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SUMMARY  

Cooling time between plastic injection and part ejection in the injection molding tooling 

industry can account for 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 machine tools with 

integrated additive and subtractive manufacturing capabilities enables the possibility of 

manufacturing high precision monolithic, multi-material components for the tool and die 

industry which utilize conformal fluid channels and copper; however, 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 mold with integrated 

conformal fluid channels for increased thermal performance of tooling. Enabled by hybrid 

manufacturing, the integration of additive and subtractive processing, allows the manufacture of 

complex shapes with multi-material structures which are traditionally unmanufacturable with 

improved surface finish required by tooling applications. While the potential implementation of 

hybrid directed energy deposition (DED) has been acknowledged to address this need, the 

manufacturability of a conductive and heat treatable material interface, process planning, and 

tool path design considerations for varied conformal fluid channel geometries, and bi-material 

monolithic structure manufacturing for enhanced thermal performance manufacturability is 

either under-developed or not yet fully understood. This investigation will begin with the 

process-structure-property analysis of 17-4PH, pure copper, and a composite mixture of the two 

at varied ratios. The investigation will continue by evaluating the interface between the two 

materials when 17-4PH is deposited on top of pure copper and a copper composite. The 

investigation will be complete when various manufacturing strategies for conformal fluid 



xix 

 

channels is conducted. With the understanding developed through each step of this investigation, 

an analysis of an application of a multi-material 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 for forming or injection 

molding of metal and plastic components and forming hot metal or plastic sheets. This 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 50-70% of the part cycle time [1]. Copper inserts as well as conformal 

fluid channels have been utilized for increased cooling efficiency [1, 2]. Copper tubing has also 

been used to line the cooling channels of a mold [3]. Investigations have been conducted on how 

to manufacture conformal fluid channels for tooling purposes, often utilizing laser powder bed 

fusion (LPBF) or binder jet technologies due to the high resolution and overhang printability 

capability [4-6]. While these technologies have the ability to print relatively high resolution 

surface details, it is often not adequate for molding purposes, where surface finishing through 

machining, grinding, and polishing is often required [7]. LPBF systems are also not traditionally 

designed to manufacture multi-material components. 

Hybrid manufacturing, the integration of additive and subtractive manufacturing in one 

machine tool with one work offset, enables the interleaving of the two processes as well as multi-

material within a monolithic component [8-11]. These systems have been used for the 

manufacture of free-form components,  component repurposing, and component repair [12-14]. 

Many researchers have evaluated strategies of component decomposition to maximize the part 

consolidation capability of hybrid manufacturing [15-18]. Traditionally, multi-material 

components are manufactured through the fusing of other materials utilizing welding, brazing, 
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pressing, or friction stir welding of the material into the component, such as copper sleeves or 

pins in mold components [1, 19]. DED enables the integration of the multi-material layers within 

a monolithic component [20-22]. 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 geometries [23, 24]. 

Hybrid manufacturing with integrated DED systems within the working envelope of 

computer numeric control (CNC) machines has been identified as a potential platform for multi-

material, conformal cooling channel mold manufacture [7, 11, 17, 25, 26]. These recently 

available commercial platforms are capable of depositing metal in net shape and machining to 

tolerance as well as surface specification. Hybrid processing enables the production of 

components that were not previously possible such as interleaved, multi-material components as 

a monolithic part, internal machined geometry, and interleaved deposition and finishing during 

the manufacture of a component [27, 28]. The rapid development of commercially available 

hybrid machine tools enables the possibility of manufacturing high precision monolithic, multi-

material components; however, 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 investigates 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 tooling through the utilization of 



3 

 

hybrid manufacturing technology. Each objective corresponds with work presented in chapters 3, 

4, and 5.  

1.2.1 Objective 1: Determine the material properties of the chosen deposited material at various 

energy densities. 

Research Question: What is the process-structure-property data set for 17-4PH and pure 

copper at various deposition energy densities through varying powder mass flow? 

Volumetric energy density is a coupled relationship between traverse speed, layer height, 

laser power, and hatch spacing. As-deposited layer height is affected by 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 sample. The layer height was adjusted to 

achieve a total build height to within 10% of the programmed height. What mass flow rate 

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

1.2.2 Objective 2: Determine interface processing strategies to manufacture a defect-free 

interface between copper and 17-4PH. 

Research Question:  What is the best interface condition between 17-4PH and copper for 

the manufacture of a defect free interface between the two materials? 

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 
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with interface cracking and oxidation contamination at the higher printing temperatures. What 

strategies should be utilized for the effective transition from copper to 17-4PH stainless steel? 

1.2.3 Objective 3: Determine the deposition strategies necessary to effectively manufacture a 

circular fluid channel. 

Research Question: What are the necessary additive manufacturing strategies for the 

effective deposition of circular conformal fluid channels with and without an inner support 

lining? 

Three channel deposition strategies will be evaluated where the toolpath and lining tubing 

will be changed for 17-4PH. 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 lined with a tube to compare the heat transfer rate between the two 

scenarios. With the knowledge learned from the easier and faster-to-deposit 17-4PH, a copper 

conformal fluid channel will be manufactured as well. The thermal response of all four samples 

will then be evaluated by circulating heated and cooled water 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 utilizing 5-axis hybrid manufacturing 

technology? 

This study will determine process-structure-property relations between deposition energy 

density and material properties. The parameter set which utilizes the highest deposition rate and 

corresponds with high-quality material properties which includes minimized porosity, 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 between the three differing channel designs. 

1.3 Approach 

The research objectives are accomplished through the tasks summarized in Figure 1.1. 

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 recorded. The 

evaluation was then expanded to include a larger window of energy densities. A change in alloy 

composition of a mixture of 17-4PH and copper was also investigated to evaluate how the 

change in copper ratio affected the hardness, thermal conductivity, cracking potential, and 

deposition potential.  Utilizing the material property change with a change in energy density to 

increase manufacturing rate, one deposition parameter set for each of the three material 

combinations was utilized in the interface analysis between 17-4PH 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 

completed. Three channel conditions were evaluated for the chosen 17-4PH 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 liner for the profile tracing 

parallel to the channel axis deposition strategy. Utilizing all information learned from each step 

of each evaluation, a methodology was developed for the manufacture of a multi-material mold 

insert highlighting the capability of hybrid manufacturing to produce multi-material, conformal 

fluid channel molding components from stock to finish part. 
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Figure 1.1: Research evaluation strategy for 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 

material property information, three parameter sets were then implemented in chapter 4 for the 

evaluation of interface control between copper and 17-4PH. Chapter 5 presents the additive 

manufacturing strategies necessary to deposit circular conformal fluid channels utilizing the 

parameters developed from chapters 3 and 4. Chapter 6 then summarizes the major conclusions 

and contributions of the work through this investigation of a multi-material mold insert, 

identifies the major limitations, and recommends potential future work. 
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CHAPTER 2. LITERATURE  REVIEW  

2.1 Introduction to Hybrid Manufacturing  

Near-net 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 assemblies [30]. Even with the high-resolution of additive manufacturing platforms, the 

surface quality is often not adequate for many types of service parts, and they require post-

processing, such as machining or grinding. The hybrid manufacturing platform was originally 

developed for the near net-shape manufacture of freeform components by integrating an additive 

process into a Computer Numeric Control (CNC) machine [10]. The definition of hybrid 

manufacturing which will be utilized in this investigation is 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 components [8-10, 17, 24, 25]. 

The hybrid manufacturing platform was originally developed for the near net-shape manufacture 

of freeform components by integrating an additive process into a CNC machine [10]. The 

additive processing system could be mounted to the CNC machine with the pre-developed 

precision positioning platform and finish machining capability of the milling platform. The metal 

deposition systems which can be integrated into the hybrid systems are directed energy 

deposition (DED) systems where the powder or wire feedstock is melted at the deposition 

location with most commonly either an electric arc or laser as the heat source [8]. Due to the 

commercial equipment availability only beginning about a decade and a half ago, there are many 

applications for the technology which are not fully realized [10, 11]. Hybrid manufacturing 

enables the buildup of a component in net shape sequentially with additive and subtractive 

processing interleaved for increased geometric and material flexibility [31]. The blown powder 
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systems allow for alloying and grading of multi-material across an interface by mixing a ratio of 

metals at the melt pool [9]. The variety of parameters which control the deposition process 

include but are not limited to the traverse speed, hatch spacing, material mass flow rate, laser 

power, standoff distance, carrier gas flow, and shielding gas flow can all be adjusted for the 

manufacture of high-quality components [10]. 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 weldments [32, 33]. While the fundamental research is 

critical for the industrial adoption of the new technology providing material property confidence, 

the geometric flexibility, material range, and high-quality final component in a single component 

fixture has not been thoroughly demonstrated. This dissertation will begin with fundamental 

process-structure-property analysis of copper and 17-4PH, understand the required interface 

condition for effective bonding between copper and 17-4PH, and will finish with the 

manufacture of a mold insert with final surface finish. This background evaluation will begin 

with a survey of tooling manufacturing followed by hybrid manufacturing strategies and 

concludes with current process-structure-property analysis of 17-4PH and copper. 

2.2 Tooling Manufacturing in America  

Tooling is often conventionally manufactured through the casting of tool steels to the 

component net shape, such as H13, which is heat treatable to increase wear resistance and 

hardness of 50 HRC for hot stamping [34]. The casting industry in America decreased by 91% 

from 1992 to 2012 where 80% of the 2,000 operations which have less than 100 employees [35]. 

Many of these molds are cast over-seas, 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 challenges of extended lead 
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time for manufacture and shipping were exposed during the COVID-19 pandemic which 

highlighted a need for a more resilient and adaptable supply chain state side for the fast response 

to unexpected changes [13]. 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 of labor as 

compared to some overseas manufacturers [36]. The tooling industry is  responsible for the 

manufacturing of high-volume components; however, the flexibility to design changes is low due 

to the reliance on over-seas manufacturing of castings and machining as well as the challenges 

associated with reworking tooling [35, 37]. When the molds become worn out of specification, 

some are repaired at specialty shops in-country whereas others are decommissioned [38]. The 

repair of the molds takes a highly skilled tradesman to re-furbish to the like-new geometric 

quality from adding the material to machining the material so that it blends with the surrounding 

surfaces [39].  

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 time [40]. Conformal cooling channels and 

highly conductive inserts have been shown to increase cooling efficiency by 35% and 29% 

respectively providing the opportunity to manufacture components state-side at higher speeds to 

cut manufacturing time costs [1, 2]. This design incorporation and repair for tooling can be made 

possible with the application of hybrid manufacturing which is developing in America [13]. 

Applied hybrid manufacturing strategies which contribute to the effective manufacture of multi-

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

2.3.1 Hybrid Repair 

Hybrid manufacturing has been shown to effectively repair wear components, such as 

dies as well as re-purpose dies [13, 14, 41]. The first application seeks to decrease waste as well 

as reliance on long lead time castings from overseas through the re-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 re-qualification [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 platforms [44, 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 machining [13, 16]. This concept 

of repair can also be implemented in the manufacture of new, multi-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 

machined [46]. The idea of starting with a billet reduces additive cost and time while effectively 

utilizing the multi-material deposition capabilities of a hybrid manufacturing machine [4]. 

2.3.2 Multi -Axis Tool Path Planning 

Hybrid repair and repurposing can require the complex manipulation of the component 

relative to the tool to minimize material removal and manufacturing time [47]. 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 manufacturing. Overhang 

geometry has been a challenge for 3-axis additive manufacturing [48, 49]; however, five-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 off-axis from gravity [50-55]. Seven-axis robots are capable 

of depositing complex overhangs without supports as well, and the deposition strategy must be 

planned accordingly [56-58]. The difficulty with the multi-axis deposition strategy is the path 

planning for accurate placement of the material and collision avoidance [59]. For example, the 

deposition process, as compared to machining, is sensitive to machine acceleration and 

deceleration [15]. During machining when the axis is decelerated before a direction change to 

increase geometric accuracy for lower forces on machine components during 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 direction [61]. From a kinematics 

perspective, the machine traverse speed can be decreased to accurately traverse a corner, and the 

deposition parameters scaled accordingly. This 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 location. While overbuilding 

of the geometry can be used at the expense of material efficiency, deposition parameters can be 

altered at the start and stop of the deposition process, or the laser can be turned off while the 

machine continues to overtravel and change direction without the deposition process active are 

some strategies that have been used to increase additive geometric accuracy [63]. Another 

phenomenon that has been found to geometrically effect deposited components is the Marangoni 

effect; it has been shown to effect the build-up process where a wall with beads always deposited 

in the same direction end with a slanted wall [64]. With this understanding, it is either 
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recommended to alternate traverse directions for thin wall depositions or rotate the hatch 

direction by 90 degrees of larger components that have infill. These understandings are critical 

for the effective deposition of material with consistent layer height and deposition consistency 

when utilizing DED during hybrid manufacturing. Utilizing 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 steel in the next subsection, an effective research plan 

can be developed for the manufacture of a multi-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 the heat treatability of 17-4PH stainless steel to upwards 

of 44 Rockwell C [65]. 17-4PH was also chosen due to the availability and ductility of the 

material with a lower probability of cracking as compared to other high-performance additive 

materials. The build-up of copper and stainless steel has been successfully manufactured 

utilizing several additive manufacturing platforms including, but not limited to laser powder bed 

fusion (LPBF) also known as select laser melt (SLM) [66, 67], electron beam powder bed fusion 

(E-PBF) [68], wire arc additive manufacturing (WAAM) [69], laser wire directed energy 

deposition (DED), and blown powder DED [70]. Each platform has its best use case. While each 

platform has differing energy sources, feedstock preparation, and deposition speed, the lessons 

learned from each process can be used to better understand the material science of each material. 

Utilizing the knowledge from the successful strategies, energy density calculations can be used 

to help inform effective blown 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 sources for modern AM systems, it 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 green [71] or blue laser light [72]. Infrared is the most 

common due to the technology to produce the infrared wavelength being easier to manufacture 

than the green wavelength. Engler et al. found that infrared lasers only have 14% of the 

absorptivity of green lasers in copper where green lasers only have 42% absorptivity [71]. 

  Researchers as well as manufacturers report damaging laser components when attempting 

to melt copper with conventional systems [73]. The desired characteristics make it very difficult 

to manufacture with conventional manufacturing strategies [74]. 

SLM is a more matured AM technology as compared to hybrid manufacturing. SLM has 

been used to manufacture copper alloy heat sinks and copper alloy inductor coils of complex 

geometries [74]. Parameter optimization for SLM has been difficult, especially to reach complete 

density due to the reflectivity [75] and high conductivity of copper quickly removing the heat 

from the melt pool causing interlayer fusion discontinuities [66, 73, 76-79]. An example of SLM 

copper can be seen in Figure 2.1. 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 feedstock [80, 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. 

Figure 2.1: SLM cross section of copper-stainless steel interface highlighting fusion challenges  [1]  

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 copper [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]. Only several layers of copper were deposited on top of the D22 with little to no interlayer 

definition  indicating difficulty depositing copper, including flowability [84]. Yadav was 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 build-up of a 5 mm tall component [85]. 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 copper and copper alloys 
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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 mm3/min with DED whereas Silbernagel et al. manufactured copper with LPBF at 28 

mm3/min and Yadav manufactured copper at 900 mm3/min 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 alloy. This investigation alters the mass flow and layer height of copper 

to change the deposited energy density while keeping the traverse speed, laser power, and spot 

size consistent. The hardness, grain structure, and porosity were evaluated for each energy 

density. 

2.4.2 Additive Manufacturing of Stainless Steel 

The additive manufacturing of stainless steels with infrared lasers is much more stable 

than copper due to the decreased thermal conductivity enabling a stable melt pool and the 40% 

absorptivity of infrared light with steels [71]. 17-4PH is an additively manufacturable stainless 

steel that is heat treatable to upwards of 44 Rockwell C [65] or 438 HV at the H900 specification 

[86] without the challenges of cracking that are faced when additively manufacturing 

components from high wear resistant materials, such as H13.  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 component due to the fast solidification 
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near the cold substrate [89, 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 of 17-4PH. 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 investigated [88]. This review on the current state of additively 

manufactured 17-4PH illustrates the need for increased understanding on the manufacturing 

strategies for 17-4PH utilizing blown powder DED and spot sizes of up to 6 mm enabling the 

deposition of 17-4PH at a rate of 5,500 mm3/min as compared to LPBF at 181 mm3/min and 

blown powder DED at 85 mm3/min [63, 91]. This investigation used consistent 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 porosity were evaluated for each energy density. 

2.4.3 Multi -Material Deposition 

A last application for blown powder DED hybrid manufacturing is the ability to mix and 

grade materials throughout the manufacturing process for the build-up of multi-material 

monolithic components [92]. Hybrid manufacturing provides a platform for the effective 

implementation of multi-material component manufacture with the integrated subtractive process 

for part requalification [93, 94]. Smoqi et al. has shown the layering of Stellite on Inconel for 

increased wear resistance [95], Zhang et al. has shown the feasibility of copper on D22 on H13 

for increased thermal conduction within tooling [84], and Kim et al has shown the overlay for the 

repair of turbine blades [96]. These examples display the potential for the integration of multi-

material component manufacture. The examples also highlight the difficulty of controlling 



17 

 

thermal energy for crack prevention, minimized material grading thickness, and multi-grain 

development due to selective heating.  

2.5 Additive Manufacturing of Conformal Fluid Channels 

Conformal cooling has been known to help increase production rate for tooling by 

decreasing the cool-down time between each cycle by removing the heat from the tooling faster 

due to the cooling fluidôs proximity to the working surface. Conformal 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 top [97]. 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 round [99], self-supporting tear-drop [34], and 

variable cross-section channels [100]. Round geometry is used when drilling is performed or 

because of the surface area to cross sectional area ratio, but 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 failure [99]. The hybrid 

manufacture of conformal fluid channels enables the build-up of overhang geometries without 
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support structure and entrapped powder, fully round channel geometry, and a change in channel 

diameter if desired. 

2.6 Multi -Material Mold Manufacturing  

Researchers have explored depositing stainless steel on 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 (WAAM)[83] as well as blown powder [85]. More 

researchers have studied depositing copper utilizing SLM on a powder bed fusion platform 

compared to DED systems. The small spot size, fast scan speeds, and low laser powers have 

created difficulty in manufacturing fully dense components with many lack-of-fusion 

inconsistencies [74, 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 build [85]. 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 Okuma MU-8000V 

LASER EX has the capacity to vary the spot size from 0.6 ï 6.0 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 of this magnitude have not been used for the 

manufacture of copper alloys due to the challenges of back reflection, high laser power required 

with infrared lasers due to the low absorptivity, and 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 high-performance components. This 



19 

 

work will determine effective strategies for the manufacture of copper with large spot size and 

high laser powers utilizing infrared laser light as the thermal energy source. 

2.7 Summary of Multi -Material Mold Manufacture Utilizing Hybrid Manufacturing      .   

The successful manufacture of a full-size 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 17-4PH. 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. 17-4PH 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 copper and 17-4PH was 

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 the interface and utilize a transition material. Finally, conformal channel 

manufacturing was 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 17-4PH 

AND COPPER FOR TOOLING  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 channels, highly conductive inserts, and gun drilling cooling channels. 

Additive manufacturing is well suited for the manufacture of multi-material free-form near-net 

shape manufacturing and can be utilized to manufacture these multi-material mold components. 

In this investigation, blown powder directed energy deposition on a 5-axis hybrid machine tool 

with additive and subtractive manufacturing in a single machine tool is utilized to determine the 

process structure property of pure 17-4PH stainless steel, pure copper, and 17-4PH-copper 

mixtures to further develop process for the manufacture of multi-material tooling components. It 

was found 17-4PH can be printed at high rates upwards of 35 g/min or nearly 3,500 mm3/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 is acceptably stable without damaging the 

deposition equipment, 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 directed energy deposition and 

achieve densities above 99%. The findings from this investigation will then be utilized for the 

analysis of copper-17-4PH interface optimization in the following chapter to further the 

understanding towards successfully manufacturing a multi-material tooling inserts. 



21 

 

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 sheets. Tooling is 

traditionally manufactured from billets or cast material into a large, net shape, then machined and 

polished to shape. The materials are often wear-resistant 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 

channels. Due to the low thermal conductivity of common mold materials, the removal of heat 

from the mold surface is slow and 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 inserts which have been found to decrease cooling time by 

35% and 27%, respectively [1, 2].  

Additive manufacturing of tooling has more recently been explored due to the flexibility 

and the ability to manufacture near-net shape components with customizable internal features 

[34, 102, 103]. Conformal fluid channels have been manufactured by powder bed additive 

manufacturing and milled groove conformal fluid channels [97, 98]. Materials that are 

commonly used for mold making due to their toughness, manufacturability, and availability 

include but are not limited to H13, D2, and P-20. These materials are easier to cast than they are 

to additively manufacture due to their crack susceptibility with thermal variability and decreased 

availability as additive feedstock. Some additive materials that are used can include but are not 

limited to maraging steels, stainless steels, and mild steels [34]. A printable steel that is also heat 
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treatable is 17-4PH which is a precipitation hardening stainless steel. It is printable due to its 

melt pool stability and decreased cracking tendency. 

17-4PH is an additively manufacturable stainless steel that is heat treatable to upwards of 

44 Rockwell C [65]  or 438 HV at the H900 specification [86] without the challenges of cracking 

that are faced when additively manufacturing components from other high wear resistant 

materials, such as H13.  Researchers have manufactured 17-4PH utilizing wire arc additive 

manufacturing (WAAM ), selective laser melting (SLM), and laser directed energy deposition 

(DED) [67, 87]. The dual phase material has differing responses depending on the manufacturing 

strategy, 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 component due to the fast solidification near the cold substrate [89, 90]. 

Researchers have not evaluated the effect of large spot size, increased deposition rates, and high 

interlayer temperature on the material properties of 17-4PH. 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 investigated [88]. This investigation will evaluate the 

manufacturing of 17-4PH 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 

resistance, and some are heat treatable. Steels used for the manufacture of tooling have a low 

thermal conductivity further decreasing the thermal response. Thermal 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 design to help transfer thermal 

energy from the working surface, but higher conductivity materials have been incorporated in 
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molds as well, such as copper inserts. Researchers have explored depositing stainless steel on 

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 WAAM [83] as well as blown powder DED [85]. 

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 copper [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 systems. Parameter optimization of copper on SLM platforms has 

been difficult, especially to reach complete density due to the reflectivity [75] and high 

conductivity of copper quickly removing the heat from the melt pool causing interlayer fusion 

discontinuities and porosity [66, 73, 76-79].  The small spot size, fast scan speeds, and low laser 

powers have created difficulty in manufacturing fully dense components with many lack-of-

fusion inconsistencies [74, 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 build [85].  

While WAAM and SLM have been utilized for the manufacture of multi-material tooling 

components, not only are the processes limited in their ability to mix and grade material 

composition but the parameter optimization for printing each material individually is also 

limited. For this investigation, blown powder DED AM was utilized for the process structure 

property analysis of pure 17-4PH and pure copper as well as characterizing various compositions 

of both materials in a single component. The 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 MU-8000V-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 0.6 ï 6 mm and up to 

4,000 watts of infrared laser power at 1,030 ɖm wavelength from a TruDisk 4002 laser. A spot 

size of 6 mm and laser power of 4,000 watts was utilized in this investigation to better 

understand the maximum deposition rate possible while retaining quality material properties with 

minimal porosity and cracking. The Fraunhofer SO16 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 python [104]. Powder mass flow was varied to alter the energy density of the 

deposition process. The energy density definition that will be utilized for this analysis is the 

volumetric form found to characterize laser powder bed fusion (LPBF) energy density. 

ὖ φzπ

ὒz Ὄ ὠz
ὐ
άά  

Equation 3.1: 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 laser, Equation 3.1 was chosen for the cross-platform 

compatibility. The parameters of LPBF, WAAM, and laser wire could be compared by using this 

equation to better understand the mechanics which impact 17-4PH and 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 were 35 mm 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 with a 90-degree index for each infill layer. 

The 17-4PH feed stock used was Oerlikon MetcoAdd 17-4PH-D with -106+45 µm particle cut 

with a nominal chemical composition of Fe 17Cr 4.5Ni 4Cu 0.3(Nb+Ta) 0.07C. The mass flow 

rate was varied from 10 ï 35 g/min in 5 g/min increments, and the layer height programmed was 

calibrated to within 10% of the total, desired final height of the evaluation cube, or between 35 ï 

38.5 mm in total height. The traverse speed was chosen to be 700 mm/min. The deposition 

parameters for the 17-4PH can be found in Table 3.1. The deposition nozzle was normal to the 

deposition surface as there was no worry of back reflection damage from 17-4PH deposition 

process.  
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Table 3.1: 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 

30, 35 

g/min 

Argon nozzle gas 10 l/min 

Helium carrier gas 5 l/min 

Programmed layer height 0.62, 0.85, 1.20, 

1.45, 1.60, 1.75 

mm/lyr 

Interlayer dwell 1 sec 

 

The pure copper was deposited at 1,400 mm/min at a laser power of 4,000 watts, 6 mm 

programmed spot size, and at mass flow rates ranging from 20-30 g/min in 5 g/min increments. 

The feedstock used was Oerlikon Metco 55 with -90+38 µm particle distribution with a nominal 

chemical composition of Cu 99.0+%. The border gap and infill hatch spacing was kept the same 

as the 17-4PH at 2 and 3 mm respectively, but the lean angle was changed to 12 degrees to 

prevent back reflection from damaging the fiber optic cable. The deposition parameters for the 

pure copper can be seen in Table 3.2. The border and infill were indexed by 90 degrees for each 

layer. The traverse speed had to be doubled due to copper flow failure and the phenomenon will 

be explained in the following section. 
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Table 3.2: 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 l/min 

Helium carrier gas 5 l/min 

Programmed layer height 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 of the 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 section 3.4.2. 

Utilizing the mixing capability of the blown powder DED system, mixtures of the 17-

4PH and copper were deposited and analyzed for cracking, hardness, and thermal conductivity. 

Mixes from 6.3 to 93.7% copper were deposited at the same angle as the pure copper depositions 

at 12-degrees and at the traverse speed of the 17-4PH, or 700 mm/min at a total mass flow of 20 

g/min. The deposition parameters for the mixed copper can be seen in Table 3.3. 
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Table 3.3: 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 l/min 

Helium carrier gas, 17-4PH 3-5 l/min 

Helium carrier gas, Copper 2-3 l/min 

Programmed layer height 1.1-1.0 mm/lyr 

Interlayer dwell 10 sec 

  

Open Mindôs HyperMILL was the CAD and CAM software utilized for programming the 

additive and machining tool paths utilized to complete this investigation. The 17-4PH samples 

were deposited normal to the deposition surface where a 35 mm square contour was sliced into 

deposition layers to 35 mm high with the spacing of the programmed layer height using the 

Contour Milling on 3D Model tool path, then the infill and border was sliced into deposition 

layers using the Additive Manufacturing tool path. The angled cube deposition was more 

difficult to program as the border and infill deposition path was to be indexed by 90-degrees for 

each layer while leaning the sample to prevent back reflection damage on the laser system. This 

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 software. To achieve this desired result, 

Contour Milling on 3D Model tool path was utilized, followed by the Additive Manufacturing 

tool path which was reworked using 5X Rework Machining with a radial Z tilt at the desired 

angle, then finally generating the usable toolpath with the Additive Manufacturing tool 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 components, including 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 substrate could fit on a 50 mm diameter 

metrology mount. The evaluation sample size can be seen in Figure 3.1.  

 

Figure 3.1: Metallography cross section sample dimensions 

The largest cube size where half the cross section could be analyzed in a single mount 

was chosen due to material properties being highly dependent on the thermal history of the 

deposition process. Since components larger than the mount size were to be manufactured using 

these parameters, a 35 mm cube size was chosen. Evaluation samples this size enabled a single 

half piece to be mounted in a standard 50 mm sample mount which was available at Oak Ridge 
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National Laboratoryôs (ORNL) Manufacturing Demonstration Facility (MDF) metrology lab. A 

Buehler SimpliMet 3000 automatic mounting press with KunductoMet was used for the 

mounting of the cross-section samples evaluated in this investigation with a mounting pressure 

of 290 bar at 180 °C. The grinding and polishing steps were completed utilizing a Buehler 

AutoMet 300 Pro can be found in Table 3.4. 

Table 3.4: 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 suspension [µm]    

6 30 12 DP Yellow 

3 30 12 DP Yellow 

1 30 12 DP Yellow 

 

Each sample was then imaged using a Leica DM4000M at 50X magnification with a 

resolution of 1 µm per pixel for porosity analysis. A ZEISS Axio Imager.M2 was used for the 

color images presented in this document for qualitative analysis. The porosity was volumetrically 

evaluated for a single 17-4PH sample using a ZEISS METROTOM with a minimum detectable 

inclusion size of 40 µm. A hardness array of 120 hardness points was acquired using a LECO 

AMH55 Automatic Hardness Tester with 500 g force utilizing micro-Vickers standards, the 

samples were then re-ground and re-polished from 500 grit back to 0.05 µm on a VibroMet and 

re-imaged using EBSD due to the multi-material mixes. There is no etch that will not burn the 

copper and etch the 17-4PH so electron back scatter diffraction (EBSD) was used to image the 

grain structure. A ZEISS Crossbeam 550 with OXFORD EBSD detector was used with a power 
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of 25kV and 20nA at 200X magnification and 1 µm step size for the 17-4PH and mixture 

samples. Due to the large grain sizes present in the copper samples, a magnification of 35X and a 

step size of 4 µm was used. Energy-dispersive X-ray spectroscopy (EDS) was also used on the 

same system to better quantify the heterogeneity of the copper-steel mix.  

Finally, the thermal conductivity of the pure and mixtures were evaluated by C-Therm 

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 D7984-16. The system has a thermal conductivity range of 0.01 to 500 W/m-K, precision 

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 by 1-3 °C, then the conductivity is determined by 

the heat dissipation speed. Fifteen measurements were taken for each sample and a 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 analysis with the goal of implementation into a 

multi-material molding tool with conformal fluid channels: 17-4PH and pure copper. The pure 

composition of each material was deposited at various energy densities and an analysis of a 

variety of mixtures of the two materials was also performed at a constant total mass flow of 20 

g/min. 

3.4.1 17-4PH Process Structure Property Analysis 

The tool path was programmed so that the deposition nozzle was normal to the substrate, 

the border start point was indexed by 35 mm each layer, and the infill hatch was indexed by 90-
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degrees each layer with no dwell between layers. The deposited cubes with the top machining to 

35 mm from the substrate deposition surface can be seen in Figure 3.2. 

 

Figure 3.2: As-printed 17-4PH material property analysis samples where the 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 section seen at the top of each cube in the image above. It was always preferred to 

overbuild the geometry when accounting for error as overbuilding will eventually reach a steady 

state whereas underbuilding is infinitely diverging over time [63]. 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 inconsistency. Each material sample was then sawed from the 

substrate, cross sectioned, mounted, and polished for optical imaging, hardness testing, and 

EBSD analysis. This as-polished surface of each sample can be seen in Figure 3.3. 
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Figure 3.3: 17-4PH microscopy cross section 

The variability in change in energy density for the 17-4PH deposition had a minimal 

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

can be compared between Figure 3.3.a versus Figure 3.3.e where the sidewall was convex for the 

high mass flow sample. This phenomenon was 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 research. The porosity variability was minimal in the optical analysis. To determine if a 

single interface porosity analysis at the center of the build sample was representative of the 

volumetric porosity, ¼ section of the 30 g/min sample was CT scanned. The porosity volume for 

the 30 g/min mass flow rate was well under 30 µm in diameter per the CT results seen in Figure 

3.4. The porosity is much smaller than what can be accurately detected in the CT scan.  
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Figure 3.4:CT results of 17-4PH porosity distribution printed at 30 g/min powder mass flow rate where 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% dense verifying the validity of the single 

cross section as an adequate representation of the volumetric porosity of the process-structure-

property analysis for this evaluation. More porosity was detected with the 1 µm resolution 

optical analysis as compared to the 40 µm resolution for the ZEISS METROTOM 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 porosity. All sample porosity for the 17-4PH only varied by 0.11% over the 25 g/min 

range of mass flow as can be seen in Table 3.5. 

Table 3.5: 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 hardness was evaluated where the hardness distribution and the average hardness of the 
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printed material can be seen in Figure 3.5. The average hardness minimally varied by only 15 

HV between flow rates. The hardness was below the H900 heat treatment with an expected 

hardness of 438 HV. The hardness results support the findings that a change in mass flow 

minimally affects the material properties of 17-4PH utilizing the parameters evaluated in this 

analysis. 

 

Figure 3.5: 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 seen in Figure 3.6. 

The samples were then reground and polished to 0.05 µm and EBSD imaged. The grain structure 

of the samples can be seen in the EBSD results in Figure 3.6 where the change in martensite was 

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: EBSD 17-4PH mass flow versus grain structure analysis 

 There was significantly smaller martensite in the low mass flow deposition. The grains 

were smaller near the substrate which was expected as the room temperature substrate enabled 

faster solidification of the melt pool decreasing grain growth. The grains were consistently larger 

at the top of the deposition due to the high interlayer temperature reached during the deposition 

process as well as the long cool down time. These 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 seen in Figure 3.5 where 

the 35 g/min sample had slightly higher hardness than the 10 g/min sample. The process-

structure-property analysis of 17-4PH 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 flow as can be seen in the print time results presented in Table 3.6. 

Table 3.6: 17-4PH mass flow versus cycle time and energy density analysis 

Mass flow [g/min] 10 15 20 25 30 35 

Cycle time [min] 43.5 34.5 26.5 20.0 18.5 17.0 

Energy density [J/mm3] 184 134 95 79 71 65 

 The variability in material properties of 17-4PH from hardness to porosity and structural 

integrity from 10 ï 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 be expected. Due to the system limitations with the current setup, it was not 

possible to achieve over 35 g/min mass flow. After the completion of pure 17-4PH process 

structure property analysis was complete, pure copper process structure property analysis was 

conducted. The results can be found in the following section. 

3.4.2 Copper Process Structure Property Analysis 

Pure copper was chosen as the increased thermal conductivity material due to its thermal 

conductivity, over twenty-seven times that of 17-4PH, density for blown powder deposition, and 

availability. The copper was deposited at a variety of energy densities with mass flows ranging 

from 20-30 g/min in 5 g/min increments at 1,400 mm/min traverse speed, 4,000 watts of laser 

power, and 6 mm spot size. The deposition parameters can be found in Table 3.2. The deposition 

nozzle was always at a 12-degree lean from normal to the deposition to prevent back-reflection 

damage due to infrared light only having a 6% absorptivity with copper [71]. Each layer was 

deposited with a 90-degree index starting with the border and the infill at a 2 mm gap between 

the 3 mm hatch spacing of the continuous infill. A 10 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 temperature was near 

the melting temperature around the melt pool. This flow failure has also been seen while using 

electron beam DED of copper when the temperature was too high [105]. During this deposition, 

between 4-6 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 copper cube. This failure 

was exacerbated due to the 12-degree tilt of the deposition to prevent back reflection damage to 

the laser system. A picture of the flow failure can be seen in Figure 3.7. Figure 3.7.a was 

deposited with a 10 second dwell between layers and Figure 3.7.b was deposited with an optional 

stop where the deposition process was resumed after a maximum interlayer temperature of 200 

°C was reached. It was determined the control of interlayer temperature was not adequate to 

control the copper flow failure. 

 

Figure 3.7: Copper flow failure where a) failed during the last infill deposition bead, b) failed during an entire infill 

layer, and c) successfully printed at 1,400 mm/min 

It was found by doubling the traverse speed to 1,400 mm/min, thermal failure could be 

avoided, and 35 mm cubes were manufactured with a 10 second interlayer dwell time. The 

higher traverse speed with the same mass flow resulted in a layer height and melt pool size half 

of the 700 mm/min traverse rate, preventing the flow failure with a smaller melt pool mass 

affected by gravity and faster solidification time. A 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 in Figure 3.8. 

 

Figure 3.8: Maximum temperature analysis comparison between a) 700 mm/min copper deposition versus b) 1,400 

mm/min copper deposition. 

The 700 mm/min traverse rate process experienced slightly higher maximum 

temperatures, contributing to the flow failure at the lower traverse rate. It can also be seen in 

Figure 3.8 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 stainless-steel substrate was unable to draw the 

thermal energy out of the deposition process, causing high temperatures, enabling flow failure. 

Each of the three deposited cubes machined to 35 mm tall can be seen in Figure 3.9. The outside 

surface is uniform from after the first quarter of the deposition until the end indicating a 

consistent thermal history during that period of the printing process. 
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Figure 3.9: As-printed 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 difference. The sample cubes from Figure 

3.9 were then cross sectioned and the microscopy images can be seen in Figure 3.10. The change 

in energy density affects the porosity and interlayer characteristics by changing the mass flow. 

The main contributor to why the copper is more affected by a change in energy density is likely 

due to the significantly lower infrared laser light absorptivity of copper as compared to 17-4PH 

stainless steel as well as the higher thermal conductivity of the copper removing the thermal 

energy from the melt pool causing quick solidification [71]. 
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Figure 3.10: Copper microscopy cross section 

 The porosity was significantly affected by energy density and the change in density can 

be seen in Table 3.7. The increase in porosity for the 25 g/min versus the lower porosity for the 

30 g/min was proposed to be due to the interlayer discontinuity creating an insulative boundary 

layer. This boundary oxide layer prevented the lower mass from absorbing as much thermal 

energy from the melt pool, enabling porosity to float out of the molten pool at the cost of 

interlayer discontinuity. It 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 enable the gas 

porosity to escape. This theory is further supported by the microstructure results presented later. 
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Table 3.7: Copper mass flow versus density analysis 

Mass flow [g/min] 20 25 30 

Density 99.02% 97.54% 98.67% 

The difference in interlayer print temperatures can be seen in Figure 3.11 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.  

 

Figure 3.11: 25 vs 30 g/min copper mass flow interlayer temperature comparison 

Similar to the 17-4PH hardness results, the copper has a consistent hardness with the 

change in energy density as can be seen in Figure 3.12. This observation is consistent with the 

material properties of single-phase copper that is annealed. Hardened copper has an expected 

hardness of 108 HV [65]. The range of the hardness data was also consistent between all 

deposition parameters. 
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Figure 3.12: Copper mass flow versus hardness analysis 

 The consistent hardness was also supported by the grain structure, which can be seen in 

the EBSD results in Figure 3.13. 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 consistent between the 

interlayer discontinuities and complete fusion. 
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Figure 3.13: Copper mass flow versus grain structure analysis 

 The interlayer boundaries seen in the 25 and 30 g/min copper samples seen in Figure 3.13 

were theorized to be due to not enough energy density to penetrate the oxide layer. This 

boundary theory was supported 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 samples. The melting 

temperature of copper is 1083 °C while the recrystallization temperature of copper is between 

379.05 and 433.2 °C which is below the interlayer temperature of the copper during the printing 

process [106]. The 20 g/min deposition strategy enabled annealing during the deposition process 

which was supported by the difference in grain size and grain growth in the upper section of the 

20 versus 30 g/min sample. Even with the increased energy density of 150 J/mm3, as seen in 
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Table 3.8, there was still nearly an entire percentage more of porosity as compared to the 

stainless steel which had a minimum porosity of 0.07% which can be contributed to the increased 

thermal conductivity of copper and lower infrared light absorptivity of copper. 

Table 3.8: Copper mass flow versus cycle time and energy density analysis 

Mass flow [g/min] 20 25 30 

Cycle time [min] 60 44 36 

Energy density [J/mm3] 150 108 88 

 The higher energy density deposition parameter set for copper has the longest deposition 

time, also has the lowest porosity, least interlayer discontinuities, and no flow failure. This 

analysis shows it is possible to print copper with blown powder DED using the infrared laser 

wavelength. While it is possible to print pure copper at these parameters with good material 

properties, it is an unstable printing process at the required laser power. The result of the soot 

buildup and instability of the process can be seen in Figure 3.14. This instability can be 

considered a potential hazard for the deposition equipment. 
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Figure 3.14: Deposition head with reflection shied where a) clean deposition head versus b) pure copper deposition 

nozzle contamination 

With the extreme instability of printing copper at the best deposition parameters, it was 

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 from 6.3-93.8% copper. 

Above 93.8% copper, flow failure occurred negating the benefits of including steel to enable 

successful printing at 700 mm/min.  

3.4.3 Copper Mixture Process Structure Property Analysis 

Copper was mixed with 17-4PH steel to determine a mixture which would combine the 

benefits of each material; the high thermal conductivity of copper as well as the ease of 

deposition of 17-4PH. 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 as-deposited samples can be seen in Figure 3.15 where each sample was 

differentiated by the weight percent copper composition. 
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Figure 3.15: Copper-17-4PH mixture qualitative as print analysis where 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 

qualitative results can be seen in Figure 3.16 where the color changes from gray to copper 

colored as the copper composition was increased. The 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 the 50-weight percent copper mix seen in Figure 3.16.d. 

 

Figure 3.16: Copper-17-4PH mixture microscopy cross section 

 Due to the drastic difference in melting temperatures and large miscibility gap between 

12.5 and 87.5 weight percent copper [107], the copper and steel did not mix from 25 to 75 

weight percent copper mixtures. This phenomenon has also been seen with wire feedstock DED 
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of copper and steel [21]. While the materials did mix at the lower copper ratio, there was 

significant hot cracking present near the substrate. This cracking phenomenon in the 6.3 to 25% 

was expected per the crack susceptibility calculation utilizing Thermo-Calc [108]. This cracking 

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

4PH. 

 

Figure 3.17: Thermal calculation of crack susceptibility of copper and 17-4PH steel mix courtesy of Rangasayee 

Kannan [108]  

Even with the cracking, the introduction of steel enabled an over 0.5% decrease in the 

porosity for the copper deposition indicating 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 be seen in Table 

3.9. 
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Table 3.9: Copper-17-4PH mixture versus density analysis 

Copper mix 

[% Cu]  

0.0% 6.3% 12.5% 25.0% 50.0% 75.0% 87.5% 93.8% 100% 

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 seen in Figure 3.18. The low copper mixtures had decreased 

average hardness and increased hardness range as compared to the pure 17-4PH. The largest 

range in hardness was found in the 50% mix where the copper and steel were in isolated 

locations throughout the bulk print as can be seen in Figure 3.16. 

 

Figure 3.18: Copper-17-4PH mixture versus hardness analysis 

 The 6.3 weight percent copper sample had an average hardness greater than the pure 

steel. This was hypothesized to be due to the copper conducting some of the thermal energy 

away from the melt pool decreasing grain growth. The 50-weight 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 in Figure 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 seen in Figure 3.19. 

 

Figure 3.19: Copper-17-4PH mixture vs grain structure analysis 

 The pure copper and pure steel have large, vertical grains oriented parallel to the build 

direction due 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 mixtures. The EBSD results for all mixture samples can be found in the Appendix in 

Figure A.1. The isolation of the copper and steel grain can be more clearly seen in the EDS 

results presented in Figure 3.20. 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 seen in Figure 3.21. 
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Figure 3.20: Copper-17-4PH 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 in the Appendix in 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 pure 17-4PH as seen in Figure 3.21. With 

the improved print stability and material homogeneity, the mixture a preferred method to printing 

pure copper. 
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Figure 3.21: Copper-17-4PH 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. 

3.5 Discussion 

As presented in the results section above, DED energy density can impact the material 

properties of pure 17-4PH and pure copper. A variety of mixtures of copper and 17-4PH were 

also deposited and the resulting hardness, porosity, thermal conductivity, and grain structure was 

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

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

Pure 17-4PH was deposited at a range of energy densities from 184 to 65 J/mm3 ranging 

from 10 g/min to 35 g/min mass flow. The effect on porosity is discussed first. There 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 preliminary investigations for 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 the accuracy 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 observation supports the 

conclusion that the thermal history and scale of the component directly impacts the final material 

properties of the material [89, 90]. The lower interlayer temperature can be observed in the 

difference in convex shape to the lower section of the high mass flow sample compared to the 

low mass flow sample seen in Figure 3.2. As the mass flow increased, the convex depth 

increased.  

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

deposition as seen in Figure 3.3. It was found the temperature of the steel sample increases as the 
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printing progresses and a representative graph compared to the experimental thermal results of 

this thermal trend can be seen in Figure 3.22. During the cooler, earlier period of the deposition, 

the beads are taller and thinner, as found across DED parameter development studies [109-111]. 

This can account for the convex curvature 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. 

 

Figure 3.22: Pure 17-4PH print temperature versus time where a) is a representative, averaged graph and b)  are 

the experimental results from the 30 g/min 17-4PH deposition 

Not only did the thermal history of the bulk sample prints geometrically affect 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 seen in Figure 3.6 

where all samples contained mostly martensite, but the martensitic grain size varied with the 

changes in mass flow. The lowest mass flow with the highest energy density of 184 J/mm3 

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 significantly affected by a change in energy 

density and mass flow. The 30 g/min mass flow was over 2.5 times faster manufacturing rate as 

compared to the 10 g/min mass flow for 17-4PH.  

3.5.2 Pure Copper 

While the 17-4PH materials properties hardly varied with the change in energy density, 

pure copper was highly sensitive to a change in energy 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 12-degree tilt [73, 74]. Copper only has a 6% absorptivity of infrared 

laser light and 94% of the reflected energy can damage the laser system if re-focused by the optic 

into the fiber optic cable [71]. To prevent the reflection from heating a component in the 

machine, causing damage, a copper shield was also used to further dissipate the laser reflection 

as seen in Figure 3.14. 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 17-4PH and was further worsened by the 12-degree 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 a 10-second 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/mm3 was not evaluated for concern of damaging the additive laser 

system. Less than 88 J/mm3 was 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 processes when full interlayer 

fusion was achieved [69, 82]. When full fusion is not achieved, smaller grains are typically seen 

in the material cross sections [74, 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 results in Figure 

3.13. At the bottom section of each print, the grains were large and columnar indicating higher 

interlayer temperatures, as seen in the thermal response in Figure 3.23.b. The low thermal 

conductivity of the 17-4PH 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 height due to 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 temperature, copper prints started at higher interlayer 

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 the printing 

process. A representative graph comparing the thermal trend of each material can be seen in 

Figure 3.23. 
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Figure 3.23: 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 transferred from the print through 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 seen in Figure 3.23.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 seen in Figure 3.23.b. 

 Applying the trend found in the results which indicated porosity could be decreased by 

increasing the energy density and interlayer temperature, it was 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 system. Utilizing 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 seen in Figure 3.24.  

 

Figure 3.24: Pure copper 10 second versus 2 second interlayer dwell at 20 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, approximately 90 °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 qualitative difference in porosity can be seen in Figure 3.25. 
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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 occur. A variety of copper-17-

4PH mixtures were then evaluated for porosity, hardness, thermal conductivity, and deposition 

stability. 

3.5.3 Copper Mixture 

Seven copper-17-4PH mixtures were then printed and evaluated based on the measured 

porosity, hardness, thermal conductivity, and deposition stability. It was hypothesized the print 

stability of 17-4PH could be combined with pure copperôs thermal 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 cracking. Copper has over 
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a 50% higher coefficient thermal expansion and twenty-seven times the thermal conductivity as 

compared to 17-4PH steel [112]. 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 seen in Figure 3.26.  

 

Figure 3.26: Hot cracking propagation comparing room temperature substrate to approximately 300 °C preheated 

substrate 

 Beyond the low copper mixtures, cracking decreased above the 50-weight percent copper 

mixture as can be seen in Figure 3.16. The 50-weight 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 until 50-weight 

percent copper, when the thermal conductivity trend became more exponential. This can be 

described through the qualitative analysis of the 17-4PH distribution in the copper, the EBSD 

grain structure results with the isolated copper grains, and the EDS material distribution results 

with the 17-4PH between the copper grains. The 17-4PH 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 conductivity. While 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 between thermal conductivity 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 seen in Figure 3.20 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 17-4PH 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 significantly affect 

the process structure properties of pure 17-4PH, pure copper, and copper-17-4PH mixtures.  

3.6 Conclusions 

This investigation sought to increase the understanding for the process structure property 

analysis for pure 17-4PH, pure copper, and copper-17-4PH mixtures at 6 mm spot size and 4,000 

watts of infrared laser power. Samples of each material set were printed in 35 mm cubes which 
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were then cross sectioned and evaluated for material properties. Smaller components, smaller 

spot sizes, lower mass flows, and slower traverse rates have been seen in literature to 

successfully print 17-4PH and pure copper. The printing of mixtures of 17-4PH and copper have 

not been seen in literature. It was found that a change in mass flow minimally affected the 

material properties of 17-4PH; however, the 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 mass flows of at 

least 35 g/min can be successfully utilized when printing 17-4PH. 

The printing of copper was less 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 12-degree 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 rate as there was increased thermal energy buildup up to 

that height. It 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 99.33%. While it 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 17-4PH with copper, the printing stability of 17-4PH 

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 copper [107]. This heterogeneity 

could also be seen in the large range in hardness for the 50-weight percent copper sample. 

However, at 75 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 

the thermal conductivity of pure 17-4PH [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 the printing equipment.  

In conclusion, 17-4PH 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 99%. The findings from this parameter analysis will 

then be utilized for the analysis of copper-17-4PH 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 multi-material monolithic components utilizing 

additive manufacture. A type of additive manufacturing equipment original equipment 

manufacturers sell in the machine tool industry is called hybrid machine tools. 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 multi-material, conformal fluid channel mold 

insert. It was found that by hot machining and pre-heating 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 achieved. This was manufactured by 

machining the interface while it was still over 420 °C, then printing 17-4PH steel on top of the 

hot, machined copper-steel 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 

deformation can account for over 70% of the cycle time [113]. Conformal fluid channels and 
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increased conductivity inserts have been used to improve the thermal response of tooling by 35% 

and 27%, respectively [1, 2]. Additive manufacturing is uniquely capable of manufacturing both 

features in a monolithic tool component: multi-material and free-form 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 structures [4, 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 technology [116]. Infrared light only has a 6% absorptivity in copper, whereas lower 

wavelengths such as blue and green have around 40% absorptivity in copper [71]. The printing 

of copper and printing on copper has been known to damage laser systems due to the high 

reflectivity at the more common infrared wavelength [73]. 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 beam AM has been used with higher success for printing bi-metallic 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 stock [28]. This strategy negates the 

challenges of reflection with light energy sources, such as lasers and removes the tendency for 

oxidation due to the removal of most contaminates in the vacuum printing chamber. Graded 

structures from copper to steel with minimal interface discontinuities have been printed utilizing 

a dual wire feed electron beam additive system [21]. Electron beam systems also have the benefit 

of printing in a vacuum, preventing oxidation that can occur in open-air, locally 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 have utilized DED to print copper; most commonly, the copper is printed on 

steel substrates for parameter development [66, 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 conductivity as compared to copper. The 

more challenging printing condition is successfully bonding steel to copper without cracking [76, 

117]. A common strategy found in literature is to increase the energy density by increasing the 

laser power [80, 81].  It is even more difficult to print large masses of copper with low porosity 

due to the high thermal conductivity of copper [75].  

Due to the need to manufacture multi-material components with integrated copper and 

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 60 seconds. 

Utilizing this interleaved process, successful transitions from copper to 17-4PH 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 conditions with and 

without interface machining were 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 MU-8000V-L LASER EX with a Trumpf blown powder directed energy deposition 

(DED) system was used for this analysis. A TruDisk 4002 at 1,030 ɖm infrared wavelength was 

the laser heat source with a maximum power of 4,000 watts. The deposition system also has a 

programmable spot size that ranges from 0.6 ï 6 mm in diameter. For this analysis, 4,000 watts 

of laser power at a 6 mm spot size was used. Sample 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 the weld bead. The infill center line was programmed 2 mm from 

the border centerline with infill hatch spacing of 3 mm that indexed by 90-degrees each layer. 

The programmed layer height was different for each material deposited and can be found in the 

respective deposition parameter tables. The 17-4PH feed stock used was Oerlikon MetcoAdd 17-

4PH-D with +45-106 µm particle cut with a nominal chemical composition of Fe 17Cr 4.5Ni 

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

the chosen parameters for the deposition of 17-4PH can be seen in Table 4.1. 
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Table 4.1: 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 l/min 

Helium carrier gas 5 l/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 the programmed layer height was larger than that determined in the previous 

chapter due to the increased temperature of the copper, enabling a larger melt pool with higher 

catchment rates. The deposition angle started at a 12-degree lean for the first two layers, or 4.4 

mm of build height, to ensure no back reflection damage to the laser system. After 4.4 mm, the 

steel was deposited normal to the deposition surface for higher 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 was chosen, and the parameters can be seen in Table 4.2. The 

feedstock used was Oerlikon Metco 55 with +38-90 µm particle distribution with a nominal 

chemical composition of Cu 99.0+%. 
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Table 4.2: 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 l/min 

Helium carrier gas 5 l/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 chapter. Due to the instability of the 

pure copper deposition, mixed copper and 17-4PH was also evaluated at the 93.8 weight percent 

copper mixture. The deposition parameters for the mixture can be seen in Table 4.3. 

Table 4.3: Copper mixture 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 g/min 

Mass flow, Copper 18.8 g/min 

Argon nozzle gas 10 l/min 

Helium carrier gas, 17-4PH 5 l/min 

Helium carrier gas, Copper 2 l/min 

Programmed layer height 1.0 mm/lyr 

Interlayer dwell 5 sec 

Once again, a constant lean of 12-degrees was used to prevent back reflection damage to 

the laser system using the high copper content. Open Mindôs hyperMILL was utilized for the 

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 machining with 90-degree indexing while tilting is necessary. To achieve this 

desired result, Contour Milling on 3D Model tool path was utilized, followed by the Additive 

Manufacturing tool path which was reworked using 5X Rework Machining with a radial Z tilt at 

the desired angle, then finally generating the usable toolpath with the Additive Manufacturing 

tool path. 

Each copper condition was tested with a variety of interface conditions. A diagram of the 

various interface preparations can be seen in Figure 4.1. The condition where the interface was 

not machined or heated was not included in the diagram as no operations were carried out on the 

as-printed surface. 

 

Figure 4.1: Interface preparation for copper-steel interface analysis 

 For the as-printed interface condition without machining, 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 17-4PH was then printed on top where the first 4.4 mm were at 
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a 12-degree tilt to prevent back reflection damage, then the last 10.6 mm of material was printed 

on top normal to the substrate with a total target height of 30 mm after sawing from the substrate. 

The sample was then machined to 35 mm square, 32.5 mm tall, and cross sectioned where the 

center of the sample was along the left edge of the imaged sample at 17.5 mm wide. Pure copper 

was tested with 3 surface conditions that can be seen in Table 4.4. The pure copper interface 

conditions were only evaluated with all hot interfaces characterized as the as-print temperature 

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

Table 4.4: Pure copper interface condition 

Parameter Cond 1 Cond 2 Cond 3 

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 gap, the low infrared 

absorptivity, and the high thermal conductivity of pure copper [71, 107]. Those results will be 

presented in the following section. The copper-17-4PH mixture interface was also evaluated. It 

was hypothesized the mixture would have improved interface quality and a more extensive 

interface analysis was conducted. The conditions which were tested can be seen in Table 4.5. 

Table 4.5:Copper mixture interface condition 

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

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 conditions, condition 1 with a hot as-printed interface and condition 

5 with a hot machined interface, were further analyzed utilizing a tapered interface to further 

characterize the cracking and dilution zones at differing energy densities. A 35 mm cube of 

copper was printed, 8 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. 17-4PH was then printed on top, where the first 4.4 

mm was printed at a 12-degree tilt to prevent back reflection damage to the laser system. The 

entire sample was then machined to 30 mm square. Condition 5 was chosen for further analysis 

due to the highest quality interface with the least cracking and porosity. Condition 1 was chosen 

due to the print flexibility possible with complex surfaces without having to machine. If the 

interface could be printed with minimal discontinuities, less time could be used for machining of 

components at scale, minimizing temperature drop. The tapered geometry analyzed can be seen 

in Figure 4.2. 

 

 

Figure 4.2: Tapered interface analysis conditions 

Each sample was printed as a 35 mm square, then machined with a taper where the top 

was at 10 mm and the bottom edge was at 6 mm from the substrate for a range of +/- 2 mm 

across the interface. This enabled a higher resolution analysis area along the interface between 

the copper and steel. Two different printing strategies were analyzed: change in printed layers to 

evaluate the effect of remelt on interface cracking and change in energy density by decreasing 

mass flow and decreasing laser power.  

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 cracking. The nominal 17-4PH printing 
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parameters were utilized as seen in Table 4.1 where laser power and mass flow as kept constant. 

The printing conditions can be seen in Table 4.6. 

Table 4.6: Tapered interface with a change in the number of 17-4PH printed layers 

Layers deposited Build height [mm] 

1 2.2 

2 4.4 

3 6.6 

4 8.8 

After evaluating the change in the number of layers printed, the effect of an increase in 

energy density was evaluated where the powder mass flow was decreased, and the laser power 

was decreased. The laser power could not be increased to increase the energy density as the 

maximum laser power of 4,000 watts was already being used for the 30 g/min mass flow. The 

mass flow could not be increased to decrease the energy density as the powder feeding hardware 

could only feed just over 30 g/min with one hopper; instead, laser power was decreased.  The 

definition of energy density which will be referenced in this analysis is volumetric energy 

density and can be seen in Equation 4.1. 

ὖ φzπ

ὒz Ὄ ὠz
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άά  

Equation 4.1: 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 laser, Equation 4.1Equation 3.1 was chosen for the 

cross-platform compatibility. The parameters of LPBF, WAAM, and laser wire could be 

compared by using this equation to better understand the mechanics which impact 17-4PH 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 flow of the 17-4PH was used to increase the energy density as mass 

flow affects the as-print layer height. As the layer height decreases, the energy density increased 

with no change in any other parameter. The number of layers deposited was increased to achieve 

the same total nominal height of approximately 4.4 mm determined from 2 deposited layers at 

the nominal mass flow of 30 g/min. Laser power was decreased from 3,500 to 2,500 watts from 

nominal to evaluate lower energy densities. The changes in energy density can be seen in Table 

4.7. 

Table 4.7: Tapered interface with a change in 17-4PH energy density 

Energy Density [J/mm3] 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 A700 infrared 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 temperature [104]. The metallography 

samples were mounted in 50 mm sample mounts which were available at Oak Ridge National 

Laboratoryôs (ORNL) Manufacturing Demonstration Facility (MDF) metrology lab. A Buehler 

SimpliMet 3000 automatic mounting press with KunductoMet was used for the mounting of the 

cross-section samples evaluated in this investigation with a mounting pressure of 290 bar at 180 

°C. The grinding and polishing steps were completed utilizing a Buehler AutoMet 300 Pro can 

be found in Table 4.8Table 3.4. 
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Table 4.8: 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 [µm]    

6 30 12 DP Yellow 

3 30 12 DP Yellow 

1 30 12 DP Yellow 

 

Each sample was then imaged using a Leica DM4000M at 50X magnification with a resolution 

of 1 µm per pixel for porosity analysis. A ZEISS Axio Imager.M2 was used for the color images 

presented in this document for qualitative analysis. ImageJ was also utilized to measure the crack 

lengths and threshold the images to determine percentage 17-4PH dilution [118]. The dilution 

percentage for the tapered section was calculated by cropping the full height of the interface 

image, thresholding the red image stack from 36 to 223 to only show the highly saturated red 

pixels of the gray 17-4PH, 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 17-4PH region above the dilution inconsistencies by 

thresholding the image to differentiate the pores from the 17-4PH. 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 17-4PH and copper was evaluated by printing 17-4PH 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 in Figure 4.3. 

 

Figure 4.3: Pure copper interface condition fusion qualitative results 

The first condition was only a hot, as-printed interface, and the 17-4PH 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 still approximately 95% interface separation as seen in Table 4.9. The final condition 

included a hot machined interface with preheating. This preheating increased the interface 

temperature from 487 °C to 512 °C and decreased the interface separation by 48%. The interface 

separation can be seen below in Table 4.9 comparing each of the pure copper interface samples. 

Table 4.9: Percent separation along the pure copper interface 

Condition Percent separation 

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 seen in Table 4.10. There 

was a correlation between higher interface temperatures and increased interface fusion for the 

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 4.10: Pure copper interface temperatures 

Condition Cond 1 Cond 2 Cond 3 

After copper deposition [°C] 375 487 389 

After preheat [°C]   512 

The interface condition between the copper mixture and 17-4PH was then analyzed. A 

mixture of 93.8 weight percent copper and balanced with 17-4PH was the mixture printed. It was 

hypothesized due to the decreased thermal conductivity and increase laser power absorption due 

to the integration of 17-4PH, a higher quality interface could be achieved. Eight interface 

conditions were evaluated, and the qualitative results can be seen below in Figure 4.4. 

 

Figure 4.4: 93.8 weight percent copper mixture interface condition fusion qualitative results 

 Interface conditions 1-4 had no machining interface preparation whereas for conditions 5-

8, the interface was machined. The interface height was 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 an as-printed surface finish, 

the laser absorption was higher, and some interface fusion was achieved. The quantitative 

percent interface separation can be seen in Table 4.11. 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 4.11: Percent separation along the 93.8 weight percent copper mixture interface 

Condition Percent separation 

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 in Table 4.12. There was a correlation between higher interface 

temperatures and increased interface fusion with the copper mixture as well. 

Table 4.12: Copper mixture interface temperatures 

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

After copper deposition [°C] 489 20 20 473 425 20 20 487 

After preheat [°C]   433 523   407 527 

The as-printed interface condition had the most consistent fusion with no fusion failure 

across all conditions. The machined interface had a fully fused interface with condition 5 where 

the interface was hot machined. There was complete fusion failure with condition 6 for a cold 

machined interface. The as-printed 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 decrease the cracking potential. Condition 1 was the same interface 

condition as condition 5, but with an as-printed interface which is preferred to decrease 

machining time and optimize interface temperature. The first change in the 17-4PH print 

condition was evaluating the effect of a change in thermal history on the interface cracking. It 

was theorized that either a short heat history or lengthened heat history to relieve the stresses in 

the previously deposited layers, decreasing the cracking. It has been found in DED, layers of 

material can be remelted below the currently deposited layer [119]. The qualitative results of the 

multi-layer analysis for conditions 1 and 5 can be seen in Figure 4.5. 

 

Figure 4.5: Tapered interface with a change in the number of 17-4PH printed layers qualitative results 

Significant findings from the multi-layer interface analysis are that one layer does not add 

enough material to create a crack-free 2 mm thick interface and there was no significant 

qualitative difference between the number of layers deposited on top of an as-printed copper 

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

interface condition. The quantitative dilution results can be seen in Figure 4.6. 

 

Figure 4.6: Percent dilution of the solid 17-4PH interface with a change in the number of 17-4PH printed layers 

 The dilution was quantified by determining the density of 17-4PH across the entire 

tapered surface. For a perfect dilution condition, a result of 50% was expected. With the change 

in deposited layers on top of the interface, there was only about a 15% difference in dilution 

between the as-printed 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 dilution. This was considered a statistically insignificant 

difference for a change in dilution depth. While 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 as-printed condition versus the machined interface that can be seen 

in Figure 4.7 below. 
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Figure 4.7: Percent density of the solid 17-4PH interface with a change in the number of 17-4PH printed layers 

The percent density, as a quantification of cracking and porosity, was nearly completely 

consistent for all machined interfaces for condition 5, while condition 1 with the as-print 

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 layers, stress-relieved the 

interface. The unmachined interface has many more interface inconsistencies as compared to the 

machined interface. With no statistically significant difference between the multi-layer 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 cracking. Figure 4.8 displays the qualitative results of the change in energy density on 

the dilution and interface cracking. 
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Figure 4.8: Tapered interface with a change in energy density of 17-4PH qualitative results 

The change in energy density had a larger impact on the difference in dilution and 

difference in cracking as compared to changing the number of layers printed. In relation to the 

change in dilution, the increased energy density from 52 J/mm3 to 160 J/mm3 increased the 

dilution by nearly 20% which can also be seen in the qualitative results in Figure 4.8 and 

quantitative results in Figure 4.9. The recession of the dilution zone can also be seen from left to 

right in the qualitative for both surface condition results which was expected as the energy 

density affects the mixing with the previous layer. 
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Figure 4.9: Percent dilution of the solid 17-4PH interface with a change in energy density 

 On average, the machined interface had increased dilution as compared to the as-print 

surface with condition 1; however, at 20 g/min mass flow rate which is equivalent to 103 J/mm3, 

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 4.8. While the dilution results trended with the change in energy density, the cracking and 

porosity was not as directly correlated as can be seen in Figure 4.10. 

 

Figure 4.10: Percent density of the solid 17-4PH 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 as-print 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. 

4.5 Discussion 

Achieving fusion of steel to copper is difficult due to the drastic difference in thermal 

conductivity, coefficient of thermal expansion, and low miscibility with iron. A total of 11 

different interface conditions were evaluated to determine an improved strategy to print 17-4PH 

stainless steel on copper. Three surface preparation conditions were tested when printing 17-4PH 

on pure copper and 8 conditions were tested when printing 17-4PH 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.  

4.5.1 Pure 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 pool that mixed and diluted 

into the copper. The oxide layer on top of the copper also hindered adequate dilution between the 

materials creating an insulative, contaminated layer. There was no bonding when 17-4PH was 

printed directly on top of the as-printed pure copper surface. It was found that machining the 

interface while it was hot increased the bonding by removing the bulk of the oxide, but 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 interface. A 48% increase in bonding was achieved by utilizing 

machining and preheating which increased the interface temperature by 25 °C. Since this 

analysis was about evaluating the interface at the nominal 17-4PH energy 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 of 17-4PH 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 steel [85]. 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 conductivity. Due to the difficulty of bonding 

17-4PH to pure copper, it was theorized the bonding between a mixture of copper and steel could 

be superior. The interface between 17-4PH and a mixture 93.8 weight percent copper mixture 

was also evaluated. 

4.5.2 Copper Mixture Interface 

The copper mixture had improved interface bonding characteristics, and 8 different 

surface conditions were evaluated. On average, the machined and as-printed interfaces had 

nearly the same percent bonding between all conditions evaluated. Condition 1 with the as-print 

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 increased oxide and 

contamination was detrimental for the hot interface as the contamination prevented dilution 

across the entire surface with only 82% interface continuity versus the 100% interface continuity 
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of condition 5 with the hot machined interface. The contaminates caused increased cracking and 

porosity as compared to the hot machined interface. The 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 17-4PH 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 the as-print interface by 9% and decreased the 

bonding by 26% for condition 5 with the machined interface which is contrary to the pure 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. 

4.5.3 Tapered Interface 

Condition 1 and 5 were further analyzed at higher detail with tapered sections where the 

surfaces were machined at a shallow angle to evaluate the dilution zone from 2 mm below the 

interface to 2 mm above the interface over a 30 mm long interface. With 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 process [119]; 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 deposited layer. It was 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 density affected 

interface cracking and porosity. The energy density was increased from nominal by decreasing 

the mass flow rate in 10 g/min mass flow increments as the laser power was maximized for the 

nominal evaluation. This 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/min 17-4PH mass 

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 as-print 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 17-4PH melt pool. Then, at the highest energy density, there was enough 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 copper-steel 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 interface would be too high and allow the copper to cool below a temperature that is 

adequate for printing steel on copper. 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 

as-printed 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 manufactured 17-4PH steel. It was found that pure 

copper was the most difficult to achieve a bond due to the high thermal conductivity, high 

reflectivity of the laser wavelength utilized in this investigation, and large miscibility gap in the 

copper-iron phase diagram [107]. 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 hot as-print interface was further 

analyzed utilizing a tapered section to determine other strategies to further increase the interface 
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quality. 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 open-air, 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 keep the interface hot, higher energy densities 

on the as-print 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 permanent component deformation. Mold manufacturers have 

utilized various strategies to improve the thermal response of the molds, including conformal 

fluid channels and increased thermal conductivity inserts. Additive manufacturing is uniquely 

capable of the manufacture of both geometries: multi-material monolithic components and the 

near-net manufacture of complex shapes. This 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 as well. Each channel printing strategy was 

then used for the manufacture of representative conformal channel mold inserts. There was no 

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 surface in half the time of the 

steel, there were several 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 ejection [1]. Hot molds also have increased wear due to the 

softer interface at elevated temperatures [34]. Manufacturers have utilized different methods to 

more efficiently transfer heat from the working surface; some strategies include conformal fluid 

channels and increased conductivity inserts [1, 2, 97, 120]. 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 of multi-material, 

monolithic components [93, 121, 122].  

Conformal channels have been manufactured with the groove and shell strategy [97], but 

more recently with the development of additive manufacturing, like selective laser melting 

(SLM), conformal channel inserts can now be manufactured out of a monolithic component [6, 

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 tooling [7, 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 components [126, 

127]. The manufacture of these channels without support can be difficult [128]. Before the 

optimization of SLM software, channels often had to be manufactured either with support 

structures [129] or with a tear-drop shape [34]. SLM technology has advanced to where channels 

can be manufactured [130, 131] without support due to the self-supporting nature of the lose 

powder in SLM [99] and variable cross section channels can also be manufactured [100, 132].  
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Hybrid manufacturing is more flexible than may SLM additive systems due to the 

integration of additive and subtractive manufacturing in a single machine tool [8, 17]. Many 

platforms are designed to be able to additively manufacture multiple materials, either discretely, 

or together as a mixture [133]. There are some wire fed additive systems that can mix the 

feedstocks by controlling two wire feeder speeds separately [122], but multi-material blown 

powder systems are more commonly seen in the hybrid manufacturing industry [11, 92].  

Hybrid machines can also be equipped with 5-axis positioning capability [25, 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 overhangs [53, 134]. Conformal channels have been manufactured utilizing hybrid 

manufacturing, proving the capability of the technology [47].  

While channels have been manufactured [134, 135] and multi-material manufacturing is 

possible with directed energy deposition [21, 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 multi-axis printing of conformal channels and the interface 

bonding complexities are just some of the difficulties 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 multi-material 

insert was completed. The investigation began with the process structure analysis of two channel 

printing strategies; arch where the material was deposited perpendicular to the channel axis and 

profile where the material was deposited parallel to the channel axis. The process structure was 
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also applied to the printing of a channel with an integrated tube. With 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 MU-8000V-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 from 0.6 ï 6 mm and a maximum laser power of 4,000 

watts at 1,030 ɖm wavelength with the TruDisk 4002 laser. The Trumpf SO16 nozzle was used 

with a 16 mm standoff distance and a powder focal diameter of 4.5 mm with a 30-degree nozzle 

body taper. The maximum spot size and laser power was utilized for this analysis with deposition 

parameters determined from Chapter 3 of this document. The 17-4PH used for the printing of the 

channels and insert surface was Oerlikon MetcoAdd 17-4PH-D with +45-106 µm 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 µm nominal particle distribution with a nominal chemical composition of Cu 99.0+%. 

The channel analysis was conducted by printing short channel sections, 80 mm long, on 

152 mm diameter, 17-4PH round plates. The 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 progression from 

substrate preparation to sample machining can be seen in Figure 5.1. 

 

Figure 5.1: Channel evaluation sections where a) milled channel groove, b) printed channel, and c) milled channel 

evaluation segments 

 After the channel segments were sawed from the substrate, they were mounted in 50 mm 

sample mounts which were available at Oak Ridge National Laboratoryôs (ORNL) 

Manufacturing Demonstration Facility (MDF) metrology lab. A Buehler SimpliMet 3000 

automatic mounting press with 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 Buehler AutoMet 300 Pro can be found in Table 5.1. 

Table 5.1: 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 [µm]    

6 30 12 DP Purple 

3 30 12 DP Purple 

1 30 12 DP Purple 

 



96 

 

Each sample was then imaged using a Leica DM4000M at 50X magnification with a 

resolution of 1 µm per pixel for dimensional analysis. A ZEISS Axio Imager.M2 was used for 

the color images presented in this document for qualitative analysis. ImageJ was also utilized to 

measure the channel height and threshold the images to determine the circularity of the channels 

using python [104, 118]. 

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 shown in Equation 5.1. 

ὅ
τz “z ὃ

ὴ
 

Equation 5.1: The definition of circularity used in this analysis where C=circularity [mm], A=area [mm2] , and 

p=perimeter [mm] 

The first tool path strategy evaluated was the profile strategy printed where the tool path 

was parallel to the channel axis seen in Figure 5.2.a. The arch strategy was printed where the tool 

path was perpendicular to the channel axis seen in Figure 5.2.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. 

 

Figure 5.2: Comparison of the a) profile channel tool path strategy versus b) arch tool path strategy 
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5.3.1Profile Channel Parameters 

The profile print parameters can be seen below in Table 5.2. Table 5.The layer height is 

less than the nominal layer height from Chapter 3 due to the single bead wall geometry of the 

profile path strategy and the lean required to deposit a closed channel, decreasing capture 

efficiency as compared to infill-type geometries. 

Table 5.2: Profile channel deposition 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 l/min 

Helium carrier gas 5 l/min 

Programmed layer height 1.09 mm/lyr 

Interlayer dwell 10 sec 

The lean was evaluated from 0 ï 30-degrees from the substrate to determine the best 

combination of build stability and collision avoidance between the substrate and the deposition 

equipment. The tilt angle comparing the arch versus channel nozzle orientation can be seen in 

Figure 5.3. An angle of up to 30-degrees was evaluated as there was too high of catchment loss 

at angles higher than 30-degrees for the profile channel tool path. 
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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, in Figure 5.3, the substrate is tilted, and the deposition head is kept vertical. 

Four different profile printing strategies were evaluated at different lean angles ranging from 0 ï 

30 degrees. The angles evaluated can be seen in Table 5.3. 

Table 5.3: Profile channel lean angles 

Profile P1 P2 P3 P4 

Lean angle [deg] 0 10 20 30 

The nominal lean angle was chosen to be 20-degrees, and the analysis will be presented 

in the following section. The 20-degree lean angle was then further analyzed to determine the 

effect on the angle of the last contours on the tear-drop effect seen while printing profile 

channels. It was found that when the sides of the channel were joined, a sharp, tear-drop shaped 

fusion point at the top of the channel was created. To 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 evaluated, an extra contour was added for the final application of the profile channel, to 

fuse the concave channel section. The three different contour lean conditions with vertical final 

contours are presented in Table 5.4. 
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Table 5.4: Profile channel where last contours are vertical analysis 

Profile P3 P5 P6 

0-degree lean angle for 

last number of contours 
0 1 2+1 contour 

 It was determined in this analysis that a lean of 20-degrees was a good combination of a 

quality channel at the minimum lean angle. Two other conditions were evaluated at the 20-

degree lean: P5 where the 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 was an arch profile. The arch print parameters 

can be seen below in Table 5.5. The layer height used was less 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 5.5: 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 l/min 

Helium carrier gas 5 l/min 

Programmed layer height 1 mm/lyr 

Interlayer dwell 10 sec 

The first analysis for the arch tool pathing investigation was to determine how to achieve 

adequate height of the arch top. Approximately, 30-degrees was used in a previous analysis for 

the printing of conformal fluid channels in a tool, so 30-degrees 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 seen in Table 5.6. 
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Table 5.6: Arch channel tool path a) without and b) with risers at 30-degree lean 

Arch A1 A2 

Riser No Yes 

Tool path 

 

  

It was determined a 7 mm tall riser could be effectively implemented to achieve the 

desired inner 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 in Table 5.7. This change in lean affected the as-print inner channel height and will 

be presented in the following section. 

Table 5.7: Arch channel with riser lean angles 

Arch A3 A2 A4 A5 

Lean angle [deg] 20 30 40 55 

 

5.3.3Profile Tubing Lined Channel Parameters 

A second channel inner condition was evaluated with and without a pre-manufactured 

inner lining, or an integrated tube. The profile strategy had to be used for this analysis due to the 

collision potential with the pre-installed tubing for conformal applications. A 304-stainless steel 

seamless tube with an outside diameter of 12.7 mm and an inner diameter of 10.4 mm was used 

as the channel lining. A tube with an inner diameter as close to 10 mm as possible with minimal 

wall thickness was chosen. 17-4PH tubing was not readily available and 304 has an increased 

bonding quality with 17-4PH compared to 316L. The two different printing conditions can be 

seen in Figure 5.4. 
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Figure 5.4: Profile channel a) without and b) with an inner tubing lining 

The lined profile channel condition parameters are shown below in Table 5.8. The layer 

height varies drastically from the nominal 17-4PH printing parameters in Chapter 3 due to the 

need to prevent thermal distortion to the tubing while printing by increasing the size of the outer 

printed surface by increasing the number of printed beads around the tubing.  

Table 5.8: Profile channel with inner tubing lining deposition 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 l/min 

Helium carrier gas 5 l/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 shown in Table 

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 5.9: Profile tubing lined channel contour condition 

Tubing profile  T1 T2 T3 T4 T5 

Profiles 16 32-2 48-4 56-4 64-4 

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 15-degrees from vertical. Then, from 1 to 7.5 mm, the beads were deposited normal to 

the substrate. The last beads were printed at a 20-degree lean away from the tubing to prevent 

thermal distortion of the tubing. The profiles were generated in Open Mindôs hyperMILL 

computer aided manufacturing (CAM) software where isometric curves were projected on an 

18.7 mm diameter surface which was equal to the 12.7 mm outside diameter of the tubing plus 6 

mm spot size. Those contours were then used to drive the tool path, and tilt tool axis contours 

were used to control the deposition lean and 0-degree lead. The number of profiles represents the 

number of isometric contours that were evenly projected on the 18.7 mm diameter channel 

surface in the CAM software. As the profile count increased, there was overbuilding at the top of 

the print, so contours were removed from 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. 

5.3.4 Profile 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 chosen to manufacture the copper mixture 

channels. The copper mixture ratio was determined from Chapter 3 and had increased interface 

quality which was determined in Chapter 4. The copper mixture profile channel print parameters 

can be seen in Table 5.10. 



103 

 

Table 5.10: 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, 17-4PH 1.2 g/min 

Mass flow, Copper 18.8 g/min 

Argon nozzle gas 10 l/min 

Helium carrier gas, 17-4PH 5 l/min 

Helium carrier gas, Copper 2 l/min 

Programmed layer height 0.78-0.53 mm/lyr 

Interlayer dwell 10 sec 

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

account for the difference in layer height as compared to the stainless-steel channels.  

5.3.5 Application 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 5.5. This test geometry incorporates the challenges of a tilted surface from the nominal 

surface, corners, and transition corners. 
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Figure 5.5: Application mold insert geometry with a) CAD design versus b) 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 with 5 type K thermocouples 

bolted to the insert surface at the positions shown in Figure 5.6. A MadgeTech thermocouple 

data logger was used to record the temperature at 1 Hz frequency. The insert was also monitored 

using a FLIR A700 camera to capture the thermal distribution response of the insert as well. The 

infrared data was visualized using python and the qualitative results are presented. The complete 

monitoring setup can be seen in the Appendix in Figure A.3. 
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Figure 5.6: Mold insert thermal response analysis thermocouple mount location dimensions 

A TempTek 5-ton chiller and a Milacron TW-P temperature control unit was 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 preliminary analysis to determine what 

variables had significant impact on the as-printed 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 parameters are provided, and the application of each 

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

The profile channel strategy is characterized by the material deposition path as parallel to 

the channel axis. This strategy was evaluated at 4 different lean angles to determine the impact 

on contamination on the lower milled surface, circularity of the printed channel, and the height 

of the printed channel. The outside as-print surface of a profile channel can be seen in Figure 5.7. 

 

Figure 5.7: 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 

measurements. The qualitative results of the four channel conditions printed at varying lean 

angles can be seen below in Figure 5.8. These are the same images which were used to calculate 

the quantitative results presented in Table 5.11.  

 

Figure 5.8: 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. The 10-degree 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 seen in Figure 5.8. The 

channel area, circularity, and height are presented in Table 5.11. 

Table 5.11: Quantitative results for the profile channel with a change in lean angle 

Profile P1 P2 P3 P4 

Percent area N/A 86.1% 99.0% 97.9% 

Circularity N/A 0.521 0.709 0.758 

Height [mm] N/A 9.06 11.44 10.84 

The percent area was highest with the 20-degree lean for P3, but it does have slightly less 

circularity than the profile printed at 30-degree lean. The contamination of P2 and non-fusion 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 the tear-drop shaped fusion point at the top of the 

channel. These results can be seen in Figure 5.9. 

 

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 in Table 5.12. P3 was the nominal condition where all profiles were printed at a 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 the convex corners, and an extra contour prevented this failure. 

Table 5.12: Quantitative results for the profile channel where the last contours were printed vertical 

Profile P3 P5 P6 

Percent area 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 analyzed next where the material was deposited 

perpendicular to the channel axis. The lean was evaluated from 20-55 degrees. 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 than 20-degrees. 55-degrees was the maximum achievable 

angle as the head angle was 30-degrees from vertical, and there was only approximately 3 mm of 

clearance between the substrate and nozzle when printing at 55-degree lean. The print quality of 

the outside of A2 can be seen below in Figure 5.10. 

 

Figure 5.10: 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 arch-type 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 tall at 30-degree 
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lean had structural failure after about 30 mm of channel length. A comparison of a channel arch 

with and without a riser can be seen in Figure 5.11 A1 and A2 respectively. 

 

Figure 5.11: Arch channel without and with a riser 

The quantitative differences between the arches without and with a riser can be clearly 

seen in Table 5.13. The area was increased by nearly 20% and the height increased by over 2 mm 

with a decrease in circularity.  

Table 5.13: Quantitative results for the arch channel without and with a 7 mm riser 

Arch A1 A2 

Percent area 95.8% 114.4% 

Circularity 0.726 0.598 

Height [mm] 9.13 11.56 

Utilizing the riser strategy, an analysis comparing the effect of a change in lean on the as-

print channel dimensions. Lean angles from 20-55 degrees were analyzed and the difference in 

print height can be seen in Figure 5.12. 

 

Figure 5.12: Arch channel qualitative analysis of a change in lean angle 

There was a significant difference in the build height from printing at 20-degree lean up 

to 55-degrees. 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 at 55-degrees has an inner channel 

height almost exactly the inner height expected if the channel could be printed exactly normal to 

the backstop as seen in Table 5.14. The channel height and circularity decreased as the lean 

increased due to the riser. 

Table 5.14: Quantitative results for the arch channel with an increase in the lean angle 

Arch A3 A2 A4 A5 

Percent area 95.3% 114.4% 142.3% 161.4% 

Circularity 0.457 0.598 0.647 0.696 

Height [mm] 10.86 11.56 13.57 14.72 

5.4.3 Profile 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 deposited. The T3 print condition can be seen in Figure 5.13. 

 

Figure 5.13: 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 seen in Figure 5.14. 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. 

 

Figure 5.14: Profile tube channel qualitative analysis of a change in lean angle  

The quantitative results seen in Table 5.15 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 5.15: Quantitative results for the profile tube channel comparing the change in printed profiles 

Profile T1 T2 T3 T4 T5 

Percent area 95.3% 100.0% 100.1% 98.2% 99.9% 

Circularity 0.883 0.893 0.889 0.881 0.885 

Height [mm] 9.14 9.3 9.93 10.12 10.17 

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

5.4.4 Profile Copper Mixture Channel Results 

The profile strategy was chosen for the copper channel due to the benefits of the profile 

strategy that will be addressed in the Applications section of this chapter. Three profile channels 

were analyzed for the copper mixture at a 20-degree lean. The number of profiles was 

determined based on circularity, channel height, and contamination. The qualitative results for 

the outside of channel CU2 can be seen in Figure 5.15.  
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Figure 5.15: Qualitative results of the outside of channel CU2 

The beads are much less noticeable for the copper mixture versus the 17-4PH channels. 

This is also apparent in the qualitative channel cross sections in Figure 5.16. The beads are also 

thinner than the 17-4PH beads, contributing to the increase in channel area seen in the 

quantitative results in Table 5.16. The tear-drop type fusion point at the top of the channel was 

also more apparent for the copper channels as compared to the 17-4PH channels.  

 

Figure 5.16: Profile copper mixture channel qualitative analysis with a change in profiles 

Since the copper flows more than the 17-4PH, there was increased, small contamination 

inside the channel, still with minimum impact on the overall total, channel area, which can be 

seen in Table 5.16. 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. 



113 

 

Table 5.16: Quantitative results for the copper mixture channel with a change in profiles 

Copper CU1 CU2 CU3 

Percent area 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 the manufacture of a 

conformal channel demonstration component. The mold 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 seen in Figure 5.17. 

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 mm solid billet of 17-4PH with a 

total thickness of 51 mm. 

 

Figure 5.17: 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 



114 

 

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 

inconsistencies repaired 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 deposition head with a 0-degree 

lead and 20-degree lean along the entire path. Each of the transition zones required tool axis tilt 

contours to 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 process [23]. 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 point. Examples of the required tool 

axis positioning is shown in Figure 5.18.  
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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 angles, but it was also critical to deposit with no lean relative to the deposition surface. 

An example of inconsistent lean across the 20-degree surface can be seen in Figure 5.19.a where 

there was failure across the 30-degree surface transition.  

 

Figure 5.19: Profile channel printing condition results where a) increased lean at the surface transition, b) 

contamination due to the channel print failure, 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 seen in Figure 5.19.b, the material contaminated the 

machined channel surface due to the lack of fusion when not depositing at 0-degree lean. The 

third print failure was of the straight sections of the beginning and the end of the profile channels 
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with 23 contours using condition P5 as seen in Figure 5.19.c. This was mitigated by adding one 

more contour and using condition P6 as seen in Figure 5.19.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 seen in Figure 5.20. 

 

Figure 5.20: 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 substrate significantly and can be seen in Figure 5.20.a. This 

was mitigated by doubling the thickness of the substrate. Even with the increase in substrate 

thickness to prevent the distortion, the effect of the residual stress force can be seen in Figure 

5.20.b where the small tool machining lines were from the roughing pass and the large stepover 

tool machining lines are from the finishing pass that 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 surface, the finalized profile channel 

insert can be seen in Figure 5.21. 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 5.21: Finished profile channel mold insert 

5.5.2 Arch 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 and prepped the 

same as the profile channel. The A2 arch channel condition was used for the straight sections of 

the deposition surface. 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 in Figure 5.22.a. 
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Figure 5.22: 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 strategy used 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 corner whereas the 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 radiusô were much smaller [47]. Feldhausen had to alternate with shorter contours 

to complete the tight corners.  

While printing the insert arch conformal channel, it was found transitioning along the 

concave joint between the lower, flat section and the 30-degree 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 5.14 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 5.23: Arch channel nozzle clearance with substrate at the 30-degree tapered surface 

The arch strategy inherently was not watertight due to the riser strategy at the 30-degree 

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 be seen in Figure 

5.24 of the finalized mold insert. 

 

Figure 5.24:Finished arch channel insert 
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5.5.3 Profile Tubing Lined Channel Application 

The profile channel with integrated tube channel was manufactured in a single section. 

The insert stock was machined with a 12.7 mm channel to accommodate the tubing. The tubing 

was then pre-bent to fit in the insert where it was tack welded into position as seen in Figure 

5.25. Clamps were used to hold the bent tubing in place and can be seen in Figure 5.25.b. The 

final mounted, welded tubing section is shown in Figure 5.25.c. 

 

Figure 5.25: 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 final insert. 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 the tube when the İò npt connection was manufactured. This would 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 in Figure 5.26.a.  
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Figure 5.26: Profile tube channel a) lack of fusion to the tube, b) printing nozzle access to the sealing location, and 

c) sealing beads 

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

complete. The completed, tested insert can be seen in Figure 5.27. 

 

Figure 5.27: Finished profile tube channel insert 

5.5.4 Profile Copper Mixture Channel Application 

The multi-material conformal 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 in Figure 5.28. 
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Figure 5.28: 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 no pre-machining. Each step can be seen in 

Figure 5.29 a-c. 
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Figure 5.29: Copper channel insert manufacturing process from a) profile channel printing, b) copper inlay, c) 17-

4PH overlay, and d) machined surface with exposed 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 seen in Figure 

5.29.d. The top surface was machined 2 mm below nominal, then a new layer of 17-4PH was 

added. Cracking persisted in 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 fusion leaks around the mold area and are highlighted in Figure 5.30.  
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Figure 5.30: 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 17-4PH 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 copper. The 

final insert that was thermally tested can be seen in Figure 5.31. 

 

Figure 5.31: 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 below, Table 5.17. 

 Table 5.17: Conformal channel insert print times comparison 

Channel design Profile Arch Tube Copper profile 

Print time [min] 25.5 118.6 46.7 55.8 

5.5.5 Thermal 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 the insert surface. The data was logged on a MadgeTech 

thermocouple data logger. The molds were cycled from 18 to 80 °C over a 3-minute period. 

Thermocouple data as well as thermal imaging data was captured. The five different 

thermocouple temperatures from the four different molds can be seen in Figure 5.32. 
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Figure 5.32: Thermal test thermocouple data for each mold where a) thermocouple 1, b) thermocouple 2, c) 

thermocouple 3, d) thermocouple 4, and e) thermocouple 5 

The thermocouple response difference was statistically insignificant between the different 

17-4PH steel channel conditions indicating a minimal heat transfer difference between the 

channel printing strategies. The copper mold had a significantly faster response. The speed for 

each mold to reach 39.5°C from either the heated or cooled condition can be seen in Table 5.18. 






























































