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Abstract 
The 17-4PH stainless steel filament was characterised and utilised to study the effect of printing 

parameters, i.e. printing temperature, layer thickness, infill pattern and extrusion multiplier on the 
physical properties. The as-printed and as-sintered internal structures were analysed. The results showed 
that the as-printed density increases with increasing printing temperature and extrusion multiplier 
and decreasing layer thickness. The use of the line infill pattern also provided slightly higher as-printed 
density than the concentric infill pattern due to the low fraction of void between deposited paths. After 
sintering, the trace of these voids can be observed together with smaller-size residual pores from the 
spaces between powders, which is the nature of the pressureless sintering process. The microstructure 
of the as-sintered specimens was similar to the typical microstructure of the 17-4PH alloy fabricated by 
metal injection moulding process, which contains delta ferrite, martensite and Si-rich phases. In additions, 
the internal void generated during debinding and sintering results in unexpectedly low tensile properties 
and results in the difference in tensile properties between the concentric and line infill patterns.   

1. Introduction 
 

Metal additive manufacturing (AM) has been widely studied 
and utilised in various fields since it can fabricate various types of 
alloys [1-4] with almost unlimited shapes and a wide range of sizes 
depending on the printer's capability. The additive-manufactured 
parts also have high accuracy and excellent mechanical properties 
[3,5]. Among several types of metal AM, metal material extrusion 
(MEX) method using a metal-filled filament has received much 
interest during the last decade [6,7]. To fabricate MEX parts, there are 
two main steps, which are (i) printing and (ii) debinding and sintering 
[6,7]. For the printing step, a metal-filled filament, consisting of 
a mixture of metal powder and polymeric binders, is heated and 
then extruded through a printer nozzle onto the printing bed layer 
by layer following and controlled by a computational 3D design. 
Subsequently, the printed parts will be debound and sintered, during 
which the debinding method depends on the binder used and the 
sintering temperature and time depend on the metal powder, reminding 
binder and their relative content. Therefore, MEX does not need to 
deal with loose powder and there is no need for high-power sources 
as used in selective laser melting (SLM) and electron beam melting 
(EBM), thus providing a safer and more economic route [8-10], even 
though the mechanical properties of the additively manufactured 
parts are slightly lower [9].  

Until now, several studies have shown that MEX can fabricate 
several sinterable alloys such as 316L [9,11-14] and 17-4PH stainless 

steel [15-19], M2 tool steel [20], CP-Ti [21], bronze [22], Cu [23], 
Cu-12Si [24,25], Ti-6Al-4V [26-29], Inconel 625 [30] and Inconel 718 
[31] by using in-house developed filaments, commercially available 
closed systems such as MetalX by Markforged Inc. or commercial 
metal-filled filaments such as Ultrafuse 316L [32] and Filamet by 
the Virtual Foundry, Inc. [33]. Although these commercial filaments 
are supplied with advice on recommended printing, debinding and 
sintering parameters, the density and mechanical properties of the 
MEX parts can still be subject to significant variation depending on 
processing parameters, especially the printing and sintering parameters 
[7]. Several studies suggest that the printing process has an essential 
role in determining the as-sintered mechanical properties, and 
especially the as-printed density and the relative as-sintered density 
[10,27]. To achieve a high relative sintered density in MEX parts, 
the MEX parts should have high relative as-printed density [10,27].  

The essential printing parameters that usually influence the as-
printed properties and density are the printing temperature, the layer 
thickness and the extrusion multiplier [10,13,24,25,27,34-37]. It 
was reported that a higher printing temperature provides higher as-
printed tensile properties [10]. However, an excessively high printing 
temperature significantly generates high residual stress, thus leading to 
warpage defects [34]. Regarding the effect of layer thickness, most 
studies reported that thinner layer thickness provides higher mechanical 
properties [13,35-37], since the voids between printing paths are 
reduced. However, as contradictorily reported by Godec et al., 
a thicker layer thickness is said to provide better properties due to 
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the reduction of weak points between the printing paths [10]. On 
the other hand, Singh et al. [27] and Quarto et al. [13] reported that 
the variation in the layer thickness does not significantly influence 
density if sufficient binder is used together with sufficient control of 
the printing process. With respect to the extrusion multiplier, it was 
found that an increase in extrusion multiplier contributed to a 
significant increase in as-printed and as-sintered densities and as-
printed tensile properties [10,27]. Moreover, it was also found that 
an increase in extrusion multiplier up to 1.2 can improve surface 
quality [37]. Nevertheless, a too high level for the extrusion multiplier 
may result in deformation of the printed parts because of excessive 
material [38]. It can be seen that the effects of varying printing 
parameters vary case by case, depending on the feedstock and printing 
process. 

Therefore, the effect of printing parameters, which are the printing 
temperature (210℃, 220℃ and 235℃), the layer thickness (0.1 mm, 
0.2 mm, and 0.3 mm), the infill pattern (line and concentric) and 
the extrusion multiplier (1.35 and 2.0) on the as-printed properties, 
when using a commercially available 17-4PH metal-filled filament 
were analysed. The as-printed and related as-sintered internal structures 
of the parts printed with the most optimum condition were revealed 
through micro-computed tomography (micro-CT) scans. The as-
sintered microstructure was also analysed through optical microscopy 
(OM), X-Ray Diffraction (XRD) and scanning electron microscopy 
(SEM).  

2.  Experimental procedures 
 
2.1  Filament characterisation 

 
The commercially available 2.75 mm 17-4PH stainless steel 

filament, supplied by the Virtual Foundry, Inc., was utilised as 
feedstock in this study. The binder characteristic and its fraction 
were analysed by Mettler Toredo thermogravimetric (TG) analysis 
with a heating rate of 10℃∙min‒1 from 30℃ to 600℃ under N2 
purging atmosphere with the rate of 10 mL∙min‒1. The 17-4PH 
stainless steel powder morphology and its size and distribution were 
analysed using the remained powder from the TG analysis. 
 
2.2  Specimen fabrication 

 
The 17-4PH stainless steel filament was used to fabricate 

rectangular solid boxes with dimensions of 10 mm × 15 mm × 5 mm,  
as presented in Figure 1(a), using a desktop fused filament fabrication  
(FFF) printer (Ultimaker S5) through the Cura software. The overall  
printing parameters utilised in the present study are reported in 
Table 1. The top-view characteristic of line (also called grid or rectilinear) 
and concentric infill patterns with the corresponding as-printed and 
as-sintered specimens utilising these infill patterns are shown in 
Figure 1(b). The line infill pattern was alternated 90° between layers. 

 

 

Figure 1. (a) Dimension of the as-printed solid box, and (b) characteristic of line and concentric infill patterns and corresponding as-printed and as-sintered 
specimens. 
 
Table 1. Printing parameters.  
 

Printing parameters Details 
Independent parameters Layer thickness (mm) 0.1, 0.2, 0.3 
 Printing temperature (°C) 210, 220, 235 
 Infill pattern  Line (90° alternating), concentric  
 Extrusion multiplier 1.35, 2.0 
Fixed parameters Wall line count  2 
 Top/ bottom thickness (mm)  0.5 
 Top/ bottom layer 1 
 Infill density (%) 100 
 Build plate temperature (°C) 60 
 Printing speed (mm·s-1) 45 
 Infill speed (mm·s-1) 45 
 Wall speed (mm·s-1) 30 
 Fan speed (%) 100 
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The independent printing parameters were layer thickness, printing 
temperature and infill pattern. Three specimens were fabricated and 
analysed in each parameter. The extrusion multiplier was varied 
after yielding the best printing parameters from those independent 
parameters based on the highest as-printed density. It is noted that 
the extrusion multiplier is the rate of the extruded materials, which 
is an adjustable parameter in the printer. 
 
2.3  Debinding and sintering process 
 

The thermal debinding heating profile was in-house optimised to 
ensure that all binders were completely removed based on the TG results. 
The thermal debinding was conducted in the N2-flow atmosphere at 
the debinding temperature of 427℃ for 3 h and 593℃ for 2 h with the 
heating rate of 1.8℃∙min‒1. After sintering, the samples were furnace 
cool under N2-flow atmosphere. The effect of sintering temperature  
(1300℃, 1325℃ and 1350℃) and time (1 h, 2 h and 4 h) was studied 
to determine the condition which yielded the highest relative sintered 
density, using as low sintering temperature and time as possible 
to avoid undesirable grain growth. The optimised sintering condition 
was found to be 1325℃ for 2 h in an argon partial pressure atmosphere 
with a heating rate of 2.5℃∙min‒1 and this condition was used for 
the present study. The debinding and sintering were continuously 
conducted using a Shimadzu furnace (VHLgr20/20/23). Only the 
specimens that were printed with the condition providing the highest 
as-printed density were thermally debound and sintered for each 
infill pattern. The appearance of as-printed and as-sintered specimens 
prepared by the optimum printing, debinding and sintering conditions 
are shown in Figure 1(b). 

  
2.4  Physical and microstructural characterisations 

 
The apparent, as-printed, as-sintered densities and porosity were 

determined by the Archimedes’ method [39], which can be calculated 
following Equation (1-4). 

 
Apparent density (g∙m‒3),  ρ  = min air  ×  

ρliquid

min air-min liquid
 (1) 

 
where ρliquid is the density of the liquid that generates buoyancy, min air 
is the mass of the specimen measured in air, min liquid is the mass of 
the specimen measured in liquid. Porosity of the as-printed specimen 
can be calculated following Equation (2).  

 
Porosity (%) = (1-

ρas-printed

ρtheoretical as-printed
) × 100 (2) 

 
where ρas-printed is the apparent density of the as-printed specimen. 
ρtheoretical as-printed is the fully dense density of the as-printed part or 
filament, which can be calculated following Equation (3).  

 
ρtheoretical as-printed  =  100

% mpowder % ρpowder + mbinder ρbinder⁄�
  (3) 

 
where % mpowder is the mass percentage of 17-4PH stainless steel powder 
in the filament and ρpowder is the density of 17-4PH stainless steel 
powder, which is measured and averaged to be 7.90 ± 0.035 g∙cm‒3 
and % mbinder is the mass percentage of binder in the filament and 

ρbinder is the density of binder (1.24 g∙cm‒3 [40]). Relative sintered 
density can be calculated following Equation (4). 

 
Relative sintered density (%) =  

ρas-sintered
ρpowder

 × 100 (4) 

 
where ρas-sintered represents the apparent density of the as-sintered 
specimen. 

The phase identification of powder after TG analysis and an as-
sintered specimen was analysed, using an X-ray diffractometer 
(RIGAKU, TTRAX III), with Cu-Kα radiation. A step size of 0.05° 
at a scanning rate of 3°∙min‒1 was used. For microstructural observation, 
the as-sintered specimen was prepared by a standard metallographic 
method and then imaged by optical microscopy (Olympus-STM7) 
and field emission scanning electron microscopy (FE-SEM, JEOL 
JSM-7800F) equipped with EDS apparatus. To reveal the microstructure, 
the specimen was etched by using Glyceregia reagent (50 vol% HCl, 
33 vol% Glycerol and 17 vol% HNO3). 

For internal structure analysis, a Nikon MCT 225 was utilised 
to perform micro-CT measurements with the parameters of 200 kV, 
200 µA, 2 mm Cu filter, picture volume; 1200 images that generated 
0.011 mm∙voxel‒1 of resolution. Only as-printed and as-sintered 
specimens that exhibited the highest density with the line and 
concentric infill patterns were analysed.  

The tensile properties of as-sintered specimens were examined 
with the constant speed of 0.5 mm∙min‒1, using a universal testing 
machine (Instron model 8872), equipped with a laser extensometer 
for strain measurement.  

 
3.  Results and discussion  
 
3.1  Filament characteristics  
 

A cross-sectional view of the metal filament is shown in Figure 2(a). 
The high magnification image of the filament in Figure 2(b), shows 
some rounded metal powders that are embedded in the binder matrix. 
No voids were observed over the inspected cross section of the 
filament. Figure 3 exhibits the TG result for the filament, showing 
the weight loss and the derivative of weight loss, in which the filament 
starts decomposing at 250℃ and finishes at 500℃. It also reveals that 
there are at least two main components in the binder. The temperatures 
corresponding to the maximum decomposition rate of those binders 
are at 300℃ and 400℃. These results were utilised for designing 
the debinding process. In addition, the filament contains a powder 
fraction of 77 wt% (35 vol%). As reported in Ref. [40], the binder 
in the filament mainly composes of Polylactic Acid (PLA), in which 
the density of 1.24 g∙cm‒3 for binder is used for a calculation of the 
theoretical density of the as-printed part. The theoretical density of 
as-printed part utilised in the present study is 3.54 g∙cm‒3. 

The metal powder after TG analysis, as shown in Figure 4(a), 
has a spherical shape with a small number of satellite particles, and 
is suitable for FFF fabrication [7]. Figure 4(b) shows the powder size 
and its distribution. The powder sizes are D10: 27.78 µm, D50: 
31.99 µm and D90: 46.79 µm. The largest powder size is at least 
two times smaller than the smallest layer thickness in the present study, 
confirming that the part can be fabricated with a layer thickness of 
0.1 mm to 0.3 mm.  
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Figure 2. SEM images of (a) ground cross-sectional 17-4 PH stainless steel metal-filled filament, and (b) metal powder embedded and distributed in the 
polymer binder of the filament. 

 

 

Figure 3. TG analysis of the 17-4 PH stainless steel metal-filled filament. 
 

 

Figure 4. (a) Powder characteristic in the metal-filled filament, and (b) powder size distribution of the powder.
 
3.2  Influence of printing parameters on density 

 
The effect of layer thickness and printing temperature on the as-

printed density and porosity of specimens printed with the line and 
concentric infill patterns are shown in Figure 5(a-b). It was found that 
the layer thickness, printing temperature and infill patterns significantly 

affected the as-printed density and porosity. A decrease in layer thickness 
and an increase in printing temperature resulted in increasing as-printed 
density and decreasing porosity for both infill patterns in this work. 
These observations are in good agreement with the 17-4PH stainless 
steel MEX results reported by Godec et al. [10].  As the layer thickness 
decreases, the voids between deposited paths are reduced, thus increasing 
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the as-printed density. However, it is still unclear that why the as-printed 
density of specimens printed with the line infill pattern and with a 
layer thickness of 0.3 mm is higher than that of 0.2 mm. Considering 
the influence of printing temperature, for the line infill pattern, an 
increase of 10℃ in the printing temperature from 210℃ to 220℃ 
provided a slight increase in density, while an increase of 15℃ in 
the printing temperature from 220℃ to 235℃ provided relatively 
higher increment in density. Also, a similar trend of an increase in 
as-printed density and decrease in porosity with an increase in printing 
temperature can be observed with that of a concentric infill pattern. 
This behaviour can be explained through a decrease of feedstock 
viscosity with the higher printing temperature, which leads to a higher 
flow rate, smooth printing and filling between deposited paths, thus 
increasing density. Moreover, the use of a line infill pattern provided 
higher as-printed density than a concentric infill pattern. This behaviour 
will be discussed further in section 3.3.  

Therefore, the printing parameters of 0.1 mm layer thickness and 
235℃ printing temperature, which provided the highest as-printed 

density for both infill patterns, were used as the optimum condition 
for further investigation. 

The effect of the extrusion multiplier on the as-printed density 
and porosity of specimens printed with the optimum printing condition 
(0.1 mm layer thickness and 235℃ printing temperature) for both 
infill patterns is presented in Figure 6. The results show that an increase 
in extrusion multiplier provides higher as-printed density and lower 
porosity for both infill patterns, which agrees well with other works 
[10,27]. Although Rosnitschek et al. [38] reported that too high 
extrusion multiplier may result in the deformation of the as-printed 
parts because of excess material, such deformation was not observed 
in the as-printed parts produced in the present study.   

The as-printed and as-sintered densities of specimens printed 
under the optimum conditions for highest density are presented in 
Figure 7. Although the as-printed density of the specimen printed with 
the line infill pattern is 0.09 g∙cm‒3 higher than the concentric infill 
pattern, the as-sintered density of specimens printed by both line and 
concentric infill patterns are not significantly different. 

 

 

Figure 5. Effect of layer thickness and printing temperature on the (a) as-printed density of specimens, and (b) porosity printed with the line and concentric 
infill patterns. 
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Figure 6. Effect of the extrusion multiplier on the as-printed density and 
porosity for specimens printed using the 0.1 mm layer thickness and 235℃ 
printing temperature. 

 

 

Figure 7. As-printed and as-sintered density of specimens printed with the 
0.1 mm layer thickness, 235℃ printing temperature and 2.0 extrusion multiplier.   

 
3.3  As-printed and as-sintered internal structures  

 
Figure 8 and Figure 9 show the (a) as-printed and (b) as-sintered 

internal structures of specimens printed with the line and concentric 

infill patterns as analysed by micro CT-scan respectively. There is 
no observable void or defect present in the as-printed specimen, printed 
with the line infill pattern from both front and side views (Figure 8(a)). 
On the other hand, for the as-printed internal structure of the specimen 
printed with the concentric infill pattern, some voids between deposited 
paths are observed (white arrows in Figure 9(a) at F-2 and S-1 positions). 
Similar voids, however, were not observed in the specimen printed 
with the line infill pattern since each infill layer was alternately printed 
at a 90° rotation with respect to the previous layer, and hence the gaps 
between deposited paths were also alternated. Therefore, the gaps 
between line infill deposited paths can be more readily filled than 
the concentric infill pattern where the gaps between deposited paths 
will always be in the same x-y position. This behaviour results in the 
specimens printed with the concentric infill pattern having slightly 
lower as-printed densities than those printed with the line infill pattern 
for all printing temperatures and layer thicknesses (Figure 5).   

After sintering, for the line infill pattern in Figure 8(b), many 
randomly internal voids can be clearly observed especially in the 
infill area. This is different from that of the concentric infill pattern, 
in which voids between deposited paths can be clearly observed and 
become very pronounced (a white arrow in Figure 9(b) at the position 
of F-2), when compared to the as-printed specimen (Figure 9(a)). 
From the side view for both infill patterns, the voids are seen to be 
elongated, which reflects the formation of the voids that occur at 
the interlayer region. This suggests that the main voids inside the 
specimens were induced and generated from the voids between the 
deposited path (both between neighbouring printing paths (in the 
X-Y direction) and between printed layers (in the Z direction)). 
Similar large voids were reported elsewhere [24,25] when the 
commercially available metal-filled filament from the same supplier 
is used. This behaviour can be explained by the fusion of neighbouring 
metal powders to decrease the free surface energy, which results in 
decreasing voids between the metal powders but enlarging voids 
between deposited paths. Considering the relationship between as-
printed and as-sintered density between both infill patterns, there is 
an insignificant difference between the as-sintered density of line 
and concentric infill patterns, which are 6.63 g∙cm‒3 to 6.64 g∙cm‒3 
(∼83% of relative sintered density), even though the line infill pattern 
has higher as-printed density. This possibly results from the formation 
of voids, generated during debinding of the line infill pattern specimen 
since there is no systematic relationship of voids between as-printed 
and as-sintered parts. 

 
Table 2. Chemical composition analysed by EDS analysis in the as-sintered specimen compared with MPIF standard 35. 
 
Elements As-sintered specimen (wt%) MPIF-35 (wt%) [46] 
C 1.86 ± 0.19 0.07 max 
Si 0.78 ± 0.06 1.0 max 
P - 0.03 max 
S 0.03 ± 0.02 0.035 max 
Cr 16.44 ± 0.08 15.5-17.5 
Mn 0.15 ± 0.04 1.0 max 
Ni 4.21 ± 0.07 3.0-5.0 
Cu 3.06 ± 0.07 3.0-5.0 
Nb 0.29 ± 0.07 - 
Ta 0.02 ± 0.17 - 
Fe Balance Balance 
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Figure 8. The front (F) and side views (S) of the paused layer, observed from the micro-CT scans at different positions for (a) as-printed, and (b) as-sintered 
specimens, printed with the line infill pattern. The number after F and S represents the paused position away from the origin point in the unit of mm. Noted 
that the as-printed and as-sintered results were scanned from the different specimens.     

 

 

Figure 9. The front (F) and side views (S) of the paused layer, observed from the micro-CT scans at different positions for (a) as-printed, and (b) as-sintered 
specimens, printed with the concentric infill pattern. The number after F and S represents the paused position away from the origin point in the unit of mm. 
Noted that the as-printed and as-sintered results were scanned from the different specimens.      
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3.4  Macro- and microstructures 
 
The chemical composition of the as-sintered specimen, analysed 

by EDS, is presented in Table 2, together with the Metal Powder 
Industries Federation (MPIF) Standard 35 for metal injection molding 
materials. The chemical composition aligns well with the MPIF-35 
standard. However, inaccuracies in the C content may be expected 
due to its low atomic number. 

The comparison of XRD diffraction patterns between powder 
and the as-sintered specimen, shown in Figure 10, shows the similar 
major phase of ferrite (α) and/or martensite (α’). It is known that the 
major phase of 17-4PH is more likely to be martensite than ferrite 
because the martensite finish transformation temperature (32°) is higher 
than room temperature [41,42]. However, it cannot be differentiated 
between these two structures by XRD, including delta-ferrite [43-45] 
since the crystal structure of martensite (α’ bct) is very close to that of 
ferrite (bcc α).  

The macro- and microstructures of cross-sections of the as-sintered 
specimen, having the highest as-sintered density, printed with 235℃ 
printing temperature, 0.1 mm layer thickness and 2.0 extrusion multiplier 
by using the concentric infill pattern are presented in Figure 11. The 
macrograph in Figure 11(a) shows large voids similar to those observed 
by micro-CT scanning in Figure 9(b). At higher magnification 
(Figure 11(b)), the voids exhibit incomplete bonding behaviour of 
the matrix. This behaviour may have resulted from (i) the voids 
between deposited paths (a white arrow in Figure 9(a) at the position 
of F-2) and (ii) too low solid loading of the powder in the filament. 
As reported in Section 3.1, the solid loading of powder in the metal-
filled filament is 77 wt%, which is noticeably lower than conventional 
solid loading (more than 90 wt%) [7,13,47-49]. Figure 11(c) shows 
the porosity that stems from the nature of pressureless sintering. 
The microstructure of the specimen, shown in Figure 11(d), well 
agrees with the XRD analysis composing martensite and/or ferrite. 
Delta-ferrite along the grain boundary is also observed, confirmed 
by Cr-rich area in EDS elemental mapping, shown in Figure 12. 
This pattern is similar to what has been reported in 17-4PH stainless 
steel fabricated by MIM process [50]. In addition, a Si-O-rich phase 
seen as dark grey particles was also observed as confirmed by the 
EDS elemental mapping shown in Figure 12. This is consistent with 
SiO2 as typically found in 17-4PH fabricated by the MIM process 
[50]. The formation of SiO2 in MIM parts results from the formation 
of SiO2 at the surface of the powder since the water atomisation [4]. 

3.5  Tensile properties 
 

Figure 13 shows (a) the overall shape of as-printed and as-sintered 
tensile test specimens, and (b) the representative stress vs strain 
curves of 17-4PH specimens printed with the printing parameters 
of 235℃ printing temperature, 0.1 mm layer thickness, 2.0 extrusion 
multiplier with different infill patterns. The sintered tensile test 
specimen in Figure 13(a) significantly shrank (∼12-15%) compared 
with the as-printed specimen but the overall shape was retained. 
From the visualisation, there is no external defect. It was found that 
the tensile strength of the specimen printed with the concentric infill 
pattern (∼325 MPa) is significantly higher than the line infill pattern 
(∼180 MPa). This possibly results from the orientation of the voids to 
the load direction, in which the specimen printed with the concentric 
infill pattern exhibits parallel voids to the load direction. On the 
other hand, for the specimen printed with the line infill pattern, the 
voids are at angle to the load direction. The elongation of both 
specimens is comparable. The tensile strength and elongation of both 
infill patterns are significantly lower than those obtained using other 
17-4PH filaments with higher solid loading and no internal defects 
after sintering. It is noted that many attempts were applied to obtain 
defect-free tensile specimens but it was not possible using the filament 
in this study. Similarly, it is not possible to obtain defect-free tensile 
sample for the CuSi12 filament from the sample supplier and the 
tensile properties are lower than expected [24,25]. 
 

 

Figure 10. XRD diffraction patterns of 17-4PH powder and sintered specimen.

 

 

Figure 11. Macro-and microstructures of the highest as-sintered specimen (corresponding to Figure 9(b)) - (a) overall cross-section, (b) high magnification, 
showing large voids, and (c) high magnification, showing typical porosity from the pressureless sintering process and δ-ferrite structure.  
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Figure 12. SEM micrograph and related EDS elemental mapping of as-sintered specimens, showing the Si-O-rich particle with Cr-rich area along the grain boundary. 
 

 

Figure 13. (a) A photograph of as-printed and as-sintered tensile test specimens with the line infill pattern, and (b) representative stress vs strain curves of 
17-4PH specimens printed using the optimum condition (235℃ printing temperature, 0.1 mm layer thickness, 2.0 extrusion multiplier) with different infill patterns.  

4.  Conclusions 
 

In the present study, the 17-4PH stainless steel metal-filled filament 
was characterised and the effects of printing parameters, layer 
thickness, infill pattern and extrusion multiplier were studied. The 
key conclusions are as follows: 

1.  The filament composes of at least two main components of 
binder and 77 wt% metal powder, which is lower than conventional 
solid loadings from the literature (more than 90%). This could 
potentially generate internal voids after sintering. 

2.  All printing parameters in the present study significantly 
influenced the density of the as-printed specimen. However, the as-
sintered densities of both infill patterns are insignificantly different. 

3.  Although there is no external defect of the tensile specimen, 
there is still an internal defect that contributes to unexpected low 
tensile properties and causes the difference in tensile properties 
between the specimens printed with concentric and line infill patterns.   
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