pure

copper at various deposition energy densities through varying powder ma®s flow

Volumetric energy density is a coupled relationship between traverse speed, layer height,
laser power, and hatch spacing.-deposited layer height sffectedby the mass flow of feed
stock into the melt pool. For this investigation, traverse speed, laser power, traverse speed, and
hatch spacing were all kept constant for each material; mass flow which affects the as deposited
layer height was changed to alter the energy density per sarhpléayer height was adjusted to
achieve a total build height to within 10% of the programmed helyhtat mass flow rate

balances the material properties of hardness and porosity with deposition rate?

1.2.20bjective 2: Determine interface processing strategiés manufacture a defeftee

interface between copper and-4FPH.

Research QuestionWhat is the beshterfaceconditionbetween 17#4PH and copper for

the manufacture of a defect free interface between the two médterials

Transitioning from stainless steel to copper can be found in research; however,
transitioning back from copper to steel is difficult due to the low absorptivity of infrared light
with copper and the high thermal conductivity of copper quickly pulling the energy out of the

stainless melt pool preventing mixing and dilution. This interface challenge also includes issues



with interface cracking and oxidation contaminatetnthe higher printing temperature&/hat

strategies should be utilized for the effective transition from copper-4dHrstainless steel?

1.2.30bjective 3:Determine the deposition strategies necessary to effectively manufacture a

circular fluid channel.

Research QuestioriWhat arethe necessary additive manufacturing strategies for the
effective deposition of circular conformal fluid channels with and withoutinrmer support
lining?

Three channel deposition strategies will be evaluated where the toolpath antuliirgg
will be changed for -APH.An arch strategy which caps the channel geometry will be compared
to a profile strategy which traces the channel axis path along the outside of the channel. The
profile channel will then be linedith a tubeto compare the heat transfer rate between the two
scenariosWith the knowledge learned from the easaed fasterto-deposit 174PH, a copper
conformal fluid channel will be manufactured as well. The thermal response of all four samples
will then be evaluated by circulating heatadd cooledwater through each component, and
thermal couple as well as infrared data will be utilized to determine the difference in heat transfer
between each sample. What design for additive manufacturing concepts must be considered for
the effective manufacture of conformal fluid channels utilizingxs hybrid manufacturing

technology?

This study will determing@rocessstructureproperty relations between deposition energy
density and material properties. The parameter set which stitizehighest deposition ragand
corresponds with highquality material properties which includes minimizpdrosity, and a

stable deposition process will be utilized to determine the interface characteristics between 17
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4PH and copper. With this understanding, conformal fluid channels will then be deposited on 17

4PH billet, and the heat transfer will be compared betweethteediffering channel designs.

1.3 Approach

The research objectives are accomplished through the tasks summarizgdranl.l.
First, an initial deposition parameter set was deposited for a 35 mm cube where the interlayer
mass flow was changed to successfully deposit the target geometry. This material was then cross
sectioned, the porosity was optically analyzed, and the hardness distribution was réldoeded.
evaluation was then expanded to include a larger window of energy demsitieange in alloy
composition of a mixture of 14PH and copper was also investigated to evaluate how the
change in copper ratieffected the hardness, thermal conductivity, cracking potential, and
depositionpotential Utilizing the materialproperty change with a changeanergy density to
increase manufacturing rate, one deposition parameter set for each of the three material
combinationsvas utilized in the interface analysis betweErr4PH deposited on top of copper
Finally, with an understanding developed of how each material deposits separately and how to
control the interface, a design for additive manufacturing of conformal fluid channels was
completedThreechannel conditions were evaluated for the chose#PH deposition parameter
set and alloyed copper parameter set: profile tracing parallel to the channel axis, arch deposition
around the upper half of the channel geometry, and an inner tube lintiefprofile tracing
parallel to the channel axdeposition strategy. Utilizing all information learned from each step
of each evaluation, methodology was developed for the manufacture wiuéi-material mold
inserthighlighting the capability of hybrid manufacturing producemulti-material, conformal

fluid channel molding component®m stock to finish part.



Chapter 3: Process-
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Chapter 4: Interface
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Figure 1.1: Research evaluation stratefgyr chapters 3, 4, and 5

1.4 Organization

The remainder of this dissertation is organized as follows. Chapter 2 presents a literature
review on the current state of the additive manufacture of each material in this investigation
utilizing many different forms of additive manufacturing as well as the current strategy for
manufacturing thermally efficient mold components. Chapter 3 presents the fundamental
material properties of the deposited materials at the various energy densities. Utilizing the
materialproperty information, three parameter sets were then implemented in chapter 4 for the
evaluation of interface control between copper andiRHA. Chapter 5 presents the additive
manufacturing strategies necessary to depmsiular conformal fluid channels utilizing the
parameters developed from chapt@@nd4. Chapter 6 then summarizes the major conclusions
and contributions of the work throughighinvestigationof a multtmaterial mold insert,

identifies the major limitations, and recommends potential future work.



CHAPTER 2. LITERATURE REVIEW
2.1 Introduction to Hybrid Manufacturing

Nearnet shape manufacturing has been of interest for manufacturing with the ability to
decrease excess material, increase manufacturability of complex geometries, and decrease part
count for assemblig80]. Even with the highresolution of additive manufacturing platforms, the
surface quality is often not adequate for many types of service parts, and they require post
processing, such as machiniog grinding The hybrid manufacturing platform was originally
developed for the near nshape manufacture of freeform components by integrating an additive
process into a Computer Numeric Control (CNC) macHib@. The definition of hybrid
manufacturing which will be utilized in thigwestigationis the integration of an additive
manufacturing and subtractive manufacturing platform within a single machine tool for the
interleaving between the two processes for the manufacture of comp@Bditsl7, 24, 25|.

The hybrid manufacturing platform was originally developed for the neashagte manufacture

of freeform componentdy integrating an additive process into a CNC machi(@. The
additive processing system could be mountedht®a €NC machinewith the predeveloped
precision positioning platforrandfinish machining capability of the milling platform. The metal
deposition systemsvhich can beintegrated into thehybrid systemsare directed energy
deposition (DED)systemswhere the powder or wire feedstock is melted at the deposition
location with most commonly either an electric arc or |lasethe heat sourd8]. Due to the
commercial equipment availability only beginnialgouta decadend a halfago, there are many
applications for the technology which are not fully realizé@, 11]. Hybrid manufacturing
enables the buildup of a component in net shape sequentially with additive and subtractive
processingnterleavedfor increased geometric and material flexibilj8a]. The blown powder
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systems allow foalloying and grading of multmaterial across an interface by mixing a ratio of
metak at the melt pool[9]. The variety of parameters which control the deposition process
include but are not limited to the traverse spedthtch spacingmaterialmass flowrate, laser
power, standoff distancearrier gas flow,and shielding gas flow can all be adjusted for the
manufacture of higlguality component§l0]. Much of the current research evaluates the effect
of processing parameters on material properties due to the novelty of component manufacture
technology compared to casting and weldmdB% 33]. While the fundamentatesearch is
critical for the industrial adoption of the new technology providing material property confidence,
the geometric flexibility, material range, and higtality final component in a single component
fixture has not been thoroughly demonstrat€bis dissertation will begin with fundamental
processstructureproperty analysis of copper and-4PH, understand the required interface
condition for effective bonding between copper and4PH, and will finish with the
manufacture of a mold insert with final surface finiglhis background evaluation will begin
with a survey of tooling manufacturing followed by hybrid manufacturing strategies and

concludes with current processuctureproperty analysis of 4PH and copper.

2.2 Tooling Manufacturing in America

Tooling is often conventionally manufactured through the casting of tool stedhte
component net shapsuch as H13, which is heat treatable to increase wear resistance and
hardness of 50 HRC for hot stampif8]. The casting industry in America decreased by 91%
from 1992 to 2012 where 80% of the 2,000 operations which have less than 100 eniBiglyees
Many of these molds are cast oxgaas, then shipped to American production lines for modern
manufacturing.These rough castings are then machined to dimensional tolerance and surface

specification before they are put into production. These supply chain chaltdregeéended lead
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time for manufacture and shipping weexposed during the COVHR9 pandemicwhich
highlighted a need for a more resilient and adaptable supply chain state side for the fast response
to unexpected changgk3]. Not only was it apparent for the need of state side manufacturing of
goods, but also the more efficient manufacture of goods due to the higher price oddabor
compared to some overseas manufactuf@8s The tooling industry is responsible for the
manufacturing of higlvolume components; however, the flexibility to design changes is low due
to the reliance on ovexeas manufacturing of castings and machimisgvell aghe challenges
associated with reworking tooliq@5, 37]. When the molds become woaut of specification

some are repaired at specialty shopsduantry whereas others are decommissiof88jl. The

repair of the molds takes a highly skilled tradesman tfuntesh to the likenew geometric
guality from adding the material to machining the material so that it blends with the surrounding

surfaceg39].

Not only is the lifespan of the mold due to wear, but the cycle time for the high
temperature molds is largely dictated by the cooling {#@. Conformal cooling channels and
highly conductive inserts have been shown to increase cooling efficiency by 35% and 29%
respectively providing the opportunity to manufacture componentssititeat higher speeds to
cut manufacturing time cosfs, 2]. This design incorporation and repair for tooloan bemade
possible with the application of hybrid manufacturing which is developing in Amgtiga
Applied hybrid manufacturing strategies which contribute to the effective manufacture of multi

material conformal fluid channel mold components is reviewed in the following section.



2.3 Hybrid Manufacturing

2.3.1Hybrid Repair

Hybrid manufacturing has been shown to effectively repair wear components, such as
dies as well as rpurpose die$l3, 14, 41]. Thefirst application seeks to decrease waste as well
as reliance on long lead time cassrigpm overseas through the-use and repair of worn dies
[42]. Traditionally, if a die was to be repaired, it would be ground and welded by hand, then sent
back to a machine shop for-gealification [43]. With the integration of hybrid machining, a
select area can be machined away, new material added, and the final geometry machined and
blended without changing machine platforjdd, 45]. The hybrid platform also enables the re
purposing of dies from a used casting where the old geometry is removed away, new geometry is
deposited, and the final surface finish is achieved through final machik8ng6]. This concept
of repair can also be implemented in the manufacture of meti-material components where
the bulk of the material can be machined from a readily available billet, select areas can be
machined away, the new material can be selectively added, and the final geometry can be finally
machined46]. The idea of starting with a billet reduces additive cost and time while effectively

utilizing the multimaterial deposition capabilities of a hybrid manufacturing madHine
2.3.2Multi-Axis Tool Path Planning

Hybrid repair and repurposing can require the compt@xipulation of the component
relative to the tool to minimize material removal and manufacturing @ve The capacity to
deposit and machine material on five faces of a cube without supports with the flexibility of 5
axis machine tools is the second application for advanced hybrid manufactOxachang

geometry has been a challenge feax® additive manufacturinfd8, 49]; however, ive-axis
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machine tools enable the component to be indexed relative to a vertical deposition head keeping
the melt pool normal to gravity, further increasing ease of DED manufacturing on multiple faces
of a component without overhangs-affis from gravity[50-55]. Severaxis robots are capable

of depositing complex overhangs without supports as well, and the deposition strategy must be
planned accordingly56-58]. The difficulty with the multiaxis deposition strategy is the path
planning for accurate placement of the material and collision avoid&freFor example, the
deposition process, as compared to machining, is sensitive to machine acceleration and
deceleratior15]. During machining when the axis is decelerated before a direction change to
increase geometric accuracy for lower foraas machine componenduring the direction
change, the chip load decreases and there is some tool rubbing with minimal geometric effect
[60]; whereas with additive manufacturing, overbuilding can occur during additive processing as
the machine decelerates to compensate for the change in dirfgtjorFrom a kinematics
perspective, the machine traverse speed can be decteasmuirately traverse a corpnand the
deposition parameters scaled accordinghjis has been analyzed with machine learning models
[62]. However, this mass flow control can be very difficult for blown powder systems due to the
time delay between the powder metering system and the deposition lo@éide overbuilding

of the geometry can be used at éxpense of material efficiency, deposition parameters can be
altered at the start and stop of the deposition process, or the laser can be tuwtdt dffe
machine continues to overtravel and change direction without the deposition process active are
some strategies that have been used to increase additive geometric af@8raéynother
phenomenon that has been found to geometrically effect deposited componenkdasatigoni

effect it has been shown to effect the builg process where a wall with beads always deposited

in the same direction end with a slanted w@&@#]. With this understanding, it is either
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recommended to alternate traverse directions for thin wall depositiomstaie the hatch
direction by 90 degreesf larger components that have infifheseunderstandingare critical

for the effective deposition of material with consistent layer heightl deposition consistency
when utilizing DED during hybrid manufacturingtilizing the machine kinematic limitations
discussed in this subsection with the deposition guidance from various AM strategies of the two
materials of interest, copper and stainless steelem#éxtsubsection, an effective research plan

can be developed for tmeanufacture of anulti-material component.

2.4 Additive Manufacturing of Copper and Stainless Steel

Copper and stainless steel were chosen as the two materials for this investigation due to
the thermal conductivity of copper and theat treatabilityof 17-4PH stainless ste#& upwards
of 44 Rockwell C[65]. 17-4PH was also chosen due to the availability dndtility of the
materialwith a lower probability of cracking as compared to other {pgtformance additive
materials The buildup of copper and stainless steel has been successfully manufactured
utilizing several additive manufacturing platforms includibgtnot limited to laser powder bed
fusion (LPBF)also known as select laser melt (SLMJp, 67], electron beam powder bed fusion
(E-PBF) [68], wire arc additive manufacturing (WAAM)69], laser wire directed energy
deposition (DED)and blown powdeDED [70]. Each platform has itsest use case. While each
platform has differing energy sources, feedstock preparation, and deposition speed, the lessons
learnedfrom each process can be used to better understand the material science of each material.
Utilizing the knowledge rom the successful strategies, energy density calculations can be used

to help inform effectivdolown powder deposition strategies
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2.4.1Additive Manufacturing of Copper

Copper is a highly sought after material for additive manufacturing due to its thermal and
electrical conductivity. The ability to manufacture copper fully dense with current AM
technologies is desired; however, due to its reflectivity of infrared light, one of the most common
energy sourcefor modern AM systemst has been difficult to deposit fully dense components.
Many additive manufacturing lasers are designed with an infrared light source which is highly
reflected as compared to specialty grg¢éf] or blue laser lighi72]. Infrared is the most
common due to the technology to produce the infraradelengthbeing easier to manufacture
than the greerwavelength Engler et al. found that infrared lasers only have 14% of the

absorptivity of green lasers in copper where green lasers only have 42% absqififivity

Researcharas well as manufacturers report damaging laser components when attempting
to melt copper with conventional systef§]. The desired characteristics make it very difficult

to manufacture with conventional manufacturing stratdg@idls

SLM is a more matured AM technology as compared to hybrid manufacturing.h8kM
been used to manufacture copper alloy heat sinks and copper alloy inductor coils of complex
geometrieg74]. Parameter optimization for SLM has been difficult, especially to reach complete
density due to the reflectivitf75] and high conductivity of copper quickly removing the heat
from the melt pool causing interlayer fusidiscontinuitieg 66, 73, 76-79]. An example of SLM
copper can be seen kfgure2.1. The cracking and porosity are common challenges seen when
printing with copper.In literature, SLM has been used more often than DED processing of
copper with standard infrared lasers. Researchers have deposited steel on copper substrate due to

the difficulty of using copper as the powder feedst¢8R, 81]. This is due to the low
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absorptivity of copper as well as copper cost and storage challenges. Copper powder has a

tendency of oxidizing quickly when exposed to atmospheric conditions.
(a)
336 Stainiess steel

(c) o)
|

Figure 2.1: SLM cross section of coppstainless steel interface highlighting fusion challenls

Researchers have also used WAAM to deposit copper walls for material property analysis
[69, 82, 83]. As can be seen by Deshmukh et. al., the flowability of the copper contributes to the
effective deposition of copp¢83]. Zhang etal. deposied a copper alloy on 304 stainless steel
by using 316 stainless steel and D22 as intermediate mateittala blown powder laser system
[84]. Only several layers of copper weateposited on topf the D22 with little to no interlayer
definition indicating difficulty depositing coppemcluding flowability [84]. Yadavwas able to
reach full densification of a copper blown powder DED component by increasing the laser power
of the 3 mm diameter spot laser for the buwifgof a 5 mm tall componeip85]. Each of these
investigations either manufactured a component in an inert atmosphere utilizing SLM or
manufactured a comparably short component with copper in open atmosphere environments with

local shielding.

This review on the current state of additively manufactured copper alloys illustrates a
need for increased understanding on manufacturing strategies for cppesopperalloys
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utilizing blown powder DED and an infrared laser as the heat source. An investigation of
additive manufacturing a copper alloy has not been conducted at deposition rates upwards of
2,000 mn¥/min with DED whereasSilbernagelet al. manufactured copper with LPBF at 28
mm*/min and Yadav manufactured copper at 9003mim with 3 mm spot size with blown
powder DED[74, 85]. This increase in deposition rate for increased manufacturing speed further
increases the challenges of manufacturing this highly conductive and reflective material
emphasizing the need for an increased understanding of the process requirements for the
manufacture of a copper alloyhis investigation alterthe mass flovand layer heighof copper

to change the deposited energy density while keeping the traverse speed, laser power, and spot
size consistent. The hardness, grain structure, and poresiey evaluated foreach energy

density.
2.4.2Additive Manufacturing of Stainless Steel

The additive manufacturing of stainless steels with infrared lasensidg® more stable
than coppedue to the decreased thermal conductivity enablistalalemelt pool and the 40%
absorptivity of infrared light with stee[§'1]. 17-4PH is an additively manufacturable stainless
steel that is heat treatatiteupwardsof 44 Rockwell C[65] or 438HV at the H900 specification
[86] without the challenges of cracking that are faced when additively manufacturing
components fronhigh wear resistant materials, suchHE3. Researchers have manufactured
17-4PH utilizing WAAM, SLM, and DED[67, 87]. The dual phase material has differing
responses depending on the atmosphere manufactured, laser power utilized, and final heat
treatment[ 70, 86, 88]. The microstructure of the material can range from some martensite to

fully hardened near the bottom of a large manufactured compduoerb the fast solidification
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near the cold substraf89, 90]. Similar to the investigations in literature on deposited copper,
researchers have not evaluated the effect of large spot size, increased deposition rates, and high
interlayer temperature on the material properties o#4RM. Researchers have found that
increased laser power decreased the amount of gas porosity and fusion issues, but laser powers
over 3,000 watts have not been investigd88J. This review on the current state of additively
manufactured 1-4PH illustrates the need for increased understanding on the manufacturing
strategies for 1-APH utilizing blown powder DED and spot sizes of up to 6 mm enabling the
deposition of 174PH at a rate of 5,500 nffmin as compared to LPBF at 181 ffmin and

blown powder DED at 85 m#fmin [63, 91]. This investigation uskconsistent traverse speed,

laser power, and spot size while changing the mass flow to change the energy density of the

deposition. The hardness, grain structure, and ponesitgevaluated for each energy density.
2.4.3Multi-Material Deposition

A last application for blown powder DED hybrid manufacturing is the ability to mix and
grade materials throughout the manufacturing process forbthie-up of multi-material
monolithic componest [92]. Hybrid manufacturing provides a platform for the effective
implementation of multmaterial componemhanufacturevith the integrated subtractive process
for part requalificatio93, 94]. Smoqi ¢ al. has shown the layering of Stellite on Inconel for
increased wear resistan@b], Zhanget al. has shown the feasibility of copper on D22 on H13
for increased thermal conduction within toolif@#], and Kimetal has shown the overlay for the
repair of turbine blade®6]. These examples display the potential for the integration of-multi

material component manufacture. The examples also highlight the difficulty of controlling
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thermal energy for crack prevention, minimized material grading thickness, andgrauiti

development due to selective heating.

2.5 Additive Manufacturing of Conformal Fluid Channels

Conformal cooling has been known to help increase productionfaatéooling by
decreasing the coalown time between each cycle by removing the freat the tooling faster
due t o t he poanutyto thegworkimgsurfacé. €onformal fluid channels have been
manufactured utilizing traditional subtractive processing by utilizing a core and shell strategy
where a core is milled and a shell is welded on[83f. Conformal cooling and electronic heat
sinks can also be manufactured utilizing friction stir welding where channels are milled into a
plate, then a cap is friction stir welded to the plate with channels, along the channel walls forcing

the cooling fluid through the passageways without bypassing any of the channel walls.

More commonly, conformal fluid channels have been manufactured utilizing SLM
technology where only the desired powder is solidified with a laser or electron beam and the
unsolidified powder can act as support structure if support structure does not have to be printed
[98]. Common channel geometries include roy®d], selfsupportingteardrop [34], and
variable crossection channel§100. Round geometry isised when drilling is performed or
because of the surface areactoss sectional area ratibut it is more difficult to additively
manufacture due to the unavoidable overhang. Oval or rectangular channel geometry would
initially seem to be beneficial to achieve more channel surface area closer to the working
surface; however, the increased likelihood of deflection due to the die compression working
conditions is likely to produce fatigue cracking and premature faij@8. The hybrid

manufacture of conformal fluid channels enableskhiéd-up of overhang geometries without
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support structure and entrapped powddly round channel geometry, and a change in channel

diameter if desired.

2.6 Multi -Material Mold Manufacturing

Researchers have explored depositsiginless steebn copper to demonstrate the
viability of multi-material manufacturing for the manufacture of increased tooling performance
[80, 81]. Some researchers have investigated printing copper alloys with various DED systems
including wire arc additive manufacturing (WAAMJ] as well as blown powddiB85]. More
researchers have studied depositing copper utilizing SLM on a powder bed fusion platform
compared to DED system3he small spot size, fast scan speeds, and low laser powers have
created difficulty in manufacturing fully dense components with many -d&dksion
inconsistencie$74, 75, 101]. Open atmosphere systems with local shieldnaprporate more
challenges beyond that of SLM such that the prevalence of oxides can cause lack of fusion
within a component buil85]. Each of the systems in literature that have manufactured copper
utilize a laser spot size less than or equal to 3 mm diameter whereas the OkuB8GOGIU
LASER EX has the capacity to vary the spot size fromi0680 mm in diameter. The larger spot
size enables higher deposition rates as the surface area heated by the laser is greater. With the
larger spot size and increased deposition rate, it is possible to have comparable component
manufacture with increased interlayer temperatures, which further impacts the material
properties of the deposited material. Spot sizes ofrtfagnitudehave not been usedr the
manufactureof copper alloys due to the challenges of back reflection, high laser power required
with infrared laserslue to the low absorptivifyand lack of adequate energy density to achieve
adequate layer fusion. Effective manufacturing techniques with the increased spot size and mass

throughput will allow for faster manufacture of thermally hjggrformance component$his
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work will determine effective strategies for the manufacture of copper with large spot size and

high laser powerstilizing infrared laser light as the thermal energy source.

2.7 Summary of Multi -Material Mold Manufacture Utilizing Hybrid Manufacturing

The successful manufacture of a fsitte tool with incorporated conformal fluid channels
and increased thermal conductivity material has not been found in literature. This literature
review sought to investigate the supporting literature for each step, starting with the manufacture
of copper and 1-APH. Copper was found to be difficult to deposit with infrared laser light due to
its low absorptivity and tendency to pull the heat from the melt pool, quickly solidifying the
material, preventing full fusion. 3PH was more commonly manufactured utilizing additive
manufacturing due to its low crack susceptibility and heat treatability. It was helpful to keep the
deposition hot to decrease porosity. Next, the interface analysis between copped&htlidas
investigated. It was found that cracking is often found due to the difference in material structure.
Strategies to overcome this cracking include but are not limited to increased power to increase
the mixing at theinterface andutilize a transition materialFinally, conformal channel
manufacturingwas explored for multiple types of additive manufacturing platforms. DED is
uniquely capable of manufacturing conformal channels without support while retaining the net

shape geometry flexibility of additive manufacturing.
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CHAPTER 3. PROCESS STRUCTURE PROPERTY ANALYSIS OF 1#4PH
AND COPPER FORTOOLING APPLICATION UTILIZING BLOWN
POWDER DIRECTED ENERGY DEPOSITION

3.1 Summary

The tool and die industry is responsible for the efficient manufacture of large volume
components through molding and forming. These tools are often used to form materials at
elevated temperatures where the cool down time can account for over 70% of the cycle time.
Strategies which have been utilized to more efficiently extract the thermal energy include but are
not limited to conformal channelkjghly conductive inserts, and gun drilling cooling channels.
Additive manufacturing is well suited for the manufacture of nmkierial freeform nearnet
shapemanufacturing andan be utilized to manufacture these muitterial mold components.

In this investigation, blown powder directed energy deposition omésdhybrid machine tool
with additive and subtractive manufacturing in a single machinagadillized to determine the
process structure property of pure-4FH stainless steel, pure copper, and4RH-copper
mixturesto further develop process for the manufacture of rmidtierial tooling componenttt

was found 174PH can be printed at high rates upwards of 35 ganinearly 3,500 mfmin

with a minimal effect on material properties, copper should be printed at a higher traverse rate to
prevent flow failure at as high of an energy density as is acceptably wittiet damaging the
deposition equipmenaind mixtures of high copper content should be used when optimizing the
printing stability of steel while implementing the high thermal conductivity of copper. Each
material and mixture can be printed using an infrared lasealifected energy depositicand
achieve densities above 99%. The findings from ithestigationwill then be utilized for the
analysis of coppet7-4PH interface optimization in the following chaptey further the

understanding towards successfully manufacturing a fmalterial tooling inserts.
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3.2 Introduction

Tooling is used for high volume part manufacturing, often for forming or injection
molding of metal and plastic components and forming hot metal or plastic sheelisg is
traditionaly manufactuedfrom billets or cast materiahto a large, net shape, then machinad
polishedto shapeThe materials are often wesgsistant requiring increased hardness materials,
which often have decreased thermal conductivity compared to aluminum and copper alloys.
Some strategies that are utilized to increase the thermal response of these tools to decrease part
solidification time include but are not limited to gun drilling and copper sleaving of linear
channelsDue to the low thermal conductivity of common mold materials, the removal of heat
from the mold surface is sloand the energy is not evenly extracted from the mold surface
Some strategies which have been used to increase the thermal response of molds have included
conformal fluid channels and copper insemsich have been found tdecrease cooling time by

35% and 27%, respective]y, 2].

Additive manufacturing of tooling has more recently been explored due to the flexibility
and the ability to manufacture nea#t shape components with customizable internal features
[34, 102 103. Conformal fluid channels have been manufactured by powder bed additive
manufacturing andmilled groove conformal fluid channelg97, 98]. Materials that are
commonly used for mold making due to their toughness, manufacturability, and availability
include but are not limited to H13, D2, ane2®. These materials are easier to cast than they are
to additively manufacturdue to their crack susceptibility with thermal variability and decreased
availability as additive feedstockomeadditive materials that are used can include but are not

limited to maraging steels, stainless steels, and mild sta4jlsA printable steel that is also heat

21



treatable is17-4PH which is a precipitation hardening stainless stdels printable due to its

melt pool stability and decreased cracking tendency.

17-4PH is an additively manufacturable stainless steel that is heat treatable to ugwards
44 Rockwell C[65] or438HV at the H900 specificatiof86] without the challenges of cracking
that are faced when additively manufacturing components fotmer high wear resistant
materials, such as H13. Researchers have manufacturéBHLTtilizing wire arc additive
manufacturing (WVAAM), selective laser meltingS(CM), andlaserdirected energy deposition
(DED) [67, 87]. The dual phase material has differing responses depending on the maimgfactur
strategy laser power utilized, and final heat treatmpgfQ, 86, 88]. The microstructure of the
material can range from some martensite to fully hardened near the bottom of a large
manufactured component due to the fast solidification near the cold sub@&®at&qQ].
Researchers have not evaluated the effect of large spot size, increased deposition rates, and high
interlayer temperature on the material properties o#4RM. Researchers have found that
increased laser power decreased the amount of gas porosity and fusion issues, but laser powers
over 3,000 watts have not been investigaf@8]. This investigation will evaluate the

manufacturing of 1-/4PH at 4,000 watts and up to 35 g/min mass flow rate.

Tooling is typically manufactured from steel due to its castability, lower cost, wear
resistage, and some are heat treatalfiéeels used for the manufacture of tooling have a low
thermal conductivity further decreasing the thermal respoftsermal response time is critical
for the molding cycle time whether it is for increased tool life or faster molded material
solidification.Not only are conformal fluid channels used in mold detagmelp transfer thermal

energy from the working surfaceut higher conductivity materials have been incorporated in
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molds as well, such as copper inser®esearchers have explored depositing stainless steel on
copper to demonstrate the viability of mutiaterial manufacturing for the manufacture of
increased tooling performand80, 81]. Some researchers have investigated printing copper
alloys with various DED systems including WAAN3] as well as blown powddDED [85].
Researchers have also used WAAM to deposit copper walls for material property die&lysis

82, 83]. As can be seen by Deshmukh et. al., the flowability of the copper contributes to the
effective deposition of copp¢83]. Zhang et. al. deposited a copper alloy on 304 stainless steel
by using 316 stainless steel and D22 as intermediate materials with a blown powder laser system
[84]. More researchers have studied depositing copper utilizing SLM on a powder bed fusion
platform compared to DED systenf®arameter optimizationf copper onSLM platformshas

been difficult, especially to reach complete density due to the reflec{ivBly and high
conductivity of copper quickly removing the heat from the melt pool causing interlayer fusion
discontinuitiesand porosity66, 73, 76-79]. The small spot size, fast scan speeds, and low laser
powers have created difficulty in manufacturing fully dense components with mangfiack
fusion inconsistencielg4, 75, 101]. Open atmosphere systems with local shielding incorporate
more challenges beyond that of SLM such that the prevalence of oxides can cause lack of fusion

within a component buil{B5].

While WAAM and SLMhavebeen utilized for the manufacture of muttaterial tooling
components,not only arethe processes limited in their ability to mix and grade material
compositionbut the parameter optimization for printing each material individually is also
limited. For this investigation, blown powder DED Adas utilized for the process structure
property analysis of pure 4PH and pure copper as well as characterizing various compositions

of both materials in a single componente energy density was varied by incrementing the feed
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stock mass flow and the porosity, microstructure, hardness, and thermal conductivity was

evaluated.

3.3 Methodology

An Okuma MUB8000V-L LASER EX hybrid machine tool was utilized for the
manufacture of material specimens for this investigation determining a correlation between
energy density and material properties. The Okuma machine tool is paired with a Trumpf blown
powder additive system with a range of programmable spot sizes from@rm@m and up to
4,000 watts of infrared laser power @@ B3 0 d m wa v eaTeibDigk 4002 ldsar. & wpot
size of 6 mm and laser power of 4,000 watts was utilire this investigation to better
understand the maximum deposition rate possible while retaguiaiity material properties with
minimal porosity and crackind-he FraunhoferSO16 nozzle with three discrete powder ports as
well as a 16 mm standard standoff distance was used for all deposition processing in this
investigation.A FLIR A700 thermal camera was used to capture the thermal response of the
depositions at a rate of 10 Hz and the highest temperature was extracted from each image and
graphed utilizing pythof104]. Powder mass flow was vari¢d alter the energy density of the
deposition process. The energy density definition that will be utilized for this analysis is the

volumetric formfound to characterizaser powder bed fusion (LPBEhergy density

0ZQT |
0z0z G

Equation 31: Volumetric energy density where P=laser power in watts, L=actual layer height in mm, H=hatch
spacing in mm, V=velocity in mm/min, and J=joules.
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Due to the low number of published works utilizing blown powder DED for the
manufacture of copper utilizing an infrared lageguation 31 was chosen for the cropgatform
compatibility. The parameters of LPBF, WAAM, and laser wire could be compared by using this
equation to better understand the mechanics which impagP®H7and copper printing quality.

The energy input divided by the hatch spacing, traverse velocity, and layer height are system

agnostic for additive manufacturing technologies.

The material property test geometries w@semm cubes with a border deposited center
line along the 35 mm perimeter and the continuous infill was deposited at a 2 mm gap from the
center line of the border and 3 mm hatch spacing wiBld-degreeindex for each infill layer.

The 17-4PH feed stock used waderlikon MetcoAdd 174PHD with -106+45 um particle cut
with a nominal chemical composition Bé 17Cr 4.5Ni 4Cu 0.3(Nb+Ta) 0.07The mass flow
rate was varied fromQli 35 g/minin 5 g/min incrementsand the layer height programmed was
calibrated to within 10% of the total, desired final heighthe evaluation cuber between 35
38.5 mm in total heightThe traverse speed was chosen to be 700 mm/hhia.deposition
parameters for the 34PH can be found iffable 31. The deposition nozzle was normal to the
deposition surface as there was no worry of back reflection damage frdfHL@eposition

process
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Table 31: 17-4PH deposition parameters

Parameter Value Unit
Traverse speed 700 mm/min
Spot size 6 mm
Laser power 4,000 watts
Border gap 2 mm
Infill hatch spacing 3 mm
Deposition tilt angle 0 deg
Mass flow 10, 15, 20, 25 g/min
30,35
Argon nozzle gas 10 [/min
Helium carrier gas 5 I/min
Programmed layer heigh' 0.62 0.85, 1.20, mm/lyr
1.45, 1.601.75

Interlayer dwell 1 sec

The pure copper was depositedlat00 mm/min at a laser power of 4,000 watts, 6 mm
programmed spot size, and at mass flow rates rariging20-30 g/minin 5 g/min increments
The feedstock used w&erlikon Metco 55 with-90+38 pumparticle distributiorwith a nominal
chemical composition d€u 99.04. The border gap and infill hatch spacing was kept the same
as the 174PHat 2 and 3 mm respectively, but the lean angle was changed to 12 degrees to
prevent back reflection from damaging the fiber optic cabihe deposition parameters for the
pure copper can be seenTiable 32. The border and infilivereindexedby 90 degrees for each
layer. The traverse speed had to be doulded tocopper flow failureand thephenomenonwvill

be explained in the following section.
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Table 32: Pure copper deposition parameters

Parameter Value Unit
Traverse speed 1,400 mm/min
Spot size 6 mm
Laser power 4,000 watts
Border gap 2 mm
Infill hatch spacing 3 mm
Deposition tilt angle 12 deg
Mass flow 20, 25,30 g/min
Argon nozzle gas 10 I/min
Helium carrier gas 5 I/min
Programmed layer heigl 0.38 0.523,0.65 mm/lyr
Interlayer dwell 10-2 sec

A maximum of only 30 g/min mass flow of copper was evaluated due to the high
interlayer porosity and discontinuities. A minimum of only 20 g/min mass flow of copper was
evaluated due to the deposition instability tbé print process. High amounts of soot and
contamination built up on the deposition nozzle and reflection shield. The effect of this

instability can be seen in sectidmt.2

Utilizing the mixing capability of the blown powder DED system, mixtures of the 17
4PH and copper were deposited and analyzed for cradkamgnessandthermal conductivity.
Mixes from 6.3 to 93.7% copper were deposited at the same angle as the pure copper depositions
at 12degreesand at the traverse speed of thedPH, or 700 mm/mimat a total mass flow of 20

g/min. The deposition parameters for thexed copper can be seenTable3.3.
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Table3.3: Alloyed copper deposition parameters

Parameter Value Unit
Traverse speed 700 mm/min
Spot size 6 mm
Laser power 4,000 watts
Border gap 2 mm
Infill hatch spacing 3 mm
Deposition tilt angle 12 deg
Mass flow 17-4PH 1.2-18.8 g/min
Mass flow, Copper 1.2-18.8 g/min
Argon nozzle gas 10 [/min
Helium carrier gas, 4PH 3-5 I/min
Helium carrier gas, Coppel 2-3 I/min
Programmed layer height 1.1-1.0 mm/lyr
Interlayer dwell 10 sec

Op en MypedMék was theCAD andCAM software utilized for programminiie
additive and machining tool paths utilizeml completethis investigationThe 174PH samples
were deposited normal to the deposition surface where a 35 mm square contour wastaliced
deposition layerdgo 35 mm high with the spacing of the programmed layer height using the
Contour Milling on 3D Modeltool path, then the infill and border was slidetb deposition
layers using the Alditive Manufacturingtool path. Theangled cube deposition was more
difficult to program as the border and infill deposition path was tmdexed by 9alegrees for
each layemhile leaning the sample to prevent back reflection damage on the laser. Shisitem
strategy is often not necessary for machining tool pathing, so it is not a common automatic
option for additive in a traditionally subtractive tool path softwaceachieve this desired result,
Contour Milling on 3D Modetool path was utilized, followed by thedditive Manufacturing
tool path which was reworked usiftigX Rework Machiningvith a radial Z tilt at the desired
angle, then finally generating the usable toolpath with tbdittve Manufacturingool path.A

reflection shield was made and mounted on the deposition nozzle during the tilted tool paths to
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prevent reflected laser light from damaging machine companiectading reflecting into the

spindle housing

Each material sample was deposited on 76.2 mm round stock with a 50 mm machined
square pedestal, 8 mm below the deposition surface. This geometry was chosen so that less
material would have to be machined away after the material deposition to achieve the 41 mm
square (35 mm cube border centerline + 6 mm spot size) around the final part sample. 8 mm of
depth was chosen to ensure enough substrate material would be present for the dilution zone
optical analysis after sawing the sample from the substrate. A 35 mm cube sample size was
chosen so a half of a cross section at total height with the sulostuddiefit on a 50 mm diameter

metrology mountThe evaluation sample size can be sedfigare 31.

41 mm
A . .
\ YA
I N e
| ; Deposited
| : cube border
_g_ - I— _—— - —;— 41 mm Cube center
: line
: Analyzed :
20.5mm | i — surf?ce : Sample
: : border
........................ A J
-
10 mm

Figure 31: Metallography cross section sample dimensions

The largest cube size where half the cross section could be analyzed in a single mount
was choserdue to material properties being highly dependent on the thermal history of the
deposition process. Since components larger than the moumtesieto be manufactured using
these parametera, 35 mm cube size was chosEwaluation samples this size enablesirgle

half pieceto be mountedn a standard 50 mm sample mount whigdis available at Oak Ridge

29



Nati onal Laboratoryés (ORNL) Manufacturing

Buehler SimpliMet 3000 automatic mounting presgth KunductoMet was used for the
mounting of the crossection samples evaluated in this investigatigith a mounting pressure
of 290 bar at 180 °CThe grinding and polishing stepgere completed utilizing a Buker

AutoMet 300 Pracan be found iTable3 4.

Table3.4: Grinding and polishing metallography preparation steps

Grinding grit Force [N] Time [min] Lubricant
320 20 2 Water
500 20 2 Water
800 20 2 Water
1000 20 2 Water
2000 20 2 Water

Polishing suspensiorium]

6 30 12 DP Yellow
3 30 12 DP Yellow
1 30 12 DP Yellow

Each sample was then imaged usingetca DM4000Mat 50X magnification with a
resolution of 1 um pepixel for porosity analysisA ZEISS Axio Imager.M2was used for the
color images presented in this docunfentqualitative analysisThe porosity was volumetrically
evaluated for a single 14PH sample using a ZEISSETROTOM with a minimum detectable
inclusion size of 4Qum. A hardness array of 120 hardness points was acquired usiBG@
AMH55 Automatic Hardness Testavith 500 g forceutilizing micro-Vickers standardsthe
samples were then-ground and rgolished from500 gritback t00.05um on a VibroMetand

re-imaged usingEBSD due to the muklinaterial mixesThere is no etch that will not burn the

copper and etch the 4PH so electron back scatter diffraction (EBSD) was used to image the

grain structureA ZEISS Crossbeam 550 with OXFORD EBSD detewtasusedwith a ppwer
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of 25kV and 20nAat 200X magification and 1um step sizefor the 174PH and mixture
samples. Due to the large grain sizes present in the copper samples, a magnification of 35X and a
step size of 4 pn was usedEnergydispersive Xray spectroscop{EDS) was also used on the

same system to better quantify theterogeneity of theoppersteel mix.

Finally, the thermal conductivity of the pure and mixtures were evaluatédt yerm
utilizing their TRIDENT testing system. Modified transient plane source (MTPS) was utilized
due to its simplicity, repeatability, thermal conductivity range flexibility, and that it conforms to
ASTM D798416. The system has a thermal conductivity range of 0.01 to 500RA\/frecision
greater than 1%, and accuracy better than 5%. A 500 g sample was placed on top of the material
sample with deionized water as the contact agent between the sample and detector. For the
thermal test, the interfacial sensor only heats 43y°C, then the conductivity is determined by
the heat dissipation speed. Fifteen measurements were taken for eatd aath@m copper

reference sample was utilized to ensure the accuracy and the system was within 0.5%.

3.4 Results

Two materials were investigated in this analysith the goal of implementation into a
multi-material moldhg tool with conformal fluid channels: 14PH and pure copperhe pure
composition of each material was deposited at various energy densities and an anaysis of
variety of mixtures of the two materials was also performed at a constant total mass flow of 20

g/min.
3.4.117-4PHProcess Structure Property Analysis

The tool path was programmed so that the deposition nezdaormal to the substrate,
the border start point was indexed by 35 mm each |layer the infill hatch wasdexedby 90
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degrees each layaiith no dwell between layer3he deposited cubes with the top machirtimg

35 mm from the substrate deposition surfeae be seen iRigure 32.

10 g/min 15 g/min 20 g/min 25 g/min 30 g/min 35 g/min

Figure 32: As-printed 174PH material property analysis samplkerethe mass flow of each sample is presented
to differentiate each sample.

The slight variability in final build height can be estimated by the height of the
unmachined sectioseenat the top of each cube the image abovdt was alwaygreferredto
overbuild the geometry when accounting for error as overbuilding will eventually reach a steady
state whereasunderbuilding is infinitely diverging over timgs3]. As the standoff distance
decreases, the convergence of the powder flow with the laser decreases, decreasing the
catchment. If the layer height is not under programmed too far, the programmed layer height and
actual layer height will equalize as the catchment efficiency decreases. If the programmed layer
height is too large, the powder flow and the laser convergence will diverge, and the catchment
will decrease. As the standoff increases, the catchment continues to decrease, further
exacerbating the standoff inconsisten&ach material sample was thesawed from the
substrate cross sectioned, mounted, and polistied optical imaging hardness testingand

EBSD analysisThis aspolishedsurfaceof each sample can be seerrigure3.3.
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Mass flow |10 g/min

15 g/min

20 g/min

25 g/min

30 g/min

35 g/min

The variability in change in energy density for the4dPH deposition had a minimal

effect on the optical quality of the material. It should be noted the change in wall geometry as

|

r_!

Figure 3.3: 17-4PH microscopycross section

e

iﬂ I 10 mm

can be compared betweEmure3.3.a versug-igure3.3.e where the sidewalivascorvex for the

high mass flow sample. This phenomenuaas theorized to be due to the thermal inconsistency
until the process reaches a thermal steady state at a given height. This theory will be investigated
in future researchrhe porosity variability was minimal in the optical analysis. To determine if a

single interface porosity analysis at the center of thil mample was representative of the

volumetric porosity¥s section othe 30 g/min sample was CT scann&de porosity voluméor

the 30 g/min mass flow ratgaswell under 30 um in diameter per the CT results sedrigare

3.4. The porosity is much smaller than what cambeurately detected the CT scan.
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Figure 3.4.CT results ofL7-4PH porosity distributiorprinted at 30 g/min powder mass flow ratbere a) is the 3
dimensional porosity distribution and b) is the histogram of porosity by volume

The density measured by the CT was 99.999% desmskying the validity of the single
cross section as an adequate representation of the volumetric porosity of the-giracas®
property analysis for this evaluatioMore porosity was detected with the 1 pm resolution
optical analysis as compared to the 40 um resolution for the ZMISBROTOM CT. This
comparison between the volumetric CT results versus the single cross section optical porosity
demonstrates the optical cross section is an acceptable strategy to determine process structure
property porosityAll sampleporosityfor the 174PH only varied by 0.11% over the 25 g/min

range of mass flow as can be seefable 35.

Table 35: 17-4PH mass flow versus density analysis

Mass flow [g/min] 10 15 20 25 30 35
Density 99.93% 99.89% 99.88% 99.83% 99.81% 99.82%

Not only was there minimal variability in the porosity across the energy density range,

but the hardneswasevaluated where the hardness distribuaod the average hardnesfsthe
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printed materiatan be seen ifigure 35. The average hardness minimally vartedonly 15
HV between flow ratesThe hardness was below the H900 heat treatment with an expected
hardness o#38 HV. The hardness resulsupport the findingghat a change in mass flow

minimally affects the material properties of-4PH utilizing the parameters evaluated in this

analysis.
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Figure 35: 17-4PH mass flow versus hardness analysis

The range of the hardness was consistent for all samples except for the 35 g/min mass
flow rate sample. The hardness decreased as the distance from the substrate increased. The
hardness trend for the 35 g/min flow rate coincides with the grain structure seigure3.6.

The samples were theaground and polished to 0.pn andEBSD imagedThegrain structure
of thesamples can be seentire EBSD results ifkigure3.6 where the change in martensitas

significant between the low mass flow and high mass flow. The grains were consistently larger in

higher mass flow samples.
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Figure 3.6: EBSD17-4PH mass flow versus grain structure analysis

There was significantlgmallermartensite in the low mass flow depositidine grains
were smaller near the substrate whielis expected as the room temperature substrate enabled
faster solidification of the melt pool decreasing grain growtie grains were consistently larger
at the top of the deposition due to the high interlayer temperature reached during the deposition
processas well as the long cool down timEhese higher temperatures not only enable slow melt
pool solidification, but also allows for grain growth. However, even with the difference in grain
structure, the difference in average hardness only varied by 15 HV as d&gara 35 where
the 35 g/min sample had slightly higher hardness than the 10 g/min sarhpl@rocess
structureproperty analysis of X4PH has revealed the minimal change in material properties

illustrating the major differentiation between the variable mass flow is the manufacturing time.
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The difference in manufacturing time is over 250% from the 35 g/min mass flow versus the 10

g/min mass flowas can be seen the print time results presentedTable 36.

Table 36: 17-4PH mass flow versus cycle timed energy densitgnalysis

Mass flow [g/min] 10 15 20 25 30 35
Cycle time [min] 435 345 26,5 200 185 170
Energy density [JJmfh 184 134 95 79 71 65

The variability in material properties of UPH from hardness to porosiymd structural
integrity from 10i 35 g/min mass flow rate was minimal; however, there was a large difference
in deposition speed by over 2.5 times. If more mass flow could have been used, a change in
porosity would beexpected. Due to the system limitations with the current setup, it was not
possible to achieve over 35 g/min mass flaviter the completion of pure 1ZPH process
structure property analysis was complete, pure copper process structure property analysis was

conducted. The results can be found in the following section.
3.4.2Copper Process Structure Property Analysis

Pure copper was chosen as the increased thermal conductivity material dileetionial
conductivity,overtwenty-seventimesthatof 17-4PH, density for blown powder deposition, and
availability. The copper was deposited at a variety of energy densitlesnass flows ranging
from 20-30 g/minin 5 g/min incrementat 1,400 mm/min traverse speed, 4,000 watts of laser
power, and 6 mm spot siZEhe deposition parameters can be foundiable 32. The deposition
nozzle was always a 12-degredleanfrom normal to the deposition to prevent baieHRection
damage due to infrared light only having a 6% absorptivity with copfigr Each layer was
deposited with a 9degree index starting with the border and the infill at a 2 mm gap between
the 3 mm hatch spacing of the continuous inAll10 second dwell was utilized between each

layer to help prevent copper flow failure.
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Copper flow failure occurred at 700 mm/min when the interlayer tempenaagaear
the melting temperature around the melt pddlis flow failure has also been seen while using
electron beam DED of copper when the temperature was tod20gh During this deposition,
between 46 mm in build height, molten copper would flow from the melt pool location.
Between the size of the melt pool at the high temperatures and low viscosity of molten copper,
700 mm/min traverse rate was not effective for the manufacture of a coppeibihéilure
was exacerbated due to th2degreetilt of the deposition to prevent back reflection damage to
the lasersystem A picture of the flow failure can be seen kigure 3.7. Figure 3.7.a was
deposited with a 10 second dwell between layerd-@gute3.7.b was deposited with an optional
stop where the deposition process was resumed after a maximum interlayer temperature of 200
°C was reachedt was determined the control of interlayer temperature was not adequate to

control the copper flow failure.

- ar

T

Figure 3.7: Copper flow failurewhere a) failed during the last infill deposition beal failed during an entire infill
layer, and c) successfully printed at 1,400 mm/min

It was found by doubling the traverse spéed.,400 mm/minthermal failure could be
avoided and 35 mm cubes were manufactured with a 10 second interlayer dwellTtme.
higher traverse speed with the same mass flow resulted in a layer drdgimelt pool sizéalf
of the 700 mm/min traverse rate, preventing the flow failuin a smaller melt pool mass

affected by gravity and faster solidification tinfe graph comparing the maximum temperature
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of the 700 mm/min traverse speed deposition versus the 1,400 mm/min traverse speed can be

seen inFigure 38.
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Figure 38: Maximum temperature analysis comparison betweef0@)mm/min copper deposition verd)d.,400
mm/min copper deposition.

The 700 mm/min traverse rate procesgperienced slightly higher maximum
temperatures, contributing to the flow failure at the lower traverse Itatan also be seen in
Figure 38 after about 8 minutes, the interlayer temperature reached a steady state. This is
theorized to be due to the surface area of copper radiating energy equalized with the amount of
energy added during the deposition process. The stabtleslssubstrate was unable to draw the
thermal energy out of the deposition process, causing high temperatures, enabling flow failure.
Each of thehreedeposited cubes machined to 35 mm tall can be seeigumne3.9. The outside
surface is uniform from after the first quarter of the deposition until the end indicating a

consistent thermal history during theriodof the printing process.
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Figure 3.9: Asprinted copper material property analysis samples where the mass flow of each sample is presented
to differentiate each sample.

The exterior of each cube at the differing energy densities did not appear to be different,
but the microscopy results did indicate a significant differefibe.sample cubes froriigure
3.9 were thercross sectioad and the microscopy imagean be seen iRigure3.10. The change
in energy densityaffects the porosity and interlayer characterisbgschangng the mass flow.
The main contributor to why the copper is meffected by a change in energy densgyikely
due to the significantly lower infrared laser light absorptivity of copper as compareedfeHL7
stainless steel as well as the higher thermal conductivity of the copper removing the thermal

energy from the melt pool causing quick solidificatj@d].
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Figure 3.10: Coppermicroscopy cross section

The porosity was significantlgffectedby energy density and the change in density can
be seen imMable 37. The increase in porosity for the 25 g/min versus the lower porosity for the
30 g/minwasproposed to be due tbe interlayer discontinuity creatingy énsulativeboundary
layer. This boundary oxide layer prevented the lower mass from absorbing astheuotal
energy from the melt pool, enabling porosity to float out of the molten abtihe cost of
interlayer discontinuitylt is proposed the 25 g/min density was enough energy to penetrate the
oxide barrier, but not enough to keep the melt pool molten long enough to enahbjmshe

porosity to escapd-his theory is further supported by the microstructure results presented later.
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Table 37: Coppermass flow versudensity analysis

Mass flow [g/min] 20 25 30
Density 99.02% 97.54% 98.67%

The difference ininterlayerprint temperatures can be seerFigure 311 where the 25

g/min has lower maximum temperatures as compared to the 30 g/min mass flow further
supporting the theory that the 25 g/min energy density was high enough to penetrate some of the
oxide layer, causing a decrease in interlayer temperature, enabling faster melt pool solidification,

freezing the gas porosity in the deposition.
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Figure 311 25 vs 30 g/min copper mass flow interlayer temperature comparison

Similar to the 174PH hardness resultshe copper has a consistent hardness with the
change in energy densigs can be seen Iigure 312 This observation is consistent with the
material properties of singlehase copper that ennealedHardened copper has an expected
hardness of 108 H\[65]. The rangeof the hardness data was also consistent between all

deposition parameters.
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Figure 312 Copper mass flow versus hardness analysis

The consistent hardnesssalso supported by the grain structure, which can be seen in
the EBSD results ifrigure 313. The consistently high interlayer temperatures coupled with the
high thermal conductivity of the material enabled grain growth throughout the printing process.

Even with the lack of fusion interlayer boundaries, the hardness was still consetigaén the

interlayer discontinuities and complete fusion
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Figure 313 Copper mass flow versigsain structureanalysis

The interlayer boundaries seen in the 25 and 30 g/min copper samples Bigenar313
were theorized to be due to not enoughergy density to penetrate the oxide layer. This
boundary theoryvassupported by the EBSD data where there are small grains at this interface
which indicates fast solidification at the location. This oxide layer also prevented
recrystallization of the grains in the upper sections of the higher mass flow sahimgeselting
temperature of copper H083°C while therecrystallization temperature of copperbistween
379.05and433.2°C which isbelowthe interlayer temperature of the copper during the printing
proces4106]. The 20 g/min deposition strategy enabled annealing during the deposition process
which wassupported by the difference in grain size and grain growth in the upper section of the

20 versus 30 g/min samplEven with the increased energy densifyl50 J/mn?, as seen in
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Table 38, there was still nearly an entire percentagere of porosity as compared to the
stainless steel which had a minimum porosity of 0.0u8i¢h can be contributed to the increased

thermal conductivity of copper and lower infrared light absorptivity of copper

Table 38: Coppermass flow versus cycle time and energy density analysis

Mass flow [g/min] 20 25 30
Cycle time[min] 60 44 36
Energy density [JJméh 150 108 88

The higher energy densitleposition parameter sktr copper has the longest deposition
time, also has the lowest porosity, least interlayer discontinuities, and no flow fdihise.
analysis shows it is possible to print copper with blown powder DED using the infrared laser
wavelength. While it is possible to print pure coppérthese parameters with good material
properties it is an unstablrinting processt the required laser power. The result of the soot
buildup and instability of the process can be seerFigure 314. This instability can be

considered a potential hazard for the deposition equipment.
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Figure 314: Deposition head with reflection shied where a) clean deposition head vensuieopper deposition
nozzle contamination

With the extreme instability of printing copper at the best deposition paramétees |
theorized the thermal conductivity benefits of copper could be combined with the print stability
and low porosity of steel due to the higher infrared absorption by mixing the two materials. In
the following section, mixtures of steel and copper were evaluated frof93@% copper.
Above 93.8% copper, flow failure occurred negating the benefits of including steel to enable

successful printing at 700 mm/min.
3.4.3CopperMixture Process Structure Property Analysis

Copper was mixed with 1ZPH steel to determineraixture which would combine the
benefits of each materiathe high thermal conductivity of copper as well as the ease of
deposition of 174PH. 20 g/min total mass flow was chosen due to it being the highest energy
density of copper deposition and being comparable to results with the pure copper and pure 17
4PH. The seven afeposited samples can be seenFigure 315 where each sampleias

differentiated by theveightpercent copper composition

46



Mix [% Cu] | 6.3 12.5 25.0 50.0 75.0 87.5 93.8

Figure 315 Copperl7-4PH mixturequalitative as print analysighere the percent copper mix is presented in the
top row of the figure

Each cube was then cross sectioned and microscopy samples evaluated. The optical
gualitative results can be seen kigure 316 where the color changes from gray to copper
colored as the copper compositiwasincreasedThe inability of the copper and steel to mix can
be seen in the 25 to 75 weight percent copper mixes. The most drastic display of the

heterogeneity condition can be seen in thev@jht percent copper mseen inFigure 316.d.

Mix [% Cu]

e

Figure 316: Copperl7-4PH mixture microscopy cross section

Due to the drastic difference in melting temperatures and large miscibility gap between
12,5 and 875 weight percent coppdrl07], the copper and steel did not mix from 25 to 75
weight percent coppenixtures This phenomenon has also been seen with wire feedstock DED
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of copper and stedR1]. While the materials did mix at the lower copper ratio, there was
significant hot cracking present near the substrate. draskingphenomenorin the 6.3 to 25%

was expected per the crack susceptibility calculatitiiizing ThermaeCalc[108. This cracking

is due to the nearly 50% difference in the coefficient of thermal expansion of copper versus 17

4PH.
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Figure 317: Thermal calculation of crack susceptibility of copper &7Te¥PH steel mix courtesy of Rangasayee
Kannan[10§

Even with the cracking, the introduction of steel enabled an over 0.5% decrease in the
porosity for the copper depositiomdicating the increase in energy absorption can help decrease
porosity This was theorized to be due to the increased infrared light absorptivity of steel and the
decreased thermal conductivity of steel. The density results for the mixtures can beTsdsa in

39.
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Table 39: Copperl7-4PH mixtureversus density analysis

Copper mix  0.0% 6.3% 12.5% 25.0% 50.0% 75.0% 87.5% 93.8% 100%
[% Cu]

Density 99.88% 99.70% 99.43% 99.78% 99.44% 99.56% 99.45% 99.77% 99.02%

This increase in density also improved the hardness variability in the higher copper
weight percent mixes as can be seerffrigure 3.18. The low copper mixtures had decreased
average hardness and increased hardness range as compared to the4piteThé largest
range in hardneswas found in the 50% mix where the copper and steel were in isolated

locations throughout the bulk print as can be seéiguare 316.
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Figure 3.18 Copperl7-4PH mixtureversus hardness analysis

The 6.3 weight percent copper sample had an average hardness greater than the pure
steel. Thiswas hypothesized to be due to the copper conducting some of the thermal energy
away from the melt pool decreasing grain growth. Theve@ht percent copper sample ranged
from the hardness of the steel to the hardness of the copper which was expected due to the

miscibility gap [107] and the heterogeneity observed kigure 3.16 This drastic optical
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phenomenon can also be seen in the grain structure evaluation. The grain structure shift from

pure steel to pure copper can be seen in the EBSD results $eguran319.

Mix [% Cu] 0 6.3 50 93.8 100
Top
Middle
Bottom
125 pm ~ [=SisE| 125 um

Figure 319 Copperl7-4PH mixture vs grain structure analysis

The pure copper and pure steel have large, vertical grains oriented parallel to the build
direction die to the heat flow direction. However, with the heterogeneity of the mixtures, the
segregated grains and material composition can be seen, especially in the 50 and 93.8 weight
percent mixturesThe EBSD results for all mixture samples can be found inAthygendixin
Figure A.1. The isolation of the copper and steel grain can be more clearly seen in the EDS
results presented iigure 320. More specifically, the steel boundaries around the copper grains
in the 93.8 weight percent copper clarifies why the highest percentage copper mix was only

about half the thermal conductivity of pure copper as seEigure3.21.
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Figure 320: Copperl7-4PH mixture EDS analysis
The steel boundaries prevented any direct channel for the thermal energy to flow through

the mixture.The EDS results for all mixture samples can be found inAthyeendixin Figure
A.2. However, even with the nonlinear difference in thermal conductivity, 94.3 weight percent
copper still has 13 times the thermal conductivity of puréRHA as seen irrigure 3.21. With
theimproved print stability and material homogeneity, the mixture a preferred method to printing

pure copper.
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Figure 3.21: Copperl7-4PH mixture vs thermal conductivity analysis

The thermal conductivity of the mixtures was not a linear progression as the mixing of
the materials was not homogeneous. This trend along with the cracking susceptibility provides
guidance on mixtures that could be used for controlling thermal conductivity throughout a
printed part. Two trends that were further analyzed were investigating decreasing copper
porosity by decreasing interlayer dwell time and utilizing a preheat strategy to help decrease

cracking in the low copper weight percent mixtures. These results will be discussed in the

following section.

3.5Discussion

As presented in the results section above, DED energy density can impact the material
properties of pure X4PH and pure copper. A variety of mixtures of copper andPH were
also deposited and the resulting hardness, porosity, thermal conductivity, and grain structure was

analyzed. The following section, the results are discufsethe application of the results and

how this information can be applied to future work.
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3.5.1Pure 17#4PH

Pure 174PH was deposited at a range of energy densities from 184 to 65 tinging
from 10 g/min to 35 g/min mass floviLhe effect on porosity is discussed firsthere was
minimal difference in the porosity between the different energy densities, even though it has
been found in literature that increased energy density is correlated with a decrease in porosity
[88]. It is hypothesized that the high laser powers with the high interlayer temperatures enabled
increased time for the gas porosity to escape. It was found in prelinmvastigationdor this
work that it is possible to reach a mass flow which will cause delamination of the printed
material. However, due to the limitations of thecuracy of the system with mass flows that
high, that hardware was not utilized for this investigation. In the last chapter with the use of 30
g/min mass flow, it was found on a 152 by 304 mm component some delamination between the
bead boundaries during the finish machining of the surface with a ball mill. It is hypothesized
this is due to a decrease dilution zone penetration where the edges of the additive bead do not
dilute adequately to prevent deformation during machining. The dilution is adequate to not detect
any interlayer fusion defects in bulk material samples, though. This obsersapports the
conclusion that the thermal history and scale of the component directly impacts the final material
properties of the materigB9, 90]. The lower interlayer temperatu@an be observed in the
difference inconvexshape to the lower section of the high mass flow sample compared to the
low mass flow sample seen Higure 32. As the mass flow increased, tleenvex depth

increased.

The concavity of the side wall of the deposition correlates to the thermal history of the

depositionas seen ifrigure3.3. It was found the temperature of the steel sample increases as the
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printing progresses and a representative graphpared to the experimental thermal resofts

this thermal trend can be seerFigure 322. During the cooler, earlier period of the deposition,

the beads are taller and thinner, as found across DED parameter developmentl€gdiey.

This can account for theonvexcurvature seen on the sides of the bulk prints. For the first few
layers, the beads are tall and thin, due to the relative lower interlayer temperature as compared to
the top of the printed sample. The drastic increase in temperature during the first two minutes of
the print also correlates to the first 4 mm of the print encompassing the smallest sample width for

the 30 g/min mass flow deposition.
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Figure 322 Pure 174PH print temperature versus timéere a) is aepresentativeaveragedyraphand b) are
theexperimental results from the 30 g/min4?PH deposition

Not only did the thermal history of the bulk sample prints geometriefitgt the printed
geometry, but the grain structure also varied from the bottom to the top of each printed sample as
well as with a change in mass flow. The grain structure morphology can be dégnrm3.6
whereall samples contained mostly martensite, but the marteng#in sizevaried with the
changes in mass flow. The lowest mass flow with the highest energy density of 184 J/mm
consistently had smaller grains as compared to the higher mass flow depositions. Even with this
difference in grain size, the hardness only varied 15 HV increasing from the 10 g/min to the 35

g/min mass flow print parameter set. With only a 0.12% difference in porosity and a 15 HV
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difference across all mass flow rates, for the sample size manufactured with the thermal history
presented, the manufacturing speed was most significaffilgcted by a change in energy
density and mass flawrhe 30 g/min mass flow was over 2.5 times faster manufacturing rate as

compared to the 10 g/min mass flow for47H.
3.5.2PureCopper

While the 174PH materials properties hardly varied with the change in energy density,
pure copper was highly sensitive # change inenergy density.The first challenge to
successfully print pure copper with an infrared system was to prevent laser system damage by
printing the material at a i@egree tilt[73, 74]. Copper only has a 6% absorptivity of infrared
laser light and 94% of the reflected energy can damage the laser systdatifsed by the optic
into the fiber optic cabld71]. To prevent the reflection from heating a component in the
machine causing damage copper shield was also used to further dissipate the laser reflection
as seen irFigure 314. The contamination on the shield further highlighted the instability of

printing pure copper with an infrared laser light source.

Not only was the reflection of the laser light a variable that had to be mitigated, but flow
failure was preventing the printing of the copper at 700 mm/min traverse rate within the first 6
mm of the printing process. This was theorized to be due to the lower viscosity of molten copper
as compared to the 4PH and was furtheworsened by the t8egree lean required to prevent
back reflection damage. Interlayer temperature control was not adequate to prevent the flow
failure, so a decrease in melt pool size was implemented by doubling the traverse rate. This
strategy enabled less molten mass to be affected by gravity at the lean and enabled faster

solidification of the smaller melt pool. This strategy with asg&@ond interlayer dwell enabled
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the successful manufacture of pure copper cubes 35 mm square by over 35 mm tall with over

99% density.

After implementing the increased traverse rate, three different energy densities were
evaluated. Higher than 150 J/rfimas not evaluated for concern of damaging the additive laser
system.Less than 88 J/minwas not evaluated as the interlayer discontinuities were too
significant to justify decreasing the energy density further. The oxide interlayer boundaries had
significant effect on the grain morphology of each deposition. When there was adequate energy
density and interlayer temperature to enable the full interlayer fusion, tall, columnar grains were
present which was consistent with literature with a variety of DED presegen full interlayer
fusion was achievefb9, 82]. When full fusion is not achieved, smaller grains are typically seen
in the material cross sectiofig4, 85]. This correlates with the grain morphology seen in this

investigation.

It was hypothesized the lower energy densities were too low to achieve a steady melt
pool dilution in the previously deposited layers as the interlayer temperature decreased as the
component size increased. The radiation heat transfer from the sample dissipated heat faster than
the additive process could maintain consistent interlayer temperature throughout the build
duration.This hypothesis is supported by the increased porosity in the top of the 30 and 25 g/min
mass flow depositions as well as the bead boundaries observed in the EBSD rdsglisein
3.13. At the bottom section of each print, the grains were large and columnar indicating higher
interlayer temperatures, as seen in the thermal responBgune 323.b. The low thermal
conductivity of the 1#4PH substrate enabled higher interlayer temperatures until radiation heat

transfer became significant when the exposed copper surface area was high enough during the
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printing process. By the middle of each print, the difference in energy density had a significant
effect on the print quality. This indicates as the part increases in size, the ability to manufacture a
low porosity component becomes more difficult due to the high thermal conductivity of copper.
This is also most likely why there is minimal large, solid copper components successfully printed

in literature.The increased surface area radiates the heat as fast as the copper can conduct the
heat to the cooler edges. At the lower energy densities, the oxide layer prevented adequate
dilution between the layers, increasing interlayer porosity as well as smaller grains for each
layer. The highest energy density utilized in this investigation sustained a more consistent
interlayer temperature, enabling full fusion between all deposited layers. This consistent thermal
history is also reflected in the consistent grain structure throughout the build deeghd the

high thermal conductivity of copper enabling consistent grain grown.

The copper could not be kept at too high of a temperature, however, due to flow failure.
It was found the flow failure was much more significant between 3 to 6 mm of build height.
When analyzing the interlayer temperatureppper prints started at highdnterlayer
temperatures then decreased during the printing duration while the steel prints started at lower
temperatures then increased to the maximum temperature at the conclusion of thg print
process A representative graph comparing the thermal trend of each material can be seen in

Figure 323.
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Figure 323: Comparison of a) steel versus b) copper interlayer thermal trend over the print duration

It was hypothesized the steel continues to increase in temperature throughout the build
duration due to the low thermal conductivity of the material. The printed mass continues to
increase, and the heat was slowly transferred from the deposition point to the rest of the solid
mass slower than thermal energy was transfdroed the printthrough radiation. The steel also
has a higher melting temperature than the copper, further explaining why the steel had a higher
final interlayer temperature than the copper ever experienced as sEmgurna 323.a. It was
hypothesized the peak in copper temperature was due to the lower thermal conductivity of the
steel substrate with the high conductivity of copper on top that also has a lower melting
temperature than the steel. The temperature peaks when the input power was maximized with the
maximum substrate temperature coupled with the lowest printed surface area. Then, as the
sample increased in size, the radiation from the exposed printed surface becomes significant

enough to finally reach a thermal steady state as sdagure 323.b.

Applying the trend found in the results which indicated porosity could be decreased by
increasing the energy density and interlayer temperaituveas theorized porosity for the 20
g/min sample could be decreased further; however, decreasing mass flow further was not
implemented for concern of damaging the laser sydt#itizing the thermal history trend of the

copper printing process, it was hypothesized the porosity in the 20 g/min mass flow sample could
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be decreased if the interlayer dwell was decreased after the critical, first 6 mm of the build. The

thermal results of the 10 second dwell versus the 2 second dwell can be Sgener324.
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Figure 324: Pure copper 10 second versus 2 second interlayer dw2D g/min mass flow

Utilizing the understanding of the impact of interlayer temperature on density, the
99.02% density of the 20 g/min mass flow deposition was further improved by decreasing the
dwell time.By implementing a lower interlayer dwell time, higher interlayer temperatures were
achieved, approximate§0 °C higher. This increase in interlayer temperature enabled more gas
porosity to escape the molten melt pool, enabling an increase in density from 99.02% with 10
second dwells to 99.33% with 2 second dwells after the critical 6 mm of material was printed.

The gqualitative difference in porosity can be seerigure3.25.
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Figure 3.25: Pure copper 10 second versus 2 second interlayer dwell qualitative comparison

This decrease in dwell had a positive improvement on sample quality. This strategy can
be used with copper components smaller and larger. When the component is larger, thermal
energy is more quickly dissipated, and flow failure is less likely to oécuariety of coppeil7-
4PH mixtures were then evaluated for porosity, hardness, thermal conductivity, and deposition

stability.
3.5.3Copper Mixture

Seven coppet7-4PH mixtures were then printed and evaluated based on the measured
porosity, hardness, thermal conductivity, and deposition stability. It was hypothesized the print
stability of 174PH could be combined with pure coppethermal conductivity. For the low
copper mixtures, cracking was significant within the bulk print as well as at the substrate

interface. These mixtures were further analyzed to try and prevent hot craCépyer hasver
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a 50% higher coefficient thermal expansiandtwenty-seventimes the thermal conductiviigs
compared to 1-APH stee[117. It was hypothesized that by increasing the temperature of the
substrate by printing steel on the substrate, cracking could be decreased by decreasing the
temperature differential; however, this was not the result. The cracking extended nearly twice as
far into the bulk sample when using the preheat strategy as compared to printing on a room

temperature substrate as can be seé&igure 326.
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Figure 326: Hot cracking propagation comparing room temperature substrate to approximately 300 °C preheated
substrate

Beyond the low copper mixtures, cracking decreadexethe 50-weightpercent copper
mixture as can be seen iRkigure 316. The 50weight percent copper had the highest

heterogeneity due to the high immiscibility gap in the phase diagram which describes the copper
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iron mixing potential[107]. The thermal conductivity was also mostly linear untitvi€ight
percent copperwhen the thermal conductivity trend became more exponential. This can be
described through the qualitative analysis of thelRH distribution in the copper, the EBSD
grain structure resultwith the isolated copper grainand the EDS material distribution results

with the 174PH between the copper grainBhe 174PH in the copper was more evenly
distributed as the copper weight percent was increased. This goes to show the impact an increase
in copper can have on material thermal conductiwhile copper does become more evenly
distributed above the 50% weight mixture, the even distribution of the steel between the copper
grains hinders a linear correlation betwelearmalconductivity and copper weight percent. At

93.8 weight percent copper, it was still less than 50% the thermal conductivity of pure copper.
The isolation of the copper inside of the steel as sedngure 320 significantly hinders the
overall thermal conductivity. Even with the decreased thermal conductivity as compared to pure
copper, it is still over 7 time the conductivity of-4PH with a more stable and safer printing

condition.

These deeper investigations into specific parameter sets furthers the understanding of key
independent variables that have substantial impact on part quality. Interlayer temperature,
substrate temperature, and immiscibility are just some of the parameters that signiditfaotly

the process structure properties of purelPH, pure copper, and copgkef-4PH mixtures.

3.6 Conclusions

This investigation sought to increase the understanding for the process structure property
analysis for pure F4PH, pure copper, and copgEf-4PH mixtures at 6 mm spot size and 4,000

watts of infrared laser poweBamples of each material set were printed in 35 mm cubes which
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were then cross sectioned and evaluated for material prop&tresler componentsraller

spot sizes, lower mass flowsnd slower traverse rates have been seen in literature to
successfully print 1-APH and pure copper. The printing of mixtures c#4PH and coppehnave

not been seen in literature. It was found that a change in mass flow minimally affected the
material properties of 24PH; howeverthe highest print rate was 2.5 times that of the lowest
mass flow evaluated. There was a significant difference in the martensite grains, but the hardness
only varied by 15 HV. With this understanding, it can be concluded that high massofi@aivs

least 35 g/mircan be successfully utilized when printing47H.

The printing of coppewasless prevalent in literature, especially utilizing DED systems
due to the high thermal conductivity and high reflectivity of infrared laser light. Those printing
properties coupled with the low melting temperature of copper makes the material difficult to
successfully print with low porosity. While utilizing a -ti2gree tilt to prevent back reflection
damage to the laser system, flow failure was significant at 700 mm/min traverse rate. It was
found that by doubling the traverse rate, flow failure could be avoided. It was found that the print
height from the substrate to 6 mm high was critical to utilize a 10 second dwell to prevent flow
failure even with the doubled traverse rai®e there was increased thermal energy builtupo
that heightlt was also found that printing at 20 g/min resulted in the highest density pure copper
sample at 99.02% with 10 second interlayer dwells. By decreasing the dwell from 10 seconds to
2 seconds after achieving 6 mm height, density was further increased to 9W8BH8e&oit was
found that it is possible to print pure copper with an infrared laser at 4,000 watts and 6 mm spot
and achieve densities over 99%, it is an extremely unstable process, producing excess soot and

exothermic reactions.
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It was hypothesized that by mixing-#PH with copper, the printing stability of 4PH
could be combined with the high thermal conductivity of copper. Mixtures of the two materials
were printed and the material properties were evaluated from 6.3 to 93.8 weight percent copper.
From 6.3 to 25 weight percent copper, hot cracking was prevalent. It was hypothesized that by
decreasing the thermal gradient by preheating the substrate, cracking could be decreased due to
the 50% difference in coefficients of thermal expansion; preheating over doubled the depth of
cracking. There was also high heterogeneity at 50 weight percent copper as there is a large
miscibility gap from approximately 12 to 87 weight percent copf#7]. This heterogeneity
could also be seen in the large range in hardness fabCHweeight percent copper sample.
However, at75 weight percent and above, cracking was minimized, and thermal conductivity
was increased. The copper and steel continued to not fully mix, causing the 93.8 weight percent
copper mixture to only have half the thermal conductivity of the pure copper; it is still 13 times
thethermalconductivity of pure 1-/4PH[112). The 93.8 weight percent mixture was much more
stable to print as compared to the pure copper and should be used when printing large amounts of

copper for the safety of th@inting equipment.

In conclusion, 1#4PH can be printed at high rates upwards of 35 g/min with a minimal
effect on material properties, copper should be printed at a higher traverse rate to prevent flow
failure at as high of an energy density as it is acceptably stable, and mixtures of high copper
content should be used when optimizing the printing stability of steel while implementing the
high thermal conductivity of copper. Each material and mixture can be printed using an infrared
laser for DED and achieve densities above 99Be findings from this parameter analysis will
then be utilized for the analysis of copidé¥4PH interface optimization in the following

chapter.
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CHAPTER 4. INTERFACE CONTROL BETWEEN 17 -4PH AND COPPER
UTILIZING BLOWN POWDER DIRECTED ENERGY DEPOSITION

4.1 Summary

The tool and die industry is responsible for the manufacture of millions of components
through the process of molding and forming of materials, typically at elevated temperatures.
Manufacturers have developed strategies to more efficiently transfer the heat from the working
surface by integrating conformal fluid channels and increased conductivity inserts, sometimes
made of copper. It is possible to manufacture mmlierial monolithic components utilizing
additive manufacture. A type of additive manufaictgr equipment original equipment
manufactures sell in the machine tool industris called hybridmachinetools These machines
integrate additive and subtractive manufacturing in one machine tool. For this analysis, hybrid
manufacturing was used to develop a strategy to improve the interface bond between copper and
17-4PH to further the development towards a mmlterial, conformal fluid channel mold
insert. It was found that by hot machining and-ipeating the pure copper interface, the interface
bond could be improved by 48%. Furthermore, if a small amount of steel was mixed with the
copper, an interface with no inclusions or cracks was achieMa&d. was manufactured by
machining the interface while it was still o020 °C, then printing 14PH steel on top of the
hot, machined coppesteel surface. This strategy can now be implemented to manufacture a

multi-material monolithic mold insert with increased thermal conductivity in select locations.

4.2 Introduction
Molding tooling is used for the forming and molding of large batches of components at
elevated temperatures. The cooling of the component before it can be ejected without

deformationcan accountor over 70% of the cycle timgl13. Conformal fluid channels and
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increased conductivity inserts have been used to improve the thermal response obyod%ifig
and 27%, respectivelp, 2]. Additive manufacturing is uniquely capable of manufacturing both

features in a monolithic tool componentulti-material and freéorm geometry[6, 114].

Additive manufacturing(AM) of conformal channels can be found in literature, most
commonly with selective laser melting (SLM) due to the high printing resolution and decreased
need for support structurdg, 115. However, the printing of copper, a highly thermally
conductive material, is much less commonly found in literature due to the recent developments
in laser technologyl116]. Infrared light only has a 6% absorptivity in copper, whereas lower
wavelengths such as blue and green have around 40% absorptivity in [cE&fyp&he printing
of copper and printing on copper has been known to damage laser systems due to the high
reflectivity at the more common infrared wavelen{it8]. The characteristics of copper which
make it a highly sought after material for thermal and electrical applications also make it difficult

to print: high conductivity and reflectivity.

Electron beanAM has been used with higher success for printingéfallic structures
with copper and steel. Steel and copper was successfully printed in alternating order utilizing an
electron beam as the heat source and wire as the feed[2B)cK his strategy negates the
challenges of reflection with light energy sources, such asslasel removes the tendency for
oxidation due to the removal of most contaminates in the vacuum printing cha@raded
structures from copper to steel with minimal interface discontinuities have been printed utilizing
a dual wire feed electron beam additive sysi2ih. Electron beam systems also have the benefit

of printing in a vacuum, preventing oxidation that can occur in -@enocally shielded
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environments. Due to the need for vacuum, these systems are often more limited in the

manufacturing size and are more costly to operate than laser systems.

Researchers havgilized DED toprint copper most commonly, the copper is printed
steel substrates for parameter developnié6t 74, 75. This printing strategy optimizes the
amount of thermal energy that is added to the feedstock since the steel substrate has an increased
absorptivity of infrared light and has a lower thermal conductiaggompared to copper. The
more challenging printing condition is successfully bonding steel to copper without crat&ing
117). A common strategy found in literature is to increase the energy density by increasing the
laser powef80, 81]. It is even more difficult to print large masses of copper with low porosity

due to the high thermal conductivity of coppés|.

Due to the need tmanufacture multmaterial components with integrated copped
improved interface characteristics, hybrid technology, the integration of additive and subtractive
manufacturing in a single machine tool, was utilized to develop effective strategies to transition
from copper to steel without grading of materials. In the previous chapter, effective strategies
were developed to manufacture 99.33% dense, 35 mm cubes of pure copper utilizing infrared
laser light. Implementing the parameters developed in the previous chapter with the hybrid
process enables the ability to transition between machining and additive in less than 6Q seconds
Utilizing this interleaved processuccessful transitions from copper to-4FH steel were
manufactured. In this investigation, a variety of copper steel interface conditions were evaluated
based on interface quality and cracking. The highest quality interface condiitimsand
without interface machiningvere then further analyzed by changing the energy density of the

printed steel. The methods used are presented in the following section.
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4.3 Methodology

A hybrid machine tool integrating additive and subtractive manufacturing in a single
machine tool was utilized to characterize various interface conditions between copper and steel.
An Okuma MU8000V-L LASER EX with a Trumpf blown powder directed energy deposition
(DED) system was used for this analysis. A TruDisk 4002310 infraredwavelengthwas
the laser heat source with a maximum power of 4,000 watts. The deposition system also has a
programmable spot size that ranges fromi0O6mm in diameter. For this analysis, 4,000 watts
of laser power at a 6 mm spot size was uSaanple cubes 35 mm square were manufactured
where the centerline of the border was 35 mm long with a total anticipated outside dimension of
41 mm including the width of theveld bead. The infill center line was programmed 2 mm from
the border centerline with infill hatch spacing of 3 mm that indexed bgeg80ees each layer.

The programmed layer height was different for each material deposited and can be found in the
respective deposition parameter tablése 174PH feed stock used was OerlikibletcoAdd 17

4PHD with +45106 pm particle cut with a nominal chemical compositionFef 17Cr 4.5Ni

4Cu 0.3(Nb+Ta) 0.07CThe deposition parameters were determined in the previous chapter, and

the chosen parameters for the deposition e4RHA can be seen ifable 41.
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Table 41: Top 17#4PH deposition parameters

Parameter Value Unit
Traverse speed 700 mm/min
Spot size 6 mm
Laser power 4,000 watts
Border gap 2 mm
Infill hatch spacing 3 mm
Deposition tilt angle 12,0 deg
Mass flow 30 g/min
Argon nozzle gas 10 I/min
Helium carrier gas 5 I/min
Programmed layer height 2.2 mm/lyr
Interlayer dwell 1 sec

The mass flow of 30 g/min was chosen due to the maximum mass flow with the powder
feeding hardware available on the system. This mass flow also had a minimal difference in
material properties, such as hardness and porosity, as compared to the lower mass flows. This
parameter set allowed for maximum printing speed with the powder feeding hardware available.
It can be seen thprogrammed layer height was larger than that determined in the previous
chapterdue to the increased temperature of the copper, enabling a larger melt pool with higher
catchment rates. The deposition angle started atdedtee lean for the first two layew 4.4
mm of build heightfo ensure no back reflection damage to the laser system. After 4.4 mm, the
steel was deposited normal to the deposition sufftackigher catchment efficiency and higher

energy input

The pure copper parameter set that was chosen was also determined from the previous
chapter, the 20 g/min mass flow welsosenand the parameters can be seeiiable 42. The
feedstock used was Oerlikon Metco 55 with -BBum particle distribution with a nominal

chemical composition d€u 99.0+%6.
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Table 42: Pure copper deposition parameters

Parameter Value Unit
Traverse speed 1,400 mm/min
Spot size 6 mm
Laser power 4,000 watts
Border gap 2 mm
Infill hatch spacing 3 mm
Deposition tilt angle 12 deg
Mass flow 20 g/min
Argon nozzle gas 10 I/min
Helium carrier gas 5 I/min
Programmed layer height 0.38 mm/lyr
Interlayer dwell 5 sec

The pure copper was deposited at a constant lean of 12 degrees to prevent back reflection

damage to the laser system. The 20 g/min mass flow was also chosen to achieve the highest

density with minimal porosity as determined in the previous chdpter.to the instability of the

pure copper deposition, mixed copper ane#PH was also evaluated at the 93.8 weight percent

copper mixture. The deposition parameters for the mixture can be SEgiléd3.

Table 43: Copper mixturedeposition parameters

Parameter Value Unit
Traverse speed 700 mm/min
Spot size 6 mm
Laser power 4,000 watts
Border gap 2 mm
Infill hatch spacing 3 mm
Deposition tilt angle 12 deg
Mass flow, 174PH 1.2 g/min
Mass flow, Copper 18.8 g/min
Argon nozzle gas 10 I/min
Helium carrier gas, *4PH 5 I/min
Helium carrier gas, Coppel 2 I/min
Programmed layer height 1.0 mm/lyr
Interlayer dwell 5 sec

Onceagain, a constant lean of-ti2grees was used to prevent back reflection damage to

the laser system using the high copper con@penMi nd 6 s

hyper MILL was

computer aided design (CAD) and computer aided manufacturing (CAM) programming of the

additive and subtractive tool pathing. The tilted tool path was challenging as there is typically not
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a condition with machiningvith 90-degreeindexing while tilting is necessary.o achieve this
desired resultContour Milling on 3D Modeltool path was utilized, followed by thedditive
Manufacturingtool path which was reworked usiB) Rework Machiningvith a radial Z tilt at
the desired angle, then finally generating the usable toolpath withdtigive Manufacturing

tool path.

Each copper condition was tested with a variety of interface conditions. A diagram of the
various interface preparations can be seerigaure 41. The condition where the interface was
not machined or heated was not included in the diagram as no operations were carried out on the

asprintedsurface.
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Figure 41 Interface preparation for coppesteel interface analysis

For the agrinted interface condition without maating, 35 mm cube of copper was
printed up to 17.3 mm tall to account for 2.3 mm being removed when sawing the sample from
the substrate. For the machined interface, copper was printed to 18.3 mm tall then machined to

17.3 mm tall. The top segment of-4PH was then printed on top where the #rgk mmwere at
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a 12degree tilt to prevent back reflection damage, theratstel0.6 mm ofmaterial was printed

on top normal to the substratgth a total target height of 30 mm after sawing from the substrate.
The sample was then machined3®mmm square32.5 mm tall,and cross sectioned where the
center of the sample was along the left edge of the imsaya@leat 17.5mm wide. Rire copper
was tested with 3 surface conditions that can be sedabte 44. The pure copper interface
conditions were only evaluated with all hot interfacbaracterized as the-psint temperature

transitioned to the steel printing at a minimum of 375 °C interface temperature.

Table 44: Pure copper interface condition

Parameter Cond1l Cond2 Cond3
Machined interface No Yes Yes
Interface temperature Hot Hot Hot
Preheat No No Yes

It was determined with early testing that the steel would not fuse to the copper with a
cold interface This phenomenon has to do with the immiscibility ,gépe low infrared
absorptivity, andhe high thermal conductivity of pure copfded, 107]. Those results will be
presented in the following sectiohhe coppetl7-4PH mixture interface was also evaluated. It
was hypothesized the mixture would have improved interface qualilya more extensive

interface analysis was conductddhe conditions which were tested can be sefiaiie 45.

Table 45:Coppermixtureinterface condition

Parameter Condl Cond2 Cond3 Cond4 Cond5 Cond6 Cond7 Cond8
Machined interface No No No No Yes Yes Yes Yes
Interface temperature  Hot Cold Cold Hot Hot Cold Cold Hot
Preheat No No Yes Yes No No Yes Yes

Two of the interface conditionspndition 1 with ahot asprinted interfaceandcondition
5 with ahot machinednterface were further analyzed utilizing a tapered interface to further
characterize the cracking and dilution zones at differing energy dengitids.mm cube of

copper was printed mm tall for the as print surface condition and 9 mm tall, then machined to
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8 mm for the machined interface condition.-4PH was then printed on top, where the first 4.4
mm was printed at a i@egree tilt to prevent back reflection damagehe laser systenThe

entire sample was then machined3@mm squareCondition 5was chosetfior further analysis

due to the highest quality interfaedth the least cracking and porosityondition 1was chosen

due to the print flexibility possible with complex surfaceghout having to machinelf the
interface could be printed with minimal discontinuities, less time could be used for machining of
components at scaleninimizing temperature drofd he taperedgeometry analyzed can be seen

in Figure 42.

Imaged surface

174PH " T"TT=" ;/‘ “““ +2 mm
— e — - Interface
Copper alloy - -2 mm

Figure 42: Tapered interface analysis conditions

Each sample was printed ag8&amm squarethenmachined with a taper where the top
was at 10 mm and the bottom edge was at 6 from the substratéor a range of +/2 mm
across the interface. This enabled a higher resolution analysis area along the interface between
the copper and stedliwo different printing strategies weemalyzed: change in printed layers to
evaluate the effect of remelt on interface craclkang change in energy density by decreasing

mass flow and decreasing laser pawer

The first tapered section analysis was evaluating how a change in the number of layers

printed on top of the copper would affect the interface crackihg.nominal 174PH printing
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parameters were utilized as seeMable 41 where laser power and mass flow as kept constant.

The printing conditions can be seerTiable 46.

Table 46: Tapered interface with a change in the numbet ®#PH printed layers

Layers deposited Build height [mm]

1 2.2
2 4.4
3 6.6
4 8.8

After evaluating the change the number of layers printed, theffect of an increase in
energy density was evaluated where the powder mass flow was decesabsdte laser power
was decreasedlhe laser power could not be increasedncrease the energy densdg the
maximum laser power of 4,000 watts was already being used for the 30 g/min masghéow.
mass flow could not be increasteddecrease the energy densitythe powder feedirfgardware
could only feed just over 30 g/min with one hopper; instead, laser power was decréheed.
definition of energy density which will be referenced in this analysis is volumetrgcgy

densityand can be seen Exuation 41.

bzom
5rore G

Equation 41: Volumetric energy density where P=laser power in watts, L=actual layer height in mm, H=hatch
spacing in mm, V=velocity in mm/min, and J=joules.

Due to the low number of published works utilizing blown powder DED for the
manufacture of copper utilizing an infrared lageguation 41Equation 31 was chosen for the
crossplatform compatibility. The parameters of LPBF, WAAM, and laser wire could be
compared by using this equation to better understand the mechanics which impBReét and
copper printing quality. The energy input divided by the hatch spacing, traverse velocity, and

layer height are system agnostic for additive manufacturing technologies.
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A decrease in mass floof the 174PHwas used to increase the energy density as mass
flow affects the agrint layer height. As the layer height decreases, the energy density increased
with no change in any other paramefdnre number of layers deposited was increased to achieve
the same total nominal height of approxiniaté.4 mm determined from 2 deposited layers at
the nominal mass flow of 30 g/mihaser power was decreased from 3,500 to 2,500 watts from
nominal to evaluate lower energy densitiEse changes ienergy densitgan be seen ifable

4.7.

Table 47: Tapered interface with a change 17-4PH energy density

Energy Density [J/mn¥] Mass flow [g/min]  Number of layers Total build height [mm] Laser power [W]

160 10 6 4.3 4,000
103 20 4 4.45 4,000
52 30 2 4.4 4,000
45 30 2 4.4 3,500
39 30 2 4.4 3,000
32 30 2 4.4 2,500

A FLIR A700infrared camera was used to capture thermal data of the deposition process,
then the data was analyzed utilizing python where the maximum pixel temperature was extracted
and graphed to determine the maximum interlayer temperqfidd. The metallography
samples were mounted in 50 mm sample nmowitich were available at Oak Ridge National
Laboratoryés (ORNL) Manufacturing Demonstrat.
SimpliMet 3000 automatic mounting presgh KunductoMet was used for the mounting of the
crosssection samples evaluated in this investigation with a mounting pressure of 290 bar at 180
°C. The grinding and polishing steps were completed utilizing a BughlkeiMet 300 Procan

be found inTable4.8Table3.4.
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Table4.8: Grinding and polishing metallography preparation steps

Grinding grit Force [N] Time [min] Lubricant
320 20 2 Water
500 20 2 Water
800 20 2 Water
1000 20 2 Water
2000 20 2 Water
Polishing suspension [um]

6 30 12 DP Yellow
3 30 12 DP Yellow
1 30 12 DP Yellow

Each sample was then imaged usingea&ca DM4000Mat 50X magnification with a resolution

of 1 um per pixel for porosity analysis. A ZEI2Sio Imager.M2was used for the color images
presented in this document for qualitative analysisgeJ was also utilized to measure the crack
lengths and threshold the images to determine percentagH dilution[118. The dilution
percentagdor the tapered sectiowas calculated by cropping the full height of the interface
image, thresholding the red image stiwkn 36 to 223to only show the highly saturated red
pixels of the gray 1-APH, then the ratio of white pixels to total pixels was determined using
python. For a perfect dilution interface, 50% dilution is expected. Then, the cracking and
porosity was quantified in the solid -#PH region above the dilution inconsistencies by
thresholding the image to differentiate the pores from thelPH. This image was then
evaluated also using python by determining the ratio of white pixels to total pixels. The results

are presented in the following section.

4.4 Results

The interface integrity between -BPH and copper was evaluated by printingdPH on

top of printed copper at a variety of interface conditions, as presented in the previous section.
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Pure copper was evaluated first with all hot interface conditions and the qualitative results can be

seen inFigure 43.

Cond 1 Cond 2 Cond 3
No fusion e ] T
T

mm

Figure 43: Pure copper interface condition fusion qualitative results

The first condition was only a hot, -asinted interface, and the #4PH did not have
adequate dilution to adhere through the machining process. The second condition was machined
with a hot interface. While this surface condition enabled more dilution than not machining,
there was stilapproximately 95% interface separation as seéraliie 49. The final condition
included a hot machined interface with preheating. This preheating increased the interface
temperature from@&F °Cto 512 °Cand decreased the interface separation by 48%. The interface

separation can be seen below able 49 comparing each of the pure copper interface samples

Table 49: Percentseparatioralong the pure copper interface

Condition Percentseparation

Cond 1 100 %
Cond 2 95%
Cond 3 47%

The difference in separation with the different interface conditions can not only be
correlated with the amount of interface contamination, but also the interface temperature. The
interface temperatures before the printing of the following step can be s€éablen410. There
was a correlation between higher interface temperatures and increased interfacéofusien
pure copper interface analysis. Even though the not machined interface had the fastest transition
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from copper to steel, it still had the lowest interface temperature. The preheat with the machined

interface had the most fusion across the copper/steel interface.

Table 410: Pure copper interface temperatures

Condition Cond1l Cond2 Cond3
After copper depositioffC] 375 487 389
After preheaf°C] 512

The interface condition between the copper mixture ardPH was then analyzed
mixture of 93.8 weight percent copper and balanced withPH was the mixture printed. It was
hypothesized due to the decreased thermal conductivity and increase laser power absorption due
to the integration of X4PH, a higher quality interface could be achieved. Eight interface

conditions wereevaluatedand the qualitative results can be seen belokigare 44.

Cond 1 Cond 2 Cond 3 Cond 4 Cond 5 Cond 6 Cond 7 Cond 8

T

4 } ;‘—— ] )
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4 mm I

Figure 44: 93.8 weight percent copper mixture interface condition fusion qualitative results

Interface conditions-# had no machining interface preparation whereas for conditions 5
8, the interfacavas machined. The interface heigitas more consistent with the machined
interface, however, the increase in reflectivity for condition 6 prevented interface fusion with a
cold interface. Condition 2, which was also a cold interface, but with-prirded surface finish,
the laser absorption was higher, and some interface fusion was achieved. The quantitative

percent interface separation can be seemable 411. 100% separation represents complete
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interface failure with no bonding. 0% separation represents complete interface success with no

inclusions or cracking along the interface zone.

Table 411: Percentseparationalong the 93.8 weight percent copper mixture interface

Condition Percentseparation

Cond 1 18%
Cond 2 87%
Cond 3 37%
Cond 4 27%
Cond 5 0%
Cond 6 100%
Cond 7 27%
Cond 8 26%

Similar to the pure copper, the difference in interface separation with the different
interface conditions can not only be correlated with the amount of interface contamination, but
also the interface temperature. The copper mixture had increased interface fusion as compared to
the pure copper interface analysis. The interface temperatures before the printing of the
following step can be seen ifable 4.12. There was aorrelation between higher interface

temperatures and increased interface fusitth the copper mixture as well

Table4.12: Copper mixture interface temperatures

Condition Condl Cond2 Cond3 Cond4 Cond5 Cond6 Cond7 CondS8
After copper deposition [°C 489 20 20 473 425 20 20 487
After preheat [°C] 433 523 407 527

The asprinted interface condition had the most consistent fusion with no fusion failure
across all conditionslhe machined interface had a fully fused interface with condi&iaere
the interface was hot machinethere wasomplete fusion failurevith condition 6for a cold
machined interfaceThe asprinted interface had an average of 42% separation across all 4
conditions while the machined interface has slightly less separation at 38%. The hot machined

interface has the highest fusion, with fully fused across the entire analyzed interface.
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Condition 5 was chosen for further analysis with higher resolution at a variety of printing
conditions to further decreagbe cracking potential Condition 1 was the same interface
condition as condition 5, but with an-pented interface which is preferred to decrease
machining time and optimize interface temperature. The first changbeinl74PH print
condition was evaluating the effect of a change in thermal history on the interface cracking. It
was theorized that either a short heat historiengthenedeat history to relieve the stresses in
the previously deposited layemecreasing the crackingt has been found in DEDayers of
material can be remelted below the currently deposited [a$€}. The qualitative results of the

multi-layer analysis for conditions 1 and 5 can be seétigare 45.

Number of layers deposited 1 2 3 4
+2 mm
L]
Condition 1 interface [ - i . o
-2 mm i
—
8§ mm
+2 mm | [V , F YT F
Condition 5 : ;
interface |-{vEnEnl | FUSEUSIG || N | e
| —— -2 mm
8 mm

Figure 45: Tapered interface with a change in the number efiPH printed layers qualitative results

Significant findings fom the multilayer interface analysis are that one layer does not add
enough material to create a crdoke 2 mm thick interface and there was no significant
gualitative difference between the number of layers deposited on top ofpmimtas copper

mixture surfaceThe machined interface had the least cracking and porosity as compared to the
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asprinted interface. The dilution into the copper interface was also repeatable across each

interface condition. The guétative dilution results can be seenFigure 46.

50 =— —

Dilution [%0]

1 2 3 4
Number of Layers

—a— Condition 1 Dilution Condition 5 Dilution

Figure 46: Percent dilution of the solid 14PH interfacewith a change in the number of-#PH printed layers

The dilution was quantified by determining the density of4PH across the entire
tapered surface. For a perfect dilution condition, a result of W8%expected. With the change
in deposited layers on top of the interface, there was only about a 15% difference in dilution
between the aprinted interface for condition 1 and the machined interface for condition 5. For
each individual condition, there was only approximately a 5% difference between the number of
layers deposited and the percent dilutidiis was considered a statistically insignificant
difference for a change in dilution depWhile there was minimal difference in the dilution
zones with a change in deposited layers, there was a more significant relative change with the
porosity and cracking for the -@sinted condition versus the machined interface that can be seen

in Figure 47 below.
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Figure 47: Percent density of the solid UPH interface with a change in the number of4PH printed layers
The percent density, as a quantification of cracking and porosity, was nearly completely

consistent for all machined interfaces for conditionwhile condition 1 with the aprint

interface condition had about a 4% variability in density. The density tended to increase as more
layers were deposited indicating the reheating by adding more ,lasteessrelieved the
interface. The unmachined interface has many more interface inconsistencies as compared to the
machined interface. With no statistically significant difference between the-layéti analysis,

a change in energy density was evaluated. It was theorized the 50% difference in coefficient of
thermal expansion impacted the interface cracking and a change in heat input could impact the
interface crackingFigure 48 displays the qualitative results of the change in energy density on

the dilution and interface cracking.
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Figure 48: Tapered interface with a changeeénergy densitpf 17-4PH qualitative results

The change in energy density had a larger impact on the difference in dilution and
difference incracking as compared to changing the number of layers printed. In relation to the
change in dilution, the increased energy density from 52 Jfmm60 J/mm increased the
dilution by nearly 20% which can also be seen in the qualitative resufsgure 48 and
quantitative results ifrigure 49. The recession of the dilution zone can also be Beanleft to
right in the qualitativefor both surface conditiomesults which was expected as theergy

density affects the mixing with the previous layer.
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Figure 49: Percent dilution of the solid 1ZPH interface with a change in energy density

On average, the machined interface had increased dilution as compared tgpiiné as
surface with condition 1; however, at 20 g/min mass flow rate which is equivalent to 103 J/mm
had nearly identical dilution for the different interface conditions. As the energy density
decreased, the dilution tended to decrease as well, which corresponds to the qualitative results in
Figure 48. While the dilution results trended with the change in energy density, the cracking and

porosity was not as directly correlated as can be se€gune 410.
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Figure 410: Percent density of the solid 4PH interface with a change in energy density

The difference in interface cracking between the two conditions was significant with the

change in energy density. The-@ant interface condition 1 had the least interface
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inconsistencies at the highest and lowest energy densities; however, the machined interface for
condition 5 consistently increased interface inconsistencies as the energy density increased. The

two different results will be discussed in the following section.

4 5Discussion

Achieving fusion of steel to copper is difficult due to the drastic difference in thermal
conductivity, coefficient of thermal expansion, and low miscibiliith iron. A total of 11
different interface conditions were evaluated to determine an improved strategy to gt 17
stainless steel on copper. Three surface preparation conditions were tested when prifeHg 17
on pure copper and 8 conditions were tested when printirgPH7 on 93.8 weight percent
copper. From the 8 conditions, two conditions were selected to further evaluate strategies to

decrease interface discontinuities utilizing a tapered interface analysis.
4.5.1Pure Copper Interface

Pure copper was most difficult to achieve an interface that was bonded due to the high
thermal conductivity, large miscibility gap in the phase diagram, and low infrared light
absorptivity. Within the minute it took to transition from the copper feedstock to the steel
feedstock, the interface became too cold to achieve an adequate melt pookéaaanaddiluted
into the copper. The oxide layer on top of the copper also hindered adequate dilution between the
materialscreating an insulative, contaminated layBnere was no bonding when-4PH was
printed directly on top of the gwinted pure copper surfack.was found that machining the
interface while it was hot increased the bondbygremoving the bulk of the oxiddut the
temperature still decreased with only approximately 5% bonding between the copper and steel.

With the understanding that interface temperature could affect the dilution, preheat was also
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tested after machining the interfack.48% increase in bonding was achieved by utilizing
machining and preheatingshich increased the interface temperature by 25 Si@ce this
analysis was about evaluating the interface at the nomindPH7energy density determined in

the previous chapter and not an evaluation of which variable to change to increase bonding
across all parameters, the 30 g/min mass flow edRH was kept constant across all interface
analyses. It is found in literature that an increase in energy density will improve the bonding
between copper and std8b]. However, this analysis focusses on printing parameters at 6 mm
spot size and 4,000 watts of laser power with a nominal traverse rate of 700 mm/min. It was
determined in the previous chapter that printing with a small amount of added steel could enable
a more stable melt pool with a decrease in thermal conductuity .to the difficulty of bonding
17-4PH to pure coppetit, was theorizedhe bonding betweea mixture of copper and steel could

be superior. The interface between4lFH and a mixtur®3.8 weight percent copper mixture

was also evaluated.
4.5.2Copper Mixture Interface

The copper mixture had improvedterface bonding characteristics, and 8 different
surface conditions were evaluated. On average, the machined -gmimted interfaces had
nearly the sampercentbondingbetween all conditions evaluatgdondition 1 with the agprint
interface had improved laser absorption due to the dark, rough surface even when the interface
was room temperature as compared to the machined, room temperature surface which
completely delaminated during the printing process. However, this increas@de and
contamination was detrimental for the hot interface as the contamination prevented dilution

across the entire surface withly 82% interface continuity versus the 100% interface continuity
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of condition 5 with the hot machined interface. The contaminates caused idareadeng and
porosity as compared to the hot machined interfabe. preheat had increased contamination

and porosity at the interface due to the unshielded heating location for the increased focal
distance to prevent back reflection damage. To further increase the energy transfer for the
preheating, a small amount of -4PH was deposited, which was found in preliminary
investigations to more efficiently transfer the heat to the copper surface. This strategy introduced
more contaminates than just having a machined interface, but an extra 50 °C was achieved by
utilizing preheat which decreased the bonding for theres interface by 9% and decreased the
bonding by 26% for condition 5 with the machined interface which is contrarg foutte copper

results where bonding was increased by 48% with the interface machining coupled with the
preheating.The hot interface for both condition 1 and condition 5 had the highest interface
quality for the respective interface condition. Each condition was further analyzed using a
tapered section for increased understanding of the impact of energy density on the cracking and

porosity potential.
4.5.3Tapered Interface

Condition 1 and 5 were further analyzatdhigher detail with tapered sections where the
surfaceswvere machined at a shallow angle to evaluate the dilution zone from 2 mm below the
interface to 2 mm above the interfameer a 30 mm long interfac&Vith this analysis method,
the cracking and porosity along the interface was evaluated over more area than a single vertical
cross section. The first set of conditions evaluated if printing an increasing number of extra
layers on top would help stress relieve and decrease cracking along the interface. It has been

found in DED where previous layers are remelted during the deposition plddeks this
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concept was tested to see if any stresses and cracking could be decreased. However, there was no
statistically significant difference between each change in depositeditayas found that there
was a significant difference in dilution zone consistency and porosity; the machined interface

was more consistent.

Conditions 1 and 5 were also analyzed on how a change in energy dfesitgd
interface cracking and porosity. The energy density was increased from nominal by decreasing
the mass flow raten 10 g/min mass flow incremenés the laser power was maximized for the
nominal evaluationThis change increased the dilution area by nearly 20% with a minimal
change in interface cracking and porosity. The energy density was then decreased by lowering
the laser power from 4,000 watts to 2,500 watts in 500 watt increments at 30 g/diiHIiass
flow rate. The decrease in energy density did have a significant change in the dilution zone
depth,decreasing the dilution by about 15%. While the machined interface had minimal change
in cracking, the agrint interface had a significant decrease in cracking and porosity at the
lowest and highest energy densities. It was theorized the lower energy density minimized the
dilution and mixing from the contaminated surface, therefore minimizing captured porosity in
the 174PH melt pool. Then, at the highest energy density, thereem@msgh energy density to
penetrate through the oxide layer, enabling the porosity to float out and achieve adequate dilution
with the copper mixture interface. The energy densities between the lowest and the highest either
had enough energy to mix the contamination in the melt pool, but not enough energy to allow the

contamination to float out of the melt pool

In summary, the hot machined interface enabled the highest quality interface with no

interlayer discontinuity. If it is possible to hot machine the cogpeel interface before steel is
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printed on top, machining should be utilized. However, sometimes the time it would take to
machine the interfaceould be too higand allow the copper to cool below a temperature that is
adequate for printingteel oncopper. In this condition, it would be useful to achieve the highest
quality interface without machining. That is achieved by quickly printing the steel on top of the
asprinted interface of the copper with as high of an energy density for the steel as is safely

acceptable.

4.6 Conclusions

This investigation analyzed strategies for improving the interface quality between
additively manufactured copper and additive manufacturediPH steel. It was found that pure
copper was the most difficult to achieve a bond due to the high thermal condudttighty,
reflectivity of the laser wavelength utilized in this investigation, and large miscibility gap in the
copperiron phase diagrarfil07]. The high thermal conductivity quickly transferred the thermal
energy from the melt pool which hindered mixing at the dilution zone. Even with machining the
interface and preheating the copper until some flow failure, no greater than 53% bond was

achieved across the interface cross section.

It was hypothesized the 93.8 weight percent copper mixture could have better bonding
characteristics as compared to the pure copper interface. Eight different interface conditions were
evaluated, and it was found that a hot machined interface had the highest quality interface as
compared to all other conditions. 100% bond was achieved across the interface cross section.
This was due to the oxidation removed through machining and a smooth surface at a known focal
distance to print on. The hot machined interface as well as the-panasterface was further

analyzed utilizing a tapered section to determine other strategies to further increase the interface
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guality. Methods such as increasing the number of layers printed on top to decreasing the laser
power were tested. It was found there was statistically insignificant difference in the surface
cracking and porosity. However, the change in dilution depth with a change in energy density
was significant. As found in literature, higher energy densities enable higher quality interface

bonding[85].

When printing steel on top of copper in an ojén DED system, it is best if the
interface can be machined to remove contaminates to optimize the interface quality. If machining
is not possible in a reasonable amount of time to keepnterface hot, higher energy densities
on the agrint surface can work. It would be expected to have cracking at the interface with
large surface areas between the steel and copper. A use case for the steel and copper in a single
mold insert will be investigated in the following chapter, and the lessons learned will help to

optimize the process for future use.
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CHAPTER 5. DESIGN FOR ADDITIVE MANUFACTURING OF
CONFORMAL FLUID CHANNELS FOR MOLD MANUFACTURING
UTLIZING BLOWN POWDER DIRECTED ENERGY DEPOSITION

5.1 Summary

The tooling industry is responsible for the manufacture of millions of components
worldwide. The cycle time is often dictated by the cooling time before the formed or molded
component can be ejected without permamenmponenteformationMold manufacturers have
utilized various strategies to improve the thermal response of the molds, including conformal
fluid channels and increased thermal conductivity insélitive manufacturing is uniglye
capableof the manufacture of both geometries: muaitterial monolithic components and the
nearnet manufacture of complex shap8his analysis investigated two channel deposition
strategies, two channel conditions, and two channel materials. Stainless steel channels
manufactured with tool paths parallel and perpendicular to the conformal channel axis were
printed. Of the two strategies, the parallel path was utilized to print over a tube, and finally, the
same strategy was used to print a copper channel asBael. channel printing strategy was
then used for the manufacture of representative conformal channel mold insertswakeno
significant difference in the thermal response of either channel printing strategy; however, the
unlined parallel path was over twice as fast as the other two strategies. While the copper insert
enabled a more consistent thermal response across the working surfedethe time of the
stee| there wereseveral issues with leaking due to the interface cracking and differential in the
coefficient of thermal expansion. It is suggested that future molds with integrated printed copper

should have a minimum skin thickness of at least 6 mm to ensure no leaking.
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5.2 Introduction

Tooling is used for the manufacture of thousands of components through forming and
molding of components, typically at elevated temperatures. Over 70% of the cycle time can be
the cooling of the component before ejectidh Hot molds also have increased wear due to the
softer interface at elevated temperati@§. Manufacturers have utilized different methods to
more efficiently transfer heat from the working surface; some strategies include conformal fluid
channels and increased conductivity insé¢fts2, 97, 12(. Additive manufacturing has the
unique capacity to manufacture both features. Additive manufacturing can be used for-the near
net manufacture of complex shapes and can be used for the manufacture -@haterial,

monolithic component®3, 121, 127.

Conformal channels have been manufactured with the groove and shell qi®aetyt
more recently with the development of additive manufacturing, like selective laser melting
(SLM), conformal channel inserts can now be manufactured out of a monolithic comp@anent
123. The development of finite element software with the capabilities of SLM has enabled the
design and manufacture of optimized cross section conformal channels for the selective control
of the thermal response of toolifig 98, 124, 125. This application has not only increased the
working life of the molds, but has also increased the cooling rate of the formed compbaénts
127. The manufacture of these channels without support can be diffic2®. Before the
optimization of SLM software, channels often had to be manufactured either with support
structure§129 or with a teardrop shap¢34]. SLM technology has advanced to where channels
can be manufacturegd 30, 131 without support due to the sedfipporting nature of the lose

powder in SLM[99] and variable cross section channels can also be manufaj0ed32.
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Hybrid manufacturing is more flexible than m&LM additive systems due to the
integration of additive and subtractive manufacturing in a single maching8ob¥]. Many
platforms are designed to be able to additively manufacture multiple materials, either discretely,
or together as a mixturfl33. There are some wire fed additive systems that can mix the
feedstocks by controlling two wire feeder speeds separfi@ly], but multrmaterial blown

powder systems are more commonly seen in the hybrid manufacturing ifddsey].

Hybrid machinesanalsobe equipped with Eaxis positioning capability25, 52]. This
positioning of the component enables for improved orientation for the manufacture of complex
geometries[59]. It has been found by effectively decomposing the geometry into printable
shapes in select orientations can enable the successful manufacture of complex components with
integrated overhangb3, 134]. Conformal channels have been manufactured utilizing hybrid

manufacturing, proving the capability of the technolpgjy] .

While channels have been manufacturg84, 135 and multimaterial manufacturing is
possible with directed energy depositi@1, 136, no one has ever integrated both capabilities
for the manufacture of molding components. The challenges of determining adequate printing
strategies for the deposition of mudtkis printing of conformalkhannelsand the interface
bonding complexities are just some of ttiéficulties that arise when manufacturing multi
material conformal channel mold inserts. In this investigation, the design for additive
manufacturing(DFAM) of conformal channels as well as the manufacture of a -malterial
insert was completed. Thevestigation began with the process structure analysis of two channel
printing strategies; arch where the matewak deposited perpendicular to the channel axis and

profile where the materialasdeposited parallel to the channel axis. The process structure was
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also applied to the printing of a channel with an integrated Wi the knowledge gained

from the process structure analysis, an application of each channel design was completed with an
evaluation of the thermal response. Finally, with the highest quality channel strategy,-a multi
material tooling insert was manufactured. The lessons learned will be discussed and future work
potential will be outlined. The methods used to complete this analysis are presented in the

following section.

5.3 Methodology

An Okuma MU8000V-L hybrid manufacturing machine tool with an integrated Trumpf
blown powder directed deposition (DED) system was used for the execution of this analysis. The
DED system has programmable spot size fronmi G6nm and a maximum laser power of 4,000
watts at 1,030 dm wavel enrfgetThumpk$Ql® nozzle was Gisedu Di s k
with a 16 mm standoff distance and a powder focal diameter of 4.%mhna 30-degreenozzle
body taperThe maximum spot size and laser power was utilized for this analysis with deposition
parameters determined fro@hapter 3 of this document. The-4IPH used for the printing of the
channels and insert surface w@erlikon MetcoAdd 174PHD with +45106 pm nominal
particle distribution with a nominal chemical composition of Fe 17Cr 4.5Ni 4Cu 0.3(Nb+Ta)
0.07C.The copper used for the printing of the copper channels was Oerlikon Metco 55 with +38

90 um nominalpatrticle distribution with a nominal chemical compositiorCof 99.0%.

The channel analysis wasnductedoy printing short channel sections, 80 mm long, on
152 mm diameterl7-4PH round platesThe channel sections were manufactured where the

lower half of the channel was ball milled into the plate, the channel geometry printed, then the
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channel sections were milled and sawed off the plate. The printing sections proghession

substrate preparation to sample machimag be seen iRigure 51.

Machined channel groove Printed channel section Machined metallography geometry

a , 75 mm

Figure 51: Channel evaluation sections where a) milled channel groove, b) printed channel, and ¢) milled channel
evaluation segments

After the channel segments were sawed from the substrate, they were mounted in 50 mm
sample mourst which were avail abl e at Oa k Ri dge Nati on
Manufacturing Demonstration Facility (MDF) metrology lab. A Bueh&mpliMet 3000
automatic mounting presgith KunductoMet was used for the mounting of the channel sections
evaluated in this investigation with a mounting pressure of 290 bar at 180 °C. The grinding and

polishing steps were completed utilizing a BueldlatoMet 300 Pracan be found ifable 51.

Table 51: Grinding and polishing metallography preparation steps

Grinding grit Force [N] Time [min] Lubricant
320 20 2 Water
500 20 2 Water
800 20 2 Water
1000 20 2 Water
2000 20 2 Water

Polishing suspension [um]

6 30 12 DP Purple
3 30 12 DP Purple
1 30 12 DP Purple

95



Each sample was then imaged usingetca DM4000Mat 50X magnification with a
resolution of 1 um per pixel fadimensionalanalysis. A ZEISSAxio Imager.M2was used for
the color images presented in this document for qualitative analysis. ImageJ was also utilized to
measure thehannel heighaind threshold the images to determiime circularity of the channels

using pythorj104, 11§.

The goal was to achieve high circularity with a 10 mm nominal inner channel diameter
when determining successful channel printing strategies. Two channel printing strategies were
evaluated and compared based on the substrate fusion, speed of manufacture, and relative

collision risk.The definition of circularity used in this analysis is showkguation 51.

12%20

0 ;
n

Equation 51: The definition of circularity used in this analysis where C=circulafityn], A=area[mn¥], and
p=perimeter[mm]

Thefirst tool path strategy evaluated was frefile strategy printed where the tool path
was parallel to the channel asisen inFigure 52.a. The arch strategy was printed where the tool
path was perpendicular to the channel axis seelRigare 52.b. Each path strategy had its
benefits, and it is possible to manufacture a channel using each strategy. There was, however, a
drastic difference in channel quality between the two strategies and will be presented in the

following section.

Profile Arch

Figure 52: Comparison of the a) profile channel tool path strateggsush) arch tool path strategy
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5.3.1Profile Channel Parameters

The profile print parameters can be seen beloWwalble 52. Table 5The layer height is
less than the nominal layer height from Cha@elue to the single bead wall geometry of the
profile path strategyand the lean required to deposit a closed chardedreasing capture

efficiency as compared to infitype geometries.

Table 52: Profile channel depositioparameters

Parameter Value Unit
Traverse speed 700 mm/min
Spot size 6 mm
Laser power 4,000 watts
Deposition tilt angle 0-30 deg
Mass flow 30 g/min
Argon nozzle gas 10 I/min
Helium carrier gas 5 I/min
Programmed layer height 1.09 mm/lyr
Interlayer dwell 10 sec

The leanwas evaluated frond T 30-degreesfrom the substratéo determine the best
combination of build stability and collision avoidanoetween the substrate and the deposition
equipment The tilt angle comparing the arch versus channel nozzle orientation can be seen in
Figure5.3. An angle of up to 3@egrees was evaluated as there was too high of catchment loss

at angles higher than 3fgreedor the profile channel tool path
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Profile Arch
Nozzle Nozzle
!{",:_’:I__A_I—lgle L _gﬁ:r_lgle
?l Substrate b Substrate

Figure 5.3: Comparison of the a) profile channel tilt strategy to b) arch tilt strategy

The nozzle traverse direction can be visualized as in and out of the page during the
deposition process for each channel strategy. The profile strategy utilizes a nozzle traverse
direction parallel to the channel axis whereas the arch strategy is perpendicular to the channel
axis. In each case, igure5.3, the substrate is tilted, and the deposition head is kept vertical.
Four different profile printing strategies were evaluated at different lean angles rangingifrom O

30 degrees. The angles evaluated can be sdabla5.3.

Table5.3: Profile channel learangles

Profile P1 P2 P3 P4
Lean angle [deg] O 10 20 30

The nominal lean angle was chosen to bal@frees, and the analysis will be presented
in the following section. The 26egree lean angle was then further analyzed to determine the
effect on the angle of the last contours on the-deap effect seen while printing profile
channelslt was found that when the sides of the channel were joined, a shargrdpahaped
fusion point at the top of the channeas createdTo help mitigate this, the last few contours
were printed in the vertical direction to help decrease the depth of the fusion line. For the last
channel evaluatednaxtra contour was added for the final application of the profile channel, to
fuse the concave channel sectidhe three different contour lean conditiongh vertical final

contoursare presented ihable 54.
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Table 54: Profile channel where last contours are vertical analysis

Profile P3 P5 P6

0-degree leaangle for
last number of contours

0 1 2+1 contour

It was determined in this analysis that a lean etlégrees was a good combination of a
quality channel at the minimum lean angle. Two other conditions were evaluated at the 20
degree lean: P5 whetiee last contour was vertical and P6 where the last 2 contours plus an extra

contour was deposited to ensure a fully sealed channel on the application investigation.
5.3.2Arch Channel Parameters

The second channel tool path evaluated aasrch profileThe arch print parameters
can be seen below ifiable 55. The layer heightised wadess than the nominal layer height
from Chapter 1 due to the overbuilding condition being required to successfully print the

overhung channel geometry at a less than normal angle.

Table 55: Arch channel deposition parameters

Parameter Value Unit
Traverse speed 700 mm/min
Spot size 6 mm
Laser power 4,000 watts
Deposition tilt angle 20-55 deg
Mass flow 30 g/min
Argon nozzle gas 10 I/min
Helium carrier gas 5 I/min
Programmed layer height 1 mm/lyr
Interlayer dwell 10 sec

The firstanalysis for the arch tool pathing investigation was to determine how to achieve
adequate height of the arch top. Approximat8degrees was used in a previous analysis for
the printing of conformal fluid channels in a tool, socddYrees was used for initial analysis
[47]. A tool path with just an arch and a tool path with vertical side risers below the arch path

were compared as seenTiable 56.
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Table 56: Arch channel tool path a) without and b) with risers atdB@ree lean

Arch Al A2
Riser No Yes

Tool path /\ m

It was determined & mm tall riser could be effectively implemented to achieve the

desiredinner print height with the arch strategy. The results will be presented in the following
section. An analysis of the effect of the change in lean was then completed. The angles evaluated
can be seen imable 57. This change in lean affected them@mt inner channel heigland will

be presented in the following section

Table 57: Arch channel with riser lean angles

Arch A3 A2 A4 A5
Leanangle[deg] 20 30 40 55

5.3.Frofile Tubing Lined Channel Parameters

A second channel inner condition was evaluated with and without-engmafactured
inner lining, or an integrated tub&he profile strategy had to be used for this analysis due to the
collision potential with the prastalled tubing for conformal application&.304-stainless steel
seamless tube with an outside diameter of 12.7 mm and an inner diameter of 1@&smsed
as the channel linincA tube with an inner diameter as close to 10 aspossible with minimal
wall thickness was choseh7-4PH tubing was not readily available and 304 has an increased
bonding quality with 1#4PH compared to 316lThe two different printing conditions can be

seen inFigure 54.
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Profile Profile with tube

Figure 54: Profile channel a) without and) with an inner tubing lining

The lined profile channel condition parameters are shown beldwbie 58. The layer
height varies drastically from the nominal-4PH printing parameters in Chaptedue to the
need to prevent thermdistortionto the tubing while printing by increasing the size of the outer

printed surfacéy increasing the number of printed beads around the tubing

Table 58: Profile channel with inner tubing linindeposition parameters

Parameter Value Unit
Traverse speed 700 mm/min
Spot size 6 mm
Laser power 4,000 watts
Deposition tilt angle 0-30 deg
Mass flow 30 g/min
Argon nozzle gas 10 I/min
Helium carrier gas 5 [/min
Programmed layer height 0.45-1.8 mm/lyr
Interlayer dwell 10 sec

The five different channel conditions evaluated for the lined channel are shdwbla
5.9 below. The same angles were chosen for all channels, but the number of profiles was altered
to affect the diameter of the outside clad, which impacted the thermal distortion of the tubing
lining.

Table 59: Profile tubing lined channel contour condition

Tubing profile TL T2 T3 T4 T5
Profiles 16 322 484 564 644

The tubing was tack welded at 4 corners before the deposition began to minimize the

tubing from distorting out of the milled channel. The lean of the deposition head along the
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profiles that were from the substrate up to 1 mm above the substrate were tilted towards the
tubing by 15degrees from vertical. Then, from 1 to 7.5 mm, the beads were deposited normal to
the substrate. The last beads were printed at@degfee lean away from the tubing to prevent
thermal distortion of the tubingThe profiles were generated
computer aided manufacturifg@ AM) software wherasometric curves were projected an

18.7 mm diametesurface which was equal to th2.7 mmoutside diameter of the tubinjus 6

mm spot size. Those contours were then used to drive the tool path, @odl tkiscontours

were used to control the deposition lean aftte@ree lead. The number of profiles represents the
number of isometric contours that were evenly projected on the 18.7 mm diameter channel
surfacein the CAM softwareAs the profile count increased, there was overbuilding at the top of
the print, so contours were removiedm the top, but the spacing elsewhere was equal to the
number of total contours. This will also be discussed in the results and discussion sections of this

chapter.
5.3.4Profile Copper Mixture Channel Parameters

After the three channel conditions were evaluated based on print quality, print time, and
ease of tool pathing, the best channel strategy was choseanufacturehe copper mixture
channels. The copper mixture ratio was determinath Chapter3 and hadncreased interface
guality which wasdetermined in Chapte¥. The copper mixture profile channel print parameters

can be seen imable 510.
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Table 510: Copper mixture profile channel deposition parameters

Parameter Value Unit
Traverse speed 700 mm/min
Spot size 6 mm
Laser power 4,000 watts
Deposition tilt angle 20 deg
Mass flow, 174PH 1.2 g/min
Mass flow, Copper 18.8 g/min
Argon nozzle gas 10 I/min
Helium carrier gas, x4PH 5 I/min
Helium carrier gas, Coppel 2 I/min
Programmed layer height 0.780.53 mm/lyr
Interlayer dwell 10 sec

These parameters are modified from the stainless steel, profile channel parameters to

account for the differare inlayer height as compared to the stainkgte®l channels.

5.3.5Application Parameters

After the process structure channel analysis was complete, an application of each channel
strategy was printed as a conformal channel insert test geometry. The test geometry can be seen
in Figure 55. This test geometry incorporates the challenges of a tilted surface from the nominal

surface, corners, and transition corners.

103



Figure 55: Application mold insert geometry with a) CAD designsustb) printed geometry
The geometry was machined for each channel type, then thermally tested by cycling hot

then cold water through the insert. Thermal data was gathered wbe3d< thermocouples

bolted to the insert surface at the positions showhRigure 56. A MadgeTech thermocouple

data logger was used to record the temperature at 1 Hz freqUémagsert was also monitored

using a FLIR A00camera to capture the thermal distribution response of the insert agheell.
infrared data was visualized using python and the qualitative results are presented. The complete

monitoring setup can be seen in the Appendixigure A3.
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Figure 56: Mold insert thermal response analyfiiermocouplenount locatiordimensions

A TempTek5-ton chiller and a Milacron TWP temperature control umivas used to
thermally cycle the insert up to 80 °C then down to 18 °C. The water was circulated in an
isolated loop until the unit achieved the desired temperature, then the water was circulated in
each insert for 3 minutes. Then, the water was isolated into the loop, the system was cooled to 18
°C. Once the temperature was reached, the water was circulated in the insert for another 3
minutes and the thermal response was recorded. From the results gathered from the initial
channel process structure analysis to the final application investigation, future application and

critical parameters will be identified in the discussion of this chapter.

5.4 Results

Many different channels were printed in the preliminanalysis to determine what
variables had significant impact on the-pagted channel geometry. Of the 42 channel
conditions printed in the preliminary investigation, the results of 16 were chosen to be presented
here.In this section, the results of the print parameterpereided,and the application of each

channel strategy will be presented in the following section.
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5.4.1Profile Channel Results

The profilechannel strategis characterized by the material depositpathasparallel to
the channel axis. This strategy was evaluated at 4 different lean angles to determine the impact
on contamination on the lower milled surfacecularity of the printed channehnd the height

of the printed channel'he outsideasprint surfaceof a profile channel can be seerFigure 57.
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Figure 57: Profile external channel surface qualitative analysis for P3

Each channel was then cross sectioned twice, mounted, and imaged. This method enabled
the imaging to be as perpendicular to the channel axis, enabling accurate quantitative
measurementsThe qualitative results of the four channel conditipnsited at varying lean
anglescan be seen below Figure 58. These are the same images which were used to calculate

the quantitative results presented’able5.11.

P1 P2

Figure 58: Profile channel conditions at four different lean angles

The first channel printed with no lean angle had failure near the top of the contour due to
no compensation for the overhang. Thede@ree lean enabled a fully closed contour, but there

was significant contamination in the bottom of the channel since the lean was not enough. P3 and
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P4 have some of the least contamination in the milled channel as can be Bigemerb8. The

channel area, circularity, and height are presentéadloie5.11.

Table5.11: Quantitative results for the profile channel with a change in lean angle

Profile P1 P2 P3 P4

Percentarea N/A 86.1% 99.0% 97.9%
Circularity N/A 0521 0.709 0.758
Height[mm] N/A 9.06 11.44 10.84

The percent area wasghestwith the 20degree lean for P3, but it does have slightly less

circularity than the profile printed at dfegree lean. The contamination of P2 and-fumion of

P1 render these strategies inadequate for channel printing. Since P3 had insignificantly different
quality results as compared to P4, P3 was chosen for further analysis due to the printability at a
lower lean angle, enabling less of a collision concern when manufacturing scaled components.
P3 contours were further analyzed where the last few contours were printed normal to the
substrate to try and decrease the significance of thelteprshaped fusion point at the top of the

channel. These results can be sedriguare5.9.

P3 P5

Figure 5.9: Profile channel conditions where the last contours were printed vertical

Each channel profile condition had a relatively minimal difference in part quality as can
be seen inTable 512. P3 was the nominal condition where all profiles were printed ata 20
degree lean away from the channel surface, into the printed channel wall. The last contour as
vertical did increase the area inside of the channel, but decreased the circularity while two

contours printed vertically, and an extra contour added to the printing strategy increased the
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channel area and the circularity. An extra contour was added to P6 due to the need to have an
extra contour in the application of the contour tool path on the mold insert. There was fusion

failure at theconvexcorners, and an extra contour prevented this failure.

Table 512 Quantitative results for the profile channel where the last contours were printed vertical

Profile P3 P5 P6
Percentarea 99.0% 103.1% 103.9%
Circularity 0.709 0.663 0.769
Height[mm] 11.44 11.86 11.75

5.4.2Arch Channel Results

Arch channel printing strategy was analyzeext where the material was deposited
perpendicular to the channel axis. The lean was evaluated fr&h @8grees. To have a place to
start the arch, a backstop was printed at the starting point of the channel. Channels were not
successfully printed at angles less thard2@rees. 5%legrees was the maximum achievable
angle as the head angle wasd&@rees from vertical, and there was only approximately 3 mm of
clearance between the substrate and nozzle when printingdagb&e lean. The print quality of

the outside of A2 can be seen belowrigure 510.

Figure 510: Qualitative results of the outside of channel A2

The first analysis was to determine a strategy to achieve the desired channel inner height
with an archtype printing path. It was found that by adding a riser, or a straight section below
the arch contour, the desired full channel height can be achieved. A riser 7 mm tall was found to

be an effective height to achieve the 10 mm inner channel height. A riser 8 mm tatlegjréé
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leanhad structural failure after about 30 mm of channel length. A comparison of a channel arch

with and without a riser can be seerFigure 511 A1 and A2 respectively.

Al A2

\ &

F——
8 mm |

Figure 511: Arch channel without and with a riser

The quantitative differences between the arches without and with a riser can be clearly
seen inTable 513. The area was increased by nearly 20% and the height increased by over 2 mm

with a decrease in circularity.

Table 513 Quantitative results for tharch channelwithout and with a 7 mm riser

Arch Al A2
Percent area 95.8% 114.4%
Circularity 0.726 0.598
Height [ mm] 9.13 11.56

Utilizing the riser strategy, an analysis comparingdtfiectof a change in lean on the-as
print channel dimensions. Lean angles fror58@egrees were analyzed and the difference in

print height can be seen kigure 512.

A3 A2 A4 A5

=

8 mm |

Figure 512: Arch channel qualitative analysis of a change in lean angle

There was a significant difference in the build height from printing ate?fdee lean up

to 55degrees. This is expected as the printing nozzle becomes more normal to the printing
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direction as the lean angle increases. Channel A5 printed-d&dsBes has an inner channel
height almost exactly the inner height expected if the channel could be printed exactly normal to
the backstop as seen Trable 514. The channel height and circularity decreased as the lean

increasediue to the riser

Table 514: Quantitative results for tharch channelwith an increase in the lean angle

Arch A3 A2 A4 A5

Percentarea 95.3% 114.4% 142.3% 161.4%
Circularity 0.457 0.598 0.647 0.696
Height [ mm] 10.86 1156 13.57 14.72

5.4.3Profile Tubing Lined Channel Results

The final channel condition that was analyzed included a tube inside of the printed
channel. A tube as close to the 10 mm nominal diameter was chosen, 10.4 mm inner diameter.
The channel was machined to the tubing outside nominal diameter of 12.7 mm, and then the
putting was placed in the groove. It was found the tube would draw towards the first deposited
bead during the solidification shrinkage of the printed material and pull the tube out of the
groove, so the four corners of the tube were tack welded at the tube diameter before the exterior

was depositedlhe T3 print condition can be seerFigure 513.

Figure 513 Qualitative results of the outside of channel T3

A change in printed profiles was evaluated for the five different imbedded tube channel

conditions and the qualitative results can be seé&imgiure 514. All tubes drew out of the bottom
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of the milled groove, slightly. The largest difference is between the build height and the

difference in fusion between the top of the deposited material and the tubing.

T1 T4

b—
8 mm }

Figure 514: Profile tube channel qualitative analysis of a change in lean angle

The quantitative results seen Trable 515 help to differentiate the subtle differences
between the printing strategies. The percent fusion is a quantification of the density of the upper
section of each printed channel to quantify the lack of fusion present with an increase in
contours.T2 and T3 each have high percent area and high circularity, but T3 has increased inner

channel height as compared to T2.

Table 515: Quantitative results for the profileibechannelcomparing the change in printed profiles

Profile T1 T2 T3 T4 T5
Percentarea 953%  100.0% 100.1% 98.2% 99.9%
Circularity 0.883 0.893 0889 0881 0.885
Height[nm]  9.14 9.3 9.93 1012 10.17

Percent fusion 99.45% 99.18% 98.06% 96.76% 96.39%

5.4.4Profile Copper Mixture Channel Results

The profile strategy was chosen for the copper channel due betiedits of the profile
strategy that will be addressed in the Applications secidhis chapterThree profile channels
were analyzed for the copper mixture at ad2Q@ree lean. The number of profiles was
determined based on circularity, channel height, and contamination. The qualitative results for

the outside othannel CU2 can be seenfigure5.15.
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Figure 5.15: Qualitative results of the outside of chan@&)2

The beads are much less noticeable for the copper mixture versus4RéiIchannels.
This is also apparent in the qualitative channel cross sectidfigure5.16. The beads are also
thinner than the T4PH beads, contributing to the increase in channel area seen in the
guantitative results iTable 516. The teardrop type fusion point at the top of the channel was

also more apparent for the copper channels as compared te4R¢1lchannels.

CU1

Cu2

Cu3

Figure 5.16: Profile copper mixture lsannel qualitative analysiwith a change in profiles

Since the copper flows more than the4PH, there was increased, small contamination
inside the channel, still with minimum impact on the overall total, channel area, which can be
seen inTable 516. This small contamination had a significant impact on the circularity
calculation for the channels, even though, they look reasonably circular. Of the channel contour

conditions evaluated, CU2 had the highest channel area, highest circularity, and tallest inside

height.
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Table 516: Quantitative results for the copper mixture channel with a change in profiles

Copper CuUl Ccu2 CU3
Percentarea N/A 116.7% 110.4%
Circularity N/A 0.668 0.619
Height [mm]  N/A 12.14 12.03

5.5 Application

Three different channel tool path printing strategies were analyzed in the previous
section, where one condition was implemented for the manufacture of a copper channel. One
channel print parameter set was chosen from each analysis and was used for theurentifac
conformal channel demonstration component. Theld surface was milled to the same
dimension for each insert, within 0.2 mm, and the thermocouples were mounted in the exact

same location for each insert as well.

The progression of the manufacturing process for each insert can be Segurén517.
Each insert started with the same billet material, the same channel milled path, and the same
finished molding surface. The process began with a 152 by 304 mnbaigicf 17-4PH with a

total thickness 051 mm.

Raw 17-4PH stock Machine lower half Print channel Print mold surface Machine mold surface

Figure 517: Mold insert manufacturing process

The billet was machined to the finished, substrate dimension, then tabs to extend the
substrate to allow for the inconsistent channel dimensions at the beginning were printed. Once all

the material was manufactured to print the channel, the lower half of the channel was milled into
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the stock. The channel section was then printed on top of the substrate using the respective print
strategy.Before the final molding surface was printed, an extension to the side of the substrate
was added to prevent laser damage to the fixturing. The molding surface was then machined, all
inconsistenciegepaired using the hybrid process, and the thermocouple mount points were
finally machined into location. The lessons learned from the conformal printing process will be
presented as the inconsistencies of printing around corners and surface angles introduce

challenges that must be overcome.
5.5.1Profile Channel Application

The profile channel was printed on the substrate with the depositiomfitbaal 0-degree
lead and 2@legree lean along the entire pdfach of the transition zones required tool axis tilt
contoursto achieve the consistent, smooth motion. If this smooth motion was not achieved,
failure at these points occurred. Smooth motion was also critical to ensure the consistent mass
flow per unit time during the deposition procg¢&8]. While the rubbing of a cutting tool while
the machine tool repositions is not necessarily a condition for failure, it is a condition for failure
with additive as overbuilding will occur at the repositioning pdixamples of the required tool

axis positioning is shown iRigure5.18.
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Concave tilt curves Convex tilt curves Corner tilt curves

Figure 5.18 Tool axis tilt curves to drive the tool path around the three different conditions of the insert
manufactured

Not only was it critical to achieve smooth machine motion while transitioning between
surface angledyut it was also critical to deposit with no lean relative to the deposition surface.
An example of inconsistent lean across thal@free surface can be seeffrigure5.19.a where

there was failure across the-88gree surface transition.

Figure 5.19: Profile channel printing condition results where a) increased lean at the surface transition, b)
contamination duéo the channel prinfailure, c) P5 print condition result, and d) P6 print condition result

When channel build failure occurs, even though the material is not deposited on the
channel walls, it is still deposited. As seenHigure 5.19.b, the material contaminated the
machined channel surface due to the lack of fusion when not depositindegte® lean. The

third print failure was of the straight sections of the beginning and the end of the profile channels

115



with 23 contours using condition P5 as seerffrigure5.19.c. This was mitigated by adding one
more contour and using condition P6 as sedfignre5.19.d. Not only did the print parameters
developed from the initial investigation not directly translate effectively to the conformal channel

use case, but distortion of the substrate was significant as Seigiia 520.

(7|

Figure 520: Distortion of the printed mold insert when a) 12.7 mm minimum substrate thickness and b) distortion
found after machined of the 25.4 mm thick substrate.

The original mold insert design had a 12.7 mm thick lower substrate section. However,
after printing the section of the mold surface, the distortion was over 6 mm. This distortion was
due to the large thermal gradient between the room temperature substrate, the room temperature
of the printing area, and the 6 mm melt pool. The summation of the shrinkage of the added layers
induced enough stress to distort the substigi@ficantly andcan be seen iRigure 520.a. This
was mitigated by doubling the thickness of the substrate. Even with the increase in substrate
thickness tgpreventthe distortion, the effect of theesidual stres$orce can be seen iRigure
5.20.b where the small tool machining lines were fromrhgghing pass and the large stepover
tool machining lines are from the finishing p#isat was over 0.06 mm below the roughing pass
This was the back, lower surface of the insert after the deposition and finishing of the top side of
the insert. Machining the bulk of the material away enabled some of the stress to be relieved out
of the substrate, causing the surface to draw towards the added material on top, creating a

slightly concave surface on the bottom.
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After the repair of all inconsistencies on the mold surfacefitiadéized profile channel
insertcan be seen iRigure 521. The channel is half exposed to display the difference in channel
manufacturing strategies. The mold surface was consistent between the channel tool paths to be a

consistent thermal comparison.

Figure 521: Finished profile channel mold insert

5.5.2Arch Channel Application

The arch conformal channel was manufactured in segments along each varied transition
zone on the insert geometry. The milled channel and substrate were machined andtpespped
sameas the profile channeThe A2 arch channel condition was used for the straight sections of
the depositionsurface.The first challenge after determining a channel print lean angle was to
determine how to traverse around a corner without significant overbuilding. This was achieved
by evaluating different strategies of partial arch contours. For example, an arch contour where
half of an arch and riser was printed then a full arch and riser printed was alternated; the result

can be seen iRigure 522.a.
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Figure 522: Arch corner printing strategies where a) half arch and no riser alternating on the inside of the corner
versus b) every other arch inner riser with all arches and outer risers with the tool path seen in c¢)

The successful strategyged on the final mold insert was alternating an inner riser on the
arch contour. Printing of the contours was alternated where the full contour start point was
always on the inside of the cornghereaghe short contour always started at the outside of the
corner. Feldhausen et al. did something similar when using the arch strategy to go around a
corner, but the r fd.iFeldhausemad to altermateavith sisortea dortoars

to complete the tight corners.

While printing the insert arch conformal channel, it was found transitioalioigg the
concave joint between the lower, flat section and thal&ffee angled surface required a
modification of the riser length. To avoid collision with the substrate, and angle of 60 degrees
relative to the flat section was required. This caused the channel to build higher relative to the
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next section. With the higher channel surface, the subsequent section did not have any material
to support the printed arch. For example, the printed height difference between A3 and A4 in
Table 514 is nearly 3 mm, or half the laser spot diameter. There was no way to transition across
the concave joint without compensating by dropping the riser height to decrease the channel

height by 3 mm.

Figure 523 Arch channel nozzle clearance with substrate at thd&free tapered surface

The arch strategy inherently was not watertight due to the riser strategy atdbgraé
lean angle. To achieve a watertight seal, beads had to be deposited along the edges of the arch
from the substrate to the side of the channel. The straight sealing beads can begpae in

5.24 of the finalized mold insert.

Figure 524:Finished arch channel insert
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5.5.3Profile Tubing Lined Channel Application

The profile channel with integrated tube channel was manufactured in a sautjen.
The insert stock was machined with a 12.7 mm channel to accommodate the tubing. The tubing
was then prévent to fit in the insert where it was tack welded into posiéisrseen irFigure
5.25. Clamps were used to hold the bent tubing in place and can be deguri 525.b. The

final mounted, welded tubing section is showirigure 525.c.

Figure 525: Insert tube fixturing from a) bent tube to b) clamping in position and c) final welding in position

After the tubing was mounted to the substrate, the same general profile strategy was used
as the original profile strategy. More specifically, parameter set T3 was used for the manufacture
of the finalinsert The main challenge for the completion of the integrated tube channel was that
since the added material was not completely fused with the top of the tubing, water flowed
around t he t u bcennestiorevasmaniifaeturéd®his sauld not cause an issue if
the entire tube was encased in the molding surface, but since the tubing was exposed, there was
leaking that was sealed with extra weld beads. This lack of fusion around the fitting connection

can be seen iRigure 526.a
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Figure 526: Profile tube channel a) lack of fusion to the tube, b) printing nozzle access to the sealing location, and
¢) sealing beads

After the leak around the tubing was sealed, the insert with the integrated tube was

complete. The completed, tested insert can be sdagune 527.
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Figure 527: Finished profile tube channel insert

5.5.4Profile Copper Mixture Channel Application

The multimaterialconformal channel was printed with the 93.8 weight percent copper
mixture determined from Chapter 3 using the profile channel print strategy. The print parameters
from CU2 were used to successfully print the copper mixture channel. Due to the reflection and
5-axis requirements to manufacture this insert, a custom reflection shield was machined and can

be seen ifrigure 528.
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Figure 528 Copper insert laser reflection shield

Due to the copper bonding sensitivity to a drop in interface temperature, the entire insert
was printed in less than 3 hours. The channel was initially printed with the profile strategy. Then,
the copper inlay was added to help conduct thermal energy from the sides of the insert to the

channel. Finally, the copper was cladded over with nenmehining. Each step can be seen in

Figure5.29 a-c.
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Figure5.29: Copper channel insert manufacturing process from a) profile channel printing, b) copper inlay, c) 17
4PH overlay, and d) machined surface wattposed copper

The copper clad was inconsistent and had over building in the concave section of the
transition from the lower substrate to the tilted surface. This was due to imperfect surface motion
speed which enabled overbuilding in the area. The overbuilding can be clearly $éguarén
5.29.d. The top surface was machined 2 mm below nominal, then a new layeddBHlWas
added. Crackingersistedn the concave region, the crack was machined out, and a layer-was re
added to the crack section. After the mold surface crack was repaired, it was found there were

several lack of fusioteaks around the mold area and are highlightddgare 530.
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Figure 530: Copper insert lack of fusion leak points where a) at the concave transition, b) at the face of the mold
insert, and c) between the top clad and the substrate

Even with the 2 mm 14PH thick clad surrounding the copper inlay, there was still
seeping through the small cracking around the copper interface. For future copper inlay
applications, it is suggested to encapsulate the copper in at least 6 mm of steel, completely
transitioning out of the cracking zone and creating a fully sealed surface around the Theper.

final insert that was thermally tested can be seéfguare 531.

Figure 531: Finished copper profile channel insert

All strategies were successfully utilized for the manufacture of conformal channels on a
standardized insert geometry. Each mold insert was then evaluated based on the heat transfer,

print quality, and finally, the print time, which is shown in the table belah)e 517.

Table 517: Conformal channel insert print times comparison

Channel design Profile  Arch Tube Copper profile
Print time[min] 25.5 118.6 46.7 55.8

5.5.5Thermal Response Comparison
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The thermal response of all mold inserts was conducted where type K thermocouples
were bolted to each insert on thesert surface. The data was logged on a MadgeTech
thermocouple data logger. The molds were cycled frontol80 °C over a -8ninute period.
Thermocouple data as well as thermal imaging data was captured. The five different

thermocouple temperatures from the four different molds can be sEgune 532
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Figure 532 Thermal test thermocouple data feach mold where a) thermocouple 1, b) thermocouple 2, ¢)
thermocouple 3, d) thermocouple 4, and e) thermocouple 5

The thermocouple response difference was statisticeignificant between the different
17-4PH steelchannel conditions indicating a minimal heat transfer difference between the
channel printing strategies. The copper mold hatyaificantly faster responséhe speed for

each mold to reach 39.5°C from either the heated or cooled condition can beBaale 51l 8.
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