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ARTICLE INFO ABSTRACT

Keywords: The emergence of fused filament fabrication (FFF) for metal printing has introduced a cost-
Fused Filament Fabrication (FFF) effective alternative to traditional fusion-based metal additive manufacturing methods. Never-

Metal additive manufacturing
316L stainless steel
Porosity

theless, the highly inhomogeneous material microstructures resulting from this manufacturing
technology seriously compromise its structural integrity performance. This study comprehen-
Digital Image Correlation (DIC) sively investigates the influence of six key printing parameters — nozzle temperature, bed tem-
Printing parameters perature, print speed, layer thickness, infill pattern, and infill percentage — on the quasi-static
Static mechanical properties mechanical performance and dimensional accuracy of a 316L stainless steel produced via FFF.
316L stainless steel was selected as the focus material due to its widespread industrial relevance
and early availability in filament form. A structured design of experiments (DOE) was imple-
mented, followed by analysis of variance (ANOVA) and signal-to-noise (S/N) ratio analysis to
assess both performance and consistency. Six material responses were evaluated: yield strength,
ultimate tensile strength, stress and strain at break, toughness, and dimensional accuracy. Bed
temperature was the most influential parameter, with the highest temperature of 120 °C
enhancing interlayer bonding and thereby improving static mechanical properties and dimen-
sional accuracy. The highest nozzle temperature of 250 °C provided moderate improvements in
static mechanical performance, while increasing print speed to 40 mm/s improved deposition
quality by reducing filament residence time and limiting binder degradation. Additionally,
smaller layer thickness, line-based infill pattern, and full (100 %) infill further improved static
mechanical properties by minimising interlayer voids and promoting efficient stress transfer.
Hardness testing was performed to provide additional insight into the material’s mechanical
response. Alongside, fractography and porosity analysis were carried out to characterise failure
mechanisms and quantify internal defects, revealing that large printing-induced pores dominate
failure and persist after sintering, directly influencing mechanical reliability. These findings
provide insights into parameter-dependent trends and interlayer bonding quality, contributing to
the optimisation of print conditions for enhanced mechanical reliability and reduced variability in
metal FFF components.
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1. Introduction

The rapid evolution of 3D printing technology has revolutionised manufacturing processes across various industries. Among the
advancements, the ability to print metals has made it possible to manufacture components with complex shapes that are difficult to
achieve using traditional methods [1-4]. Most methods of 3D printing metal parts require expensive initial investments [5,6]. Up until
recently, 3D-printed metallic components were considered very expensive, using technologies such as powder bed fusion, binder
jetting and direct energy deposition. However, recently much cheaper method of printing metals has been introduced to the market
based on material extrusion [2]. This process, regarded as a promising and cost-effective route for metal additive manufacturing, is
known as fused filament fabrication (FFF) [3] also known as material extrusion additive manufacturing (MEAM) [4]. Given its
significantly lower cost, this option provides a budget-friendly alternative to manufacturing metal parts with complex geometries that
are very difficult or impossible to achieve using classic manufacturing methods. Producing metal parts from metal filament offers
notable cost advantages, particularly for low-volume manufacturing, when compared to other metal 3D printing technologies [2,7],
but also mitigates safety concerns associated with loose metal powder and laser-based methods [4,8].

Metal FFF requires a three-step process: printing, debinding, and sintering. In FFF 3D printing, a composite filament, with ~90 % of
the weight being metal powders and the remaining fraction consisting of a thermoplastic material, is heated to the melting temperature
of the polymer binder and then extruded layer by layer to create a three-dimensional object called a green part. The thermoplastic
fraction of the filament acts as the binder that is necessary to make stainless steel powders flow easily and is suitable for extrusion
processes.

The debinding process consists of the removal of binders. This can be done using chemical methods such as solvent debinding or
catalytic debinding, or through thermal debinding, which involves controlled heating to decompose the binder [9]. After the debinding
process, the part is referred to as a brown part. An insufficient removal of the binder material can lead to the formation of defects in the
brown material, such as cracks and material impurities [10].

As far as the sintering step is concerned, the brown part undergoes a solid-state process under a combination of temperature and
pressure, which promotes bonding between metallic particles and reduces vacancies between them, producing a material that is
commonly referred to as a silver part.

It is important to mention that during sintering and debinding processes, printed parts undergo shrinking and distortions as metal
particles combine into one solid mass, thanks to the thermomechanical loads involved. Therefore, when designing FFF metal parts, it is
important to account for shrinkage. In general, this shrinking is not a well-controlled phenomenon, making the dimensional accuracy
one of the outstanding issues of this manufacturing method [2,11,12]. Apart from the shrinkage, residual stresses may arise as a
consequence of the microstructural changes induced by sintering [13,14]. Consequently, the material’s final properties are highly
dependent on the quality and control of these processes.

Furthermore, the quality of the manufactured parts is strongly influenced by the effectiveness of layer adhesion during printing and
the presence of interlayer pores, which are inherent to the layer-by-layer fabrication process; these are less common in fusion-based
additive manufacturing methods. Improved layer adhesion can enhance the structural integrity of the green part, contributing to
greater stability and more successful outcomes during the debinding and sintering processes. Therefore, care must be taken when
selecting the printing process conditions. Many assumptions regarding interlayer bonding and porosity are drawn from observations in
polymer-based FDM (Fused Deposition Modelling). Since the initial stage of metal FFF involves the extrusion of a metal-polymer
composite filament, similar thermal and flow dynamics apply in achieving effective layer adhesion and porosity control during 3D
printing stage.

The FFF 3D printing process can be effectively controlled by modifying six key printing parameters commonly recognised to impact
the quality of layer adhesion, material flow and interlayer porosity. These parameters are nozzle temperature, bed temperature, print
speed, layer thickness, infill pattern and infill percentage. Particularly for 316L stainless steel [11,12,15,16], as well as other metal and
polymer materials [17-23]. They are also consistently emphasised by manufacturers as critical to ensuring process reliability. The
identified process parameters are known to play the following roles in the manufacturing process:

- Nozzle temperature controls how well the filament melts and flows through the nozzle. Low temperatures may cause a lack of
filament melting and weak bonding between layers. Excessive temperatures, however, can degrade the polymeric binder, leading to
inconsistent flow, clogging, or residue buildup in the nozzle [18-20].

- Bed temperature affects the first layer adhesion and is therefore critical for a strong, stable print foundation. In FFF, inhomogeneities
in the initial layers can lead to warped bottom surfaces, causing parts to tilt or distort, which compromises the precision of sub-
sequent layer deposition and negatively affects layer adhesion quality. If the bed temperature is too low, the initial layers may warp
or detach from the build surface, resulting in part instability during printing. On the contrary, higher bed temperatures can cause
the filament to excessively soften, leading to deformation and inaccuracies. Furthermore, elevated bed temperatures enhance
interlayer bonding by promoting better adhesion between layers before solidification, while lower temperatures can lead to faster
cooling, weakening layer adhesion [20,22,23].

- Print speed refers to the rate at which the print head moves while extruding material. Higher print speed, while increasing pro-
ductivity, may generate incomplete infill and higher porosity. Furthermore, excessive print speeds may not allow sufficient time for
the extruded material to fully thermally relax, potentially increasing residual stresses during the extrusion process negatively
affecting mechanical and dimensional properties [24]. On the other hand, lower print speed results in a more constant flow of
material and therefore less porosity and better mechanical properties. However, slower print speeds can increase the cooling time
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of each layer, which can negatively impact the strength of bonding between layers [25]. Overall, the literature reports conflicting

effects of print speed on interlayer bonding.

Layer thickness is a critical parameter that significantly influences the control of interlayer porosity. Thinner layers, while

decreasing the size of pores between layers, increase the number of layers needed for the same part height and therefore increase

the number of interlayer pores. On the other hand, thicker layers reduce the number of layers needed which decreases the number
of interlayer pores but increases the size of the pores. Furthermore, by controlling layer thickness, the area of the interlayer bonding

surfaces can also be controlled, influencing the strength of the final part [19,26].

Infill percentage can be modified to increase the density of the part. Layer-by-layer deposition manufacturing methods bring a

peculiar form of pores and gaps controlled mainly by the quality of the printing path and how well it covers the intended geometry.

Due to limitations in toolpath generation, pores and gaps can form in critical areas such as corners, sharp edges, and infill-to-wall

interfaces. Therefore, slight over-extrusion has been shown in some cases to close these gaps. However, over-extrusion can

negatively affect print quality by introducing uneven layer height, which can cause dimensional inaccuracies.

- Infill pattern has shown a big influence on directional strength in FFF-manufactured materials due to layer separation. This results in
anisotropy because the bonding between layers is generally weaker than within layers. Furthermore, the type of infill pattern can
influence the size and position of interlayer pores, as well as the size of the bonding area between layers, which in turn influences
the mechanical and dimensional properties of the final part [19].

Although previous studies have examined a broad range of printing parameters, research specifically focusing on 316L stainless
steel remains limited, with many studies based on small sample sizes, making it difficult to draw conclusive insights [11,12,15,16]. The
present study focuses on limited variations of printing parameters to gain insight into their role in the quasi-static mechanical per-
formance. The investigated parameters are those listed above. Furthermore, it will be sought whether optimised printing conditions
can be identified to minimise the scattering in the mechanical behaviour and thus make this material less unpredictable. Amongst the
metallic materials that can be fabricated using FFF, 316L stainless steel is one of the most widespread in various industries, chemical,
pharmaceutical, medical, and marine sectors — due to its high corrosion resistance, mechanical performance and biocompatibility.
Additionally, 316L stainless steel is also one of the first metal materials commercially available in filament form for FFF manufacturing.
Therefore, it is evidently of great importance to investigate the mechanical properties and behaviour of metals produced through FFF
manufacturing, if such a material is to be employed in structural applications. For these reasons, the present study is carried out on this
specific stainless steel alloy.

To analyse the effects of the selected printing parameters, a structured statistical approach was employed. This includes an overall
analysis of all samples, analysis of variance (ANOVA) to identify potentially significant factors, and a robustness assessment using the
signal-to-noise (S/N) ratio, which helped identify parameters that lead to more optimal and more predictable mechanical and
dimensional properties of the material. Six different material responses were considered in the analysis, including yield strength,
ultimate tensile strength, stress at break, strain at break, toughness and dimensional error. Mechanical testing is performed on min-
iaturised samples and strain evolution in the gauge area of the samples is evaluated by using digital image correlation (DIC). While DIC
has been used to map strains in metal FFF 316L [16,27], this study extends its application by correlating localised strain development
directly with pore types and fracture initiation events. This yields novel information on the defect origins of failure rather than general
anisotropic deformation. Hardness measurements were also performed but were not included in the parameter evaluation, as they
were intended for complementary analysis. In addition to the mechanical and dimensional analyses, fractography and porosity
evaluation are conducted to gain a deeper understanding of the material’s internal structure and failure mechanisms.

Fractography was used to examine the fracture surfaces of tested specimens, revealing the main failure modes and the role of pores
or other microstructural features in the observed material failure. Porosity analysis complements this by quantifying the amount, size,
and distribution of pores, providing insight into how the printing parameters influence internal defects and overall mechanical per-
formance. Previous research on FFF 316L has focused primarily on extrusion-related defects or printing-associated pores and their
influence on mechanical performance [11,28-30]. In this study, we extend the analysis by also considering gas-entrapped pores and
residual sintering pores, which are more commonly discussed in the context of conventional powder metallurgy and sintering pro-
cesses [31-34]. However, in the context of FFF parts, they have mostly been mentioned rather than directly observed or quantified
[36], although some studies have quantified sintering pores for other metallic materials [29,30]. This integrated approach allows a
clearer understanding of how the different manufacturing stages, printing, debinding, and sintering, collectively determine the final
porosity and mechanical reliability of FFF 316L components.

Overall, this work provides a critical discussion on the failure mechanisms experienced in different printing conditions, and it will
provide suggestions to optimise a specific material property.

2. Materials and methods
2.1. Material and manufacturing technology

A commercially available 316L stainless steel filament, meant for FFF manufacturing, was employed — Ultrafuse 316L Stainless Steel
filament provided by BASF®. Initially, the Ultrafuse 316L filament and the printed green part consist of 90 % metallic powder and 10 %
polymeric binder. After the debinding and sintering process is completed, the chemical composition of the silver part, made entirely
from 316L stainless steel, is consistent with the standard composition of 316L stainless steel (wt.%): 16.0-18.0 % Chromium (Cr),
10.0-14.0 % Nickel (Ni), 2.0-3.0 % Molybdenum (Mo), <2.0 % Manganese (Mn), <1.0 % Silicon (Si), <0.03 % Carbon (C), <0.045 %
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Phosphorus (P), <0.03 % Sulfur (S), <0.10 % Nitrogen (N), while the remaining percentage of the composition is Iron (Fe) [35,36].

The 3D printing stage of the manufacturing process was conducted using an Ultimaker S5 printer equipped with specialised nozzles
“Ultimaker Print Core CC 0.4” and “Ultimaker Print Core DD 0.4” specifically designed for printing metallic materials and ceramic
support material, respectively.

The debinding of parts was carried out using the catalytic debinding method. Catalytic debinding happens in a gaseous environ-
ment using oxalic or nitric acid, which debinds the parts by decomposing the binders. According to BASF, the catalytic debinding
process is performed at 120 °C with nitric acid HNO3 > 98 %. The subsequent sintering process was carried out according to the
manufacturer's recommended guidelines [37]. Sintering was done in an atmosphere with 100 % clean and dry hydrogen (dewpoint < —
40 °C) or argon (dewpoint > -40 °C). AI203 sintering supports of 99,6% purity are recommended.

A typical sintering cycle consists of a ramp from:

1. room temperature — 5 K/min — 600 °C, hold 1 h
2. 600 °C - 5 K/min - 1380 °C, hold 3 h
3. Furnace cooling

2.2. Mechanical testing setup and sample design

Quasi-static mechanical testing was performed using a DEBEN© Microtest tensile testing system.

This electromechanical system consists of a Microtest tensile testing stage and a corresponding control unit. The tensile testing
stage is equipped with a load cell capable of measuring forces of up to 5 kN and resolutions down to 0.0001 N or 0.1 mN. A photo of the
employed instrument is shown in Fig. 2.1.

Samples were designed according to the dimensions and maximum force capabilities of DEBEN tensile testing stage and do not
conform to a specific standard. The geometry and dimensions of the tensile test specimen are illustrated in Fig. 2.2.

Due to the small size of the test specimens, the presence of internal defects can have a proportionally larger impact on the measured
mechanical response compared to larger samples. In smaller geometries, individual pores occupy a greater fraction of the cross-
sectional area, which can amplify their effect on strength and failure behaviour. However, while absolute strength values may be
slightly affected by sample size, the results still provide meaningful insight into the influence of printing parameters and porosity on
failure mechanisms.

A random speckle pattern was applied using an airbrush and black paint to optimise Digital Image Correlation (DIC) tracking (see
Fig 2.3). Before applying the pattern, samples were lightly polished to increase the contrast between the speckles and the background.
The pattern quality was evaluated by measuring representative speckles, aiming to maintain an average speckle size of approximately
3-5 pixels as recommended for accurate and reliable strain measurements by DIC guidelines [38,39].

Fig. 2.1. DEBEN Microtest tensile testing stage and example of a mounted sample.
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Fig. 2.2. Tensile test sample geometry and dimensions (in millimetres).

Fig. 2.3. a) sample positioned on alignment pins, b) speckle pattern.

Fig. 2.4. Complete testing setup consisting of a tensile testing machine, camera, lens and LED lights.
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2.3. Digital image correlation setup and processing

To measure the strain of the tensile specimens, a customised DIC setup was used. The setup consisted of a camera, a lens and an
illumination system, as shown in Fig. 2.4.

The specimens subjected to testing have rectangular shapes, which allows the strain analysis to be focused on their planar surfaces.
In such a case, only small and negligible out-of-plane motions are expected. This supports the use of a simpler 2D DIC setup in contrast
to a more complex and more expensive 3D (Stereo) setup.

The DIC setup utilised a Teledyne© FLIR BFS-U3-50S5M-C Blackfly S Camera, which is a monochromatic camera with square pixels
as recommended for DIC applications [38]. The camera has a 5 MP (2,448 x 2,048 pixels) resolution with a pixel size of 3.45 x 3.45
pm. This ensures high spatial resolution and accurate speckle tracking with estimated field of view and speckle size. The camera
features a widely used 2/3" sensor size and it is capable of reaching a frame rate of 35 FPS. The lens used in the setup was Edmuns
Optics© Techspec C Series Camera designed to be used in machine vision applications. In this study, a 50 mm fixed focal length lens
was used in accordance with DIC guidelines [38,39]. The Spinnaker SDK software was utilised to customise various camera properties
(e.g. frame rate, exposure time), enabling optimisation for DIC measurements.

In most cases an additional lighting is recommended for DIC applications in order to achieve good contrast with different apertures
and exposure times. Good additional lighting helps to improve speckle pattern contrast and reduce image noise. The lighting system
used in the setup consisted of two Phottix© M200R LED panels, one from each side of the sample to eliminate shadows and uneven
illumination. Dual-side lighting improves contrast consistency across the entire sample and reduces glare, both important for accurate
spackle pattern tracking. The flicker-free technology offered by the lights avoids brightness fluctuations between frames.

A Python-based DIC package (muDIC) was employed to evaluate the strain data from the recorded pictures. The DIC measurement
grid was positioned away from sample edges and fillets to avoid boundary effects and ensure accurate strain measurement. This region
of interest was kept consistent across all samples to maintain comparability.

A customised Python script was developed to synchronously acquire pictures and force and allowing for an accurate correlation
between load and strain. In this way, stress-strain curves were constructed by combining strain data calculated using the “muDIC”
Python scripts with force measurements recorded by the tensile testing machine’s load cell.

2.4. Data analysis methods

To perform the analysis of the tensile test data and evaluate the effects of the printing parameters on the mechanical properties of
FFF-manufactured 316L stainless steel, this study exploited the design of experiments (DOE) approach. This allowed to systematically
plan and organisation of the tests, allowing identification of the effects of various printing parameters on the measured outcomes.

A D-optimal design based on a full factorial experiment was used to reduce the number of experimental runs while preserving the
ability to estimate the main effect of printing parameters while accommodating practical constraints such as time and material lim-
itations. In this way, the experiment was reduced to a statistically powerful subset of runs and ensured an efficient coverage of the
design space.

ANOVA’s general linear model was used to determine statistical significance based on p-values calculated for each parameter and
parameter levels. D-optimal designs are tailored to minimise parameter uncertainty by selecting a smaller, information-rich set of
experimental runs. Therefore, lower R? values are a natural consequence of how D-optimal designs prioritise efficient parameter
estimation and do not necessarily reflect poor model quality. Therefore, to assess whether the model adequately represented the data,
the lack-of-fit was evaluated based on its p-value, and model quality was further examined through analysis of the four standard
residual plots.

Practical significance of parameters was estimated using Cohen’s d values, which is determined using mean values and standard
deviations corresponding to the two parameter levels being compared. Cohen’s d value is given by the following equation:

X1 — X2
Sp

d

where X; and X, represent response mean values of two compared parameter levels. Spooled deviation is labelled as s, and given with:

\/(m —1)s? + (ny — 1)s2
Sp =

n+ny,—2

where s; and s, represent standard deviations of two compared parameter levels for the observed response, while n; and n, represent
the number of tested samples for each case.

Lastly, in the absence of statistically and practically significant effects, the robustness approach was used to choose parameter levels
that result in the highest and most constant results, favouring high response as well as predictability of the results. In this part of the
analysis Taguchi’s signal-to-noise ratio was adopted as an alternative approach to perform robustness analysis and to assist in drawing
meaningful conclusions. The signal-to-noise (S/N) ratio favours both improved performance and consistency by rewarding parameter
levels that produce higher or lower mean responses while minimising variability, therefore promoting more robust and repeatable
results.

Mechanical responses were ranked according to the larger-the-better S/N ratio equation, favouring greater values of responses,
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while dimensional error responses were ranked according to the smaller-the-better S/N ratio equation, favouring parameter levels that
result in smaller dimensional error. Higher S/N ratios meant better robustness. S/N ratio larger the better is given with the following
equation:

I 1
SN = — 1010g (nZil}/?)

While the smaller-the-better S/N ratio by:
I—n
Sy = —10log (;Zuyiz>

where y; describes response values for a certain parameter level.

To enable fair and meaningful comparison across multiple response types (e.g., yield strength, UTS, strain at break), the signal-to-
noise (S/N) ratios were first normalised using min-max normalisation. This normalisation was performed within each response type
and for each parameter independently, so that for a given parameter (e.g., nozzle temperature), the S/N ratios across its levels (e.g.,
230 °C, 240 °C, 250 °C) were scaled to a 0-1 range within the same response.

S/Nl _S/Nmin
S/N, =
/ e S/Nmax 7S/Nmin

where:

e S/N; represents the original Signal-to-Noise ratio value associated with the i-th level of a given process parameter and a specific
response (e.g., yield strength).

® S/Npjp is the minimum S/N ratio among all levels of the same process parameter for the same response.

e S/Nnax is the maximum S/N ratio among those same levels.

e S/Nporm. is the resulting scaled value ranging from 0 to 1, where O corresponds to the least favourable level and 1 to the most
favourable, within the context of the parameter and response considered

Once the normalised S/N ratios were obtained, Grey Relational Analysis (GRA) was used to combine them across the six responses
for each level of a parameter. This resulted in a Grey Relational Coefficient (GRC) for each level, reflecting its overall performance
across all responses.

_ Ai(k) + ¢ - Amax

GRC
Amin + { - Amax

e Ai= |1-S/Ni|: the absolute difference between the result of your experiment and the ideal result, ideal being equal to 1 in nor-
malised values

e Amin and Amax: The smallest and largest differences across all experiments and all responses. With normalised values, these are
equal to 0 and 1, respectively.

e (: A distinguishing coefficient

The distinguishing coefficient was set to a typical value of 0.5. This coefficient adjusts the sensitivity of the analysis. It does not
usually need to be changed unless you have a specific reason.
The Grey Relational Grade (GRG) is the average of all GRCs for a given parameter level.

I
GRG = . ,GRC

This procedure was performed separately for each parameter. That is, each parameter (nozzle temperature, bed temperature, print
speed, etc.) was evaluated independently, and the GRG values were used to rank the levels within that parameter, identifying the level
that consistently provided stronger overall results across all considered responses.

2.5. Hardness tests

The hardness of each sample was measured using a Zwick-Roell Durajet G5 durometer, a semi-automatic instrument capable of
applying loads from 9.8 N to 2450 N. The device performs standardised hardness tests according to Rockwell scales (HRA, HRB, HRC,
HRD) and Brinell tests under displacement control using indenters with diameters of 1 mm, 2.5 mm, and 5 mm. It is also suitable for
testing polymeric and composite materials. The wide selection of indenters, extensive load range, and integrated software for data
acquisition and export make the instrument highly versatile.

Hardness measurements were performed in the gripping section of each specimen. Care was taken to ensure that the analysed
surface and its opposite face were sufficiently flat and parallel to avoid measurement errors.
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2.6. Fractography

Fracture surface analyses were performed using a ZEISS Evo 40 Scanning Electron Microscope (SEM). The instrument operates by
directing a thermionically generated electron beam, accelerated through a high potential difference and focused by electromagnetic
lenses, onto the specimen surface. The interaction between the electron beam and the sample produces several signals detected by
dedicated sensors. Secondary electrons (SE) were used to obtain morphological information, while back-scattered electrons (BSE)
provided compositional contrast. An Oxford INCA X-Sight EDXS detector was also employed for semi-quantitative chemical analysis
through X-ray spectroscopy.

Prior to SEM observation, all fracture surfaces were cleaned in ethanol and dried.

2.7. Porosity analysis

Porosity was examined using a Zeiss Axio Vert.Al inverted optical microscope equipped with a Zeiss Axiocam 208 Color digital
camera. This configuration, typical in metallographic analyses, allows the prepared surface of the specimen to face downward,
ensuring focus stability with a single planar surface. The microscope is equipped with 5x, 10x, 20x, 50, and 100 x objectives and
can operate in bright-field, dark-field, and polarised light modes.

Samples were sectioned in the calibrated region using a coolant-assisted cutting wheel, embedded in epoxy resin, and subjected to
standard metallographic preparation to obtain mirror-like surfaces. Under bright-field illumination, pores appeared as black areas
against the bright metallic matrix, providing high contrast for subsequent image analysis.

3. Analysis
3.1. Design of experiment

Minitab®© software was used to define and optimise experimental space. Initial D-design was generated using the Sequential method
and then further improved by Fedorov’s method.

The six key printing parameters were investigated: nozzle temperature, bed temperature, print speed, layer thickness, infill pattern
and infill percentage. Available documentation shows various recommended values and ranges for these parameters. With a goal to
find the parameter levels that produce parts with better and more stable specific static mechanical properties, it was decided to test
these parameters in these manufacturers’ recommended ranges. In this study, anisotropy in FFF-manufactured materials was not the
primary focus, as its influence on directional strength due to layer separation has been well established in previous research. As part of
the investigation, two different infill patterns were evaluated: a standard line pattern with alternating layers printed at &+ 45°, and a
cubic infill structure. The goal was to explore whether modern infill patterns like cubic orientation would influence mechanical
performance in metal FFF. This study investigated the most influential printing parameters in the following ranges:

Table 3.1
Order of the experimental runs and corresponding parameter configurations.
Sample# Nozzle Temp. [°C] Bed Temp. Print Speed Layer Thickness Infill Pattern Infill Percentage [%]
[°C] [mm/s] [mm]
1 250 120 40 0.1 Lines 100
2 230 120 40 0.15 Cubic 105
3 250 70 20 0.1 Cubic 105
4 250 90 40 0.15 Lines 105
5 240 90 40 0.1 Cubic 100
6 250 120 30 0.15 Cubic 100
7 230 70 20 0.15 Lines 100
8 240 120 30 0.1 Lines 105
9 230 920 30 0.1 Lines 100
10 230 70 30 0.1 Lines 100
11 240 70 40 0.15 Lines 100
12 240 120 20 0.15 Lines 100
13 230 920 20 0.1 Cubic 105
14 250 90 30 0.15 Lines 105
15 240 920 20 0.15 Cubic 100
16 240 120 20 0.1 Lines 105
17 250 70 40 0.1 Cubic 100
18 230 120 40 0.15 Cubic 105
19 240 70 40 0.1 Lines 105
20 250 70 20 0.15 Lines 105
21 250 120 20 0.1 Cubic 100
22 240 70 30 0.1 Cubic 105
23 230 70 30 0.15 Cubic 100
24 230 90 20 0.1 Lines 105
25 240 20 30 0.15 Cubic 105
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- Nozzle temperature (230 °C-250 °C)
- Bed Temperature (70 °C-120 °C)

- Print Speed (20-40 mm/s)

- Layer Thickness (0.1, 0.15 mm)

- Infill percentage (100 %, 105 %)

- Infill pattern (lines, cubic)

This approach enabled the estimation of main effects while reducing the number of required tests to a statistically powerful subset
of 25 runs or a unique combination of parameter levels. For each parameter configuration (i.e., each run), one replicate was included,
meaning two samples were tested per run. By introducing replicates, the experiment accounted for random variability and helped
distinguish real effects from random fluctuations. The entire experiment, therefore, consisted of 50 tests. Each run was assigned a
numerical label from 1 to 25, with replicates denoted using a decimal format (e.g., 1.1 and 1.2), allowing clear identification of both
the run and its corresponding replicate (see Table 3.1).

3.2. Tensile test setup specifications

Tensile tests were conducted under displacement control at a constant motor speed of 0.5 mm/min. The resulting load was
continuously recorded and used, which was later used to compute stress evaluation.

DIC setup was used to evaluate strain along the sample loading direction. The frame rate was set at 1 Hz, corresponding to one
image acquired per second during the tensile test. Exposure time was fixed at around 12000 ps. Gain values were kept at zero, while
Gamma levels were around 0.8, which enhanced contrast in the dark areas and showed better results regarding speckle tracking.
Gamma refers to the relationship between the input light intensity and the output brightness of an image. The lens aperture was fixed at
f/8 for all tests, as this setting provided an appropriate depth of field and optimal image quality under the given lighting conditions and
in combination with the selected camera parameters.

The previously applied speckle pattern (3-5 pixel average size) ensured reliable DIC tracking during the tensile test, providing
sufficient contrast for accurate local strain measurements.

In DIC, ensuring adequate image contrast is crucial for accurate strain measurements. Recommended minimum contrast is
approximately 20 % of the full dynamic range. However, 50 % (130 count) is typically preferred. For 8-bit cameras, that means
approximately 50 counts, meaning 50 greyscale levels between the speckles and background. The measured speckle patterns exhibited
a greyscale intensity difference of approximately 100-150 counts between speckles and the background, exceeding the minimum
contrast required for reliable DIC measurements.

3.3. Responses

To assess the mechanical performance of the samples, the processed stress—strain data were used to determine key material
properties: yield strength, ultimate tensile strength, stress at break, strain at break, and toughness.

Yield Strength was determined using a 0.1 % offset method with a fixed Young’s modulus of 200 GPa for all samples, as inspection
of stress—strain curves revealed that plastic deformation occurred before conventional 0.2 % strain.

Stress at break was identified as the point where the measured stress dropped by at least 5 MPa from the last recorded value,
indicating failure. The corresponding strain at this point was recorded as the strain at break. Based on this endpoint, toughness was
calculated as the area under the stress—strain curve using the trapezoidal integration method.

The accuracy of final parts is one of the outstanding issues of FFF manufacturing of metal components due to shrinkage during
debinding and sintering. Therefore, to account for the dimensional error and to calculate stresses more accurately, the cross-sectional
area was measured using a calliper of 0.05 mm resolution. The difference between the nominal area of 6 mm? and the actual measured
area was recorded as “area error” and it was used as a representative of dimensional accuracy.

3.4. Statistical analysis

The determined responses were used to evaluate the overall variability in mechanical performance, assess dimensional accuracy
and analyse the influence of printing parameters on each measured property.

As an initial step in the analysis, descriptive statistics were performed in Minitab© to summarise the data and gain a preliminary
understanding of the central tendency, variability, and distribution of the measured mechanical responses. This step provided an
overview of mean values, standard deviation and minimum and maximum values of all the tested samples.

Out of 50 printed samples, n.9 samples (batch 2) underwent debinding and sintering separately form the remaining 41 (batch 1), i.
e. at a few days of distance. This was done to simultaneously capture any significant change and variability due to the repeatability of
the material post-processes.

Including batch as a parameter in the analysis helped account for potential variability not related to printing parameters. To ac-
count for the batch factor, Fisher’s exact test was performed to analyse the relationship between two categorical variables: batch
(categorised as Batch 1) and Batch 2) and sample quality (categorised as good or defective). If a significant correlation was found,
defective samples were excluded from the parameter evaluation analysis, as their occurrence was assumed to be related to factors
outside the defined printing parameters.
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The second part of the analysis consisted of evaluating the effects each parameter has on the measured responses. Across the 50
tests, each parameter level was tested approximately 16-18 times for parameters with three levels (nozzle temperature, bed tem-
perature, and print speed), and 24-26 times for parameters with two levels (layer thickness, infill pattern, and infill percentage). This
provided sufficient data to reliably estimate main effects and draw meaningful conclusions regarding the influence of manufacturing
parameters on static material properties.

According to ANOVA’s general linear model, specific parameter levels were favoured for both bed temperature and layer thickness
based on their influence on the responses. Additional trends were explored through the analysis of interval plots, which provided
insights and rough estimations of response behaviour across all measured parameter levels. The practical significance of each
parameter was evaluated using Cohen’s d value, calculated based on the mean values of the two response levels of the investigated
parameter and their pooled standard deviation.

The final part of the statistical analysis utilised Taguchi's signal-to-noise ratio (S/N) as an alternative approach to perform
robustness analysis and to assist in drawing meaningful conclusions. Mechanical properties were evaluated using the larger-the-better
criterion to prioritise higher and more consistent performance, while dimensional errors were assessed using the smaller-the-better
criterion to favour lower and more stable deviations. Normalisation of the signal-to-noise (S/N) ratios followed by grey relational
analysis was performed to assess overall response behaviour. The results revealed clear trends and indicated a preference for specific
parameter levels across the evaluated responses.

3.5. Hardness tests

Hardness testing was conducted in accordance with ASTM E18-22: Standard Test Method for Rockwell Hardness of Metallic Materials
[40]. According to this standard, the indenter is brought into contact with the test specimen and the preliminary test force FO is
applied. In the Rockwell hardness method, the preliminary force is 10 kgf (98 N). After maintaining the preliminary force for the
specified dwell time (1-4 s), the initial indentation depth is recorded. The force acting on the indenter is then increased by applying the
additional test force F1, reaching the total test force F. For the Rockwell hardness test, the total test forces are 60 kgg (589 N), 100 kg
(981 N), and 150 kg (1471 N). This total force is held for the prescribed dwell time (2-6 s). The additional test force is subsequently
released, returning the system to the preliminary test force. After maintaining the preliminary test force for the specified dwell time
(2-5s), the final indentation depth is measured. The Rockwell hardness number is determined from the difference h between the final
and initial indentation depths, both measured under the preliminary test force. Finally, the preliminary force is removed and the
indenter is withdrawn from the specimen.

For scales using a ball indenter, the Rockwell hardness is calculated as:

HR =130 —-h/0.002

In this work, the HRB scale was adopted, corresponding to a 1/16 in (1.588 mm) ball indenter and a total test force F of 100 kg
(981 N).
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Fig. 4.1. Stress-Strain Curves of high performing samples, defined in terms of ultimate tensile strength (UTS) and strain at break.
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3.6. Fractography

All fracture surfaces were examined using the SEM at different magnifications by analysing secondary electrons. Initially, low-
magnification images at 50 x were acquired to capture the overall morphology of the fracture surface. After that, regions of partic-
ular interest were observed at higher magnifications of 100x, 250x%, and 1000 x to investigate finer structural details.

3.7. Porosity analysis

Porosity analysis was performed to evaluate pore morphology, shape, and defect types in the examined specimens. For each
specimen, multiple panoramic images were acquired at 50 x magnification to cover the entire calibrated cross-section, along with
additional 100 x images focused on the central region.

The acquired micrographs were processed using ImageJ 1.54 g software. The true area of the sample cross-section was first
determined and used as a reference for porosity calculations. Pores were then identified by applying a grayscale threshold to separate
voids from the solid material. Individual pore areas were measured using the “Analyse Particles” function, and total porosity was
calculated as the ratio of the sum of pore areas to the measured cross-sectional area. This approach enabled detailed characterisation of
different pore types, including their size, shape, and spatial distribution within the microstructure.

4. Results

To illustrate the range of mechanical responses, representative stress—strain curves are presented, including those corresponding to
the highest-performing samples, several exhibiting behaviours near the average, and those with the lowest mechanical performance,
with ultimate tensile strength and strain at break as indicators of overall behaviour. Defective samples are presented separately to
highlight abnormal behaviour.

Fig. 4.1 shows several samples representative of the upper range of measured mechanical performance. These samples exhibited
responses above the average, with ultimate tensile strength (UTS) exceeding 450 MPa and strain at break above 0.6.

Samples showing mechanical performance around the average of the measured results are shown in Fig. 4.2, with ultimate tensile
strength ranging from 400 to 450 MPa and strain at break between 0.4 and 0.55.

Samples that performed in the lower expected range are shown below in Fig. 4.3. These samples exhibited a response slightly below
average in both ductility and strength, with UTS dropping below 400 MPa and strain at break below 0.4.

Samples that were identified as anomalous are shown below to demonstrate the effect of potential manufacturing anomalies on
material behaviour (see Fig 4.4). These samples failed at very low strains, typically below 0.1.

4.1. Overadll analysis

Initial statistical analysis of all 50 samples revealed overall trends and variability in the six measured mechanical properties — yield
strength, ultimate tensile strength, stress at break, strain at break, and toughness — providing a foundation for more detailed
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Fig. 4.2. Stress-Strain Curves of the average response sample, defined in terms of ultimate tensile strength (UTS) and strain at break.
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Fig. 4.3. Stress-Strain curves of the low-performing samples, defined in terms of ultimate tensile strength (UTS) and strain at break.
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Fig. 4.4. Stress-Strain curves of the anomalous sample, defined in terms of ultimate tensile strength (UTS) and strain at break.

evaluation in the subsequent sections. Violin plots shown in Fig. 4.5. are used to visualise the distribution of each response variable,
clearly showing the spread, central tendency, and outliers in the data.

Yield strength values across all samples ranged from 68.6 to 212.3 MPa, with a mean of 156.5 MPa and a standard deviation of 22.4
MPa. Ultimate tensile strength values ranged from 92.9 to 566.0 MPa, with a mean of 426.0 MPa and a standard deviation of 100.1
MPa. Stress at break values ranged from 87.9 to 545.5 MPa, with a mean of 397.4 MPa and a standard deviation of 101.9 MPa. Strain at
break values ranged from 0.0370 to 0.8374, with a mean of 0.4613 and a standard deviation of 0.1912. Toughness values ranged from
1.2 MJ/m® to 406.4 MJ/m>, with a mean of 180.9 MJ/m? and a standard deviation of 95.6 MJ/m>. Area error values ranged from
0.0457 mm? to 1.3600 IIlInZ, with a mean of 0.6548 mm? and a standard deviation of 0.1172 mm?>.
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Fig. 4.5. Violin plots showing distribution of data for all six measured responses across all tested samples: a) Yield Strength, b) Ultimate Tensile
Strength, c) Stress at Break, d) Strain at Break, e) Toughness, f) Dimensional error.

4.2. Batch influence analysis
The batch factor was included in the statistical analysis to assess its potential influence on the measured responses and occurrence

of anomalous samples, as uncontrolled batch-related variation could obscure the true effects of the printing parameters on the material
properties. Possible sources of batch variability include differences in filament storage and moisture content, debinding and sintering
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conditions, and subtle variations in environmental conditions during fabrication.

During the testing, a total of five anomalous samples were noticed, based on their extremely low values of mechanical responses.
Since all five anomalous samples originated from the second batch, this raised concerns that the occurrence of defects might be
associated with factors unrelated to the printing parameters. For example, in the anomalous samples, a print speed of 30 mm/s appears
in 4 out of 5 cases, which would misleadingly suggest that this speed is strongly associated with poor performance. Similar clustering
occurs for other parameter levels. Importantly, all anomalous samples originated from the same batch, indicating that the observed
defects are attributable to batch-specific factors, the nature of which is unknown or uncontrollable in this study. Therefore, it would be
unrealistic to ascribe these anomalous samples to the printing parameters themselves.

These concerns were validated through Fisher’s exact test, which calculated p value of 0.000059, which is much smaller than the
common alpha threshold of 0.05. The null hypothesis for Fisher’s Exact Test that there is no association between batch and whether an
item is defective can therefore be rejected with high confidence, indicating a statistically significant relationship between batch and
defect occurrence.

It was concluded that the occurrence of anomalous samples is more likely attributed to factors external to the printing process.
Including these anomalous samples in the analysis of printing parameter effects on material responses could introduce bias and
compromise the reliability of the results. Therefore, the anomalous samples were excluded from further analysis to ensure an accurate
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Fig. 4.6. Interval plots showing the mean values and 95% confidence intervals of all measured responses with respect to nozzle temperature.
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assessment of the influence of printing parameters on material properties.

Furthermore, these excluded samples highlight the inherent variability in FFF processes, arising from the mentioned batch factors
and the repeatability of the printing process. While absolute mechanical values may vary slightly between batches, the observed trends
in the influence of printing parameters and porosity on failure mechanisms are expected to remain representative. Careful control of
material handling and process conditions is therefore recommended to improve reproducibility in future studies.

4.3. ANOVA analysis effects of printing parameters

In this study, the ANOVA analyses were limited to the main effects of individual printing parameters. Due to the limited number of
experimental runs, interactions between parameters were not tested. Therefore, the reported trends reflect only the isolated influence
of each parameter, and potential interaction effects remain to be investigated in future work.

Given the conclusions drawn from the batch influence analysis, 45 samples were analysed using ANOVA’s general linear model to
determine whether some parameters have significant effects on the mechanical response and dimensional accuracy. Out of all the
printing parameters, bed temperature showed a significant effect on yield strength, UTS and stress at break, while layer thickness
showed a significant effect on dimensional accuracy. To ensure the validity of the analysis, residual plots were examined for all General
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Linear Models (GLMs) where factors showed statistically significant effects.

The residuals appear randomly scattered around zero with constant spread, suggesting the model adequately captured the main
structure in the data. The normal probability plot shows the residuals are approximately normal, with no major deviations or outliers.
The residual histogram is roughly symmetric and bell-shaped, supporting the assumption of normality. The residuals do not show any
apparent trend over time, suggesting the process was stable during data collection.

Although the ANOVA analysis did not reveal any statistically significant effects of nozzle temperature on the responses, the interval
plots suggest that a nozzle temperature of 250 °C tends to produce slightly higher mean values for yield strength, ultimate tensile
strength, and stress at break, while 230 °C appears more favourable for toughness and strain at break and 240 °C for dimensional
accuracy. However, the differences in mean values are minimal and may fall within the range of experimental variability or mea-
surement uncertainty (see Fig 4.6).

Bed temperature had a statistically significant effect on yield strength (p = 0.002), with 120 °C producing the highest values.
Cohen’s d was calculated to be 1.5, indicating a high level of practical significance. The ultimate tensile strength was also significantly
affected by bed temperature (p = 0.032), with 120 °C resulting in the highest values. A Cohen’s d of 0.8 suggests a substantial and
meaningful effect. Stress at break also showed a significant dependence on bed temperature (p = 0.011). Maximum values were
observed at 120 °C, with a large effect size (Cohen’s d = 1.02), indicating substantial practical significance. Outside the significant
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Fig. 4.8. Interval plots showing the mean values and 95% confidence intervals of all measured responses with respect to print speed.
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effects observed for yield strength, UTS, and stress at break, the highest bed temperature of 120 °C also resulted, on average, in greater
strain at break and toughness, as well as lower dimensional error. Overall, 120 °C demonstrated a preference across all responses,
reflected by higher mean values (see Fig 4.7).

Print speed showed no statistically significant effects in ANOVA analysis. However, an examination of the mean response values
indicates that the highest print speed of 40 mm/s shows a slight advantage in terms of mechanical properties, while the medium print
speed of 30 mm/s is associated with lower average dimensional errors (see Fig 4.8).

Layer thickness had a statistically significant influence on dimensional accuracy (p = 0.001). The finest results were achieved with
the 0.1 mm setting, and the large effect size (Cohen’s d = 4.75) highlights its strong practical impact. The coefficient of -0.15 for the
0.1 mm layer thickness indicates that it improved dimensional accuracy by 0.15 mm? compared to the reference setting (0.15 mm),
since lower values of area error represent better dimensional accuracy. In addition to its significant impact on dimensional accuracy, a
thinner layer thickness of 0.1 mm consistently showed higher average values for all the measured responses (see Fig 4.9).

Infill pattern did not show statistically significant effects shown through the ANOVA analysis. However, an examination of the
mean response values indicates that the lines pattern showed more optimal mechanical and dimensional response on average (see Fig
4.10).

Similarly, while infill percentage did not show statistically significant effects in the ANOVA analysis, the interval plots reveal that
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Fig. 4.9. Interval plots showing the mean values and 95% confidence intervals of all measured responses with respect to layer thickness.
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Fig. 4.10. Interval plots showing the mean values and 95% confidence intervals of all measured responses with respect to the infill pattern.

the lower infill level of 100 % generally produced higher average mechanical responses and lower dimensional errors compared to the
105 % infill (see Fig 4.11).

4.4. Robustness analysis

ANOVA analysis of the printing parameters highlighted bed temperature and layer thickness as the most influential factors.
Additional trends suggesting more optimal responses were observable in the interval plots, even when not statistically significant.
However, to provide a more comprehensive evaluation, the analysis was extended to identify specific parameter levels that not only
yield higher mean mechanical properties and reduced dimensional errors but also offer improved consistency, contributing to better
process predictability. This was achieved by applying Taguchi’s signal-to-noise (S/N) ratio method.

Normalised S/N ratio values were transformed into grey relational coefficients, and a grey relational grade (GRG) was then used to
determine which parameter level results in higher S/N ratios across all responses (Fig. 4.12).

Robustness analysis approach through S/N ratios and grey relational analysis shows that the following parameters produce more
consistent and better mechanical and dimensional responses: nozzle temperature of 250 °C, bed temperature of 120 °C, print speed of
40 mm/s, layer thickness of 0.1 mm, lines infill pattern and a 100 % infill percentage.
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Fig. 4.11. Interval plots showing the mean values and 95% confidence intervals of all measured responses with respect to infill percentage.

While ANOVA identified bed temperature as a statistically significant factor for yield strength, UTS, and stress at break, and layer
thickness for dimensional accuracy, the influences of other parameters (nozzle temperature, print speed, infill pattern, and infill
percentage) did not reach statistical significance. Observed trends in GRG and S/N ratios are reported to indicate potential effects and
provide guidance for parameter selection, but these should be interpreted as suggestive rather than conclusive.

4.5. Hardness measurements

Hardness measurements were performed to evaluate the mechanical response of the sintered material using the Rockwell B
hardness test (HRB). However, the presence of pores within a material diminishes its resistance to indentation, as these voids act as
weak points that deform or collapse when subjected to load.

Due to the high porosity of the samples, many measurements yielded values that were either below the measurable range of the
applied hardness scale or otherwise unreliable, limiting the representativeness of the results. For this reason, the hardness measure-
ments were excluded from the parameter evaluation analysis.

The HRB measurements of the material exhibited a mean value of 35.46 with a standard deviation of 19.89, reflecting the vari-
ability across the tested samples. Most measurements ranged between 40 and 50 HRB, while the maximum value recorded was 69.70.
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Fig. 4.12. Grey relational grades for all levels of the considered printing parameters.

Certain measurements yielded a HRB value of 0, indicating that the material was too porous to provide reliable hardness values. This
variability may indicate microstructural inhomogeneities, such as localised porosity or inclusions, although hardness measurements
alone cannot provide a quantitative assessment of porosity. The distribution of hardness measurements is shown in Fig. 4.13.

The measured average hardness is lower than typical values reported for 316L stainless steel, which can be attributed primarily to
the presence of porosity. Although hardness was not analysed in relation to the printing parameters, previous studies have demon-
strated a clear correlation between hardness and defect density [41], supporting the interpretation that porosity is the main
contributor to the reduced hardness observed in our samples.

4.6. Fractography analysis

To interpret the mechanical responses observed during tensile testing and explain the variations between parameter configurations,
a detailed fractographic analysis was conducted on selected specimens to identify failure mechanisms and assess the influence of
internal defects or manufacturing irregularities. Fractography was performed using SEM to analyse the material porosity, potential
defects that might have had effect on material behaviour and the overall nature of the microstructure of FFF-manufactured stainless
steel. A sample 7.2. was chosen for the analysis as a representative sample, as it demonstrated properties closely aligned with the
overall average for all measured responses.

At first glance (see Fig. 4.14), delamination can be seen at the top part of the sample, where the top layer separated during the
tensile test. Furthermore, significantly high porosity can be seen across the entire analysed fracture area, with a layered-based
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Fig. 4.13. Distribution of Hardness HRB measurements.
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Fig. 4.14. Fracture surface revealing high porosity and the characteristic layered structure resulting from the additive manufacturing process.

microstructure that is noticeable. Interlayer pores appear to dominate, consistent with the layer-by-layer nature of the manufacturing
process.

Large pores can be seen between the infill and outer layers, connected in a big vertical pore across the entire sample. This can be
attributed to the different print pattern between infill, the outer layers and the nozzle path not being able to completely fill and cover
that transition.

SEM scan based on circular backscatter detector (CBS) is shown in Fig. 4.15. highlights the porosity on the material fracture surface.
In addition to the large interlayer pores, smaller pores are also visible throughout the fracture surface, likely resulting from incomplete
sintering and residual binder removal during the manufacturing process.

Characterised by smooth surface and edges, the macro pores inside the material structure can be observed (Fig. 4.16). These pores
appear smooth, rounded and untouched, which suggests these parts were not directly involved in the fracture but were just pores/
defects that were located near the fracture. In contrast, regions directly affected by fracture typically show rough surfaces, highlighting
the distinction between pre-existing defects and fracture-generated features.

These pores account for a significant portion of the overall material porosity observed on the fracture surface and are predomi-
nantly located between layers. Their presence highlights the high porosity resulting from the layer-by-layer nature of the
manufacturing process and possible inconsistencies during the printing process. Interlayer macro pores are randomly distributed
throughout the material and vary in both size and shape.

Surrounding the smooth macropore, a mixture of dimples of various sizes is observed, characteristic of ductile fracture, suggesting
non-uniform stress distribution within the material.

The presence of dimples on the fracture surface represents the part of the material that underwent ductile fracture. Observed
dimples can be described as deep and narrow, which indicates the high ductility of the material. High ductility of the material can also
be observed trough surface steps visible on dimple walls. Dimple size is dependent on the particle size. A mixture of dimple sizes is
observable which is normal for metal materials since they have a combination of large and small particles.

While the overall fracture surface is dominated by equiaxial dimples, characteristic of uniform load distribution during tensile
testing, certain regions exhibit so-called shear dimples (see Fig 4.17). These types of dimples have an oval shape and are usually formed
on the lateral fracture surfaces. The appearance of these types of dimples suggests that a local multiaxial stress state arose during the
fracturing process, probably due to stress concentrations between layers and anisotropy introduced by the layered structure.

This coexistence of smooth, undisturbed pores and fracture-related features like sharp edges and dimples can be seen throughout

Fig. 4.15. Fracture surface enhanced using CBS showing high porosity fracture surface.
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Fig. 4.17. Fracture surface showing a mixture of equiaxed and shear dimples, indicating a non-uniform stress distribution.

the material (Fig. 4.18). This implies that stress was not uniformly distributed across the sample, with certain regions, especially
around inter-layer pores, experiencing little to no load transfer.

After examining the average-performing samples, attention was turned to the highest-performing specimen, 9.1, which featured a
line infill pattern. This analysis aims to investigate the porosity in high-performing samples and to assess whether the observed me-
chanical properties correlate directly with porosity. Fig. 4.19 shows the fracture surface of sample 9.1, highlighting a reduced porosity
compared to the average-performing sample 7.2.

Sample 9.1., while still highly porous, showed a reduced number of smooth untouched pores, suggesting more uniform strain
distribution (Fig. 4.20.).

To further investigate the influence of infill patterns on mechanical performance, specimens with cubic infill were considered.
Among these, Sample 2.2, the highest-performing specimen with cubic infill, stood out in terms of overall performance and was
analysed in detail (Fig. 4.21). This specimen was selected due to suspicion that the cubic infill pattern may have a higher tendency to
create macro-pores due to its geometric arrangement, which can increase the possibility of defects. Fig. 4.21 shows a macro pore near
the centre of the sample with a smooth, undisturbed surface, suggesting it existed prior to fracture and indicating a potential tendency
of the cubic infill pattern to generate larger defects.

4.7. Strain mapping

Total strain along the loading direction was mapped on high- and average-performing samples to analyse for non-uniform strain
distribution, typical of AM-induced microstructural heterogeneity. Results show correlations between the position of macro pores and
higher strains.

Strain mapping analysis of a sample 7.2. revealed strain localisation precisely at the position of the macro pore previously identified
using SEM analysis. Fig. 4.22 presents the localised strain identified through strain mapping, along with the corresponding macro pore
observed in the SEM analysis. At the moment captured in the figure, the nominal strain measured in the sample was approximately
0.4474.

Highest performing cubic infill sample 2.2. was checked for strain localisation due to the macro pore noticed in the SEM analysis.

Strain localisation was again observed in the same region where the macro pore was detected through SEM analysis (Fig. 4.23). At
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Fig. 4.19. Fracture surface of 9.1 sample showing reduced porosity.

Fig. 4.20. Fracture surface of sample 9.1, indicating fewer smooth, untouched pores.

the stage illustrated in Fig. 4.23, the nominal strain in the sample was approximately 0.6295.

The highest-performing sample 9.1, printed with a lines infill orientation, was also examined to investigate whether strain
localisation occurred in high-performing specimens. SEM fractography of sample 9.1. showed reduced porosity overall and a signif-
icantly smaller number of macro pores. Furthermore, strain mapping analysis showed uniform strain distribution (Fig. 4.24). At this
point in the test, corresponding to the figure, the global strain was approximately 0.7972. This observation indicates the potential to
reduce porosity and strain localisation through optimisation of fabrication methods.

Strain mapping results indicate a direct correlation between material defects and localised deformation. By comparing these strain
maps with SEM fractography images, a clear relationship between porosity and strain localisation is observed. This comparison
highlights how defects such as interlayer pores act as initiation sites for concentrated strain during deformation.
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Fig. 4.22. Strain mapping analysis of sample 7.2. showing correlation between macro pore position and localized strains.

4.8. Porosity and defect analysis

While the previous analysis focused on fracture-related features, the subsequent porosity assessment allowed identification and
characterization of pores present in the material prior to testing, independent of fracture effects. Porosity measurements were per-
formed on cut surfaces from regions of the samples unaffected by tensile testing. This approach provided more detailed imaging,
enabling clearer identification of pore shapes and types, and facilitated more systematic classification of defects. Eight samples with
average overall mechanical responses were analysed in this study (Fig. 4.25).

The pores identified in the samples were classified into three main types: printing-associated pores, gas entrapment pores, and
sintering residual pores.

Printing-associated pores or extrusion defects are observed as large pores of irregular shape caused by defects in the printing stage
of the manufacturing process, mostly due to insufficient bonding between adjacent layers and inconsistencies during extrusion of the
filament (Fig 4.26). They usually form between adjacent layers and tend to align with the printing direction [29]. Notably, these
printing-associated pores correspond to the large, irregular, smooth pores observed in the fracture surfaces during the earlier frac-
tography analysis. These pores are generally too large to close during the sintering stage and, in many cases, account for a significant
portion of the total porosity [30]. Here, we can differentiate between surface-connected pores and internal pores (Fig. 4.26). Their area
size ranges from around ~250 pm? for small printing irregularities up to ~60000 um? corresponding to significant discontinuities in
the printing process. Pores smaller than these dimensions are attributed to the debinding and sintering stages of the process.

Gas entrapment pores are caused by leftover binder-decomposition gases and trapped binder. These pores appear and evolve during
the debinding and sintering part of the process. During the binder removal decomposition generates gaseous products. If the binder
network has insufficient porosity channels, gases can get trapped. The trapped gas generates internal pressure, enlarging the pores of
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Fig. 4.24. Strain mapping and SEM fractography of sample 9.1. demonstrating improved strain uniformity and reduced porosity.

spherical shape with smooth walls. [42,43] These gas-filled pores often remain after sintering because the gas cannot escape through
the surrounding material. The size of these pores is measured at approximately 30-50 pm?, however in some cases the area of these
pores reaches up to 150 pm?. Fig. 4.27¢ shows the largest gas entrapped pore observed (150 pm?), located near the large printing-
associated pore, among several smaller gas-entrapped pores in the surrounding area.

During the sintering stage, metal particles fuse together, reducing the pores between them. In the green parts and the initial stage of
sintering, pores between the metal particles are usually irregular, elongated or branched. Ideally, in the final stages of sintering, these
pores tend to become spherical due to minimisation of surface energy.[31,44-46] However, if the material is constrained, or the pores
are trapped in rigid regions, they may remain irregular. [32,47].

Another potential cause of irregular shape sintering residual pores in FFF-manufactured parts is non-uniform green part density and
consequently anisotropic shrinkage or densification, which originates from the intrinsic layered structure, variations in local density
and the presence of unevenly distributed pathways from binder removal. This leads to the creation of voids in regions where particles
are less densely packed. Due to this anisotropic shrinkage and heterogeneous density, pores in FFF components may remain irregular
rather than becoming spherical, as typically observed in conventionally sintered metals. [31-34,48,49] The size of sintering residual
pores is measured up to 250 pmz.

Fig. 4.27a and 4.27b shows irregular sintering pores surrounded by spherical gas entrapment pores. While some of the observed
spherical pores may correspond to regular sintering pores as well as gas entrapment pores due to their overlapping size and
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Fig. 4.25. Porosity Analysis of the following samples: a) 10.1, b) 16.2, c¢) 11.1, d) 4.1, e) 21.1, f) 3.2, g) 23.1, h) 25.1.

morphology, the two types can generally be distinguished based on shape and surface texture. Gas-entrapped pores are typically
smooth-walled and nearly spherical, whereas residual sintering pores can appear in either irregular shape or only partially rounded
because they originate from incomplete particle rearrangement and neck growth rather than trapped gas bubbles.
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Fig. 4.27. Examples of gas entrapped and sintering residual pores.
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In this study, porosity quantification focused on closed (internal) pores, excluding surface-connected pores. Closed pores are fully
enclosed within the material and can be precisely measured in 2D cross-sections, whereas surface-connected pores have borders that
are not clearly defined at the sample surface, making it difficult to determine their true area in a reproducible manner. By limiting the
analysis to closed pores, the measured porosity reflects well-defined voids within the bulk material, enabling consistent comparison of
pore size, shape, and distribution across different samples.

Closed porosity analysis was conducted on the cut cross-sections, revealing values ranging from 0.87 % to 5.42 % (Table 4.1).
Porosity was calculated as the total pore area divided by the true measured cross-sectional area of each sample. Although these
measurements do not fully represent the overall sample porosity, they provide a clear indication of its variability. Comparison with
cross-section scans shows that porosity is primarily influenced by printing-associated pores, with samples exhibiting larger and more
numerous pores corresponding to higher porosity values.

Furthermore, analysis revealed that larger pores exhibited greater deviations from a regular spherical shape, indicating a corre-
lation between pore size and morphological irregularity.

The presence of residual sintering pores and entrapped gas porosity indicates that further reductions in overall porosity could be
achieved by optimising the debinding and sintering stages. However, the majority of the total porosity originates from printing-
associated defects. Any gaps between deposited layers or other flaws in the green part are carried over into the sintered component
because they are too large to close during sintering, ultimately compromising mechanical performance and functionality. These
irregular printing-associated pores are particularly detrimental, as their sharp edges create high strain concentrations, increasing the
likelihood of crack initiation and mechanical failure. [45,50] Reducing these defects would enable porosity levels comparable to those
observed in other additive or conventional manufacturing methods. Strain mapping and fractography analyses further show that
printing-related pores are the primary sources of stress concentration and failure initiation. Consequently, minimising large, irregular
pores through improved printing process control is essential for achieving reliable mechanical performance.

5. Discussion

Understanding the variability and batch-dependent effects in FFF-manufactured 316L is essential for interpreting the measured
mechanical responses and providing guidance for reproducible production. High variability in the measured mechanical responses is
largely attributable to the manufacturing process itself, as also reported in previous studies on FFF metal materials [11,12,51]. This
variability is inherent to the method, arising from the printing process, which can produce large and irregular defects that affect
mechanical behaviour. While printing parameters explain part of the response differences, the stochastic nature of defect formation
contributes significantly to the observed scatter in results. In addition, batch-related factors, such as filament storage and moisture
content or variations in debinding, sintering, and environmental conditions during printing, can influence the measured properties.
Our statistical analysis indicates that including the batch factor is important to account for such variability and highlights that careful
consideration of these factors is essential for achieving more consistent and reproducible results in future work.

The highest nozzle temperature of 250° resulted in slightly improved static mechanical properties. This can be attributed to
improved filament melting and flow under higher temperatures, leading to more consistent layer adhesion. This finding supports the
previously noticed behaviour of filament extrusion manufacturing, where higher nozzle temperatures lead to higher molecular
mobility and more efficient interlayer diffusion.[18,20]. However, a small difference in the GRG suggests responses are not highly
sensitive to changes in nozzle temperature, as long as it stays in the recommended range.

The highest bed temperature showed better performance both in ANOVA and S/N ratio approach for multiple responses. This
suggests that a higher temperature of 120 °C enhances the adhesion of the initial layers, providing a better foundation for printed parts.
Another possible explanation is that elevated bed temperatures enhance interlayer bonding strength and improve dimensional ac-
curacy by extending the time available for molecular diffusion before the onset of crystallisation in the polymeric binder part of the
filament. In other words, higher bed temperatures slow down cooling, so the material stays in a viscous state, giving polymer chains
more time to move and entangle. This leads to better layer adhesion and ultimately better static mechanical properties. Similar
conclusions have been reported in multiple research papers dealing with Fused Deposition Modelling (FDM) manufacturing of PLA
materials. [20,22,23].

This experiment shows a preference for the greatest print speed. At lower print speeds, filament stays in the nozzle for longer times,
which can lead to overheating, degradation, and ultimately oozing and over-extrusion of the material. This can ultimately lead to poor

Table 4.1
Closed porosity measurements based on cross-
sectional image analysis.

Sample Porosity (%)
10.1 1.26
16.2 0.87
111 5.42
4.1 1.23
21.1 3.14
3.2 2.38
23.1 2.56
25.1 1.14
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layer bonding and defects. Furthermore, these findings support the possibility of excessively slow rates leading to under-fusion from
cooling as observed in other research papers dealing with filament extrusion [18,25]. While some studies have observed using slower
print speed to improve green-part density and surface quality [21], in 316L metal FFF the optimal speed may vary, especially in
combination with nozzle temperatures. When paired with higher nozzle temperatures evident in metal FFF, higher print speeds in
metal FFF may enhance material flow while reducing the residence time of the filament in the hot zone and therefore minimising
thermal degradation of the polymeric binder. This can help maintain deposition quality and improve overall part integrity.

The preference for smaller layer thickness aligns with findings from previous studies and manufacturer recommendations, indi-
cating improved dimensional accuracy and overall performance [19,26]. These findings support the notion that reducing layer
thickness decreases the size of interlayer voids and increases the bonding area between layers [19], therefore enhancing overall
material performance.

The lines printing pattern provides more continuous and aligned material paths across layers, promoting stronger interlayer
bonding and more efficient stress transfer during loading. While the cubic pattern has been shown to be less anisotropic than other
printing patterns, it introduces more discontinuities and frequent changes in direction, which can result in strain concentrations,
incomplete bonding at intersections, and a higher likelihood of internal defects.

Infill of 100 % overall showed better and more consistent performance. Over extruding by 5 % might be causing uneven layer
height, leading to dimensional inaccuracies and poor mechanical performance.

Fractography analysis showed high porosity of the material caused by a combination of binder removal pores and interlayer de-
fects. Some defects showed smooth and undisturbed surfaces, which suggested non-uniform strain distribution throughout the ma-
terial. However, certain high-performing specimens showed improved porosity with fewer defects, suggesting that material density
and performance can be improved with proper manufacturing process control. Strain mapping showed a correlation between localised
strains and defects in the material.

Porosity analysis reveals three main pore types: printing-associated, gas-entrapped, and residual sintering pores. Printing-
associated pores dominate, being large, irregular, and aligned with the print direction, and largely persist after sintering, directly
impacting mechanical performance. Gas-entrapped pores are small and spherical, while residual sintering pores are partially rounded
or irregular. These results indicate that optimising debinding and sintering can reduce small pores, but minimising large printing
defects through improved process control is key to achieving lower porosity and reliable mechanical properties.

6. Conclusion

This study investigated the influence of key FFF process parameters on the mechanical performance, dimensional accuracy and
failure mechanisms of 316L stainless steel parts produced via metal filament extrusion. The results show that higher values of nozzle
and bed temperature, as well as print speed, generally promote stronger interlayer bonding and improve static mechanical response.
Lower layer thickness and 100 % infill produced more consistent and dimensionally accurate parts, while line-like pattern showed
superior mechanical properties due to better stress distribution and reduced internal defects.

Although the material remains sensitive to porosity arising from printing defects, binder removal and sintering, the findings
indicate that proper control of process parameters can significantly reduce defects and enhance part integrity. Fractography and strain
analysis confirmed that internal defects strongly correlate with localised strain concentrations and failure mechanisms. Overall, the
study highlights the importance of optimising printing conditions to achieve both improved and more predictable performance in 316L
stainless steel parts manufactured using metal FFF.

The porosity analysis showed that printing-associated pores are the dominant contributors to total porosity and are primarily
responsible for strain concentrations and failure initiation. While gas entrapment and residual sintering pores are present, their effect is
secondary. These findings reinforce that controlling printing parameters to minimise large, irregular pores is essential for achieving
reliable mechanical performance in metal FFF 316L parts.

The extensive testing and analysis presented here provide systematic insights into the effects of FFF process parameters, while also
characterising porosity and defect types and their impact on failure mechanisms, offering practical guidance for optimising printing
conditions and predicting part performance.

These findings support the growing potential of low-cost metal additive manufacturing for structural applications, provided that
process parameters are carefully selected and controlled. It is also clear that porosity is the leading cause of mechanical material
degradation - therefore, a precise control and quantitative assessment of this aspect is of paramount importance for the prediction of
material behaviour when FFF of 316L is applied in structural applications.
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Appendix A. Additional fractography analysis

Additional fractography analysis was performed on samples with different combinations of infill percentage, line thickness, and
infill pattern parameters (Table A1). While these parameters were previously identified as influential for mechanical performance, in
this part of the study the intention was not to determine their individual effects on microstructure. Instead, eight samples with
comparable average responses were selected based on the expectation that these combinations could produce the greatest variability in
microstructural features, allowing for a representative assessment of defect characteristics across different cases.

Table A1

Samples chosen for additional fractography analysis.
Sample number Infill Pattern Infill Percentage Line Thickness
10.1 Lines 100 0.1
16.2 Lines 105 0.1
111 Lines 100 0.15
4.1 Lines 105 0.15
21.1 Cubic 100 0.1
3.2 Cubic 105 0.1
23.1 Cubic 100 0.15
25.1 Cubic 105 0.15

All samples showed a consistently high defect rate, in agreement with the initial fractography analysis. The fracture surfaces were
dominated by two recurring defect types: large, irregular smooth pores associated with printing-related inconsistencies, and smaller
pores attributed to residual porosity from binder removal and sintering.

c i}
Fig. Al. Fractography analysis for samples with “lines” infill: a) 10.1, b) 16.2, ¢) 11.1, d) 4.1.

As previously noticed, samples printed with the ‘lines’ infill pattern showed a more predictable defect distribution, with pores
occurring vertically and at layer intersections (Fig. A1). In contrast, the ‘cubic’ infill pattern resulted in a more irregular and less
predictable distribution of defects, with pores appearing randomly throughout the structure, likely due to the more complex deposition
path (Fig. A2).
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i di
Fig. A2. Fractography analysis for samples with “cubic” infill: a) 21.1, b) 3.2, ¢) 23.1, d) 25.1.
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