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consuming laser beam, and proprietary software required. Therefore, in this paper,
fused fiament fabrication (FFF) is proposed as a low-cost AM approach to fabricate 316L
SS specimens via a 3-step printing-debinding-and sintering process. The specimens are
initially printed on a desktop FFF AM 3D printer by varying nozzle temperatures from
195 — 220°C, followed by debinding up to 427°C for 4 hours, and finally sintering at
1260°C for 4 hours. The results show that nozzle temperature 200°C yielded the highest
densification level of 97.6% and highest average hardness value of 292 HV, indicating

Keywords: that 3D printing parameters, particularly nozzle temperature plays an important role in
Additive manufacturing; fused filament influencing the properties of the sintered specimens. Overall, the results from this study
fabrication; 316L stainless steel; prove that FFF is a viable and cost-effective AM process that has the potential to
densification level; hardness produce 316L SS parts that meet industrial requirements.

1. Introduction

Powder bed fusion (PBF) is a well-established additive manufacturing (AM) process to produce
metallic materials with complex and intricate features and tailorable microstructures to suit
respective applications. This process involves the selective melting and fusing of successive powder
layers to produce complete 3D objects according to the initial computer aided design (CAD) file.
However, L-PBF AM processes such as selective laser melting (SLM) and direct metal laser sintering
(DMLS) require expensive machinery and materials (upwards of $80,000), laser beam heat source
that consumes a lot of energy, and proprietary hardware and software, which are difficult to operate
and therefore not easily accessible [1-4]. These result in unavoidably high investment and
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maintenance costs that are prohibitive to numerous academic institutions and even certain
industries.

However, recently, fused filament fabrication (FFF), an AM technology under the material
extrusion category has emerged as a viable and cost-effective approach to process metallic materials,
primarily 316L SS due to its widespread application in the biomedical, marine, and petrochemical
industries [5-9]. This method can be executed by using the widely available commercial desktop FFF
AM machines, also called 3D printers, and the accompanying open-source software through a 3-stage
printing-debinding-sintering process. Nowadays, decent desktop FFF AM 3D printers that can process
numerous polymer materials can be purchased for <$1,000, and the same 3D printers have been
shown to be capable of processing metallic materials [7,10,11]. It is estimated that successful part
fabrication via desktop FFF AM 3D printers can significantly reduce the overall cost of production of
metallic components through metal AM technology from $500,000 to merely $500 [12].

In the printing process, filaments containing metal-polymer binder mix are fed into a heated
nozzle that is then extruded onto a print bed layer-by-layer upon completion of a 3D object based on
the CAD input. The feedstock material for the filaments can be synthesized from readily available
powders and binders that are used for powder metallurgy (PM) and metal injection molding (MIM)
process, which is relatively more affordable compared to the metal powders used for L-PBF AM
techniques [4,13,14]. This is because the whole sequence of FFF AM can be considered similar as PM
and MIM due to the debinding and sintering requirements to produce fully dense metallic parts. The
only difference is the initial compacting and moulding stage in PM and MIM, respectively is replaced
by 3D printing, which offers more design flexibility and complexity due to the layer-wise and freeform
shaping approach. Therefore, a myriad of technical references in FFF AM can be based on the
established PM and MIM, particularly for optimising the debinding and sintering parameters to attain
fully dense metallic parts [15-17]. Furthermore, the important processing parameters of FFF AM
process that need to be controlled, particularly nozzle temperature, print speed, and infill density
can be easily adjusted and controlled by using free and open-source ‘slicing’ software such as Cura
that can be freely downloaded from the internet, unlike the proprietary L-PBF counterpart.
Subsequently, the as-printed part, termed ‘green’ part is subjected to a debinding process to remove
the binder materials, and is now known as ‘brown’ part. The ‘brown’ part is then sintered for further
consolidation into the finished part. Studies have shown that the sintered part can achieve up to 98%
densification level (with respect to the theoretical density of the respective materials), which is
similar to those attained in PM, MIM and L-PBF AM processes, highlighting the feasibility of FFF AM
technique to produce metallic parts and the potential to be applied for industrial applications [8,10].

However, most studies on FFF AM of 316L SS have focused on optimising the sintering parameters
and/or post-processing to achieve the highest attainable densification level in the sintered parts [5-
9]. Not many researchers investigated the influence of 3D printing parameters on the properties of
the sintered parts, except for one study by Caminero et al., [3] whom investigated the effect of build
orientation on the tensile strength of FFF AM 316L SS parts. Thus, an opportunity arises to tailor the
properties of FFF AM 316L SS by manipulating 3D printing parameters at the initial printing stage
itself, rather than during the later sintering stage. Therefore, in this study, FFF AM 316L SS specimens
were manufactured by varying the nozzle temperatures during the 3D printing process, followed by
debinding and sintering using constant parameters. Subsequently, the densification level and
hardness of the sintered specimens were evaluated by Archimedes method and Vickers hardness
(HV) measurements, respectively to determine the influence of nozzle temperatures (3D printing
parameter) on the mechanical properties of 316L SS fabricated by FFF AM process.
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2. Methodology
2.1 Material

The filament material used in this study was a 316L SS — PLA (metal-polymer binder) mixture with
a high metal loading of 87.5 wt.% having a circular cross-section of 1.75 mm, purchased from The
Virtual Foundry, TVF (USA). The chemical composition of the filament as given by the suppler is as
follow (in wt.%): Silicon: 0.3-0.75, Manganese: 1.8-2.0, Sulphur: <0.03, Phosphorus: <0.04,
Chromium: 16-18, Nickel: 10-14, Molybdenum: 2-3, Iron: bal., PLA: 12.5, and binding additive: trace.

2.2 Specimen Fabrication, Debinding, and Sintering

A direct-drive desktop FFF AM 3D printer, Artillery Sidewinder X1 (Evnovo, China) was used to
print 25 x 25 x 25 mm cubes, which was initially designed in SolidWorks. Hardened steel nozzle was
used for the 3D printing process due to its ability to withstand high abrasion from the abrasive metal
powders in the filament. The initial 3D printing parameters used in this study were based on those
recommended by TVF, as follow: nozzle temperature, Tn: 190°C, print bed temperature, Ty: 60°C, infill
density, p;: 100%, and infill flow rate, fi: 100%, layer height, h: 0.2 mm, nozzle diameter, d: 0.4 mm,
raster infill pattern, and cooling fan switched off. Preliminary tests of extruding 10 layers were carried
out using these parameters, but they were unsuccessful as the nozzle became clogged, and no
material was extruded out of the nozzle. Thus, the nozzle temperature was increased with an
increment of 10°C in subsequent test runs. The printing process of 10 test layers was successful up
to 220°C with excellent layer adhesion on the print bed, after which the nozzle was again clogged
without any filament extrusion. Hence, the nozzle temperatures were varied from 195°C to 220°C in
5°C increments to proceed with the fabrication of complete cubes as required while the other
parameters were kept constant.

The 3D printed cubes, so-called ‘green parts’ were then subjected to a thermal debinding process
inside an electrical chamber furnace (model LH 30/14 by Nabertherm GmbH, Lilienthal, Germany) to
remove the polymer binder content in the green part. The temperature inside the furnace was
ramped up to 204°C at a rate of 1°C/min and then held for 2 hours before being ramped again to
427°C at 1°C/min and held for another 2 hours. After debinding, the debound cubes, now termed
‘brown parts’ were directly sintered inside the same furnace at 1260°C for a holding time of 4 hours.
After that, the brown parts, now known as sintered/final part were left inside the furnace to be air-
cooled down to room temperature.

2.3 Densification Level Evaluation and Hardness Measurements

The density of the final parts was determined by using Archimedes principle based on ASTM B
962-08 standard via the following equation

= L (1)
where W, is the weight of the object in air, W; is the weight of object when immersed in fluid (water
in this case) and pr is the density of fluid (1 g/cm? for water). Subsequently, the densification level
(relative density) of the final parts was determined by dividing the measured density of the cubes
using Eq. (1) with the theoretical density of 316L SS (8 g/cm?3). The calculated densification level
values for FFF AM-produced 316L SS are then displayed as percentages (%) with respect to the
theoretical density of 316L SS.
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The hardness of the final parts was evaluated through Vickers microhardness (HV) measurements
taken at 230 different locations throughout the cross-section and surface cut parallel to the print bed
(surface-parallel) of the cubes under a load of 100 gf and a dwell time of 15 s.

3. Results and Discussion
3.1 Printing Results

The green parts produced after 3D printing of the cubes at various nozzle temperatures are
shown by representative images in Figure 1. It is clear that more excess material is extruded on the
sides of the cubes with increasing nozzle temperature from 210°C to 220°C (Figure 1(b)-(d)), which is
caused by the excess melting of the filament material that accumulates at the tip of the nozzle before
being attached to the cubes during the extrusion process. On the other hand, cubes with consistent
shape and dimensions as the CAD file are produced without any excess material or shrinkage when
the nozzle temperature is set at 200°C as shown in Figure 1(a). It should be mentioned that similarly
perfect cubes were also attained at T,=195°C and 205°C, which suggest that 195 — 205°C are the
optimum range of nozzle temperatures to 3D print high quality specimens from 316L SS filaments
with high structural and dimensional integrity. However, the excess material is actually only loosely
attached to the surface of the cubes and can be removed just by using knife, files, or other deburring
tools similar to those done to those on 3D printed polymer parts. Nevertheless, for strict quality
measures, 195 — 205°C are the recommended nozzle temperatures to print this material.

T :200°C T :210°C T :215°C T :220°C
20 mm

Fig. 1. Green parts after 3D printing at different nozzle temperatures

On the other hand, representative images of the corresponding sintered parts are shown in Figure
2, in which several observations can be made here. Firstly, the surfaces of the cubes seem to be
increasingly porous as indicated by the higher amounts of visible voids with increasing nozzle
temperatures from 210°C to 220°C (Figure 2(b)-(d)), while T,=200°C yields the most visibly solid
surface with less amount and smaller-sized voids. Secondly, the dimensional integrity was not
maintained after sintering for all samples, in which all of them suffered from bulging at the centre to
lower-half portion of the cubes by about 10%. The sintered part at 7,=200°C and 210°C exhibit ‘stair-
shaped’ bulging, while those at T,=215°C and 220°C display ‘A-shaped’ bulging, which are known
distortion modes that are also observed in other sintered metals and alloys [20,21]. Such distortions
are typically attributed to the sintering environment, e.g. air, argon, or vacuum, sintering pressure,
or porosity that are present within the samples during the sintering process [22,23].
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T,:200°C T,:210°C T,:215°C T,:220°C
(b)

(c)

20 mm

Fig. 2. Appearance of sintered parts initially 3D printed at different nozzle temperatures
3.2 Evaluation of Densification Level

Table 1 displays the actual density measured from the sintered parts and the overall densification
level (relative density) measured with respect to the theoretical density of 316L SS. On the other
hand, Figure 3 visualises the trend of variation in relative density for sintered samples that were
initially 3D printed with different nozzle temperatures. An interesting trend of increasing relative
density is observed when the nozzle temperatures are increased from 195°C to 200°C before
gradually decreasing beyond 200°C based on the results in Table 1 and Figure 3.

Table 1
Measured density and relative density of the sintered parts for
different nozzle temperatures

Tn (°C) Measured density (g/cm?) Relative density (%)
195 6.552 81.9
200 7.786 97.6
205 5.320 66.4
210 4.693 58.7
215 4.640 58.1
220 4.604 57.6

The highest relative density of 97.6% is attained at a nozzle temperature of 200°C, suggesting that
this is the best nozzle temperature that can yield the highest relative density within the
recommended range of 195 — 205°C mentioned previously. Such high relative density is comparable
to metallic materials fabricated by other metal AM techniques such as SLS and conventional MIM
and PM processes [3,6-10], which would make it possible for the FFF AM-fabricated 316L SS to be
applied for various industrial applications [24].

Figure 4 exhibits the surface-parallel of the sintered parts resulting from 3D printing at nozzle
temperatures ranging from 195 — 205°C. Small and deep voids with several short lines can be seen
on the surface of T,=195°C (Figure 4(a)), which correspond to porosity due to unsintered metal
filament and defects resulting from inadequate adhesion among the raster infill patterns [8]. On the
other hand, no voids are observed for T,=200°C (Figure 4(b)), with the raster infill pattern defects are
also minimised. However, the surface-parallel for T,=205°C (Figure 4(c)) clearly shows increased
amounts of deep voids and raster defects. These observations correlate well with the trend of
increasing relative density from T,=195°C to T,=200°C, and its decrease at T,=205°C (Table 1 and
Figure 3), suggesting an inverse relationship between void and defect contents with relative density
(the higher the number of voids and defects, the lower the relative density of a sintered material)
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[17,25-27]. This phenomenon could be caused by inadequate sintering time, resulting in reduced
diffusion among the metal powder particles, leaving areas of unfused material manifesting as
voids/defects [26].
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Fig. 3. Graph of relative density of the sintered parts against
nozzle temperatures used to 3D print the samples initially

T,:200°C T,:205°C

T,:195°C

Fig. 4. Cross-section of sintered parts that was initially subjected to 3D printing at
different nozzle temperatures

3.3 Hardness Measurements

The average hardness values of the sintered parts for nozzle temperatures 195°C to 205°C are
shown in Table 2. The trend of hardness variation follows that of the relative density shown in Table
1 and Figure 3, in which T,=200°C yields the highest HV value (292 HV), followed by T,=195°C (270
HV), and the lowest hardness is 160 HV that is attained at T,=205°C. It is obvious that high void/defect
contents lead to low hardness due to their collapse within the solid material under loading [18] and
vice versa, as is the case for other materials subjected to sintering/melting and solidification
processes [28-31]. The results of hardness values of sintered parts for T,=195°C (relative density:
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81.9%, hardness: 270 HV) and 200°C (relative density: 97.6%, hardness: 292 HV) are higher than those
obtained in other studies of 316L SS fabricated by FFF AM and conventional PM and MIM processes
reported in literature, ~100 — 175 HV [3,6-10], which can be attributed to the high volume fraction of
metal powder (metal loading) of 87.5 wt.% used in this study compared to 50 — 80 wt.% used in those
studies. Such high metal loading has been found to result in more metallic powder particles to be
sintered per unit area, i.e. high compaction, thereby leading to generation of more grain boundaries
that become effective sites to impede dislocation density [32,33]. However, the HV value of sintered
parts for T,=205°C (relative density: 66.4%) significantly decreases to 160 HV, which suggests that the
negative consequence of voids and defects overcome the benefits of using high metal loading for FFF
AM 316L SS in this study [28]. Thus, based on the results in this study, it could be reasonably inferred
that increasing metal loadings would yield higher hardness values in parts subjected to sintering
process provided that the void/defect content is <20%. Nevertheless, despite the promising hardness
results, further mechanical testing through tensile tests is necessary to discuss the mechanical
properties more comprehensively in the future [34-36].

Table 2

HV values of the sintered parts for different nozzle temperatures
Tn (°C) Vickers microhardness (HV)

195 270+ 20

200 292 +34

205 160 £ 25

4. Conclusions

In this study, 316L SS specimens were fabricated using FFF AM process using filament feedstock
material with high metal loading (87.5 wt.%) by varying the nozzle temperatures from 195 — 205°C,
followed by debinding and sintering to remove the polymer binder and produce fully dense metallic
parts. Subsequently, the densification level and hardness values of the sintered specimens were
determined through Archimedes method (ASTM B 962-08) and Vickers microhardness (HV)
measurements, respectively. The results show that 200°C is the best nozzle temperature that
produces sintered specimens having the highest relative density of 97.6% and highest average HV
value of 292 HV. This implies that 3D printing parameters (nozzle temperature) also has an important
role in determining the properties of FFF AM parts, and not only the sintering parameters. Overall,
the results from this study prove the feasibility of FFF AM process to manufacture cost-effective
metallic components for various engineering applications, although further research is required
particularly on maintaining the structural and dimensional integrity of the parts after sintering.
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