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ABSTRACT

Material properties of parts made via selective laser melting are not the same as the well-established properties
for bulk base materials, due to the unique processes used to produce the parts. Meanwhile, additive manu-
facturing is increasingly being used for heat exchangers and heat removal devices, which demand high thermal
conductivities. The thermal properties are also important for many non-destructive testing technologies. The
thermal conductivity of selective laser melted 316 L stainless steel was studied as a function of processing
conditions and build orientation. The porosity and thermal conductivity were measured versus processing
conditions. A critical energy density of 44.4 J/mm® was observed below which the porosity increased and the
thermal conductivity decreased. For the lowest-porosity sample, the local thermal conductivity map taken with
frequency domain thermoreflectance showed a variation in the stainless steel thermal conductivity between 10.4
and 19.8 W/m-K, while the average thermal conductivity of 14.3 W/m-K from the thermal conductivity map
agreed, within measurement uncertainty, with the bulk thermal conductivity measurements. The thermal con-
ductivity trend was not fully explained by the porosity, as effective medium models fail to predict the trend.
Amorphous stripes in the selective laser melted stainless steel grains were identified by transmission electron
microscopy. These amorphous regions also resulted in decreased x-ray diffraction intensities with increasing
porosity. The amorphous regions are hypothesized to lower the thermal conductivity at faster laser scanning
speeds due to less time at elevated temperatures. We also found that in-print plane and through-print plane
thermal conductivities have the same value when the energy density is greater than this critical amount. When
the energy density reduces below this critical amount, the in-plane conductivity exceeds the through-plane.

1. Introduction

powder together in a layer-by-layer process [1]. In powder bed SLM, a
thin layer of metal powder, typically 20 — 40 um thick, is deposited over

Additive manufacturing of heat removal devices and heat ex-
changers is an increasingly attractive application for additive manu-
facturing. The material properties of parts made with additive processes
are not the same as the well-established properties for bulk base ma-
terials due to the unique processes of localized heating and cooling
found in additive manufacturing. For this reason, the research pre-
sented here investigates the thermal conductivity of samples produced
from 316 L stainless steel using the selective laser melting additive
manufacturing process as a function of processing and build axis or-
ientation.

Selective laser melting (SLM) is an additive manufacturing process
that allows solid metal or plastic parts to be produced from powder.
Solid metal items are produced when a laser melts and fuses metal
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the surface of the machine’s build platform and a laser is then scanned
over a portion of that layer, melting the powder which subsequently
solidifies [2,3]. Electro Optical Systems’ (EOS) SLM printers, for ex-
ample, accomplish the powder deposition by pushing powder over the
build platform using a recoating blade. An alternative method for de-
positing the powder is by spraying it through a nozzle onto the build
area as the laser melts it, commonly referred to as direct metal de-
position (DMD) which is categorized under direct energy deposition
process (DED) [4-6]. In both SLM and DMD, the thermal processing
profiles and layer-by-layer processing are similar in terms of rapid
cooling and material systems.

The SLM process continues to become more widely employed by
companies for prototyping and increasingly for production. The unique
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capabilities of SLM enables the incorporation of features that would
have been cost prohibitive or even impossible with traditional manu-
facturing, such as lattice structures to reduce weight or internal cooling
channels to improve device cooling. A specific example of the benefits
of SLM is GE’s Leap fuel nozzle. By using additive manufacturing, over
twenty individual parts, that were previously welded together, were
SLM manufactured as a single part, leading to a 25 % reduction in its
weight [7,8]. SLM is also being used by SpaceX to manufacture com-
ponents for their rocket engines [9].

Depending on the process parameters used when creating parts with
selective laser melting, the physical properties can vary significantly
from the bulk properties of the same alloy processed conventionally
[10-18]. For example, Gong observed a change in ultimate tensile
strength from 1237 MPa to 978 MPa in Ti-6Al-4 V specimens produced
by SLM by changing the laser power and scanning speed [10]. The ef-
fect of processing parameters on thermal properties, however, has not
been intensively investigated or reported for selective laser melted
parts. Furthermore, how the thermal conductivity varies in a 3D printed
part locally has not been previously investigated.

Printed metal heat exchangers and heat pipes have great potential
to improve efficiency and reduce weight. While stainless steel is not a
particularly high thermal conductivity metal, it does possess high
temperature and corrosion resistance, which makes it appealing for
high-temperature and corrosive environment heat transfer applications
[19-22]. These thermal properties are important for many applications.
For instance, additive manufacturing can reduce injection molding time
per part by implementing conformal cooling. The potential to reduce
the cycle time in injection molding is significant because the cooling
time can be “between 60 % to as much as 90 % of the total cycle time”
[23]. In this application, thermal conductivity is important, as it dic-
tates the rate at which injection molded parts can be produced [24].
Stainless steel is often used for molds for medical applications that
value smooth surfaces and with polymers that have corrosive pre-
cursors (e.g. PVC) [25].

An additional motivation for studying the thermal conductivity is
the relationship between mechanical and thermal properties for en-
hanced non-destructive testing. Thermal properties change with micro-
and nanostructure, such as the development of amorphous regions or
precipitates. Because of this, probing the thermal properties has the
potential to determine subtle variations in material characteristics in-
directly, and could thus improve the inverse mapping of microstructure
from thermal measurements for better non-destructive testing.

The thermal properties of the SLM part can vary due to the unique
processing conditions, specifically the rapid cooling (e.g. 10° ~10” °C/
s) [26-28]. This rapid cooling could lead to non-equilibrium states that
trap impurities, induce residual stresses, or generate amorphous re-
gions. There may be unfused powder that did not wet the metal below
due to an oxide film and/or processing power. Porosity is also induced
from metal vaporization and powder denudation [29], which is ex-
pected to also lower thermal conductivity. There is also grain orienta-
tion anisotropy induced by the extreme thermal gradients during the
melting and solidification process [30]. Therefore, the thermal prop-
erties cannot be assumed to be the same as traditional bulk materials
processed by conventional means.

Previous work has shown that SLM of 316 L produces fine dendritic
grains, on the scale of 1 um, that grow parallel to each other in separate
colonies [31-34]. The crystallization type has also been shown to de-
pend on the location within the melt pool [31]. Higher energy density
can cause recrystallization in the previous layer, where a lower energy
density may not [31].

The dominant phase present in 316 L stainless steel produced from
SLM is austenite (y-Fe), because 316 L does not develop martensite
when quickly cooled to room temperature [31-33,35]. Sigma, delta-
ferrite phases, and carbide microstructures have been observed in an
austenite phase matrix for stainless steel additively manufactured via
arc melting and selective laser melting [34,35]. The sigma and delta-
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ferrite phases can be reduced or eliminated by holding the material at
temperatures above 1000 °C for one hour or more and then quenching
in water [35].

Different phases and precipitates found within a metal alloy can
influence its thermal conductivity. Aluminum alloys are arguably the
most studied metal alloy system from a thermal conductivity perspec-
tive. Conventionally processed aluminum alloys change thermal con-
ductivity with heat treatments due to microstructure evolution [36,37].
For aluminum alloys, Si solutes were found to impact the thermal
conductivity [36]. This is because the Si initially precipitates within the
inter-granular region, adding thermal interfaces. Upon heat treatment,
the Si transforms to small precipitates that are less heat resistant. Si-
milar heat treatment is not typical for 316 L and no inter-granular films
form in 316 L, unlike with Al10SiMg.

While there are only a few thermal conductivity studies for addi-
tively manufactured materials [38-40], there are not any studies on the
thermal conductivity of additively manufactured 316 L stainless steel.
There are several relevant thermal transport studies of bulk stainless
steels, sintered stainless steels, and powdered stainless steels in the
literature [41-47]. These studies found the thermal conductivity of
316 L stainless steel powder before sintering (~0.1-0.3 W/m-K). They
also observed the thermal conductivity in sintered stainless steels de-
creased with increasing porosity [42,47].

There are no published studies on the thermal properties of laser
powder-bed fusion stainless steels and none that have looked at the
thermal properties versus processing or build direction. Moreover, there
are currently no published results that relate local thermal conductivity
variation at the microscale to the microstructure for this processing
technique.

2. Material and methods
2.1. Overview

An EOS M290 selective laser melting printer was used to produce
8 x 8 x 1.5mm 316L stainless steel samples under varying laser
scanning speed while the other process parameters remained at the
recommended values from EOS. The samples were removed from the
build platform using wire electrical discharge machining (EDM) and the
two 8 X 8 mm faces were polished to prep for additional character-
izations. The thermal conductivity and material structure of the samples
were characterized by local thermal conductivity mapping, bulk
thermal conductivity measurements, scanning electron microscopy,
electron backscatter diffraction, x-ray diffraction, electron dispersive
spectroscopy, transmission electron microscopy, and optical micro-
scopy as a function of processing parameters and build orientation.

2.2. Selective laser melting

Powder bed selective laser melting was used to produce samples for
this study. This is achieved by taking a 3D model of the part to be made
and slicing it into layers. After each layer of powder is deposited, the
laser scans over that layer, melting the powder and fusing it into solid
metal upon cooling. The process repeats to build the model layer-by-
layer. The primary processing parameters that can be adjusted are layer
height, laser power, laser scanning speed, and the hatch spacing (spa-
cing between adjacent scan lines, Fig. 1).

The important processing parameters are linked together to calcu-
late the energy density using Eq. (1).

ol
mm?
Laser Scan Speed [%] X Hatch Spacing [mm] x Layer Thickness[mm]
(€]

Energy Density [

Laser Power [W]
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Fig. 1. Depiction of hatch spacing.

For this study, two sets of six testing specimens were produced using
the EOS M290 SLM printer. The 316 L stainless steel powder was ob-
tained from EOS [48]. The dimensions of each of the samples produced
was 8 X 8 X 1.5mm and they were printed using a layer height of
40 pm and a hatch spacing of 90 um. The laser power was set to 200 W
and the scanning speed was varied from 750 mm/s to 2000 mm/s in
increments of 250 mm/s, representing energy densities from 74.1J/
mm? to 27.8 J/mm?. These samples were produced in two sets, one set
with the 8 x 8 mm faces parallel to the build platform in the x-y plane
and the other with the samples oriented vertically in the x-z plane. This
allowed testing of thermal conductivity both through the build layers,
referred to as through-plane and measured using the x-y orientation
samples, and along the build layers, referred to as in-plane and mea-
sured using the x-z orientation samples. It should be noted that samples
with laser scanning speeds of 250 mm/s and 500 mm/s failed to print
due to splattering and warping induced by high thermal stress. No heat
treatment was performed on the as-built parts, as 316 L stainless steel
parts are not recommended for heat treatment by EOS due to undesir-
able phase transformations, like the precipitation of chromium carbides
[48,49,50].

The samples were removed from the build platform by wire EDM
and polished using progressively finer silicon carbide paper from 240 to
800 grit prior to flash diffusivity measurements. After the flash diffu-
sivity testing was completed, the samples were polished further with 6-
0.05um polishing compound prior to microscopy and testing with
FDTR. The sample preparation and measurements were designed and
carried out in order to eliminate the effect of geometry driven thermal
history on microstructure by fabricating rectangular specimens and
employing single laser exposure parameter (skin exposure) on the en-
tire build, mechanically polishing sample surfaces and carrying out
FDTR measurements at the center of the samples [51,52].

Arithmetic average roughness values (R,) of between 10 um-20 um
are typical for selectively laser melted stainless steel 316 L [53,54].
Parenthetically, surface roughness enhances turbulent convective heat
transfer.

2.3. Porosity and density measurement

Images of the polished surfaces of each sample were taken using a
Zeiss Axio optical microscope. The images were then imported into the
ImageJ software and digitized to 8-bit binary [55]. The “analyze par-
ticles function” in ImageJ was then used to determine the percentage of
the area in the image made up of voids. This allowed the porosity of
each sample to be approximated from these experimental images, as-
suming isotropic distribution of voids.

Density was calculated by multiplying the percentage of solid metal
in the images by the density of the solid material given in the EOS
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Fig. 2. Clark and Taylor model analysis of flash diffusivity data for 750 mm/s
laser scanning speed sample, k = 14.2 W/m-K.

datasheet [48]. The results were verified by measuring the mass of the
samples, with an analytical balance, and the volume of each sample,
using a Quantachrome UltrapyC 1200e ultrapycnometer, to calculate
density.

2.4. Flash diffusivity

Flash diffusivity tests determine the bulk thermal diffusivity from
the time-dependent temperature response of a sample exposed to a
pulse of heating [56-58]. The thermal diffusivity values of the samples
were determined by fitting the experimental temperature versus time
data to the analytical solution of Clark and Taylor with the thermal
diffusivity as the free variable [59]. An example comparison between
the experimental data and the corresponding fit for the through plane,
750 mm/s laser scanning speed sample is shown in Fig. 2.

2.5. Frequency domain thermoreflectance

The local thermal conductivities of the samples were measured by
frequency domain thermoreflectance (FDTR). This process works by
modulating the surface temperature by focusing a modulated laser
(488 nm), referred to as the pump, onto the sample surface [60]. A
second co-axial laser (532 nm), referred to as the probe, is then used to
sample the temperature oscillation through the change in reflectance
with temperature due to the change in the top surface’s reflectance with
temperature. This periodic oscillation of the reflected probe signal is
sensed with a photodiode connected to a lock-in amplifier [60]. A
schematic of the overall measurement process is shown in Fig. 3.

Based on the phase lag between the pump laser and the reflected
probe laser, the thermal properties of the material can be determined
[60,61]. The thermal conductivity of the samples were determined by
fitting the phase lag vs frequency to an analytical model using MA-
TLAB’s nonlinear regression [60,61]. An example of the phase lag data
from one of the tests is shown in Fig. 4 along with the analytical fit to
the data.

The spatial resolution of this technique with a 5X objective is ap-
proximately ~7 pm in the x—y direction, with the laser incident on the
surface traveling in the z-direction. The z-axis sensitivity can be ap-
proximated by the following equation for thermal penetration depth
[60]:

L= |&

rf )

In this equation, L is the thermal penetration depth, « is the thermal
diffusivity and f is the modulation frequency [60]. The testing for these
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Fig. 4. 750 mm/s through-plane sample example FDTR fitting of thermal phase
shift vs frequency, k = 14.7 W/m-K.

samples was performed over a modulation frequency range of
5kHz-100 kHz, which translates into a thermal penetration depth of
15.2um to 3.41 um, respectively, for 316 L. Because the maximum
penetration depth is less than the layer height of 40 um, the FDTR
thermal measurements are most sensitive to the through-plane samples
and is unlikely to feel the effect of thermal resistances between layers.

3. Results and discussion

Fig. 5 shows the variation of average porosity with laser scanning
speed. At 750 mm/s to 1250 mm/s laser scanning speed, the density
remained relatively constant at about 7990 + 80kg/m>. The highest
porosity for these samples, measured optically, was 0.40 %. As the laser
scanning speed was increased past 1250 mm/s, up to 2000 mm/s, the
porosity increased, up to 12.8 % at 2000 mm/s, and, in turn, caused the
density to drop. The insets show representative cross-section images.
(See supplemental information Fig. S1 for images taken of the polished
surfaces of the six x-y orientation samples, which were used to measure
the through-plane conductivity.) The 750 mm/s and 1000 mm/s sam-
ples had minimal voids, all of which were less than 25 um in diameter.
The 1250 mm/s sample had more voids, but the majority were still less
than 25pum in diameter. However, the 1500 mm/s sample showed a
significant increase in the number and size of voids, with some voids
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Fig. 5. Porosity vs Laser Scanning Speed. The error bars represent one standard
deviation from the average measured value. The inset images are polished
cross-section images that show the porosity.

being > 100 um in diameter. At the highest laser scanning speeds
(1750 mm/s to 2000 mm/s) the quantity of large voids increased sig-
nificantly, with some obtaining a diameter of over 200 pm.

To investigate the microstructure of selective laser melted 316 L,
tests were done using both electron backscatter diffraction (EBSD) and
energy dispersive x-ray spectroscopy (EDS). These tests were done on
the x-z orientation, 1000 mm/s laser scanning speed sample. This
sample was chosen because the process parameters used were very
close to the recommended process parameters from EOS for 316 L and
the x-z orientation allows the microstructure through multiple build
layers to be investigated. Almost the entire area tested was composed of
austenite. There were small sections present that were not found to be
austenite, but these sections had a low confidence index and appear to
be due to imperfections in the polishing. Also, it was found that the
concentration of alloying elements (Ni, Cr) did not vary over the surface
within the spatial resolution of scanning electron microscopy electron
dispersive spectroscopy (EDS) (See supplemental information Fig. S2).

In the EBSD map, the z-direction on the build platform is oriented
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Fig. 6. Electron backscatter diffraction map of the 1000 mm/s x-z orientation
316 L sample over a 175 X 175 pm area using an accelerating voltage of 15kV
shows the crystal structure to be entirely austenitic within the spatial resolution
of this SEM technique. Grains extend through multiple layer heights.

vertically (Fig. 6). It can be seen from this image that the grains grew
vertically through multiple build layers instead of being confined to
individual layers, due to the grains being longer than the layer thick-
ness of 40 um, which correlates with the microstructure data of 316 L
produced by SLM from the literature [62-65]. Prior SLM literature and
our TEM study show that what appears to be grains in the EBSD are
actually colonies of grains with similar crystallographic orientation
[28,31-34,66,67].

The thermal conductivity of each sample set shows a similar critical
laser scanning speed, above which the thermal conductivity begins to
reduce (Fig. 7). We also see that the conductivity in the plane of the
print layer is equal to the through-plane when the laser scanning speed
is below a critical value. At faster laser scanning speeds, equating to
energy densities less than 44.4 J/mm?>, the through-plane falls below
the in-plane conductivities. This is due to thermal resistance between
print layers impeding heat flow across layers.
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Fig. 7. Thermal conductivity of stainless steel vs laser scanning speed and en-
ergy density.
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The thermal conductivity results indicate that as the porosity in-
creased, the thermal conductivity decreased, as expected (Fig. 8). The
heat conduction through the sample is reduced, since the heat transfer
through the particles and the gas making up the void space is sig-
nificantly lower than the bulk solid.

We compared the thermal conductivity trend vs porosity to theo-
retical effective medium modeling. The Maxwell-Garnett equation,
shown in Eq. (3), can also be used to predict the thermal conductivity
when porosity is present, [68]

ki — km
o km + 2kmpki+2km
eff = 1 Ki— km
BT 3

This equation predicts the effective thermal conductivity of a
composite material with a volume fraction of spherical inclusions p.
Here, we assume the matrix material conductivity, k, is 14.6 W/m-K
[69-72], and the spherical inclusion conductivity k; is zero. Fig. 8 shows
that the theoretical Maxwell-Garnett equation overpredicts the trend in
thermal conductivity for SLM 316 L by about 10 % at 12.8 % porosity.
This result indicates that porosity was not the only factor contributing
to the reduction in conductivity. Based on Fig. 8, it can be seen that the
in-plane thermal conductivity for the ~13 % porosity sample drops by
27 % compared to literature 316 L. According to the Maxwell-Garnett
equation, approximately 69 % of that drop is due to the porosity, while
31 % is due to changing microstructure. Even at optimal processing, the
thermal conductivity is less than literature conventionally formed 316 L
by 3.4 %, while the porosity is miniscule, indicating that the thermal
conductivity is not purely due to porosity.

The local variation in thermal conductivity was evaluated using
frequency domain thermoreflectance mapping. The map for 750 mm/s
is shown in Fig. 9. A histogram of the thermal conductivity values at
every point was created and is shown in the Fig. 10. The lowest value
for conductivity found in the FDTR test was 10.4 W/m-K and the
highest was 19.8 W/m-K, with a mean of 14.3W/m-K. Sixty-seven
percent of the points had calculated thermal conductivity values in the
range of 13.0 W/m-K to 15.5 W/m-K. FDTR maps were also made for
the 1500 mm/s and 1750 mm/s laser scanning speed through-plane
conductivity samples. The variation in thermal conductivity does not
match the crystal orientation pattern observed in EBSD (Fig. 6). No
spatial elemental variation was observed with scanning electron mi-
croscopy elemental mapping using EDS (Fig. S2). For single crystal
FDTR on Silicon with a ~6 um 1/e* beam radii for the pump and probe,
the standard deviation was less than 2 %, so these variations are sig-
nificant.
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The average local thermal conductivity from the FDTR experiments
also decreased with increasing laser scanning speed, but at a slower rate
than the bulk measurements of the same samples. Because void loca-
tions were excluded from the local conductivity map calculations, the
average FDTR conductivity is representative of the bulk thermal con-
ductivity. Hence, the thermal mapping supports the conclusion drawn
from the effective medium model that the bulk 316 L matrix con-
ductivity reduces above a critical laser scanning speed (or equivalently,
below a critical energy density).

Transmission electron microscopy (TEM) characterization was per-
formed using a FEI Talos F200X operating at 200 kV equipped with a
four-quadrant energy dispersive X-ray spectroscopy (EDS) detector for
elemental mapping. High-resolution TEM and electron diffraction
analyses were performed with a JEOL 2100 microscope operating at
200 KeV. Specimens for TEM were prepared using a focused ion beam
system (FEI Helios Nanolab 600 Dual Beam).

Fig. 11(a) illustrates a high-angle annular dark field (HAADF) image
showing the typical morphology of the sample produced with the laser
scanning speed of 2050 mm/s. The relatively low magnification HAADF
image shows the grain sizes ranging from 1 to 2 ym. Fig. 11(b, ¢) show
the electron diffraction patterns obtained from two neighboring grains
as marked with dashed boxes in Fig. 11(a). The diffraction patterns can
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be indexed well with the face-centered cubic structure of austenitic
316 L stainless steel, consistent with the XRD results shown in Fig. 13.
Fig. 11(d) is a HRTEM image obtained from a grain boundary region as
marked with a solid box in Fig. 11(a). The overlapping of crystalline
lattice fringes in the two grains give rise to Moiré fringes across the
grain boundary area, indicating the good crystallinity in the grain
boundary region. However, there are some stripe-like regions within
the grains that show amorphous features with significantly reduced
lattice contrast, as marked with dashed lines in Fig. 11(d). The volume
fraction of the amorphous phase inside this grain is ~ 10 % based on
the total coverage of the amorphous regions shown in Fig. 11(d). A
second type of amorphous region was identified along the grain
boundary, as shown by the HAADF image in Fig. 11(e). Elemental maps
show these grain boundary precipitates consist of Si, O and Mn
(Fig. 11(6).

X-ray diffraction (XRD) characterization was performed on samples
printed with the same process parameters as listed above, but with laser
scanning speeds ranging from 900 mm/s to 2050 mm/s. Measurements
were performed on Bruker D8 Advance powder diffractometer
equipped with LynxEye PSD detector using sealed X-ray tube with Cu
anode and Ni p-filter. Obtained XRD patterns were fitted using Rietveld
method. Scale factor from the fitting is proportional to the quantity of
the phase. The results are presented in Fig. 12 and show that thermal
conductivity and the XRD peak intensity share the same critical speed.
Fig. 13 illustrates changes of intensity for the 111 diffraction peak.

We hypothesize that these internal amorphous striped regions are
the source of lower thermal conductivity than anticipated from effec-
tive medium theory. Slower laser scanning speeds have longer thermal
penetration depths, which expose the previously printed layers to a
greater number of rewarming cycles, thus leading to more complete
crystallization. Studies have shown materials that are normally crys-
talline can be produced with an amorphous structure when produced
with ultrafast cooling rates [73]. Porosity does not explain the observed
decrease in XRD peak intensity. This reduction in XRD intensity in-
dicates that there are greater concentrations of amorphous regions in-
side the austenitic grains at faster laser scanning speeds. Hence, XRD
and HR-TEM both support the hypothesis that faster laser scanning
speeds lead to greater volume fraction of amorphous regions, and lower
the thermal conductivity below that predicted by theoretical effective
medium models.

4. Conclusion

For laser scanning speed from 750 mm/s to 1250 mm/s, the porosity
remained less than 1 % and the thermal conductivity was
14.1 = 0.8W/m-K. After the laser scanning speed was increased
past the critical value, of 1250 mm/s at 200 W (energy density of
44.4J/mm?), the porosity increased rapidly. At the fastest laser
scanning speed tested, 2000 mm/s scanning speed (energy density of
27.8 J/mm®), incomplete fusion and the creation of voids occurred (a
porosity of 12.8 %) and the bulk thermal conductivity dropped to
10.2 *= 0.5 W/m-K. These results show that, like structural properties,
thermal properties are also affected by process parameters in additive
manufacturing. If the energy density of the process is too low, the
thermal conductivity is reduced more than predicted by effective
medium models. The experimental results showed thermal conductivity
reduced by a third as laser scanning speed goes from 1250 mm/s to
2000 mm/s.

This study has shown that the unique thermal profile of SLM
changes the microstructure relative to traditionally processed materials
and alters the thermal conductivity locally of additively manufactured
316L stainless steel. When the processing conditions employ lower
energy densities than optimum, the bulk thermal conductivities are
below the theoretical effective medium thermal conductivity prediction
by as much as 10 % [47].

This reduction below the model predictions is theorized to be due to
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Fig. 11. TEM characterization of the sample produced with the laser scanning speed of 2050 mm/s. (a) HAADF micrograph showing the typical morphology. (b, c)
selected area electron diffraction patterns from two neighboring grains marked with dashed boxes b and c in (a). (d) HRTEM image obtained from the grain boundary
area marked with box d in (a). (e) HAADF image showing grain boundary precipitation in the area marked with the solid box in (a). (f) EDS maps of the grain

boundary precipitate shown in (e).
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Fig. 12. XRD Peak Intensity (Rietveld Scale) and Thermal Conductivity versus
Laser Scanning Speed.

amorphous regions in the material, which were observed with high
resolution transmission electron microscopy as disordered stripes inside
the austenite grains. This finding is also supported by the reduction in
austenite x-ray diffraction peaks with increasing laser scanning speed.
The development of amorphous regions can result from rapid cooling
and reduced time above the recrystallization temperature. Since
amorphous disorder reduces the mean free path of the electron carriers,
thermal conductivity is reduced. This supports our observation of
average thermal conductivity decreasing with increasing laser scanning
speed. The crystallographic orientations derived from scanning electron
microscopy electron backscatter diffraction maps did not indicate any
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Fig. 13. Superposition of 111 diffraction peaks.

crystallographic dependence on thermal conductivity within our
thermal conductivity measurement resolution.

These findings also have an impact in non-destructive testing for
additive manufacturing [74,75]. Thermal conductivity is an indirect
way to examine the micro- and nano-structure. The thermal properties
can be probed by periodic examination of the just-printed layer using
the printing laser itself [76].
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