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Additive manufacturing (AM) research has grown massively in the last few decades, with applications ranging
from the medical sector to automotive. AM of nickel superalloys is of great interest for the aerospace sector due
to their mechanical performance at increased temperatures. Components were manufactured using the two most
common metallic AM processes, laser powder bed fusion (L-PBF) and laser directed energy deposition (L-DED).
Microstructural and mechanical properties were compared and contrasted between the two processes, showing

that despite the processes fundamentally being based on the same physical phenomena, the difference in scale
between the processes stops them from being directly comparable. As such, alloy design and processing window
development must be performed with a specific application and process in mind.

Introduction

Additive manufacturing (AM) of nickel superalloys is of significant
industrial interest, notably in the aerospace sector, as a result of their
superior mechanical properties at elevated temperatures [1,2]. Many
of the highest temperature-capable alloys experience cracking during
AM, mainly due to hot tearing and liquation cracking [3,4]. As such,
widespread efforts exist to alter existing alloys and design new ones,
which exhibit the mechanical properties required whilst being printable
without experience cracking and other defects [3,5-9]. Many of these
develop an alloy to be “more printable”, but do not design for a specific
manufacturing process [5,8,9].

Two of the most common metal AM processes are laser powder bed
fusion (L-PBF) and laser directed energy deposition (L-DED). L-PBF is
generally used for rapid prototyping and creating lightweight complex
geometries, such as the GE LEAP fuel nozzle [10], whilst L-DED is more
suited to larger components and repair applications [1]. It has been pre-
viously reported that the printability of certain alloys may vary on the
chosen AM process [7,11]. The productivity of L-DED is reported to be
5x higher than L-PBF, although lacking the geometric precision of L-PBF
[12].

Despite the processes both being fundamentally based on laser weld-
ing, the laser is typically an order of magnitude larger in L-DED, the laser
power 2-5x larger and the velocity 1-2 orders of magnitude smaller
[1,2]. This results in a vastly different thermal conditions within the
two processes, where a normalised energy density (NED, E*) can be de-
fined as E* = U*};—*h*, where P is the laser power, v is the laser velocity, 1
is the layer thickness, h is the hatch spacing and * denotes a normalised

. * _ ﬂ a :
value [13]. This can be calculated as E* = Solh R, —T)? where A is the
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absorptivity, « is the thermal diffusivity, x is the thermal conductivity,
T, is the melting point (solidus) and T is the initial temperature. Al-
ternatively, the beam radius (1) is occasionally used in place of hatch

spacing [13,14], resulting in E* = P AP “ which will

U*l*rZ - m m’
be called NED,.
It has been previously reported that energy density is an imperfect
measure [14,15] and a normalised enthalpy (NE, ﬂ) is intermittently

utilised, despite not including factors such as the hatsch spacing [16,17];

. AH _ AP @
normalised enthalpy, =— = = .
PY hy kT \ z0@ry)?

effect of the key processing parameters (nominally power and velocity),
these equations simplify to E* « E* % and Ah—H 3 \%, which have dif-

Overall, when comparing the

ferent assumptions about the sensitivity of the process to laser velocity.
Both NED and NE are measures of how much energy is required to melt
a certain amount of material and so should be reflected in the thermal
signature of the process; these values are often experimentally corre-
lated with measures such as the density [13,15] or the shape of single
weld tracks (unstable weld track, conduction mode, keyhole mode) [14].
The assumption is that if a similar amount of energy is input into the
material (no matter which process parameter combination is used), the
output (density, structure) should be similar.

Inconel 718 is a precipitation strengthened nickel superalloy, relying
on ordered precipitates, y” and y”, for its enhanced mechanical proper-
ties [18,19]. Additionally, Laves phases are often present, which are
deleterious to mechanical properties [12,20]. Laves phases are reported
to be found in both L-PBF [18-21] and L-DED [12,22] samples, with a
greater particle size in the latter [12]. The presence of y’ and y” precip-
itates in as-built AM components is an unresolved matter. Precipitates
are confirmed to occur in heat treated samples, but in the as-built L-PBF
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Summary of processing parameters used for both L-PBF and L-DED samples; H and L representing high and low energy densities respectively, materials/thermal

paramters for NED and NE calculations taken from [23].

Process Power (W) Velocity (mm/s) Hatch Spacing (um)

Z Step (um)

Mass flow (g/min) NEDE* NED, E? NE: ATH Name

L-PBF (Aconity) 95
130
95
130

223

1000 45

1500
L-DED (BeAM)

33.3 400

223
359

50

30

200

N/A 3.8
5.2
2.5
3.4
4.5
7.2
3.0
4.8

7.2
9.9
4.8
6.6
7.7
12.3
5.1
8.2

4.7 -

6.5 PBF_H
3.9 PBF_L
5.3 -

1.9 -

3.1 DED_H
1.6 DED_L
2.5 -

5.5-6.5
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Fig. 1. G vsV plot showing the approximate ranges covered by both L-PBF and
L-DED for Inconel 718. Adapted from Dehoff et al. [26].

condition these precipitates are not found [12,19]. In L-DED, it seems
that in larger components (where more in-situ heat treatment occurs),
some y’/y” nano-precipitates can be observed [23,24], but this is very
process/parameter dependant [12,25].

Fig. 1 shows the expected microstructural transition from columnar
to equiaxed grains with thermal gradient (G) and solidification velocity
(V) for Inconel 718 [26], showing that L-PBF is expected to result in
a more columnar structure. The laser diameter in L-PBF is typically an
order of magnitude smaller than that in L-DED, resulting in a smaller
melt pool, which is expected to result in a higher cooling rate [27,28].
It is reported that the cooling rate (7') in L-PBF is 10%x greater than in
L-DED [2,29], this corresponds to the values which can be calculated
from Fig. 1 using T = GV.

Further, the increased scanning velocities in L-PBF result in increased
solidification velocities as well as the higher thermal gradients [29].
The scale of the microstructure is commonly related to the thermal gra-
dient [30-32], with high thermal gradients decreasing the scale of the
microstructure (primary dendrite arm spacing, PDAS). The mechanical
properties of a material can be correlated to the size of the microstruc-
ture, with a finer microstructure resulting in a higher yield strength as
summarised by the Hall-Petch equation [33,34]. Additionally, increas-
ing the thermal gradient can lead to a change in solidification structure
from dendritic solidification to cellular solidification [35].

Several comparisons between L-PBF and L-DED exist, mainly dis-
cussing hybrid manufacturing methods and concluding that the scale of
microstructure is smaller in L-PBF than in L-DED [12,29,36-38]. It has
been shown that in Inconel 625 (a similar FCC nickel superalloy), L-PBF
exhibits increased hardness [37], which was attributed to the finer mi-

crostructure when compared to L-DED [38]. Martin et al. reported that
the texture is weaker in L-PBF than in L-DED. Godec et al. published the
only known work reporting metallographic differences in Inconel 718
between L-PBF and L-DED [12], the focus of which was the mechani-
cal properties in the joint between components manufactured with the
different methods. The grain structure was found to be more columnar
and with a greater texture in L-PBF, dislocations were found to form a
regular cellular substructure. In contrast, larger grains were found in L-
DED, with a dendritic structure and a less ordered dislocation structure
due to less misorientation. In both structures, Laves phases were found,
with some Al,O; oxides; again, at a larger scale in L-DED [12].

In this study, we examine the processing windows of Inconel 718
using both L-PBF and L-DED, quantifying the range of achievable mi-
crostructures. The effectiveness of energy density measures is assessed
and the feasibility of knowledge transfer between the two processes
is explored. By analysing the variety of solidification and grain struc-
tures possible in the two processes, the observed hardness trends are
explained - highlighting the key differences between the resultant mi-
crostructures.

Method and materials

Samples were made in Inconel 718 using both the Aconity3D Mini
(L-PBF) and the BeAM Magic 2.0 (L-DED). The L-DED samples were
made using a bidirectional hatch strategy, 3 hatches wide (20 mm long,
9.8 mm tall). The L-PBF samples were printed to dimensionally repli-
cate these, with hatching along the length of the wall and dimensions of
2.95%20x9.8 mm (width, length, height respectively). The processing
parameters for both processes are summarised in Table 1, these were
chosen to capture a wide processing window whilst retaining high den-
sity and satisfactory surface finish (established using literature parame-
ters as a starting point).

The range of processing parameters was extended to test the variety
of possible grain structures whilst retaining build quality. For L-PBF,
there was a 1.7x spread in Ah—H values (2.1x spread in E*/ E* values); for

L-DED, there was a 2.0x spread in Ah—H values (2.4x spread in E*/E”).

For each printed sample, thermal monitoring was recorded. On the
Aconity3D Mini, a spot pyrometer (Kleiber KG 740 LO) was used, which
absorbs photons of a set wavelength range (1580-1800 nm) and the out-
put signal (mV) is proportional to the intensity of the light hitting the
sensor. Any output signal below 850 mV was removed to remove am-
bient noise. A Basler acA1440-73 g coaxial camera was used on the
BeAM Magic 2.0 to record the meltpool (75 fps, 4000 pus exposure time,
500x500 px area). A thermal intensity was calculated, which is a sum of
all the pixels in the image [23]; effectively, this is what a spot pyrome-
ter does; all thermal intensity values below 0.2 x 107 were removed. As
such, the monitoring methods between the two processes are compara-
ble. Their sensitivities may be different, but the measurement method-
ology is the same.

The extreme sets of parameters were defined as PBF_L/DED_L for low
heat input and PBF_H/DED_H for high heat input and were further an-
alyzed. Hardness maps (Durascan 70 Vickers indentor, 1 kg load) were
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Fig. 3. High resolution optical micrographs of etched samples, with the microstructure visible; (a) L-PBF; (b) L-DED.

taken of the YZ sections with a 0.5 mm step size in both axes. These al-
lowed for both a measure of hardness variation within each component
and a comparison of the average hardness values. 2 sample t-tests were
performed (a=0.05) to determine whether or not the average hardness
values were significantly different from one another.

EBSD analysis was performed using a Jeol 7900F with an Oxford In-
struments Symmetry EBSD detector and a 13 mm work offset, with an
accelerating voltage of 20 kV. The step size for each scan was between
1 and 1.66 um. For each sample, a region of 750x5000 um (Y, Z respec-
tively) was extracted and was further analyzed for grain area, aspect
ratio, anisotropy factor (0 for <100> and 0.33 for <111>) [28,39] and
maximum mud. Additionally, the grain average misorientation (GAM,
which is an average of the kernel average misorientation [40]) was cal-
culated to get an estimate of dislocation density [41,42]. The grain ar-
eas in the samples vary greatly, with some directional grains and some
equiaxed grains, as a result, each of the measures was weighted by the
grain area rather than taking a simple average with equal weightings.

PBF_L and PBF_H samples were polished and etched with Glycere-
gia; DED_L and DED_H samples were polished and etched with Kallings
Reagent #2. Melt pool dimensions were measured from the top row of
melt pools as these were not remelted by subsequent layers; for L-PBF
several melt pools were measured and so could be averaged; for L-DED,
since only 3 hatches were printed, the dimensions of the central melt

pool were taken. PDAS were manually measured in a variety of loca-
tions within each sample and averaged.

Results and discussion
Thermal monitoring

To get an average thermal signature for each component, an average
signal was measured per layer and these layer signals were averaged for
the top half of the build (to remove baseplate effects). To compare the
accuracy of NED (E* « E* « % within a process, with constant material

and hatching, so E* will be used going forward) and NE (Ah—H x iv),

7
both of these were plotted in Fig. 2 against the average pyrometry signal
for L-PBF and average thermal intensity for L-DED. Since both <y E*and

AH yere developed as a measure of energy required to melt a volume

ofsmaterial, they would be expected to correlate with the thermal signa-
tures of the processes. Unfortunately, due to the different optical setups
between L-PBF and L-DED, different monitoring techniques were used
and so the thermal signatures cannot be directly compared between the
processes.

Normally, these parameters are used for process optimization using
single weld tracks; however, here, thermal data from multiple hatches
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Table 2

and layers was used. For both L-PBF and L-DED, both E*and Ah—H show
strong positive correlations, with the latter (NE) being greater for both
processes. This suggests that when using these parameters for process
optimization, NE is more representative of AM (both L-PBF and L-DED)

Comparison of melt pool dimensions and PDAS between L-PBF and L-DED. Stan-
dard deviations in brackets, for L-DED samples, melt pool dimension errors are
the measurement resolution.

than NED. Sample Melt Pool Width (um) Melt Pool Depth (um) Ay (um)
PBF L 73.1 (14.0) 48.1 (12.5) 1.1 (0.1)

Microstructural analysis PBF_H 78.7 (7.0) 112.1 (14.0) 1.0 (0.2)
DED_L 780 (1) 274 (1) 1.8 (0.5)
DED_H 973 (1) 406 (1) 3.0 (0.5)

The melt pools in L-DED are both wider and deeper than in L-PBF and
the melt pool dimensions in both processes follow the expected trends,
being larger in the high heat input samples (Table 2). The large increase
in melt pool depth in the PBF_H sample is due to keyholing.

In terms of the microstructure, it is widely disputed whether cells
or dendrites are seen in AM. In L-DED micrographs (Fig. 3b), dendritic
perturbations can be seen, so these will be referred to as cellular den-
drites; in L-PBF, no perturbations can be seen, so these will be referred
to as cells. The spacing of both of these will be termed PDAS (4,) and
are summarised in Table 2. Increasing the thermal gradient leads to a
transition from columnar dendritic structures to cellular structures [32];
this is a complex relationship, as cellular structures are possible at both

low and high thermal gradients [35,43]. The higher thermal gradients
in L-PBF (Fig. 1) explain why the microstructure in these samples is of
a more cellular nature than the L-DED process [32].

There are many calculations for the PDAS, the general relation is

A x G_% [30,31]. This may not hold for all temperatures, but seems
applicable in Inconel 718 under similar conditions [44-46]. Using the
measured PDAS, a cooling rate can be calculated using two different
equations by Trivedi and Hunt [30,31], as summarised for Inconel 718
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hardness.

by Raghavan et al. [46]. Using both equations, a range of cooling rates of
9 x 10* — 7 x 10° K/s are calculated for L-DED, with a range of 5x10° —
1x107 K/s for L-PBF. These are higher than those predicted in literature
[2], but given the simple nature of the calculations, they are as close to
reported values as could be reasonably expected.

Despite similar increases in energy density, the PDAS change in L-
PBF is negligible when compared to the PDAS change in L-DED. This is
a result the greater cooling rates in L-PBF — at high cooling rates, even
a small change in PDAS would require a large change in cooling rate.
In contrast, because of the lower cooling rates in L-DED, the calculated
change in cooling rate is enough to cause a 1.7x increase in PDAS be-
tween DED_L and DED_H.

Grain structure

EBSD grain orientation maps are shown in Fig. 4; step sizes in the
range 1.0-1.66 um were used for different EBSD scans which is signifi-
cantly smaller than the typical grain size, so this variation in step size is
not expected to have any effect on the final results. Fig. 4a and b are L-
PBF samples and both appear to consist predominantly of <100> orien-
tated grains leading to a lower anisotropy factor than in L-DED (Fig. 5),
which strayed from the <100> orientation (Fig. 4c and d). The range of
anisotropy factor values is however larger for L-PBF so there is a larger
possible spread in grain orientations. The aspect ratios of grains from
both processes are relatively high, with L-PBF having a much larger max-
imum aspect ratio as a result of the columnar structure seen in Fig. 4b.
This was predicted by the location of the L-PBF process on the G-V plot
(Fig. 1), with L-PBF being centred in the columnar region, whilst L-DED
being centred in the mixed region. For both processes, the low heat in-
put samples had weak texture and so low maximum mud values; the
PBF_H sample had by far the strongest texture (<100> orientation) and
had the highest maximum mud.

The grain average misorientation (GAM) for each grain is plotted
in Fig. 6; the L-PBF samples both have higher GAM than the L-DED
samples. This is interesting, as within each sample, the larger grains ex-
perience higher GAM values, so one might expect the larger grains in
L-DED to have higher GAM values than in L-PBF. Since the thermal gra-
dients in L-PBF are much higher than in L-DED, the structure is cellular
rather than cellular dendritic [19,47]. Each grain contains many cells,

Table 3
Comparison of hardness values between L-PBF and L-DED.

Sample Average Hardness (HV) Standard Error
PBF L 323.4 3.1
PBF_H 342.6 0.9
DED_L 276.4 3.6
DED_H 246.4 3.0

which are misorientated with respect to one another, and importantly,
the cell walls are made up of dislocations [18,19]. Given that L-PBF con-
tains cells (unlike L-DED), this explains the higher GAM values measured
when compared to L-DED.

Hardness analysis

The average hardness values of the samples are shown in Table 3; the
hardness of L-PBF samples is much greater than that of L-DED samples
(Fig. 5). Pairwise 2 sample t-tests were performed and confirmed that
the hardness of each sample is significantly different from every other
sample (using «=0.05). In L-PBF, the higher energy input sample was
found to be hardest, whilst in L-DED, the lower energy input sample
was found to be hardest. Since the components being printed here are
narrow and with the same experimental setup as [23], it is assumed that
none of the samples exhibit significant amounts of y’/y”” precipitation
in the as-built state. As such it is concluded that the precipitates within
the printed components are not responsible for the observed changes in
mechanical properties.

The Hall-Petch effect can be used to correlate yield strength to the
grain size using o,  d, 12 where d, is the grain diameter [33,34]. Hard-
ness is proportional to yield strength [48,49], so HV « d; 172 When the
grain diameter is small, then even a small change in grain diameter is
sufficient to affect the hardness as hardness is more sensitive to grain
size changes in smaller grains. As such, we would expect changes in
grain size in L-PBF to have a greater effect on the hardness values than
changes in L-DED grain size. Despite this, the range of L-DED grain size
is so much greater than in L-PBF that it is estimated that the L-DED
hardness increase due to grain size is 35% greater than that in L-PBF.
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Dislocation density, p; x GAM, so GAM can be used as a proxy for
dislocation density [41,42,50]. A grain boundary is a discontinuity in
lattice orientation so grain boundaries are essentially areas of high dis-
location density. Large grains typically experience greater misorienta-
tion within them (seen in Fig. 6b), lattice imperfections such as disloca-
tions must be present to accommodate this misorientation. Conversely,
in small grains, only small regions of “perfect” lattice are needed, so
small grains are much more likely to have low GAM values. This ex-
plains the trends seen in L-DED, with small grains having lower GAM
values.

This can be formalised by calculating the energy stored due to dislo-
cations, E;, « %, where 0 is the misorientation angle (proportional to
GAM) and Dy, is the subgrain diameter [51]. In the L-PBF samples, Dy,
is the cell size, 50 Ey;ypcarions ¢ GAM?; since PBF_H has a higher GAM
than PBF_L, it is expected to store 34% more energy due to dislocations
than PBF_L. PBF_H contains larger grains, which allow for a higher mis-
orientation and a greater stored energy (which is a higher strain). For
the L-DED samples, the change in PDAS mean that the stored energy re-
mains basically unchanged between the high and low heat input samples

which is surprising, as large grains seem to contain more misorientation
(Fig. 6d).

The GAM for the PBF_H sample is 11% higher than for the PBF_L sam-
ple, this suggests that the PBF_H sample contains a significantly higher
dislocation density than the PBF_L sample. The principal behind work
hardening is that as dislocation density increases, the dislocations repel
one another, so the material is harder to deform [52]. The relation-
ship G, x \/p_d has been widely reported [53,54], HV ~ y /3 [48,49], so
HV « \/p_d . Zhang et al. report a hardness increase of 28 HV in L-PBF
[54], so it is concluded that the hardness increase measured in the L-
PBF samples (19 HV) could be explained by the change in the measured
dislocation density.

PBF_L contains smaller grains than PBF_H which would be expected
to increase the hardness, but also has a lower dislocation density, which
would decrease the hardness. It is not obvious which of these phenom-
ena would dominate, but the increased dislocation density in PBF_H
could explain the higher hardness measured. In L-DED, due to the lack
of cellular structure, the grain boundaries are the main obstacles to dis-
location movement and so the Hall-Petch effect explains the trend in
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hardness observed. Overall, the L-PBF samples have both smaller grains
and higher GAM values than the L-DED samples, which explains why
the hardness values in the L-PBF samples are significantly higher than
in the L-DED samples.

Conclusions

The resultant microstructure and mechanical properties of a com-
ponent are dependant on a combination of complex factors including
(most significant in bold):

e Laser power

e Laser beam size

¢ Laser velocity

¢ Powder size/composition

¢ Component geometry and scan strategy
¢ Heat flow mechanisms

Normalised energy densities, NED, are often used for establishing
processing parameters which result in high density components. It is
shown that for real AM processes, NE is a better measure of the ther-
mal response of the process than NED (Fig. 2). The absolute values of
both NED and NE are of the same order of magnitude in both processes
(Fig. 5), which is surprising given that the size of the laser sources differ
by an order of magnitude.

Despite the NE and NED being similar between the two processes,
the melt pool sizes in L-DED were found to be 4-12x larger than in L-
PBF, as a direct result of the laser beam diameter. A combination of
increased cooling rate (due to increased thermal conduction away from
the smaller melt pool) and increased solidification rate (related to the
scanning velocity) in L-PBF lead to a greater thermal gradient than in
L-DED (Fig. 1).

In L-DED, the grain size is shown to be the key factor affecting to the
hardness, with the smaller grains in DED_L (higher thermal gradient)
resulting in an increased hardness (following the Hall-Petch relation).
In L-PBF, however, the dislocations found due to the cellular structure
are the dominant factor affecting hardness. PBF_H is found to have a
higher GAM and so a higher dislocation density, resulting in increased
hardness despite the increased grain size. Even if an AM component
is heat treated, the final mechanical properties are still dependant on
the as-built microstructure [55], so the process must be selected with a
specific application in mind.

Table 3 shows that as-built mechanical properties of components
made by the two processes are significantly different, with L-PBF sam-
ples being at least 17% harder than L-DED samples. This difference rel-
atively small, especially compared to the change in cooling rates, which
are ~100x different. Even if grain properties were consistent between
the processes, the difference in melt pool size and thermal gradients
changes the nature of the microstructure (cells vs dendrites) which in
turn alters the dislocation structure. This shows that the properties of
an additively manufactured component are strongly affected by the pro-
cess, with these changes reportedly being retained post heat treatment.
For a specific application, the desired properties must be specified and
both the process and alloy must be selected specifically to match this. It
is insufficient to select an alloy and assume that however it is produced,
the final component will meet the required mechanical properties.
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