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Abstract: 

Zirconium carbide (ZrC) is an ultra-high temperature ceramic with a melting temperature above 
3000 °C and a broad range of high temperature applications. Given the high melting and sintering 
temperatures of pure ZrC, producing near-net shape and fully dense parts remains challenging with 
conventional techniques. In this study, we investigate the fundamental laser-material interactions 
of ZrC under laser powder bed fusion (LPBF) additive manufacturing (AM) conditions. 
Normalized enthalpy, a scaling law term that is used in welding and AM literature for detailing 
laser-material interactions in metallic alloys, was calculated to determine the predictive 
capabilities of melt pool features in ZrC. The melt pool quality of laser irradiated ZrC was used to 
compare LPBF relevant laser parameter combinations of laser power, scan speed, and beam 
diameter. Laser build parameters that resulted in desirable melt pool morphologies were applied 
to the fabrication of ZrC coupons using LPBF AM. A custom LPBF system was used to determine 
hatch spacing and layer height parameters that resulted in a fabricated sample with a density of 
85% as measured by Archimedes and a Vicker’s microhardness of 20.9 ± 1.9 GPa. This 
investigation reveals the laser-material interactions of ZrC under AM relevant conditions and is 
the first step towards LPBF fabrication of ZrC parts. 

Keywords: zirconium carbide; laser powder bed fusion; ultra-high temperature ceramics; 
additive manufacturing; normalized enthalpy 

1. Introduction 

Zirconium carbide (ZrC) possesses the best combination of low density (6.64 g/cm3) and high 
melting temperature (3420 °C) of the materials classified as ultra-high temperature ceramics 
(UHTCs) [1], [2]. Additionally, ZrC has superior bend strength compared to titanium and hafnium 
carbides [3], which makes it an ideal candidate for high temperature structural applications. Its 
small neutron absorption cross-section, high temperature stability, resistance to attack from fission 
products, and high thermal conductivity at elevated temperatures also make ZrC a desirable 
material for nuclear reactors [4]. Potential applications for ZrC include rocket engine and nozzle 
components that operate in thermal environments up to 3000 °C [2], structural materials for energy 
production [5], [6] and nuclear thermal propulsion [7], among other extreme environment coating 
applications [1].  

Manufacturing of ZrC components is primarily a powder metallurgy process, with the dominant 
process methodology being hot-pressing sintering [8], [9]. Hot-pressing is a sensitive process that 
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can result in varied final part densities; the maximum sample density observed in a study was 
98.1% after hot-pressing and sintering at 2300 °C for 60 min at 40 MPa [9]. Insufficient part 
density can degrade the structural properties of ZrC [10]. Increased density can be achieved 
through the addition of sintering aides such as vanadium carbide, but the melting temperature of 
the composite is less than pure ZrC and diminishes its use in high temperature applications [11]. 
More recent work has explored using advanced manufacturing processes such as electric field 
assisted sintering (EFAS) [12], [13], [14] and binder-jet additive manufacturing (AM) [15]. The 
use of EFAS significantly reduces sintering times, but the density realized using EFAS remains ~ 
98% [12] and components produced by this method lack geometric complexity. Binder-jet AM 
enables more geometric complexity, but densification is limited because the binder introduces 
porosity that is difficult to overcome through conventional sintering. Recently, Mireles et al. 
reported using binder-jet AM and post-process sintering to achieve 54% total density in ZrC 
components, which was just below the goal of producing 60% dense samples to take advantage of 
the change in thermal conductivity with porosity [15].  

Laser powder bed fusion (LPBF) AM is a promising candidate for processing ZrC to avoid the 
requirement of post-process densification by high temperature sintering and for its ability to 
manufacture components with geometric complexity. Silicon carbide, another  covalent ceramic, 
has also been studied for use in LPBF processes [16]; the studies primarily use additives like silicon 
[17], [18] and epoxy resins [19], [20] to form Si/SiC composites. In the studies of SiC, the laser-
material interactions are shown to only partially sinter the SiC particles together and a post-
processing infiltration, reaction sintering, and/or isostatic press is required to improve part density 
[21]. The high temperatures afforded by LPBF and previous examples of melting materials such 
as tungsten [22], [23] and the aforementioned SiC show that reaching the liquidus temperature of 
ZrC is attainable with the proper laser parameters. 

The LPBF process relies on melting small regions of powder material serially to form the resulting 
part, which introduces high thermal cycling as the material melts and rapidly solidifies many times, 
conditions that have not been studied in ZrC. A previous laser-based study using longer heating 
and cooling cycles with rates on the order of 105 K/s showed phase segregation of the material 
with the liquidus ZrC resolidifying to ZrC or a ZrC + graphite eutectic [24]. The thermal cycling 
in LPBF also makes processing materials with high ductile-to-brittle transition temperatures 
(DBTT) difficult. Cracking has been a significant challenge in the LPBF community for tungsten 
[22], [25], [26], [27], [28], [29] and other ceramics such as zirconia [30], [31]. The DBTT for 
polycrystalline ZrC0.94 was found to be ~ 1200 °C, based on compression tests by Darolia et al. 
[32]. This DBBT is higher than tungsten, and therefore a major challenge for fabricating ZrC 
material via LPBF. In the tungsten literature, Müller et al. were able to increase bulk density and 
reduce crack density in parts with a build plate preheating temperature of 1000 °C [25]. An 
alternative method for preheating during fabrication to reduce cracking is using a secondary heat 
source on the surface of the powder, rather than heating the substrate. This method was used for 
zirconia-alumina powder blend, where Wilkes et al. used a CO2-laser to preheat the surface 
temperature to 1600 °C [30]. Liu et al., manufactured yttria-stabilized zirconia by preheating the 
powder surface with an Nd-YAG laser up to temperatures as high as 2500 °C and still had cracking 
issues while achieving densities as high as 91% [31]. Preheating build plates in LPBF to 



temperatures greater than 1000 °C and integrating a secondary laser were not pursued in the current 
study. Therefore, understanding basic laser-material interactions is a necessary and critical step in 
the onboarding of new materials, such as ZrC, for fabrication via LPBF AM.  

Multiple approaches are used to develop parameters in the LPBF and AM communities: where 
purely experimental determination is used [33], [34]; solely computational methods based on a 
number of different thermal modeling techniques both complex [23], [35], [36] and relatively 
simple models [37], [38], [39]; and  mixed modes where small-scale experiments are used, such 
as single-tracks, with computational models [40], [41]. A common way to examine the process 
parameters used is through plotting of process parameter maps that show regions of successful and 
unsuccessful parameters [42], [43]. Process parameter maps can be useful starting points for 
manufacturing the same or similar alloys, although parameters can vary widely based on the LPBF 
system used [44]. This study is a first step in determining the processing parameters necessary to 
manufacture ZrC via LPBF AM and highlight the necessary next steps towards making structurally 
robust components. In this study, single-tracks were fabricated over a wide range of potential 
LPBF process parameters, which were informed by analytical normalized enthalpy calculations. 
After refining the process parameters and further experimental iteration and characterization, 85%-
dense ZrC samples were fabricated via LPBF, demonstrating a pathway towards using LPBF as a 
processing route for complex geometry ZrC components. The fabricated coupons possessed 
Vicker’s microhardness equivalent to single crystal ZrC without post-processing. Future 
implementation of build plate heating or secondary heat sources at the build location have the 
potential to improve builds by relieving residual stress and mitigating cracking in the material, as 
demonstrated in the development of tungsten [25], [29].   

 

2. Materials and methods 

2.1 Normalized enthalpy 

There are many parameters that effect print quality in LPBF and reducing the dimensionality of 
this parameter space can be accomplished by combining simple process parameters such as power 
(P, W), scan speed (v, mm/s), hatch spacing (h, µm), and layer height (l, µm) into a single variable 
that is plotted against print quality metrics, such as density (ρ) or melt pool dimensions. Popular 
variables in the literature include linear energy input (J/mm), EL = P/v, and volumetric energy 
density (J/mm3), EV = P / (v*h*l) [45]. These widely used solutions are independent of material 
properties and not transferrable between material systems. Therefore, analytical solutions such as 
normalized enthalpy (∆𝐻𝐻/ℎ𝑠𝑠) have been developed as predictive tools: 

∆𝐻𝐻
ℎ𝑠𝑠

=
𝐴𝐴𝐴𝐴

ℎ𝑠𝑠√𝜋𝜋𝐷𝐷𝐷𝐷𝜎𝜎3
 (1) 

  
where laser absorptivity (A), thermal diffusivity (D), and the enthalpy of melting (hs) are all 
material dependent variables. Gaussian beam diameter using the D4σ definition (σ, µm), P, and v 
are all laser parameters. The calculations and implementation of the normalized enthalpy material 
variable is further described in [46], [47], [48], [49]. Note that this analytical solution does not take 



into account the change in laser absorptivity or material properties with varying temperature, and 
room temperature properties were used here. 

2.2 LPBF experiments 

The single-track experiments for investigation of the LPBF process in ZrC were performed on 
sections of a 99.5% pure, 0.125 in. thick ZrC sputtering target (Stanford Advanced Materials). The 
sputter target was measured to be 60% dense using image thresholding analysis of a cross-
sectioned area. Laser power, scan speed, and Gaussian beam diameter were varied in the single-
track experiments to determine their effect on melt pool morphology. The ZrC section was 
irradiated in a custom 4.5” spherical cube vacuum chamber (Kimball Physics) equipped with an 
optically transparent window for laser admittance (1050 - 1700 nm anti-reflective coating, 
Thorlabs, Inc.) [50]. Before irradiations the vacuum chamber was filled with ultra-high purity 
(UHP) argon (argon purity >99.999%, <5 ppm N2, Airgas, Inc.). During operation, a continuous 
UHP argon gas flow of 5 standard liters per minute (sl/min) was admitted into the chamber via a 
mass flow controller and the chamber pressure was maintained at 850 mbar using an outlet valve. 
A 1070 nm, continuous wave (CW) fiber laser (YLR500-AC, IPG Photonics) and a galvanometer-
based scanning mirror system (3XB Scan Head, Nutfield Technology) were used for producing 
the scanning laser beam. Two collimators with focal lengths of 50 mm and 85 mm (D25-50 AC 
and D25-F85 AC, IPG Photonics) were used in different tests to provide focused D4σ beam 
diameters of approximately 130 μm and 90 μm, respectively. The laser power during the single-
track experiments varied from 50 – 400 W and the laser scan speed varied from 100 – 1000 mm/s. 
These laser power-scan speed combinations resulted in a range of normalized enthalpy values from 
1.01 to 8.35 using Eq. (1) and the parameters in Table 1. The single-track lengths varied from 10 
to 12 mm long. 
 
Table 1. ZrC properties used in calculation of normalized enthalpy. The density, specific heat 
capacity, and thermal conductivity are all given at room temperature. 

Variable Value Unit 
A, absorptivity 0.55 [24]  
ρ, density 6590 [51] kg/m3 
Tm, melting temp 3630 [24] K 
Tb, boiling temp 5373.15 [52] K 
C, specific heat capacity 351 [4] J/K/kg 
K, thermal conductivity 14[53] W/m*K 
hs, enthalpy at melting (ρ × Tm × C) 8.40E+09 J/m3 
D, thermal diffusivity (K / (ρ × C)) 6.05 x 10-6 [4] m2/s 

 
 

The LPBF experiments were performed in a custom-made LPBF system encompassed in a 6” x 6” 
x 12” modular vacuum chamber (Ideal Vacuum Products), Figure 1a. The LPBF chamber used the 
same UHP argon gas source, scanning mirror system and CW laser as the single-track experiments 



described above. Argon flow during operation was set at 6.5 sl/min and introduced into the 
chamber through an air knife (Model AFTADA15, Misumi) located approximately 1 inch above 
and 1.5 inches offset from the build platform. In this system, the build platform and powder supply 
pistons are controlled by high-precision elevation stages with multi-phase piezo motors (Micronix 
USA). The powder recoating blade was a carbon fiber brush actuated with a linear DC-servomotor 
(Faulhaber Group), Figure 1b. A LabView based control program developed at Lawrence 
Livermore National Laboratory (LLNL) was used for part generation, layer slicing, and machine 
control during manufacturing – including layer height, powder supply height, recoating speed, 
laser scan path, etc. [54]. Cylinders were printed with off-the-shelf -100 mesh ZrC powder 
(Atlantic Equipment Engineers, Inc.) on 1” diameter stainless steel 316L build plates as shown in 
Figure 1c. A commercially available -325 mesh, non-spherical ZrC powder supply was evaluated 
but was found to be < 2 µm in size. The -325 mesh powder was not able to be spread consistently 
over the build plate and therefore was not used in the experiments. Literature has shown that ZrC 
film has been partially deposited on 316L substrate via pulsed layer deposition [55], which is why 
316L was chosen as the build plate material in this study. Additional LPBF processing parameters 
were evaluated including layer heights ranging from 30-80 μm, number of laser path repetitions 
per layer ranging from 1 – 5 path repetitions at various powers, and delay time between layers. 
The geometry of all the samples were cylindrical, which varied in diameter from 6 mm to 10 mm 
to probe the effect of sample size on print quality.  
 



 
Figure 1. (a) Exterior of the LPBF chamber with a label indicating where the build laser enters 
the chamber. (b) Interior of the LPBF chamber with labeled sub-components. (c) A schematic of 
the build plate with a cylindrical sample on the surface. (d) As-built 10 mm diameter ZrC sample 
on the build plate. The sample shown had a density of 62%, build plate adhesion was poor in 
early experiments, but geometry tolerance and density improved with build height. 

 
2.3 Sample characterization 

The entire length of each single-track was imaged top down using a digital optical microscope 
(Keyence VHX-7000). Portions of the top surface of tracks were also imaged using a Phenom 
ProX scanning electron microscope (SEM). After imaging, the single-track samples were then 
cross-sectioned perpendicular to the scan path and metallographically polished to a 1 μm diamond 
finish. The cross-sectioned melt pools were all imaged using a digital microscope. Selected single-
track cross-sections were also imaged using a SEM (Apreo 2, ThermoFisher Scientific) and the 
material composition analyzed using energy dispersive X-ray spectroscopy (EDS, EDAX) and 
electron backscatter diffraction (EBSD, EDAX).  
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The ZrC powder was imaged using a SEM (FEI Quanta 200), Figure 2a-b. The powder was also 
analyzed using X-ray diffraction (XRD, Bruker D8 Discover A25) to identify the phase 
composition (Figure 2c). Previously, ZrC has been shown to resolidify into a eutectic ZrC+C 
graphite microstructure [24]. Here, the presence of a graphite phase in the powder or solid samples 
was not detected in the XRD patterns. Data for the reference peaks of ZrC in Figure 2c were 
retrieved from the Materials Project for ZrC (mp-2795) from database version v2022.10.28 [56]. 
The ZrC powder was non-spherical and had a D90 particle size of 144 μm, as measured using a 
particle size analyzer (Mastersizer). As shown in Figure 2d, the measured particle size was similar 
to the expected -100 mesh size that equates to a mesh spacing of 149 μm.  
 

 

Figure 2. (a) and (b) SEM images showing the morphology and size of the as-received ZrC 
powder. (c) XRD patterns of the as-received powder and the LPBF as-built ZrC sample with the 
calculated ZrC peak positions. (d) Particle size of the powder as measured by a particle size 
analyzer with a D90 = 144 μm and a D50 = 96 μm. 

The density of intact samples manufactured with the LPBF system were measured with two 
methods. The first was using the Archimedes’ Principle to calculate experimental density using 
the following equation: 

𝜌𝜌 =
𝑚𝑚𝑑𝑑𝑑𝑑𝑑𝑑  ×  𝜌𝜌𝑡𝑡ℎ𝑒𝑒𝑒𝑒𝑒𝑒
𝑚𝑚𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 −  𝑚𝑚𝑠𝑠𝑠𝑠𝑠𝑠

 (2) 

  



where 𝑚𝑚𝑑𝑑𝑑𝑑𝑑𝑑 is the mass in air, 𝜌𝜌𝑡𝑡ℎ𝑒𝑒𝑒𝑒𝑒𝑒 is the theoretical density of deionized water (1.0 g/cm3), 
𝑚𝑚𝑠𝑠𝑠𝑠𝑠𝑠  is the mass submerged in deionized water, and 𝑚𝑚𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 is the mass in air after being 
submerged in water and surface water on the sample pat dry. Masses were measured on an 
analytical balance (PR1203, Mettler Toledo) and each measurement was repeated three times to 
form an average. The experimental density was then divided by the theoretical density of ZrC (6.73 
g/cm3) to calculate the overall sample density as a percentage. Image thresholding analysis of a 
cross-section of the sample polished using 0.05 μm Al2O3 was also used for density measurement. 
Images of the same cross-section for analysis were captured with a digital microscope and EBSD 
mapping. Vickers microhardness (HV0.5/10) was measured with an applied load of 4.90 N using 
a Phase II+ 900-391 tester. Six microhardness measurements were performed on the LPBF ZrC 
cross-section. 

3. Results and discussion 

The single-track study performed on the ZrC target material to determine laser-material 
interactions revealed a wide range of melt pool geometries, solidification regularity, and crack 
formation for the laser conditions evaluated, as partially shown in Figure 3. Top-down SEM 
imaging of the tracks formed using high-speed laser irradiations, ≥500 mm/s, revealed large 
depressions in the solidified melt pools and cracking at all laser powers evaluated (Figure 3). 
Although, these high-speed parameters are higher than the most optimal parameters found, they 
show the effect of increasing power or speed at a constant speed or power, respectively, on the 
meltpool geometry. Laser parameters that yielded a visible melt pool in cross-sectional analysis 
were near full density in the 2D plane of the cross-section. The as-received ZrC substrate possessed 
a density of only 60%, as measured using image thresholding analysis, showing that the laser 
irradiation effectively melts ZrC and the resolidified material is densified. An EBSD map of cross-
sectioned melt pool fabricated using laser parameters of 200 mm/s scan speed, 150 W laser power, 
and 130 µm beam diameter was collected to determine the microstructure of the resolidified 
material (Figure 4). In addition to densification during laser melting and re-solidification, the 
EBSD analysis also showed that the ZrC solidified with elongated grains at the center of the melt 
pool. Solidification of polycrystalline materials occurs parallel to the maximum heat flow 
direction, which is normal to the solid-liquid interface of the melt pool [45]. Interestingly, under 
these LPBF-like conditions, the melt pool in ZrC under laser-irradiation responded similarly to 
metals in regard to densification and grain elongation. 



 

Figure 3. Optical images of the cross-sectioned ZrC substrate and top-down SEM images of 
surface regions of single-tracks fabricated using high laser scan speeds, (a) 500 mm/s and (b) 1000 
mm/s. These are examples at high laser scan speed where all tracks had irregular solidification and 
cracking. 

 

Figure 4. EBSD map collected from a melt pool cross-section of a single-track on the ZrC 
sputtering target fabricated using 200 mm/s scan speed, 150 W laser power, and 130 µm beam 
diameter. Note the densification and grain orientation within the melt pool compared to the 
surrounding non-irradiated material. High temperature laser-induced melting generates the 
columnar grains observed here, which grow from the melt pool boundary towards the center. The 
growth direction is indicated by the directional arrow in the image. 
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Melt pool geometry metrics for each laser irradiation condition were determined using optical 
images of the cross-sectioned melt pools (Figure 3). In the LPBF process previous layers are 
remelted when a new layer is added, and it is critical that the depth of the melt pool is sufficient to 
achieve the melting of the new layer and the remelting of previous layers, which promotes bonding 
and increased part density [23]. The width of the melt pool at the surface of the target material, 
and the depth of the melt pool were recorded. The melt pool aspect ratio, defined as the depth (d, 
µm) divided by the width (w, µm) of the melt pool, was calculated for all laser irradiation 
conditions (Figure 5a). All the laser parameter combinations in this study had a melt pool aspect 
ratio <1, that is every melt pool was wider than it was deep. Only two evaluated laser conditions 
had an aspect ratio greater than 0.6, which limits the window of parameters that reached the 
threshold to sufficiently melt underlying material whilst providing overlapping scan hatches.  



 

Figure 5. The measured number of cracks per mm within the width of the melt pool as a function 
of (a) melt pool aspect ratio and (b) scan speed. The data points are colorized by the calculated 
normalized enthalpy. The two down selected build parameters for use in the LPBF builds are 
labeled accordingly and had a combination of low cracks/mm, high melt pool aspect ratio, and 
moderate normalized enthalpy.   



The number of cracks per mm within the width of the melt pool as a function of scan speed and 
melt pool aspect ratio was also measured (Figure 5b). There were no conditions found in the 
current study that produced crack free tracks. This is a known problem in high temperature melting 
materials processed via LPBF. For example, Vrancken et. al found that tungsten began to crack in 
the temperature range of 177 °C – 377 °C using LPBF laser processing conditions; the range was 
independent of the laser power and laser velocity [28]. Hardness testing of single crystal ZrC0.94 at 
various high-temperatures by Kohlstedt, revealed a transition in hardness behavior at 725 °C [57]. 
The room temperature to 725 °C brittle nature of the carbide is hypothesized to be caused from 
low dislocation mobility due to the high strength from highly directional covalent bonds on the 
close-packed {111} planes which inhibit slip [57]. The high temperature DBTT of ZrC makes it 
difficult to maintain high enough temperatures in the bulk material without cycling through the 
DBTT and thus avoid cracking during the LPBF process. 

For all laser irradiation conditions, cracks that were perpendicular to the direction of the laser path 
and were the complete width of the solidified track were counted in the analysis. The number of 
cracks per mm for each single-track was used to compare the relative quality of each track (Figure 
5). In general, lower scan speeds led to less cracks per mm, except for the 90 µm beam diameter 
conditions with low normalized enthalpy. These conditions resulted in a large density of cracking 
and very shallow melt pools not usable in LPBF processes and represent a lower bound of 
normalized enthalpy values. For the samples with the lowest number of cracks within the melt 
pool width, the 90 µm beam diameter conditions all had high normalized enthalpy values that were 
in the range of substrate cracking and cleavage, as described previously. The 130 µm beam 
diameter, low scan speed, and moderate normalized enthalpy both exhibited low cracking density 
and melt pool aspect ratios that promote fusion with previous layers and adjacent tracks in typical 
LPBF AM layer height and hatch spacing conditions. 

In this study, melt pools with irregular solidification and depressions in the top-down imaging did 
not have the characteristic deep, narrow geometry as expected in the keyhole mode regime when 
the samples were cross-sectioned. Normalized enthalpy calculations for additively manufactured 
metals, such as stainless steel 316L, Ti-6Al-4V, Inconel 625, and tungsten have been used to 
determine when melting conditions change in the melt pool from conduction to keyhole mode 
morphology [47], [58]. The material properties in Table 1 for ZrC are similar to these metals. For 
example, the thermal conductivity and specific heat capacity of stainless steel 316L is 15 W/m*K 
and  480 J/K/kg, respectively, compared to 14 W/m*K and 351 J/K/kg for ZrC [58]. King et al. 
estimated the criteria for keyhole morphology melt pools to occur when the normalized enthalpy 
is greater than (π Tb)/Tm [46]. For ZrC, the criteria for keyhole formation was calculated as 4.65. 
Instead, for ZrC, when the normalized enthalpy ranged from 4.30 – 7.87 partial cracking and 
cleavage was observed in the target material in and around the melt pools, and below 4.30 the 
cracking was only observed in the melt pools themselves. The highest normalized enthalpy 
evaluated for ZrC in this study was 8.35 (90 µm beam diameter, 150 W, and 100 mm/s), which led 
to severe cracking of the target material and an upper bound for evaluation of additional laser 
irradiation conditions. The correlation between normalized enthalpy and cracking indicated that 
the keyhole threshold, typically used in metals to determine the transition from conduction to 
keyhole mode morphology of the melt pool, can be applied to ZrC as an approximate transition 
from short order, intra-melt pool cracking to longer order, inter-melt pool cracking.  



Two laser parameters, which are highlighted in the melt pool metrics in Figure 5 and cross-sections 
shown in Figure 6, were chosen to be used in the LPBF AM builds to produce ZrC cylinders for 
analysis. The 100 W, 100 mm/s parameter (Build Parameter 1) and 150 W, 200 mm/s parameter 
(Build Parameter 2) were chosen because of their combination of high aspect ratio melt pool 
geometry and low intra melt pool cracking relative to other parameters evaluated. The -100 mesh 
(D50 = 96 μm) ZrC powder spread effectively across the build plate compared to the -325 mesh 
(< 2 μm) powder, which was too fine for the carbon brush spreader system due to clumping. The 
larger ZrC powder was the only powder used in the subsequent LPBF experiments. 

 

Figure 6. Single-tracks fabricated using laser parameters that were implemented in the subsequent 
LPBF builds. (a,b) 100 mm/s scan speed, 100 W laser power, 130 µm beam diameter and ∆𝐻𝐻/ℎ𝑠𝑠 
= 3.20 and (c,d) 200 mm/s scan speed, 150 W laser power, 130 µm beam diameter and ∆𝐻𝐻/ℎ𝑠𝑠 = 
3.40. (a,c) Digital optical microscope images of the cross-sections of the melt pools. (b,d) Top-
down SEM images of single-track surface regions. 

The hatch spacing and layer height settings used for the LPBF builds were informed by the melt 
pool geometries of the selected laser build parameters. The melt pool of Build Parameter 1 was 
167 µm wide and 108 µm deep and the melt pool of Build Parameter 2 was 173 µm wide and 106 
µm deep. To ensure overlap between neighboring laser tracks in the laser path, hatch spacings of 
30, 60, 75, 90, and 130 µm (approximately 20% to 80% overlap with the adjacent melt pool) were 
tested. With melt pools of 106 and 108 µm deep, layer heights of 30, 50, 60, and 80 µm were 
evaluated to ensure remelting of current surface layer to the underlying layer(s). Tang et al. 
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developed a melt pool geometry-based simulation model to determine presence of lack-of-fusion 
porosity in metal LPBF, the criterion for full melting is given as [37] 

�
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≤ 1 
(3) 

  

where hatch spacing (h, µm) and layer height (l, µm) are chosen parameters, while melt pool depth 
(d, µm) and melt pool width (w, µm) are experimentally measured. To determine the applicability 
of this geometric model for ZrC, combinations of hatch spacings and layer heights that passed and 
failed the criteria were evaluated. For example, in an initial experiment using the Build Parameter 
2 settings, five 7 mm diameter cylinders were built on the same build plate with a constant 50 µm 
layer height and each with a hatch spacing of 30, 60, 75, 90, and 130 µm respectively. Of the hatch 
spacings tested, only the 90 and 130 µm hatch spacings fail to meet the full melting criteria (Eq. 
3) and both of the samples built using 90 and 130 µm hatch spacing failed to realize layer-to-layer 
bonding, which caused the entire build to fail. Adhesion between the build plate and the first few 
layers of the ZrC was a common failure point for the builds. If poor adhesion was made, the build 
would lift from the build plate and during the powder spreading sequence the spreader would hit 
the part and remove it from the build plate. It was found that de-lamination of successive layers 
was less common for Build Parameter 2 compared to Build Parameter 1 for all layer heights and 
hatch spacing combinations evaluated. Initial builds that passed the full melting criteria and were 
not stopped early due to other part failures had measured densities, using image thresholding, of ~ 
65%. The densest sample manufactured in this study, a 10 mm cylinder described in further detail 
below, was built without other cylinders on the build plate and used a 60 μm layer height and 60 
μm hatch spacing, which passes the full melting criteria developed by Tang et al. This result points 
to the full melting criteria’s use for indicating layer-to-layer bonding, but is not a criterion for 
determining the presence of lack-of-fusion in ultra-high temperature ceramics like ZrC. 

The methodology of going from the single-track optimized build parameters required manual 
adjustment in the LPBF process to manufacture higher density samples. After the fifth layer, heat 
build-up and subsequent de-lamination of the part from the build plate caused the spreader to 
collide with the part. Therefore, during printing, manual corrections of the laser scan strategy were 
used to improve part adhesion to the build plate, which included having the laser power at the part 
contour and the laser turn point enabled during the first five layers in the critical build plate 
adhesion phase. After each build layer a repetition of the scan path routine was performed at 30 W 
laser power and a 30 second time delay before powder recoating was implemented. This scan 
strategy was implemented to avoid large thermal gradients across the build layer after initial 
melting and to achieve even heat distribution before adding the next layer of powder. This strategy 
may be able to be avoided by using a heating stage, preferably above the ductile to brittle transition 
temperature, in future studies. 



 

Figure 7. A cross-sectioned LPBF AM fabricated ZrC part produced in this study using 200 mm/s 
scan speed, 150 W laser power, 130 µm beam diameter, and ∆𝐻𝐻/ℎ𝑠𝑠 = 3.40 (Build Parameter 2). 
The cross-section was polished to 0.05 μm diamond. (a) Digital optical microscope image of the 
entire cross-section, (b) an inverse pole figure (IPF) map produced by EBSD analysis showing the 
average grain orientation of a large region labeled in (a), and (c) a high magnification IPF map of 
a large region labeled in (a).   

The highest density LPBF part fabricated in this study was a 3.4 mm tall (57 layers), 10 mm 
diameter puck and possessed 85% density when measured using the Archimedes method (Figure 
7). The build parameters used to generate this sample were 200 mm/s scan speed, 150 W laser 
power, 130 µm beam diameter, 60 μm layer height,60 μm hatch spacing, and a 67° rotation of the 
full-length zig-zag scan path for each subsequent layer. A cross-sectional density measurement of 
the sample using optical image analysis with binary thresholding to distinguish solid ZrC from 
porosity and cracks measured 76% density. From the large area EBSD scan shown in Figure 7b, 
the density was calculated as 78% using color thresholding where all non-black pixels were 
categorized as solid ZrC. The EBSD analysis revealed columnar grains that grew epitaxially 
through multiple layers, in addition to smaller grains that are mostly concentrated near regions of 
lack-of-fusion porosity because of the incomplete melting of the powder particles. This also 
revealed that multiple powder particles were fused together during LBPF AM processing, a 
promising result for the ability to densify material from powder to solid material. For example, in 
Figure 7c there are regions of material that are solidified over spans of 500 µm in length. The build 
quality issues encountered, even with the single-track optimized build parameters, are ascribed to 
using non-spherical and large size distribution powder feedstock. Future efforts will focus on the 



production of spherical, 15 – 45 µm sized ZrC powder for subsequent LPBF processing. It should 
also be noted for this 85% density sample that after the eighth build layer, three manual layers 
were completed such that the laser scan path ended at the same location, which was done to 
maintain the flat morphology of the as built surface, countering warping due to residual stress. 

An investigation of the material properties of the 85% density LPBF fabricated ZrC part was 
conducted using EBSD and microhardness analysis. The average grain equivalent diameter was 
determined to be 37 μm using the EBSD data presented in Figure 7b, with an average aspect ratio 
of 0.43. Although the average grain diameter is smaller than the layer height used (60 µm), 36% 
of the area fraction of Figure 7c are grains that are elongated and two or more layers in height 
(>120 μm), which indicates layer-to-layer bonding. Inter- and intra- layer cracking is observed, 
but it appears that lack of fusion between layers is the primary hurdle to increasing the density of 
LPBF fabricated parts. The ZrC part had a Vickers microhardness of 20.9 ± 1.9 GPa compared to 
the reported values of 20.9 GPa for a ZrC0.84 single crystal [57] and 25.2 ± 1.4 GPa for pure ZrC 
Grade B powder (mean particle size 3.8 μm, impurities: Cfree 1.5%, O 0.6%, N 0.8%, Fe 0.05%, 
Hf 2%) densified via SPS [59].  

 

4. Conclusions 

Laser-material interactions under LPBF processing conditions were explored for ZrC. Through 
normalized enthalpy calculations and characterization of the morphology of laser-induced melt 
pools, ZrC was found to behave like metals used in traditional LPBF with the formation of dense 
melt pools and characteristic grain structure. This revealed a pathway towards producing 
components via LPBF AM. An 85% density ZrC cylinder was fabricated via LPBF AM using 
commercially available, non-optimal powder feedstock and a traditional, non-heated build plate. 
The other major findings of this study and areas for future investigation: 

• The normalized enthalpy criteria, which is typically used to predict the conduction to 
keyhole mode melt pool transition in metal alloys, can also be applied to ZrC, a high 
ductile-to-brittle transition temperature material. For ZrC, normalized enthalpy can be 
used to approximate the conditions where material cracking transitions from short 
order, intra melt pool cracking to longer order, inter melt pool cracking. 

• The grain structure and directionality in laser-induced resolidified ZrC melt pools, as 
characterized by EBSD, is similar to metals manufactured via the LPBF AM process, 
with larger elongated grains at the center of the melt pool. Furthermore, no 
segregation of ZrC into ZrC + graphitic eutectic upon fast thermal cycling was 
observed under LPBF conditions. 

• Grains in LPBF AM fabricated ZrC are shown to grow across successive layers, but 
the presence of lack-of-fusion porosity, likely due to the powder feedstock, is the 
current challenge to structurally stable and geometrically tolerant LPBF AM 
fabricated ZrC components. 



• The 85% density ZrC LPBF sample was found to have Vicker’s microhardness of 
20.9 ± 1.9 GPa which is similar to reported values for single crystal ZrC, but lower 
than SPS densified ZrC. 

• LPBF optimized ZrC powder feedstock – high sphericity, reduced diameter (15 - 45 
µm), and tighter size distribution – is the next step for increasing the density of LPBF 
AM fabricated ZrC samples. 

• Implementation of a heated build plate at or above the ductile to brittle transition 
temperature (theoretical 725 °C) could facilitate a reduction in cracking of ZrC 
samples and improve layer-to-layer and layer-to-build plate bonding. This 
temperature is beyond the capabilities of many existing commercial systems (400 °C) 
but could be reached by more advanced systems now available (1000 °C). 
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