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1. Introduction

Additive Manufacturing (AM) is a manufacturing method
that adds material layer by layer to create a part, unlike the tra-
ditional subtractive approaches, i.e., cutting. This approach has
gained significant attention in the 2010s due to the design flex-
ibility that it provides [1]. Several categories of additive pro-
cesses have been traditionally identified, while the application
of binder jetting [2], directed energy deposition [3], material
extrusion [4], and powder bed fusion [5] have been widespread.
The diverse available AM methods make the fabrication of al-
most all types of mechanical products accessible. However,
there are still challenges associated with AM, which are lim-
iting the AM potential i.e., constraints in upscaling and quality
concerns that necessitate post-processing [6]. Furthermore, the
layer-by-layer deposition process in AM is highly prone to ge-
ometric variations, primarily due to thermal effects associated
with heating and cooling cycles. As a result, quality control in

AM has become a critical area of intensive research and devel-
opment [6, 7].

1.1. Fused filament fabrication

Among contemporary AM processes, fused filament fabri-
cation (FFF) has established itself as the predominant tech-
nology, supporting a wide range of applications across man-
ufacturing sectors, including biomedical, aerospace, automo-
tive, and many others [8, 9]. While providing design freedom,
FFF is cost-effective, leading to a large share in additive man-
ufacturing [8]. In the FFF domain, previous studies have intro-
duced an infrared-based system for high-resolution, in-process
thermal monitoring of the process and validates it against a
dedicated numerical models [10].Furtheremore, a temperature-
based criterion to predict FFF printing failures caused by insuf-
ficient cooling and generalizable to other materials for adaptive
printing strategies has been introduced [11]. Recent advances
in metal-filled filaments now allow stainless-steel printing on
unmodified desktop FFF machines, i.e., UltraFuse 316, which
combines standard FFF shaping with conventional debinding
and sintering [12]. One of the primary limitations of 316 L
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Abstract

This work presents a methodology for quantifying geometric deviations in metal parts fabricated via Fused Filament Fabrication (FFF) using
Ultrafuse 316L stainless steel filament. A blade-shaped geometry is selected as a representative case and analysed before and after sintering using
high-resolution X-ray computed tomography (XCT). The XCT data are aligned to nominal and scaled geometries to assess deviations introduced
during each manufacturing stage. In parallel, a thermo-mechanical sintering simulation is performed to predict shrinkage and deformation. Com-
parison between simulated results and XCT data reveals location-dependent discrepancies, with deformation at critical regions exceeding 2 mm
and simulation errors ranging from 0.5 to 2 mm. The study highlights the limitations of standard shrinkage scaling and demonstrates the value
of XCT-based characterisation in validating and improving predictive models for metal FFF. The proposed approach provides a foundation for
model-informed design and process compensation strategies in sintering-based additive manufacturing.
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stainless-steel FFF is part size. Previous research has demon-
strated that this constraint extends into post-processing of parts
with wall thicknesses above 4 mm, developing cracks and other
defects during debinding and sintering [13]. Due to the two-
step process of metal FFF, the parts are prone to extreme di-
mensional changes, as the parts shrink during the debinding
and sintering. In addition, the heating and cooling cycles, com-
bined with the fusion of metal particles during sintering, can
introduce further deformation, often influenced by the geome-
try and design of the part. A multitude of variables, including
filament composition, print settings, and post-processing pro-
tocols, strongly affect final part geometric accuracy. To drive
broader industrial adoption, both hardware and software refine-
ments are necessary, with a particular emphasis on interlayer
bonding. For example, preheating each deposited layer imme-
diately before the next extrusion has been shown to improve ad-
hesion and reduce delamination significantly [14]. In the next
section, the details associated with the geometric accuracy of
the FFF of metal parts, the focus of this study, are presented.

1.2. Geometric accuracy in Metal FFF

Sintering-induced shrinkage represents a critical challenge
in FFF-based metal part fabrication. To compensate, printed ge-
ometries are typically oversized by applying a uniform scaling
factor to the nominal geometry [15], but shrinkage in practice
is anisotropic [16]. Previous studies have shown that printing
with the 316L stainless steel filament yields parts with 13–18%
shrinkage in the X–Y plane and 15–23% shrinkage along Z
[17]. However, estimating the shrinkage factor prior to print-
ing is a challenge that requires trial and error based on the ge-
ometric features of the component to be printed. To compen-
sate for the errors, previous studies have focused on physics-
informed approaches to compensate for the existing error dur-
ing the process on the individual part [18] and batch level [19].
Other sources of deviations may occur due to the applied print-
ing parameters, i.e., the layers’ direction, layer thickness, and
infill pattern. The thermal deviation associated with FFF is
essentially different from other heat-induced deformations in
other processes, i.e., DED, which can be seen as a welding pro-
cess [7]. While in these processes the parts will undergo phase
change, due to material melting, the expected deformation due
to heat is larger [20, 21]. In FFF of metals, after printing the
parts undergo solid state diffusion during the sintering at a tem-
perature up to 1400◦C. Increasing the temperature during this
phase can reduce the sintering hold time but also result in large
distortion [14]. To quantify the dimensional changes in FFF of
metals, shrinkage and angle variation in overhang pillars us-
ing analytical modeling, finite-element simulation, and experi-
ments that account for gravity induced bending have been stud-
ied [16]. In this study, the geometric accuracy of the metal FFF
is further investigated and evaluated.

1.3. Scope of the paper

Metal FFF provides exceptional advantages in the design
and manufacturing of complex geometries. This method is asso-

ciated with considerable geometrical changes during the print-
ing, debinding, and sintering, imposing geometrical uncertainty
on the final geometry. In this study, we leverage X-ray com-
puted tomography (XCT) scans of stainless steel 316L FFF
parts before and after sintering to quantify the actual geometric
deviation and compare the result to a displacement predicted by
a sintering simulation. The rest of the paper is structured as fol-
lows. Section 2 provides the experimental approach, presents
the selected reference case for this study, and describes the im-
plementation of the approach. Section 3 presents the results and
discussions of these and is followed by a conclusion in Section
4.

2. Method

To evaluate the geometry deviation after the sintering pro-
cess, a representative geometry has been selected, and the XCT
data have been gathered at each step of the process, after print-
ing and after sintering. The printing properties have been exper-
imented on to achieve acceptable layer adhesion and to achieve
less first-layer separation. After registering the final deviation
after sintering, a simulation of the sintering process is per-
formed to further compare the shrinkage achieved through a
theoretical model and the XCT data. Fig. 1 shows a schematic
view of the approach taken in this study.

2.1. Reference case

The reference case in this study is a blade shape with a trape-
zoidal base. The case is chosen because of the complex curva-
ture that is prone to deviation during the heat-imposed process.
The dimension of the reference case has been 18 mm in the
X-direction, 14.7 mm in the Y-direction, and finally 22.7 mm
in the Z-direction. Fig. 2 visualises the reference case and the
dimensions. As visualised, the blade is changing direction in
2 dimensions, making the curvature complex to model in one
step.

Fig. 1. The framework of the geometry analysis of the metal FFF with XCT
data



Roham Sadeghi Tabar  et al. / Procedia CIRP 139 (2026) 343–348 345

2.2. Material and printing parameters

The filament used for the experiments is BASF Ultrafuse
316L, a metal-polymer composite filament comprising 316L
stainless-steel powder dispersed in a thermoplastic binder ma-
trix. Supplied in 1.75 mm nominal diameter, the filament con-
tains approximately 80% by weight stainless-steel loading,
yielding a green part that can be processed via standard FFF
hardware [22]. Prior to printing, the filament spool is positioned
on a spool feeder with a bearing to avoid underextrusion. Slic-
ing was performed in Ultimaker Cura V5.9. Printing trials are
conducted on an unmodified desktop FFF printer, Creality En-
der 3 Pro, equipped with a hardened-steel nozzle 0.4 mm in
diameter to resist abrasive wear. Fig. 3 visualises the outcomes
of the single wall cube test for the different print settings. The
two figures on the left clearly visualize the layer separation for
lower print speed at 25 mm/s and lower hot end temperature at
250 and 255◦C, respectively. The dimension of the test cube is
20 mm. and the infill for the test has been 100%. The hot end is
set to 260◦C, and the build plate is heated to 120◦C. Print speed
is set to 35 mm/s, and a layer height of 0.2 mm is selected to
balance surface quality and dimensional stability. To avoid first-
layer delamination, a raft is used during the slicing as a build
plate adhesion type, and the wall thickness is set to 1.2 mm to
avoid layer separation. After each build, green parts are care-
fully removed and visually inspected for consistent extrusion,
absence of under-extrusion, and complete interlayer fusion be-
fore proceeding to debinding and sintering. A single-wall cube
test has been performed to observe the outcome of the print-
ing and to approach the above-stated parameters. A flow rate
calibration value has been achieved as a result of these tests,
and this value has been set to 106%. It is worth noting that the
hot-end and build plate temperatures exceed the recommended
values, primarily due to discrepancies between the machine en-
vironment and the actual printing and build plate temperatures.

Fig. 2. The reference case and the corresponding dimensions

Fig. 3. Layer separation for different print settings (First and second from left)
and the adjusted setting (on the right). The cube dimension is 20 mm and the
print parameters are specified in Section 2.2

The reference case in this study has been printed with the cali-
brated settings specified and 100% infill rate.

2.3. X-ray Computed Tomography and simulation strategy

A Nikon X Tek 225 H micro–CT system (2880 × 2880-pixel
detector) is employed to acquire volumetric data of the blade
geometries. The specimen is mounted on a base with foam ma-
terial and scanned in two sessions, one after printing and one af-
ter sintering the specimen. The raw axial projections are recon-
structed into a 3D voxel volume using the 3D Slicer software
[23]. To isolate the metal parts from the foam, an automatic in-
tensity threshold is utilised to remove low-density voxels, then
a median smoothing filter is used to suppress residual geome-
tries. Finally, the volumes are segmented into separate volumes,
each recentered into its own coordinate system, for individual
analysis. The reconstructed geometries are then postprocessed,
and the remaining outlier points are filtered from the geometries
manually. The resulting geometries are then roughly aligned to
the nominal geometry and finally registered with the Iterative
Closest Point (ICP) in the software CloudCompare [24]. The
mesh distances are also computed for each step before and after
sintering, and the colourplot is utilised to visualise the devia-
tion, Fig. 1.

To simulate the outcome of the sintering on the nominal ge-
ometry, the commercial software Simufact Additive is utilised,
taking into account the sintering stress, effective bulk and shear
viscosity, and grain growth. Based on these parameters, the
elastic, thermal, and visco-plastic strains result. The initial rel-
ative density is set to 62% to represent the typical solid fraction
of debound parts, consistent with random close packing of the
powders yielding realistic sintering shrinkage predictions. This
value is set to match the predicted densification kinetics to the
measured dilatometry shrinkage data. The mesh size 0.5 mm
tetrahedra defined with automatic meshing functions. The sin-
tering temperature has been in the range of 20 to 1380◦C, and
the hold time at maximum temperature has been three hours.
The detailed sintering cycle has been visualized in Fig4. The
sintering schedule comprises heating from 20◦C with isother-
mal holds at 300◦C, 17000 to 19000 s, and 450◦C, 28000-31500
s, followed by a ramp to a peak hold at 1385◦C, 42500–53500
s, and subsequent cooling to 20◦C at 70,000 s. This 0–70,000
s time–temperature profile was used as the thermal bound-
ary condition in the simulations to reproduce the experimen-
tal thermal history, densification, and shrinkage. Postprocess-
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Fig. 4. The thermal sintering cycle

ing included von Mises patterns reported as region averaged
over a 0.5 mm neighborhood to avoid mesh singular peaks and
nodal displacements. The resulting thermo-mechanical stress is
achieved, and the displacements are then calculated using FEM.
The outcome is post-processed and visualised in a colourplot,
Fig. 1.

3. Results

The blade geometry is successfully printed on the desktop
printer with the specified printer settings and 100% infill rate,
Section 2. The printed part is scanned with XCT with the speci-
fied scanning setup. The resulting geometric deviation from the
nominal geometry is visualised in Fig. 5. The range of the devi-
ation after printing is predominantly within the range ±0.2 mm,
with a mean value of 0.1 mm in the surface normal direction.
Later, the part is debound and sintered, and XCT data after sin-
tering is gathered and reconstructed into a 3D volume. For com-
paring the outcome of the sintered part, the nominal geometry
is shrunk based on the material provider’s design guidelines as
16% in X and Y-directions and 20% in the Z direction. The two
geometries are then aligned, and deviation is registered. The
outcome of this step is visualised in Fig. 6. The range of the
deviation after sintering is predominantly −1/ + 2 mm, with a
mean value at 0.3 mm in the normal direction.

The nominal blade geometry after sintering is also simu-
lated to compare the overall displacement and compliance with
the design guidelines and the achieved geometry after sintering.
The simulated blade after sintering is visualised in Fig. 7. The
range of the displacements here is from 0.1 to 3.26 mm, with
a mean value of 0.99 mm. The resulting stresses after sintering
are also evaluated and visualised in Fig. 8. The critical zone of
stress is at the base of the blade where the stresses are up to 2.23
kPa. The maximum local peak stresses are near the geometric
transitions on the base and blade intersection at 41.68 kPa.

To further evaluate the displacement of the reference case,
three critical measures (CM 1-3) at the tip of the blade are con-
sidered in three surfaces, in the surface normal direction. These
measures are chosen due to the functionality of the blade and
the sensitivity to the deviation in this area. Considering this area

shown in Fig. 2, the displacements at each critical point are pre-
sented in Table 1. For CM 1, the simulated result deviates sub-
stantially from the XCT measurement after sintering, with an
error of approximately 2.3 mm relative to the scaled geometry.
For CM 2, the simulated displacement exceeds the XCT dis-
placement by about 1 mm, indicating a closer agreement and
an improved predictive capability compared to the experiment.
A similar trend is observed for CM 3, where the difference be-
tween the scaled simulated displacement and the XCT deviation
of the sintered blade is reduced to approximately 0.5 mm.

One other aspect that is captured in the XCT data is the ex-
istence of warpage on the base of the blade, which could result
in higher displacements than the simulated data. Furthermore,
other geometrical effects, i.e., bulges due to excessive material
extrusion or seam line on the tool path direction exist in the
XCT data of the sintered part, see Fig. 6 at the top of the blade,
that further contribute to the discrepancies in the simulated data
and the XCT data, .

The reference case before and after debinding and sintering
is visualized in Fig. 9.Label (A) is the side view of the parts.
In (B), the measurments in length and width are presented. In
(C), The height of the reference case before and after sintering
is measured and visualized. As can be seen shrinkage occurs
predominantly in the height in (C) and (A). This also agrees
with the results of the XCT data, but also the simulation. In the
length and width of the specimen, this shrinkage is also clearly
noticable in (B).

The evaluation of the results indicates that local deviations
are primarily concentrated at the blade tip and base. At the base,
the relatively large mass leads to stress accumulation, resulting
in measurable out-of-plane distortion and warpage. At the blade
tip, the complex geometric transition associated with the rota-

Fig. 5. XCT reconstructed data before sintering compared to the nominal ge-
ometry
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Fig. 6. XCT reconstructed data after sintering compared to the scaled geometry,
shrunk based on design guidelines

Fig. 7. Simulated displacement of nominal blade after sintering

Table 1. Geometric displacement at the critical measures
Critical Measure Displacements (mm)

Pre-Sinter Scan Post-Sinter Scan Simulated
From nominal From scaled From nominal From scaled

CM 1 0.07 0.32 3.18 2.67
CM 2 0.11 1.68 3.13 2.62
CM 3 0.17 2.15 3.26 2.61

Scaling factor has been 16% for X and Y directorin, and 20% for Z direction

tion along the Z- and X-axes makes the prediction of displace-
ment more challenging. Moreover, the results demonstrate that
isotropic scaling provides a useful baseline; however, it fails to
capture location-dependent shrinkage gradients and constraint-
induced warpage.

Fig. 8. Simulated stress of nominal blade after sintering

Fig. 9. Reference case before debinding and sintering (DS), left specimen in
(A), (B) and (C), and after DS, right specimen in (A), (B) and (C) measured in
different views.

4. Conclusion

This study presents a comprehensive methodology for char-
acterising geometric deviations in metal FFF parts using X-ray
computed tomography (XCT), with a focus on Ultrafuse 316L
stainless steel. By analysing a representative blade geometry,
deviations before and after sintering are quantified and com-
pared to predictions from a thermo-mechanical sintering sim-
ulation. The XCT results reveal that the printed green parts
exhibit minimal deviation from the nominal geometry, with a
mean deviation of approximately 0.1 mm. However, after sin-
tering, the deviation increases significantly by up to 2 mm in
some areas, highlighting the impact of thermal shrinkage and
stress-induced deformation. The simulation predicted overall
deformation trends with reasonable accuracy at critical loca-
tions with mainly Z-dominant direction, yet significant discrep-
ancies are observed at CM 1 and CM 2 in X and Y-directions,
with errors exceeding 1 mm. These deviations partly stem from
local warpage, asymmetric shrinkage, and geometric features
such as sharp transitions that are not fully captured by the sim-
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ulation. Additional geometric phenomena, such as seam lines
and material bulges, are also observed in the XCT data, fur-
ther emphasising the complexity of sintering-induced deforma-
tion in metal FFF parts. The results underscore the need for
improved representative predictive models and design guide-
lines for metal FFF, particularly when manufacturing function-
ally critical geometries.

Future work will explore integrating data-driven learning
models with simulation to improve the prediction of local geo-
metric deviations and guide compensation strategies. The pro-
posed XCT-based framework provides a robust foundation for
data-driven quality assurance and model validation in metal ad-
ditive manufacturing workflows.
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