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1 Introduction

Around 50% of the global demand for hydrogen is met by steam
methane reforming [1], in which steam and methane react at high
temperatures (∼800 °C) to produce hydrogen gas (H2) and carbon
byproducts. To increase system efficiency, waste heat in the reac-
tion stream can be recuperated to heat the incoming steam and
methane, reducing the amount of heat required for reaction [2].
The cost of high-temperature recuperative heat exchangers (HXs)
needed to recuperate this high-grade waste heat is dominated by
the cost of the raw material, typically a Ni-based superalloy. There-
fore, one strategy to reduce the cost of these high-temperature
recuperators has been by using microchannels, characterized by
dimensions below 1 mm, resulting in laminar flow conditions
capable of supporting higher heat transfer rates, shorter flow
paths, and higher surface area per unit volume [3].
Due to the effects of flow maldistribution, the heat transfer per-

formance of microchannel heat exchangers (MCHXs) can be
affected by tolerances above 5% of channel height [4]. Typically,
MCHXs are produced as-printed circuit heat exchangers (PCHEs)
by diffusion bonding a stack of laminae with photochemically-
machined patterns of channels and headers. PCHEs made out of
Ni-based superalloys are expensive to produce driven by poor mate-
rial utilization during the photochemical machining step [5], which
could hinder their commercial adoption.
In the past, to lower manufacturing costs, metal matrix compos-

ites, in the form of oxide-dispersion-strengthened (ODS) austenitic
SS composites, have been pursued as a potentially cheaper alterna-
tive to Ni-based superalloys owing to the low cost of the iron-based
alloy. The high-temperature stability and creep resistance of these
materials can be on par with those of Ni-based superalloys and
are a function of oxide nanoparticle dispersants within the metal
matrix, which can sit on grain boundaries, pinning them to avert
grain coarsening [6].
However, these wrought ODS alloys possess anisotropic

mechanical properties caused by the elongation of grains during
extrusion processes [7]. Further, the conventional manufacturing
of ODS alloys in wrought forms involves solid-state production
techniques, making them too expensive to employ through conven-
tional PCHE routes [8]. Zhang and Gümmer [9] provided a
summary of several commonly considered candidate materials for
high-temperature HX, focusing on material costs. Their analysis
revealed that the material cost of ODS PM 2000 is approximately
up to ten times higher than that of SS, while Inconel 625 is about
4–5 times more expensive than SS. To avert the cost of the conven-
tional multi-step solid-state process, Maier et al. [10] fabricated an
ODS alloy tube using cold spray processes. Pre-alloyed 14YWT
(Fe-14%Cr, 3%W, 0.4%Ti, 0.2%Y, 0.01%O) powders were
sprayed and deposited on a rotating aluminum alloy tube using
nitrogen gas. After surface polishing of the deposit to the desired

cladding thickness, the aluminum alloy was dissolved in an alkaline
medium leaving a free-standing ODS tube. More recently, metal
additive manufacturing (AM) technologies have been applied to
produce the ODS alloy. Yang [11] examined the microstructure
and mechanical properties of austenitic ODS 316L SS produced
via directed energy deposition (DED) using gas-atomized 316L
SS powder with 0.14 wt% yttrium oxide. The study evaluated
the thermal stability of DED-produced ODS steels. Post 100-h
exposure at 1000 °C in argon, a partially recrystallized microstruc-
ture with fewer crystalline Y-O-enriched nanoparticles emerged.
The post-heat treatment samples exhibited a lower tensile strength
of 592 MPa but higher elongation of 42% compared to the
as-printed samples. Moreover, Wilms et al. [12] demonstrated the
successful fabrication of an iron-based ODS PM2000 composite
(Fe20Cr4.5Al0.5Ti+ 0.5Y2O3 in wt%) using high-speed laser clad-
ding in the DED process. Key achievements include the effective
dispersion of nano-scaled yttrium-based oxides in the ferritic SS
matrix, overcoming common nanoparticle agglomeration issues
seen in conventional DED processes. This resulted in smaller dis-
persoid sizes and increased hardness of the specimen compared to
those manufactured by standard DED. However, this approach is
limited in its ability to produce complex geometries with small
dimensions.
In contrast, among AM processes, laser powder bed fusion

(LPBF) stands out as the most suitable technique for fabricating
functional devices, such as MCHX with complex internal geome-
tries. This is because LPBF offers superior feature resolution and
accuracy compared to other metal AM processes [13–15]. Further-
more, LPBF has begun to be used to produce MCHXs for specialty
markets due to higher material utilization and greater accessibility
within the supply chain through AM service bureaus [16].
More recently, ODS alloys have been produced by LPBF as

shown in Fig. 1(a) using mechanical alloying powder [17,18], pro-
viding a means toward implementing more complex geometries
with refined dimensions. Ghayoor et al. [19] successfully produced
a nearly fully dense austenitic ODS 304L SS alloy using a process
that involved light ball-milling followed by LPBF. Additionally,
they explored the impact of yttria particle addition on the mechan-
ical properties of the alloy at room temperature. In a subsequent
study, Ghayoor et al. [20] conducted a detailed investigation into
the thermal stability of yttrium oxide nanoparticles in the ODS
304L alloy under high-temperature aging treatment. Moreover,
they evaluated the high-temperature mechanical properties and
creep resistance of the ball-milled LPBF 304L ODS alloy.
However, scaling up these processes presents challenges, as the
ball-milling required for pre-mixing stainless steel and oxide
powders is tedious, costly, and time-consuming.
Recently, research efforts have focused on alternatives to

mechanical alloying. Horn et al. [21] investigated the use of gas
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atomization reaction synthesis (GARS) steel powders, comprising
15 wt% Cr with minor alloying elements of 0.15 wt% Y and
0.10% Ti, to eliminate the need for pre-alloying powder. Analysis
of the LPBF-fabricated solids showed a substantial presence of
nano-scale Y-Ti oxides in the microstructures, derived from the
GARS precursor powders. Although an in-depth microstructural
analysis was conducted, mechanical property evaluations, such as
tensile testing at room or elevated temperatures, were not included
in this study.
In 2020, Paul et al. [22,23] reported a method for scaling the pro-

duction of ODS composites using LPBF by doping powder beds
with oxide precursors, via a piezo-electric inkjet printhead (Xerox
M series) within a 3D Systems ProX DMP 300 machine, prior to
laser consolidation (Fig. 1(b)). This innovative approach eliminates
the need for ball-milling by introducing the oxide particles during
the LPBF process, thereby resolving the issue of scalability. ODS
316L SS [24] was created by applying an ethanol-based ink with
Al13 nanoclusters (NCs) onto 316L SS powder, followed by laser
processing. Additionally, a 316L SS-Cu metal matrix composite
was developed to increase effective thermal conductivity compared
to 316L SS, employing a jettable Cu ink and emulating the hybrid
LPBF-inkjet method [25,26].
To the best of the author’s knowledge, while numerous papers

have focused on the microstructural and mechanical analyses of
simple-shaped test coupons made of ODS alloys using LPBF or
DED, there is a lack of research on the fabrication and evaluation
of high-temperature HXs made of ODS alloy produced using
LPBF. Therefore, the objective of this paper is twofold: (1) to eval-
uate the high-temperature yield strength (YS) of the new ODSmate-
rial made using the hybrid process in comparison with 304 stainless
steel; and (2) to investigate the use of the new method to produce a
simple HX using the new material. This study delves into the capa-
bilities and economic viability of the hybrid LPBF-inkjet process
specifically for fabricating an MCHX using an ODS 304L SS com-
posite. Device testing is used as a means to evaluate the effective-
ness of the new process for producing a geometry of interest as
well as determining which geometric parameters are most in need
of improving for future application. The dimensional accuracy of
the heat exchanger is explored.

2 Experimental Methods

2.1 Heat Exchanger Fabrication. Figure 2(a) is a rendering
of the MCHX showing an array of microchannels with alternating

hot and cold fluid in the vertical direction. Figure 2(b) shows an
incoming cold feedstock gas flowing through the cold-side channels
to an outlet where it has been heated. In contrast, the incoming hot
gas flows in the opposite direction in the layer below, eventually
leaving at a cooler temperature. A specification of the dimensions
within the MCHX is shown in Table 1. Figure 3 shows the inkjet
module integrated with the 3D systems LPBF machine. Addition-
ally, Fig. 4 shows a process block diagram for producing an ODS
304L MCHX using the hybrid LPBF-inkjet method. During the
hybrid LPBF process, four steps were repeated prior to removal
from the LPBF tool. First, metal powder was layered, and then
the laser was used to melt the metallic powder particles and oxide
nanoparticles, and convectively mix the constituents, followed by
oxide precipitation upon solidification and remelting. Afterward,
the precursor ink was jetted onto the consolidated metal using the
inkjet printhead. Finally, the laser was scanned over to evaporate
the solvent out of the ink and convert the precursor into yttrium
oxide. The next step involved removing the unused powder from
the build plate. Then, the build plate, including the printed part,
was taken out from the machine tool, and detached from the build
plate and the support structures using wire electrical discharge
machining (EDM). Finally, the detached part and build plate were
ground by hand to remove any remaining support structure. In
this study, two types of HXs were fabricated. The first type, made
of 304L SS, is denoted as 304 HX (44/na/5 deg). The other three,
made of ODS 304L SS using a hybrid LPBF-inkjet technique, are
labeled as follows: (1) ODS HX (58/29/5 deg); (2) ODS HX (44/
29/5 deg); and (3) ODS HX (44/29/30 deg). The labels indicate
the laser volumetric energy density (VED) values used for consol-
idation and ink conversion, along with the build orientation. For

Table 1 Specifications of the MCHX test article produced in this
work

Parameters Hot side Cold side Both

Channel height 762 μm 635 μm —

Channel width — — 5.1 mm
Channel length — — 94.5 mm
Number of channels 24 ea 21 ea —

HX volume — — 28,557 mm3

HX surface area — — 59,665 mm2

Fig. 1 Schematic diagram of (a) ODS fabrication by light ball-
milling followed by LPBF and (b) ODS fabrication using hybrid
inkjet-LPBF

Fig. 2 MCHX design: section view showing (a) microchannels in
the body and inlet and (b) cold-side channel
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instance, the label ODS HX (58/29/5 deg) represents the process
parameters for this HX, specifying 58 J/mm3 and 29 J/mm3 as the
laser VEDs, and 5 deg as the build orientation.

2.1.1 Materials. Sandvik Osprey gas-atomized AISI 304L aus-
tenitic SS powder was characterized by dynamic light scattering,
showing a powder distribution of D10= 23 µm, D50= 33 µm,
and D90= 44 µm. To produce the precursor ink, yttrium nitrate
hexahydrate, 99.8% Y(NO3)3 (Sigma-Aldrich Inc., St. Louis,
MO) was dissolved in methanol (CH3OH) with a concentration of
1.83 mol/l. The thermal decomposition of the ink is described as

follows [27]:

4Y(NO3)3 · 6H2O = 2Y2O3 + 6N2O5 + 24H2O (1)

In prior work, X-ray diffraction was performed to confirm laser
conversion of the precursor and the required amount of jetted ink
was calibrated to deposit 0.5 wt% yttria in 304L SS metal matrix
[22].

2.1.2 Laser Powder Bed Fusion. Table 2 shows the process
parameters used for producing the ODS 304 MCHXs and 304L
SS MCHX. To produce the ODS MCHXs using the hybrid LPBF
method, the laser was scanned twice per layer to ensure the
solvent was fully evaporated prior to consolidation. The precursor
ink was jetted on the metal substrate, followed by laser irradiation
for driving off the solvent and thermal decomposition of precursor.
Then, metal powder was layered on top and a final laser scan was
used for melting powder, converting oxide, and convective
mixing. The mean laser VED was calculated as Eq. (2).

VED =
P

v × hs × t
(2)

where P is the laser power, v is the scan speed, hs is the hatching
space, and t is the layer thickness.

2.2 Materials Testing. Once the HXs were produced, tensile
bars of the ODS alloy were separately built parallel to the surface
of the build plate using hybrid inkjet-LPBF tool and the precursor
ink. Following the ASTM E8 standard, the tensile bars had a thick-
ness of 1.0 mm and a gauge width and length of 6.25 mm and
25 mm, respectively. Tensile properties were measured at 600 °C
on an Instron 5969 universal tester equipped with an Instron
furnace with a soaking time of 10 min. The VEDs used for fabricat-
ing tensile bars were 44 J/mm3 and 29 J/mm3 for consolidation and
conversion step, respectively.

2.3 Heat Exchanger Testing. Device testing was conducted
to evaluate the dimensional capability of the new hybrid LPBF
method for producing an HX geometry. Before testing the
devices, a thorough depowdering process was implemented to
ensure that the pressure drop values were not affected by unused
powder remaining in the microchannels. This process began after
the HXs were detached from the build plate using wire EDM.
The depowdering procedure was as follows: each HX was sub-
merged in de-ionized water in an ultrasonic container and ultrasoni-
cated for 5 min. Afterward, pressurized air was used to clear the

Fig. 3 (a) Solid model of hybrid system, (b) end view of airlock showing installed Xerox
module, (c) before, and (d ) after Xerox module extending over powder bed chamber, (repro-
duced with permission from Ref. [22])

Fig. 4 Process block diagram for hybrid LPBF ODS 304L MCHX
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microchannels, effectively removing any trapped powder from the
complex channels. This process was repeated for each HX until
no residual powder was released from the device. Once depowder-
ing was complete, each HX was inserted into a test loop to evaluate
thermal and pressure drop performance. The compressed air as the
working fluid was supplied through a flowmeter to the cold channel
inlet of the HX. For effectiveness testing, the air flow rates were
controlled and maintained at 1, 2, and 3 g/s. The air leaving the
cold outlet was heated by passing through a tube heater, and
flowed in the hot side channel by exchanging the heat with the
cold air. The cooled air exited to the atmosphere. The temperatures
were measured using K-type thermocouples at the inlet and outlet of
both sides. For pressure drop testing, the pressure drops at both

channels were obtained by measuring the pressures at the inlet
and exit pressures at both sides using pressure transducers. Subse-
quently, the measured pressures were compared with two theoreti-
cal pressure drop values. These comparisons aimed to evaluate the
dimensional capability of the hybrid process in producing a func-
tional HX. The first comparison was performed by using theoretical
pressure drops calculated from the nominal ideal channel dimen-
sions of the HX, as described in Table 1. An additional comparison
was also made to determine whether significant channel blockage
occurred due to unused powder trapped in the microchannel. For
this, the pressure drops were predicted based on the actual
channel dimensions and the characterized surface roughness. Two
distinct equations, Eq. (A9) for the first comparison and Eq.
(A11) for the second comparison, were employed to calculate two
separate friction factors. These equations are available in Appendix.

2.4 Characterizing Channel Dimensions. After HX testing,
the size of the microchannels within the HX was characterized by
cross-sectioning the HXs perpendicular to the fluid direction
using wire EDM. Next, the cross-sectional images of both hot
and cold channels were obtained using an optical microscope.
These images were then imported into IMAGEJ software and con-
verted to black and white images for enhancing the accuracy of
height measurement. Then the average heights of the hot and cold
channels were measured using IMAGEJ to measure over eight loca-
tions from each of the eight cross sections. The surface roughness
values were derived from the measured heights obtained with
IMAGEJ. These roughness values were calculated by dividing the
sum of the absolute values of the height deviations from the mean
line by the number of measurements for each HX.

3 Results and Discussion

3.1 Mechanical Properties at High Temperature. Figure 5
displays three stress–strain curves tested at 600 °C for the hybrid
LPBF ODS 304L SS specimens produced under the identical

Table 2 Process parameters for hybrid LPBF processes for ODS 304L SS MCHXs and 304L SS MCHX

HX name Process
Mean VED
(J/mm3)

Beam power
(W)

Scanning speed
(mm/s)

Hatching space
(mm)

Layer thickness
(mm)

Build orientation
(deg)

ODS HX (58/29/5) Consolidation 58 175 1000 0.075 0.040 5
Conversion 29 175 2000 0.075 0.040

ODS HX (44/29/5) Consolidation 44 175 2000 0.050 0.040 5
Conversion 29 175 2000 0.075 0.040

ODS HX (44/29/30) Consolidation 44 175 2000 0.050 0.040 30
Conversion 29 175 2000 0.075 0.040

304 HX (44/na/5) Consolidation 44 175 2000 0.050 0.040 5
Conversion n/a n/a n/a n/a n/a n/a

Note: The parameters in parentheses along the x-axis are (consolidation VED/conversion VED/build orientation).

Fig. 5 Stress–strain curves for hybrid LPBF ODS 304L SS spec-
imens at 600 °C

Table 3 A comparison of yield strength (MPa) and ultimate tensile strength (MPa) of ODS alloy at different temperatures

Material YS at RT UTS at RT YS at 600 °C UTS at 600 °C YS at 700 °C UTS at 700 °C

Hybrid LPBF ODS 304L (this paper) 586± 9 [22] 695± 9 [22] 313± 20 392± 6 — —

LPBF ODS 304L [20] 575± 8 700± 13 290± 2 370± 4 217± 1 229± 1
Annealed 304 [28] 290 579 113 367 95 241
HIP ODS 304 [29] — — — 410 — 300
HIP ODS 304 [30] 525 940 — — — 415
HIP+ Forging ODS 304 [30] 595 925 — — — 395
LENSa ODS Fe-Cr [31] — 794 — 461 — —

HIP LENS ODS Fe-Cr [31] — 1046 — 592 — —

LPBF Inconel 625 [32] 770 1039 570 881 — —

HIP LPBF Inconel 625 [33] 459.5± 6.5 926.0± 12.7 246.2± 4 (at 650 °C) 637.5± 15 (at 650 °C) — —

aLENS: laser-engineered net shaping.
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conditions described in Sec. 2.2. Three tensile tests were conducted
to determine the average and standard deviation. The value of YS,
ultimate tensile strength (UTS), and elongation of these specimens
at 600 °C was found to be 313± 20 MPa, 392± 6 MPa, and 14±
1%, respectively. Tables 3 and 4 compare the tensile properties of
the ODS 304L composite produced in this work using hybrid
LPBF with those of previously published austenitic ODS compos-
ites, such as ODS 304L [20] and ODS 304 composite [29,30]. The
yield strength and ultimate tensile strength of the ODS alloy pro-
duced in this work at room temperature and 600 °C were found to
be similar to the values of LPBF ODS 304L composite [20] pro-
duced by pre-mixing 304L SS powder with yttria nanoparticles
via ball-milling, followed by consolidation via LPBF. This is
likely due to the microstructures with precipitations identified as
Y–Si–O compounds, which are similar to those produced by ball-
milling followed by LPBF, as indicated in prior work [22]. It is
important to note that previous research [22] found that jetting
dopant ink onto the powder bed led to microstructural defects,
such as spherical shapes and small-sized pores. This occurred
because the solvent did not fully evaporate from the bed before con-
solidation, owing to the high surface energy in the bed. To resolve
this issue, the process steps, as illustrated in Fig. 4, were modified to
include additional laser irradiation. This extra step of laser irradia-
tion enabled us to not only remove residual solvent but also fully
decompose the precursor into yttrium oxide before consolidation.
This effectively eliminated the pores caused by the flash evapora-
tion of the solvent and gas byproducts.
However, the ductility of hybrid LPBF ODS was found to be low

than that of previously publishedODS alloys, likely due to the coarse
oxide agglomeration intermittently observed in the cross-sectional
microstructures. Prior research [22] that produced ODS 304L SS
via hybrid LPBF showed a microstructure characterized by well-
distributed nano-sized spherical precipitates, along with yttrium
oxide agglomeration. Prior microstructure-based representative
volume element simulations, as conducted by Ma and Wang [34],
revealed that initial damage occurs in the Al3Ti agglomeration
under relatively small strain within the composite. Furthermore,
Sun et al. [35] found that an increase in the agglomerated ratio expe-
dites the stress concentration. Given these findings, it is expected that
at an elevated temperature of 600 °C, the discrepancy in the coeffi-
cient of thermal expansion between the oxide agglomeration and
the iron-based matrix results in void formation, thereby accelerating
crack propagation and leading to a reduction in elongation.

3.2 Heat Exchanger Performance. Figure 6 shows the exper-
imental and theoretically-calculated HX effectiveness. Both exper-
imental and estimated values decrease as the mass flow rate
increases. Also, the difference between the experimental and theo-
retical values decreases as the mass flow rate increases. This could
be due to more heat loss to ambient at a lower mass flow rate.
Figures 7(a) and 7(b) show the total pressure drop values with

polynomial fit curves for the cold side and the hot side of the
HXs along with the theoretical pressure drop values calculated

based on the nominal channel dimensions, as depicted in Table 1.
As shown, the experimental pressure drops increase with the
square of the mass flow rate, whereas the theoretical values increase
linearly with the mass flow rate. This is due to the roughened con-
ditions of the actual printed channel walls which likely depart from
pipe flow assumptions used in the calculations that do not account
for the impact of roughness. Moreover, the flow characteristics in
microchannels can be deviant from the conventional flow theories.
The previous research [36] on heat transfer and fluid flow patterns in
rectangular microchannels indicated that the friction factor was
greater than what conventional theory had previously suggested.
Their experimental data demonstrated that the shift from laminar
to turbulent flow happens at the Reynolds number ranging from
300 to 900. In addition, according to the previous research [37],
as the Reynolds number increases in the turbulent regime, the thick-
ness of the laminar sublayer decreases, and the roughness of the
inner pipe surface becomes important. Therefore, a more rigorous
analysis of the pressure drops in the channels was conducted. Addi-
tional theoretical values were derived, utilizing the actual channel
dimensions and taking into account the effects of roughness.
These revised values were then compared with the actual measure-
ments, as illustrated in Fig. 8.
Additionally, the results of effectiveness and pressure drops pre-

sented in Figs. 6–8 are discussed in more detail in the subsequent
section, following the discussion of the measured channel
dimensions.

3.3 Channel Dimensions. To better understand the heat
exchanger performance, efforts were made to characterize the

Table 4 A comparison of elongation of ODS alloy at different temperatures

Material Elongation (%) at RT Elongation (%) at 600 °C Elongation (%) at 700 °C

Hybrid LPBF ODS 304L (this paper) 51± 3 [22] 14± 1 —

LPBF ODS 304L [20] 32± 5 23± 1 21.5± 1
Annealed 304 [28] 55 35 35
HIP ODS 304 [29] — — —

HIP ODS 304 [30] 24.5 — 12
HIP+ Forging ODS 304 [30] 43.5 — 17.5
LENS ODS Fe-Cr [31] 5.0 4.0 —

HIP LENS ODS Fe-Cr [31] 7.7 10.3 —

LPBF Inconel 625 [32] 40 32 20
HIP LPBF Inconel 625 [33] 74.9± 3 38.7± 5 —

Fig. 6 Comparison of experimental and theoretical effective-
ness as a function of mass flow rate
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height of the channels, which has a significant impact on both HX
pressure drop and effectiveness. Figure 9 shows some of the cross
sections used for investigating channel height. To enhance measure-
ment accuracy, images captured through the optical microscope
were transformed into a black and white format using IMAGEJ soft-
ware. The black regions in the images signify the consolidated
channel walls, while the white regions correspond to the fluid
channels.
A summary of the results from optical microscopy of the channel

heights is shown in Fig. 10. One finding is that higher VED made
the mean channel height smaller due to the existence of larger
weld pools. Moreover, increasing the build orientation increased
the mean channel height, while reducing the standard deviation of
the channel height.
The pressure drop and effectiveness of this condition (44/29/

30 deg) were found to be the lowest among the four HXs due to
the consequent larger channel sizes. When it comes to comparison
among experimental effectiveness in Fig. 6, it was found that ODS
HX (58/29/5 deg) and ODS HX (44/29/30 deg) have the highest
and lowest values at all flow rates, respectively. The effectiveness

of HX highly depends on the heat transfer within the channels,
which is known to increase with decreasing channel size.
Further, concerning the pressure drop illustrated in Fig. 7, the

experimental results show that higher VEDs lead to higher pressure
drop. This is simply due to the smaller channel sizes at higher VED
as shown previously. Moreover, it was observed that increasing the
build orientation from 5 deg to 30 deg significantly reduced the
pressure drop at all mass flow rates. This is attributed to the
larger channel sizes and less standard deviation within the channels
of the heat exchanger with the 30 deg orientation.
Figure 8 presents the additional comparison between the experi-

mental and theoretical pressure drop values, which were calculated
by considering the measured channel dimensions and roughness.
The dashed lines represent the predicted values, while the solid
lines denote the measured experimental values. Additionally, the
same HXs are indicated by the same symbol. This comparison
clearly demonstrates that the theoretical values align more accu-
rately with the experimental ones compared to the previous compar-
ison shown in Fig. 7. It was observed that the polynomial fit curves
for all predicted values in Fig. 8, for both cold and hot side channels,

Fig. 7 Comparison of experimental and theoretical pressure drops in (a) cold side and (b) hot side channels, based on nominal
channel sizes, across various mass flow rates

Fig. 8 Comparison of experimental and theoretical pressure drops in (a) cold side and (b) hot side channels, based on actual
channel dimensions and roughness, as a function of mass flow rates
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increase with the square of the mass flow rate, which is identical as
those in the experimental values.
For both cold and hot side channels, the theoretical values for

ODS HX (58/29/5 deg) and ODS HX (44/29/5 deg) overestimate,
whereas those for ODS HX (44/29/30 deg) are almost identical to
or slightly underestimate when compared to the experimental
values. This reduction may be attributed to the fact that the
surface roughness of the ODS HX (44/29/30 deg) is significantly
lower than that of the other two HXs, with reductions of up to
58% and 39% for the cold and hot side channels, respectively, com-
pared to the ODS HX (58/29/5 deg). Consequently, this diminishes
the impact of roughness on pressure drops.
Based on the comparisons in Figs. 7 and 8, it can be concluded

that the pressure drops primarily occurred due to smaller channels
and high surface roughness within the channels. Moreover, while
ODS HX (44/29/30 deg) exhibits slightly lower measured pressure
drops compared to the theoretical values, the discrepancies are
minor. This indicates that even if unused powder remains trapped
in the microchannels, the quantity of residual powder is unlikely
to significantly impact the usability of these HXs. Consequently,
these HXs can still serve as effective tools for assessing the effec-
tiveness of the hybrid LPBF process in creating a specific geometry
and identifying which geometric parameters need enhancement for
future applications.
More importantly, the observations regarding pressure drops and

channel dimensions in ODS HXs emphasize the need to investigate
the causes of channels with high surface roughness or size discrep-
ancies. When comparing the pressure drop in the ODS HX (44/29/
5 deg) with that in the 304 HX (44/na/5 deg), the channels created
by inkjet technology were found to have higher pressure drop.
Further comparison between the channel dimensions of the ODS
HX (44/29/5 deg) and the 304 HX (44/na/5 deg) revealed that ink
doping resulted in a reduced average channel size and an increased
standard deviation. Given that the same process parameters were
applied to both HXs, with the exception of ink doping and conver-
sion, it is therefore deduced that the ink doping and/or conversion
process is responsible for these differences.
Two hypotheses were investigated regarding the influence of ink

doping and conversion on channel size. First, efforts were made to
investigate whether additional heat was added by the heat of reac-
tion during the ink conversion. The heat of reaction during ink con-
version was calculated by deducting the standard enthalpy of
formation of reactants from the heat of formation of products.
Table 5 lists the standard heats of formation of Y(NO3)3·6H2O,
Y2O3, N2O5, and H2O. Based on the literature values in Table 5,
the standard heat of reaction was calculated to be 1280.6 kJ/mol,
indicating that the reaction was endothermic, not exothermic.
This suggests that the heat of reaction was not a contributing
factor in the reduction of the mean channel size. Additionally, to

evaluate the potential impact of the endothermic reaction on the
melt pool temperature, and subsequently, on the channel sizes,
the heat of reaction per mol (1280.6 kJ/mol) during ink conversion
was converted to the heat of reaction per volume, which was deter-
mined to be 0.6 J/mm3. This value represents only about 1% of the
laser energy density provided in this study. Therefore, we infer that
the heat of reaction during the ink conversion is unlikely to have a
significant effect on the channel sizes.
Consequently, a second hypothesis was formulated that the

absorption of the laser energy was greater for the powder coated
with the oxide precursor. To investigate the laser absorption, the
reflectivity of a 304 SS substrate, with and without precursor, was
measured three times using a Jasco UV/Vis/NIR spectrometer.
Figure 11 shows the average reflectivity for each coupon. At a
wavelength of 1070 nm (laser wavelength of the LPBF tool), the
average reflectivity and standard deviation were found to be

Fig. 9 Cross-sectional microchannels of (left) LPBF 304 HX and (right) LPBF-inkjet ODS HX

Fig. 10 Mean and standard deviation (error bar) of channel
heights of heat exchangers

Table 5 Standard heats of formation

Chemical formula Standard enthalpy of formation References

Y(NO3)3·6H2O −3043.9 kJ/mol [38]
Y2O3 −1905.3 kJ/mol [39]
N2O5 0.01 kJ/mol [40]
H2O −241.8 kJ/mol [40]
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55.5% and 0.2%, respectively, for the 304L SS substrate. For the
304L SS substrate with precursor, the average reflectivity and stan-
dard deviation were 42.9% and 1.6%, respectively. These results
suggest that the 304L SS substrate with precursor absorbed
28.3% more energy than the 304L SS substrate alone. This suggests
that improved laser absorption caused by the doped ink led to larger
weld pools and smaller channels. The findings of our study align
with a previous study conducted by Ghayoor et al. [24], which indi-
cated that the addition of Al2O3 NPs and Al13 NCs into 316L SS
single tracks notably increased the depth of the melt pool.

4 Economic Analysis

To evaluate the economics of the hybrid LPBF-inkjet method,
cost models were developed [41] and compared for both a same-
sized Inconel 625 HX produced via LPBF and an ODS 304L HX
produced via hybrid inkjet-LPBF. In the hybrid ODS 304L HX
model, it was assumed that the laser was scanned once per layer,
with a heated bed facilitating solvent evaporation. For this effort,
the process flow for producing the Inconel 625 HX was identical
to the process flow for the hybrid LPBF ODS HX with two excep-
tions: (1) Inc 625 powder was used instead of 304L SS powder and
yttria precursor ink and (2) there is no jetting step in the LPBF cycle.
Assumptions for the cost models are that capital investment is made
for setting up a greenfield manufacturing plant. Thus, the cost
models include cost recovery on capital equipment and facilities
in addition to raw material, labor, maintenance, consumables, and

utilities. Table 6 summarizes the assumptions used for both
models. The detailed equations for this analysis can be found in
Ref. [41].

4.1 Number of Parts Per Build. Maximizing the use of the
work envelope in the LPBF process by printing multiple parts at
a time can reduce the production cost of parts since layering time
can be spread over multiple parts [42]. Yim and Rosen [43] pre-
sented an equation to calculate how many parts can fit to a work
envelope considering the dimensions of a part and a work envelope,
and the distances between parts. However, there are a few general
rules of thumb for successful build in terms of positioning the
parts in LPBF. This is because the build will likely fail if there
are extreme contacts between the solidified parts and the recoating
blade during powder layering. Moylan et al. [44] suggested the
basic four guidelines to avoid extreme contact, each of which are
depicted in Fig. 12.
First, a part should be rotated by a few degrees around the z-axis

so the recoating blade does not pass over a long line of parallel
contact with the part. Second, multiple parts need to be distributed
to prevent simultaneous initial contacts with the recoating blade.
Third, an overhang angle must not face into the recoating blade.
Otherwise, a collision can result in deflecting the part upward,
which can lead to delamination from the build plate. Fourth, the
part cannot exceed a maximum vertical aspect ratio since the
repeated contact can cause the part to bend.
Furthermore, especially for a heat exchanger that has internal

channels, parts must be oriented from the build plate with inclined

Fig. 11 Average reflectance with wavelength indicating that the
304L SS substrate with precursor absorbed more energy than
304L SS substrate alone

Table 6 Assumptions used for both models

Parameter Value

304L stainless steel powder cost (ODS HX) $47/kg
Yttrium nitrate hexahydrate cost (ODS HX) $700/kg
Methanol cost (ODS HX) $2.5/L
Inc 625 powder cost (Inc 625 HX) $165/kg
LPBF machine tool cost (Inc 625 HX) $808,565/tool
Hybrid LPBF machine tool cost (ODS HX) $908,565/tool
Equipment amortization schedule 10 year
Facility amortization schedule 30 year
Cost of manufacturing space $1000/m2

Annual operator wages $50,000/year
Loaded labor cost rate 1.5 ×wages
Operators required per tool cycle time/

(load+ unload time)
Total load and unload time 0.25 h
Annual maintenance 5% of capital cost
Electricity cost $0.0672/kWh
Process water cost $0.004/gal

Fig. 12 (a) No long parallel contacts, (b) no multiple simultaneous contacts, (c) no deflection in upward, and (d ) maximum
aspect ratio. Reproduced from Ref. [44].
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angles, so the internal structures can be self-supported without the
support structures.
Addressing the above guidelines in Fig. 12, this paper suggests a

standardized equation for calculating the maximum number of parts
per build.

N = ROUNDDOWN
Lx + dx − 2dw

bbx · cos γ + bby · sin γ + dx

( ){ }

× ROUNDDOWN
Ly + dy − 2dw

bbx · sin γ + bby · cos γ + dy

( ){ }

(3)

where Lx and Ly are the work envelope sizes in the x and y direc-
tions, dx and dy are the gap between the bounding box in the x
and y directions, dw is the distance between the part and the edge
of a build plate, bbx, bby, and bbz are the dimensions of the bounding
box in the x-, y-, and z-axis, and γ is the angle of rotation of a part
about the z-axis.
The equations for calculating the dimensions of the bounding box

are as follows:

bbx = w (4)

bby = l cos θ + h sin θ (5)

bbz = l sin θ + h cos θ (6)

where w, l, and h are the width, length, and height of the part, and θ
is the orientation angle.
The dimensions of 3 kW full-sized HX were used for both cost

models. Also, it was assumed that the full-size HX is inclined
45 deg from the build plate so the internal channel structures are
self-supported without support structures.

Using Eq. (3) and the values from Table 7, it was determined that
four HXs can fit to the work envelope as shown in Fig. 13(c).

4.2 Hybrid Inkjet-LPBF Cycle Time. A model was used for
estimating the cycle time for layering the powder, jetting the precur-
sor ink, and scanning the laser. The equation for estimating the
cycle time for depositing each powder layer (Tlayer) is given as
follows:

Tlayer = tev +
Lx

vr1
+

Lx

vr2

( )

× (n + nss) (7)

where tev is the time needed to elevate the build platform, vr1 is the
positioning speed of the recoating system, vr2 is the powder posi-
tioning speed of the recoating system, n and nss are the number of
layers for a part and a support structure, respectively. The required
number of layers for a part can be calculated using Eq. (7) and the
thickness of a powder layer, t.

n =
bbz

t
=
l sin θ + h cos θ

t
(8)

where t is the thickness of a powder layer.
The cycle time for laser scanning consists of the build times to

rough deposit, fine deposit, and deposit the support structure.

Tscan = Tr + Tf + Tss (9)

where Tscan is the total scanning time per build, Tr is the rough
build time, Tf is the fine build time, and Tss is the build time for a
support structure. Table 8 summarizes the key process parameters
used in both cost models. Detailed equations can be found in
prior works [45,46].
For the hybrid LPBF ODS HX model, the cycle time of jetting a

precursor ink was estimated and added to times for layering powder
and laser scanning to calculate a total cycle time for hybrid LPBF.
The cycle time for jetting the precursor ink (Tjet) consists of cycle
time for opening/closing the SAS door and moving the printhead
per layer, and the total number of layers.

Tjet = 2 × tSAS +
Lx

vp

( )

× n (10)

where Tjet is the cycle time of jetting per build, tSAS is the time for
extending the inkjet printhead gantry over the powder bed by
opening/closing the SAS door, and vp is the printhead speed.
The previous study [22] achieved acceptable repeatability in

terms of the mass of the jetted droplets, demonstrating stable
jetting performance. However, it is important to note that inkjet
nozzles can become clogged, adversely affecting jetting perfor-
mance. To mitigate this issue, a cleaning function was implemented

Table 7 Assumptions used for calculating the maximum HXs
per build

Parameters Symbol Value

Work envelope size in the x-axis Lx 250 mm
Work envelope size in the y-axis Ly 250 mm
Work envelope size in the z-axis Lz 325 mm
Gap between the bounding boxes in the x-axis dx 5 mm
Gap between the bounding boxes in the y-axis dy 5 mm
Distance from edge of the work envelope dw 5 mm
Rotation angle about the z-axis γ 2 deg
Orientation angle θ 45 deg
Width of full-scale HX w 52 mm
Height of full-scale HX h 40 mm
Length of full-scale HX l 203 mm

Fig. 13 (a) Part dimensions, (b) bounding box that contains the oriented part, and (c) posi-
tioned bounding boxes in the work envelope considering the guidelines
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to clear clogged nozzles every five layers. A cleaning station was
designed, constructed, and integrated inside the jetting module
behind the SAS door. This station functions to wipe and clean the
printhead nozzles after the ink purging process during the nozzle
cleaning cycle. The inclusion of this device is crucial, as large ink
droplets remaining on the orifice plate post-purging could fall
onto the powder bed if not removed. Consequently, a servo code

was developed to facilitate a purging cycle that involves (a)
moving the printhead to the cleaning station, (b) purging ink, and
(c) lowering the printhead onto the wipes at the cleaning station,
thereby removing any ink residue from the orifice plate. The time
spent on cleaning was not factored into the cost model, as the clean-
ing cycle does not impede productivity. This is because the cleaning
cycle occurs within the inkjet module immediately after the jetting

Table 8 Key process parameters used for both cost models

Process step Parameter Value

LPBF Rough build scan speed 2000 mm/s
Fine build scan speed 2000 mm/s
Recoating speed 300–500 mm/s
Layer thickness 0.040 mm
Jetting speed (ODS 304) 200 mm/s

Heat treatment Heating rate 5 °C/min
Cooling rate 1.5 °C/min
Soak temperature 817 °C (Inc625)

400 °C (ODS 304)
Hold time at soak temperature 90 min (Inc625)

120 min (ODS 304)

Wire EDM Material removal rate 6.710 mm3/min
Wire EDM kerf 0.304 mm
Wire diameter 0.254 mm

Surface finishing Speed 20,000 mm/min
Width of cut 16 mm
Infeed 0.01 mm/pass

Fig. 14 Estimated unit cost as a function of annual production
volume for Inconel 625 HX using LPBF and ODS 304L HX using
hybrid LPBF

Fig. 15 A breakout of the production cost of (a) Inconel 625 HX and (b) ODS 304L HX at the production volume of 100,
400, and 1000 units per year
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step is completed, ensuring that it does not disrupt other LPBF
processes.

4.3 Economic Comparison. The cost of goods sold (COGS)
was calculated for Inconel 625 HX produced by LPBF and ODS
304L HX produced by hybrid LPBF. The cost curve in Fig. 14
shows that the unit cost for both HXs decreases as the annual produc-
tion volume increases. ODS 304L HX was slightly more expensive
compared to Inconel 625 HX until the annual production volume
of around 50 units per year. This is because the cost of the hybrid
LPBF machine tool was assumed to be higher than the LPBF
machine tool, which offsets the cost reduction because of the lower
raw material cost. However, as the production volume further
increases beyond 50 units per year, unit cost for ODS 304L HX is
expected to cross over the one for Inconel 625 HX. At a production
volumeof 1000 units per year, the hybrid process is expected to allow
for a reduction in the COGS from $1079 to $834. Also, the unit costs
asymptotes at around $931 and $719 for Inconel 625 HX and ODS
304L HX, respectively, beyond a production volume of about
10,000 units per year.
Figure 15(a) shows a breakout of the unit costs of the Inconel 625

HX by process step at the production volume of 100, 400, and 1000
units per year. As the production volume increases from 100 units to
1000 units, there has been a significant increase in portion of raw
material in unit cost. At the production volume of 1000 units per
year, the raw material cost accounts for about 40%. However, the
raw material cost of ODS 304L HX makes up only 15% at the pro-
duction volume of 1000 units per year, which mainly leads to 22.8%
reduction in the COGS compared to Inconel 625 HX.

5 Conclusions

The paper investigated the capabilities and economics of the
hybrid inkjet-LPBF process to produce an ODS 304L SS heat
exchanger. The tensile test specimens made of ODS 304L SS
were produced using the hybrid inkjet-LPBF method. The tensile
properties of the hybrid LPBF ODS 304L SS were measured at
600 °C and the results show that YS, UTS, and elongation of
these alloy were found to be 313± 20 MPa, 392± 6 MPa, and 14
± 1%, respectively. These YS and UTS of the hybrid LPBF ODS
304L SS at room temperature and 600 °C were similar to the
values of ODS alloy produced by pre-mixing 304L SS powder
with yttria nanoparticles via ball-milling, followed by LPBF. In
addition, the hybrid inkjet-LPBF method for producing a micro-
channel heat exchanger made of ODS 304L SS was demonstrated
using the LPBF machine tool modified with inkjet technology.
Based on the measurements for the channel sizes, it was observed
that ink doping and conversion reduced the mean channel size
while increasing the standard deviation. This is because laser
absorption was improved by doping the ink, which caused larger
weld pools and smaller channels.
Also, the economics of hybrid LPBF method was studied by

comparing the unit cost of the hybrid LPBF ODS HX with the
one of LPBF Inconel 625 HX. The unit cost for ODS 304L HX
is expected to be more expensive at lower production volumes,
becoming less expensive than the Inconel 625 HX at higher
levels of equipment utilization. Also, the hybrid process is expected
to reduce the COGS from $1079 to $834 at a production volume of
1000 units per year because of the lower raw material cost. Besides,
beyond a production volume of about 10,000 units per year, the unit
costs are expected to asymptote at around $931 and $719 for
Inconel 625 HX and ODS 304L HX, respectively, which is a reduc-
tion of about 23% compared to Inconel 625 HX.
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Nomenclature

f = friction factor
h = convective heat transfer coefficient
h = height of a part
k = thermal conductivity
l = length of a part
n = number of layers for a part
t = layer thickness
w = width of a part
A = heat transfer surface area of the heat exchanger
L = thickness of the wall
P = laser power
U = overall heat transfer coefficient
V = average velocity of the fluid
dx = gap between the bounding box in the x-direction
dy = gap between the bounding box in the y-direction
dw = distance between the part and the edge of a build plate
nss = number of layers for a support structure
tev = time needed to elevate the build platform

tSAS = time for extending the inkjet printhead gantry
vr1 = positioning speed of the recoating system
vr2 = powder positioning speed of the recoating system
vp = printhead speed
Ac = flow cross-sectional area
CR = heat capacity ratio

Cmin = minimum heat capacity rate
Cmax = maximum heat capacity rate
Dh = hydraulic diameter of the channel
Lch = length of channels
Lx = work envelope size in the x-direction
Ly = work envelope size in the y-direction
Nch = number of channels
Pw = wetted perimeter
Rtot = total of thermal resistance
Tc,i = inlet temperature of the cold fluid
Th,i = inlet temperature of the hot fluid
Tc,o = outlet temperature of the cold fluid
Th,o = outlet temperature of the hot fluid
Tscan = total scanning time per build

Tr = rough build time
Tss = build time for a support structure
Tf = fine build time

Tjet = cycle time of jetting per build
hs = hatching space
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Nu = Nusselt number
NTU = number of transfer units
Re = Reynolds number
bbx = dimension of the bounding box in the x-direction
bby = dimension of the bounding box in the y-direction
bbz = dimension of the bounding box in the z-direction
ɛ = surface roughness of the microchannel
ɛ = effectiveness
θ = orientation angle
µ = dynamic viscosity of the fluid
v = laser scan speed
ρ = density of the fluid
Γ = angle of rotation of a part about the z-axis

Δp = pressure drop

Appendix: Heat Exchanger Specification

A.1 Effectiveness Calculation. A theoretical effectiveness for
a counter flow heat exchanger is expressed as follows:

ε =
1 − exp [−NTU · (1 − CR)]

1 − CR · exp [−NTU · (1 − CR)]
(A1)

where ɛ is the effectiveness, CR and NTU are the heat capacity ratio
and the number of transfer units.
CR and NTU can be defined as

CR =
Cmin

Cmax

(A2)

NTU =
UA

Cmin

(A3)

where Cmin and Cmax are the heat capacity rates of the two fluids;
and U and A are the overall heat transfer coefficient and the heat
transfer surface area of the heat exchanger.
To simplify the analysis, it is assumed that the heat exchanger has

a single flat channel. With the assumption of a negligible fouling
factor, the overall heat transfer coefficient (U ) can be expressed as

U =
1

RtotA
=

1

1

h

( )

tot

+
L

k

( )

tot

(A4)

where h, k, and L are convective heat transfer coefficient, thermal
conductivity of the material, and thickness of the wall.
The Nusselt number (Nu) is expressed as

Nu =
h · Dh

k
(A5)

where Dh is the hydraulic diameter of the channel. According to
Shah and London [47], the Nusselt number with constant heat
flux is 8.23 for fully-developed laminar flow between flat plates.
The hydraulic diameter for a rectangular channel is

Dh =
4 · Ac

Pw

(A6)

where Ac and Pw are the flow cross-sectional area and the wetted
perimeter, respectively.
Furthermore, the experimental effectiveness was calculated and

compared to the theoretical values. It can be simplified to a temper-
ature difference ratio as follows:

ε =
Cc

Cmin

Tc,o − Tc,i

Th,i − Tc,i

( )

=
Ch

Cmin

Th,i − Th,o

Th,i − Tc,i

( )

(A7)

where Tc,i, Tc,o, Th,i, and Th,o are the inlet and outlet temperatures of
the cold and hot fluids, respectively.

A.2 Pressure Drop Calculation. The pressure drop through
the microchannel heat exchanger was analytically calculated
using Eq. (A8) for fully-developed flow.

Δp = f ×
ρ · V2

2
×
Lch

Dh

× Nch (A8)

where f is the friction factor, ρ and V are the density and average
velocity of the fluid, and Lch and Nch are the length and number
of channels.
For the first comparison presented in Fig. 7, the friction factor,

which is dependent on the Reynolds number (Re) for fully-
developed laminar flow, can be calculated using Eq. (A9) from
Shah and London [47].

f =
64

Re
(A9)

The Reynolds number is expressed as follows:

Re =
ρ · V · Dh

μ
(A10)

where µ is the dynamic viscosity of the fluid.
In the second comparison shown in Fig. 8, Eq. (A11), known as

the von Karman equation, was employed to determine the friction
factor for the fully-developed turbulent flow regime in a rough
microchannel [48]

1

f

( )0.5

= 2 log
3.7

ε/Dh

( )

(A11)

where ɛ is the surface roughness of the microchannel.
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