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A B S T R A C T   

One of the factors limiting the use of additive manufacturing, particularly powder bed processes, is their low 
productivity. An approach to increasing laser powder bed fusion (LPBF) build rate without costly hardware 
modifications is to alter process parameters. This study evaluates the possibilities to increase build rates through 
this route without compromising material quality. Equations for productivity are derived based on process pa
rameters and build geometry, and applied on the process window for Hastelloy X in LPBF. It is demonstrated that 
virtually flaw-free parts can be printed at build rates that differ up to tenfold. To investigate potential variations 
in the microstructure and performance, Hastelloy X specimens manufactured at varying build rates were char
acterized. Electron backscattered diffraction (EBSD) analysis revealed that the specimen built at the lowest rate 
shows strong texture with columnar grains, while the specimen built at the highest rate presents significantly 
more random orientation and evident melt pool contours with pockets of very fine grains at the bottom. Despite 
the major differences in microstructure, the tensile properties do not necessarily vary substantially. Thus, the 
results indicate that the build rate of LPBF Hastelloy X can be significantly varied based on process parameters, 
still yielding consistent mechanical properties.   

1. Introduction 

Additive manufacturing, particularly laser powder bed fusion 
(LPBF), has gained increasing attention over the last several years for 
manufacturing complex, functional components. However, the typically 
low build rates associated with this process represent a major barrier to 
its widespread use as an industrial manufacturing technology [1–3]. The 
low productivity makes the technology costlier, hence less competitive 
in many industrial sectors [4] and largely limited to high added value 
applications with low production volumes for which elevated costs are 
acceptable [5]. 

Several strategies have been investigated to address the issue of low 
productivity, ranging from hardware modifications to the tailoring of 
process parameters. Approaches based on hardware modifications 
include implementing multiple laser sources [4], whereby distinct areas 
can be simultaneously processed, decreasing the total exposure time per 
layer and the total build time. Despite the advancing maturity of this 
strategy, which allowed its implementation in commercial machines 
[6], some quality concerns have been reported with the use of multiple 
lasers in LPBF, namely the increased number and size of spatter particles 

[7] and the formation of internal flaws, particularly for overlap zones 
[8]. Aiming to process a larger volume of material instantly, the use of 
higher power laser sources [9,10] was proposed. Considering that the 
default energy distribution profile of laser beams in commercially 
available machines is Gaussian, high localized point intensity in the 
center of the beam facilitates the formation of keyhole porosity and 
spattering [11]. Additionally, the Gaussian profile is reported to induce 
lack of fusion due to the low intensities at the peripheries of the beam 
[12]. Therefore, modification of the laser beam geometry has been 
suggested to optimize the energy absorption while avoiding the forma
tion of flaws [11,13,14]. Another strategy to instantly process larger 
volumes of material is to increase the laser beam diameter [15,16]. As 
increasing the laser beam diameter results in loss of precision [17], 
enlarging the laser spot size through defocusing has been proposed as an 
alternative [12,17]. 

Productivity gains based on major hardware modifications are 
costly, and many of the proposed approaches are still under develop
ment and have only been verified on pilot scales. Thus, a more readily 
available strategy to increase build rates is necessary, in which the 
productivity potential of any given machine is maximized. Several 
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approaches have been taken aiming for high build rates through modi
fication of process parameters. Achievement of higher build rates has 
been reported by increasing the nominal layer thickness [1,18] and by 
increasing the laser scan speed [19,20]. Alternatively, process parame
ters capable of producing material with high relative density were 
identified while focusing on the increase of a particular process 
parameter, layer thickness [5,21], scan speed [2], and both laser scan 
speed and hatch spacing [22]. Finally, maximization of the build area 
utilization was proposed to increase LPBF build rates [23]. This sum
mary demonstrates that a unified approach to increase LPBF build rates 
is needed. The absence of build rate parametrization based on key 
process parameters hinders the development of structured strategies for 
minimization of the total build time. 

This study aims to establish an accessible alternative to productivity 
increase while producing virtually flaw-free materials. The material 
investigated is the nickel-base superalloy Hastelloy X, which is used, for 
example, in petrochemical applications due to its high resistance to 
stress-corrosion cracking, and in components in the combustion zone of 
gas turbine engines due to its combination of oxidation resistance and 
high-temperature strength [24]. Considering the stringent quality re
quirements of these application areas and the risk of flaw formation 
when altering process parameters [25], internal flaws in Hastelloy X are 
thoroughly mapped in the process parameter space [26]. Next, accep
tance criteria are established, and a process window is defined. The 
experimental results are plugged into process parameter-based equa
tions of the build rate, thereby mapping attainable build rates within the 
process window. Finally, the variability in microstructure and mono
tonic tensile properties of virtually flaw-free materials subjected to 
various build rates is assessed. 

2. Build rate as a function of key build parameters 

In LPBF, the build time is mainly governed by exposure of the bulk 
region; hence the equations in this section are developed based on infill 
parameters. The hatch spacing h, which determines the distance be
tween neighboring laser tracks, and the laser scan speed v, which is the 
laser's travel velocity, determine how fast the laser exposes an area A. 
The time interval Δτe,i needed for the laser exposure of a single slice (layer) i where the 

parts in manufacture have a total cross-sectional area Ai, using scan speed vi and 
hatch spacing hi in the infill region is: 

Δτe,i =
Ai

vihi
(1) 

The total build time Δτtot is the sum of the time intervals for exposure 
of each layer i = 1, 2, …, n, (Δτe, i), and the time intervals for the tran
sition between layers Δτtr, i. The latter includes lowering the build plate 
to a safe level to avoid collision between recoater and part, movement of 
the recoater to the dosage position, movement of the build platform to 
one layer thickness below the level of the previous layer, raising of the 
dispenser system, and recoating. 

Δτtot =
∑n

i=1

(
Δτe,i +Δτtr,i

)
(2) 

Assuming constant transition time between layers and constant build 
parameters v and h throughout the build, the total build time is: 

Δτtot =

∑n

i=1
Ai

vh
+ nΔτtr (3) 

The build volume V can be expressed as the sum of the volumes 
processed in each layer, that is V =

∑n
i=1(Aiti), where ti is the thickness 

of layer i. The build height H is the sum of all layer thicknesses, H =
∑n

i=1ti. Assuming the layer thickness is kept constant along the build, 
then V = t

∑n
i=1Ai and H = nt. Thus, the total build time can be 

expressed as: 

Δτtot =
V

vht
+

HΔτtr

t
(4) 

The build rate B is defined as the ratio between total built volume V 
and total build time Δτtot and can be expressed as: 

B =
V

Δτtot
=

Rvht
R + Δτtrvh

(5)  

where R is the average build area utilization, also expressed as V/H and 
equivalent to the average laser-exposed area throughout the build. This 
factor accounts for the utilization of the powder bed area and, for a fixed 
build volume, can be altered with the orientation of the parts. Hence, a 
simplified equation for build rate based on key process parameters, the 
transition time interval between layers and the build area utilization is 
obtained. 

The build rate is a linear function of layer thickness, and a rational 
function of each of the factors scan speed, hatch distance and build area 
utilization. Considering the domain of the variables, these functions are 
monotonically increasing, i.e., the build rate increases with each of the 
factors v, h and R. However, these functions have horizontal asymptotes, 
which means that, even theoretically, the build rate cannot be indefi
nitely increased with the increase of the factors v, h and R. 

3. Materials and methods 

Hastelloy X specimens were manufactured in an EOS M290 machine 
(Electro Optical Systems GmbH), equipped with an Yb fiber laser of 
maximum nominal power of 400 W and focused beam diameter of 100 
μm. The processing was done in argon atmosphere with an oxygen 
concentration of less than 0.10%. The specimens destined for micro
structural analysis, schematized in Fig. 1A, were produced using stripe 
scan strategy with a constant layer rotation angle of 67◦, fixed hatch 
spacing of 100 μm and varying laser power, scan speed and layer 
thickness, as per Table 1. The feedstock powder used was gas atomized 
EOS NickelAlloy HX, with chemical composition compliant with UNS 
N06002 and AMS 5390. For further information on specimen prepara
tion for metallography and quantification of internal flaws, the reader is 
referred to [26], where a detailed investigation of the processability of 
Hastelloy X in LPBF has been conducted. 

Microstructural investigation was performed through light optical 
microscopy (LOM) using a Zeiss Axioscope 7 (Carl Zeiss Microscopy 
GmbH) and through scanning electron microscopy (SEM), utilizing a 
field emission gun scanning electron microscope (FEG-SEM) Leo Gemini 
1550 (Carl Zeiss Microscopy GmbH). The cross-section analyzed in LOM 
is schematized with a red dashed line in Fig. 1A. The grain structure of 
the virtually flaw-free Hastelloy X material produced with varying 
manufacturing parameters was investigated using the FEG-SEM equip
ped with an electron backscattered diffraction (EBSD) detector (Nordlys 
II, Oxford Instruments plc). Measurements were taken at an accelerating 
voltage of 20 kV and 1.5 μm step size and processed using AZtecCrystal 
software (Oxford Instruments plc) by performing wild spikes removal 
and noise reduction to seven nearest neighbors. The orientation maps 
are presented in standard IPF (inverse pole figure) coloring, and high 
angle grain boundaries are indicated through black lines with a 
misorientation >10◦. EBSD maps were taken in the center of the cylin
drical test specimens with sufficient distance from any edges to ensure 
analysis of the bulk material only, as indicated in Fig. 1. 

Tensile specimens were manufactured oriented along with the build 
direction with a subset of the processing conditions used in micro
structural investigation. The specimen geometry is depicted in Fig. 1B. 
Removal from the build plate was performed with electrical discharge 
machining (EDM). An Instron 8501 servo-hydraulic machine (Instron, 
Norwood, MA, USA) was used to perform uniaxial tests to establish the 
monotonic behavior of Hastelloy X at room temperature. The tests were 
performed using the Instron 2630–102 axial clip-on static extensometer 
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(Instron, Norwood, MA, USA), mounted on the gauge length for 
measuring the uniaxial strain. The tensile tests were performed at room 
temperature and at a strain rate of 0.01% s− 1 in accordance with the 
ASTM E8/E8M guidelines [27]. 

4. Results 

4.1. Determination of the process window 

The internal flaws generated throughout the process parameter space 
in LPBF manufactured Hastelloy X have been mapped in previous work 

[26] using a process mapping approach [28,29]. Table 1 compiles the 
results, including the volume fraction of internal flaws. The allowance 
criteria for flaws depend on fitness for service [30] and cannot be 
determined universally. As the typical size and morphology of lack of 
fusion flaws turn them into important stress concentrators [31], process 
conditions that result in lack of fusion are not considered for the process 
window, regardless of their volume fraction. Regions of the process 
space where severe keyhole porosity is present are also excluded from 
the process window due to the irregular morphology and large keyhole 
pores accompanying the considerable volume fraction of flaws [26]. 
Process parameters that resulted in spherical pores of restricted size and 
volume fraction (approximately 0.1%) are considered to represent the 
process window due to the limited impact of these flaws in the me
chanical properties and the possibility of eliminating them with hot 
isostatic pressing (HIP) [32]. The process conditions that fulfill these 
requirements are highlighted in Table 1. Systematic lack of fusion was 
observed in process conditions represented on the right-hand side of the 
highlighted cells, while systematic keyhole porosity was observed in the 
conditions represented on the left-hand side. 

4.2. Quantification of build rates within the process window 

Increasing productivity is only relevant in conditions for which the 
materials are fit for service, that is, within the process window. There
fore, the potential for build rate increase will be investigated within the 
process conditions defined in the previous section. From Eq. (5), the 
build rate depends on the laser scan speed, hatch spacing, layer thick
ness, build area utilization, and transition time between layers. How
ever, from Table 1, it is observed that increased laser power widens the 
process window and shifts it to conditions that allow higher build rates. 
Thus, laser power is a variable that indirectly influences the build rate by 
influencing the location of the process window. The influence of laser 
power on build rates is illustrated in Fig. 2, in which the achievable build 
rate values or ranges, when applicable, are marked, according to the 
conditions highlighted in Table 1. The ratios between the highest and 
the lowest build rates attainable for each layer thickness are represented 
with dashed lines. Since a wider process window is identified for the 
layer thickness of 20 μm, greater relative improvements in the build rate 
ratios can be obtained. The maximum achievable build rate with a layer 
thickness of 20 μm is 8.6 cm3/h, which is in the lower range attainable 
for a layer thickness of 40 μm and is considerably lower than the build 
rates attainable for the layer thickness of 80 μm. 

The influence of layer thickness on the build rate within the process 
window is better visualized in Fig. 3A. The build rates achieved with a 
layer thickness of 40 μm are equal to or higher than those obtained with 
a layer thickness of 20 μm, and the build rates achieved with a layer 
thickness of 80 μm are the highest overall. In Fig. 3A, a build area uti
lization of 200 cm2 is assumed, which corresponds to using one-third of 
the build area in the machine used in the present study on average 
throughout the build. Fig. 3B shows curves representing the build rates 
achieved with the parameters within the process window that allow for 

Fig. 1. Sketches of the specimens manufactured in this study and their orien
tations in relation to the build direction. (A) Geometry of the cylindrical 
specimens used for microstructural analysis. The red dashed line represents the 
cross-section analyzed in optical micrography. The faces of the cube represent 
the directions analyzed in EBSD. (B) Geometry of the tensile test specimens. 
(For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 

Table 1 
Volume fractions of flaws (%) across the process parameter space. Laser power, scan speed and layer thickness are varied systematically. "N/A" indicates manufacturing 
could not be completed due to extreme processing conditions. The highlighted cells correspond to process conditions considered desirable. Adapted from [26].     

Laser scan speed (mm/s)  

200 400 600 800 1000 1200 1400 1600 

Laser power: 100 W Nominal layer thickness (μm)  20 0.39  0.01  0.31  1.41  5.48  7.97 11.6 14.2  
40 0.14  0.76  0.78  5.95  14.3  19.4 27.3 32.1  
80 5.61  11.7  16.5  26.8  35.1  45.4 N/A N/A 

Laser power: 200 W Nominal layer thickness (μm)  20 4.47  2.55  0.03  0.01  <0.01  0.19 0.63 1.27  
40 5.12  2.77  0.02  0.01  0.09  0.44 1.67 4.51  
80 6.79  2.19  0.11  0.31  6.90  12.1 18.8 25.6 

Laser power: 300 W Nominal layer thickness (μm)  20 N/A  2.34  0.44  <0.01  <0.01  0.02 0.10 0.14  
40 3.31  3.50  0.30  <0.01  0.01  0.04 0.12 0.26  
80 4.50  3.19  0.35  0.01  0.03  0.06 0.39 2.53  
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the highest and the lowest productivity as a function of the build area 
utilization. The ratio between the highest and lowest productivity is also 
represented. At low build area utilizations, the build rates obtained from 
these processing conditions differ by a factor of approximately 4. As the 
build area utilization increases, the ratios between build rates also in
crease, tending to a factor of 10 as R is increased indefinitely. Therefore, 
based on process parameters, the build rate can be increased by a 
minimum factor of 4 and up to approximately 10, depending on the part 
geometry and build area utilization, while producing virtually flaw-free 
material. 

4.3. Variation in material structure across build rates 

To determine whether an increase in productivity can be achieved 
without compromising quality, only virtually flaw-free specimens were 
considered for further analysis. As multiple process parameters were 

varied to increase productivity, some microstructural features are ex
pected to vary within the defined process window. This subsection in
vestigates the material structure of virtually flaw-free Hastelloy X 
manufactured in varying processing conditions. 

The microstructure of LPBF manufactured Hastelloy X, as shown in 
Fig. 4, consists of the typical hierarchical microstructure of as-printed 
LPBF material [33]. The high temperature gradient promotes the for
mation of columnar grains that grow epitaxially in the build direction, 
visible in Fig. 4A together with melt pool boundaries. A cellular 
microstructure, which consists of high-density dislocation walls [34], is 
observed within the grains (Fig. 3C). 

As macroscopic texture arises in additively manufactured material 
due to the epitaxial growth of grains from previous layers along the build 
direction [35], EBSD analysis was performed on selected specimens, as 
indicated in Table 2. Through this selection, the influence of each pro
cess parameter on the texture could be investigated within the process 

Fig. 2. Ranges of build rate in the process window for varying levels of laser power and layer thickness of 20 μm (A), 40 μm (B) and 80 μm (C). The dashed lines 
represent the ratios between the highest and lowest build rates attainable at each layer thickness. 

Fig. 3. Build rates (cm3/h) for the processing conditions in the process window. The average utilization of the build area is assumed 200 cm2 in (A). (B) Build rate as 
a function of the build area utilization for the parameters that enable highest and lowest productivities. The build rate ratio between these sets of parameters is also 
presented as a function of the build area utilization. 
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window. Specimens #1 and #2 represent the lowest and highest pro
ductivity output, respectively, from the previously down-selected pa
rameters listed in Table 1. Specimens #3 and #4 were selected with 
respect to specimen #2 to isolate the influence of single parameter 
changes of laser scan speed and layer thickness, respectively. Specimen 
#5 relates to specimen #4 and shows the influence of decreasing laser 
power. Both the lowest and highest productivity specimens were 
investigated in detail in three directions. The comparative analysis of the 
iteratively changed parameter characteristics was performed on EBSD 
maps in the xz direction. 

Fig. 5 shows EBSD orientation maps for all three orientations of 
specimens #1 and #2, which correspond to the lowest and highest 
theoretical productivity, respectively. 

Specimen #1 shows strong 〈101〉 orientation, with columnar grains 
along the build direction. The cross-section perpendicular to the build 
direction (xy direction) shows that larger grains display the strong 〈101〉
orientation while smaller grains have more random orientation. The 
structure observed in specimen #2 is distinct and presents more random 
orientation and no columnar grains. Melt pool contours are visible in the 
orientation maps parallel to the build direction (xz- and yz- direction) for 
specimen #2 but not in the corresponding orientation maps for spec
imen #1. The grain size distributions are similar in both specimens and 
can be found in Fig. A.1 and Table A.1, Appendix A. The grain orien
tation maps for the material manufactured with the highest productivity 
show pockets of very fine grains at the bottom of the melt pool contours, 
while fine grains in the material manufactured with the lowest pro
ductivity are randomly distributed. As multiple process parameters were 
altered to increase productivity from lowest to highest, the influence of 
the individual parameters was investigated further. 

Fig. 6 shows EBSD orientation maps of the specimens manufactured 

with varied process parameters and build rates. Compared to all other 
specimens, the material manufactured with the highest productivity 
(Fig. 5B) shows the most random grain orientation. Dropping the laser 
scan speed from 1000 mm/s to 800 mm/s removes the small grain 
clusters and introduces a stronger 〈101〉 orientation of the larger grains 
(Fig. 6C), while the melt pool contours remain visible. These contours 
disappear when decreasing the layer thickness from 80 μm to 20 μm 
while laser power and laser scan speed are kept constant with P = 300 W 
and v = 1000 mm/s (Fig. 6D). The decrease in layer thickness represents 
the most substantial difference in grain orientation and morphology, as 
the grains become columnar and display a strong 〈101〉 orientation. 
Reduction of the laser power from 300 W to 200 W re-introduces more 
randomly oriented grains (Fig. 6E) while still maintaining strong 〈101〉
texture. Summary statistics of the grain size distributions of all speci
mens in the xz plane can be found in Table A.2, Appendix A. 

Fig. 7 depicts cross-sections of specimens #2 to #5, taken along the 
build direction and perpendicularly to the upmost scanning tracks. The 
images are taken at identical magnifications for better visualization of 
the melt pool dimensions and the extension of overlap between 
consecutive melt pools. Average and standard deviation values of melt 
pool depths are calculated based on a minimum of 30 measurements. 
Defining the average remelting ratio as the ratio between average melt 
pool depth and nominal layer thickness, the extent to which the material 
is remelted on each layer is estimated. 

As the sole reduction of layer thickness does not significantly affect 
the melt pool dimensions [36], increased re-melted volume is obtained 
in specimen #4 in relation to specimen #2. As a result, directional grain 
growth along the build direction is promoted, leading to a strongly 
textured microstructure. Similarly, higher laser power increases the melt 
pool size and the energy input into the material, resulting in grain 
coarsening [37], which can be observed when comparing specimens #4 
and #5. Reduction in the laser scan speed increases the amount of 
texture within the material, likely due to more significant heat retention 
that gives rise to more substantial epitaxial grain growth, similar to the 
effects of layer thickness and laser power. This trend is also reflected in 
the remelting ratio, which is increased for specimen #3 compared to 
specimen #2. 

4.4. Variation in tensile properties across build rates 

To determine whether the investigated parameters influence the 
tensile properties of the material, tensile test specimens were manu
factured using the same parameters (#1 to #5) as investigated in the 
previous section. The yield strength, ultimate tensile strength and 
elongation to fracture measured along the build direction for specimens 
manufactured with conditions #1 to #5 are summarized in Fig. 8. The 
average and standard deviation of a minimum of three tests are repre
sented for each processing condition. Individual test results can be found 
in Table B.1, Appendix B. The average tensile properties of conditions 

Fig. 4. Hierarchical microstructure of as-built Hastelloy X. (A) In the microstructure observed through light optical microscopy, columnar grains oriented along the 
build direction and melt pool boundaries are visible. (B) Through SEM imaging, the cellular microstructure is visible within grains. The well-defined lines are melt 
pool boundaries. (C) Detail on cell structure. 

Table 2 
Selection of manufacturing parameters for EBSD analysis.  

Specimen Laser 
power 
(W) 

Laser 
scan 
speed 
(mm/ 
s) 

Layer 
thickness 
(μm) 

Maximum 
theoretical 
productivity 
(cm3/h) 

Characteristic 

#1  100  400  20  2.88 Lowest 
productivity 

#2  300  1000  80  28.80 Highest 
productivity 

#3  300  800  80  23.04 Δv compared 
to specimen 
#2 

#4  300  1000  20  7.20 Δt compared 
to specimen 
#2 

#5  200  1000  20  7.20 ΔP compared 
to specimen 
#4  
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#1 and #2, which represent the extremes of the productivity range 
investigated, are comparable, with a 10% average yield strength as the 
most substantial difference. Condition #3, which differs from #2 by 
reduced laser scan speed, yields the lowest average yield and tensile 
strength. The average elongation values measured for conditions #3 and 
#5 are substantially lower than those obtained from the remaining 
conditions and than the values previously reported in the literature for 
similar conditions (as-built Hastelloy X along the build direction) 
[34,38]. 

5. Discussion 

5.1. Quantifying productivity 

The build rate of a single layer is the ratio between the volume 
processed in that layer Vi = Ait and the time interval for exposure of the 
layer, defined by Eq. (1): 

Bi =
Vi

Δτe,i
= vht (6) 

The product obtained in Eq. (6) coincides with the most used metric 
for quantification of productivity. As this metric only quantifies the 
build rate of a single layer and does not account for the transition time 
between layers, it overestimates productivity and does not reflect the 
build rate of multilayered builds. The product of laser scan speed, hatch 
spacing and layer thickness is a reasonable approximation of the build 
rate of multilayered LPBF when the build area utilization is indefinitely 
increased or when the transition time between layers tends to zero. 
Hence, Eq. (6) represents a maximum theoretical value of build rate in 
multilayered builds. 

The build rate of LPBF is highly dependent on the build layout, and 

high build rates rely on the efficient occupation of the machine's 
workspace volume [23]. This factor is often neglected, and the general 
aim tends to be to increase build rates through modification of process 
parameters alone. Some studies acknowledge the relevance of the build 
area utilization and include it in their optimization considerations, 
where the factor is termed bin packing [39] or nesting. 

5.2. Influence of individual parameters on the build rate 

Layer thickness is the process parameter present in Eq. (5) that yields 
the most expressive build rate increase when modified within the pro
cess window. However, large layer thicknesses result in a more impor
tant staircase effect, thereby compromising the surface finish, which is 
one of the main advantages of LPBF compared to other additive 
manufacturing processes [3]. To overcome this issue while enabling 
high build rates, several authors have proposed the application of a high- 
precision set of parameters on the contour of the parts and a high- 
productivity set of parameters in the bulk region in an approach 
referred to as “skin-core” [11] or “hull-bulk” [3] strategy. The increase 
in layer thickness has also been found to intensify spatter generation 
and, consequently, lack of fusion stemming from spatter redeposition on 
the powder bed [40]. While nominal layer thickness of 80 μm has been 
found to be relatively robust to flaws generated through this mechanism, 
significant lack of fusion has been demonstrated to occur upon further 
increase to 120 μm, thereby limiting further productivity increment 
[40]. 

As previously noted by Qiu et al. [41], higher laser power widens the 
process window. Larger melt pools allow for higher powder layer 
thicknesses and higher scan speeds for the laser to be employed. In the 
present study, the influence of laser power has been investigated at three 
levels (refer to Table 1), allowing for observation of this trend. In this 

Fig. 5. EBSD orientation maps in IPF coloring for a specimen manufactured in condition #1 (lowest productivity with P = 100 W, v = 400 mm/s, t = 0.02 mm) and a 
specimen manufactured in condition #2 (highest productivity with P = 300 W, v = 1000 mm/s, t = 0.08 mm) for all sample orientations. Build direction is indicated 
for each orientation map with BD. 
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Fig. 6. EBSD orientation maps in IPF coloring for material manufactured with (A) the lowest productivity (condition #1 – P = 100 W, v = 400 mm/s, t = 0.02 mm), 
(B) the highest productivity (condition #2 - P = 300 W, v = 1000 mm/s, t = 0.08 mm), (C) decreased laser scan speed (condition #3 - P = 300 W, v = 800 mm/s, t =
0.08 mm), (D) decreased layer thickness (condition #4 - P = 300 W, v = 1000 mm/s, t = 0.02 mm), and (E) lowered laser power (condition #5 - P = 200 W, v =
1000 mm/s, t = 0.02 mm). The xz plane is depicted for all conditions. 

Fig. 7. Cross-sections of melt pools in the topmost layer of specimens #2 to #5 (A-D) parallel to the build direction and perpendicular to the upmost scanning tracks. 
The single process parameter variation among the specimens is schematized. The melt pool depths (average and standard deviation values) are presented for each 
specimen, as well as the average remelting ratio. 
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study, the laser power has not been maximized in the experimental 
setup, as the nominal maximum laser power in the machine used is 400 
W, which suggests that the process window can be further expanded, 
and the build rates further increased. 

In this study, as defined in Section 4.1, the requirements for 
including a set of parameters in the process window are the absence of 
lack of fusion flaws and restricted pore content, approximately 0.1% 
maximum, and pores smaller than 100 μm. These criteria may be 
regarded as too conservative, as full densification following HIP has 
been reported in specimens with up to 5% porosity in the as-printed 
condition [32]. 

Considering the limitations previously presented (Fig. 2), up to a 3- 
fold build rate increase is possible by modifying the laser scan speed. 
However, together with the hatch spacing, the laser scan speed affects 
the time interval needed for the exposure of a layer, as expressed in Eq. 
(1), and consequently affects the interlayer time. Mohr et al. [42] define 
the interlayer time (ILT) as “the time span between subsequent energy 
input at a single volume element from layer to layer”, which can be 
expressed as the transition time between layers added to the time 
needed to expose a layer: 

ILTi =
Ai

vh
+Δτtr (7) 

Reduction of the interlayer time has been reported to result in heat 
accumulation and hardness drop over the build height [42], micro
structure coarsening and reduction in yield and tensile strength [43], 
increase in residual stress levels and distortions [44]. 

The interlayer time depends on the transition time between layers, 
Δτtr, measured as 9.3 s for the experimental conditions of the present 
study. This quantity can be minimized by maximizing the recoating 
speed, for example, but with limited gains in the global productivity and 
risks of uneven distribution of powder on the build area, which com
promises the quality of the build. Thus, productivity increase through 
reduction of the interlayer time entails risks to part quality and homo
geneity, which must be carefully assessed prior to implementation. 

5.3. Variation in microstructure and properties with increasing build rates 

The differences observed in the structure of materials manufactured 
with low and high productivity (Fig. 5) are due to the significant dif
ference in scanning parameters (see Table 2), which affect the extension 
of the remelted area and the heat flow throughout the manufacturing 
process. The resulting solidification patterns can lead to significant 
differences in material texture [45]. Strong 〈101〉 orientation has pre
viously been observed for additively manufactured FCC materials such 

as 316L [22] and Hastelloy X [38]. High volumetric energy density 
(VED) was linked to the presence of strong texture [46], which corre
sponds to the results in the present study, as specimen #1 was manu
factured with VED = 125 J/mm3 and specimen #2 with VED = 37.5J/ 
mm3. 

Crystallographic orientation has a strong influence on the mechani
cal performance of LPBF nickel-based superalloys [46]. Knowledge of 
the influence of process parameters in material texture presents oppor
tunities to increase manufacturing productivity and tailor material 
performance. Esmaeilizadeh et al. [47] demonstrated how the effect of 
adjusted scan speed and thus tailored grain structure could be used to 
optimize tensile properties of Hastelloy X material. 

The conditions that output the two extreme productivities (#1 and 
#2, with maximum theoretical build rates of 2.88 and 28.8 cm3/h, 
respectively) present significant differences in microstructure, but 
similar grain size distributions and tensile properties. The material dis
plays the strongest texture and the heaviest right tail on the grain size 
distribution in the processing condition where a more important 
remelting effect is present (#4). The resulting yield and tensile strength 
are comparable to baseline condition #1 and the highest measured 
elongation to fracture. 

Processing condition #3 resulted in the coarsest grains in average 
and an inferior combination of tensile properties. Comparing conditions 
#2 and #3, which are similar in terms of process parameters, the Hall- 
Petch effect explains the discrepancy in the measured yield strength, as 
#2 presents a smaller average grain size and exhibits higher yield 
strength. More importantly, condition #2 presents significantly higher 
ductility, which the grain size distribution can also explain. Grain 
refinement is one of the only routes towards strengthening and 
improving ductility simultaneously, thus breaking the inverse relation
ship often observed in other strengthening mechanisms. Based solely on 
the volume fraction of flaws, the tensile properties are not expected to 
vary between conditions #2 and #3. The measured fractions (0.03% and 
0.01%, respectively) are considered residual for both cases, as the 
resulting relative densities are 99.93% and 99.99%, respectively. 
Considering that the flaws observed in this study are uniformly 
distributed on the cross-sections analyzed [26], such low levels of in
ternal flaws do not substantially reduce the effective load-bearing cross- 
section and are not expected to affect the tensile properties. 

It is clear from the present study that the observed differences in 
material structure for various processing parameter settings need to be 
investigated further despite the nominally flaw-free material. The 
rationalized equations and methodologies presented are proposed to 
provide a generic approach for deciding on and optimizing productivity 
increase strategies for LPBF. 

Fig. 8. Summary of tensile properties, conditions #1 to #5. Average and standard deviation of a minimum of three tests are represented for each condition.  
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6. Conclusions 

In this study, the possibility of increasing the build rate while 
maintaining the quality of LPBF manufactured Hastelloy X was inves
tigated. Firstly, the build rate was parametrized based on key process 
parameters and utilization of the build area. Next, by applying accep
tance criteria to flaws identified in a detailed study of the processability 
of this alloy, a process window was defined, and it was possible to 
calculate the build rates in these processing conditions. Then, the 
microstructure and tensile properties were characterized in specimens 
produced with distinct build rates to identify variability and potential 
quality issues. The main findings of the present study are summarized 
below.  

• The build rate is a linear function of layer thickness and a rational 
function of each of the factors laser scan speed, hatch spacing and 
build area utilization. All functions are monotonically increasing, but 
the rational functions have a horizontal asymptote that represents 
theoretical limits for build rate increase.  

• Solely based on process parameters, the build rate can be increased 
by a minimum factor of 4 and up to 10, depending on the part ge
ometry and utilization of the build area, while producing virtually 
flaw-free material.  

• Laser power is a variable that indirectly influences the build rate by 
influencing the location of the process window, shifting it to condi
tions that allow higher productivity. Increasing laser power enlarges 
the melt pools, thus promoting more remelting, stronger texture and 
epitaxial grain growth.  

• The main direct gain in productivity within the process window is 
obtained by increasing the layer thickness. As melt pool geometry is 
not significantly affected by the layer thickness employed, increasing 
this process parameter reduces the remelting zone, resulting in finer, 
more randomly oriented grains.  

• The product vht is an overestimated measurement of build rate and 
does not reflect the influence of these process parameters in the build 
rate, which can be expressed as 

B =
Rvht

R + Δτtrvh    

• Stronger 〈101〉 orientation is consistently obtained when remelting 
larger volumes of material, independently of the process parameter 
varied. This is due to the competitive growth occurring preferentially 
in the easy-growth direction upon increased energy input provided 
by continued remelting. 

• The results indicate that grain size distribution has the most signif
icant influence on the average tensile properties along the build 
direction. 
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Appendix A  

Table A.1 
Summary statistics of the grain size distributions of specimen #1 (lowest productivity) and specimen #2 (highest productivity). The data are based on three different 
EBSD maps, each taken in the center of LPBF specimens for all three directions using a step size of 1.5 μm with a magnification of 100 times over an area of 1125 × 850 
μm2.     

Equivalent grain diameter [μm] 

Direction Specimen No. of grains Maximum Median Mean Standard deviation 

xy #1  10,892  111.2  10.7  14.1  10.4 
#2  8483  143.8  11.7  15.6  12.0 

xz #1  5405  174.6  12.0  17.1  15.3 
#2  5728  155.5  12.8  17.9  15.4 

yz #1  4784  168.3  12.6  17.9  16.3 
#2  6418  154.7  12.4  17.3  14.2   
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Fig. A.1. Grain size distributions measured in the build direction in specimens manufactured under conditions #1 to #5 in the xz plane.   

Table A.2 
Summary statistics of the grain size distributions of specimens #1 to #5. The data are based on three different EBSD maps, each taken in the center of the LPBF 
specimens in the xz plane, parallel to the build direction, using a step size of 1.5 μm with a magnification of 100 times over an area of 1125 × 850 μm2.    

Equivalent grain diameter [μm] 

Specimen No. of grains Maximum Median Mean Standard deviation 

#1  5405  174.6  12.0  17.1  15.3 
#2  5728  155.5  12.8  17.9  15.4 
#3  2878  167.3  17.1  25.1  22.1 
#4  1558  260.3  13.9  23.7  27.5 
#5  4776  204.7  12.8  18.8  17.6  

Appendix B  

Table B.1 
Individual tensile test results for processing conditions #1 to #5.  

Condition P (W) v (mm/s) t (μm) Test ID E (GPa) YS (MPa) UTS (MPa) Elongation (%) 

#1  100  400  20  1  193.8  471.88  682.37  31.9 
#1  100  400  20  2  192.6  484.12  682.49  34.35 
#1  100  400  20  3  184.5  475.96  664.09  13.11 
#2  300  1000  80  1  187.4  422.98  683.13  33.91 
#2  300  1000  80  2  178.3  412.31  682.88  33.62 
#2  300  1000  80  3  182.2  437.87  671.31  20.04 
#2  300  1000  80  4  236.3  425.58  691.46  31.09 
#2  300  1000  80  5  166.6  463.89  688.89  22.31 
#3  300  800  80  1  171.3  403.93  533.02  6.377 
#3  300  800  80  2  180.6  408.37  529.38  5.181 
#3  300  800  80  3  204.8  396.29  611.55  14.97 
#4  300  1000  20  1  204.3  498.79  663.93  29.07 
#4  300  1000  20  2  233.7  466.36  662.27  45.76 
#4  300  1000  20  3  238.4  461.77  664.36  32.66 
#5  200  1000  20  1  188.4  487.3  648.17  7.443 
#5  200  1000  20  2  210.4  474.75  657.86  8.965 
#5  200  1000  20  3  184.7  510.39  661.47  9.002  
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