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Optimization of selective laser melting process parameters with respect to microstructure and mechanical
properties is examined for 316L stainless steel. Strength, ductility, and hardness are found to scale with
power ratio, a proposed normalized melting intensity parameter accounting for the combined effects of
process variables and material properties. Sound-build limits and the existence of an optimum power ratio
are established. Poor properties at low power ratio are attributed to insufficient fusion, while property
degradation above the optimum is correlated with increases in grain size and grain boundary defect
frequency. Single-trace measurements are used to correlate power ratio with melt-pool cross-section
dimensions, which are further shown to scale with curvature at the root of the melt pool, providing a direct
bulk-build measure of the melting intensity. With strong correlation to the melt pool size, soundness of
fusion, porosity, grain boundary defects, and mechanical properties, the utility of the power ratio as a
design parameter is examined. By coupling the power ratio with a linear process rate and/or a dimen-
sionless thermal dissipation time, sound-build process maps are used to assess reported data for several
alloy systems, further demonstrating the value of the proposed parameterization as cross-material platform
for process design.
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1. Introduction

As the benefits associated with design flexibility and local
microstructure control afforded by additive manufacturing
processes continue to expand, so too does the range of
potential applications and alloys. Indeed, powder-bed laser
fusion methods, such as selective laser melting (SLM), have
seen increased production-based implementation and show
great promise as additive methods for producing net shape
components with desirable properties over a broad range of
alloys and components (Ref 1-6). Even so, many questions
remain unresolved in fundamental areas such as laser–material
interactions, heat transfer, fluid dynamics, melting, vaporiza-
tion, and solidification (Ref 1, 2). These are central to practical
issues of integrated process/component design addressing laser
scan strategy and component geometry with the goal of
controlling microstructure and physical properties.

The overall process is inherently complex with many
physical phenomena operating simultaneously over several
length scales. In some sense, it is useful to view the overall
problem as three coupled scenarios. These include: (i) the
localized direct heating response in the immediate vicinity of
the laser and melt pool, (ii) the micro-/meso-scale effects of
heat transfer, melting, and solidification associated with a single
laser-melt trace, and (iii) the long-range influence of multiple
laser-trace passes, where local and non-local heating, repetitive
melting and re-solidification are influenced by the layer-by-
layer build strategy in conjunction with the overall component
geometry. High sensitivities to the related process and material
parameters further complicate matters, where the degrees of
freedom and corresponding variability in microstructure
become virtually unbounded. Indeed, with many outstanding
questions across these areas, prediction and control of
microstructures and properties attainable through SLM pro-
cessing are the subjects of numerous recent and current studies
(Ref 1).

Systematic investigation aimed at correlating process con-
ditions with as-built microstructure and properties is necessary
for enhanced SLM capability, but variation over the broad
range of process and material parameters can limit the utility of
direct comparison. Even so, there is a great need for general
guidance relating SLM build strategy with material properties
as a design tool. Of course, the basic process variables of laser
power and scan velocity/pattern are central to such work, with a
common objective being outcome-based maps of process-
parameter space, which (i) define the sound-build regimes, (ii)
identify the physical origin of the limiting boundaries, (iii)
quantify the microstructure/property sensitivities within these
boundaries, and (iv) provide a framework to identify optimal
conditions within the sound-build regime, depending on design
objectives. To this end, parametric studies have been reported
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for a variety of alloy systems, including Al-, Cu-, Fe-, Ni-, and
Ti-based alloys. (See, for example, Refs. (Ref 7-12, 12-46), and
(Ref 47-57), respectively.) These provide useful information for
specific alloys, but, without common or normalized parameter
spaces over which to construct a unified process map for SLM,
their broad utility toward these purposes cannot be fully
realized.

Quantification of process conditions is centered around the
amount of energy imparted by the laser to the process volume.
Accordingly, the volumetric energy density, defined as ED=Pn/
vkh, where Pn is net laser power, v is scan speed, k is layer
thickness, and h is hatch spacing, is generally accepted as a
fundamental characteristic descriptor of process conditions,
although limitations have been identified (Ref 58, 59). Areal
(2D) and linear (1D) analogs of volumetric energy density have
also been used (Ref 60, 61).

Likewise, the thermal field associated with a single trace can
be reasonably well characterized by analytical treatments, such
as the Rosenthal model (Ref 62), which describes the
temperature distribution associated with a point source moving
at a fixed velocity, accounting for local heating and dissipation
through the substrate (by conduction only) but not accounting
for the latent heat of melting or surface heat losses. Simulation-
based treatments of melt-pool shape within multi-trace builds
have further shown the correlation of melt-intensity and melt-
pool shape with insufficient fusion (Ref 63) and other
microstructural features (Ref 64). Beyond single-trace heating
and reheating effects, non-local preheating effects associated
with neighboring laser traces and repetitive melting/freezing
can be predicted for a given scan pattern and inter-pass dwell
time (i.e., reciprocal of scan frequency) (Ref 65). These
treatments can be used to describe typical local thermal history
within a build and the spatial variation of such profiles, but the
lack of an effective parameterization for meaningful build-to-
build comparisons across different alloys and geometries
remains as a limiting factor in comparative parametric evalu-
ation and design of SLM processes.

The work presented here is principally aimed at systematic
assessment of the build parameter space for 316L stainless steel
manufactured by SLM, but the results are offered within the
broader context of a unified cross-material parameter space.
Many parametric studies of SLM processing of this alloy have
been reported (Ref 12, 23, 25-29, 33-35, 37, 66-72), as
summarized in Table 1. To provide additional clarity related to
process parameter sensitivity and to establish sound-build
limits, a large range of processing conditions is explored here
using simple build geometries and a combination of microstruc-
tural and mechanical analyses. As a framework for our
investigation, we introduce a parameterization that couples a
dimensionless material-normalized local melting intensity with
a rate-dependent linear power density. Using this parameter
space, melting characteristics, microstructure, and mechanical
properties are examined for 316L test builds to suggest
operational limits and optimal process parameters for the
SLM process. Comparisons with reported data for several alloy
systems are made to demonstrate the value of the proposed
parameterization as cross-material platform for process design.
In addition, we use a dimensionless thermal relaxation time to
characterize the normalized thermal dissipation behavior of the
material. Comparing reported build outcomes for Al-, Fe-, Ni,
and Ti-based alloys, we show the utility of this parameteriza-
tion for general cross-material SLM process mapping.

2. Experiments

Four specific types of SLM test specimens were fabricated*
using a range of build parameters. Specimen types include (a)
cube-shaped specimens with a 10-mm edge dimension, (b)
single-trace builds involving one powder layer and an isolated
one-pass laser trace, (c) double-layer builds including two full
powder layers deposited using a bulk build scan pattern, and (d)
cylindrical pillar-type builds from which tension test specimens
were fabricated. Multilayer builds (a, c, d) were fabricated
using a serpentine raster pattern in the powder-spread scan (x-y)
plane with a 60-degree rotational offset (about the z-axis scan
plane normal) applied between successive layers so that there
are three distinct principal trace directions in each bulk
specimen. An example of a typical as-built structure in a bulk
specimen (i.e., cube and pillar) is shown in Fig. 1, revealing the
melt-trace pattern and microstructure on three section planes.

To probe and identify the sound-build limits with respect to
processing conditions and to investigate the variation of
structure and properties within and beyond those limits, a
range of values for laser power (P) and scan velocity (V) were
employed, as listed in Table 2. All test builds were produced
with a 316L powder** (20-53 lm diameter), using a spread
layer depth increment of 0.040 mm and a hatch spacing
(between successive parallel traces in a scan pattern) of
0.100 mm.

For each set of build parameters, pore area fraction was
measured optically on polished (unetched) 2D sections of the
cube-shaped samples. A total of 43 fields of view were used for
each sample, including 20, 15, and 8 fields of view in the XY,
XZ, and YZ planes, respectively, with each field of view
representing a true spatial area of 3.53 9 2.67 mm resolved as
1288 9 972 pixels (2.75 lm resolution). As such, the method
is very sensitive to coarse porosity, resulting from incomplete
melting/fusion but generally insensitive to micron- or sub-
micron-scale porosity. The results in Fig. 2(a) show that, as
expected, porosity increases dramatically for decreasing P at
constant V or increasing V at constant P. Moreover, abrupt
change thresholds are indicated by both curves. In Fig. 2(b), the
porosity measurements are plotted against a dimensionless local
melting intensity parameter, defined here as

/ ¼ aP

rm cSP Tm � TAð Þ þ DHm þ cLPDTSð Þ
ðEq 1Þ

where all included physical quantities are given in Table 3.
Using this parameter, termed here as the power ratio, the two
curves collapse to a single behavior. This is not surprising,
considering that / is essentially the well-utilized energy density
(Ref 73) normalized by the power requirements for heating and
melting the given material at the prescribed process rate. The
value of the / parameter is better illustrated, however, when
coupled with a complementary rate-sensitive linear power
density, h, defined here as PV=D, where D is the thermal
diffusivity. Several pairs of structures with similar values of /
are compared in Fig. 2(c-g), showing not only that builds in
each pair exhibit similar total porosity, but also that features
such as pore size, number density, and pore shape appear to be
virtually identical. This observation suggests that / defines a

*Specimens were fabricated with an EOS M280 instrument.
**The 316L powder used in this investigation was produced by Hoganas
North American.
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Table 1 A summary of reported parametric investigations of SLM processing of 316 L stainless steel

Laser
power,
W

Layer
thickness,

lm

Scan
rate,
mm/s

Hatch
spacing,
mm Particle sizea, lm

Beam
diab, lm

Energy
densityc, J/

mm3 Refs.

250-500 100-250 40-110 0.15 {42/75/155} {6/20/38} 300 [60.6-833] [72]
200 50 NR NR [10-45] NR [67]
100 60 90-180 0.1 (31.75) NR [92.6-185] [70]
60-200 50-100 20-300 0.1-0.8 {3/20/40} {6/30/50} NR [2.5-2000] [69]
104 30, 45 175-800 0.13 {7.12/15.12/24.17} {19.84/28.26/41.13} {15.26/37.7/55.54} NR [22.2-152] [28]
80-100 50-100 100-300 0.08 <27>, (47) NR [41.7-250] [66]
100-200 100 40-200 NR [15-20] 300-500 [23]
100-400 50 50-4000 NR NR (52, 130) [35]
150-400 30 500-1800 NR NR 30, (54) [34]
200 NR 2000 NR NR (54) [71]
37.5-

82.5
25 200-500 NR [5-50] 20 [12]

50-200 40 50-600 0.08 {22.5/39.02/56.04} {46.2/108.06/174.48} 70 [26-1250] [68]
100-150 NR 700 0.07 [15-45] 50 [25]
80-100 60-80 570-2100 0.02 <35> NR [23.8-109.7] [29]
150-225 50 100-1200 0.03 {15/32/45} NR 83-1333 [26]
25-100 20 700-1700 0.04-0.12 {15/35.5/55} NR 22.3-333.3 [33]
400 250 50-125 0.24-0.3 {5/18/41} NR [42.6-133.3] [27]
185-215 30 900-1000 0.1 {15.97/21.92/32.74} NR 83.6-110.7 [24]
100 50 111-239 0.111-0.12 {30.24/40.80/56.25} 200 70-150 [37]
aWhere three numbers are listed, values reflect {D10/D50/D90} sizes. Where two numbers are listed, values reflect reported [min-max] sizes. Single
values indicate an < avg > size or a (max) size corresponding to a reported screen mesh. NR denotes Not Reported.
bEntries differentiated by () give the reported D4 r value. Others are unspecified beam diameters.
cEntries differentiated by [] give the calculated energy density range, while others are as reported.

Fig. 1 A typical bulk-build structure, viewed on three section
planes. The top surface is normal to the beam (z axis) and parallel to
the scan (x-y) plane. Laser scan directions within the scan plane
include the direction normal to the front face along with 60 and 120
degree rotations about the z axis from the front face normal.

Table 2 SLM specimen build parameters

Specimen
V, mm/s P, W

/
h, kW-m/s

A 2832 200 0.97 34.71
B 2000 200 1.37 24.51
C 1416 200 1.93 17.35
D 1132 200 2.42 13.87
E 944 200 2.90 11.57
F 810 200 3.38 9.93
G 708 200 3.87 8.68
H 630 200 4.35 7.72
I 566 200 4.84 6.94
J 944 67 0.97 3.88
K 944 100 1.45 5.78
L 944 133 1.93 7.69
M 944 167 2.42 9.66
N 944 200 2.90 11.57
P 944 233 3.38 13.48
Q 944 267 3.87 15.44
R 944 300 4.35 17.35
S 944 333 4.83 19.26
T 1250 275 3.01 21.06
U 1500 250 2.28 22.98
V 1750 225 1.76 24.13
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Fig. 2 Measured large-scale porosity, including (a) variation with P and V; (b) variation with the power ratio, /; and a comparison of selected
test build pairs with similar / [build letters given, see Table 2]; (c) /�1.5 [B,K], (d) /�2 [C,L], (e) /�2.6 [M,D], (f) /�3.5 [P,F], (g) /�4.3
[R,H]
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principal gradient direction for build soundness with respect to
melt-fusion, while h is associated with a direction of vanishing
gradient (iso-contours) with respect to this property. The
corresponding alternative parameterization grid is superim-

posed on the P-V plot in Fig. 3, showing all test builds. The
utility of this parameterization for process-mapping and cross-
material comparison will be assessed more generally in a later
section.

Another measure of the effects of incomplete melting at this
scale is the surface roughness of the build, and measurements
of surface roughness (RA) were taken for double-layer spec-
imens. Corresponding cross-sections are shown in Fig. 4,
clearly revealing a strong inverse correlation with /, where the
highly irregular surface associated with incomplete melting at
low power ratio becomes much smoother at high power ratio,
indicative of full melting and wetting. The surface roughness
measurements further reveal an influence of h, where low and
high values of h are clearly distinguishable.

Mechanical property variation within the test-build param-
eter space was investigated using uniaxial tension, Rockwell
hardness, and Vickers microhardness testing. Tension test
specimens were machined from cylindrical pillar builds,
12.7 mm (0.5 in) in diameter and 127 mm (5 in) in length.
Specimens were machined to have a reduced section of
7.62 mm (0.3 in) in diameter and 38 mm (1.5 in) in length.
Tests were performed using a constant crosshead speed of
0.021 mm/s (0.05 in/min). Strain and load were measured
using a 25.4 mm (1 inch) gage length extensometer and a 50-
kN load cell, respectively. Tension test results are summarized
in Fig. 5. Ultimate tensile strength (UTS) and elongation are
both observed to increase with / up to a maximum at
approximately / = 3.5, followed by minor decreases with
further increases in /. The best combination of strength and
ductility is exhibited by the group of specimens with / between
3 and 4, as shown in Fig. 5(c). In Fig. 5(d), a comparison is
made between mechanical properties of specimens with similar
values of / but different values of h. Each point plotted in
Fig. 5(d) corresponds to a specimen pair, with high and low
values of h. The specimen designators shown on the plot
correspond to the designators and parameters listed in Table 2.

Rockwell C-scale hardness (HRC) and Vickers microhard-
ness (VHN) measurements are summarized in Fig. 6(a) and (b),
respectively. Figure 6(a) shows HRC results from 9 build
samples with 20 measurements on each sample. In Fig. 6(b),
the mean of 35 VHN measurements (5 each on the XY and YZ
planes and 25 on the XZ plane) for each build is plotted with
error bars indicating + / � 1 standard deviation. Similar to the
UTS measurements, the HRC measurements exhibit a maxi-
mum between / = 3 and / = 4. The VHN, however, is not
observed to vary appreciably with /. The difference between
the HRC and VHN measurements indicates the distinction
between the bulk and localized nature of the two types of
measurements, shedding light on the origin of property
variation. Microhardness indentations at individually selected
sites generally fall on a single grain or between individual
microstructural features. Accordingly, these measurements do
not reflect the collective effects of porosity, grain structure, the
build-fusion pattern, and related build defects, which are
indicated by tension and bulk (HRC) hardness tests.

Table 3 Process and material parameters

Parameter Description Units Value used here

a Absorption coef. … 0.25
cSP Heat capacity (solid) J/gK 0.449
cLP Heat capacity (liquid) J/gK 0.537
Tm Melting temperature K 1672
TA Ambient temperature K 298
D Thermal diffusivity mm2/s 4.075
DHm Latent heat of fusion J/g 247.3
DTS Superheat K 0
d Powder layer thickness mm 0.04
k Hatch spacing mm 0.1
d Laser beam diameter mm 0.1
qa Alloy density g/cm3 7.874
qp Packing density … 0.6
rm Mass rate g/s (qaqpdkV )
P Laser power W See Table 2
V Laser scan speed mm/s See Table 2
/ Power ratio … See Eq 1
b Geometric dissipation factor … 0.0285

Fig. 3 A map of test builds in P-V space, also showing the /-h
coordinate system (h given in W/m). Comparisons in Fig. 2 reveal
that large-scale porosity correlates directly with / and that builds
along constant / lines (solid gray) have similar porosity indicative
of similar degree of remelting. The h parameter, the product of PV/
D, is useful for assessing build efficiency since it is generally related
inversely to production time.
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3. Further Analysis and Discussion

The property variation with /, exhibiting maxima in both
strength and ductility at approximately / = 3.5, is an important
observation that deserves additional consideration. The increase
in UTS and elongation with increasing / are readily understood
to be attributed to the increasing degree of melt-fusion, as
evidenced by corresponding decreases in gross porosity and
surface roughness. While insufficient melting is clearly respon-
sible for lower strength below / � 3.5, the decrease in strength
and ductility observed at higher values of / is not so easily

explained. Increased grain size is a likely contributor to the
observed decrease in tensile strength (Ref 74, 75). Examining
this issue, the grain size was measured for selected specimens
with an intercept method using at least 50 circular test patterns
and a total test line length of approximately 15 mm. Results are
plotted in Fig. 7, revealing two notable features. First, the
specimens do indeed exhibit an increase in grain size with
increasing /. Second, and perhaps more strikingly, we note that
the measurements suggest two distinct regimes of behavior,
with a much stronger / dependence above approximately /
�3.5. It is interesting that this transition in grain size
dependence occurs at the power ratio above which complete

Fig. 4 A summary of the effects of / and h on the as-built surface of 316L double-layer specimens: (a) surface roughness plotted vs /,
showing the corresponding values of h, (b) corresponding examples of the build surface profiles for the listed values of h (Build designators
correspond to those in Table 2.)
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fusion was observed, as indicated by the change from
macroporosity to microporosity (Fig. 2), and that for which
maximum tensile strength and ductility was generally observed
(Fig. 5). The apparent threshold indicates a number of local
remelt/reheat cycles (Nmelt), above which a representative
volume element exhibits more extensive grain growth per
heating cycle, suggesting a porosity-related grain boundary
pinning effect for previous cycles. Whether this threshold is a
general phenomenon or a behavior specific to this particular
material and geometry remains to be determined. It is expected
that this effect would not be observed in multiphase materials
where the principal pinning forces arising from precipitates
would likely mask the porosity-related pinning effects. In any

event, it is plainly clear that, for 316L, grain size and related
properties are strongly correlated with /.

In addition to the direct contribution to mechanical prop-
erties associated with grain size, increasing / beyond approx-
imately 3.5 may have a deleterious effect on strength and
elongation if higher Nmelt leads to a larger population of defects
that promote mechanical failure. SEM examination of cube-
shaped builds reveals that micro-pores and inclusions were
observed most frequently along grain boundaries and melt
fusion lines (melt-trace boundaries). Typical defect structures
are shown in Fig. 8. Investigation of these defects with energy-
dispersive spectroscopy (EDS) microchemical analysis identi-
fied no correlation with any specific type of chemical segre-
gation or second phase particles, reinforcing the assertion that

Fig. 5 Tension test results for selected build conditions as a function of power ratio in (a), (b) and direct comparison in (c). d Comparison of
the high h to low h results showing h is not by itself an important contributor. (Letters correspond to the specimens in Table 2.)
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these fusion-line defects are predominantly micropores. As
such, it is reasonable that these become more prevalent at high
values of /, where higher melt-pool temperatures may give rise
to increased volatilization, gas evolution, and associated fusion-
line microporosity (Ref 76). Of course, the relationship between
maximum melt-pool temperature and / will depend on the
inter-pass dwell time between melting cycles (i.e., the recip-
rocal of the local trace frequency), as compared with the
thermal dissipation rate (i.e., diffusivity). Since the dwell time
is a spatially varying local process variable that is dependent on
part geometry and scan pattern design, it is beyond the scope of
the current analysis. However, an analytical treatment by Ward
(Ref 77) has shown that the melt-cycle frequency and the effect
of nearby traces may lead to significant preheating before
melting. This preheating effect (and its spatial variation) could
easily be accounted for by applying the current treatment within
a geometric analysis for a given component through the
variation of the local ambient temperature, TA, in Eq 1, reducing
the heating requirements and increasing the local value of /.

With a clear connection between / and the mechanical
properties of the build and with associated correlations to grain
structure and microstructural defects, it is desirable to relate /
to measurable features of the build. Based on single-trace cross
sections, like the example shown in Fig. 9a, measurements of
depth and width of the laser-melt trace show that these
dimensions scale with / (Fig. 9b). Of course, these dimensions
are not readily measurable in a bulk build. The radius of
curvature at the root of the melt trace, however, is observable in
the bulk (Fig. 9c), and our measurements show that it is a
reasonable indicator of the other trace dimensions (Fig. 9d) and
therefore a good indicator of /. In this manner, the trace root
radius provides a means for direct estimation of / in a bulk
build, which is strongly correlated with build soundness and
mechanical properties, as we have shown.

To this point, the analysis has demonstrated the value of the
power ratio parameter, /, as an indicator of melt-intensity, build
soundness, and related properties (i.e., strength, ductility, and
surface roughness) for 316L stainless steel. As a parameter of
general utility, however, it remains to be shown that / can be
used for effective cross-material comparison. For this purpose,
a comparison of reported parametric investigations for Fe-, Al-,
Ni-, and Ti-based alloys is provided in Fig. 10. In this general
summary of available data, reported findings related to
observed porosity and build soundness and/or mechanical
properties are used to classify specific build trials as unaccept-
able or acceptable, based on descriptions of the respective
authors. Figure 10 shows a direct comparison of data in the P-V
process parameter space for several types of alloys. Of course,
this has limited value for cross-material comparison or the
extension of process experience to expected behavior of
alternative alloys. In Fig. 11(a), the same sound/unsound data
for all four alloy classes are plotted together in /-h space. In
addition, where some sort of optimum condition was reported,

Fig. 6 (a) Rockwell hardness (HRC), showing individual
measurements (open circles) and average values (closed circles); (b)
Vickers microhardness (VHN), showing the variation as +/- one
standard deviation. (Letters correspond to the specimens in Table 2.)

Fig. 7 Grain size measurement results showing two distinct
regimes. Grain size was measured with an intercept method using at
least 50 circular test patterns and a total test line length of
approximately 15 mm. The average standard deviation is 1.88 lm.
The dashed lines are linear fits for the two respective data sets,
distinguished here as light or dark circles.
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the corresponding data are labeled as such. This figure high-
lights the effectiveness of / for cross-material comparison,
where the large body of data are seen to suggest common lower
and upper limits across the four different alloy types. We
interpret these limits as being associated with the effects of
insufficient melting and overheating and have included lines to
illustrate such limits, approximately 2.5 and 4.5, respectively,
based on a simple inspection of the data. To assess the data in
more detail, the distribution of data from Fig. 11(a) is plotted in
Fig. 11(b) as separate histograms for unsound, sound, and
optimum builds, showing peaks at / = 1.3, 2.8, and 3.3,
respectively. Additionally, the optimum and acceptable are
combined and compared with unacceptable (unsound) builds,
with a peak of / = 3.0. This simple comparison is consistent
with our analysis for 316L, where / in the range of 3-4
produced the best combination of observable build soundness
and mechanical properties.

In order to better normalize the rate-dependent effects of
localized heating and cooling across the different alloy systems,
we define a local heating time,

th ¼
dBp
4v

; ðEq 2Þ

and a thermal dissipation time,

td ¼ b
d2B
D

� �
; ðEq 3Þ

where the ratio between the two provides a dimensionless
thermal relaxation time,

s � td
th
¼ 4bdBv

pD
ðEq 4Þ

Here, b is a dimensionless geometric factor associated with
the characteristic exponential decay time for the surface
temperature following a heating pulse over a circular area.
Using a 1-D finite difference model (i.e., spherical symmetry)
with a simple hemispherical heat pulse. Starting with the entire
volume at 298 K, the pulse is applied by instantaneously
raising the temperature within a small hemispherical volume of
diameter dB (i.e., at the free surface) to a fixed temperature (Tp)
and computing diffusive thermal relaxation (assuming no
dissipation from the surface). With this simple approach, we
examined heating pulse diameters ranging from 0.05 to
0.20 mm and thermal diffusivities from 1 to 100 mm2/s and
measured the decay time tdð Þ as the time required for the center
of the heated material on the free surface to decay to a
temperature of Tpe

-1. In this way, we assessed b to be 0.0285,
as listed in Table 3.

Using s (Eq. 4) as a characteristic thermal relaxation time,
we examine in Fig. 12a the full set of reported data using a
/� s parameter space, suggesting a general cross-material
behavior with respect to s. The distributions for the three build
soundness types are shown separately in Fig. 12b. There is not
a substantial difference between these distributions, but the
distribution frequency plot in the inset does show that the
distribution of all builds is heavily populated in the region of
0.5 < s < 2. This is not particularly surprising, indicating
that s is a relevant time scale, with effective upper and lower

Fig. 8 Examples of typical grain boundary defects that become more frequent above the optimum (/ � 3.5), shown here in sample R (/ �
4.35) with SEM secondary electron contrast
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limits associated with insufficient and excessive heating,
respectively. The cursory but broad comparison of reported
data shown in Fig. 11 and 12 demonstrates that the /� s
parameter space, indeed, provides a useful platform for cross
material comparison and process mapping, and the suggested
sound build space (approximately 2.5 < /< 4.5 and 0.5 <
s < 2.0) provides a reasonable starting point for process/com-
ponent design.

4. Conclusion

The bulk SLM fabrication of 316L stainless steel was
assessed over a range of process parameters. Through evalu-
ation of melt-pool characteristics, microstructure, defects, and
mechanical properties, sound-build parameter limits and opti-
mum conditions were identified. To facilitate a comparative
parametric evaluation, the power ratio was introduced to

Fig. 9 Relationship between melt-pool dimensions and the power ratio. a Example of a single-trace cross-section and b melt-trace dimension
measurement results. c 3D build cross-sectional example showing root curvature, and d correlation with trace dimensions
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effectively describe the local melting intensity. Similar to the
commonly used energy density, the power ratio accounts for the
net laser energy absorbed per unit volume of processed mass.
However, using the material-specific heat capacity and latent
heat of melting for the material, the power ratio includes the
energy required for heating and melting the specific material at
the prescribed mass rate. (The parameter may also be used to
account for variable non-local preheating effects, but this was
not included in the current study.) Indeed, the power ratio is
shown to be a principal indicator of melt-fusion-related
properties. Furthermore, parametric investigation of 316L
indicates that an optimum value of the power ratio exists and
that it is approximately 3.5. Lower values of strength and
ductility below this optimum are attributed to insufficient melt-

fusion. Property decreases above the optimum power ratio are
less pronounced but are attributed to grain growth and
increased frequency of fusion line defects, both of which are
clearly observed in this study.

Build characteristics were assessed using a parameter space
defined by the power ratio, /, and an effective linear power
density, h, which incorporates the rate-dependent thermal
dissipation length. Examination of macro-porosity associated
with melting indicates that this is a natural parameterization,
defining maximum and zero gradient directions for the effective
heating intensity. This parameterization was used to compare
reported data across various alloy types (Fe-, Ni-, Al-, and Ti-
based), showing general applicability with respect to normal-
ized melting behavior, suggesting practical upper and lower

Fig.10 P-V comparison for (a) Fe-based alloys, (b) Ni-based alloys, c Ti-based alloys, (d) Al-based alloys. References: [7-12, 12-46], and [47,
48, 50-57]
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bounds for /, associated with insufficient melting and exces-
sive heating, respectively. As such, constant-/ contours can
provide useful processing guidelines that are transferable across
materials.

To better characterize the rate dependence, the dimension-
less power ratio, /, was also coupled with a dimensionless
time, s, which scales local heating time with the specific
characteristic thermal relaxation time. With broad data com-
parison, the dimensionless /-s parameterization suggests
general (cross-material) upper and lower bounds for sound
builds.

The value of the parameterizations introduced here is
strongly supported by our investigation including measure-
ments of microstructural features, defects, and mechanical
properties, and also by our broad review of reported SLM build
studies. Certainly, the utility of these parameterizations for
general cross-material comparison over various geometries
requires additional investigation. However, the present study
and cursory comparison of available reports provide a com-
pelling argument for further consideration.
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