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Supplementary Notes

1. Inventive engineering of FG equiaxed microstructure using E-PBF process

Though the impact of PSD on the 3D-printed microstructure is evident from our DED
fabricated 316L samples from fine-, coarse-, and FC-powder feedstock thus providing us with
reigns for in-situ microstructure control using particle size-driven melt pool engineering (MPE)
approach, achieving the extreme CET in bulk samples as seen in our E-PBF samples required
a bit of ingenuity by simultaneously exploiting the improvement in the powder-bed
thermophysical properties due to the coarse PSD and the algorithm in the ARCAM’s EBM®
system that is programmed to maintain a predestined build temperature throughout the printing
process. First, we determined the optimum process parameters needed to fabricate completely
dense 316L SS parts from the EBM® system using fine powders. Then we utilized coarse
powders as feedstock while engaging the ARCAM’s automated mode algorithm — 1D analyze,
for the process parameters optimized with fine powders and a build temperature of 850 °C. Due
to the superior thermophysical properties of the coarse powder bed over the fine-powder one
(determined by laser flash apparatus (LFA) and differential scanning calorimetry (DSC), as
shown in Supplementary Figure 3a), heat transfer in the initial stages of 4 — 5 layers of part
fabrication was much higher than fine powder as evident from the thermocouple measurements
recorded for the two powders (see Supplementary Figure 4a). Hence, when using the coarse
powders, we in fact “tricked” the algorithm into believing it was printing a different material
with much higher thermal diffusivity, hence, it slowed down the beam scanning speed
substantially from ~ 6 — 10 m s! in case of fine powders to ~ 2 — 4 m s™! to maintain the
designated temperature (Supplementary Figure 4b). This too when the thermophysical
properties of the deposited 316L part remained independent of the feedstock utilized
(Supplementary Figure 3b). A lower beam scanning speed for the deposited SS316L implied a
far lower thermal gradient during solidification — as evident from ~ 1.5 times deeper melt pool
and the numerical simulation results subjected to the same cooling rate — given the constant



power and same build temperature and evident from the same PDAS observed in fine and
coarse powder 316L SS samples. Hence the solidification rate increased substantially for coarse
powder samples resulting in the CET during melt pool solidification.

2. Fine- and coarse-powder single tracks were deposited using the L-DED process.

The single tracks were deposited using fine and coarse powders through the BeAM Magic 800
L-DED process using the parameters provided in Supplementary Table 1. The grain size and
aspect ratio parameters obtained from the EBSD maps were summarized in Fig. 2a with the
complete dataset provided in Supplementary Figure 5, Supplementary Figure 6, and
Supplementary Figure 7 in the order of increasing power, scanning speed, and powder flow
rate, respectively. The parameter sets are denoted with the #-symbol. From Supplementary
Figure 5 we can notice the effect laser beam power has on the melt pool architecture, bead
shape, and microstructural evolution. We can notice a drastic increase in the bead deposition
efficiency for both coarse and fine powders with increasing power. However, coarse-powder
beads show deeper melt pools specifically for #4 and #5. As seen in Supplementary Figure 6,
the melt pool architecture for coarse and fine powders shows minimum differences for a range
of scanning speeds. This is also evident from the dimension chart shown in Fig. 2D of the main
text.

3. EBSD maps obtained for fine- and coarse-powder feedstocks.

Grain sizes of 2.3 £ 0.2 um and 6.2 + 0.4 pm were measured from the EBSD mapping of the
fine- and coarse-powder, respectively — shown in Supplementary Figure 8. It is interesting to
note that the fine powders also have significantly finer grains in the feedstock compared to the
coarse powders.

4. Impact of particle size and time of flight on its temperature rise in DED

We employed a heat balance equation detailed in earlier research ! on DED processing. The
equation could be implemented in our application with the following assumptions. One, the
laser intensity at its focal plane is assumed to follow the top-hat profile, which is true for a
Nd:YAG fibre laser — the same as the one employed by us for the fabrication of DED samples.
Another assumption is that there is negligible thermal gradient within the powder particle and
there is no shielding effect by particles lying in a higher vertical plane. We also must assume
that only the upper hemispherical surface of the spherical powder is heated and the laser is an
uninterrupted energy source. With these assumptions in place, we can write the energy balance
equation ! as:
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where 7, is particle radius, p, is particle density, C, is the specific heat capacity of the powder
material, 47 is the temperature rise, a, is particle absorptivity, P is power, 7, is the spot radius,
and #ris the time of flight.

For a PSD containing N number of particles with masses mi, mz, m3...mn and their respective
mass fractions in the PSD given as x1, X2, x3...Xnx where the respective preheat temperatures
have been determined using Supplementary Equation (3), rise in energy of a single particle in
Joules can be given as:

Ei = miCpATi (4)
The total energy rise of the N particles in the PSD can be given by the following equation:
N
Etotal = Z mixiCpATi (5)
i=1
The total energy rise/unit mass of the PSD in Joule kg™! can then be calculated as:
E= Zév=1 m;x;Cp AT; (6)
amx

As the heated feedstock is incident to the melt pool with a certain mass flow rate, ms (kg s7),
the energy incident to the melt pool per second will be given as:

The E value obtained from Supplementary Equation (7) is the equivalent power of a secondary
heating source to the melt pool which can be determined for a feedstock PSD and later be
employed for numerical simulations. The E values for the fine and coarse powder feedstocks

employed by us for a powder flow rate of 3.25 g min™! were obtained as 85.2 W and 92.0 W,
respectively.

5. Machine learning model framework

Supplementary Figure 9 shows the temperature (Supplementary Figure 9a) and heat flux
(Supplementary Figure 9b) contour plots for a PSD obtained through the Mote3D-Abaqus®
coupling in this work. The heat flux contour — HFL.HFL2 provided the flux values directed
along the y-direction in the simulation domain directed from top to bottom. The average
thermal conductivity from the simulated powder bed was determined by averaging the heat
flux through the domain and using Fourier’s law of heat conduction as below:

q= —kVT (8)

where ¢ is the heat flux in W m?2, k is the thermal conductivity in W m™'K~!, and PT is the
thermal gradient across the domain in K m™.

The powder bed density and thermal conductivity values measured for 20 PSDs employed to
develop the ML framework using the Mote3D-Abaqus® coupling are provided in
Supplementary Table 2. The datasets employed for testing the ML model along with their
predicted values can be seen in Supplementary Table 3.

Two identical multilayer perceptron (MLP) models were built to train and predict the mean
and deviation values for powder size distribution separately. The inputs were thermal



conductivity and packing density. The ML model herein consists of two hidden layers, each
with 50 neurons and activated by a ReLU function. A dropout rate of 0.2 was implemented as
a regularization technique following the hidden layer to reduce overfitting caused by the small
data set. Linear activation function was used in the output layer. An adaptive stochastic gradient
descent optimizer, namely Adam ? with a learning rate of 1 x 10~ and decay of 0.002 x e~ was
employed to update the MLP training weights (i.e. the coefficients of connectivity between
neurons in adjacent layers) amid backpropagation. Mean squared error was selected as the loss
function. The model was trained using 500 epochs with a mini-batch size of 4. The train/test
split ratio was 80/20, as a common practice in ML. All the above hyperparameters were tuned
empirically. Batch size is an important hyperparameter. Using mini batches achieves the best
training stability and avoids high computational costs as well as local minima. During the
training, checkpoints were called to automatically save the model weights with the lowest
validation loss. The result shows an average root mean squared error of 9.6 and 7.5 for mean
and deviation prediction of the test data, respectively.

6. DPM simulations of powder flow through the nozzle in L-DED.

Supplementary Figure 10 shows the modelled nozzle geometry and the particle flow results
obtained from the DPM simulations. The nozzle assembly in the BeAM Magic 800 system is
comprised of three nozzle cones. The powder flow with the carrier gas takes place through the
gap between the outermost and the intermediate nozzle (labelled as outer and inner nozzles,
respectively) modelled in Supplementary Figure 10a. A sectional view of this assembly
presented in Supplementary Figure 10b shows the region of interest (or simulation domain)
labelled as ‘powder flow region’. The particle trajectory plots presented in Supplementary
Figure 10c have particles with colour coding that corresponds to their velocity magnitudes
provided in the legend. The outcome of these simulations charting the variations in the vertical
flow velocities and time of flight with particle sizes has been provided in Supplementary Figure
14. The impact of this difference on the resulting melt pool solidification parameters is evident
from the 2D heat transfer simulations accounting for the heat flux incident to the melt pool
from the fast (or not so fast) moving powder particles.

7. Macro-scale solidification simulations of the L-DED and E-PBF process.

Numerical simulations to model the melt pool solidification in a single-track for L-DED and
E-PBF deposited SS316L were performed using the COMSOL v5.2 finite element analysis
simulation package. The melt pool melting and solidification were simulated in a 2D domain
with the implementation of analytical models for the heat source. The heat flux from the
incident beam was implemented as follows in the form of a boundary heat source:

¢ = 27; flr;)ZP exp (_2 <t ;0t0)2> exp (_2 (x ;0X0)2> )

where « is the beam absorptivity, 1y is the spot size radius of the beam, P is the operating
power, t, and X, are the time instance and the position where the peak of the Gaussian energy
distribution is meant to peak. For the 2D domain chosen for the simulations, the movement of
the heat source is taken to be in the plane perpendicular to the domain. Hence, the pseudo-3D



distribution of the heat flux requires both the time and the dimension factor as in the exponential
function above in Supplementary Equation (9).

For simulation of the E-PBF process, a region 70 um thick representing the sintered powder-
bed region is chosen over the prebuilt domain with diminished thermophysical properties.
Specific to the E-PBF process, the sintered powder bed and the domain representing the
deposited material were preheated to 850 deg. C and the process parameters obtained in
Supplementary Figure 4b. The thermal history and gradient were recorded at probes in the
middle of the melt pools with the movement of the heat source.

For the fine and coarse powder E-PBF process simulations, a time step of 0.1 us was employed
for a total simulation time of 5 ms. An initial mesh was generated using predefined metrics of
‘Fine’ and calibrated for fluid dynamics in the COMSOL Multiphysics software. For this
setting, the element size range was from 5 — 175 um. Further, the region below the top surface
— where the simulated heat flux was incident, had a set of 40 boundary layers having a
stretching factor of 1.1 with the smallest boundary layer thickness of 3 um just below the
surface. Adaptive mesh refinement was enabled with the time-dependent linear (PARDISO)
solver employed for the heat transfer simulations. The smallest mesh size of 1.5 um was
obtained at the end for coarse powder simulations while 2.8 pm was obtained at the end for
fine powder simulations.

For the simulation of the L-DED process, an added heat flux due to the powder particles was
employed considering the preheated powders as a secondary heat source as follows:
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where, E is determined by the Supplementary Equation (7), 1, is the powder catchment
efficiency determined by the mass of the deposited bead (density x cross-sectional area x
length) divided by the mass of the powder incident to the melt pool during the time taken for
the deposition. The E values for the fine and coarse powder feedstocks employed by us for a
powder flow rate of 3.25 g min~! were obtained as 85.2 W and 92.0 W.

A time step of 1 us was employed for a total simulation time of 50 ms for both the coarse and
fine powder simulations for the L-DED process. The initial meshing parameters were the same
as that for the E-PBF simulations except that the adaptive meshing resulted in the smallest
element size of 10.8 um for both fine and coarse powder simulations. The thermal history and
thermal gradient values were determined at a point in the middle of the melt pool — 200 um
below the free surface.

The solidification parameters obtained for the E-PBF and L-DED simulations are shown in
Supplementary Figure 11.

8. Solidification maps for the L-DED and E-PBF processes.

As the primary dendrite arm spacing (PDAS) was measured as 1.25 pum, for both fine and
coarse powder samples obtained from E-PBF (Supplementary Figure 12b and d), the cooling



rate during the melt pool solidification can be calculated for SS316L by the following equation
3.

A = 80 X (cooling rate)™033 (11)

where 4; is the PDAS in pm and the cooling rate value is in K s7!. From this equation, the
cooling rate was determined as 3.0 x 10° K s7!. The thermal gradient magnitude values were
determined from the macro-scale numerical simulations as 4.7 x 10 K m™! and 8.5 x 10° K m™
! for fine and coarse powder samples, respectively, at the advent of solidification. As the point
at which the G and cooling rate values were obtained lies in the midway of the melt pool width,
the velocity of the solidification front, or growth rate (¥), at this point is directed along the
build direction. Its value can be determined by the relation: V =
Cooling rate/Thermal Gradient. Thus, for the fine and coarse powder samples, V is
obtained as 0.064 m s! and 0.353 m s/, respectively.

L-DED depicts a solidification history that is significantly different from that of the E-PBF
deposition process. First, the AR value of 2.5 obtained in L-DED fine powder samples, which
is considered a borderline for columnar grain microstructure, shows that the melt pool
solidification parameters obtained from L-DED process parameters explored by us encourage
the formation of equiaxed grains. However, these solidification parameters are influenced by
the particle sizes which causes the formation of finer equiaxed grains in coarse powder samples.
We observed that a smaller average PDAS value of 0.90 um is obtained in these samples
(Supplementary Figure 12c), indicating that they cooled much faster than the fine powder
samples which exhibit a PDAS value of 1.82 um (Supplementary Figure 12d). Using this
information with Supplementary Equation (11) gives us the values of cooling rates for fine and
coarse powders as 9.6 x 10* and 7.94 x 10° K s7!, respectively. Hence the melt pool in coarse-
powder DED samples solidified at a rate nearly 10 times faster than the fine-powder samples.
Employing the time of flight, particle size and particle preheating physics, 2D heat transfer
simulations (detailed in Supplementary information) provide a result similar in trend as seen in
E-PBF 316L i.e., lower thermal gradient for the coarse powder feedstock. A higher cooling rate
coupled with a lower thermal gradient obtained in the DED coarse-powder samples results in
a significantly higher melt pool solidification rate causing the CET.

The determination of nucleation density values for the CET curve shown in Fig. 3G of the main
text was done based on the equation widely applied for generating process microstructure
maps*> where thermal gradient, G and solidification rate, ¥ remain in the order of 10° K m™!
and cm s7!, respectively. The equation is written as:

n
¢* (3| —4nN, 1 12
y ¢ 3iIn(1—¢) n+1

where N, is the nucleation density, ¢ is Hunt’s parameter, and a and » are material constants.
The values of these material constants were determined by power law curve fitting of the
solidification velocity — undercooling variation curve for SS316L provided in an early work by
Lin et al. ® which were determined through thermodynamic modelling of the rapid solidification




phenomena. The parameters ‘n’ and ‘@’ were determined respectively as 2.94 and 5.87E04
K2 s m™! and were employed for plotting the CET curves. We determined four values of N,
— each for the fine-powder E-PBF, coarse-powder E-PBF, fine-powder L-DED, and coarse-
powder L-DED. The thermal gradient value in Supplementary Equation (12) was inserted from
the numerical simulation results for the aforementioned 4 cases whereas the solidification rate
values were determined from the derived values of cooling rates from the experimentally
observed primary dendrite arm spacings, Supplementary Equation (11), and thermal gradient
values from the numerical simulations. The Hunt’s parameter, ¢, or the volume fraction of
equiaxed grains was determined experimentally from the EBSD mapping as the percentage of
grains with an aspect ratio (length-to-width ratio) < 2.5. Supplementary Table 4 provides the
details of the values measured and calculated N,. The limiting equations that determine the G
vs V relation for equiaxed and columnar grain growth, presented in Fig. 3 b of the main text
are given as ’:

3 AT?

G=Geo =29N3(1—- AT? AT, (13)
1 AT?

G < Geqg = 0.617 N3 | 1 ——3 | AT, (14)
AT

where, AT, and AT. are nucleation and constitutional tip undercoolings, respectively.
Constitutional undercooling can be related to the growth rate, V as *:

AT. = (a- R)n. (15)

The value of AT, was taken as 5 K 8 given the primarily austenitic microstructure obtained in
various fine and coarse E-PBF and L-DED samples.
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Supplementary Figure 1: Powder feedstocks employed for L-DED and E-PBF processes.
Scanning electron micrographs obtained for (a) fine and (b) coarse SS316L powders (c)
Malvern Panalytical Mastersizer 3000 with Aero S adapter (d) Principle of Mie scattering
employed by the mastersizer for particle size determination. Powder-size distribution obtained

from the Mastersizer with cumulative volume fraction for (e) fine and (f) coarse powders.
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Supplementary Figure 2: DED fabrication with fine-, coarse-, and FC-powder feedstocks.
(a) POC part schematic utilized to highlight the in-layer microstructure control achieved
through particle size-driven MPE in L-DED. Two hoppers were used simultaneously with fine
and coarse granular feedstock and were invoked at different intervals and sections to result in
regions with distinct features — divided among ‘letter zone’ composed of letter N, T, and U
printed using coarse powders and ‘matrix zone’ printed using fine powders. (b) Powder flow
rate vs turntable speed curve obtained for fine-, coarse-, and FC-powder feedstocks. The
observations of powder flow rate for each of the turntable speeds were repeated at least three

times to establish statistical validity of the measurements.
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Supplementary Figure 3: Temperature-dependent thermophysical properties of the
sintered powder bed and EBM-printed SS316L. Thermal diffusivity measurements of (a)
3D printed samples and (b) sintered powder-bed samples. (c) Specific heat capacity

measurements of sintered powder-bed samples.
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Supplementary Figure 4: Powder size effect during the part fabrication in the ARCAM
EBM® system. (a) The data recorded during the printing of fine powders (dark blue curve)
shows the typical dip in the recorded temperature after the preheating stage. Coarse powder
(orange curve) shows the contradictory behavior that impacts the 1D analyze program to

significantly alter the beam scanning speed for the coarse powder bed as shown in (b).



#: P (W), V (mm/min), P (g/min) Coarse-powder Fine-powder

#2: 200, 1000, 3.25

#3: 300, 1000, 3.25

#4: 400, 1000, 3.25

#5: 500, 1000, 3.25

#6: 600, 1000, 3.25

Supplementary Figure 5: Effect of increasing power on the coarse- and fine-powder
single-tracks deposited using the L-DED system. The IPFz maps obtained in the transverse

section of the single tracks printed using parameters #2 — 6 shown in Supplementary Table 1



with scanning speed and powder flow rate of 1000 mm/min and 3.25 g/min, respectively, and

increasing laser power from 200 — 600 W in 100 W intervals.

#: P (W), V (mm/min), P (g/min) Coarse-powder Fine-powder

#7: 300, 500, 3.25

250 pm

#8: 300, 1500, 3.25 IR
001][110

#9: 300, 2000, 3.25

#10: 300, 2500, 3.25

#11: 300, 3000, 3.25

#12: 300, 3500, 3.25




Supplementary Figure 6: Effect of increasing scanning speed on the coarse- and fine-
powder single-tracks deposited using the L-DED system. The IPFz maps obtained in the
transverse section of the single tracks printed using parameters #7 — 12 shown in
Supplementary Table 1 with laser power and powder flow rate of 300 W and 3.25 g/min,

respectively, and increasing laser scanning speed.



#: P (W), V (mm/min), P; (g/min)

#13: 300, 1000, 1

#14: 300, 1000, 2

#15: 300, 1000, 3

#16: 300, 1000, 4

#17: 300, 1000, 5

#18: 300, 1000, 6

Supplementary Figure 7: Effect of increasing powder flow rate on the coarse- and fine-
powder single-tracks deposited using the L-DED system. The IPFz maps obtained in the
transverse section of the single tracks printed using parameters #13 — 18 shown in
Supplementary Table 1 with laser power and scanning speed of 300 W and 1000 mm/min,

respectively, and increasing powder flow rate from 1 — 6 g/min in the intervals of 1 g/min.



IPEX IPFY IPFZ Phase

[111]

A

[0o1]  [110]

111

[0o11  [110] 20 ym

Supplementary Figure 8: Microstructure of the granulated feedstock employed for the
L-DED and E-PBF systems. EBSD crystallographic orientation and phase distribution maps

obtained for (a) fine-powder and (b) coarse-powder.
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Supplementary Figure 9: Steady-state heat transfer simulations on the particulate
microstructure resembling sintered powder-bed. (a) Temperature distribution contour (b)

Heat flux distribution contour. The sides of the cube are 200 pm long.
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Supplementary Figure 10: DPM simulations of the fine and coarse powder flow through
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Magic 800 system. (¢) DPM-simulation results obtained with the contour corresponding to the

particle flow velocity magnitude in m s™!.
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Supplementary Figure 11: Solidification parameters obtained from the FEA simulations
of single tracks. (a) Temperature and (b) thermal gradient variation with time obtained from
E-PBF simulations. (¢) Temperature and (d) Thermal gradient variation with time obtained

from L-DED simulations.
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Supplementary Figure 12: Microstructural features observed in the melt pools of PF-AM
processes by SEM. (a) and (b) are micrographs observed in the fine-powder samples obtained
from DED and E-PBF processes, respectively. (c) and (d) are observed in the coarse-powder
samples obtained from DED and E-PBF processes, respectively. Majority region of the
micrograph of DED fine-powder sample is decorated with columnar dendritic sub-grain
structure (a) whereas the same is on borderline of cellular-columnar dendritic in the E-PBF
fine-powder samples (b). Moving towards the extreme conditions of equiaxed grain growth E-
PBF coarse-powder samples have an equiaxed grains with still visible sub-grain structure (d).
Farther ahead, in the DED coarse-powder samples, the sub-grain morphology begins to
randomize which is evident of nearing the critical growth rate for local interfacial equilibrium

assumptions °. The scale bars in the micrographs correspond to 10 pm in length.



Supplementary Figure 13: Microstructure obtained by particle size-driven MPE
approach in E-PBF process. (a) Fine-powder E-PBF SS316L samples show shallow melt
pools with w:d of ~ 5.3 in OM image along with the representative crystallographic orientation
having strong <001> crystallographic texture. (b) Coarse-powder E-PBF SS316L samples
show nearly semicircular melt pool architecture favouring CET with a representative diffuse
texture in one melt pool. The scale bars in the OM images are 100 um long. The scale bars in

the micrographs correspond to 100 um in length.
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Supplementary Figure 14: Particle size dependent velocity (left) and time of flight (right)
variations obtained from the DPM simulations. (a) Particle vertical speed (m s!) vs particle
size (um). Exponential decay fit equation (red arrow) employs the particle size value in m. (b)
Time-of-flight variations with particle size obtained by employing the exponential decay

equation shown in (a).
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Supplementary Figure 15: Variations in the bead and melt pool dimensions with process

parameters in L-DED SS316L. (a) Melt pool width, (b) Bead height, and (c) Melt pool depth

variations with process parameter set. Set #2 - 6 involve increasing laser power from 200 — 600

W, #7 - 12 involve increasing scanning speeds from 500 — 3500 mm min~!. #13 - 18 involve

increasing powder flow rates from 1 — 6 g min'.
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Supplementary Figure 16: Measurements of illumination zone and vertical distance
travelled by the powder particles for the L-DED nozzle configuration. The time-of-flight
(TOF) for the powder particles is calculated by dividing the distance travelled in the
illumination zone, L by the particle speed in the vertical direction obtained by the discrete

particle method (DPM) simulations.



Supplementary Tables

Supplementary Table 1 L-DED process parameter sets employed for single-track deposits
for the fine- and coarse-powder feedstocks.

:;rameter 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

Increasing power Increasing scanning speed Increasing powder flow rate

Power (W) 100 200 300 400 500 600 300 300 300 300 300 300 300 300 300 300 300 300

Deposition

speed 1000 1000 1000 1000 1000 1000 500 1500 2000 2500 3000 3500 1000 1000 1000 1000 1000 1000
(mm min™")
Powder flow

rate 325 325 325 325 325 325 325 325 325 325 325 325 1 2 3 4 5 6
(g min™")




Supplementary Table 2 PSD with corresponding PBD and k obtained from the
particulate microstructure simulations employed for training the ML model.

Mean (um) Deviation (pum) PBD (%) k (W m'K™)
81.4 31.3 53 3.85
101.0 25.6 46.5 2.63
31.8 28.2 39 1.4
116.4 11.5 49 3.61
63.6 46.0 48 0.113
98.9 41.8 40.4 1.03
57.1 35.9 48.4 2.77
95.0 12.2 52 4.97
107.0 13.9 38 1.21
38.8 9.2 40.4 1.82
66.4 24.5 48.5 2.8
33.6 24.2 37 0.57
44.5 36.4 47 2.87
20.3 9.4 37 1.89
47.9 32.5 45.3 3.42
100.5 19.6 52 4.97
84.1 6.6 46 0.0435
86.5 35.4 58 3.92
49.6 23.0 40 0.85

82.0 37.9 51 249




Supplementary Table 3 PSD with corresponding PBD and k obtained from the
particulate microstructure simulations employed for testing the ML model. The columns
with asterisk are the predicted values from the ML model.

Mean (pm) Deviation PBD (%) PBD* k (W m K1) k*
(nm)

83.4 25.0 50 58.74 5.17 4.56

58.9 9.3 49 52.70 3.1 0.11

119.3 13.8 45 47.62 2.73 3.02

28.8 15.8 34 35.88 0.7 0.52

73.4 20.6 60 61.35 4.24 3.65

69.8 39.7 47 48.99 2.13 1.85




Supplementary Table 4 Calculated values of N, parameters used for the CET curve
presented in the Fig. S e of the main text.

G (KmM) n V(ms!) a(K**sm) 0 No
Fine-EBM 4.70E+06 2.94 0.064 5.87E04 0.07  3.14E+15
Coarse-EBM 8.50E+05 2.94 0.353 5.87E04 0.69 6.64E+13
Fine-DED 1.26E+06 2.94 0.093 5.87E04 0.77  4.01E+15

Coarse-DED 1.22E+06 2.94 0.785 5.87E04 0.81 4.26E+14




Supplementary Table S Compositional analysis of fine and coarse powder particles using
ICP-OES and combustion method (in wt.%)

Fe Cr Ni Mo Mn Si Al C S @) N H

Fine powder  Bal. 15.30 10.50 1.98 1.04 0.31 0.06 0.025 0.013 0.093 0.088 0.006
Coarse powder Bal. 16.52 10.76 2.22 0.33 0.41 0.06 0.016 0.012 0.072 0.068 0.009
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