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Multi Jet Fusion™ (MJF) is a new proprietary form of Additive Manufacturing (AM) from Hewlett Packard (HP)
developed to manufacture structures with design and functional complexity while simultaneously providing a
dramatic increase in the production rate relative to other forms of polymer-based AM. The increased rate is now
enabling more efficient production of mid-volume products, and coupled with the additional benefits of geo
metric freedom, the technology is particularly well suited for the fabrication of complex manifold gas delivery
systems. This paper describes a comprehensive study to evaluate the utility of MJF structures for maintaining
pressures under static and dynamic conditions. The static pressure and gas confinement was applied to cylin
drical structures at 345 and 689 kPa and pressure drops were measured in real-time. Similarly, fatigue pressure
testing was performed for 105 cycles under 1724 kPa, and the cylinders demonstrated to be effective at main
taining a constant pressure under both ambient and high temperature (90 ◦ C) conditions. Additional analyses
relevant to the automotive industry were performed and included (a) gas permeation testing conducted with
oxygen and carbon dioxide gas to study the gas storage performance on printed Polyamide-12 and (b) an oil
chemical exposure experiment was performed to investigate mechanical performance degradation.

1. Introduction
Limited production rates remain one of the major challenges for
additive manufacturing (AM). However, the introduction of Multi Jet
Fusion™ (MJF) by Hewlett Packard is now enabling mid-level produc
tion of geometrically complex polymer parts without compromising
mechanical performance [1,2]. MJF is a form of powder bed fusion
within the taxonomy standardized by ISO/ASTM [3] and is related to
High Speed Sintering (HSS) with the selective jetting of fusing agents but
with the additional deposition of a detailing agent (see Fig. 1) [4,5]. The
fusing agent (typically carbon black based ink) increases the energy
absorption in the powder of a subsequent IR lamp irradiation and the
detailing agent maintains lower temperatures in un-fused powder
through evaporation. MJF competes directly with the much older,
laser-based selective laser sintering (SLS) technology that was invented

in the 1980’s [6,7]. SLS uses a laser (point-wise) to fuse the polymer
powder (mostly polyamide 12 and its composites, which cover
approximately 90% of the market share). In contrast, the MJF process
applies inkjetting of both fusing and detailing solutions (line-wise) to
allow for the selective melting of powder with the irradiation of the
powder bed with a broad IR lamp, a process which provides a significant
increase in production speed. The laser spot size in SLS is typically less
than 0.5 mm in diameter [8,9] and scans the entire sintered area. HP
reports that MJF is approximately ten times faster than thermoplastic
material extrusion or SLS systems [10]. Detailed review works have been
conducted by Tan et al. [11] and Yuan et al. [12] on Polymer materials
for additive manufacturing and polymer composites for powder based
additive manufacturing. They emphasize the importance of developing
new methods for feedstock production, exploring new strategies to
enhance the mechanical/thermomechanical performance of the printed
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parts for application in the automotive, aerospace, military, health care,
biomedical engineering, water treatment, energy generation, sports
equipment and acoustic devices. This performance improvement is
enabling additive manufacturing in terms of low-to-middle-level volume
production (one to several thousands of units) of polymer products with
comparable or better mechanical properties relative to other polymer
additive manufacturing processes [7].
One of the first reports of MJF part performance was published by
O’Connor et al. [13] with mechanical properties analyzed on PA12
specimens printed using an HP Jet Fusion 3D 4200 printer. The
maximum tensile strength was found to be 49 MPa with a maximum
tensile modulus of 1246 MPa. Superior mechanical properties were re
ported for structures fabricated in the ZXY/ZYX orientation relative to
those fabricated in the XYZ/XZY and YXZ/YZX orientations (all test
orientations as defined by the ISO/ASTM standard), particularly for the
flexural tests [13]. Palma et al. [14] reported that creep resistance of
vertical-oriented samples was 60% higher than reported on the samples
printed horizontally. In a later study performed by O’Connor et al. [15],
tensile modulus increased 85% by adding glass beads (40% by volume);
although a reduction of tensile strength and elongation was recorded.
Kim et al. [16] developed a process-level simulation model of the MJF
system and optimized additional materials virtually. The group reported
that the simulations were faster for their model compared to a finite
element method. Riedelbauch et al. [17] investigated the effect of using
20% virgin material in recycled powder - as mentioned by Gibson et al.
[18] in line with the recommendation of the printer manufacturer and
found that the mixing of aged and virgin powders did not impact the
mechanical performance of the printed parts for at least the first five
processing cycles. The processing of aged powder in the MJF process did
not lead to a decrease in crystallinity as reported in previous reports of
SLS. Sillani et al. [19] investigated manufactured parts and the powders
(virgin and recycled) for both the MJF and SLS processes and found that
while the flowing properties remained consistent for both variants of
powders, differences existed at polymer chain ends and powder scale.

The group reported that the parts manufactured using MJF had higher
elongation and tensile strength but lower Young’s modulus compared to
SLS. In a comparative study conducted by C. Cai et al. [20] to determine
the interaction between the components through analyzing physical
properties and compositional effects of powders, and mechanical per
formance of parts 3D printed using SLS and MJF, they uncovered that
though the raw material has identical properties, the tensile strength of
the parts printed using MJF in Z orientation was 25% higher compared
to SLS. In the same study, they also showed that the MJF parts had lower
profile deviations and better overall surface finish. As lattices are critical
for structural application analysis [21–23], Habib et al. [24] have
compared lattices manufactured via the MJF process relative to those
produced through the thermoplastic material extrusion technology.
They obtained higher quality octagonal lattice structures with better
energy absorption characteristics, with MJF production time as low as
0.013 fraction of the time required by thermoplastic material extrusion
printing. In addition to the study of the mechanical properties of MJF
parts, studies have reported surface roughness with a maximum Ra of
10.29 ± 2.81 µm and a porosity of 3.2 ± 4.1% [13].
Sergio Morales-Planas et al. [25] have also studied the water tight
ness of MJF printed parts and concluded that the printing orientation
has a significant impact, with the Z oriented printing resulting in more
layers, air gaps within the layers and ultimately leaks. The group also
showed that post processing sealing techniques like coating and infil
tration employed in SLS or FFF resulted in a maximum water holding
pressure of 0.45 MPa, while the MJF technology was capable of holding
4.2 MPa of water pressure without the requirement of post processing
techniques. The study demonstrated that MJF technology is fast, reliable
and cost effective for fluid transportation and storage. Structures man
ufactured via MJF can fabricate leak-resistant containers suitable for a
range of different mechanical and environmental conditions. The pre
sent work investigates a series of mechanical properties for evaluating
the performance of MJF parts targeting gas storage applications under
static and fatigue pressure loading scenarios including two different

Fig. 1. Schematic of the flow of Multi Jet Fusion process.
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2.3. Chemical resistance

testing temperatures. Additionally, supporting analyses are included to
evaluate the suitability of MJF for fabricating automobile parts particularly in the context of the improved production rates of MJF as
required by the automotive industry. Fig. 2 displays the HP Jet Fusion
3D 4200 printer (located at Tronix 3D, LaTrobe, PA, USA) used to pro
duce the parts investigated in this research effort. The figure shows an
example printed exhaust manifold targeting the automotive sector.
Manifold parts can be exposed to pressurized gases and a decrease in
back pressure is crucial for engine performance. The typical operating
pressures for Tronix customers are between 172.37 kPa and 413.69 kPa
(25–60 Psi). The parts were thin walled (1.5–2 mm) and they had little
to none reported issues with holding pressure or water tightness with
measured pressure drop over 24 h being insignificant for their
applications.

The chemical endurance of printed polymers is an important prop
erty for the automotive and power transmission industries [27]. Thus, in
this work, thirty bars were submerged in a standard car oil (5W30) and
aged for 3, 14 and 28 days at room temperature as well as at 90 ◦ C. At
the end of each aging duration, five samples were tested under tensile
conditions following the ASTM D638 standard.
2.4. Microstructural properties
Optical properties of the tensile and impact coupons before and after
fracture were examined on a Keyence VHX 6000 optical microscope.
Electron microscopy was also performed with a Keysight FE-SEM. The
particle size of the recycled powder and the features of the fractured
parts were observed. The Brunauer, Emmett, and Teller (BET) test was
performed on the powder and the printed samples in the Micromeritics
AutoChem 2920 catalyst characterization system. The BET procedure
requires a sample amount of approximately one to two grams of powder
while the printed parts were 7.5 mm in height and width and 38 mm in
length. The powder is sandwiched between two pieces of quartz wool
inside of a glass rod, nitrogen flowed through the sample while sub
merged in room temperature water and was subsequently submerged
into liquid nitrogen. The amount of absorbed gas from this physical
adsorption technique was then correlated to the surface area of the
sample.

2. Methods and materials
A comprehensive study was conducted culminating in both static and
dynamic pressure testing of cylindrical pressure vessels. The initial
evaluations included studying the feedstock material and printed me
chanical coupons to ensure that the process provided parts with per
formance within the specifications of the manufacturer.
2.1. Multi Jet Fusion fabrication
The parts manufactured for this work were printed in a HP Jet Fusion
3D 4200 printer using the Balanced Print Mode. The parts were based on
a powder composition of 80% recycled and 20% new material, with a
build packing density of between 5% and 8%, and printed in the X-Y
plane (flat) orientation inline with ASTM 52900 [3]. The parts were
naturally cooled and upon depowdering, the structures were manually
blasted with glass beads at a pressure of 413.69–551.58 kPa (60–80 psi).
Parts were visually inspected after blasting to ensure that all unfused
powder was removed. Articles such as the pressure vessel used in this
study are well suited for being manufactured by MJF for low-to-medium
production rates and can be fabricated more rapidly than traditional
methods like injection molding based on the elimination of tooling given
the digital paradigm [26]. For high volume production, injection
molding is more cost-effective.

2.5. Gas permeation
The gas permeability was performed in accordance with the ASTM
D1434 [28] using Oxygen and Carbon(IV) oxide. In all runs, nitrogen
was used as the carrier gas. The process consisted of passing different
volumetric ratios of either O2/N2 or CO2/N2 across the printed mem
brane (0.065 mm thick). The volumetric ratios were controlled using gas
flow meters and the amounts of O2 and CO2 were detected using an
O2/CO2 analyzer as well as a Zr2000 analyzer (see Fig. 3). In this
permeation testing, three samples were run under each individual con
dition for statistical significance. Table 1 shows the experimental plan
followed on the gas permeation testing.

2.2. Mechanical properties

2.6. Static pressure testing

The mechanical properties of the PA12 specimens manufactured
using the Hewlett Packard Multi Jet Fusion System were evaluated by
conducting the tensile, izod impact and flexural tests in compliance with
ASTM D638, ASTM D256 and ASTM D790, respectively. Each test
consisted of at least five samples in order to provide statistical
significance.

Printed cylinders of 2.0 mm wall thickness (with a length of 85 mm
and a diameter of 35 mm) and 4.0 mm wall thickness (with a length of
89 mm and a diameter of 38 mm) with brass inserts as shown in Fig. 4
were subjected to pressures of 344.74 kPa and 689.48 kPa (50 and
100 psi) for 24 h at room temperature and at 90 ℃. These static pres
sures were selected and are sufficiently above typical car pressure piping
applications (30–200 kPa) [29]. The heating test was completed by
placing the printed cylinder inside of a heated chamber. This pressurized
testing was performed with the purpose of analyzing the gas leakage on

Fig. 2. Hewlett Packard Multi Jet Fusion System at Tronix3D facility in LaTrobe PA, USA (left) and a printed example manifold part (right) with a width of 110 mm,
diameter of 17 mm and thickness of 3 mm.
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Fig. 3. Schematic representation of gas permeation test.

2.7. Dynamic pressure fatigue testing

Table 1
Experimental set-up for the gas permeation testing.
Run
1
2
3
4
5
6

Gas mixture

Pressure fatigue tests were conducted on 2.0 mm wall thicknesses
printed pressure vessels. The cylinders were subjected to a pressure
cycling testing 101–1724 kPa under room temperature and 90 ℃.
Thermal expansion of the nitrile O ring is 1.97E-4 m/m/◦ C while 1E4 m/m/◦ C has been recorded for PA12 [30,31]. Due to this higher co
efficient of thermal expansion, the O ring expands more, potentially
limiting the static and fatigue loading conditions at higher temperatures.
Three samples were run under each individual condition for statistical
significance. The set-up consisted of a PLC (programmable logic
controller), a three way solenoid valve, air pressure booster, pressure
sensor, DAQ (data acquisition) system and a heat chamber as shown in
Fig. 5. The PLC was programmed to activate and deactivate the Solenoid
valve for 5 s (under 1724 kPa) and 10 s (under 101 kPa) for 105 cycles. A
concern about residual powder affecting the fatigue testing led to a
system design with an unrestricted solenoid valve outlet and larger

Time (h)

Top chamber

Bottom chamber

40% N2
40% N2
40% N2
30% CO2 - 70% N2
50% CO2 - 50% N2
70% CO2 - 30% N2

30% O2 - 70% N2
50% O2 - 50% N2
70% O2 - 30% N2
40% N2
40% N2
40% N2

2
2
2
2
2
2

the MJF parts under constant pressure conditions. Fig. 4 illustrates the
schematic of the system used for the pressure testing. Here, a CO2 gas
tank was connected to the cylinders, and a pressure transducer (assisted
by a Windaq DAQ) was used to measure pressure changes over time.

Fig. 4. Schematic representation of static pressure test (left). Printed pressure vessel (right).
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automotive oil under different exposure times and temperature condi
tions. Table 2 summarizes the tensile strength properties of the chemi
cally exposed parts, and it can be observed that no mechanical
degradation was observed at least under the exposure time and tem
peratures evaluated in this work. Previous work performed by Hagihara
et al. [32] on Nylon based composites showed that the mechanical
strength of their investigated parts depended on the temperature and
aging time used during the degradation testing. They reported that the
strength of the aged system at 120 ◦ C, 140 ◦ C, 160 ◦ C, decreased steeply
after a few days when aged in hot steam at vapor saturation conditions.
There was minimal change in the samples aged at 120 ◦ C when
compared to the samples at 160 ◦ C. The degradation process followed in
the present work was carried out at 90 ◦ C, a temperature below the
conditions reported by Hagihara et al., where the degradation of the
mechanical strength was described. Mass loss of Nylon 12 aged speci
mens was observed between 100 ◦ C and 320 ◦ C in petroleum and bio
diesel [33]. Fig. 6 shows the optical imaging of the fractured samples
following the tensile test after being exposed to 3, 14 and 28 days of the
5W30 automotive oil at both room temperature and 90 ◦ C, a similar
necking profile, with a serrated fracture mechanism along the cross
sectional area is likely associated with the different plasticity points
during the breaking event. The possibility of a lack of variation between
the tensile strength of the various aged specimens is due to the low
temperature for which the samples were aged. As per previous work,
degradation of the specimens was seen at temperatures higher than
100 ◦ C. The test was conducted at 90 ◦ C to simulate a typical tempera
ture under the hood of a car.
The impact energy required to break the printed Nylon-12 samples.
The testing was performed in accordance with ASTM D256 standard.
From the table, the printed parts demonstrated an impact energy and
strength of about 0.335 ± 0.1 J and 4.8 ± 0.2 kJ/m2, respectively;
which is in range to the impact performance reported by Fornes et al.
[34]. Fig. 7 shows a fractured impact sample following Izod testing and
the specimen highlights a brittle failure across the fractured surface - a
mechanism associated with the viscoelastic profile offered by Nylon-12.
Similar results have been observed for Nylon-12 under impact condi
tions [34,35].

Fig. 5. Schematic of Fatigue testing set-up.

piping to mitigate the issue. The maximum cycling pressure applied to
the system was 28.8% (1724 kPa) of the estimated failure pressure
calculated (5973.3 kPa) using the ultimate tensile strength (44.8 MPa)
for 105 dynamic loading cycles. The test was limited to 105 cycles
instead of the conventional 106 cycles due to equipment limitations to
sustain high pressure and temperature conditions for prolonged periods
as well as the required testing duration of up to six months.
3. Results and discussion
3.1. Mechanical properties
Quasi-static mechanical tests were performed on the printed speci
mens. From the tensile evaluation, printed parts yielded an averaged
tensile strength of 44.8 MPa when evaluated at room temperature, a
value that is similar to that reported by HP in the associated specifica
tions sheet and the work done by O’ Conner et al. [10,13]. A similar
averaged flexural strength was recorded (40.87 MPa) under a
three-point bending testing using specimens with a thickness of 3.5 mm
( ± 0.1). As previously mentioned, the mechanical performance of the
printed parts was also evaluated following a chemical exposure to

3.2. Microstructural properties
The MJF process induces a joining mechanism among the particles
leaving an interconnected printed structure. Fig. 8 shows the optical and
SEM imaging of a “fused” part, where it is observed that the layers
(about 200 µm thick) follow the build direction which leads into a
continuous layer of melted particles. A BET analysis of the printed and

Fig. 6. Tensile strength and fracture in tensile samples with a thickness of 3.3 mm ( ± 0.015) after 5W30 oil soaking for 14 days (a) at room temperature and b)
at 90 ◦ C.
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4 mm (see Fig. 9). From Fig. 9, it can be observed that increasing the
pressure from 345 to 689 kPa under room temperature conditions in the
2.0 mm thick vessels, the pressure drops by 6.3–25.1 kPa, likely due to
the gas diffusion across the thin wall. In contrast, the increase of wall
thickness (4 mm) on the vessels results in an insignificant pressure drop
at room temperature when increasing the applied pressure in the system
from 345 to 689 kPa. The figure also includes the pressure drop of the
2.0 and 4.0 mm wall thickness vessels tested at 90 ℃. At higher tem
perature, the 689 kPa applied pressure leads to a more significant drop
in the system. A pressure drop is observed of about 100 kPa when testing
the 4.0 mm wall thickness cylinders. Fig. 9 also shows a total pressure
drop in the 2.0 mm wall thickness cylinder when running the system
under 689 kPa and the system presented continuous leak between the
brass fitting and the printed vessel. It seems that at high pressures and
temperature conditions, the connection within the fitting becomes loose
allowing the gas to escape and measuring pressure drop was not
possible.

Fig. 7. Optical image of the fractured Izod sample with a thickness of
12.7 mm ( ± 0.2).

powder samples showed a surface area of 0.64 m2/g, and 11.14 m2/g,
respectively. This large reduction of surface area on the printed parts is
due to the particles being fully integrated during the fusing process. This
joining process certainly reduces the porosity between particles leaving
a tight structure for maintaining the fluid and gas holding integrity of
the structure.
The parts printed in this work were fabricated using a “fusing” sys
tem where the infrared beam fuses the powder material in the layer-bylayer approach. As it can be seen in Fig. 8, no interlayer feature is
observed along the building path. The fusing mechanism is independent
of the testing to be performed; it refers to the manufacturing mechanism
when constructing the part. Also, the parts were manufactured in the
horizontal direction as observed in Fig. 4(b), however the images in
Fig. 8 are rotated 90 degrees for aesthetic purposes.

4. Pressure fatigue testing
For the pressure fatigue testing, the leaking of the printed vessel was
addressed by inserting an epoxy coating between the fittings and the
thread of the cylinder. A simple tube furnace was constructed using a
metal pipe and band heater. In order to maintain a temperature of 90 ◦ C,
the surface of the pipe was heated to a temperature of 120 ◦ C. This study
serves as preliminary data to highlight the potential of MJF for pressure
applications. The testing consisted of five second compression with air
followed by a full atmospheric decompression for 10 s per cycle at room
temperature as well as at 90 ◦ C. Similarly, the dynamic testing at 90 ◦ C
was based on applications also found in the coolant systems in cars [38].
The results indicate that the vessels were capable of holding the inves
tigated pressure at both room temperature and 90 ◦ C. After the 105
pressure cycles, the system was still effectively holding 1724 kPa
without any leakage or pressure drop. These results show that the actual
printed material is sufficiently robust for supporting high pressure
conditions for a relatively high number of cycles as shown in Fig. 10(a).
As the fatigue testing demonstrates the higher pressure performance, the
static performance was safely assumed to have improved as well.
However, it was observed that the system is very sensitive to hot surfaces
as premature and accidental failures occurred when the pressure vessel
came into contact with the 120 ℃ surface of the heating rod, evident
from the damaged area shown in Fig. 10(b). Depending on the amount of
stress build up due to the fatigue cycles and the area of contact with the
hot surface, the failures can either be a pinhole which could be easily
repaired, or worse, a catastrophic complete system failure, both are as
shown in Fig. 10(b).

3.3. Gas permeation
The gas permeation was evaluated and it is observed that the aver
aged permeability of the MJF printed structure for O2 and CO2 is
7.23 × 10-5 and 5.45 × 10-5 GPU, respectively. The values are close to
those produced via injection molding [36]. These results suggest that the
HP Multi Jet Fusion produces polymer structures with a gas barrier
compared to those manufactured by traditional manufacturing pro
cesses. With proper processing of MJF, the orientation of the particles
enhances the properties of the polymer like pinhole resistance and in
creases the tortuosity which provides a gas permeability reduction as a
result of a longer effective pathway of gas molecules [37].
3.4. Static pressure testing
Pressurized application tests with constant pressures of 345 and 689
kPa were conducted on printed vessels with wall thicknesses of 2 and

Fig. 8. Optical micrograph (left) at 50X showing the layers built via MJP. SEM micrograph (right) showing layers and fusion between layers and recycled powder
formed during the printing process.
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Fig. 9. Pressure test results of the 2.0 and 4.0 mm wall thickness pressure vessels at room temperature and 90 ℃ for 24 h. * The 2.0 mm / 689 kPa case leaked and
did not hold pressure.

Fig. 10. a) Fatigue test results b) Premature failure of the pressure vessels upon accidental contact with the hot surface of the furnace.

5. Conclusions

• The printed material was also subjected to an oil chemical exposure
for 30 days under room temperature and 90 ℃. It was observed that
the material did not develop signs of degradation as no tensile
strength reduction was observed in the parts after the oil exposure.
• Both static and dynamic pressure testing was performed, and it was
observed that the parts were capable of holding pressures of 345 kPa
with insignificant pressure drop at room temperature conditions.
• When increasing the testing temperatures at 90 ℃, the parts pre
sented higher pressure drops possibly due to a mechanism associated
with the movilation of the polymeric chains, which widens the
overall space for gas diffusion.
• Increasing the pressure testing to 689 kPa at 90 ℃ appeared to have
resulted in leakage between the printed cylinder and the fitting
connector.

The present work has investigated the mechanical and fatigue
properties of Nylon-12 parts manufactured through the Multi Jet Fusion
process. The present study has shown that printed Nylon-12 parts
through the MJF process results in structures capable of being used in
pressure storage applications, both at room and high temperature and
the following are the significant findings:
• The comprehensive evaluation included gas permeation testing
conducted with oxygen and carbon dioxide gas to study the gas
storage performance on printed parts, and it was observed that the
system yielded permeability values close to those reported on Nylon
parts produced via injection molding.
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• Finally, fatigue pressure testing was performed for 105 cycles under a
pressure cycling of 1724 kPa, and the cylinders were effective at
maintaining a constant pressure under both ambient and high tem
perature conditions.
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