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ABSTRACT 
 
 
Sexton, Brianna M. M.S.M.E., Department of Mechanical and Materials Engineering, 
Wright State University, 2022. Printing, characterization, and mechanical testing of 
additively manufactured refractory metal alloys. 
 
 

Refractory metal alloys in the tungsten molybdenum rhenium ternary system were 

additively manufactured using laser power bed fusion. Four ternary alloys with varying 

concentrations of tungsten, molybdenum, and rhenium were manufactured and 

manufactured again with an addition of 1 wt% hafnium carbide. Samples were heat 

treated to heal cracks, reduce porosity, and reduce inhomogeneity. Material 

microstructure was characterized before and after heat treatment using microscopy, 

energy dispersive x-ray spectroscopy, and electron backscatter diffraction mapping. 

Mechanical testing was conducted on both three-point bend specimens and compression 

specimens, resulting in maximum bending strengths of 677.86 MPa, and maximum 

compression 0.2% yield strengths of 583.88 MPa for the strongest composition. The 

ternary alloy samples exhibited less porosity, less cracking, more refined grains, and 

higher strengths. The hafnium carbide doped samples exhibited more cracking and 

porosity, larger grains, and lower overall strengths. 
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I. INTRODUCTION 

1.1 Refractory Metals 

Refractory metals are a small group of materials which can maintain high strength 

at high temperatures and can withstand heavy wear without breaking down. They have 

high melting points and boiling points, good corrosion resistance, and BCC structure. The 

metals most commonly classified as refractory are tungsten, molybdenum, niobium, 

tantalum, rhenium, and sometimes hafnium [1]. Due to their exceptional heat resistance 

and mechanical properties, they are desirable for use in high-temperature applications 

such as the aerospace and automotive industries. There are several drawbacks to 

refractory metals but the most important may be the difficulty in manufacturing. Their 

high melting points and exceptional hardness, high strength, and brittleness all contribute 

to poor workability and necessitate expensive processing methods. Thus, it is desirable to 

find ways to produce parts using these materials more easily and in a less costly manner. 

1.1.1 Tungsten 

Tungsten has the highest melting point of all metals at 3422°C, and exemplary 

strength with a tensile yield strength of about 750 MPa [2]. As a refractory metal, 

tungsten remains strong even at highly elevated temperatures as well. Tungsten, like most 

refractory metals, possesses a body centered cubic (BCC) unit cell which makes 

dislocation motion more difficult than in face centered cubic metals. The difficulty in 

dislocation motion or plastic deformation leads to brittleness and gives rise to a ductile-
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to-brittle transition at elevated temperatures. The ductile-to-brittle transition temperature 

(DBTT) marks the point where elevated temperature enables dislocation motion to occur 

more easily and the material behaves in a ductile fashion above this temperature. 

Depending on processing method, tungsten’s DBTT is usually reported as between 400-

600°C [3]. In most processing methods, the DBTT will be crossed several times, creating 

an unfavorable thermal gradient, and leading to embrittlement. Repeatedly crossing the 

DBTT results in persistent microcracking and internal stresses [4]. Tungsten is also one 

of the densest refractory metals at 19.3 g/cm3. Its high density creates a limitation on the 

uses for tungsten, particularly for aerospace applications where weight of components is 

important. For many applications where lightweight materials are desired, tungsten’s high 

strength does not offset the impact of the extra weight. 

Alloying tungsten with other materials with lower densities and DBTTs can have 

several benefits, such as increased mechanical strength, lowered DBTT, and lower 

overall alloy weight [5, 6]. Lowering the DBTT lowers the number of cracks, which also 

results in a stronger part. Additionally, the lower DBTT could influence the fracture 

mode from brittle to ductile [7]. Although tungsten is strong at both room temperature 

and elevated temperatures, a lowered DBTT is vital in order to reduce its brittleness and 

the detrimental effects of cracking. Alloying can also help refine grain sizes during 

processing by raising the recrystallization temperature of the alloy [8]. Smaller grains 

generally result in higher strength because of the Hall-Petch relationship [9]. 
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As with most metals, oxidation of tungsten leads to embrittlement. Oxidation 

causes grain boundary impurities and nanopores that lead to more cracking [6, 10]. 

Seeing as how tungsten’s high DBTT already makes it susceptible to cracking, this is a 

major problem when considering manufacturing of tungsten. Low oxygen content is 

important for strong, fully dense tungsten parts [8, 11]. 

1.1.2 Molybdenum 

Molybdenum is less dense than tungsten at 10.22 g/cm3 but is also weaker, with a 

400 MPa yield strength and exhibits a lower melting point of 2622°C [12]. The DBTT of 

molybdenum is closer to room temperature, which means that it is less prone to cracking 

and can be more ductile at lower temperatures when compared to tungsten. Still, pure 

molybdenum is a brittle material because of its BCC structure, and it oxidizes easily at 

high temperatures [13, 14], so it is not ideal to use on its own without alloying. It is also 

known that obtaining homogeneous molybdenum samples can be difficult without high-

temperature annealing, which results in large grain sizes, and that alloying can help refine 

the grains again [15, 16]. Depending on the need driving alloy creation, a tungsten-heavy 

or molybdenum-heavy alloy could trade off resulting weight and grain refinement with 

mechanical strength and ductility. 

Like tungsten, oxidation easily embrittles molybdenum. However, it is more of a 

concern for this metal because of its unusually weak grain boundaries [17]. Any 

impurities or gas pores segregated to the grain boundaries will render molybdenum 
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samples weak [18–20]. Pure molybdenum tends to segregate oxygen, nitrogen, and other 

elements at the grain boundaries, but even samples with little to no grain boundary 

segregation will still have brittle intergranular fracture [10, 21–23].  

1.1.3 Rhenium 

Rhenium is more dense than both tungsten and molybdenum, at 21.04 g/cm3, and 

weaker than the other two, with a yield strength of 290 MPa. It also has a high melting 

point, at 3185°C. Unlike the majority of the refractory metals, rhenium has HCP 

structure, which is typically considered a more brittle structure due to the lower 

symmetry [24]. Despite these apparent downsides, rhenium is a useful alloying element 

because it can help improve the properties of the other refractory metals, particularly the 

ductility and strength of tungsten and molybdenum [25–29]. By alloying with tungsten or 

molybdenum, the alloy’s DBTT can also be reduced to ease thermomechanical 

processing and reduce cracking [30–32]. When alloying with molybdenum, rhenium has 

an observed softening effect up to about 20 wt%, at which point the performance 

improves greatly [33]. Generally, alloying any refractory metal with rhenium will have a 

beneficial effect on the alloying metal’s properties. It is worth noting that rhenium is 

more expensive than tungsten or molybdenum, so while its inclusion is useful, it is also 

desirable to lower costs by finding the minimum amount of it that can be added while still 

reaping the benefits. 

1.1.4 Hafnium Carbide 
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There is some interest in improving base metal properties through the inclusion of 

nanoparticle additives, which can refine grain size and improve strength [34–36]. 

Hafnium carbide has a high melting point of 3900°C and a median density of 12.2 g/cm3. 

Like tungsten and molybdenum, it has BCC structure. It has been proposed that hafnium 

carbide inclusion in tungsten and molybdenum alloys may provide improved tensile 

strength instead of previously supposed solute weakening and has been shown to refine 

grains [37, 38]. 

Carbides are known to help increase strength of molybdenum grain boundaries 

and shift fracture mode from intergranular to transgranular [39, 40]. Hafnium is also a 

good alloying element for increasing the strength of weak grain boundaries. Adding 

hafnium to molybdenum also helped influence the fracture mode from intergranular to 

transgranular without creating solutes [41]. Hafnium is also considered one of the better 

elements to alloy with molybdenum-rhenium alloys, because it can increase high 

temperature strength without totally embrittling the material [42]. Overall, when 

considering potential nanoparticle additives for the W-Mo-Re alloys, hafnium carbide 

was the strongest contender. 

1.2 Additive Manufacturing 

Additive manufacturing (AM), or 3D printing, is the process of creating materials 

using a layer-by-layer building method. AM was first invented in the 1980s and has been 

increasingly popular in the public eye over the past decades. There are several different 
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types, each of which is best suited for certain materials. For example, material extrusion 

involves laying down softened layers of extruded plastic filaments, while selective laser 

melting uses a laser to melt layers of metal powders. Part of the reason for the growing 

interest in AM is its innovation in design freedom and potential savings on material cost. 

Designs which are impossible to make through traditional manufacturing are possible 

with AM, and less material is used overall because of the lack of need to start with blocks 

or sheets and cut material away to manufacture the desired geometry. Typically, the only 

materials used are those that make up the part itself. Even with designs that require 

support structures because of overhangs or steep angles, the supports are often easily 

removed by being snapped off or dissolved. Unused materials are also often recyclable in 

AM. For example, in powder-based processes that require a full bed of powder regardless 

of how small the printed part is, any excess powder can be recycled and used in the next 

print. 

As with any new technology, additive manufacturing presents its own unique 

challenges in practical use. For example, layer adhesion is crucial to obtaining solid parts. 

If the layers do not bond well to one another, the resulting parts will have poor cohesion, 

low density, and low strengths. Also, as previously stated, any parts that have overhangs 

or angles steeper than 45° need a support structure to hold shape well during the printing 

process. Because parts are either soft or briefly molten during printing, these geometries 

would fall apart without extra vertical support. Lastly, as-printed surface finishes tend to 

be rough, and in some AM methods the parts are still soft when removed from the printer. 
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As such, it is common to surface polish or treat parts before use. Additionally, certain 

finer details such as threaded bolt holes may need to be machined after the fact, which 

adds both time and cost to the process.  

 1.2.1 Laser Powder Bed Fusion 

Laser powder bed fusion (LPBF) is the metal AM technique which creates 

materials by using a laser to melt layers of fine metal powders. In LPBF, a chamber is 

filled with powder stock, which is wiped onto a build plate by a rubber or metal roller or 

wiper. Once the build plate has been coated with powder, the desired layer’s geometry is 

melted by the laser. The build plate then lowers down, the powder chamber rises, and 

powder is wiped onto the build plate again so that the laser can melt the next layer. 

Because this process involves high temperatures and molten metals, printing is conducted 

in an inert gas environment. The most common shield gas for LPBF is argon, although 

different atmospheres such as hydrogen-argon mixtures and nitrogen have been used 

successfully as well [43]. The quality of the resultant parts is influenced by both the 

powder quality and the combination of printing parameters used. 

Powder quality refers to whether the powder has been spheroidized, the average 

particle diameter of spherical powders, and the number of prints that a given batch of 

powder has been used in. If powder is uniform and spherical, it will wipe across the 

powder bed and partially printed parts more smoothly and more effectively absorb laser 

power during melting [11, 44]. Conversely, if the powder is non-uniform and non-
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spherical, the wiping can be more erratic, and parts may not print as smoothly. While 

leftover powder can be recycled into subsequent prints, some studies show that repeated 

recycling can lead to increased average powder diameter and less uniformly spherical 

particles. These instances may lead to increased number of defects in printed parts and a 

decrease in material strength. The exact mechanisms behind this and effects on printed 

parts are debated, as conflicting results have been reported in the literature, but the 

distinction between fresh and recycled powder is worth noting [45–47]. 

Printing parameters are settings that can be changed per print and should be 

tailored to material and part shape. These include the laser power, laser speed, powder 

layer thickness, print pattern or scan strategy, shield gas, and laser hatch spacing.  

Among all these printing parameters, the design of the part must still be taken into 

account. Extremely thin pieces may be weak and fail to print. Large areas may become 

overwhelmed with heat and result in an over-melted, porous part. Certain geometries will 

need support structures. These kinds of considerations must be taken no matter what 

printing parameters are selected. Regardless of how fine-tuned a parameter set, care must 

still be put into part geometry to ensure ideal results. 

Energy density (𝐸௏) is the amount of energy put into a print and is calculated as a 

relationship between laser power (𝑃), laser speed (𝑉), hatch spacing (𝐻), and layer 

height (𝐿), and is represented as 
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𝐸௏ =
𝑃

𝑉 ∗ 𝐻 ∗ 𝐿
(1) 

LPBF prints need an ideal 𝐸௏ to have a favorable result [11], [48]–[51]. If the 𝐸௏ 

is too low, the powder will not be fully melted, and parts will have pervasive lack of 

fusion porosity and low density. However, if it is too high, then samples will be 

overheated and unstable, which also results in keyhole porosity. In either case, the part 

may simply fall apart before the print finishes or may complete printing but have low 

strength. Doing parameter studies with new alloys to tweak the 𝐸௏ and find its ideal range 

is subsequently vital for LPBF. 

During LPBF, powder is heated to its melting point and then rapidly cools every 

layer. Because of this, thermal gradients are created, and printed samples can have micro-

cracking due to internal stresses or balling defects due to high surface tension and 

viscosity [52, 53]. Tungsten, for example, is infamously well-known for cracking during 

additive manufacturing [10, 54]. Work has been done, with limited success, to suppress 

the micro-cracks either through alloying or the use of pre-heated build plates [40, 55]. 

1.3 Analysis 

Oxidation is a common concern for AM methods, especially ones like LPBF 

where materials are melted and then solidified. Oxygen impurities can weaken grain 

boundaries and reduce the overall strength of the part, as well as affect the atomic 

chemistry of a printed alloy.  
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Three-point bend (3PB) tests are tests in which a straight, rectangular piece of 

material is bent, either to a maximum angle or to failure, with three points of contact. 

Samples are set on two supporting points and are pressed down on from above by a third 

point in the center. The distance between the center points of the bottom two supports is 

called the span. Samples need to be a little longer than the desired span so that they can 

sit securely on the fixture even if they begin to bend significantly. The span, sample 

cross-sectional area, distance displaced, and maximum applied force can all be used to 

calculate the maximum bending stress. 

𝜎 =
3 ∗ 𝐹 ∗ 𝐿

4 ∗ 𝑤 ∗ 𝑡ଶ
, (2) 

 where F is the force, L is the bend fixture span between the bottom points, w is the 

sample width, and t is the sample thickness. The value of 𝜎 at failure corresponds to the 

bending strength of the specimen. 

Compression tests are tests in which some sample with known dimensions, with 

flexibility regarding sample geometry, is placed between two platens and compressed 

until failure at a given strain rate. The strain rate is based on the height of the specimen, 

rather than a set independent value. Compression tests are useful to determine if samples 

will simply crumble apart or if they will deform under pressure – and if so, how the 

deformation will look. The resulting force and displacement data, along with the sample 

dimensions, can be used to calculate engineering stress and strain as 
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𝜀 =
𝛥𝑙

𝑙
(3) 

and 

𝜎 =
𝐹

𝐴
, (4) 

where 𝜀 is the strain, 𝜎 is the stress, 𝑙 is the height, ∆𝑙 is the change in height caused by 

the displacement, F is the applied force, and A is the cross-sectional area of the sample. 

 From the engineering stress and strain plots, the Young’s modulus (or modulus of 

elasticity) and 0.2% yield strength can be found. In a stress vs strain plot, there will be a 

straight section of elastic deformation before the plot curves as plastic deformation 

begins. The slope of the straight line is the Young’s modulus. Using this slope, a parallel 

line may be plotted with an added offset of 0.002 strain. The intersection of this straight 

line and the plotted stress and strain graph will be the 0.2% yield strength. An example of 

this is shown in Figure 1. 
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Figure 1: Yield strength measurement diagram 

Grain orientation and size are important factors to consider when analyzing 

printed parts. Impurities like oxygen or carbon at the grain boundaries (GBs) can make 

GBs weaker, resulting in easier intergranular fracture and an overall weaker specimen 

[7]. While alloy strength depends on a number of factors, it is also generally noted that 
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refined grains lead to stronger and more ductile materials than those with large grains 

[56, 57]. This is because fractures must break through more GBs when the grains are 

smaller. Additionally, the GB structure can influence the brittleness of a material. It has 

been found that increasing the number of strong low-sigma GBs and reducing the number 

of weak random GBs can reduce brittleness [58]. 

Heat treatments are a form of post-processing for samples created by additive 

manufacturing. By their nature, additive processes often result in parts with internal 

stresses, microcracking, and porosity. This is nearly impossible to entirely suppress using 

alloying, pre-heating, or specific combinations of printing parameters alone. Because of 

this, samples will often be brought to elevated temperatures for extended periods of time 

with the intention of improving the as-printed material. Heat treatments can help improve 

ductility, encourage diffusion in poorly mixed alloys, increase strength, and seal thin 

cracks and small pores [28, 59]. 

SEMs work by creating a vacuum inside the chamber, and then shooting a beam 

of electrons at a sample. The intensity of the detected electron response is interpreted as 

depths, with different heights displayed as different brightness levels, which creates the 

image. These microscopes can take highly magnified and extremely detailed pictures. 

Additionally, when pairing an SEM with other detectors, several microscopy methods 

can be employed to help analyze and classify materials. 
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Energy dispersive spectroscopy (EDS) is a surface analysis tool which enables 

users to use an SEM to scan a material and obtain an approximation of the chemical 

composition of a sample. EDS works by exciting samples and obtaining the electron 

emission spectra. Because each element has a unique spectrum, the software is able to 

assign elemental identities to each emission line. It is often used in identifying unknown 

materials. EDS is also able to offer an estimation of the ratio of materials present, in 

percentages. However, because EDS scans have only shallow penetration into a sample’s 

surface, and because many elements have similar or partially overlapping emission 

spectra, the results are imperfect. They are best used as an estimation, rather than a 

quantitative report. 

Electron backscatter diffraction (EBSD) is another SEM method which can excite 

electrons to detect crystallographic information and detect grains. For EBSD, samples are 

tilted at a 70° angle. EBSD is able to detect the size of sample grains, as well as their 

crystallographic directions (110, 101, etc.) and grain misorientation angles. Samples with 

grain misorientation angles lower than 15° are said to have grains with low angle grain 

boundaries (LAGBs), which often hints at the presence of dislocations that can affect the 

properties. Samples with high angle grain boundaries typically do not depend on 

dislocations [60]. The method is also used to report on the crystalline structure of a 

sample. It can detect whether a sample is body-centered cubic (BCC), face-centered cubic 

(FCC), or something else, and can give an estimated percentage of each if samples are a 
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mixture of two or more. In order to properly carry out EBSD mapping, samples must be 

polished to a mirror finish and then etched. 

1.3 Research Questions 

Refractory metal alloys are of great interest currently for many applications, but 

many combinations have little to no reported data in the literature. One alloy space with 

little reported data is the W-Mo-Re area. In order to survey the area, varying amounts of 

each of the three metals were selected. First, two alloys composed of primarily tungsten 

were selected with 10 and 20 wt% rhenium respectively. Then, alloys composed of 

primarily molybdenum were selected by trading off the amounts of tungsten and 

molybdenum. Thus, the alloy 70W-20Mo-10Re also led to 20W-70Mo-10Re. Likewise, 

selecting the alloy 50W-30Mo-20Re led to 30W-50Mo-20Re. With this group of alloys, 

both tungsten-heavy and molybdenum-heavy materials were studied with varying 

amounts of rhenium, both above and below the rhenium softening threshold in 

molybdenum.  

The specific weight percentages of alloys were selected based on the ternary 

phase diagram of the tungsten molybdenum rhenium system, as plotted by the Thermo-

Calc software. Compositions were selected to remain within the BCC solid solution 

phase without including any sigma or HCP phases. The phase diagram is presented in 

Figure 2 below. 



16 
 

 

Figure 2: W-Mo-Re phase diagram (Thermo-Calc) 

Additionally, improvement of printed metal alloys by several different means is of 

great interest to those looking to employ the use of these materials. One such potential 

method is by use of additives such as nanoparticles, to refine grain sizes and improve 

alloy strength. For this research, 1 wt% of the nanoparticle hafnium carbide was added to 

each of the four base alloys, creating a total of eight alloys included in this study. 

The questions that this research addresses are as follows: 
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1. Can LPBF be used to successfully print strong refractory metal alloys? 

2. How does the W-Mo-Re ternary space behave as the composition is adjusted 

with respect to each element? 

3. How does the addition of a nanoparticle such as HfC affect the overall 

performance of the alloy? 

1.4 Methodology 

Four base alloys with varying amounts of tungsten, molybdenum, and rhenium 

were printed using LPBF, and then reprinted with an addition of 1 wt% hafnium carbide. 

Samples were sent out for a 1600°C heat treatment, and the microstructure of heat-treated 

and un-heat-treated samples was analyzed using SEMs and optical microscopy. Three-

point bend tests and compression tests were carried out on heat-treated samples. The data 

was used to calculate total elongation, yield strength, and the Young’s modulus for each 

alloy.  

1.5 Contributions 

This thesis classifies a largely un-studied alloy area, using a new and rapidly growing 

technology for the preparation method. While similar studies with other materials have 

been carried out, none of the data presented in this thesis can currently be found in the 

literature. Overall, this thesis accomplishes three things: 

1. Characterizes microstructure of a ternary space previously unstudied in metal 

additive manufacturing. 
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2. Reports the strengths of brand-new materials not found in the literature. 

3. Discusses the use of nanoparticles in unique additively manufactured refractory 

metal alloys. 

Not only does this work provide the items listed above, but it also lays the 

groundwork for future research in the field and offers data for comparison for further 

studies. 

II. METHODOLOGY 

2.1 Printing 

The tungsten powder used in this research was spherical, with an average particle 

diameter of 25μm, purchased from TEKMAT. The molybdenum powder was also 

spherical, with an average diameter of 45μm, from TEKMAT. The rhenium powder was 

non-spherical sieved with a 635 mesh, purchased from Rhenium Alloys, Inc. Lastly, the 

hafnium carbine nanoparticles were 800 nm, purchased from US Research 

Nanomaterials, Inc. The powders were measured out by weight percent (wt%) and then 

mixed for two minutes in a DAC 250.1 FVZ-K FlackTek, Inc. SpeedMixer before being 

loaded into the printer. 

Samples were printed using a Concept Laser Mlab Cusing 200R printer shown 

below in Figure 3. They were printed in a vertical orientation onto removable pucks 

inlaid inside of a steel build plate, shown below in Figure 4. The W-Mo-Re alloys were 

printed on copper pucks. However, early layers of the W-Mo-Re-HfC alloys had issues 
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with delamination and failed prints on the copper pucks, and so were printed on 

molybdenum pucks instead for better adhesion. The samples were printed with a nitrogen 

shield gas. The laser power was P = 200W, layer thickness was L = 20μm, hatch spacing 

was H = 50μm, and laser scan speed was V = 400mm/s. This set of parameters was 

chosen because preliminary prints of different parameters showed that this combination 

was ideal for printing tungsten molybdenum rhenium alloys. Once it was proven effective 

for one print, it was held constant for all eight alloys. Plugging the above information into 

Equation 1 results in an energy density of 𝐸௏ = 400 J/mm3. Samples were cut off the 

pucks with wire electrical discharge machining (EDM).  
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Figure 3: Concept Laser Mlab printer 
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Figure 4: Build plate modified for removable pucks, with copper and molybdenum pucks loaded 

 

Because identical prints with eight different alloys were carried out, samples were 

labeled to keep them distinguishable. The labeling convention used for this study was 

according to tungsten content, such that a sample with 20 wt% tungsten was labeled 2. 

Because the same alloys were printed with the addition of 1 wt% hafnium carbide, the 

alloys with the additive were labeled with a +, such that the alloy with 20 wt% tungsten 
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that contained hafnium carbine was labeled 2+. Complete alloy compositions for all eight 

materials are listed in Table 1. 

Table 1: Sample Labeling Conventions 

Label Composition 

2 20W-70Mo-10Re 

2+ 20W-70Mo-10Re-1HfC 

3 30W-50Mo-20Re 

3+ 30W-50Mo-20Re-1HfC 

5 50W-30Mo-20Re 

5+ 50W-30Mo-20Re-1HfC 

7 70W-20Mo-10Re 

7+ 70W-20Mo-10Re-1HfC 

 

There were two geometries of sample sets printed: cylinders for compressive 

tests, and rectangular bars for three-point bend tests. The compressive samples were 

printed with a height of 9.5 mm and a diameter of 6.25 mm. The micro three-point bend 

fixture had a minimum span of 4 mm, so the bars were also printed with a height of 9.5 

mm to keep the prints thermally uniform and to supply extra length for the samples to sit 

securely on the three-point bend fixture. Their cross-section was 2 mm by 4 mm. They 

are shown below in Figure 5. 
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Figure 5: Printed specimen dimensions 

2.2 Sample Preparation 

After being cut off the pucks, the samples were sent for heat treatment. The 

samples were heated at 2200°C for 6 hours at Rhenium Alloys, Inc. Heat treatments are 

useful for parts made by LPBF because they can help close cracks and encourage 

diffusion of materials that may not have mixed completely during the printing process. 

Heat treatments will often result in enlarged grain sizes, but not so drastically that the 

pros do not still outweigh the cons. Because tungsten and molybdenum are both prone to 
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cracking during AM processes, heat treatments are almost always necessary for alloys 

containing substantial percentages of either. Additionally, the different particle sizes and 

melting points of all three main materials lend themselves to poor mixing. As such, the 

heat treatment was also vital for homogeneity, which leads to stronger parts. 

The samples’ rougher surface finish, characteristic of LPBF, was removed using a 

Buehler EcoMet 300 grinder-polisher. A 240-grit paper was used to remove the bulk of 

the rough surface from the bend specimens’ two largest faces, shown in Figure 6, where 

force would be applied. Meanwhile the cylinders, shown in Figure 7, were ground with 

finer 400 grit papers. The lower rate of material removal was useful in ensuring that the 

parts remained rounded, without flat areas along the sides. For both the bend and 

compression specimens, grinding removed surface defects that could lead to potential 

crack propagation sites and skew failure load results.  
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Figure 6: An (a) un-ground and (b) ground three-point bend specimen 
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Figure 7: Compression specimens before and after crushing 

2.3 Testing 

Three-point bend testing was done on an MTS Acumen electric load frame 

equipped with an MTS micro three-point bend fixture. Three tests were done per alloy 

and averaged for the final result. The micro three-point bend fixture was set to its lowest 

setting, with a span of 4 mm. Tests were run until failure with a displacement of 0.01 

mm/s. Failure for these tests was defined as the specimen broke far enough that it was 

unable to sustain load. In most cases, this meant that the samples broke into two pieces. 

The load frame and three-point bend fixture are shown below in Figure 8. 
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Figure 8: MTS Acumen load frame; MTS micro three-point bend fixture 
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Compression tests were carried out on a 110-kip MTS load frame. One sample 

was crushed per alloy, with a displacement rate based on the height of the sample, to a 

maximum endpoint of 50% engineering strain. The load frame is pictured below in 

Figure 9. 
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Figure 9: MTS 110-kip load frame for compression 
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2.4 Analysis 

Fracture surfaces of broken three-point bend pieces were imaged in a TESCAN 

MIRA3 SEM. Images were taken at a working distance (WD) of 10mm, with view fields 

of 1000μm, 500μm, and 250μm. The beam intensity and high voltage (HV) were both set 

to 10W for imaging. The fracture surfaces showed grain size and in what fracture mode 

the specimens failed. Transgranular fracture is failure which passes through multiple 

grains, while intergranular fracture is failure which travels along the grain boundaries. 

Intergranular fracture is typically brittle and can be caused by weak grain boundaries [7]. 

Transgranular fracture can be favorable because of the indication that grain boundaries 

have been strengthened. Fracture surfaces can also show if there are any notable 

impurities such as oxides along the inner surfaces and can show if there was any ductility 

in the sample. 

Broken pieces of bend specimens were mounted onto carbon pucks using a 

MetLab METPRESS A automatic mounting press, as shown in Figure 10. Samples were 

ground to near-mirror finish using the following grit papers: 240, 320, 400, 600, 800, 

1200. Afterwards, they were polished using 9μm, 3μm, and 1μm MetaDi Supreme 

polycrystalline diamond suspension. 
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Figure 10: Pucked samples for microscopy 

Polished pucks of both the heat treated and un-heat-treated samples were also 

analyzed with optical microscopy, using a ZEISS inverted microscope. Images of the 

surfaces were taken, and the percent porosity was measured using ZEISS ZEN core 

software. After surface analysis, they were etched using 20% hydrogen peroxide and 

rinsed with isopropyl alcohol. Etched pucks were then imaged again to see the size, 

shape, and orientation of the grains. 

SEM images of the heat-treated samples to estimate grain size of the heat-treated 

samples. The method follows the standard, such that three lines are drawn across an 

image and the number of grains that it passes through are tallied up. A line passing 

straight through a grain was counted as 1 grain, while a line glancing through the border 
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of a grain was counted as 0.5 grains, and a line passing through a cluster of grain borders 

was counted as 2 grains. Images of the etched samples were used with high contrast 

settings in order to more accurately count the grains. An example of the method is shown 

below in Figure 17. 

EDAX software was paired with the SEM to take EDS maps of polished pucks 

and EBSD maps of etched samples. These helped determine resulting elemental 

composition, grain size, and grain orientation. Because of the varying melting points and 

particle sizes, there is always the possibility of some percentage of each material boiling 

off during melting, or certain areas having concentrated amounts of one element over 

another. EDS scans are therefore a good qualitative self-check, because they can estimate 

the composition percentage per material. The EDAX software lists different areas with 

different alloy compositions as separate phases, not to be confused with physical phases 

such as solid solution BCC, FCC, etc. The software is sensitive so that different phases 

may differ by small percentages. The EBSD scans provided a more accurate grain size 

analysis than the optical observation method, and also reported on the grain orientations 

and crystal structure of the samples. The SEM WD was once again 10 mm, and maps 

were taken with 1000 mm view fields. However, the beam voltage was set to 15W for 

EDS mapping, and 18W for EBSD mapping. 
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III. RESULTS AND ANALYSIS 

3.1 Top Surfaces 

 The top surfaces of the samples were analyzed in an SEM. They were imaged 

with 1 mm view fields, and examined for surface cracks, porosity, and weld track 

consistency. The results are shown below in Figure 11. Samples in the lefthand column 

are the base alloys, while samples in the righthand column contain hafnium carbide. They 

increase with increasing tungsten content as per the labeling system, from 2 to 7. 

Each of the samples display some level of microcracking, which is typical with 

additively manufactured tungsten and molybdenum. Because all the samples exhibit fine 

cracking, it is not an immediate concern. Many times, the cracking will not be present 

deeper into the sample below the surface, and the heat treatment should heal the majority 

of fine cracking. Porosity is relatively low. It is more prevalent in the hafnium carbide 

samples, namely the 2+ and 5+ samples. Aside from areas interrupted by pores or cracks, 

the weld tracks are consistent across the board.  
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Figure 11: Printed top surfaces 
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3.2 Pre-Heat Treatment Microstructure 

Because previous studies with similar materials displayed underwhelming 

strength in the as-printed state, no un-heat-treated samples were tested for strength in this 

research. However, one sample of each was held back from the heat treatment batch in 

order to study the microstructure and gauge the amount of improvement before and after.  

Samples were mounted in carbon pucks and ground into to see the microstructure 

beneath the surface, which can often differ significantly from the top surfaces. Figure 12 

shows the polished surfaces of the samples before heat treatment.  

In all of the un-heat-treated samples, porosity is generally low, and there is no 

notable cracking. On the contrary, the hafnium carbide samples display more notable 

porosity, and they all had pervasive side-cracking on the samples, which was deep 

enough to still be apparent on the polished surfaces. Additionally, the samples display 

clear lack of dispersion. The lighter spots are concentrations of metals, showing that the 

materials did not mix completely in the as-printed state. 
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Figure 12: polished surfaces of un-heat-treated samples 
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 The results from the un-heat-treated sample EDS maps are shown below in Figure 

13. These results back up the previous observation that the samples are generally not well 

mixed, as there are different stark phases of element-heavy areas spread sporadically 

across the surfaces of them all. They are generally composed of four or more phases, and 

many of them have pockets of concentrated phases that imply an area of unmixed powder 

with nearly 100% one of the three base metals.  

The estimated elemental percentages of each sample from the EDS map reports 

are compiled below in Table 2. Because the addition of hafnium carbide was so low that 

the software would likely report negligible amounts with high error, it is not estimated for 

the hafnium carbide samples. The percentages consistently show under-representation of 

rhenium. It is difficult to speculate why the rhenium content may be lower, although it 

could potentially have to do with the non-spherical powder not wiping as well, resulting 

in a slight imbalance in the alloy composition per wipe during printing. The percentages 

also consistently overestimate the amount of molybdenum in the base alloys and report a 

lower amount closer to or lower than was mixed for the hafnium carbide alloys. Again, it 

is difficult to pinpoint a cause, although it may be related to hafnium carbide’s high 

melting point. If the samples got hotter, it is possible that some amount of molybdenum 

was vaporized during printing. Regardless, the results are consistent, despite an imperfect 

mixing technique and use of non-spherical rhenium powder.  
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Table 2: Un-heat-treated EDS elemental percentages 

 

 Element wt% 

Alloy W Mo Re 

2 19.69 72.01 6.48 

2+ 22.43 68.93 5.65 

3 28.23 58.73 13.05 

3+ 35.4 50.72 13.88 

5 49.12 37.01 13.86 

5+ 54.79 30.6 14.61 

7 64.62 29.04 6.34 

7+ 77.77 15.32 6.91 
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Figure 13: EDS maps of un-heat-treated samples 
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Porosity measurements were also taken for the un-heat-treated samples, to 

compare to the heat-treated samples later on. Optical microscopy images were taken of 

the representative polished surfaces of the samples, and the ZEISS ZEN core software 

estimated the pore number and size relative to the image. An example of this result is 

shown in Figure 14, which uses sample 3. The areas marked in red are the pores, and the 

porosity is calculated in percentage of colored in pixels. The software tolerance has been 

adjusted to not include surface scratches. 
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Figure 14: Porosity measurement example using sample 3 

Results for all eight samples’ average porosity are shown below in Table 3. The 

samples generally have low porosity even before heat treatment, with five of the eight 

averaging at under 1%. However, samples 2+, 3, and 3+ were well above this, with 

sample 3 having nearly 4% porosity. 
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Table 3: Pre-heat treatment porosity percentages 

Alloy Average Porosity % 

2 0.629 

2+ 3.621 

3 3.788 

3+ 1.41 

5 0.244 

5+ 0.18 

7 0.797 

7+ 0.445 
 

3.3 Post-Heat Treatment Microstructure 

 When the samples returned from heat treatment, one of each was set aside for 

further microstructure analysis to compare to the un-heat-treated samples. The polished 

surfaces of the heat-treated samples are presented below in Figure 15. There is still 

relatively little notable porosity for almost all the samples, and the cracking which marred 

the hafnium carbide samples before has been severely reduced, as shown by the nearly 

healed crack in the 5+ sample. The 2+ sample also had sporadic porosity across the 

surface, despite the original sample having areas with little to none. It is possibly an 

outlier specimen, as it is worth noting that the strength data presented in sections 3.4 and 

3.5 do not exhibit an unusual weakness for that alloy. 
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 The other important takeaway from Figure 15 is that the samples appear to have 

much improved diffusion. There are no longer speckles of unmixed metals all throughout, 

which all of the samples displayed in Figure 12 had. The increased homogeneity would 

lead to higher strengths, which was the anticipated result and the motivation for getting 

heat treatment done before mechanical testing. 
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Figure 15: polished surfaces of heat-treated samples 
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 EDS maps were taken for the heat-treated samples as well, and readily reflect the 

improved diffusion observed in Figure 15. The EDS maps below in Figure 16 display 

much more homogeneity, with phases more consistently mixed throughout. In fact, five 

of the eight samples displayed only one phase, and only one displayed three. Despite the 

2+ sample exhibiting the least improved diffusion, there is still a notable improvement 

from before heat treatment in Figure 13, with four phases and pockets of concentrated 

phases. 

 The estimated alloy content of each sample’s EDS map is listed below in Table 4. 

The results are similar to those from the un-heat-treated samples. Again, the rhenium 

content is noticeably under-represented in all cases, and in most cases the molybdenum 

content is lower in the hafnium carbide samples than in the base alloy samples. It makes 

sense that there would be little difference between the results pre- and post-heat treatment 

because the heat treatments were intended to improve mixing and heal defects, not affect 

the elemental compositions. 

Table 4: Heat-treated EDS element percentages 

 Element % 

Alloy W Mo Re 

2 24.3 69.07 6.63 

2+ 26.95 66.51 6.53 

3 33.92 51.55 14.53 

3+ 37.25 48.41 14.34 

5 57.16 28.05 14.79 
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5+ 51.95 34.27 13.78 

7 75.08 17.27 7.68 

7+ 76.35 15.47 8.18 
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Figure 16: EDS maps of heat-treated samples 
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Porosity measurements were taken with the heat-treated samples as well. The 

results are presented below in Table 5. Generally, the trend is decreased porosity as 

compared to the un-heat-treated specimens, as expected. The exception to the 

improvement in this case is the 5+ sample, which now has notable porosity despite the 

original sample having little to none. While it is initially unclear if the un-heat-treated 

sample was unusually good or if the heat-treated sample is unusually poor, the strength 

data presented in sections 3.4 and 3.5 will shed light on the overall quality. 

Table 5: Heat treated porosity percentages 

 

 

 

 

 

 

Grain size analysis was done with etched samples using SEM images with high 

contrast settings to better show the grains. An example of the line counting method is 

shown below in Figure 17 using a 5 sample. Because the grain sizes varied greatly, the 

three lines’ results were averaged for a more accurate estimation. The average number of 

grains per line was found and then divided by the view field to calculate grain size. 

Alloy Average Porosity % 

2 0.431 

2+ 2.881 

3 0.975 

3+ 0.628 

5 0.413 

5+ 1.113 

7 0.542 

7+ 0.855 
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Figure 17: Grain size counting method 

The results from the grain size estimation analysis are listed below in Table 6. 

Across the board, the grain sizes for the hafnium carbide samples were larger than their 
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base alloy mates, sometimes by nearly double. For the samples with 20 wt% and 70 wt% 

tungsten, the grain sizes are smaller than in the ones with the intermediate amounts of 

tungsten. This is most notable in the base alloys 2 and 7 but holds up to a less notable 

extent in the hafnium carbide 2+ and 7+ alloys as well. The link appears to be the 

rhenium content, because the 2 and 7 samples contain 10 wt% rhenium, while the 3 and 5 

samples contain 20 wt% rhenium. Grain size tends to increase with increasing rhenium 

content.  

Table 6: Average grain size per alloy 

Sample Average Grain Size (μm) 

2 50.4 

2+ 116.8 

3 93.9 

3+ 141.4 

5 73.4 

5+ 127.2 

7 53.2 

7+ 88.9 
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3.4 Three-Point Bend Data 

 Bend data was calculated with three replicates per alloy and the resulting stress 

and strain values were averaged. The results from the base and hafnium carbide alloy 

tests are listed below in Table 7 and Table 8 respectively.   

 The base alloys exhibit moderately low strain to failure, which decreases with 

increasing tungsten content. This is the expected result, as tungsten is a brittle material at 

room temperature, and molybdenum can be somewhat ductile at room temperature.  

The average yield strengths start out lower than that of pure tungsten at room 

temperature (750 MPa) but are notably higher than rhenium and molybdenum (290 and 

400 MPa respectively). With increasing tungsten content, there is initially an increase in 

yield strength, and then a decrease which leads to a steep drop-off with the 7 samples. If 

the samples are analyzed in terms of rhenium content instead, the results are clearer. 

Rhenium’s aforementioned softening effect in molybdenum occurs up until around 20 

wt%, at which point it hardens and strengthens the material instead. Thus, the two alloys 

with 20 wt% rhenium are stronger than those with only 10 wt%, which are still in the 

softening region. 
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Table 7: Base alloy three-point bend strength and strain data 

Alloy 
Failure Strain 

(-) 
Average Failure 

Strain % Strength (MPa) Average Strength 

2 0.180654 

17.5629264 

591.7055434 

572.9896275 

2 0.164929 529.3761009 

2 0.181305 597.8872382 

3 0.196698 

17.1646638 

692.1250128 

677.8594328 

3 0.154212 759.3528785 

3 0.16403 582.1004071 

5 0.130258 

13.7630052 

561.9196594 

532.9729834 

5 0.141652 481.9538397 

5 0.14098 555.0454509 

7 0.079502 

8.8194595 

292.3045964 

305.9936068 

7 0.104355 329.1017874 

7 0.080727 296.5744367 
 

 For the hafnium carbide samples, the trends are less clear. The failure strains do 

not continually decrease with tungsten content, as the 7+ samples had higher failure 

strains than the 5+ samples. Likewise, because molybdenum content directly decreases 

with increasing tungsten, there is no trend there. There could potentially be a correlation 

between the rhenium content, as the two samples with higher rhenium (3+ and 5+) had 

the lower failure strains, but by a small margin. 

 The yield strengths for these samples are notably lower, maxing out at lower than 

molybdenum’s yield strength. Rather than increasing with tungsten content, the strength 

instead decreases sharply, up until the 7+ samples where it increases again. This time, the 
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two strongest values are for the samples with the most molybdenum (2+ and 3+), rather 

than the higher rhenium.  

Table 8: HfC alloy three-point bend strength and strain data 

Alloy 
 Failure Strain 

(-) 
Average Failure 

Strain % Strength (MPa) Average Strength 
2+ 0.113398 

11.4182834 

332.4313703 

371.4026951 

2+ 0.108085 436.114452 

2+ 0.121066 345.662263 
3+ 0.127578 

11.1557127 

342.2906036 

344.410764 

3+ 0.117566 364.0612712 

3+ 0.089528 326.8804173 
5+ 0.089415 

7.5371175 

216.9502262 

213.0173349 

5+ 0.062398 216.3657696 

5+ 0.074301 205.736009 
7+ 0.092794 

11.5066846 

278.8390099 

293.2951155 

7+ 0.127981 385.5079981 

7+ 0.124425 215.5383386 
  

 The average strength values are plotted for both the base and hafnium carbide 

alloys below in Figure 18. As discussed from the data tables, the two alloy sets exhibit 

opposite trends. Although this was initially unexpected because hafnium carbide was 

reported to strengthen grain boundaries and encourage transgranular fracture in 

molybdenum, it may be explained by the presence of rhenium in the alloy. While 

hafnium carbide is known to assist with high temperature tension strength in 

molybdenum-rhenium alloys, it was noted to cause some embrittlement at lower 

temperatures [42], and these tests were carried out at room temperature.  
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 There is some discussion to be had on potential outliers, and how they might have 

affected the data. For example, of the 3 samples, the individual strength values from the 

bend tests were 692, 759, and 582 MPa. Also, of the 7+ samples, the individual strengths 

were 279, 386, and 216 MPa. With such a large variation between the three values in 

some of the sets, it is possible that one of them may, due to some cause such as a defect, 

may be abnormally stronger or weaker, and not representative of the material. While it is 

impossible to say for sure which, if any, would be the outliers, it can be helpful to keep in 

mind when observing the trends. If the strongest of the 7+ samples was removed, which 

was over 100 MPa stronger than the other two in its set, the below curve would look very 

different. 

 

Figure 18: Average three-point bend stresses 
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 Broken pieces of the bend specimens were imaged with an SEM to observe 

fracture mode and microstructure. Fracture surfaces are presented in Figure 19 below.  

The grains are visually larger in the hafnium carbide specimens than in the base alloy 

specimens. Also, the grains are notably more refined in the 2 and 7 samples.  

The more polygonal shapes that dominate specimens like samples 5 and 7 are 

intergranular fracture. These specimens broke along the grain boundaries, which is 

indicative of brittle fracture. However, the flatter, more textured regions especially 

obvious in parts of sample 2 and 3+ show transgranular fracture. These breaks went 

straight through grains, which is indicative of more ductile fracture, and typically of 

stronger grain boundaries. There are slightly more areas of transgranular fracture visible 

in the base alloy samples than in the hafnium carbide samples, which explains why the 

base alloy samples had slightly higher strains than the hafnium carbide ones did. 
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Figure 19: Bend test fracture surfaces 
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 A representative fracture surface from each alloy was imaged in sections to 

estimate the percentage of transgranular fracture. Because the samples had cross sections 

of 2x4 mm, they were sectioned into eight 1 mm view field images. An example of the 

measurements is shown below using a 3 sample in Figure 20. The combined percentages 

are reported in Table 9 below. In the base alloys, the trend is clear. As the tungsten 

content increases, the percentage of transgranular grains decreases. In these alloys, it 

appears to be linked to higher molybdenum content. However, in the hafnium carbide 

samples, the trend is less obvious. There is not a clear pattern, although it is worth noting 

that, while most base and hafnium carbide sample partners had similar percentages, the 

7+ is markedly higher than the 7.  

 As compared to the bending strengths listed in Table 7 and Table 8, the 

percentage of transgranular grains in the base alloys appear to roughly follow the 

reported strengths. The molybdenum-heavy samples are both the stronger samples and 

the samples with the higher proportion of transgranular grains. Meanwhile, the hafnium 

carbide samples follow a similar trend shape, but the strongest sample (the 2+) has the 

second lowest percentage of transgranular grains. The association of strengths and 

transgranular grains is less apparent in these alloys than in the base alloys. 
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Figure 20: Transgranular area measurement 
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Table 9: Percent transgranular grains 

Sample Percent Transgranular 

2 15.97 

2+ 10.71 

3 14.51 

3+ 11.29 

5 5.84 

5+ 9.49 

7 2.87 

7+ 13.57 
 

It is also possible to see the distribution of hafnium carbide nanoparticles at the 

grain boundaries on the fracture surfaces. A compilation of the nanoparticles in the 

hafnium carbide samples is shown below in Figure 21. The distribution is consistently 

spread out, and not concentrated in one place, which is ideal. 
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Figure 21: HfC distributions on fracture surfaces 

 



61 
 

3.5 Compression Data 

 Cylindrical specimens for each alloy were also crushed to obtain the Young’s 

modulus and compression yield stress. Results from these tests for the base and hafnium 

carbide alloys are listed in Table 10 and Table 11, respectively. 

 The base alloy Young’s modulus increases steadily with increasing tungsten 

content, before dipping slightly for the 7 sample. Based on the alloy content per sample, 

this does not appear to be directly linked with the amount of tungsten, molybdenum, or 

rhenium. The sample with the highest Young’s modulus for this set was the 5, at 345.92 

GPa. Comparing the moduli to the failure strains noted in the bend test data, they appear 

to have an opposite relationship. As the tungsten content increased in the bend 

specimens, the failure strains decreased. However, as the tungsten content increased in 

the compression specimens, the Young’s moduli generally increased. 

The 0.2% yield strength follows a similar trend to the three-point bend test data. 

The strengths are similar, if a little bit lower, and they increase before dropping off again 

with the 7 sample. The strongest sample for this set was the 5, at 583.88 MPa. In 

comparison, the strongest sample for the bend data was 3, at 677.86 MPa – a roughly 94 

MPa difference. 

Table 10: Base alloy compression data 

Alloy 
Young's Modulus 

(GPa) 
0.2% Yield Stress 

(MPa) 

2 109.199 418.27 
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3 246.52 478.25 

5 345.91 583.88 

7 318.61 390.94 
 

 The hafnium carbide alloys follow a more similar pattern to the base alloys than 

to the bend data’s hafnium carbide alloys. Once again, the strengths are lower than that of 

the base alloys, up until 7 and 7+ alloys, where the hafnium carbide sample was stronger 

by roughly 107 MPa. 

 The Young’s modulus follows no clear pattern regardless of which base metal 

content it is measured by. However, it is worth noting that the 7+ sample has a notably 

higher modulus of elasticity than the others, more than double the second highest value. 

In comparison to the base alloy Young’s modulus results, while the 2+ is higher than the 

2, the rest of the values are much lower than the base values. This follows with the bend 

test results that showed the hafnium carbide samples exhibiting lower failure strains. 

However, these alloys do not show the roughly opposite behavior that the base alloys did 

between the Young’s moduli and failure strains. Where the failure strains were generally 

the same except for the lower 5+ sample, the compression test elastic moduli vary 

greatly, and the 2+ has the lowest modulus. 

Table 11: HfC alloy compression data 

Alloy 
Young's Modulus 

(GPa) 
0.2% Yield 

Stress (MPa) 
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2+ 120.68 212.82 

3+ 171.73 412.7 

5+ 148.38 471.2 

7+ 296.65 497.93 
 

 As a comparison for the compression data, specimens of W-25Re and W-25Re-

1ZrO2 were also broken. The samples were prepared in the exact same manner as the W-

Mo-Re samples were, for consistency. The results of these tests are shown in Table 12. 

W-25Re is a very strong material, and thus a good benchmark comparison for the 

strength of the ternary alloys. The addition of the nanoparticle in this case did as expected 

and increased the yield strength of its alloy. However, the Young’s modulus was notably 

lower with the nanoparticle additive than without. The only ternary that was close to the 

same yield strength was 5, at 583.88 MPa versus W-25Re’s 671.23 MPa and W-25Re-

1ZrO2’s 696.89 MPa. 

Table 12: W-Re and W-Re-ZrO2 comparison 

Alloy 
Young's Modulus 

(GPa) 
0.2% Yield Stress 

(MPa) 

W-25Re 314.22 671.23 

W-25Re-
1ZrO2 218.54 696.89 
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 Average yield stresses were plotted versus tungsten content for the compression 

data as well. The trends here in Figure 22 are very different from those observed in the 

three-point bend testing. The base alloy curve is similar, although with 5 being the 

strongest sample as opposed to 3. However, the hafnium carbide curve has opposing 

behavior. While the bend test results showed a concave sort of relationship where the 

strength decreased and then increased again, the compression data shows that the strength 

started out low, jumped to nearly double the strength with the next alloy, and then 

continued to steadily increase at a much more reserved rate. Although there are fewer 

samples to compare for the compression tests, it is once again possible that outlier 

specimens could be affecting the data, which could help explain some of the less clear 

trends, especially the notably strong 7+ sample. 
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Figure 22: Average compression stresses 

 The crushed samples were also loaded into pucks and polished for SEM analysis, 

to observe any potential differences between the microstructure before and after crushing. 

The maps are presented below in Figure 23. As expected, they look similar to the un-

crushed maps from Figure 16. However, the previously visible grains are now notably 

flattened. Additionally, the un-crushed samples displayed only three of eight alloys with 

multiple phases, and only one of the three had three phases, while the other two only had 

two phases. The crushed samples in Figure 23 show that four of the eight samples read as 

multi-phase, with two of them having three or more phases. 
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Figure 23: Crushed sample EDS maps 

3.6 EBSD 

 EBSD maps were taken of each of the polished, etched base alloy samples. The 

EBSD maps reported on the grain size across the samples, showed the distribution of 

grain orientations, and noted the material structure, which confirmed that the samples 

were BCC as predicted.  
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 Three maps were taken of each specimen in order to lessen error. One map of 

each of the base alloys is shown below in Figure 24. In binary tungsten-molybdenum 

alloys, grain size tends to refine with increasing tungsten content [61]. Additionally, 

alloying other metals with molybdenum tends to decrease its grain sizes [15]. However, 

the addition of rhenium appears to have enlarged grains with increased concentration. As 

observed in the previous grain calculations, the samples with 20 wt% rhenium exhibit 

visibly larger grain sizes than those with only 10 wt% rhenium. Additionally, the lack of 

large concentrations of similarly colored grains shows that there were no strong 

orientation preferences amongst the grains in any of the samples. 
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Figure 24: EBSD maps for base alloys 

 The average grain sizes are presented in Table 13. The estimations made by hand 

using the line method are compiled in Table 6 and follow the same trend but are generally 

smaller than the software measurements from EBSD. For example, the largest grains for 

both groups are those of the 3 samples, but the line calculations read 93.9 μm while the 

EBSD results read 159.84 μm. The difference could simply be a matter of which areas of 

the pucks were used to measure, or perhaps using more lines with the by-hand method 

would have reported numbers that more closely reflect the EBSD full-picture averages. 
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Table 13: Average grain size from EBSD 

Sample Average Grain Size (μm) 

2 75.07 

3 159.84 

5 140.95 

7 51.97 
 

 The EBSD software also had the option to reanalyze the EBSD maps to show 

maps of the kernel grain misorientations (KAM). The KAM maps are presented in Figure 

25 below. The maximum selected misorientation angle was 5°, which would be shown in 

red. The overall misorientation was quite low, at mostly 0-2°, shown by the blue and 

green cool-colored maps. There are several instances of 3° misorientations, but few to no 

instances of 4-5°. 
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Figure 25: Base alloy grain misorientations 

3.7 Implications of Results 

 There are several points to keep in mind when considering the results of the data 

presented in this thesis. By the nature of three-point bend tests, samples will fail near the 

center of their spans, on the outer surface that is experiencing tension. Due to this, the 

presence of any surface defects can affect the results. Also, because only three samples 

were tested per alloy, there is still some uncertainty in the averaged strengths. As 

discussed, there was variation between the sample sets from the bend tests, with some 
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samples having a difference of over 100 MPa from the others. Because there was not a 

larger number of samples tested, one cannot accurately determine which samples, if any, 

are the outliers, and thus cannot simply reject specific data points. More tests would need 

to be run to make more definitive statements. 

 Additionally, although the compression tests have fewer uncertainties than three-

point bend tests and are thus more reliable, it is still worth noting that only one specimen 

was tested per alloy. Thus, while the compression tests are reliable in and of themselves, 

if any sample was poorer quality due to some printing defect, the results could be 

impacted. Future testing can and should be carried out to confirm and further expand on 

the information reported here. 

IV. SUMMARY AND CONCLUSIONS 

4.1 Summary 

 The tungsten molybdenum rhenium ternary space was explored using four alloys 

with varying amounts of each element, and four alloys with an additional 1 wt% HfC. 

Samples were printed using the LPBF technique. Microstructure on both un-heat-treated 

and heat-treated samples was characterized by polishing samples for microscopy. Heat 

treated samples were subjected to both three-point bend and compression tests to gauge 

their performance. 

 This work showed that metal additive manufacturing is a viable method for 

printing refractory metal alloys. The printed alloys had some defects such as cracks and 
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poor diffusion, which were largely eliminated through heat treatment. The heat-treated 

samples had favorable strengths, with up to 677.86 MPa in bending and up to 583.88 

MPa in compression. The addition of hafnium carbide had an overall negative impact, 

with higher porosity, more cracking, and lower strengths. Different amounts or a different 

nanoparticle altogether may yield better results in further studies to come. 

4.2 Conclusions 

Tungsten molybdenum rhenium ternary alloys printed using laser powder bed 

fusion were shown to have fairly low porosity, some visible cracking, and consistent 

heterogeneity with spots of concentrated elements that speaks to poor mixing. The 

samples that underwent heat treatment generally resulted in lower porosity, healed 

cracking, and improved diffusion throughout. All of these help improve the strength of 

the samples. 

Three-point bend tests of the samples showed a general increase and then 

decrease in strength with the base alloys, but a decrease and then increase in strength for 

the hafnium carbide samples. The strongest sample was sample 3 with a 677.86 MPa 

yield strength. Meanwhile the weakest sample was sample 5+ with only 213.02 MPa 

yield strength. The failure strain of the samples generally decreased with increasing 

tungsten content, as the materials grew more brittle. The largest failure strain was from 

sample 2 at 17.65% strain. The smallest failure strain was from sample 5+ at 7.54% 

strain.  



73 
 

The compression tests, on the other hand, showed similar trends with the base 

alloy, but exhibited different behaviors with the hafnium carbide alloys. In this case, the 

strongest sample was sample 5 at a 0.2% offset yield of 583.88 MPa, and the weakest 

was sample 2+ at 212.82 MPa. The base alloys’ highest Young’s modulus was for the 5 

sample, at 345.92 GPa. The hafnium carbide alloys’ values were notably lower, with the 

highest being the 7+ sample, at 296.65 GPa. 

Increased rhenium content led to larger grains and higher strength overall. The 

compressive strength shows this most starkly, but the bending strengths are also higher 

for the median alloys. It may also be due to the 2 and 7 alloys being skewed 

predominantly towards molybdenum and tungsten respectively, both of which are brittle 

materials, instead of a more even mix of the three. 

The addition of the hafnium carbide nanoparticle shifted the trends but was near-

universally weaker. In three-point bending, its strongest sample (2+) was stronger than 

only the weakest of the base alloy samples (7), by a difference of roughly 65 MPa. It also 

appeared to embrittle the materials slightly, as the hafnium carbide samples generally 

showed somewhat lower strains and Young’s moduli.  

The grain sizes of the base samples were visibly more refined than those with 

hafnium carbide inclusions. Hand calculations estimated that the hafnium carbide 

samples were nearly double the size. Within both sets of samples, the grain sizes were the 

largest for the samples that had 20 wt% rhenium and were more refined in the samples 
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with only 10 wt% rhenium. The base alloy samples were analyzed by EBSD for more 

accurate grain size results. The scans confirmed that the 3 and 5 samples had the largest 

grain sizes, while the 2 and 7 had the most refined grains. The EBSD scans also 

confirmed that the material had BBC structure, and that grains had very low 

misorientation angles, of 0-3 degrees in general. 

4.3 Contributions 

 This work provides several contributions to the sea of literary knowledge. These 

are: 

1. Characterizes microstructure of a ternary space previously unstudied in metal 

additive manufacturing. 

2. Reports the strengths of brand-new materials not found in the literature. 

3. Discusses the use of nanoparticles in unique additively manufactured 

refractory metal alloys. 

First, this work gives unique insights into the use of metal additive manufacturing 

for refractory metal alloys, the viability of the tungsten molybdenum rhenium ternary 

space, and the effects of additions of nanoparticles like hafnium carbide. It reports on the 

creation and resultant microstructure with characteristics distinctive to additive 

manufacturing processes. It has been shown that heat treated W-Mo-Re and W-Mo-Re-

HfC samples created through LPBF can have little to no porosity, healed cracks, and 

homogeneous diffusion. 
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Second, the mechanical testing results were given. The characterization and 

strength data for these alloys was previously unreported and has now been studied in a 

multitude of ways. These alloys can have bending strengths of up to 677.86 MPa and 

compression strengths of up to 583.88 MPa. 

Third, it was shown that the addition of 1 wt% hafnium carbide weakened and 

embrittled the alloys, with a maximum bending strength of 371.40 MPa and a maximum 

compression strength of 497.93 MPa. Thus, the hafnium carbide addition was either 

insufficient or too great. With this information now reported in the literature, the 

groundwork has also been set for continued study moving forward. 

4.4 Future Research 

In order to gain a true, complete understanding of this alloy space, different 

compositions of the tungsten, molybdenum, and rhenium should be printed. Because 

refractory metal alloys are typically desired for use in high-temperature applications, the 

alloys should be tested at elevated temperatures. The high-temperature strengths most 

likely exhibit different behaviors than room temperature. Classifying a wider variety of 

alloys at a range of temperatures will be vital for establishing a true understanding of the 

ternary space. Also, varying the energy input may yield a stronger parameter combination 

for developing the alloy using LPBF. 

Heat treatments are significant for additive manufacturing methods, especially 

ones like laser powder bed fusion, where nearly every print will have some amount of 
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internal stresses, microcracks, or porosity. In order to ensure the ideal strength and 

performance of these alloys is found, different heat treatments should be investigated. 

Heating for longer amounts of time or at different temperatures could provide different 

results. Other heat treatment methods such as HIP may also yield important results. 

Additionally, more research must be done to understand the effects of 

nanoparticles on refractory metal alloys. Experiments should be conducted with both 

more and less hafnium carbide, as well as other nanoparticles such as zirconium oxide or 

boron nitride, to help illuminate the unexplored space. 
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APPENDIX 

 When averages of several image measurements were used for calculations but 

only one was shown in the body of the paper for conciseness, the rest of the images are 

listed in the appendix, except for the sixty-three remaining transgranular grain images, 

available upon request. 
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Figure A 1: Sample 2 porosity 
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Figure A 2: Sample 2+ porosity 
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Figure A 3: Sample 3+ porosity 

  



81 
 

 

Figure A 4: Sample 5 porosity 
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Figure A 5: Sample 5+ porosity 
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Figure A 6: Sample 7 porosity 
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Figure A 7: Sample 7+ porosity 
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Figure A 8: Sample 2 EBSD 1 
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Figure A 9: Sample 2 EBSD 3 
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Figure A 10: Sample 3 EBSD 1 
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Figure A 11: Sample 3 EBSD 3 
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Figure A 12: Sample 5 EBSD 1 
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Figure A 13: Sample 5 EBSD 2 
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Figure A 14: Sample 7 EBSD 1 
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Figure A 15: Sample 7 EBSD 2 
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